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tlon rates, and (2) delineation of contaminated zones or "targets." 
The results of this and subsequent studies of the EDB network are 
directed toward developing effective strategies to quantify the 
regional distribution of agricultural contaminants in groundwater 
with optimal sampling. 

STUDY AREAS AND DATA BASE 

As of October 1987, the EDB network throughout Florida consisted of 
more than 12,000 wells sampled since 1983 by the Florida Department 
of Health and Rehabilitative Services (HRS) and the Florida Depart­
ment of Environmental Regulation (DER). The detection limit for EDB 
concentration in the groundwater samples was 0,02 fig/1 (micrograms 
per liter). 

Three areas in central and northwest Florida having a high den­
sity of wells tested for EDB were selected for study (Fig. 1 ) . The 
Polk County area included 3,024 wells distributed across 2,770 km2; 
the Highlands County area included 988 wells over 1,040 km2; and the 
Jackson County area included 2,039 wells over 2,125 km2. 

The network within the study areas includes domestic and munici­
pal wells that supply drinking water. Initially, HRS/DER sampled as 
many wells as possible, specifically in areas where EDB had been 
applied. In subsequent sampling, HRS/DER focused on sampling pre­
viously contaminated wells and areas near those wells. By 1987, in 
central Florida (Polk and Highlands Counties) nearly all existing 
wells near areas where EDB had been applied had been sampled at 
least once. In Jackson County, which is a more rural area, most 
domestic wells throughout the county had been sampled. 

CHARACTERIZATION OF EDB CONTAMINATION 

All data from the EDB regional networks correspond to actual ground­
water samples; however, several assumptions were used to simplify 
the characterization of EDB distribution in the study areas. All 
wells that tested positive for EDB one or more times during the 
five-year period of data collection were classed as contaminated for 
this study. Data from all wells in the network were used, regard­
less of well depth or producing aquifer. At the time of this study, 
the extent of contamination was definable in only two dimensions 
(map view) because information on depth of wells in the sampling 
network was not available. To define contaminant targets (later 
discussed), an assumption of areal extent of contamination around 
wells that tested positive for EDB was required. Due to these 
simplifying assumptions, the estimated areal extent of EDB is only 
an approximation of actual field conditions, integrated over five 
years of data collection. 

SYSTEMATIC SAMPLING WITH GRIDS 

Grid-sampling method 

Subgroups of wells were selected by superimposing various sizes of 
grids upon all wells in the original regional network. Square grid 
sizes of 2.6, 13, 26, 52, 91, and 130 km2 were used to select the 
subgroups and the proportion of wells contaminated with EDB was 
determined. For each grid size, the grid was randomly positioned on 
maps of each of three study areas to obtain three replicate sub­
groups of wells. Numerous iterations for each grid size using a 
Monte Carlo approach would more accurately define the probability 
distribution of the grid results; however, such an approach was not 
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Fig. 1 Location of wells in the original regional network showing 
where EDB concentration exceeded the 0.02 /ig/L detection limit. 
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feasible for this study largely because the data were not available 
in digital form. For each subgroup replication, the well located 
closest to the center of each grid cell was selected and noted as 
either EDB detected or not detected. Study areas were outlined to 
include all wells sampled within each county. Along study area 
boundaries, all grid cells that extended at least halfway into the 
study area were included in the analysis. 

Regional detection rates 

The proportion of wells yielding EDB contamination in each grid 
subgroup, termed detection rate or probability of detection in this 
discussion, provides an estimate of the regional probability of 
detecting EDB for the study areas. The probability of detection is 
the probability of sampling contaminated ground water by randomly 
locating a well in the study area, and is an estimate of the propor­
tion of total groundwater that is contaminated. 

Based on data for all wells in the original regional network 
prior to grid sampling, EDB was detected in 23, 18, and 15% of the 
wells in Jackson, Highlands, and Polk Counties, respectively. 
Because the HRS/DER sampling density in and near contaminated areas 
was much higher than in areas where no EDB was detected, these 
detection rates would be expected to be higher than the regional 
detection rate based on uniform areal sampling in each study area. 
Estimates of the regional probability of detecting EDB based on the 
grid subgroups is 8, 4, and 5% for Jackson, Highlands, and Polk 
Counties, respectively, which are about 1/3 of the detection rates 
estimated from the original regional network (Fig. 2) . For some 
grid subgroups, especially those selected using small grid sizes, 
some grid cells contained no wells sampled for EDB or had no wells 
at all. On the basis of the HRS/DER sampling strategy which focused 
on contaminated areas, it is unlikely that wells located in con­
taminated areas were not included in the original network. There­
fore, the grid detection rates shown in Fig. 2 reflect the assump­
tion that there was no EDB contamination in any empty grid cells. 

The estimates of regional detection rates considered to be most 
accurate for each study area are the mean values from the three rep­
lications using the 2.6-km2 grid. The 2.6 km2 grid results corre­
spond to the largest of the grid sample sizes and a uniform areal 
distribution of wells, as opposed to the HRS/DER network having a 
dense well distribution in contaminated areas and sparse well dis­
tribution in noncontaminated areas. In general, the variability 
associated with the three replicate subgroups tends to decrease as 
the grid size decreases (Fig. 2 ) . This is consistent with the con­
fidence limits (Fig. 2) associated with estimates of proportions 
determined by systematic sampling (Scheaffer et al.. 1986). The 75% 
confidence limits in Fig. 2 are based on the mean detection rate for 
the 2.6-km2 grids. 

In the Jackson and the Highlands County study areas, the mean EDB 
detection rate of the subgroups for each grid size tested was within 
3% of the regional detection rate (assumed to be the detection rate 
from the 2.6 km2 grid). All grid estimates for Jackson and 
Highlands Counties are within or near the bounds of the 75% 
confidence intervals. In Polk County, the detection rates for the 
26- and 52-km2 grids are higher than the 75% confidence interval, 
and other grid results tend to be higher than the regional rate. 
The tendency for the estimates to be high in Polk County is possibly 
because of the more widely dispersed contamination in Polk County in 
conjunction with a higher density of wells sampled by HRS/DER in the 
contaminated areas versus noncontaminated areas (Fig. 1 ) . 
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Fig. 2 Regional EDB detection rates based on areally uniform grid 
sampling of wells from the original regional network. Estimated 
regional means and 75% confidence limits are derived from the mean 
detection rate for the 2.6-km2 grid. 

The desired minimum number of wells yielding detectable contami­
nation is an important additional factor to consider for sampling 
design. For example, in Highlands County none of the wells selected 
using the 130 km2 grid showed detectable EDB, and for both the 91-
and 52-km2 grids only a single well yielded detectable EDB in one of 
the replications while the remaining two replications failed to 
yield any detections. For the 26 km2 grid, EDB was detected in only 
one well for two of the three replications; the third replication 
yielded three wells with detectable EDB. In Highlands County, a 
grid size of 26 km2 or smaller was required to select one or more 
contaminated wells in all three replications of grid sampling. Grid 
sizes required to detect EDB contamination in at least one well with 
75% confidence would range from 12 km2 (Highlands County) to 55 km2 
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(Jackson County) based on the lower boundary of the confidence 
limits in Fig. 2. 

The size of the region to be sampled and the extent of contamina­
tion are critical factors in designing the density of grid sampling 
to detect and verify the existence of a contaminant. Relatively 
large uncertainty is associated with existing analytical determina­
tions for many trace organic constituents. Therefore, one detection 
might be considered insignificant in a regional assessment, espe­
cially if numerous water quality constituents are being analyzed in 
the sampling program. Relatively dense grid networks are likely to 
be required to detect contamination with reasonable confidence where 
areal extent of ground-water contamination is less than about 10% of 
a study area. 

TARGET CHARACTERIZATION 

The second objective of the study was to determine the effectiveness 
of grid sampling for locating highly contaminated areas, defined 
here as "targets." Targets were defined as areas of contiguous 
contamination and were estimated using all wells that tested posi­
tive for EDB in the original regional network. Without detailed 
hydrogeologic information near each contaminated well, assumptions 
regarding plume geometry and position were required to define 
targets. A circular plume was selected because groundwater flow 
directions were not known for each well, and a 460-m radius was 
selected on the basis of typical hydraulic properties of the 
aquifers sampled. For reference, the 460-m radius corresponds to 
groundwater travel times ranging from about 1 to 10 years, based on 
typical hydraulic conductivities and gradients of the aquifers used 
for drinking water supply in the study areas (Healy & Hunn, 1984; 
Miller, 1986; Duerr et al.. 1988). By summing the area covered by 
the 460-m radius circles, eliminating duplication where circles 
overlapped, the areal extent of contamination was 8.6, 3.8, and 
4.9%, in Jackson, Highlands, and Polk Counties; nearly identical to 
the regional rates of contamination of 8, 4, and 5%, respectively, 
based on the 2.6 km2 grids. 

The effectiveness of grid sampling for locating targets was 
evaluated based on the percentage of total targets in each study 
area that were identified by one or more EDB-positive wells included 
in each grid subgroup. Median target detection rates from the three 
grid replications are shown in Fig. 3. In all three study areas, 
less than 10% of all targets were identified using the grid sizes 
larger than 13 km2. From 7 to 15% of the targets in the study areas 
were located using the 13-km2 grid. Less than half of all targets 
(32 to 48%) were identified using the smallest grid size of 2.6 km2. 

The ability to detect targets using a systematic sampling 
approach depends on several factors (Gilbert, 1987). The size, 
shape, orientation, and density of targets affect the detection rate 
for a given size of grid. These factors are summarized for the 
study areas in Table 1. The distribution of targets across a study 
area also affects the probability of target detection but this 
influence was not directly evaluated in this study. 

Based on a square grid sampling design, and assuming random 
target orientations and a single size and shape of target, the 
probabilities (Gilbert, 1987) of hitting the median-sized target in 
each study area (see Table 1) for selected grid sizes are: 25% for 
Jackson and Polk Counties, and 45% for Highlands County using the 
2.6-km2 grid; 5 to 9% for the 13-km2 grid; and 1% for the 130-km2 

grid. To be 95% confident of locating the largest target in each 
area, a 3.5-km2 grid density would be required in Highlands, 5.0-km2 
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Fig. 3 Percent of targets in each study area identified by grid 
sampling. 

in Polk, and 5.9-km2 in Jackson. The resulting sample size for 
locating the largest target in each study area with 95% confidence 
would include a total of about 1,211 wells over a combined area of 
5,930 km2. Target detection rates shown in Fig. 3 for the tested 
grid sizes are consistent with the theoretical probabilities for 
locating the median-sized targets in each area, given that the size 
of 50% of the targets is equal to or greater than the median. 

Table 1. Characteristics of EDB targets in each study area 

Study area (county) 
Target characteristic Jackson Highlands Polk 

Target size (sq km) 
Min; Med; Max 

Median ratio of 
minor axis/major axis 

Orientation of noncircular 
targets (meanist.dev.) 
[0°(W) to 180°(E)] 

Mean target density 
(targets per 100 km2) 

Total number of targets 

Targets defined by a 
single well (% of total) 

0.65;.65;6.70 .65 ; 1.19 ; 3.19 .65;.65;5.39 

0.96 

97±51° 

8 

177 

65 

102±56c 

3 

29 

48 

95±45c 

5 

136 

65 
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CONCLUSIONS 

The accuracy of grid estimates of regional detection rates was 
related to the extent of area contaminated, sample size (grid den­
sity) , and, possibly, to the distribution of the targets across the 
area. For a given size of study area, fewer wells (larger grid 
sizes) were needed to correctly estimate detection rates as the 
extent of contamination increased. For the study areas with region­
al detection rates of 5% (Polk County) and 8% (Jackson County), the 
largest grids tested, 130 km2, consistently detected a contaminant 
problem. Where the area contaminated was 4% (Highlands County), the 
26-km2 grid was the largest size to consistently detect EDB in at 
least one selected well. Both the size of study area and the grid 
density, which effectively control total sample size, must be con­
sidered in conjunction with the contamination extent to determine 
confidence limits for estimates of regional detection rates. 

Areally uniform grid sampling was not an efficient method for 
locating targets or highly contaminated areas as defined in this 
study. A better approach for locating targets would be to priori­
tize sampling locations based on factors that cause and control the 
extent of contamination. 
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