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CONVERSION FACTORS AND ABBREVIATIONS

For the convenience of readers who may prefer to use metric (International
System) units rather than the inch-pound units used in this report, values may be
converted by using the following factors.

Multiply inch-pound unit By To obtain metric unit
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi2) 2.59 square kilometer (km?)
Volume

cubic foot (ft3) 28.32 cubic decimeter (dms3)

0.02832 cubic meter (m3)

Flow

foot per second (ft/s) 3.048 decimeter per second (dm/s)
cubic foot per day (ft3/d) 28.32 cubic decimeter per day (dm?3/d)

0.02832 cubic meter per day (m3/d)
gallon per minute (gal/min) 3.785 liter per minute (I/min)

3.785 cubic decimeter per minute

(dm3/min)
gallon per minute per foot liter per second per
[(gal/min)/ft] 0.2070 meter [(I/s)/m]
cubic foot per second per cubic meter per second per
square mile [(ft3/s)/mi?] 0.01093 square kilometer [(m3/s)/km?]

foot per day (ft/d)

foot squared per
day (ft¥/d)

NGVD of 1929 (National Geodetic Vertical Datum of 1929):

Hydraulic conductivity

3.048 decimeter per day (dm/d)
0.3048 meter per day (m/d)
Transmissivity
decimeter squared per
9.290 day (dm?2/d)
0.0929 meter squared per day (m?/d)

A geodetic datum

derived from a general adjustment of the first-order level nets of both the United

States and Canada.




Area of Influence and Zone of Contribution

to Superfund-Site Wells G and H,

Woburn, Massachusetts

By Charles F. Myette, Julio C. Olimpio, and David G. Johnson

ABSTRACT

Ground-water contamination by chlorinated
volatile organic compounds detected by the Mas-
sachusetts Department of Environmental Quality
Engineering in 1979 forced the closing of wells G
and H--public-supply wells in the City of Woburn,
Massachusetts. The U.S. Environmental Protection
Agency has ranked the wells G and H site on the
National Priorities List as a CERCLA (Superfund)
site and currently is conducting a feasibility study to
determine a remedial-action cleanup plan for the site.
A 30-day aquifer test was conducted to determine the
hydraulic properties of the stratified-drift aquifer in
the vicinity of the wells, and to determine the area of
influence and zone of contribution to wells G and H
under pumping conditions. The estimated transmis-
swvity of the aquifer in the vicinity of well G is
29,700 feet squared per day, with a storage coeffi-
cient of 0.20. The average horizontal hydraulic can-
ductivity in the vicinity of the well ranges from 125
to 350 feet per day. The estimated transmissivity of
the aquifer at well H is 17,600 feet squared per day,
with a storage coefficient of 0.16. The average hori-
zontal hydraulic conductivity ranges from 130 to
215 feet per day.

The area of influence after 30 days of pumping
well G at 700 gallons per minute and well H at 400
gallons per minute is oblong in shape, approximately

3,000 feet long and 1,700 feet wide, as measured at
the midpoint between wells G and H, and comprises
an area in which drawdown exceeds 1 foot. The
area extends from approximately 1,100 feet north of
well H to 1,200 feet south of well G. The area of in-
fluence of wells G and H described in this report is
considered to be a "snapshot" representative of the
hydrologic and pumping conditions of the 30-day
aquifer test.

Wells G and H obtain water from an area of
aquifer, or zone of contribution, that may be divided
into two parts. Most of the water pumped by the
wells is obtained directly from that part of the
aquifer immediately surrounding both wells and
from induced infiltration of surface water from the
overlying river and wetland. The remaining part of
the zone of contribution is that area of the Aberjona
River drainage basin upgradient and outside of the
area of influence of wells G and H. A small amount
of the surface water in the river entering the northern
end of the study area, which is derived from ground-
water discharge and surface-water runoff in the up-
gradient drainage area, is induced from the river to
the wells under pumping conditions. The position of
the downgradient limit of the zone of contribution
cannot be defined precisely and is not permanently
fixed. The size of the area south of wells G and H
that contributes water to the wells is variable, de-
pendent on pumping rates and hydrologic condi-
tions.



INTRODUCTION

In May 1979, 1,1,1-trichloroethane, 1,2-trans-
dichlorethylene, tetrachloroethylene, chloroform,
trichlorotrifluoroethane, and trichloroethene were
detected at concentrations ranging from 1 to 400
parts per billion by the MDEQE (Massachusetts
Department of Environmental Quality Engineer-
ing) in the Woburn public-supply wells G and H
(fig. 1). The wells were shut down and the
USEPA (U.S. Environmental Protection Agency)
Region I directed their contractors, E & E (Ecology
and Environment Inc.!, to conduct a hydrogeologic
investigation and ground-water-quality evaluation
of a 10-mi? section of eastern and northern
Woburn. The work identified contamination of
ground water in both sand and gravel and bedrock
in an area of east Woburn with chlorinated volatile
organic compounds similar to those found in wells
G and H. The well site was designated as a
"Superfund" site in December 1982; as a result of
investigations by USEPA and MDEQE, three
orders (under Section 3013 of the Resource Con-
servation and Recovery Act) were issued to W. R.
Grace and Co., Inc., Interstate Uniform Services
Corp. (now Unifirst Corp.), and Beatrice Foods,
Inc., requiring submission of plans for ground-
water-quality monitoring pertaining to possible
contamination either on or emanating from their
properties. The USEPA directed NUS Corp. to
conduct an RI (Remedial Investigation) of the wells
G and H site to determine the nature and extent of
ground-water contamination in the area. The RI
will support an F'S (Feasibility Study) that will ex-
amine recommended remedial-action alternatives
for the site.

One of the most important data needs identi-
fied by the USEPA for the FS was the determina-
tion of the area of influence and zone of contribu-
tion of water to wells G and H under pumping con-
ditions. In March 1985, USEPA Region I re-
quested technical assistance from the U.S. Geologi-
cal Survey in making this determination.

Purpose and Scope

This report presents the results of a 10-month
study that was authorized under the Interagency
Agreement between the U.S. Geological Survey

"Use of firm names 1n this report 1s for identifica-
tion purposes only and does not constitute en-
dorsement by the U.S. Geological Survey.

and the UEEPA to provide the USEPA with the
necessary hydrologic data and tools to determine
the area of influence and zone of contribution to
wells G and H under pumping conditions. The
area of influence of wells G and H is the area of
the Aberjona River valley in which water levels in
the sand |and gravel aquifer are affected by
pumping. The zone of contribution of wells G and
H is that area of the aquifer that provides ground
water to the wells under pumping conditions. The
study included design and supervision of the con-
struction of new observation wells, technical guid-
ance and supervision of a 30-day aquifer test of
wells G and H, and the preparation of a calibrated,
three-dimensional ground-water-flow model of the
stratified drift of the Aberjona River valley in the
vicinity of the wells. This report describes the re-
sults of the field study up to the end of the 30-day
. 'This report will be followed by a sec-
ond report\describing the concept, design, and op-
eration of the ground-water-flow model.

The sﬁudy area covers approximately 1.5 mi?
and is composed of the stratified-drift aquifer be-
neath the lowlands of the Aberjona River, where
wells G and H are located, and the surrounding till
and bedrock uplands. The study area is located in
east-central Massachusetts in the City of Woburn,
an industrialized suburb located 10 miles north of
Boston. The proposed area to be simulated by the
ground-water-flow model is the stratified-drift
aquifer trjversed by the Aberjona River (fig. 1).
The proje¢t began in June 1985 and ended in
March 1986.

i Approach
\
|

Available data on geology (fig. 2), hydrology,
weather, ground-water withdrawals, existing ob-
servation wells, streamflow, and water quality
were gathéred and compiled with the assistance of
the USEPA and its contractors. A plan for loca-
tion and construction of additional observation
wells, pietometers, and streambed piezometers
was prepared for implementation by the USEPA,
and measurements of streamflow and ground-
water levels were made prior to and during the
aquifer test.

Geologic and hydrologic data were gathered
during the drilling of new observation wells and
during seismic-refraction surveys conducted along
three east:west and two north-south lines in the
valley (fig. 2). A 1-day step-drawdown test of well
G was conducted in November 1985 and of well H





















Although the lithology of the stratified drift
varies locally both horizontally and vertically, the
drift can be separated into three stratigraphic lay-
ers (fig. 4). The uppermost layer is comprised of
sand, silt, clay, deposits of peat, and a few areas of
silt and fine sand, and ranges in thickness from 0
to 25 feet. It is underlain by an intermediate layer
of fine-to-coarse sands that ranges in thickness
from 10 to 50 feet. The lowermost stratified-drift
layer is composed of coarse sand and gravel that
ranges in thickness from 20 to 50 feet. Wells G
and H are screened in this lower layer.

Yields to wells screened in the stratified drift
are largely dependent upon the composition of the
drift. According to Delaney and Gay (1980), some
areas of the stratified drift may yield more than
500 gal/min. The estimated transmissivity of the
stratified drift in the coarsest grained deposits in
the center of the river valley exceeds 4,000 ft?/d
(Delaney and Gay, 1980).

A peat deposit partially confines ground water
in the stratified drift beneath the wetland. The
peat deposit underlies most of the wetland in the
study area and forms a nearly continuous layer on
top of the stratified drift. In most of the area, the
thickness of the peat ranges from 2 to 7 feet.
However, test drilling at well site S89 encountered
about 26 feet of peat. Core samples of streambed
sediments and of peat material immediately below
the streambed indicate that streambed sediments
are composed of silt and sand ranging in thickness
from 0.5 to 2 feet and are underlain by peat up to
7 feet thick. There are no data on the hydraulic
properties of the peat deposits in the valley; pub-
lished estimates of vertical hydraulic conductivity
for peat range from 0.001 to 0.1 ft/d (Siegel and
Ericson, 1980). Core samples obtained during
drilling, together with the relatively low velocities
obtained from seismic-refraction tests, indicate
that the peat is a relatively loose, nearly saturated
material which permits ground-water discharge to
the river under normal conditions and induced in-
filtration of streamwater under pumping condi-
tions.

Water Table

Within the last 5 years, more than 100 obser-
vation wells have been installed in the study area
to record water-table fluctuations and collect water
samples. In October 1985, the USEPA installed
an additional 34 wells near wells G and H and in
the adjacent wetland. Altogether, there are more

than 134 observation wells at 72 locations (fig. 2).
Most of the well locations have groups of wells that
are screened in both the stratified drift and
bedrock. In addition, 10 piezometers were in-
stalled at 5 locations along the stream upgradient
and downgradient of wells G and H to monitor
hydraulic-head differences across the streambed
and the peat layer. The diameters of the observa-
tion wells range from 1.25 to 2 inches and comple-
tion depths range from 2 to 138 feet. Plate 1
shows the altitude of the water table and the
general direction of ground-water flow as of
December 4, 1985, prior to the start of a 30-day
aquifer test.

The altitude? of the water table ranges from
about 40 feet above the National Geodetic Vertical
Datum of 1929 (NGVD of 1929) in the wetlands
near well site S96 to over 94 feet above NGVD of
1929 beneath the hill in the northeastern part of
the study area near well site GW8. Relatively
steep water-table gradients occur near Washington
Street and along the steep hillslope which forms
the eastern side of the valley. Relatively gentle
gradients occur across the wetland. The water
table commonly is at or near land surface in most
of the low-lying areas, and 10 to 15 feet below
land surface in hilly areas on the eastern and
western sides of the study area. Plate 2 shows the
altitude of the potentiometric surface of the lower-
most portion of the stratified-drift aquifer on
December 4, 1985, as determined from wells com-
pleted in the deepest part of the stratified drift and
in bedrock just beneath the stratified drift.

Direction of Ground-Water Flow

The principal direction of ground-water flow
on the western side of the Aberjona River valley is
southeast on an average horizontal gradient of
0.005 ft/ft (pl. 1). Vertical hydraulic-head gradi-
ents in the stratified drift range from 0.002 ft/ft at
well site S79 where vertical flow is downward to
0.0006 ft/ft at well sites S92 and S95 where verti-
cal flow is upward.

Water in the stratified drift east of the Aber-
jona River flows toward the southwest with an av-
erage horizontal gradient of 0.02 ft/ft. Vertical
hydraulic-head gradients on the eastern side of the
valley generally are greater than those on the
western side of the valley. Vertical gradients

2Altitude, as used in this report, refers to distance
above or below the NGVD of 1929.
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range from 0.008 ft/ft to 0.01 ft/ft and downward
vertical flow is indicated at all wells. Vertical up-
ward gradients in the wetland east of the Aberjona
River (well sites S89 and S93) also are greater
than those in the wetland on the western side of
the river, averaging 0.003 ft/ft.

The direction of ground-water flow in the cen-
ter of the valley is southward, parallel to the axis
of the valley with an average horizontal gradient
of 0.001 ft/ft. Vertical head gradients in the cen-
ter of the valley are all upward toward the
streambed of the Aberjona River,

The long-term pumpage from the Riley well
(fig. 1, S46 on all base maps) causes a cone of de-
pression to form in the southwestern part of the
river valley resulting in a local change in the
ground-water-flow direction. Pumpage of the Riley
well intercepts ground-water discharge from the
stratified drift and bedrock west of the study area
and causes flow toward the well. As a result, a
ground-water divide is present in the vicinity of
well sites 896 and S77 marking the dividing line
between eastward- and westward-moving ground
water in that area. Another ground-water divide
occurs in the northeastern part of the study area
east of Washington Street in the vicinity of well
sites GW6, GW8, and GW27. This area repre-
sents the highest altitude in the study area and the
water table on the eastern edge of the study area
slopes southeast away from the center of the val-
ley at a gradient of 0.004 ft/ft.

The general directions of ground-water flow
interpreted from the horizontal and vertical
hydraulic-head data are illustrated in figure 4.
Under normal conditions (Riley well pumping,
wells G and H not pumping), ground water moves
vertically downward and laterally through the
stratified drift in the upland areas of the valley.
In the vicinity of the wetland, ground water from
the bedrock and stratified drift flows vertically
upward through the drift and peat to discharge in
the wetland and river. Relatively small amounts
of ground water enter the Aberjona River valley
from upgradient areas north of Interstate 95 (fig.
2) and exit the narrow, southern end of the valley
south of Salem Street. Ground-water in the vicin-
ity of the Riley well is directed toward the well.

Ground-Water Withdrawals

Well G was constructed in October 1964 and
is completed to approximately 85 feet below land

surface. The well is constructed of 24-inch-
diameter steel casing and the bottom 10 feet is
screened between 25.5 and 35.5 feet below NGVD
of 1929. The well is gravel packed to within 10
feet of the land surface and grouted to land
surface.

Well H was constructed in July 1967 and is
completed to approximately 88 feet below land
surface. The well is constructed of 24-inch-
diameter steel casing and the bottom 10 feet of the
well is screened between 35.0 and 45.0 feet below
NGVD of 1929. The well is gravel-packed to
within 10 feet of the land surface and grouted to
land surface. Historically, both wells were pumped
continuously during the summer months each year
at a rate of 700 to 800 gal/min for well G and 400
gal/min for well H (Thomas J. Merin, City Engi-
neer, Woburn, Mass., written commun., 1980).
The specific capacity of well G following its last
overhaul in March 1978 was approximately 35
(gal/min)/ft, and the specific capacity of well H
following its last overhaul in February 1977 was
approximately 40 (gal/min)/ft. The wells were
closed in May 1979 because of contamination by
volatile organic compounds.

The Riley well (546) pumps approximately
700 gal/min during normal, weekly working hours
and operated when wells G and H were pumped
for water supply. Delaney and Gay (1980) re-
ported that two other wells are located in the area:
A bedrock well located approximately 750 feet east
of well G that is used intermittently, and an aban-
doned bedrock well northeast of well H near well
site S21 that was reported capable of yielding 110
gal/min, and was pumped at unspecified intervals
between 1958 and 19717.

AREA OF INFLUENCE AND
ZONE OF CONTRIBUTION
TO SUPERFUND-SITE
WELLS G AND H

The area of influence and zone of contribution
to wells G and H under pumping conditions was
determined from a 30-day aquifer test of the wells
conducted in December 1985. Before describing
the results of the test, the following discussion
summarizes the general hydrologic conditions in
the river valley prior to the start of the test, the
results of preliminary testing of the wells during
their refurbishment, and the events of 30-day
aquifer test.
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Hydrologic Conditions in the
Aberjona River Valley, Fall 1985

Stream-discharge data were collected from
August 1985 to February 1986 to determine net
gains or losses of streamflow of the Aberjona River
in the vicinity of wells G and H. Streamflow of the
Aberjona River into the wetland was measured at
four sites (fig. 2): Olympia Avenue near Woburn
(01102458), located 150 feet north of Olympia
Avenue; tributary 1 (011024592), located ap-
proximately 250 feet west of well site S82; tribu-
tary 2 (011024594), located 400 feet north of well
S79; and tributary 3 (011024596), located 250
feet east of well S86. Surface-water outflow from
the area was measured on the Aberjona River at
Salem Street, (01102460), 2 feet south of the
Salem Street bridge. Stream-discharge measure-
ments were made following techniques described
by Rantz and others (1982).

Beginning 3 months prior to the aquifer test,
streamflow measurements were made weekly at
the Olympia Avenue and Salem Street locations.
On the first day of the 30-day aquifer test, stream-
flow measurements were made approximately
hourly at each of the sites to determine impacts of
pumpage from wells G and H on streamflow. Sub-
sequently, streamflow measurements were made
periodically during the aquifer test to quantify the
long-term effects of pumpage. The discharge mea-
surements collected during this study are pre-
sented in table 1. Net gain or loss of streamflow
was computed by subtracting outflow of the Aber-
jona River at Salem Street from the sum of inflow
of the Aberjona River at Olympia Avenue and the
three tributaries.

For comparison, long-term flow and corre-
sponding flow durations of the Aberjona River at
Winchester, located about 3 miles south of the
study area, and the Parker River.at Byfield, lo-
cated about 20 miles northeast of the study area,
are included in table 1. Flow-duration values indi-
cate the percentage of time daily flow was equaled
or exceeded during the period of record. This pro-
vides a comparison of flow in the Aberjona River
at Salem Street (drainage area 6.91 mi?) with his-
torical records of the Aberjona River at Winchester
(drainage area 24.1 mi?). However, flow of the
Aberjona River is influenced by pumpage and
dams upstream; consequently, the flow records are
not truly representative of natural-flow conditions.
The flow-duration record for Parker River at By-
field (drainage area 21.3 mi?) is included because

12

it is an umregulated stream with flow durations
and drainage characteristics similar to those of the
Aberjona River at Winchester. Large differences
in flow duration on August 29, September 26, and
January 3| are the result of streamflow regulation
on the Aberjona River at Winchester. Low-flow
duration percentages represent above-average flow
compared to the period of record, while high per-
centages represent below-average flow.

Streaﬁﬂow net losses and gains between the
inflow and outflow sites on the river for the mea-
surement ﬂ)eriod ranged from -1.45 ft3/s, which oc-
curred near the end of the 30-day aquifer test, to
+5.1 ft3s, which occurred during relatively high-
flow condifions several weeks before the start of
the test. | During low-flow conditions when most
measurements were made, the Aberjona River
reach flowing through the study area gained be-
tween 0.10 and 0.62 ft3/s. With the exception of
the September 20, 1985, discharge measurement,
all measurements of stream discharge during the 3
months prjior to the 30-day aquifer test indicated a
net streamflow gain between the inflow and
outflow-measuring sites.

Hydrologic conditions in the region (precipita-
tion, ground-water levels, and streamflows) during
the fall 1985 were near normal. However, from
late-November 1985 to late-January 1986, precipi-
tation was below normal, which caused below nor-
mal ground-water levels. The hydrograph of the
nearest well in the Survey’s statewide ground-
water observation-well network (Wilmington 78),
as well as streamflow in the Aberjona River at
Winchester and the barometric pressure and pre-
cipitation [in Boston for the period November 1,
1985-January 31, 1986, are illustrated in figure 5.

Aquifer Tests

Step Drawdown

A 7.5-hour step-drawdown test was performed
on well G on November 27, 1985. The test was
conducted using four pumping rates, beginning at a
low pumping rate and increasing pumpage at 2-
hour intervals with the exception of the last inter-
val which| was 1.5 hours in length. The pumping
rates were 330, 440, 520, and 640 gal/min, re-
spectively, Prior to the start of the test, water
levels we%: measured in 22 observation wells and

in the production well. Drawdowns measured at
the end of each step (Appendix A) were used to



Table 1.--Summary of miscellaneous discharge measurements in the vicinity

of wells G and H and comparison of flow duration in nearby rivers

[All streamflow is given in cubic feet per second; a dash indicates no measurement.]

Percentage of

Inflow Outflow flow duration
Net
gain (+)
Aberjona Aberjona Aberjona Aberjona Aberjona or Aberjona Parker
Date River River River River River loss (-) River River
Olympia tribu- tribu- tribu- Salem at at
Avenue tary 1 tary 2 tary 3 Street Winchester Byfield
01102458 011024592 011024594 011024596 01102460 01102500 01101000
_1985
8-29 3.02 - -- -- 3.16 +0.14 64 94
9- 5 451 - - -- 461 +.10 56 64
9-13 6.62 - - 0.03 6.97 +.32 44 43
9-20 3.82 -- - - 3.68 -.14 62 64
9-26 5.38 - - - 5.80 +.42 32 70
10- 3 5.82 - - - 8.03 +2.21 60 67
10-10 6.22 - -- -- 6.32 +.10 48 36
10-16 6.52 - -- - 7.14 +.62 50 54
10-29 2.96 -- -- -- 3.06 +.10 68 70
11-13 21.6 -- -- -- 26.7 +5.1 12 18
11-25 9.68 -- -- - 115 +1.82 26 20
12- 4 11.6 0.004 0.34 .06 13.7 +1.70 21 19
12- 4 -- -- .33 .06 11.8 - 21 19
12- 4 - -- .30 .07 12.2 - 21 19
12- 4 -- -- .31 .06 12.3 - 21 19
12- 4 -- -- - -- 12.2 - 21 19
12- 4 10.9 .004 .33 .06 12.5 +1.21 21 19
12-5 10.4 .001 .29 .03 10.4 -.32 25 20
12-6 10.1 -- .31 .05 9.69 =77 26 21
12-9 9.53 0 .26 .05 9.08 -.76 31 27
12-13 12.2 004 .25 .03 12.2 -.28 23 30
12-16 10.2 .007 .28 .05 10.5 -.04 24 28
12-18 8.87 0 .25 0 8.27 -.85 32 30
12-23 6.67 0 17 0 5.78 -1.06 42 49
12-30 5.27 0 .08 0 3.90 -1.45 50 58
1986
1-3 4.63 0 .08 .02 3.47 -1.26 26 56
1-17 3.80 0 .05 0 3.17 -.68 62 67
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calculate an average specific capacity of 27.5
(gal/min)/ft. Transmissivity of the aquifer at well
G was estimated to be approximately 10,000 ft2/d,
using the graphical relation between specific ca-
pacity and transmissivity described by Walton
(1970, p. 317), with an adjustment of the specific
capacity because of partial penetration effects
(Walton, 1970; eq. 5-18).

As a check on the value derived by the graphi-
cal method, the transmissivity of the aquifer also
was calculated by using the observation-well time-
drawdown method described by Boulton (1963, in
Lohman, 1972, eq. 109). For well S94D, located
140 ft from well G, a transmissivity of 29,700
ft2/d was determined (Appendix A). The storage
coefficient for the unconfined aquifer of was calcu-
lated as 0.20 according to the method defined by
Boulton (1963 in Lohman, 1972, eq. 106). Average
horizontal hydraulic conductivity of the stratified
drift in the vicinity of well G was estimated to
range from 125 to 350 ft/d by assuming a satura-
ted thickness of the stratified-drift aquifer of 80 ft.

A 7-hour, step-drawdown test was performed
on well H on December 2, 1985. The test was
conducted by using 4 pumping rates beginning at a
low pumping rate and increasing pumping at 2-
hour intervals with the exception of the last inter-
val which was 1 hour in length. Pumping rates
were 230, 330, 400, and 475 gal/min respectively.
Prior to the start of the test, water levels were
measured in 22 observation wells and in the pro-
duction well. The average specific capacity of the
well determined from the drawdowns observed at
the end of each step was 29.1 (gal/min)/ft (Appen-
dix A). Estimated transmissivities ranged from
10,700 ft*/d (Walton, 1970; p. 317) to 17,600
ft2/d (Boulton, 1963, in Lohman, 1972, eq. 109).
The storage coefficient was determined to be 0.16.
The average horizontal hydraulic conductivity of
the stratified drift in the vicinity of well H was
estimated to range from 130 to 215 ft/d by assum-
ing a saturated thickness of 82 ft.

Thirty-Day Aquifer Test

A 30-day aquifer test of wells G and H was
started on December 4, 1985, and finished on Jan-
uary 3, 1986. Both wells G and H were turned on
simultaneously and pumped at a rate of 700
gal/min and 400 gal/min, respectively, for the du-
ration of the test. On the first day of the test,
aquifer and stream response to pumping were de-
termined by measuring water levels in 127 obser-

vation wells at 72 well sites and in 10 streambed
piezometers at five stream sites. Streamflow into
and out of the study area was measured hourly.
For the duration of the test, water-levels in a se-
lected number of wells were recorded continuously,
while levels in remaining wells were recorded in-
termittently by hand methods. Appendix B con-
tains the hydrographs of nearly all wells used for
observation during the test. The altitude of the
water table in the study area on December 4, 1985
prior to the start of the test is illustrated on plate
1, and the altitude of the potentiometric surface of
the lowermost portion of the stratified-drift aquifer
prior to the start of the test is shown on plate 2.
Streamflow was measured intermittently through-
out the test. Stream-discharge measurements
made at five locations along the Aberjona River
and its tributaries (table 1) showed that just before
the start of the test, streamflow entering the wet-
land was approximately 12.0 ft3/s, while flow
leaving the wetland was 13.7 ft¥/s, resulting in a
net gain of 1.7 ft3/s.

Several days of cold weather froze the ground
surface prior to the start of the test. Precipitation
from a rainfall event the day before the test ran
off the frozen surface and entered the Aberjona
River, flooding the wetland. Recharge to the
aquifer was noticed as rising water levels in each
of the observation wells just before the start of the
test. Because of the cold temperatures the morn-
ing of the test, the pumps were started intermit-
tently for periods up to a minute to dislodge ice in
the discharge lines. Within a few hours of the
noontime start of the test, the level of water in the
wetland in the immediate vicinity of wells G and H
dropped approximately 3 inches and the wetland
dried up, as indicated by the exposed thin layer of
ice which was left behind attached to wetland veg-
etation.

During the test, pump failure was experienced
once at each well. The first failure occurred at
well G after 31 hours of pumping and lasted for 2
hours. The second failure occurred at well H after
14 days of pumping and lasted for only a few min-
utes. In each case, water levels began to rise in
the observation wells but returned to pre-failure
levels shortly after the pumping resumed. On the
seventh, eighth, and ninth days of the test, 0.2,
0.24, and 0.35 inches of precipitation, respectively,
were recorded at Logan Airport, Boston, Mas-
sachusetts (fig. 5). The precipitation produced
both an increase in streamflow because of runoff
and a rise in water levels as indicated in most of
the observation wells and the control well, Wilm-
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ington 78. During most of the test, which took
place during the Christmas holiday period, the
Riley well was pumped intermittently. Pumping
cycles and withdrawal-rate data for that well were
unavailable for use in this study.

The drawdown of the water table after 30
days of pumpage from wells G and H is shown on
plate 3, and the water-level decline of the poten-
tiometric surface in the lowermost stratified drift is
shown on plate 4. Plates 5 and 6 show the corre-
sponding altitude of the water table in the
stratified-drift aquifer and the potentiometric sur-
face of the lowermost part of the stratified-drift
aquifer at the end of the test

The total amount of drawdown at well G was
22.4 ft, whereas, that at well H was 16.4 ft, a dif-
ference representative of the relative rates of
pumpage from both wells. Within 24 hours after
the start of the aquifer test, hydraulic gradients in
the vicinity of wells G and H beneath the Aberjona
River were reversed, causing downward vertical
leakage in the peat layer. Net streamflow losses
were measured during the aquifer test reached a
maximum loss of 1.45 ft3/s on December 30,
1985. At the end of the test, wells G and H were
removing 1.26 ft3/s from the stream as induced in-
filtration of surface water from the wetland and
the Aberjona River and as intercepted ground-
water discharge. The streamflow data gathered
after the aquifer test indicated that after 2 weeks
of recovery, surface water still was being induced
from the stream to replace water removed from
storage in the stratified drift during pumping.

The water-level data obtained from the aqui-
fer test were used to determine the area of influ-
ence and zone of contribution to wells G and H
under pumping conditions. These features are de-
scribed in detail in the following section.

Area of Influence

During the month-long test, a water-level de-
cline of 1 foot occurred in stratified-drift deposits in
the Woburn area, according to the water-level data
from the Survey’s long-term observation well in
the area (Wilmington 78, fig. 5). Drawdown of
water-levels in observation wells in the vicinity of
wells G and H was used to define the cone of de-
pression of the water table caused by pumping. In
this report, the area of influence of wells G and H
is defined as that area of the cone of depression in
which water-level declines exceed 1 foot.

The area of influence of wells G and H at the
end of the 30-day aquifer test, as measured at the
water table in the upper stratified drift, is illus-
trated on plate 3. The area is oblong in shape with
a long axis oriented northwest-southeast, parallel
to the axis of the river valley. The area of influ-
ence is approximately 3,000 feet long and 1,700
feet wide, as measured at the midpoint between
wells G and H, and comprises an area in which
drawdown ranges from 1 to 22.4 feet.

The drawdown data indicate that wells G and
H influence|the altitude of the water table in an
area which| extends from the north end of the
wetland near Olympia Avenue, approximately
1,100 feet nrth of well H, to about 300 feet south
of Salem Street (1,200 feet south of well G) at the
south end of the river valley. To the west and
northwest, the water table is influenced by pump-
ing at least 1,200 feet from well H. The full
westward extent of influence is unknown because
no water-level data were collected during the test
on the far western side of the valley. The eastern
limit of the area of influence is relatively close to
the wells and coincides approximately with the
midpoint of the hillslope which defines the eastern
side of the river valley. The eastern limit is within
500 feet of wells G and H, and, east of this line, no
measurableJ effects on the altitude of the water
table were detectable as a result of pumping.

The sh#pe and size of the area of influence of
wells G and H in the upper stratified drift is
caused primarily by a combination of three factors:
(1) the two [pumping wells are located on a north-
south axis which elongates the cone of depression
around theiwells; (2) the Aberjona River to the
west flows along a course more or less parallel to
the wells and leaks water to the aquifer under
pumping conditions; and (3) a steep hillslope east
of the wells marks the location of a steep, west-
facing, nedr-surface bedrock boundary (fig. 4)
which has ia significant control on ground-water
flow on this side of the valley. The thin stratified
drift and the bedrock boundary form an effective
hydraulic boundary in the local ground-water-flow
system, particularly when wells G and H are
pumped. The boundary minimizes drawdowns
caused by the pumping wells east of its location
but contributes to relatively large drawdowns be-
tween the wells and the side of the valley. In the
area east of wells G and H, relatively small
amounts of| water are obtained from aquifer stor-
age, intercepted ground-water discharge in the
stratified drift, and leakage from bedrock to satisfy

|
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the demands of the pumping wells. Thus, the area
of influence extends northward, westward, and
southward to include an aquifer area sufficient to
satisfy the remaining demand of the wells. The
amount of water-table drawdown north, west, and
south of the wells is less than that east of the wells
because water is supplied not only from aquifer
storage and intercepted ground-water discharge,
but also from induced infiltration from the river.

In the lowermost part of the stratified-drift
aquifer in which wells G and H are screened, the
shape of the area of influence (pl. 4) is similar to
that observed in the uppermost stratified-drift
aquifer (pl. 3); however, the size of the area is
much larger. The location of the eastern edge of
the area of influence is the same as that measured
at the water table and is due to the hydrologic ef-
fect of the bedrock boundary. The aquifer-test
data clearly show that pumping causes a greater
drop in hydraulic head in the deepest parts of the
aquifer north, west, and south of the wells than in
the shallowest part of the aquifer. The relatively
large area of influence in the deep aquifer is
caused by a combination of factors, the most im-
portant of which are the reduced size of the aquifer
at depth; the semi-confined conditions of the strati-
fied drift; the reduction in the amount and number
of sources of water to the wells; and, to some ex-
tent, the hydraulic effects created by pumpage
from partially penetrating well screens.

It is very important to note that the shape
and size of an area of influence of any well pump-
ing from the sand and gravel aquifer in the vicinity
of wells G and H is neither constant in area nor
fixed with respect to time. The size of the area of
influence of wells such as G and H is dependent
upon the rate and duration of pumpage and on hy-
drologic conditions. For example, increased pump-
ing or long pumping periods may increase the size
of the area of influence. Conversely, above-average
recharge to the sand and gravel aquifer and rela-
tively high water-table conditions may decrease
the size of the area of influence. In summary, the
area of influence of wells G and H described in this
report is considered to be a "snapshot” representa-
tive of an average area of influence. Although the
wells were pumped for a period somewhat shorter
than historical pumping periods and hydrologic
conditions were somewhat drier than normal, the
amount and extent of drawdown observed and the
amount of streamflow reduction due to induced in-
filtration were very similar to those conditions that
have been observed at numerous other public
water-supply sites in the region.

Zone of Contribution

Wells G and H obtain water from an area of
aquifer, or zone of contribution, that may be di-
vided into two parts. Most of the water pumped
by the wells is obtained directly from that part of
the aquifer immediately surrounding both wells
and from induced infiltration of surface water from
the overlying river and wetland. Specifically, this
area includes a part of the aquifer and wetland on
the eastern side and western sides of the river.
Water also is obtained from a small area south of
the wells, and a limit can be determined which
marks the dividing line between the area in which
ground water flows toward well G and the area in
which ground water flows southward toward the
river and toward the Riley well. Plate 5 illustrates
the part of the zone of contribution that is closest
to the wells and shows the downgradient, south-
ernmost limit of the zone of contribution in the
river valley.

The remaining part of the zone of contribution
is that area of the Aberjona River drainage basin
upgradient and outside of the area of influence of
wells G and H. A small amount of the surface wa-
ter in the river entering the northern end of the
study area, which is derived from ground-water
discharge and surface-water runoff in the upgradi-
ent drainage area, is induced from the river to the
wells under pumping conditions. The importance
of including this area in the zone of contribution of
wells G and H is to emphasize that the quality of
water pumped by the wells is affected by the qual-
ity of both the ground water in the vicinity and the
stream water flowing past the wells. Figure 6 is
an expanded view of the subbasin of the Aberjona
River showing the entire zone of contribution of
wells G and H. As illustrated on figure 6, the zone
of contribution of the wells comprises approxi-
mately 75 percent of the subbasin drainage area.

In the vicinity of wells G and H (pl. 5), begin-
ning on the eastern side of the study area, the
downgradient limit of the zone of contribution
crosses Washington Street 600 feet south of Salem
Street and proceeds southwestward to the Aber-
jona River. The exact location of this line is un-
known because of lack of field data; however, the
location of the line is estimated as a ground-water-
flow line that crosses the known water-table con-
tours at a right angle and extends upgradient to
the ground-water divide located northeast of the
study area. From the point where the line meets
the Aberjona River, the downgradient limit of the
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zone of contribution crosses the river, turns north-
westward, and follows the channel of the Aberjona
River to the vicinity of well site S96. This area
marks the location of a local ground-water divide
between wells G and H and the Riley well. Be-
tween well sites W13 and W14, the line turns
westward, crosses the remainder of the wetland on
the western side of the river valley, and proceeds
northwestward toward the subbasin drainage di-
vide west of the study area.

The position of the downgradient limit of the
zone of contribution drawn on plate 5 represents
an average location for the entire thickness of the
aquifer. As described earlier, the magnitude and
extent of the drawdown impacts caused by the
pumping wells is different at different levels of the
aquifer. Careful review of all of the observation-
well data shows that in comparison to the
"average" line drawn on plate 5, the downgradient
limit shifts toward the river when water-table data
are used, and that it shifts toward the Riley well
when hydraulic-head data from the deepest level of
the aquifer are used.

Furthermore, the position of the downgradient
limit of the zone of contribution cannot be defined
precisely and is not permanently fixed. The size of
the area south of wells G and H that contributes
water to the wells is variable, dependent on hy-
drologic conditions that control rates of ground-
water discharge in the stratified drift, leakage
from bedrock, and surface water available for infil-
tration from the wetland and river. In the area
southwest of wells G and H, the position of the
limit of the zone of contribution is influenced sig-
nificantly by the on-off pumping cycle of the Riley
well. As shown on plate 5, the edge of the zone of
contribution occurs north of the Riley well when it
is pumping. When the Riley well is not pumping,
it is likely that water-table conditions return to
normal in the area and the southernmost limit of
the zone of contribution of wells G and H shifts
southwestward to include part and perhaps all of
the Riley well area.

As shown in figure 6, the entire area of the
zone of contribution to wells G and H includes: (1)
The stratified-drift aquifer beneath the lowland on
the eastern side of the wells, beneath the wetland
north, south, and west of the wells east of the
river, and beneath a portion of the wetland on the
western side of the river; (2) the area of stratified
drift, till, and bedrock northeast of wells G and H
upgradient from the local ground-water divide
northeast of Washington Street; and (3) the re-
maining upgradient surface- and ground-water

drainage to the watershed divide east, north, and
west of wells G and H in the Aberjona River.
Finally, the zone of contribution of wells G
and H illustrated on plate 5 and in figure 6 also
may be identified in terms of the zoned approach
to public ground-water-supply protection under the
Massachusetts ALA (Aquifer Land Acquisition)
program defined in Chapters 286 and 723 of 1985
Massachusetts legislation. According to the ALA
definition, the area of land described in (1) above
within a 400-foot radius of wells G and H corre-
sponds to "Zone I". The area of stratified drift de-
scribed in (2) corresponds to "Zone I"; similarly,
the area in (3) corresponds to "Zone HI". If the
process of determining areas that are most affec-
ted by pumping wells G and H includes considera-
tion of the actual distances and depths at which
significant effects will occur, results of the 30-day
aquifer test indicate that the land area most affec-
ted includes the wetland on both the eastern and
western sides of the Aberjona River upriver and
downriver from the wells ("Zone I"), and the up-
land area east and north of the wells ("Zone II").

SUMMARY AND CONCLUSIONS

Ground-water contamination by chlorinated
volatile organic compounds detected by the
MDEQE in 1979 forced the closing of wells G and
H, public-supply wells in the City of Woburn, Mas-
sachusetts. A 30-day aquifer test was conducted
to determine the hydraulic properties of the
stratified-drift aquifer in the vicinity of the wells
and to determine the area of influence and zone of
contribution to wells G and H under pumping con-
ditions.  The estimated transmissivity of the
aquifer in the vicinity of well G is 29,700 ft?/d,
with a storage coefficient of 0.20. The average
horizontal hydraulic conductivity in the vicinity of
the well ranges between 125 and 350 ft/d. The es-
timated transmissivity of the aquifer at well H is
17,600 ft?/d, with a storage coefficient of 0.16.
The average horizontal hydraulic conductivity
ranges from 130 to 215 ft/d.

The area of influence after 30 days of pump-
ing well G at 700 gal/min and well H at 400 gal/
min is oblong in shape and approximately 3,000 ft
long and 1,700 ft wide, as measured at the mid-
point between wells G and H, and comprises an
area in which drawdown exceeds 1 ft. The area of
influence extends from approximately 1,100 ft
north of well H to 1,200 ft south of well G. In the
lower stratified-drift aquifer in which wells G and
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H are finished, the shape of the area of influence is
similar to that observed in the upper stratified-
drift aquifer; however, the size of the area is much
greater than that in the upper stratified-drift
aquifer.

The shape and size of the area of influence of
wells G and H in the upper stratified drift are
caused primarily by three factors: (1) The two
pumping wells are located on a north-south axis
that elongates the cone of depression around the
wells; (2) the Aberjona River to the west flows
along a course more or less parallel to the wells
and is a source of water to the aquifer under
pumping conditions; and (3) a steep hillslope east
of the wells marks the location of a steep, west-
facing, near-surface bedrock boundary, which has
a significant effect on the amount of ground-water
flow on this side of the valley. The boundary effec-
tively minimizes drawdowns caused by the pump-
ing wells east of its location but contributes to rela-
tively large drawdowns between the wells and the
side of the valley. The area of influence of wells G
and H described in this report is considered to be a
“snapshot” representative of an average area of
influence.

Wells G and H obtain water from an area of
aquifer, or zone of contribution, that may be divid-
ed into two parts. Most water pumped by the wells
is obtained from that part of the aquifer immedi-
ately surrounding both wells and from induced in-
filtration of surface water from the overlying river
and wetland. Water also is obtained from a small
area- south of the wells, and a limit can be deter-
mined which marks the dividing line between the
area in which ground water flows toward well G
and the area in which ground water flows south-
ward toward the river and toward the Riley well.
The remaining part of the zone of contribution is
that area of the Aberjona River drainage basin up-
gradient from and outside of the area of influence
of wells G and H. A small amount of surface water
in the river entering the northern end of the study
area, which is derived from ground-water dis-
charge and surface-water runoff in the upgradient
drainage area, is induced from the river to the
wells under pumping conditions.

The position of the downgradient limit of the
zone of contribution cannot be defined precisely
and is not permanently fixed. The size of the area
south of wells G and H that contributes water to
the wells is variable and depends on the pumping
rates of wells G and H, on the rate and schedule of
pumping of the Riley well, and on hydrologic condi-
tions.
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APPENDIX A

Hydrographs of wells G and H during step-drawdown tests
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APPENDIX B

Hydrographs of selected observation wells and piezometers during the 30-day
aquifer test, wells G and H, December 4, 1985-January 3, 1986

B-1



AR ANARNRAASARRLES RARRAAAARI RERAARARAN LRASASAARN ARAARARARAS LARAAARRAS RARSARAARY LARARLRALY RAARAARA)
|

R J
= -
=3 -
3 ;
-3 -y

i
3 -
o -4
B b

—

~— |

‘

|
= Vg | 4
- .
- -
[ Lol ]
i — ]
- ——— -
L -4
5 4
i ]

i

I

|

|
- ‘ 4
i ]
5 i
i ]
llllll1ll'lﬁll‘llll'llll41lll|Ilbl IlllIlllllllIll‘llllllllllllLllLllLllllllj_l.'llil lllll lllllllli

ng

o~ 2] ~ n w ~ o] 2}

1334 NI "¥3IVM Ol H1d3a

B-2

50000

10000

100 1000

TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



00006

00001

SALNNIA NI ‘Nv938 9NIdANd JONIS JALL
000} ool ol

I

1’0

L) L]

Y

| LA L

T W W W T |

L4 | AL L] I R L ¥ L AL L T

6£S

H TIAM

2 Lag g 4 0 0 4 fp a4 0 2 g 4 N ) NS O Y A W 1

jyvvr Ty ¥

L]

1334 NI “431VM Ol H1d3a

B-3



SALNNIA NI ‘Nv938 9NIdWNd JONIS JNIL
0000s 0000l 000t 0ol ol -

1o

L) ¥ ) v Ll ) | AL LS L Yy ) A | RN ¥ A | AL LR L] L

O TIIM

T} 3 | WA I U S I 1 I Ra e 0.2 4 4 4 I 1244 0 4 4 ) | I IE T W T S 4 Lag e g 4 1 q

1334 NI “431VM Ol Hld3a

B-4



0000S

00001

S3LNNIA NI ‘Nv938 ONIdANd JONIS JALL

0001

ool

ol

I

‘0

SN N R |
-

LARARRAN ARRARAR

TIVITIOLT

TTrrrroe

il

¥ | LSRR A

. m

Lea 4 2 4 1

¢9S 4liS

Jrer v Ty ]

e g g4 ¢ 9

| AL AL L]

I O O T |

2aeaadiaaay

d o1

0c

6l

8l

]}

Sl

el

(4%

H

1334 NI "¥3LVM Ol Hld3a

B-5



0000S

0000}

SALNNIA NI ‘NY938 9NIdANd JONIS JAIL

oool

00t

ot

i

1’0

L] LI )

vprvrree

LBARRRE S

LA RAARRE A

LAAARNSRN RRNSARARLN RERARS AR

1e0 0 ¢ 4 @

L LAE RASARLE

4

| RALLELLANR L]

Ll | LA T

prrrev

T

oL

Leg g q 4 1

¥39S 4lIS

Leg g 4 4 4

1334 NI "¥3IVM Ol Hld3a

B-6



SALANIA NI ‘Nv938 ONIdWNd JONIS INILL
00dos 00001 0ool 00l ol _ 10

FYo v L T, L | IS s L | SLELEL LI N s T | SLELELINL IS B aam § y iy T xon
- 62
| 8¢
| L2
9z
3 sz
m .llnll\lu\llll\l"l llllllllllll

3 nl N )\(\\(\(!I'/ \\ ases 144
m \ ’\& \ \ M -7

o ' A4

m \\ll\\/\lll/lll\ll\l\)/ llllllllllllllllllllll

3 A PR ’, X4
T T [ IR S N’ NG9S

W

:

Gas ilIS 1z
r- ) 2 lag g 0 0 4 I lag 2 4 4 1 1 1 a4 4 4 9 3 legpp ¢ @ @ ) 1eg a4 3 4 4t I \ON

1334 NI "¥31VM Ol H1d3d
B-7



SITE S66

1334 NI "¥431vMm @

S P

L H1d3Q

B-8

LA AR AR LA AR AL AR LA RAARARARESRARRRRAALY RARARARIAN RARSRIE RN | MASAAAALE RARAARARAE LARRRERAL]

3 4.2 4 14441 3 2 3 2 3911 3 g4 ¢ 92441 N 34 ¢ 43131

11 143111

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



00006

00001

S3LANIA NI “‘NV938 ONIdWNNd FONIS JALL

000!

00l

ol

I

1’0

L L]

L)

4

| LRI T

-

| LILILAL A L

L | L A | )

v

| RIS v

) JLLL L B A a4

leg gt 4 0 0

04S 4lIS

4 00 U T T T |

Lagp g ¢ 4 ¢

s

1a 004 4 4 4

vi

gl

13

1334 NI “431¥M O1 HLd3q

B-9



SALNNIA NI ‘Nv938 ONIdWNNd JONIS JNIL

oogos 0000} 0001 ool ol l 1’0

T L I JreyryTy L] L BRI L) ] | LR LA L) ) (rrveyrvy L) L] | RALILAR DL T L wﬂF

14}

el

o
3a

o
-

L[S LS

LAAAARAAS AAAMAREALS RASARARARS RARRRAAAAN RARAARARAS RARNAAAAAS RALARARARS RAARAARARY RARRARAARS RARAARER]

I 1 [ T O | 1 1eg 24 4 4 1 1a4 ¢ 4 4 4 4 1 | IO T N N | ) Lag 0 4 4 ) .m

:
|
|
J: HLd

d3IVM O

1334 NI'°

B-10



00o00s

ooool

S3LNNIA NI ‘Nv938 ONIdANd FONIS JAIL
000! 00l ol

' TP mpem— T —— TrTT T I e Trrorpere—— ;

azs
sus
¢/(S 3lIS
m- bs4g 0 4 9 3 y Lt 0 9 3 2 124133 4 9 2 2 109 3.4 9 I | I O W O I g

ol

1334 NI "¥31VM 01 Hid3d

B-11



0000

00001

SALNNIA NI ‘Nv938 ONIdANd JONIS JNIL

0001

oot

ol

}

10

LAAAAAALAY RARLRARAN

LARARY |

LS

jryry vy

| L LA L

LAAAAAS RAAARARNAS RARAALRER]

- -
-
e
- -

¥ | RAA LI LS

L JLIN S e |

| RALELELELS L L]

INERR BN

N YT

oL

v/S 31IS

3 1pg 2 4 4 ¢

ls g 49 4 4

| TS W S T | 1

gy gy

1334 NI "¥31VM OL H1d3Q

B-12



0000S

0000}

S3LANIA NI ‘Nv938 ONIdANd 3ONIS JNIL

o000t

00t

ot

I

10

| ¥ | SLSLLNLE SR Ban ) 13 | SLALELIL A B S § 2 4 | B LI B A 12 | BLJLJLJ I S et y | S0 2L L B A .
o 3
3 3
3 m
AN 3
~ 9
/ —_ A\ . \ p
/ A \ 3
i Ao— = —
m N—- - = .
2 S9/LS 3
L [N ]
- —
: N9LS ]
F 3
=N -
L 4
b -
N 4
o 3
o 3
o 4
3 E
" m
- r
" 9/S 4lIS ]
- o
L9 3 1ge g 2 4 ¢ 9 3 lag2 00 4 9 1 fa g0 4 4 3 1 I | N T I 1ia 4.2 2 ¢ 0 1

al

13

ol

1334 NI “431VM Ol H1d3Q

B-13



0000S

0000l

S3LNNIA NI ‘Nv938 9NIdANd JONIS JNIL
oool ool ol

I

S Aa S s

B L0 LI R B A

L] | AL L] L] | R L] v | RALELIL AL Ll

| LRI

v

A
B R - - . -3
My neLs
- /“Bﬂ\\/\\,( <. .m
AVAN AR N aLs
. ......./, R B —— e - = e |
v i AT e et ee oo SLLS. ]

w J < SSLLS ]
LLS 1S ¢
2 g 123 4.4 4 9 ) 12044 4 4 9 1 | W T S N T N lag g e g g 2 | IR O O B | M j

ol

~

n
1334 NI “431VM OL Hid3q

[7e]]

B-14



SALNNIA NI ‘Nv938 9NIdWNd JONIS JNIL
oon...om 00001 0001 ool ol

I 1’0

) L] L] | R L) T jrervy vy ] L] | LA L] | LA AL L]

| AL L ¥ )

1“

]

N / ) — E
”a —\ ../-{l/ p
I~ [l —— :
\ S ————— 3
r/ ]

\ asLs

\ AN ]

\ w\: ~. <

oI ~ ]

v E

8/S 4lIS

{ N 1eg a2 4 4 4 3 leta g 2 4 1 | IR W T W W | g lgd g 2 ) 9

——— -
-~
~ -
N ———
~—— -
e o e e e e v e = - - - ———

| IS W0 W S W | L

ol

1334 NI "¥3IVM Ol H1d3q

B-15



0000S

00001

SALNNIA NI ‘Nv938 INIdANd JONIS JALL

ooot

00l

ol

1’0

LR

| AMAAARARYE RAARARLAR]

-

LR RES ]

”

| LI T e |

| R ELEL B L

| AL AN e |

L2

Jrrre Ty

AAALLS AARARALLLS MARAALLELYN R

| W N T |

| B L B

Y TR

6/S 31IS

} [T T W W D | ) | WU S W |

1

S64S

ol

1334 NI "43LVM OL HLd3d

B-16



0000S

0000}

SALNNIA NI ‘Nv938 ONIdWNd JONIS JAIL

ooot

00l

ol

1’0

L] L] |

| R BLILEEL L

 m

YTy L]

L0 S e v

08S 3lIS

| WS T W | g

N LR ALIRERE L]

[ S B N |

L]

L S L N B S |

I I SN TS T T S 8

2408

[TTTRE FURENY

alisiay

gl iy

AT UTEN FEURTITURY T

ol

1334 NI "¥31VM 0l Hid3d

B-17



0000S

00001

S3LANIA NI ‘Nv938 ONIdWNd JONIS JAIL
000t 00l ol

s

s
s

¥ 1 3

R

FrvvTray L]

L] | AL L L] | AR LILAR AL L) Jjrrvy Ty Ll

LIS St S §

18S LIS

IR I T S T 1 [ B N .

1334 NI “431VM OL HLd3Q

B-18



S3LANIA NI ‘NV938 ONIdNd 3ONIS 3NIL
oot ol

0000s 00001 000l

l

1’0

) Ll Ll | AL L] L | AL AL L ¥ v | AL A LA

jrvy ey L)

L

| AL L]

T

azgss

Al quﬂ

1334 NI “¥31VM Ol HLd3Q

AN SARARALALE RALLARLA]

Z8S LIS

I W | 1 ba2 0 2 4 2 2 N 1eg g 0 2 4 4 3

| IO W W T |

[ WO W

1

1 Ol

B-19



0000S

SALNANIN NI ‘Nv938 9NIdWNd JFONIS JAILL
0000} 0001 ool ol

l

1o

L v

L]

eV VOV ¥ ¥ | AR Al 1] | AL AN \J yrv vy AJ

¢8S 4lIS

feg g 9 ¢ 2 ¢ 2 bapa g ¢ 0 9

-

IS U WO S U |

FrEV VY Ll

leg g g 0 0 @ 3

2

gasaalay

L'l
L]

1334 NI “¥31VM Ol H1d3d

B-20



0000S

00001

S3LNNIA NI ‘NV938 ONIdANNd JONIS IALL
oool ool ol

l

10

v L

LA AAARARARAS RARAARAS]

LAY RARARRRA]

LR ALS RARRRA]

L

| RAASREL AR L

T | LA S L) jvvrr vy L Ll | AL L]

sy8s

¥8S LIS

L]

| RALLALER Ly

L

y Ol

1334 NI “¥31VM OL HLd3d

B-21



;"lUlll'l"l'II"""'II!I'll'llllrl’l"'r’"'Illl'l:‘l'l‘l“I:UJ';IIll'llIlYll'l"lI‘Ill’l"r‘"r‘
I /,/ q
.:‘: !

- :“?/ : —
. ::7 ]
PR S ) F -
K e / .
: if 3
; ) :
E WD) { : E
00 { :
V2 )
O JL _
s . -4
F ; ; ]
C [ : ‘ 3
I (i ]

: | .

[ ;

= : 3 -
F : | 3
; | :
- : ! 1
- : E
llllllllll lllllllllll lJ_lllll' llllf:jlllULJLlllll lllllllll l llllllll Al llllllll lllllllllllllllllllll

o

-—

o~

L]

1334 NI "43LvM OL

~<

in

0 ~

00

o
-

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



0000s

00001

SALNNIA NI ‘Nv938 9NIdWNd 3ONIS JNIL
0001 ool ot

l

I'0
y O}

“un | L rrrTTr L ) BLALALAN BNt Bt Sane ) L) frrrrrrey T | S 20 LN AN Aum | ¥ | S0 L N S 4
-

C

s

| <

m. /l,nw(.

C 1 S~

3 1 X~

3 \ .. /f’?’

3 i T

" 1 T ————. asss

- —‘

- ! ‘./rlﬁ'

o ! -

4 —- — e S -
3 T $98S

3 v

s U

3

: 98S 4lIS

9

24 N lag e 0 4 1 4 g lga g 4 4 4 1 [ T | 1 14444 4 ¢ 14 M 12204 4 4 4 )

1334 NI "¥31VM Ol H1d3d

B-23



0000S

00001

SALNNIA NI ‘Nv938 ONIdWNd JONIS JNIL
ol

0001

ool

l

10

L LI

L | LR AL ¥

| LRI ¥

| LALLBLELA L

L S.2L20 0 BNt Hant e

Y ; O}

~

1334 NI “¥3LVM OL HLd3d

1 Y A >
] —ur stk f/ ~ ‘/
' fn. 's ~So ~
[} ~
- . 3 P L S - -a/8S - = -
i ! o~
.- - -~ -~ —
..\ 'I'/ -
..u ceen S’ TS e——e =~ —_
..-.. ’ Ik VU S~
d . S el TN
nnnnnn ~
...... N8BS T~ N\
............... ~ -
cccccccccccc S S—
lllllllllllllll ',, —— — —_—
lllllllllllllllllllllllllllllll *
S/L8S 3
T N 122442 1 4 ' baa a2 ¢ 4 4 L loga ¢ 2 ¢ 2 I IS N W 1 3 lagp g 4 4 4

|
B-24 |
|



"’l'l"l'l"l'"'l""l'l""'l"ll"'I'l'lI|'|'|'lr"'ll'lll'll'llll"""lll"lllllllll‘l'llll'l
b * - 4
L -
=3 -l
u ]
i ]
- L
L J
L -
5 4
= -
n .
b -
s ]
X ]
i J
L 4
L J
[ (0 @) ]
N .
- -
C ]
s ]
L R
[ Ll ]
5 }__ J
———
I Vg I
=l —
- n
s ]
= -
5 R
- -
. 4
- L
" -
- -
C .
- 1
C ]
L J
5 J
L .
......... [FPTTTTTTTI FRTTUTTIT ILTTTUTTTI FETTTTT FUTTUTETTE FYRTUTTIT FTTVITTI FUTVUPTTNS FOTTUIT

1334 NI "¥31VM Ol H1d3d

B-25

1000 10000 50000

100

10
TIME SINCE PUMPING BEGAN, IN MINUTES

0.1



S3LNNIA NI ‘Nv938 9NIdNNd 3ONIS JNIL

0000s 00001 000l ool ol 1 10

LA L | LI L] L] B LARIILAN A L] JIrrvrrw L) L] | L L L AR ] L3 T qrevrTeTTy L]

|RAALARAALN RARRAARARS LARALLAA)

LEERBARE

-~
RN 4
-
- —

LARAARNRRARASARAN RARBARARAS B

3 T ¢
,. ........ z
| 68S LIS |

1334 NI *¥31YM Ol HLd3d

B-26



0000¢

00001

S3LNNIA NI ‘Nv938 ONIdWNd JONIS JNIL
ooot 00l ot

I

10

LAANRRARAAAALS RARAARARRS RAARARARAN RARAREARAY LARRRARA]

LRk L R BRI Ll 1 Jryvy v v L —--d- T L | LR AL ¥ L] —--- Ll L]
o
)
E '\,
o
N

: \
o )
-
- -.o//

-\

Y

R N

1S )\

WD
Y *7\ \ /
N
N I/ —
-~ /
N -
S ~

y 2l

H

ot

Al —
a... nl‘.l" ~~
¥y TTe~ -~ ~
..nc' \/ i’/\. ~
..... kN -~
............... NOBS "< -
.......... IN S—
....... I// Qomm - —
ST, \
.......... N
S06S
o
<
£, 144449 1 4 I 1a48 2 4 3 1 1 S N T S | 1 lep g g4 1 1 ) leg 2 1 0 1

1334 NI “¥3IVM OL H1d3d

B-27



|

L
\BAASRASAS RARRLR AR  RARBAARERS RREERAREE; | AARARRERA RAARAA LAY RSN R ARS RARLARRRY TrTreT PIPTTTrrrTrYrT
s
L. -
n .
o ]
R -
5 .
= -
L .
- .
= -
- B
L J
N -
5 .
b -
L o
- -
3 e
. -
L =
L. — -
=1 -
- (@) 3
S 7)) ]
L -
R ’ ! .

———

- -
o 3
- -
L 4
L .
L 4
L 4
5 ;
L J
- -
C m
o .
L o
- -

|
o I

‘ )

! -
L | .

|
2004 420 4L I lllllllll l lllllllll l lllllllll 'lllll IAL]AIIIIIIII‘AIIIIIIII'A‘JL]AI‘I' lllllllll l llllll Ewe

o - ~N ) < 7o) © ~ © o o

1334 NI “431VM 01 HLd3a

[

|
B-28 ’

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



0000S

00001

SALNNIA NI ‘Nv938 9NIdWNNd 3ONIS JALL
0001 0ol ol

10
ol

N AN

RS MAAARLARAN ARRAARRARY RANARARARS AARARRARLS RARALR AR

P ad

| LI e |

L | R L LN | ILLAL LI e J L L4 | AL R

o

N LA LA e |

-

B-29

WL RALALJ
P

O
:
17
& 9
. N
. o]
N ?? a
. L
o /
. ~. '
. 1
AN
l" '

1334 NI "¥31VM Ol HLd3a

-

¢6S 1lIS

Lag gy o 0 o ¢ 1 1244 4.4 3 4 I $a34.0 4 4 3 2 14200 9 4 4 n IO W T W |

LAAAAAY AAARASLAAS RALARRRALE )
'
N
(2]
0




S3LNNIA NI ‘Nv938 9NIdWNd JONIS 3NIL
0000 0000} 000} 00} ol I 1’0

L Y | LI S S R | 4 | BLJEBLINL INN B Bma T | L2 AL B A B | T | B L L B | L4 L L2 L R S T .
: ]
F 3
o -
- -
L ]
3 E
A\ .
E
S\ E

¥ N - ]
3 Y 3
C ../ — \ / ]
- \ 7\ -
- \ ~ 9
o \ — -~ $ 3
o \ — b
: \ ~ J\ ]
" \ a — — ~ u
- L AN ages — — 3
: \ TN / -~ \ 3
E PR SN n \ -~ / ]
S AT I - i L
3 W A MTm—t ’  Upiuinial PN T e ]
3 VT L) ot NEES N ;
3 SE€6S :
: ]
3 E
- 4
3 :
“ p
« ]
v. N 9 Llag e g 4 42 9 N Pag g g 4 1 3 2 Jaa 02 ¢ 4 3 3 feaa 0 2 4 " $e0 0 4.4 4 2 3

B-30

1334 NI *43LVM Ol Hld3d




Wlllrrrlt‘llﬂilIIIerTl‘I"llﬂvlTﬂ[TlltI'll'[t‘lrlrlTlrl’urTllrlll]Illrlvl7v|1rrvll"1'ltﬂl!!'r

F ’....';,o-" -
3 ”
..,‘_:gfq
w ‘g': f :
- -2 tad 3
X oA ]
[ L ]
o "..'. é, J
- i T ——ited / b
HY |
"
o Fa 4
- K .
: / N
. ! I' i
-3 .‘. ' -l
- Fa i
: ]
| (o)) ] :, i
= U P =
C L i j ]
- = 1
D i '
5 ':. , 4
3 -/ 3
g S ]
,. ; ]
*

: ; 5’/ .
. P& _
3/

R 0 /' .
3 : -
C | h
; N :
= o L
o l' o
'

......... FETTVETIIE TRTVTPTTIN TRTTUTTIE FUVTTTTTI T-SVVTUTTE PRTUTITTY PRVTTTIUIN FUTTTITUN TOTTTITT

- o~ L] < wn w0 ~ ] -+ )]

1334 NI "431VM OL H1d3d

B-31

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



0000¢

00001

SALANIA NI ‘Nv938 ONIdNNd JONIS JNIL
oool 001 ot

I 1o

| MARARAM

AR RAREEES

AL AR RAANARALR SRR AN RE RS LARE NSRS RAARARA LR ISASRRARARS AARALERANS RASARNRLA]
o

L) ¥

Ll

LALLM S St 4

| N A S B |

] | R AL L] LJ | R Ll L | AL LS

G6S lIS

N I RN U S 1 I (W W W | I L2402 1 4 9

L R LR L) L]

TYEYTS FTUTETERTY

TPETE EYOTT

I Peg g a9 g 1

ot

1h
@

1334 NI “431VM OL LH.I.dBG

B-32



0000S

00001

SALNNIA NI ‘Nv938 ONIdNNd JONIS JAIL

000}

oot

ol

I

10

L 2 \J ) LA I DN B S T N LR N L S v 0 LI 2 2N B 4 T | SLELBLIE MOLERS auae | v rrrervr vy 1 p OP
- 36
- 3
9 ]

9 -
3 48
: 3
C 3
3 ¢
” m
- -
- e
- 4
A\

Y

- 3
-\

C\

- \

m. Y / —

E \

3 v N N96S 3
- \ - B
3 \ N

o -~ —

s /lll\ llllllllll ~

= ’.I'I-'.Iv.ll’l'hl"ll'l'lll!lll‘l!l‘-ulln'.ul-l..l.lr.al'llllll
3 ases E
: ]
3 e e

- 1 3
« 3
s ]
3 96S 4lIS 3
3 ]
9 4
s ]
n- g n 1p g 0 4 1 3 g Lo o g 4 4 0 I Lag e 4 4 4 4 3 g g gt a1 ¢ | W T N | 9 3

1334 NI “¥3LVM Ol HLd3Q

B-33



000005

00001

SALNNIA NI ‘Nv938 9NIdANd JONIS JNIL

oool

001

ot

I

10

v

T

| AL L)

- LJ - TV VT Ll | RALLEL ) ) | RALILELE L] -
: :
- 414
« .
E 3
L > 4
= o0
E N\ ]
EN Y \ 3
[ [ . I 3
O\ e P ]
= 1 el N \ .
=\ Ty 46
E AL ]
C ] [} (.l'\/ oo .o.n 2
L. 1 (—u.- ] o
3 W\ W} uoA 3
. v R TN TL LA - 38~
m.y R /.\/ PrA ....// ]
o /\ .. Avlw 3
3 ; ~ ]
3 N SLES T~ ;
o ~ K \’ 4
- ~ K M -3
< S, l.l/l ]
- ~lte..., =~
3 .L..:...Hh....::.....h...ﬂ%m.m ::::::
n - -_— B e s T gy ehy eSS
- e L L S
3 ases :
3 :
3 :
3 :
s 3
- p
C 3
- -
3 3
- -
3 /6S 1lIS .
<
-
L
_.. 3 1 10440 3 ¢ 1 ) lga 4 2.9 4 9 I lag g0 0 @ 2 1 14223 1 4 4 2 N I N R | 3

B-34

1334 NI “43LVM Ol Hld3d




'r"l"llll"'l llllll l!ll‘lllll'lllITrlll"""'l‘lllllI'rl’llVT'_""erl"Ur"l'l lllll "l"lllr"l""‘l""‘l’"l"
L -
L <
5 4
- -~
- -
o 4
C ]
L
L 4
i ]
o -4
- -y
- -
C m
- -
= -
5 -
L -
5 4
L 4
- -
- -
5 o — o
C 4
. m :
7 '
L -
L I i J
- H d
——
n -
" 3
= -
- -
- -
5 .
- -
5 N
o
b—
7
» "
- 9
C 3
- E
- 4
L 4
- ¥
L .
lllllll lkllll llA‘lllll‘llll_j‘_ljllllLlllLullLllllllJlllllllL]llllllLllL_\l‘llLlLLllllLll'llJllllll

o~

2} ~ n o ~

1334 NI “431VM Ol H1d3d

B-35

a0

o]

o
-—

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



-

T LIS NN SOR B B I 20 v LENRNNS S M B B N Y

SITE SB2

AR ALLEAS o T Ty Trry

nnnnnnn

SB2S

U FOTUUTT TORTUTITIR MY TS T T Laaass [TVTTTITTN TP N

|
|
[
\

.
AAAARARARS RAARAARRAN RARAS AR E LSRR ARARS AR AL AN AARANAAL LN RARARELNREARARLSANAAREARAARS ARALANAASS

4

t 2t 32421

24 3 43241

g4 2 294414

'

2 2 a4 0tel

1

g 3 4 2 4021

-

~N

L2} ~ n

1334 NI *431VM OH Hld3d

B-36

©

*

~

o

10

50000

10 100 1000 10000

TIME SINCE PUMPING BEGAN, IN MINUTES

0.1



"l'l'T"Il"'l‘"lll"l"l“l"""ll'll'lllll.ll'"l""l'l'l""T'l’"'l'l'l']WlfI'l‘ll’r'll"'

|- -
3 e
3 -
o -
C 3
o -
b -
- .
3 .
- -
= -4
9 -4
- e
L. -
= -
- -
- —— o
- -

- N) E
E m ]
[ ) ]
i Lel -
L L-—_ -
)
3 -
F .
g ]
- a -
%)
P
= m -
N ]
[ i
- ]
INENENEEN] l lllllll ‘L.l)‘llll‘l.l]ll llllll‘lllllll. lllllllll ' lllllllll ' lllllllll lllJ IIIIII 'llllll.l

o

i o~ 0

1334 NI “431VM Ol H1d3a

<

n

B-37

(7]

~

o]

(=]
-

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



LN Aam  pu e 8 4 T | S e it i 8 1 y

SITE SB4

L [t B a0 O g

vrrrery

|
LARARAALLS LRRARLLALS RARAANARAS RAAAALARAN RALARARLLN AANAARAR S RARARARARS RARARARALS ARAEANRARY RAARARAER]

!

SB4S

-

-

N 24 3 41 4211 N (AR RN

34 2 29441

3 g4 4.4 g0 3

o~ ) < n © N

1334 NI *¥31VM OL Hld3a

B-38

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



LAMANR AN RARRRARREY RAREARALRYE RALRE

LAARN RAARAAARKNLRARRARARS RARARRRALY RARSNASRANRRRARALAAS RAARANA LA}

L -
3 -
- -
b -
- -l
- 4
3 .
.’.' =
: 3
- l -
- m =
i Lol 1
- = 1
X ]
- [ .

n

m

w
3 E
[ | .
- { -4
o ' -4
- .
- b
......... | TN NS FYYT AT UTY FUTTUAUEVE STV UCTRUNC IURUTCURUL ITVRUUNUTE YNV ONUTTY FUURUNUUTE FURUTUNNT

~N

L2

1334 NI "431VM OL HLd3d

~

n

B-39

w0

~

(=]
-

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



e i -
L J
= -
- :
C ]
! | ]
I

= , 4
- i -
L e
- 3
: m :
- 4
: 7] ]
- -4
) B .
F 3
- ‘ e
L ! e
of ' -t
- -
b 7 o

O

m

m -
o -
3 T
lllll lelll—llJll\l"w‘llllllllllllll'lllllljll'JltlllLuiu_lllllll_lillllllllllllllllll[l‘l‘jljlj

-

N

) < n ® ~

1334 NI “431VM OL Hid3a

B-40

|
i
1
0
i
|

o

o
-

100 1000 10000 50000
TIME SINCE PUMPING BEGAN, IN MINUTES

10

0.1



0000S

00001

SALNNIA NI ‘Nv938 ONIdNNd 3ONIS AL
oool ool ol

I

1o

v

LAAAAS RAARRRALAS

LS RAAA

| LA A AL L

L4 | AA AL AR LJ L4 [ LA AR L4 v | AA RS LJ

/8S 31IS

122024 4 ¢ 4

v

! L AR A N amn i

B

y 01

-

N 1e22 3 42 4 2 2 $222.4 2 2 g $a2 0 2.4 4 9

asss

s

faa a0 8 4 2

1334 NI “431VM Ol Hld3a

B-41



0000S

00001

S3LNNIA NI “Nv938 ONIdNNd 3ONIS AL
000l 0o} ol

l

1’0

ﬂiJ‘ LA

M R

L LA AL LA At un &

“fag g 2 3 2 o

v yjyveyv vy v v | AARALLARA ¥ L s gyYrvvy v v L2

84S 1lIS

R A0 20 BNl 2 B 2

- Ol

Lol
©

1334 NI ‘43IVM o# Hld3d

i
i«
iz
=L

2 fasag g 2 2 o n Saga g o 8 Y fapaaa 2 42 o

t

B-42



LA

| S e B B n B N v BN B B iR B A |

SITE SB9

L JNES AN B 2 N A D |

| S M B Bu B A B

LAAAARAAS RAAALAALAS RAARARAALY LAALALRS \AS RARAAAAAAS RARARERALS RAARRAS

SBAD

ll!l'lllllll]jlllL llllll IljllAltlLl lllllllll lm_llull.jllllllLA'llllLl.ll. llllll

LAAE RAASARREAS MAAAAALAAS AARAALA RS

2 s 2.t a141 e 2 4 2 22421l g ¢ 2 2 22431 N g 2 2. 22211 2 2 2 2 523224

g

o~

L < n o ~

1334 NI "¥3IVM Ol Hid3d

B-43

50000

10 100 1000 10000

TIME SINCE PUMPING BEGAN, IN MINUTES

0.1



0000S

00001

SALNNIA NI ‘Nv938 ONIdNNd JONIS AL

000l

ool

ol

1

1’0o

A L

| A AZLIRLERI v

L]

| L L2N S NN NN Sammey o

jrsysv Yy v v ¥

| RAALALAN L LA

| LA

L)

V

olgs 3lIS

faga 2 o a2 4 n

soigs

faa 2 8 4 2 2

0}

1334 NI “¥31VM OL Hld3q

B-44



00005

00001

SALNANIA NI ‘Nv938 ONIdWNNd JONIS INLL
ooo! oot ot

1’0
ol

3 v v
3
b

M RAARALY

LAAS AARARARA)

TTTTVIOLY

Tprvrererey

MARALALAS RARRALA]

-

| AL v

N W O |

L | AR L v L] | LA LA AL A Ls R AAREIRERS 1

N LA A A A 1 4

alaaagsaany 2aaaa222a2a0aaaa2aalsa00002)

¥M8 3lIS

'Y 1ga a2 42 1 ' fap g g 4 o e | TV N W W

rme

faaa s a 2 o 1

N TUTTYTOTY | FUUYY

TV FUETTOTVTY FYTTTTYe
-

hbduededed

1334 NI "¥31VM Ol Hld3a

B-45



0000S

SALNNIA NI ‘Nv938 ONIdWNd JONIS JNLL

00001 000} 00! ol

I

1’0
3 O

rprevvreey

LA RAARARAN]

vjrevreres

TvrvY

ALY RAAAALA A

LAMAAALY LASRARA)

e 8 P

geve v vy vy ¥ | RALALL SN0 AN A | L4 | AL S 4

| AL L0 LS v L

| AA AL L L

GM8 LIS

Laa g 3 2 2 o g lagg g 2 2 2 g $a20 0 4 2 4 g leag g 2 4 2

19,.1:§

faa g g4 ¢ 2 4 2

1334 NI “43LVM Ol Hld3d

1

B-46



0000S

00001

SALNNIN NI “NV938 9NIdANd 30NIS JNLL
0001 ool ol

l

1'0

L LRnaan N

B L2 L N R

L) | AA LI L] L | LA SLIR AR L ¥ | RALEIL AR v

jttrre oy

+ Ol

8M 1lIS

faaa s 4 2 o g Laga 2 2 2 2 o faga g o ¢ o

8MO

22222220 22024242 aaaagaaaalaaasaaaaalaaaaansaadaaansansy

IPTTVE IV
M

1334 NI “¥3IVM 01 Hld3d

B-47



00001

S3INNIN NI ‘NV938 ONIdANd JONIS IALL
oool ool ol

| R4 20 B A Aas 4

2aaa 2 2 2

v | LA AL AR L4 v | AL A L4 L4 | AL DAL

6M 3LIS

Raaa a2 o 2 'y faas b 2 4 2 2 Raaa a a 2 _Q

Ragaaa g 3

s

1334 NI “431VM OL HLd3d

B-48



0000S

SALNNIN NI ‘Nv938 ONIdANd 3ONIS AL

00001 ooolL oot ol

I

1o

L8 RAAAARA RS

T8y

ey

LAAAARAS RAAARARALY LASES

L] R L]

L L 2 e Antais

| AR \J v | LARA LR v v | AAA IR v v

0lMO

OlM 3LIS

Raap a8 4 4 p Raas a2 o o 2 $242 2 48 3 2 Raag g 2 o o 2

y O

1334 NI "¥3LVM Ol Hld3d

B-49



00005

0000}

SALNNIA NI ‘Nv938 ONIdWNd JONIS JNLL
oool ool ol

l

10

L

L
o
“
F
C
L
o
s

LAAAR RAAAARALA

LAAAARS MARAALASLS RARARARLAS LARAAS

LAAD AAR

= m

| L0 B 2L A M |

fap2s 2 2 2 3

s | SJL20 2 JNE J SN Snttn mem | L0000 A Aun Sauh umng Sumny | JLNLIL B San Rum o

p

| LI L

ol

1l
I
o

aaaasalaasaaeas

M 4lIS

2 a2 a2 2 3 3 2 $2a2 2 2 2 2 2 Saag g 2 2 2

KAL)

0ra a2 1 2 2

uA_ALLLAALlj [USEEREEL

1334 NI “¥3IVM Ol H1d3d

B-50



SALNNIN NI ‘Nv938 ONIdANd JONIS JALL

0000S 00001 0001 001 ol

I

1’0

ol

- ¥ v L] -Qd LR 2K I v L2 qﬂnld LA R J L] v d-\qlﬂ LR ¥ | AL L] L -d- Ty v 0 L] L
3
E 3
E
3 3
o b
3
3 3
- 4
- 46
- -
- -y
3 :
3 3
o -
3 ]
E ]
3 :
3
38
:
3
3

4l
~

£IMO

IM AIIS

I | 2 22230 2 3 ¢ 2 | WS WS VO I | 2 faa a g 1 2 legas g 2 4 8 2

f220 2.1 1 2

"
2]

1334 NI “431vM Ol H1d3d

B-51



0000S

0000l

S3LNNIA NI ‘NY938 ONIdANd 3ONIS JALL

oool

ool

ol

l

)

L AL

b

LAl RARAAAAALS A LALA

TeTCY

L8 A

L
A ALAAALEA)
|

L)

R AR IELEN L]

L]

| AA R

| RALEL 0 N0 Jane N

Ll

| LI L B A |

Y Ty repe—n—"

ol

2a0242

lj'J
T
©|

.m S
i
”. iMO 3¢
3
3
.. E [4
VLM LIS i
WL i 2 faa st 3 4 2 2 1222 2. 2 32 2 2 feaa s 2.2 2 . Raaa 3 32 2 2 $a2 3 2 2 2 0 m c

1334 NI "¥431VM OL HLd3a

B-52



S3LNNIA NI ‘Nv938 9NIdWNd JONIS JNIL

10

0000S 0000! 000l ool ol l

" :qqq...w PP pepup———r PTTeTeTTe—— T p—r P
” adae9
B B e e - Tiv-aa
[ % et ago
”.:EL%»,
f'\\’\\ﬁ\\l\ Se9d
MO LIS
| IO T O N T 1 ) 4049 4 9 9 1 lygg g3 0 4 9 ) 1340904 3.3 " 114

T U T T S O §

R W T S

0L

WL

L

€L

L

SL

1334 NI ‘NOILVATT3 ¥31VM

B-53



SALNNIA NI “NV938 9NIdANd JONIS JNIL
0oot oot ol

| AL00 B0. S JRNN 4

| MAAAAAAAAS RAARS TIVITORROVTLY

| LA AR ¥ T ey ¥y v L Ll

frrrrvroee ) ALALELIS 2 2 Saum 4

- OL

N PTTTVRTRTY

NIy

M
~

M AL EAL)
|

LA S AR

(
\
i
\
\

2 A

aio

LR A

7

¢

SI9

MARS AAARARALAS AAAALS

ryrveney

MO 31IS

<5 S T Rag g a2 0 2 a2 22 2 4 2 3 laga g 2 2 ¢ o 2 $20 30 2 3 3 | WY 10 W W U SR}

LARAAARAS RALAALS

3LVM

Ja

FPTTTTI FOVPTVITI FPTPTTTT

2eaaal.,

1334 NI ‘NOWVAT]

llll‘ll_llj_llljllllllll]

42408422




0000S

00001

SALNNIA NI ‘Nv938 9NIdANd 3ONIS JNIL

000!

ool

ol

} 1’0

Y

TrTrY

v

frreoeTrey

| LA B |

A\l

B BLALRLINE B | L L

| BLSL LI e | v L

azcio

IR T OO TS W |

YAR)

CIMO 41IS

| T U W T | "

Lag ey

0L

1L

[44

€L

YL

SL

9L

LL

1334 NI "NOILVATTI ¥31YM

B-55



SALNNIA NI ‘NV938 9NIdWNNd JONIS JNIL

0000S 00001 oool ool ol l 1'0
” L L) T | IR L] AJ L LU L] ¥ | LML L) T prreva ) Ll L) | R L} 1 T “ N
m w
3 El
3 {¥s

1,
~
wn

ad1a9 M
E | ._m._s \.“ 65

a9 \ 09

10O 4lIS 19

W " Log t g 0 4 2 I I U W WO W W WU IO W T W T L } U T Y U0 VOO TN I [ T T S 1 Nw

1334 NI ‘NOLVATT3 ¥31VM

B-56



0000S

0000l

S3LNNIA NI “Nv938 9NIdANd JONIS JALL
000! ool ol

3

I'o

MAAAAS MASAARAALS RAAAR AR

[

ey

AMARALAN MALARARASY AAANLALARS AAAREARE)

Tveey

P
o

frrroeyee

v | AL B i Baat mang Maite af | SLJE 20 A MON Sl 2 L | S22 S R T

| SLIRZNL A0 At AN Bine Suinan i

Rad s s 4 2 1

8 MNX

84 NOLIONINTIM

L Laga g o ot o 2 12201 2 9 2 I 024490 4 3 3

Jaa a2 2 1 3

3
3
-
3
3
3
]
36
3
3
3
3
3
3
3
3
18
-
3
.
E
3
3
14
.
3
3
3
]
3
3
3
]
39
3
3
4
L
3
3
3
38
-
3
3
3
]
]
——
17
]
3
3
-
:

AlllLl IPES R ILI_LLLLJ LA ll 'l

248444

(=]

1334 NI “431VM Ol Hld3d

B-57



APPENDIX C

Glossary of technical terms



Active model area: That part of the area simulated
by a computer model for which equations des-
cribing ground-water flow are solved. In this
report, it is the area representing the aquifer.

Aquifer: A porous geologic material (for example,
sand or gravel) that will yield water in signifi-
cant quantity to a well or spring.

Aquifer test: A test to determine the water-yield-
ing capacity of an aquifer. The test involves
withdrawing a measured quantity of water
from a well and measuring the resulting
changes in water level in observation wells
surrounding the pumping well. Potential yield
of the well 1s estimated by analysis of the dis-
tance, time, and drawdown data.

Bedrock: Solid rock, locally called "ledge," that
forms the earth’s crust. It is locally exposed
at the surface as an "outcrop" but more com-
monly is buried beneath unconsolidated de-
posits which range in thickness from a few
inches to hundreds of feet.

Computer simulation model: A computer program
to solve a set of equations which simulate a
given system. In this study, the equations
simulate the ground-water-flow system.

Cone of depression: The area of lowered water
level around a pumping well caused by with-
drawal of water from the well.

Contour line: A line on a map connecting Points of
equal value. A water-table contour line con-
nects points of equal water-table altitude.

Cubic feet per second (ft*/s): A unit of flow or dis-
charge. For example, 1 ft3/s is equal to the
flow of a stream 1 foot wide and 1 foot deep
flowing at an average velocity of 1 foot per
second.

Discharge: The rate of flow of water at a given
moment in time. In this report, discharge is
expressed in cubic feet per second. See also
ground-water discharge and stream discharge.

Drainage basin: The area that gathers water orig-
inating as precipitation and contributes it ulti-
mately to a particular stream channel or lake.

Drawdown: The amount the water level is lowered
either in a well or in the aquifer because of
withdrawal of water by a well.

Drift: Loose rock material transported by a glacier
and deposited either directly by ice or by run-
ning water emanating from the ice.

Dug well: A shallow, large-diameter well dug in
the surficial sediments.

Evapotranspiration: The loss of water to the at-
mosphere by evaporation from water surfaces
and moist soil, and by transpiration from
plants.

Gage or gagégs station: A site on a stream in-
strumented to measure the changing height of
the water surface.

ed well: A large-diameter (1-2 foot)
well with gravel surrounding the well screen.
The gravel increases the effective diameter of
the well screen and allows water to flow into
the well more easily.

Gravel-Fac
1

Ground water: Water when it is beneath the land
surface. If the water moves to the land sur-
face, it is then called surface water.

Ground-water discharge: Water that is released
from the saturated zone of the ground. It in-
cludeslleakage of water into stream channels,
lakes, and oceans; evapotranspiration; and
withdrawal from wells.

Ground-water-flow model: A computer program to
solve a set of equations that simulate ground-
water flow.

Homogeneous: Uniform in composition.

Hydraulic conductivity: The capacity of a cube of
porous material to transmit water; ex ressed
in a volume per area per day (ft¥/ft?)/d or
ft/d). A material has a hydraulic conductivity
of 1 ft/d if, in 1 day, it transmits 1 cubic foot
of water through a 1-square-foot cross-section
measured at right angles to the direction of
flow, where there is a 1-foot change in water
level over a 1-foot flow path.

Hydraulic connection: A stream and aquifer are
hydratiically connected if fluctuations in flow
or water level in one can affect the flow or
water level in the other.

Hydrologic/ boundary: A physical feature that con-
trols the flow of water through the ground. A
}\ydraulic boundary limits or defines an aqui-
er.

Induced infiltration: Recharge to the ground water
from a surface-water body due to the pumpin
of a nearby well and the resultant lowering o
the ground-water level below the surface-
water |level.

Intermittent stream: A stream that is dry during
part of the year.
Leaky MuPdary: Edge of a hydrologic system or

model| which allows water to either enter or
leave the system.

*



Model: Physical, analytical, or mathematical rep-
resentation of a natural system.

Model boundary: Boundary of the active model
area in which ground-water flow is computed.
Model boundaries generally coincide with hy-
drologic boundaries.

Node: In this report, the center point of a rectan-
%ular block of a computer-simulation model.
ften used to refer to the entire block.

Observation well: A nonpumping well that is used
to measure the depth to the water table.

Outcrop: Exposure of bedrock at the land surface.

Perennial stream: A stream that flows continu-
ously throughout the year.

Permeable: Material is permeable if it has pores or
openings that permit liquids to pass through.

Piezometer: An observation well constructed with
a relatively short screen used to measure hy-
draulic head below the water table.

Pore space: Open spaces between the grains in a
sediment.

Pumpage: Volume of water pumped from a well.

Recharge: Water that is added to the ground wa-
ter in the saturated zone.

Saturated thickness: Thickness of the saturated
part of an aquifer. In the Aberjona River
valley, the difference in altitude between the
water table and the bedrock surface.

Saturated zone: A subsurface zone in which all
open spaces are filled with water. The water
table is the upper limit of this zone.

Seepage run: A series of streamflow measure-
ments along the length of a stream after a pe-
riod of no precipitation when all the stream-
flow is assumed to be ground-water discharge.
Gains and losses in flow along individual
stream reaches are determined from compari-
son of the measurements.

Seismic refraction: A geophysical method of de-
termining the depth to the water table or to
bedrock. A seismograph is used to determine
the time it takes sound energy created by a
small explosion to reach a series of sensors.
Because sound travels at different velocities in
different rock materials and is refracted (bent)
at the boundary between these materials, it is
possible to determine depths to different types
of material,

Steady state: Average, natural, unchanging condi-
tions.

Stratified drift: A sorted and layered sediment de-
posited by meltwater from a glacier; may in-
ciude separate layers of sand, gravel, silt, and
clay.

Stream-aquifer system: An aquifer and a stream
that are hydraulically connected.

Streamflow measurement: The measurement of
streamflow. Units of flow are cubic feet per
second. Also referred to as discharge meas-
urement.

Surface runoff: Water that moves over the land
surface directly to streams or lakes. Surface
runoff usually occurs shortly after rainfall or
snowmelt.

Surface water: Water when it is on the surface of
the land in lakes and rivers. If it seeps into
the ground, it is called ground water.

Surficial sediments (deposits): Unconsolidated de-
posits lying on top of bedrock.

Till: An unsorted, unstratified sediment deposited
directly by a glacier. Till may be composed of
boulders, gravel, sand, silt, and clay.

Transpiration: The release of water vapor to the
atmosphere by plants.

Unconsolidated: Loose, not firmly cemented or in-
terlocked; for example, sand in contrast to
sandstone.

Volatile or;.}{]anic compound: Chemical which vapor-
izes when exposed to air. Many highly toxic
solvents are volatile organic compounds.

Water table: The upper surface of the saturated
zone. The altitude of the water table is indi-
cated by the altitude of the water level in an
observation well that penetrates to the bottom
of the aquifer and allows water to enter the
well at any level.

Well ca%acity: Highest rate at which water can be
withdrawn from a particular well.

Well field: A group of small-diameter (usually 2.5-
inch) wells connected to a single pump.

Well screen: Slotted section of a well, usually at
tlﬁe boltitom, through which water can enter
the well.
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