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the combined City Plan and County Plan 1 simulation. However,
the distribution of County pumpage is different in each of
the simulations. Figures 33, 34, and 35 show the drawdown
maps for Jan. 1, 1980; Jan. 1, 1985; and Jan. 1, 2000,
respectively. By 1980 (Figure 33) water-level declines of
40 ft ( 12 m) below the 1975 level in the center of the
Dover cone are predicted. By 1985 (Figure 34) and 2000
(Figure 35) water-level declines of a maximum of 80 ft (24 m)
and 190 ft (58 m) below the 1975 level are predicted. Com­
parison with predictions using the combined City Plan and
County Plan 1 (Figures 30, 31, and 32) illustrates that: the
early transient results (Figures 30 and 33) for both develop­
ment proposals may appear somewhat similar, but as the simu­
lation proceeds, the resulting drawdowns (Figures 31 and 34,
32 and 35) will become markedly different owing to differences
in the distribution of pumpage.

Figures 36, 37, and 38 show hydrographs that were gener­
ated by the transient simulations for three long-term observa­
tion wells in Delaware. At the White Oak Road, City of Dover
observation well Id55-l (Figure 37), the predicted water
levels, based on combined City Plan and County Plan 2 pumpage
estimates had declined to within 21 ft (6 m) of the top of
the aquifer by 2000. Also, the hydrographs, based on the two
County plans, the combined City Plan and County Plan 1, and
the combined City Plan and County Plan 2, showed significant
declines. At the Dover Air Force Base observation well,
Je32-4 (Figure 36), similar declines were predicted late in
the simulation period. Because these hydfographs represent
static water levels, expected pumping levels in production
wells will be significantly lower. The hydrographs repre­
senting the combined City and County plans indicate that
pumping levels in production wells near these two observation
wells in the center of the Dover cone will probably fall below
the top of the aquifer sometime in the latter part of the
simulation.

The drawdown map shown in Figure 39 resulted from a
simulation identical to the one shown in Figure 23, except
that the heads in the overlying Cheswold aquifer were uniformly
reduced by 11 ft (3 m). These comparison runs were made to
illustrate the sensitivity of the model to the often unrealis­
tic assumption that heads in the overlying aquifer remain con­
stant throughout a simulation. The results of these simula­
tions (Figures 23 and 39) indicate that during transient condi­
tions an 11 ft (3 m) reduction in head in the Cheswold aquifer
results in Piney Point aquifer heads that are reduced a maxi­
mum of 11 ft (3 m). This is also illustrated by the hydro­
graphs in Figures 36, 37, and 38. An additional steady-state
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simulation was made using the same pumpage as that used for
Figure 21, except that the heads in the Cheswold aquifer were
areally reduced 11 ft (3 m). A comparison of this run with
Figure 21 showed that when steady-state conditions are reached
the 11 ft (3 m) reduction in the source bed (Cheswold aquifer)
produces an identical 11 ft (3 m) reduction in the potentio­
metric surface of the Piney Point aquifer. Thus, the maximum
error in predicted aquifer heads caused by not allowing heads
in the source bed to change during a simulation is equivalent
to the head change in the source bed itself.

Model Limitations

Major limitations of a two-dimensional model of an aquifer
in a multi-aquifer sequence are the assumptions that must be
made concerning heads and development in underlying and over­
lying aquifers. These assumptions will affect the model
predictions.

In developing the Piney Point aquifer model, it was
assumed that the base of the aquifer could be considered a
no-flow boundary, and that the Cheswold aquifer represented
an overlying constant-head boundary. In order to treat the
Cheswold aquifer as a constant-head boundary, it was necessary
to assume that the Cheswold aquifer is in steady-state equili­
brium, and that pumping from the Cheswold aquifer will not
change during the prediction period. An additional assump­
tion is that heads in the Cheswold do not respond to changes
of head in the Piney Point. These assumptions limit the
credibility of the model predictions. In an effort to improve
the model predictions, additional runs (Figure 39) were made
with the Cheswold aquifer head uniformly reduced 11 ft (3 m) •
Although the amount that Cheswold heads were reduced was
arbitrarily chosen, the resulting predictions indicate the
possible magnitude of variation in Piney Point aquifer heads
introduced by changes in Cheswold head.

A more accurate representation of the Piney Point aquifer
would require a three-dimensional model of the multi-aquifer
system in which the heads, withdrawals, and hydraulic para­
meters of all the interactive aquifers are included. This type
of model is currently (1978) being developed and will include
the Magothy, Piney Point, Cheswold, and unconfined aquifers.
Predictions based on the three-dimensional model will be more
accurate because the true interactive nature of the aquifer
system can be simulated.
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SUMMARY

The calibrated model of the Piney Point aquifer can be
used to evaluate the aquifer's capabilities of meeting pro­
posed ground-water withdrawals in Kent count¥. Although the
modeled area consists of 3,150 mi 2 (8,360 km ) of the
Delmarva Peninsula and includes the major pumping centers of
Dover, Delaware and Cambridge, Maryland, the model is con­
sidered calibrated and useful for predictive purposes in most
of the Kent County area.

The calibration period began with a January 1970 potenti­
ometric surface. Simulation of 5 years of pumping produced
drawdowns for January 1975. Calibration of the model con­
sisted of matching drawdown values at each node in the model
with a head change map based on field measurements. The mean
error and standard deviation between the simulated and field
surfaces in the study area is 0.7 ft (0.2 m) and ±2.2 ft
(±0.7 m) respectively. In general, there is good agreement
between observed and simulated hydrographs for three observa-
wion wells.

The calibrated model was used to predict changes in the
potentiometric surface of the aquifer, as it responded both
to changes in the distribution of pumpage and to assumed
increases in pumpage to the year 2000.

The model showed:

(1) Under the present (1975) pumpage of 2.68 Mgal/d
(10,140 m /d), water levels would stabilize at about
12 ft (4 m) below the 1975 level near the center of
the Dover cone, leaving approximately 163 ft (50 m)
of available drawdown to the top of the aquifer in
the Dover area.

(2) Static water levels resulting from combined City and
County withdrawal plans would decline to within 20
to 30 ft (6 to 9 m) of the top of the aquifer in
Dover by 2000. Pumping levels in wells located in
Dover will probably decline below the top of the
aquifer.

(3) By spreading the increased development of the aquifer
southwest of Dover, a pumpage of 5.5 Mgal/d (30,820
m /d) would result in the stabilized minimum water
levels of 50 to 60 ft (15 to 18 m) below the 1975
level at Dover. About 125 ft (38 m) of available
drawdown would remain to the top of the aquifer at
Dover and slightly less updip. In contrast,
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concentrating the development of 5.5 Mga1/d (20,820
m /d) nearer Dover results in a stabilized water
level near Dover of 60 to 70 ft (18 to 21 m) below
the 1975 level.

76



REFERENCES

Appel, C. A. and Bredehoeft, J. D., 1976, Status of ground­
water modeling in the U. S. Geological Survey: U. S.
Geol. Survey Circ. 737, 9 p.

Bennett, G. D., 1976, Introduction to ground-water hydraulics,
a programed text for self-instruction: U. S. Geol. Survey

Tech. Water-Resources Invest., Book 3, Chap. B2, 172 p.

Bredehoeft, J. D., and Pinder, G. F., 1970, Digital analysis
of areal flow in multiaquifer ground-water systems: a
quasi three-dimensional model: Water Resources Research
v. 6, no. 3, p. 883-888.

Brown, P. M., Miller, J. A., and Swain, F. M., 1972, Structural
and stratigraphic framework and spatial distribution of
permeability of the Atlantic Coastal Plain, North Carolina
to New York: U. S. Geol. Survey Prof. Paper 796, 79 p.

Brown, R. H., 1963, Estimating the transmissibility of an
artesian aquifer from the specific capacity of a well,
in Bentall, Ray, Compiler, Methods of determining per­
meability, transmissibility, and drawdown: U. S. Geol.
Survey Water-Supply Paper 1536-1, p. 336-338.

Cushing, E. M., Kantrowitz, I. H., and Taylor, K. R., 1973,
Water resources of the Delmarva Peninsula: U. S. Geol.
Survey Prof. Paper 822, 58 p.

Johnston, R. H., and Leahy, P. P., 1977, Combined use of dig­
ital aquifer models and field base-flow data to identify
recharge-leakage areas of artesian aquifers: U. S.
Geol. Survey Jour. of Research, v. 5, p. 491-496.

Jordan, R. R., 1962, Stratigraphy of the sedimentary rocks in
Delaware: Delaware Geol. Survey Bull. 9, 51 p.

Leahy, P. P., 1976, Hydraulic characteristics of the Piney
Point aquifer and overlying confining bed near Dover,
Delaware: Delaware Geol. Survey Rpt. of Invest. No. 26,
24 p.

Lohman, S. W., 1972, Ground-water hydraulics: U. S. Geol.
Survey Prof. Paper 708, 70 p.

Lohman, S. W., and others, 1972, Definitions of selected ground­
water terms-revisions and conceptual refinements: U. S.
Geol. Survey Water-Supply Paper 1988, 21 p.

77



Mack, F. K., Webb, W. E., and Gardner, R. A., 1971, Water
resources of Dorchester and Talbot counties, Maryland:
Maryland Geol. Survey Rpt. of Invest. No. 17, 107 p.

Nemickas, Bronius, and Carswell, L. D., 1976, Stratigraphic
and hydrologic relationship of the Piney Point aquifer
and the Alloway Clay member of the Kirkwood Formation
in New Jersey: U. S. Geol. Survey Jour. of Research,
v 4, p. 1-7.

Otton, E. G., 1955, Ground-water resources of the southern
Maryland Coastal Plain: Maryland Dept. of Geology,
Mines and Water Resources Bull. 15, 347 p.

Pinder, G. F., 1970, A digital model for aquifer evaluation:
U. S. Geol. Survey Tech. Water-Resources Investigations,
Book 7, Chap. Cl, 18 p.

Pinder, G.F., and Bredehoeft, J. D., 1968, Application of a
digital computer for aquifer evaluation: Water Resources
Research, v. 4, no. 5, p. 1069-1093.

Prickett, T. A., and Lonnquist, C. G., 1971, Selected digital
computer techniques for ground water resource evaluation:
Illinois State Water Survey Bull. 55, 62 p.

Rasmussen, W. C., Grott, J. J., and Depman, A. G., 1958, High­
capacity test well developed at the Air Force Base, Dover
Delaware: Delaware Geol. Survey Rpt. of Invest. No.2,
36 p.

Rasmussen, W. C., and Slaughter, T. H., 1957, The ground­
water resources of Caroline, Dorchester, and Talbot
counties: Maryland Dept. of Geology, Mines, and Water­
Resources Bull. 18, 465 p.

Remson, Irwin, Hornberger, G. M., and Molz, F. J., 1971,
Numerical methods in subsurface hydrology: New York,
Wiley-Interscience, 389 p.

Sundstrom, R. W., and Pickett, T. E., 1968, The availability
of ground water in Kent County, Delaware, with special
reference to the Dover area: Water Resources Center,
Univ. of Delaware, 123 p.

78



Talley, H. J., 1975, Cretaceous and Tertiary section, deep
test well, Greenwood, Delaware: Delaware Geol. Survey
Rpt. of Invest. No. 23, 51 p.

Trescott, P. C., 1973, Iterative digital model for aquifer
evaluation: u. S. Geol. Survey Open-File Rpt., 63 p.

Trescott, P. C., Pinder, G. F., and Larson, S. P., 1976,
Finite-difference model for aquifer simulation in two
dimensions with results of numerical experiments:
u. S. G~ol. Survey Tech. Water-Resources Investigations,
Book 7, Chap. Cl, 116 p.

Von Rosenberg, D. V., 1969, Methods for the numerical solution
of partial differential equations: New York, American
Elsevier Pub. Co., 128 p.

79



APPENDIX

Conversion Factors

Factors for converting inch-pound units to metric units
are shown to four significant figures. However, in the text
the metric equivalents are shown only to the number of signi­
ficant figures consistent with the values for the inch-pound
units.

Inch-pound unit Multiply By Metric unit

foot eft) 0.3048 meter (m)

foot per day (ft/d) 0.3048 meter per day em/d)

foot per mile (ft/mi) 0.1894 meter per kilometer
(m/km)

foot per day (ft 2 /d) 0.0929 meter per day
(m2 /d)

gallon per minute liter per second
ter foot 0.207 [er meter

(gal/min) /ftJ (L/s) /m]

million gallon meter 3 per day
per day 3785 (m 3/d)
(Mga1/d)

mile (mil 1.609 kilometer (km)

per foot (ft-l) 3.281 per meter (m- l )

mi1e 2 (mi 2) 2.590 kilometer 2 (km 2
)
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FIGURE 2
MAP OF MODEL AREA SHOWING FINITE-DIFFERENCE GRID
AND AQUIFER BOUNDARY
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EXPLANATION

FINITE-DIFFERENCE BLOCK

SIMULATED NO-FLOW AQUIFER BOUNDARY

__ .... ARTIFICAL NO-FLOW BOUNDARY
(DISTANT FROM AREA OF INTEREST)

AREA OF INTEREST

APPROXIMATE AQUIFER BOUNDARY

NO-FLOW BOUNDARY AQUIFER PINCHOUT

I, J GRID NUMBERS




