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CONVERSION FACTORS AND ABBREVIATIONS

For use of readers who prefer to use metric units (International System)

conversion factors for the inch-pound terms used in this report are listed
below:

Multiply Inch-Pound Unit By To obtain Metric Unit

Length

inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)

Area

square mile (mi 2) 2.59 square kilometer (km2)

Volume

gallon (gal) .003785 cubic meter (ms)

Flow

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

foot squared per day 0.09294 meter squared per day (m2/ d)

(ft2/d)

gallon per minute 0.000063 cubic meter per second (m3/s)

(gal/min)

gallon per minute 0.0000192 cubic meter per second

per foot per meter

((gal/min)/ft) ((mS/s)/m)

Sea Level: In this report "sea level" refers to the National Geodetic

Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a

general adjustment of the first-order level nets of both the United States

and Canada, formerly called "Sea Level Datum of 1929."

vi



HYDRAULIC PROPERTIES OF THE MIDDLE AND UPPER AQUIFERS OF

THE POTOMAC-RARITAN-MAGOTHYAQUIFER SYSTEM IN THE
NORTHERN COASTAL PLAIN OF NEW JERSEY

By Amleto A. Pueci, Jr., Jo Ann M. Gronberg, and Daryll A. Pope

ABSTRACT

Data from 27 aquifer tests were analyzed to determine the transmissivi-

ties, hydraulic conductivities, and storage coefficients of the middle and

upper aquifers, and the leakances of the intervening confining units of the

Potomao-Raritan-Magothy aquifer system in the northern Coastal Plain of New

Jersey. Hydraulic conductivities also were estimated from 147 well-

acceptance tests for these aquifers.

The transmissivity ranges, determined from the aquifer tests, are 2,140

to 13,800 feet squared per day in the middle aquifer, and 1,760 to 19,400

feet squared per day in the upper aquifer. Storage coefficients range from
2.6 x i0 5 to 3.4 x 10 -3 for the confined middle aquifer, and from 1.0 x i0 -_

to 1.8 x I0 "s in the confined upper aquifer. Storage coefficients for the

unconfined parts of the upper aquifer range from 3.7 x 10 .3 to 5.7 x 10 -I

The ranges of lateral hydraulic conductivities, from aquifer tests and well-

acceptance tests, are from 17 to 385 feet per day in the middle aquifer, and

from 4 to 483 feet per day in the upper aquifer. Variability in hydraulic

conductivity was found to be higher in or near the outcrops. The largest

hydraulic conductivity values were concentrated in or near the outcrop areas

of both aquifers. Greater leakage between the middle and upper aquifers is

likely to occur in the southwest of the study area where the confining unit
between the middle and upper aquifers is thin or is sandy.

INTRODUCTION

The U.S. Geological Survey, in cooperation with the New Jersey

Department of Environmental Protection (NJDEP), is investigating the water-
bearing properties of the middle and upper aquifers of the Potomae-Raritan-

Magothy aquifer system of the northern Coastal Plain of New Jersey (fig.l).

This investigation is part of a 5-year evaluation of the ground-water

resources of the region (Leahy and others, 1987).

The middle and upper aquifers of the Potomac-Raritan-Magothy aquifer

system in central New Jersey are the main focus of the investigation for
three reasons:

I. The Potomac-Raritan-Magothy aquifer system is the most productive

ground-water resource in the region, accounting for i00 percent of

ground-water withdrawals from Coastal Plain resources in Middlesex

County and 72 percent in Monmouth County (Vowinkel, 1984).

2. Extensive ground-water withdrawals from the Potomac-Raritan-Magothy

aquifer system have resulted in deep cones of depression in the

potentiometrio surface of both the middle and upper aquifers. In

1983, in the middle aquifer, ground-water levels in the center of



the cone of depression in northern Monmouth County were 91 feet
below sea level (Eckel and Walker, 1986, table 3). In 1983, water

levels in the upper aquifer were 59 feet below sea level in areas

of Monmouth County (Eckel and Walker, 1986, table 4).

3. Saltwater intrusion has been induced in both aquifers due to these

cones of depression (Schaefer, 1983).

Purpose and Seooe

The purpose of this study is to determine the hydraulic properties--

transmissivity, hydraulic conductivity and, where possible, storage
coefficients--for the middle and upper aquifers of the Potomac-Raritan-

Magothy aquifer system in the northern New Jersey Coastal Plain. These

values will be used in a computer simulation of the regional ground-water

flow system.

This report summarizes the hydraulic properties of the middle and upper
aquifers determined from aquifer tests at 27 sites and from well-acceptance

tests at 147 locations. The aquifer-test data were solicited from

consultants and water-supply companies. Analytic and finite-element
numerical methods (Reilly, 1984) were used to evaluate the aquifer tests.

Well-acceptance-test data were derived from existing computer files in the

U.S. Geological Survey Ground Water Site Inventory data base. The methods
of interpretation and test data are summarized.

Location of the Study Area

The study area, which covers approximately 400 square miles in the

northern New Jersey Coastal Plain, is located in Middlesex, Monmouth, and

eastern Mercer Counties. The western boundary of the study area is the Fall

Line--the physiographic boundary between the Triassic and Jurassic rocks of

the Appalachian Highlands and the unconsolidated sediments of the Atlantic

Coastal Plain. The study area is bounded to the north by the Raritan Bay

and to the east by the Atlantic Ocean. The southern boundary is an

arbitrary southeast trending line running from the vicinity of Hightstown to

the Atlantic Ocean (fig.l).

Previous Investigations

Several studies have addressed the ground-water resources of the

Potomac-Raritan-Magothy aquifer system in the northern part of the New

Jersey Coastal Plain. Vermeule (1884) first described the water supplies of

the area. Barksdale (1937) discussed the geology and hydrology of the

Farrington Sand near Parlin in Middlesex County. Barksdale and others

(1943) extended the investigation, within Middlesex County, to all the major
aquifers of the county. Appel (1962) reported on saltwater intrusion into

the Farrington (middle) and Old Bridge (upper) aquifers in the northwest

part of the study area. Parker and others (1964) included a description of

the ground-water resources of the study area in a report on the Delaware

River Basin. Jablonski (1968) discussed the major aquifers in Monmouth

County. Hasan and others (1969) discussed the Old Bridge aquifer in the

Sayreville area of Middlesex County. The Potomac-Raritan-Magothy aquifer

system in the New Jersey Coastal Plain was described by Gill and Farlekas





(1976). Farlekas (1979) presented the geohydrology and a simulation of the

Farrington (middle) aquifer in Middlesex and Monmouth Counties. Zapeeza

(1984) included the area in his report on the hydrogeologic framework of the

New Jersey Coastal Plain. Pueci (1986) presented a summary of published and

unpublished reports and data on the hydrogeology of the northern part of

this study area.

Hydrogeolog¥

The sediments of the Potomac Group, and the Raritan and Magothy

Formations make up the Potomac-Raritan-Magothy aquifer system (table I).

Generally, this aquifer system is divided into lower, middle, and upper

aquifers separated from each other by confining units (Zapeeza, 1984, p.

14). However, in the study area this aquifer system consists only of the

middle and upper aquifers (fig. 2); the lower aquifer is not present. In

the northern part of the study area, the sediments of the Raritan and

Magothy Formations have been subdivided into nine distinct units on the

basis of economic importance (Ries and others, 1904, p. 166; Barksdale and
others, 1943, p. 18). The lithologic subdivision of the Raritan and Magothy

Formations and hydrogeologic units in and near the outcrop area are shown in

table 2. Locally, the middle aquifer is known as the Farrington aquifer,
and the upper aquifer is known as the Old Bridge aquifer (Farlekas, 1979).

Locally in updip parts of the study area the confining unit underlying

the middle aquifer can consist of the Raritan fire clay, pre-Cretaceous

bedrock, and saprolitic clay. Where present, The fire clay is a massive,

multicolored clay that grades transitionally into the saprolitic clay that

rests on bedrock (Ries and others, 1904, p. 192). In downdip areas the

confining unit underlying the middle aquifer is composed primarily of fine
grained sediments of the Potomac Group.

The middle aquifer is composed of the Farrington Sand Member of the

Raritan Formation. In most of the study area, this sand member is

characterized by sand,, gravel, and lenses of clay. Locally in Monmouth

County, the middle aquifer also includes the uppermost sand deposits of the

Potomac Group (Farlekas, 1979, p. 9). According to Zapecza (1984, p. 17),

the aquifer ranges in thickness from less than 50 feet in the outcrop area

to more than 150 feet near the junction of Mercer, Middlesex, and Monmouth
Counties.

The confining unit between the middle and upper aquifers is formed

chiefly by the Woodbridge Clay Member of the Raritan Formation. The

Woodbridge Clay Member is made up of micaceous silt and clay (Owens and

Sohl, 1969, p. 239). Locally, it also includes the clayey lithofacies of

the Sayreville Sand Member and the South Amboy Clay Member of the Raritan

Formation (Farlekas, 1979, p. 16). This unit thickens from less than 50

feet in the outcrop area to more than 150 feet downdip (Zapecza, 1984,
p. 18).

Locally, the upper aquifer includes the Old Bridge Sand Member and the

Sayreville Sand Member where the South Amboy Fire Clay Member is thin or

missing (Farlekas, 1979, p. 22). It consists chiefly of coarse-grained sand

and gravel. Further downdip the upper aquifer coincides closely with the

entire Magothy Formation. The thickness of this unit ranges from

5



Tabte 1 --GeotogJc and hydrogeotogJc units in the Coastat Ptain of _ew Jersey
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approximately 50 feet in the outcrop area to more than 200 feet in

southeastern Monmouth County (Zapecza, 1984, p. 18, and plate Ii).

The confining unit which overlies the upper aquifer of the Potomac-

Raritan-Magothy aquifer system is the Merchantville-Woodbury confining unit.

It is composed mainly of the Merchantville Formation and the Woodbury Clay.
The Merchantville Formation is made up of_glauconite beds, and beds of

micaceous clays and clayey silts (Zapecza, 1984, p. 19), while the Woodbury

Clay is made up of massive clayey silt (Owens and Sohl, 1969, p. 242). This

confining unit also locally includes the discontinuous Amboy Stoneware Clay
Member and the Cliffwood and Morgan beds of the Magothy Formation. The

thickness of this confining unit ranges from less than 200 feet near its

outcrop to more than 300 feet in the Sandy Hook area (Zapecza, 1984, plate
12).

Well-Numberin_ System

The well-numbering system used in this report was developed by the New

Jersey District of the U.S. Geological Survey. The first part of the number

is a two-digit county code: 21 for Mercer, 23 for Middlesex, and 25 for

Monmouth. The second part is a sequence number assigned to the well within

the county. A representative well number is 23-236 for the 236th well

inventoried in Middlesex County.
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METHODS OF INVESTIGATION

Hydraulic properties of the middle and upper aquifers were determined

by two methods: (i) analysis of data from aquifer tests, and (2) analysis of
data from well-acceptance tests. The transmissivity, hydraulic conductiv-

ity, and storage coefficient are hydraulic properties of an aquifer that can

be determined from aquifer tests. Well-acceptance tests are used to test

the productivity of a well and usually include specific-capacity data.

Specific-capacity data can be used to estimate hydraulic conductivity

9





Table 4.--Summary of aquifer tests and estimated hydraulic properties for the middle aquifer
of the Potomac-Raritan-Ma2oth y aqutter system

lLithologic Descriptors: (f,m,c)=(fine,medium, coarse) 6Combirc,d Ieakance of the overlying and underlying
2PW=pumped well confining units of the middle aquifer
aR=Recovery Data * combined observation well data used in the analysis
4Methods of Analysis: J=Jacob T=Theis ** Analysis contributed by source of data

FEM=radial finite element method *** Analysis published by Hardt and Jablonski (1959)
aT=Transmissivity in square feet per day t Leakance for the overlying confining unit.

K=Latera[ hydraulic conductivity in feet per day
s=Storage coefficient (dimensionless)
L=Leakance in feet per day per foot

[gal/min, gallons per minute; hr, hour; ft, feet; a double dash indicates data is not applicable or not available]

Discharge
Test Dura ion
LithotoQy _
Mean unIt

thickness
Test Identifier Drawdown of USGS welt
Test date pumped well number (dis- Screened Methed of Hydraulic properties s

Test Municipality Type of con- taqce from interval analysis 3, 4
No. Source of data finement PW= (ft)) (ft) T K S L6

1. Dupont 610 gal/min 2]-393(PW) 246-284 ..........
6/16/44 2 hr
Sayreville Boro sand 23-392(I,050) 237-291 T 7,750 91 4.8 x 10.5 --
USGS 85 ft

confined

2. East Brunswick 500 gal/min 23- 42(PW) 161-171 J** 9,800 140 ....
#4 24 hr 195-215
718-10/75 sand, clayey
E. Brunswick Twp 70 ft 23- 43(50) 161-166 T 10,400 148 1.4 x 10.4 --
A.C. Schuttes 23.7 ft 195-200

confined

3. East Brunswick 310 gat/min 23- 40(PW) 162-172 J** 13,180 143 ....
#5 24 hr 201-221
7/7-9/75 sand
E. Brunswick Twp 92 ft 23- 41(50) 161-166
A.C. Schuites 20.5 ft 197-202 J(R)** 10,200 111 3.4 x 10.3 --

confined

4. East Brunswick 540 gat/min 23- 44(PW) 217-237 J** 9,630 116 ....
#6 24 hr 271-281
9/29-30/75 sand(f-c),ctayey
E. Brunswick Twp 83 ft 23-789(50) 212-217 T 10,600 128 8.0 x 10 .5 --
A.C. Schuttes 16.5 ft 271-276

confined

5. East Brunswick 325 ga[/min 23- 47(PW) 119-144 ..........
#7 24 hr
10/16-17/75 sand(m-c),clayey 23-788(50) 127-133 T 9,400 171 4.2 x 10" s ..
E. Brunswick Twp 55 ft
A.C. Schuttes 12.25 ft

confined

6. Hercules 590 gaI/min 23-380(PW) 184-237 ..........
6/16/44 ] hr
Sayreviite Boro sand 23-384(350) 170-225 T 7,420 114 1.6 x 10 .3 --
USGS 65 ft

.o

confined

7. Hightstown 800 gat/min 21- 85(PW) 316-336 ..........
3/10-23/77 8 hr
Hightstown Boro sand(f-c),ctayey 21- 86(75)* 294-304
A.C. Schultes 115 ft 324-334

-o 21-144(250)* 294-304
confined 319-340 T 11,500 100 5.0 x 10 .5 --

8. Marlboro MUA 1,236 gailmin 25-268(PW) 632-679 ..........
4/3/72 24 hr 688-698
Marlboro Twp sand(f-m),clayey
A.C. Schultes 98 ft 25-269(600) 647.687 FEM 9,800 100 1.0 x 10.4 t7.0 x 10 .4

48 ft 696-716
leaky confined

ii





Table 5.--Sunlnary of at_Jifer tests and estimatecl hydraulic properties for the upper aquifer
ot the Pottxnac-Raritan-Maflothy aquifer system

1Lithologie Descriptors: (f,m,c)=(fine,rnedium, coerse) 6 Specific y eld is reported for unconfined aquifer tests
2pw=pump¢_ well * CGmbined observation welt data used in the analysis
_R=Recovery Data ** Analysis contributed by data source

Nethods of Analysis: J=Jacob, DD=Distance Drak_own, *** Analysis published by Barksdate, and others (1943)
HJ=Hantush Jacob HN=Hantush Nedified _ eakence for confining bed above upper aquifer

T=Theis Tm_Thiem FER=Radial Finite Element Node t _ leakance for confining bed below upper aqu far
5T=Transmissivity in square feet pen clay

E=Lateral hydraulic conductivity in feet per day
S=Storage c_eff|cient (din_nsionless)
L=Leakance in feet per day per foot

[gal/min, gallons per minute; hr, hour; ft, feet; • double dash indicates data is not applicable or not available]

Otscharge
Test Dura ion
Lithotol_y _
Neen unlt

thickness
Test Identifier Drswdown of USGS welt Hydraulic properties 5
Test date pumped uell nuldoer 4dis- Screened Nethed of

Test Nunicipality T_nge of con- ta_ce from interval analysis3, s T K S6 L
No. Source of data tlnc_llent PWZ(ft)) (ft}

13. E. Brunswick WD 101 get/min 23-614(PW) 28-38 ..........
Phase I 9.5 hr
9/12-15/78 sand(f-c)
E.Brunswick Tup 2Oft 23o615(100) 30-35 FEN 5,000 250 1.0 x 10 -2 --
Leggette, 10.4 ft
Breshears, unconfinecl
end Graham

14. E. Br_n'kswick WO 300 gat/min 23-621(PW) 88-118 ..........
Phase II 164 hr
Test Well 6 sand4f-m) *23-620(245) 114-119
10130.1116178 52':ft *23-6194490) 112-117 OD** 5,600 108 1.4 x 10 "1 --
E.Brunsuick Twp 17.5 ft
Leggette, semi-confined
Brashearse
and Graham

15. East Brunswick 239 gal/min 23-626(PW) 35-55 ..........
Phase II 70 hr
Test Welt 8 sand(f-c) "23-624(250) 47-52
1/Z4-2/1/79 49 ft "23-625(122) 50-55 DD** 4,010 82 1.8 X 10 .3 ""
E.Brunswick T_ap 18.4 ft
Leggette, semi-confined
Brsshears
and Graham

16. Freehold Twp 1,218 gat/min 25-55141_) 621-680 J** 8,420 56 ....
5/14-17/84 72 hr
Freehold Twp sand 25-5504100) 616-651 T 7,500 50 3.3 x 10 -4 --
A.C. Schuttes 150 ft

21.45 ft
confi_

17. Hightstown WO 900 gat/min 21- 844PW) 169-183 ..........
3/10-23/77 8 hr
Hightstoun Boro samdSf-m),ctayey 21- 81470) 181-205
A.C. Schuttes 90 ft "21- 86(245) 144-264 HH 6,900 77 1.2 x 10 "4 3.0 x 1_ 4

..

leaky confined

18. Nadison Indus- 150 gat/min 23-690(F!J) 29-39 J(R) 5,130 86 ....
tries 24 hr
3/4/82 sand 23-6844170) 17-37 J(R) 5,820 97 5.7 x 10 -2 --
Old Bridge Twp 60 ft
Converse 21.65 ft

urconfir_=d

19, Matawan/ 1,100 gsl/min 25-292(PW) 341-414 ..........
Levitt end 168 hr
Sons sand,clayey "25-2894590) 372-377 1.5 x 10 "s
1/23-20/62 84 ft "25-290(1,000) 348°353 1.5 x 10 .5
Aberdeen Twp 159.4 ft "25-291(2,020) 330-335 HN 5,600 67 2.6 x 10 "4 1.6 x 10" S
Legette, leaky confinecl
Breshears,
and Graham

13



Tabte 5.--Summer y of aquifer teats and estimated hydraulic properties for the upper aquifer
of the Potomac-Rar tan-Mapothy aqu far system--Cont.

[gal/min, gattons per minute; hr, hour; ft, feet; a doubte dash indicates data |s not appt|cabte or not availabte]

Discharge
Test Dure ion
Litholo_y _
Mean umt

thickness

Test Identifier Orakdown of USGS _elt Hydrau|ic properties 5
Test date pumped welt number (dis- Screened Nethed of

Test MunicipaLity T_e of con- taQce from interval anatysis3, 4 T K g6 L
No. Source of date ttnement PW=(ft}_ (ft)

20. Nonroe HUA 985 gat/min 23-555(PW) 108-200 ..........
8/21-24/80 72 hr

NonroeTwp send 23-228(1,100) 127-138 FEN 15,450 150 1.0 x 10 -5 _2 5 x 10 .2
Oa_nes and Noore 103 ft t/2_5 x 10 .224.2 ft

leaky confined

21. Nestles 1,000 gat/min 25-70(1_) 576-(=40
6/22-25/70 72 hr
FreehoLd Bore sand,ctayey "25-68(870) 557-607
Leggette, 93 ft "25-69(1,300) 564-614 T 8,060 87 3.1 x 10 .4 --
Breshears, 35.9 ft
and Greh_ confined

22. Otympia and 8/,4 gat/min 23-594(PW) 275-315 ..........
York 48 hr
7/8"10/81 sand,ctayey
Otd Bridge TNp 64 ft
Gereghty and 69.9 ft *23-595(725) 285-290
Miller confined "23-596(1100) 289-294 T 5,400 84 1.9 x 10 "4 --

23. Perth /unboy _0 200 gat/min 23-002(1_) 45-53 J** 1,760 26 ....
3173 2 hr
Otd Bridge Tap sand 23-000(80) 68-79 J** 2,850 41 4.0 x 10 "s --
Adtek 69 ft

unconfined

24. Partin 512 gel/min 23-172(PW) 55-75 ..........
5/31-6/1/39 24 hr
Otd Bridge Twp send 23-119(25) 65-85 Tm** 11,500 195 1.4 x 10 .4 --
USGS 59 ft

-" 23-121(85) 75-05 Tm** 19,400 329 3.7 x 10 -3 --unconfined

25. Perth Amboy t_) 570 gat/min 23-743(PW) 50-65 ..........
6/20-22/85 48 hr
Rumor sand *23-745(50) 57-67 DO ........
Hydro Group 65 ft "23-746(91) 57-67 DD ........

28.6 ft *23-744(207) (>0-75 DD** 9,500 146 ....
unconfined

26. Spotswond W9 560 gat/min 23-447(PW) 64-85 ..........
03/18/58 4 hr

Spotswood Boro -- 23-448(245) 62-83 T 9,750 -- 7.0 x 10 "4 --USGS --
..

semi-confined

27. Union Beech 1.375 gat/min 25-419(1_) 250-300 ..........
04/21-28/86 144 hr 25-420(PW) 235-285 ..........
Union Beech sand
Boro 70 ft *25-207(43/*0) 247-277
USGS "- *25-200(4320) 225-285 HJ 8,400 120 4.2 x 10 -4 6.5 x 1_ S

tonky confined

14



occurred, supplier of the test data, and the U.S. Geological Survey well

number. The design characteristics include the rate of discharge, duration

of the test, lithologic descriptions of the aquifer material, the mean

thickness of the aquifer, final drawdown in the pumped well, type of

confinement, the designation of pumped well or the distance of the

observation wells from the pumped well (next to the well number), and the

screen intervals. The method of analysis of water-level data for the

aquifer tests is included in the row of data for each well. In some cases,

data from more than one observation well were used to analyze an aquifer

test. The estimated hydraulic properties include the transmissivity,

lateral hydraulic conductivity, storage coefficient for the aquifer, and

leakance of the confining unit(s).

Methods of Interpretation

Transmissivity, lateral hydraulic conductivity, storage coefficient,

confining-unlt leakance(s), and specific capacity were calculated from

drawdown and recovery data from 12 multiple-well aquifer tests in the middle

aquifer, and 15 multiple-well aquifer tests in the upper aquifer. These

data were analyzed by one or more of the following methods: (i) Theis

(Wenzel, 1942, p. 88-89), (2) Jacob (Cooper and Jacob, 1946), (3) Thiem or

Distance Drawndown (Lohman, 1972, p. 11-13), (4) Hantush-Jacob (Hantush and
Jacob, 1955), (5) Hantush (Modified) (Hantush, 1960), (6) Boulton (1954),

and (7) finite-element method (FEM) (Reilly, 1984).

The Theis, Jacob, and Thiem methods were developed to analyze tests in

confined aquifers assuming constant discharge of a well in a nonleaky

aquifer. The Hantush-Jacob method was developed using the assumption that

the confining units leak. The Hantush (modified) method assumes the aquifer

is confined and that leakage to the aquifer is from storage within the

confining units. The analytic assumptions, procedures, and numerical

criteria for all interpretations except the finite-element method are found

in Reed (1980), Kruseman and De Ridder (1970), and Lohman (1972). The

graphical analysis for those aquifer tests, which were evaluated using

methods 1-6, are included in figures 5-32 of appendix i to this report.

Results of analysis using method 7 are presented in figures 33-39 of

appendix 2 to this report.

Most of the tests were conducted in the confined parts of the middle

and upper aquifers. The data from the tests were analyzed using one or more

of the methods for confined aquifers: Theis, Jacob, or Thiem. However, six

of these tests were found to have characteristics of a leaky confined

aquifer, and were analyzed with the Hantush-Jacob, Hantush (Modified), or

finite-element methods. Six tests in the upper aquifer were located over

the unconfined part of the aquifer. Tests in the unconfined region did not

appear to be greatly affected by delayed yield, or they did not satisfy the

Boulton criteria. Therefore, these tests were analyzed using methods

designated for confined aquifers (Kruseman and De Ridder, 1970, p.107; and

Lohman, 1972, p.22) or the finlte-element method.

The graphical methods of analysis (methods 1-6) result from analytic

solutions to ground-water-flow equations. For method 2, the field values

for drawdown in a well over time are plotted on semilogarithmic paper
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(Lohman, 1972, p. 23). In method 3, a plot of the relation of drawdown to

the distance from the pumped well is made (Lohman, 1972, p. II).

Graphical analysis for methods i and 4-6 are based on type-curve

matching. Lohman (1972) explains the procedures for using each of these
methods. In graphical analysis, field values for drawdownversus time (or

time divided by the squared distance of the observation well to pumping

well) are plotted on log-log paper. Both aquifer transmissivity and storage
coefficient can be calculated using these methods. Methods 4 and 5 also are

used to determine the leakance of confining units.

Numerical simulation, using the flnite-element model RADFLOW (Reilly,

1984), was used to analyze data from aquifer tests 8, I0, 13, and 20, This

model is applicable to analysis of radial flow in confined and unconfined

aquifer flow systems. All four aquifer tests were simulated using a
variation of the same 273-node, 480-element grid (figure 33 in appendix 2).

The simulated area was 30,000 feet in radius and extended from either the

surface of the overlying confining unit for confined aquifers, or from the

water table to the underlying confining unit for unconfined aquifers to the

bottom confining unit. Aquifers and confining units are represented as

horizontal, homogeneous layers of uniform thickness.

The thicknesses of the hydrogeologic units, the location of geologi_

contacts, and the hydraulic properties for final calibrated simulation of

each site are presented in figure 34 in appendix 2. Initial estimates of

the hydraulic properties were made from simple analytic solutions. A series
of simulations was done for each site in which the hydraulic properties of

the confining units and the aquifers were varied until a match with the

field data was obtained. Although a formal sensitivity analysis was not
made, several simulations were done in which one value was changed while

others were held constant, and the effect on the system was noted.

Comparing the simulated values to other known hydraulic-property values in"

the area suggest that the values of the aquifer properties obtained in this

way are reasonable. The graphical representations of field data and the

matched numerical simulations for those aquifer tests are included in

appendix 2. A match was defined when the shape and magnitude of the

simulated drawdown curve was similar to the field data. The assumptions of

numerical modeling and restrictions for the numerical code are beyond the

scope of this report and are presented by Reilly (1984).

Middle aquifer of the Potomac-Ra_itan-Ma_othv aauifer system

Hydraulic properties for the middle aquifer were calculated by the

graphical methods of either Theis or Jacob for confined, radially isotropic

aquifers for I0 of the aquifer tests; finite-element analysis was used for

2 aquifer.tests. The method used for analysis of each test is indicated in
table 4.

Upper aauifer of the Potomac-Raritan-Magothv aaulfer system

Hydraulic properties from five aquifer tests in the confined and semi-

confined areas of the upper aquifer were determined by the type-curve

matching graphical methods of Theis; by the distance-drawdown analysis of

Thiem; and by the straight-line method of Jacob. Four aquifer tests
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indicated the confinement of the upper aquifer was leaky. Data from these

tests were analyzed using Hantush-Jaeob, Hantush (Modified) or the finite-

element method. Tests in the unconfined region did not appear to be greatly

affected by delayed yield nor did they satisfy the criteria for the Boulton

(1954) method of analysis for unconfined aquifers. Therefore, these tests

were analyzed using methods designated for confined aquifers (Kruseman and

De Ridder, 1970, p. 107; and Lohman, 1972, p.22). The six unconfined

aquifer tests were analyzed using the type-curve methods of Theis, the
stralght-line methods of Jacob and Thiem, and the flnite-element method.

The method of analysis for each test is indicated in table 5.

Well-Acceptance Tests

Data

The four criteria used in selecting well-acceptance tests in both

aquifers were: (i) outside diameter of screen at least 6 inches, (2) screen

length at least 20 feet, (3) test duration at least equal to 8 hours, and

(4) constant pumping rate. The first two criteria insured that only well-

acceptance tests for major production wells would be selected. These high-

volume wells affect larger areas of the aquifer, and thereby, minimize the

effects of small-scale heterogeneities in the aquifer in the vicinity of the

well. The third and fourth criteria, test duration and constant pumping,
were imposed so that a maximum drawdown for a constant rate of withdrawal

would be approached, and the conditions of steady flow would be

approximated.

S1,mmaries of well-acceptance-test data, which were selected using the

above criteria, are presented in tables 6 and 7 for the middle and upper

aquifers, respectively. The well number, latitude and longitude, screen

diameter and length, and test date are included in each table. Test data

include the duration of the test, the pump discharge rate, drawdown in the

discharging well at the end of the test, the specific capacity, and the

estimated lateral hydraulic conductivity computed from these data. The

location of each test site is shown on plate 1 or 2.

Method of Interpretation

Various formulas for estimating hydraulic conductivity from well-

acceptance-test data have been reported (Bedinger and Emmett, 1963;

McClymonds and Franke, 1972). Bennett (1976) derived the following linear

interpolating formula used in this report to estimate lateral hydraulic

conductivity from data that include specific-capacity measurements:

K-I.I Q/(s x i) (I)

where K is the lateral hydraulic conductivity, in feet per day (ft/d);

Q is the discharge, in cubic feet per day (ftS/day);

s is the water-level drawdown, in feet (ft); and

1 is the length of well screen, in feet (ft).
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Table 6.--Summary of welt-acceptance tests and estimated hydraulic conductivity for the middle
aquifer of the Poto_nac-Rarttan-MaRoth¥ aquifer system.

[in., inches; ft, feet; hr, hour; gat/min, gallons per minute; (gat/mtn)/ft, gallons per minute per
foot; ft/d, feet per day]

Welt-acceptance-test data
USGS Estimated
welt Location Screen Date Dura- Dis- Draw- Specific hydraulic
nLmTiber Latttucle Longitude Diameter Length tion charge down capacity conductivity

(in.) (ft) (hr) (gal/min)(ft)((gat/min)/ft) (ft/d)

23- 7 401755 743118 10 30 05/19/1964 8 590 209 3 20
23- 9 401800 743206 12 30 06/10/1950 55 1,200 22 55 385
23- 11 401818 742932 10 30 12/10/1956 8 644 147 4 31
23- 13 401841 743355 10 30 11/27/1954 8 400 92 4 31
23- 16 401642 743055 10 30 02112/1973 24 473 52 9 64

23- 17 401843 743055 10 30 03/26/1963 28 560 228 3 17
23- 25 401902 742912 12 30 0712311964 8 785 47 17 118
23- 45 402426 742515 10 30 03/26/1969 8 60 5 12 85
23- 46 402427 742507 10 30 12/02/1968 8 60 5 12 85
23- 48 402431 742214 10 37 04/01/1931 8 620 50 12 71

23- 50 402432 742212 10 50 10/11/1963 8 1,012 27 37 159
23" 57 402441 742448 10 25 05/06/1954 16 600 35 17 145
23" 58 402448 742700 8 20 05/07/1975 24 302 13 23 245
23" 59 402456 742442 12 40 04/07/1955 8 1.067 36 30 157
23- 60 402459 742643 6 20 05/10/1952 24 70 20 4 37

23- 63 402501 742440 12 40 08/16/1951 8 1,000 21 48 253
23- 66 402516 742408 10 25 03/14/1954 15 600 30 20 169
23-146 402350 741834 10 45 05/07/1966 8 1,254 35 36 169
23"147 402350 741840 10 50 06/30/1966 8 1,265 44 29 122
23"176 402407 741924 6 42 05/23/1972 8 285 43 7 33

23-179 402436 742041 6 42 06107/1972 8 363 6 61 305
23"196 402537 742020 12 60 02/12/1968 8 1,534 28 55 193
23"201 402614 741744 12 40 10/10/1956 24 1.227 22 56 295
23"202 402625 741611 8 21 02/01/1957 8 360 40 9 91
23"232 402023 742858 12 42 06/13/1961 8 708 30 24 119

23"236 402038 742345 8 30 05/13/1963 8 740 78 9 67
23-240 402051 742746 12 48 03/15/1961 8 708 46 15 68
23"289 402056 742937 20 30 05/21/1956 167 1,000 28 36 252
23"298 402129 742901 10 20 06/03/1965 8 614 43 14 151
23"300 402124 742824 12 40 09/24/1966 8 726 65 11 59

23"302 402138 742940 10 30 04/14/1955 9 465 79 6 42
23"303 402139 742820 10 30 06/12/1957 19 1,050 45 23 165
23-304 402143 742821 12 30 01/05/1962 8 785 60 13 92
23-305 402143 742821 8 20 03/14/1957 9 698 2O 35 370
23"315 402204 743024 12 35 08/03/1971 12 1,200 64 19 113

23-320 402223 742824 10 20 11/25/1952 8 515 39 13 140
23-332 402319 742708 10 30 06/27/1958 9 650 52 13 88
23-352 402605 741958 18 55 07/12/1967 8 1,236 22 56 216
23-386 402701 741917 12 61 04/04/1930 8 1.071 23 47 162
23-401 402744 741628 18 34 06/09/1967 16 1,218 82 15 93

23-411 402822 741630 10 25 05/28/1947 8 800 40 20 169
23-430 402923 741651 12 30 10/13/1972 38 305 50 6 43
23-432 402557 742138 8 31 06/2711975 8 542 20 27 185
23"434 402556 742141 17 25 10/01/1951 8 960 41 23 198
23-436 402557 742138 6 29 02/01/1968 8 250 18 14 101

23-437 402559 742142 17 36 05/02/1967 48 1,130 90 13 74
23-452 402401 742243 10 50 05/22/1947 24 1,400 32 44 185
23-453 402404 742235 12 20 01/21/1929 8 1,040 82 13 134
23-502 402432 742215 12 50 03/21/1978 10 1,001 50 20 85
23-551 402548 742155 12 53 0310111980 24 825 19 43 174

23-552 402018 743021 16 50 05/01/1979 8 1,536 18 85 361
23-554 402745 741645 12 73 04/21/1980 24 1,455 76 19 56
23-568 402410 742231 12 70 02/17/1983 8 1,413 36 39 119
25- 55 401744 742135 10 20 11/01/1963 24 400 70 6 61
25-153 402444 741010 12 55 04/20/1970 8 1,000 70 14 55

25-230 402004 741853 12 90 02/18/1972 8 1,200 30 40 94
25-231 402004 741855 12 80 06/01/1974 8 1,001 22 46 120
25-247 401902 741811 8 70 07/09/1964 8 805 56 14 43
25-249 401859 741809 8 69 06/17/19_ 8 700 38 18 57
25"262 402102 741353 8 80 06/01/1966 8 450 34 13 35

25"283 402514 741450 12 46 12/29/1956 8 703 28 25 116
25"299 402604 741417 10 35 06/22/1965 8 1,007 68 15 90
25"320 402705 735959 10 40 09/01/1970 8 638 39 16 87
25"452 401857 741811 12 60 12/23/1980 8 1.200 33 36 128
25"466 402610 741351 12 50 07/29/1977 8 1.263 216 6 25

25"467 402436 741013 12 50 02/06/1979 8 1,002 66 15 64
25"503 401640 741722 12 108 06/12/1981 16 1,205 23 52 103
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TabLe 7.--Summary of weLt-acceptance tests and estimated hydraulic conductivity for the upper
aquifer of the Potomac-Raritan-Ma_othy aqutter system.

[in., inches; ft, feet; hr, hour; gat/min, gaLLonsper minute; (gat/min)/ft, gallons per minute per
foot; ft/d, feet per day]

_ell-acceptance-test data
USGS Estimated
welt Location Screen Date Dura- Dis- Draw- Specific hydraulic
number Latitude Longltucle Diameter Length Lion charge down capacity conductivity

(in.) (ft) (hr) (gat/min)(ft)((gaWmin)/ft) (ft/d)

23" 5 401706 743033 8 20 0610111965 8 550 78 7 75
23- 6 401727 743042 8 40 1210111973 60 403 23 18 93
23" 18 401841 742905 12 40 10/24/1957 9 1,002 73 14 73
23- 20 401848 742902 12 40 0212011968 8 950 31 31 162
23- 21 401850 742901 12 40 09/2911958 8 930 20 47 246

?.3- 27 401906 742855 12 30 09/01/1964 8 771 47 16 116
23- 34 401924 743015 10 24 09/24/1963 16 200 5 40 353
23- 35 402010 742838 10 30 04/2711956 144 524 ' 36 15 103
23-108 402253 742247 18 20 11/01/1947 8 1,018 67 15 161
23-110 402308 742252 18 20 07/01/1942 12 1,215 55 22 234

23-135 402345 741838 12 58 12/02/1966 8 754 24 31 115
23-145 402348 742050 16 40 10/03/1972 8 602 58 10 55
23-148 402350 742232 17 20 05/11/1939 25 570 22 26 274
23-156 402356 742056 16 30 09/25/1972 8 907 59 15 109
23-192 402535 742014 16 20 01/02/1951 8 700 43 16 172

23-195 402537 742002 16 30 09/14/1965 24 550 25 22 155
23-227 402013 742834 12 30 10/09/1967 8 650 83 8 55
23-231 402019 742708 10 20 07/24/1965 8 401 57 7 74
23-237 402038 742755 10 44 11/15/1954 36 455 39 12 56
23-245 402202 742305 12 30 07/01/1963 8 500 13 38 272

23-345 402604 742003 12 20 10/11/1965 16 200 36 6 59
23-356 402614 741955 12 21 02/21/1959 48 662 44 15 152
23"361 402619 741958 12 23 10/01/1957 48 400 30 13 123
23-367 402624 741944 12 31 03/23/1960 48 402 31 13 89
23-403 402745 741631 18 58 01/2611973 16 400 19 21 77

23-413 402824 741631 12 22 0710111965 8 380 36 11 102
23-443 402318 742333 6 20 07/28/1970 24 50 36 1 15
23-447 402329 742319 16 21 11/26/1956 8 421 29 15 146
23-451 402401 742243 18 20 08/26/1941 8 1,050 23 46 483
23-454 402404 742235 26 25 03/21/1929 8 845 45 19 159

23-490 401925 742620 12 38 1012411974 0 1,002 41 24 136
2.3-549 402745 741645 10 41 05/00/1980 24 430 44 10 50
23-567 401950 742750 16 81 07/07/1983 24 1,177 56 21 55
23-569 402738 741700 10 30 03/25/1982 24 503 27 19 132
23-570 402538 741950 16 20 1110811982 8 704 21 34 355

25- 37 401607 741209 12 20 09/10/1963 168 660 199 3 35
25- 56 401744 742135 10 21 05/07/1965 8 524 47 11 112
25- 82 401412 741606 8 51 08/26/1957 8 510 28 18 76
25- 91 401516 741530 8 53 08/21/1969 8 554 37 15 60
25- 97 401625 741501 6 60 0711511966 24 200 168 1 4

25- 98 401633 741726 12 54 04/17/1969 48 1,007 44 23 90
25-100 401635 741721 8 26 10110/1948 8 625 35 18 145
25-101 401635 741721 12 99 06/01/1970 48 1,000 26 38 82
25-103 401646 741737 12 97 0610111974 48 1,001 30 33 73
25-111 402532 740932 10 40 04/05/1958 8 1,000 52 19 102

25-112 402537 740933 10 40 04/27/1960 8 1,000 40 25 132
25-113 402542 740850 6 32 08/01/1970 8 200 107 2 12
25-116 402400 735912 10 60 10/06/1961 8 700 154 5 16
25-121 402023 741100 10 30 01/11/1960 27 430 34 13 89
25-146 402327 741114 8 30 02/20/1962 24 157 56 3 20

25-154 402445 741019 10 30 0212711964 8 1,007 95 11 75
25-175 401246 741516 8 81 1010611969 8 564 70 8 21
25-177 401255 741147 8 20 08/31/1969 8 190 65 3 31
25-190 402621 740739 10 60 0610111945 8 1,023 56 18 64
25-191 402620 740741 12 60 0512711968 8 1,034 66 16 55

25-199 402542 741220 10 30 04/08/1964 18 430 128 3 24
25"202 402624 741145 10 63 12/01/1955 8 1,060 78 14 46
25"207 402626 741144 12 30 04/01/1970 8 1,254 47 27 188
25-210 401639 735936 12 50 0510111956 8 726 66 11 47
25"212 401232 742107 6 31 04121/1956 8 403 26 16 106
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Table 7.--Summary of well-acceptance tests and estimated hydraulic conductivity for the upper
aquifer of the Potomac-Rarttan-Ma_othy aquifer system. (cont.)

[in., inches; ft, feet; hr, hour; gal/min, ga[tons per minute; (gal/min)/ft, gallons per minute per
foot; ft/d, feet per day]

Weft-acceptance-test data
USGS Estimated
well Location Screen Date Dura- Dis- Draw- Specific hydrautic
number Latitude Longitude Diameter Length tion charge down capacity conductivity

(in.) (ft) (hr) (gal/min)(ft)((ga_/min)/ft) (ft/d)

25-244 401850 741459 12 70 05/01/1969 8 1,500 39 39 116
25-288 402349 741232 12 80 06/15/1967 10 1,300 .89 15 39
25-293 402403 741245 12 38 06/12/1962 8 1,158 76 15 85
25-294 402428 741345 8 30 08/29/1944 10 580 35 17 117
25-295 402427 741348 8 30 05/2511943 28 510 30 17 120

25"322 401157 742418 8 30 06/11/1956 72 350 110 3 22
25"332 401930 735841 8 33 05/04/1971 8 350 20 18 112
25-333 401214 740355 8 72 06/19/1956 8 1,001 32 31 92
25"345 401233 740100 8 40 06/28/1958 8 1,000 68 15 78
25-349 401322 740202 8 112 03/15/1956 8 1,000 77 13 25

25"358 402047 740420 8 50 05/25/1950 8 1,012 29 35 148
25-360 402054 740320 10 91 09/11/1975 24 1,100 77 14 33
25-362 401312 742802 8 30 12/14/1956 8 524 30 17 123
25"456 402640 740904 10 39 07/01/1976 8 608 62 10 53
25-462 402717 740816 8 50 06/04/1969 8 230 14 16 70

25-499 402353 741239 16 50 03/04/1981 24 1,200 128 9 40
25-501 401212 740358 12 75 08/04/1981 24 1,404 29 48 137
25-502 401420 741619 12 55 06/01/1981 36 1,205 68 18 68
25-513 402442 740242 10 42 10/07/1981 8 876 69 13 64
25-514 402641 740911 10 46 05/28/1983 8 524 19 28 127
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This equation may be rewritten using discharge, Q, in gallons per minute
(gal/min) and all other variables the same, as:

K-211.8 Q/(s x i). (2)

Estimates of lateral hydraulic conductivity from specific-capacity data
are shown in tables 6 and 7.

RESULTS OF HYDRAULIC PROPERTIES FROM PREVIOUS INVESTIGATIONS

Barksdale and others (1943, p. 42, 68, 106) summarized hydraulic-

conductivity values determined from permeability-test data from 7 cores from

the upper aquifer collected in or near the outcrop of the Farrington Sand
Member of the Raritan Formation, and from 12 cores from the upper aquifer

taken in or near the outcrop of the Old Bridge Sand Member of the Magothy

Formation. Laboratory analysis showed that the vertical hydraulic

conductivities range from 28 to 468 ft/d (feet per day) for the middle

aquifer, and 31 to 340 ft/d for the upper aquifer; specific yields for the

middle and upper aquifer were about 0.32 and 0.40, respectively.

Barksdale and others (1943) reported that lateral hydraulic-

conductivity values, calculated from aquifer tests in the middle aquifer at

the Perth Amboy Water Department well field in Old Bridge Township, ranged

from 161 to 201 ft/d. They also reported three aquifer tests in the upper

aquifer that produced lateral hydraulic-conductivity values ranging from 134

to 201 ft/d. The methods of analysis for these tests are not described nor

are the exact locations given in their report. Results of aquifer test 24,

in this report, was originally published by Barksdale and others (1943).

Hardt and Jablonski (1959) reported a transmissivity value of

2,140 ft2/d (feet squared per day), and a storage coefficient value of

2.3 x I0 4 for the middle aquifer at Woodbridge. Results from their

report are included in this report (aquifer test 12). Additional

unpublished data from their aquifer test were analyzed and are included in

this report. Geraghty and Miller, Inc. (1976) reported a mean specific

capacity of the middle aquifer of 29 (gal/min)/ft (gallons per minute per

foot), and 20 (gal/min)/ft for the upper aquifer.

Farlekas (1979, p.12) analyzed data from an aquifer test of the middle

aquifer performed by Leggette, Brashears, and Graham (1961) near Jamesburg

in Middlesex County. At this site, Farlekas (1979) determined the transmis-

sivity for the middle aquifer to be 13,400 ft2/d , the storage coefficient

to be 1.6 x I0 4 and the lateral hydraulic conductivity to be 216 ft/d.

Farlekas (1979, p.30-32) also published a transmissivity map, calculated

from specific-capacity data, for the middle aquifer. The resultant

transmissivity values range from 42 ft2/d near the Raritan River to

16,800 ft2/d in the vicinity of Marlboro Township.
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RESULTS OF AQUIFER AND WELL-ACCEPTANCE TESTS

Hydraulic Properties o_ the M_ddle Aquifer

of the Potomac-Raritan-Ma_othy Aoulfer System

All of the aquifer tests occurred in the confined part of the aquifer;

most of the tests occurred in Middlesex County, where depth to the aquifer

is shallower. Results of the analyses indicate that the middle aquifer is a

highly transmissive unit throughout most of the study area.

The transmissivlties, determined from the 12 aquifer tests in the

middle aquifer, range from 2,140 to 13,800 ft_/d (table 4). Lower

transmissivity values tend to prevail in the northern half of the study

area, in Sayreville Borough (test I and 6), Old Bridge Township (test 9) and

Woodbridge Township (test 12), probably because the aquifer is thinner in

these areas. If these four northernmost aquifer tests are not considered,

the range in transmissivity is from 9,400 to 13,800 ft2/d. Figure 3(a)

includes a histogram of the mean transmlsslvity values from each aquifer

test in the middle aquifer.

Lateral hydraulic conductivlties of the middle aquifer determined from

aquifer tests range from 36 to 200 ft/d (table 4); whereas the range of

hydraulic conductivities from well-acceptance tests is slightly larger hut

of the same orders of magnitude--17 to 385 ft/d (table 6). These values of

hydraulic conductivity are consistent with aquifers composed of clean sands,

and are consistent with the lithologic description of the aquifer material

at each aquifer-test site. Figure 4(a) is a histogram of lateral hydraulic

conductivities determined from the well-acceptance-test date for the middle

aquifer.

Some of the variation in the hydraulic conductivlties is due to the

randomness of this aquifer property in the region and to the accuracy of the

well-acceptance-test method of calculating hydraulic conductivity.

Hydraulic-conductivity values from both aquifer tests and well-acceptance

tests were divided into two categories; low (less than or equal to I00 ft/d)

and high (greater than 100 ft/d). Low hydraulic-conductivity values were

scattered throughout the study area; however, high values of hydraulic

conductivity were concentrated near the outcrop of the Farrington Sand

Member of the Raritan Formation of the middle aquifer. The range of

hydraullc-conductlvity values for the middle aquifer, within approximately

4 miles of the outcrop of the Farrlngton Sand Member, is from 20 to

385 ft/d; the range downdlp from this area is from 15 to 169 ft/d.

Storage coefficients were derived only from the aquifer-test analyses.

The storage coefficients for the middle aquifer range from 2.6 x 10 5 to

3.4 x 10 3 Errors in the estimated storage coefficient may be introduced

if the screened intervals for the pumped well are small in comparison to the

aquifer thickness and if the aquifer contains semipermeable units that
retard the vertical movement of water. If data from wells that are screened

across a large part of an aquifer are considered, the effects of

semipermeable units on this determination are minimized (Bentley, 1977).

For these reasons, the best estimates of storage coefficient were from

results for six of seven aquifer tests (aquifer tests I, 2, 5, 8, 9, ii)

where the well screen in the pumping well spans more than 40 percent of the
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aquifer thickness. The range of storage coefficients for these tests is
from 4.2 x 10 .6 to 3.0 x I0 4

The analyses of the aquifer tests in the middle aquifer indicate that

the confining units are relatively impermeable; however, leakage from the

confining units was observed to affect drawdowns at three test locations

(tests 8, I0, and 12). It is assumed in this analysis that leakage from the

basal fire clay member (table I) and bedrock is negligibl e . If so, leakage

into the middle aquifer is from the overlying confining unit. The results

of tests 8, i0, and 12, indicate a range of leakance from 7.0 x 10 .4 i/d

(leakance in feet per day per foot) to 2.3 x I0 -s I/d for this confining
unit.

Hydraulic Properties of the Upper Aquifer

of the Potomac-Raritan-Magothy Aquifer System

Aquifer tests in the upper aquifer were located in both confined and

unconfined areas, and they were more broadly distributed throughout Monmouth

County than the aquifer tests for the middle aquifer. This reflects the

greater use of the water resources of the upper aquifer in the downdip part

of the aquifer system (Vowinkel, 1984).

The transmissivity values for the upper aquifer range from 1,760 to

19,400 ft2/d. A histogram of the mean transmissivities for aquifer tests

is presented in figure 3(b). Transmissivities for the confined,

semiconfined, and leaky-confined areas of the aquifer range from 4,010 to

15,450 ft2/d. Of these, the six aquifer tests of the deepest part of the

system (aquifer tests 16, 17, 19, 21, 22, 27) range in transmissivity values
from 5,400 to 8,420 ft2/d.

Transmissivities in the unconfined part of the upper aquifer range from
1,760 to 19,400 ft2/d. Transmissivities for the three northernmost tests

in the unconfined aquifer (aquifer tests 13, 18, and 23) range from 1,760 to

5,820 ft_/d. The lower transmissivity values for these tests are likely

due to the thinness of the aquifer in the northern part of the study area.

The remaining transmissivities in the unconfined area range from 9,500 to

19,400 ft_/d. Based on the interpretation of well logs, the upper aquifer

is believed to be semiconfined at the site of aquifer tests 14 and 15,

although the test sites are in the outcrop area.

The hydraulic conductivity from aquifer tests of the upper aquifer

ranges from 26 to 329 ft/d; for well-acceptance tests, the values range from

4 to 483 ft/d (table 7). A histogram of hydraulic-conduetivities determined

from well-acceptance tests is shown in figure 4(b). The same distribution

pattern of hydraulic conductivities observed in the middle aquifer is

indicated in the upper aquifer. Low values (less than or equal to I00 ft/d)

were scattered throughout the study area, whereas high values (greater than

i00 ft/d) were concentrated in or near the outcrop of the Old Bridge Sand
Member of the Magothy Formation.

The estimated range of storage coefficients in the confined, semi-

confined, and leaky-confined areas of the upper aquifer range from 1.0 x

i0 5 to 1.8 x i0-s. This result derives from eight of the nine aquifer
tests (tests 15, 16, 17, 19, 20, 21, 22, and 27). Test 14 had a value above
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this range (1.4 x i0-I), which is closer to properties of an unconfined

system. Lithologic interpretation of logs at this site, and proximity to

the general outcrop region for the aquifer, suggest that the system is
semiconfined at the site of test 14.

Analysis of drawdown data from three of five aquifer tests in the

unconfined part of the aquifer (tests 13, 18, and 24) gave storage

coefficients representative of unconfined aquifers, ranging from

3.7 x i0 -s to 5.7 x 10 .2 . A storage-coefficient value below this range

was calculated for test 23 (4.0 x I0 -s) in which the well screen pene-.

trated only II percent of the saturated aquifer thickness. As discussed in

the section on the results of analysis for the middle aquifer, where the

screen length is such a small fraction of the aquifer thickness, clay layers

within the aquifer can limit the migration of water to the screen causing a
low value for storage coefficient (Bentley, 1977). Test 26, which was

located near the edge of the unconfined area of the upper aquifer in the

outcrop of the Old Bridge Sand Member, had a low storage coefficient (7.0 x

10"4), which may indicate some effects of confining units at the site.

Leakage across the confining units was observed from the stresses

caused by the test pumping at four locations. Because of the position of

the upper aquifer between two confining units, leakage can occur through

both the overlying and underlying confining units. Of the five tests in the

deepest part of the system (aquifer tests 16, 19, 21, 22, and 27) leakage
was observed at two, tests 19 and 27. Leakage at test 20, in the shallower

part of the aquifer, was interpreted to come from both the overlying

confining unit and the underlying confining unit. Test I0, in proximity to

test 20, also indicates that the confining unit between the middle and upper

aquifers is leaky in this part of the study area. The areal lithology as

interpreted from lithologic logs indicates that this confining unit is thin

or sandy in part of the aquifer system in the vicinity of Jamesburg Borough,

South Brunswick Township, and the northwestern part of the Hightstown

Borough area. The leakage observed during test 17 was likely to be

predominantly through the overlying confining unit. Lithologic and

geophysical logs at the site of test 17 show that the underlying confining
unit between the middle and upper aquifer is intact. Test 7, which was a

test of the middle aquifer near test 17, showed that the confining unit

between the middle and upper aquifers was relatively impermeable to the

imposed stresses during the aquifer test. Leakage to the upper aquifer is

represented in table 5, either as combined leakance for the intervening
confining units, where analytic methods of analysis were used, or as

separate leakances from the overlying or underlying confining units where
numerical methods of analysis were used.
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SUMMARY

Transmissivities, lateral hydraulic conductivities, storage coeffi-

cients, and leakanees were determined from 27 aquifer tests, and lateral

hydraulic conductivities were determined from 147 well-acceptance tests for

the middle and upper aquifers of the Potomac-Raritan-Magothy aquifer system

in the northern Coastal Plain of New Jersey. Both aquifers are more uniform

in hydraulic properties in the deeper confined system to the south and

southeast. More variation in hydraulic properties was found in and near the

unconfined parts of both aquifers.

Both the middle and upper aquifers are unconfined in the outcrop areas

in the northwest part of the study area. Southeast of the outcrop areas,

the aquifers become semiconfined and then confined. The confining unit

between the middle and upper aquifers is thin or sandy in the southwestern

part of the study area, and vertical leakage may occur between the aquifers

in that area. Both aquifers are highly transmissive on the regional scale,

and have hydraulic cenductivities representative of clean sands.

Based on 12 aquifer tests in the confined area of the middle aquifer,

the transmissivity ranges from 2,140 to 13,800 ft2/d. The lowest

transmissivities generally are in the thinner part of the aquifer to the

north. Lateral hydraulic conductivities of the middle aquifer calculated

from aquifer tests and well-acceptance tests, range from 17 to 385 ft/d.

Greater variation in lateral hydraulic conductivity for the middle aquifer

appears in or near the unconfined part of the aquifer: The range of storage

coefficient values for the middle aquifer is 2.6 x I0 5 to 3.4 x I0 -s

The confining units are relatively impermeable; however, leakance was

observed to occur in three aquifer tests.

Fifteen aquifer tests are reported for the unconfined and confined

parts of the upper aquifer. Transmissivities for the upper aquifer range

from 1,760 to 19,400 ft2/d. Lateral hydraulic conductivities from aquifer

and well-acceptance tests for the upper aquifer range from 4 to 483 ft/d.

Storage coefficients from three aquifer tests in the unconfined region range

from 3.7 x i0 "s to 5.7 x 10 -2 , which approaches estimated storage

coefficients of unconfined aquifers. The effects of partial confinement on

two other tests in the unconfined region produced storage coefficients below

this range. Transmissivlties of the confined part of the aquifer range from

4,010 to 15,450 ft2/d. The range of storage coefficients is estimated to

be from 1.0 x 10 -5 to 1.8 x i0 "s. The confining units are relatively

impermeable, although leakance values were determined at two of five sites

in the deeper confined system. Greater leakage between the middle and upper

aquifers is likely to occur in the southwestern part of the study area near

its outcrop, where the confining unit between the middle and upper aquifers

is thin or sandy.
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GLOSSARY

ANISOTROPY: That condition in which significant properties vary with
direction.

AQUIFER: A geologic formation, group of formations, or part of a formation

that contains sufficient saturated permeable material to yield

significant quantities of water to wells or springs.

AQUIFER TEST: A controlled field experiment wherein the effect of pumping

a well is measured in the pumped well and in observation wells for the

purpose of determining hydraulic properties of an aquifer.

BEDROCK: The solid rock, commonly called "ledge", that underlies gravel,

soil, or other superficial material.

CONFINED AQUIFER: An aquifer in which ground water is under greater than

atmospheric pressure. The static-water level in a well in a confined

aquifer will rise above the top of the aquifer.

DRAWDOWN: The decline of the water level in a well after pumping starts.

It is the difference between the water level in a well after pumping
starts and the static water level.

HETEROGENEITY: Synonomous with nonuniformity. A material is heterogeneous

if its hydrologic properties vary with position within it.

HYDRAULIC CONDUCTIVITY: The volume of water at the existing kinematic

viscosity that will move In unit time under unit hydraulic gradient

through a unit area measured at right angles to the direction of flow,

expressed herein in units of feet per day.

ISOTROPY: That condition in which significant properties are independent
of direction.

LEAKANCE: The ratio of the vertical conductivity and thickness of a

confining unit. Units of 1 over day.

LITHOLOGIC LOG: Description of the geologic material collected during the

sampling of test wells.

RECOVERY: The rise of the water level in a well after pumping has stopped.

It is the difference between the water level in a well after pumping

stops and the water level as it would have been if pumping had
continued at the same rate.

SATURATED THICKNESS: The thickness of an aquifer below the water table.

As measured for the sedimentary aquifers in this report, it is the

vertical distance between the water table and the lower confining unit

in the unconfined areas of the aquifers; in the confined areas, it is

the vertical distance between the confining units of an aquifer.
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GLOSSARY--Continued

SPECIFIC CAPACITY: The rate of discharge of water from the well divided by

the drawdown of water level in the pumped well, expressed herein in

units of gallons per minute per foot per unit of time.

SPECIFIC DISCHARGE (FOR GROUND WATER): The rate of discharge of ground
water per unit area measured at right angles to the direction of flow,

expressed in units of feet per day.

SPECIFIC YIELD: Ratio of the volume of water a fully saturated rock or

unconsolidated material will yield by gravity drainage, given
"- sufficient time, to the total volume of rock or unconsolidated

material. Expressed as a dimensionless unit.

STEADY FLOW: The flow that occurs if at every point of a flow system the

specific discharge has the same magnitude and direction over time.

STORAGE COEFFICIENT: Volume of water an aquifer releases from or takes

into storage per unit surface area of the aquifer per unit change in

head. In an unconfined aquifer the storage coefficient is

approximately equal to the specific yield. Expressed as a
dimensionless unit.

TRANSMISSIVITY: Rate at which water of the prevailing kinematic viscosity

is transmitted through a unit width of aquifer under unit hydraulic

gradient. It is equal to the product of hydraulic conductivity and
saturated thickness of the aquifer, expressed herein in units of

square feet per day.

UNCONFINED AQUIFER (WATER-TABLE): One in which the upper surface of the

saturated zone, the water table, is at atmospheric pressure and is
free to rise and fall.

WATER TABLE: The upper surface of the saturated zone.

WELL-ACCEPTANCE TEST: A controlled test by an installed pump to determine

the productivity of a well expressed as its specific capacity.
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APPENDIX I

GRAPHS SHOWING WATER-LEVEL DATA FROM AQUIFER TESTS

Data are included in figures 5-32 for documentation purposes and for

reference by the reader. The methods for interpreting these data are

summarized in the text. Descriptors and type curves, which are used in the

graphical analyses, also are included in each figure. Descriptors and
interpretation procedures are as documented in the cited references, and are
compiled in Lohman (1972).
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24 , I I I I I I I 1 i I I I I I I II i I I I I I Ill l_f_ I I I I I I I

I-- 00_W
w o Observed drawdown

u. Q=500 gallons per minute _
z 22
o; _ AS" =1.8

Z" _ - I-_ cy-_-e time -] .t_
O
O 20

o°o
¢¢ 0
a

18 I I I I i lllI I I I I , ,,,l i , , , , ,,,I , , , i , ,i
100 101 102 103 104

ELAPSED TIME SINCE PUMPING BEGAN, IN MINUTES

Figure 6.--Drawdown in pumping well 23-42 for aquifer test 2.



10 2 .... ! ' ' ..... I ' ....... I ' ' '''

0 Observed drawdown

Q=500 gallons per minute

r = 50 feet

F-

LU 101LU

z
-- __,-,,-_ _. _0-- -O"Q'_O'Q"O"J_

0_ Theis curve O.0.000030_0_

i I_0 -_ "_r_" °"
_ I /
0

_ a

'_ 0 0n- 1 Match pointa
+

Match point values

W(u) = 1

l/u = 104

t/r2=O.05
s =0.74 feet

10 -1 , , , , ,,,,I I J I I J I=ll I = = I IllLI J = J I I =l

10-4 10-:3 10 -2 10 -1 10 0

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 7.--Drawdown in observation well 23-43 for aquifer test 2.



21 I I I I I I i f i I I J I I I I I I I I I I I I I I I I I I I I I I I

I.U
LU
i1

z_ 19 ti--_-_.e= 0.8 3
_g

ff

*- 0
o o 17 oObserved drawd0wn

Q=310 gallons per minute

n-
£3

15 I I I I I I I If I I I I I I I II I I I I i i nil l I I I I I I

10 0 1 01 1 0 2 1 03 1 0 4

ELAPSED TIME SINCE PUMPING BEGAN, IN MINUTES

Figure 8.--Drawdown in pumping well 23-40 for aquifer test 3.



4 i i i i i i i ii i i i i i f i i i i i i f i i i i I i I i i i i i i

uJ_- 3 0 o 0,,, o°
LL 0

z AS 0
...... .93

z" 2 o
o

o ooap.-=

o
< 0 ooo
rr 1 0 o
a 0 Observed drawdown

Q=310 gallons per minute

r=50 feet

0 I I I I I I I II I I I I I f I li I I I I I l III I I I I I I I

100 101 102 103 104

ELAPSED TIME SINCE PUMPING BEGAN, IN MINUTES

Figure 9.--Recovery in observation well 23-41 for aquifer test 3.



17 I I I I I t I I_ I I I I I I I I i I I I I I I I I i I I i I I I I I

o Observed drawdown o

16 Q=540 gallons per minute o o(

F-
LU

,LU
LL

z 15

u; As
=2.0

log cycle time

0
£3 14

h-
a O

2 , i i i i i i

"10 0 1 01 1 0 2 1 0 3 10 4

ELAPSED TIME SINCE PUMPING BEGAN, IN MINUTES

Figure i0.--Drawdown in pumping well 23-44 for aquifer test 4.



1u2''' .... I ' ' ' ' ' ''1 ' ' ' ''! ' ' ' ' '

OObserved drawdown

Q=540 gallons per minute

r=50 feet

I--
uJ 101

U_

Z Theis curve ___

I _ "'O"GeQ_'°'"--

Z

0
¢,.

n-'< 10 0 Match point
a +

Match point values

W(u)= 1

l/u = 10 4

t/r2= 3.0x10 -2

s=0.78 feet

10 -1 i J i i ,,,,I i I i I Illll J I I I lllAI , , , , i ,,,

10-4 10-3 10-2 10 -1 10 0

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure ll.--Drawdown in observation well 23-789 for aquifer test 4.



10 2 ..... i ' ' ' ' ''I ' ' ' ''I ' ' ''

o Observed drawdown

Q=320 gallons per minute

r = 50 feet

F-

LU 101LU
LL

_z

_ _ __ 0_o_. -ocO- "o0--0"- 6-°-°°" -_-o'0"_ Theis curve
Z

0

<C
10 0

c_
Match point

Jr Match point values
W(u) : 1

l/u= 105

t/r2=1.6 xlO -1

s =0.52 feet

B

10 i i i i I I III I I i I i I I i I I I I I I I I I I I I I I [ I I I

10-3 10 B2 10 -1 10 0 101

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 12.--Drawdown in observation well 23-788 for aquifer test 5.



I v_'n .... I ' .... I ' ' ' ' ' i ' ' ' ' '

OObserved drawdown

Q=590 gallons per minute

r=350 feet

F-
w 101W
LL

Z

e_ Theis curve

,- 0
o oint

/e +
< Oo
tr 1 /_"
o /

0 Match point values
W(u) =1

1/u=10

t/r2=8.4 xlO -4

s = 1.3 feet

10- , i f a i i i n } i I I a I I a I J I I I I I I I I J I I I I I I I I

0-6 10 -5 10 .4 10 -3 10 .2

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 13.--Drawdown in observation well 23-384 for aquifer test 6.



10 2 .... w , , , , ,,,i , , ,,,, , , ,,,

Match point values

W(u)=lO

1/u=10 2

t/r2=l.6xlO -4

s=11 feet

I- Match point Theis curve
,,, +LU 1 01

,, __o.m ._.ao_ o- "e" e- e-

Z _'Q/

0

<
rr 10 0
tm OObserved drawdown, well 21-86, r=75 feet

n Observed drawdown, well 21-144, r=250 feet

Q= 800 gallons per minute

10 -1 I I I I I I I II I I I J , Illl J I , , I JlJl f I I I , ,J,

10-5 10 -4 10-3 10-2 10-1

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 14.--Drawdown in observation wells 21-86 and 21-144 for aquifer test 7.



10 2 ..... , , , , ' ,,,1 ........ I , , ,,,

0 Observed drawdown

Q = 1,500 gallons per minute

r = 298 feet

Theis curve

ww 101

_z
Match point

z / '"- +

/0 Match point values
-_ £3 / W(u) = 1

<E / 1/u=10
rr 1 0 °
t-t t/r2= 4.6 xlO -4

st= 3.5 feet

10 -1 , = = i , , J,I i i i i i i ii I i i i i z i I,iI I i z i i I i i

10-5 10-4 10-3 10-2 10-1

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 15.--Drawdown in observation well 23-197 for aquifer test 9.



101 ..... , ' , , ' ,,,, ' ..... i ' ' '''

_o_
t 0 0_ _ Theis curve

°wW 100 Match point
,, o d +
Z ooO_ Match point values

_o" 0 /--_ W(u)= 1
Z" / 1/U=102

0 0 / t/r2=5.9 xlO -4
_" a 0 /0 S =0.78 feet

n- 10 -1 o
a

O/ oObserved drawdown, well 23-127, r=1,600 feet
/ o Observed drawdown, well 23-171, r=7,000 feet

/
Q=703 gallons per minute

10-2 i , , , , , ,Jl i i i i i i ill i i i i i i i lJ i i i i i i i

10-6 10-5 10-4 10-3 10-2

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 16.--Drawdown in observation wells 23-127 and 23-171 for aquifer test ii.



101 ..... J .... = ''''1 ' ....

Match point values

w(u)= 1
1/u=1

t/r2= 3.7x10-5 Theis curve

S = 1 foot _ _ 0--'00_00-0"00-0_"

I-- Match point
LU 100,,, +
LL

z ee'"
-- O"
,,; o
z ;)

o /
_" C3

/< 0-1n- 1
o /

/ 0 Observed drawdown

/o Q = 140 gallons per minute
/ r=480 feet

/
/

/

10 -2 ........ I __ , _ , , , J,,I , , , , , ,,,I , , , , , ,,,
10 -6 10 -5 10 -4 10 -3 10 -2

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 17.--Drawdown in observation well 23-474 for aquifer test 12.



I I I I _ i I I I , i i i i i i i

o Observed drawdown, well 23-620, r=245 feet

w [] Observed drawdown, well 23-619, r=490 feetw
u_ Q=300 gallons per minute ..°

z 1- -

/z

O As = 3_ O

,-. Q 2- log cycle time "/ -l'r-
D

3 , I i I I I I I I I I I I I i I i

101 102 103

DISTANCE FROM WELL 23-621, IN FEET

Figure 18.--Distance-drawdown relation when well 23-621 was

pumped for 164 hours in aquifer test 14.



i I I I I I I I _ I I I I I I I I

oObserved drawdown, well 23-625, r=122 feet

oObserved drawdown, well 23-624, r=250 feet

_- Q=239 gallons per minute
W 1--
I.U

/_z

if2- /_ -

AS =4.2
O og cycle time£3
Z

<
rr 3- O -

° /
I I I I I I I I I I I I I I I I I

10 _ 10 2 10 3

DISTANCE FROM WELL 23-623, IN FEET

Figure 19.--Distance-drawdown relation when well 23-626 was

pumped for 70 hours in aquifer test 15.



7 I I i I i I i g I f I [ I I I I I _ I I I I I I | I _ I I I I I I I

f
O Observed drawdown

44 Q=1218 gallons per minute

I- O0kU

m 0U_

z--z 41_" /

As

u, O O =5.15
O 38 log cycle time

<
El:
E3

35

O
O

oO
32 I I I I I i ' 'I i I I B i i , II I I I I I I I I I l l I i l i I

100 101 102 10 a 104

ELAPSED TIME SINCE PUMPING BEGAN, IN MINUTES

Figure 20.--Drawdown in test well 25-551 for aquifer test 16.



10 2 ..... I ' ' ' '''1 ..... I ' ' ','

o Observed drawdown

Q = 1218 gallons per minute

r = 100 feet

" .oooo_Oooc oe

,,, 101 Theis cu __,../_
LL .I 'I O(J'-
Z ._ 0 0

/ 0 0

z" o Match point
+

O
,.. _ Match point values

_ W(u) =1

< 0 on- 1 1/U=10 -2
a

t/r2=1.6x10 -2

s=2.5 feet

10 , , , , .... I , , , _ , ,,,I , , , , ,,,,I , , , , , ,,i
10-4 10-3 10 -2 10 -1 0 0

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 21.--Drawdown in observation well 25-550 for aquifer test 16.



102 i i i J i I I ! q _ i I I I I i i i i I | I i I i i

0 Observed drawdown well 21-81, r=70 feet

o Observed drawdown well 21-86, r=245 feet

Q=900 gallons per minute

_- 0_o.9 -9 _o -o_
LU
w 101 o o ooOOO_O.O.o_..__ - s=0.03
u_ Hantush modified O _ ._ _ "-" _ _. B=0.2Z -_ _ 0 0 017
-- type curves_- I _ _- O-o oo

\ cr.-_ o

Match point

O 1 4-
_.. c] /o

• 1o
< / Match point values
r¢ 10 0 [] H(u,B) =1a

l/u =10 8

t/r 2--6.5 x 10-3

s=2.0 feet

10-1 , i i , i K , i i I I ! i i i i i I | i i i i i i i i i i i i I i i i

10-5 10-4 10-:3 10-2 10-1

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 22,--Drawdown in observation wells 21-81 and 21-86 for aquifer test 17.
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APPENDIX 2

GRAPHS SHOWING WATER-LEVEL DATA FROM AQUIFER TESTS AND FINITE-ELEMENT
SIMULATIONS

Data included in figures 33-39 are for documentation purposes and for

reference by the reader. The method of finite-element analysis, which is

used to interpret the data, is summarized in the text, and in Reilly (1984).
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Figure 3A.--Simplified hydrogeologic sections of aquifer-test sites

8, i0, 13, and 20 showing lateral and vertical hydraulic-

conductivity values used in final model.
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Figure 35,--Drawdown from field measurements and simulations results for

observation well 25-269 for aquifer test 8.
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Figure 36.--Drawdown from field measurements and simulations results for

observation well 23-287 for aquifer test I0.
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Figure 37.--Drawdown from field measurements and simulations results for
observation well 23-290 for aquifer test I0.



10 2 . w ' ' ''"'1 ' ' ' '''"1 ' ' ' ' ''"1 ' ' ' ' ''"1 , , , , f,l.-

0 Field measurements

-"- -"- Simulation results

Q=101 gallons per minute

r=lO0 feet

_ 1 01

g
10-I I , i,i,,,l , i ,,,,,,I , , ,,,,,,I , , ,,,,,,I , , ,,,,,

10-4 10-3 10-2 10-1 10 0 101

LOGARITHM OF TIME DIVIDED BY OBSERVATION-WELL DISTANCE SQUARED,

IN MINUTES PER FOOT SQUARED

Figure 38.--Drawdown from field measurements and simulations results for

observation well 23-615 for aquifer test 13.
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Figure 39.--Drawdown from field measurements and simulations results for

observation well 23-228 for aquifer test 20.
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