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As part of the National Water-Quality Assessment
Program of the U.S. Geological Survey, an assessment of
60 volatile organic compounds (VOCs) in untreated,
ambient groundwater of the conterminous United States
was conducted based on samples collected from 2948 wells
between 1985 and 1995. The samples represent urban
and rural areas and drinking-water and nondrinking-water
wells. A reporting level of 0.2 ug/L was used with the
exception of 1,2-dibromo-3-chloropropane, which had a
reporting level of 1.0 ug/L. Because ambient groundwater
was targeted, areas of known point-source contamination
were excluded from this assessment. VOC concentrations
generally were low; 56% of the concentrations were

less than 1 ug/L. In urban areas, 47% of the sampled wells
had at least one VOC, and 29% had two or more VOCs;
furthermore, U.S. Environmental Protection Agency drinking-
water criteria were exceeded in 6.4% of all sampled
wells and in 2.5% of the sampled drinking-water wells. In
rural areas, 14% of the sampled wells had at least one
VOC; furthermore, drinking-water criteria were exceeded
in 1.5% of all sampled wells and in 1.3% of the sampled
drinking-water wells. Solvent compounds and the fuel
oxygenate methyl tert-butyl ether were among the most
frequently detected VOCs in urban and rural areas. It was
determined that the probability of finding VOCs in untreated
groundwater can be estimated on the basis of a logistic
regression model by using population density as an
explanatory variable. Although there are limitations to this
national scale model, it fit the data from 2354 wells used
for model development and adequately estimated the VOC
presence in samples from 589 wells used for model
validation. Model estimates indicate that 7% (6—9% on
the basis of one standard error) of the ambient groundwater
resources of the United States probably contain at least
one VOC at a reporting level of 0.2 ug/L. Groundwater is used
in these areas by 42 million people (35—50 million based
on one standard error); however, human exposure to VOCs
from this ambient groundwater is uncertain because the
quality of the finished drinking water is generally unknown.

Introduction

Considerable quantities of volatile organic compounds
(VOCs) are produced in the United States, and their use is
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ubiquitous. The production of synthetic organic chemicals
(many of which are VOCs) has increased by more than an
order of magnitude between 1945 and 1985 (1). VOCs are
contained in many manufactured products, including paints,
adhesives, gasoline, and plastics. The U.S. Environmental
Protection Agency (U.S. EPA) Toxics Release Inventory (TRI)
(2) provides information on the release of toxic chemicals
from manufacturing facilities in the United States. These
data show that 10 of the 20 chemicals with the largest releases
to the environment are VOCs and that the total release for
these 10 compounds was almost 500 million kg during 1996
(2). There are other anthropogenic sources of VOCs that are
notincluded in the TRI. For example, the inventory does not
include emissions and evaporation from mobile sources, such
as automobiles, or commercial activities not involved in
manufacturing, such as refueling stations and dry-cleaning
operations. Leaking underground storage tanks are an
important source of groundwater contamination that is not
necessarily included in the TRI; only leaking tanks associated
with large manufacturing facilities are reported.

VOCs can be important environmental contaminants
because many are mobile, persistent, and toxic. The envi-
ronment consists of a complex system of interacting media
(for example, atmosphere, soil, surface water, and ground-
water), and VOCs do not necessarily remain in the medium
where they originate. In certain media, many VOCs can have
a very short half-life of a few hours due to degradation,
whereas in other media they can be very persistentand show
little degradation over a period of years. In most urban areas,
VOCs can contribute substantially to the total cancer risk
associated with toxic air pollutants (3). The U.S. EPA has
established maximum contaminant levels in drinking water
for 27 VOCs because of human health concerns (4).

Between 1975 and 1981, the U.S. EPA conducted several
national surveys to determine the occurrence of VOCs in
finished drinking water obtained from groundwater and
surface water sources (5, 6). The number of groundwater
systems sampled ranged from 16 to almost 1000 for the
different surveys. The minimum reporting levels for many
of the VOCs were greater than 0.2 ug/L. These surveys provide
agood indication of the quality of the water that people were
consuming. However, they did not give a good indication of
the quality of the groundwater resource because VOCs can
be gained or lost during the water treatment and distribution
process. For example, trihalomethanes can form during
chlorination at the treatment plant or in the distribution
system, and some VOC concentrations can decrease during
water treatment processes such as aeration. Furthermore,
finished drinking water can be blended from many wells,
and the quality of the finished water may vary depending on
which wells are being pumped. There have been no prior
national surveys on the occurrence of VOCs in untreated
ambient groundwater.

The purpose of this paper is to provide an assessment of
the occurrence, distribution, and status of VOCs in untreated
ambient groundwater of the conterminous United States on
the basis of samples collected between 1985 and 1995. This
assessment was done as part of the National Water-Quality
Assessment Program (NAWQA) of the U.S. Geological Survey
(USGS). The results of this assessment may differ from future
assessments as more data are collected from different
aquifers; therefore, this paper should be viewed as a progress
report on the assessment of VOCs in groundwater. Ambient
groundwater is defined here as groundwater in areas where
there are no known point sources of contamination prior to
sampling. For example, as of March 1997, there were about
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330 000 confirmed leaks from underground storage tanks in
the United States (7). The contaminated areas associated
with these sites are excluded from this assessment. All VOC
detection frequencies are relative to a reporting level of 0.2
ug/L, with the exception of 1,2-dibromo-3-chloropropane,
which had a reporting level of 1.0 ug/L. A 0.2 ug/L reporting
level was chosen because it is relatively common and provides
the greatest information of low-level concentrations of VOCs
in groundwater. Using a common reporting level facilitates
comparisons between compounds but required the elimina-
tion of some analyses that used higher reporting levels.
Occurrence and distribution pertains to the incidence and
location of VOCs in groundwater and status pertains to VOC
concentrations relative to drinking-water criteria (regulatory
or advisory levels) and taste/odor thresholds. This paper also
provides an estimate of the area affected by VOCs in ambient
groundwater and the number of people using groundwater
in areas where VOCs may be in the untreated ambient
groundwater resource.

Study Methods

Source, Requirements, and Summary of VOC Data. Data
used in this assessment were compiled by the USGS from
studies conducted by the USGS and by local, State, and other
Federal agencies. A detailed study plan for the compilation
of these data has been published (8, 9), and the data have
been summarized (9, 10). When data are aggregated from
various sources, inconsistencies among the sources are a
concern. Therefore, the study plan was written and imple-
mented to minimize differences in network design, data
collection, and laboratory analysis methods used to obtain
the aggregated data.

All the wells in the compiled data set were part of well
networks that were designed to define ambient water quality
in an aquifer or part of an aquifer. If the original network
contained a large number of wells, a subset was randomly
selected to prevent certain areas of the Nation from being
overrepresented, which would bias this national assessment
toward water quality in those areas. The well networks
included in this assessment generally monitored aquifers
used for drinking water. However, some networks monitored
aquifers that were considered potential sources of drinking
water or aquifers that were hydraulically connected to deeper
groundwater used as a source of drinking water. Although
data from known point-source contamination sites were
excluded from the data set, not all VOC concentrations
documented in the data are from nonpoint sources. For
instance, large concentrations of VOCs documented in this
assessment probably originated from point sources that were
not previously identified. Furthermore, low concentrations
could have originated from point sources where VOCs
migrated beyond the limits of the site investigation. Examples
of nonpoint sources of VOCs include stormwater runoff,
precipitation scavenging and gaseous diffusion of VOCs from
the air, and application of fumigants.

Samples from all networks were collected such that the
analyses were representative of the water quality of the
aquifer; samples were collected before contact with pressure
tanks and water treatment and were analyzed by laboratories
certified by the U.S. EPA. The method of analytical analysis
was not always reported; however, for at least 50% of the
data, the method of analysis was similar to U.S. EPA Method
524.2 (11). At least 19 VOCs were analyzed for each sample.
Typically, samples with fewer analytes (<30) included the
more frequently detected compounds; consequently, these
samples did not have fewer VOC detections when compared
to samples with more analytes. There were 59 VOCs analyzed
at the 0.2 ug/L reporting level. One additional VOC, 1,2-
dibromo-3-chloropropane, had a reporting level of 1.0 ug/L
because 97.5% of the 1492 analysis were at 1.0 ug/L. A higher

reporting level was used for this compound even though the
maximum contaminant level for 1,2-dibromo-3-chloropro-
pane is 0.2 ug/L. There were only five detections of 1,2-
dibromo-3-chloropropane; therefore, this compound had
little effect on the overall VOC detection frequency in this
assessment. Furthermore, four of the five samples from wells
with 1,2-dibromo-3-chloropropane detections had other
detectable VOCs at a reporting level of 0.2 ug/L.

A minimum well separation of 1000 m was imposed in
the final data set containing 2948 wells to limit autocorrelation
among samples. Other spacing criteria were tested and are
discussed later. However, using a 1000-m spacing criterion,
50% of the data were sampled for NAWQA; the remaining
wells were sampled by local, State, and other Federal agencies
or programs.

For this VOC assessment, urban and rural areas were
distinguished using only population density; those areas with
population density > 386 people/km?[1000 people/mi?, (12)]
were considered urban, and those areas with <386 people/
km? were considered rural. This distinction allowed urban
areas to be delineated outside of political boundaries. The
number of housing units in an area with a population density
of 386 people/km? varies; however, 0.3 unit/ha (0.7 unit/
acre) is typical for Virginia (12). Areas designated as “high”
population density started at 2000 people/km? (12). There
were five wells used in the assessment for which population
density was unknown. Because these five wells were not
associated with any major urban area, they were assumed
to beinrural areas. For the data summaries presented herein,
there were 2542 wells in rural areas and 406 wells in urban
areas. Among the wells in urban areas, 356 wells were in or
near 38 metropolitan areas, and the remaining 50 wells were
in small urban areas or located outside metropolitan areas.

Figure 1 shows the location of the major productive
aquifers of the United States (modified from ref 13) and the
location of the wells used in this assessment. For many of
the wells, itis not known if the screened intervals were within
these productive aquifers. Nevertheless, even if the wells were
not screened within the productive aquifer, there may be
hydraulic connection to the productive aquifers from where
the wells were screened. Almost all the aquifers represented
by the data are used at least in part for drinking-water supply.
Table Al (in the Supporting Information) summarizes the
location of wells from which data were compiled in relation
to the productive aquifers and to urban and rural areas.

The depth and type of the well and the type of aquifer
(confined/unconfined) were not documented for most of
the data. In fact, for 60% of the wells, depth and well type
is not known; for 92% of the wells, type of aquifer is not
known. Among the wells with depth information, the median
well depth was 40 m, and 75% of the well depths were less
than 90 m. Many types of wells were sampled; for example,
80 urban and 718 rural drinking-water wells, 192 public and
606 domestic wells, and 166 designated monitoring wells.

Development and Validation of Logistic Regression
Model. Logistic regression was used to develop a national
scale model to predict the probability of detecting at least
one VOC in groundwater at a reporting level of 0.2 ug/L.
Detections of the compound 1,2-dibromo-3-chloropropane,
which had a reporting level of 1.0 ug/L, were not included
in the data used for model development or validation. Logistic
regression was chosen because (i) it permits data with a low
frequency of detection to be used and (ii) relations between
groundwater quality and explanatory variables can be
investigated. Explanatory variables tested for inclusion in
this model had to be available on a national scale and would
provide relevant information that may help predict the
presence or absence of VOCs in ambient groundwater.

Factors that affect the transport and fate of VOCs in the
subsurface are well documented; these include source
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EXPLANATION
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FIGURE 1. Location of 2948 sampled wells used in the final data set for this assessment in relation to productive aquifers in the conterminous

United States, [modified from the U.S. Geological Survey (13)].

strength, permeability, porosity, recharge, dispersion, bio-
degradation, and others. These variables could be used in a
model that explains the presence or absence of VOCs in
groundwater; however, accurate estimates of these factors
were not available on a national scale. Nevertheless, various
multivariate models were evaluated using explanatory vari-
ables such as soil permeability, aquifer hydraulic conductivity,
and estimated groundwater recharge. Some of these variables
were statistically significant (p < 0.05); however, following
the model-building strategies outlined by Hosmer and
Lemeshow (14), it was determined that a univariate model
using population density was the best predictive logistic
regression model providing estimates of VOC detections on
anational scale. Ifaccurate estimates were available for some
of the transportvariables, they probably would have improved
the logistic regression model.

Population density can be used to estimate the probability
of detecting VOCs in ambient groundwater. The usefulness
of population density as an explanatory variable has been
documented by others (15, 16). Population data for 1990 are
available from the U.S. Bureau of the Census (17). Population
density was calculated from the census block data by
converting the data to 1-km? grids and then interpolating
the population density for each well. Of the 2948 wells in the
data set, five wells did not have population-density informa-
tion, and 97 had a population density of zero; these 97 wells
are located in large unpopulated areas. Those wells where
population density was undefined could not be used in the
model. The lowest calculated population greater than zero
was 0.001 people/km?. Population densities of zero were
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replaced by 0.001 in the logistic regression model, as the
natural log of zero is undefined.

Wells were divided into subsets—2354 wells for model
calibration and 589 wells for model validation. The data were
divided by assigning a random number between 0 and 1 to
each well and then selecting wells with values greater than
0.8 for the validation data. The validation data were not used
during model calibration and had no effect on the model
results; these data were used only to verify the model. Model
validation is especially important when a model will be used
to estimate future outcomes because the model always
performs optimally using the calibration data (14).

Two diagnostic tests were used to assess the results of the
logistic model. First, the —2 log likelihood statistic can be
used in univariate models to assess if the regression slope
coefficient is significantly different than zero; a slope near
zero indicates that the explanatory variable has little or no
estimation value. The —2 log likelihood statistic has a y?
distribution with an associated probability of significance
(p value) that is based on the degrees of freedom in the model
(a p value less than 0.05 for this statistic was considered
significant).

Second, the Hosmer—Lemeshow goodness-of-fit statistic
(14) was used to assess how the model fit the data. This
statistic was computed by ranking the estimated probabilities
of VOC occurrence for each well and then dividing the data
into 10 groups, each group having about the same number
of wells. Therefore, population densities represented within
each group would depend on the data being tested. The model
probability estimates were then compared to the VOC



detection frequency, as represented by the data, within these
10 groups. The null hypothesis for the Hosmer—Lemeshow
test is that the model fits the data. Therefore, a high p value
would indicate a better model fit. Calculation procedures for
the Hosmer—Lemeshow test were identical for the calibration
data and the validation data, except that the values for the
model coefficients were regarded as fixed constants during
the validation step rather than estimated values during the
calibration step. The Hosmer—Lemeshow test provided a
conservative assessment of how the model fit the calibration
and validation data.

Results

Occurrence and Distribution of VOCs Based on Data
Summaries. Atareporting level of 0.2 ug/L with the exception
of 1,2-dibromo-3-chloropropane, which had a reporting level
of 1.0 ug/L, VOCs were detected in 47% of the sampled wells
in urban areas and 14% of the sampled wells in rural areas.
In urban areas, 36 VOCs had a detection frequency greater
than 1%; in rural areas, only 6 VOCs had detection frequencies
exceeding 1% (Figure 2 and Table A2 in the Supporting
Information). In urban areas, 18 VOCs were not detected; in
rural areas, 16 VOCs were not detected. Of 60 VOCs, only 14
VOCs were not detected in either urban or rural areas.

Many wells had samples with multiple VOC detections
(Figure 3); 29% of the wells in urban areas and 6% in rural
areas had two or more VOCs. The most frequently detected
VOCs in urban areas were MTBE, tetrachloroethene, trichlo-
roethene, and trichloromethane. These four VOCs commonly
co-occur; among wells in urban areas with samples having
at least one of these VOCs, 44% had at least two of the four.
They co-occur because their occurrence is widespread (had
frequencies of detection >10%) not because they are neces-
sarily used together. MTBE is used in gasoline, and the
remaining three VOCs are classified as solvents. However,
trichloromethane can form during chlorination; lawn ir-
rigation, or leaking water mains and sewers then can
introduce this VOC to urban groundwater. Tetrachloroethene
can degrade to trichloroethene, and this may partially explain
why these two VOCs co-occur.

Well type (domestic water supply, public water supply,
monitoring well, etc.) was not defined for 60% of the wells
used in this resource assessment; therefore, no definitive
analysis was performed to determine the affect of well type
onwater quality. There were 606 wells designated as domestic
drinking-water supply, 192 were designated public water
supply, 150 were monitoring, 265 had other designations
(such as irrigation), and the remaining 1735 were undesig-
nated (could be any type of well). Data for this assessment
were compiled to define the water quality of the resource
and not to distinguish the affect of well type on water quality.
However, drinking-water quality often is put in a separate
class than all other type of well data; consequently, a
comparison of the drinking-water data was made with all
other types of wells (monitoring and other types of non-
drinking water wells and undesignated wells). To make this
comparison, wells in similar population density areas were
compared to minimize the effect from land use. In urban
areas, there were limited public and domestic wells (80 total);
however, 41% had a detectable concentration of a VOC. In
rural areas, VOCs were detected in 11% of 718 public and
domestic water supplies. These frequencies of detection are
similar to those calculated for the rest of the wells—49% for
wellsin urban areas, 15% for wells in rural areas. The Pearson
x? test of independence for two-way tables, at the 95%
confidence interval, showed that well designation signifi-
cantly affected VOC detection frequency in rural areas but
not in urban areas.

Although there are large differences in the overall detection
frequencies of VOCs between urban and rural areas, some

surprising similarities were noted. Many of the VOCs detected
in urban areas also were detected in rural areas; there were
only two VOCs unique to urban areas (bromochloromethane
and dibromomethane), and four VOCs were unique to rural
areas (bromomethane, 1,2-dibromoethane, 1,3-dichloro-
propane, and styrene). None of these six compounds was
detected frequently; in fact, the detection frequencies were
about 1% or less. Bromochloromethane is used in the
synthesis of other organic compounds, and dibromomethane
isused as asolvent (Table A2 in the Supporting Information).
Bromomethane and 1,2-dibromoethane are soil fumigants;
1,3-dichloropropane and styrene are used in the synthesis
of other organic compounds (Table A2 in the Supporting
Information).

As can be seen in Figure 4, the types of VOCs detected
were similar in urban and rural areas. To create this figure,
each VOC was classified into one of four categories on the
basis of its use (Table A2 in the Suporting Information): (i)
solvents, organic synthesis (used in production of other
organic compounds), and refrigerants; (ii) gasoline aromatic
hydrocarbons; (3) oxygenates (the only VOC in this category
was methyl tert-butyl ether, MTBE); and (4) fumigants. When
a particular VOC did not clearly belong in a single category,
a dominant category was inferred. VOCs used as solvents
and in organic synthesis were at times difficult to categorize;
therefore, these VOCs were combined with refrigerants into
a single category in Figure 4. The most frequently detected
VOCs were those used as solvents for organic synthesis and
as refrigerants. Fumigants were a small fraction of VOCs
detected in urban and rural areas. MTBE and gasoline
aromatic hydrocarbons combined contributed about equally
to the overall detection of VOCs in urban and rural areas.

Overall, the concentrations of VOCs in untreated ambient
groundwater from urban areas were similar to those detected
in rural areas. The Wilcoxon signed ranks test can be used
to determine whether the median difference between paired
observations equals zero, and the null hypothesis is that this
median is equal to zero. For this comparison, the concentra-
tions of a particular VOC measured in urban areas were paired
with the concentrations measured in rural areas. A paired
comparison of the maximum concentrations detected for
each VOC showed that there was no significant difference in
urban and rural areas (p > 0.05). A paired comparison of the
median concentrations for each VOC showed that there was
a significant difference (p < 0.05) with urban areas having
larger concentrations. Although the median concentrations
were statistically different, the magnitude of this difference
was small; the median difference was only 0.28 ug/L. In
addition, the results of a paired t-test showed that there was
no difference (p > 0.05) in the median concentrations
between urban and rural areas. For both the Wilcoxon test
and the t-test, the median concentrations were based on
measured concentrations, and the “true” median concentra-
tions would fall below 0.2 ug/L because none of the VOCs
had detection frequencies exceeding 50%.

MTBE and some of the VOCs used as solvents were among
the most frequently detected VOCs in urban and rural areas.
MTBE is added to gasoline as a fuel oxygenate or to increase
the octane. In urban areas, there were six VOCs with a
detection frequency 5% or greater (Table A2 in the Supporting
Information). Among these six VOCs, five were solvent alkanes
or alkenes with multiple chlorines. In rural areas, there were
six VOCs with a frequency of detection of 1% or greater.
Among these six VOCs, four were solvent alkanes or alkenes
with multiple chlorines. The presence of chlorine in these
solvents tends to make them less water-soluble, more volatile,
and usually less reactive and more environmentally stable
than nonchlorinated compounds (24).

Occurrence and Distribution of VOCs Based on Univari-
ate Logistic Model. A national scale, univariate, logistic
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FIGURE 2. Detection frequency and concentrations of selected VOCs in sampled wells in urban and rural areas, 1985—1995.
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FIGURE 3. Detection frequency of one or more VOCs in wells located
in urban and rural areas.

regression model was developed to estimate the presence or
absence of VOCs in untreated groundwater based on
population density. The concentrations of VOCs were not
considered in this model. The probability of detecting VOCs
in untreated groundwater (P) from this model can be
calculated from population density (x) according to the
following equation:

e[73.1+0.40 In (x)]

@)

= 14+ e[73.1+0.40 In(x)]

where the exponent (e) is the logistic regression equation
fitted by the final calibrated model. Probabilities were
calculated using a 1-km?-grid overlay of population density
in the United States. Equation 1 is based on areporting level
of 0.2 ug/L; if a different reporting level were used, the
estimated probabilities would differ. Figure 5 shows how
increasing the hypothetical reporting level would affect the
detection frequency of VOCs. From this figure, it can be
calculated that 56% of the detected VOCs were at concentra-

Urban Areas

tions less than 1.0 ug/L; this was calculated by subtracting
the frequency of detection at 0.2 ug/L minus the frequency
of detection at 1.0 ug/L divided by the frequency of detection
at 0.2 ug/L.

Figure Al in the Supporting Information shows that,
throughout the range of population density, the final model
fitthe (a) calibration data and (b) validation data. Probabilities
begin to increase substantially for population densities greater
than 20 people/km?. Even when only those wells with
population densities greater than 20 people/km? were
evaluated (1436 wells) separately, aquifer hydraulic con-
ductivity and groundwater recharge were not statistically
significant explanatory variables. Soil permeability is sig-
nificant explanatory variable (p < 0.001) among these wells,
but the slope coefficient for this parameter is 0.09, which is
very close to 0. As more data become available, other
explanatory variables will be investigated. Nevertheless,
population density among the 1436 wells was still a very
good explanatory variable, and the model fit the data
(Hosmer—Lemeshow test p =0.78). Additional model analysis
also showed that a 1000-m minimum well-spacing criterion
provided the optimum well spacing while preserving the
maximum number of wells in the data set; increasing the
well-spacing criteria to 1500 m resulted in the deletion of
some wells from the data set (Table 1). The parameter
estimate of the In(population density), standard error, and
—2 log likelihood did not change drastically by using the
three different well-spacing criteria (Table 1); furthermore,
the best Hosmer—Lemeshow statistic (p = 0.47) was calcu-
lated by using 1000-m well spacing.

At a national scale, the model fit the calibration and
validation data; however, model results may not always
accurately reflect actual VOC presence or absence at a local
scale. Table 1 shows that the coefficients for population
density were significantly different than zero (p < 0.001),
and the p value for the Hosmer—Lemeshow test indicates
that the model fits both the calibration data (p = 0.31) and
the validation data (p = 0.43). However, the model did not
distinguish between aquifers but rather assumed a single

Rural Areas

EXPLANATION
‘:’ Solvents, Organic Synthesis, and Refrigerants
- Gasoline Aromatic Hydrocarbons

D Oxygenates
CI Fumigants

FIGURE 4. Percent detection of selected classes of VOCs in urban and rural areas.
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TABLE 1. Diagnostics for Selected Logistic Regression Models

slope of population density (In)

goodness-of-fit

well-
spacing  no.
criteria  of
purpose of model (m) wells estimate
(1) final calibrated model (excludes 1000 2354 0.40
data for model validation)

(2) model validation 1000 589
(3) test well-spacing criteria 500 3145 0.40
(4) test well-spacing criteria 1000 2942 0.41
(5) test well-spacing criteria 1500 2768 0.43

intercept

—2 log Hosmer—
standard likelihood standard Lemeshow (14)
error value p-value estimate  error p-value
0.027 262 <0.001 —3.05 0.132 0.31
0.43
0.023 361 <0.001 —3.00 0.113 0.18
0.025 340 <0.001 —3.05 0.117 0.47
0.026 322 <0.001 -—-3.10 0.122 0.24
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FIGURE 5. Comparison of VOCs detection frequency with different
reporting levels for final data used in this assessment.

contiguous aquifer for the nation. Consequently, a sample
from a well was assumed to be representative of all
groundwater at a location even where multiple aquifers are
present. Given these assumptions, the limitation and uses
of this national scale model are discussed in a later section
of this paper.

Estimates of Area Affected and Number of People Using
Groundwater in These Areas. Defining the extent of VOC
occurrence is basic to any assessment, but its presence in
groundwater is most consequential in aquifers used for
drinking water. However, the number of people using
groundwater where VOCs may be present in the ambient
groundwater resource may not necessarily reflect actual
exposure to VOCs in the finished drinking water for at least
three reasons. First, VOCs in finished drinking water may be
affected by the well depth, well type, land-use practices
around the well, pumping rates, etc. Second, the reporting
levels of VOCs in compliance data of finished drinking water
may be greater than 0.2 ug/L. Third, VOCs such as the
trihalomethanes can be introduced into the finished drinking
water as a disinfection byproduct. Currently, the USGS is
working with other agencies to measure, summarize, and
define VOCs in the source water and finished drinking-water
supplies of the United States.

Estimates of the area affected and number of people using
groundwater in these areas were calculated using two
methods and scales of analysis; therefore, a comparison of
the results provides corroboration. The first method of
analysis used information compiled from 1-km? grids,
including (i) population density, (ii) probabilities of detecting
at least one VOC obtained through the logistic model, and
(iii) groundwater-use information. This method provided the
most detailed estimates that probably are more accurate than

those derived from the second method. The second method
of analysis used information compiled at a national scale,
including (i) the average frequency of detection of VOCs in
urban and rural areas, (ii) the size of urban and rural areas,
and (iii) the percentage of people dependent on groundwater
in urban and rural areas.

By use of the first method of analysis (information
compiled from 1-km? grids), it was estimated that 7% of the
area of the United States has ambient groundwater that
contains at least one VOC at a concentration of >0.2 ug/L.
By use of one standard error associated with logistic
regression, the interval for the percentage of area ranges
from about 6 to 9%. The area potentially with VOCs in
untreated ambient groundwater is the product of the area
of a grid cell (1 km?) and the probability of detecting a VOC.
The sum of these areas divided by the total area in the Nation
yields an estimate of the percentage of the area with VOCs
in untreated ambient groundwater.

On the basis of this first method of analysis, it was
estimated that 42 million people may use groundwater in
areas where the untreated ambient groundwater resource
contains at least one VOC at a concentration 0.2 ug/L. This
number is calculated as the product of the probability of
detectinga VOC and the number of people using groundwater
in an area; the number of people using groundwater from
public or domestic water supplies is available at a county
scale for 1995 (25), and these data were reduced to a 1-km?
grid. By using one standard error associated with the logistic
regression, the total number of people potentially using
groundwater in these areas ranges from 35 to 50 million,
with about 75% of the people living in urban areas; an
estimated 32 million people in urban areas and 10 million
people in rural areas use groundwater in areas where the
ambient groundwater resource contains at least one VOC.
These estimates are based on the assumption that the used
groundwater resource lies beneath the area where people
live; that is, groundwater is not piped in from some distance.
Thus, these national scale estimates have definite limitations
at the local scale.

The second method of analysis (information compiled at
the national scale) indicated that 15% of the area of the
contiguous United States has VOCs in the untreated ground-
water resource, with 35 million people living in urban areas
and 9 million in rural areas. Thus, the estimated area that
has VOCs in untreated groundwater as determined by the
second method of analysis was about twice as large as the
method based on information compiled at a 1-km? grid;
however, the number of people using groundwater in these
areas was similar using either method. The second method
of analysis was based on the following assumptions, infor-
mation, and calculations. It was assumed that that the 406
wellsin urban areas and 2542 wells in rural areas had sufficient
spatial distribution to provide an assessment of VOC presence
in these two areas on a national scale. The area affected was
calculated by taking the product of the area and the frequency
of detection of VOCs for urban and rural areas. VOCs were
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TABLE 2. Frequency of Sampled Wells That Exceeded Drinking-Water Criteria and Taste or Odor Thresholds for VOCs

well location well type
urban areas all wells

drinking water wells (public and domestic)
rural areas all wells

drinking water wells (public and domestic)
all areas domestic wells

public supply wells

% of sampled wells that % of sampled wells that

no. of exceeded at least one exceeded taste or odor? or
wells drinking-water criterion? drinking-water criterion
406 6.4 7.6
80 2.5 25
2542 15 1.9
718 1.3 1.4
606 15 15
192 2.1 3.1

2 Drinking-water criteria are listed in Table A2 in the Supporting Information. ? Only considered if the taste or odor threshold was less than the
health criteria or if there were no health criteria. References and concentrations for taste or odor thresholds are listed in Table A2 in the Supporting

Information.

detected in samples from 47% of the wells in urban areas
and 14% of the wells in rural areas. On the basis of 1990
population density, there were 121 000 km? of urban land
(=386 people/km?) and 7 731 000 km? of rural land (<386
people/km?) in the United States. The number of people
potentially using groundwater where VOCs may be present
in the groundwater resource was calculated by taking the
product of the frequency of detection of VOCs, population,
and the percentage of population dependent on groundwater.
In 1990, the urban population was 187 million, and the rural
population was 62 million (26). The urban population was
40% dependent on groundwater, whereas the rural popula-
tion was nearly 100% dependent on groundwater (27).

Status of VOCs in Groundwater. Concentrations of VOCs
among all sampled wells were compared with (i) drinking-
water criteria established by the U.S. EPA (Figure 2) or (ii)
the lowest published taste or odor thresholds if the thresholds
were lower than the drinking-water criteria or if there were
no drinking-water criteria (Table A2 in the Supporting
Information). This comparison provides a measure of the
overall quality of the untreated groundwater resource. There
were three different drinking-water criteria considered (Table
A2 in the Supporting Information), but only one was selected
for each VOC. Preference was given for drinking-water criteria
in the following order: (i) the maximum contaminant level
(MCL), (i) health advisory (HA) level, and (iii) the risk-specific
dose (RSD5). RSD5 is associated with a risk of one additional
person in 100 000 contracting cancer over a 70-year life span
(4). In using this selection scheme, none of the VOC
concentrations were compared to a RSD5 (Figure 2) because
VOCs with a RSD5 also had either a MCL or a HA. VOC
concentrations also were compared to taste or odor thres-
holds because groundwater can also be unusable because of
aesthetic qualities; therefore, taste or odor thresholds were
considered only if these thresholds were lower than the
drinking-water criteria or if there were no drinking-water
criteriafor the VOC. Actual values for taste or odor thresholds
will vary depending on the individuals tested, design of the
test, and matrix water. There are odor thresholds lower than
20 ug/L for MTBE in the literature (28), but 20 «g/L (19) was
used because the U.S. EPA has established a 20—40 ug/L
taste or odor advisory for MTBE (29).

The concentrations of VOCs in sampled drinking-water
wells also were compared with drinking-water criteria and
taste or odor thresholds. Almost all samples in the data set
have relevance to drinking water because this assessment
was designed to investigate the groundwater resource that
is used as a source of drinking water, has the potential to be
used as a source of drinking water, or is hydraulically
connected to a used aquifer. Nevertheless, the quality of water
being consumed is of special interest to some; therefore,
drinking-water wells were considered separately.

Among all wells, untreated groundwater in urban areas
was four times more likely to exceed a drinking-water criterion
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than untreated groundwater in rural areas (Table 2). Taste
or odor thresholds did not substantially increase the per-
centage of wells that would be unsuitable for consumption
beyond those already not meeting health criterion. An
exception may be observed among all wells in urban areas
and public supply wells where an additional 1% of the wells
exceeded taste or odor thresholds but met all drinking-water
criteria (Table 2). Drinking-water criteria were exceeded in
samples from 6.4% of all sampled wells in urban areas and
2.5% of the wells in urban areas used as a source of drinking
water (Table 2). This compares with 1.5% of the wells in rural
areas and 1.3% of wells in rural areas used as a source of
drinking water. VOCs that were detected in more than 10%
of the wells sampled in urban areas were also those that
frequently exceeded drinking-water criteria.

Limitations and Use of Assessment and Model

Studies designed to investigate the presence of VOCs in
groundwater associated with a specific land use in a particular
area of the United States may have different results than this
resource assessment. Data for this assessment were compiled
from numerous studies with various objectives and scopes;
therefore, the wells were located in a variety of urban and
rural land-use areas. Studies with a more narrow scope may
have different results because of the proximity to potential
sources of contamination or differences in the hydrogeologic
conditions.

This statistical summary of the monitoring data is a valid
assessment of VOCs in untreated ambient groundwater in
the conterminous United States only to the degree that the
datarepresentan unbiased random sampling of groundwater
in the conterminous United States. An assessment of the
presence of VOCs requires data from representative, or
preferably, all parts of the United States. Although there are
2948 wells in the data set, these wells were not spatially
distributed throughout the entire United States; furthermore,
the wellswere not equally distributed even within areas where
data exist (Figure 1).

Figure 6 shows the probability of detecting a VOC in
groundwater based on the logistic regression model; however,
probabilities are only shown where more than 5 people/km?
use groundwater as a water supply. Areas with 5 or less
people/km? using groundwater generally are rural areas, but
there are urban areas where groundwater is not used as a
water supply. The areas where probabilities are shown are
believed to be most relevant because they encompass (i)
82% of all people in the United States, (ii) 95% of all people
dependent on groundwater, and (iii) 99% of people that use
groundwater in areas that the ambient groundwater resource
probably contains a VOC. This national assessment may not
always accurately portray the presence of VOCs on the local
scale. Nevertheless, it does provide a national assessment of
where VOCs are likely to be found and where they may be
problematic based on water-use information. For example,
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FIGURE 6. Probability of detecting a VOC in ambient untreated groundwater in areas where more than 5 people/km? use groundwater.

Probabilities were calculated using eq 1.

people in the eastern half of the United States are more likely
to use groundwater in areas where the ambient groundwater
resource contains a VOC than those in the western half of
the United States. People living in the populated areas of the
Northeast and West Coast also are more likely to use
groundwater where the ambient groundwater resource
contains a VOC.

Although this assessment contained a limited number of
known drinking-water wells, it has considerable relevance
to drinking water. To establish the relevance for urban areas,
data from 406 wells in urban areas were compared to the
U.S. EPAfinished drinking-water assessment of 186 randomly
selected water supplies serving more than 10 000 people (5).
Although the population densities surrounding the wells
sampled by the U.S. EPA are unknown, they probably are
urban because the wells served more than 10 000 people.
The well types for the 406 wells in urban areas were 15%
public, 5% domestic, 7% monitoring, 5% other, and 68%
unknown. Trihalomethanes were excluded from this com-
parison because they can be formed during chlorination.
Overall, 22 VOCs were detected in at least one assessment.
The detection frequencies of these VOCs are compared in
Figure 7 by using the higher reporting level in the U.S. EPA
data (5). An analysis of the paired detection frequencies for
the 22 VOCs using the Wilcoxon signed-ranks test indicated
that detection frequencies were not significantly higher in
one data set versus the other. However, as indicated in Figure
7, the chemicals most frequently detected in the urban wells
evaluated in the study (those indicated by name in Figure
7) do tend to be detected at slightly lower rates in the U.S.
EPA finished drinking-water data (except for trichloroethene).
The similarity of the U.S. EPA finished drinking-water survey
and the data collected from urban wells in this assessment
indicate that data in this resource assessment have drinking-
water relevance even if the wells were not all designated as
drinking-water wells.

This assessment provides information on detection
frequencies of specific VOCs and the ranges of concentrations
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FIGURE 7. Comparison of the detection frequencies of VOCs common
to U.S. EPA’s finished drinking-water survey of large community
water supplies using groundwater (5) and samples from wells in
urban areas used in this assessment.

detected, and both of these factors need to be considered
when evaluating potential effects of a VOC on the ground-
water resource. Concentrations that exceed drinking-water
criteria are of immediate concern. Large concentrations
associated with point-source contamination were infrequent
in this assessment, but this is not surprising because known
point-source contamination sites were specifically excluded.
Concentrations of VOCs less than drinking-water criteriaare
also important. These data might be critical, for example, in
the event that drinking-water criteriawould be lowered. This
possibility is particularly important for VOCs that have criteria
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based on limited information. Furthermore, low concentra-
tions of a VOC can mean two things about the source of
contamination: (i) the nonpoint source of contamination
produces only a small concentration, or (ii) the sampling
point is some distance from point sources and source
concentrations are much larger than what was detected.

Implications of Findings for Protecting and Managing
the Groundwater Resource

Most of the detected VOC concentrations were less than
current drinking-water criteria; however, this should not be
seen as a definitive appraisal of the health risks for several
reasons. Drinking-water criteria are based on current toxicity
information, and as new information becomes available,
these criteria may be revised downward. Drinking-water
criteriaalso are based on the effects of individual compounds.
The criteria do not, for example, consider the co-occurrence
of VOCs or the co-occurrence of VOCs with other potential
contaminants, such as pesticides or nitrate; however, co-
occurring VOCs are common. This assessment indicates that
samples from 29% of the wells in urban areas had two or
more VOCs, and in rural areas, 6% of the wells had two or
more VOCs. Finally, there were 14 VOCs that were detected
that presently lack drinking-water criteria.

Because health criteria may change, prevention of VOC
contamination that is based on a solid understanding of the
sources and transport of these compounds may be preferable
to remediation or treatment, which can be difficult and
expensive. The frequent detection of VOCs in some aquifers
is a clear indication that these aquifers are susceptible to
anthropogenic sources of contamination. If an aquifer is
currently used or is a likely future source of drinking water,
then initiation of activities to proactively protect the water
quality of the aquifer would seem prudent. This protection
is also desirable when one considers the uncertainty of
appropriate drinking-water criteria and potential health
effects of co-occurring contaminants. Monitoring ground-
water quality on a regular basis at low reporting levels can
provide an indication of potential contaminant concentra-
tions before it becomes a serious problem.

In urban areas where groundwater is used as a water
supply, there is a large probability of detecting VOCs in the
ambient untreated groundwater. Only 40% of the urban
population are dependent on groundwater as a water supply;
however, most people using groundwater in areas of the
United States where the ambient groundwater contains a
VOC live in large urban areas. In fact, 70% of these people
live in metropolitan areas with populations greater than
250 000. Protection of the groundwater resource underlying
large urban areas that use groundwater as a water supply
may be difficult but could substantially reduce the number
of people using an ambient groundwater resource with a
VOC. Research is needed on the sources, transport, and fate
of VOCs in large metropolitan areas. Once the sources have
been identified, they can be dealt with accordingly. However,
the hydrology in many urban areas is poorly understood.
For example, very little is known about groundwater recharge
through the extensively disturbed unsaturated zone in urban
areas. The effect of roads, sewers, managed lawns, and
commercial areas on the groundwater is also poorly docu-
mented. The need for research will continue to increase in
the future as the urban population continues to grow. Finally,
the similarities between the types and concentrations of VOCs
detected in urban and rural areas would seem to indicate
that the results of urban investigations would have some
transfer value to rural areas.

Large-scale groundwater monitoring networks, which are
designed to assess the presence of VOCs, need to consider
stratifying sample locations that are based on population
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density. Simple random selection is the basis for most
sampling schemes in use today in which wells are selected
atrandom within astudy area. When simple random selection
is used, no prior knowledge of the groundwater system is
used and every area has an equal and known chance of being
selected. However, stratified random selection makes use of
prior information by dividing the target study area into
smaller areas that are likely to be more homogeneous than
the area as awhole (30). Population density has been shown
to be a significant explanatory variable for the presence of
VOCs. Therefore, this variable in conjunction with other
variables could be used on a national, regional, or state level
to delineate areas where VOC occurrenceis likely to be similar.
Other stratification layers could include variables, such as
type of aquifer, depth to water, well depth, depth to well
screen, and recharge rate. Once these layers are identified,
wells are located randomly within these smaller areas.
Stratified random selection can produce large gains in the
precision of the sample estimates over simple random
selection (31).

Supporting Information Available

One table summarizes the location of sampled wells in
relation to productive aquifers and land-use setting; another
table lists by land-use setting the primary use of each VOC,
detection frequency and concentrations, drinking-water
criteria, and taste or odor thresholds; one figure shows a
comparison of model probability estimates of detecting VOCs
with calibration and validation data (6 pages). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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