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Digital Models of Ground-Water Flow in the
Cape Cod Aquifer System, Massachusetts

By JOHN H. GUSWA and DENIS R. LEBLANC

Abstract

The Cape Cod aquifer system was simulated with
three-dimensional  finite-difference  ground-water-flow
models. Five areas were modeled to provide tools that can
be used to evaluate the hydrologic impacts of regional
water development and waste disposal.

The model boundaries were selected to represent the
natural hydrologic boundaries of the aquifer. The bound-
ary between fresh and saline ground water was treated as
an interface along which there is no dispersion. The
saline-water zone was treated as static (nonflowing).

Comparisons of calculated and observed values of
head, position of the boundary between fresh and saline
water, and ground-water discharge (at locations where
data were available) indicate that the simulated ground-
water reservoirs generally agree with field conditions.

Model analyses indicate that the total steady-state
freshwater-flow rate through the five modeled areas is ap-
proximately 412 cubic feet per second.

INTRODUCTION
Background

Ground water is the principal source of freshwater
for Cape Cod, Massachusetts. The Cape is composed of
unconsolidated glacial moraines and outwash plains that
form a hook-shaped peninsula extending 40 mi into the
ocean (fig. 1). It is separated from the mainland by a sea-
level canal connecting Buzzards Bay and Cape Cod Bay.
A lens-shaped reservoir of fresh ground water is main-
tained in dynamic equilibrium beneath the Cape by re-
charge from precipitation and discharge to the sea.

Demand for water has increased as the number of
year-round residents and summer vacationers on Cape Cod
has grown. State and local governments are concerned
that increased pumpage to meet the increased demand may
cause undesirable changes in water-table and pond levels
and may reduce discharge of freshwater to coastal brac-
kish-water bodies. Also, there is great concern that land

disposal of solid and liquid waste may deteriorate water
quality, and contaminants may move through the aquifer
to wells, ponds, and streams.

Several problems are generally encountered in the
management of ground-water resources. Hydrologic prop-
erties of aquifers are dependent on geology, and determi-
nation of these properties is usually complex and expen-
sive. In addition, local stresses can have regional hydrau-
lic effects on an aquifer. Since ground-water movement
generally is slow and cannot be observed directly, it must
be inferred from indirect measurements and abstract
mathematical reasoning. Therefore, the consequences of
management decisions may not be noticed for decades and
the results may then be, for all practical purposes, irrever-
sible.

Flow in an aquifer can be described analytically by
differential equations. These equations will yield direct
solutions, which may not be useful for some problems be-
cause of the complexity of most aquifer systems. Approxi-
mate solutions of the flow equations describing aquifers
with spatial variation of hydrologic properties and stresses
and irregular geometries can be obtained with numerical
methods. The reliability of these numerical solutions is
dependent upon the accuracy of the input data and the size
of the aquifer element which the flow equations describe.

Purpose and Scope

The purpose of this report is to describe digital
simulation models prepared as part of a 4-year study of
the ground-water resources of Cape Cod, in cooperation
with the Massachusetts Water Resources Commission, Di-
visions of Water Resources and Water Pollution Control;
Barnstable County; and the National Park Service. In-
cluded in this report are the sources and types of data used
in constructing five models, model calibration, and possi-
ble sources of inaccuracies in the results. The five mod-
eled areas and their names are shown in figure 2.

Introduction 1
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Figure 1. Physical features of Cape Cod (from Oldale, 1976).

The models provide information regarding the re- HYDROGEOLOGY OF CAPE COD
gional behavior of the aquifer system. Although detailed Geologic Framework and Water-Bearing
analyses of local hydrologic conditions are beyond the Characteristics

scope of this study, the principles used to construct these
Bedrock underlies Cape Cod, but is not exposed at

models can be used to construct more detailed models of
smaller areas if sufficient data are available. land surface. The altitude of the irregular bedrock surface

2 Ground Water Flow, Cape Cod Aquifer, Mass.
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Figure 2. Freshwater-flow systems and the approximate boundaries of the modeled areas, Cape Cod, May 25-27, 1976.

ranges from 80 feet below sea level near the Cape Cod
Canal to more than 900 feet below sea level near Prov-
incetown (Oldale, 1969). The bedrock is overlain by un-
consolidated sediments deposited by ice sheets during the
Pleistocene Epoch as a series of end moraines and out-
wash plains that characterize coastal New York (Long Is-
land), Rhode Island, and Massachusetts (Oldale, 1976).
The glacial sediments consist of sand, gravel, silt, clay,
and till. Along the coast, these deposits have been re-
worked since the Pleistocene by ocean currents and wind.

Sandy till mixed with stratified sand, gravel, and silt
forms the Buzzards Bay and Sandwich moraines (fig. 1).
These moraines are low, broad north- and east-trending
ridges of moderately rugged topography. East of the Bass
River, the east-trending Sandwich moraine deposits are
buried by outwash-plain deposits.

Extreme lithologic variation over short distances and
depths to water generally greater than 30 ft have discour-
aged exploration for water supply in the moraines. Pro-
jected yields of 4.5 ft¥/s (2,000 gal/min) have been re-

Hydrogeology of Cape Cod 3



ported (Thomas Mullen, water superintendent, Barnstable
Fire District, oral commun., 1977) for 24-inch diameter
gravel-packed wells screened in sand and gravel in the
moraine area of Barnstable. Wells drilled in similar near-
by areas of the moraine, however, have penetrated silt and
clay layers several hundred feet thick and have been re-
ported to be dry holes. The lack of test-hole information
and the extreme lithologic variation in the moraines do not
permit stratigraphic correlation.

The western part of the outwash-plain deposits in
Bourne, Sandwich, Falmouth, Mashpee, and western
Barnstable is composed primarily of stratified sand and
gravel but has local silt and clay layers. These deposits
generally become finer-grained with depth, especially to
the south, where very fine sand, silt, and clay predominate
below 100 ft in many places.

The eastern part of the outwash plain, in eastern
Barnstable, Yarmouth, Dennis, Brewster, Harwich,
Chatham, and Orleans, is composed of stratified sand and
gravel which, in places, is mixed with till and ice-contact
deposits, silt, and clay. The northern section of this part
of the outwash plain is generally coarser-grained than the
southern section and is mixed with or overlies very
coarse-grained ice-contact deposits and till, especially in
Yarmouth, Dennis, and Chatham. To the south, clay and
silt layers are commonly interbedded with sand and
gravel. Along Nantucket Sound, the eastern part of the
outwash plain is underlain by a silt and clay deposit which
is thicker than 150 ft in places. The silt and clay are re-
ported to have been deposited in a lake that occupied the
present site of eastern Nantucket Sound (Oldale, 1976).

The lithologic variation within the outwash plain de-
posits is not as extreme as within the moraine areas, and
well yields range from 0.45 to 1.56 ft*/s (200 to 700 gal/
min), or 0.05 to 0.16 ft*/s (20 to 70 gal/min) per foot of
24-inch diameter gravel-packed screen.

North of the Sandwich moraine are deposits of sand
and gravel which, in some areas, grade northward into
finer-grained deposits (silt and clay). Results of test drill-
ing along the southern shore of Cape Cod Bay (from the
Cape Cod Canal to Brewster) indicate that silt and clay
layers, more than 100 ft thick in places, are commonly in-
terbedded with the sand and gravel beds.

The silt and clay deposits confine sand and gravel in
many areas along the bay. Because of the confining condi-
tions, the interface between fresh and saline ground water
is displaced offshore. For example, at Corporation Beach
in Dennis (fig. 1) a well located 100 ft inland from the
shoreline was drilled through unconfined and confined
sediments to bedrock at a depth of 316 ft and penetrated
only freshwater (chloride concentration less than 250 mg/
L). Hydraulic head was 5 ft greater in the deep aquifer,
confined by 35 ft of silt and clay, than in the shallow
water-table aquifer.

4 Ground Water Flow, Cape Cod Aquifer, Mass.

From Orleans to Truro, the Cape is underlain by
glacial outwash deposits consisting primarily of sand and
gravel interbedded with silt and clay. Exposures of these
deposits along the eastern shore of the outer Cape indicate
that the silt and clay layers are contorted and discontinu-
ous. Lack of well-log data precludes determination of the
areal extent of the silt and clay layers. The only large-
scale water-supply system developed in these deposits is
in the town of Truro.

Holocene deposits include the salt marshes,
beaches, spits, and dunes. They are composed of sand,
silt, and clay. Few wells have been drilled in these de-
posits.

Hydraulic Properties of Sediments

The transmissivity of an aquifer may be estimated
by multiplying a calculated or estimated hydraulic conduc-
tivity value by aquifer thickness. A more general method
of calculating the transmissivity of an aquifer consisting of
several hydrogeologic units is given by equation 1.

n
T=i§1K,.ml., (1)
in which
T is the transmissivity (L2/T);
K; is the hydraulic conductivity of the ith hydro-
geologic unit (L/T);
m; is the thickness of the ith hydrogeologic unit
€L
and
n is the number of hydrogeologic units within

the specified aquifer thickness.

-~

Analysis of Specific-Capacity Data

The hydraulic conductivities of different lithologies
on Cape Cod were estimated by analyzing specific-capac-
ity data (well pumping rate/observed drawdown) from 265
well-performance tests. The tested wells generally had
short screens that tapped a small part of the total thickness
of the aquifer. Within the screened interval, the lithology
was generally consistent and could be identified.

The specific capacity of each well was converted to
transmissivity for the screened interval using the non-
steady-flow equation for unconfined aquifers given by
Theis (1963) and shown below:

T'=2(k-264 log; 55+264 log, 1), )
in which
o is the well discharge, in gallons per minute;
s is the drawdown in the well, in feet;
K is a factor equal to -66 -264 log,

(37472 - 10-6);



Table 1. Estimates of average hydraulic conductivity for lithologic types calculated from

specific-capacity data

Number Hydraulic conductivity (ft/d)
Lithology of Mean Standard Median

samples valve deviation value

Fine sand 34 450 310 440

Fine to medium sand 51 450 280 400

Medium sand 4 500 450 310

Medium to coarse sand 22 600 380 480

Coarse sand I 430 220 400

Fine to coarse sand 42 580 230 520

All sand 174 500 310 400

Sand and gravel 16 630 430 420

Fine sand and gravel 48 530 370 420

Medium sand and gravel 9 740 460 730

Coarse sand and gravel 18 630 430 420

All sand and gravel 9l 580 400 400
r is the radial distance to the well where the Because of the large deviation of values from the
drawdown is observed, in feet; calculated means and because most of the available
t is the length of the pumping period, in days; lithologic information did not have the same level of detail
is the aquifer specific yield (dimensionless); as table 1, the sediment-type categories were grouped into
and larger classes, and average values were applied to each

T' is a value related to transmissivity by means of class (table 2).

an equation given by Theis (1963, p. 332,
eq. 2), in gallons per day per foot.

The value of 7' was converted to transmissivity, T, for
the screened interval of the well by solving the relationship
between T and T presented by Theis:

T'=T -(264Q log,o(T-10-5))/s.

The value of transmissivity for the screened interval was
divided by the screened length of the well to obtain the
average hydraulic conductivity of the screened interval.

The well-performance data and the calculated hy-
draulic conductivities were divided into groups according
to the lithologic types reported for the screened intervals
of the wells. The values within each group were averaged
to obtain the estimated hydraulic conductivity for each
type of material (table 1).

Table 2. Average hydraulic conductivity
values used to estimate transmissivity.

Hydraulic
Lithology conductivity
(ft/d)
Silt and (or) clay |
Sand 450
Sand and gravel 500
Gravel 600

None of the wells were screened in silt, clay, or
gravel only. The hydraulic conductivity of silt and clay is
low relative to the other materials, and was therefore as-
signed a value of 1 ft/d. Gravel was assigned a hydraulic
conductivity of 600 ft/d.

Hydrogeology of Cape Cod 5



During the process of estimating hydraulic conduc-
tivity from specific-capacity data, it was assumed that the
storage coefficient was 0.2; well-entrance losses were neg-
ligible; flow into the well was horizontal, radial, and uni-
form along the well screen; and the discharge was sus-
tained by withdrawal from aquifer storage within the
screened interval. Flow rates in these tests were generally
low, and well-entrance losses were probably minimal. Er-
rors generated by deviation from the remaining assump-
tions and by incorrect estimation of storage coefficient
were assumed to be random and, therefore, would be
minimized in the averaging process. These estimates of
hydraulic conductivity may contain a small systematic
error. The vertical span of the flow pattern toward the well
screen would always exceed the screened interval of the
well. This would cause the calculated values to be high.

The specific-capacity data and the lithologic infor-
mation used in the hydraulic conductivity calculation were
obtained from drillers’ records. The method of specific-ca-
pacity testing varied from one driller to another, and the
identification of lithologic type is somewhat subjective.
The data, therefore, were of variable quality. The error
due to the variable quality of the data probably is random
and would be minimized in the averaging process.

The values of hydraulic conductivity in table 2 were
applied by means of equation 1 to numerous locations on
Cape Cod for which a lithologic log was available to esti-
mate transmissivities of selected zones of the aquifer.
These zones correspond to different layers of the flow
models and will be discussed in a later section. The initial
estimates of transmissivity, calculated by this method,
were adjusted during model calibration.

Aquifer Test Analyses

Lateral hydraulic conductivity, the ratio of lateral to
vertical hydraulic conductivity, and the storage properties
of the aquifer were estimated from analysis of three
aquifer tests. A 72-hour test in Truro, Mass., on a well
with a 70-ft screened interval (Guswa and Londquist,
1976) was used to estimate that the average lateral hydrau-
lic conductivity for a predominantly very fine to coarse
sand is 220 ft/d. Analysis of 5-day tests in Orleans and
Yarmouth, Mass., indicated a lateral hydraulic conductiv-
ity of 300 ft/d for a coarse to very coarse sand and very
fine gravel with some medium sand, and 200 ft/d for a
fine to medium sand.

Analysis of the Truro and Orleans aquifer-test data
using a radial-flow model yielded a ratio of lateral to verti-
cal hydraulic conductivity of less than 10:1. Because other
field data were not available and other studies (Getzen,
1977, p. 10; Meyer and others, 1975, p. 19) have indi-
cated that this ratio is reasonable for glacial outwash, the
10:1 ratio was applied to each lithologic type.

6 Ground Water Flow, Cape Cod Aquifer, Mass.

There are no reliable data available for the vertical
hydraulic conductivity of the silt and clay lenses which are
scattered throughout the Cape Cod aquifer system. A
value of 0.1 ft/d, which is similar to that used in the
analog-model analyses of ground-water flow on Long Is-
land (Getzen, 1977), was used for these beds.

Field data for storage coefficients of the Cape Cod
aquifer system are also meager. Palmer (1977, p. 45) re-
ports a range of specific yield of 0.13 to 0.26. His values
were based on analysis of aquifer tests in the Falmouth
area. Analysis of the Truro (Guswa and Londquist, 1976)
and Orleans aquifer-test data indicate a specific yield of
between 0.10 and 0.15.

Hydrologic System

The Cape Cod aquifer system comprises the fresh-
water-saturated sediments through which water moves.
The boundaries of this system are the water table, saline
surface water bodies, and either the bedrock surface (or
other material of low hydraulic conductivity) or a bound-
ary between fresh ground water and saline ground water.

The saline-surface-water boundaries include the
ocean, bays, streams, and marshes, which are generally at
a fixed elevation and serve as discharge boundaries for the
ground-water-flow system. At several locations, these dis-
charge boundaries extend sufficiently far inland to sub-
divide the aquifer system into several nearly independent
aquifers (fig. 2). Under existing hydrologic conditions,
there is no flow between adjacent aquifers across the
boundaries. Conditions of severe hydrologic stress may
change the nature of these boundaries and cause water to
flow between the individual aquifers.

Bedrock has a low hydraulic conductivity compared
to the sand and gravel deposits that form the Cape and can
be considered to be a no-flow boundary at the bottom of
the aquifer system. In some areas, particularly in Harwich
and the southern portions of Dennis and Yarmouth, thick
accumulations of silt and clay underlie the sand and gravel
aquifer and overlie the bedrock. These sediments also
have a low hydraulic conductivity and, where they di-
rectly overlie bedrock, their upper surface is considered to
be the bottom of the aquifer system.

Fresh ground water is bounded by saline surface
water at the shores of the ocean, Nantucket Sound, Buz-
zards Bay, Cape Cod Canal, and Cape Cod Bay (fig. 1)
and by saline ground water at depth. Fresh ground water
is slightly less dense than saline water and, therefore,
“floats” as a lens-shaped body upon underlying saline
water in the ground-water reservoir. The boundary be-
tween freshwater and saline water is a zone of mixing (or
diffusion) of fresh and saline water. This mixing zone is
the lower boundary of the aquifer system in those areas
where it is above the bedrock surface or the thick silt and
clay layers.



DIGITAL-SIMULATION MODEL

The purpose of the simulation model is to calculate
the hydraulic head in an aquifer at specified locations
under steady-flow conditions. This is achieved by solving
the steady-state differential equation of ground-water flow,
which requires that the hydraulic properties, boundaries,
and inflow and outflow be defined for the modeled area.

A three-dimensional steady-state-flow model was
chosen for this study for the following reasons:

1. Existing hydrogeologic information and a previous
study (Burns and others, 1975) indicated that the
three-dimensional variability of the aquifer system
had to be included in the analyses.

2. There were few long-term records of head and stress
changes which could be used to calibrate a three-di-
mensional transient model.

3. The approximation used to represent the boundary be-
tween fresh and saline ground water is valid only for
equilibrium conditions.

Flow Equation

The differential equation describing three-dimen-
sional steady-state flow in a porous medium is

9 oh, 0 oh
ax (K cx 9 ax)+ay Kyy ay) 9z (Kzz az) Wixy.z), ()

in which
K. K,,,K,, arethe principal components of the
hydraulic-conductivity tensor
alined with the principal Cartesian
coordinate axes (L/T);
h is the hydraulic head in the aquifer (L),
and
Wixy,z) is a volumetric flux per unit volume

(1/T) and is referred to as a source
term.

It is sometimes convenient to represent one or more hy-
drogeologic units as a single layer. If this is done, then equa-
tion 3 is multiplied by b, the saturated thickness of the
layer, giving approximately,

0

9 (x
S T e Ty S K

22 g, )-bW(x,y,z)’ (4)

in which
T T

. are the principal components of the

transmissivity tensor (L2/T).

The source term W(x,y,z) can include well dis-
charge; recharge from precipitation or other sources such
as septic tanks, sewage-treatment plants, and irrigation;
and steady leakage into or out of the aquifer system
through a stream, pond, marsh, or ocean bottom.

In the model, this source term is computed as

_ Qw z 5
DW= oersOre= =2 (hyoh), ©)
in which

0. is well discharge from a “block” or element of
the aquifer (L 3/T);

Ax is the length of the “block” in the x direction
@)

Ay is the length of the “block” in the y direction
(L),

0. is aquifer recharge and is the volumetric flux
per unit area of the uppermost hydrogeo-
logic unit (L/T);

K, is the vertical hydraulic conductivity of the
streambed or ocean bottom (L/T);

m is the thickness of the streambed or ocean
bottom (L);

h, is the hydraulic head in the streambed or ocean
bottom (L);

and
h is the head in aquifer (L).

Direct solution of equation 4 is generally impossi-
ble, but a numerical solution of high accuracy can be ob-
tained using a digital computer.

Numerical Method

To obtain a numerical solution, the partial differen-
tial equation is replaced by an approximating finite-differ-
ence equation (Trescott, 1975; Trescott and Larson, 1976)
and the aquifer is subdivided into discrete blocks. Each
aquifer block has one finite-difference equation describing
flow within it. This yields a set of finite-difference equa-
tions which must be solved simultaneously.

There are many procedures available for solving a
large number of simultaneous equations. The one used in
this study is the strongly implicit procedure (SIP) de-
veloped by Stone (1968). For a complete discussion of
how the finite-difference equations are solved, see Tres-
cott (1975) and Trescott and Larson (1976).

The computer code used in this study is a modifica-
tion of the code developed by Trescott (1975); input
documentation and a source-code listing are included in
the Supplemental Data section of this report.

Digital-Simulation Model 7
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EXPLANATION

Specified-head boundary, layer 5

Specified—head boundary, layer 4

Area not modeled (all layers)

DD’ Line of cross section for figure 15

Figure 4. Planview of finite-difference grid for ECAPE model.

APPLICATION OF SIMULATION MODEL
Model Specifications

Ground-water-flow models were developed for five
areas of Cape Cod. The present flow pattern allowed con-
struction of separate models for five of the six individual
aquifers (fig. 2). Limits of the modeled areas were
selected to include or nearly coincide with the natural flow
boundaries of the system. These lateral boundaries are dis-
charge boundaries, such as the seabed, streams, and
marshes. They are modeled as specified-head seepage
boundaries.

The modeled areas were subdivided into rectangujar
finite-difference grids with uniform horizontal spacing
(figs. 3-7) and uneven vertical spacing. The descriptive
information for the individual finite-difference grids can
be seen in table 3.

The layers of each model represent elevation hori-
zons within the aquifer system. These horizons contain
one or more hydrogeologic units. Aquifer properties and
stresses are assumed to be uniform within any given block
and must be defined at all nodes of the grid.

By convention, nodes are located at the centers of
the blocks of the grid. Any specific node or block may be
referenced by citing its row (i), column (j) and layer (k)
location.

Water-Transmitting Properties of the Aquifer

At about 320 selected locations in the aquifer sys-
tem, lithologic logs and the average values of hydraulic
conductivity for the lithologic types in table 2 were used
in equation 1 to calculate transmissivity values for layers
of the model. An average, or equivalent, lateral hydraulic

Application of Simulation Model 9



Table 3. Descriptive information for finite-difference grids of modeled areas

Modeled Number of Horizontal
area rows col- layers grid Elevation of bottom of layer
umns spacing
(feet) (feet below sea level)
Layer number
I 2 3 4 5 6 7
WCAPE 36 59 5 2640 400 240 140 70 20 - -
ECAPE 25 37 5 2640 400 240 140 70 20 - =
ESTHM 22 36 1320 600 450 300 200 110 50 10
WLFLT 26 32 7 1320 400 280 200 40 80 40 10
TRURO 20 26 7 1320 400 280 200 140 80 40 10
conductivity for each layer was also calculated using the Q=KAAh, @)
relationship Az
in which
. 0 is the rate of flow through the prism (L3/7);
Z Km; K is the hydraulic conductivity of the aquifer in
K=i=1 , (6) the direction of flow (L/T);
m, A is the cross-sectional area of the prism (L 2);
i=1 Ah is the head difference between two measuring
points along the flow direction (L);
in vﬂlich and
K is the average lateral hydraulic conductivity Az is the length between the two measuring points
(L/T); @).
K; is the average lateral hydraulic conductivity of KA
the ith hydrogeologic unit (L/T); The term - is analogous to electrical conductance
m; is the thickness of the ith hydrogeologic unit (Prickett, 1975) and will be defined herein as hydraulic con-
L); ductance, C. In a manner similar to calculating the equiva-
and . _ ' lent electrical conductance when two or more conductors are
n is the number of hydrogeologic units that occur  connected in series, the equivalent vertical hydraulic con-

within a layer; the top of the uppermost
layer coincides with the estimated position
of the water table.

Maps of the spatial variation in transmissivity and
lateral hydraulic conductivity were made for all layers and
served as initial values of the water-transmitting properties
of the aquifer.

Equivalent vertical hydraulic conductivities were
also calculated from lithologic logs at the 320 locations.
Darcy’s Law and the analogy between flow in an aquifer
and flow of electric current were used to calculate these
values. One-dimensional steady-state flow through an
aquifer prism can be defined by

10 Ground Water Flow, Cape Cod Aquifer, Mass.

ductance of a layered aquifer can be calculated using the re-
lationship

L-3-L ®
Cveq =1 Cvi ’
in which
C”eq is the equivalent vertical hydraulic conductance
of an aquifer (L2/7);
C,, is the vertical hydraulic conductance of the ith
layer (L2/T);
and
n is the number of layers of the aquifer.

As an example, an aquifer that contains two layers
can be seen in figure 8.
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Figure 5. Plan view of finite-difference grid for ESTHM
model.

With the appropriate substitutions, equation 8 can
be rewritten as

1 ¢ 1
Kveq A i=1 Kvi.A (9)
Azy Az
in which
K"e is the equivalent vertical hydraulic conductivity
q
@/1:;
A is the cross-sectional area of flow (L?);
Az, is the total thickness of the aquifer and is equal

to Taz L)
i=1

is the vertical hydraulic conductivity of the ith
layer (L/T);

and
Az; is the thickness of the ith layer (L).
Multiplying both sides of equation 9 by the constant A

and rearranging terms yields
K =AzT—1——<’

Y, n
i=21 Azi/ Kvi

eq

(10)

which also can be written as

_;1_. (11)

i —
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Fok

0 1 2 MILES
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EXPLANATION

Specified-head boundary, layer 7
Specified-head boundary, layer 6

Area not modeiled (all iayers)

Figure 6. Plan view of finite-difference grid for WLFLT
model.
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Figure 7. Plan view of finite-difference grid for TRURO
model.

Equivalent vertical hydraulic conductivity values for
selected nodes were compared with the estimated lateral
hydraulic conductivity values to determine a ratio of lat-
eral to vertical hydraulic conductivity. Using values for
lateral transmissivity, hydraulic conductivity, the esti-
mated ratio of lateral to vertical hydraulic conductivity,
and the thickness of each block, vertical-flow coefficients
(Trescott and Larson, 1976, p. X) were calculated.

During model calibration, it was necessary to adjust
the initial estimates of transmissivity and lateral and verti-
cal hydraulic conductivity. The final values used in the
models are presented in the Supplemental Data section of
this report.

12 Ground Water Flow, Cape Cod Aquifer, Mass.

Boundaries and Hydraulic Stresses

Well Discharge

Sites of known and significant well discharge within
the study area were represented in the model by specifying
a constant flux rate at the nodes representing the blocks
containing the wells (well discharges are summarized in
Supplemental Data, table 10). These average withdrawal
rates are based on actual pumpage for 1975 and 1976. The
pumpage data were provided by the local water-service
districts.

Boundary Between Fresh and Saline Water

The saline surface water surrounding Cape Cod
forms a surface boundary to the ground-water reservoir.
The seabed is a specified-head boundary to the ground-
water-flow system. The distribution of freshwater head
along this boundary is a function of the saline-water depth
and the density difference between freshwater and saline
water. At the bottoms of the bays and the ocean, freshwa-
ter heads at the seabed-water interface must be equal to
the equivalent freshwater head resulting from the saline
surface-water column extending from the seabed to sea
level. If the surface-water body is seawater, the resulting
equivalent freshwater head above sea level is about 2.5
percent of the saline surface-water depth. It is proportion-
ately less if the density of the surface-water body is less
than the density of seawater. This equality of freshwater
and saline-water head at the seabed must also exist at the
boundary between fresh ground water and saline ground
water if (1) the boundary is a sharp interface; (2) the
saline ground water is static (nonflowing); (3) the flow
system is in a state of dynamic equilibrium; and (4) the
only forces acting on the ground water are head gradients
arising from gravitational forces (Hubbert, 1940). Figure
9 illustrates this relationship between fresh ground water
and saline surface and ground water.

The seabed was modeled as a specified-head seep-
age boundary. The layers for which this boundary condi-
tion was specified were determined by comparing model-
layer elevations to the seabed elevation determined from
bathymetric and topographic maps. The seabed elevation
was specified as the bottom elevation of the source bed.
The equivalent freshwater head resulting from the density
difference between freshwater and seawater was specified
as the source-bed head. A leakance coefficient of 20 (f/d)/
ft was used. Sensitivity analyses indicate that changing
this value by an order of magnitude has no significant ef-
fect on the calculated heads or flux rates. Provided
sufficient precision is used in mass-balance calculations,
this is an acceptable way of approximating a constant-
head condition (Trescott and others, 1976). Data on the
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Figure 8. Schematicrepresentation of equivalent vertical hydraulic conductivity.

spatial variability of vertical permeability and thickness of
the seabed sediments, if they become available, can be
easily incorporated into the models.

The boundary between fresh and saline ground
water was modeled as an interface, and the saline-water
zone was assumed to be static. This boundary is actually
a zone of diffusion or mixing, but data collected concern-
ing the thickness of this zone suggest that it is narrow,
and for the purposes of this study it can be treated as a
sharp interface.

At specified iterations, the position of this interface
is calculated in accordance with the hydrodynamic model
of Hubbert (1940). Starting with the bottom layer and pro-
ceeding through the grid in a systematic fashion, block
transmissivity values are adjusted to reflect the percentage
of the block thickness which is occupied by freshwater.
For example, the transmissivity of a block in which only
the upper 40 percent of the thickness contains freshwater
is reduced to 40 percent of its original value. A block cal-
culated to be wholly in the saline-water zone is assigned
a transmissivity value of zero for the rest of the simula-
tion. If a block contains freshwater partially or totally,
then all blocks directly above it are assumed to contain
only freshwater. The vertical-flow coefficients remain un-
changed during a simulation unless the freshwater-satu-
rated thickness of a block is determined to be zero. When
this occurs, the coefficient describing flow between the
block with zero freshwater thickness and the overlying

block is set to zero. An identical adjustment for water-
table conditions is described in Trescott and Larson (1976,
p. XII).

The computational scheme requires that the starting
head values be sufficiently large to define an interface pos-
ition that is seaward of and deeper than the real interface
position. During the iteration sequence, the calculated in-
terface moves landward and upward until it is in balance
with the freshwater-flow system.

Streams and Marshes

Many of the streams and marshes are significant
boundaries to the freshwater-flow system. The effect of
these boundaries varies as a function of the head within
the aquifer; they generally derive some or all of their flow
from ground-water discharge or seepage, and at certain lo-
cations or times of the year may be a source of aquifer re-
charge. These boundaries were modeled as areas of
specified head, separated from the aquifer by a streambed
layer. The bottom elevation of the source bed was defined
to coincide with the altitude of the stream or marsh bot-
tom. The source-bed head was set equal to the altitude of
the stream or marsh surface. A leakance coefficient of 20
(ft/dy/ft was used. This value might represent a 2-ft-thick
sand layer.

Application of Simulation Model 13
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Figure 9. Schematic hydrologic section of the seaward boundary of fresh ground-water flow. (Along the seabed, fresh-
water head must be equal to the equivalent freshwater head resulting from the saline surface-water column extending
from sea level to the seabed. Along the interface, freshwater head balances saline-water head in the aquifer.)

Aquifer Recharge

Aquifer recharge is a combination of natural re-
charge from precipitation and artificial recharge from
sources such as septic tanks and wastewater-treatment
plants. The evapotranspiration rate was estimated for sev-
eral locations on Cape Cod by the Thornthwaite method
(Thornthwaite and Mather, 1957). This empirical determi-
nation is based on analysis of climatological data. U.S.
Weather Bureau data for 1947-1976 were used in the
analysis. The calculated average evapotranspiration rate
and the average precipitation rate for the same period were
used to estimate an average rate of natural recharge. The
rates obtained compare favorably with estimates of aver-
age natural recharge on Cape Cod made by Strahler
(1972) and Palmer (1977). For each node in the top layer,
this value was added to the estimated artificial recharge
rate, where applicable, to obtain an average total recharge
rate.

Estimated rates of artificial recharge were based on
the assumption that artificial recharge occurs in those
areas where the water disposal site is not in the same
model block as the source of water supply. For example,
the disposal lagoons of a wastewater-treatment plant and
residential areas serviced by both public water supply and
onsite disposal systems were treated as areas of artificial
recharge. No net artificial recharge or discharge was simu-
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lated in areas serviced by both shallow domestic wells and

onsite disposal systems.

The estimated artificial recharge rate was calculated
on a town-by-town basis by making these assumptions:

1. Those areas identified in the draft Cape Cod 208 Water
Quality Management Plan (U.S. Environmental Pro-
tection Agency, 1978) as wastewater-management
problem areas (U.S. Environmental Protection
Agency, 1978, map 4.1) are areas of artificial re-
charge because they represent areas of high concen-
tration of septic tanks and are serviced by public
water supply.

2. The rate of artificial recharge is uniform within these
areas and proportional to the difference between the

rate of withdrawal by the public water-supply system
and any wastewater-treatment plant flow rates.

Another factor which influences the rates of aquifer
recharge is the thickness of the unsaturated zone. Where
the water table is close to land surface, as in low-lying
swampy areas, proportionally more of the water that in-
filtrates the soil may be transpired by plants or evaporated,
and consequently, less rainfall becomes a net addition to
the ground-water reservoir than in areas with a thicker un-
saturated zone. To approximate this effect for the WCAPE
and ECAPE models, the calculated aquifer recharge was
reduced proportionally (by approximately 10 percent) in
low-lying areas near the coast. The finer grid spacing of



the ESTHM, WLFLT, and TRURO models allowed a
closer approximation of the positions of streams and wet-
lands where the water table is close to the land surface.
These natural discharge areas were modeled as constant
head zones. Consequently, net recharge rates did not have
to be reduced.

The final recharge distributions used are presented
in the Supplemental Data section of this report.

CALIBRATION OF THE STEADY-STATE
FLOW MODELS

Purpose and Procedure

An important objective of calibrating the steady-
state model is to improve the conceptual model of the
aquifer. Developing the conceptual model requires an un-
derstanding of the physical and functional nature of the
aquifer. This includes identifying sources of recharge and
discharge, rates and direction of flow, variation of aquifer
properties and hydraulic head, and the relation of the
aquifer to surface water. The simulation model numeri-
cally integrates the effects of these factors and the com-
puted results are therefore internally consistent with all
input data, allowing one to determine if any element of
the conceptual model must be revised. After initial best
estimates of the input data are made, model development
is an evolutionary process in which results of previous
simulations are interpreted to make modifications and ad-
justments to the model. The testing process of adjusting
input data and comparing the calculated results with field
observations (calibration) allows for a better understanding
of the flow system and an improvement of the conceptual
model.

To demonstrate that the flow models are reasonable,
field observations must be closely correlated with model
results. Field observations available for the Cape Cod
aquifer system include observed water levels, position of
the interface between fresh and saline ground water, and
discharge measurements for selected stream segments. A
map was prepared from records of water levels at selected
long- and short-term observation sites that show the esti-
mated average water table from 1963 to 1976 and the in-
terface position at several locations,

The calibration procedure minimizes differences be-
tween observed and computed values by adjusting the
input data (aquifer properties, boundary conditions, and
hydraulic stresses). Because of the large number of inter-
related factors affecting ground-water flow, this is a sub-
jective procedure. The degree of allowable adjustment,
however, of any parameter generally is directly related to
the uncertainty of its value or specification. For example,
withdrawal rates are well defined, and their values were

not adjusted. Hydraulic conductivity and transmissivity,
however, are generally imprecisely known because
lithologic variation is usually not well defined and because
the methods by which they are determined are subject to
many limitations. During the calibration, these values
were adjusted by as much as 20 percent for those areas
where the variation of lithology was believed to be
gradual. These areas usually, but not always, coincided
with the outwash plains. For areas where lithologic varia-
tion is known to be extreme, particularly the moraine,
transmissivity and hydraulic conductivity values were ad-
Jjusted by as much as a factor of 10.

Because the calibrated model is based on an inter-
pretation of field observations, the accuracy of the model
results is restricted by the accuracy of the interpretation.
The water-table configuration and the position of the inter-
face between fresh and saline ground water are estimates
based on limited data. The control points for calibration of
the models were approximately 150 sites for observation
of water-table elevation; 27 sites for observation of head
variation, chloride concentration, and specific conductance
of ground water with depth; and 2 stream-segment dis-
charge measurements. If any major corrections, revisions,
or additions are made to the data base, the models should
be recalibrated to reflect this better knowledge of the
aquifer system.

Results
WCAPE Model

For the WCAPE model the agreement between
observed average water levels and calculated water levels
under steady-state conditions can be seen in table 4 and
figure 10. Some of the disagreement, particularly in the
higher elevations of the water table, is due to a lack of
information on water levels and transmissivity in the
moraine. Another reason for disagreement is that the
observed average water level refers to the water level at
the observation well itself, but the calculated water level
refers to the water level at the center of the block which
contains the well. Therefore, the discrepancy between
calculated and observed water levels is greatest where the
hydraulic gradient is steepest, a fact common to all five
models.

Figures 11-13 show calculated altitudes of the
interface between fresh and saline ground water for
selected cross sections (see fig. 3). Measured chloride
concentrations and a resistivity log of a test hole drilled in
Mashpee are also included in figure 11. The resistivity
measurement corresponding to the depth from which the
lowermost sample in figure 11A was taken is
approximately 750 ohm-meters, interpreted as being
within the transition zone between fresh and saline ground
water. On figure 11B, the nearly vertical resistivity line
from approximately —310 ft to —400 ft represents a

Calibration of the Steady-State Flow Models 15
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ECAPE Model

For the ECAPE model, agreement between the ob-
served average and the calculated water levels can be seen
in table S and figure 14. Disagreement is generally in the
area where outwash plains overlie moraine deposits. The
model was not able to simulate the 40-foot water-level
contour in Dennis (fig. 14), nor the water levels observed
deep in the aquifer in the northern part of Dennis. The
model probably does not adequately approximate the com-
plex stratigraphy associated with moraine deposits; im-
provement of this aspect of the model will require addi-
tional hydrogeologic information.

The calculated position of the interface between
fresh and saline ground water for a selected cross section
(D-D’ in fig. 4) is shown in figure 15.

The mass balance calculated for the ECAPE model
indicates that the steady-state recharge to the aquifer is 91
ft3/s; withdrawal by pumpage is 7 ft 3/s; and discharge to
streams, marshes, and the ocean is 84 ft ¥/s.

18 Ground Water Flow, Cape Cod Aquifer, Mass.

ESTHM Model

Table 6 and figure 16 show the agreement between
the calculated and observed average water levels for the
ESTHM model.

The mass-balance calculations indicate that the
steady-state rate of aquifer recharge is 19 ft*/s. This rate is
balanced by an equal rate of discharge to streams,
marshes, and the ocean.

WLFLT Model

The agreement between calculated and observed av-
erage water levels for the WLFLT model is shown by
table 7 and figure 17.

Mass-balance calculations indicate that the steady-
state recharge rate, 23 ft’/s, is balanced by an equal rate
of discharge to streams, marshes, and the ocean.

TRURO Model

The agreement between calculated and observed av-
erage water levels for the TRURO model is shown in table
8 and figure 18. Mass-balance calculations for the
TRURO model indicate a steady-state recharge rate of
12.3 ft¥/s; a withdrawal by pumping of 1.4 ft*/s; and a
discharge rate to streams, marshes, and the ocean of 10.9
ft3s.

In figure 19 the calculated position of the interface
between fresh and saline ground water along cross section
E-E’ (in fig. 7) can be seen. Measured chloride concentra-
tions in water samples from a group of wells near that line
of section are included for comparison.

SUMMARY AND CONCLUSIONS

Cape Cod satisfies its water-supply demands almost en-
tirely from the freshwater contained within the unconsoli-
dated sediments of Pleistocene and Holocene age. Manage-
ment of this ground-water resource requires an understand-
ing of the behavior of this large complex aquifer system.
Three-dimensional finite-difference  ground-water-flow
models were prepared for five areas of Cape Cod to provide
information on the regional behavior of this system.

The models were developed using these premises: The
boundary between fresh and saline ground water can be
treated as an interface; the saline-water zone is static; and the
natural discharge boundaries subdivide the aquifer system
into individual small aquifers which can be modeled sepa-
rately.

The models were calibrated for steady-state condi-
tions by comparing calculated and observed water levels,
position of the interface between fresh and saline ground
water, and ground-water discharge rates, at approximately
150, 27, and 2 control points, respectively.



Table 4. Comparison of calculated nodal head values and observed average
water levels for selected wells, 1963-1976, WCAPE model

Node U.S. Water level, in feet Node u.S. Water level, in feet
(i,j,k)  Geological above sea level (i,j,k)  Geological above sea level
Survey calculated Survey calculated
well observed  at center well observed  at center
No. average af grid No. average of grid
block block
5,24,5 "SDw 263  36.7 39.5 20,56,5 YAW LI 2.5 5.0
7,14,5 BHW 62 1.2 kN 21,14,5 FSP4 34.9 333
8,17,5 BHW2I5 46.0 36.2 21,155 FSP4& 34.9 35.6
9,155 BHwW2Il 273 23.8 21,17,5 FSw 167 41.3 40.8
9,35,5 SDW 252 6.3 5.3 21,29,5 AIw 60 35.3 34.2
12,16,5 BHW 198 22.0 29.0 20,31,5 AIW 264 264 277
13,28,5 SDW 33 £4.0 63.0 21,365 AIw i83 13.2 19.2
13,28,5 SDW 256  64.3 €3.0 21,45,5 Alw 301 26.6 22.5
14,19,5 BHW 27 66.0 64.5 21,46,5 Alw 302 19.7 19.1
14,22,5 SDP 4 69.0 72.1 21,46,5 AIW 300 24.3 19.1
15,22,5 SDP 4 69.0 69.8 21,52,5 YAW 89 18.0 1.3
15,29,5 SDW 253  é6l.4 61.2 22,15,5 FSW 169 32.6 32.0
15,36,5 AIW3I5 32,5 29.5 22,29,5 AIw 298 24.3 26.8
16,32,5 AIW291  50.4 52.7 22,35,5 AIW 255 17.0 14.9
16,42,5 AIW 294  18.1 16.4 22,41,5 Alw 306 21.2 19.0
17,21,5 SDW 154  62.6 €3.1 22,46,5 AIW 230 18.4 13.0
17,44,5 AIW 295  26.7 22.2 22,51,5 YAW (04 16.6 1.4
17,46,5 AlwW 247  20.3 19.0 23,17,5 FSw 18 35.7 32.4
17,50,5 YAW 98 15.5 14.5 23,25,5 MW 2i 23.2 20.4
17,53,5 YAW 93 9.1 10.2 23,34,5 AIw 260 6.8 9.1
18,12,5 FSw 179 253 29.4 23,53,5 YAW 117 1.4 1.4
18,26,5 SDw 258  53.7 58.9 23,54,5 YAW 96 5.2 6.2
18,34,5 AIP I 44.2 47.3 24,17, FSwWIT73 29.8 21.8
18,55,5 YAW 108 6.3 6.6 24,21,5 MIW 19 26.9 23.8
19,31,5 AIW 263  38.2 43.3 24,50,5 YAW 94 1.7 1.2
19,42,5 AIwW293  34.0 33.2 25,9, FSwi72 1.9 13.2
19,43,5 AIW 292 34,1 3.6 25,18,5 FSW 175 25.7 21.6
19,45,5 Alw 287  30.1 25.0 25,19,5 FSW 176 22.4 21.0
19,48,5 YAW 85 22.7 19.5 25,34,5  AIwW 307 5.0 5.4
20,18,5 SDW 262 41.6 47.8 26,18,5 FSwW i85 19.7 16.3
20,31,5 Alw 267  33.7 36.8 27,23,5 MIw 29 6.4 1.0
20,31,5 AIW3I3 27,5 36.8 28,12,5 FSw I8l 5.7 8.9
20,37,5 AIW 254 349 3.6 28,17,5 FSWS 6.2 1.6
20,45,5 AIW 289  29.6 25.3 31,22,5 MIw 8 3.0 3.4
20,46,5 AIW 297 24,8 20.6
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Table 5. Comparison of calculated nodal head values and observed average
water levels for selected wells, 1963-1976, ECAPE model

Node u.s. Water level, in feet Node U.S. Water level, in feet
(i,j,;k)  Geological above seaq level (i,jyk)  Geological above sea level
Survey calculated Survey calculated
well observed  at center well cbserved  at center
No. average of grid No. average of grid
block block
531,5 OSw 22 4.2 5.2 11,255 BMw 46 21.5 26.2
6,24,5 BMW 22 19.8 12.9 12,10,5 OGw 107 20.6 25.0
6,27,5 OSW 25 15.1 14.0 12,12,5 OGwW I57 25.9 30.6
8,27,5 OSP ! 217 21.0 12,185 HJIP3 31.6 k1N
8,29,5 0SP3 1.5 15.1 12,19,5 HP3 31.6 31.0
9,6,5 OGWI70 6.4 6.5 12,20,5 HJP3 31.6 31.0
9,16,5 BMW 44 26.4 25.3 13,12,5 DGw 88 25.9 21.7
9,24,5 BMP3 28.0 212 13,185 HP3 31.6 31.2
9,24,5 BMW?2I 27.2 21.2 13,20,5 HP3 3.6 3.t
9,255 BMPS 25.8 26.1 13,21,5 HP3 31.6 30.8
9,265 BMPS 25.8 24.6 14,10,5 DOGW 158 19.2 17.7
9,29,5 O0OSP3 1.5 14.8 14,12,5 DGP7 27.0 26.1
10,8,5 OGW 100 44.7 25.8 14,15,5 HJIW 145 31.7 29.0
10,8,5 OGW 14 28.3 25.8 14,25,5 HJIW 141 19.2 20.5
10,11,5 DGW 143  30.5 33.7 15,22,5 HJIW 150 30.3 28.3
10,12,5 DGwW 23 32.8 33.6 15,25,5 HJwW 151 1.4 19.6
10,12,5 DOGW l4s  30.6 33.6 16,12,5 DGW 160 8.2 14.2
10,28,5 OSw 24 18.5 17.8 17,18,5 HIw 148 20.8 22.4
1,85 OGWI24 16.9 21.9 17,26,5 CGP4&4 10.4 16.3
1,85 DGP4& 24.5 219 18,25,5 CGW 176 12.5 16.8
1,95 DOGWI35 167 25.6 18,25,5 CGPS 12.8 16.8
11,10,5 DGP2 20.3 29.3 18,26,5 CGP3 12.7 15.6
11,105 OGP3 20.9 29.3 18,28,5 CGw 177 1.9 1.9
1,1,5 OGw 146  25.7 31.9 19,23,5 CGW 138 1.3 12.9
1,t,5 OGP6 27.6 3.9 19,27,5 CGP | 14.8 9.7
11,185 BMW 45 3G 30.6
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Figure 14. Calculated and observed average water table, 1963-1976, ECAPE model.

The accuracy of the model results is limited by the
accuracy of the input data that describe aquifer properties,
boundary conditions, and recharge rates. As additional
data become available, the models should be recalibrated
to improve model accuracy. Continued monitoring of
water-level changes, streamflow, and movement of the
boundary between fresh and saline ground water in re-
sponse to natural and man-caused changes in hydrologic
stresses will help improve the aquifer models and make
them more useful.

The large scale of the models precludes detailed
analyses of hydrologic conditions for local areas. More
detailed, smaller scale models of local areas can be con-
structed using similar principles if sufficient data are avail-
able.

Mass-balance calculations for the five modeled areas
indicate a total steady-state natural and artificial recharge
rate of 412 ft*/s; a total rate of withdrawal by wells of 25
ft’/s; and a total discharge rate to streams, marshes, and
the ocean of 387 ft’/s.
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Table 6. Comparison of calculated nodal head values and observed average water levels for

selected wells, 1963-1976, ESTHM model

Node U.S. Water level, in feet Node U.S. Water level, in feet
(i,jk) Geological above seaq level (i,j,k) Geological above seaq level
Survey calculated Survey calculated
well observed at center well observed at center
No. average of grid No. average of grid
block block
8,13,7 EGW 37 8.0 8.2 14,19,7 EGW 36 13.5 13.9
12,16,7 EGW 39 13.8 13.5 15,19,7 EGW 32 12.8 13.1
13,31,7  WNW 17 8.7 8.3 16,18,7 EGW 40 8.6 1.7

Table 7. Comparison of calculated nodal head values and observed average water levels for

selected wells, 1963-1976, WLFLT model.

Node u.s. Water level, in feet Node U.S. Water level, in feet
(i,j,k) Geological above sea level (i,j,k) Geological above sea level
Survey calculated Survey calculated
well observed at center well observed at center
No. average of grid No. average of grid
block block
6,16,7 WNW 78 2.7 3.4 16,26,7 TSW 198 7.6 7.1
11,26,7 TSW 216 4.1 5.3 17,22,7 TSP 16 7.6 7.9
15,14,7  WNW 30 6.6 6.7 18,17,7 WNW 34 8.0 8.0
16,14,7 WNW 30 6.6 7.4 21,19,7 TSP 18 6.4 6.5
16,21,7 TSP 17 6.8 7.2
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Table 8. Comparison of calculated nodal head values and observed average water levels for

selected wells, 1963-1976, TRURO model

Node U.S. Water level, in feet Node u.S. Water level, in feet
(i,j,k) Geological above sea leve] . (i,jk) Geological above sea level
Survey calculated Survey calculated
well observed at center well observed at center
No. average of grid No. average of grid
block block
8,14,7 TSW 157 4.4 3.8 11,57 TSw2I8 5.2 5.4
10,6,7 TSW 176 5.6 5.6 12,3,7 TSw 18| 4.7 3.6
10,8,7 TSW 170 5.9 6.1 12,4,7 TSW 18I 4.7 4.9
10,16,7 TSW 89 4.4 5.2 12,18,7 TSW 134 4.9 4.5
10,17,7  TSW 89 4.4 5.0 13,8,7 TSw 203 5.7 6.0
10,19,7 TSW 136 43 4.6 14,6,7 TSW 174 5.6 5.0
10,20,7 TSW 126 4.2 4.3
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Table 9. Values for transmissivity, average hydraulic conductiv-
ity, and ratio of lateral to vertical hydraulic conductivity used in

calibrated models.
(*Values apply uniformly within the modeled area identified in figs. 3-7

of the report.)

Average lateral Ratio of
Transmissivity hydraulic conduc- lateral to
Model Layer (T) for each tivity for each vertical
node in layer node in layer hydraulic
conductivity
(t2/d) (ft/d)
WCAPE 1 figure 20 T for node/160 *10
2 figure 21 T for node/100 figure 25
3 figure 22 T for node/70 figure 26
4 figure 23 T for node/50 figure 27
5 NA figure 24 figure 28
ECAPE 1 figure 29 T for node/160 *10
2 figure 30 T for node/100 figure 34
3 figure 31 T for node/70 figure 35
4 figure 32 T for node/S0 figure 36
5 NA figure 33 figure 37
ESTHM 1 *20,250 *135 *10
2 *20,250 *135 *10
3 *13,500 *135 *10
4 *12,150 *135 *10
5 figure 38 T for node/60 figure 41
figure 39 T for node/40 figure 42
7 NA figure 40 figure 43
WLFLT 1 *9,600 *80 *10
2 *6,400 *80 *10
3 *4,800 *80 *10
4 figure 44 T for node/60 *10
5 figure 45 T for node/40 figure 48
6 figure 46 T for node/30 figure 49
7 NA figure 47 figure 50
TRURO 1 *10, 800 *90 *10
2 *7,200 *90 *10
3 *5,400 *90 *10
4 *7,200 *120 *10
5 figure 51 T for node/40 figure 54
6 figure 52 T for node/30 figure 55
7 NA figure 53 *10

TK arrays, ESTHM, layers 1-2, 2-3, and 3-4 were multiplied by 0.45.
TX array, WLFLT, layers 3-4 was multiplied by 0.89.

TK arrays, TRURO, layers 1-2, 2-3, and 3-4 were multiplied by 0.9.
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Figure 29. Transmissivity, in feet squared per day, ECAPE model, layer1.
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Figure 35. Ratio of lateral to vertical hydraulic conductivity, ECAPE model, layer 3.
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Figure 36. Ratio of lateral to vertical hydraulic conductivity, ECAPE model, layer 4.
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Figure 42. Ratio of lateral to vertical hydraulic conductivity,

ESTHM model, layer6.
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WLFLT model, layer 7.
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Figure 54. Ratio of lateral to vertical hydraulic conductiv-
ity, TRURO model, layer 5.
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Figure 55. Ratio of lateral to vertical hydraulic conductiv-
ity, TRURO model, layer 6.
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Table 10. Summary of well discharges represented in models
(An asterisk indicates multiple well. A dash indicates well not pumped
during 1975-76.)

U.S. Geo- Dis- Total U.S. Geo- Dis- Total

Node logical charge node Node logical charge node
(i,3,k) Survey well discharge (i,j,k) Survey well discharge
No. (ft¥s) (ft3/s) No. (ft3/s) (ft /S?

Model: WCAPE

3,24,4 BHW 22,232* 0.124 0.124 21,56,4 YAW 53 0.223
4,26,4 SDW 249,250 .062 .062 YAW 144 .256
7,28,4 SDW 27 .104 .104 YAW 146 .238 0.717
7,28,5 SDW 37 .320 .320 22,29,5 AIW 369 .113 .113
9,15,4 BHW 233 .079 .079 22,46,4 AlW 377 1.165
10,14,4 BHW 1-3,136 .336 .336 AlwW 385,386 .109 1.274
10,15,5 BHW 199 .239 .239 22,49,4 YAW 128 .125
15,3,4 BHW 137 .288 .288 YAW 195 -- 125
16,20,5 SDW 155 .433 .433 22,50,4 YAW 193 --
17,16,5 BHW 23 .507 .507 YAW 194 --
17,43,5 AlW 228 .172 .172 22,51,4 YAW 130 --
18,52,4 YAW 103* .223 .223 22,53,4 YAW 64 .345
18,52,5 YAW 103* .223 .223 YAW 65 .309 .654
19,35,5 Alw 371 .170 .170 23,17,5 FSW 214 -- 0
19,36,5 AlW 372 .156 .156 23,28,4 Alw 251 112 .112
19,45,5 Alw 370 .269 .269 23,34,5 AlW 159 .133
19,46,5 AlW 402 .072 .072 Alw 107 .400 .533
19,49,4 YAW 41 -- 0 23,34,5 AlW 249 .37
19,49,5 YAW 42 .248 AlW 158 .133
YAW 43 .266 514 AlW 160 .133 .637
19,55,4 YAW 126 .046 23,41,4 AlW 226 .071 .071
YAW 127 .027 .073 23,41,5 AIW 227 .048
20,46,5 AlW 403 .065 AlW 368 .119 .167
AlW 383 .305 23,42,4 AlW 376 .453 .453
AlW 387 .173 .543 24,29,5 AlW 224 .046 .046
20,56,4 YAW 54 .467 .467 24,42,4 AlW 229 .210
21,29,5 AlW 59 .007 .007 AlW 384 .966 1.176
21,36,4 AlW 373 .031 .D31 26,9,5 Long Pond 1.04 1.04
21,36,5 AlW 259 .471 .471 26,10,5 Long Pond 1.45 1.45
21,50,4 YAW 58 .310 .310 27,10,5 Long Pond 1.66 1.66
21,52,4 YAW 61 .279 29,24,5 MIW 32 .048 .048
YAW 63 .208 .487 30,23,4 MIW 35 .150 .150
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Table 10. Summary of well discharges represented in models—Continued

U.S. Geo- Dis- Total U.S. Geo- Dis- Total
Node logical charge node Node logical charge node
(i,5,k) Survey well discharge (1,j,k) Survey well discharge
Vo (ft¥s) (Ft3/s) Vo (1t3s) (FE75)
Model: ECAPE
8,28,4 O0SW 11 0.322 13,12,5 DGW 77 0.273
OsW 14 .206 DGW 87 .150 0.423
0SW 15 .277 0.805 14,9,5 DGW 1-5 . 246 .246
9,28,4 OSW 42 .041 14,10,5 DGW 66 .161 .161
OSW 43 .088 .129 16,12,4 DGW 205 -- 0-
11,9,5 DGW 232 .015 18,20,4 HJW 160 .120 .120
DGW 67 .059 .074 18,20,5 HJIW 49 .529
11,11,5 DGW 244 - 0 HJW 55 .148
11,24,4 BMW 37 .287 .287 HIW 56 .373
12,9,5 OGW 112 .390 .390 HIW 1-4* .023 1.073
12,10,4 DGW 79 .527 .527 18,22,4 HJW 162 .118
12,11,5 DGW 85 .232 .232 HIW 163 .126 .244
12,12,5 DGW 86 .139 .139 18,22,5 HJIW 161 .032 .132
12,24,4 BMW 41 .231 .231 18,26,4 CGW 211 .776 .776
13,11,5 DGW 56 .226 19,22,4 CGW 153 .085 .085
DGW 57 .013 19,22,5 CGW 1,2 A7 171
DGW 58 .123 0.362
Model: TRURO
8,21,6 TSW 115* 0.696 0.696 11,14,6 TSW 78* 0.358 0.358
10,14,6 TSW 78* .358 .358
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Figure 58. Steady-state recharge, in inches per year,
ESTHM model.
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Figure 60. Steady-state recharge, in inches per year,
TRURO model.
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Group I:

Table 11. Inputdocumentation

Title, Simulation Options, and Problem Dimensions

This group of cards, which are read by the main program, contains data

required to dimensfon the model.

To specify an option on card 4 punch the

characters underliined in the definition. For an option not used, that section of
the card 4 can be left blank.

NOTE: Default typing of variables applies for all data input.

CARD  COLUMNS

FORMAT  VARIABLE

DEFINITION

1 1-80

2 1-52
3 1-10
11-20
21-30
31-40
41-50
51-60

61-70

71-75

76-80

6-9

11-14
16-18

21-23

26-29
31-34

36-39

41-44

46-49

51-54

20A4

13A4
110
110
110
110
110
110

610.0

15
Ad

A4
A3

A3

A4
A4

A4

A4

A4

A4

HEADING

HEADING
10

Jo

Ko
1TMAX
NCH
NKODE

BETAL

KFLOW

NRIV

I0RAW

THEAD

IFLOW
10K1

10K2

IWATER
IQRE

1PVl

1pPU2

ITK

IEQN

Any title the user wishes to print on one line at
the start of output

Number of rows

Number of columns

Number of layers

Maximum number of iterations per time step
Number of constant head nodes

= 1 for interface solution; 7 1 if freshwater/
saline water boundary is not to be considered

Parameter to dampen numerical oscillation (usually
0.6 to 1.0)

= 1 to print flow rates to individual constant head
and leaky nodes

Number of leaky “river" nodes

DRAW to print drawdown

HEAD to print hydraulic head

MASS to compute a mass balance

DKl to read initial head, elapsed time, and mass
balance parameters from unit 4 on disk
DK2 to write computed head, elapsed time and mass

balance parameters on unit 4 (disk)

WATE if the upper hydrologic unit is unconfined

RECH for a constant recharge that may be a function

of space

PUNI to read initfal head, elapsed time, and mass

balance parameters from cards

PUN2 to punch computed head, elapsed time, and mass

balance parameters on cards

ITKR to read the values of TK (I,J,K); for simula-

tions in which confining layers are not represented

by layers of nodes, TK (I,J,K) = Kzz/b; where

varfation in aquifer anistrophy is to be approx-

imated, TK (I,d,K) = 2.0*Kpz(K+1)*Kzz (K)/

(Kzz(K+1)*DELZ(K)+K,, (K} *DELZ(K+1))(Trescott

and Larson, 1976)

EQN3 if equation 3 is being solved; otherwise it is

assumed that equation 4 is being solved
Supplemental Data
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Group I1: Scalar Parameters

The parameters required in every problem are underlined. The other parameters
are required as noted; when not required, their location on the card can be left
blank. The G format is used to read €, F, and I format data. Minimize mistakes by
always right-justifying data in the field. If F format data do not contain
significant figures to the right of the decimal point, the decimal point can be

omitted.

CARD COLUMNS FORMAT VARIABLE DEFINITION

1 1-10 G10.0  NPER Number of pumping periods for the simulation
11-20 610.0 KXTH Number of times steps between printouts

NOTE: To print only the results for the final time step in a pumping period,
make KTH greater than the expected number of time steps. The program always
prints the results for the final time step.
21-30 G10.0 ERR Error criterion for closure (L)
NOTE: When the head change at all nodes on subsequent iterations is less than
this value (for example, 0.0l foot), the program has converged to a solution
for the time step.
31-40 G10.0  LENGTH Number of iteration parameters

2 1-10 G10.0  XSCALE Factor to convert model length unit to unit used in

X direction on maps (e.g. to convert from feet to

miles, XSCALE = 5280). For no maps, card 2 is

blank)
11-20 610.0  YSCALE Factor to convert model length unit used in Y
direction on maps
21-30 G10.0 DINCH Number of map units per inch

31-40 G10.0 FACT1 Factor to adjust value of drawdown printed*
41-49 911 LEVELL1(I) Layers for which drawdown maps are to be printed.

List layers starting in column 41; the first zero
entry terminates the printing of drawdown maps
51-60 G10.D FACT2 Factor to adjust value of head printed*
61-69 9I1 LEVEL2(1) Layers for which head maps are to be printed. List
layers starting in column 61; the first zero entry
terminates the printing of head maps.

71-78 A8 MESUR Name of map length unit
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CARD COLUMNS FORMAT VARIABLE DEFINITION
3 1-20 G20.10 SUM Y
21-40 G20.10 SUMP Parameters in which elapsed time and cumulative
41-60 620.10 PUMPT volumes for mass balance are stored. For the start
61-80 G20.10 CFLUXT of a simulation, insert three blank cards. For
4 1-20 620.10 QRET continuation of a previous run using cards as
21-4D G20.10 CHST L input, replace the three blank cards with the
41-60 G2D.10 CHDT first three cards of punched output from the
61-80 G20.10 FLUXT previous run. Using data from disk for input,
5 1-20 G20.10 STORT leave the three blank cards in the data deck.
21-40 G20.10 ETFLXT
41-60 G20.10 FLXNT J
Value of
drawdown FACT 1 Printed
or_head F‘?} 2 value
0.01 1
0.1 5
52.57 1.0 53
10.0 526
100.0 ol
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Group 1I1: Array Data

Each of the following data sets (except data set 1) consists of a parameter
card, and if the data set contains variable data, a set of data cards. If the data
set requires data for each layer, a parameter card and data cards (for layers with
variable data) are required for each layer. Each parameter card contains at least

five variables.

CARD COLUMNS FORMAT VARIABLE DEFINITION

Every 1-10 G10.0 FAC If IVAR = D, FAC is the value assigned to every
Parameter element of the matrix for this layer

Card If IVAR = 1, FAC is the multiplication factor for

the following sets of data cards for this layer
11-20 610.0 IVAR = 0 if no data cards are to be read for this layer
= 1 if data cards for this layer follow
21-30 G10.0 IPRN = 0 ff {nput data for this layer are to be printed
= 1 if input data for the layer are not to be
printed

Transmissivity Parameter Cards also have these Variables:
31-40 G10.0 FACT(K,1) Multiplication factor for transmissivity in x
direction
41-50 G10.0 FACT(K,2) Multiplication factor for transmissivity in y
direction
51-60 G10.0 FACT(K,3) Multiplication factor for hydraulic conductivity in
the z direction (Not used when confining bed nodes

are eliminated and TK values are read)

CARD  COLUMNS FORMAT VARIABLE OEFINITION

Every 61-70 G10.0  IRECS = 0 if the matrix is being read from cards or if

Parameter each element is being set equal to FAC

Card =] if the matrix is to be read from disk (unit 2)

Every 71-80  Gl10.0 IRECD = 0 if the matrix is not to be stored on disk

Parameter = 1 if the matrix being read from cards or set

Card equal to FAC is to be stored on disk (unit 2) for
later retrieval

When data cards are included, start each row on a new card. To prepare a set

of data cards for an array that is a function of space, the general procedure {is to
overlay the finite-difference grid on a contoured map of the parameter and record
the average value of the parameter for each finite-difference block on coding forms
according to the appropriate format. In general, record only significant digits and
no decimal points (except for data set 2); use the multiplication factor to convert
the data to their appropriate values. For example, if OELX ranges from 1000 to
15000 feet, coded values should range from 1-15; the multiplication factor (FAC)
would be 1000.
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DATA
SET COLUMNS FORMAT VARIABLE DEFINITION

1 1-80 8F 10.4 PHI(1,3,K) Head values for continuation of a previous run (L)
NOTE: For a new simulation this data set is omitted. Do not include a parameter
card with this data set.

2 1-80 8F 10.4 STRT(I,J,K) Starting head matrix (L)

3 1-80 20F 4.0 S (I,3,K) Storage coefficient (dimensfonless). If equation
3 is to be solved, read Ss instead of storage
coefficient

NOTE: This matrix is also used to locate constant head boundaries by coding a nega-

tive number at constant head nodes. At these nodes, T must be greater than zero.

DATA
§§I COLUMNS FORMAT VARIABLE DEFINITION
4  1-80 8F 10.4 T(I,3,K)  Transmissivity (LZ/T). If equation 3 s to be

solved, read hydraulic conductivity instead of
transmissivity
NOTE:- 1) Zero values are required around the perimeter of the T matrix for each
layer for reasons inherent {n the computational scheme. This is done
automatically by the program.
2) See the previous page for additional requirements on the parameter cards
for this data set.
3) If the upper active layer is unconfined and PERM and BOTTOM are to be
read for this layer, insert a parameter card for this layer with only

the values for FACT on it.

5 1-80 8F 10.4 TK(I,J,K) Kzz/b
NOTE: This data set is read only if specified in the options. The number of
layers of TK values = KO-1. See the discussion of the treatment of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>