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CONVERSION FACTORS, VERTICAL DATUM, AND ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
inch (in.) 254 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
acre 4,047 square meter
square foot (ft2) 0.09290 square meter
square mile (mi?) 2.590 square kilometer
inch per year (in/yr) 254 millimeter per year
foot per day (ft/d) 0.3048 meter per day
foot squared per day (ft2/d) 0.09290 meter squared per day
cubic foot per second (ft3/s) 0.02832 cubic meter per second
gallons per day (gal/d) .003785 cubic meter per day
million gallons per day (Mgal/d) 0.04381 cubic meter per second

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum derived
from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.

Water-quality abbreviation: milligrams per liter (mg/L)

Vi Contents























































































Table 4. Simulated travel times for leakage across
confining units in the vicinity of major well fields, Cape May
County, New Jersey

[Travel time in years; positive flow is downward, negative
flow is upward]

Location Predevelopment 1991
Estuarine clay confining unit
Rio Grande 142 50
County Airport 288 134
Lower Township wells 454 200
Cape May City 415 213
Clay overlying Cohansey aquifer
Rio Grande 776 3
County Airport 7,648 26
Lower Township wells -334 44
Cape May City -740 64

targets were to match measured water-levels within
15 ft; ground-water flows and the areal configuration
of saline ground water were evaluated subjectively.
The 15-ft-head-difference calibration target is consid-
ered reasonable for a regional-scale simulation (Navoy
and Carleton, 1995, p. 53). The accuracy of the prede-
velopment calibration was limited by the paucity of
available data, particularly for the regional delineation
of the saltwater-freshwater-interface. As a result of
some of the limitations and assumptions inherent in
the model discussed above, the model is better cali-
brated in some areas than in others.

Flow System

Simulated ground-water levels in the shallow
aquifer system under predevelopment conditions are
shown in figures 25a through 27a. Measured ground-
water-level data were available only for the Cohansey
aquifer. The match between measured and simulated
water levels in this aquifer is within the calibration tar-
get of 15 ft. The simulated water levels and gradients
in the other aquifers are representative of predevelop-
ment flow patterns described earlier.

The estimated and simulated predevelopment
fresh-ground-water budgets are shown in figure 28.

Both budgets are for the saturated ground-water zone
within the county border. The match between the esti-
mated and simulated budgets is good; the main dif-
ference is the distribution of discharge from the
unconfined aquifer. Because the model does not simu-
late all freshwater wetlands, some ground water
instead discharges laterally to offshore areas. Also,
recharge is greater in the estimated budget than in the
simulated budget, so flows are higher.

The direction of simulated predevelopment
leakage of ground water from the Holly Beach water-
bearing zone across the estuarine clay to the estuarine
sand aquifer is shown in figure 29. The direction of
simulated predevelopment leakage from the estuarine
sand aquifer across the confining unit to the Cohansey
aquifer is shown in figure 30. The figures were devel-
oped by rerunning the calibrated model with the
SHARP complete mixing option for leakage between
the saltwater and freshwater zones. Leakage between
the aquifer and overlying constant heads in aquifer
outcrop areas is not shown. Leakage directions corre-
spond to predevelopment flow patterns discussed ear-
lier. The time of travel for ground-water leakage
across the confining beds is greater than 140 years at
selected locations (table 4). Travel time is calculated
using the equation

t =d/v = d/[Q/(neA)]

where v = ground-water velocity,
d = thickness of confining unit,
Q = vertical flow through cell,
n, = effective porosity of confining unit, and
A = cell area.

The assumed effective porosity for silt and clay confin-
ing units is 7 percent (Roscoe Moss Company, 1990,

p- 7).

Location of Saline Ground Water

The simulated positions of the tip and toe of the
sharp interface between saltwater and freshwater
under predevelopment conditions are shown in figures
25 through 27b. The tip represents the intersection of
the interface with the top of the aquifer, whereas the
toe represents the intersection of the interface with the
bottom of the aquifer (fig. 14). The simulated inter-
face represents ground water with dissolved-chloride
concentrations of approximately 10,000 mg/L
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(50-per cent concentration interface). The potability
interface shown in figures 26b and 27b is defined on
the basis of dissolved-chloride concentrations equal to
250 mg/L in water from the middle of the aquifer.
Because few measurements of the predevelopment
dissolved-chloride concentrations in the shallow aqui-
fer system are available, these locations of saline
ground water are highly speculative; however, the
simulated interface positions are consistent with the
available measurements.

Transient Calibration of Pumping Conditions

Nine pumping (stress) periods were used to sim-
ulate pumping conditions from January 1, 1896, to
January 1, 1991. Ground-water withdrawals are simu-
lated as annual rates averaged over a pumping period.
Simulated withdrawals are shown in figure 9. The
average withdrawals for pumping period 1 are esti-
mated to be half the withdrawal rate in 1920. Ten time
steps with a time-step multiplier of 1.2 were used for
each period. Maximum time-step size reached 3 years
at the end of the longest period. Simulated domestic
withdrawals from 1921 to 1990 (table 5 were esti-
mated from the self-supplied population and a per cap-
ita water use of 65 gallons per day (G.B. Carleton,
written commun., 1993). For recharge wells, the
amount injected minus the amount withdrawn was
simulated.

Calibration criteria for the transient simulation
were to match long-term water-level hydrographs and
measured water levels in 1991; to match the estimated
ground-water budget in 1991, including base flow to
streams; and to be consistent with the chronological
progression of contamination of ground water by chlo-
ride and the areal distribution of chloride-contami-
nated ground water in 1991. The specific calibration
targets were to match hydrographs and water levels
within 15 ft. The ground-water budget, base flow to
streams, saltwater encroachment, and location of
saline ground water were assessed on a qualitative
basis.

Changes in the Flow System

Measured water levels in the Holly Beach
water-bearing zone in April 1991 and locations of
wells with hydrographs are shown in figure 11a; simu-
lated water levels for January 1, 1991 (representing

annual average conditions), and locations of observa-
tion wells used to calculate head residuals for the aqui-
fer are shown in figure 11b. Average annual
conditions are assumed to occur after recovery of
water levels from the effects of heavy pumping in the
summer, but before natural recovery of water levels in
the spring. Review of long-term hydrographs for the
aquifer indicates that annual average water levels are
approximately 1 ft lower than water levels measured
in April 1991. Therefore, a comparison of measured
water levels in April 1991 to the simulated annual
average water levels, accounting for the 1-ft differ-
ence, shows that the calibration is within the target of
15 ft.

The root mean square error (RMSE) between
measured and simulated water levels (heads) is calcu-
lated as

n 0.5

2
RMSE = Z (h .y ) /n
ml. Si

i=1

where h,, = measured head,
hg, = simulated head,
i = summation index, and
n = number of comparisons.

The RMSE at the observation wells shown in figure
11bis 3.7 ft. Figure 31 shows the comparison
between measured and simulated hydrographs for the
aquifer. The transient effect on the Holly Beach
water-bearing zone is flattened as a result of the verti-
cal axis interval. The match for all of the wells is
within the calibration target. Comparison of simulated
water levels in figure 11b with simulated water levels
under predevelopment conditions in figure 25a dem-
onstrates the small change in water levels over time in
the aquifer.

Measured water levels in the confined estuarine
sand aquifer in April 1991 and locations of wells with
hydrographs are shown in figure 12a; simulated water
levels in January 1, 1991 (representing annual average
conditions), and locations of observation wells used to
calculate head residuals for the aquifer are shown in
figure 12b. Review of long-term hydrographs for the
aquifer indicates that annual average water levels are
approximately 2 ft lower than water levels measured
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Table 5. Simulated domestic ground-water withdrawals from 1921 to 1990, Cape May County, New Jersey

[Model grid shown in fig. 18; withdrawals from the estuarine sand aquifer are 100-percent consumptive; withdrawals from the
Holly Beach water-bearing zone are 20-percent consumptive]

Withdrawals, in million gallons per day
Layer Row Column  1921-49  1950-57 1958-64  1965-68  1969-78  1979-83  1984-88  1989-90

Holly Beach water-bearing zone

3 10 50 0.002 0.002 0.003 0.004 0.006 0.008 0.010 0.012
3 12 50 .002 .002 .003 .004 006 .008 .010 012
3 14 49 006 .006 .008 .011 .018 .025 .031 .036
3 17 48 .002 .002 .003 004 .006 .008 .010 .012
3 22 47 .004 .004 006 .008 012 016 .021 024
3 26 46 .002 002 .003 004 .006 .008 .010 012
3 30 45 004 004 006 .008 012 016 .021 .024
3 37 44 .009 .011 012 .014 .018 .021 .024 .026
3 41 38 009 o011 012 014 018 021 024 026
3 42 28 .005 005 006 007 009 010 012 013
3 46 30 .005 .005 .006 .007 009 .010 .012 .013
3 46 40 .009 011 012 014 .018 .021 .024 026
3 56 29 016 021 .030 039 .048 056 .064 070
3 60 35 .016 .021 .030 .039 .048 .056 .064 070
3 64 35 .033 .041 060 .078 .096 112 128 .140
3 69 31 016 .021 030 039 .048 .056 .064 .070
3 78 36 .016 .021 .030 .039 .048 056 .064 070
3 91 31 .004 007 016 025 .041 054 061 066
3 92 29 .004 .007 016 025 041 .054 .061 066

Total 160 200 290 .380 510 620 720 790

Estuarine sand aquifer

2 63 23 .008 010 015 019 024 028 032 035
2 68 40 .016 .021 030 .039 .048 .056 .064 070
2 69 37 .016 .021 .030 .039 .048 056 .064 070
2 70 39 .016 .021 .030 .039 .048 056 .064 .070
2 72 24 .008 .010 .015 .019 .024 028 .032 .035
2 73 37 016 021 .030 039 048 056 064 070
2 79 36 .016 .021 .030 .039 .048 .056 .064 .070
2 80 28 .016 021 030 .039 .048 .056 .064 .070
2 80 37 .033 041 .060 .078 .096 112 128 140
2 81 24 016 021 .030 .039 .048 .056 064 .070
2 84 35 .033 041 060 .078 .096 112 128 140
2 85 24 004 .007 .016 025 041 054 .061 .066
2 86 24 004 007 016 .025 .041 .054 .061 .066
2 86 35 .008 .014 .031 .050 .081 108 122 132
2 87 24 004 .007 .016 .025 .041 054 061 066
2 88 24 .004 .007 016 .025 041 .054 .061 .066
2 89 24 004 .007 .016 .025 041 .054 .061 .066
2 92 31 004 007 016 025 041 054 061 066
2 93 29 .004 007 016 025 041 .054 .061 066
2 95 24 .004 .007 016 .025 041 054 .061 066
2 96 24 004 007 016 025 041 054 061 066
2 96 25 .004 .007 .016 025 .041 054 .061 .066
2 97 25 .004 .007 .016 .025 .041 054 .061 .066
2 98 33 004 .007 016 .025 .041 .054 .061 .066
2 99 31 .004 .007 016 .025 041 .054 061 .066

Total 250 .360 .600 .840 1.190 1.480 1.680 1.830
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in April 1991. A comparison of measured and simu-
lated water levels, accounting for the 2-ft difference,
shows that the match is within the calibration target,
and the location and extent of the cone of depression at
the Rio Grande well field are reproduced. The RMSE
between measured and simulated water levels at
observation wells in the aquifer is 1.8 ft. Figure 32
shows the measured and simulated hydrographs for
the aquifer. The match for all of the wells is within
the calibration target. Comparison of simulated water
levels in figure 12b with simulated water levels under
predevelopment conditions in figure 26a demonstrates
the drawdown in water levels due to withdrawals.

Measured water levels in the confined Cohansey
aquifer in April 1991 and locations of wells with
hydrographs are shown in figure 13a; simulated water
levels in January 1, 1991 (representing annual average
conditions), and locations of observation wells used to
calculate head residuals for the aquifer are shown in
figure 13b. Review of long-term hydrographs for the
aquifer indicates that annual average water levels are
approximately 6 ft lower than water levels measured
in April 1991. A comparison of measured and simu-
lated water levels, accounting for the 6-ft difference,
shows that the match is satisfactory, but not within the
calibration target at all locations. The configuration of
simulated water levels in the northern part of the
county is different from that of measured water levels,
probably as a result of underrepresentation of freshwa-
ter wetlands in the model and the low calibrated
leakance value for the confining unit overlying the
Cohansey aquifer.

The RMSE between measured and simulated
water levels at observation wells in the aquifer is
7.5 ft; the match between measured and simulated
water levels at most of the observation wells falls
within the calibration target of 15 ft. The location and
areal extent of the three measured local cones of
depression in the southern half of the peninsula (fig.
13a) also are simulated accurately. Eight of the 13
simulated hydrographs for the aquifer (fig. 33) match
the measured hydrographs within the calibration tar-
get, and 4 of the 5 that fall outside the target match
within 20 ft. The hydrographs for which the match is
poorest are from the wells located nearest the cones of
depression. More specifically, the simulated hydro-
graphs are too low at Rio Grande and too high at Cape
May City compared to measured hydrographs. Cali-
bration discrepancies at these wells are likely the

result of (1) error from the coarseness of the model
grid and time-step size; (2) error in water-level mea-
surements made in withdrawal wells before the wells
had fully recovered from pumping; (3) error due to
inaccuracies in withdrawal data; and (4) error associ-
ated with the low calibrated hydraulic conductivity for
the aquifer in the southern half of the peninsula, result-
ing in simulated drawdown that is greater than the
measured drawdown. Comparison of simulated water
levels in figure 13b with simulated water levels under
predevelopment conditions in figure 27a confirms the
decrease in water levels in the aquifer due to with-
drawals.

The simulated fresh-ground-water budget for
the shallow aquifer system in 1991 is shown in figure
28. The match between the estimated and simulated
budgets is good. In addition to the smaller surficial
discharge noted earlier for the simulated predevelop-
ment budget, the simulated budget also has less down-
ward leakage to the confined aquifers than the
estimated budget. This reduction in recharge to the
deeper supply wells in the simulated budget is com-
pensated for by increased lateral flow from offshore
areas.

As a result of ground-water development,
downward leakage to the confined aquifers has
increased significantly. The recharge area of the con-
fined aquifers also has increased, whereas the recharge
area of the unconfined aquifer has decreased. A com-
parison of simulated leakage in 1991 (figs. 34 and 35)
to simulated leakage under predevelopment conditions
(figs. 29 and 30) shows that the area of downward
leakage through the confining units has increased,
whereas the area of upward leakage has decreased.
Leakage in 1991 was simulated by rerunning the cali-
brated model with the SHARP complete-mixing
option for leakage. At the withdrawal centers, travel
time for leakage across the confining unit overlying
the Cohansey aquifer has been dramatically reduced
(table 4); travel time across the estuarine clay confin-
ing unit has been reduced by more than half.

Estimated and simulated annual average base
flows for the last pumping period are compared in table
6. Base-flow data were available for 13 of the 23
streams simulated by the model. Most of the differ-
ences between estimated and simulated base flows are
acceptable given the lack of data on individual stream
characteristics, the inability to simulate all freshwater
wetlands, and the focus of the study on the confined
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confined aquifers, the estuarine sand and Cohansey
aquifers, all of which are separated by confining units.
Increased ground-water withdrawals from the shallow
aquifer system in the southern half of the peninsula,
mainly a result of the summer influx of tourists, have
significantly altered natural ground-water flow pat-
terns and threatened the water supply by drawing salt-
water into the wells. Extensive cones of depression
have formed in the confined aquifers. A similar prob-
lem is found in the deep aquifer system.

A numerical model of the shallow aquifer sys-
tem in Cape May County was constructed and a quasi-
three-dimensional finite-difference sharp-interface
computer code was used to simulate ground-water
flow and to predict saltwater encroachment under two
water-supply-development alternatives. Simulation
results and predictions are limited by data limitations
and the assumptions inherent in the model. The model
was calibrated to predevelopment and stressed (1896-
1991) hydrologic conditions by comparing simulated
heads with measured heads, simulated flows with esti-
mated flows, and simulated saltwater encroachment
with measured saltwater encroachment. Values of cal-
ibrated hydraulic properties were generally within the
range of reported values. Simulation results were
found to be most sensitive to aquifer hydraulic con-
ductivity and withdrawals.

Two water-supply-development alternatives
were simulated for the planning period 1995-2025 and
involved only changes in the use of the Cohansey aqui-
fer. Alternative 1 involved desalination of saline
ground water (chloride concentration greater than
250 mg/L) at Cape May City and shifting half of the
withdrawals at the Rio Grande well field from the
Cohansey aquifer to the upper aquifer of the Kirkwood
Formation. In addition, withdrawals for Lower Town-
ship were increased and most of the withdrawals from
the well nearest the shoreline were relocated inland.
Results of this simulation indicate that withdrawing
saline water for desalination stabilizes the location of
saltwater at Cape May City and significantly delays
future encroachment to the Cape May City supply
wells that are located farther inland. Shifting with-
drawals at the Rio Grande well field to the deep aquifer
system reduces the size of the cone of depression in the
Cohansey aquifer centered at the well field.

Alternative 2 involved relocating most of the
Cape May City withdrawals and withdrawals from the
Lower Township well nearest the shoreline to inland

locations. Results of this simulation show continued

saltwater encroachment in Cape May City and toward

the Rio Grande well field. Water levels in the cone of
depression at Cape May City rise only slightly,
whereas the cone of depression at Rio Grande is deep-
ened. Because of the lack of data on the exact location
of saline ground water seaward of the Lower Town-
ship supply wells, it is impossible to determine with
certainty whether water in the well nearest the shore-
line would be contaminated during the planning period
in either of the alternatives.

These following general conclusions can be
made about the shallow ground-water resources of
Cape May County:

1. Significant saltwater encroachment in the Cohansey
aquifer has affected Cape May City’s water sup-
ply. Less encroachment is found at Wildwood,
whereas encroachment toward Lower Township’s
water-supply wells has yet to be observed. Sig-
nificant saltwater encroachment is found in the
estuarine sand aquifer at Villas, near the Rio
Grande well field. No significant encroachmen-
has been observed in the little-used Holly Beach
water-bearing zone.

2. Results of simulation of the alternatives in this study
suggest that the withdrawals can be sustained
over the 30-year planning period without signifi-
cant saltwater contamination. Howeveu, the two
alternatives involve only modest increases in
withdrawals. Large increases in withdrawals or a
continuation of the current withdrawal scheme
would likely cause saltwater contamination of
wells in Cape May City and Lower Township.

3. In addition to the alternatives tested above, water-
conservation practices could help to lessen salt-
water encroachment. Use of low-capacity wells
spread far enough apart would help to create only
small, non-overlapping cones of depression.
Areal distribution of withdrawals would mini-
mize the potential for upconing of saltwater in
wells. Alternatively, installation of water-supply
wells with screens set in the shallowest part of the
aquifer and with high specific capacity would
help to delay upconing of saltwater in the wells.

4. The freshwater supply of the county is finite and
comes mainly from ground water, which origi-
nates as recharge from precipitation. Although
the unconfined aquifer contains much of this
freshwater, contamination as a result of land-use
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practices prevents extensive use of the water from
this aquifer. Most of the withdrawals from the
shallow aquifer system are consumptive (water is
ultimately discharged to the ocean through waste-
water outfalls). The freshwater lost from the sys-
tem is replaced partly by encroaching saltwater.
Increased withdrawals and continued contamina-
tion due to land-use practices will exacerbate the
water supply problem and threaten the limited
supply. Continued monitoring of the resource by
use of outpost and upconing wells would help to
ensure early detection of saltwater encroachment.
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