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called Sea Level Datum of 1929.
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Geohydrology and Simulated Ground-water Flow,
Plymouth-Carver Aquifer, Southeastern
Massachusetts

By Bruce P. Hansen and Wayne W. Lapham

ABSTRACT

The Plymouth-Carver aquifer underlies an area of 140
square miles and is the second largest aquifer in areal
extent in Massachusetts. It is composed primarily of
saturated glacial sand and gravel. The water-table
and bedrock surface were mapped and used to deter-
mine saturated thickness of the aquifer, which ranged
from less than 20 feet to greater than 200 feet. Ground
water is present mainly under unconfined conditions,
except in a few local areas such as beneath Plymouth
Harbor. Recharge to the aquifer is derived almost
entirely from precipitation and averages about
1.15 million gallons per day per square mile. Water
discharges from the aquifer by pumping, evapotrans-
piration, direct evaporation from the water table, and
seepage to streams, ponds wetlands, bogs, and the
ocean. In 1985, water use was about 59.6 million
gallons per day, of which 82 percent was used for
cranberry production.

The Plymouth-Carver aquifer was simulated by a
three-dimensional, finite-difference ground-water-
flow model. Most model boundaries represent the nat-
ural hydrologic boundaries of the aquifer. The model
simulates aquifer recharge, withdrawals by pumped
wells, leakage through streambeds, and discharge to
the ocean. The model was calibrated for steady-state
and transient conditions. Model results were com-
pared with measured values of hydraulic head and
ground-water discharge. Results of simulations indi-

cate that the modeled ground-water system closely
simulates actual aquifer conditions.

Four hypothetical ground-water development alterna-
tives were simulated to demonstrate the use of the
model and to examine the effects on the ground-water
system. Simulation of a 2-year period of no recharge
and average pumping rates that occurred from 1980-
85 resulted in water-level declines exceeding 5 feet
throughout most of the aquifer and a decrease of
54 percent in average ground-water discharge to
streams. In a second simulation, four wells in the
northern part of the area were pumped at 10.4 million
gallons per day in excess of rates simulated in the
steady-state model for the four wells. This resulted in
water-level declines of 2 feet or more in an area of 25
square miles and a decline in average ground-water
discharge to streams of 6 percent. When this pumpage
was simulated as recharge to the aquifer, water levels
beneath the recharge area rose more than 40 feet, and
ground-water discharge remained equal to average
discharge in the calibrated steady-state model. In a
third simulation, all 21 existing production wells were
pumped at nearly the design capacity of 17.8 million
gallons per day; this pumping rate produced water-
level declines of less than 2 feet throughout most of the
aquifer. When simulated pumpage was increased to
32.8 million gallons per day from existing wells and
from 15 additional wells, the area where water-level
declines exceeded 2 feet significantly increased. In
another set of simulations, a well field close to a stream
was pumped at rates of 2, 4, and 6 million gallons per
day. At a pumping rate of 6 million gallons per day,




ground-water discharge to the stream decreased
34 percent during periods of normal precipitation and
56 percent during drought conditions.

INTRODUCTION

The Plymouth-Carver aquifer, the second largest
aquifer in areal extent in Massachusetts, underlies a
140-mi? area in the southeastern part of the State
(fig. 1). The area is bounded on the north and east by
Cape Cod Bay, on the south by the Cape Cod Canal
and Buzzards Bay, and on the southwest, west, and
northwest by low hills that form the ground-water
divides of the Sippican, Taunton, and Jones River
basins. The aquifer consists of glacial outwash and
recessional moraines pitted with several hundred ket-
tle ponds. This water-table aquifer is slightly more
than 200 ft thick in places and contains more than
500 billion gallons of freshwater (Williams and Tas-
ker, 1974). On the average, about 168 Mgal of water
flow through the aquifer and discharge to streams,
ponds, wetlands, and to the ocean each day.

The kettle ponds are used extensively for recreational
purposes. Many of these ponds, particularly in the
central part of the study area, are the habitat of the
red-bellied turtle, an endangered species. Two of the
kettle ponds, Little South Pond and Great South Pond,
are a primary source of water for the town of Plym-
outh,

Cranberry production in the area requires copious
amounts of water for irrigation, frost protection, har-
vest, and cooling. In most cases, maintenance of a
high water table under the cranberry bogs is neces-
sary to limit the water requirements.

The Plymouth-Carver area is presently (1970-90) ex-
periencing rapid population growth and a consequent
increase in ground-water withdrawals. The town of
Plymouth had a population of 38,835 in 1985, an
increase of 109 percent over the 1970 population of
18,606 (Plymouth Town clerk, oral commun., 1986).
Other towns in the study area are experiencing sim-
ilar growth. Interest in developing the Plymouth-
Carver aquifer as a regional water source has
increased during the last decade because of a combi-
nation of hydrologic and political conditions. The city
of Brockton, located about 20 miles northwest of the
study area, and several other communities experienc-
ing water shortages, are interested in withdrawing
water from the aquifer. Periodic droughts have inten-

sified this interest. In the early 1980s, the Massachu-
setts Water Resources Authority (MWRA), which
serves as the water-supply agency for the Boston
metropolitan area (formally a function of the Metro-
politan District Commission), evaluated the potential
use of the Plymouth-Carver aquifer in concert with six
other sources of water. The Plymouth-Carver aquifer
has been dropped from consideration because of cost-
benefit and environmental reasons. Quantitative hy-
drologic information is needed before the effects of any
future aquifer development can be fully evaluated.

In 1982, the U.S. Geological Survey (USGS), in coop-
eration with the Massachusetts Department of Envi-
ronmental Management, Office of Water Resources,
and the town of Plymouth, began a study of the
geohydrology of the Plymouth-Carver aquifer. This
study was done under the auspices of Massachusetts
Chapter 800 legislation, which provides for quantita-
tive assessments of ground-water resources and the
effects of the use of ground water on contiguous sur-
face water in the State.

Purpose and Scope

This report presents results of a study of the geohydro-
logy of the Plymouth-Carver aquifer. A numerical
ground-water-flow model was used to simulate hydro-
logic response of the aquifer to stresses resulting from
various hypothetical ground-water-development and
wastewater-management alternatives. The descrip-
tion of the aquifer includes areal extent, saturated
thickness, hydraulic properties, water-table configu-
ration, direction of ground-water flow, water budget,
and 1985 withdrawals. Also included is a description
of the design, data input, and calibration of the nu-
merical model and the simulated potential effects of
several hypothetical ground-water-development al-
ternatives.

Previous Investigations

The surficial geology of the Plymouth-Carver area has
been described and mapped by Mather and others
(1940; 1942), Mather (1952), Schafer and Hartshorn
(1965), Williams and Tasker (1974), and Larson
(1980). The geohydrology of the Plymouth-Carver
aquifer has been described by Frimpter (1973) and
Williams and Tasker (1974). The ground-water re-
sources of the town of Plymouth have been described
by IEP, Inc. (1981) and in a series of reports by Metcalf
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and Eddy Engineering Co., Inc. (1950-87). SEA, Con-
sultants Inc. (1983) described ground-water condi-
tions in the town of Wareham. Ground-water,
surface-water, and water-quality data collected in the
Plymouth-Carver area prior to this study are summa-
rized in Maevsky and Drake (1963) and Williams and
others (1977). Unpublished data and geologic field
maps compiled during this and previous studies are
on file in the Massachusetts Office of the USGS (Marl-
borough, Mass.).
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DESCRIPTION OF STUDY AREA

Physical Setting

The Plymouth-Carver aquifer lies within the Coastal
Lowlands physiographic province of New England.
Land-surface altitude ranges from sea level to higher
than 250 feet above sea level on Pine Hill in the
northeastern part of the study area (fig. 1). The land
surface consists of flat, gently sloping sand plains
pitted with kettles (depressions), and moraines with
knob-and-kettle topography (many coalescing kettles
with no intervening flat areas). Surface drainage is
poorly developed, and extensive areas of closed drain-
age exist, especially in the central part of the study
area. Most of the hundreds of ponds are filled kettles
that intersect the water table. These kettle ponds
generally have no surface-water inlets or outlets.
Most streams draining the area flow either south or
southwest and discharge into Buzzards Bay or the
Cape Cod Canal, or flow north or northeast and dis-
charge into Cape Cod Bay (fig. 1). The ground-water

- divide separating the north-draining and south-drain-

ing streams is located closer to Cape Cod Bay than to
Buzzards Bay. Therefore, the south-draining streams
are longer and have more gradual gradients than do
the north-draining streams.

Land Use

Land use in the study area consists of woodland and
brushland, agricultural land, residential land, and
urban and industrial land (fig. 2). Woodland and
brushland comprise 65 percent of the total area. Most
of this undeveloped land is located in the central part
of the study area and is sparsely populated. Agricul-
tural land, chiefly cranberry bogs, covers 11 percent
of the study area. The bogs are concentrated on the
western side of the area. Residential land constitutes
19 percent of the study area, mainly along the coast
and around ponds. Urban and industrial land com-
prise the remaining 5 percent of the study area.

Climate

The climate.is characterized by warm summers and
cool, wet winters. The average annual temperature is
about 49.4 °F. The surrounding ocean moderates
summer and winter temperatures, particularly in the
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coastal areas. Average long-term (1951-80) annual
precipitation at both East Wareham and Plymouth is
47.6in. Precipitation averages slightly less than 3 in.
during the driest months, June and July, and slightly
more than 4.5 in. during the wettest months, Novem-
ber and December (National Oceanic and Atmospheric
Administration, 1984). Free-water-surface (FWS)
evaporation is approximately 28 in/yr (Farnsworth
and others, 1982).

Geologic Setting

The unconsolidated surficial deposits that comprise
the Plymouth-Carver aquifer were deposited in very
recent geologic time. During the Pleistocene Epoch,
which began about 2 million years ago, glaciers ad-
vanced from the north. Evidence indicates that at
least four advances and subsequent retreats occurred.
The last glacial advance reached its maximum extent
about 25,000 years ago. About 15,000 years ago, this
glacier began to melt and had retreated to a position
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north of Boston by 14,000 years ago (Kaye and
Barghoorn, 1964).

Most of the depositional and structural features
shown on the surficial geology map (fig. 3) are the
result of a complex series of events that occurred
during the last glacial retreat. Glacial retreat from
this area consisted of several major and minor re-
treats and readvances of two tongues or lobes of ice
(Mather and others, 1940). The Buzzard Bay lobe and
Cape Cod Bay lobe (fig. 4) (Woodworth and
Wigglesworth, 1934) did not always retreat and ad-
vance simultaneously (Larson, 1982).

The predominant glacial features are moraines and
outwash plains (fig. 3). Two southwest-trending mo-
raines, the Hog Rock and Snipatuit moraines, mark
recessional positions of the Buzzards Bay lobe. The

Ellisville moraine marks a recessional position of the
Cape Cod Bay lobe. The Monks Hill moraine probably
was deposited at the confluence of both lobes. These
morainal areas have very irregular topography con-
sisting of hills and depressions. Records of drilling
indicate that the moraines are composed mostly of
stratified sand and gravel. Much of the morainal
areas are covered by a thin layer of loose till composed
of a poorly sorted, heterogeneous mixture of clay, silt,
sand, gravel, and boulders deposited directly by and
beneath the advancing ice. Geophysical logs and
lithologic samples from drilling indicate that thin till
layers also are present at depth.

The three outwash plains--the Wareham pitted plain,
Kings Pond plain, and Carver pitted plain--slope to
the south er southwest. These outwash plains are
composed mostly of flat-lying to gently dipping beds of



sand and gravel deposited by glacial-meltwater
streams.

Kame and kame deltas north of the Ellisville moraine
and along the northern coastal area are mostly strat-
ified sand and gravel deposited by glacial meltwater
atop and around stagnant blocks of ice. Subsequent
melting of the ice blocks caused the very irregular,
collapsed land surface.

Glaciolacustrine deposits west of Pine Hill and at the
southern end of the Carver pitted plain consist of clay,
silt, and fine sand layers. This material was deposited
in temporary lakes that existed for short periods just
after the retreat of ice from the area. At the southern
end of the Carver pitted plain, outwash deposits grade
into or overlie lake deposits, Much of the offshore
area, and especially the northern coastal area, is un-
derlain by fine-grained deposits that were deposited
in a large glacial lake that occupied Cape Cod Bay.
Other limited and unmapped areas of fine-grained
deposits are present.

Compacted gray till, 1 to 3 feet thick, underlies the
stratified deposits at many locations. The glacial de-
posits covering the area are underlain by much older
granitic bedrock; the bedrock does not crop out at any
location within the study area.

Mather and others (1942, p. 1153) reported that the
silt content of outwash deposits generally increases
with depth and distance from the source of the depos-
its; inspection of test-boring logs in coarse-grained
outwash plains and recessional moraines indicates a
fining with depth in the study area. Deposits are
siltier with depth in 63 percent of the logs from out-
wash-plain and 55 percent of the logs from reces-
sional-moraines. A fining of coarse grained deposits
with distance from the source has not been docu-
mented in the study area. This areal trend with both
depth and distance from the source is reasonable
within a particular depositional environment; how-
ever, analysis of lithologic and geophysical data col-
lected during this study indicates an overlap of several
depositional environments at many locations. This
overlap of depositional and erosional events probably
was caused by the nonsynchronous retreat and ad-
vance of ice lobes that occurred during deglaciation of
southeastern Massachusetts. Evidence for the non-
synchronous advance and retreat of ice lobes was
described for Cape Cod by Mather and others (1940,
1942) and for the Plymouth-Carver area by Larson
(1982). As the chronology of events that occurred
during deglaciation improves, it may be possible also

to improve the determination of spatial trends in
grain-size distributions.

Water Use

Withdrawals of water in the study area totaled about
59.6 Mgal/d in 1985. Agricultural needs accounted for
48.8 Mgal/d, or 82 percent of the total withdrawn.
Public supplies used 7.1 Mgal/d, or 12 percent. Do-
mestic and industrial withdrawals accounted for
2.6 Mgal/d and 1.1 Mgal/d (4 and 2 percent respec-
tively). Water is withdrawn directly from the Plym-
outh-Carver aquifer by pumping from wells and kettle
ponds. Streams that drain the aquifer (which gener-
ally have a flow component consisting of 90 to 95
percent ground water) also are a source of water.

Agricultural Supplies

Cranberry culture is by far the largest use of water in
the study area. Water needs for cranberry culture in
the five major subbasins in the Plymouth-Carver area
are shown in table 1. The location of the major sub-
basins are shown in figure 5. In 1984, the water needs
for the 5,886 acres of cranberry bogs, 57 percent of

Table 1.--Yearly cranberry-culture water needs in
the Plymouth-Carver area, 1984

{Data adapted from U.S. Department of Agriculture,
1986. Subbasin identifiers shown on figure 13. Mgal/yr,
million gallons per year; Mgal/d, million gallons per day]

Average Average
water  daily water
Area of Water need need per need
Sukbasin bog (Mgal/yr) acre (Mgal/d)
identifier  (acres) {Mgal/yr)
BB-41 1,935 5,707 2.95 15.63
BB-42 2,175 6,561 3.02 17.98
BB-43 1,209 3,777 3.12 10.35
S8-30 505 1,520 3.01 4.16
SS-31 62 225 3.63 .62
Total or 5,886 17,790 3.02 48.74
average
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which are in the Weweantic River basin (subbasins
BB-42 and BB-43, fig. 13), averaged 17,789 million
gallons per year (48.72 Mgal/d) (U.S. Department of
Agriculture, 1986). Average yearly water need per
acre of bog is 3.02 Mgal.

The U.S. Soil Conservation Service recently com-
pleted a comprehensive study of the water needs for
cranberry culture in southeastern Massachusetts
(U.S. Department of Agriculture, 1986, p. 7). Water
needs, as defined in that study and used in this report,
are "the volume of water necessary to adequately
provide for cranberry raising as practiced by the av-
erage prudent grower." Water needs are based on
long-term averages and fluctuate from year to year
because of climatic conditions.

Large supplies of water are used nearly year round to
optimize production. Water is required for frost pro-
tection of the cranberry buds and berries in the spring
and fall, and for cooling during the summer. Most
growers harvest by flooding the cranberry bogs and
floating the berries for collection. The cranberry bogs
are flooded during the winter to protect the vines from
"winter kill." Flood waters may be removed, and
flooding may later be repeated two or more times in
most winters, depending on weather conditions. The

seasonal distribution of water use is shown in table 2.
The water used in a particular bog is affected by many
combinations of bog physical features and water-man-
agement practices.

Most of the water used in cranberry culture is not
consumed and is returned to the basin with very little
loss. Nonconsumptive uses include frost protection,
harvesting, and winter flooding. Some growers, or
groups of growers, plan and sequence their water
harvest or floods from upstream to downstream, re-
sulting in multiple reuse of water. Water used for
irrigation, frost protection, and winter floods, how-
ever, is withdrawn simultaneously with little oppor-
tunity for reuse. Water used for irrigation and cooling
is mostly consumptive due to evapotranspiration.

Water for bog operation comes from streams, reser-
voirs, ponds, wells, and, rarely, municipal supply.
Ponds or reservoirs comprise all or part of the supply
for 84 percent of the bogs. Wells are the total source
at only 1 percent of the bogs and a partial source at
only 16 percent.

The hydrologic effects of cranberry production in the
study area are to:

Table 2.--Water-management practices and seasonal water needs for cranberry growing

[Table adapted from U.S. Department of Agriculture, 1986. Mgal, million gallons; acre-ft, acre-foot]

Yearly water need per acre

2

Minimum'’ Maximum
Water-management practice Time period acre-ft Mgal acre-ft Mgal

Frost protection April-May 0.62 0.20 4.97 1.62
Growing season (irrigation) June-Sept. .83 .27 5.00 1.63
Growing season (cooling) June-Sept. .62 .20 0 0

Frost protection Sept.-Oct. .62 .20 4.97 1.62
Water harvest Sept.-Nov. .87 .28 4.00 1.30
Winter flood December 2.00 .85 6.00 1.96
2nd winter flood (contingency) Jan.-Feb 1.00 .33 2.00 .65
Total 6.56 213 26.94 8.78

! Water need for a level bog, with good water-holding characteristics, a sprinkler system, and tailwater recovery.
2 Water need for a bog 2 feet out of level, poor water-holding characteristics, no sprinkler system, and no tailwater recovery.
3 Tailwater-recovery indicates that water is recovered after use and pumped to a pond or reservoir where it is available for reuse.
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. Alter the streamflow regime as a result of diver-
sion, storage, and subsequent release of water in
accordance with management practices (fig. 11),

Decrease streamflow in an amount equal to con-
sumptive use, and

Increase ground-water storage in the vicinity of
impounded reservoirs and some bogs.

Public and Industrial Supplies

Ground water is the only source of water for the eight
public-supply systems in Bourne, Carver, Plymouth,
and Wareham. These systems withdraw water from
25 large-capacity wells, 1 well field, and 2 kettle ponds
(table 3, fig. 6). The 1985 pumpage by these systems
totaled 7.2 Mgal/d, which was 31 percent of the
22.9 Mgal/d combined pumping capacity of these sys-
tems. The public-supply systems provide about
72 percent of the study-area population with drinking
water.

Most of the remaining 28 percent of the population
obtains water from small-diameter on-site private
wells. These wells generally supply single residences.
This category includes a few small private water-sup-
ply systems for which withdrawal data are unavail-
able. Most private wells pump from the
Plymouth-Carver aquifer; however, some private
wells pump from bedrock, particularly in the south-
western part of the study area in Carver and Mid-
dleborough, where the aquifer is thin or absent. Three
industrial water supplies (CDW-135, PWW-188,
PWW-318), which account for 2 percent of the with-
drawals, also are listed in table 3. These supplies
obtain water from large-capacity wells developed in
sand and gravel.

METHODS OF INVESTIGATION

Hydrologic-data-collection activities were designed to
obtain information on the geohydrologic characteris-
tics of the aquifer and to provide the data necessary
for the design, development, and calibration of a nu-
merical ground-water flow model of the aquifer. Data-
collection efforts were concentrated in areas where
data were sparse or unavailable.

Data on current and historical municipal and agricul-
tural water-use, land-use, and recreational activities
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were collected and compiled. Weather records were
collected and compiled to determine the effects of
annual and long-term variations in precipitation on
aquifer recharge. A map of the long-term average
water-level altitude of the aquifer was compiled with
data from 194 observation wells. Deep and shallow
piezometers were installed at 15 sites to determine
vertical potentiometric gradients. The land-surface
altitudes at 107 wells with reference to sea level were
determined by leveling. Leveled altitudes at most of
the remaining observation wells were available from
previous investigations. A network of 20 lake-level
gages also was established and leveled. The lake-level
gages and 69 wells were measured monthly from April
1984 through November 1985. Water levels at all
observation wells and lake gages were simultaneously
measured twice to provide "snapshots" of water levels
in the aquifer. Water-level altitudes of 107 lakes and
ponds were determined on November 28 and 30, 1984
using the USGS’s Aerial Profiling of Terrain System
(APTS), during a period when ground-water levels in
the aquifer were close to their long-term average. The
APTS system is described by Brown and others (1987).

The lithology and saturated thickness of the aquifer
were mapped using drilling logs, geophysical logs, and
seismic refraction and reflection surveys. The alti-
tude of the bedrock surface also was mapped. All well
and water-level data collected during this study were
entered into the USGS’s Ground-Water Site Inventory
database. Sixty test holes were drilled by auger,
wash-and-drive, and cable-tool drilling methods.
Core and wash samples were collected, and geophysi-
cal logs of the test holes were recorded. Seismic-re-
fraction surveys were conducted at 91 sites to provide
water-level, saturated-thickness, and depth-to-bed-
rock information. Saturated-thickness, depth-to-bed-
rock, and lithologic data were obtained from

seismic-reflection surveys of 18 ponds and Plymouth
Harbor.

To approximate the average rate of ground-water dis-
charge to streams, discharges of all streams draining
the aquifer were measured on July 21-22, 1986, a
period of near-average ground-water levels. Dis-
charge was measured at various locations along the
reach of several streams to determine gains and losses
of streamflow. Average recharge to the Plymouth-
Carver aquifer was estimated from water-level and
pumpage data collected during this study and stream-
discharge data collected during previous investiga-
tions.




Table 3.--Major public and industrial water-supply sources

[Mgal/d, million gallons per day; Mgal, million gallons; ---, not determined]

TOWN Well number Installed pump capacity 1985 average pumpage
Water-supply system (fig. 14) (Mgal/d) (Mgal/d)
BOURNE

Buzzards Bay Water District

Head of the bay road well Sta. 1 BHW-200 0.46 0.18
Bournedale road well Sta. 2 BHW-205 .57 .16
Sta. 3° BHW-305 88
Sta. 4° BHW-306 60
North Sagamore Water District

Well field 1 BHW- 12 .32 0
Sagamore Beach Well Well No. 1 BHW- 13 .69 .02
Black Pond Well Weli No. 2 BHW-291 1.08 .18
CARVER

Cranberry Village

Supply well No 1 CDW-146 .26
Supply well No 2 CDW-147 31 -
Oceanspray Cranberries, Inc.

Supply Well, CDW-135 43 8,03
PLYMOUTH

Plymouth Water Department

Little and Great South Ponds 2.88 1.64
Warner Pond Well (Wannos Pond Well) PWW-3 1.00 .21
Lout Pond Well PWW- 15 1.01 .03
Ship Pond Well PWW- 58 94 .26
Federal Furnace Well PWW-541 79 37
Bradford Well PWW-411 2.88 .93
Eflisville Well 2 PWW-275 1.04 36
North Plymouth Well, PWw-422 1.59 .93
White Cliff Development

Well No. 1, PWW-317 46 806
Mayflower Seafood Company

Supply Well PWW-188 22 854
Oceanspray Cranbaerries, Inc.

Supply Well PWW-318 64 354
Pond Progertles

Well No. 1°, PWW-591 52
WAREHAM

Onset Fire District

Sand Pond 40 .26
Sand Pond Well* WFW- 37 1.44 0
Red Brook Well No. 3 WFW- 98 72 .15
Red Brook Well No. 4 WFW-252 72 .08
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Table 3.--Major public and industrial water-supply sources--Continued

TOWN Well number Installed pump capacity 1985 average pumpage

Water-supply system (fig. 14) {Mgal/d) (Mgal/d)

WAREHAM--Continued

Wareham Fire District

Maple Spring Well 1S GP Well 1, WFW- 34 0.70 0.32

Maple Spring Well 2N GP Well 2, WFW- 33 .70 .13

Maple Spring Well 3NW GP Well 3 WFW- 35 .70 .10
" Maple Spring Well 4W GP Well 4 WFW- 89 .70 .26

Seward Springs Well GP Well 6 . WFW-323 1.08 .53

Totals 26.73 8.27

! Auxiliary supply.

2 Capacity can be increased to 2.01 million gallons per day.

3 Estimated.

4 Emergency use only (large manganese concentrations).

Put into service in 1988.
® Installed in 1988.
To evaluate possible future ground-water-develop- Aquifer Characteristics

ment alternatives, a three-dimensional ground-
water-flow model of the aquifer was constructed,
calibrated for steady-state and transient conditions,
and tested for transient conditions. Several hypothet-
ical ground-water-development alternatives were
simulated to demonstrate the use of the model.

GEOHYDROLOGY

The Plymouth-Carver aquifer is composed of un-
consolidated, stratified glacial deposits that are satu-
rated with water. The source of almost all the water
in the aquifer is direct infiltration of precipitation
(recharge). The aquifer is, for the most part, uncon-
fined; however, the aquifer is confined locally. In the
unconfined part of the aquifer, the water table is at
atmospheric pressure and is free to rise and fall in
response to changes in recharge and discharge. In the
confined parts of the aquifer, the vertical movement of
water is restricted by overlying deposits of low vertical
and horizontal hydraulic conductivity.

Water in the aquifer moves in response to gravity from
areas of high to areas of low water-table altitude. The
configuration of the water table indicates the direction
of ground-water flow. Ground-water flow generally is
towards streams, ponds, and the ocean, where it dis-
charges.
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The occurrence and movement of water in an aquifer
is determined by a set of complex and interactive
aquifer characteristics. These include, but are not
limited to, the configuration of the water table and the
bedrock surface, saturated thickness, hydraulic con-
ductivity, specific yield, and presence of confining
units.

Configuration of Water Table and
Bedrock Surface

The altitude and configuration of the water table in
the Plymouth-Carver aquifer for the period November
30 through December 2, 1984, ranged from near sea
level along the coast to slightly more than 125 ft above
sea level on the interior ground-water high that forms
the divide between the study area and the Jones River
basin to the north (pl. 1). During this period, water
levels in the aquifer approximated their long-term
average (1951-80 calendar years). The contours in
plate 1 that define the altitude of the water-table map
were primarily constructed by use of (1) water-level
altitudes of 69 wells and 20 lakes measured from
November 30 through December 2, 1984; (2) water-
level altitudes of 107 ponds measured from November
30 through December 2, 1984 using the USGS’s APTS;
(3) concurrent water-level altitudes at 125 observation
wells that were either measured intermittently from
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1984 through 1986 or estimated by their relation to
long-term observation well PWW-22 (fig. 1); and (4)
supplemental water-surface-elevation determina-
tions of rivers and streams from topographic maps,
and a large number of water levels reported by drill-
ers.

The altitude of the bedrock surface (pl. 2) was deter-
mined from previous studies (Williams and Tasker,
1974a and 1974b; Williams and Willey, 1973; and
Williams and others, 1977), from drilling records col-
lected, and seismic surveys and drilling conducted
during this study. In general, the bedrock surface
ranges from a high of about 100 ft above sea level in
the southwestern corner of the study area to about
200 ft below sea level along the eastern coast. In the
eastern half ¢f the study area, the bedrock surface is
bisected by a deep, narrow, southeast-trending bed-
rock valley. This valley probably continues eastward
beneath Cape Cod Bay about 1 mi north of the Cape
Cod Canal (pl. 2).

Saturated Thickness

The saturated thickness of Plymouth-Carver aquifer
is the distance from the water table to the bedrock
surface. The saturated thickness of the aquifer at any
location can be calculated by subtracting the water-
table altitude at that location from the bedrock alti-
tude at that location by use of plates 1 and 2. The
saturated thickness of the Plymouth-Carver aquifer
is shown in figure 7. Saturated thickness is generally
greatest in the eastern part of the study area, where
bedrock altitudes are lowest. Maximum saturated
thickness, slightly greater than 200 ft in some loca-
tions, is along the buried bedrock valley and its tribu-
taries. Saturated thickness decreases to the
southwest and is less than 20 ft beneath bedrock highs
and till hills along the southwestern boundary of the
study area.

Hydraulic Conductivity

Hydraulic conductivity is a measure of the ability of
the aquifer material to transmit water. Horizontal
hydraulic conductivities were estimated from aquifer
thickness and transmissivity data obtained from 33
aquifer testsconducted for public and industrial sup-
plies, and from lithologic data collected at USGS and
public test-well sites. Values of horizontal hydraulic
conductivity were estimated from lithologic data

based on the method used by Brackley and Hansen
(1977). Table 4 shows the horizontal hydraulic con-
ductivities of various lithologic types.

Average horizontal hydraulic conductivity of stratified
sand and gravel deposits, calculated from aquifer-test
data, ranges from 55 to 313 ft/d ; the mean is 188 ft/d.
These values are consistent with results of aquifer
tests in similar deposits on nearby Cape Cod (Palmer,
1977 p. 21-45; Guswa and LeBlanc, 1985, p. 5) and the
Mattapoisett River Valley (Olimpio and de Lima,
1984), a small river basin located about 8 miles south-
west of the study area, Williams and Tasker (1974)
found that horizontal hydraulic conductivities of out-
wash and moraine deposits in the study area which
are composed of fine-to-coarse gravel, range from 100
to 150 ft/d; of fine-to-medium sand, from about 40 to
100 ft/d; and of fine sand containing some silt and clay,
from about 10 to 40 ft/d.

Some evidence suggests that, in general, grain size
and, thus, hydraulic conductivity decreases with
depth in the study area. As definition of the chronol-
ogy of events that occurred during deglaciation im-
proves, it may be possible to define trends in grain-size
distributions and, thus, hydraulic conductivity.

Hydraulic conductivity is commonly anisotropic
(directionally variable) in glaciofluvial deposits. An-

- isotropic hydraulic conductivity is caused by lithologic
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and textural differences. In glaciofluvial deposits,
these differences are commonly separated by bedding
planes. The hydraulic conductivity tends to be greater
in a horizontal direction than in a vertical direction
because of the horizontal or near-horizontal beddings.
Guswa and LeBlanc (1985) found that the ratio of
horizontal-to-vertical hydraulic conductivity of
coarse-grained deposits was approximately 10:1; in
fine-grained deposits, it could be as large as 1,000:1.

Specific Yield

Specific yield is the ratio of the volume of water that
a porous saturated medium will yield by gravity to the
volume of the porous medium. Specific yields calcu-
lated on the basis of 22 aquifer tests in the unconfined
aquifer ranged from 0.02 to 0.35; the mean was 0.186.
These specific yields were calculated by J.R. Williams
(U.S. Geological Survey, written commun., 1972) and
by various engineering firms. Much smaller specific
yields at several sites are indicative of semiconfined
or leaky artesian conditions. These confined condi-
tions are discussed later in the report.
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Table 4.--Horizontal hydraulic conductivities
of various lithologies

[Adapted from Brackley and Hansen, 1977.

ft/d, feet per day]
Horizontal hydraulic
conductivity'
Lithology (f/d)

Gravel:

Coarse 300-700

Medium 200-300

Fine 150-200

Fine to coarse 150-475
Sand and gravel 40-250
Sand:

Coarse 90-150

Medium 40-100

Fine 20- 40

Fine to coarse 40-150

Fine to medium 40-100
Silt and clay 1-10
Till:

Sandy, loose less than 100

Basal, compact less than 10

! Within range shown, larger values are used when lithologic
log indicates that the material is clean and well-graded and or
that it yields water readily when pumped.

Confining Units

The vertical flow of water in the predominantly sand-
and-gravel aquifer underlying the Plymouth-Carver
area is restricted locally by layers or units of silt, clay,
or till which have low vertical and horizontal conduc-
tivity. An aquifer overlain by such units is termed a
confined aquifer. In the coastal area between the Eel
River and Kingston, water in the Plymouth-Carver
aquifer is confined locally by overlying glaciolacustr-
ine silt, and clay and underlying bedrock (fig. 8) (Wil-
liams and Tasker, 1974). The presence and extent of
the fine-grained confining units is supported by seis-
mic-reflection and lithologic data collected during this
study. The confining units in this area extend inland
only to about the 20-to 25-foot land-surface topo-
graphic contour and extend seaward under Plymouth
Harbor to Plymouth Beach, beyond which their extent

17

is unknown. The confining units may be the cause of
the steep water-table gradients along the north
coastal area (pl. 1). Static water levels in wells com-
pleted in the confined sand and gravel are above the
land surface (fig. 8). Water in the confined sand and
gravel is under artesian pressure; artesian conditions
also are responsible for the many springs in coastal
areas, notably along the lower reaches of Town Brook.

The Manomet area of Plymouth is underlain by a thick
sequence of very fine sand, silt, and clay capped by a
thin unit of sand and gravel; the area includes two
areas of water-table highs (pl. 1). This thick deposit
probably resulted from a minor glacial readvance that
"bulldozed” some of the lacustrine material from the
previous retreat into a mound. Subsequent meltwa-
ter runoff deposited the sand-and-gravel cap. Hy-
draulic conditions at depth in this area are unknown;
however, data from nearby wells indicate that this
area is underlain at depth by aquifer material.

Recent drilling at the northern end of Pine Hills
(Metcalf and Eddy Engineering Co., Inc., 1986) has
identified a confining unit of relatively low vertical
and horizontal hydraulic conductivity that probably
was deposited in a small, ice-contact glacial lake. This
low-hydraulic-conductivity unit underlies a perched
water table of limited extent (pl. 1). One test well
(Well W573) in this area penetrated unsaturated de-
posits beneath the confining unit (fig. 9). Water levels
above and below the confining unit differ in wells
screened at various intervals in this area.

Another area where confining units of silt and clay are
present is north and northeast of Church Lane near
the Sagamore traffic circle in Bourne (pl. 1). These
materials were deposited in a glacial lake and subse-
quently covered by deltaic sand and gravel. Water
levels in observation wells indicate that the water
table above and below the confining unit is seasonally
perched in this area. The levels of several ponds,
including Long Swamp (pl. 1) are above the regional
water table, probably because they are underlain by
the confining unit.

Till layers, interbedded with sand and gravel, are
present at some locations in the Plymouth-Carver
aquifer. Based on lithologic and geophysical logs,
these layers seem to be more numerous and composed
of material with lower hydraulic conductivity in the
area north of the Ellisville Moraine and west of the
Pine Hills (fig. 3) than in the rest of the study area.
These confining units restrict the vertical movement
of ground water, especially when the ground-water
system is stressed, as during large withdrawals. For
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example, figure 10 shows water-level declines in ob-
servation wells screened in sand deposits above and
below a till deposit as a result of pumping a nearby
large-capacity public-supply well screened below the
till. Water-level declines in the shallow observation
well screened above the till layer are much smaller
than those in the deep observation well screened
below the till deposit, indicating that the till is re-
stricting the vertical flow of water in the aquifer at
that location. Other localized confining layers proba-
bly occur in the aquifer and may have a noticeable
effect on the ground-water-flow system, especially
under stress conditions.

18

Occurrence and Flow of Ground Water

The amount of water in storage in the Plymouth-
Carver aquifer fluctuates seasonally and over the long
term, as illustrated by the hydrograph of Plymouth
well PWW-22 (fig. 11). Well PWW-22 is a 42-foot-deep
well screened in glacial outwash and located just
north of the Plymouth Municipal Airport (fig. 1 and
pl. 1). When PWW-22 is at its long-term average
water level of 24.28 ft below land surface, it is assumed
that water levels throughout the rest of the aquifer
are also at their long-term average levels. Aquifer
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located 145 feet from well PWW-58, which is completed below the confining unit Til
and pumped at 800 gallons per minute.
110+
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Figure 10.--Drawdown in observation wells screened above and below a confining unit
and lithologic log of ‘well site.

storage is usually greatest in late winter and early
spring when recharge exceeds discharge. Increased
rates of evapotransporation and slightly reduced rates
of precipitation during the growing season decrease
net recharge and aquifer storage. During late fall and
early winter, when precipitation increases and
evapotransporation decreases, recharge is equal to or
slightly greater than discharge.

Two periods of abnormally low water levels are shown
on the hydrograph of well PWW-22. Minor precipita-
tion deficiencies measured at the Plymouth airport
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weather station in 1961-63 (National Oceanic and
Atmospheric Administration, 1961-82), combined
with major deficiencies of 10.5 and 22 inches in 1964
and 1965, respectively, caused a major depletion of
ground-water storage during 1964-65. The period of
low water levels during 1980-81 was caused by a major
precipitation deficiency of 11 inches in 1980. Water
levels, and hence storage, did not recover until a
period of above normal precipitation and subsequent
recharge in late 1981 and early 1982.
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Direction of Flow

The general direction of ground-water flow in the
Plymouth-Carver aquifer can be determined from the
configuration of the water table. As indicated by the
arrows on the water-table-altitude map (pl. 1), the
primary flow pattern radiates from the ground-water
highs, which underlie the upland area in the north-
central and central part of the study area, toward
points of ground-water discharge. Many localized
ground-water highs also are present, two examples of
which are in the Pine Hills and Manomet areas of
Plymouth (pl. 1). Streams greatly affect the configu-
ration of the water table. The water table slopes
toward and wraps around streams that drain the
aquifer,

Of note is the pronounced distortion of this general-
ized flow pattern caused by large, deep ponds, such as
Long Pond. These ponds act as zones of high hydrau-
lic conductivity within the aquifer. Ground-water dis-
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charges into the ponds at their upgradient ends and
re-enters the aquifer at their downgradient ends.
This flow pattern also occurs at the many small ponds
and reservoirs in the study area but on a correspond-
ingly smaller scale.

Plate 1 shows only the horizontal direction of ground-
water flow in the Plymouth-Carver aquifer. However,
actual flow in the aquifer is three-dimensional, as
shown by the idealized diagram in figure 12. Flow is
not only horizontal but also downward in recharge
areas (water-table highs) and upward in discharge
areas, such as streams, ponds, and the ocean.

Water-table gradients in the study area range from
about 5 to 75 ft/mi. In general, water-table gradients
are gradual on water-table highs and steeper near
discharge points. Gradients tend to be more gradual
in areas underlain by very conductive material than
in areas underlain by slightly conductive material. A
good example of the relation between gradient and
conductivity is the steep gradient in the Manomet
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Figure 12.--Idealized ground-water flow in the Plymouth-Carver aquifer.

section of Plymouth, which is underlain by a fairly
extensive area of silt and clay. In comparison, the
gradient is relatively flat in the Pine Hills area, which
is underlain by coarse sand and gravel. Confining
conditions cause noticeably steeper gradients along
the northeast coast (pl. 1).

Recharge

Recharge to the Plymouth-Carver aquifer is primarily
from infiltrating precipitation on the stratified glacial
deposits and, to a small extent, from infiltration of
precipitation runoff from adjacent till deposits in up-
land areas and recharge from kettle ponds. Knowl-
edge of the rate at which water is added (recharged)
to the aquifer on a yearly basis is necessary for any
accurate simulation of the aquifer.

The rate of recharge to the stratified deposits can be
determined by assuming that average ground-water
recharge results in average ground-water discharge.
Stream base flow during periods of average ground-
water storage can be used to estimate recharge. To
determine the average rate of recharge, the method of
Rasmussen and Andreasen (1959) was used to esti-
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mate recharge on the basis of base flow, to one area
that is typical of the entire aquifer.

The Eel River basin, which is underlain entirely by
stratified glacial deposits, is in the north-central part
of the study area. Like most of the study area, it has
undulating topography and large areas with closed
surface drainage. The very permeable soils in the
basin allow rapid infiltration of precipitation and very
little surface runoff. Therefore, almost all flow in the
Eel River is ground-water discharge. The ground-
water drainage divide of this basin was delineated on
the basis of the water-table contours and is shown on
plate 1.

The effective ground-water discharge is the amount of
ground water leaving the basin as streamflow. Con-
tinuous discharge records from December 1969 to
September 1971 and several instantaneous discharge
measurements from other periods indicate that the
effective ground-water discharge in the Ell River
basin, when average ground-water—storage conditions
occurred ranged from 19 to 23.2 ft3 /s, and averaged
22.2 ft3/s. Total ground-water discharge was approx-
imately 24.2 ft%/s; this was determined by adjusting
the effective discharge to account for natural and
human induced reductions to flow in the basin. These
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reductions include the evapotranspiration and pump-  Area of stratified deposits receiving recharge=

age listed in table 5.
+15.1 (total area)
The average rate of recharge to stratified depos1ts -.21 (area of drained ponds)
-.11 (area of wetlands)

from precipitation is approximately 1.78 #3 /s)/m1
(or 24.18 inches per year) and was determined by the
following calculations:

-21 (area of bogs)
-.96 (area of kettle ponds)

18.62 mi?
Recharge to Stratified Deposits=

. 3 )
Total ground-water discharge (cubic feet per second) (1)  Recharge to Stratified Deposits= 2426847

2
Area of deposits receiving recharge (square miles) 13.62 mi
=1.78 (ft8/s)/mi®
where =1.15 (Mgal/d)/mi?
Total ground-water discharge= =24.18 in/yr

+22.18 (average of measured stream ,‘ﬁs"hargz Recharge from kettle ponds and their area was sub-
+g§ Eezamgx:pomgzﬁ gm 3&112?315)0“ ) tracted from the preceding calculations because
+ evapo pora m recharge to the stratified deposits from these ponds

.14 tr: tion from bo, . e .
+;.83 g;m;eda::gogge:?ed gl;loungﬁzvater) can be estimated as precipitation minus free-water-

1.37 (recharge from kettle ponds) surface evaporation.
(precipitation minus evaporation)

=24.26 ft%/s

Table 5.--Characteristics of the Eel River basin

[ET represents evapotranspiration, (t’csls)/miz, cubic feet per second per square mile;
£t/s, cubic feet per second; mi“, square miles]

Total ET or
Basin Area Rate of ET diversion Rate of recharge Total recharge
characteristic (m) (13symi®) (ft%s)? ((ft3/s)ymi?) (1%s)

Total basin 15.1
Kettle ponds' 95 32.06 1.96 49.44 1.37
Drained ponds? 21 82.06 43 %0 0
Swamps 11 645 .05 50 0
Bogs 21 7.65 14 50 0
Stratified deposits:

Coarse-grained 13.93

Fine-grained 1.17

Total 15.10 1.78 26.88
Area receiving recharge 13.62
Water pumped and diverted 82.83

! Ponds with no functioning surface-water outlet.

Ponds with a functioning surface-water outlet.
3 Free water-surface evaporation, (Farnsworth and others, 1982),

Average annual precipitation minus free water-surface evaporation.

Zero recharge to stratified glacial deposits assumed in areas of drained ponds, swamps, and bogs, which are ground-water
dlscharge areas.

Estlmated ground-water evapotransporation (Meinzer and Stearns, 1929).

Estlmated ground-water evapotransporation plus consumptive water used by irrigation.

Average 1965-70 pumpage from Lout Pond Well (well 15 on pl. 1) and Little and Great South Ponds (pl. 1) (John Holmes, Town
of Plymouth, oral commun., 1985).
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The actual areal-recharge rate is probably greater
than that estimated due to the net effect of a number
of factors not considered in the calculations. For ex-
ample, some ground water does not discharge to a
stream before leaving the basin but leaves as ground-
water underflow. This underflow is not accounted for
by streamflow measurements. Also, some water is
lost due to evapotranspiration of ground water where
the water table is less than 10 ft below land surface.
This occurs only in a very small percentage of the Eel
River basin, mainly adjacent to lakes, streams, and
wetlands.

In the preceding calculations, it was assumed that the
rate of recharge to all of the stratified glacial deposits
was equal. The rate of recharge to the fine-grained
deposits may be less than the rate of recharge to the
coarse-grained deposits. If this is true, then the rate
of recharge to the coarse-grained moraine and out-
wash deposits typical of a large percentage of the
Plymouth-Carver aquifer area is slightly greater than
estimated by the calculations. The actual rate of
ground-water recharge to coarse-grained deposits
probably ranges from about 26 to 28 in/yr.

No data were collected during this study on the rate
of recharge to glacial till areas and few data are
available for Massachusetts or New England. A study
by Morrissey (1983) indicates that the recharge rate
to glacial till is approximately 6.8 in/yr[0.5 (ft%/s)/mi?].

Discharge

Ground water in the Plymoutl-Carver aquifer dis-
charges to the many rivers and streams that drain the
aquifer, to ponds, wetlands, and bogs, and directly to
the ocean along the coast. Average ground- water dis-
charge to rivers and streams is about 139 f&° /s, as
determined from discharge measurements of all riv-
ers and streams draining the aquifer during a period
of average ground-water levels in July 1986 (table 6).
Table 6 includes some discharge measurements made
along individual streams reaches to determine gains
and loses along the streams. All stream-measure-
ment sites are shown on plate 1. Some stream reaches
discharge into the aquifer (recharge); for example, the
Herring River between Great Herring Pond and
Bournedale loses 0.93 ft%/s (station 8a to 8, table 6).

Streambed hydraulic conductivity affects the ease
with which water moves from the aquifer into
streams. Stream width and depth and streambed
lithology were noted during onsite field inspections.
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At most locations, the streams flow directly on sand-
and-gravel aquifer material. A vertical conductivity
of 5 fi/d is a reasonable estimate for streambed mate-
rial composed of sand and mixed sand and gravel in
New England (Rosenshein and others, 1968; Gonthier
and others, 1974; Haeni, 1978).

Much of the ground water that discharges to wetlands
and bogs is lost through evapotranspiration and from
the bogs through consumptive water use by agricul-
ture. These loses are most notable in the Weweantic
River basin, which has a large percentage of its area
occupied by wetlands and cranberry bogs and no mu-
nicipal pumping or other diversions that would affect
streamflow. Hydrographs of daily mean discharge of
the Weweantic and Eel Rivers for January 1970
through September 1971 (fig. 13) illustrate the effects
of evapotranspiration and consumptive water use. A
very small percentage of the Eel River basin is covered
by wetland and bogs, unlike the Weweantic River
basin. The reduced daily mean discharge in the
Weweantic River during the growing season (from
April through October) is the result of increased
evapotranspiration and consumptive water use.

The rate of direct ground-water discharge to the ocean
is difficult to measure. Ocean discharge can be esti-
mated by means of a ground-water-flow model, which
calculates fluxes into and out of the aquifer; this is
addressed later in this report.

Freshwater-Saltwater Interface

Freshwater in the Plymouth-Carver aquifer is
oounded by saltwater in the coastal areas (fig. 14).
Freshwater in the aquifer normally contains less than
25 mg/L of chloride, whereas seawater contains about
18,000 mg/L of chloride. Because the density of fresh-
water is slightly less than the density of saltwater,
freshwater floats on top of the saltwater. The approx-
imate depth below sea level to the freshwater-saltwa-
ter interface at any location is described by the
steady-state equation (Hubbert, 1940)

Pr
Ps — Pfh !

Z=

where z is the depth of the freshwater-saltwater
interface, in feet below sea level;
Pris the density of freshwater (1.0 grams per
cubic centimeter);
Ps is the density of saltwater (1.025 grams per
cubic centimeter); and




Table 6.--Stream discharge in the Plymouth-Carver area, July 1986

[Stream measurement identifiers shown in plate 1; ﬂ:?’/s, cubic feet per second]

Stream- Description Date Discharge
measurement of measurement
identifier (month-day-year) fe3/s
1 Stone Pond outlet at North
Plymouth 07-21-86 1145
la Diversion of Stone Pond outlet
through Cordage 07-21-86 1.5
2 Town Brook aE Plymouth
(01015874) 07-21-86 14.6
07-22-86 15,3
2a Town Brook near Plymouth 07-22-86 0.4
3 Holmes Point Brook 07-21~86 1.06
4 Eel River near Plzmouth 1
(01105876) 07-21-86 23.2
4a Eel River at Sandwich Road
near Plymouth 07~22-86 14.9
4b Eel River tributary near
Plymouth 07-22-86 7.87
5 Beaver Brook at White Horse
Beach (01105878) 07-21-86 12.17
07-22-86 L11.8
6 Indian Brook at Manomet Beach 07-21-86 1.18
7 Savery Pond outlet at
Ellisville 07-08-86 lary
8 Herring River at Bournedale 07-21-86 l6.35
8a Herring River near Bournedale,
Great Herring Pond outlet 07-21-86 7.28
07-22-86 7.11
8b Herring River at Cedarville,
Great Herring Pond inlet 07-22-86 10.0
9 Ellis Pond outlet, Head of
Bay Road 07-07-86 lary
10 Mare Pond outlet near Bourne 07-21-86 1.80
11 Little Long Pond outlet,
inlet to Long Pond 07-21-86 4.50
12 Agawam River near Ellisville 07-21-86 2.0
13 Red Brook near Buzzards Bay 07-21-86 6.13
14 Gibbs Brook at East Wareham 07-21-86 14,49
15 Diversion on SR 28 near Union Pond 07-08-86 nc flow
16 Agawam River at East Wareham 07-21-86 l33.5
17 Diversion on SR28, east of trailer
park 07-21-86 1o2
18 Diversion on SR28, Stone Village
Motel 07-21-86 .02
19 Diversion on SR28, near Drive-in
Theater 07-21-86 L.g9
20 Diversion on 3R28, east of Suzuki
Dealership 07-21-86 11s
21 Wankinco River at East Wareham 07-21-86 l18.6
22 Weweantic River at South Wareham 07-21-86 81.2
07-22-86 Y119
Total stream discharge to Ocean 139.3
1

Site used to compute total streamflow leaving the Plymouth-Carver aquifer.

2USGS streamflow-gaging station number. Additional discharge and quality data for these sites are

available from the USGS (Marlborough, Mass.).
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Figure 13.--Daily mean discharge of the Weweantic and Ell Rivers, January 1970 through September 1971.

h is the hydraulic head of freshwater, in feet
above sea level at a given point on the inter-
face (fig. 14).

The interface is not a sharp boundary but a transition
zone where chloride concentrations range from 25 to
18,000 mg/L. This zone is created by diffusion and
dispersion of the two miscible liquids. The extent of
dispersion and, therefore, the thickness of the zone, is
determined by the hydrologic characteristics of the
aquifer and the fluctuating hydraulic conditions
caused by variations in freshwater hydraulic head and
tidal oscillations in the ocean. Water in the transition
zone flows toward and discharges seaward of the
coastline.

The position of freshwater-saltwater interface is de-
termined by a dynamic balance in which the seaward-
flowing freshwater prevents saltwater from intruding
landward. A primary factor affecting the position of
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the boundary is the altitude of the underlying bedrock
surface, generally less than 200 ft below sea level in
coastal areas (pl. 2). A conservative estimate of the
interface position, based on water-table altitudes near
the coast, indicates that the interface is truncated at
depth by relatively impermeable bedrock. Because of
this truncation, the interface is considerably seaward
of the position it would occupy if the bedrock were at
much greater depth, as it is in the outer part of Cape
Cod (LeBlanc and others, 1986). Another factor affect-
ing the position of the interface is the amount of
ground water that discharges to the coastal areas.
Decreased ground-water discharge and lowered water
levels, caused by pumping near the coast, may cause
the interface to move landward. Conversely, in-
creased ground-water discharge and increased
ground-water levels, caused by recharge of treated
sewage effluent, may result in a seaward shift of the
interface.
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Figure 14.--Relation between freshwater and saltwater for steady-state ground-water discharge to ocean.

Available data indicate that under present (1988) con-
ditions, the freshwater-saltwater interface in the
Plymouth-Carver aquifer is nearly vertical and is
located very near the coastline or just offshore. Re-
cords of wells drilled in the study area, including a
large-capacity public-supply well located only 800 ft
from the ocean in Bourne, indicate that only a few
shallow wells drilled at Plymouth Beach have yielded
brackish water or saltwater.
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SIMULATION OF GROUND-WATER
FLOW IN PLYMOUTH-CARVER
AQUIFER

A ground-water-flow model of the Plymouth-Carver
aquifer was developed to simulate the three-dimen-
sional flow in the aquifer. The areal extent, thickness,
and hydraulic properties of the aquifer, location and
characteristics of streams, rates of recharge from pre-
cipitation, and location and rates of pumping were
specified in the model. Model output consisted of the
distribution of hydraulic-head in the aquifer, dis-

charge to streams, and ground-water-flow rates across
model boundaries.




During a series of simulations, geohydrologic vari- rates. Simplified features of the Plymouth-Carver
ables such as horizontal and vertical hydraulic con-  aquifer conceptual model are shown in figure 15 and
ductivity, recharge, and streambed conductance were  are described below:

changed in the model within reasonable limits until . . . .

hydraulic heads and rates of ground-water discharge 1. Simulation of three-dimensional ground-water

to streams simulated by the model matched on-site flow was achieved by dividing the total saturated
measurements. Once the match between simulated thickness of the aquifer into layers; horizontal
and measured hydraulic heads and discharge rates flow in each layer and vertical leakage between
was acceptable, the model was considered calibrated. layers are simulated.

After calibration, the model was used to simulate the 9
responses of hydraulic head and streamflow to natural
and human-induced stress conditions.

. The till and crystalline rock underlying the Plym-
outh-Carver aquifer are assumed to be imperme-
able; therefore, no leakage occurs between the
drift and the till and bedrock. Except for loca-

tions where the bedrock is highly fractured, the

Conceptual Model hydraulic conductivity of the bedrock probably is

much lower than that of the overlying Plymouth-

Before construction of the ground-water-flow model, a Carver aquifer. Consequently, the leakage rate
conceptual model of the aquifer was formulated. The between the aquifer and bedrock probably is low.
conceptual model is a simplified geohydrologic repre- Even so, if leakage occurs over a large area, the
sentation of the aquifer. Important geohydrologic fea- ground-water flux to or from the bedrock could
tures considered when formulating the conceptual contribute substantially to the water budget of
model include (1) areal variation in saturated thick- the aquifer. Because no data are available to de-
ness (2) horizontal and vertical variations in hydraulic termine the magnitude of this flux, net leakage
conductivity (3) location and types of hydraulic bound- to and from the bedrock was assumed to be zero.

aries (4) location and hydraulic characteristics of

streams; and (5) location of wells and their pumping 3. Recharge is distributed nonuniformly over the

modeled area and the rates simulated are aver-
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Figure 15.--Features of conceptual model of Plymouth-Carver aquifer.
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age annual recharge rates. Average annual pre-
cipitation does not vary appreciably from loca-
tion to location in the study area. However,
recharge rates vary areally because of differ-
ences in sediment lithologies and hydrologic set-
tings. The average recharge rate at any location
was determined on the basis of the geohydrologic
conditions at that location. Four geohydrologic
were identified that receive different rates of
recharge: (1) Outwash-plain, moraine, and kame
deposits; (2) till and lake deposits; (3) wetlands;
and (4) cranberry bogs.

Ground-water discharge from the aquifer to
streams and the ocean. Ground water dis-
charges to streams through leaky streambeds.
Streambeds are assumed to have constant thick-
nesses but variable widths. Also, they are as-
sumed to be composed of sediments with vertical
hydraulic conductivities that are less than or
equal to that of the underlying aquifer. Stream
stage is assumed to remain constant over time at
the approximate stage of the stream that repre-
sents 85- to 90-percent flow duration.

In most coastal areas, ground water discharges to
the ocean along a narrow zone off the coast (fig. 14).
As illustrated in figure 14, saltwater underlies
freshwater at depth beneath the land surface near
the coast. Only the freshwater is simulated in the
model; therefore, the freshwater-saltwater inter-
face is assumed to be sharp, and movement of that
interface, for example because of pumping, is not
simulated.

Many of the lakes and ponds in the study area are
kettle ponds. These ponds are water-filled de-
pressions in the aquifer; most ponds have no sur-
face inflow or outflow. Kettle ponds are
simulated as areas that have a specific yield
equal to 1 and a hydraulic conductivity two or-
ders of magnitude larger than the surrounding
aquifer material. The other lakes and ponds are
parts of river systems that drain the aquifer.
Most of these lakes and ponds are from 10 to 25
ft deep, extending down into the upper part of
the aquifer. Several ponds (Gallows Pond, Long
Pond, Bloody Pond, near Halfway Pond in Plym-
outh, and Little Pond, north of Billington Sea) ex-
tend more than 40 ft into the aquifer. These
lakes and ponds were simulated in the same
manner as the kettle ponds.

29

Description of Flow Model

A finite-difference model (McDonald and Harbaugh,
1988) was used to simulate ground-water flow in the
Plymouth-Carver aquifer. The aquifer was divided
into a rectangular, finite-difference grid (fig. 16). The
grid, which covers an area of about 350 miZ, has 85
rows and 115 columns. Each grid block is 1,000 ft by
1,000 ft. The grid has a uniform horizontal (x-y)
spacing.

The active area of the model grid, which covers
208 mi? (about 60 percent of the area covered by the
entire grid), is outlined in figure 17. The physical
boundaries of the modeled area are the coast along
Plymouth Harbor and Cape Cod Bay; Cape Cod Canal;
the coast along Buzzards Bay; the surface-water di-
vide west of the Weweantic River in the town of
Rochester; the surface-water divide between the
Taunton River basin and the Buzzards Bay basin in
Middleborough and Plympton; tributaries of the
Winnetuxet River in the Taunton River basin; and
dones River Brook, which is tributary to the Jones
River and the Jones River (fig. 17). The modeled area
includes areas of glacial deposits on the west and
northwest in the Taunton and Jones River basins so
that the natural ground-water divides in these areas
could be simulated.

The aquifer was divided vertically into four layers,
numbered from top to bottom (fig. 15). The purpose of
the layering was to enable simulation of (1) Vertical
flow in the aquifer; (2) vertical variation in horizontal
hydraulic conductivity; (3) local confining units (vari-
ations in vertical hydraulic conductivity); and (4)
pumping from partly penetrating wells.

The following criteria were used for the layering. In
most of the area, saturated thickness of the aquifer
exceeds 50 ft. In these areas, layers 1 and 4 were
assigned thicknesses of 25 ft, and layers 2 and 3 were
assigned thicknesses equal to one-half of the remain-
ing thickness. This method of layering (1) ensured
that, in most of the modeled area, the bottom of layer
1 was far enough beneath the water table to prevent
layer 1 from going artificially dry during simulations;
(2) provided a 25-ft-thick aquifer layer directly on top
of the bedrock for simulation of pumping of large-ca-
pacity wells screened at the bottom of the aquifer
(which is the most common method of constructing
municipal wells in the area); and (3) allowed for sim-
ulation of relatively gradual areal variations in the
thicknesses of layers 2 and 3. In several areas where
the saturated thickness of the aquifer was equal to or
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less than 50 ft, each layer was assigned a thickness
equal to one-fourth of the saturated thickness.

Layer 1 was modeled as an unconfined unit. Trans-
missivity at each node in layer 1 was calculated as the
saturated thickness at the node multiplied by the
assigned hydraulic conductivity. Therefore, the trans-
missivity of the layer could change over time as the
water-table altitude in the layer changed.

Layers 2 and 3 were modeled as changeable between
either confined or unconfined conditions (McDonald
and Harbaugh, p. 5-26, 1988). Transmissivities of
layers 2 and 3 were calculated as the saturated thick-
ness times the hydraulic conductivity at each node. If
the hydraulic head at a node in layers 2 or 3 dropped
below the top of that layer, transmissivity was recal-
culated to account for the change in saturated thick-
ness. In addition, either a storage coefficient
representative of confined conditions or a specific
yield representative of unconfined conditions could be
simulated depending on whether the hydraulic head
at the node was above or below the altitude of the top
of the layer.

Layer 4 was modeled as a confined unit. Transmissiv-
ity and storage coefficient at each node were held
constant during the entire simulation.

Boundary Conditions

Boundary conditions were specified around the perim-
eter of the active area of the model for each layer.
Constant-head nodes and inactive (no-flow) nodes
were used as boundaries (fig. 17).

Under natural conditions, ground water discharges to
the ocean along a narrow strip at the coast. To model
this discharge, constant-head values equal to sea level
were assigned to all nodes in layer 1 along the coast
and along the Cape Cod Canal. Constant-head values
equal to sea level also were assigned in Buttermilk
Bay, and in Plymouth Harbor as far north and north-
east as Plymouth Beach. Plymouth Harbor is under-
lain by lacustrine silts and clays (simulated in layer
1), which, in turn, are underlain by coarse-grained
sediments (simulated in layers 2 through 4). Fresh-
water flows in these sediments beneath Plymouth
Harbor at least as far north and northwest as Plym-
outh Beach, as indicated by freshwater from deep
wells on Plymouth Beach. Discharge of freshwater
probably occurs to the harbor and to the ocean north
of the beach. In the model, nodes in layer 1 in the

32

Plymouth Harbor and north of the Plymouth Beach
were assigned constant-head values equal to sea level.

Constant heads also were assigned to layer 1 nodes
along tributaries of the Winnetuxet River in the
Taunton River basin, and along Jones River Brook and
the Jones River in the Jones River basin. The values
assigned at each location was the approximate stage
of the stream or the approximate altitude of the water
table along the constant-head boundary. The reason
for placing these constant-head boundary conditions
in the Taunton and Jones River basins was to permit
simulation of the ground-water divides in the Plym-
outh-Carver aquifer and these two basins and move-
ment of these divides in response to pumping.

Constant heads also were specified in layer 2 along the
Cape Cod Canal because the canal extends down into
layer 2 in the model. All other boundary nodes in
layers 1, 2, 3, and 4 were specified as inactive (no-
flow). A no-flow boundary was simulated at the bot-
tom of the Plymouth-Carver aquifer at the contact
between the stratified glacial deposits and the till-cov-
ered bedrock.

Hydraulic Properties

As noted previously in the section on "Geologic Set-
ting", there is some evidence that outwash-plain and
morainal deposits generally become more silty with
depth. The increase in silt content with depth pro-
duces progressively smaller horizontal hydraulic con-
ductivity with depth and, probably, an increasing ratio
of horizontal-to-vertical hydraulic conductivity with
depth. These hydraulic properties were simulated in
the model by assigning progressively smaller values
of horizontal hydraulic conductivity to layers 1
through 4, and progressively larger ratios of horizon-
tal- to- vertical hydraulic conductivity between layers
1and 2,2 and 3, and 3 and 4.

The following hydraulic properties were used in the
final calibrated model: (1) a horizontal hydraulic con-
ductivity of 250 ft/d was assigned to layer 1 for the
outwash-plain, morainal, and kame deposits (fig. 3);
(2) a value of 150 ft/d was assigned to layer 2; and (3)
values of 50 ft/d were assigned to layers 3 and 4. A
horizontal-to-vertical hydraulic-conductivity ratio of
10:1 initially was assigned to all layers; however, the
match of measured and simulated hydraulic heads
improved when progressively larger ratios were used
for deep model layers. The ratios of horizontal-to-ver-




tical conductivity became 10:1 for layers 1 and 2, 50:1
for layer 3, and 100:1 for layer 4.

Glaciolacustrine and till deposits occupy small areas
throughout the Plymouth-Carver aquifer (fig. 3). Val-
ues of hydraulic conductivity were assigned to these
deposits on the basis of information presented in Wil-
liams and Tasker (1974). The glaciolacustrine depos-
its were assigned a value of 25 fi/d in all four layers,
and the till deposits were assigned a value of 10 ft/d
in all four layers. The ratio of vertical-to-horizontal
hydraulic conductivity for both types of deposits was
assumed to be 1:100.

Recharge and Pumpage

Rates of average annual recharge used in the model
are listed in table 7. The recharge rate of 27 in/yr
applied to the outwash-plain, morainal, and kame
deposits is somewhat larger than the estimate of
about 24 in/yr that was based on continuous stream-
discharge data in the Eel River basin (table 5). How-
ever, as discussed in the section on "Recharge",
24 in/yr is probably somewhat less than the actual
recharge rate to the stratified glacial deposits of the
Plymouth-Carver aquifer for several reasons; two of
these reasons are that some ground-water probably
discharges as underflow and as evapotranspiration
where the water table is near land surface. The rate
of 27 in/yr was used because it produced the best
match between measured and simulated hydraulic
heads and ground-water discharge to streams.

Table 7.--Average annual recharge rates used in
model of Plymouth Carver aquifer

[(ft%/s) / mi, cubic foot per second per square mile; infyr,
inches per year]

Average annual recharge rate

Hydrologic setting (#t3symi® infyr
Outwash plain, moraines, 2.0 27
and kames
Till and glaciolacustrine 5 6.8
deposits
Wetlands 0 0
Cranberry bogs -1.3 -17

The recharge rate to till was based on the findings of
Morrissey (1983), in which mean annual ground-
water runoff from till was calculated to be approxi-
mately 0.5 (ft3/s)/mi® of drainage area, or 6.8 in/yr.
Both till and glaciolacustrine deposits consist primar-
ily of fine-grained material; therefore, recharge to the
glaciolacustrine deposits also is assumed to be
6.8 in/yr.

Wetlands in the modeled area are ground-water-dis-
charge areas; therefore, net recharge to wetlands is
zero. Water use in cranberry bogs results in a net
consumption of about 17 in/yr (table 2). Therefore,
recharge to cranberry bogs was simulated as a nega-
tive rate of -17 in/yr. Long-term average water-man-
agement activities associated with the operation of
cranberry bogs is included implicitly in the model by
simulating a negative rate of recharge.

Nineteen large-capacity public and industrial supply
wells and 2 ponds that are public supplies (fig. 6,
table 3) were simulated as wells in the model. Aver-
age pumping rates from 1980 to 1985 (table 8) were
used. Pumping from several wells shown in figure 6
was not simulated in the model. Bourne wells 12, 305,
and 306, Plymouth well 591, and Wareham well 37
were not in use during 1980-85, and no pumping data
were available for Plymouth wells 317 and 318, and
Carver wells 146 and 147. The model layer from
which water was withdrawn depended on the
screened interval and aquifer thickness at each well.
If a pumped well was located on or near the boundary
of two nodes, the pumpage was distributed between
the two nodes.

Steady-State Model Calibration

The model was calibrated to hydrologic conditions
that existed both in late November to early December
1984 and mid-to-late July 1986; conditions during the
two periods were assumed to represent long-term,
average hydrologic conditions in the modeled area.
An extensive set of water-level measurements from 66
wells and 35 ponds were made during late November
to early December 1984 (pl. 1). Gain-loss measure-
ments to determine rates of ground-water discharge
to streams were made during July 1986. During the
gain-loss measurements, a representative set of
water-level measurements were made throughout the
study area to verify that water levels were similar
during December 1984 and July 1986.




Table 8.--Average annual pumping rates from public
and industrial supplies simulated as wells in the
Plymouth-Carver aquifer model, 1980-85

[ﬂ:als, cubic feet per second]

TOWN
Supply identifier Pumping rate Model
(fig. 14) (ft3/s) layer
PLYMOUTH
PWW-3 0.35 3
PWW-15 .04 4
PWW-58 .38 4
PWW-188 .18 4
PWW-275 53 4
PWW-411 1.33 4
PWW-422 1.50 4
PWW-541 50 3
Little South Pond (LSP) 2.68 1
BOURNE
BHW-13 .03 2
BHW-200 29 1
BHW-205 .28 1
BHW-291 .26 2
WAREHAM
WFW-33, 34, 35, 89 1.54 4
WFW-98, 252 .33 1
WHW-323 .55 4
Sand Pond (SP) 42 4
Total 11.19

The hydrograph of observation well PWW-22 (fig. 11)
demonstrates that hydrologic conditions in the Plym-
outh-Carver aquifer during late November to early
December 1984 were about equal to those during
mid-to-late July 1986, and that, during these two
periods, water levels were about equal to long-term
average conditions. The long-term average water-
level altitude in PWW-22 is 120.8 ft. The water-level
altitude in well PWW-22 on December 1, 1984, and
July 24, 1986, was 121.0 ft and 120.3 ft, respectively.

Three following statistical measures were used to
evaluate the match between measured and simulated
hydraulic heads (water levels) and ground-water dis-
charge to and from streams during calibration: (1) The
absolute value of the mean of the residuals between
measured and simulated water levels and ground-
water discharge, (2) the mean of the absolute value of

the residuals between measured and simulated water
levels and ground-water discharge, and (3) the stan-
dard deviation of the residuals between measured and
simulated water levels and ground-water discharge.
These three statistical measures emphasize different
aspects of the distribution of residuals; therefore,
analysis using all three statistical measures may pro-
vide more insight into the sensitivity of the model than
using only one statistical measure. The absolute
value of the mean of the residuals allows for compen-
sating errors between the measured and simulated
parameter. For example, if the simulated water level
is 35 ft higher than the measured water level at one
location, and the simulated water level is 35 ft Tower
than the measured water level at another location, the
absolute value of the mean of the water-level residual
iszero. Azero value for the absolute value of the mean
of the residuals does not imply the model is well
calibrated because compensating differences between
the measured and simulated values may still be large.

- The mean of the absolute values of the residuals does
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not allow compensating errors, but it also does not
emphasize the larger residuals. The standard devia-
tion of the residuals emphasizes the larger residuals
and avoids compensating errors.

The simulated steady-state water-table altitude in the
aquifer is shown in figure 18. Also shown are the 101
water levels measured from late November to early
December 1984. Differences between the measured
and simulated water levels are summarized in table
9. The match between measured and simulated water
levels ranged from a simulated water level in Beaver
Pond (node 20,75) that was 13.63 ft too high to a
simulated water level in observation well BHW-126
(node 51,40) that was 11.97 ft too low. Simulated
water levels were within 1 ft of measured water levels
at 18 of the 101 sites, within 2 ft at 41 sites, and within
5 ft at 78 sites. The absolute value of the mean of the
water-level residuals at the 101 sites was 0.15 ft, the
mean of the absolute values of the water-level residu-
als was 3.46 ft, and the standard deviation of the
water-level residuals was 4.42 ft.

One possible objective criterion with which to evaluate
the overall match between measured and simulated
water levels is the ratio of the residual to the total
relief in the water table in the modeled area. The
maximum measured water-level altitude in the study
area, in the northwestern part of the area, is about
125 ft (pl. 1). As the minimum water-level altitude is
at sea level, relief of the water table is about 125 ft.
Consequently, the mean of the absolute value of the
water-level residuals for the calibrated model is about
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