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Figure 19. Differences in K in layer 1 between calibrated model and
earlier model run. K values were not changed for approx-
imately 85% of the model grid. K changes are depicted in
terms of recharge potential categories (RPC). Possible
causes for larger changes include errors in the observed
head dataset (Adams et al., 1964; Boggess et al., 1964),
problems with the recharge potential maps used to gener-
ate the starting K distribution, or improper representation
of boundaries representing the Lewes and Rehoboth
Canal and other salt-water marshes and tidal creeks.

horizontal flow over vertical flow in combination with
depths of the well screens and pumping rates. Andreasen and
Smith (1997) also report this phenomenon. A second
approach, that uses 8 x 5 to 10 x 5 rectangular arrays of par-
ticles covering the cells containing pumping wells, also pro-
duces two general types of 5-year TOT areas. However, with
this approach, the size of the area between the 5-year TOT
and the wellhead is smaller than with the first approach. Each
approach results in 5-year TOT areas with similar outer
perimeters.

A number of simulations were run using forward parti-
cle tracking to evaluate if the 5-year TOT areas determined
by our implementation of backward particle tracking are ade-
quate to determine WHPAs. In these simulations particles
were placed at the water table at different distances from the
pumping wells. In some cases the particles were not captured
by the pumping wells and moved to down-gradient constant
head or drain cells, or more than 5 years elapsed before the
particles were captured by the wells. However, some of the
particles released in locations between the wellheads and the
backward tracking determined 5-year TOT areas were cap-
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Table 9. Effects of various no-flow boundaries representing saline

ground water on NRMS.
Adjustments to boundaries NRMS %

No adjustments. 8.5
Addcd constant head cells to layers 2-6. 8.7
Removed all constant head cells from layers 2-5. 8.7
Moved constant head cells to edge of model domain occan 3.7
side in layer 6; removed inactive cells. '

Inactive cells represent Delaware Bay and Atlantic, layers 2-4 8.6
Add inactive cells under L&R Canal, layers 2-4 9.2
Add inactive cells under Rehoboth Bay, layers 2-4 9.2

tured within 5 years by the larger wells owned by Lewes and
Rehoboth Beach. This indicates that some of the water enter-
ing the ground immediately around these wellheads will be
captured by the wells. The results provide evidence of the
complexity of flow paths in the vicinities of pumping wells
and the need for careful assessment of particle-tracking data.

Sensitivity Analysis

Variation of NRMS in response to equal changes of
both K and R are relatively minor compared to variation of
NRMS in response to changes in one parameter (Fig. 23).
This behavior illustrates how a calibrated model is a non-
unique solution to actual ground-water conditions. Figure 24
shows an inverse relationship between the areas of 5-year
TOT capture zones determined by backward particle tracking
and variations in K and R input data. The fact that several
models that produce NRMS values in the acceptable range
(e.g., NRMS < 10 %) simulate different 5-year TOT areas
indicates that results from a single model should not be the
sole criterion for determining WHPAs.

Because development usually reduces the amount of
recharge, incorporation of land cover data into the recharge
input data set is an additional way of testing the sensitivity of
the model to variations of recharge data. As expected, reduc-
ing recharge also increases the size of the 5-year TOT area.

The position of no-flow boundaries representing saline
ground water affects NRMS, but the NRMS values remain
under the 10 percent calibration threshold for all of the tested
configurations (Table 9). The effects of no-flow boundary
locations have little effect on 5-year TOT pathlines (not
shown). This indicates that MODFLOW is an appropriate tool
for modeling WHPAs in this study and that the calibrated
model is not significantly affected by the locations of no-flow
boundaries representing saline water. Implementation of no-
flow boundaries for cells in layers 2 through 4 under the Lewes
and Rehoboth Canal tended to increase the head in cells near
the boundary. One problem area for calibration was in this area
(Fig. 19), indicating that there may be some locations along the
canal where layers 1-4 are saturated with salt water.

The effect of the Manokin formation on modeled
ground-water flow in the Columbia aquifer in the Lewes —
Rehoboth Beach area was tested by adding an additional
active layer to the bottom of the grid and evaluating NRMS
and contour patterns resulting from varying the K value of
the layer. Recall that in the Lewes — Rehoboth Beach area the
top of the Manokin formation is a sequence of silty and
clayey confining beds with scattered, more permeable sandy
beds (Fig. 3). Modeling the Manokin formation as a single
layer relies on the assumption that the hydraulic properties of
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Figure 20. Differences in model predicted heads between layers 1 and 4, 1 and 6, 2 and 4, and 4 and 6. Note the grids are rotated 45°. Type
a refers to topographically high areas. Type b refers to areas of land surrounded by marsh.

the confining beds and movement of water through the con-
fining beds have more influence on ground-water flow than
flow through the underlying sandy beds. NRMS values
exceed the 10 percent calibration threshold at K values equal
to and greater than index 9 (0.000096 m/sec) (Fig. 25), val-
ues that are in the range of aquifer material. These data indi-
cate that modeling the Manokin formation as an inactive
layer does not have a significant effect on this model. This
assumption would not be appropriate for a regional scale
model that simulates conditions where the top of the
Manokin formation does not consist of confining beds. The
assumption also would not be appropriate if significant
amounts of water were pumped from the Manokin aquifer in
the study area in the future.

WHPA Recommendations

WHPA recommendations (Fig. 26) are formulated on
the range of 5-year TOT areas from simulations that incor-
porate uncertainties in aquifer and recharge data (i.e., sensi-
tivity analysis), effects of land cover, and the different types
of particle tracking approaches. The recommended WHPAs
include a 100-m buffer zone outside of the baseline expected
5-year TOT areas and a buffer zone between the wellheads

18

and the 5-year TOT areas. The buffer zones allow a conser-
vative margin of safety that is designed to provide means to
protect the quality of water entering the wells under the full
range of expected conditions.

The total area for all WHPAs in the Lewes and
Rehoboth Beach areas, including the 100-meter buffers, as
determined in this study is 3.69 kmZ2. The total WHPA
encompassing the Lewes wells equals almost 1.39 kmZ2, 0.93
km? in the 5-year TOT areas, and 0.46 km? in the 100-m
buffer. Those around Tidewater Utilities’ wells amount to
0.46 km2, with 0.08 km?2 in the 5-year TOT areas and 0.38
km? in the 100-m buffer. Rehoboth Beach’s wells have a total
protection area of 1.84 km2, with 1.02 km? in the 5-year TOT
areas and 0.82 km? in the 100-m buffer.

The WHPAs do not incorporate potential effects of
changes in pumping on capture zones. WHPA delineations
should be revised when changes to pumping by addition or
removal of wells or pumping rate modifications have been
completed. The existing model will accommodate pumping
rate modifications without significant additional work; how-
ever, addition of new wells may require modifications to the
grid that in turn would necessitate efforts to adjust bound-
aries and recalibrate the model.
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Figure 21. Map of model predicted drawdown. Block Ni51 refers to DGS 1-minute grid identifiers. Block Oi refers to DGS 5-minute grid
identifiers.
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Figure 22. Illustrative example of two types of 5-year time of trav-
el (TOT) areas predicted by model. The 5-year TOT area
includes the wellhead in the first type (type a) but does
not in the second type (type b). Only one type of TOT
area is observed at any one well.
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Figure 23. Plot of normalized root mean squared (NRMS) error
resulting from changes to K and R. Note that NRMS
changes are relatively small when both K and R are
changed within the ranges of expected values, but that
NRMS changes are much larger when only K is
changed. This illustrates that the calibrated model is
not a unique solution to solving ground-water flow
equations.

Figure 24. Plot showing sensitivity of model predicted 5-year
backward time-of-travel (TOT) capture zone areas to
changes of K and R. All of these TOT areas are associ-
ated with normalized root mean squared errors of less
than 10 percent.
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Figure 25. Plot showing sensitivity of NRMS to inclusion of
Manokin formation in the model. These data indicate
that modeling the Manokin formation as an inactive
layer does not have a significant effect on this model.
See text for further discussion.

CONCLUSIONS

The results of steady-state, finite-difference, ground-
water flow simulations with forward and backward particle
tracking were used to identify the 5-year time of travel cap-
ture zones and to delineate wellhead protection areas
(WHPA) for 15 public water-supply wells in the Lewes-
Rehoboth Beach area of Delaware. All wells withdraw water
from the Columbia aquifer. In the study area, the Columbia
aquifer is heterogeneous and stratified so that it behaves as an
unconfined or leaky confined aquifer.

The City of Lewes, the City of Rehoboth Beach, and
Tidewater Utilities, Inc. operate the wells included in the
study. Because the model was operated under steady state
conditions, long-term average pumping rates were used in
the model.

The Visual MODFLOW-based model used for delin-
eating WHPAS consists of 263 rows, 200 columns, and 6 lay-
ers, with hydraulic conductivity and recharge being simulat-
ed as spatially variable. The model represents bodies of sur-
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Figure 26. Map showing recommended WHPAs. The WHPAs include 100-m buffer zones around the outside of the 5-year TOT area and,
for some wells, a buffer zone between the wellheads and the 5-year TOT area.

21



face water with river, drain, constant head, and no-flow
boundary types. The model was calibrated to water levels
observed between 1958 and 1961 in 41 observation wells. A
data set containing water levels needed to perform model val-
idation is not available at this time.

The simulation work included analysis of the sensitivity
of the model to changes in hydraulic conductivity, recharge,
boundary conditions, land cover, number of layers, and initial
particle configuration. The recommended WHPAS incorporate
the variations in 5-year time of travel capture areas observed in
the sensitivity analysis process. As such, the WHPAs are con-
servative in terms of protecting water quality.

The total area for all WHPAs in the Lewes and
Rehoboth Beach areas is 3.69 km2. The WHPA encompass-
ing the Lewes well field is approximately 1.39 km? in size.
The size of the WHPA for Tidewater Utilities” wells is 0.46
km?2. Rehoboth Beach’s WHPA is 1.84 km? in size. The sizes
of the WHPAs are representative of current pumping rates
and do not include potential effects that would be caused by
changing pumping rates.
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Appendix
Conversion factors.
Divide By To obtain
millimeter (mm) 25.4 inch (in)
meter (m) .03048  foot (ft)
kilometer (km) 1.609 mile (mi)

square kilometer (km2)  2.59 square mile (mi2)








