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SIMULATED EFFECTS OF ALTERNATIVE WITHDRAWAL
STRATEGIES ON GROUND-WATER-FLOW PATTERNS,
NEW JERSEY PINELANDS

By Edward Modica

ABSTRACT

A steady-state, three-dimensional ground-water-flow model of the unconfined part of the
Kirkwood-Cohansey aquifer system beneath the upper parts of the Rancocas Creek and Wading River
Basins in the New Jersey Pinelands was developed to (1) define ground-water-flow patterns and residence
times in an aquifer system typical of the New Jersey Coastal Plain and (2) demonstrate the effects of alter-
native withdrawal strategies on ground-water-flow patterns and streams. Ground-water flow near the
McDonalds-Middle Branch area was analyzed by using a particle tracker to demonstrate the effects of
three hypothetical withdrawal scenarios on the configurations of source areas of ground-water flow to
withdrawal wells, streams, and other discharge outlets in the Kirkwood-Cohansey aquifer system. Under
natural conditions, more than 98 percent of the ground water in the part of the Kirkwood-Cohansey aquifer
system underlying the upper Rancocas Creek and Wading River Basins cnters the system as recharge.
More than 87 percent of the ground water discharges to streams and wetlands. Ground-water seepage to
the underlying Piney Point aquifer accounts for about 8 percent of discharge from the system. Areas near
major drainage divides are the source of flow to distant parts of the system. Consequently, source areas of
flow to small basins located near major drainage divides do not necessarily coincide with the physio-
graphic boundaries of the basins. Ground-water residence times ranged from slightly greater than zero to
about 200 years. Much of the ground water remained in the system for less than 20 years because it
discharged to streams. Residence times of ground water were reduced significantly by persistent with-
drawals. The sizes and shapes of source areas of flow to local stream systems and to the Piney Point
aquifer are affected by the location of a withdrawal well. The source area of flow to the withdrawal well
includes areas of the water table that would, under natural conditions, be incorporated into source arcas of
flow to streams or to the Piney Point aquifer. Simulated withdrawals of 1.85 million gallons per day
(Mgal/d) at the divide have negligible effects on source areas of ground-water flow to adjacent streams, but
capture recharge that under natural conditions would flow deep into the aquifer. Simulated withdrawals of
1.85 Mgal/d located away from the divide, however, capture the most recharge from source areas of flow
to adjacent streams. Large-scale regional withdrawals that cause a 10- to 15-foot decrease in heads in the
Piney Point aquifer and divert 6.2 Mgal/d of ground water from the Kirkwood-Cohansey aquifer system
increase the source area of flow to the Piney Point aquifer by diverting ground water from streams. Results
of withdrawal simulations indicate that well-location strategies applied in the Kirkwood-Cohansey aquifer
system can mitigate the adverse effects of withdrawals on streams and that large-scale regional with-
drawals in confined aquifers can adversely effect streams although the effects are dispersed over numerous
streams.

INTRODUCTION

The Coastal Plain of New Jersey contains a system of drainage basins and aquifers that are crucial
to the State’s water supply. Because the physical and chemical characteristics of the basins affect the
quantity and quality of both surface runoff and recharge to the aquifer system, basins function as important
controls on the region’s water supply. The New Jersey Pinelands is a reserve area that encompasses the
major drainage divides of the Coastal Plain and many of the arca’s hydrologically important drainage
basins (fig. 1). The New Jersey Pinelands (or Pineland Reserve) is a 2,300-mi’ area that contains recre-



ational, agricultural, and residential land. The Pinelands contains several forest preserves with abundant
riparian and tidal wetlands that function as ecological buffering systems. Many of these wetlands are
located along the boundary of the Pinelands where demand for ground water has increased as a result of
continuing development.

In recent years, the potential effects of increased demands for ground water on basins located near
rapidly developing areas have become a concern for water-supply managers. A major problem for State
and municipal regulatory agencies is to allocate water needed to satisfy development while ensuring that
such needs do not create excessive, long-term ground-water diversion from streams and adjacent wetland
areas. In order to effectively regulate water supply near these areas, regulatory agencies need to link allo-
cation criteria to hydrologic processes at both large and small scales on the basis of the characteristics of
the basins and aquifers within their jurisdiction. Little information on the relation between regional-scale
ground-water flow and localized flow in small drainage basins is available, however.

The major objectives of this study, conducted by the U. S. Geological Survey (USGS) in cooper-
ation with the New Jersey Department of Environmental Protection, were to (1) define ground-water-flow
patterns and residence times under natural conditions in selected drainage basins of the Pinelands located
near major drainage divides and (2) demonstrate the effect of several alternative strategies for ground-
water withdrawal from the Kirkwood-Cohansey aquifer system and Piney Point aquifer on the configu-
ration of source areas of ground-water flow to streams and other discharge outlets in the area. In this report,
“source area” refers to an area on the water table where recharge enters the ground-water system and flows
to discharge outlets such as streams and withdrawal wells. The central part of the New Jersey Pinelands
was selected for study because ground-water flow in this area is least affected by development; therefore,
the unstressed ground-water-flow conditions in the unconfined aquifer in this area provide the best “index”
of unstressed flow conditions with which to compare stressed flow conditions, especially near a major
drainage divide, where ground-water flow is most sensitive to induced stresses. The results of this study
demonstrate the cause-and-effect relations between withdrawal and ground-water diversion and illustratc
some potentially unanticipated ground-water-flow responses to withdrawals near major divides and in
multilayered aquifer systems under various hydrologic conditions.

Pur a

This report presents and interprets the results of one unstressed and three withdrawal simulations
of ground-water flow in the part of the Kirkwood-Cohansey aquifer system beneath the Pinelands of the
New Jersey Coastal Plain. A particle tracker was used to define ground-water-flow paths and to establish
ground-water-residence times in the modeled system. A particle tracker was also used to define the config-
uration of the source arcas of ground-water flow to streams, to the Piney Point aquifer, and to points of
hypothetical withdrawal. The “source area”™ analysis was restricted to a subarea of the model of about 48
mi? that includes McDonalds and Middle Branch Basins (fig. 16, farther on). Because the application of
the model is qualitative rather than quantitative, model development and calibration were restricted to

available hydrogeologic data collected during water years' 1956-94.

1. The 12-month period from October 1 through September 30, designated by the calendar year in which it
ends.







































Table 1. Values of hydraulic conductivity and recharge used in ground-

water-flow model simulation of the upper parts of the Rancocas Creek and
Wading River Basins, New Jersey Pinelands

[--, not applicable]

Hydraulic conductivity
(feet per day)

Units Horizontal Vertical
Aquifer
Kirkwood-Cohansey aquifer
system:
Upper 80-120 8-12
Lower 60 6
Confining units
Basal Kirkwood - 2x104-5x10°
Vincentown-Manasquan -- 5x104-25x 107
Navesink-Homerstown - 3x10°-3x107
Recharge (inches per year): 15-20
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continuously measured discharge at the four stations. Basc-flow values were computed by using the sliding
method of hydrograph separation (Sloto, 1991). Calibration criteria for the West Branch Wading River-
Shoal Branch area specify that simulated and calculated base-flow values agree to within 20 percent.

The locations of five streamflow-gaging stations in the modeled area and their associated drainage
areas are shown in figure 9. Only the Pemberton and McDonalds Branch stations currently are in use. The

drainage area gaged by the Vincentown station covers more than 64 mi® and extends beyond the border of
the model at the northwestern edge; conscquently, it was expected that simulated base flows would be
lower than measured flows for this drainage area. The Pemberton station records streamflow contributed
from a basin area of 118 mi?, which constitutes more than one-half the modeled area. The Middic Branch

and McDonalds Branch stations each record streamflow from small drainage basins of less than 3 mi’. A
partial-record station established in 1975 at the confluence of the West Branch Wading River and Shoal

Branch records streamflow from a 45-mi? area.

Values of three model input parameters were adjusted in order to meet the calibration criteria--
horizontal hydraulic conductivity of the aquifer, vertical conductance of the streambed, and rate of
recharge. The adjustments of aquifer conductivity and recharge were constrained by upper and lower
limiting values to cnsure that the modeled system is a reasonable represcntation of the ground-water flow
system. No limits were set for streambed conductance, however, because streambed conductance is a
lumped parameter that gencrally includes the effects of the vertical hydraulic properties of the aquifer and
grid discretization as well as streambed characteristics. For this simulation, the initial conductance values
were computed from the model cell dimensions and aquifer vertical-conductivity values. The initial values
subsequently were adjusted by trial-and-error during model calibration.

According to Rhodehamel (1973), the maximum horizontal hydraulic conductivity of the
Cohansey Sand is 150 ft/d. Harbaugh and Tilley (1984) used 15 ft/d as a lower limiting value for the
Mullica River Basin to account for lower conductivity material in the aquifer. Aquifer-conductivity values
used for the upper Rancocas Creek and Wading River Basins ground-water-flow model were within these
limiting values.

Variation in recharge rate is attributed to variation in runoff and evaporation. Evaporation is great-
est in topographic depressions where depth to water is least. Runoff is highest in areas where the land sur-
face is composed of relatively impermeable material. A higher rate of runoff is assumed in areas where the
lower part of the Kirkwood Formation crops out or underlies other deposits than in areas where the Coh-
ansey Sand crops out. A recharge rate of 20 in/yr is assumed to be the maximum value and reflects a small
amount of runoff and average evapotranspiration. A recharge rate of 15 in/yr was designated as a lower
limit and incorporates the assumption that surface runoff and (or) evapotranspiration are more significant.

ibrati 1

The interpreted and simulated water-table surfaces are shown in figure 10. In general, the match is
considered satisfactory; the two sets of contour lines generally coincide, indicating that the interpreted and
simulated water-table surfaces are similar. In a few areas, however, the contour lines match less similar,
especially near the lateral boundaries of the model. Becausc the assumption that model hydrologic bound-
aries coincide with physiographic boundaries is not always valid, simulation results near model boundaries
must be interpreted with caution.

Simulated ground-water heads in cells closest to well locations were compared with heads mea-
sured in wells. Water levels measured in wells in the modeled area that were used for calibration are listed
in table 2 and shown in figure 11. The average measured head value, the corresponding simulated head

17
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value, and the difference between the two are listed for each well. Simulated heads near wells in the
McDonalds-Middle Branch area generally are within the 5-ft water-level calibration criterion. The mean
absolute error of the difference betwcen measured and simulated heads for all the wells is 3.2 ft.

A list of average measured strcam-discharge values and simulated base-flow values for each of the
streamflow-gaging stations used in the study is given in table 3. Calculated base-flow values also are listed
for continuous-record stations. The periods of record for the stations are not concurrent but overlap for
some stations.

Simulated base-flow values match closely with base-flow values calculated from measured
streamflow. Base flow is a smaller component of streamflow at the South Branch Rancocas Creek at
Vincentown station (01465850) than at the other three continuous-record gaging stations. This may
indicate that direct runoff is a larger component of streamflow in the South Branch Rancocas Creek
drainage basin than in the other basins, possibly as a result of lower permeability of the soil and aquifer
material adjacent to the South Branch Rancocas Creek. This may be related to the outcrop of the Kirkwood
Formation occupying a larger part of this basin than of adjacent basins.

Because the periods of record for the continuous-record stations listed in table 3 are not
concurrent, streamflow data also were arranged into two concurrent periods; as a result, not all available
data were used. Values of simulated and calculated base flow at the stations for those periods for which
concurrent streamflow data are available arc shown in table 4. For the South Branch Rancocas Creek at
Vincentown station for the 1962-76 period, simulated base flow was within 11 percent of calculated base
flow. For all other stations for both periods, simulated base flows were within 4 percent of calculated base
flows.

The match between discharge calculated from low-flow partial records for the West Branch
Wading River near Chatsworth station (01409730) and simulated base flow at that station was relatively
poor (table 3). The model may overestimate discharge in this area because the no-flow boundaries near the
Shoal Branch and West Branch Wading River do not permit deep ground-water flow between upland
recharge areas and discharge locations downstream from the modeled area. Another source of error may be
related to the concentration of cranberry agriculture in the West Branch Wading River area. Because of the
frequent damming of stream water by means of sluices and artificial impoundments, stage measurements
made downstream may have been lower than normal.

CHARACTERISTICS OF UNSTRESSED, STEADY-STATE FLOW IN THE UPPER
RANCOCAS CREEK AND WADING RIVER BASINS

In this section, the ground-water flow budget, flow velocity, residence times, and flow patterns in
the modeled system are discussed. The source areas of ground-water flow to streams and to the underlying
Piney Point aquifer within a subarea of the model also are considered.

al Fl t

The simulated ground-water budget for the modeled aquifer system for unstressed conditions is
shown in table 5. Although simulated values may not correspond to those of the ground-water system, the
relative proportions appear to be consistent with the conceptual model of the flow system. Recharge is the
dominant source of ground water to the system and accounts for more than 98 percent of the budget inflow.
Water that seeps into the system from the underlying Vincentown aquifer and surface-water bodies are
minimal components of inflow. Almost 92 percent of the ground water leaves the system as discharge to
streams and other surface-water bodies. A relatively small but quantitatively significant component of
ground-water flow (8.1 percent) seeps into the Piney Point aquifer.

19
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Table 2. Average measured water levels in wells and simulated
head values for corresponding model cells, New Jersey Pinelands

[Well locations are shown in fig. 11]

Water level
(feet above sea level)

Observed
average 1955-

Well number 93 Simulated Difference!
05-0689 130.4 130.5 -0.1
05-1074 1348 1309 39
05-0905 120.4 118.4 2.0
05-0897 126.4 124.9 1.5
05-0709 105.0 107.2 22
05-0708 114.0 114.1 -1
05-0690 116.8 117.2 -4
05-0684 121.1 121.1 0
29-0772 1312 1293 1.9
05-0678 943 97.5 32
05-0674 89.3 93.2 39
05-0693 93.0 93.5 -5
05-0692 103.0 98.3 4.7
05-0357 104.0 1112 7.2
05-1120 83.8 85.1 -13
05-0865 1318 126.0 5.8
05-0727 100.5 87.3 13.2
05-0698 128.8 128.2 6
29-0755 115.7 107.2 8.5
05-1142 106.3 106.1 2
05-1141 82.8 77.1 5.6

"Mean absolute error = 3.2 feet
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Figure 11. Locations of wells in the modeled area used to calibrate the ground—-water—flow model, New Jersey Pinelands.
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Table 3. Measured streamflow, calculated base flow, and simulated base flow at
continuous- and partial-record gaging stations in the modeled area, New Jersey
Pinelands

[ft*/s, cubic fect per second; mi?, square miles; --, not applicable]

Streamflow- Average

gaging sta- Drainage measured Calculated Simulated
tiom name area Period of streamflow base flow! base flow
and number Station type (mi?) record (ft3/s) (f35) (f%/s)

McDonalds Continuous- 2.35 1954-90 2.23 2.05 2.07
Branch in record

Lebanon State

Forest, N. J.

01466500

Middle Continuous- 2.82 1953-65, 1.93 1.65 1.69
Branch-Mt, record 1977

Misery Brook

in Lebanon

State Forest,

N.J.

01466900

North Branch Continuous- 118.00 1922-90 171.34 136.85 135.08
Rancocas record

Creek at Pem-

berton, N. J.

01467060

South Branch Continuous- 64.50 1962-76 95.98 69.33 73.50
Rancocas record

Creek at Vin-

centown, N. J.

01465850

West Branch Partial- 4480 1975-77 49.74 - 59.00
Wading River record

near Chat-

sworth, N. J.

01409730

! Determined by using the sliding method of hydrograph separation (Sloto, 1991)
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Table 4. Measured streamflow, calculated base flow, and simulated base flow grouped
into concurrent periods of record at continuous-record gaging stations in the modeled

area, New Jersey Pinelands

[ft¥/s, cubic feet per second]

Average
measured Calculated base  Simulated base
Streamflow-gaging station streamflow flow! flow
name and number (ft’/s) (ft’/s) (ft’/s)
McDonalds Branch in Lebanon 2.25 2.09 2.07
State Forest, N. J. 01466500
Middle Branch-Mt. Misery Brook 1.93 1.65 1.69
in Lebanon State Forest, N. J.
01466900
North Branch Rancocas Creek at 172.39 141.05 135.08
Pemberton, N. J. 01467060
1962-76 period:
South Branch Rancocas Creek at 90.46 65.51 73.50
Vincentown, N. J. 01465850
McDonalds Branch in Lebanon 2.30 2.13 2.07
State Forest, N. J. 01466500
North Branch Rancocas Creek at 174.45 140.54 135.08

Pemberton, N. J. 01467060

I Determined by using the sliding method of hydrograph separation (Sloto, 1991)
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The horizontal and vertical components of ground-water velocity can be calculated in any model
cell by dividing the flow between model cells (dimensions of L*/T) by the intercell area. The horizontal
components of flow between model cells in the upper model layer are represented by velocity vectors in
figure 12. The vector field defincs the relative ground-water-flow velocities and directions in map vicw. In
general, the vectors indicate that horizontal flow directions and magnitudes within the upper model layer
vary considerably. Ground-water velocities tend to increase near streams; the vectors converge and
increase in length approaching the stream systems. However, velocities also are high in some interstream
zones to the north and west of the North Branch Rancocas Creek area and in the West Branch Wading
River area to the south. Low velocities are characteristic of the South Branch area where the Kirkwood
Formation crops out. Horizontal flow components are small or negligible near most of the lateral model
boundaries. In these areas flow between model cells in the vertical direrction is much greater than the flow
between model cells in the horizontal direction.

Because the surface-water divide is irregular, flow patterns in basins adjacent to the divide are
complex. East of McDonalds Branch Basin, velocity vectors cross the divide into the West Branch Wading
River-Shoal Branch area. West of McDonalds Branch Basin, velocity vectors tend to diverge near the
divide, bifurcating along it to flow toward either the West Branch Wading River-Shoal Branch area or to
the McDonalds-Middle Branch area, as shown in figure 12. Flow directions adjacent to the divide range
from west to southwest over a relatively short distance. The directions of ground-water flow beneath
McDonalds Branch Basin vary considerably because of the proximity of the basin to the divide. The
vectors traverse the long axis of McDonalds Branch Basin but are oriented parallel to the long axis of
Middle Branch Basin.

G I-Water Residence Ti

Ground-water residence time is the period during which ground water remains in the aquifer
between the moment it enters the system as recharge and the moment it leaves as discharge. The concept of
ground-water residence time is applicable to studies in which the time required to “flush out” conservative
constituents that are introduced into the aquifer system is determined. It is also important in understanding
the evolution of certain chemical species along flow paths within the aquifer.

The time required for a particle to move completely through the aquifer is calculated readily from
the intercell flow that is used to calculate flow paths by use of a particle-tracking algorithm (Pollock,
1989). Simulated lines of equal residence time for ground water in the modeled area under unstressed
conditions are shown in figure 13. The map indicates the time required for recharge entering the system at
a given point on the water table to move completely through the aquifer system. The maximum time is
about 200 years. (The travel time of ground water in stagnation zones or along no-flow boundaries can be
extremely large.) The residence time of ground water that flows to a stream is relatively shorter than the
residence time of ground water in other parts of the system. Within the source areas of flow to streams,
residence times generally are 20 years or less, which indicates that the streams shorten the time that ground
water remains in the system. Residence times are significantly longer in areas near the major drainage
divide, however. Residence times also are longer in the source area of flow to the Piney Point aquifer,
which indicates that the travel time of ground water that flows to the bottom of the aquifer is long. As will
be discussed farther on, flow paths in the Piney Point aquifer diverge along their course from the source
area at the water table to the seepage area at the base of the aquifer; consequently, flow velocities diminish
with depth.
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Table 5. Simulated ground-water budget for the ground-water-flow model of the
upper parts of the Rancocas Creek and Wading River Basins, New Jersey
Pinelands

Flow
Percentage of Volumetric flow rate
Ground-water-budget component  total water budget  (million gallons per day)

In:

Flow from surface-water 0.5 1.1

bodies!

Recharge 98.3 195.3

Leakage from underlying 1.2 24

aquifer
Qut;

Flow to surface-water bodies! 4.6 9.2

Flow to streams 87.3 173.5

Leakage to underlying aquifer 8.1 16.1

I Other than streams
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