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both the United States and Canada, formerly called Sea Level Datum of 1929."
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Determination of the Contributing Area to Six Municipal Ground-Water

Supplies in the Tug Hill Glacial Aquifer of Northern New York, with
Emphasis on the Lacona-Sandy Creek Well Field

By Phillip J. Zarriello

Abstract

The contributing areas to six municipal ground-water supplies (Adams, Mannsville, Lacona-
Sandy Creek, Pulaski, Orwell, and Camden) that tap the Tug Hill aquifer were estimated from surf-
icial geologic maps and potentiometric-surface maps. Contributing areas to the individual water
supplies ranged from 0.01 to 1.0 square mile (mi2) but may include as much as 17 mi2 of adjacent
upland areas that contribute recharge to the aquifer through streambed infiltration and direct runoff.
The potential for contamination within the contributing area is low because the region is predomi-
nantly rural.

The contributing area to the Lacona-Sandy Creek well field was calculated by several methods
for purposes of comparison. A finite-difference ground-water flow model and a post-processing
particle-tracking program were used for a range of pumping, recharge, and hydraulic conductivity
values. Ground-water budgets computed from steady-state simulation indicate that most of the
water pumped by the wells is water that would be lost to springs and as evapotranspiration in the
western flank of the aquifer. High pumping rates combined with low recharge rates may induce
minor infiltration from Little Sandy Creek. Results of flow-path analysis indicate that (1) the size
and shape of the contributing area differs significantly from the area of influence (the surface
expression of the cone of depression), (2) flow paths from the eastern edge of the aquifer are less
than 1 mile long, and (3) travel times to the supply well are generally between 500 and 1,000 days.

Two modified analytical techniques also were used—the Dupuit uniform-flow method and the
Theis nonequilibrium method. Analytical methods are easier to apply than numerical methods but
are constrained by limiting assumptions that, if not satisfied, can resuit in large errors. The Dupuit
method, modified for a sloping water table, indicated a contributing area of 0.04 mi? for a produc-
tion well pumped at 200 gallons per minute and a horizontal hydraulic conductivity of 1,200 feet
per day. This is smaller than the 0.13-mi? contributing area obtained by numerical techniques for
similar hydraulic properties, and its position differs also. The Theis method modified for partial
penetration of the pumped well, dewatering of the aquifer, and a single linear impermeable boundary
indicated a contributing area of 0.12 mi?, the size and shape of which is similar to the contributing
area obtained by the numerical simulation.

The selection of a technique for delineating a contributing area ultimately depends on the
resources available for the analysis and the degree of accuracy required. Despite the uncertainties
and incomplete information on the factors that affect the size of the contributing area, the four meth-
ods used in this study provide a more reliable estimate than the commonly used fixed-radius method.

INTRODUCTION

Ground water is the source of water to 36 percent
(2.8 million) of New York’s population, excluding
Long Island (Waller and Finch, 1982) and in 1985
accounted for 12 percent of the freshwater used in
New York State (Snavely, 1988). Detection of chem-
ical compounds in ground-water supplies has resulted
in the closure of more than 120 public water-supply
wells in New York since 1978 (Rogers, 1986). Con-
tamination of the most productive and heavily used
aquifers is a growing concern because many of them
are just below land surface and underlie heavily

urbanized or intensively farmed areas. Protection of
these aquifers from contamination is essential to
ensure an adequate and safe water supply for current
and future needs.

In 1986, Congress amended the 1974 Safe Drink-
ing Water Act to strengthen the protection of public
water-supply wells from contamination. Section 1428
of the amendments established the Well Head
Protection Program (WHPP), which is administered
through the U.S. Environmental Protection Agency.
Specific criteria and implementation of the WHPP are



the responsibility of each State. The general goals of
the WHPP are to (1) define the contributing area to
public water-supply wells, (2) identify within the con-
tributing area potential sources of contamination that
may adversely affect the water supply and public
health, and (3) identify alternative water supplies for
use in the event that the current water supply becomes
contaminated.

In New York State, the agency charged with the
responsibility for developing a WHPP is the Depart-
ment of Environmental Conservation (NYSDEC).
The draft WHPP submitted by NYSDEC identifies
current regulatory and management structures that
protect public water supplies and public health. The
NYSDEC’s goal is to integrate this into a coherent and
consistent statewide approach and identify new man-
agement or regulatory needs to protect public ground-
water supplies. As part of this effort, NYSDEC
entered into an agreement with the Temporary Com-
mission on Tug Hill through the Central New York
Regional Planning and Development Board to develop
a WHPP demonstration project. The Tug Hill glacial
aquifer (herein referred to as the Tug Hill aquifer), in
northern New York (fig. 1), was selected because (1)
the Tug Hill Commission is engaged in promoting
public participation, education, and technical assis-
tance to the region, and (2) previous work by the U.S.
Geological Survey (Miller and others, 1989) delin-
cated the aquifer boundaries and gave a general
appraisal of the ground-water resources. This in turn
led to a cooperative agreement between the Tug Hill
Commission and the U.S. Geological Survey to iden-
tify sources of water to six municipal water supplies
from available geohydrologic information and to eval-
uate methods for delineating the area that contributes
water to the well field for the villages of Lacona and
Sandy Creek (locations shown in fig. 1).

Purpose and Scope

This report provides information on the ground-
water supply to six municipalities (Adams, Manns-
ville, Lacona-Sandy Creek, Pulaski, Orwell, and
Camden) that have developed supplies in the Tug Hill
aquifer. It discusses the hydrogeologic conditions of
the aquifer and probable sources of recharge to each
well field and gives a detailed analysis of the contrib-
uting area to Lacona-Sandy Creek well field to
demonstrate and evaluate three delineation tech-
niques—two analytical methods and a two-dimen-
sional numerical finite-difference model. Maps
depict the estimated contributing area to each water
supply.

Physiographic Setting

~ The Tug Hill aquifer is a 47-mi-long, crescent-
shaped sand and gravel deposit along the west and
southwest flank of the Tug Hill Platean in northern

New York (fig. 1). The plateau is a remnant of the
Allegheny Plateau to the south that was bisected by
glacial meltwaters in the Mohawk valley. Flanking
the plateau are lowlands of the Black River valley to
the north and east and lowlands of the Erie-Ontario
plain to the west. The plateau consists of southward
dipping sedimentary rocks mantled in most places by
510 40 ft of till. Some valleys in the plateau contain
as much as 187 ft of unconsolidated deposits consist-
ing of sand and gravel and lacustrine fine sand and silt
(Miller and others, 1989).

The Tug Hill area receives between 45 and 55
in/yr of precipitation, one of the highest average rates
in New York State. Large amounts of precipitation
are caused by relatively cool prevailing west winds
that pick up heat and moisture from Lake Ontario pre-
dominantly during the fall and winter, which con-
denses over the Tug Hill Plateau and the western
slopes of the Adirondack Mountains. The large
amounts of precipitation, low relief, and poor drain-
age make the plateau swampy in many areas.

The Tug Hill region is predominantly woodlands
(41 percent); crop and dairy farming occupy 31 per-
cent of the area, and wetlands occupy 17 percent.
Much of the present woodland was once cultivated but
has been abandoned because the soils are thin, acidic,
and poorly drained, and the climate cool and wet. The
remaining 11 percent of the land contains commercial
development, residential areas, transportation corri-
dors, and miscellaneous uses. The area is sparsely
populated because the climate is cool and wet and the
soils generally poor.

Hydrogeologic Setting

The unconsolidated deposits that form the Tug
Hill aquifer resulted from the most recent continental
glaciation, which ended approximately 12,000 years
ago. The distribution of glacial deposits and their
relation to the succession of ice-margin advances and
retreats is explained in detail by Miller and others
(1989). In general, the aquifer consists of two distinct
types of ground-water flow systems that reflect the
type of depositional processes that formed them.

Glacial History and Water-Bearing
Characteristics

In the southern part of the aquifer, south of the
West Branch Fish Creek valley (fig. 1), glacial scour-
ing deepened and widened the valleys, which subse-
quently filled with lacustrine deposits in glacial and
proglacial lakes, then recent alluvial deposits. This
area also contains many kames, kame terraces, eskers,
and outwash deposits that generally yield large quan-
tities of water to wells. These deposits are variable in
thickness and permeability and are confined in some
places by poorly permeable deposits that formed in
proglacial lakes.











































































part of the model represents a 1.19-mi? area that con-
tains the major water-yielding outwash and beach
sand and gravel deposits. The inactive part of the
model is the upland till deposits, which were esti-
mated to be several orders of magnitude less perme-
able than the outwash and beach deposits and
therefore were eliminated from the model computa-
tions.

The model grid is oriented such that the columns
are aligned with the north-south axis of the aquifer in
this area. The cell size in the vicinity of the well field
is relatively small (50 by 100 ft) to (1) permit the
pumped wells to be accurately simulated in the center
of a cell, (2) allow sufficient detail to postulate a range
of pumping rates, and (3) accommodate the close
spacing of the observation wells in that area. Cells
beyond the well field are larger because that amount
of detail is not needed and because data are insuffi-
cient to support a finer grid spacing.

Boundary conditions.  Boundaries are specified in
the model to represent the sources and rates of inflow
and outflow of water to the active part of the model.
The model boundaries used are shown in plan view in
figure 16 and in an idealized east-west section in
figure 17.

Aquifer boundaries.  Ground-water flow between
aquifer and the upland till and the underlying till and
bedrock was assumed to be negligible compared to the
rate of ground-water flow within the aquifer; therefore
these areas are represented in the model by assigning
a value of zero hydraulic conductivity, which results
in no flow into or out of the model area. This type of
boundary is referred to as a no-flow boundary,
although in reality, a small amount of flow probably
does occur between the aquifer and these units.

EAST

PUMPED

DRAINS WELL

E SURFAGE
i\‘;JiTER TABLE)

Not all of the model boundaries correspond to
natural boundaries of the aquifer. For example, the
aquifer extends beyond the modeled area to the north
and south, and a no-flow boundary was specified as
the northern boundary because it approximated a flow
line in the aquifer that, by definition, does not allow
water to cross its path, Artificial boundaries such as
this are placed far enough from the pumped wells that
they do not affect the heads and flows produced by
pumping, and the pumping does not change the head
distribution such that the boundary is no longer a flow
line. The southern boundary, which is formed by
Little Sandy Creek, is discussed in the section on the
influence of streams, further on.

The till and lake deposits that flank the western
part of the model were treated as a head-dependent
boundary to prevent excessive head buildup along the
western edge of the aquifer. The underflow through
these deposits was simulated by a general-head
boundary that establishes the flow between the active
model and the area external to the model as the differ-
ence between the head and hydraulic conductivity
values of the model cell and those of the area outside
the model. The head in the outside area was assumed
to be at land surface and was assigned a value based
on elevations obtained from U.S. Geological Survey
1:24 000-scale topographic maps. The hydraulic con-
ductivity between the outside area and the model cell
was established during the model calibration.

Areal recharge.  Areal recharge to the aquifer is the
difference between the amount of precipitation minus
losses due to evapotranspiration and surface runoff.
Recharge is a specified flux to a free-surface bound-
ary (water table) and represents the volume of water
that enters the saturated ground-water system per unit
area per unit time. Surface runoff from the aquifer
was assumed to be minor, from reports that flow in

WEST
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v

NO FLOW

NOT TO SCALE

EXPLANATION

Hydraulic conductance controlling flow between the
aquifer and the stream and the aquifer and the drains

Q,,; Head-dependent discharge out of the aquifer system

Figure 1 7.--Idealized vertical section illustrating boundary conditions and hydraulic
properties that control flow within the aquifer system.
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gullies occurs only during periods of extreme precipi-
tation and snowmelt (D. MacVean, Lacona, Mayor,
oral commun., 1988). Miller and others (1989) calcu-
lated the average annual recharge in this area to be 27
in/yr, from regional precipitation and average annual
evapotranspiration losses reported by Weist and Giese
(1969) and Knox and Nordenson (1955).

Infiltration from streams.  Typically, streams that
originate in the till uplands lose water as they traverse
the permeable sand and gravel and are reported to be
a significant source of recharge to the Tug Hill aquifer
(Miller and others, 1989). In the modeled area, Little
Sandy Creek is the only major stream, and forms a
natural ground-water divide along its western reach in
the aquifer where it has exposed till and bedrock. The
stream was assumed to form a local ground-water
divide representing the southern extent of the modi-
fied aquifer area.

The rate at which water moves between stream
and aquifer is dependent on the head difference
between the two, as well as the vertical conductance
of the streambed material. Flow between the aquifer
and the stream is referred to as a head-dependent flux
and is governed by the following equation (McDonald
and Harbaugh, 1988):

Q = C(H-h) ,

where

Q flow between the aquifer and stream
@3y

conductance of the streambed
material (L2t!);

head in the stream (L); and

head in the aquifer (L).

C
H =
h =
The streambed-conductance term is defined as the
hydraulic conductivity of the streambed material
times the streambed area (channel length times width)
divided by the streambed thickness. For each stream
cell, values of streambed conductance and head in the
stream are specified, and the flux between the stream
and the aquifer is computed from simulated head in
the aquifer at that cell. The equation states that infil-
tration from the stream to the aquifer occurs when H
> h, and discharge from the aquifer to the stream
occurs when H < h. Both conditions were shown to
occur in the Tug Hill aquifer by Miller and others
(1989), who reported that streams in the northern part
of the aquifer lose water at the eastern side of the aqui-
fer and gain water on the western side of the aquifer.

Initial estimates of streambed conductance were
made from the reported vertical hydraulic conductiv-
ity of 0.2 ft/d calculated from piezometer tests of the
streambed in the Susquehanna River by Yager (1986)
and visual observations of the streambed geometry.
The streambed was assumed to be 2 ft thick and of
varying width, depending on the location. The reach
west of the Lacona-Orwell Road, where Little Sandy
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Creek flows on bedrock, was assigned a width of 1 ft
to simulate the leakage through unconsolidated
deposits along the streambank. The reach east of
Lacona-Orwell Road was assigned a width of 10 ft.
The length of each reach was measured from U.S.
Geological Survey 1:24,000-scale topographic maps.
Head in the creek was assumed to be 1 ft greater than
the streambed elevation, which was obtained from
1:24,000-scale topographic maps.

Recharge from intermittent streams and unchanneled
runoff. Additional recharge enters at the eastern
edge of the aquifer as runoff from intermittent streams
and unchanneled flow from till-covered hills. To
account for this recharge, cells bordering areas out-
side the active model boundary were assigned addi-
tional recharge in proportion to the upland drainage
area contributing to the cell. During the calibration
procedure, the rate of recharge was reduced in some
cells with relatively large upland contributing drain-
age areas.

A tributary stream in the model area just north of
Center Road (fig. 10) was observed to be flowing
during base-flow conditions in August 1988. This
tributary enters the aquifer in the center of the east
side of the modeled area and flows to where a small
manmade earthen berm ponds the water and over-
flows only during extreme runoff (D. McVean, Mayor
of Lacona, oral commun., 1988). To simulate
recharge from this stream, a constant flow was speci-
fied at five cells along the channel to the pooled area.

Seepage from this stream to the aquifer was cal-
culated from discharge measurements made in the
stream during August and October 1988 and by
regional lake-evaporation and unit-area runoff data
collected at Sandy Creek at Adams. Average annual
runoff reported for 30 years of record at Sandy Creek
near Adams (Firda and others, 1988), approximately
12 mi north of the study area, is 29 in/yr. Weist and
Giese (1969) report annual lake evaporation to be 23
in/yr, which was also used to estimate water loss from
the ponded area. The remaining 6 in/yr (18,400 ft3/d)
was assumed to recharge the aquifer and was distrib-
uted among five cells along the east part of the aquifer
(fig. 17) at rates proportional to the seepage rates
measured during August and October.

Discharge from springs and evapotranspiration.
Ground-water discharge to springs and wetlands
along the western part of the model and along the
southeastern part of the sand and gravel quarry were
simulated by drains (fig. 16). Drains are head-
dependent flow boundaries similar to the stream
boundaries except that they allow water only to dis-
charge from the aquifer. The head in the drain cells
were determined from land-surface elevations given
in U.S. Geological Survey 1:24,000-scale topographic
maps. The hydraulic conductivity of the drain cell
was established during the calibration process.



Model Calibration

The ground-water flow model was calibrated
through both transient and steady-state simulations.
Transient-state simulations of the well-field area were
made to compare the hydraulic conductivity values
obtained from analytical methods by duplicating
drawdowns observed in the 1988 aquifer test dis-
cussed previously. Steady-state simulations were
used to (1) calibrate the model area beyond the well
field, and (2) simulate the hydraulic head and flows
that result from pumping to delineate the well-field
contributing area, as described in the next section.

Transient-state simulations.  Transient-state sim-
ulations of the well field area were made through use
of a 800-ft by 800-ft subset of the model area. This
area was discretized into 40 equally spaced rows and
columns (20 ft x 20 ft grid spacing) to obtain a grid
resolution to accurately depict drawdowns around the
pumped well. Initially, simulations were made by
applying principles of superposition (Reilly and

" PUMPED WELL 2
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———— 500 0.025
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0.1 et e
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1 T 10
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others, 1984), whereby the aquifer was treated as a
confined system. This technique was used because
the starting heads are not needed for the problem solu-
tion and because the model was sensitive to changes
in hydraulic conductivity. To simulate a confined
system, transmissivity values were calculated from
the computed saturated thickness of the aquifer (dif-
ference between the estimated head distribution and
the bottom elevation of the aquifer), multiplied by
selected values of hydraulic conductivity.

The simulated drawdowns that most closely
matched observed drawdowns were those that
resulted from a hydraulic conductivity of 1,200 ft/d
and a storage coefficient of 0.025. These values
match fairly well those calculated by analytical meth-
ods given in table 1. Figure 18 shows the drawdown
curves for selected values of hydraulic conductivity
and storage in relation to drawdowns observed during
the aquifer test. Predicted drawdowns were within
0.13 ft of those observed at the observation wells in
six time steps ranging from 1.15 to 24 hours.
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Figure 18.--Predicted drawdowns at pumped well 2 and observation wells
LA-2, LA-3, and LA-4 for transient-state simulations of
aquifer test. (Location is shown in fig. 12.)
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In unconfined systems, transmissivity is a func-
tion of saturated thickness, which is in turn a function
of head. Therefore, to correctly duplicate drawdowns
measured in the field, simulations were run for an
unconfined system in which hydraulic conductivity
values derived from superposition simulations were
used as initial estimates. These simulated drawdowns
were within 0.11 ft of the observed drawdowns for the
first 10 hours of the aquifer test, but the difference
varied by as much as 0.45 ft in later parts of the test.
Hydraulic conductivity values between 500 ft/d and
1,200 ft/d gave a better match for later drawdown data
than did the early drawdown data. Therefore, horizon-
tal hydraulic conductivities of 1,200 ft/d to 500 ft/d
were used to compute the contributing area to the well
field.

Steady-state simulations. The water-surface ele-
vations used for the steady-state model calibration
were those reported by Miller and others (1989) and
those measured in the five observation wells installed
during this study. The relatively steep east-west pro-
file of the land surface and shallow depth to the till
and bedrock underlying the aquifer (fig. 19) facilitated
adjustment of hydraulic conductivity values during
calibration The resultant steep hydraulic gradient and
thinness of permeable deposits limited the range of
acceptable hydraulic conductivity values for a given
rate of recharge that would not produce heads greater
than land surface or cause dewatering of cells. This
calibration method assumes that the average rate of
recharge estimated for this area is correct and is suffi-
cient to maintain water in all parts of the aquifer. The
simulated hydraulic head for the calibrated steady-
state model along row 21 of the model grid is shown
in cross section in figure 19.

The distribution of hydraulic conductivity (fig.
20) was estimated from surficial geologic interpreta-
tions by Miller and others (1989), analysis of an aqui-
fer test, a transient-state simulation of the aquifer test,
and the steady-state simulations discussed in the
following sections. The aquifer was assumed to be
isotropic along rows and columns even though the
bedding planes reported for beach deposits (Davis,
1987) may create preferential flow paths that result in
horizontal anisotropy. This could not be verified
without further field investigations, however.

The area that was most sensitive to changes in
hydraulic conductivity was the outwash deposits that
form the eastern part of the aquifer because these are
the thinnest sand and gravel deposits in the aquifer.
Hydraulic conductivity of these deposits was esti-
mated to be 180 ft/d. Changes in hydraulic conductiv-
ity of + 20 percent would either cause cells to become
dry or hydraulic heads to rise above land surface.

Three values of hydraulic conductivity for the
beach sand and gravel deposits were assigned—one
for a crescent-shaped area surrounding the well field
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(1,200 ft/d), the quarried area north and east of the
well field (80 ft/d), and the remaining undisturbed
beach deposits mainly north of the well field (500
ft/d) (fig. 20). The value for the crescent-shaped
(1,200 ft/d) was calculated from the aquifer test and
transient-state simulations. The crescent-shaped area
was delineated from the Oswego County Soil Survey
(Rapparlie, 1981) and from the percentage of sand in
relation to the sand and gravel in well LA-5 (location
shown in fig. 12, well log in fig. 13).

Sand and gravel mining has removed much of the
beach-deposit material in the Lacona-Sandy Creek
area, as mentioned previously, and, in some areas, has
removed the sand and gravel to a depth reaching or
nearly reaching the till deposits (B. Reid, Manager,
General Crush Stone, oral commun., 1988). Although
the effect of this mining on the natural flow system is
uncertain, it probably removed the more permeable
beach deposits (the higher deposits more subject to
washing by wave action) and decreased the perme-
ability of the remaining deposits by compaction from
heavy earth-moving equipment. A similar condition
was reported by Yager (1986) for a mined area near a
well field in the Susquehanna River valley near
Kirkwood, N.Y. Simulations that used a hydraulic
conductivity of 80 ft/d appear to best represent the
water table in this area. Sensitivity tests that indicated
a +100 percent and -80 percent change in hydraulic
conductivity of the mined area would result in a max-
imum head change of about 2 ft in this area, with only
minor changes in head outside the mined area.

The remaining beach sand and gravel deposits
were assigned a hydraulic conductivity of S00 ft/d.
Sensitivity analysis of the hydraulic conductivity of
these deposits indicated that a change of +100 percent
and -80 percent would result in a head change of only
0.2 ft. The head in this area is controlled mainly by
the elevation and hydraulic conductance of the drains
that were used to simulate discharge to springs and
wetlands.

Other deposits include a small area of eolian sand
in the northern part of the modeled area and the lake
and till deposits bordering the aquifer on the west.
The model is sensitive to changes in hydraulic con-
ductivity of the eolian deposits because they are thin
and border the till deposits (no-flow boundary) along
the eastern flank of the aquifer. A hydraulic conduc-
tivity of 25 ft/d was used to represent these deposits.
The fine lake sand, silt, and till bordering the aquifer
on the west restrict flow from the more permeable
beach deposits and were assigned a hydraulic conduc-
tivity of 1.0 ft/d and 0.5 ft/d, respectively.

The simulated water budget to the aquifer is sum-
marized in table 2. Under nonpumping conditions,
the simulated loss from Little Sandy Creek to the
aquifer above Lacona-Orwell Road is 6,000 ft/d or
approximately 11 (gal/d)/ft of stream reach. This
loss, which represents 2 percent of the recharge to the

























































The resulting contributing area (0.12 mi?) is only 8

percent smaller than the 0.13-mi? area obtained by
numerical techniques, and differs in position only
slightly. The improved agreement between this ana-
lytical method and the numerical method is due to the
effects of the linear boundary, which in the analytical
method resembles field conditions more closely.
These results may also be in closer agreement than if
the head distribution had been extrapolated from mea-
sured water levels rather than the nonpumping steady-
state head distribution simulated by the numerical
model.

The selection of techniques for delineating con-
tributing areas to a well ultimately depends on the
degree of accuracy required and the resources avail-
able for making the analysis. Analytical approaches,
while easier to apply, are truly valid only where the
key simplifying assumptions closely satisfy field con-
ditions, The varied composition of aquifers in the
Northeast can be a disadvantage in the use of analyti-
cal techniques. Local variations in hydraulic condi-
tions, and boundary conditions other than simple line
sources or sinks that can be treated by well images,

cannot be correctly simulated, but, when used with
caution, analytical techniques can provide worthwhile
analysis. The numerical techniques are more detailed
and thus require more data, time, and technical exper-
tise, and therefore should be considered when (1) the
simplifying assumptions of an analytical technique
yield unacceptable results, and (2) the well under con-
sideration is of particular importance and(or) at risk of
contamination. All methods considered in this report
provide a more realistic determination of the con-
tributing area to a well than the commonly used fixed-
radius approach.

At present, the Tug Hill region is mostly rural,
and the potential for contamination of the water
supply is small. Therefore, delineation of contribut-
ing areas may not warrant the expense or resources
necessary to develop more sophisticated delineation
techniques. In developed areas, however, where the
potential for contamination is greater and acquiring
land for the purpose of protecting water supplies is
commonly difficult and expensive, the use of more
sophisticated approaches may be warranted to protect
the most critical areas of recharge.

SUMMARY

Sources of water to the municipal ground-water
supplies of Adams, Mannsville, Lacona-Sandy Creek,
Pulaski, Orwell, and Camden were delineated from
available hydrogeologic information. Adams, Lacona
and Sandy Creek, and Pulaski in the northern part and
central sections of the Tug Hill aquifer, and Pulaski,
in the central part, obtain water from thin beach
deposits that formed along the edge of proglacial Lake
Iroquois. Mannsville, in the northern part of the aqui-
fer, derives its water from recent alluvial sand and
gravel deposits, and Orwell, in the central part,
derives its water from shallow kame deposits associ-
ated with the Orwell-Bennett Bridge moraine.
Camden, in the southern part of the aquifer, relies on
clusters of dug wells in a kame-outwash complex.
Contributing areas estimated from available hydro-

geologic data are: Adams, 0.90 mi2 plus 6 mi2 from a
tributary watershed; Mannsville, 0.10 plus 11 mi?
from an upland tributary watershed; Lacona-Sandy
Creek, 0.30 mi® plus 0.61 mi2 and 0.53 mi? from two
tributary watersheds; Pulaski 0.85 mi? plus a 17-mi?
tributary watershed; Orwell, 0.03 mi%; and Camden,

between 0.01 and 0.02 mi? from for the clusters of dug
wells.

The applicability of two analytical methods (uni-
form flow method and nonequilibrium flow method)
and a two-dimensional numerical flow model for esti-
mating the contributing area to the Lacona-Sandy
Creek well field were examined. In general, analyti-

49

cal methods are easier to apply than numerical meth-
ods but are limited in application because the
simplifying assumptions implicit in their solution
often fail to meet or closely satisfy field conditions.
Hydrogeologic factors typically encountered in the
northeastern United States constrain the use of analyt-
ical methods, such as the nonuniform aquifer compo-
sition, complex boundary conditions, and the
applicability of superposition. Estimates of contribut-
ing area by analytical methods must therefore be used
with caution in this region but can be used for prelim-
inary investigations.

The individual contributing area to wells 1 and 2
at the Lacona-Sandy Creck well field computed by the
uniform-flow method (Dupuit equation) modified for
a sloping water table and a horizontal hydraulic con-
ductivity of 1,200 ft/d was 64 and 69 percent smaller
than the contributing area predicted by numerical
techniques. For a horizontal hydraulic conductivity
of 500 ft/d, the contributing area predicted by the
uniform-flow method was 10 and 23 percent smaller
than that defined by the numerical method. The posi-
tion of the contributing area indicated by the uniform-
flow method also differs from the area defined by
numerical methods.

Drawdowns predicted by the nonequilibrium
method (Theis equation), adjusted for a single linear
impermeable boundary, partial penetration of the
pumped well, and dewatering of the aquifer were
superimposed on the steady-state water-table config-
uration generated by the numerical model to deter-



mine flow lines to the well. The contributing area
indicated by this method (0.12 mi%) compares favor-
ably in size (0.13 mi?) and shape with the contributing
area obtained by numerical techniques.

Numerical two-dimensional analysis coupled
with a semianalytical particle tracker was the most
rigorous and time-consuming technique evaluated.
Numerical techniques offer greater flexibility than
other techniques for simulating the hydrogeologic fac-
tors that affect flow to a well, including varied pump-
ing rates, recharge rates, and nonuniform aquifer
composition. Detailed analysis of the contributing
area to a well can be combined with the semianalytical
particle tracker to obtain the time-of-travel along flow
lines to a well.

Numerical simulation of differing pumping and
recharge rates indicated that these factors can substan-
tially affect the size of the contributing area. The min-
imal pumping rate simulated, 200 gal/min, gives a
contributing area of 0.11 miZ and 0.13 mi? for produc-
tion wells 1 and 2, respectively. Simulations of the
maximum pumping rate for wells 1, 2, and 3 operating
simultaneously (well 1 at 200 gal/min; well 2 at 400
gal/min; and well 3 at 125 gal/min) quadruples the
size of the contributing area to 0.48 miZ. Similarly,
decreases in the rate of recharge increased the size of
the contributing area. The contributing area for wells

1 and 2, each operating at 200 gal/min, was 0.29 mi®

at a recharge rate of 27 in/yr and 0.42 mi? a rate of 18
in/yr. Flow-path analysis indicates that (1) the con-

tributing area differs significantly in size and shape
from the zone of influence, and (2) flow paths and
traveltimes are relatively short; flow-path lengths
were estimated to be less than a mile, and traveltime
from the eastern edge of the aquifer to the pumped
well generally was between 500 and 1,000 days.

Hydrologic budgets calculated by the numerical
simulations indicate that most water that reaches the
wells is diverted from its natural points of discharge
(springs and wetlands) along the western flank of the
aquifer. A small amount of the water is diverted to the
wells that normally would discharge to the lower
reach of Little Sandy Creek, and simulations of higher
pumpage or lower recharge rates indicate that some
induced infiltration occurs from Little Sandy Creek.

The selection of a technique for delineating a con-
tributing area ultimately depends on the resources
available for making analysis and the degree of accu-
racy required. Wells critical to water supplies and in
developed areas that are prone to contamination
warrant sophisticated delineation techniques, particu-
larly in complex hydrogeologic settings. The tempo-
ral and physical factors that affect the size and shape
of the contributing area to a well in a natural system
can be only approximated, however; thus no technique
can delineate the contributing area with absolute cer-
tainty. Despite the incomplete knowledge of the fac-
tors that affect the contributing area to a well, the
methods presented in this report provide a more reli-
able estimate of the contributing area than the com-
monly used fixed-radius method.
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