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FOREWORD

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

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

In the second decade of the Program (2001-2012), a major focus is on regional assessments of water-quality
conditions and trends. These regional assessments are based on major river basins and principal aquifers, which
encompass larger regions of the country than the Study Units. Regional assessments extend the findings in the Study
Units by filling critical gaps in characterizing the quality of surface water and ground water, and by determining
status and trends at sites that have been consistently monitored for more than a decade. In addition, the regional
assessments continue to build an understanding of how natural features and human activities affect water quality.
Many of the regional assessments employ modeling and other scientific tools, developed on the basis of data
collected at individual sites, to help extend knowledge of water quality to unmonitored, yet comparable areas within
the regions. The models thereby enhance the value of our existing data and our understanding of the hydrologic
system. In addition, the models are useful in evaluating various resource-management scenarios and in predicting
how our actions, such as reducing or managing nonpoint and point sources of contamination, land conversion, and
altering flow and (or) pumping regimes, are likely to affect water conditions within a region.

Other activities planned during the second decade include continuing national syntheses of information on
pesticides, volatile organic compounds (VOCs), nutrients, selected trace elements, and aquatic ecology; and
continuing national topical studies on the fate of agricultural chemicals, effects of urbanization on stream
ecosystems, bioaccumulation of mercury in stream ecosystems, effects of nutrient enrichment on stream
ecosystems, and transport of contaminants to public-supply wells.

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

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

Robert M. Hirsch
Associate Director for Water
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Conversion Factors and Datum

Multiply By To obtain
Length

inch (in.) 0.0254 meter (m)

foot (ft) 0.3048 meter (M)

mile (mi) 1.609 kilometer (km)

square mile (mi?) 2.590 square kilometer (km?)

Flow rate

cubic foot per second (ft%/s) 0.02832 cubic meter per second (m®/s)

gallon per minute (gal/min) 0.06309 liter per second (L/s)

inch per year (infyr) 254 millimeter per year (mm/yr)
Mass

pound, avoirdupois (Ib) 0.4536 kilogram (kg)

Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day (m/d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
‘F=(1.8x°C) +32

Horizontal coordinate information is referenced to the North American Datum of 1983
(NAD 83).

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929
(NGVD 29), unless otherwise noted.

Altitude, as used in this report, refers to distance above the vertical datum.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius
(US/cm at 25°C).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L) or
micrograms per liter (ug/L).






Factors Affecting Occurrence and Distribution of Selected
Contaminants in Ground Water From Selected Areas in the
Piedmont Aquifer System, Eastern United States, 1993-

2003

by Bruce D. Lindsey, William F. Falls, Matthew J. Ferrari, Tammy M. Zimmerman, Douglas A. Harned,

Eric M. Sadorf, and Melinda J. Chapman

Abstract

Results of ground-water sampling from 255 wells and 19
springsin 11 studies done by the U.S. Geological Survey
National Water-Quality Assessment (NAWQA) Program
within the Piedmont Aquifer System (PAS) were analyzed to
determine the factors affecting occurrence and distribution of
selected contaminants. The contaminants, which were selected
on the basis of potential human-health effects, included nitrate,
pesticides, volatile organic compounds (VOCs), and radon.

The PAS was subdivided on the basis of the general rock
type of the aquifersinto three areas for the study—crystalline,
carbonate, and siliciclastic. The 11 studies were designed to
areally represent an individual aquifer rock type and overall are
representative of the PASin their distribution; 7 studies arein
the crystalline-rock aquifers, 3 studies are in the siliciclastic-
rock aguifers, and 1 study isin the carbonate-rock aquifers.
Four of the studieswerefocused onland use, 1inan agricultural
areaand 3 in urban areas. The remaining studies had wells rep-
resenting a range of land-use types.

Analysis of results of nitrate sampling indicated that in 8
of the 10 areas where nitrate concentrations were measured,
median concentrations of nitrate were below 3 mg/L (milli-
grams per liter); 2 of the 10 areas had statistically significant
higher median concentrations when compared to the other 8
areas. The agricultural land-use study in the carbonate-rock
aquifer in the Lower Susquehanna River Basin had the highest
median nitrate concentration (11 mg/L), and 60 percent of the
wells sampled exceeded the U.S. Environmental Protection
Agency (USEPA) Maximum Contaminant Level (MCL) of
10 mg/L. Themajor aquifer study in the crystalline-rock aquifer
of the Lower Susguehanna River Basin Study Unit had the sec-
ond-highest median nitrate concentration. Nitrate concentra-
tionswere positively correlated to the percentage of agricultural
land use around the well, the total input of nitrogen from all
sources, dissolved oxygen concentration, lithology, depth to
water, and soil-matrix characteristics. A linear regression model
was used to determine that increases in the percentage of agri-
cultural land use, theinput of nitrogen from all sources, and dis-
solved oxygen were the most significant variables affecting
increased concentration of nitrate. A logistic regression model

was used to determine that those same factors were the most
significant variables affecting whether or not the nitrate concen-
tration would exceed 4 mg/L.

Of the analysis of samples from 253 wells and 19 springs
for 47 pesticides, no sample had a pesticide concentration that
exceeded any USEPA MCL. The most frequently detected pes-
ticide was desethy! atrazine, a degradation product of atrazine;
the detection frequency was 47 percent. Other frequently
detected pesticides included atrazine, metolachlor, simazine,
alachlor, prometon, and dieldrin. Detection frequency was
affected by the analytical reporting limits; the frequency of
detection was somewhat lower when all pesticides were cen-
sored to the highest common detection limit. Source factors
such asagricultural land use (for agricultural herbicides), urban
land use (for insecticides), and the application rate were found
to have positive statistical correlationswith pesticide concentra-
tion. Transport factors such as depth to water and percentage of
well-drained soils, sand, or silt typically were positively corre-
lated with higher pesticide concentrations.

Sampling for VOCs was conducted in 187 wells and 19
springs that were sampled for 59 VOCs. There were 137 detec-
tions of VOCs above the common censoring limit of 0.2 pg/L.
The most frequently detected VOCs were chloroform, atriha-
lomethane, and methyl-tert butyl ether (MTBE), afuel oxygen-
ate. Seventy-nine wells had at least one VOC detected. The
detectionswererelated toland useand well depth. Kendall’ stau
correlationsindicated asignificant positive correlation between
chloroform concentration and urban land use, leaking under-
ground storage tanks, population density, and well depth.
MTBE concentrations al so were positively correlated to urban
land use, leaking underground storage tanks, population den-
sity, and well depth.

Radon was sampled at 205 sites. The subdivisions used for
analysisof other contaminantswere not adequatefor analysis of
radon because radon varies on the basis of variations in miner-
alogy that are not reflected by the general lithologic categories
used for the rest of the studies. Concentrations of radon were
highest in areas where the crystalline-rock aguifers had felsic
mineralogy, and the lowest concentrations of radon were in
areaswherethe crystalline-rocks aquifer had mafic mineralogy.
Water from wellsin siliciclastic-rock aquifers had concentra-
tions of radon lower than that in the felsic crystalline-rock agui-



2 Factors Affecting Occurrence and Distribution of Selected Contaminants in Ground Water, 1993-2003

fers. More than 90 percent of the wells sampled for radon
exceeded the proposed MCL of 300 pCi/L (picoCuries per
liter); however, only 13 percent of those wells had concentra-
tionsin water that exceeded the alternative maximum contami-
nant level (AMCL), ahigher level that can be used by munici-
palities addressing other sources of radon exposure.

Overall, concentrations of constituents were related to
land-use factors for nitrate, pesticides, VOCs, and to aquifer
lithology for radon. None of the 47 pesticides or 59 VOCs ana-
lyzed exceeded the M CL s where those constituents were sam-
pled. Concentrations exceeded the MCL for nitratein
11 percent of the wells sampled. Nearly 91 percent of the wells
sampled exceeded the proposed MCL for radon. Additional
sampling in selected areas would improve overall understand-
ing of the PAS and increase the possibility of creating predic-
tive models of ground-water quality in this area.

Introduction

The National Water-Quality Assessment (NAWQA) Pro-
gram of the U.S. Geological Survey (USGS) has conducted
studies of ground-water quality throughout large parts of the
United States, typically in major river basins, which are termed
study units (fig. 1). During the first decade of the program
(1991-2000, referred to as Cycle 1), most of the analysis and
reporting of ground-water quality were done at the level of the
study unit. Results for selected contaminants were synthesized
on anational level. In the second decade of the program (2001-
2010, referred to as Cycle 1), the emphasisis on regional
reporting of ground-water quality, and results are being com-
piled for several of the major aquifers. Thisreport isacompila
tion and analysis of the datafrom all of Cycle | and the first
3years of Cyclell for the Piedmont Aquifer System (PAS) of
the eastern United States.

Purpose and Scope

This report describes factors affecting the occurrence and
distribution of nitrate, selected pesticides, selected volatile
organic compounds (VOCs), and radon in ground water from
NAWQA studies conducted from 1993 through 2003 in the
PAS of the eastern United States. These contaminants were
selected for study on the basis of potential for human-health
effects. Ground-water samples from 255 wells and 19 springs
sampled in 11 studies from selected areas in the USGS
NAWQA Program form the basis of this study. These studies
include six major-aquifer studies, four land-use studies, and one
drinking-water supply study. This report also includes descrip-
tions of the Piedmont bedrock aquifers, the NAWQA ground-
water study areas, the NAWQA well networks, and statistical
methods used to analyze the water-quality data.

Description of Study Area

The PAS covers an area of about 93,000 mi? (fig. 1). The
boundaries of the PAS are considered to be coincident with the
boundary of the Piedmont Physiographic Province. The Pied-
mont is bounded on the south and east by the Fall Line and the
Coastal Plain Physiographic Province and on the north and west
by the Blue Ridge, Valley and Ridge, and the New England
Physiographic Provinces (Fenneman and Johnson, 1946). The
Piedmont isatransitional area between the unconsolidated sed-
imentary deposits in the Coastal Plain and the more mountain-
ousregionsinland and generally is characterized by low, rolling
hills. The Piedmont extends almost 1,000 mi from the southern
part of New York State in the north to eastern Alabamain the
south and has a maximum width of about 125 mi (Hunt, 1967)
(fig. 1).

The PAS includes parts of nine NAWQA study units. The
following isalist of the study units, standard study-unit abbre-
viations, and citations of reports summarizing findings within
each area: Long Island and New Jersey Coastal Drainages
(LINJ; Ayersand others, 2000), Delaware River Basin (DELR,;
Fischer and others, 2004), Lower Susguehanna River Basin
(LSUS; Lindsey and others, 1998), Potomac River Basin and
DelmarvaPeninsula(PODL ; Ator and others, 1998; Denver and
others, 2004), Albemarle-Pamlico Drainages (ALBE; Spruill
and others, 1998), Santee Basin and Coastal Drainages (SANT;
Hughes and others, 2000), Georgia-Florida Coastal Plain
(GAFL; Berndt and others, 1998), Appalachicola-Chatta-
hoochee-Flint River Basins (ACFB; Frick and others, 1998),
and Mobile River and Tributaries (MOBL; Atkins and others,
2004) (fig. 1). The Potomac River Basin and Delmarva Penin-
sula (PODL) study unitisaCycle |l study that combined the
Cyclel Potomac River Basin (POTO) and the Delmarva Penin-
sula(DLMV) pilot studies; however, only the POTO study unit
included any part of the PAS. Discussions of Cycle| activities
will refer to the POTO study unit and discussions of Cyclell
activities will refer to the PODL study unit. NAWQA studies
are based on surface drainage basins; however, only selected
parts of each study unit are covered by ground-water studies. Of
the nine study units that include part of the Piedmont, only six
of these included the PAS in their ground-water studies. Addi-
tionally, only one of the NAWQA study units sampled the
entire areawhere the PASintersected their study unit, the other
five sampled a subset of the PASin their study unit. Therefore,
the areas where NAWQA study units overlap the PAS (fig. 1)
does not represent the areas where NAWQA ground-water
studies were conducted.

Physiography and Geology

The PAS s divided into two physiographic sections (Fen-
neman and Johnson, 1946). These sections generally corre-
spond to the basic rock types found in the PAS. The largest
physiographic section in the PASisthe Piedmont Upland Phys-
iographic Section, which is generally the area shown asthe
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Figure 1. Location of National Water-Quality Assessment Study Units and the aquifer types within the Piedmont

Aquifer System, eastern United States (Miller, 1990; Trapp and Horn, 1997).
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crystalline-rock aquifersonfigure 1. Therocksin the Piedmont
Upland are primarily igneous and metamorphic rocks, hereafter
called crystalline rocks, that are resistant to erosion and form
hilly terrain. The aguifersin the area underlain by crystalline
rocksarereferred to asthe crystalline-rock aguifers(fig. 1). The
Piedmont L owlands Physiographic Section is made up of silici-
clastic rocks or carbonate rocks. The area shown as the carbon-
ate-rock aquifersin Pennsylvaniaand Maryland (fig. 1) is part
of the Piedmont L owlands Physiographic Section. The bedrock
in this areaislimestone, dolomite, or marble of Paleozoic age;
the aquifers in the area underlain by carbonate bedrock are
referred to as the carbonate-rock aquifers (fig. 1). The area
shown asthesiliciclastic-bedrock aquifers(fig. 1) isalso part of
the Piedmont L owlands Physiographic Section. In some states,
more specific names are given to the siliciclastic part of this
physiographic section, such as the Gettysburg-Newark Low-
landsin Pennsylvania(Sevon, 2000). Thesiliciclastic rocks can
be locally intruded by diabase; however, only the areas under-
lain by siliciclasticrocksareincluded inthisstudy. Theaquifers
intheareaunderlain by siliciclastic bedrock are called the Early
Mesozoic Aquifersin the U.S. Geological Survey (USGS)
Ground Water Atlas (Trapp and Horn, 1997); however, for pur-
poses of thisreport, these aquifersarereferred to assiliciclastic-
rock aguifers so that each aquifer is named according to the
underlying bedrock rather than the age (fig. 1). Because the
siliciclastic aquifers are within the Piedmont Physiographic
Province, they areincluded as a part of the Piedmont Aquifer
System. These three basic rock types (crystalline, siliciclastic,
and carbonate) form the three basic units used to subdivide the
PAS. The crystalline-rock aguifers make up 92 percent of the

land within the Piedmont Physiographic Province (fig. 1).
Siliciclastic- and carbonate-rock aquifersare 7 and 1 percent of
the Piedmont Physiographic Province, respectively.

Land Use and Population and Water Use

The predominant land use in the PASisforested land; for-
ests cover about 66 percent of thearea. Agricultural land covers
about 23 percent of the area, and urban land is about 6 percent
of the area (Vogelmann and others, 1998a, 1998b) (table 1).
Thedistribution of theseland usesinthe PASishighly variable.
The land-use variation within the PAS has atrend from north to
south; more urban and agricultural lands arein the northern part
of the Piedmont. Land use in Piedmont studies from Virginia
north had more than 60 percent agricultural and urban land use.
More forested areas are in the southern part of the Piedmont;
land use in the studies in the Piedmont south of Virginia had
more than 60 percent forested land use (V ogel mann and others,
19983, 1998b) (fig. 2). The most dense urban areas are in the
LINJstudy unit, the DEL R study unit, and the eastern part of the
POTO study unit. These areas are underlain by the siliciclastic-
rock aquifer, which has one of the highest percentages of urban
land (15 percent). The carbonate-rock aquifer also has
15 percent of its area covered by urban land; however, it also
has the most dense agricultural activity (63 percent). The crys-
talline-rock aquifer has the largest proportion of forested land
(68 percent). Land useisdiscussed in greater detail with regard
to the land-use distribution within each study unit.

Table 1. Percentage of land use by major subdivisions of Piedmont Aquifer

System.
Aquifer
Piedmont Carbonate- Siliciclastic-  Crystalline-
Land-use .
1 aquifer rock rock rock
category . . .
system aquifers aquifers aquifers
Land use, in percent of total area
Urban? 6 15 15 5
Forested® 66 18 42 68
Agricultural® 23 63 37 2
Other 5 4 6 5

1Vogelman and others (1998a, 1998b).

2Category includes low-intensity residential, high-intensity residential, and commercial/

industrial/transportation.

3Category includes deciduous forest, evergreen forest, and mixed forest.

4Category includes hay/pasture and row crop.
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Figure 2. Land use in the Piedmont
Aquifer System, eastern United
States (land-use data from Vogel-
mann and others, 1998a, 1998b).

The population of the area underlain by the crystalline-
rock aquifersis approximately 16 million (Solley and others,
1998) (all population and water-use statistics cited are prorated
based on percentage of county within the study areafor border
counties). Population and land use are closely related. The pop-
ulation density follows an expected pattern, with the most
densely populated areasbeing in the vicinity of New Y ork, Phil-
adelphia, Baltimore, Washington, D.C., and Atlanta (fig. 2).
These cities are not al entirely within the Piedmont; however,
therapidly growing counties around these citiesarein the Pied-
mont. The population of the area underlain by the carbonate-
rock aquifersis approximately 500,000. Population density is
greater than in the crystalline-rock aquifer area, with about
500 persons per square mile. The population of the area under-
lain by the siliciclastic-rock agquifersis approximately 5.5 mil-
lion. The most densely populated parts of the siliciclastic-rock
aquifers are central New Jersey, southeastern Pennsylvania,
Maryland, and northern Virginia (fig. 2).

Water used for public supply is primarily from surface
water in the crystalline-rock aguifers, with only about 1 million
residents (6 percent) relying on ground water for public supply.

An additional 3.7 million (22 percent) rely on ground water for
domestic self-supply (Solley and others, 1998). Overall, about
4.7 million people, or 28 percent of the population, rely on
ground water in the crystalline-rock aquifers. The total with-
drawals from the crystalline-rock aquifers are approximately
451 million gallons per day. Water use for public supply is pri-
marily from surface water in carbonate-rock aquifer, with about
57,000 (12 percent) relying on ground water for public supply.
An additional 155,000 (32 percent) rely on ground water for
domestic self-supply. Overall, about 212,000 people, or

44 percent of the population, rely on ground water in the car-
bonate-rock aquifer. Withdrawals of ground water from the car-
bonate-rock aquifers total 24 million gallons per day. Ground-
water use from siliciclastic-rock aquifers for public supply is
more significant than that of the other two aquifers, with about
1.1 million (21 percent) relying on ground water for public sup-
ply. An additional 723,000 (13 percent) rely on ground water
for domestic self-supply. Overall, nearly 2 million people, or
35 percent of the population, rely on the siliciclastic-rock aqui-
fer. Withdrawals of ground water from the siliciclastic-rock
aquifer total 218 million gallons per day. Ground-water pump-
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ing ratesare highest in the siliciclastic-rock aquifers, with about
seven times greater withdrawal rate in million gallons per day
per square mile than the crystalline-rock aquifers.

Climate

Characteristics of ground-water flow are affected by cli-
mate in several ways. Oneway isthat long-term climate affects
the weathering of bedrock, which in turn alters the storage and
flow of ground water in the rock. The weathering of bedrock
also aters the characteristics of the overburden above the bed-
rock. Another way that climate affectsground-water flow isthat
precipitation is a driving force in the ground-water-flow sys-

tem; therefore, variations in precipitation (and subsequently,
recharge) have alarge effect on ground-water flow.

Temperature

Average annual temperatures vary from north to south in
the PAS (Falcone, 2004). The coldest average annual tempera-
tureis 10°C in Pennsylvania and New Jersey, and the warmest
average annual temperatureis18°C in South Carolina, Georgia,
and Alabama (fig. 3). The average temperature in January is-
3.0°C in Pennsylvaniaand 8.3°C in Georgia. The average tem-
peraturein July is 21.7°C in Pennsylvaniaand 26.7°C in Geor-
gia

a0° |-

35°

50

EXPLANATION

AVERAGE ANNUAL
TEMPERATURE, IN
DEGREES CELSIUS

10-12
12.1-14
Bl 26
Bl s
Figure 3. Average annual temperature

100 200 MILES
|

in the Piedmont Aquifer System, east-

1 VN 1

0

| 1 1 1 | |
| L L
0 50 100

ern United States (from Falcone,
2004).

200 KILOMETERS




Precipitation

Precipitation ranges from less than 45 in/yr to more than
60 infyr inthe PAS (fig. 4) (Falcone, 2004). The higher rates of
precipitation are rel ated to topography, and the highest rates are
in the mountainous regions of Georgia. Precipitation also
increases somewhat from north to south; areasin the more
humid south have higher rates of precipitation.

Recharge

Rechargeisafunction of precipitation, evapotranspiration,
topography, and aquifer characteristics. The processes affecting
recharge are complex and highly variable; however, a general-
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ized summary of recharge in the PASisillustrated in figure 5.
Rutledge and Mesko (1996) reported a positive relation
between precipitation and basin relief and recharge. In areas
with similar evapotranspiration rates and aquifer characteris-
tics, an area with greater relief and precipitation has higher
recharge rates. The relation between precipitation and recharge
can be seen by a comparison of precipitation (fig. 4) and
recharge (fig. 5) in Georgia and South Carolina (Wolock,
2003). Highest recharge rates as a percentage of precipitation
arein the carbonate-rock aquifer area of south-central Pennsyl-
vania, and lowest recharge rates as a percentage of precipitation
arein areas underlain by siliciclastic-rock aguifers (fig. 5).
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Description of Piedmont Aquifers and
NAWQA Ground-Water Study Areas

The PASisdivided into the three basic aquifer types—
crystalline, siliciclastic, and carbonate— for discussion of basic
ground-water-flow systems. The characteristics of ground-
water flow in the PAS are highly variable.

Crystalline-Rock Aquifers

The crystalline-rock aquifers underlie the largest part of
the land area of the Piedmont Aquifer System (fig. 6). Crystal-
line bedrock includes awide variety of igneous and metamor-
phic rocksthat differ in origin, composition, and ateration. The
lithologies include pelitic schist, coarse-grained felsic gneiss,
mafic volcanic rocks, calcareous schist, granitoid plutonic
rocks, greenstone, greenschist facies metabasalt, quartzite,
mafic plutonic rocks (diorite, gabbro, mozodiorite, basalt),
phyllite, and date (Peper and others, 2001). The rocks are
extensively folded, faulted, and fractured, commonly showing
preferential joint orientation along fault zones and stress-relief
fractures. Structure within the rocks, including bedding, folia-
tion, and folding, also varies with rock origin and composition
and is afactor in the susceptibility of rock weathering. The
rocks are mantled by a cover of regolith, which isthe unconsol-
idated material above competent bedrock and includes materi-
als such as saprolite, colluvium, and aluvium. Generally, a
zone of weathered rock, boulders, and saprolite are at the base
of theregolith. This zoneis referred to as the transition zone.

Hydrology

The hydrogeology of the Piedmont crystalline aquifer has
been described by LeGrand (1967; 1992; 2004), Heath (1984,
1992), Swain and others (1991), and Daniel and Dahlen (2002).
Small-scale studies of the crystalline-rock aquifers have been
conducted by McFarland (1994) and Speiran (2003). The
regolith and underlying fractured bedrock combine to make up
a complex, multi-component ground-water-flow system. The
components of the system are 1) the unsaturated zone in the
regolith, 2) the saturated zone in the regoalith, 3) the transition
zone, and 4) the fractured-bedrock system (fig. 7). Rechargeto
the ground-water system is by infiltration of precipitation
through the unsaturated zone. The regolith servesasareservoir
supplying water to interconnected fractures within the bedrock
(Heath, 1980). The transition zone has high permeability rela-
tive to other zones, and it could create a high-flow zone within
the ground-water-flow system (Harned and Daniel, 1992). The
boundary of this transition zone with the fractured bedrock is
irregular. The fractured-bedrock flow system has low storage
capacity, yet where inter-connected fractures occur, water can
move rapidly.

Ground-water recharge and discharge characteristics of
the PAS were investigated by Rutledge and Mesko (1996) as

part of the USGS Regional Aquifer System Analysis (RASA)
study. The two components of streamflow—ground-water dis-
charge and overland runoff—can be estimated for a given
stream. If no long-term change in ground-water storageis
assumed, ground-water discharge is equal to ground-water
recharge. Theratio of base flow to total runoff isreferred to by
Rutledge and Mesko (1996) asthe base-flow index. Themedian
base-flow index for 10 streams in the southern Piedmont crys-
talline-rock aquifersis 44 percent of the total runoff (range =
65-32 percent; Harned and Daniel, 1987). Stream-discharge
records were analyzed for streamsin crystalline rocksin the
Chesapeake Bay by Bachman and others (1998). They deter-
mined the average annual base-flow discharge for streamsin
this areawas 8.5 in/yr. This translates to a median base-flow
index of about 59 percent. The range, however, was from 25 to
greater than 80 percent. Generally, ground water contributed
over half of the total stream discharge.

In general, wellsin the southern Piedmont crystalline-
aquifer system are cased through the regolith and transition
zone, with open hole through enough of the bedrock fracturesto
furnish acceptable yields. The bedrock fractures serve as pipe-
lines between the well and the regolith reservoir (Heath, 1984).

Water Quality

Regional ground-water quality of the Piedmont was dis-
cussed by Harned (1989) and, as part of the RASA study, by
Briel (1997) for major ions and nutrients. Water quality in the
PAS also was described for smaller study areas by Clark and
Stone (1992), Harned (1995), Daniel and others (1997), and
Cunningham and Daniel (2001). The igneous and metamorphic
rocks of the Piedmont crystalline-rock aquifers have few car-
bonate minerals; therefore, silicate weathering has a major
effect on ground-water chemistry. Thisresults in waters that
havelow concentrations of dissolved mineralsand low pH. The
mineral assemblages of the parent rock are reflected in the nat-
ural ionic composition of the ground water. Water from agran-
iteaquifer generally will have arelatively high concentration of
sodium bicarbonate, and ground water moving through mafic
rock will have high magnesium and bicarbonate concentrations
(Hem, 1985). Water from metavol canic units may contain high
iron concentrations. A study of ground water in the crystalline-
rock aquifersin Pennsylvaniaindicated amedian total hardness
of 47 mg/L and amedian pH of 6.0 (Taylor and Werkheiser,
1984). Statistics for 2,487 wellsin North Carolina used in the
USGS Appalachian Valleys-Piedmont RASA study (Briel,
1997; Harned, 1989) indicate a median of 6.6 for pH,

120 uS/cm for specific conductance, 40 mg/L for total hard-
ness, 43 mg/L for total alkalinity, and 51 mg/L for bicarbonate.
The median concentrations for iron and manganese were

0.10 mg/L and 50 pg/L, respectively.

Overlain on the natural water quality are surficial source
and recharge influences of land use and land cover and anthro-
pogenic sources of contamination. Harned (1989) found that the
most predominant sources of contamination were landfills,
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Harned and Daniel, 1992 and Daniel, 1990).

waste lagoons, fuel storage tanks, land application of wastewa
ter, septic tanks, and spills. The median concentration for nitrite
plus nitrate in crystalline-rock aguifersin North Carolinawas
0.37 mg/L (Briel, 1997; Harned, 1989). Ground water associ-
ated with agricultural 1and uses had the highest median concen-
trations of nitrite plus nitrate (1.5 mg/L), followed by commer-
cial (0.92 mg/L) and residential land uses (0.90 mg/L), all of
which were considerably higher than ambient levels

(0.26 mg/L) (Harned, 1989). A study of the Piedmont crystal-
line aquifer of the Lower Susguehanna River Basin by Hainly
and L oper (1997) showed agricultural areas had amedian
nitrate concentration of 4.6 mg/L in ground water; the median
nitrate concentration in forested areas was 1.6 mg/L.

NAWAQA Studies in Crystalline-Rock Aquifers

The NAWQA Program conducted seven ground-water
studiesin the crystalline-rock aquifers of the PAS. The LSUS
study unit conducted a major-aquifer study; the POTO study
unit (later PODL study unit) conducted a major-aquifer study,
an urban land-use study, and a drinking-water supply study in
thecrystalline-rock aquifers. The SANT study unit conducted a

major-aquifer study, and the ACFB study unit conducted two
urban land-use studiesin the crystalline-rock aquifers, one of
which sampled springs. In the 7 studies, 170 ground-water sam-
pleswere collected. NAWQA studies cover about 14,500 mi? of
the total area of about 86,500 mi? crystaline-rock aguifers or
about 17 percent of the area.

Carbonate-Rock Aquifers

The carbonate-rock aquifers make up a small percentage
of the land area of the PAS but are an important source of
ground water in these areas. The carbonate-rock aquifers are
found in northern New Jersey, southeastern Pennsylvania, and
incentral and eastern Maryland (fig. 8) (Trapp and Horn, 1997).
The Piedmont carbonate-rock aquifers are predominantly Pre-
cambrian to lower Paleozoic age rocks. The geologic unitsin
this areainclude limestone, dolomite, and marble. The carbon-
ate rocks of the Piedmont have undergone several periods of
deformation causing a complex structure of folds and faults.
Although Trapp and Horn (1997) refer to these carbonate-rock
aquifers as the Piedmont and Blue Ridge Carbonate Aquifer,
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the Blue Ridge was not included in this study. Therefore, the
areaisreferred to as the Piedmont carbonate-rock aquifersin
this report.

Hydrology

Carbonate rocks are made up of highly soluble minerals,
predominantly calcite (limestone rocks) and dolomite (dolo-
mitic rocks). The dissolution of the carbonate bedrock typically
occurs along structural planes such as bedding, cleavage, or
other joints. Over time, these fractures are enlarged by the dis-
solution of the rock. These enlarged fractures range from hori-
zontal to near-vertical depending on the orientation of the orig-
inal fracture and the gradient of ground water toward the
discharge point. Bedding planestypically have steep dip angles
(fig. 9). The dissolution along fractures forms an inter-con-
nected pattern of openings that greatly enhances permeability.
In some cases, the openings are enlarged to the point at which
turbulent flow occurs. Openings that are large enough to allow
turbulent flow are called conduits, which have flow rates sev-
era orders of magnitude higher than flow ratesin fractures.
Because of the size of the solution channelsin the weathered
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bedrock, ground water and contaminants can move rapidly
through the ground-water system. The infiltration capacity of
the soils is excellent (Susquehanna River Basin Study Coordi-
nating Committee, 1970), which, combined with theflat terrain
and conduits, makes internal drainage a common occurrence.
The dissolution of carbonate rock also can cause formation of
karst features such as sinkholes (fig. 9). Precipitation can flow
into sinkholes or large fractures in the bedrock instead of run-
ning off into the streams, allowing contaminants to enter the
aquifer withlittleor nofiltration. Thewater thentravelsthrough
large fractures, conduits, or caverns, discharging to the surface
at springs and streams.

Well yields in the Piedmont carbonate-rock aquifers are
highly variable. Yieldsin some of the geologic formations are
poor; other formations have wells yielding over 1,800 gal/min
(Low and others, 2002). Factors such as topography and lithol -
ogy may affect well yield. Wellsin valleystypically have
higher yields, because these locations are likely to intersect
major fracture sets and have a seasonal water table closer to the
land surface. Wells in formations that include shaly units or
more impure limestone may have lower well yields than those
wells completed in more pure units.

Sinkholes

Figure 9. Hypothetical cross section of carbonate-rock aquifer in the Piedmont Aquifer System, eastern United

States (modified from Lattman and Parizek, 1964).
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In the areaunderlain by carbonate bedrock inthe PAS, the
base-flow index cannot be analyzed statistically because of the
small number of streams. The only stream with long-term
streamflow records that is predominantly in carbonate rock in
the Piedmont is the Conestoga River at Conestoga (USGS sta-
tion number 01576754), which had a median base flow of
11 in/yr and abase-flow index of 65 percent (Bachman and oth-
ers, 1998). Bachman and others (1998) state that the base-flow
index typically is higher in areas underlain by carbonate bed-
rock than in areas underlain by other bedrock types.

Water Quality

Theweathering of the carbonaterocksresultsin water with
high concentrations of dissolved solids. In an analysis of 361
wellsin the Piedmont carbonate-rock aquifers (fig. 8), the
median hardness was 264 mg/L and the median pH was 7.5
(Risser and Siwiec, 1996). The median hardnessfor thisareais
three times greater than the median hardness for the crystalline
rocksin the same area. Hainly and Loper (1997) reported a
median nitrate concentration of 9.2 mg/L in 173 wellsin agri-
cultural areas of the Piedmont carbonate aquifer and a median
of 6.4 mg/L in 16 wellsin urban areas of the Piedmont carbon-
ate aquifer. Fishel and Lietman (1986) noted the occurrence of
pesticides and the concentrations of nitrate were greater in
water from wells in the carbonate aquifer of the PAS than in
water from noncarbonate aquifersin the PAS.

NAWAQA Studies in Carbonate-Rock Aquifers

The LSUS study unit conducted the only study of carbon-
ate aquifersin the PAS (fig. 8). The study was an agricultural
land-use study in which 30 domestic-supply wells were sam-
pled. The areaincluded in this land-use study covers about
450 mi of the 900 mi? carbonate-rock aguifersin the PAS or
about 50 percent of the land area.

Siliciclastic-Rock Aquifers

Siliciclastic aguifers of Early Mesozoic Agearefoundina
discontinuous belt from M assachusetts to South Caroling; these
aquifers are interspersed with intrusions of crystalline rocks
such as diabase. The siliciclastic-rock aquifers within the PAS
areillustrated on figure 10. Horton and Zullo (1991) described
some geologic basins as having three sequences: alower
seguence of reddish-brown, coarse-grained arkose and con-
glomerate; amiddle sequence of gray to black fossiliferous silt-
stone, carbonaceous shale, and thin coal beds; and an upper
sequence of reddish-brown siltstone, arkose, pebbly sandstone,
minor red and gray mudstone, and conglomerate. Facieswithin
the geologic basins change rapidly, both vertically and laterally
(Bain and Brown, 1981). Most stratawithin the geologic basins
dips between 5 and 40 degrees toward the main border fault
(Horton and Zullo, 1991; Swain and others, 1991). Diabase
dikes and sills are common in the basins. The dikesin North

Carolinarange from afew feet to several hundred feet in width
and have nearly vertical dips (Mundorff, 1948; Horton and
Zullo, 1991). Aspreviously stated, the diabase parts of the PAS
were not sampled; therefore, this areais referred to asthe Pied-
mont siliciclastic-rock aguifersin this report.

Hydrology

In the Piedmont siliciclastic-rock aquifers, ground-water
flow isprimarily through anetwork of fractures, joints, bedding
planes, and faults (fig. 11). To alesser extent, flow is through
interstitial pore space and solution channels (Daniel and
Dahlen, 2002). Theformations havelittle primary porosity, less
than 5 percent in most cases, because of poor sorting of the sed-
iment and secondary compaction and cementation (Nutter,
1975). The capacity of the siliciclastic-rock aquifersto store
and transmit water tends to decrease with depth because the
weight of the overlying strata closes fractures (Herpers and
Barksdale, 1951). Depth of the overburden appearsto havelittle
relation to well yield in the siliciclastic-rock aquifers (Bain and
Thomas, 1966). Ground-water flow is anisotropic in some
basins, favoring the strike direction of the bedding or major
joint set (Herpersand Barksdale, 1951; Nutter, 1975; Swainand
others, 1991).

Well yieldsinthesiliciclastic-rock aquifers decrease from
north to south; well yieldsin the Durham, Sanford, and Wades-
boro subbasins in North Carolina are among the lowest of all
aquifersinthe PAS (Swain and others, 1991). Studiesindicated
well yields of up to 500 gal/min in the Newark, N.J., area (Her-
pers and Barksdale, 1951) and up to 1,500 gal/min in the frac-
tured shale and sandstone aquifer of northern Virginia, Pennsyl-
vania, and New Jersey (Daniel and Dahlen, 2002). Most other
studiesindicated well yields ranging from 5 to 25 gal/min (Nut-
ter, 1975; Mundorff, 1948; Schipf, 1961; Bain and Thomas,
1966); the higher yields were in coarse-grained rocks such as
the limestone-pebble conglomerate of the siliciclastic-rock
aquifersin Maryland, and lower yields were in fine-grained
rocks of the Deep River Basin, N.C. Higher yields aso have
been reported for wellsin valleys and wells near faults. Areas
around faults can be severely sheared and fractured (Nutter,
1975). The base-flow index in areas underlain by siliciclastic
bedrock was 5.9 infyr, which was a statistically significant
lower median value than in areas underlain by other bedrock
types in the Chesapeake Bay (Bachman and others, 1998).

Water Quality

In the siliciclastic-rock aquifers of the PAS, regional dif-
ferencesin water chemistry reflect regional differencesin rock
mineralogy and texture and ground-water residence times
(Daniel and Dahlen, 2002). Swain and others (1991) reported
that ground water generally is hard (greater than 120 mg/L cal-
cium carbonate (CaCO3)) to very hard (greater than 180 mg/L
CaCOg) in the Piedmont siliciclastic aquifer. Thisis several
times greater than the hardness in the crystalline-rock aquifer,
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(modified from Goode and Senior, 2000).

and in the samerange of hardnessin the carbonate-rock aguifer.
Concentrations of iron and manganese may be locally elevated
in the ground water. In Maryland, 18 percent of well samples
had concentrations of iron greater than 0.30 mg/L, and concen-
trations of manganese exceeded 50 pg/L in 13 percent of the
well samples (Nutter, 1975). In the Durham Basin in North
Carolina, dissolved solids in ground water generally were less
than 250 mg/L (Brown, 1988). Water samples from wells com-
pleted in siliciclastic bedrock had median concentrations of
0.15 mg/L for iron, 158 mg/L for hardness, and 75 mg/L for
chloride.

NAWAQA Studies in Siliciclastic-Rock Aquifers

Three NAWQA Program study units conducted sampling
in the siliciclastic-rock aquifers of the PAS: the LINJ, the
DELR, and the POTO study units (fig. 10). All three of these
studies were major-aquifer studies; therefore, no particular
land-use type was targeted. Wells sampled were primarily
domestic-supply wells. In the 3 studies, 74 wellswere sampled.
The area covered by these three studies is about 3,100 mi?,
which is about half the area of the entire siliciclastic-rock aqui-
fers (6,000 mi?).
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The NAWQA Program conducts assessments of both
ground-water and surface-water quality in more than 50 study
units throughout the nation. Nine NAWQA study unitsinclude
parts of the PAS. Each study unit selects areas within their
respective study unit for focused ground-water studies. Six of
the nine study units conducted ground-water studiesinthe PAS.
Because some study units conducted more than one study
within the PAS, atotal of 11 studies were conducted in those 6
study units. These ground-water studies fall into three major
categories. These categories are major-aquifer studies, land-use
studies, and drinking-water studies. A mgjor-aquifer study
(MAYS) isintended to characterize the water quality in amajor
aquifer within a study unit, without regard to land use. Typi-
cally, the well network for a MAS includes mostly domestic-
supply wells. Early NAWQA studiesreferred to these studiesas
asubunit survey (SUS). Another study typeiscalled aland-use
study (LUS). Thisissimilar to aMAS in that it isfocused on
aquifers representing a specific rock type within a study unit;
however, sample locations are sel ected to represent the shallow
water-bearing zones of aquifers underlying a specific land-use
type. Inthe well network for aLUS, the wells may be domestic-
supply wells, if the domestic wells are considered to be repre-
sentative of the shallow ground-water system. If domestic wells
are too deep or not available, other well types are sampled for
the LUS. These wells can be existing monitor wells, monitor
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wells drilled specifically for the project, or unused wells. The
two types of land-use studies were agricultural and urban. An
agricultural land-use study is designed to determine quality of
shallow ground water in areas where land use is predominantly
agricultural, such asrow crops and pasture. The urban land-use
studies are designed to determine ground-water quality near
industrial, commercial, or residential land uses. The third type
of study isadrinking-water-supply study (DWS), in which pub-
lic water supplies are sampled within agiven aquifer. The well
network for aDWStypically includeswellsthat are deeper than
in the other networks. A description of the locations, numbers
of wells sampled, and types of studies for each of the well net-
worksisshownintable 2. Thelocations of the 11 ground-water
study areas and the locations of the wells sampled are shownin
figures 12 and 13. Inthe POTO study unit,aMAS, aDWS, and
an urban LUS overlap. Abbreviations for the 11 ground-water
study areas used in this report include the NAWQA study unit;
type of study; in some cases, land use; and a numeric designa
tion (table 2). For example, acfblusurl is the Appalachicola
Chattahooche/Flint River Basin NAWQA study unit (acfb),
land-use study (lus) of urban areas (ur), and it isthe first study
(2) of thisarea. The number of samples collected for agiven
consgtituent varied slightly among study units because of design
issues, budgets, and occasional missing samples. A summary of
the constituents sampled within each network isgiven in

table 3.

Table 2. Descriptions of ground-water study areas sampled in the Piedmont Aquifer System.

[LUS, land-use study; MAS, major-aquifer study; DWS, drinking-water-supply study]

Ground-

water . L Aquifer - Type of aquifer Map of
Study unit and abbreviation Type of study Aquifer lithology . well
study-area type media .
locations
code
acfblusurl  Appalachicola-Chattahooche Urban LUS Crystalline  Saprolite/lgneousand  Unconsolidated Fig. 13
Flint River Basin (ACFB) metamorphic rocks porous medium
Tacfblusur2  Appalachicola-Chattahooche Urban LUS Crystalline  Saprolite/lgneousand  Unconsolidated Fig. 13
Flint River Basin (ACFB) metamorphic rocks porous medium
delrsusl Delaware River Basin (DELR) MAS Siliciclastic  Sandstone and shale Fractured bedrock ~ Fig. 12
linjsus3 Long Isand/New Jersey (LINJ)  MAS Siliciclastic  Sandstone and shale Fractured bedrock ~ Fig. 12
Isuslusagl  Lower Susquehanna River Basin  Agricultural LUS Carbonate Limestone and dolo- Fractureand con-  Fig. 12
(LSUS) mite duit flow
| sussus2 Lower Susquehanna River Basin  MAS Crystalline  Igneous and metamor-  Fractured bedrock  Fig. 12
(LSUS) phic rocks
podllusrcl  Potomac/Delmarva (PODL) LUS Crystalline  Igneous and metamor-  Fractured bedrock  Fig. 12
phic rocks
podldwgsl Potomac/Delmarva (PODL) DWS Crystalline  Igneous and metamor-  Fractured bedrock  Fig. 12
phic rocks
potosusl Potomac/Delmarva MAS Crystalline  Igneous and metamor-  Fractured bedrock  Fig. 12
(PODL)—formerly Potomac phic rocks
River Basin
potosus2 Potomac/Delmarva (PODL) MAS Siliciclastic  Sandstone and shale Fractured bedrock ~ Fig. 12
santsus3 Santee River Basin (SANT) MAS Crystalline  Igneous and metamor-  Fractured bedrock  Fig. 13

phic rocks

1Springs were sampled for acfblusur2
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Table 3. Summary of major constituents sampled in ground-water study areas in the Piedmont Aquifer System.

Constituent group and number of samples

Ground-water

Volatile
study-area code Nu‘:v":ﬁ; of Nutrients Pesticides organic Radon Trace elements
compounds

Tactblusurl 21 21 20 21 21 21
acfblusur2 219 19 17 19 18 19
delrsusl 30 30 30 30 30 30
linjsus3 21 21 20 21 0 21
Isuslusagl 30 30 30 30 29 0
Isussus2 30 30 30 10 29 0
podllusrcl 30 30 30 30 0 30
podldwgsl 15 0 15 15 0 0
potosusl 25 25 25 0 25 0
potosus2 23 23 23 0 23 0
santsus3 30 30 30 30 30 30

Total samples 274 259 270 206 205 151

1Ground-water study-area codes are defined on table 2.
2Spri ngs were sampled for this study.

Physical Characteristics of Wells and Surrounding
Areas

The results of water-quality sampling can be affected by
many factors related to the physical characteristics at or near a
well. Thesefactorsinclude the aquifer in which the well iscom-
pleted, the land use surrounding the well, soils, climate, and
characteristics of the construction of the well.

The factors that affect ground-water quality include avail-
ability of contaminant sources and aquifer susceptibility. The
aquifer lithology affects the ease with which contaminants can
enter an aquifer. In these studies, wells were selected on the
basis of the bedrock type in which they are completed, and
therefore, one bedrock type is associated with a given well or
study area (table 2). The type of media, however, is not heces-
sarily the same for al bedrock types. For example, some wells
in the crystalline-rock aquifer are completed in fractured bed-
rock and others are completed in saprolite. Therefore, both the
aquifer lithology and type of mediaare considered to befactors
potentially affecting water quality. In the case of some contam-
inants, such as radon, the mineralsin the aquifer are also the
source of the contaminant.

The physical characteristics of individual wellsare related
to the aquifer characteristics and the purpose of the wells. A
summary of well depth, casing length, and water level is shown
in figure 14. The two urban land-use studies (acfblusurl and
podlusrcl) that used monitor wells had the shallowest depths,
casing lengths, and water levels. These wells typically were
completed in the shallowest water-bearing zones. The drinking-
water-supply study (podidwgsl) had the deepest well depths

and casing lengths. Public-supply wellstypically are drilled
deeper than monitor wells or domestic-supply wells, and shal-
low water-bearing zones commonly are cased off to reduce sus-
ceptibility to surface contamination. Theremainingwellsareall
domestic-supply wellsand had asimilar range of characteristics
of construction. The wellsin the santsus3 study had the longest
casing lengths and deepest wells of all the domestic-supply well
studies.

Other data also are available to describe the physical set-
ting in which each well islocated. The USGS NAWQA Pro-
gram summarized ancillary data for a 1,640-ft (500-m) radius
around each well for national synthesis projects, and therefore,
selected ancillary data had already been compiled for al
NAWQA wellsfor that radius. Soils data from State Soil Geo-
graphic Data (STATSGO, U.S. Department of Agriculture,
2003) was analyzed for the 1,640-ft radius. Thisarbitrary radius
was assumed to be related to, but not necessarily the same as,
the recharge area of the well. This data set includes characteris-
ticssuch aspermeability, soil thickness, organi c-matter content,
particle size, and hydrologic groupings (table 4) and will be
used to explain water-quality results. Hydrologic groups are
ordered from A to D with the A having the lowest runoff poten-
tial and D having the highest runoff potential (U.S. Department
of Agriculture, 1986).

Land use differs within each ground-water study area and
among individual wells. Land uses around awell affect poten-
tial sources of contaminants that could be present, and these
data have been compiled for each ground-water study area and
for al1,640-ft radiusaround each well (table 5) (Vogelmann and



Description of NAWQA Well Networks 21

500 21 30 21 30 30 30 25 23 30 12
T MAXIMUM
r T DEPTH ]|
200 705ft |
8 I
=9
E o 300 i
82>
R TRA B N
Swo L _
o Y2 200
Szs | §
100 - ; é 1 -
0 1 1 1 1 1 1 1 1 1 1
9 30 21 30 30 30 7 4 30 13
150 |~ MAXIMUM—|
CASING
R LENGTH
T B 258ft ]|
5 _
Z 100 - -
=
O - i
=z Z
(%]
S sof i
0 1 1 1 1 1 1 1 1 1 1
21 30 21 30 25 30 24 18 30 1
120 =
[NN)
= (W) - |
Ha%S sor i
T
Fws T i
=z< L _
= 40 é *Insufficient
L % data |
0 T . \ \ . \ . .
o) < < P ) ) Ny P
T % B Y N B % % R Y
<, % % Y. % 3 %, S %
% G 5 0 & & & 5 X 2
2 o 7 > D o )} & G
% (9 (97 <55

GROUND-WATER STUDY-AREA CODE

EXPLANATION
21 Number of samples
Maximum Value

75th percentile
Median
25th percentile

Minimum value

Figure 14. Well depths, casing lengths, and water levels for well networks in the Piedmont Aquifer System.
(Ground-water study-area codes are defined on table 2. ACFBLUSUR2 not shown because network was
springs.)



22 Factors Affecting Occurrence and Distribution of Selected Contaminants in Ground Water, 1993-2003

Table 4. Summary of soil characteristics within a 1,640-ft radius of wells and springs in ground-water study areas in the Piedmont

Aquifer System.

STATSGO Soil characteristics’

Ground-water

Median percentage of area in

hydrologic group

Median value for

Median percentage soil content of

study-area
code Soil Permeability Organic _
A B C D th_lckness (inches per matter Clay Silt Sand
(inches) hour)

Zacfblusurl 0 100 0 0 33.7 106 0.3 35.8 29.9 34.3
acfblusur2 0 100 0 0 33.7 16 3 35.8 29.9 34.3
delrsusl 0 36 49 5 48.6 20 .6 20.1 50.9 29.0
linjsus3 0 32 65 3 45.6 24 .8 21.3 54.1 24.3
Isuslusagl 0 84 14 0 64.4 14 .6 36.1 54.4 9.5
Isussus2 6 77 9 7 55.7 1.6 5 19.8 53.2 271
podilusrcl 0 78 13 3 51.1 20 5 255 48.9 30.2
podldwgsl 0 76 8 2 51.1 24 5 21.6 40.7 36.1
potosusl 4 78 8 3 51.1 2.3 5 21.6 42.0 36.1
potosus2 0 9 49 10 46.1 2.3 7 22.8 50.0 24.9
santsus3 0 87 12 0 54.5 15 4 35.1 31.1 328

1U.S. Department of Agriculture (2003).
2Ground-water study-area codes are defined on table 2.

Table 5. Summary of land use in ground-water study areas sampled by NAWQA study units in the Piedmont Aquifer System.

[NA, not applicable]

Ground-water

Type of

Land use within ground-water study area

Land use within 1,640-ft radius of wells and

1 springs
study-area land-use (percent) (percent, mean for all wells)
code study
Urban Forested Agricultural Urban Forested Agricultural
Zacfblusurl Urban 87 12 0 57 17 0
3acfblusur2 Urban 87 12 0 58 33 0
delrsusl NA 18 40 38 36 25 39
linjsus3 NA 29 38 31 1 26 34
Isuslusagl Agricultural 3 6 89 0 2 97
| sussus2 NA 34 59 0 19 e
podllusrcl NA 20 36 41 5 11 53
podldwgsl Urban 26 48 17 19 37 10
potosusl NA 20 36 41 5 22 46
potosus2 NA 12 33 51 0 19 65
santsus3 NA 10 65 19 0 80 17

IVogelmann and others (1998a, 1998b).

2Ground-water study-area codes are defined on table 2.

3Springs were sampled for this study.



others, 1998a, 1998b). Land-use practices related to the appli-
cation of nitrogen are considered to potentially affect nitrate
concentration. These land uses would include row crop/pasture
and hay (fertilizer and manure) and commercial/residential
(home fertilizer use, leading sewage lines, and private septic
systems). Similarly, agricultural application of herbicides
would be expected to affect herbicide concentrations, and urban
application of certain insecticides would be expected to affect
insecticide concentrations. Urban uses and releases of VOCs
can potentially affect VOC concentrations. The summary of
land-use types in table combines row crop and pasture and hay
into a category called agricultural. The categories of high-den-
sity residential, low-density residential, and commercial/indus-
trial are combined into a category called urban. Deciduous,
coniferous, and mixed forests are combined into a category
called forested. A summary of the predominant land usesin the
ground-water study area and the typical land use around indi-
vidual wellsisgivenintable5. In most cases, the distribution of
land use around the wellsin the network is representative of the
land use in the ground-water study areaitisin.

Although ancillary data are available to assess the factors
affecting ground-water quality, it isimportant to note that these
studies were developed independently for priorities of each
individual study unit and not to conduct an overall assessment
of the PAS. In some cases the full spectrum of potential water-
quality issues has not been fully explored (table 6). It isbecause
of the gapsin this matrix that the analysis of these data are
deemed to be for the study areas only and not necessarily repre-
sentative of all the PAS.
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Chemical Characteristics of Natural Ground Water

The natural chemistry of water can be important in under-
standing the presence or concentrations of contaminantsin an
aquifer. The mobility and degradation of contaminants can be
affected by characteristics such as pH and dissolved oxygen
concentrations. Natural chemistry and water characteristics
(figs. 15 and 16) collected from each of the well networksis
presented in order to establish basic aquifer characteristics for
each network and illustrate similarities and differences among
aquifers.

Thefield characteristics (fig. 15) illustrate water from the
wellsinthe carbonate-rock agquiferstended to have amedian pH
near 7.0 and avery narrow range of pH values. Wellsin the
siliciclastic-rock aguifers had a median pH near 7.0 but a
greater range of pH values. Wellsin the crystalline-rock aqui-
fers had water with a median pH closer to 6.0 and the largest
range of pH values. This pattern is consistent with what would
be expected; water from the well network in the carbonate-rock
aquifersiswell buffered as aresult of the dissolution of calcite,
and the water from well networks in the crystalline-rock aqui-
fersisacidic and poorly buffered as aresult of silicate weather-
ing. The water from wellsin the siliciclastic-rock aquifer have
abroad range of values of pH and akalinity, which is based on
the presence or absence of carbonate cement in the siliciclastic
rocks. Specific conductance follows a similar pattern; water
from the carbonate aquifer had the highest median specific con-
ductance, water from the networks in the crystalline aquifers
had the lowest median values of specific conductance, and
water from the siliciclastic aguifer had median valuesin the
middle of that range.

Table 6. Summary of wells sampled within the Piedmont Aquifer System by

combination of well type and land use.

Number of samples in aquifer type

Well type and land use

Carbonate Crystalline Siliciclastic
Shallow agricultural land use 0
Domestic agricultural land use 30 None None
Water-supply agricultural land use 0
Shallow urban land use 70
Domestic urban land use! None 0 None
Water-supply urban land use 0
Shallow forested land use
Domestic forested land use None? None None
Water-supply forested land use
Shallow mixed land use 0 0
Domestic mixed land use None 85 74
Water-supply mixed land use 15 0

1Establishing a domestic well network in an urban areaisimprobably because of lack of existing wellsin ar-

eas already on public water supply.

2Forest land makes up less than 2 percent of the carbonate-rock aguifer in the Piedmont Aquifer System.
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Dissolved oxygen concentrationstypically areintherange
indicating well-oxygenated water. The presence of dissolved
oxygen isimportant in relation to geochemical processes con-
trolled by oxidation-reduction reactions. Iron is an example of
aconstituent controlled by oxidation-reduction reactions. Inthe
presence of oxygen, iron precipitates, and in the absence of oxy-
gen, iron ismore likely to be dissolved. Other constituents also
are controlled by these reactions. Some, like iron and manga
nese, are not specifically addressed in data analysis because
they do not have a primary maximum contaminant level and are
not considered to be a human-health threat. Concentrations of
other constituents, such as nitrate and some of the organic com-
pounds, also can be directly affected by oxidation-reduction
processes; therefore, dissolved oxygen is an important explana-
tory variable in data analysis. For example, anoxic conditions
and isolation from the atmosphere may increase the likelihood
of denitrification, aprocessthat transforms nitrate into nitrogen
gas. Aquiferswith characteristics that allow water to be rapidly
transmitted from the land surface to the water table arelikely to
be well oxygenated and, therefoe, lesslikely to have processes
such as denitrification occurring. In parts of the carbonate-rock
aquiferswhere conduit flow occurs, aeration and turbulence can
maintain sufficient dissolved oxygen in the water, further
decreasing the possibility of denitrification.

Magjor ion chemistry is another issue directly related to
bedrock type. The concentrations of calcium and magnesium
are greatest in the carbonate rocks, from dissolution of the cal-
cite and dolomite that are the major mineralsin limestone and
dolomite, respectively. The concentrations of calcium and mag-
nesium inthe crystallinerocksarerelatively low because of the
lack of carbonate mineralsin theserocks. The concentrations of
calcium and magnesium in the siliciclastic rocks are between
those concentrations in the crystalline rocks and those concen-
trations in the carbonate rocks. Conversely, the concentrations
of silicaaregreatest in thesiliciclastic-rock and crystalline-rock
aquifers because of the presence of the silicate mineralsin the
rocks, and concentrations of silicaarelow inwater from the car-
bonate-rock aquifers. Concentrations of iron and manganese
were low; iron concentrations exceeded the Secondary Maxi-
mum Contaminant Level (SMCL) of 0.3 mg/L in 11 percent of
the samples, and manganese exceeded the SMCL of 0.05 mg/L
in 21 percent of the samples. A SMCL is anon-enforceable
standard and typically isrelated to aesthetic i ssues such astaste,
odor, or staining. The iron and manganese data sets had a
skewed population; the median concentrations were much
lower than the SMCLs. Iron was inversely correlated with dis-
solved oxygen. As previously stated, iron is highly sensitiveto
the oxidation-reduction reactions; therefore, theinverserelation
seen between oxygen and iron is expected. Less than 1 percent
of the samples had concentrations of sulfate that exceeded the
SMCL of 250 m/L. Sulfate also is affected by oxidation-reduc-
tion reactions and had a negative correlation with dissolved
oxygen. No samples had chloride concentrations that exceeded
the SMCL of 250 mg/L, nor did any sample have concentrations
of fluoride that exceeded the SMCL of 2 mg/L.
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Statistical Methods Used to Analyze Water-
Quality Data

Interpretation of the water-quality datafrom the PAS
included use of statistical methods. These methods included
comparisons of water quality among groupings (categorical
comparison), comparison of water quality to continuous
explanatory variables (correlation and linear regression), and
comparison of water quality to explanatory variables using dis-
crete categories (logistic regression). These methods were
intended to illustrate the factors affecting water quality.
Although some of these methods can be used to predict water
quality in unsampled areas, those predictions are beyond the
scope of this report.

Categorical Statistics

Interpretation of datawith a continuous response variable
and categorical explanatory variable was conducted using the
Tukey's Test (Tukey, 1977). An example of this type of com-
parison would be determining differences in median nitrate
concentration among lithologic groups. The purpose of this
method is to test whether group medians differ and which
groups differ from other groups. The alphavalue used for these
tests was 0.05, which means there is a 95-percent confidence
that the differences among the groups are not due to random
chance. The Tukey’ s Test assigns| ettersto each category onthe
basis of the statistical grouping to which that category belongs.
Thegroupswith the highest mediansare assigned theletter “A,”
the second highest medians are assigned the letter “B,” and
groups are assigned subsequent |etters based on descending
medians. The Tukey’s Test may result in a category being
assigned more than one letter. For example, a category may
belong to both statistical group “A” and statistical group “B” in
acasewhereacategory isnot statistically different from the cat-
egory above or below it, but the above and below categories are
different from each other.

Continuous Explanatory Variable Statistics

In cases where there is a continuous explanatory variable
and a continuous response variable, a Kendall’ s tau correlation
or multiple linear regression was used. A continuous variable
can have any value within a certain range. An example of this
type of comparison isthe comparison of the application rate of
fertilizer (continuous explanatory variabl€) to the concentration
of nitrate (continuous response variable). The most frequently
used statistic was the Kendall’ s tau correlation (Helsel and Hir-
sch, 1992, p. 105). This method uses ranks of datato determine
amonotonic relation between the explanatory variable and the
response variable. The statistics produced by the Kendall’ s tau
test are the Kendall’ s tau coefficient and the probability (or p-
value). P-values of lessthan 0.05 indicate a 95-percent confi-
dence level that a monotonic relation between the explanatory

variable and theresponsevariable exists. That is, anincreasein
the explanatory variable is correlated to an increase in the
response variable. The values of Kendall’s tau range from 0 to
1; larger values indicate a stronger relation. The sign of Ken-
dall’ stauisanindicator of whether the relation hasapositive or
negative slope.

Kendall’ stau is effectivein determining relations between
a single continuous explanatory variable and a continuous
response variable, but it does not account for the interaction
among multiple explanatory variables. In caseswherethere are
sufficient data and multiple explanatory variables, amultiple
linear regression can be performed. This determines the linear
relation between multiple explanatory variables and the
response variable as determined by equation 1:

Yy = bytbyxp by, b+ D

where by is constant, x4 is explanatory variable 1, b, is slope
coefficient of x4, X, is explanatory variable 2, b, is slope coef-
ficient of x, X; is explanatory variablei, b; is slope coefficient
of x; and Z is random error.

A model is developed to determine the solution for equa-
tion 1 that best fits the observed data. Those explanatory vari-
ablesthat are statistically significant (p-values less than 0.05)
areincluded in the model. Theimplication is that only those
variables that improve model fit are retained. The power of the
model isindicated by the r-square result, which is the sum of
squared residuals. Higher r-square values indicate a better fit
between observed and predicted values.

Discrete Response Statistics

A discrete variable is one who's values are limited to spe-
cific categories, such as greater than or less than a detection
limit or specified threshold. In cases where the response vari-
ableisdiscrete, logistic regression can be used to determine the
probability of the response variable exceeding athreshold. An
exampl e of thiswould be testing whether increasesin pesticide
application rate cause an increased probability of that pesticide
exceeding the detection limit. The probability of an event
occurring is defined by equation 2:

(b +byx) +byxy+..bix;)

< )
[1 . %(})0 +b1x1 +h2x2+ ...hl.xl.)g}

p =

where by is constant, x4 is explanatory variable 1, by is slope
coefficient of x4, X, is explanatory variable 2, b, is slope coeffi-
cient of xp x; isexplanatory variablei, b is slope coefficient of
X; (Helsel and Hirsch, 1992, p. 396). Analyzing the results of
logistic regression is more complicated than analyzing the
results of linear regression. Statistics that are important are

1) the overall significance of the model, 2) the value and proba-
bility value of explanatory variables, 3) the Hosmer-L emeshow
results, 4) the generalized r-square, 5) the maximum rescaled
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r-square, 6) the percent concordance, and 7) the Pearson resid-
uals.

The overall significance of the model, indicated by p-val-
ues less than 0.05, indicates that the model with explanatory
variablesis better at predicting the probability of an event
occurring than an intercept-only model. The significance of the
explanatory variables, indicated by p-values less than 0.05,
indicates that a specific explanatory variable improves the
model in its ability to predict the probability of an event occur-
ring. The Hosmer-Lemeshow Goodness-of-Fit statistic (Hos-
mer and Lemeshow, 1989) tests whether or not the outcomes
predicted by the model are significantly different than the out-
comesfrom the original data. P-values of a Hosmer-L emeshow
test that arelessthan 0.05 indicatethe model predictionsand the
data are significantly different; however, the model predictions
should fit the data. Therefore, p-valueslessthan 0.05 indicate a
poor mode! fit. Thereis no r-square value that can be produced
by the logistic regression model that isidentical to the r-square
value from linear regression; however, some substitutes for the
r-square value have been calculated. The generalized r-square
value (Cox and Snell, 1989) is based on maximizing the log-
likelihood and isageneralized method of estimating an r-square
value.The maximum-rescaled r-square value (Nagelkerke,
1991) isanother method that approximatesthelinear-regression
r-square. Although neither of these statistics can be interpreted
asthe percentage of variance explained by the model, they can
be used as comparisons of one model to another.

The terms concordance and discordance also are used in
describing results of logistic regression. These statisticsare cal-
culated by comparing every possible combination of data points
where one event isequal to ‘1’ and the other event is equal to
‘0." If the predicted probability for the case with event equal to
‘1" ishigher than the predicted probability for the case with the
event equal to *0,’ that pair is concordant. The opposite case
would be discordant, and ties are also counted; however, con-
cordance is the primary statistic used in this report.

The ability of the model to predict individual cases also
can be evaluated by examination of theresiduals. Raw residuals
are calculated by the observed frequency minus the expected
frequency. Pearson residualsareasimilar statistic and represent
the contribution of each observation to the Pearson Chi-square.
Cases where the model predicts alow probability of an event
occurring, but it occurs anyway, will have ahigh Pearson resid-
ual. Cases where the model predicts a high probability of an
event occurring, but it does not occur, have alarge negative
Pearson residual. Observing the cases with the highest and low-
est Pearson residuals can illustrate the unique conditions where
the model does not do a good job of predicting the event.

Occurrence and Distribution of Selected
Contaminants in the Piedmont Aquifers

Sampling by the NAWQA Program in the PAS covers a
broad geographic area, three types of bedrock aquifers, and sev-

eral land-use settings. This, in conjunction with the numerous
types of samples collected at most sites, provides an opportu-
nity to examine the occurrence and distribution of abroad range
of contaminants. In addition to evaluating the occurrence and
distribution, factors affecting the occurrence and distribution
are examined. Some of the contaminants are related to human
activities (anthropogenic) and others occur naturally. Analysis
will focus on those contaminants that were measured at nearly
every siteand have potentially adverse effects on human health:
nutrients (predominantly nitrate - anthropogenic), pesticides
(anthropogenic), VOCs (anthropogenic), and radon (natural).
The U.S. Environmental Protection Agency (USEPA) has
established Maximum Contaminant Levels (MCLSs) for public
drinking water for many of these contaminants. The majority of
thewellssampled for thisstudy are not public-supply wellsand,
therefore, are not subject to the MCL ; however, the MCL or
other established health standards are referred to for compari-
SON PUrpoSEs.

Nitrate in Ground Water

Applications of nitrogen fertilizer in the United States
have increased by afactor of 20 in the yearsfrom 1945 to 1985
(Puckett, 1994). Atmospheric deposition of nitrogen and the
number of septic systems haveincreased during thistimeperiod
aswell. Nitrate is soluble in water and therefore can enter the
ground water and become a health concern. The USEPA has
established the MCL for nitrate at 10 mg/L as nitrogen. The
main health risk from nitrate in drinking water is a condition
called methemogl obinemia, which can befatal ininfants. Many
rural domestic water supplies receive no treatment prior to use.
A national study of nitrate in ground water showed that
15 percent of wells sampled in major aquifers exceeded the
USEPA MCL of 10 mg/L (Nolan and Stoner, 2000). Samples
were collected for nutrient analysisin 10 studiesin the PAS.
The results of this sampling were analyzed to determine spatial
patterns and transport mechanismsthat affect nitrate concentra-
tionsin the PAS.

Samples were collected for nutrient analysis at 241 wells
and 19 springsin the PAS. Nutrient samples were analyzed by
the USGS National Water-Quality Laboratory (NWQL) for
organic nitrogen, ammonia, ammonia plus organic nitrogen,
nitrite, nitrate plus nitrite, phosphorus, and orthophosphate.
Concentrations of phosphorus, nitrite, ammonia, and organic
nitrogen were low. The maximum concentrations of phospho-
rus and orthophosphate were 0.25 and 0.27 mg/L as phospho-
rus, respectively. The maximum concentration of ammoniaplus
organic nitrogen was 2.8 mg/L, and only 14 of the 260 samples
exceeded 0.2 mg/L. The maximum concentration of nitrite was
0.38 mg/L, and only 17 sampleshad concentrationsgreater than
0.1 mg/L as nitrogen. The predominant form of nitrogen
detected in water from wellswas nitrate. The laboratory reports
a concentration of nitrate plus nitrite, but because nitrite con-
centrations were so low, these results were considered to be
equivalent to nitrate. The concentrations of nitrate plus nitrite
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(hereafter referred to as nitrate) in water from wellsinthe PAS
ranged from below the detection limit of 0.05 mg/L to 25 mg/L
as nitrogen. Only 32 of the 260 samples had concentrations
below the detection limit. Concentrations of nitrate exceeded
the USEPA MCL of 10 mg/L in 29 samples. Because nitrate
was detected in ground-water samples across a broad range of
aquifer types and environmental settings, the approach to ana-
lyzing these data was to try to determine the relations between
the intensity of potential nitrogen sources, the susceptibility of
the aguifer toinfiltration of contaminants, and the resulting con-
centrations of nitrate in ground water.

Nitrogen Sources

Nitrogen is present in the environment in many forms.
Typically, nitrogen is not found in elevated concentrationsin
ground water in the environment without an anthropogenic
source. These sources can include atmospheric deposition,
human sewage, animal waste, and chemical fertilizer. Under-
standing the sources of nitrogen and the nitrogen cycleisimpor-
tant when trying to identify causes of elevated nitrogen or
nitrate in ground water. For example, the manure applied to
cropland as afertilizer may have a concentration of nitrogen
similar to that of human-waste effluent from a septic system.
However, the manureis subject to many processes such as plant
uptake, volatilization, and denitrification that may attenuate the
nitrogen concentrations prior to entering the ground-water sys-
tem, whereas septic effluent may enter the ground-water system

directly without being subject to many of these processes. The
potential locations of anthropogenic sources can beinferred
from land use, and land use typically is used as a general indi-
cator of nitrogen sources. In addition to land use, data on spe-
cific sources are available as well. These data are all compiled
for the 1,640-ft radius around the well. Data are available to
estimate the spatial distribution of nitrogen from atmospheric
deposition (Hitt, 2005b). Fertilizer-sales data have been used to
infer application rates of fertilizer. Typically, fertilizer usageis
estimated for agricultural rather than residential use, but resi-
dential use also has been estimated (Hitt, 2005c). The amount
of manure generated by animalsin agiven areacommonly is
used as an indicator of potential application of manure for fer-
tilizer (Hitt, 2005c). The amount of nitrogen from septic sys-
tems was estimated using eguation 3:

Ng=CexVexn (3)

where Ng is the mass of nitrogen input from septic effluent, Ce
is concentration of nitrogen in septic effluent (85 mg/L; Miller,
1980), Ve isthe volume of septic effluent per person per day
(170 L/day; Miller, 1980), and nis the number of people using
septic systems in the areal extent of the zone of contribution to
thewell [assuming four persons per household and using septic-
system density from Hitt (2005a)]. A summary of the sources of
nitrogen in the 10 study areas where nitrate samples were ana-
lyzed has been compiled in table 7. No nitrate analyses are
available for the podldwgsl study.

Table 7. Sources of nitrogen in NAWQA ground-water study areas of the Piedmont Aquifer System.

Median input from 1,640-ft radius around wells in each study
Nitrogen, in kilograms per square kilometer per year

Ground-water Median
study-area Total nitrate
code' Septic  Atmospheric  Non-farm Farm- Animal nitrogen concentration
systems?  deposition® fertilizer use® fertilizer use®  manure* input
all sources®
acfblusurl 89 493 0 0 0 465 1.6
acfblusur2 236 503 0 0 0 586 1.3
delrsusl 251 483 1,081 1,377 837 3,505 31
linjsus3 260 485 957 1,219 447 2,889 1.6
Isuslusagl 318 639 3,244 4,133 20,188 23,152 11.0
|sussus2 253 660 2,206 2,810 2,512 7,407 6.6
podllusrcl 250 653 301 383 259 1,681 1.0
potosusl 146 669 1,424 1,814 1,247 5,235 14
potosus2 122 663 1,448 1,844 1,521 4,996 9
santsus3 161 475 377 481 687 1,834 V4

1Ground-water study-area codes are defined in table 2.

2Calculated from eg. 3 and population using septic tanks for sawage disposal from Hitt (2005a).

3Data from Hitt (2005b).
4Data from Hitt (2005¢).

STotals are medians from study area and do not sum across table.
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Distribution of Nitrate Concentrations

In addition to the sources of nitrogen, aquifer characteris-
tics also affect the potential for detecting elevated concentra-
tions of nitrate in ground water. These characteristics include
aquifer permeability and organic content of aquifer materials.
Aquiferswith low permeability, or permeability that decreases
with depth, will tend to have ground water that isolder. In many
cases, the traveltime from the land surface to the well alows
denitrification to occur (Lindsey and others, 2003). The dis-
tance from theland surface to the water table can affect fate and
transport of nitrate aswell. Concentrations of nitrate were high-
est in the LSUS study unit (fig. 17), which isthe most highly
agricultural area. Urban areasin the ACFB study unit had low
concentrations of nitrate, as did the SANT study unit, which is
the most heavily forested area (table 6, fig. 18). Those areas of
the LINJ, DELR, and POTO that had mixed land uses had a
range of nitrate concentrations from very low to high (fig. 19).

Initial analysis of nitrate concentrationsin ground water
was done using categorical comparisons among 10 study areas.
In 8 of the 10 areas, median concentrations of nitrate were less
than 3 mg/L, the crystalline-rock aquifers of the LSUS

(Isussus?2) had amedian nitrate concentration of 7mg/L, and the
carbonate-rock aquifers of the L SUS (Isuslusagl) had amedian
nitrate concentration of 11 mg/L (fig. 19). Of the 29 samples
that exceeded the USEPA MCL of 10 mg/L, 18 werein the
Isuslusagl study, 9 werein the Isussus2 study, 1 wasin the
podllusrcl study, and 1 was in the santsus3 study (fig. 18). A
Tukey’s Test indicated three groups of nitrate concentrations
were significantly different at a 95-percent confidence interval
(fig. 17). The highest nitrate concentration group was
Isuslusagl, the second highest wasIsussus?, and al the remain-
ing study areas were in the third group. These concentrations
are aresult of both the sources of nitrogen and the aquifer char-
acteristics. A comparison of fig. 17 to table 7 illustrates the
areas with the largest nitrogen inputs had the highest median
nitrate concentrations; however, the susceptibility of the aqui-
fersto contamination is afactor also. The transmission of con-
taminants into and through carbonate-rock aquifers has been
documented; however, because of the lack of comparable study
types (carbonate, non-agricultural; non-carbonate agricultural,
table 6) this study does not have the data to determine whether
aquifer vulnerability or land use is the cause of the high nitrate
concentrations.
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Factors Affecting Nitrate Concentrations

In order to determine the factors affecting nitrate concen-
trationsfor the areas studied, several statistical techniqueswere
used. For categorical explanatory variables, tests such asthe
Tukey’ stest were conducted to determine statistical differences
among categories. Then, individual correlations between con-
tinuous nitrate concentration and various continuous explana-
tory variables were determined using a Kendall’ stau correla-
tion. Explanatory variables included factors potentially related
to nitrogen sources such as population density, land use, and
nitrogen inputs. Other explanatory variablesincluded transport
variables such as soil hydrologic characteristics, aguifer type,
permesability type, and well-construction characteristics. Char-
acterigtics relating to the well only (such as well-construction
information) are summarized for individual wellsand al other
characteristics are summarized for an areawithin a 1,640-ft
radius of thewell. To determinetheinfluence of the explanatory
variables within each aquifer type, all correlations were first
conducted for the entire data set, then repeated for each aquifer
type.

Aquifer typeisacategorical variable, therefore a nonpara-
metric Tukey’s test was conducted to determine differences
among the three categories (carbonate, crystalline, and silici-
clastic). Thistest indicated the carbonate rocks had a statisti-
cally significant higher median nitrate concentration than the
other two bedrock types (p < 0.0001). When the samples from
the carbonate-rock aguifer were removed, differencesin
median nitrate concentration between the crystalline- and silici-
clastic-rock aguifers were not statistically significant. The test
also was conducted comparing the type of permeability (porous
media, fracture flow, and fracture/conduit flow) to nitrate con-
centration. The studies in the unconsolidated saprolite aquifer
(acfblusurl and acfblusur?) were designated as porous-media
permeability, and the carbonate-rock aquifers study
(Isuslusagl) was designated as fracture/conduit-flow perme-
ability. Aquifersin all other areas were considered to have frac-
ture-flow permeability. The category of fracture/conduit flow
(carbonate rocks) had a statistically significant higher median
nitrate concentration than the other two categories (p < 0.0001).
The test was al so repeated without the fracture/conduit cate-
gory, and there were still no statistically significant differences
between fracture-flow and porous-medium permeability types.
Itisdifficult to draw conclusions about the effect of aquifer type
and permeability type on nitrate concentration from this data
set, though, because the only samplesin carbonate rocks were
from an agricultural land-use study and had inputs of nitrogen
that were an order of magnitude higher than most of the other
areas and the only studies in the unconsolidated saprolite aqui-
fer were urban land-use studies that had inputs of nitrogen that
were an order of magnitude lower than the other studies
(table 7).

Theresults of the correlations between continuous explan-
atory variables and nitrate concentration are shown in table 8.
All correlations that had at least one significant result are listed
inthetable. Correlations between nitrate and popul ation density

and the natural 1og of population density were not significant
for any of the categories tested; therefore, the correlations are
not included on table 8. The percentage of agricultural land use
aswell as hay and pasture around awell had statistically signif-
icant positive correlations to nitrate concentration for the entire
data set, the crystalline-rock aguifers, and the siliciclastic-rock
aquifers. The percentage of row crops was significantly corre-
lated to nitrate concentration for the entire data set aswell asthe
crystalline-rock aquifers. The fact that more significant correla
tionswere determined for hay and pasture than for row cropsis
counterintuitive becausetheinput of nitrogen to hay and pasture
land istypically lower than that for row crops. This may be
related to crop rotation where hay and row crop land use vary
annually. It may also be because row crop and hay and pasture
categories are significantly related to each other (Kendall’ s tau
correlation coefficient = 0.57; p < 0.0001), indicating a good
possibility that hay and pasture and row crop are surrogates for
each other, and the general category of agricultural land useis
a better category to use. The lack of correlation between agri-
cultural land use and nitrate concentration within the carbonate-
rock aguifersislikely because of the fact that the carbonate
study targeted agricultural land (the median of agricultural land
use in the 1,640-ft radius around the wellsis 97 percent). It is
the lack of variation in percentage of agricultural land use for
the carbonate aguifer that leads to the poor correlation between
land use and nitrate concentration in this area.

The statistical testsillustrated a significant positive corre-
lation between nitrate concentration and total nitrogen sources
for the entire data set, the crystalline-rock aquifers and the
siliciclastic-rock aquifers. The correlation pattern wasthe same
when comparing nitrate concentration to nitrogen from chemi-
cal fertilizer, nitrogen from manure, and nitrogen from atmo-
spheric deposition (for al but the siliciclastic-rock aquifers).
Lack of correlations between nitrogen sources and nitrate con-
centrations within the carbonate-rock aquifers are because of
the uniformly high nitrogen input for all wellsin that data set
that was an order of magnitude higher than for the other study
areas. The largest correlation coefficient between factors repre-
senting potential nitrogen sources and nitrate concentration for
the entire data set was for the input of chemical fertilizer.

The correlations between nitrate and dissolved oxygen
concentration had statistically significant positive correlation
coefficients for the entire data set and within each of the three
aquifer types (all correlations are positive unless otherwise
noted). Dissolved oxygen can be a surrogate for several factors
that relate to nitrate concentrations at an individua well. These
factors, such as the organic content of aquifer materials and
potential denitrification, may vary on avery small scalethat is
not mappable. Therefore, dissolved oxygen would have to be
sampled in individual wells, is not easily amenable to extrapo-
lation beyond the sampling point, and isnot useful in predicting
nitrate concentrations on aregional scale.

Characteristics of well construction were compared to
nitrate concentrations. Well depth and casing length were not
statistically significant explanatory variables for any of the cat-
egoriesand, therefore, are not shown on table 8. A weak but sta-
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Table 8. Correlations between nitrogen concentrations and explanatory variables in water from wells
in the Piedmont Aquifer System by use of Kendall's tau correlation.

[n, number of samples; Total nitrogen, nitrogen inputsin 1,640-ft radius around the well from atmospheric deposition,
manure, and fertilizer; Agricultural land use, percentage of row crop and hay and pasture in 1,640 -ft radius around well;
NS, No statistically significant correlation at an a phavalue of 0.05; <, less than]

Kendall's tau Correlation Coefficient
Probability Values (p=)

All Data Crystalline- Carbonate-  Siliciclastic-
rock aquifers rock aquifers rock aquifers
n=259 n=155 n=30 n=74
Land use!
Agricultural land use 0.336 0.244 NS 0.169
<.0001 <.0001 .0347
Row crop 277 .200 NS NS
<.0001 .0005
Hay/pasture 279 .249 NS 170
<.0001 <.0001 .0343
Potential contaminant sour ces®
Total nitrogen .350 .253 NS 157
<.0001 <.0001 .0474
Nitrogen from fertilizer .349 291 NS 167
<.0001 <.0001 .0348
Nitrogen from animal manure .303 178 NS 156
<.0001 .0014 .0479
Nitrogen from atmospheric deposition 154 .164 NS NS
.0002 .0027
Physical or chemical data collected at the time of sampling
Dissolved oxygen concentration .310 335 .326 .323
<.0001 <.0001 .0128 <.0001
Hydr ogeology and soils 3
Water level (ft below land surface) 116 NS NS NS
.0096
Percentage soil in hydrologic group A 215 .384 NS NS
<.0001 <.0001
Percentage soil in hydrologic group B NS NS NS .270
.0010
Percentage well drained soils (group A + NS NS NS .33
group B) .0036
Percentage organic matter NS NS NS -.164
.045
Percentage clay -.137 -.204 NS -.281
.0014 .0003 .0079
Percentage silt 173 .163 NS -.218
<.0001 .0039 .0079
Percentage sand NS NS NS 291
.0004

IDatain percent for 1,640-ft radius around well from Vogelmann and others (1998a, 1998b).
2Nitrogen in kilograms for 1,640-ft radius around well from Hitt (2005b, 2005c).
3Average percent soil composition for 1,640-ft radius around well from U.S. Department of Agriculture (2003).
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tistically significant positive correl ation existed between nitrate
concentration and water level; deeper water levels were associ-
ated with higher nitrate concentrations. Thisis similar to find-
ings of Hitt and Nolan (2005), who indicated that water levels
close to the land surface have alow likelihood of nitrate con-
tamination because waterlogged soils have a high potential for
denitrification.

Soil characteristics also were compared to nitrate concen-
trations (table 8) to determine if presence of high permeability
soilsisrelated to higher nitrate concentrations. The percentage
of soilsin hydrologic group ‘A’ (the highest permeability soils;
U.S. Department of Agriculture, 2003) had a significant posi-
tive correlation to nitrate concentration for the entire data set as
well asthe crystalline-rock aquifers. The percentage of soilsin
hydrologic group ‘B’ (the second highest permeability soils)
was significantly correlated to nitrate concentration for the
siliciclastic-rock aquifers. There were essentially no soilswith
hydrologic group ‘A’ in the siliciclastic-rock aquifers, which
explains the amost identical correlations for nitrate concentra-
tionsto the percentage of well-drained soil s (the combination of
soilsin hydrologic group ‘A’ and hydrologic group ‘B’). The
only areawhere a significant correlation existed between the
percentage of organic matter and nitrate concentration was in
the siliciclastic-rock aquifers. This was a negative correlation
(higher organic matter was associated with lower nitrate con-
centration). Thiscould be because of thefact that thisisthe only
areain which organic matter in the soil horizon had values high
enough to affect nitrate concentrations. Although organic mat-
ter islow in all the aquifer types, the highest median value
(0.7 percent) and the highest maximum value (0.9 percent)
werein the siliciclastic-rock aquifers. Percentage clay hasa sta-
tistically significant negative correlation to nitrate concentra-
tionin all areas except for the carbonate-rock aquifers. The neg-
ativecorrelationisrelated to the fact that clay isassociated with
low permeability and thus may decrease |eaching of nitrate
through the unsaturated zone. Percentage sand has a positive
correlation to nitrate concentration for the siliciclastic-rock
aquifers and may indicate that the higher permeability of sands
allows more nitrate to leach into the ground water. The percent-
ageof siltisnegatively correlated to nitrate concentration in the
siliciclastic-rock aquifers but is positively correlated to nitrate
concentration in the crystalline-rock aquifers. Without more
detailed information on the entire distribution of particle sizes
in soil horizonsin those two aquifers, it would be speculative to
draw conclusions about the rel ation between percentagesilt and
nitrate concentration.

One of the difficultiesin determining the importance of
individua factors affecting water quality is the interrelation
between susceptibility factors (such as soil permeability) and
source factors (such as land use). In order to evaluate these
effects simultaneously, amultiple linear regression was con-
ducted using several variables at once. All variables that had
statistically significant correlations (table 8) were evaluated.
When using all data, the regression showed that a combination
of source factors (percentage of agricultural land use and total
nitrogen from manure) and transport factors (dissol ved oxygen)

were statistically significant variables at a 95-percent confi-
denceinterval (table 9). The overall p-value for the test was
<0.0001 and the r-square value was 0.49. In part, the regression
is constrained by the fact that the single carbonate study area
has high values for all the significant variables. The carbonate-
rock aquifers have median nitrate concentrationsthat are signif-
icantly higher (fig. 17) than concentrationsin all the other cate-
goriesyet make up asmall percentage of the overall area of the
PAS. This area also has the highest dissolved oxygen concen-
trations, manure input, and percentage of agricultural land use.
To determine how much this affects the regression, the model
was run without the samples from the carbonate-rock aquifers.
Theregression had similar results, with the exception that ther-
square value was only 0.28. Theseresults provideinsight to the
factors that affect nitrate concentrations but do not provide
enough statistical power to predict concentrationsin other areas
where samples were collected or to extrapolate the resultsto a
larger areathan the areas sampled. To do thiswould require
additional samplesin ground-water study areas with a broad
range of sourcesand aquifer characteristicsthat resultin arange
of nitrate concentrations, and there is no certainty that this
would produce areliable predictive model.

Another method to analyze the factors affecting nitrate
concentrationisto uselogistic regression. Logisticregressionis
used to predict the probability of the modeled response being in
acategory, such asexceeding athreshold value. The probability
of that event occurring is defined by equation 2.

A logistic regression model was built using a threshold
concentration of 4 mg/L. That threshold was selected because it
was near the median value for the data set, as well asbeing a
concentration associated with human-health effects (Ward and
others, 1996). In addition, national NAWQA studies of nitrate
in ground water have used the threshold of 4 mg/L (Hitt and
Nolan, 2005; Nolan, 2001). The logistic-regression model
tested the same variables used for the linear-regression model.
A backward elimination procedure was used to subtract vari-
ables from the model until the number of significant variables

Table 9. Summary of statistics for a linear regression model for ni-
trate concentration in the Piedmont Aquifer System, eastern Unit-
ed States.

[<, lessthan]

Results for variable

Statistically significant Parameter  Probability
variables estimate (p-value)
Model  y-intercept 2.75 0.579
Dissolved oxygen .343 <.0001
Total nitrogen from .0005 <.0001
manure
Percent agricultural land .026 .05
use
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was maximized. Significant variables were those that had a
Wald Chi-Square probability of less than 0.05.

Two modelswere constructed for this exercise. Model one
was constructed to include all available variables and model
two was constructed using only spatial data that could be deter-
mined without field measurements so that it would be possible
to extrapolate results to unsampled areas. Variables such as
well-construction characteristics and dissolved oxygen were
not included in model 2.

Theoveral fit for model 1 wasstatistically significant with
aWald Chi-Square probability value of < 0.0001. Those vari-
ables that were significant in the optimal logistic regression
model (table 10) were dissolved oxygen concentration, total
nitrogen input, and percentage of agricultural land use. Because
the units of the regression differ among categories, the stan-
dardized regression coefficient is shown (table 10). This statis-
tic allows comparisons among variables in the model in com-
mon units (Menard, 2002) and indicates that variation in
dissolved oxygen is the most significant variable in model 1.
Thelogistic regression model was assessed by the concordance,
the Hosmer-Lemeshow Test, and the generalized and maxi-
mum-rescal ed r-square val ues. The comparison of observed and
predicted responses indicated 87 percent of the cases were pre-
dicted correctly (concordant) and 13 percent of the cases were
incorrectly predicted (discordant). The Hosmer-L emeshow test
divides the data into deciles and compares the expected and
observed outcomes in each decile. The Hosmer-Lemeshow p-

valuewas 0.79, which indicates good model fit (p-valuesof less
than 0.05 would indicate a poor model fit). The generalized r-
square value was 0.36, and the maximum-rescaled r-square
value was 0.51. These r-square values are not identical to r-
square values for linear regression but do provide a measure of
how well the model fits the data.

Theoveral fit for model 2 wasstatistically significant with
Wald Chi-Square probability value of < 0.0001 (table 10). The
variables that were significant in model 2 were percentage silt,
total nitrogen input, percentage agricultural land use, percent-
age sand, and percentage organic matter. Percentage silt and
total nitrogen input had the highest standardized coefficients,
indicating these two variables are the most significant in the
model. The relation between percentage organic matter and
probability of nitrate exceeding 4 mg/L was an inverse relation.
The comparison of observed and predicted responses indicated
that 85 percent of the cases were predicted correctly (concor-
dant) and 15 percent of the cases were incorrectly predicted
(discordant). The Hosmer-Lemeshow had a p-value of 0.59.
The generalized r-square value was 0.32, and the maximum-
rescaled r-square value was 0.46.

Further evaluation of models was attempted to determine
the strengths and weaknesses of the predictions. The Pearson
residualswere calculated for both models. Pearson residualsare
high when the model predicts a small probability of exceeding
the selected threshold at a given location, but the sample at that

Table 10. Summary of statistics for two logistic regression models assessing the probability that nitrate exceeds 4 milligrams per liter in

the Piedmont Aquifer System, eastern United States.

[--, no data; <, lessthan]

Results for variable

Results for model

Statistically significant Parameter Probability Standardized Percent Hosmer Generalized Maximum
. . _ Lemeshow 2  rescaled
variables estimate  (p-value) coefficient  concordant e r-square 3
probability r-square
Model 1 intercept -4.33 <0.0001 --
Dissolved oxygen .29 <.0001 0.511
Total nitrogen input .0001 .0027 445 87.0 0.79 0.36 051
Percentage agricultural land .02 .0030 440
use
Model 2 intercept -7.5384 .0006 --
Percentage silt .0962 .0029 .540
Total nitrogen input .0002 .0029 .530
. 84.7 .59 32 46
Percentage agricultural land .0195 .0149 .389
use
Percentage sand .0862 .0194 .364
Percentage organic matter -4.0212 .0239 -.369

IHosmer and Lemeshow, 1989.
2Cox and Snell, 1989.
3Nagelkerke, 1991.



point exceeds that threshold. Large negative Pearson residuals
arefound when the model predictsahigh probability of exceed-
ing athreshold, but the threshold is not exceeded. The analysis
of the Pearson residuals indicated two cases where predictions
were systematically weak. One situation was where awell with
a high percentage of agricultural land use and a high nitrogen
input was predicted to exceed the threshold of 4 mg/L but did
not. In all four of cases where this situation existed, the dis-
solved oxygen concentrations were low (lessthan 1 mg/L).
Although dissolved oxygen is accounted for in the model, it
may reach athreshold where it becomes the controlling factor
regardless of land use and nitrogen input. The other cases with
high Pearson residuals were situations where agricultural land
use was absent and nitrogen inputs were minimal, but the
threshold of 4 mg/L was exceeded. These caseswere all in
urban areas and likely represent an undocumented nitrogen
source, such asaleaking sewer line or over-application of lawn
fertilizers. Other possible explanations for the inability of the
model to correctly predict the probability of nitrate exceeding
4 mg/L would be complexities of the aquifer that are not cap-
tured by the spatial data sets, such as anisotropy. The true con-
tributing area may not coincide with the 1,640-ft radius used to
obtain the spatial data used for most of the explanatory vari-
ables.

Both the linear and logistic regression models were
assessed for multi-colinearity. All the significant variablesin
both models (dissolved oxygen, nitrogen load, and percentage
of agricultural land use) were assessed for multi-colinearity.
The variance inflation factor (VIF) was calculated for each of
thesevariablesusing alinear regression. The maximum VIF for
these variables was for nitrogen load and percentage of agricul-
tural land use, with avalue of 2.25. Thisis below the threshold
of 2.5 that indicates that multi-colinearity may affect the vari-
ance of the parameter estimates.

Theresults of the analysis of nitrate datain the PAS indi-
cated a statistically significant relation between nitrate concen-
tration and the explanatory variables of percentage of agricul-

36 Factors Affecting Occurrence and Distribution of Selected Contaminants in Ground Water, 1993-2003

tural land use, nitrogen inputs, type of permeability, and
dissolved oxygen. Thesefactorsare statistically significant, but
lack of data precluded model validation. Model validation was
attempted but was not successful. The data set was separated
into a calibration data set and a validation data set (85 and

15 percent, respectively), but the model resulting from the val-
idation data was completely different than the model from the
calibration data set. This indicates the number of data points
was insufficient to validate the model. In other studies, factors
such as soil type, aquifer permeability, recharge rate, depth to
water, well depth, and depth to open interval have been deter-
mined to be factors that affect nitrate concentration. It islikely
that, within the PAS, the range of some of these factorsis not
sufficient to make them statistically significant variables. In
other cases, there may be arange among the study areas, but not
within the study areas. For example, the urban land-use studies
tended to have very shallow wells, and the agricultural land-use
study had a narrow range of well depths near 200 ft. This char-
acteristic of the data set made it difficult to discern differences
caused by some of these variables.

Maps predicting nitrate concentration on the basis of the
linear regression or the probability of exceeding 4 mg/L onthe
basis of logistic regression will not be presented for several rea
sons. For both linear regression and logistic regression, r-square
values are less than 0.5. Also, dissolved oxygen concentration
inindividual wellswas a significant explanatory variablein
both models, and spatial data to allow mapping dissolved oxy-
gen concentration are not available to allow a broad extrapola-
tion of these results. Additionally, because samples are not spa-
tially distributed, the water-quality data used to create these
models were not necessarily representative of the entire PAS.
Therefore, the findings about the factors affecting nitrate con-
centrations are presented to enhance the understanding of the
occurrence of nitrate in ground water. Further study and addi-
tional datawould be needed to build amodel that would allow
predictions of nitrate concentrations or amodel that would pre-
dict the probability of nitrate exceeding athreshold value.
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Pesticides in Ground Water

Applications of pesticides in the United States increased
from 617 million pounds of active ingredient in 1964 to a peak
usage of 1,144 million poundsin 1979 and decreased to
888 million poundsin 2001 (Kiely and others, 2004). Agricul-
tural uses account for the majority of pesticides applied in the
United States, increasing from an estimated 366 million pounds
in 1964 (59 percent of total), peaking at 843 million poundsin
1979 (74 percent total), and decreasing to 675 million poundsin
2001 (76 percent of total) (Kiely and others, 2004). Several of
the older pesticides, suchasDDT and dieldrin, are classified as
persistent organic pollutants (POPs) because they breakdown
relatively slowly in the environment and therefore may be
detected in the environment years after their use has ceased
(Jorgenson, 2001). Other pesticides, such as acetochlor or meto-
lachlor, are relatively soluble in water, which may help facili-
tate their transport to aquifers (Barbash and Resek, 1996).
Potential health effects from exposure to pesticides include
damage to the nervous system, organ damage, reproductive
problems, or an increased risk of cancer (U.S. Environmental
Protection Agency, 2003). The USEPA has established MCLs
for relatively few of the pesticides currently used in the United
States(U.S. Environmental Protection Agency, 2003), although
several other pesticides are listed on the contaminant candidate
list for possible future regulation (U.S. Environmental Protec-
tion Agency, 2005). Pesticide degradates (breakdown products
of pesticide-active ingredients resulting from biological, physi-
cal, or chemical processes) generally are not regulated by the
USEPA but may have similar acute and chronic toxicity astheir
parent compounds (Kolpin and others, 1998).

A national study of pesticidesin ground water showed at
least one pesticide was in more than one-half of the shallow
wells sampled in agricultural or urban areas, and many of those
samples with detectabl e pesticides contained two or more pes-
ticides (Fuhrer and others, 1999). Although pesticide concentra-
tionsin ground-water samples were rarely above drinking-
water standards or guidelines, those guidelines do not account
for the risk from synergistic effects from mixtures of multiple
pesticides or degradates (Barbash and others, 1999). Another
study of pesticides in ground water in lowa found that degra-
dates were detected in 75 percent of the wells sampled and that
degradates constituted from 60 to over 99 percent of the total
concentration measured for a given herbicide (Kolpin and oth-
ers, 1998).

Pesticide Sources

Most pesticides are man-made chemicals and are not
found in nature. Therefore, the presence of pesticides and their
degradates in the environment is adirect result of human activ-
ity. Agricultural application of pesticides accounted for
76 percent of the total pesticide usage in the United Statesin
2001, the industrial/commercial/government and home/garden
markets accounted for 12.5 and 11.5 percent, respectively

(Kiely and others, 2004). Estimates of agricultural use of pesti-
cides are available at the county level, but reliable estimates of
non-agricultural pesticide use at the county level are nonexist-
ent. Thislack of data on non-agricultural use of pesticides
makes data analysis difficult, especialy in urban areas where
the main application of certain pesticides (such as some of the
insecticides) isthought to take place. Of the six pesticides (atra-
zine, simazine, alachlor, metolachlor, prometon, and dieldrin,
plus the atrazine degradate—desethyl| atrazine) chosen for sta-
tistical analysis, use estimates for the six NAWQA study units
in the PAS where pesticide samples were collected are only
availablefor alachlor, atrazine, metolachlor, and simazine, and
only for agricultural uses at the county level (table 11).

Distribution of Pesticide Detections

Ground-water samples were collected for pesticide analy-
sisfrom 251 wellsand 19 springsin the PAS by NAWQA stud-
iesfrom 1993 to 2001. A single ground-water sample was ana-
lyzed from each site for dissolved pesticides by the USGS
NWQL (Zaugg and others, 1995) for up to 44 pesticides and 3
degradates (table 12). Some compounds were added to the anal-
ysis during the study. The results of this sampling were ana-
lyzed to determine spatia patterns and factors that affect pesti-
cide transport to the aquifers using Kendall’ s tau correlations
and logistic regression.The herbicide acetochlor was not ana-
lyzed in 1993 and 1994; therefore, the ground-water studies
Isuslusagl, Isussus2, potosusl, and potosus2 (92 samplesin all)
were not analyzed for acetochlor. The compounds propachlor,
butylate, cyanazine, apha-HCH, p,p'-DDE, parathion, ethalflu-
ralin, terbacil, linuron, EPTC, pebulate, molinate, ethoprop,
carbofuran, disulfoton, triallate, propanil, thiobencarb, and pro-
pargite were not analyzed in the podldwgsl study.

Thedetection limit isnot the samefor each compound, and
because of analytical changes during the study, detection limits
vary over time for a single compound. Pesticide data can be
either censored to the highest detection limit for all pesticides
(referred to as a common censoring limit) or censored to the
highest detection limit reported for each individual pesticide
(referred to as an individual censoring limit). The term censor-
ing does not imply that data are removed from the data set;
rather, it indicates that any data between the highest and lowest
detection limits have to be considered nondetects in order to
make accurate comparisons. Censoring data to a common cen-
soring limit for all pesticidesis necessary when making com-
parisons among pesticides; however, thisreducesthe amount of
detections and restricts the statistical power needed to deter-
mine factors affecting an individual pesticide. The pesticide
with the highest detection limit is prometon with alimit of
0.018 pg/L. Therefore, acommon censoring limit of
0.018 pg/L isused for comparing detection frequencies among
pesticides, and the individual censoring limit (table 12) is used
for analysis when comparing one pesticide to other variables.
The difference in the percentage of detections when using the
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Table 11. Selected 1992 pesticide-use estimates for six NAWQA study units with
ground-water studies in Piedmont Aquifers.

[Ibs, pounds]

. Treated . Acti\{e
Study unit Pesticide name Agrlcultur1al area mgret!nent
use rank (acres) applied
(Ibs)

ACFB?3 alachlor 24 44,531 92,024
atrazine 8 201,177 310,675

metolachlor 7 179,486 341,562

simazine 57 11,852 17,364

DELR* aachlor 5 18,623 34,009
atrazine 2 164,363 186,703

metolachlor 1 136,916 239,098

simazine 12 10,237 13,984

LING alachlor 9 12,200 23,130
atrazine 6 33,361 47,856

metolachlor 2 50,510 96,001

simazine 24 4,117 7,362

Lsust alachlor 5 95,611 170,215
atrazine 2 464,013 518,145

metolachlor 1 425,705 758,897

simazine 11 82,910 78,509

poTol aachlor 6 108,853 203,609
atrazine 4 279,096 377,881

metolachlor 3 220,810 417,337

simazine 10 88,938 94,423

SANT?! aachlor 8 94,808 144,681
atrazine 4 172,335 225,912

metolachlor 12 81,309 114,275

simazine 24 22,920 37,303

IRanking of agricultural use of pesticide within study-unit boundary in pounds of active ingredient
applied.

2Datafrom Michael S. Majewski, U.S. Geologica Survey, 1997, written commun.

3Study-unit abbreviations are given on table 2.

“4Data from Gail P. Thelin, U.S. Geol ogical Survey, 2004, written commun.
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Table 12. Pesticides and degradates analyzed in ground-water samples from the Piedmont Aquifer System.

[CAS, Chemical Abstract Services Registry; D, degradate, H, herbicide; |, insecticide; [lg/L, micrograms per liter; MCL, Maximum Contaminant Level; <, less
than; NA, not available]

Number of
detections Detection
Maximum Individual (MUTPer frequency
Pesticide or concen- MCL censoring Of. Number _ using
degradate CAS number  Type Class tration (ug/L) limit! detetftlons of |nd|V|d!|aI
(ug/L) (ug/L) using samples censoring
censoring limit
limit of (percent)
0.018 ug/L)
desethyl 6190-65-4 D  atrazine degradate 1.02 2 0.002 122(76) 270 45.19
atrazine
atrazine 1912-24-9 H triazine 0.72 3 0.001 88 (51) 270 32.59
metolachlor 51218-45-2 H  acetanilide 4,99 NA .001 36 (21) 270 13.33
simazine 122-34-9 H triazine .204 4 .005 26 (12) 270 9.63
prometon 1610-18-0 H triazine 315 NA .018 21(21) 270 7.78
dieldrin 60-57-1 | organochlorine .068 NA .001 17 (9) 270 6.30
alachlor 15972-60-8 H acetanilide .249 NA .002 15(5) 270 5.56
p,p-DDE? 72-55-9 D,| p,p-DDT degradate .006 NA .001 8(0) 255 314
carbaryl 63-25-2 | carbamate .0908 NA .003 8(4) 270 2.96
carbofuran? 1563-66-2 | carbamate .166 40 .002 5(2) 255 1.96
diazinon 333-41-5 | organophosphorus .0391 NA .002 4(1) 270 1.48
tebuthiuron 34014-18-1 H urea 41 NA .010 4(4) 270 1.48
cyanazine? 21725-46-2 H triazine .085 NA .004 2(1 255 .78
EPTC? 759-94-4 H  thiocarbamate .008 NA .002 2(0) 255 .78
pebulate? 1114-71-2 H  thiocarbamate .052 NA .004 2(1) 255 .78
fonofos 944-22-9 | organophosphorus .003 NA .0027 2(0) 270 74
metribuzin 21087-64-9 H triazine .0103 NA .002 2(0) 270 74
trifluralin 1582-09-8 H  dinitroaniline .014 NA .002 2(0) 270 74
acetochlor® 34256-82-1 H  chloroacetamide .0365 NA .002 1(1) 178 .56
butylate? 2008-41-5 H  thiocarbamate .002 NA .002 1(0) 255 .39
linuron? 330-55-2 H urea .029 NA .002 1(1) 255 .39
napropamide 15299-99-7 H amide .07 NA .003 1(0) 255 .39
terbacil? 5902-51-2 H  uracil 277 NA .007 1(1) 255 .39
triallate? 2303-17-5 H  thiocarbamate .001 NA .001 1(0) 255 .39
2,6-diethylaniline  579-66-8 D  aachlor degradate .003 NA .003 1(0) 270 .37
benfluralin 1861-40-1 H  dinitroaniline .0057 NA .002 1(0) 270 .37
DCPA 1861-32-1 H  chlorobenzioc acid .004 NA .002 1(0) 270 .37
pendimethalin 40487-42-1 H  dinitroaniline .009 NA .004 1(0) 270 .37
terbufos 13071-79-9 | organophosphorus .012 NA 012 1(0) 270 37
azinphos-methyl ~ 86-50-0 | organophosphorus <.001 NA .001 0(0) 270 .00
chlorpyrifos 2921-88-2 | organophosphorus <.004 NA .004 0(0) 270 .00
disulfoton? 298-04-4 I organophosphorus <.017 NA .0017 0(0) 255 .00
ethalfluralin? 55283-68-6 H  dinitroaniline <.004 NA .004 0(0) 255 .00
ethoprop2 13194-48-4 | organophosphorus <.003 NA .003 0(0) 255 .00
a pharHCH2 319-84-6 | organochlorine <.0046 NA .0046 0(0) 255 .00
lindane 58-89-9 | organochlorine <.004 NA .004 0(0) 255 .00
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Table 12. Pesticides and degradates analyzed in ground-water samples from the Piedmont Aquifer System.—Continued

[CAS, Chemica Abstract Services Registry; D, degradate, H, herbicide; |, insecticide; [lg/L, micrograms per liter; MCL, Maximum Contaminant Level; <, less
than; NA, not available]

Number of
detections Detection
Maximum Individual (MUmPer frequency
Pesticide or concen- MCL censoring of Number using
CAS number  Type Class . . detections of individual
degradate tration (pg/L) limit - I .
(ug/L) (ug/L) using  samples censoring
censoring limit
limit of (percent)
0.018 ug/L)
malathion 121-75-5 | organophosphorus <0.005 02 0.005 0(0) 270 0.00
methyl parathion  298-00-0 | organophosphorus <.006 NA .006 0(0) 270 .00
molinate? 2212-67-1 H thiocarbamate <.004 NA .004 0(0) 255 .00
parathion? 56-38-2 | organophosphorus <.004 NA .004 0(0) 255 .00
cis-permethrin 54774-45-7 | pyrethoid <.005 NA .005 0(0) 270 .00
phorate 298-02-2 I organophosphorus <.002 NA .002 0(0) 270 .00
pronamide 23950-58-5 H amide <.003 NA .003 0(0) 270 .00
propachl or? 1918-16-7 H  acetanilide <.01 NA .007 0(0) 255 .00
propanil? 709-98-8 H amide <.004 NA .004 0(0) 255 .00
propargite? 2312-35-8 | sulfite ester <.013 NA .013 0(0) 254 .00
thiobencarb? 28249-77-6 H  thiocarbamate <.002 NA .002 0(0) 255 .00

1Analytical methods varied during the study period creating multiple reporting limits and method detection limits. All values with aless than (<) remark
were considered nondetects; all values reported with no remark were considered detections; and all values with an “E” (estimated) remark were considered de-
tections.

2The compounds propachlor, butylate, cyanazine, alpha-HCH, p,p'-DDE, parathion, ethalfluralin, terbacil, linuron, EPTC, pebul ate, molinate, ethoprop, car-
bofuran, disulfoton, triallate, propanil, thiobencarb, and propargite were not analyzed in the podidwgsl study.

3The herbicide acetochlor was not analyzed in 1993 and 1994; therefore, the ground-water studies Isuslusagl, Isussus2, potosusd, and potosus2 (92 samples
in all) were not analyzed for acetochlor.
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common censoring limit of 0.018 pg/L and using the individual
censoring limit for each pesticideisillustrated in figure 20.

The highest concentration of any pesticide detected was a
concentration of 4.99 pg/L of metolachlor. Concentrations of
detected compounds were low; al but four analyses had con-
centrations of lessthan 1 pg/L, and none of the concentrations
were above the MCLs. Desethyl atrazine (a degradate of atra-
zine) was the most frequently detected compound, in more than
45 percent of wells sampled (fig. 20). Atrazine, metolachlor,
simazine, prometon, dieldrin, and alachlor were each detected
in more than 5 percent of samples. These seven compounds
were selected for additional statistical analysisto determinethe
factors that may contribute to transport of these compounds to
the aguifers. These pesticides were sel ected on the premise that
their occurrence makes them the most important pesticides, as
well asthe greater likelihood of being able to analyze data sets
with a greater number of detections. Twenty-two other com-
poundswere detected in samplesfrom fewer than 10 wellseach,
and 19 compounds were not detected. The frequency of detec-
tion of pesticides is lower when using the common censoring
limit of 0.018 pg/L; however, the pattern is still similar with
only slight changesin the order of frequency of pesticide detec-
tion.

Some of the variability seen in pesticide detection frequen-
cies can be explained by the type of study where samples were
collected. Atrazine is used mostly in agricultural applications,
so detection frequencies of atrazine and desethyl atrazine were
highest in the areas where the land useis predominantly agricul-
tural (Isuslusagl and podldwgsl) and lowest wheretheland use
is predominantly urban and suburban (acfblusurl, acfblusur2,
and podllusrcl) (table 13). Conversely, dieldrin, which was pri-
marily used in urban applications (dieldrin use was banned in

USING DETECTION LIMIT FOR
SPECIFIC PESTICIDE

the United Statesin 1987), was detected more frequently in
some of the urban areas. Because the podl dwgsl study focused
on areasthat were more recently urbanized, thefact that dieldrin
was not detected isnot surprising, becausethe previousland use
in much of that study areawas either agriculture or forest. Meto-
lachlor, simazine, and aachlor, which are all primarily agricul-
tural pesticides, also were detected most frequently in areas
with agriculture as the predominant land use. Prometon, which
isnot used in agricultural applications, also was detected most
frequently in areaswith agriculture asthe predominant land use,
but also was detected in urban areas, likely reflecting its appli-
cation as a general-use herbicide.

Aquifer characteristics, such as permeability and organic
content of aquifer materials, and chemical characteristics of the
pesticides affect the potential for detecting pesticides and deg-
radates in ground water. Low-permeability soilsor alarge dis-
tance from the land surface to the water table also may retard
pesticide transport, whereas aquifers that have characteristics
that allow for rapid movement of water from the land surface,
such as carbonate aquifers, may increase the transport of pesti-
cides. Pesticide properties such as solubility, soil-water parti-
tioning coefficient, and half-life also affect the potential of
detection in ground water. Properties of the seven pesticides
selected for statistical analysis have arange of solubilities;
dieldrin has the lowest solubility and desethy! atrazine has the
highest solubility (table 14). The organic carbon-water parti-
tioning coefficientsindicate dieldrinisthe most likely to adhere
to soilsand desethyl atrazineistheleast likely to adhereto soils
(table 14). Pesticides such as dieldrin may remain bound to
organic material or clay in the soil zone and leach out slowly,
whereas desethyl atrazine may be more easily transported
through the aquifer. Factorsthat affect the rate of pesticide deg-

USING COMMON CENSORING LIMIT
OF 0.018 MICROGRAMS PER LITER
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Table 13. Pesticide detections from individual well networks in the Piedmont Aquifer System.

Type of study
Agricultural . . Drinking
Ground-water Urban land use land use Maijor aquifer water supply
study-area
code! Total for
acfblusurl acfblusur2 pod| ol BIE delr linj Isus potosus1 potosus2 santsus3 major oo
lusre1 urban lusag1 sus1 sus3 sus2 aquifer dwgs1
studies
Number of samples 20 17 30 67 30 30 20 30 25 23 30 158 15
Desethyl atrazine 0 0 5 5 24 4 2 20 4 3 2 34 12
Atrazine 0 0 1 1 24 2 0 11 1 1 2 17 9
Metolachlor 0 0 2 2 4 1 0 9 0 1 0 11 4
Prometon 1 0 0 1 8 0 0 0 0 0 0 0
Simazine 0 0 0 0 7 1 0 1 0 0 0 3
Dieldrin 3 3 0 6 0 1 1 0 0 0 0 1
Alachlor 0 0 0 0 2 0 0 2 0 0 0 1
Total number of 4 3 8 15 69 9 3 43 5 5 4 68 30
detections?
Total number of 2 1 3 5 6 5 2 5 2 3 2 6 6
compounds®

1Ground-water study-area codes are defined in table 2.

2From the seven compounds listed in the table. Detections are censored to a common censoring limit of 0.018 pg/L.

eiuibaip }sapp pue elueajAsuuay ‘saulpy [207) 39eLNg Pawie|day Ieap pue sealy pauiwup ul Ajijeng 18)ep\-punois) gy



Occurrence and Distribution of Selected Contaminants in the Piedmont Aquifers 43

Table 14. Physical properties of selected pesticides.

[mg/L, milligram per liter; K, octanol-water partitioning coefficient, K, or-
ganic carbon-water partitioning coefficient]

Physical characteristic
Pesticide name

Solubility' (mg/L)  Log Ky, Log K, ;2
Dieldrin 0.17 54 5.01
Alachlor 240 3.52 3.13
Simazine 550 2.18 1.79
Atrazine 550 2.61 2.22
Prometon 750 2.99 2.60
Metolachlor 1,700 3.13 2.92
Desethyl Atrazine 3,200 151 112

1Solubility and octanol-water partitioning coefficients from National Library
of Medicine (2006).

%K o = 0.041 K oy, from Mackay (2001).

radation (microbial, chemical, and photodegradation), as well
as rates of adsorption and transfer, also will have an effect on
the transport of pesticides to the aquifer (Fishel, 1997). Values
for the soil half-life of pesticides, which take into account fac-
tors that affect degradation or loss, suggest that the longer it
takes a pesticide to degrade, the more likely it is the pesticide
will be detected in ground water (Capel and others, 2001); how-
ever, using properties such as soil half-life and organic carbon-
water partitioning coefficients has been shown to be unreliable
to predict pesticide occurrence (Barbash and Resek, 1996). This
is probably because of the difficulty in determining areliable
half-life for a pesticide in soils, which may vary more than an
order of magnitude depending on environmental factors such as
the season (Mackay, 2001).

In general, the pesticides with low solubilities and high
organic-carbon partitioning coefficient had alower percentage
of detections (alachlor, dieldrin) and pesticides with higher sol-
ubilities and low organic-carbon partitioning coefficients had a
higher percentage of detections (desethyl atrazine). It isdifficult
to draw conclusions about this pattern, however, because of the
number of other factors that may affect pesticide occurrence,
such asrate and frequency of application, topography, thickness
of unsaturated zone, and the relation of land use and aquifer
type. The number of pesticides detected in individual wells
appears to vary according to the aquifer rock type (figs. 21
and 22); ahigher number of pesticides were detected in the car-
bonate aquifer. However, the carbonate aquifer was the only
agricultural land-use study. Carbonate aquifers generally alow
for rapid movement of water from the surface and within the
bedrock because of solution features, and ground-water flow
through crystalline rocks generally is limited to fractures so
flow generally is slower in these aquifers. But the study design
does not allow a determination of whether land use or aquifer
type is the predominant factor in pesticide occurrence.

Factors Affecting Pesticide Detections

Because of the association between land use and pesticide
applications (for example, atrazine used on row crops or dield-
rin used to treat termites infesting buildings), land use in the
recharge area around awell commonly is considered to be a
potential factor affecting the presence of pesticides or degra-
datesin ground water. Other potential factors affecting the pres-
ence of pesticides or degradates include soil characteristics
(such as clay or organic matter content) and aquifer characteris-
tics (such as rock type or depth to the water table).

To determine the relations between pesticide or degradate
detections and these various factors, statistical tests were con-
ducted. Kendall’ s tau correlations were conducted using the
ranks of the concentrations of pesticides and individual explan-
atory variables. Because the number of detectionsisless than
50 percent for each of the pesticides, the Kendall’ stau test isnot
applicablein the context of aregression but isused in acorrela-
tion context (Helsel and Hirsch, 1992). L ogistic regression was
used to determine associations between occurrence of each of
the pesticides and multiple explanatory variables.

Data are ranked for the Kendall’ s tau test and categorized
as detect or nondetect for logistic regression. The individual
censoring limit from table 12 is used for censoring each pesti-
cide. For Kendall’ s tau, values greater than or equal to the
respective censoring limits were ranked according to their
value, and values less than the respective censoring limit were
considered nondetections and assigned a common rank lower
than all the detections. Because each pesticide has slightly dif-
ferent detection limits, these statistics represent relations
between that pesticide and the selected explanatory variables,
and not among the various pesticides. Using a censoring limit
common to all pesticidesin this analysis would allow compari-
sons among pesticides but would eliminate valuable data and
make the analysis less useful in determining relations between
a specific pesticide and the explanatory variables.

Explanatory variables that were considered to have a
potential relation to pesticide occurrence were used for the sta-
tistical tests. For factors such as land use or soil types, percent-
ageswithin a 1,640-ft radius of individual wellswere used. For
other factors, such aswell-construction characteristics or water-
quality measurements, the actual measured value for the indi-
vidual wellswas used. Initialy, the Kendall’ s tau correlation
was conducted on the data set as awhole, but because aquifer
type was suspected to be an important variable, additiona cor-
relations also were conducted on the data set grouped by aquifer
type.

Theresultsof the statistical testsindicate concentrations of
atrazine and desethyl atrazine had statistically significant posi-
tive correlations to factors associated with agricultural land use
(nitrate concentration, percentage of row crop plus hay and pas-
ture, percentage of row crop, percentage of hay and pasture, and
estimated amounts of specific pesticides applied) and weak, but
negative correlations to urban land-uses (table 15). Kendall's
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Figure 21. Number of detections of selected pesticides and degradates in ground-water samples from
wells in the northern area of the Piedmont Aquifer System, eastern United States.
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Figure 22. Number of detections of selected pesticides and degradates in ground-water samples from
wells in the southern area of the Piedmont Aquifer System, eastern United States.
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Table 15. Correlations between atrazine, desethyl atrazine, and atrazine plus desethyl atrazine concentrations in ground water and ex-
planatory variables in the Piedmont Aquifer System by means of Kendall's tau correlation.

[n, number of samples; NS, Correlation not significant at an alpha value of 0.05; X, insufficient data; Carb, Carbonate-rock aquifer; Cryst, Crystalline-rock aqui-
fer; Sil, Siliciclastic-rock aquifer; mg/L, milligrams per liter; kg/yr, kilograms per year; ft, feet; in., inches; in/hr, inches per hour; <, less than]

Kendall’s tau Kendall’s tau Kendall’s tau
Medi coefficients and probability coefficients and probability coefficients and probability
edian
Factor definition v?;:lle Atrazine Desethyl atrazine Atrazine plus desethyl atrazine
wells) W‘:'I'Is Carb  Cryst  Sil w‘:'l'ls Carb  Cryst  Sil w’:'l'ls Carb  Cryst  Sil
=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73
Land use!
Low-intensity 057 -0.22 NS -0.18 NS -0.209 NS -0.208 NS -0.208 NS -0.198 NS
residential <0001 .0039 <.0001 .0005 <.0001 .0008
High-density .00 -0.14 NS NS NS -.140 NS -.143 NS -.136 NS -.137 NS
residential 0085 .006 .028 .0075 .035
Commercial A1 -0.12 NS NS NS -.140 NS -.155 NS -.135 NS -.135 NS
industrial 0126 .0033 011 .004 .027
transportation
Pasture or hay 31.61 31 NS 394 NS 345 -.297 406 187 345 -.299 4012 185
<0001 <.0001 <0001 .0213 <.0001 .0322 <.0001 .0204 <.0001 .0341
Row crops 2.06 40 31 .309 NS 415 316 .368 212 414 331 .352 .200
<0001 .0106 <.0001 <0001 .014 <.0001 .0182 <.0001 .0102 <.0001 .0250
Urban or .00 -22 X -.224 NS -239 X -.254 NS  -.227 X -.230 NS
recreational <0001 X .0008 <.0001 <.0001 <.0001 .0004
grasses
Row crop and 40.16 41 NS 371 NS 430 NS 427 197 433 NS 419 192
pasture <.0001 <.0001 <.0001 <0001 .0239 <.0001 <0001 .0276
Physical and chemical data collected at the time of sampling
pH 6.3 NS -.29 NS -.215 NS -.3%4 NS NS NS -.323 NS NS
.0332 .0232 .0097 .0180
Dissolved oxygen 5.7 18 NS NS NS 266 NS 279 241 .245 NS .262 .230
(mglL) <0001 <.0001 <.0001 .0061 <.0001 <.0001 .0086
Nitrate 1.79 45 .45 .389 .242 .529 525 397 .397 528 544 A87 .385
concentration <0001 .0006 <.0001 .0088 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
(mg/L)
Chemical use?
Agricultural useof  1.095 .33 446 .348 NS 482 332 473 .183 A74 .347 442 NS
atrazine (kg/yr) <0113 .0136 <.0001 <0001 .0101 <.0001 .0402 <.0001 .0070 <.0001
Hydr ogeology and Soils®
Well depth below 150 NS NS 0.143 NS NS NS 142 NS NS NS 141 NS
land surface (ft) .0230 0211 .0206
Casing length 44 NS NS NS -.250 132 .362 138 NS 123 .305 144 NS
.0234 .0097 .0071 .041 .0156 .022 .0330
Water level inwell 26 NS NS NS NS 125 337 139 NS 118 NS 145 NS
.0101  .008 .035 0141 .0278
Hydrologic group .00 22 NS 371 NS 291 NS 440 NS 273 NS 427 NS
A <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
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Table 15. Correlations between atrazine, desethyl atrazine, and atrazine plus desethyl atrazine concentrations in ground water and ex-
planatory variables in the Piedmont Aquifer System by means of Kendall's tau correlation.—Continued

[n, number of samples; NS, Correlation not significant at an alpha value of 0.05; X, insufficient data; Carb, Carbonate-rock aquifer; Cryst, Crystalline-rock aqui-
fer; Sil, Siliciclastic-rock aquifer; mg/L, milligrams per liter; kg/yr, kilograms per year; ft, feet; in., inches; in/hr, inches per hour; <, less than]

Kendall’s tau Kendall’s tau Kendall’s tau
Medi coefficients and probability coefficients and probability coefficients and probability
edian
Factor definition value Atrazine Desethyl atrazine Atrazine plus desethyl atrazine
(all
wells) Al ooy Cryst  Sil Carb  Cryst  Sil All Carb  Cryst  Sil
wells 30 n=te7 n=13 VIS 30 nzter ;3 WS 30 ncter nem3
n=270 - a . n=270 - - 8 n=270 8 a .
Hydrologic group  77.08 NS NS -0.240 NS NS -0249 0228 NS NS -0240 0.244
B <.0001 <0001 .0109 <.0001 .0061
Soil thickness (in)  55.42 .04 X 21 NS 341 X 274 NS 343 X .249 NS
<0001 .0013 <.0001 <.0001 <.0001 .0001
Permeability 1.89 -.19 X .16 NS -.125 X 161 NS -.133 X 167 NS
(in/hr) 0001 .0182 .009 153 .0051 .0116
Organic matter 51 NS NS 220 NS .090 NS 270 NS .094 NS .265 NS
.0003 .044 <.0001 .0368 <.0001
Clay content 22.85 NS NS  -.277 NS -.170 NS -.357 -.263 -.153 NS -.345 -.275
<.0001 .0002 <0001 .0033 .0006 <.0001 .0021
Silt content 49.06 21 .28 .253 NS .254 NS 341 NS 251 NS 322 NS
<0001 .0493 <.0001 <.0001 <.0001 <.0001 <.0001
Sand content 30.18 -11 -29 NS NS -.104 NS NS NS -.104 NS NS NS
0203 .0493 .021 .0195

Ipatain percent for 1,640-ft radius around well from Vogelmann and others (1998a, 1998b).

2Datafor 1,640-ft radius around well from Nakagaki (2005).

3Average percent soil composition for 1,640-ft radius around well from U.S. Department of Agriculture (2003).

tau correlations also were conducted on the sum of the molar
concentrations of atrazine and desethy! atrazine, but the results
were fairly similar to those results conducted on the individual
compound concentrations (table 15).

Once the data set was separated by rock type, additional
correlations were noted. For atrazine and desethyl atrazine, a
statistically significant negative correlation for pH was indi-
cated for the subset of samplesin carbonate rocks, suggesting
atrazine may degrade more quickly in akaline waters (Fishel,
1997). For desethyl atrazine, fewer correlations were indicated
for ground-water samples from carbonate aquifers than for
ground-water samples from crystalline aquifers. Correlations
between desethyl atrazine and the percentage of pasture were
negative for samples from carbonate-rock aquifers but positive
for crystalline-rock aquifers. Because atrazineis applied to row
crops (mainly corn and soybeans), a negative correlation
between the degradate and the percentage of pasture around the
well (also seen with atrazine and carbonate) is not surprising.
The positive correlation between the degradate and percentage
of pasture in crystalline-rock aguifers may be because of the
correl ation between the land-use categories of row crop and hay
and pasture as has been noted previoudly.

Adding the molar concentrations of atrazine and desethy!l
atrazine together prior to ranking and rerunning the Kendall’s
tau test had little effect on the results (table 15). Because most
of the wells that contained one of these compounds contained
both, combining their molar concentrations may not have
changed the outcome of the ranking and, therefore, the outcome
of the correlation test. Other studies have indicated the impor-
tance of measuring degradate concentrations in ground water
(Kolpinand others, 1998), but none of the degradation products
of the other frequently detected pesticides were analyzed in a
sufficient number of the studies included in this report and so
could not be included in any statistical testing.

Correlations for metolachlor were noted mainly in crystal-
line-rock aquifers (table 16), but the estimated use of meto-
lachlor isgreater in three of the study unitsthat have crystalline-
rock aquifers(ACFB, LSUS, and PODL) than in the other study
units. Again, most of the strongest positive correlations were
with agricultural land-use factors and most of the strongest neg-
ative correlations were with urban land-use factors. Very few
correlations were indicated in siliciclastic-rock aquifers.

Correlations for simazine were noted in carbonate-rock
aquifers (table 16). The strongest positive correlations were
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Table 16. Correlations between metolachlor, simazine, and alachlor concentrations in ground water and explanatory variables in the
Piedmont Aquifer System by means of Kendall’s tau correlation.

[n, number of samples; NS, Correlation not significant at an alpha value of 0.05; X, insufficient data; Carb, Carbonate-rock aquifer; Cryst, Crystalline-rock aqui-
fer; Sil, Siliciclastic-rock aquifer; mg/L, milligrams per liter; kg/yr, kilograms per year; ft, feet; in., inches; in/hr, inches per hour; <, less than]

Kendall’s tau Kendall’s tau Kendall’s tau
Medi coefficients and probability coefficients and probability coefficients and probability
edian
o value Metolachlor Simazine Alachlor
Factor definition (all
wells) ‘:'I'Is Carb  Cryst Sil W‘:'I'Is Carb Cryst  Sil w‘:'l'ls Carb Cryst  Sil
n=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73

Land use!

Low-intensity 0.57 -0.147 NS -0.148 NS -0.129 NS NS NS -0.104 NS NS X
residential .0029 .0176 .0109 .0422

High-density .00 -.153 NS  -.199 NS NS NS NS .225 NS NS NS X
residential .0047 <.0001 0424

Commercial industrial A1 -112 NS -.130 NS NS NS NS NS NS NS NS X
transportation .0261 .043

Pasture or hay 3161 243 -276 .324 NS .186 NS .153 NS 117 NS 159 X

<.0001 .0405 <.0001 .0001 .0165 .0186 0134

Row crops 2.06 .339 NS .287 NS .236 NS 150 NS .246 NS .188 X

<.0001 <.0001 <.0001 .021 <.0001 0041

Urban or recreational .00 -.221 X -.213 NS NS X NS NS -124 X NS X
grasses <.0001 .0019 .0286

Row crop and pasture 40.16 .329 NS 342 NS .248 NS 161 NS .205 NS 174 X

<.0001 <.0001 <.0001 0112 <.0001 .0064
Physical and chemical data collected at the time of sampling
Dissolved oxygen (mg/L) 5.7 24 NS 253 NS NS NS NS NS NS NS NS X
<.0001 <.0001
Nitrate 1.79 371 463 .329 193 271 NS 171 NS .248 NS A72 X
concentration (mg/L) <0001 .0007 <.0001 .0437 <.0001 .0102 <.0001 .0100

Chemical use?

Agricultural 1.095 .395 NS .384 NS .261 NS 231 NS .257 NS 234 X
use of <.0001 <.0001 <.0001 .0005 <.0001 .0004
pesticide (kg/yr)

Hydr ogeology and Soils 3

Well depth below land 150 NS NS NS NS NS NS 139 NS NS NS NS X
surface (ft) 0372

Casing length 44 NS NS NS -.251 NS NS NS -.347 NS NS NS X

.0276 .0023
Water level in well 26 102 NS 137 NS 126 NS NS NS NS NS NS X
.0472 .048 .0169
Hydrologic group A .00 .228 NS 424 NS NS NS .238 NS NS NS 187 X
<.0001 <.0001 .0007 .0034
Hydrologic group B 77.08 NS NS -.223 NS NS -337 NS NS NS NS NS X
.0003 0318
Soil thickness (in) 55.42 .347 X .199 236 221 X NS NS .229 X NS X

<.0001 .0033 .0307 <.0001 <.0001
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Table 16. Correlations between metolachlor, simazine, and alachlor concentrations in ground water and explanatory variables in the
Piedmont Aquifer System by means of Kendall's tau correlation.—Continued

[n, number of samples; NS, Correlation not significant at an alpha value of 0.05; X, insufficient data; Carb, Carbonate-rock aquifer; Cryst, Crystalline-rock aqui-
fer; Sil, Siliciclastic-rock aquifer; mg/L, milligrams per liter; kg/yr, kilograms per year; ft, feet; in., inches; in/hr, inches per hour; <, less than]

Kendall's tau Kendall's tau Kendall’s tau
Medi coefficients and probability coefficients and probability coefficients and probability
edian
— value Metolachlor Simazine Alachlor
Factor definition (all
wells) w’:'l'ls Carb Cryst  Sil W‘:'I'Is Carb Cryst  Sil w‘:'l'ls Carb Cryst  Sil
n=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73
Organic matter 0.51 NS NS 0.243 NS 0109 0.49 NS NS NS NS NS X
<.0001 .0266 .0015
Clay content 22.85 -.119 NS -351 NS NS 390 -144 NS NS NS -.161 X
.0125 <.0001 .012  .0240 .012
Silt content 49.06 .213 NS .303 NS .204 445 NS NS 132 NS 133 X
<.0001 <.0001 <.0001 .0046 .0079 .0385
Sand content 30.18 -.107 NS NS NS -161 -445 NS NS -.098 NS NS X
.0239 .0010 .0046 .049

1Datain percent for 1,640-ft radius around well from Vogelmann and others (1998a, 1998h).

2Data for 1,640-ft radius around well from Nakagaki (2005).

3Average percent soil composition for 1,640-ft radius around well from U.S. Department of Agriculture (2003).

with the average percentage of silt, clay, and organic matter.
Clay soilsmay impedetransport of chemicalsto the subsurface;
therefore, the positive correlation between simazineand clay in
carbonate-rock aguifers seems counterintuitive (table 16).
Macropore fracturing of clays has been shown to be an impor-
tant factor in transport of water and contaminantsin clay soils
inthe Piedmont (Radcliffe and West, 2000), thereby potentially
increasing the permeability of an otherwise low-permeability
setting. The strongest negative correlations were with soil fac-
tors associated with high rates of water movement (such as
average percentage of sand). Similar correlationsfor these soils
factorswereindicated with atrazine in carbonate-rock aquifers.
Atrazine and simazine are chemically similar compounds with
similar uses, so finding similar correlationsis not unusual.

Significant correlations for alachlor were noted mainly in
crystalline-rock aquifers (table 16). The strongest positive cor-
relations were with agricultural land-use factors, athough
weaker than correlations for the other agricultural pesticides.
For the entire data set, the strongest negative correlations were
with urban land-use factors. Correlations for alachlor in silici-
clastic-rock aguifers could not be tested, owing to the lack of
detections in those aquifers.

Dieldrin and prometon are pesticides with mainly non-
agricultural uses, and the results of the statistical tests reflect
this (table 17). Prometon is an herbicide used for highway and
utility right-of-ways and around structures. It is not labeled for
use on crop land. Prometon is positively correlated to urban
land-use factors within crystalline-rock and siliciclastic-rock
aquifersbut alsoispositively correlated to agricultural land-use

factors when rock type is not considered (table 17). Thisis
likely to be areflection of prometon’s use in both urban and
rural settings as a general-use herbicide. Because of concerns
over the persistence of dieldrin in the environment, the USEPA
banned the use of dieldrinin 1987, and between 1974 and 1987,
dieldrin usein the United States was limited to applications for
termites in structures. Conseguently, the strongest positive cor-
relations were noted with urban land-use factorsin crystalline-
rock aquifers (table 17). The magjority of detections of dieldrin
were from ground-water samples from the two urban land-use
studies conducted near Atlanta, Ga., where use of dieldrin
seems likely. Dieldrin also was the only pesticide to have asig-
nificant negative correlation with percentage of organic matter.
Thisisreasonable becausedieldrinhasaK . valuethatisorders
of magnitude greater than the other pesticides (table 14), and is
therefore more likely to be affected by soil organic matter con-
tent.

Logistic regression was used to determine which factors
are the most significant in detections of the selected pesticides.
Because the pesticide data are highly censored, linear regres-
sion was not attempted. The logistic regression was conducted
inamanner similar to that donefor nitrate. Pesticides datawere
grouped by ‘detect’ and ‘ nondetect’ on the basis of the individ-
ual pesticide censoring levels (table 12).

A logistic regression model was developed to test the prob-
ability that atrazine exceeds 0.0018 pg/L. Results of regression
and diagnostics are given in table 18. The significant variables
in this model were the application rate of atrazine and the per-
centage of row crop and hay and pasture in the 1,640-ft radius
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Table 17. Correlations between prometon and alachlor concentrations in ground water and explanatory
variables in the Piedmont Aquifer System by means of Kendall's tau correlation.

[n, number of samples; NA, Not applicable; NS, Correlation not significant at an alphavalue of 0.05; X, insufficient data; Carb, Carbonate-rock
aquifer; Cryst, Crystalline-rock aquifer; Sil, Siliciclastic-rock aguifer; mg/L, milligrams per liter; ft, feet; in., inches; in/hr, inches per hour; <,

less than]

Kendall's tau Kendall's tau
coefficients and probability coefficients and probability
Median
Factor definition v?;:lle Prometon Dieldrin
wells) W’Z'I'Is Carb  Cryst Sil W‘z'l'ls Carb  Cryst  Sil
n=270 n=30 n=167 n=73 n=270 n=30 n=167 n=73
Land Use!
Low-intensity 0.57 NS NS NS NS 0.244 NS 0273 0244
residential <.0001 <.0001 .017
High-density .00 NS NS NS 377 405 NS 437 .339
residential .0007 <.0001 <.0001 .0025
Commercia industrial A1 NS NS 191 .202 .239 NS 279 NS
transportation .0049 .0478 <.0001 <.0001
Pasture or hay 31.61 174 NS NS NS  -.278 NS -313 -217
.0004 <.0001 <.0001 .024
Row crops 2.06 .286 NS NS NS  -.200 NS -241 NS
<.0001 <.0001 .0002
Urban or .00 NS X NS 281 -.340 X 331 .339
recreational grasses .0116 <.0001 <.0001 .0025
Row crop and pasture 40.16 .267 NS NS NS -.253 NS -306 -.217
<.0001 <.0001 <.0001 .0246
Physical and chemical data collected at the time of sampling
pH 6.3 205 -.291 NS NS  -.133 NS NS NS
<.0001 .038 .0074
Dissolved oxygen (mg/L) 5.7 NS NS NS NS NS NS NS NS
Nitrate 1.79 .240 NS NS NS NS NS NS NS
concentration (mg/L) <.0001
Population Density?
Population (1990) 98.6 NS NS NS NS 212 NS .209 NS
<.0001 .0008
Population (2000) 135.2 NS NS NS NS .185 NS 77 NS
.0002 .0045
Hydr ogeology and Soils®
Well depth below land 150 NS NS NS NS  -.161 NS  -.209 NS
surface (ft) .0019 .0020
Casing length 44 NS NS NS  -.358 NS NS NS NS
.0016
Water level in well 26 NS NS NS NS  -.129 NS NS NS
0.0160
Hydrologic 00 NS NS NS NS  -.149 NS  -.223 NS
group A .0087 .0015
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Table 17. Correlations between prometon and alachlor concentrations in ground water and explanatory
variables in the Piedmont Aquifer System by means of Kendall’s tau correlation.—Continued

[n, number of samples; NA, Not applicable; NS, Correlation not significant at an alphavalue of 0.05; X, insufficient data; Carb, Carbonate-rock
aquifer; Cryst, Crystalline-rock aquifer; Sil, Siliciclastic-rock aquifer; mg/L, milligrams per liter; ft, feet; in., inches; in/hr, inches per hour; <,
less than]

Kendall's tau Kendall's tau
coefficients and probability coefficients and probability
Median
Factor definition v?;:lle Prometon Dieldrin

wells) Al oo oryst sl W‘z'l'ls Carb  Cryst  Sil

n=270 n=30 n=167 n=713 n=270 n=30 n=167 n=73

Hydrologic 77.08 NS NS NS NS 0.262 NS 0.347 NS
group B <.0001 <.0001

Hydrologic group C 13.00 NS NS NS NS -.238 NS -.335 NS
<.0001 <.0001

Hydrologic group D 236 -177 NS NS NS -.197 NS 282 NS
.0006 .0001 <.0001

Soil thickness (in) 5542  -.294 X NS NS  -.270 X -.378 NS
<.0001 <.0001 <.0001

Organic matter .51 NS NS NS NS  -.183 NS  -.266 NS
.0002 <.0001

Clay content 22.85 130 NS NS NS .021 NS .270 NS
.0081 <.0001 <.0001

Silt content 49.06 .228 NS NS 204 -213 NS  -.299 NS
<.0001 .0374 <.0001 <.0001

Sand content 3018 -.231 NS NS NS .106 NS NS NS

<.0001 .0323

Ipatain percent for 1,640 ft radius around well from Vogelmann and others (1998a, 1998b).
2 Datafrom Hitt (2005a).
3Average percent soil composition for 1,640-ft radius around well from U.S. Department of Agriculture (2003).
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Table 18. Summary of logistic-regression models for pesticide detection probability.

[agricultural, row crop + hay and pasture; well-drained soils, hydrologic group A + hydrologic group B; urban, low-intensity residential + high-intensity residen-
tial + commercial, industrial, and transportation; --, no value; <, less than]

Results for variable Results for model

Pesticide - - . Parameter Probability Standardized Percent  Hosmer- ¢ alizeq Maximum
Statistically significant variables . . . concor- Lemeshow 2 rescaled
Estimate  (p-value) Coefficient 1 r-square 3
dance p-value r-square
Atrazine intercept -2.14 <0.0001 --
atrazine application rate* .07 .0001 0.69 82 0.75 031 0.42
agricultural land use® o1 0014 36
Desethyl intercept -8.05 <.0001 --
Atrazine atrazine application rate .07 .0002 73
percentage sand® 11 0008 47 83 45 31 42
percentage silt 08 0012 42
agricultural land use 02 0067 31
Metolachlor intercept -9.50 <.0001 --
percentage silt A2 <.0001 .66
soilsin hydrologic group B .03 .0016 49 87 58 31 47
metolachlor application rate 04 0003 47
soilsin hydrologic group A 05 0002 38
Simazine  intercept -1.24 .1859 --
agricultural land use .02 .0029 42 75 A1 A2 .23
percentage sand -.07 .0039 -31
Alachlor intercept -9.59 .0006 --
row crop .05 .0089 .36 88 .69 10 .30
soil thickness A1 .0369 49
Prometon intercept -2.73 .0616 --
agricultural land use .03 .0039 .68
percentage sand -13 <.0001 -53 86 11 22 42
low-density residential land use 05 0055 50
well-drained soils 02 0153 39
Dieldrin intercept -9.17 <.0001 --
percentage clay 18 .0001 12 91 .80 a4 .36
urban land use .05 <.0001 52
IHosmer and Lemeshow (1989).
2Cox and Snell (1989).
3Nagelkerke (1992).

4Pesticide application rate estimate for 1,640-ft radius around well from Nakagaki (2005).
SLand use percent in 1,640-ft radius around well from Hitt (2004).
6s0ils datain percent in 1,640-ft radius around well from U.S. Department of Agriculture (2003).

around thewell. Aspreviously discussed, model validation was
not possible because of the limited amount of data, and predic-
tive mapswere not created. Standardized coefficients are given
to illustrate which variable has the largest effect on the model.
Analysis of Pearson residualsillustrate where the model is par-
ticularly weak. Thesevaluesare cal culated by comparing model
probability to the actual outcome. A high Pearson residual
results from a situation where the probability of a detectionis
very low, but the pesticideis detected anyway. A large negative

Pearson residual isfrom cases where the predictive model indi-
cates ahigh probability that the pesticide would be present, but
it was not detected. This analysis showed high Pearson residu-
alsin cases where the pesticide-use data indicated very low
atrazine use, but atrazine was detected anyway. Thisresult indi-
cates either atrazine use for nonagricultural purposes or migra-
tion of atrazine from outside the 1,640-ft radius. Large negative
Pearson residual s were noted where land use was agricultural
and atrazine application rates were moderate to small, but atra-
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zine was not detected. The algorithm for distributing pesticide
use from the county level to the area around the well data
assumed that the total pesticide use was evenly distributed to
agricultural land in the county. Therefore, these nondetects can
be an indicator that pesticide useis not uniform across each
county. Individual agricultural practices may lead to cases
where atrazine was not the pesticide of choice near these sites.
Itisalsolikely that hydrogeologic factors at the scale of an indi-
vidual well are the cause of the incorrect predictions. The com-
plexity of the aquifers makesit quite possible that a pesticide
could be transported from an upgradient location outside of the
1,640-ft radius to awell where the digital data predict alow
probability of detecting a pesticide. It isalso likely that awell
that is predicted to have a high probability of having a pesticide
detected could have hydrologic factorsthat inhibit movement of
the pesticide to the well.

A logistic regression model al so was devel oped for testing
the probability that desethyl atrazine exceeded the detection
limit of 0.002 ug/L (table 18). The model created for desethyl
atrazine was statistically significant. The significant variables
in the regression were the percentage sand, the percentage silt,
the application rate of atrazine, and the percentage row crop and
hay and pasturein the 1,640-ft radius around thewell. Thisindi-
cates the probability of desethyl atrazine exceeding 0.002 pg/L
isgreatest in agricultural areaswith ahigh atrazine use and soils
with ahighsilt or sand content. These variablesare not the same
as those determined for atrazine, and these differences may
indicate desethyl atrazine is more persistent in environments
with sandy or silty soils. The highest Pearson residuals werein
urban areas where atrazine use was reported as being very low
or non-existent, yet desethyl atrazine was still detected. Thisis
either an indicator of nonagricultural use of atrazine or possibly
the 1,640-ft radiusis not agood approximation of the contribut-
ing area. Large negative Pearson residuals were in areas with a
high percentage of agricultural land use and nondetections of
desethyl atrazine, possibly indicating atrazine was not a pesti-
cide of choice in those areas.

The logistic regression model testing the probability of
metolachlor exceeding 0.001 pg/L was statistically significant
(table 18). Thesignificant variablesin the model werethe appli-
cation rate of metolachlor, the percentage of soilsin hydrologic
group A, the percentage of soilsin hydrologic group B, and the
percentage silt. Thisindicates areas with ahigh application rate
of metolachlor, ahigh percentage of silt, and well-drained soils
are the most likely to have metolachlor detected. The highest
Pearson residuals were at sites where the application rate of
metolachlor is nonexistent or very low, but metolachlor is
detected anyway. Many of these sites are in urban areas, and
metolachlor use would not be expected, unlessit is being used
for nonagricultural purposes. The lowest Pearson residuals are
in areas where metolachlor useis high, but it is not detected.

The logistic regression models were developed to test the
probability of detecting simazine, alachlor, prometon, and
dieldrin (table 18). The low number of detections (less than
10 percent) for these compounds may make these models less
useful in determining the factors affecting detections of these

pesticides than models for atrazine and metolachlor, and the
results of regression diagnostics for these four models show a
lower predictive power than the models for atrazine and meto-
lachlor. The model for simazine had two significant variables
(table 18) — the percentage of row crop and pasture and hay in
the 1,640-ft radius around the well and a negative association
with the percentage sand. The highest Pearson residuals were
for cases with alow amount of agricultural land that had
simazine detected. The lowest Pearson residuals were for areas
with ahigh percentage of agricultural land use. Although usage
dataindicate these areastypically have ahigh simazine use, use
on a specific parcel of land can not be predicted. The negative
association between percentage sand and simazine may be
because of the interaction between usage patterns and aquifer
type. The areas with the highest use of simazine are in the car-
bonate aquifer, which typically has alow percentage of sand in
the soils.

The model for alachlor had two significant variables
(table 18)—the percentage of row crop in the 1,640-ft radius
around the well and the soil thickness. High Pearson residuals
were for sites with alow percentage of row-crop land use that
had alachlor detected. The most negative Pearson residuals
werefor siteswith athick soil profile and ahigh amount of row-
crop land use but did not have alachlor detected. These sites
with large negativeresidualswerein thelsuslusagl study where
use of alachlor is high; however, it may not have been applied
in areas near the wells sampled for this study.

Prometon and dieldrin are pesticideswith mainly non-agri-
cultural uses, asindicated by the results of the statistical tests
(table 18). Prometon is an herbicide used for highway and util-
ity right-of-ways and around structures. It is not labeled for use
on crop land. The majority of detections of dieldrin were from
ground-water samples from the two urban land-use studies con-
ducted near Atlanta, Ga. The logistic regression model for
prometon had four significant variables (table 18)—two land-
use categories - low-density residential, and row crop, hay and
pasture - aswell astwo transport categories - anegativerelation
to the percentage sand, and a positive relation to the percentage
of well-drained soils (hydrologic group A and B). The relation
between prometon detections and both residential and agricul-
tural land use is consistent with the application of ageneral-use
herbicide on roadsides and vacant lots in many settings. The
negative association between prometon detections and percent-
age sand probably does not imply that prometon does not enter
the aquifer when the overburden has ahigh sand content, rather,
it probably is an indication that prometon use is lower in the
areas where soils had a higher sand content; or some other
unknown factor. The highest Pearson residuals for the model
were for cases where there was a very low percentage of either
agricultural land use or residential land use, resulting in alow
probability value, but prometon was detected. The statistical
model seemsto require both land-use typesfor apredicted high
probability, but in reality, a high percentage of either land-use
type probably increases the likelihood of detecting prometon.
The most negative Pearson residuals were for areas with very
high percentages of agricultural or residential land, well-



54 Factors Affecting Occurrence and Distribution of Selected Contaminants in Ground Water, 1993-2003

drained soils, and alow percentage of sand, but no prometon-
detected. The usage statistics for prometon are not recorded,;
therefore, these areas may represent cases where prometon use
islow or non-existent.

Thelogistic regression model for dieldrin had two signifi-
cant variables (table 18)—percentage of urban land use (low-
density residential, high-intensity residential, and commercial/
industrial) in the 1,640-ft radius around the well and the per-
centage clay. The higher probability of detecting dieldrinin
urban settingsis consistent with what is known about the use of
dieldrin; however, the higher probability of detecting dieldrinin
areas with a higher clay content is somewhat counterintuitive.
The positive rel ation between percentage clay and the detection
of dieldrin may bearesult of thefact that 14 of the 18 detections
of dieldrin werein the urban areas (acfblusurl and acfblusur2),
which also happened to have the highest percentage of clay. It
could also be that, in areas with a high clay content, dieldrin
may persistslonger. The highest Pearson residualsfor thedield-
rin model werefor caseswherethere was adetection of dieldrin
in an areawith alow percentage of urban land use. These cases
may have been in areas with a small number of homes, but a
residual amount of dieldrinin the soil. Other high Pearson resid-
uals were for cases where there was urban land use but alow
percentage of clay. The most negative Pearson residualsfor the
dieldrin model were for areas with a high percentage of urban
land use and ahigh clay content but had no detection of dieldrin.
These areas may never have had dieldrin applied, because there
are no records of dieldrin use.

In summary, the logistic regression results indicated simi-
lar findings for most pesticides. The factors with the largest
effect on determining pesticide presence include source factors
- such asthe actual application rate or aland-use surrogate - and
transport factors - such as percentage sand or silt or permeabil-
ity. Some of the factors vary among pesticides, and a data set
with an adequate number of samplesin each type of areawould
be needed to determine if some of the associations (such asthe
positive association between dieldrin and percentage clay) are
useful for predicting pesticide concentrations or are because of
aunigue characteristic of the data set (if the only areas where
dieldrin use was high happened to be in areas with a high per-
centage of clay).
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Volatile Organic Compounds in Ground Water

Volatile organic compounds (V OCs) are man-made chem-
icalsthat enter the environment through daily usein commerce,
industry, transportation, and agriculture and the daily activities
of individuals. Although theterm ‘volatile’ implies preferential
partitioning into air from water, these compounds are water sol-
uble, and if introduced into the environment, will be present in
ground water.

VOC Sources

In ageneral sense, where land use is associated with
human activity, VOCs are probably in use, and quite often,
being unintentionally and intentionally released to the environ-
ment, asin thefollowing examples. Localized releases of VOCs
to the environment occur by leakage from above- and bel ow-
ground storage tanks and by direct application of pesticides,
because VOCs are used in the formulation of pesticides (Bar-
bash and Resek, 1996). VOCs a so are rel eased to the environ-
ment in industrial and automotive exhausts and by |eakage of
refrigerants and intentional application of fumigants. VOCs
released to the environment as exhaust, gases, and aerosol
sprays can drift away from their sources as airborne contami-
nants to have a broader distribution in the environment, includ-
ing areas where VOCs are not in direct use. VOCs also are pro-
duced as disinfection by-products (trihalomethanes) by
chlorination of drinking water and can be released to the envi-
ronment by leakage of treated drinking water from water-distri-
bution pipes or by the use of treated water in lawn-care irriga-
tion. Inrural settings, disposal of household chlorine bleach and
other chlorinated products through septic-tank systems can
result in trihalomethanes that are released through septic drain
lines to the environment.

Distribution of Detections of VOCs

To assess the occurrence of VOCsin PAS, water samples
from 206 sites, including 187 wells and 19 springs (ground-
water discharge), were collected in 9 NAWQA studies ranging
from Georgia to New Jersey and were analyzed for 59 VOCs.
Aswith the pesticides, analytical changes during the study
period resulted in multiple reporting limits within and among
typesof VOCs. To alow the maximum amount of datafor inter-
pretation, the individual censoring limits for agiven VOC are
used except when making comparisons among VOCs. Theindi-
vidual censoring limit was 0.2 ug/L for 52 of the 59 VOCs and
0.26t0 1.0 ug/L for 7 VOCs. After censoring, the results
included 137 detections of 29 VOCs, 1 or more VOCs were
detected in 35 percent of the 206 samples. In 13 percent of the
samples, two or more VOCs were detected. Trichloromethane
(chloroform) and methyl-tert butyl ether (M TBE) weretheonly
two individual VOCsto be detected in more than 10 percent of
the 206 samples(fig. 23). The detection frequency waslessthan
3.5 percent for each of the other 27 VVOCs. Detections of chlo-

roform were more frequent in urban areas in Georgia, Mary-
land, and eastern Pennsylvania(fig. 24). MTBE wasdetected in
those same urban areas but was also detected in agricultural
land-use areas near where the use of MTBE was heaviest, pos-
sibly indicating atmospheric sources (fig. 25). To alow accu-
rate comparisons, only those VOCs with a common censoring
limit of 0.2 ug/L are shown in fig. 23. This eliminates four
detections of dichloromethane above 0.38 ug/L, four detections
of dichlorodifluoromethane (freon-12) above 0.27 pg/L, four
detections of napthalene above 0.5 ug/L, and one detection of
methy! chloride above 0.5 pg/L.

Trihalomethanes (29.2 percent) and solvents
(28.5 percent) werethe most frequently detected types of VOCs
of the 137 detections (fig. 26). Other types of VOCs detected
included a gasoline oxygenate (15.3 percent), gasoline hydro-
carbons (15.3 percent), refrigerants (8 percent), VOCs used in
organic synthesis (2.2 percent), and fumigants (1.5 percent).
Land use associated with detectionsin six of the seven VOC
typeswas predominantly urban (residential). M TBE detections,
the only oxygenate detected (one of two analyzed), are almost
evenly associated with residential, agricultural, and forested
land uses, probably reflecting two methods of release to the
environment by localized |eakage from storage tanks and distri-
bution as an airborne contaminant in exhaust.

Factors Affecting VOC Detections

The frequency of VOC detection can be partially
explained by sample distribution (depth) relative to land sur-
face. Of the 137 detectionsin 9 NAWQA studies, 60.6 percent
were detected in water samples collected from springs at land
surfacein 1 study and shallow monitoring wellsin 2 studies
(fig. 27). The monitor wells had median total depths of 31 and
61 ftin the two studies and, therefore, had sample depths closer
to the land surface, relative to the public supply and domestic
wellsin the other six NAWQA studies. The median well depths
were 300 ft for the public supply wells used in one study and
range from 140 to 200 ft for the domestic wellsin the other five
studies. Of the 137 detections, 39.4 percent were in water sam-
ples collected from the deeper domestic and public supply wells
insix NAWQA studies (fig. 27).

The association of VOCs with sample depth relative to
land surface also applied in considering the percentage of wells
in each of the nine areas with at least one VOC detection
(fig. 27). VOCswere detected in greater than 50 percent of the
samples collected from springs and monitor wellsand in less
than 40 percent of the samplesin each of the five domestic-well
studies. In the public-supply well study, 47 percent of the wells
had at least one detection, which contradicts the statement that
VOC freguency is associated with well depth. A public-supply
well generally produces larger volumes of water at higher dis-
charge rates, relative to a domestic well, and, therefore, draws
itsrecharge from a larger area. Given that public-supply wells
arein areas with higher population densities, if the public-sup-
ply well is open to the same aquifer at about the same depth as
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20
PREDOMINANT VOLATILE ORGANIC COMPOUNDS BY PREDOMINANT-USE GROUP:
[censoring limit of 0.2 micrograms per liter]
18 LAND USE B
) ) TRIHALOMETHANES GASOLINE HYDROCARBONS
l:l Residential 1) Trichloromethane (chloroform) 14) 1,2,4-Trimethylbenzene (TMB)
. 2) Bromodichloromethane 15) Toluene il
16 - Agricultural 3) Tribromomethane (bromoform) 16) Benzene
[ ] Forested OXYGENATES 17) Ethylbenzene (styrene)

14 - Mixed Land Use

DETECTION FREQUENCY FOR EACH VOLATILE ORGANIC
COMPOUND IN 206 SAMPLES, IN PERCENT

4) Methyl tert butyl ether (MTBE)
SOLVENTS

5) 1,1,1-Trichloroethane(TCA)
6) Trichloroethene (TCE)

7) Tetrachloroethene (PCE)

8) 1,1-Dichloroethane (DCA)

9) 1,2-Dichloroethane (1,2-DCE)
10) cis-1,2-Dichloroethane

11) Tetrachloromethane

12) n-Propylbenzene

13) Chlorobenzene

18) 1,3,5-Trimethylbenzene

19) n-Butylbenzene

20) sec-Butylbenzene
REFRIGERANTS

21) Trichlorofluoromethane (freon-11)
FUMIGANTS

22) 1,4-Dichlorobenzene (1,4-DCB)
ORGANIC SYNTHESIS

23) 1,1-Dichloroethene (1,1-DCE)
24) 4-Isopropyltoluene

25) Isopropylbenzene

{ DL =

1

o

1 4

9 11 12 13 14 15

17 18 19 20 21 22 23 24

VOLATILE ORGANIC COMPOUNDS DETECTED AT A CONCENTRATION

GREATER THAN 0.2 MICROGRAMS PER LITER

25

Figure 23. Detection frequency in ground water of the 25 volatile organic compounds with a common censoring
limit of 0.2 ug/L for NAWQA studies in the Piedmont Aquifer System, eastern United States.
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Figure 24. Detections of chloroform in ground water for NAWQA studies in the Piedmont Aquifer System, eastern
United States.
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Figure 25. Detections of methyl-tert butyl ether in ground water for NAWQA studies in the Piedmont Aquifer Sys-
tem, eastern United States.
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Figure 27. Percent of wells with at least one volatile organic compound detected in each of nine NAWQA ground-wa-
ter study areas, Piedmont Aquifer System, eastern United States.
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the domestic well, and al other environmental conditions are
constant, the public supply well is more likely to have detec-
tionsof anthropogenic contaminantsrel ativeto adomestic well.

In addition to sample depth, the frequency of VOC detec-
tions for each of the nine NAWQA studies generally can be
related to land use. The samples collected in the spring-water
study and in one of the shallow monitor-well studies were col-
lected in an urban residential setting with more than 60 percent
residential land use and less than 25 percent agricultural land
use. Thesetwo areas had the highest percentage of sampleswith
at least one detection (fig. 27). Samples collected from shallow
monitor wellsin thisresidential study area had dlightly more
than twice as many of the 137 VOC detections as the samples
collected in the other shallow monitor-well study (fig. 27). In
eight of the nine NAWQA ground-water study areas, VOC
detections generally decreased as the percentage of residential
land use decreased and agricultural land useincreased (fig. 27).
The lowest detection frequency wasin the domestic-well study
dominated by forested land use. Therefore, VOC useis more
commonly associated with residential and agricultural land use
and less with forested land use in these PAS study areas but is
more common in residential land use relative to agricultural
land use.

Aswith the pesticides, the VOCs were severely censored
and wereanayzed using Kendall’ stau correlations. Thelogistic
regression analysis was performed as previously described,
using categories of detect and nondetect of VOCs. The highest
common censoring limit for both chloroform and MTBE was
0.2 ug/L, therefore, values greater than or equal to 0.2 pg/L
were considered detections and values less than 0.2 ug/L were
considered nondetections. In addition to being highly censored,
the VOC data set available for analysis was small and limited
the likelihood of generating a predictive model. Models tested
the likelihood of MTBE and chloroform exceeding 0.2 pg/L.
Additionally, amodel was created that tested the probability
that any one of the VOCs was detected in awell at aconcentra-
tion of greater than 0.2 pg/L. Because of multiple detectionsin
wells, the variation in detection limits was not a factor in that
analysis.

Results of Kendall’ stau analysis showed both chloroform
and MTBE concentrations had positive correlations with urban
land uses such as high-intensity residential and commercial
land use (table 19). Chloroform also had a positive correlation
with low-intensity residential land use. Both VOCs also had
positive correlations with population density and underground
storage tanks, and the population on public sewer. The correla-
tion with public sewer and theinverserel ation with on-lot septic
systemsis probably a surrogate for population density. Both
chloroform and MTBE had an inverse correlation with well
depth, that is, shallow wells had higher concentrations than
deeper wells. None of the Kendall’ stau correlation coefficients
for MTBE exceeded 0.15, which indicates the relation may be
statistically significant (based on the p-value) but the predictive
value of the relation is weak. Kendall’ s tau correlation coeffi-
cientsfor chloroform are slightly higher, in the 0.2 - 0.3 range,
but still not a strong correlation.

Thelogistic regression model for chloroform basically
supports the generalized assumptions in the previous discus-
sion. The chloroform detections were best predicted by popula-
tion density (from the 1990 census) and water level (table 20).
Thismodel had a concordance of 82 percent and a Hosmer-
Lemeshow p-value of 0.38. The generalized r-square value was
0.15, and the maximum-rescaled r-square value was 0.26. The
largest Pearson residuals were in cases where the population
density was low and chloroform was detected. Thisislikely to
be aresult of areas using on-lot sewage-disposal systems. The
largest negative Pearson residuals were in areas with ahigh
population density and very shallow water levels. These areas
may not have a source of chloroform in the vicinity of the well.
The model isuseful in identifying those explanatory variables
that have the greatest effect on chloroform occurrence, but the
regression diagnostics indicate the model is unlikely to be use-
ful for predicting occurrence of chloroform.

The MTBE data set had only 21 detections compared to 38
detections of chloroform. The MTBE model indicated two sig-
nificant variables, the number of leaking underground storage
tanks within a 3,280-ft radius and the percentage of commer-
cia/industrial/transportation land use in the 1,640-ft radius
around the well (table 20). The relation between MTBE and
commercial/industrial/transportation land use was negative,
which is contrary to what would be expected. Upon close exam-
ination of the data set, the inverse relation between MTBE and
commercial/industrial/transportation land use was driven by a
singlewell where 91 percent of the land use wasin the commer-
cial/industrial/transportation category (the highest percentage
for any well) but did not have MTBE detected. Without that
well in the data set, the commercial/industrial /transportation
land-use category isnot asignificant variablein the regression.
Overall, the model was not a good predictor of MTBE detec-
tion. Themodel had only 56 percent concordance, which means
that in nearly half of the cases when a detect and a nondetect
pair were compared, the nondetect had a cal culated probability
that was higher than the probability of the detection. The gener-
alized r-square value was 0.06, and the maximum-rescaled r-
square value was 0.12. The Hosmer Lemeshow p-value was
0.16. These diagnosticsindicate avery weak model that should
not be used to predict MTBE occurrence.

Another logistic-regression model was created to test the
probability that at east 1 of the 59 VOCswas detected inawell.
Seventy-ninewellshad at least one VOC detected. Thelogistic-
regression model had two significant variables, the number of
leaking underground storage tanksin a 3,280-ft radius, and the
population density (from the 1990 census) in a 1,640-ft radius
around the well. Given that MTBE and chloroform detections
make up about 43 percent of the VOC detections, these results
are not surprising. The model had a concordance of 75 percent,
and the Hosmer-Lemeshow p-value was 0.23. The generalized
r-square value was 0.14, and the maximum-rescal ed r-square
value was 0.20. The largest Pearson residuals are in locations
where the population density islow and with no leaking under-
ground storage tanksin a 3,280-ft radius, with aVOC detected.
The explanation of thisisprobably also because of the presence
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Table 19. Correlations between chloroform and methyl-tert butyl ether (MTBE) concentrations
in ground water and explanatory variables in the Piedmont Aquifer System by means of the
Kendall's tau correlation.

[n, number of samples; NS, Correlation not significant at an alpha value of 0.05; ft, feet; <, less than;
UST underground storage tank]

Kendall's tau

coefficients and probability
Factor definition

Chloroform Methyl-tert butyl ether

n=206 n=206
Land Use?!
Low-intensity residential 0.197 NS
.0001
High-density residential .303 0.133
<.0001 .0190
commercial/industrial/transportation 176 .149
.0008 .0053
Potential Contaminant Sour ces
UST within 3,280 ft of site? 167 142
.0023 .0112
Storage tanks within 3,280 ft of site? 145 132
.0071 .0163
Density of public sewers 3 261 135
<.0001 .0073
Density of septic tank or cesspool -.270 -.133
<.0001 .0082
Population Density®
Population (1990) .282 116
<.0001 .0215
Population (2000) 252 .108
<.0001 .0313
Hydrogeology and Soils
Well depth (ft below land surface) -.288 -.210
<.0001 <.0001

Ipatain percent for 1,640-ft radius around well from Vogelmann and others (1998a, 1998b).
2Dataiin total number of storage tanks from Price (2005).
3 Data from Hitt (2005a).
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Table 20. Summary of logistic-regression models for chloroform and MTBE detection probability.

[LUST, leaking underground storage tank; --, no value; <, less than]

Results for variable

Results for model

Maximum
voc Statistically significant Parameter Probability Standardized Percent  Hosmer Generalized rescaled
variables estimate  (p-value)  Coefficient concor- Lemesho:lv r-squa\re2 r-square’
dance p-value q
Chloroform intercept -1.20 <0.0199 --
water level in well -.05 .0104 -0.62 82 0.38 0.15 0.26
population density* 001 0007 36
Methyl-tert intercept -2.63 <.0001 -
buty! LUST in 3,280-ft radius® 42 0015 84 56 16 .06 12
ether commercial/industrial landuse® 15 10098 85
Detectionof intercept -1.37 <.0001 --
atleast1 LUST in 3,280t radius® 07 .0020 41 75 23 14 20
VOC population density? .0009 .0056 25

IHosmer and Lemeshow (1989).
2Cox and Snell (1989).
3Nagelkerke (1991).

4Data from Hitt (2005a).

SDatain total number of storage tanks from Price (2005).

SDatain percent for 1,640 ft radius around well from Vogelmann and others (1998a, 1998b).

of on-lot sewage disposal systems. Thelargest negative Pearson
residualswerein areas with high population density and numer-
ous leaking underground storage tanks in a 3,280-ft radius.
These may be cases where the underground storage tanks were
not in the area upgradient from the well. Because of weak
regression diagnostics and lack of spatial dataon storage tanks,
the logi stic-regression models for VOCs are not suitable to use

for predictive purposes.
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Radon in Ground Water

Radon is a colorless, odorless gas that occurs naturally in
ground water. It is aradioactive element that decays or breaks
down over timeto form other elements. Radon has a half-life of
3.8 days (Hem, 1985). The primary health concern related to
radon is the inhal ation of the decay products of radon. The Sur-
geon General of the United States has recognized radon as the
second leading cause of lung cancer (U.S. Environmental Pro-
tection Agency, 1992). Radon gas commonly entersthe air in
buildings through the basement; however, radon dissolved in
ground water can transport additional radon into buildings.
Radon is solublein water yet is easily released back into the air
when discharged from faucets or showers. Because radon in
indoor air can befrom soil gasor ground water, the USEPA pro-
posed rules for radon in ground water include aMCL of
300 pCi/L and an alternative maximum contaminant level
(AMCL) of 4,000 pCi/L. The AMCL appliesto public water
supplies that enact a Multimedia Mitigation plan to address
indoor radon; public water suppliesthat do not enact these mea-
sures will be required to meet the MCL of 300 pCi/L (U.S.
Environmental Protection Agency, 1999). Radon data were not
collected in all the study areas. No radon data exist for the fol-
lowing study areas: linjsus3, podllusurcl, and podidwgsl.
Radon data were available for acfblusur2; however, because
that was a study of springs, it was not included in the compari-
son of radon data.

Radon Sources

The source of radon is the radioactive decay of uranium;
therefore, rockswith greater uranium content commonly would
have higher amounts of radon than rocks with lower uranium
content. Rocks such as granites, dark shales, sedimentary rocks
with phosphates, and metamorphic rocks derived from those
rocks have higher than average uranium content (Otton and oth-
ers, 1992). With respect to the three aquifer types based on gen-
eral rock types, uranium content (and thus potential for radon)
varieswithin the general categories. For example, the siliciclas-
tic-rock aquifersinclude sandstone and shal e bedrock, but these
two rock types have low and high uranium contents, respec-
tively (table 21). For the most part, siliciclastic-rock aquifers
were categorized as shale or mixed sandstone and shale. Crys-
talline-rock aquifersinclude granite, ultramafic rock, and
basalt, which also have alarge range of uranium content. Many
of the crystalline rocks are metamorphic, with parent rocks
being metasedimentary or metaigneous. Water from wellsin
metamorphic-rock aguifers that originated from shales and
graniteswould be expected to have higher radon concentrations
than water from wells in metamorphic-rock aquifers that origi-
nated from basalt or sandstone. The mgjority of the crystalline
rocksin this study are felsic igneous rocks or metamorphic
rocks with felsic origin. Those crystalline rocks that are of
mafic origin are classified separately for the analysis of radon.

Table 21. Average uranium content in earth’s crust, sedimentary,
and igneous rocks (modified from Durrance, 1986).

Uranium
Rock type Classification in content
L this report (parts per
million)
Earth’s crust 2.7
Sandstone Siliciclastic .45
Shale Siliciclastic 3.7
Limestone Carbonate 22
Basalt Crystaline 1.0
Ultramafic rock Crystalline .003
Granite Crystalline 30

Distribution of Radon Concentrations

The concentrations of radon in ground water arerelated to
the general bedrock types. In general, water from wellsin the
crystalline-rock aquifers had higher concentrations of radon
than water from wells in the other bedrock aquifers (fig. 28).
Because the concentrations of uranium have arelation to lithol-
ogy that is more specific than the general rock-type groupings
(table 21), those groupings have been further subdivided. The
crystalline rocks that have more felsic minerals (granite or
metamorphic rocks originating as shales—Isussus2, potosusl,
and santsus3) had the highest concentrations of radon. The
western part of potosusl isin an area underlain by mafic bed-
rock and, for purposes of comparing radon concentration, is
classified as potosuslw. This area had the lowest median con-
centration of radon. The samples from acfblusurl were from
very shallow wells with the shallowest water levels (fig. 14).
Senior (1998) also noted an association between alower depth
to water and lower radon concentrations in the PAS, possibly
explaining the lower concentrations of radon in that area. Sam-
ples from delrsusl and potosus2 had concentrations of radon
typically lower than concentrations from samplesin the felsic
rocks and higher than concentrations in carbonate rock. The
siliciclastic rockswere mostly classified as shale or mixed sand-
stone and shale lithologies. Water from wells in the carbonate-
rock aguifer had relatively low concentrations of radon; how-
ever, the median concentration was still well abovethe MCL of
300 pCi/L. The carbonate rocks were primarily limestone
lithology, which has a uranium content lower than that of shale
or granite. Nearly 80 percent of the samples had radon concen-
trations between the proposed MCL of 300 pCi/L and the
AMCL of 4,000 pCi/L.

Factors Affecting Radon Concentrations

A moredetailed analysisfocusing on thelithology specific
to each sample illustrates the relations between lithology and
radon concentration (table 22). The results show thefelsic crys-
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Figure 28. Distribution of concentrations of radon in ground water in subunits of the
Piedmont aquifers, and statistical groupings from Tukey's Test (Tukey, 1977). (Ground-
water study-area codes are defined in table 2.)

talline rocks have the highest mean radon concentrations, the
shales have dightly higher concentrations than the mixed sand-
stone/shal e group, and the carbonates (limestone and dol omite)
and mafic metamorphic rocks (greenstone) have the lowest
mean radon concentrations. The wells identified as saprolite
originated from and overliefelsic-crystalline-rock aquifers. The
lower concentrations in saprolite relative to the other felsic-
crystallinerocks are unknown but may be related to the shallow
nature of these wells and the greater likelihood of exchange of
radon with the atmosphere (median difference between water
level and total depth of well was only 9.8 ft) or possibly that ura-
nium has been weathered out of the saprolite. Determining the
specific cause of the lower concentrations of radon in saprolite

is beyond the scope of this project.
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Table 22. Median concentrations of radon in water from wells by
lithology.

[NA, not applicable]

Mineralogic/ er::;?l" Number
lithologic Lithology concen- of
association . samples
tration
Felsiccrystalline  Schist 3,639 27
Felsic crystaline Quartzite 2,725 4
Felsiccrystalline  Metamorphic 2,370 43
(Undifferenti-
ated)
Siliciclastic Shale 1,928 23
Siliciclastic Sandstone and 1,886 22
Shale
Felsiccrystaline  Saprolite 1,228 36
saprolite (weathered
from schist,
gnheiss, or
granite)
Carbonate Dolomite 913 6
Carbonate Limestone 864 23
Mafic crystalline  Greenstone 138 4

Although general patternsin the occurrence of radon can
be determined, the variability in radon concentrations also is
great. Most of the areas sampled had a broad range of concen-
trations of radon. In some cases, higher concentrations can be
linked to specific geologic formations known to have high ura-
nium content; however, predicting concentrations at a specific
location is not feasible. Correlation of radon concentrations to
concentrations of other radiochemcial constituents in water is
commonly weak, because radon is derived from radium-226,
which isin the solid phase in the aquifer materials. A study of
radon in ground water in the PAS in Pennsylvania by Senior
(1998) in Chester County, Pa., had results similar to the results
for the current study. Wells completed in granites and schists
typically had higher concentrations of radon than water from
wells completed in carbonate or mafic rocks. Senior found a
temporal variation of about afactor of two in radon concentra-
tions. The heterogeneity of radon concentrations is such that
Senior and Vogel (1995) found variations of up to an order of
magnitude in closely spaced wellsin asimilar hydrogeologic
setting. Concentrations of the radiochemical precursors of
radon in sedimentary rocks are related to the parent rocks from
which the sediments were derived, which may vary localy in
concentration. Therefore, although general patterns indicate
higher concentrations of radon in felsic crystalline-rock aqui-
fersthaninwater from other bedrock aquifers, no method exists
that would allow prediction of radon concentrationsin an indi-
vidual well.

Limitations of Water-Quality Data and
Recommendations for Future Study

Determination of the factors affecting water quality in the
PASislimited by several issues. Theseinclude limited spatial
coverage, alack of ‘end members' for land use and aquifer-type
combinations, and detection limits that change over time. The
spatial distribution of sampling is particularly evident in the
southern part of the PAS (figs. 6, 13). The areas of the PASin
the MOBL, GAFL, and ALBE study units are completely
unsampled, and the ACFB only has samplesin an urban area of
the PAS. Siliciclastic-rock aquifers are only sampled in the
northern study units. Some areas are not covered by NAWQA
studies, the largest and most important of which are the area
between the POTO and AL BE, and the area between the ALBE
and SANT study units. Spatial gapsin NAWQA sampling of
the PAS would be covered best by additional sampling in the
ALBE and possibly acombined study of the PASinthe MOBL,
ACFB and GAFL study units. Because these studies were not
designed for regional analysis of the PAS, numerous combina-
tions of land use and bedrock type are not represented by this
data set (table 6). Shallow wellsin urban areas underlain by
crystalline bedrock arewell represented, as are domestic supply
wellsin agricultural areas underlain by carbonate bedrock.
Most of the other studies are of mixed land uses, which leadsto
asmall range of land-use types, and a subsequent lack of power
to analyze statistical relations between aquifer type, land use,
and well depth. Regional understanding of ground water in the
PA Swould be enhanced by additional studies of urban and agri-
cultural land usein siliciclastic-rock aquifers and agricultural
land usein crystalline-rock aquifers. The changein detection
limits during the study period also limitsthe statistical power of
the data analysis. For example, MTBE was reported as a detec-
tionin 58 wells; however, only 21 of the detections were above
the highest common detection limit, which eliminated 37 low-
level detectionsfromthe dataanalysis. Some constituent groups
were not included in thisreport because not all the networks had
included them in their sampling. For example, trace elements
were only analyzed in slightly more than half of the sites. Res-
ampling of earlier study areas for all constituents with the new
lower detection limits would increase the statistical power to
determine factors affecting water quality in the PAS.
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Summary and Conclusions

The National Water-Quality Assessment (NAWQA) Pro-
gram of the U.S. Geological Survey (USGS) has conducted
studies of ground-water quality throughout large parts of the
United States. Thisreport isacompilation and analysis of the
datafor ground-water samples collected by the NAWQA study
units in the Piedmont Aquifer System (PAS) of the eastern
United States. Samples were collected from 255 wells and 19
springsfor numerous analyteswithin 11 study areasinthe PAS.
The studies included urban and agricultural land uses, major
aquifers, and drinking-water supplies. Samples were collected
fromthethree major aquiferstypes: crystalline, carbonate, and
siliciclastic. Descriptive and statistical analysis of datafrom 11
studiesin the PAS provide the basis for examining the factors
affecting ground-water quality. Thethree major agquifer typesin
the PAS have different characteristics, many of which are
related to lithology, structural geology, and weathering pro-
CESses.

The study area was subdivided on the basis of lithology.
The characteristics of crystalline-, carbonate-, and siliciclastic-
rock aguifers were thought to be the most logical basisfor ana-
lyzing the water-quality data. The crystalline-rock aquifers
underlie the largest areain the PAS. On the basis of previous
studies, crystalline-rock aquifers were determined to have two
major components controlling ground-water flow— the uncon-
solidated regolith and the fractured bedrock. In some areas, par-
ticularly the southern Piedmont, a material called saproliteis
also a part of thisflow system. Thisis bedrock that has weath-
ered in place but maintains the original fabric of the rock. In
addition, atransition zone between weathered bedrock and frac-
tured bedrock is an important part of the flow system. The car-
bonate-rock aquifers underlie a small area but are important
aquifersin the PAS. The carbonate-rock aquifers are character-
ized by highly weathered bedrock, and conduit flow can be a
factor in the movement of ground water. The presence of solu-
tionally enlarged fractures and conduits can alow rapid trans-
mission of contaminants from the land surface to the aquifer.
Dissolution of the mineralsin the carbonate bedrock resultsin
ground water with high alkalinity and total dissolved solids, and
astable, near-neutral pH. The siliciclastic-rock aquifersare a
relatively small part of the PAS, but locations in the more
urbanized parts of the PAS make these aguifers an important
resource for water supply. Ground-water flow is controlled by
fracture patterns. Because the fracture patterns are related to
stress patterns and to the strike of the geologic formations, these
aquifers commonly are anisotropic. The siliciclastic-bedrock
aquifer includes areas where diabase (a crystalline rock)
intrudes into the siliciclastic rock. Because the diabase areas
were not sampled, this subdivision istermed the siliciclastic-
rock aquifers.

The well networks sampled for this study represented sev-
era different combinations of lithology and land use, allowing
analysis of the interaction of these factors on water quality.
Three studies were conducted in urban areas underlain by crys-

talline bedrock; two of these urban studies focused on water
from the saprolite overlying the fractured bedrock. The study in
the carbonate bedrock was al so aland-use study that focused on
agricultural areas. Of the seven remaining studies, six werein
major aquifers with arange of land-use types. Three major-
aquifer studies were in crystalline aguifers, and three were in
siliciclastic aquifers. The final study was a drinking-water sup-
ply study in the crystalline-rock aquifer that focused on deeper
wells used for public supply. The well networks did not cover
every possible combination of land use, aquifer type, and well
depth; therefore, conclusions about these studies are mainly
applicable to the specific areas studied. Analysis of water-qual-
ity datafocused on four constituent groups analyzed in nearly
all the studies—nitrate, pesticides, VOCs, and radon.

Nitrate was present in nearly all the samples, but the distri-
bution of concentrations exceeding 10 mg/L was uneven. The
USEPA drinking-water standard of 10 mg/L was exceeded in
60 percent of thewellsin thelsuslusagl study and 30 percent of
thewellsin the Isussus2 study. In all the remaining areas of the
PAS, the 10 mg/L standard was only exceeded in 1 percent of
the wells. The fact that the Isuslusagl study is an agricultural
land-use study in a carbonate-rock aquifer that is vulnerable to
contamination makes this area an anomaly when compared to
therest of the PAS. The vulnerability of aquifersin thelsussus2
study areaisnot likely to be appreciably greater than any other
areas underlain by crystalline-rock aquifers, but this areahad a
nitrogen input that, although smaller than the nitrogen input for
the carbonate-rock aquifer, was nearly double the input of any
of the other areas studied. The factors affecting nitrate concen-
tration as determined by the Kendall’ s tau correlation included
numerous source factors; higher agricultural land use and
nitrate |oad were significantly correlated with higher nitrate
concentrations. The transport factors affecting nitrate concen-
tration included dissolved oxygen concentration, depth to
water, and soil-matrix characteristics. To determine which of
these factors had the most effect on nitrate concentration, alin-
ear regression model and two logistic regression models were
created. The linear regression model determined three statisti-
cally significant variablescontrolling nitrate concentration: the
percentage of agricultural land use, the input of nitrogen from
all sources, and dissolved oxygen. Thelogistic regression mod-
elswere used to test the probability that nitrate concentration
would exceed 4 mg/L. The first logistic regression model
started with all variablesfound to be significant inthe Kendall’ s
tau correlation. This model determined that the percentage of
agricultural land use, theinput of nitrogen from all sources, and
dissolved oxygen were the most significant factorsin determin-
ing nitrate concentration. The second model used only variables
that could be mapped spatially, and this model indicated that a
higher percentage silt, higher total nitrogen load from all
sources, higher percentage agricultural land use, higher percent-
age sand, and lower percentage organic matter were the factors
that had the most influence on nitrate concentration. Although
predictive maps were not made, these factors can be used to
determine those areas where higher nitrate concentrations are
likely to occur.



Datafrom the PASfor pesticide analysisincluded samples
from 253 wellsand 19 springsfor 47 pesticides and degradates.
The most frequently detected pesticides were atrazine, meto-
lachlor, simazine, aachlor, prometon, dieldrin, and the atrazine
degradate, desethyl atrazine,. Data analysis focused on these
seven pesticides and degradates. Some of these frequently
detected pesticides are widely used in the PAS; others, such as
dieldrin, are no longer in use but are persistent in the environ-
ment. Pesticide detections followed a general pattern of appli-
cation and aquifer susceptibility. The largest number of detec-
tions of agricultural herbicides wasin Isuslusagl, which isthe
aquifer type most susceptible to contamination and has the
highest percentage of agricultural land. The largest numbers of
detections of the insecticide dieldrin, which, when in use, was
applied to foundations of structures, were in the two urban
areas, acfblusurl and acfblusur2. Kendall’ stau correl ation tests
comparing concentrations of the most frequently detected pes-
ticidesto various source and transport factorsresulted in numer-
ous significant correlations. Source factors such as the percent-
age of agricultural land around awell (for agricultural
pesticides), application rate of pesticides, and population den-
sity (for urban-use pesticides) typically were correlated to
higher pesticide concentrations. Transport factors such as aqui-
fer susceptibility to contamination, depth to water, and percent-
age of well-drained soils, sand, or silt typically were correlated
with higher pesticide concentrations. L ogistic regression mod-
els were created for each of the six most frequently detected
pesticides. The logistic regression model for atrazine indicated
the percentage of agricultural land use and the application rate
of atrazine were the most significant variables in determining
whether atrazine would be detected. The logistic regression
model for desethy! atrazineindicated those samevariables, plus
percentage sand and percentage silt, were the most significant
factors in determining whether desethyl atrazine would be
detected. The model for metolachlor had four variables that
were significant in determining detections of metolachlor—
application rate, percentage of soilsin hydrologic group A, per-
centage of soilsin hydrologic group B, and percentage silt. The
model for simazine had two significant variables— the percent-
ageof agricultural land use and the percentage sandin soils. The
two significant variablesin the logistic regression model for
alachlor were soil thickness and the percentage of row-crop
land use near the well. Thelogistic regression model for prome-
ton had four significant explanatory variables— apositive rela
tion between detection of prometon and low-density residential
land use near the well, row crop hay and pasture near the well,
and the percentage of well-drained soils near the well, and a
negative relation between detection of prometon the percentage
sand in soils near thewell. The model for dieldrin indicated the
total amount of urban land and the percentage clay were the
most significant factors affecting the detections of dieldrin. The
relation between the detection of dieldrin and the percentage
clay may be because of the persistence of dieldrin in clay but
could aso berelated to macropore fracturing of clay soilsor the
typically higher clay content in the urban areas sampled than the
more rural areas sampled.
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VOCs samples were collected at 206 sitesin the PAS and
analyzed for 59 compounds. A total of 137 VOCs were
detected, and at least one VOC was detected in 79 of the wells.
Because of analytical changes during the study period, arange
of detection limitswas used. To make comparisonsvalid among
these studies, detections were censored to a common limit of
0.2 pg/L. The most commonly detected types of VOCs were
classified as trihalomethanes and solvents. The two most fre-
guently detected V OCswere chloroform, atrihalomethane, and
MTBE, afuel oxygenate. In general, detections of VOCs were
related to residential land use and shallow well depth. Kendall’s
tau correlations comparing VOC concentration to various
explanatory factors indicated an association between chloro-
form concentration and urban land uses, |eaking underground
storage tanks, population density, well depth, and water level.
The probability of detecting at least one VOC in awell was
greater in areas with high popul ation density and a high number
of underground storage tanks. Correlations between MTBE
concentration and explanatory variables indicated significant
relations between MTBE and urban land use, population den-
sity, well depth, and leaking underground storage tanks within
a 3,680-ft radius. Logistic regression models were devel oped
for MTBE and chloroform determining the probability that the
VOC would be detected at a concentration of greater than
0.2 ug/L. The model for MTBE indicated the probability of
detecting MTBE was most significantly related to a higher
number of leaking underground storage tanks and asmaller per-
centage of commercial/industrial/transportation land use near
the well. This model, however, was considered very weak sta-
tistically. The model for determining the presence of chloro-
form indicated the probability of detecting chloroform was
related to population density and the water level in the well.

Radon was also sampled in alarge number of wells. The
concentration of radon wasfound to berelated to lithology. The
gtratification of the PAS into crystalline-rock, carbonate-rock,
and siliciclastic-rock aquifers was not adequate for analysis of
radon. The parts of the crystalline-rock aquifers underlain by
mafic crystalline rocks were analyzed separately for this study.
In general, wells in areas where the bedrock was felsic had
higher radon concentrations. Siliciclastic-rock aquifers were
not further subdivided because nearly al the wells were com-
pleted in areas with shale. Radon concentrations in the silici-
clastic-rock aquiferswere dightly lower than concentrations of
radon in water from thefelsic crystalline rocks. Carbonate-rock
aquiferstended to have radon concentrations slightly lower than
concentrations in the shale and felsic crystalline bedrock aqui-
fers. Water from wellsin mafic crystalline bedrock had the low-
est radon concentrations. Samples from wells completed in
saprolite overlying afelsic crystalline-rock aquifer had higher
radon concentrations than the concentrations in wells in the
mafic crystalline-rock aquifer. Although general patterns were
evident from analysis of the radon data, the range in concentra-
tionsin each of these areas was also large. This variability is
probably because of the fact that, although radon concentration
is directly related to the mineral content of the various rock
types, it isthe variation in the minor amounts of uranium within
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those rocksthat controlsthe actual concentration. Thisvariabil-
ity istypically not known or mapped on a scale useful for pre-

dicting radon. The majority of thewellssampledin thisareahad
radon concentrations between the proposed MCL of 300 pCi/L

and the AMCL of 4,000 pCi/L.

In general, concentrations of nitrate, pesticides, and VOCs
were related to land-use factors. The concentrations of radon
were related to bedrock type and the specific lithology.
Although most of these samples were from domestic supply or
monitor wells and are not subject to drinking-water standards,
theresults of the analyses were compared to the USEPA MCLs.
None of the 47 pesticides or 59 VOCs analyzed exceeded the
MCLs where those constituents were sampled. Nearly
91 percent of the wells sampled exceeded the proposed MCL
for radon, but only 13 percent of those wells exceeded the
AMCL.

Because the well networks were not initially designed for
regional analysis of water quality in the PAS, there are some
limitations in interpretation of the results. A lack of sampling
density in the southern part of the PASisaparticular weakness.
Another issue isthe lack of variation in potential explanatory
variables, such asland use or aquifer type. Additional sampling
representative of specific land-use/aguifer-type combinations
would provide a better opportunity to determine statistical rela
tions between water quality and explanatory variables. Resam-
pling of all constituentsin selected areas to provide consistent
detection limits would enhance the ability to assess the quality
of water in the PAS.
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