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SIMULATED DRAWDOWNS, 1972-1995, IN THE PLEISTOCENE
BURIED-VALLEY AQUIFERS IN SOUTHWESTERN ESSEX AND

SOUTHEASTERN MORRIS COUNTIES, NEW JERSEY
by
Jeffrey L. Hoffman

ABSTRACT

A request for an edditional 0.5 million gallons per day (mgd) of ground-water pumpage from the Chatham Pleistocene
buricd-valley aquifer in southeastern Morris County, New Jersey, necessitated an evaluation of the possible impacts of
the new diversion on ground-water levels. A previously developed ground-water drawdown model was updated with
1972 to 1985 pumpage. This model was then used to simulate drawdowns from 1986 to 1995 attributable to additional
demands from anticipated population growth and the requested 0.5 mgd additional pumpage.

Population increases in Morris and Essex Countics are assumed to result in a lS-pcrccht increase in ground-water
demand for the period 1986 to 1995. The model indicates that in some sections of the study area this pumping increase
will result in a tota] dewatering of the buried-valley aquifer. The simulation indicates that a 15% pumpage increase,
where possible, from 1986 to 1995 will create drawdowns from 0.5 to 7.1 feet at 11 observation wells. An additional 0.5
mgd in pumpage in the Chatham buried-valley aquifer will result in an additional 2.5 feet of drawdown 0.5 mile from the
pumpage site and 0.4 foot 3.5 miles away.

Comparison of previously developed estimates of sustainable yield with current pumpage rates and total allocations
indicates the buried valieys of Northern Millburn, Slough Brook, and Canoe Brook are overpumped. The Southern
Millburn buried valley is overallocated but not yet overpumped, whereas the East Hanover and Chatham buried valleys
have unallocated ground-water resources. The values for the buried valleys are summarized below:

Buried 1985 Pumpage  Allocations Sustainable

valley (mgd) {mgd) yield (mgd)
East Hanover 4.87 10.65 13.
Northern Millburn 2.96 4.80 0.7
Southern Millburn 10.97 18.98 14,
Chatham 411 6.73 12.
Slough Brook 0.78 1.00 0.06
Canoe Brook 2.62 4.00 13

A ground-water model is one tool by which to estimate the effects of any additional allocations. It must be used in
conjunction with other decision-making methodologies to weigh the total benefits of an allocation against any detrimen-
tal effects or competing water uses. Inaccuracies in this model’s formulation and calibration indicate that its results

should not be the sole basis for a decision on whether or not to grant a request for additional pumpage.

INTRODUCTION

Ground-water use in southeastern Morris and
southwestern Essex Counties, New Jersey, has
grown steadily. Pumpage has increased from
roughly 5 million gallons per day (mgd) during
1900-1929 to 26.5 mgd during 1985. The con-
tiguous parts of these counties form the study
area, shown in figure 1. Requests for increased
withdrawals have, at times, met with opposition
from existing ground-water users.

The New Jersey Department of Environmen-
tal Protection (NJDEP), Division of Water
Resources (DWR) is the regulatory agency
charged with managing ground-water resources
of the State. Major ground-water users (those
wth 100,000 gallons per day of pumpage or more)
must receive an allocation permit from the
DWR, which sets a maximum monthly pumpage
rate along with other limiting criteria. The per-
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Figure 1. Location of study arca



mits are for a specified length of time. The inter-
ference effects which would be caused by new
pumpage on established wells is one criterion
used in determining whether to allow or limit the
location, volume and duration of new pumping,

In 1986 the DWR received a request for a new
ground-water diversion from Linpro Florham
Park Land Ltd. (Linpro). The application indi-
cated that water would be pumped from the
unconsolidated Pleistocene sand and gravel
deposit termed the Chatham buried-valley
aquifer. This aquifer is one of a network of inter-
connected buricd valleys collectively termed the
buried-valley aquifer (fig. 2).

Meisler (1976) defined six buried valleys (fig.
2) in the study area, based partially on the
bedrock-contour map of Nichols (1968). Table 1
and figure 3 show, for each buried valley, the
1985 pumpage values and the total allocation for
the purveyors included in the study.

As part of the review process, the DWR invited
comments from other allocation-permit holders
in the area, as well as from interested groups and
citizens. The numerous comments received indi-
cated the need to define possible cffects of the
proposed pumpage on other users. To address
the issue, the New Jersey Geological Survey
(NJGS), in the role of technical advisor to the
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Figure 2. Distribution of buried valleys (modified from Meisler, 1976)
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Figure 3. Pumpage, allocations and sustainable
yields (1985)

DWR, was requested to estimate interference
effects.

The United States Geological Survey (USGS)
had previously developed a ground-water model
of the buried-valley aquifers in the study area
{Meisler, 1976). This model produced estimates
of the sustainable ground-water yield. Sus-
tainable yield was defined as the amount of water
available for pumpage indefinitely with water
levels 30 feet above the base of the aquifer. The
model was limited by the fact that it did not
directly account for the bedrock aquifer under-
lying the buried-valley aquifers. Additionally, it
was calibrated by comparing predicted draw-
downs to observed drawdowns. Actual water
levels were not closely simulated.

The USGS ground-water model of the area
was updated in this study to include 1972 to 1985
pumpage. Predicted drawdowns were then com-
pared to drawdowns measured in observation
wells to determine the accuracy of the model.

The updated model then was used to estimate
possible impacts of additional pumpage on near-
by ground-water levels. A 15-percent increase in
ground-water use was assumed, based on es-
timated population-growth from 1984 to 1995.
Drawdowns from 1986 to 1995 in the study area

were simulated by first assuming no pumpage at’

the Linpro site, and then withdrawals of 0.3 and
0.5 million gallons per day. Additionally, es-
timates were made of drawdowns assuming no

Table 1. 1985 pumpage, allocations, and sus-

tainable yields by buried valley (mgd)

Buried 1985 Pumpage  Allocations Sust:ainablr:,l
—(mgd} _yicld (mgd)

yalley {mgd)

East Hanover 4.87 10.65 13.
Northern Millburn 2.96 4,80 0.7
Southern Millburn 1097 18.98 14.
Chatham 411 6.73 12.
Slough Brook 0.78 1.00 0.06
Canoe Brook 262 400 L3
TOTAL 26.31 46.16 41.

1 As estimated by Melsler (1876), The numbar of significant figures deter-

mined by his results.

pumpage at the Linpro site, but including maxi-
mum allowable pumpage elsewhere in the study
area.
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GEOLOGY

Bedrock in the study arca consists of shale,
siltstone, mudstone, sandstone and basalt of Tri-
assic and Jurassic age (Lyttle and Epstein, 1987,
Nichols, 1968). The bedrock is a productive
aquifer but was not included in the model in
areas where it is overlain by the Pleistocene
buricd-valley aquifers.

Preglacial stream channels incised into the
bedrock are now filled with sand, gravel, silt and
clay. Most of these unconsolidated materials
were deposited during the most recent glacial
episode of the Pleistocene epoch (the Wiscon-
sinan). Some surficial material was deposited in
postglacial lakes or by streams. The glacial sand
and gravel deposits form the major aquifer in the



study area and make up the buried-valley
aquifers. The greatest ground-water supply
potential generally exists where the buried
stream channels are deepest and stratified gla-
cial outwash deposits are thickest.

The depositional history has led to a very
heterogeneous unconsolidated aquifer,
dominated by semi-confined, water-bearing
sand and gravel deposits. Glacial till and fine-
grained glacial lake-bed sediments serve as an
upper confining unit. The sand and gravel ap-
pears to be in hydraulic connection with the un-
derlying bedrock aquifer at places.

PREVIOUS WORK

Meisler (1976) developed a two-dimensional
computer model of ground-water drawdown in
the study area’s buried-valley aquifer system. His
model used Trescott’s version of Pinder’s two-
dimensional finite-difference ground-water
model (Trescott, 1973; Pinder, 1970). The cur-
rent study used the Trescott-Pinder-Larson
model, an update of the Trescott model (Tres-
cott and others, 1976).

The model developed by Meisler used a 52 by
52 grid of nodes. The inner 46 by 46 grid used
node spacings of either 500 or 1000 fect. The
outer 3 nodes on each side used much larger grid
spacings, up to 20,000 fcet. This larger outer ring
was used to insure that the model boundaries
were at least 5 miles from the buried-valley
aquifers being modeled.

The model assumed that the aquifer was a one-
layer system under transient conditions. The
buried-valley aquifers were modeled as zones of
higher hydraulic conductivity. Nodes outside the
buried-valley aquifers were assigned values rep-
resentative of the bedrock aquifer. At the lateral
edges of the model impermeable boundaries
were assigned by setting transmissivity and
hydraulic conductivity values equal to zero.

The buried-valley aquifers were modeled as
being initially semi-confined but with the pos-
sibility of converting to water-table conditions if
the water level fell below the top of the aquifer.
A value of 4.0 x 10  ft/s was used for the
hydraulic conductivity in the Chatham buried-
valley aquifer while in all other buried-valley
aquifers 3.0 x 10™ fi/s was used. The transmis-
sivity was calculated by multiplying aquifer
thickness (derived from published maps or inter-
preted from available data) by the hydraulic con-

ductivity. A specific storage value of 4 x 10 fi1
was applied to all nodes which fell in a buried-
valley aquifer. The specific storage was multi-
plied by the thickness of the buried-valley
aquifer in each node to give the storage coeffi-
cient. A value of 0.16 was used for the specific
yield and applied to those buried-valley nodes
which experienced water-table conditions.

A semi-confining unit was defined as overlying
the buried-valley aquifers. This unit was assigned
a thickness ranging from 10 to 80 ft based on
available geologic data. The values of hy draulic
conductivity used ranged from 7.0 x 10 fi/s to
49 x 107 fys. The hydraulic conductivity as-
signed to each node was multiplied by the frac-
tion of that node actually covered by a
surface-water source. A constant water level of
200 ft was assigned to all water bodies over the
semi-confining unit. The code used (Trescott
and others, 1976) holds the leakage rate constant
if the water level in the aquifer falls below the top
of the aquifer.

The bedrock aquifer was assumed to be under
water-table conditions at all times. This aquifer
is made up of two distinct rock types, sedimen-
tary and igneous. The sedimentary rocks were
assigned a transmissivity value of 2.4 X 1072 ft?/s
and the igneous rocks a value of 1.8 X 107 ft%/s
in areas not bordering the buried-valley aquifers.
In those nodes actually bordering the buried-val-
ley aquifer the transmissivity of sedimentary or
igneous rock was set equal t0 3.0 x 102 £t/s. This
higher value was used to provide a transition
zone between the bedrock and buried-valley
aquifers. The hydraulic conductivity for the
bedrock aquifer was calculated by dividing the
transmissivity value by 500 ft. A value of 500 ft is
used to account for the water-bearing propertics
of the bedrock aquifer. A value of 0.12 was used
for the specific yield of the bedrock aquifer.

A more complete description of the model
parameters is given by Meisler (1976).

Meisler used ground-water pumpage for the
period 1900-1971 to simulate ground-water
levels using a ground-water flow model. A flow
model simulates ground-water levels that are
compared to obstrved water levels. When the
simulated and observed levels match satisfac-
torily the model is calibrated. This type of model
can be used to determine actual flow paths,

Meisler was unable to satisfactorily reproduce
observed water levels. The model was, however,



successful in reproducing observed changes in
water levels. This type of model is referred to as
adrawdown model. Its accuracyis judged by how
closely it reproduces water-level changes (draw-
downs) in response to pumping changes. A
drawdown model can be used to estimate
changes in ground-water elevations and predict
impacts of increased pumping, but not actual
water levels or flow paths.

Total drawdown in a particular well is calcu-
lated for any specific time by subtracting the
water level at that time from a constant, set base
level, The prepumpage (static) water level is
often used as this base level. Defining the base
level can be somewhat arbitrary. The incremen-
tal drawdown is a more convenient measure for
computer drawdown models. The incremental
drawdown is calculated by subtracting the water
level at the end of a pumping period from the
water level at the beginning of that period. A
positive incremental drawdown indicates a de-
cline in water levels, a negative value indicates a
rise in water levels. A drawdown model is cali-
brated by comparing measured to predicted in-
cremental drawdowns. When these match
satisfactorily then the model is considered to
accurately reproduce water-level changes dur-
ing the modeled time period.

The fact that the actual ground-water flow in
the study area was not successfully reproduced
by Meisler’s model indicates that some aspect of
the hydrogeology is not accurately represented.
The difficulty may lie in the simplified represen-
tation of the geology, imperfect characterization
of aquifer characteristics, incorrect pumping
values, or some other factor. However, Meisler
felt that the drawdown model would accurately
reproduce changes in water levels caused by
increases or decreases in pumpages in the East
Hanover and Southern Millburn buried-valley
aquifers (Meisler, 1976).

Table 2 {p. 7) shows total drawdowns and in-
cremental drawdowns as simulated by the model
using Meisler’s data. Drawdowns are shown at
the 11 observation wells (fig.4) for which mea-
sured drawdowns are¢ available. Because pre-
pumping water levels are not known, the total
drawdown and drawdowns for the first pumping
period are calculated from an assumed initially
flat prepumping potentiometric surface at 200
feet above sea level.

The amount of error in the simulated total
drawdown and incrental drawdowns prior to

1952 is unknown due to the lack of observation
well data. The assumption of an initially flat
piezometric surface probably introduces some
error into the simulation; however the amount is
unknown, Meisler found an acceptable calibra-
tion between available observed water levels and
simulated incremental drawdowns.

One problem became apparent when compar-
ing the results of the current study to Meisler’s
original work (Meisler, 1976). His original values
could not be exactly reproduced. Meisler also
noticed this (Harold Meisler, USGS, 1986, oral
communication). After his original work, he
added pumpage for the period 1972-1973. He
could not exactly reproduce his original work
and was unable to determine the reason.

This problem is highlighted in table 3 (p. 8).
This table shows total incremental drawdown for
1953-1971 as simulated by Meisler (1976) and
this study for cach well. The difference between
the simulated incremented drawdowns for each
well is shown in the rightmost column. The dif-
ferences between the simulated incremental
drawdowns are less than 1.0 feet in 5 wells, be-
tween 1.0 and 2.0 feet in 5 wells and 4.8 feet in
one well.

Also shown for each well is the annual absolute
difference for both studies. This number is cal-
culated by dividing the difference between the
measured and simulated incremental draw-
downs by the number of years for which observed
water levels are available. This value can be used
in comparative statistics between wells because
it has been corrected for the actual period of
data for each well. At the bottom of the table the
average and standard deviation of the annual
absolute differences are shown. The original
Meisler model showed an average annual abso-
lute error of 0.2 feet over the time period 1953-
1971, This study, when updating the same time
period, showed an average annual absolute error
of 0.4 ft.

The actual incremental drawdowns used by
each study are different. This is due to the pro-
cedure by which incremental drawdowns were
measured from graphs of observed water levels
(fig 5, p. 12). This difference is not significant.

SUSTAINABLE YIELD

Meisler (1976) estimated a sustainable
ground-water yield for each buried valley based
on the results of his model. The estimates are



based on 61 hypothetical wells spread
throughout the study arca at the deepest parts of
the buried valleys. At each of these wells the
water level was held constant above the bottom
of the aquifer. Meisler then calculated the
volume of ground water which would flow to the
wells based on these levels. This volume of water
was interpreted to be the sustainable yield (the
volume of water available indefinitely). Table 1
and figure 3 present the sustainable yields es-
timated by Meisler.

One major assumption could introduce error
into the estimations of sustainable yield. It invol-
ves the source of the water pumped from the

aquifers. The calculation of sustainable yields as-
sumed that water levels in the buried-valley
aquifers were at steady state; that is the ground-
water levels were at equilibrium with the 61
hypothetical wells. Under these conditions sur-
face waters (streams and wetlands) are the
source of recharge to the wells. This assumption
is discussed in more detail below in the section
"Limitations of Model.”

The sustainable yicld results were also based
on keeping the water level in the production
wells set at 30 feet above the aquifer base. Meis-
ler analyzed the sensitivity of the sustainable
yield estimates on the fixed water levels. He
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found that if the levels were lowered to 20 feet
above the aquifer base that the sustainable yield
would increase by approximately 3%.

ALLOCATIONS

The Division of Water Resources (DWR) is-
sues allocation permits to ground-water users in
New Jersey pumping 100,000 gallons per day or
more. The permittees are restricted to a maxi-
mum monthly pumping volume, which is
referred to as their total monthly allocation. The
actual volume pumped is usually smaller than the
total monthly allocation except during peak
demand periods.

The total allocations for each purveyor were
obtained from DWR files. The allocations were
converted to an cquivalent daily pumpage rate,
assigned to each buried valley, and then totaled
by buried valley. Table 4 shows the total daily al-
location for the ground-water users in the study
area. Figure 3 and table 1 list the total daily al-
locations for the buried-valley aquifers.

GROUND-WATER WITHDRAWALS, 1972-
1985

The earlier ground-water model simulated
drawdowns for the period 1900-1971 (Meisler,
1976). Meisler later updated the pumpage for

Table 2. Simulated total and incremental drawdowns, 1900-1973

A) Totat drawdowns® (ft)

Pumping period
Observation 1900- 1930- 1946- 1953- 1960- 1966- 1969- 1972.
Well 1926 1945 1952 1959 1965 1968 1971 1973
Green Acres 0.7 14 23 38 6.5 63 8.2 8.5
Sandoz 18 36 6.3 9.2 13.0 146 238 31.0
Clemens 1.8 38 6.4 93 132 14.9 24.1 31.8
Driver 2 2.5 53 8.1 i1.9 17.2 19.3 291 359
Driver 1 3.0 6.4 9.6 142 205 231 314 36.2
Briarwood School 78 15.5 234 300 361 40.5 46.6 47.0
Morristown Airport 23 51 72 101 145 158 200 209
Esso 6 Inch 4.0 82 116 166 248 274 32.6 34.0
Neutral Zone 257 442 460 552 630 57.7 58.2 62.2
Canoe Brook 170 262 328 443 555 533 56.1 58.5
Madison 4 92 17.1 229 308 417 433 482 487
B) Incremental drawdovms3 (ft)
Pumping period
Observation 1900- 1930- 1946- 1953 1960- 1966- 1969- 1972-
Well 1929 1945 1952 1959 1965 1968 1971 1973
Green Acres 0.7 0.7 0.9 1.5 2.7 -0.2 19 03
Sandoz 1.8 18 2.7 29 38 16 92 7.2
Clemens 18 2.0 26 29 39 17 9.2 7.3
Driver 2 2.5 28 28 38 53 21 9.8 6.8
Driver 1 30 34 32 4.6 6.3 26 83 48
Briarwood School 78 77 7.9 6.6 6.1 4.4 6.1 04
Morristown Airport 23 28 21 29 44 13 42 0.9
Esso 6 Inch 4.0 42 34 50 8.2 26 - 52 14
Neutral Zone  25.7 18.5 -18 9.2 78 -53 0.5 40
Canoe Brook 17.0 9.2 6.6 11.5 11.2 2.2 28 24
92 79 58 79 10.9 16 49 0.5

Madison 4

1 Based on Meisler's {1976) model using data provided by Meisler (Harold Meisler, USGS, written communication, 1986),
2 Prepumping levels assumed to be 200 feet above sea level.

3 Positive numbers indicate a decline in water levels. Negative numbers indicate a rise in water levels.



the years 1972-1973 (Harold Meisler, USGS,
written communication, 1986). This study adds
pumpage for the years 1974-1985 to the model.
Pumpage values are based on the quarterly
reports from the Division of Water Resources
and represent the most reliable estimate of
ground-water withdrawals in the area. Summing
quarterly pumpage values yielded yearly totals.
Missing pumpage values were estimated on the
basis of an average of available data. Pumpage
for 1985 is shown in table 4 for each uvser.

Five pumpage periods were established to
reflect trends in the pumpage for 1974-1985.
These periods are 1974-1976, 1977-1979, 1980,
1981-1984, and 1985. For cach pumpage period
the yearly totals for each well were averaged to
obtain an average annual withdrawal rate. This
set of pumpages (table 5) is termed the 100-per-
cent-of-recorded-pumpage values. The average
annual pumpage raes were used in the model.

Several well fields covered more than a single

cell of the computer model. This required dis-

Table 3. Comparsion of incremental drawdowns (ft) from this study and Meisler (1976) for 1953 to 1971

Well Incremental This  Meisler’s Difference

{period of data) drawdown study study

Green Acres actual 0.0 12

(1969-1971) simulated 19 18 0.1
annual difference 0.6 0.2

Sandoz actual 94 102

(1969-1971) simulated 92 108 -1.6
annual difference 0.1 -0.2

Clemens actual 100 113

(1969-1971) simulated 92 11.0 -1.8
annual difference 0.3 01

Driver 2 actual 13.0 13.5

(1966-1971) simulated 119 11.8 0.1
annual difference 0.2 03

Driver 1 actual 11.0 10.7

(1966-1971) simulated 10.9 10.8 0.1
annual difference 0.02 0.02

Briarwood School actual 74 6.5

(1966-1971) simulated 109 6.1 438
annual difference 0.6 0.1

Morristown Airport actual 4.7 55

(1960-1971) simulated 9.9 88 11
annual difference 0.4 03

Esso 6-inch actual 30 5.0

(1969-1971) simulated 52 48 04
annual difference 0.7 0.1

Neutral Zone actual 238 240

(1953-1971) simulated 122 13.6 -14
annual difference 04 04

Canoe Brook actual 243 215

(1953-1971) simulated 233 27 0.6
annual difference 0.1 -0.1

Madison 4 actual 9.6 123

(1960-1971) simulated 174 16.2 12

annual difference 0.6 03

Average of annual absolute differences: 0.4 02




tribution of total pumpage from the well field to
more than one cell. If the quarterly reports
provided pumpage information for individual
wells this information was used. Some users,
however, reported only the total pumpage for
the entire well field. In these cases the average
withdrawal rate for the well field was divided by
the number of wells in the field to derive an
average rate per well. Each cell was assigned
pumpage proportional to its number of wells.

CALIBRATION AND VERIFICATION
Developing and using a ground-water com-

Model design consists of discretizing the study
area (dividing it into cells) and assigning to each
cell the value of all relevant hydrogeologic
parameters. All of the parameters used by Meis-
ler (1976) were also used in the current study.

The second step is calibration. The model is
used to simulate water levels (or drawdowns)
which are then compared to observed values (fig,
5, p. 12). The hydrogeologic parameters are sub-
sequently modified (within reasonable bounds)
until the simulated valuves satisfactorily match
observed data. If a considerable period of ob-
served data is available usually only part of it is

puter model involves four steps: 1) chlgn, 2) used in the calibration step.
calibration, 3) verification, and; 4) projection.
Table 4. Withdrawals and total allocations, 1985
Permit Pumpge (mgd)
Purveyor number 1985 Allocation Buried valley
Southeast Morris County MUA
Black Brook 1, 2; Normandy 5299 2.69 4,61 East Hanover
Florham Park Borough 5214 0.86 1.75 East Hanover
East Hanover Township 5072 092 1.69 East Hanover
Sandoz, Inc. 2118P 0.39 240 East Hanover
Suburban Propane 10015W 0.01 0.10 East Hanover
AMAX Speciality Mctals 10088W 0.00 0.10 East Hanover
Livingston Township 5074 296 4.80 Northern Millburn
Commonwealth Water Company
Canoe Brook Well Field 5008 4.00 738 Southern Millburn
Passaic River Well Field 5008 09  3.00 Southern Miliburn
East Orange .
Braidburn Well Field 5041 319 420 Southern Millburn
East Orange
Dickinson Well Field 5041 279 4,20 Southern Millburn
Canoe Brook Country Club 10162W 0.02 0.10 Southern Millburn
Orange Products Inc. 10155W 001 0.10 Southern Millburn
Chatham Borough 5046 112 1.61 Chatham
Madison Borough 5069 1.78 3.50 Chatham
Exxon Research & Engineering 2339P 039 0.33 Chatham
Morris County Golf Club 2025P 0.01 0.22 Chatham
Allied Chemical 2117P 0.81 1.07 Chatham
East Orange
Slough Brook Well Field 5040 0.78 1.00 Slough Brook
Canoe Brook Well Field 5040 262 4.00 Canoe Brook
Total 26.31
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Table 5. Simulated pumpage, 1972-1985, used in 160-percent-of-recorded-pumpage scenario

1972-. 1974 1977 1981-

Production well roweol 19m! 197 19® 1980 1984 1985
1/12 Commonwealth Canoc Brook % 39 054 047 033 049 051 043
1/12 Commonwealith Canoe Brook %6 4 054 047 033 049 051 043
312 Commonwealth Canoc Brook 36 42 1.64 1.42 100 146 153 128
12 Commoawcalth Canoe Brook 36 43 110 0.95 067 098 102 085
3/12 Commonwealth Canoe Brook 37 43 1.64 142 100 145 153 128
2/12 Commonwealth Canoe Brook 3B 43 110 095 067 09 102 085
Commonwealth Passaic River St 43 37 089 087 032 095 09 066
Commonwealth Passaic R 48,50 44 38 178 1.74 054 190 1M 132
East Orange Slough Brook 27 4 013 o011 019 013 024 018
East Orange Slough Brook 28 41 013 011 019 013 024 018
East Crange Slough Brook 29 41 013 o.11 019 013 024 018
East Orange Stough Brook 30 46 000 011 019 013 024 018
East Orange Canoe Brook 1 30 45 029 065 052 049 043 047
East Orange Canoe Brook 2 27 45 079 065 052 049 043 047
East Orange Canoe Brook 3 24 45 0.75 065 052 049 043 047
Ezst Orange Canoe Brook 4 22 45 081 065 052 049 043 047
East Orange Canoe Brook 5.6 19 46 0.00 0.30 052 032 063 0.46
East Omnge Braidbum 1 31 0 085 1.01 106  L15 124 103
East Orange Braidbum 2 » W 090 1.0 1.06 1.15 124 1.03
East Orange Braidbum 3 2% 2 114 1.01 1.06 115 1.4 1.03
East Orange Dickinson 1 33 31 116 0.92 093 1.02 098 1.00
East Orange Dickinson 2 M 33 022 0.92 093 1.02 098 1.00
East Orange Dickinson 3 2 M 1.38 0.92 093 1.02 098 1.00
Livingston Township 1 B 38 0.14 0.11 oog 007 009 0.00
Livingston Township 2 7T 40 0.23 0.23 .18 0.1G¢ 018 0.00
Livingsion Township 3 9 27 035 042 0.6 071 D44 0.87
Livingston Township 4 13 42 028 0.19 031 031 019 0.22
Livingston Township 5 10 28 045 040 069 030 053 041
Livingston Township 6 14 32 0.15 0.17 016 010 012 0.09
Livingston Township 7 15 27 036 0.31 025 018 020 0.10
Livingston Towmship 8 18 34 038 027 03 024 01 025
Livingston Township 9 14 27 0.00 0.19 031 059 047 042
Livingston Township 10 15 41 000 017 012 002 010 014

! Data from Harold Meisler, U.S. Geological Susvey, 1986

2Docs not equal total 1985 pumpage from table 1 due to rounding

rmi 1974 1977 1981-

Production welt rowcol 1973 1976 1979 1980 1984 1985
Livingston Township 11 19 M 017 023 014 024 020 017
Livingston Township 12 19 41 000 000 000 O1¢ 02 021
Black Brook 1 (SEMCMUA) 2 12 077 0% 08 078 103 110
Black Brook 2 (SEMCMUA) U 12 077 081 111 074 121 147
Normandy (SEMCMUA) 31 6 003 003 003 000 007 o011
Florham Park Borough 1 29 18 031 000 000 000 000 000
Florham Park Borough 2 2% 17 048 030 034 036 035 029
Florham Park Borough 3 2% 20 000 030 034 036 035 029
Florham Park Borough 4 2 17 000 030 G3d 036 035 029
East Hanover Township 1 14 14 05t 000 @00 000 000 000
East Hanover Township 2 16 14 060 068 062 063 061 046
East Hanover Towmship 5 5 21 000 000 020 047 042 046
Madison Borough A 45 26 025 03 037 038 0M 036
Madison Borough B 45 25 045 036 037 038 034 036
Madison Borough C 40 17 0.32 0.36 037 038 03 0.36
Madison Borough D 41 19 032 036 037 038 0M 03
Madison Borough E 45 27 045 036 037 038 0M 036
Chatham Borough 1,2,3 46 30 0.98 0.99 0.99 101 093 112
Canoc Brook Country Club 41 43 0.00 0.02 002 004 002 002
Exxon Research & Engineering 3B 12 0.20 03 039 039 039 039
Morris County Golf Club 37 5 003 001 001 o001 001 o0
Sandoz 1 16 13 00t 021 019 015 008 008
Sandoz 2 17 14 008 021 019 015 008 008
Sandoz 3 18 15 0.40 0.21 019 015 0.08 0.08
Sandoz 4 19 15 049 0.21 019 015 048 0.08
Sandoz 5 2 13 062 0.21 019 015 008 0.08
Pfizer 6 4 0.00 0.00 000 021 051 0.27
Allied Chemical 1,24 35 023 033 067 079 065 061
Allicd Chemical 10 31 5 000 000 0600 000 Ol6 020
Allied Chemical 3 M 0.06 0.00 000 000 000 000
Surburban Propane 15 8 0.01 .00 000 000 0O 0.01
Amax Specialtics Metal Corp. D« 017 000 000 000 008 000
Orange Products, Inc. u B 011 000 000 019 011 000
Linpro M B 0.00 0.00 000 000 000 000
TOTALS 844 811 299 3074 841 2655
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Verification consists of using the calibrated
model to simulate values for that part of the data
not used during the calibration stage. If the his-
torical data record is not long enough to supply
sufficient data, the verification step may be
bypassed.

The final step, projection, involves using the
model to simulate the hydrologic system under
anticipated or simulated conditions. For
ground-water model this usually entails altering
the pumpage values.

Meisler did not have a sufficient historical
record of observed water levels to both calibrate
and verify his model. He calibrated the model,
and then used it to predict sustainable yield from
the buried valleys. Meisler modified the physical
parameters of his model during calibration to
better match the observed drawdowns,

This study began with a verification of
Meisler's model. Nonc of the hydrogeological
characteristics set by Meisler were altered to
provide a closer fit of the observed and predicted
drawdowns. Updated pumpage was used to
simulate drawdowns which were then compared
to observed drawdowns for 5 pumpage periods.
Years which had similar total pumpage were
grouped together for modeling purposes to
decrease computational effort, Drawdowns
during each period were simulated based on
reported pumpage (table 5). The results ob-
tained using these pumpages are referred to as
the "100-percent-of-recorded-pumpage
verification scenario,”

The accuracy of the this verification scenario
was judged by comparing simulated incremental
drawdowns to observed drawdowns in 11 obser-
vation wells (table 6) in the study area.

Table 7 presents total and incremental draw-
down for the 11 observation wells as simulated
by the 100-percent-of-recorded-pumpage
verification scenario. Table 8 is an analysis of the
difference between observed incremental draw-
downs and the simulated incremental drawdown
for cach pumpage period. It presents: 1) ob-
served incremental drawdowns; 2) simulated in-
cremental drawdown, and; 3) the annual
absolute difference between the observed and
simulated values. Incremental drawdowns are
shown only for those wells and pumping periods
for which observational data are available. The
number of years in each pumping period is
shown at the top of the table.

12

The difference between the observed and
simulated values of incremental drawdown was
divided by the number of years in each pumping
pericdtoyield the annual difference. The annual
difference is used to compare the results of
pumping periods of varying duration. If the an-
nual difference is negative then the simulated in-
cremental drawdown over that pumping period
was greater than the observed value. A positive
number indicates the reverse,

The rightmost column indicates, for each well,
the average of the absolute values of the annual
differences in incremental draw downs. The ab-
solute value is used to indicate total differences.
If the absolute annual incremental drawdown
values were not used then positive and negative
values would cancel out leaving the impression
that, on average, the simulated incremental
drawdowns were closer to observed values than
the data indicate.

The bottom row shows, for each pumping
period, the average of the absolute values of the
annual differences in incremental drawdowns.
Again, the absolute value of the annual differen-
ces is used to prevent positive and negative dif-
ferences from canceling each other out.

Table 8 can be analyzed in three different ways.
First, the body of the table can be searched for
trends either in a given well or in a given pump-
ing period. Second, the average annual differ-
ences can be examined by well (the rightmost
column). And third, the average annual differen-
ces in a pumping period (the bottom row) canbe
examined.

Perusing the body of the table doesn’t yield any
noticcable patterns. The annual differences do
not appear to be systematic. The annual dif-
ferences are not consistently positive or negative,
or of similar sizes either in a given well or in a
pumping period. Wells which are physically
close together (for instance, Driver 1 and Driver
2, or Neutral Zone and Canoe Brook) tend to
have annual differences of the same sign but
other nearby wells (Clemens and Sandoz, for in-
stance) do not show this correlation.

The rightmost column shows the average of the
absolute annual differences for each well. The
Clemens well shows the most difference, with an
average of 2.0 feet difference between observed
and simulated incremental drawdowns. The
Green Acres well shows the least difference at
0.6 feet. No pattern is apparent.
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Table 6. Buried-valley observation wells

Observation  Well node location

well row column USGSID!  Buried valley
Green Acres 7 19 27-0006 East Hanover
Sandoz 19 13 27-0005 East Hanover
Ciemens 20 12 27-0004 East Hanover
W B Driver 2 24 13 27-0003 East Hanover
W BDriver 1 25 16 27-0002 East Hanover
Morristown Airport 28 7 27-0015 East Hanover
Briarwood School 27 25 27-0012 Southern Millburn
Canoe Brook 35 41 13-0013 Southern Millburn
Neutral Zone 31 45 13-0014 Canoe Brook
Esso 6-Inch 31 13 27-0014 Chatham
Madison 4 45 26 27-0017 Chatham

Lidentification number assigned by U.S. Geological Survey, Water Resources Division, West Trenton

Table 7. Simulated total and incremental drawdowns based on 100-percent-of-recorded-pumpage
scenario

A) Total drawdowns' (ft)
Pumping period
1974- 1977- 1981-

Observationwell 1976 1979 1980 1984 1985

Green Acres 92 10.8 115 115 11.7

Sandoz 326 341 323 332 332

Clemens 331 349 330 347 349

Driver2 382 418 393 438 44.5

Driver1 389 425 411 443 443

Briarwood School 500 549 563 563 560
Morristown Airport 230 263 263 286 290 .
Esso 6-Inch 369 40.2 40.2 414 412 -

Neutral Zone 67.6 68.5 70.4 67.7 65.1

Cance Brook 583 610 631 579 527

Madisond 503 534 544 515 50.1

B) Incremental drawdowns’ (fv)
Pumping period
1974- 1977- 1981- .
Observationwell 1976 1979 1980 1984 1985
Green Acres 0.7 1.6 0.7 0.0 0.2
Sandoz 16 15 -1.8 0.9 0.0
Clemens 13 1.8 -1.9 1.7 0.2
Driver 2 23 36 -2.5 45 0.7
Driver 1 2.7 36 -1.4 32 0.0
Briarwood School = 3.0 49 14 0.0 -0.3
Morristown Airport 21 33 0.0 23 0.4
Esso 6-Inch 29 33 0.0 12 -0.2
Neutral Zone 5.4 09 19 2.7 26
Canoe Brook  -0.2 2.7 21 -5.2 -52
Madison 4 16 31 1.0 -29 -14

1 prom prepumping conditions to end of pumping period.

2 positive numbers indicate a decline in water levels. Negative numbers indicate a rise in water levels.
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Table 8. Analysis of difference between actual and simulated incremental drawdowns (ft), 100-percent-of-recorded-pumpage scenario.

Observation Incrementat 1946- 1953- 1960- 1966- 1969- 1972- 1974- 1977- 1980 1981- 1985
well drawdown 1952 1959 1965 1968 1971 1973 1976 1979 1984
Years in pumping period 7 7 6 3 3 2 3 3 1 4 1 _| Average of the
Green Acres actual 00 12 20 12 16 02 16| qralabscute
simulated 19 03 0.7 1.6 0.7 00 02| cachwell
annual difference 0.6 08 04 -0.1 09 0.1 14 0.6
Sandoz actual 94 -1.6 14 1.8 26 48 36
simulated 92 72 16 15 -18 09 0.0
annual difference 0.1 -4.4 0.1 01 44 1.0 36 19
Clemens actual 10.0 20 26 18 44 12
simulated 9.2 77 13 18 -19 1.7
annual difference 03 48 04 00 63 01 20
Driver 2 actual 18 112 28 50 26 40 3.6 1.0
simulated 21 9.8 68 23 36 -25 45 0.7
annual difference 0.1 05 -48 09 -03 6.5 0.2 03 1.7
Driver 1 actual 18 92 28 60 16 44 58
simulated 26 83 48 27 36 -14 32
annual difference 0.3 03 38 11 07 58 0.6 18
Briarwood School actual 10 6.4 48 46 76 04 18 22
simulated 48 6.1 04 30 49 14 00 03
annual difference -13 01 -2.6 0.5 09 -1.8 0.5 25 13
Morristown Airport actual 2.5 0.5 1.7 03 01 o1 16 01 00
simulated 44 13 42 0.9 2.1 33 00 23 04
annual difference 03 03 08 06 097 -11 16 06 04 0.7
Esso 6-inch actual 30 -2 22 02 40 40
simulated 52 14 29 33 00 12
annual difference 0.7 -3 02 -10 40 0.7 13
Neutral Zone actual 100 184 114 60 00 220 14 22 32 58
simulated 18 92 78 -53 05 40 sa4 09 19 27
annual difference 12 1.3 06 -02 02 30 43 .0 51 -08 15
Canoe Brook actual 65 152 -6 32 087 g1 -1.7 00 90
simulated 11.5 12 22 28 24 92 27 21 -52
annual difference 07 07 01 08 08 .6 15 21 09 11
Madison 4 actual 98 02 04 60 19 190 12 30 28
simulated 10.9 16 49 05 16 31 10 29 -14
annual difference 02 05 -18 33 92 .07 02 00 4.2 12
Average of the annual absolute 1.2 1.0 0.4 0.4 0.6 2.7 08 0.7 35 0.5 2.1

difference for each pumping
period



The bottom row shows the average of the ab-
solute annual differences for each pumping
period. The years up to and including 1971 were
used by Meisler in his original model. He later
added pumpage for the pumping period 1972-
1973. This study added pumpage for 1974-1985.

For the five pumping periods prior to 1972,
three had average absolute annual differences of
less than or equal to 1.0 feet. The remaining one
is based on values in only one well, the Neutral
Zone. For the six pumping periods after 1972,
three had average values less than 1.0 ft while the
remaining three were all over 3.0 ft. This indi-
cates that the simulated values of incremental
drawdown, while not significantly different from
the observed values during the period 1972-1985,
do differ more than those simulated for the
period 1946-1971. While the model’s ability to
match observed incremental drawdown is ac-
ceptable for the later time period, it is not as
good as was observed by Meisler.

One important note about the average ab-
solute annual differences for each pumping
period. The years 1980 and 1985 each were simu-
lated by a single year. This was done to reflect
changes in pumping values which were sig-
nificant enough to warrant treatment as a
separate period. The calculated annual absolute
differences for these two years were 3.5 and 2.1
feet, respectively. The only other value this large
was 2.7 feet for the period 1972- 1973, a two-year
pumping period. All other average values were
less than or equal to 1.2 feet.

The model appears to have some difficulty
matching incremental drawdowns over a short
time period. During these shorter periods the
transient effects due to changes in pumpage

rates are more important. The magnitude of -

these transient effects are governed to alarge ex-
tent by the storage capabilities of the system. The
fact that the shorter time periods have the
greater differences appears to indicate that the
values used for storage coefficient in the model
may not be as accurate as could be desired.

One reassuring point is that the transient ef-
fects, being dependent upon storage values, do
not affect the steady-state simulations, The es-
timates of sustainable yield for the buried-valley
aquifers were made under steady-state condi-
tions. Thus any errors associated with imperfect
characterizations of the storage in the aquifer
systems will not affect the sustainable yield es-
timates.
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One other possible source of error lies in the
pumpage values used. If the reported pumpage
values are greater or lesser than the amount of
ground water actually withdrawn then the
predicted incremental drawdowns will be less
likely to match observed drawdowns. In an at-
tempt to evaluate the effect of possible errors in
reported pumpage, the pumpage values were
varied and then used to predict incremental
drawdowns.

The reported pumpages are termed the 100-
percent-of-recorded-pumpage values because
they represent no change from (or 100% of) the
values reported to the DWR. These values were
reduced by 25 percent, producing the 75-per-
cent-of-recorded-pumpage values, and then in-
creased by 25 percent, the 125-percent
recorded-pumpage values. Table 9 presents
1985 pumpage for all three sets of recorded
pumpages. The two additional sets of recorded
pumpages were used in verification scenarios.

Difficulties were encountered during the 125-
percent-of-recorded-pumpage verification
scenario. The increase of 25 percent in pumpage
caused water levels throughout the eastern part
of the study area to fall below the bottom of the
aquifer, which halted the simulation. To
proceed, all withdrawals in the Commonwealth
Canoe Brook, East Orange Slough Brook, East
Orange Canoe Brook, East Orange Braidburn,
East Orange Dickinson and Livingston wells
fields were held to the values used during the
100-percent-of-recorded-pumpage verification
scenario,

Tables 10 and 11 present the analysis of the 75-
percent-of-recorded-pumpage verification
scenario. Tables 12 and 13 show results for the
125-percent recorded-pumpage verification
scenario.

Analysis of tables 11 and 12, and comparison
to table 8, indicates the pumpage values used in
the 100-percent-of-recorded-pumpage verifica-
tion scenario yielded, on average, the lowest an-
nual differences between observed and
simulated incremental drawdowns. The
pumpage values used for this scenario do repre-
sent the best available estimate of pumpage in
the study area.



Table 9. 1985 pumpage (mgd) for 100-, 75-, and 125-percent-of-recorded-pumpage scenarios

Percent of recorded pumpage

Percent of recorded pumpage

Production well 100 125

1/12 Commonwealth Canoe Brook 033 025 0.33
1/12 Commonwealth Canoe Brook 033 0.25 0.33
3/12 Commonwealth Canoe Brook 1.00 0.75 1.00
2/12 Commonwealth Canoe Brook  0.67 0.50 0.67
3/12 Commonwealth Canoe Brook 1.00 0.75 1.00
2/12 Commonwealth Canoe Brook 0.67 0.50 067
Commonwealth Passaic River 51 032 0.24 0.40
Commonwealth Passaic R. 48,50 0.64 0.48 0.80
East Orange Slough Brook 0.19 0.15 0.19

East Orange Slough Brook 0.19 0.15 0.19

East Orange Slough Brook 0.19 0.15 0.19

East Orange Slough Brook 0.19 0.15 0.19

East Orange Canoe Brook 1 0.52 0.39 0.52

5 East Orange Canoe Brook 2 0.52 0.39 0.52
East Orange Canoe Brook 3 0.52 0.39 0.52

East Orange Canoe Brook 4 0.52 0.39 0.52

East Orange Canoe Brook 5,6 0.52 039 0352
East Orange Braidburn 1 1.06 0.80 1.06

East Orange Braidburn 2 1.06 0.80 1.06

East Orange Braidburn 3 1.06 0.80 1.06

East Orange Dickinson 1 093 0.70 093

East Orange Dickinson 2 093 0.70 0.93

East Orange Dickinson 3 0.93 0.70 0.93
Livingston Townskip 1 0.08 0.06 0.08

Livingston Township 2 0.00 0.00 0.00

Livingston Township 3 0.87 0.65 087

Livingston Township4 022 0.17 0.22

Livingston Township 5 0.41 0.31 041

Livingston Township 6 0.09 0.06 0.09

Livingston Township 7 0.10 0.08 0.10

Livingston Township 8 0.25 0.18 0.25

Livingston Township 9 042 032 042

Livingston Township 10  0.14 0.11 0.14

Production well 100 125
Livingston Township 11 0.17 0.12 0.17
Livingston Township 12 021 0.16 0.21

Black Brook 1 (SEMCMUA) 1.10 0.82 138
Black Brook 2 (SEMCMUA) 147 110 184
Normandy (SEMCMUA) 0.11 0.32 0.54
Florham Park Borough1l  0.00 0.00 0.00
Florham Park Borough 2 0.29 0.22 0.36
Florham Park Borough 3 029 022 036
Florham Park Borough 4 029 022 0.36
East Hanover Township 1 0.00 0.00 0.00
East Hanover Township 2 046 0.35 0.58
East Hanover Township 5 0.46 035 0.58
Madison Borough A 036 027 0.45
Madison Borough B 036 027 0.45
Madison Borough C 036 0.27 0.45
Madison Borough D 036 0.27 0.45
Madison Borough E 036 0.27 0.45
Chatham Borough 1,2,3 1.12 0.84 140
Canoe Brook Country Club 0.02 0.01 0.02
Exxon Research & Engineering 039 0.29 0.48
Morris County Golf Club 0.01 0.01 0.01
Sandoz 1 0.08 0.06 0.10
Sandoz 2 0.08 0.06 0.10
Sandoz 3 0.08 0.06 0.10
Sandoz4  0.08 0.06 0.10
Sandoz § 0.08 0.06 0.10
Pfizer 0.27 0.20 033
Allied Chemical 1,24 0.61 0.45 0.76
Allied Chemical 10  0.20 0.15 0.25
Allied Chemical  0.01 0.01 0.02
Surburban Propane 0.00 0.00 0.00
Amax Specialties Metal Corp. 0.00 0.00 0.01
Orange Products, Inc. 0.00 0.00 0.00

Linpro - -
TOTALS 2655 20.14 29.57



Table 10. Simulated total and incremental drawdowns based on 75-percent-of-recorded-pumpage
scenario

A) Total drawdowns' (f)
Observation Pumping period
well 1974-  1977- 1981-
1976 1979 1980 1984 1985

Green Acres 79 8.7 9.1 8.7 8.9
Sandoz 263 26.4 248 24.7 24.7

Clemens 26.7 270 252 25.8 25.9

Driver2 310 323 30.1 325 331

Driver1 319 330 316 329 330
Briarwood School 420 43.0 434 41.1 40.4
Morristown Airport” 193 206 203 212 225
Esso6-Inch  30.7 314 310 30.8 30.8
Neutral Zone  55.3 526 534 495 473
Canoe Brook 470  46.7 479 42.7 38.5
Madison4 414 41.4 417 382 37.0

B) Incremental drawdowns® (ft)
Observation Pumping period
well 1974- 1977- 1981-
1976 1979 1980 1984 1985

Green Acres  -0.6 08 04 0.4 02
Sandoz -4.7 0.1 -1.6 4.1 0.0

Clemens -5.1 03 -1.8 0.6 0.1

Driver2 -49 13 2.2 24 0.6

Driver1 -43 1.1 14 13 0.1
Briarwood School  -5.0 1.0 0.4 23 -0.7
Morristown Airport  -1.6 13 03 09 13
Esso 6-Inch  -33 0.7 -0.4 -0.2 0.0
Neutral Zone -69 2.7 0.8 -39 22
Canoe Brook -11.5 03 1.2 -5.2 -42
Madison4 -73 0.0 0.3 3.5 <12

1 from prepumping conditions to end of pumping period.

Positive numbers indicate a fall in water levels. Negative numbers indicate a rise in water levels.
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Table 11. Analysis of difference between actual and simulated incremental drawdowns (ft), 75-percent-of-recorded-pumpage scenario

Pumping period
Incremental 1946- 1953 1960- 1966- 1969- 1972- 1974- 197)-

Well drawdown 1952 1959 1965 1968 1971 1973 1976 1979 1980 1984 1985
Pumping period (no. of ycars) 7 7 6 3 3 2 3 3 1 4 1] Averageofihe
Green Acres actual 00 -12 20 12 16 02 18  gitference for
simulated 19 03 07 08 G4 04 0.2 cach well
annual difference 0.6 -0.8 04 01 1.2 01 1.4 0.7
Sandoz actual 94 16 I3 18 26 48 3.4
simulated 92 12. 16 01 -1.6 0.1 0.0
annual difference 0.1 -4.4 £1 06 42 12 34 23
Clemens actual 100 20 26 18 14 )
simulated 92 1.7 51 03 -1.8 0.6
annual difference 03 -4.8 26 05 6.2 0.1 24
Driver 2 actual 1.8 112 2.8 50 26 4.0 3.6 1.0
simulated 21 98 6.8 49 13 2.2 24 0.4
annual difference 0.1 05 -4.8 33 04 6.2 03 04 20
Driver 1 actual 1.8 92 -2.8 60 16 44 58
simulated 26 8.3 48 43 11 -1.4 13
annual difference 03 03 -38 34 02 58 1.1 21
Briarwood School actual 1.0 6.4 -4.8 46 76 0.4 -18 2.2
simulated 48 6.1 04 50 10 04 -23 -0.7
annual difference -13 01 26 32 22 -0.8 0.1 29 16
Morristown Airport actual 2.5 0.5 1.7 0.3 01 0.1 1.6 0.1 0.0
simulated 4.4 13 4.2 09 16 13 03 09 13
annual difference 03 -0.3 0.8 0.6 06 -04 19 03 -1.3 0.7
Esso 6-inch actual 3.0 12 22 02 4.0 4.0
simulated 5.2 14 33 07 04 02
annual difference 0.7 -1.3 1.8 -02 4.4 1.1 1.6
Neutral Zone actual 100 184 114 -6.0 0.0 2.0 14 -22 3.2 58
simulated 1.8 92 78 -53 0.5 4,0 $69 27 0.8 -39
annual difference 1.2 13 06 -0.2 0.2 -3.0 28 02 -4.0 .5 14
Canoe Brook actual 6.5 152 2.6 52 03 81 -17 0.0 9.0
simulated 11.5 11.2 -2.2 28 24  -115 03 1.2 -5.2
annual difference -0.7 0.7 -0.1 0.8 08 11 05 -1.2 09 08
Madison 4 actual 98 0.2 0.4 -6.0 1.0 10 1.2 -30 248
simulated 109 1.6 4.9 0.5 13 00 03 -35 -1.2
annual difference -0.2 0.5 -1.8 -33 28 03 0.9 0.1 4.4 15
1.2 1.0 04 04 0.6 2.7 22 05 33 05 23

Average of the annual absolute
difference for each pumping
period



Table 12. Simulated total and incremental drawdowns based on 125-percent-of-recorded-pumpage
scenario

A) Total drawdowns! (ft)
Pumping period
1974- 1977- 1981-
Observationwell 1976 1979 1980 1984 1985
Green Acres 9.9 119 125 13.0 133
Sandoz 383 413 396 408 41.0
Clemens 39.0 424 40.6 429 43.5
Driver2 449 50.8 48.2 549 56.8
Driver1 452 S50.8 497 542 55.4
Briarwood School  52.1 58.6 60.6 62.1 620
Morristown Airport 264 316 320 357 385
Esso 6-Inch  42.0 472 476 50.0 50.6
Neutral Zone  69.5 719 744 724 70.0
Canoe Brook  6(.7 64.9 67.7 622 56.6
Madison4  56.0 60.9 623 59.7 58.4

B) Incremental drawdowns? ()
Pumping period
1974- 1977- 1981-

Observationwell 1976 1979 1980 1984 1985
Green Acres 14 2.0 1.0 0.1 0.3
Sandoz 13 3.0 -1.7 1.2 0.2
Clemens 12 34 -1.8 23 0.6
Driver 2 9.0 5.9 -2.6 6.7 i¢g
Driver 1 9.0 56 -1.1 4.5 1.2
Briarwood School 51 6.5 20 15 0.1
Morristown Airport 5.5 52 04 37 28
Esso 6-Inch 8.0 5.2 04 24 0.6
Neutral Zone 13 24 2.5 =20 24
Canoe Brook 2.2 42 28 -5.5 -5.6
Madison 4 13 49 14 -26 -13

1 from prepumping conditions to end of pumping period.
2 positive numbers indicate a fall in water levels. Negative numbers indicate a rise in water levels.
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Table 13, Analysis of difference between actual and simulated incremental drawdowns (ft), 125-percent-of-recorded-pumpage scenario

Incremental 1946- 1953- 1960~ 1966- 1969- 1972- 1974- 1977- 1981-
Well drawdown 1952 1959 1965 1968 1971 1973 1976 1979 1980 1984 1985
7 7 [ 3 3 2 3 3 1 4 1
Green Acres actual 0.0 -1.2 20 1.2 1.6 02 1.6
simulated 1.9 03 14 2.0 10 0.1 03
annual difference 0.6 08 0z -03 0.6 0.1 13
Sandoz actual 94 -16 14 18 2.6 48 36
simulated 9.2 72 13 30 -1.7 1.2 0.2
annual difference 0.1 -44 20 -04 43 09 34
Clemens actual 10.0 20 26 18 44 1.2
simutated 92 77 12 34 -1.8 23
annual difference 03 48 -15 -0.5 6.2 -0.3
Driver 2 actual 18 12 -28 50 26 40 36 1.0
simulated 2.1 9.8 68 90 59 -26 6.7 19
annual difference -0.1 0.5 -48 -13 -11 6.6 0.8 0.9
Driver 1 actuat 18 9.2 28 60 1.6 44 58
simulated 2.6 83 483 90 5.6 -11 4.5
annual difference 0.3 03 38 -10 -13 5.5 0.3
Briarwood School actual 1.0 6.4 48 46 76 0.4 -1.8 22
simulated 48 6.1 04 51 6.5 20 21.5 0.1
annual difference -13 0.1 26 02 04 -2.4 -58 23
Morristown Airport actual 25 0.5 1.7 03 0.1 01 1.6 0.1 0.0
simulated 44 1.3 42 09 55 52 04 17 28
annual difference 03 03 0.8 06 -18 -17 1.2 -1.0 -28
Esso 6-inch actual 3.0 12 22 0.2 40 40
simulated 52 1.4 80 52 04 24
annual difference 0.7 13 19 17 36 04
Neutral Zone actual 100 134 114 -6.0 0.0 220 14 22 3.2 -58
simulated 1.8 9.2 78 -53 0.5 40 73 24 2.5 20
annual difference 1.2 13 06 -02 -0.2 30 20 -15 -57 0.9
Canoe Brook actual 6.5 152 26 5.2 08 -81 -17 0.0 -9.0
simulated 115 11.2 22 28 24 22 42 28 -5.5
annual difference 0.7 07 01 08 08 34 20 28 09
Madison 4 actual 98 0.2 04 60 10 1.0 1.2 -3.0 28
simulated 10.9 1.6 49 05 173 49 14 26 -13
annual difference 02 05 -1.8 33 21 -13 02 0.1 41
1.2 1O (1} 04 0.6 27T 16 11 36 10 25

Average of the annual absolute
difference for each pumping

period

Average of the
annual absolute
difference for
cach well

05

22

20

18

19

12

16

1.7

1.4

13



PUMPAGE-GROWTH SCENARIOS

The purpose of this phase of the investigation
was to predict the effects of additional pumpage
on water levels. Additional pumpage was
divided into two categories. The first is based on
an assumption of growth in the area with a cor-
responding increase in ground-water use. The
sccond assumes a new allocation at the proposed
Linpro site. Four pumpage-growth scenarios
were investigated using the ground-water model.

The first pumpage-growth scenario, termed
the base-growth scenario, assumed that an al-
location was not granted to Linpro. All other
pumpage in the study area was increased 15 per-
cent from the values reported for the 1981-1984
pumping period. This increase is based on
projected population growth in Morris County
(below). It is a conservatively high estimate of

Population Percent
County July1,1984 July1, 1995 change
Essex 841,500 794,500 56
Morris 417,100 479,900 +15.1

Source: NJ Office of Demographic and Ecunomic Analysis, 1985

population growth as the two largest ground-
water users (Commonwealth and East Orange)
serve primarily Essex County. The increase was
applied at the beginning of the pumpage period
1986-1995. Pumpage is shown as scenario BG in
table 14,

During the modeling of the base-growth
scenario, it was necessary to restrict the Com-
- monwealth Canoe Brook, East Orange Slough
Brook, East Orange Canoe Brook, East Orange
Braidburn, East Orange Dickinson, Livingston
and East Hanover well fields to 1981-1984
pumping rates. The computer model predicted
that if the pumpage at these wells was increased
by 15 percent the wells would go dry. Addition-
ally, the 15-percent increasc was applicd only to
municipal water purveyors; industrial pumpage
was held at its 1981-84 level. Industrial pumpage
is assumed not to respond to population changes
in the area.

Predicted total and incremental drawdowns
for the base-growth scenario at the observation
wells are shown in table 15. These values are as-
sumed to indicate the cffect of expected in-
creases in pumpage to meet increased demand
by current users in the area. Any effect of addi-
tional ground-water users in the area was calcu-
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lated as the difference from this base-growth
scenario.

Geonics (1986) reported that Linpro proposed
pumping between 0.3 and 0.5 (mgd) from the
Chatham buried-valley aquifer. Of this amount,
0.3 mgd was for consumption onsite and an ad-
ditional 0.2 mgd was for possible transfer to Flot-
ham Park Borough. To consider both scenarios,
pumpages of 0.3 and 0.5 mgd (table 14) were
added to the base-growth scenario.

The first Linpro pumpage-growth scenario as-
sumed that in addition to the pumpage applied
to the base-growth scenario, 0.3 mgd was
withdrawn from the Linpro site. The second
Linpro pumpage-growth scenario assumed that
0.5 mgd was pumped from the Linpro site.
Predicted total and incremental drawdowns for
these two Linpro pumpage-growth scenarios at
the cnd of the 1986-1995 pumping period are
shown in table 15.

Comparing the results of the base-growth and
two Linpro pumpage-growth scenarios indicates
the estimated effect on water levels of the addi-
tional Linpro pumpage. At the Neutral Zone ob-
servation well (approximately 3.5 miles from the
Linpro site and situated near the Common-
wealth Canoe Brook well field) the incremental
drawdown calculated by the base-growth
scenario is 4.7 feet. If Linpro pumps 0.3 mgd the
model predicts an incremental drawdown of 4.9
feet, or an additional 0.2 foot of drawdown. If
Linpro pumps 0.5 mgd, then the model predicts
5.1 feet of incremental drawdown at the Neutral
Zone well, of which 0.4 foot is attributable to the
Linpro pumpage.

At the Esso 6-inch observation well (roughly
0.5 mile from the proposed Linpro pumpage
site) the incremental drawdown predicted by the
model directly attributable to the Linpro site is
L5 fect at 0.3-mgd additional pumpage, and 2.5
feet at 0.5-mgd additional pumpage.

As a check on the ground-water resources of
the area all pumpage was increased to the max-
imum allocation amount as shown in table 3, This
is the maximum-allocation pumpage-growth
scenario. Pumpage at the Commonwealth
Canoe Brook well field as well as at all East
Orange, Livingston, East Hanover Township
and Sandoz wells were held at the 1981-1984
rates. If pumpage at these wells increased while
all other pumpage increased to the maximum al-
location, then these well fields showed excessive
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Table 14. Simulated pumpage values (mgd) for pumpage-growth scenarios

Production well

Growth scenarios
BG' BG +03° BG +0.5°MA*

Production well

Growth scenarios
BG!BG +032BG +0.5° MA*

1/17 Commonwealth Canoe Brook
1/12 Commonwealth Canoe Brook
3/12 Commonwealth Canoe Brook
2/12 Commonwealth Canoe Brook
3/12 Commonwealth Canoe Brook
2/12 Commonwealth Canoe Brook
Commonwealth Passaic River 51

Commonwealth Passaic R. 48,50

043 (043 043 043
043 043 043 043
1.28 128 1.28 1.28
0.85 0.85 085 085
128 128 1.28 1.28
0.85 0.85 085 085
0.76 076 0.76 100
1.52 1.52 1.52 200

East Orange Slough Brook 018 018 018 018
East Orange Slough Brook 018 018 018 Q.18
East Orange Slough Brook 018 018 018 (.18
East Orange Slough Brook 018 018 018 018
East Orange Canoe Brook 1 047 047 047 047
East Orange Canoc Brook 2 047 047 047 047
East Orange Canoc Brook 3 047 047 047 047
East Orange Canoe Brook 4 047 047 047 047
East Orange Canoe Brook 5,6 046 046 046 046
East Orange Braidburn 1 103 103 103 103
East Orange Braidburn 2 1.03 103 1.03 1.03
East Orange Braidburn 3 1.03 1.03 1.03 1.03
East Orange Dickinson 1 1.00 1.00 1.00 1.00
East Orange Dickinson 2 1.00 1.00 1.00 1.00
East Orange Dickinson 3 1.00 100 100 100
Livingston Township 1 000 000 000 000
Livingston Township 2 018 018 018 0.8
Livingston Township 3 044 04 04 04
Livingston Township 4 019 019 019 019
Livingston Township 5 053 053 053 05
Livingston Township 6 012 012 012 012
Livingston Township 7 020 020 020 020
‘Livingston Township 8 023 023 023 000
Livingston Township 9 047 047 047 047
Livingston Township 10 010 010 010 010

SCENARIO

pG : base growth pumpage + 0.0 mgd Linpro pumpage

2BG+03 : base growth pumpage + 0.3 mgd Linpro pumpage

3BG +0s : base growth pumpage + 0.5 mgd Linpro pumpage

‘Ma : masimum allocation pumpage + 0.0 mgd Linpro pumpage

Livingston Township 11
Livingston Township 12
Black Brook 1 (SEMCMUA)
Black Brook 2 (SEMCMUA)
Normandy (SEMCMUA)
Florham Park Borough 1
Florham Park Borough 2
Florham Park Borough 3
Florham Park Borough 4
East Hanover Township 1
East Hanover Township 2
East Hanover Township 5
Madison Borough A
Madison Borough B
Madison Borough C
Madison Borough D
Madison Borough E
Chatham Borough 1,2,3
Canoe Brook Country Club
Exxon Research & Engincering
Morris County Golf Club
Sandoz 1

Sandoz 2

Sandoz3

Sandoz 4

Sandoz 5

Pfizer

Allied Chemical 1,2,4

Allied Chemical 10

Allied Chemical

Surburban Propane

Amax Specialties Metal Corp.
Orange Products, Inc.
Linpro

TOTALS

020 02 020 020
020 020 020 020
1.19 1.19 1.19 1.60
1.40 1.40 1.40 1.60
0.08 0.08 0.08 1.60
000 000 000 000
0.40 0.40 040 058
0.40 0.40 040 058
0.40 0.40 040 058
0.00 0.00 000 000
0.61 0.61 061 061
042 042 042 042
0.39 039 039 0.70
0.39 039 039 070
039 039 039 0.70
039 039 039 070
039 039 039 0.70
1.07 197 1.07 1.75
002 002 002 010
039 039 039 032
.01 001 001 o021
0.08 0.08 008 008
0.08 008 008 008
.08 0.08 008 008
0.08 0.08 008 008
0.08 0.08 0.08 008
0.51 051 0.51 170
0.65 0.65 065 080
.16 0.16 016 026
.00 0.00 0.00 000
0.0 0.01 001 010
0.08 0.08 008 010
0.11 0.11 011 010
0.00 030 050 000
2061 2991 3011 3676

‘The base growth pumpage assumes a 15-percent increase in pumpage over simulated
1981-1984 rates for all ground-satcr users in the study area cxcept the Common-
wealth Canoe Brook well fictd and all East Orange, Livingston, East Hanover and
private industry wells. These users were held at the 1981- 1984 rates.

The maximum-gllocation pumpage was applied to all ground- waler users cxcept the
Commonwealth Canoe Brook well ficld, and alf East Orange, Livingston, East

Hanover, and Sandoz wells.



Table 15. Simulated total and incremental drawdowns at observation wells from pumpage-growth

scenarios,
A) Total drawdown 1986-1995 (ft)
Observation well 15-percent growth scenarios Maximum
BG' BG+03® BG+0S5 allocation®
Green Acres 12.2 12.2 123 133
Sandoz 36.6 371 375 474
Clemens 385 39.1 39.5 51.4
Driver 2 492 502 50.8 725
Driver 1 494 504 51.1 71.8
Briarwood School 59.2 59.7 60.1 673
Morristown Airport 319 334 344 53.7
Esso 6 Inch 455 47.0 480 65.1
Neutral Zone 69.8 70.0 70.2 76.9
Canoe Brook 59.8 60.0 60.1 67.7
Madison 4 554 56.1. 56.6 74.8
B) Incremental drawdown 1986-1995 (ft)
Observation well 15-percent growth scenarios Maximum
BG' BG+03> BG+05 allocation®
Green Acres 05 - 0.5 0.6 16
Sandoz 34 3.9 43 14.2
Clemens 36 42 4.6 16.5
Driver 2 4.7 - 5.7 6.3 280
Driver 1 51 6.1 6.8 275
Briarwood School 3.2 3.7 4.1 113
Morristown Airport 29 44 54 24.7
Esso 6 Inch 43 58 6.8 239
Neutral Zone 4.7 49 51 118
Canoe Brook 71 73 74 15.0
Madison 4 53 6.0 6.5 24.7
Scenarios:
lgg

: base growth pumpage + 0.0 mgd Linpro pumpage

25G +03 : base growth pumpage + 0.3 mgd Linpro pumpage
38G +0.5 : base growth pumpage + 0.5 mgd Linpro pumpage

MA

: maximem allocation pumpage + 0.0 mgd Linpro pumpage

The base growth pumpage assumes a 15-percent increase in pumpage over simulated 1981-1984 rates for all ground-water users

in the study area except the Commonwealth Canoe Brook well field and all East Orange, Livingston,

industry wells. These users were held at the 1981-1984 rates.

East Hanover and private

‘The maximum-allocation pumpage was applied to ali ground- water users except the Commonwealth Canoe Brook well field,
and all East Orange, Livingston, East Hanover, and Sandoz wells.

drawdown and the model predicted that water
levels would fall below the bottom of the aquifer.
No pumpage was simulated at the proposed
Linpro well in the maximum-allocation
pumpage-growth scenario,

Under the maximum-allocation pumpage-
growth scenario the Neutral Zone well showed
11.8 feet of incremental drawdown and the Esso
6-inch well, 24.7 feet at the end of the period
1986-1995.

LIMITATIONS OF MODEL

Application and interpretation of a computer
model requires many assumptions. These as-
sumptions limit the accuracy and applicability of
the model. Four major assumptions affect this
model: 1) ground-water flow is limited to two
dimensions; 2) Meisler’s model was calibrated to
a short time period; 3) pumpage must be
averaged in space and time to fit the model, and;
4) the streams and wetlands are able to supply
an infinite volume of water to the aquifer.



The first limitation involves the hydrogeology
of the area. The model simulates the uncon-
solidated overburden, including the buried-val-
ley aquifer. In the areas between the buried
valleys the bedrock aquifer crops out at the sur-
face and this is reflected in the model. The
model, though, does not simulate the subsurface
extension of the bedrock aquifer beneath the
buried-valley aquifer.

Meisler (1976) assumed that under normal, un-
stressed conditions, ground water flowed up-
ward from the bedrock aquifer into the
buried-valley aquifer. This would increase the
sustained yield of the buried-valley aquifer.

The underlying bedrock aquifer, though, is the
source of water for many wells throughout the
area. Ground-water flow may, in places, be
downwards, from the overburden into the bed-
rock. This would decrease the amount of water
available as sustainable yield from the buried-
valley aquifer. An aquifer test in 1986 at the
Linpro site showed that the water level in the
buried-valley aquifer was 14 feet higher than the
water level in the bedrock (Geonics, 1986).
Under these conditions ground water moves
downward from the buried-valley aquifer into
the bedrock aquifer. During the aquifer test,
pumping from the buried-valley aquifer lowered
water levels in the bedrock aquifer. Daily fluc-
tuations in water levels were observed in the
bedrock aquifer, perhaps caused by nearby
pumpage in that aquifer. These fluctuations
were also noticeable, but muted, in the buried-
valley wells. Clearly, the two aquifers are
hydraulically connected.

It is not known whether the bedrock aquifer
consistently increases or decreases the sustained
yield of an overlying buried-valley aquifer, or if
these interactions exert a major influence on
waler levels. However, the interactions should
not be ignored. A more thorough study is needed
to define how pumping in one aquifer affects the
other. An accurate representation would con-
sider the system as a whole, and predict a sus-
tained yield of the combined bedrock and
buried-valley aquifer systems.

The second limitation to the model is the
calibration base. Meisler’s model was calibrated
using a short historical period. Four of the obser-
vation wells had 3 years of historical watet-level
data available, four others 6 years, two had 12
years and two had 19 years. Model parameters
were adjusted during Meisler’s study to match

predicted drawdowns to observed drawdowns in
the 12 calibration wells. This was not done during
the current study.

The model was subsequently used in the cur-
rent study to predict drawdowns for the 14-year
period 1972-1985. Six pumping periods were
used to represent the general increase of pump-
ing during this pericd. In all but two cases, the
model is thus being used te predict drawdowns
for an interval greater than the original calibra-
tion period. Thisis undesirable and increases the
uncertainty of the model Also, because pumping
rates were increasing, this study used higher
rates than those used during the original calibra-
tion period. This also is undesirable, because all
models display greater uncertainty as input
parameters extend beyond ranges observed
during the calibration period.

The third major assumption deals with how
pumpage was represented in the model. Many of
the purveyors in the study area report
withdrawal data summed for an entire well field
for a three-month period. Several of the well
fields in this study extend over several nodes. To
represent withdrawals, the reported pumpages
for each well ficld were divided by the number
of wells in that field, and the average assigned to
each well. A more accurate result could be
achieved by accurately defining the pumpage for
cach well. Such well-specific adjustments could
alter drawdowns as predicted by the model.

The pumping periods were also approximated.
Based on yearly pumpage values, the period
1974-1985 was divided into five shorter intervals.
Reported pumpage in each period was averaged
for cach interval. This average was then used in
the model. Thus the model correctly represented
the total volume of water withdrawn from the
aquifer during each pumping period, but
smoothed it out over the period. This assumption
results in an average drawdown over the period.
Peaks in pumpage and resulting temporary
drawdowns are not represented, This approach
may account for some of the differences between
predicted and actual drawdowns.

The fourth major assumption deals with the
source of water to the model. Under steady-state
conditions, as was assumed to exist when cal-
culating the sustainable yield, all recharge to the
buried-valley aquifers, comes from surface
waters: streams and wetlands.



The Passaic River and its tributaries carry
more than enough water to recharge the buried-
valley aquifers if a direct connection existed be-
tween them., The Passaic River at Chatham (in
the center of the study area and roughly at the
intersections of the Chatham and Southern
Millburn buried-valley aquifers) carried an
average of 126 million gallons per day during
calendar year 1986 (Bauersfeld and others,
1987). This volume is significantly greater than
the estimated yields of all of the buried-valley
aquifers in the study area.

The estimates of sustainable yield assumed
that sufficient water can leak through the semi-
confining unit overlying the buried-valley
aquifers from the channels of the Passaic River
and its tributaries and from wetlands in the area.
If the semi-confining unit is more restrictive than
assumed by the model, or a significant portion of
the wetlands at the surface are drained, then the
estimates of sustainable yield may be too high.

During low-water periods, when river flow and
the areal extent of wetlands arc reduced, the
amount of vertical recharge may be diminished.
During these times the water available to
recharge the buried-valley aquifers may be lower
than the predicted amounts,

OBSERVATIONS ON SUSTAINABLE
YIELD AND PERMITTED ALLOCATIONS
Comparison of 1985 pumpage figures with
Meisler’s estimated sustainable yield (table 1)
shows that the Northern Millburn, Slough Brook
and Canoe Brook buried valleys are being

pumped at rates exceeding the sustainable yield.
The results of the 125-percent-of-recorded-
pumpage verification scenario support this
observation. It was impossible to run the model
with any pumpage greater than 1981-1984 levels
without simulated water levels in the Common-
wealth, East Orange and Livingston well fields
falling below the bottom of the aquifer.

According to Meisler (1976), the Northern
Millburn, Southern Millburn, Slough Brook, and
Canoe Brook buried valleys are overallocated. If
all users in these valleys were to pump at their
permitted allocation rates the current model
predicts that excessive drawdowns would occur,
reducing production of water from these buried
valleys. Moreover, the allocation for the East
Hanover buried valley is close to its estimated
sustainable yield.

These conclusions are supported by the results
of the maximum-allocation growth-of-pumpage
scenario. All well fields held constant in the 125-
percent-of-recorded-pumpage verification
scenario were also held constant in the maxi-
mum-allocation growth scenario. Additionally,
trial-and-error adjustments showed that if two
users in the East Hanover valley (East Hanover
and Sandoz) were to pump their full allocation
then one of East Hanover’s wells would go dry.
This implies that either Meisler’s estimate of 13
mgd sustainable yield in the East Hanover
buried valley is slightly high, or that the East
Hanover and Sandoz well fields are located too
close together for each to pump its total alloca-
tion.

CONCLUSIONS

The process of updating pumpage in the Meis-
ler model provided information on possible im-
pacts of a proposed diversion request. This study
also provided some insight on the accuracy of
Meisler’s model and its applicability to situations
beyond the original calibration period and con-
ditions. The major conclusions of this study are:

1) Comparison of simulated and observed
incremental drawdowns at the observa-
tion wells for the period 1972-1985
shows that the model’s simulations be-
come increasingly different from ob-
served values with time and the errors
are not systematically high or low.

2) The proposed 0.5-mgd diversion would
produce approximately 2 feet of addi-
tional drawdown from 1986 to 1995 at
the nearest observation well {the Esso
6-inch well) and roughly 0.5 ft at the far-
thest well (Neutral Zone well), assum-
ing a 15-percent growth rate in other
municipal users, according to the
model.

3) The model does not account for
hydraulic continuity with the underlying
bedrock aquifer. This may account for
some of the error observed. Recalibrat-
ing the model io take into account ficld
investigations since Meisler’s work may
increase the model’s accuracy.



4) The model shou!d not be used as the sole
basis for decisions on the ground-water
resources of the area, However, in con-
junction with other sources of informa-
tion it is an adequate tool for
decision-making by planners and other
officials if the limitations of the data and
modeling results are recognized and
understood.

5) Further updating of the model is not ad-
visable. A more precise model that bet-
ter accounts for the distribution of
pumpage in both aquifers, as well as the
relationship between the aquifers and

" their recharge and discharge areas,
should be developed.
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