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ABSTRACT

NONPQINT SQURCE POLLUTION MANAGEMENT MODELS
FOR REGIONAL GROUNDWATER QUALITY CONTROL

FEBRUARY 1988
KIRK HATFIELD, B.S., UNIVERSITY OF IOWA
M.S,, UNIVERSITY OF LOWA
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor Richard R. Noss

Nonpoint source pollution threatens the quality of enormous
reservoirs of groundwaﬁer. Limits on distributed source densities,
effluent quality standards for sources, and regulations on land use
activities can be effective compcnents of strategies to protect
groundwaters, To facilitate the formulation or evaluation of strategies
to protect groundwaters from nonpoint source pollution, groundwater
quality management models have been developed. Decision makers can use
these models to obtain estimates of regional subsurface wasteload
allocations that can in turn be used to obtain tangible estimates of
desirable distributed source densities (i.e., septic tank densities) or
identify land use patterns that will maintain acceptable subsurface
water quality,.

Several steady-state groundwater quality management models useful
for investigating regional groundwater wasteload allccation from
nonpoint sources are presented. These management models are constructed
as linear programming optimization models. Equations from a finite
difference, steady-state, two-dimensional horizontal, unconfined,

advective contaminant transport model are used as part of each

vi



optimization problem constraint set. The management models were applied
over the Sole Source aquifer of Barnstable County, Massachusetts.
Barnstable County is incurring widespread nitrate contamination from
distributed septic systems which serve 88 percent of the population.

The modeling apprcoach requires general data normally available through
state geological surveys, regional planning commissions, and the census
bureau. The optimal regional nonpeoint source groundwater wasteload
allocations are generated from this data as are resultant contaminant
distributions, boundaries of critical recharge areas, and the associated
water quality tradeoffs for changes in existing and proposed land use
{or source) management schemes. The optimal wasteload allocations were
translated into estimates of distributed source densities and land use
development patterns. The results of these groundwater quality
management models, used in conjunction with additional field and
planning information, provide additional insight that is essential for
consideration of groundwater resource protection in the planning of

reglional land use activities.
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LIST OF NOTATION

a linear algebraic function obtained from the finite

difference approximation for the groundwater flow (23)
at element (i=1,3=2)
saturated thickness which may equal h for an unconfined

aquifer with a horizontal impermeable bottom boundary,
(L)

the vertically averaged concentration of dissolved

chemical species, (M/L3)

effective nitrate concentration in element i,j for sewer

exfiltration recharge, (M/L3)

congentration of contaminant at node i, (M/LB)

nitrate concentration in the recharge I, (M/L3)
a variable for contaminant concentration in element
3

(1,37, (M/L

background nitrate concentration, (M/LB)

concentration of dissolved chemical at the source,

Ly

3

concentration of waste injected in element i, (M/L

)
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33

observed background nitrate concentration in

groundwaters (for convenience precipitation was treated

as the sourece, or generically contaminant concentration

in natural recharge flow, (M/L3)

effective nitrate concentration in all recharge flows in

element i,]j derived from the combined domestic and

commercial use of municipal water, sewers, and lawn

fertilizers, (M/L3)

effective concentration of nitrate in recharge from

3

domestic and commercial use of septic systems, (M/L

3

nitrate concentration in septic system effiuent, (M/L

)

effective nitrate concentration in all recharge flows in

element i,j derived from the combined domestic and

commercial use of on-site wells, septic systems, and

lawn fertilizers, (M/L3)

effective nitrogen concentration in all recharge flows

A

in element i,j derived from the combined septic systems,
and lawn fertilizers, (M/LB)

decision variable corresponding to the maximum deviation

occurring to the maximum deviation occurring between

xxix



D, .
1]

approximate simulated contaminant concentrations in
groundwater and allowable 1limits in operational areas
{a = 1,2,...n)

approximate positive deviation resulting from the
management scheme as defined through the optimum values
of Qe

initial positive deviation from the water quality
standard in operatiocnal area 'a' under the a, conditions
vertically averaged coefficient of hydrodynamic

dispersion which is descriptive of the combined effects
of Fickian diffusion and dispersion caused by

microscopic variations in fluid velocities within

individual pores, (L2/t)

the reciprocal of the per capita generation of recharge

flow v, ., (t » person/L3)

i,3
the reciprocal of the per capita generation of recharge
flow W, _, (t - person/L3)

1,
the reciprocal of the per capita generation of recharge
flow Zi 3 (L » person/L3)

H

flow rate of groundwater at land use section i, (L/t)

XXX



effective per capita nitrate load from lawn fertilizer,
(M/t sperson)
water quality goal, (M/L3)

the error in simulated hydraulic gradient in the x

direction at element 1i,]

the error in simulated hydraulic gradient in the y
direction at element i,j
observed head at element i,j, (L)

elevation of water table at the coast, (L)

recharge in the circle defined by rw, (L3/t)

ratio of commercial flows to domestic flows

ratio of commercial flows to domestic flows in element
1,J

vertically averaged hydraulic conductivity tensor which

is a physical parameter indicating the ease with which
water passes through porous material in the direction
i1,j, (L/%)

ratio of unaccounted water loss for the water

distribution system to domestic flows

ratio of unaccounted water 10ss for the water

distribution system to domestic usage in element i,j
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the radial distance from the center of the well to the
coast, (L)
length, (meter)

supply of resource in element 1i,j

the resource requirement per unit flow of vi,j
the resource requirement per unit flow of Wi,j
the resource requirement per unit flow of Zi,j
decision variable corresponding to the injection flux at
proposed injection site i, (L/t)

volumetric flux of withdrawal per unit surface area of

aquifer, (L/t)}

constant corresponding to the total groundwater

withdrawal per unit area in element (i,j), (L/t)

average dally service population for a sewered area
average daily population in element i,j using on-site
wells

average daily population served by municipal water

average population in element i,j using municipal water

and septic systems
natural recharge, (L/t)

natural recharge flow in element (i,j), (L/t)
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Qin = volumetric flux of recharge per unit surface area of

aquifer, (L/t)

Qini = assumed volumetric flux of recharge into element i,
{(L/t)
out = yvolumetric flux of withdrawal per unit surface area of

aquifer, (L/t)

QOuti = assumed volumetric flux of withdrawal from element i,
(L/t)

R = nitrate production rate, (M/person-t)

RP = known boundary conditions in element i {(e.g., constant

flux conditions), (L/t)

Rs = resource supply
Rv = the unit resource requirement per unit flow V.
]
Rw = the unit resource requirement per unit flow wi
RZ = the unit resource requirements per unit recharge flow
Z, .
1,3
S = combined recharge from sewer exfiltration and water

distribution leakage, (L3/t)
8 = total number cof possible contaminant reactions

S = vertically averaged specific yield (dimensionless),

which physically corresponds to the percent of saturated

porosity which drains under the force of gravity

xxxiii



specified hydraulic head, (L)

transfer coefficient defining the ratic of resultant

concentration (at year 2000) at surveillance pcoint j to
the peak concentration at land use sector:

the recharge in element i,j from land application of

secondary sewage collected from elements where
underlying sewers convey flows to site 1i,j

the vertically averaged specific discharge or the mass

average flux of fluid flow in the i direction, (L/t)

chemical, bioclogical, or physical reaction k, negative
for the addition of solute and positive for the removal

of solute, (M/L3-t)

horizontal Darcian fluid velocities in the x and y

directions respectively, (L/t)

recharge in element i,j from septic system effluent

derived from domestic and commercial use of on-site well
water, (L/t)

maximum recharge rate from septic systems in a mature

residential development, (L/t)

the decisicon variable for the unsewered population of

land use sector i; i = 1,2...n

horizontal coordinate axis i,j, (L)

xxxiv



one of the contaminant concentration in element i,j is

the target of interest (i.e., an element containing a
municipal well)
combined recharge from septic system effluent derived

from domestic and commercial activities plus recharge

from water distribution system leakage, (Ls/t)

recharge in element i,j from septic system effluent

derived from domestic and commercial use of municipal
well water plus recharge from water distribution system
leakage, (L/t)

the combined parameters generated from the algebraic

approximation of the governing groundwater flow equation
at given element i in terms of neighboring element j,

for i,j = 1,...n, {(1/t)
the decision variable for the positive deviation from

the water quality goal at surveillance peint j,

Jj=1,2...m
the decision variable for the negative deviation from

the water quality goal at surveillance point j, j =
1,2...m

known boundary conditions for element i (e.g.,

contributions of contaminant through natural sources),

(M/L%¢)
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the combined parameters generated from the algebraic

approximation of the governing mass transport mocdel at
given element i in terms of neighboring elements j, for
i,j = 1,...n, (L/t)

elevation of the water table above the bedrock, (L)

variable corresponding to the hydraulic head in element

i, (L)

a variable corresponding to the hydraulic head in

element (i,j), (L)
the respective y and x coordinates of an element in a
grid superimposed over an aquifer being modeled

vertically averaged effective porosity (dimensionless)

the number of elements in the x direction in a two
dimensional field or n equals the number of land use
sectors

the number of elements in the y direction in a two
dimensional field or m equals the number of surveillance
points

3

per capita domestic usage rate, (L°/%)

3

elemental per capita domestic usage, (L°/t) in element

i,3
p decision variables corresponding to either the

quantity of water from supply wells or the quantity of
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wastewater transported, or the quantity of water

recharged in the various regions (k = 1,2,..P) of the

basin

qko = is the initial condition of the k decision variable,
this could be a water supply pumping rate, wastewater
transmission flow rate or recharge rate for k = 1,2...P

r, = radius of the well, (L)

S, = a constant, (1/L)

Ax, Ay = the x and y dimensions of the numerical element, (m)

w, i = integer variable which iIs equal to one if sewers
underlying an element convey flows to land application
site i,]

(R] = nxn vector of coefficients generated from the algebraic
approximation of the governing flow equation

(Al = (nem) x(nem) vector of coefficients generated from the
algebraic manipulation of the finite difference
approximation of the governing flow equation

{C} = {nem) x 1 vector of variables for contaminant
concentrations at every element or in Chapter 2 a nxi
column vector of decision variables defining solute
concentrations throughout the system

e
{Cc™} = nx1 column vector of decision variables corresponding to

the concentrations of contaminant e = 1,2...z, for each

element
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min}

(nem) x (n-m) diagonal matrix of nitrate concentrations

in elemental recharge flows from the combined domestic
and commercial use of municipal well waters, sewers, and
lawn fertilizers

{nm} x (n-m) diagonal matrix of effective nitrate

concentrations in the elemental recharge from land
application of secondary sewage

(nem) x (ne.m) diagonal matrix of effective nitrate

concentrations in elemental recharge flows from the
combined domestic and commercial use of waters from on-
site wells, septic systems and lawn fertilizers

{(nem) x (n-m) diagonal matrix of nitrate concentrations

in elemental recharges from the combined domestic and
commercial use of municipal water, septic systems, and
lawn fertilizers

(nem) x (n-m) veétor of coefficients generated from the
algebraic manipulation of the finite difference
approximation of the governing contaminant transport
equation

(n-m} x (n-m) identity matrix or in Chapter 2 nxn
identity matrix

a nxl1 vector of decision variables defining the

P
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contaminant injection fluxes (each flux equal to Qinc
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the solute concentration in the injected waste times the

flow rate
fp] = a nxn diagonal matrix with values of one for entries
that correspond to the injection sites and values equal

to zero for all other entries

{P} = (n+«m) x 1 vector of known pumping fluxes in every
element

{Q} = (nem) x 1 vector of elemental natural recharge flows

{Qin} = nx1 vector of assumed or known recharge rates

{QinCP} = nxi vector of known waste injection fluxes

{Qout} = nx1 vector of assumed or Kknown pumping or withdrawal
rates

b
{R"} = nx1 vector of known boundary conditions
{s} = (n+m) x 1 vector of elemental recharge flows from the

combined domestic and commercial use of municipal well
water, sewers, and lawn fertilizers

{u} = {nem) x 1 vector of elemental recharge flows from land
application of seccndary sewage

fWl = {n'm) x 1 vector of elemental recharge flows from the
combined domestic and commercial use of waters from on-
site wells, septic systems and lawn fertilizers

{Z} = (nem) x 1 vector of elemental recharges from the
combined domestic and commercial use of municipal well

water, septic systems, and lawn fertilizers
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{b} = nx1 right-hand side vector reflecting boundary
conditions (i.e., existing disposal fluxes)

{f} = nx1 column vector defining boundary conditions and input
fluxes of contaminant p as a nonlinear function of the

integer decision variable Xi, the chosen treatment

received before subsurface injection and the decision

variable D, dilution water flows

[eg] = a nxn matrix of coefficients derived from a known
constant velocity field and finite difference
approximation of the mass transport equation

{h} = (nem) x 1 vector of variables for hydraulic heads at
every element or in Chapter 2 nx1 vector of variables

corresponding to the hydraulic heads at every element
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CHAPTER 1

INTRODUCTION

The purpose of this research is to develop models which can be used
in the evaluation of strategies for managing land surface activities so
that the long term quality of groundwater is protected from the nonpoint
source pollution associated with those activities.

The long term groundwater quality impacts of nonpoint peollution are
significant because the groundwater systems receiving contaminated
waters derived from various land use activities are at the same time
functioning as sources of drinking water, Thus current decisions on
land surface activities must take into account the long term impacts of
such activities on groundwater. If the groundwater resources are
expected to continue to function as drinking water sources, then some
management of the land surface activities is necessary to ensure that
desired groundwater quality standards are met over the long run. This
is a particularly difficult problem on two accounts:

1) management decisions must be made now even though the total
groundwater quality impacts of these decisions will not be fully
evidenced for decades, due to the long response time of the groundwater,

2) managing activities requires a feedback loop be added to the
usual cause and effect analysis framework 3¢ that the land use
activities being managed can be limited to levels which will not violate

desired future water quality levels. These difficulties can be overcome




with existing simulation models (Robson and Saulnier, 1981, Xonikow and
Bredehoeft, 1974, Gelhar and Wilscn, 1974, Mercado, 1976), but they
require multiple simulations with trial and error combinations of
various land use patterns until a satisfactory land use management
strategy is found. Such an apprecach is neither efficient nor does it
give any indication of the merit of the managemant strategy selected.
Presented in this work are several steady-state regicnal
groundwater quality management meodels, These management meodels are alseo
optimization models which appear as variations on a basic linear
program. The models are used te evaiuate regional land use development

patterns which cause acceptable changes in groundwater quality.

1.1 Nonpoint Scource Polluticon of Groundwater

The integrity of cwr groundwater resources is threatened on allocal
and regional scale by numercgus peint and nonpoint scurces delivering an
array of organie, inorganic and biological substances to the subsurface.
Unlike surface water peollution, subsurface contamination is more
persistent, complex, and expensive to reverse; consequently, groundwater
pollution may exact lasting restrictions on water resowce availability
where comparable contamination of swurface waters may not.

Over 117 million people in the United States depend on groundwater
reservoirs for potable water (U. S. Envirommental Protection Agency,
1984). As demands for groundwater increase so have the threats placed
on supplies from the centinual expansion of urban and other land uses,

Considering the national dependence ¢n subsurface waters and the



persistence of groundwater contamination, nonpoint source pollution is
particularly nefaricus because it endangers enormous reservoirs of
water, Nonpoint source pollution (which includes areally distributed
point sources) from septic tanks, buried pipelines and storage tanks,
various agricultural activities, and highway deicing salts is creating
reglonal groundwater quality problems across the United States (Miller,
DeLuca, and Tessier, 1974, and U. S. Envirommental Preotection Agency,
1984), The resultant groundwater contamination is evidenced by small
contaminant econcentration gradients and homogeneity of pellutant levels
over large areas (Gormly and Spalding, 1979, and Robertson, 1979).

Groundwater pollution from on-site domestic waste disposal systems
(septic tanks, cesspools, ete.) is particularly prevalent in the eastern
half of the country. Of the 27 counties across the United States which
have over 50,000 on-site domestic waste disposal systems, 21 are in the
east, and 8 are in Massachusetts and Connecticut alone (U,S,
Envirommental Protection Agency, 1977). Septic systems have been found
to be the most frequent cause of groundwater contamination in the United
States (Perkins, 1984), Work is need to¢ ascertain proper methods of
septic syatem placement, installation, and operaticon because these
systems are currently installed in appreoximately 25 percent of all newly
constructed houses (Canter and Knox, 1985).

Agricultural activities are alsc significant centributors of
nonpoint source groundwater pellution. Pouwltry farms and intensive crop
production have contaminated ccastal wells in Sussex County, Delaware,

where 32 percent of 210 wells sampled have nitrate levels above the U.S.



Environmental Protection Agency's drinking water standard (Ritter and
Chirnside, 1984), On Long Island, New York, the combined use of lawn
and garden fertilizers and septic systems has brought increases in
nitrate over the last 30 years (Flipse et al., 1984)., Other forms of
nonpoint source pollution have been identified as threatening vast
quantities of groundwater in other parts of the country (U. S.
Envirommental Protection Agency, 1984, Peters and Twrk, 1981, and U. S.
Environmental Protection Agency, 1977); however, few regulations have
been implemented on the local, state, or federal level to protect
subsurface reserveirs from such diffuse, areally distributed sources

{Devine and Ballard, 1983),

1.2 Protecticn of Groundwater from Nonpeoint Source Pollution

Protection of underlying aquifers against nonpeint source pollution
is intimately tied to the control of overlying regional land use
activities. Regulating land use activities is an expedient apprcach to
controlling neonpaint scurce pollution, because most states, counties,
and lccal govermments have the necessary instituticonal structures and
administrative bedies to readily invoke land use controls. Barnstable,
Massachusetts, Dade County, Florida, and the State of Connecticut are
ameong several local, county, and state govermnments which have
incerporated land use controls as components of larger groundwater
protection strategies. The focus of their strategies has been to manage
land use activities in ¢ritical recharge areas through local zoning

grdinances, the purchase of land or land rights, state-wide groundwater



classification systems, source performance standards, and source design
standards. Various land use controls have been implemented through
permitting systems to restrict or prohibit the placement of selected
sources in sensitive recharge areas or to regulate contaminant leading
through source density restrictions and effluent quality requirements,
Aside from political, ecconomie, and technological considerations, a
strategy for protecting groundwater from point and nonpeint source
poellution must deliver protection where protection is most needed and to
a degree which ensures the long term preservaticon of groundwater
availability, Deliberate protection requires knowledge of the
boundaries of critical recharge areas and the relaticnships defining the
impacts of land use activities on local and distant groundwater quality.
The boundaries of critical recharge areas must be located before land or
land rights can be purchased and before regulations and zoning
ordinances can be written and enforced to restrict or prohibit specific
land use activities in those sensitive areas. How much protection is
necessary to secure the long term availability of subsurface water
resgurces, depends on the relationship between overlying land use
activities and the underlying local and regional groundwater quality;
this relaticnship must be understoced and modeled before the minimum
levels of groundwater quality protection can be achieved through, 1)
adequate source effluent quality standards (design or performance) and
2) restrictions placed on source loadings and densities. Unless the
location and extent of groundwater protection is determined, the

effectiveneas of existing and proposed regulaticons remains uncertain.



1.3 Research Objectives

Nonpoint source pollution groundwater quality management models can
facilitate formulation, evaluation, application, and justification of
groundwater protection strategies that incorporate land use controls and
water quality goals. To this end the overall objectives of this
research are:

1) To develop regional groundwater quality management models to:

-evaluate the long term water quality impacts of nonpoint
source pollution,

-delimit boundaries of c¢critical recharge zones,

-estimate regional nonpoint source groundwater wasteload
allocations,

-determine the optimum patftern of land use development over a
region given a development objective and the constraints to
be imposed on that development (for instance, a model that
will facilitate maximum growth potential but minimize
deleterious groundwater quality impacts).

2) To calibrate the management models to a region now

experiencing a developing nonpoint source pollution problem.

3} To generate insight into how existing hydrologic and

distributed anthropogenic stresses affect regional groundwater

quality.

The material presented 1n the following chapters is arranged to
present a lucld picture of the develcopment and applieation of

groundwater quality management models. The general field of groundwater



quality management modeling is reviewed in Chapter 2. Chapter 3
presents a conceptual picture of an aquifer receiving sustained nonpoint
source contamination. The nature of information available through
management models is discussed in terms of a two dimensional herizontal
aquifer. The general components of a management model constructed as a
linear program are presented. Chapters 4 and 5 are devoted to the
development and validation of models which define the groundwater flow
field, estimate aquifer parameters, or serve as components in the
groundwater quality management mcdels. Numerical models, used to
estimate aquifer parameters and describe the groundwater flow field, are
both developed and validated against analytical models in Chapter 4.
Chapter 5 presents the development and validation of equaticns (a
numerical contaminant transport model) which will serve as part of the
constraint set of a groundwater quality management model.

Chapters 6 through 9 are devoted to the application and
construction of fouwr management models. The groundwater fluid veleoelty
field must be defined before a groundwater management model is
constructed and applied over a study area. 1In Chapter 6 the validated
groundwater flow model is calibrated over a defined study area on Cape
Cod, Massachusetts, All applications ¢of the groundwater quality
management models are made within the hydrolcgically defined area of
Cape Cod. The first two management models are applied in Chapter 7.
The first mcdel elucidates areas overlying an aquifer which are salient
to maintaining regional groundwater quality goals. A different

application is made with the second model to identify critical



groundwater recharge zones swrounding municipal water suppl%es. In
Chapter 8 a third management model is constructed and applied over the
town of Falmouth, Massachusetts. The third meodel ascertains patterns of
maximun residential/commercial development for a population committed to
the long term application of lawn fertilizers and use of septic systems
for domestic/commercial waste disposal. Ultimate development is limited
by requirements to maintain groundwater nitrate concentrations within
specified water quality standards and housing develcpment within zoning
restrictions. The construction and application of the last management
model is accomplished in Chapter 9. This model determines
residential/commercial development patterns that cause a minimum
regional impact on groundwater quality, Finally, Chapter 10 reviews
results and presents research conclusions and reccommendations for

further work in this areas.



CHAPTER 2

LITERATURE REVIEW

Concerns 6ver the impacts of groundwater pollution have stimulated
dgnsiderable research to characterize and control the fate and transport
of dissolved contaminants. Most investigators have focused on the local
impacts of visually acute point sources (e.g., hazardous waste sites),
while few have researched the less obvigus regional groundwater
degradation from distributed and nonpoint scurces of pollution.
Groundwater quality simulation models have been used in most efforts to
characterize regional and local subsurface contamination. A few
investigators have used simulation models or groundwater quality
management models (simulation models coupled to optimization models) to
investigate strategies of controlling the extent and rate of groundwater
pollution.

Groundwater quality simulation models approximate changes in water
quality through the separate mathematical description of fluid flow and
30lute transport. A deterministic groundwater quality simulation model
is usually composed of a solute transport model coupled to a groundwater
flow model. The models are employed sequentlially. Initially a flow
model is constructed to reproduce an observed phreatic surface. Next
Darcy's equation is used to translate the phreatic surface into a fluid
velocity field. Finally a dissolved contaminant mass transport model is

exercised over the defined fluid velocity field to estimate solute
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exercised over the defined fluid velocity field to estimate sclute
concentrations in groundwater.

Two common types of deterministic mathematical groundwater quality
simulation models are empirical lumped parameter models and conceptual
distributed parameter mecdels. Lumped parameter modeling treats the
aquifer as a single cell or compartment; spatial variations in physieal,
chemical and biolegical characteristics of the groundwater system are
ignored. These models yield a representative regional average
contaminant concentration (with the mass transport model) and water
table elevation {(with the hydraulic model) for the entire aquifer system
being modeled. Steady-state or temporal variations in reglonal average
groundwater quality or phreatic surface elevation are investigated.

The most common approach to regional groundwater quality modeling
has been through the use of distributed parameter mcdels. Unlike lumped
parameter models, distributed parameter models attempt to reproduce
observed spatial and transient variations in the phreatic surface
elevation and contaminant ceonecentrations. Distributed parameter models
incorporate the physical, chemical, and biclogical mechanisms which
induce spatial variations in fluid flow and solute transpert; as such,
data on the leocations and magnitudes of groundwater recharge and
discharge, the locations and magnitudes of contaminant locading, the
location of cceurring boundary conditions (e.g., impermeable
boundaries}, the spacewise variation of aquifer characteristics (e.g.,
porosity and permeability), and contaminant reactions are incorporated

in the model, Selectlon of a lumped parameter or a distributed
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parameter model depends primarily on the knowledge being scught from the
meodel ing effort; however, the amcount of data available and the
complexity of the groundwater system determines whether a chosen model
ean be calibrated and implemented in the field (Balek, 1983}).

Predictions of regional aquifer responses to contaminant loadings
have been attempted with both lumped and distributed parameter
simulation models. These models have contributed significantly to the
characterization of regional groundwater contamination from nonpeint
souwrce pollution, In addition, these models have served directly or
indirectly as components of more complex attempts to explore strategies
of managing nenpoint source pollution, Examples of both the distributed
and the lumped parameter groundwater models are discussed in detail in
the first half of the literature review,

The second half of the literature review presents several
groundwater quality management models, These groundwater quality
management models are much meore efficient at evaluating groundwater
gquality management schemes than simple simulation models, Several
transient and steady-state models will be reviewed which have yielded
information useful to the development of groundwater quality management

models for nonpeint sowurce pellution.

2.1 Lumped Parameter Simulation Modeling of Regional Groundwater

Quality
One of the earliest attempts to evaluate the groundwater quality

impacts of nenpeint source polluticon was through lumped parameter
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mcodels. Here the aquifer was treated as a completely mixed compartment.
Sources of pollution were assumed uniformly distributed over the region
being modeled, The relative importance of contaminant sources in
recharge areas versus sources near discharge areas was ignored because
sources were combined and assumed to pose a uniform hazard to the
subsurface enviromment.

Lunped parameter models are simple and easy to calibrate with a
limited amount of water quality and hydrcleogic data; however, toc few or
too many samples from highly contaminated areas may bias the
representativeness of estimates of the mean regicnal contaminant
concentrations., As tools for evaluating point sowrce groundwater
pellution preoblems, lumped parameter models are inappropriate because
major point scurces can constitute local rather than regional water
quality threats; hence, including major point sowrces can artificially
elevate estimated regional contaminant levels for a system modeled as
completely mixed. As a result, application of lumped parameter models
has been limited tc estimating transient changes in regional groundwater
quality effected by neonpeint source pollution.

Gelhar and Wilson (1974) proposed a lumped parameter mcdel suitable
For an aquifer bounded by a groundwater divide at cne end and a stream
at the ‘other. For their model they assumed a phreatic aquifer could be
described as a completely mixed linear reservoir. Recharge from
precipitaticn flowed in a path perpendicular te the stream. Contaminant
concentrations were constant throughout the groundwater system. Gelhar

and Wilson (1974) used their model to study the transient effects of
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highway deicing salts on groundwater in Massachusetts. Several highway
deicing policies, involﬁing different salt applicaticons, were reviewed.
Their work clearly demonstrated that years could elapse before
continuous source lcading would be reflected in changes in ambient
groundwater quality; consequently, Gelhar and Wilson {1974) concluded
that groundwater quality monitoring alcone would not adequately reflect
the true magnitude of developing groundwater contamination from land use
activities,

Mercado (1976) develéped a lumped parameter model of a ccastal
aquifer underlying 87 square kilometers of agricultural land. The whole
aquifer was represented mathematically as a complete mix compartment.
Contaminant concentrations at natural peints of groundwater discharge
and at pumping wells were the same for the entire system. The model
consisted of a simple water balance equation and an equation expressing
the conservation of sclute mass. Mercado (1976) studied the regiconal
chloride and nitrate pollution from irrigation, fertilizers, and land
application of treated waste water. The model was calibrated to
reproduce an historical water quality record, and then used to evaluate
13 alternative groundwater protection measures.

Gelhar and Wilson (197Y%) and Mercade (1976) found that their lumped
parameter models could deliver useful information on temporal changes in
regional groundwater quality, if sources of comparable magnitude were
uniformally distributed, and if sufficient water quality data were
available. 1In addition, these investigators showed that lumped

parameter models could be used teo facilitate the evaluation of land use
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management strategies for the protection of groundwater quality from
nonpeint source pollution., However, spatial heterogeneities in the
intensity of nonpoint source pellution exist in the field and erronecus
results and conclusions could be gathered from this form of modeling if
used to formulate or evaluate management strategies to preserve
subswurface water quality. This is because the loss of spatial
rescluticn resulting from the use of lumped parameter models may
preclude determinaticn of where and to what extent groundwater
protection should be undertaken thrcough land use contreols. Mercado
(1976) and Gelhar and Wilsen (1974) employed their models to investigate
the merits of multiple regional nonpeint scource groundwater protection
strategies. However, spatial variations of nonpoint sowrce pollution
intensity were supressed, leaving it possible that their medels could
have obscured the true merits of the several groundwater protection

strategies reviewed.

2.2 Distributed Parameter Simulation Medeling of Regicnal Groundwater

Quality

Unlike lumped parameter models, which yield steady-state or
transient changes in the regional average phreatic surface elqyation and
contaminant cencentration, distributed parameter models attempt to
reproduce cbserved spatial and temporal or just spatial changes in the
phreatic surface elevation and contaminant concentrations. These models
are conceptual in thap they are predicated on differential equations

descriptive of the conservation of mass, energy, and momentum.
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Distributed parameter models are used if a more detailed or more
realistic depiction of the groundwater system is desired. As in the
lumped parameter models, the components of distributed parameter mcdels
are mathematical descripticns of groundwater flow cor contaminant
transport. Because distributed parameter models attempt to reproduce
that which is observed in both space and t{ime, the equations for solute
transport and fluid flow are considerably more complex than the simple

mass balance equations used in the lumped parameter models,

2.2.1 Governing Flow and Mass Transport Equations

In meost cases the aquifers being modeled are characterized by
natural spatial hetercgeneities in the physical and chemical
characteristics (e.g., porosity, permeability, chemical adsorptive
capacity) of the porous medium which determines the ease of fluid flow
and contaminant movement in different directions through the solid
matrix, An isctropic medium allows fluid te flow with equal ease in all
directions, while an anisotropic medium exhibits directicnal variability
in the properties of the scolid matrix to transmit water., If wvertiecal
movement of water is minor, equation (1) describes the transient, two—
dimensional, areal flow ¢of a homogeneous fluid through an unconfined,
herizental, nonhomogenecus, anisctropic aquifer (Pinder and Bredehoeft,
1968).

3 ah oh ..
3;1 (Ki,jB 5?1) - Sy 3t Qout Qin 1,j=1,2 (1)



where K,

i,}
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vertically averaged hydraulic conductivity tensor (L/t),

which is a physical parameter indicating the ease with
which water passes through porous material in the

direction i,j;

vertically averaged specific yield {(dimensionless),

which physically corresponds to the percent of saturated
porosity which drains under the force of gravity;
hydraulic head, (L};

saturated thickness which may equal h for an unconfined
aquifer with a horizontal impermeable bettom boundary,
(L);

velumetric flux of recharge per unit swuface area of
aquifer, (L/t);

volumetric flux of withdrawal per unit surface area of

aquifer, (L/t);

horizontal cocordinate axis i,j, (L);

length;

time.

The unconfined groundwater flow equation is solved analytically or

numerically to reproduce observed areal and transient changes in the

water table elevation. Several numerical mcodels have been developed by

Prickett and Lonnquist (1971}, Trescott, et al. (1976), etc. Assuming

the fiow equation has been sclved by whatever methed is deemed

appropriate, Darcy's equation is used tc¢ translate spatial variaticons in
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the phreatic surface elevations intec a horizental fluid veloecity field

for two-dimensicnal groundwater flow. Darecy's equation is written as

ah o
v, = Ki,j(ax.) 1,3—?,2 (2)
J
where vy = the vertically averaged specific discharge (L/t) or the

mass average flux of fluid flow in the 1 directicn;

K. ., h, i, 3, and x, are defined above.
1,] J

Once the constant velccity field is defined a third and final
equation is solved to estimate solute concentrations in space and time.
Equation (3) describes transient, two-dimensional areal, advective-
dispersive transport of a miscible contaminant through an uncenfined,

herizental, nonhomogenecus, anisotropic aquifer (Konikow and Bredehoef,

1978).

) dc _ 3 _ 3(BC)y _ P

X, (BDi,j[axj)) Bxi [BviC] - ne( ot ) 911’1C * QoutC *

3

neBe {vk i,j=1,2 (3)

where C = the vertically averaged concentration of dissclved
chemical species, (M/LB);
Di i = vertically averaged coefficient of hydrodynamic
¥

dispersion (L2/t) which is descriptive of the combined
effects of Ficklan diffusion and digpersion caused by
micrescopic variations in fluid velocities within

individual pores;
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n, = vertically averaged effective porosity {(dimensionless);

Cp = concentration of dissclved chemical at the source,
(M/L3);

Vk = chemical, biclogical, or physical reaction k, negative

for the addition of solute and pesitive for the removal

of solute, (M/L3t);

s = total number of possible contaminant reactionsg
xi, xj = horizontal coordinate axis i and j, (L);

L = length;

t = time:

vi, h, B, Qin’ and Qout are defined above.

Like the groundwater flow equation, the above equation for
advective-dispersive contaminant transport has been solved numerically
(Konikow, 1977) and analytically {van Genuchten and Alves, 1982). The
first term in equation (3) approximates contaminant transport due to
hydrodynamic dispersicon. Dispersicon is important wherever 3steep
contaminant concentration gradients occur in the groundwater system,
such as alcng the edge of a plume., The dispersicn ceoefficients are
often described in the literature a3 functions of the fluid velocity and
the longitudinal and lateral dispersivity coefficients (Anderscn, 1979
and Mercer and Faust, 1981), where the dispersivity coefficients operate
as convenient calibration parameters. The effects of dispersive

transport are difficult to replicate in simulation without considerable
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data to calivrate the dispersivity coefficienta. The second term
appearing in the solute transport equation describes advective
transport, if it is assumed that dispersicon can be ignored, the first
term appearing in equaticn (3) is dropped leaving a simple equation for
two-dimensional horizontal advective transport of a miscible

contaminant.

2.2.2 Numerical Approximations

Unless the groundwater flow field is simple or predefined, a
distributed parameter model for simulating transient or steady-state
changes of groundwater quality in space contains three governing
equations, a groundwater flow equaticn, Darcy's equation fto translate
results from the flow meodel into a constant velocity field, and a
contaminant transport equation. Numerical as oppeosed to analytical
solutions te the governing equations have permitted meodellers to
evaluate more complex transient and steady-state groundwater quality
problems involving multiple sources and boundary conditions in twe and
three dimensicnal flow regimes in anisotrepic aquifers,

To obtain a numerical solution for a steady-state two-dimensional
horizontal groundwater flow model, the aquifer is first discretized inte
elements. Within each element aquifer characteristics are defined and
assumed Lo be spacewise constant. Prom the partial differential
equation for groundwater flow an algebraic equation is derived (by way
of finite difference approximations of the partials) for each element.

Each algebraic equation defines a mathematical relaticnship between the
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water table elevation in the center of each element relative to the
water table elevations in neighboring elements. An aquifer discretized
intc 100 elements will yield 100 algebraic equations written in terms of
100 variables corresponding to the discrete water table elevation in the
center of every element in the aquifer domain. The set of 100 equations
which numerically approximate the groundwater flow equation over a

defined aquifer can be written in the form

b
R = = N +
Croa TPy el T Ty gigeeeees Cionfn ™ Bourt T lm TRy
r h, +r h, +r [ PP & h =4Q - Q + Rb
2,171 2,2°2 2,33 2,nn out?2 in2 2
. . (W)
r h, +r h, +r |+ PP & h =2Q - Q + Rb
n,i i n,2 2 n,3 3 n,on cutn inn n
where hi = variable correspending t¢ the hydraulic head in element
j-s (L);
ry j = the combined parameters generated from the algebraic
*
approximaticn of the governing groundwater flow equation
at glven element i in terms of neighboring element j,
for 1, =1,..n, {(1/t);
Qouti = assumed volumetric flux of withdrawal from element i,

(L/t);
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Qini = assumed volumetric flux of recharge into element 1,
(L/t);

Rbi = known boundary conditions in element i (e.g., constant
flux conditions), (L/t);

n = number of elements,

Using vector netation:
b
CRItn} + [IMQ, - [13{q; } = (&) (5)

where {h} = nx1 vector of variables corresponding to the hydraulic
heads at every element;
CR] = nxn vector of ccefficients generated from the algebraic

approximation of the governing flow equation;

1] = nxn identity matrix;

{Qout} = nx! vector of assumed or known pumping or withdrawal
rates;

{Qin} = nx! vector of assumed or known recharge rates;

{Rb} = nxl1 veector of known boundary conditiens.

& solution te the expanded steady-state groundwater flow model is
obtained by a simultaneous sclution of the 100 algebraic equaticns., If
a numerical solution were desired for the above problem but for
transient conditions, then a soluticn for the 100 algebraic equations
would have to be obtained for each time step in a series of steps taken
through a desired time period. 1In simulating cbserved aquifer behavior

the magnitudes of Qini’ Q

outi’ and Ri would vary in time; consequently
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the values of these terms would be specified and held constant for each
time step.

A numerical sclution to the steady-state two-dimensicnal horizontal
advective-dispersive contaminant transport equation is ¢btained in a
manner similar to the groundwater flow equation, yielding a set of 100
algebraic equations corresponding to the same 100 discrete elements in

the hypethetical aquifer.

. _ - P
61,1C1 “'61,202“'81,303...---.......81,nCn— Qin1c1 +b1
e, ,C,+e, Lo+e Co.veeeeevriura.e, C =-0 P+
2,11 2,22 2,373 2,nn in2 2 2

‘I' . . (6)

p
+ = -
en’1C1 en’202 + en,3c3‘""""""en,ncn Qinncn + bn
where Ci = concentration of contaminant at nede i, (M/L3);
o
e 1 = the combined parameters generated from the algebraic
]

approximation of the governing mass transport model at
given element i in terms of neighboring elements j, for
i,j=t,...n, (L/t);
c? 3
i

= concentration of waste injected in element i, (M/L”);
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b, = known boundary conditions for element i (e.g.,
contributions of contaminant through natural sources),

(M/th);

Q

is defined above.
ini

Using vector nectation:

Cel(ct = - [11{q, CP} + (b} (7
where {C} = nx1 vector of variables corresponding to the
concentration of contaminant in every element;
fel = nxn vector of coefficients generated from the algebraic
approximation of the governing mass transport equation;
[1] = nxn identity matrix;

{Qincp}= nxt vector of known waste injection fluxes;

{b} = nx1 vector of known boundary conditions.
Again a solution to the expanded steady-state mass transport model is
obtained by simultanecus solution of the 100 algebraic equations,

The validity of model simulaticon results depends on the extent of
model calibration attainable with existing data. Calibration of
distributed parameter groundwabter quality meodels is a process of
adjusting parameters (e.g., porosities, hydraulic conductivities,
storage coefficients, dispersivity coefficients, and reaction
coefficienta) and boundary conditions {(e.g., constant fiux) in the
hydraulic and the contaminant transport models until observed phreatic

suface elevations and contaminant concentrations are reproduced in the




mathematical simulation, Calibration requires data from transient and
steady state conditions of flow and contaminant transport, Simulation
results are only as accurate as the data which describe aquifer
properties, water table elevations, and contaminant concentrations in
the elements of a discretized aquifer (Reddell, 1970). As the scale of
modeling increases from local to regional levels, the availability of
data to describe groundwater quality changes decreases. In regional
modeling, the elements of discretization are often increased to
accommodate decreases in available data; to do otherwise ylelds detailed
simulations whieh are generally unsupportable and perhaps deceptive.
Therefore, the resolution of regional simulations should be restricted

to the same order of detail exhibited from available data.

2.2.3 Applications

Distributed parameter models have been used primarily though not
exclusively as simulation models. Many modeling efforts have focused on
simulating groundwater pollution under transient conditions. Models
have been employed to trace the movement of contaminant plumes (Konikow,
1977 and Dasgupta et al., 1984), explain historical changes in
groundwater quality (Bredehoeft and Pinder, 1973), and predict transient
groundwater quality impacts of various land use activities (Robson and
Saulnier, 1981 and Konikow and Bredehoeft, 1974).

Several examples of groundwater simulation modeling can be cited;
most of these studies address groundwater problems originating from

point scurce pollution, while only a few have detailed water quality

24
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implications of nonpoint source pelluticon. Robson and Saulnier (1981),
used a three-dimensional distributed parameter advective mass transport
model coupled to a three-dimensional flow model to simulate the
potential transient nonpeint source water quality impacts of dewatering
operations at a propesed oil shale mine in Northwestern Colorade., They
predicted that changes in groundwater flows induced from mine dewatering
operationg would alter the chemical quality of ground and surface waters
in the area. In a different study Konikow and Bredehoefﬁ {(1974) studied
the effects of irrigation practices and strategies on the distribution
of dissolved selids in an alluvial aquifer in Colorade, where serious
nonpoint souwrce pellution has resulted from a long history of crop
irrigation.

Other examples in which groundwater quality simulation meodels were
used to characterize or evaluate schemes of controlling nonpoint source
pellution can be presented; however, more effective use of simulation
models has been with their application in groundwater quality management

models as direct or indirect optimization models.

2.3 Groundwater Quality Management Models

Groundwater quality management models are simply optimizatien
models which have been coupled by any one of several methods teo the
ﬁesponse swface of a calibrated mass transport model. These models can
operate as efficient tools for generating strategies of coordinating
water supply demands and subsurface dispesal needs in groundwater

systems which function as both sources of water supply and receptacles
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of waste waters. Several models are reviewed below which have potential
application in the formulation or evaluation of transient and steady-
state schemes of managing point and neonpeint source groundwater
pocllution. Unfortunately, because most applications of management
models have been with hypothetical test aquifers, the true utility of

these models remains t¢o be demonstrated in the field.

2.3.1 Steady-state Mcodels for Peint Source Pollution

Willis (1976) recognized groundwater systems as multipurpose
resource systems used conjunctively as sources of potable water and as
sites for the treatment and dispesal of wastes. He examined a
hypothetical regional wastewater treatment system comprised of surface
waste water treatment, imported dilution water, and the waste
assimilative capacity of the underlying aquifer., The hypcthetical
aquifer had two wastewater injection wells and two water supply wells.
Willis (1976) formulated a nonlinear mixed integer programming model to
select a cost effective combination of unit wastewater treatment
processes to produce an injectable effluent which would satisfy water
quality constraints at the injection wells and at supply wells. The
decision variables were Q (the flow rate of the treatment plant which
included the initial wastewater flows and the dilution water D), D (the
flow rate‘of the imported dilution water), plus integer variables

Xi(corresponding to affirmative or negative decisions on available

choices of unit treatment options i=1,...17). The nonlinear cost

objective function incorporated transmission costs of imported dilution



water (based on pipe capacity, distance, and method of transmission),
and annual treatment plant costs (based on flow). The cobjective
function was minimized subject to linear conatraints on flow capacities
of treatment plants, nonlinear water quality constraints on ‘allowable
contaminant levels at injection wells and water supply wells, and
finally a linear constraint limiting construction to one treatment
plant.

The water quality constraints were derived from matrix
manipulaticns of a finite difference approximation of steady-state two-
dimensicnal horizontal advective contaminant transport model
incorporating first order bicchemical reacticons and linear adsorption.
A steady-state model was used because management decisicns ccould be
based upon the ultimate response of the groundwater systems to a policy
of continuous contaminant injection and sustained demand for potable
water, It was necessary to know the location and rates of groundwater
recharge and discharge to define in advance the contaminant transport
simulation model cver a desired constant veloecity field (meaning that a
steady-state solution to a groundwater flow medel was obtained external
to the mixed-integer programming model so that the Darcian velceity
coefficients appearing in the solute transport medel could be defined).
Recalling from page (21) that a numerical finite difference
approximation of the two-dimensiconal horizontal mass transport equation

is a set of algebraic equations

[el{c®} = (£} (8)
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where [e] = nxn finite difference coefficient matrix which is
derived from the numerical discretization for which
spacewise constant Darcian velocity coefficients,
kinetic reaction parameters, and dispersivity
coefficients have been defined. However, if injection
rates are unknown, this vector will ceontain expressions
defining the Darcian velcocity ccefficients as functions
of the decisicn variable D (the dilution water flow

rate} and the constant initial flow rate of the waste

stream;

{c7} = nx1 ceolumn vector of decision variables corresponding to
the concentrations of contaminant e=1,2...z, for each
elements

{r} = nxt colunn vector defining boundary conditions and input
fluxes of contaminant p as a nonlinear function of the

integer decision variable Xi, the chosen treatment

received before subsurface injection and the deeision
variable D, dilution water flows;

n = the number of elements of discretizaton.

Willis (1976) computed the inverse of the coefficient matrix [g] | to

obtain a new set of algebraic equations.

[c®} = [e) Vi) (9)

This new set of equations yielded a vector of decision variables

e . .
{C”} corresponding te the contaminant concentrations in each element
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expressed as a function of decisicn variables corresponding to treatment

plant'design (Xi) and dilution water flows (D). A small subset of

equations was selected to serve as water quality constraintas, This
subset of equations described the concentration of constituent e in the
elements containing water supply wells and injection wells; the
remaining equations which described contaminant concentrations in the
other elements were ignored. Willis (1976) looked at several
contaminants (BOD, nitrates, metals, etc.) simultanecusly; hence, small
subsets of water quality constraints were cobtained for each contaminant.
A sclution to the programming problem would yield a cost effective
combination of unit processes and dilution water necessary to preserve a
minimum level of water quality at injection wells and supply wells.
Willis (1976) was not able to obtain a solution directly but studied
each of the 17 pessible wastewater treatment plant designs individually
by decomposing the mixed integer model into 17 separate continuous
variable optimization problems. Each of the 17 optimization problems
was further simplified by ignoring the changes imposed on the subsurface
hydraulies through the use of imperted dilution water, This permitted
linear approximaticns of the nonlinear water quality constraints through

a simple elimination of decision variable D from the vectors {f} and

[e]-1used to derive these constraints, In their final form the 17
optimization problems had nonlinear objective functions subject to

linear constrainta. Willis (1976) used a nonlinear optimizaticn

technique to solve each preblem.
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The greatest contribution of this work was the development of water
quality constraints from the distributed parameter model, However, his
real intent was to develop a management model which could be used as an
efficient accurate instrument to determine a cost effective treatment
plant design and the necessary dilution water flows to maintain
groundwater quality at injection wells and water supply wells. The
model failed to be efficient since every feasible treatment plant
designed had to be evaluated In separate optimizations. Willis
{(1976) was able to obtaln a linear approximation of the water quality
constraints by ignoring the hydraulic effects of injecting unknown
volume of dilution water. But this approach may have severely
compromised the accuracy of the model because 14 of the 17 optmization
models (cone for each plant design) selected optimum dilution water flows
which were 6 times the flow rate of the initial waste stream.

Gorelick and Remscn (1982a) developed two efficient steady state
management models for siting point source subsurface waste disposal
facilities and determining the associated groundwater wasteload
allocations. The groundwater quality management models were simple
linear programming models. A finite difference approximation of a
steady-atate two dimensional areal édvective-dispersive mass Lransport

model expressed as

leltc} + [P]{Min} = {b} (10)

where [e] = a nxn matrix of coefficients derived from a known
constant velocity field and finite difference

approximation of the mass transport equation;
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a nxn diagonal matrix with values of c¢one for entries that
correspond to the injection sites and values equal to

zero for all cther entries;

a nxt column vector of decision variables defining sclute
concentrations throughout the system;

a nx1 vector of decisicon variables defining the
contaminant injection fluxes (each flux equal to
QinCp, the solute concentration in the injected waste

times the flow rate);
nx! right-hand side vector reflecting boundary conditions
(i.e., existing disposal fluxes);

the number of nodes or elements.

embedded as part of the constraint set of a linear

programming model, Decision variables corresponded to unknown

contaminant concentrations at each element (C) of a discretized aquifer

and the waste disposal fluxes (Min) ceccuwrring in predetermined elements.

Because the solute transport model was a component of the linear

programming formulation of each groundwater management mcdel, a sclution

to each management model led directly to simultanecus estimates of the

maximum disposal fluxes and the asscciated steady-state response

(contaminant concentrations in every element) of the groundwater system

to the dispesal activities,

Each management model required a mass transport model and a

groundwater flow model which were both calibrated te the aquifer being
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managed. Both management models, however, were tested over hypothetical
aquifers? hence, selection of dispersivity coefficients, porosity,
transmissivities énd boundary conditions used in the hydraulic and the
mass transport models was purely arbitrary. Steady-state modeling
results were desired because Gorelick and Remson (1982a) felt such
groundwater system responses often represent worst case scenarios,
Although contaminant reactions were ignored, management model
formulations were sufficiently general that reactions could be easily
incorporated.

Before the solute transport simulation model was embedded into the
optimization model, it was necessary ¢ define Darcian veloceity
-ecoefficients and dispersion coefficients (recall that the dispersion
coefficients are a functioﬁ of velocity ccmponents) appearing in the
mass transport equation; consequently, information on the leoecation of
existing waste disposal sites and water supply wells and their
respective injection and withdrawal rates was needed to permit advance
definition of the hydraulic regime. Finally data were needed on the
concentration of contaminant in wastes at existing and propesed
subsurface disposal sites to permit calculation of injecticon volumes
from the optimum values of decision variables representing dispesal
fluxes,

Two different groundwater management problems were presented and
investigated using the different models. 1In the first problem, a
hypothetical aquifer contained one existing disposal site discharging a

1000 mg/1 chloride waste at a rate of 200 1/3 and two potential disposal
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sites upgradient from three water supply wells pumping at known rates.
The management problem was to maximize waste loading to the aquifer
while maintaining water quality standards (250 mg/1 C1l)} at water supply
wells, The objective function of the first groundwater quallity

management model was simply

3
Maximi ze '2 (M) (11)

i=1 i

where (Min)i = decision variable corresponding to the injection flux at

proposed Injection site 1.
The above objective function was subject to constraints generated from
the embedded sclute transport medel, constrainta imposing maximum
allowable values on decision variables corresponding to solute
concentrations at water supply wells, constraints defining existing and
permissible dispesal activities in the various discrete elements
throughout the aquifer, and neonnegativity constraints.

A solution to the first management model led to estimates of the
allowable subsurface injectlion fluxes at each proposed waste disposal
gite which did net viclate groundwater quality standards at supply
wells. Parametric programming was used teo investigate disposal
tradeoffs between the existing and the proposed disposal sites. It was
found that a slight reduction in the disposal flux at the existing site
would permit an overall increase in the total allowable waste load
delivered from all three sites,

With a second management model, Gorelick and Remson (1982a)

addressed a different problem of siting new subsurface waste dispesal
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facilities. The goal was to seek out sites suitable for the disposal of
a liquid waste at a known constant flux. In another hypothetical
aquifer, 56 potential disposal sites were identified in a delineated
zone upgradient from two water supply wells. Any one site was
considered suitable if a constant disposal flux of 500 g/s chloride
could be delivered without vielating a 250 mg/l chloride standard at
either of the two water supply wells. Gorelick and Remson (1982a)
constrained the waste discharge fluxes for each of the 56 sites to a
value of one. They then maximized contaminant concentrations first at
one water supply well and then for the other. The resultanE optimum
values of the dual variables were interpreted as 'unit source impact
multipliers' and used to predict the effect of a per unit change in the
disposal flux at any of the 56 potential facility sites on water quality
at each of the two supply wells. Six sites were identified where waste
dispesal could be conducted without endangering the potable water
supply.

The groundwater quality management models presented by Willis
{(1976) and Gorelick and Remson (1982a) were solved by different
programming techniques seeking to optimize single objective functions
subject te various constraints on water quality and quantity, and
contaminant scurce loading fluxes. The water quality constraints were
derived directly (through an embedding technique) or indirectly (through
complex matrix inversions) from steady-state areal finite difference

contaminant transport models. The models developed by Gorelick and
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Remson {1982a) generated more informaticon and were easier to construct

and solve than the model formulated by Willis (1976).

2.3.2 Transient Mcdels for Point Source Pollution

Several transient groundwater quality management models have been
developed for coptimizing the management of aquifers conjuctively used as
sources of potable water and as subsurface waste disposal systems, Most
of these models have been used to evaluate the continuous transient
disposal at injection wells over specified management time horizons and
were derived from transient one or two-dimensional horizontal solute
transport models. 1In these management models the constraints defined
groundwater quality at specified points in space and time as a function
of sustained mass flux lecadings or constant waste concentrations at
dispecsal wells for specified management pericds. The constraints were
composed of influence coefficients descriptive of the unit change in
water quality at an observation well resulting from a unit change in
disposal flux at each disposal well, and decision variables
corresponding to the dispesal flux for each injection well at each time
increment. Influence coefficients were derived from multiple simulation
of the mass transport models; cone simulation for each source.

In transient management models, the size of the mathematical
problem is a function of the number of disposal wells and observation
wells, the size of the area under management, and the length of the
planning time horizon. With every model either the number of socurces,

the size of the aquifer, or the length of the planning horizon were
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curtailed to keep the size of problem tractable {sufficiently small that
a solution could be obtained). Willis (1979) had to restrict the
planning time horizon to 480 days because the aquifer being managed was

50 kmz. Gorelick and Remson (1982b) developed a one-dimensional

horizental transient management models for a confined aquifer 5 km long,
but they limited their study to the management of 3 sources and 3 water
supply wells and a management horizeon of 600 days. In a more ccmplex
two-dimensional model with seven injection wells and eight cobservation
wells, Gorelick (1982) studied the transient disposal policies for a

nine year planning horizon over a small hypethetical aquifer of 2 km2.

The utility of the transient management model for evaluating the
optimal control of nonpoint source pellution may be limited in light of
the regicnal nature of the groundwater quality modeling problem, the
large number of sources, and the fact that long term analysis is needed
since many sources are by nature semipermanent (i.e., agricultural
activities and septic systems). One model (Louie, et al., 1984) will be
reviewed because it was formulated to view groundwater quality impacts
from multiple sowces over a large basin at only specified times and not
continuously as in the models above; consequently the complexity of the
model does not expand as rapidly with increases in the aquifer managed,
the nunber of injection wells, or the management horizon.

Leuie, et al. (1984) constructed a linear multiobjective water
resources planning model to view aspects of allocating water resources,
groundwater quality control, and prevention ¢f undesirable groundwater

overdraft simultanecusly. Water quality constraints served to link the



37

multiobjective optimization model to external finite difference
approximations of equations for tranaient two-dimensicnal horizental
groundwater flow and mass transport. The model was designed for
application over a large basin and was tested on a hypothetical basin
containing three water supply sources (two sources are groundwater, and
one is imported water), municipal, industrial, and agricultural water
supply users, three wastewater treatment plants (having different
capacities and treatment efficiencies), two treatment plants which
recharge agricultural return water, and six wastewater disposal sites
(cne outside the basin). Loule, et al. (1984) simplified the problem of
managing a large basin by subdividing the basin into smaller areas
called "operational areaé". The occurrence of wastewater treatment,
wastewater disposal, and groundwater pumping and recharge was
predetermined within each operational area.

The first of three objective functions was an economic function

defining the costs of supplying water to multiple users and the cests of
wastewater transmission to and from treatment plants to ultimate sites

of disposal. This objective function was assumed linear with respect to

decision variables corresponding to q?j (the quantity of water delivered
from source i to user j), qgk (the quantity of wastewater transported

from user j to treatment plant k), and qal {the quantity of wastewater

effluent from treatment plant k transported tc dispesal site 1). &
second objective function was used to search cut management plans to

minimize groundwater overdraft. This objective function was simply a
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sunmation of decision variables corresponding to the quantities of
groundwater pumped from multiple supply wells less the summation of
decision variables corresponding to the quantities of water recharged at
various points throughout the basin, Finally aspects of groundwater
quality control objectives were expressed through a third objective
function consisting of a single decision variable 'D' representing the
deviation between the maximum simulated contaminant concentrations in
predetermined operational areas and water quality standards for the
operational areas.

A1l three objective functions were minimized subject to several
different sets of constraints, The first series of constraints defined
available water supplies, water demands, treatment plant capacities,
ultimate disposal site capacities, and transmission losses to and from
wastewater treatment plants. These constraints were expressed in terms
of decision variables representing quantities of water transferred
through a known network of pipe connections between sources, users,
treatment plants, and dispcsal sites. Upper and lower limit constraints
specified the maximum and minimun quantities of water transported though
each pipe. Finally there was a set of constraints included which
attempted to capture the response surface of the external simulation
models for groundwater quality and quantity. These water quality
conatraints expressed the maximum deviation between approximate
simulated contaminant concentrations in groundwater and allowable limits

in predetermined coperational areas, FEach water quality constraint was




constructed from predetermined influence coefficients (Becker and Yeh,

1972); typical constraints took the form
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o P aDa
D, + ) — Aq, <D ¥ a (12)
a e 1 aqk q k a .
(o]
D <D ¥ a (13)
a_.
where D = decigion variable corresponding to the maximun
deviation accurring between approximate simulated
contaminant concentrations in groundwater and
allowable l1imits in operational areas (a =1,2,...n);

Dg = initial positive deviation from the water quality
standard in Qperational area 'a' under the 9
conditions;

Da = approximate positive deviation resulting from the
management scheme as defined though the optimum
values of qk;

aDa

= is the influence coefficient defined as the change in
g, 14,

D_, the positive contaminant deviation in c¢perational

a

area 'a', due to a unit change in the kth decision

variable around the initial condition qo;
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q = p decision variables corresponding to either the

quantity of water from supply wells or the quantity
of wastewater transported, or the quantity of water

recharged in the various regions (k=1,2,...P) of the

basin;
o
Aqk = qk qkl
qﬁ = is the initial condition of the k decision variable,

this could be a water supply pumping rate, wastewater
transmission flow rate or recharge rate fer
k=1,2...P.

The influence coefficients were derived through exhaustive
groundwater flow and mass transport simulaticns external to the
management model, One asimulation of the coupled groundwater flow and
mass transpert model was required for each decision variable to obtain
all the necessary influence coefficients. Though it was not explicitly
stated, it was believed that the influence coefficients represented
long-term or steady-state changes in water quality in the coperational

areas resulting from unit perturbations of decision variables qk.

Minimizing the water quantity objective function alone {without
considering groundwater quality or excessive overdraft) generated cost
effective plans for meeting water demands, allocating and treating
wastewaters and siting ultimate disposal of wastewater effluent.
Minimizing the third objective (the water gquality objective) alone,

subject to all of the the constraints described above yielded the best
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feasible groundwater quality regardless of the allccation costs or the
extent of overdraft, To view the tradeoffs among multiple objectives
the constraints method was used to develop trade-off curves of the
noninferior solution sets for coat versus water quality, cost versus
overdraft, and cost versus water quality versus overdraft. The trade
off curves provided an understanding of the interacticons among the water

resource planning objectives.

2.3.3 Steady-state Models for Nonpoint Scource Pollution

No steady-state management models for nonpeint source pollution
have been found in the literature; however, several reas¢ns can be
stated as to why steady-state modeling is particularly suited for
deriving management schemes to protect groundwater froam nonpeint source
pellution. Consider first, that many sources contributing to
distributed groundwater contamination are semi-permanent or are expected
to persist for prolonged but indefinite pericds of time (e.g.,
agricultural activities, on site septic systems, etc.); consequently,
resource protection through transient controls (structural and
nenstructural) would not be as reliable or as easy to enforce as long
term restricticns on the presence or intensity of variocus activities in
critical recharge areas (Devine and Ballard, 1983). Secondly,
contaminated aquifers are slow to show the full impact of continuous
discharges and are also slow to recover, both of which necessitate long

term water rescurce planning. Finally, steady-state conditions often
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represent tThe worst case pollution scenario, which makes consideration
of the long term water quality impacts a conservative approach.
Steady-state management models can readily operate as efficient
tools to evaluate the long term water quality impacts of nonpeint source
pollution, estimate subsurface waste assimilative capacity, and
determine the optimum pattern of long term land use development that
minimizes the degradation of subswrface water quality. The development
and demcnstration of steady-state medels for the management of nonpoint

source groundwater pollution will be seen in Chapter 7, 8 and 9.

2.3.4 Transient Models for Nonpeint Source Pollution

The groundwater quality management models discussed thus far have
directly or indirectly incorporated the response surface generated from
distributed parameter models of groundwater flow and contaminant
transport. These management mcdels were used to examine local {(Gorelieck
and Remsen, 1982) and regional (Willis, 1976) groundwater contamination
from peint source pollution alone and then only through hypothetical
case problems. Helweg and Labadie (1976 and 1977) were among the first
investigators te develop and apply a distributed parameter groundwater
quality management model for nonpoint source pollution, Working on a
nonpoint source pollution problem in the Bonsall Subbasin of the San
Luis Rey River basin in California, Helweg and Labadie sought to manage
groundwater salinity levels by controlling the distribution of waters

pumped from various wells (sources) possessing different water quality
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to varicus irrigated fields (destinations) having different underlying
groundwater quality.

Normally irrigation water is applied tc land surrounding the
punping well, where it drains back into the aquifer only to be
recaptured by the well and reused as irrigation water. The
concentration of dissclved salts increases as the applied water
percclates through the seil. If any cyclice reuse of water occurs, this
brings about increasingly higher levels of salinity in the ground
waters.,

Helweg and Labadie (1976) propesed that contamination from
irrigation return flows could be flushed out of the aquifer at an
accelerated rate if irrigation waters were applied at lcoccations down
gradient from their origin of subsurface withdrawal. Irrigating down
gradient from the source would short circuit the continucus reuse of
applied water and accelerate the doewn gradient movement of contaminated
groundwaters.

The water allececation and water quality problem was sclved using a
linear pregramming model and ancillary simulaticon models for transient
groundwater flow and mass transport. The linear cost objective functicn
of the linear programming model was written in terms of decision

variables qij (the average annual amount of water transported from

source i to demand location j); only transportation costs were
considered. The value of the objective function was minimized subject
to source supply constraints, water demand constraints, water mass

continuity constraints, and water quality constraints.
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The water quality constraints ¢operated to ccuple the linear
programming model to the external unsteady areal finite difference
groundwater flow and contaminant transpert models, which were calibrated
for the entire basin. The water quality constraints placed upper limits
on the allowable flow averaged salinities of irrigation drainage waters
produced in each of four sections of the discretized groundwater basin.
Iteraticons between solutions of the linear programming model (which
estimated optimum pumping and recharge fluxes throughout the aquifer)
and solutions to the external finite difference models (which estimated
resultant salinities from the water allocation policy) were necessary to
converge upon a water allocation policy which would meet irrigation
demands and assure that average salinities of groundwaters underlying
irrigated fields fell within desired levels.

The Helweg and Labadie model (Helweg and Lebadie, 1976) searched
out cost effective management alternatives of meeting irrigation demands
that would simultanecusly effect desirable salinity levels for
groundwaters underlying irrigated croplands. Feasible water alleccation
strategies would deliver needed water to meet irrigaticon demands and
attain desirable groundwater salinities. The best feasible strategy was
the one identified as costing the least. Though their model was simple,
it was however, limited to managing groundwater salinities in stream
aquifer systems, where sufficient water external to the basin could be
imported to balance evaporation losses and outflows., A more generalized
nodel formulation would permit broader application to the analysis of

other various forms of nonpoint source pollution.
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More recently, Mooseburner and Wood (1980} formulated a groundwater
quality management model teo identify land use patterns which would
minimize impacts on groundwater quality., Information from the model
could be used to design land use regulations to control or prevent
groundwater degradation. The management model incorporated the response
surface of a transient two-dimensional horizeontal analytical mass
transport model (Cleary, 1978) into a multiobjective goal programming
optimization medel. Mooseburner and Wood (1980) were particularly
interested in the impacts of a rapidly growing residential populaticn on
groundwater quality; consequently, their management model was used to
identify patterns of unsewered residential development which would
permit the attaimment of desired groundwater quality geals.

Jackson Township of the New Jersey Pine Barrens was chosen as the
study 3ite because 50 percent of the existing homes use septic systems
and because the populaticn is expected to quadruple between the years
1970 and 2000. On-site domestic waste disposal systems deliver nitrates
Lo the underlying aquifer which poses a health hazard to the growing
population of Jackson Township which depends on the aquifer as a source
of peotable water.

Based on present and projected land use patterns, 17 discrete land
use sectors were found within the 100 square mile area of Jacksen
Township. Spaced between the 17 identifiable land use sectors were
several equally large parcels of land which were ignored in the
investigation because they were sparsely populated or were expected to

exhibit little or no population growth,
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The intensity of pollution in one sector affects water quality in
other sectors. The 17 defined land use sectors, were treated as sources
of nitrate, generated from undetermined populations of unsewered
residents. A transient two dimensional areal analytical mass transport

model (Cleary, 1978) was used to determine "transfer coefficients"

TE j {similar to the influence ccefficients used by Louis, et al., 1984)
]

which define the associated change In nitrate concentratiocns at
surveillance point j (j=1,2...n) resulting from per unit change in the

concentration of nitrates from the unsewered population (Xi) in land use

sector 1 (i=1,2...n). The physical locatlon of surveillance points
corresponded to the peopulation centers of land use sectors. To use an
analytical solution (Cleary, 1978), pollution from land use sectors was
pecsed as contaminant plumes originating from the population centers of
of fending land use sectors; within the boundaries of offending land use
sectors, contaminant was distributed in a Gaussian fashion along the
horizontal axis perpendicular to the direction of groundwater fiow. The
analytical mass transport model incorporated first order decay and was
calibrated for the area under investigation using a constant and uniform
flow field and constant dispersion coefficients.

Decision varlables used in the management model were Xi {the

unsewered population residing in each land use sector i), d; and dE {the

positive deviation and the negative deviation of simulated nitrate

levels at each surveillance point from desired geals), and Cj {the total
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nitrate concentration at surveillance point j). The objective function
was composed from a summation of decision variables corresponding to the
positive deviations of simulated nitrate concentrations above
surveillance point geals.

il

Min § d} (1)

=t
Knewing the projected populaticn growth and the desired water quality
geals at each swurveillance point, the model identified the optimum
pattern of unsewered population growth which would minimize the positive
deviation of the resultant nitrate levels fraom the specified goals. The
objective function was minimized subject to contaminant mass balance
constraints, land use sector population constraints, regional population
constraints and water quality constraints.

Two types of mass balance constraints were used to couple the
multiobjective geal programming coptimization medel to the response
surface of the solute transport model. Equation (15) represents the
first type of constraint in which the total concentration of nitrate at

any surveillance peint j (Cj) was determined using linear superposition

and was defined simply as the background concentration (CO) plus the

summation of appropriate transfer coefficients (TZ j) from all the other
?

sectors 1 multiplied by the contributed concentration of nitrates
resulting from the unsewered population in each sector. Nitrate

concentrations contributed from septic systems in each sector i were
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expressed as function the decision variable Xi, the unsewered population

in sector 1i.

n .
R} XE. T _«cC =¢ for j=1,2...m (15)
. il iLg o] J
i=1
where Xi = the decision variable for the unsewered population of
land use sector i; i=1,2...n;
R = nitrate production rate (mg/person-day);
Fi = flow rate of groundwater at land use section i (1/day):
Tg j = transfer coefficient defining the ratic of the
resultant concentration (at year 2000) at surveillance
point jJ to the peak concentration at land use sector i;
CO = background nitrate concentration (mg/l);
m = number of surveillance points;
n = number of land use sectors.

The second type of mass balance constraint (Eq. 16) essentially
equates the total nitrate concentration at surveillance point j to a
desired water quality goal plus any positive or negative deviations from
the goal. A set of these water quality constraints simply establishes
absolute l1imits (stgndard) on nitrate concentrations at every
surveillance point.

R

e S8 St
i rd

3

X F M ¢ -d «+d7 =0 for 3=1,2...m (16)
] o 3 A A



where d, = the decision variable for the positive deviation from

the water quality goal at surveillance peoint j;

J=1,2...m;

d; = the decision variable for the negative deviation from
the water quality gcal at surveillance peint j;
j=1 ,2. i

G = water quality goal (mg/l).

Results of minimizing the objective funection subject to the above
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constraints showed the optimum pattern of residential development which

would ensure minimum pesitive deviation from water quality goals for the

year 2000. The model attempted to concentrate development in land use
sectors near the boundaries where groundwaters discharge from Jackson
Township into adjacent downgradient municipalities. The tendency of
concentrating pellution near sites of groundwater discharge was a
serious problem inherent in model application. The problem could be
handled through either strict water quality standards for waters
discharging from cone region and entering ancther or through regicnal
modeling of complete hydrologic units. The besti pessible residential
development plan was not necessarily represented in their problem
solution because much of the vacant land in Jackson Township was net
considered available for development and because the region was
discretized in rather large and nonuniform elements which could have

resulted in a loss of model sensitivity and resclution.
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The Mooseburner and Wood model (Mooseburner and Wood, 1980) could
be applied only where an aquifer was assumed homogeneous and herizontal
and where groundwater flows were approximately constant and uniform. A
mere general formulation would have permitted greater flexibdbility of
application cover a broader set of hydrogeclogic regimes. 1In additien,
this model (and the other management medels which used transfer or
influence ceoefficients to couple the response surface of the groundwater
quality simulation model to the optimization medel) required individual
external groundwater water quality simulaticons for each contaminant
source to identify values of transfer coefficients. For regicnal
groundwater quality management problems involving numerocus scurces, the
number of simulations necessary to define the transfer coefficients
would render this management modeling appreach cunbersome if not
infeasible; hence, this management model design would remain limited to

management problems invelving a small number of sources.

2.4 Conclusions

Groundwater quality simulation models tied to optimization models
are unequivocally more efficient at identifying plans of optimal
groundwater management than simulation medels aleone. Because of the
regiconal nature of nonpoint scource pollution (extended cver large areas
of an aquifer), the large number of sources, or the long time horizon,
transient management models are not suited for evaluating or formulating
strategies of managing semipermanent nonpeint scurce pollution en a

regional scale., Steady-state management models, however, appear to be
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promising toels for ascertaining where and to what extent nonpeint
source subswrface pollution should be contreolled to preserve ground
water resowrce availability, but nc models have been developed.

Gorelick and Remson {1982a) have developed an efficient approach of
tyving the water quality response swface of a steady contaminant
transport model to an optimization model. Their approach of embedding
the finite difference mass transport model as part of the constraint set
of an coptimization model is a feasible means of formulating a water
quality management model for nonpeint source pellution generated from
numerous sources distributed over a large expanse of aquifer., Using the
embedding approach, in a management model will yield simultaneocus
estimates of optimal nonpeint source disposal fluxes and the associated
steady-state response {contaminant concentraticns in every discrete

element) of the groundwater system to the dispesal activities.




CHAPTER 3

GENERAL FORMULATION OF A

NONPOINT SOURCE GROUNDWATER PQLLUTIQN MANAGEMENT MQDEL

This chapter introduces the conceptual framework of viewing an
aquifer under sustained nonpoint source pollution. Next, the basic
components of a management model are presented. Finally, an outline is

given for model application in the field.

3.1 Conceptual Framewcork of an Aquifer Recelving Nonpoint Source

Pollution

In the research presented here groundwater flow and groundwater
quality changes will always be regarded in the conceptual frame of
regional changes occurring in a two-dimension horizontal aquifer. To
facilitate the modeling of subsurface flow and contaminant transport
processes, the aquifer is discretized into elements or cells, Spatial
changes in nonpoint source groundwater pollution and groundwater guality
impacts are approximated over the discretized two-dimensional horizontal
aquifer. Contaminant concentrations, hydraulic stresses (i.e., pumping
and recharge), and all activities contributing to the pollution of
groundwaters are perceived piecewise constant within esach element.
Figure 1 illustrates a hypothetical aquifer discretized into elements
which are identified by an i,j coordinate system. The management models

are used to simultaneously select total elemental flows of pollutants
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from various nonpoint source subsurface disposal activities (e.g.
septic tank densities), and calculate the consequent asteady-state
contaminant concentrations in each element, i,j.

In the case of a distributed source such as pcllution from on-lot
septic tanks discharging into a descretized aquifer, the waste source
can be characterized as either the total volume of septic tank effluent
entering the aquifer within that element or the density of septic tanks
within that element. The two perspectives are equivalent since all
septic tanks are assumed to have the same strength and flow rate. 1In
fact, the model works with discharge flows (at constant concentration)

and the interpretaticon of the model is in terms of development density

{number of houses per unit area).

The elemental regional nonpoint source groundwater wasteload
allocations are calculated from the land use activities and the known
contaminant concentration in subsurface disposal flows, From the
discrete contaminant mass loadings, decision makers can obtain tangible
estimates of desirable elemental source densities (i.e., septic tank
densities or agricultural land use densities in each element), which are

compatible with stated groundwater quality goals and land use controls.

3.2 General Management Model Components and Formulation

The various management models presented in later chapters are used
Lo identify patterns of nonpoint source pollution that would be
acceptable since they would be compatible with water quality goals and

subsurface disposal needs. All of these management models are linear
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programs. A linear program is a mathematical model comprised of a set
of linear functions which include an objective function and a set of
linear constraints. The objective function and constraints are written
in terms of variables. Values of model variables are found which lead
to an optimum value to the objective function under a seft of satisfied
constraints.

As linear programming formulations, the management models can
simultaneously locate multiple sources, set each source contaminant
flux, and predict groundwater impacts. In addition, postoptimal
analysis can provide information about waste disposal and water quality
tradeoffs assoclated with relaxing constraints on source densities (land
use activities) and water quality standards.

The Management models presented in this work usually have the
following five components described in greater detail in the next
sections:

1) Decision Variables;
2) Objéctive Function;
3) Management Constraints;
4) Continuity Constraints;

5) Nonnegativity Constraints.

2.2.1 Decision Variables

Two categories of decision variables are used in the management
models, The first represents the flow of recharge from land use

activities polluting groundwaters within each node, For a simple
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contamination problem these recharge decision varlables are represented

as Zi . for all nodes corresponding to all values of i and j. The other

b}

category of decision variables represent the steady-state depth-averaged
concentrations of a dissolved constituent in each element resulting from

the nonpoint source pollution., In this work the variable symbol Ci j is
H)

used to represent dissolved contaminant concentrations in node i,j.

3.2.2 Objective Function

The objective function is an algebraic representation of a
criterion used to judge the quality of linear program solutiona. A
solution is a set of values for decision variables used in a management
model. To solve a linear program 1is to identify a set of wvalues for
decision variables which maximizes or minimizes the value of objective
function. 1In this research, the values of objective functions used in
the varicus management models represented desirable groundwater
pollutant distributions or feasible subsurface disposal flows. An
example objective function is the summation of decision variables

representing subsurface disposal flows, This objective function is

written

Max ) Iz, . {(17)
i

where nxm is the number of elements,
The coptimum value of the objective function represents the maximum
allowable recharge from land use activities polluting groundwaters in

all elements within a study area.
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3.2.3 Management Constraints

Management constraints place upper and/or lower boundaries on the
numerical values of decision variables, Water quality and source
density constraints are two major types of management constraints which
appear in the nonpoint source groundwater pollution management models.
Water quality constraints specify upper limits on values of decision
variables representing dissolved contaminant concentrations. The upper
limits for dissolved contaminant concentrations are either specified
water quality standards or water quality goals. One water gquality
constraint is written for each element within a discretized aquifer.
Typical water quality constraints assume the form

Ciy & (water quality standard or goal) ¥ 1 and j (18)

Water qualify constraints ensure that the optimal values selected for
the subsurface disposal flows meet water quality standards or goals for
those elements,

Source density constraints specify upper and lower limits on
subsurface disposal flows. Two Ltypes of source density constraints are
used, The first type specifies minimum discharge flows in each element
that reflect present day nonpoint source pollution activities. A simple
form of this constraint is

2i 52 (present day disposal flows) ¥ i and j (19)

The second form of source density constraint places upper limits on
allowable nonpoint source pollution activity in each element, for

example:
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Zi 3 < [upper limit or restriction on disposal flows in element

i,) ¥ i and j . (20)
The source density. constraints ensure that the optimal pattern of
polluting activities will fall with existing and allowable discharge or

density limits.

3.2.4 Continuity Constraints

One continuity constraint is written for each element of a
discretized study area. The continuity constraints tie subsurface
recharge variables with variables representing contaminant
concentrations. These constraints operate as an expressed approximation
of the relationship between subsurface disposal activities and the
resultant groundwater contamination., Each continuity constraint is an
algebraic approximation of the partial differential equation governing
contaminant transport in a specified element i,j. The form of these
conatraints is

Gi’j (cm, Cy o0 Cimr c c . C W, 2, ) =

+C Q .+ CS8 .+ C U, . ¥ i and j {(21)
q 1, S 1,)]) u 1,7

where Gij i3 a linear algebraic¢ function composed of dissolved

contaminant variables from all elements in the study area, plus
variables representing nonpoint source subsurface disposal flow rates in
element 1,j. Terms on the right hand side are actually constants

corresponding to known background contamination from existing sources
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not subject to control (i.e, contamination from natural recharge, Cq

Qi,j and artificial recharge, Cs Si and Cu Ui j).

3.2.5 Nonnegativity Constraints

Nonnegativity constraints are the final component of a management

model. These constraints impose a restriction that values of all

decision variables must be greater than or equal to zero. Beyond the

fact that negative concentration and disposal flows have no physical

meaning, it is a restriction of linear programming that decision

variables not assume negative valuea. The form of these contraints is
zi,j >0

C. .>0 ¥ 1andj
i,j =

The nonnegativity consfraints are imposed implicitly in the solution

algorithm,

3.2.6 General Formulation

The management models presented in this work were always formulated
with decision variables, an objective function, continuity cons¢raints,
and nonnegativity constraints. Depending on the model, management
constraints were not always included.

An example formulation is presented below. This model incorporates
all five of the components described in the preceding sections.
Variation on the general formulation can be made with changes in the :

objective function and the constraint set. A solution obtained with
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this model corresponds to values of decision variables which yield a
maximum value to the objective function without vioclating any
constraints. The objective function represents the total recharge from
a spatially varying land use activity which pollutes groundwaters., For
each element the coptimal recharge flux and the steady-state contaminant
concentration are evaluated.

The management constraints perform two tasks. First, values of
recharge decision variables are restricted to fall between existing
flows and the maximum recharge allowed by regulation. The second task
is to ensure selection of recharge flowa which produce a contaminant
distribution which satisfies water quality standards,

The continuity constraints serve to tie recharge decision variable
with contaminant variables in a manner consistent with algebraic
functions describing the cause-effect relationship between subsurface
disposal and groundwater contamination. Decision variables are
precluded from taking on negative values because of the nonnegativity

constraints. The complete formulation of this model is

Objective function:

Pog
Max } Z, .

j=1 i=1 -
3,0,
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Management Constraints:

Z. . < (upper 1imit or restriction on disposal flows in element

i,3) ¥ i and j

[ |
h¥4

> (present day disposal flows) ¥ i and j

(@]
~

(water quality standard or goal) ¥ i and j

Nonnegativity constraints:

Z, >0

c Z 0 ¥ 1 and j

3.3 Construction and Application of a Nonpoint Source Groundwater

Quality Managemeni Model

The combined use of numerical simulation models, numerical inverse
models and linear programming will allow the construction and
application of several nonpoint source groundwater pollution management
models. Management model construction and application occurs over three
phases. The first phase details the nature of the nonpoint source
groundwater pollution problem and specifies site specific management
information needs (see Chapter 6). In the second phase a validated
numerical inverse model and a validated numerical groundwater flow model
are used to define the subsurface fluid velocity field within the
boundaries of the study area (see Chapter 6). Once the groundwater flow
field is defined, phase three, the creation of the site specific
management model, begins (see Chapters 7, 8, and 9). This last phase is

initiated with the selection of decision variables. Next, the



continuity and management constraints and the objective function are
constructed. Finally the linear program is solved and the results are

evaluated.
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CHAPTER &4

GROUNDWATER FLOW MODELS

The construction of subsurface water quality management models is
predicated on a governing equation for unconfined solute transport
coupled to a mathematical description of unconfined groundwater flow.
This chapter presents the governing equation for steady-state two-
dimensional horizontal, unconfined groundwater flow. The equation is
used to construct a subsurface groundwater flow medel and a simple
numerical inverse model. The inverse model is used to obtain estimates
of aquifer parameters required by the groundwater flow model. Both the
numerical flow model and the numerical inverse model are validated
against an analytical model for steady, two—dimensional horizontal,

unconf'ined, groundwater flow.

4.1 Development of the Numerical Groundwater Flow Model

For purposes of identifying long term management schemes an
approach is taken to construct several groundwater quality management
models from information derived from a steady-state groundwater flow
regime. This approach 13 acceptable as long as actual deviations from
the projected volumes of water exported and consumed do not induce
significant changes in the original piezometric surface used in the
construction of the groundwater quality management model. Subsurface

flow is described with the governing equation for steady-state, two-



flow is described with the governing equation for steady-state, two-
dimensional horizontal, isctropic, unconfined, density independent

groundwater flow which is

2 ah ] oh P
H(Tﬁ]*ay('ray) P -2 -3-0-2Q (22)
where h = hydraulic head, (L);
T = transmissivity of an isotropic aquifer, note,

transmissivity is calculated as the product of the
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saturated thick and the hydraulic conductivity of the

aquifer, (L/t);

P = volumetric flux of withdrawal per unit surface area of

aquifer, (L/t);

z,8,U = vyolumetric flux of recharge per unit area of aquifer

from three sources, (L/t);

Q = natural recharge, (L/t);
X,y = horizontal coordinate axes;
L = length, (meter);

t = time, (day).

Assuming pumpage (P), total recharge (Z + S + Q + U) and the aquifer

transmissivity (T) are known, a solution to equation (22) can be

obtained analytically or numerically to yield hydraulie head a funetion

of location in the x and y coordinate system.

4,17.1 Formulation of Finite Difference Groundwater Flow Equations

Finite difference approximations of the equation for steady, two-

dimensional horizontal groundwater flow (equation 22) permit the
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development of a numerical groundwater flow model. The numerical model
can be applied over discretized hypothetical or real aquifers which
encounter simple or complex boundary conditions, Several numerical
formulations of the flow equation are available (Trescott, Pinder, and
Larson, 1976; Pinder and Bredehoeft, 1968, Prickett and Longquist,
1971). The finite difference formulation developed by Trescott, Pinder,
and Larson (1976) is used because it is well documented, simpie, stable,
and accurate. The discrete numerical flow equation is

h, ~h, . h -h, .
S 1,31 1,] J(il,j+1 1,3)

T. . } o+ T, .
i,j-.5 (Ax)2 i,j+.5 (Ax)2
Ri1-3TM Piv1,37 M,
* Tyt 2 YT, 5)
e (ay) »20d (Ay)
=P, . - 1Z -5, ., -U, .~ ; 2
i,i i,] i,] i,] Qi,s (23)
where 1,] = the respective y and x coordinates of an
eglement in a grid superimposed over an aquifer
being modeled;
hi i = a variable corresponding to the hydraulic head
]
in element (i,j), (L};

Ti j4.5 = a constant corresponding to the transmissivity
in the x direction between element (i,j) and
element (i,j+1);

Zi j,Si j and = constants corresponding to the total

] ’
Ui ] recharge occurring in element i,j from three

sources, (L/t);
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P1 3 = c¢onstant correaponding to the total groundwater

withdrawal per unit area in element (i,j),

(L/t);
Qi,j = conatant corresponding to the total natural
recharge per unit area in element i,j; (L/t);
Ax, Ay = the discretization scale which is the distance
between the center of elements, (L);
i, = the y and x location coordinates of an element.

With the transmissivity (Ti ) specified, hydraulic head (hi .} is
?

J 'J

the only variable in equation (23). 1If only the hydraulic conductivity
is known, then the transmissivity is estimated to obtain an initial
solution to the set of equationa. Subsequent solutions to the set of
equation update the transmissivity estimate to correspond with the
product of the known hydraulic conductivity and the predicted saturated
thickness of the aquifer. An aquifer modeled numerically is discretized
into n-m elements. Equation (23) is used to approximate the governing
equation for groundwater flow (22) over each element; hence, nem
equations are generated for n-m unknown water table elevations at the

n'm discrete elements. If the elemental transmissivities (Ti j) and the

discretization scales (Ax and Ay) are known, a system of equations are

created and may be expressed as
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Ay o [h1,1'h1,2""h1,m’hz,u""hn,m] =Py 072 2750 07U 07 0

An,m (h1,1’h1,2""h1,m’h2,1""hn,mJ N Pn,m_zn,mpsn,m-un,m-qr,m
(24)
where A = a linear algebraic function obtained from the finite

1,2
difference approximation for the groundwater flow (23) at
element (i=1, j=2).
This system of equations with appropriate boundary conditions represent
the groundwater flow model. Alternatively, the above system of
equations will be expressed more conveniently in vector notation as
(Al {n} = C11 {P} - [1] {2} - (1] {8} - [1] {u} - (1] {Q}
where {h} = {ne-m} x 1 vector of variables for hydraulic heads
at every element;

(Al = {(n-m) x (n-m) vector of coefficients generated
from the algebraic manipulation of the finite
difference approximation of the governing flow
equation;

L1} = {(nem) x (n-m) identity matrix;

{Z}, {8} and

(n'm) x 1 vector of known artificial recharge

{u} fluxes from three sources in every element;
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Qi = {n*m) x 1 vector of Known natural recharge {luxes

in every element.

4.1.2 Boundary Conditions

A solution to a numerical groundwater flow model must incorporate
boundary conditions that refleect groundwater flow conditions at or near
the physical boundaries of a study area. The groundwater flow model can
accommodate three boundary conditions,

=Specified head boundaries reflect flow conditions near a large

body of water or along a coastline. Here the hydraulic head
is treated as a known constant,

-Impermeable boundaries appear in regions where groundwater flow is

assumed negligible because the porous media is impermeable.
This boundary condition is addressed by specifying zero
transmissivities for nodes within an impermeable region of a

groundwater study area.

4.1.3 Model Solution Technique

The Gauss-Seidel solution technique is employed as an iterative
method of solving the system of equations comprising the groundwater
flow model. Solution convergence is identified when successive
iterations no longer produce significant changes in simulated heads at

each of the n-*m elements.
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4.2 Validation of the Steady-state Numerical Groundwater Flow Model

The numerical solution for steady-state, two-dimensional
horizontal, unconfined groundwater flow was validated against an
analytical model. The effects of element size (numerical
discretization) on the accuracy and precision of the numerical model
Wwere elucidated. Finally a mass balance check was performed to test for
the conservation of mass through the hypothetical aquifer.

The numerical solution to the governing equation is coded in
Fortran. For a given groundwater flow problem the program would request
data on elemental recharge rates, pumping rates, element areas,
horizontal element dimensions, and boundary conditions. Finally,
elemental transmissivities are needed; however, if transmissivities were
not known, depth averaged horizontal hydrauliec conductivities are used

in conjunction with elemental depths to the aquifer floor.

4.2.1 The Hypothetical Aquifer

The accuracy and precision of the numerical groundwater flow model
was checked against an analytical model derived for a hypothetical
horizontal circular island aquifer. The hypothetical aquifer receives
constant and uniform surface recharge plus constant recharge from a
fully penetrating well located in the center of the island. The aquifer
permeability is uniform and isotropie. Figure 2 illustrates a general
plan view of the island and a profile of the hypothetical aquifer
where h = elevation of the water table above the bedrock, (L);

HL = elevation of the water table at the coast, (L);
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Figure 2. Plan view {(a) and Profile view (b) of the hypothetical,
two~dimensional, horizontal, and unconfined island aquifer.



I = recharge rate at the well, (L3/t);

L = the radial distance from the center of the well o the
coast, (L);

r = radial distance from the center of the well, (L);

Q@ = surface recharge rate, (L/t);

r. - radius of the well, (L).

b,2.2 The Analytical Model

The equation which describes groundwater flow over the radial

distance from rw toL is

d dh

o (K2mrh dr) = - 27rQ (26)
dh 1

s.t. boundary conditions: 1) he—— = - atk r=r

2) h=H atr=1L

where K = hydrauliec conductivity, (L/t).

The solution to the above differential equation is
2 2 2 2
h® =H +Q(L°-r }72K + rw-[ln(r/L]]/K + I-{1n(L/r)]/Kn

(27)

The specific éonditions of the teat problem are

HL = T5 my

I = 14303 mo/day;
K = 60 m/day;

L = 14000 m;

71
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Q = ,00137 m/day;

r = 1000 m,
W

4,2.3 Validation Results

The groundwater flow model was applied over a discretized version
of the hypothetical island aquifer shown in Figure 3. Specified for
each element were the hydraulic conductivity (K), depth to the aquifer
floor, and the total recharge. Discretization in the x and y directions
was the same., The boundary condition for elements comprising the
coastline were specified hydraulic heads. The water table elevations
for interior nodes were calculated by the model.

Analytical and numerical estimates of the water table elevation are
plotted as contours in Figure U; the numerical results correspond to the
discretization scale of two kilometers. Compariscns were made between
numerical and analytical estimates of the water table elevation at every
interior node. Model accuracy and precision were investigated over
three discretization scales. The numerical error in water table
estimates was calculated as the difference between between numerical and
analytical values for hydraulic head.

Error = numerical head - analytical head (28)

The relative error in numerical water table estimates was expressed as
the ratio of the numerical error over the analytical water table
elevation (expressed as meters above mean sea level).

Error
Analytical Head (29)

Relative Error =
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Figure 3.

SPECIFIED HYDRAULIC HEAD

SIMULATED HYDRAULIC HEAD

COASTLINE stumtem

SCALE ( KILOMETERS )¢ 1 2
| S — )

Two—dimensional and heorizontal numerical diseretization of
the hypothgtical island aquifer with illustrated boundary
conditions for the groundwater flow model.
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Figure X,

Contour plots of predicted water table elevations (meters
above mean sea level) from an analytical model (a) and from
a numerical model using a two kilometer discretization
gcale (b). Dashed lines represent the coastline, while
s0lid lines correspond to the water table elevation
contours.
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Figures 5 and 6 show the relationship of the numerical model accuracy to
discretization scale. Figure 5 shows the average error overall nem °
elements and Figure 6 plots the average relative error (expressed as
percent) in simulated water table elevations. Both Figures 5 and 6
indicate that a discretization of two kilometers produces the smallest
error. Most dramatic was the increase in error associated with element
dimensions greater than 2.5 kilometers. Over the whole island, the
numerical flow model underestimated the true water table elevations by
an average of 0.03 meters or 0.01 percent when a two kilometer
discretization was used. An element dimension of three kilometers
produced average errors of 0.6 meters or 12 percent. The percent error
in predicted head increased for discretizations less than two kilometers
(see Figure 6). When a discretization of one kilometer was used the
number of equations required to predict hydraulic head at each element
increased. With more equations in the groundwater flow model the number
of numerical calculations to reach solution convergence increased. The
additional numerical calculations produced a growth in roundoff errors.
The accumulation of roundoffs could be curtajled by solving the system
of model equations with a more efficient aleogrithm or by relaxing the
error criterion used to test solution convergence. Hence, it should be
noted that the errors presented in Figures 5 through 8 reflect model
errors generated over different discretization scales when using the
Gauss-Seidel sclution technique and the previously described convergernce

criterion.
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DISCRETIZATION SCALE ( KM )

Average error in predicted head (meters above mean sea
level) as a function of the discretization scale (for the
numerical groundwater flow model of the hypothetical island
aquifer).
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level) as a function of the discretization scale (for the
numerical groundwater flow model of the hypothetical island
aquifer).
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Standard deviation of error in predicted head (meters above
mean sea level) as a function of the discretization scale
(for the numerical groundwater flow model of the
hypothetical island aquifer).
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The standard deviation of the errors and the standard deviation of
relative errors in estimated water table elevations were also plotted
againat the discretization used. As illustrated in Figures 7 and 8
there was an increase in the deviations of model errors for numerical
discretizations greater than two kilometers. At the two kilometer grid
scale the standard deviation of model errors was 0.1 meter or 3 percent
while at the three kilometer discretization the standard deviation of
errors increased to 0.3 meters or 12.8 percent.

A mass balance check was performed to investigate the presence of
model anomalies which introduce or remove water within the bounded
nypothetical island. The percent error in the mass balance was small at
all scales of discretization. A total gain of 0.008 percent was
calculated for the model simulations at 2 kilometer element dimensions.
This increase was not regarded as significant.

The two kilometer discretization appeared to be the optimal choice
in regard to minimizing model error. The validation process showed that
the numerical groundwater flow model could match analytical results
within an error astandard deviation of + 5 percent while producing small
mass balance errors. It was concluded therefore that the numerical
model was successful at describing groundwater flow in the test island.
For a field study similar to the hypothetical problem presented in this

chapter, one would expect, at best, similar numerical accuracies.
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4.3 Development of the Numerical Inverse Model

Application of a steady-state distributed parameter numerical
groundwater model requires estimates of aquifer transmissivities at each
discrete element. For study sites where data on aquifer characteristics
are gparse, a simple model is presented to estimate spatial aquifer
transmissivities from water table data. The inverse model is a two
stage procedure. In the first stage the average water table elevations
from each element are used in a properly posed inverse boundary value
problem {(Nelson, 1961) to obtain initial estimates of the elemental
transmissivities. The first approximation of the transmissivity field
serves as a starting point from which a numeriecal groundwater flow model
can be used to perform simulations that approximate‘observed water table
elevations. During stage two the initial set of transmissivities are
modified as necessary until the observed water table is predicted within

acceptable errors.

4.3.1 Formulation of Stage I

Formulation of the first stage is predicated on the work of Nelson
{1961), where the equation for steady flow through isotropic media (22)

is expanded to obtain

3h3T MdT . (3"h _ 3°h P -7 -8 -0 =
oy Ty (== + )+ T=P-2-58-U-2 (30)

The classical inverse problem treats T (transmissivity) as the dependent

variable in a hyperbolic partial differential equation (30) where the

coefficients 3h/3x, 3h/dy, th/axz, and Bzh/ay2 are known., The inverse
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problem is a Cauchy problem, which is properly posed when a single
transmissivity estimate (Cauchy data) 1s specified at some point along
each characteristic (flow line) of the region being studied (Emsellem
and Marsily, 197t and Neuman, 1973). For the continuous inverse
boundary value problem, insufficient Cauchy data can render nonunique
solutions. Neuman (1973) observed the phenomenon of cross-
characteristice influence of Cauchy data with discrete inverse models
(i.e., finite difference and finite element}. This phenomenon allowed
the unique identification of parameters for discrete formulations even
when Cauchy data was insufficient for a continucus problem.

The finite difference approximation for equation (30) is the

following explicit formulation, presented by Nelson (1961).

- Ty @y (g e
3x’1,] ax ay“1,J Ay
2 2
dh 3°h
; T. =P, , - Z, .- -u, , - . 1
* [3}(2 * 3Y2)1"j i,J Pl,J 1,] Si sJ Ul +J Qis.] (39

In the work here the coefficients are calculated as

h - h
any  _ Mg Mg
(Bx]i,J - Ax (32)
h, . -nh
an C Mg T Mg
[azh]_ . (hi,jﬂ San gt hi,j—I} (3
BXZ 1.J [Ax)Z
L T E P Bl O -1,y (35)
271, (ay)?
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A properly posed inverse boundary value problem requires that the
transmissivities be specified along a line that intersects all flow
lines, or at some point along each characteristic (Emsellem and Maraily,
1971). Assuming the water table elevation is known at each element of a
discretized aquifer, then the nodal transmissivities are determined in
an explicit fashion through the sequential application of equation (31)

in a direction from a boundary where the transmissivities are specified.

4.3.2 Formulation of Stage II

Stage II begins with the execution of a validated groundwater flow
model using the transmissivity estimates from the first stage. Results
from the simulation model are used to compute model errors in simulated
water table elevations and hydraulic gradients. The errors are used to
alter values of elemental transmissivities in a manner which will reduce
the error between simulated and observed water table elevations and
hydraulic gradients. For elements where the hydraulic head is
simulated, the transmissivities are adjusted using the errors between
simulated and observed water table elevations. For elements where the
hydraulic head is specified, the errors used in transmissivity
adjustments are the errors between the simulated and observed hydraulic
gradients. Iterations of the simulation/adjustment procedure continue
until an allowable number of iterations is reached or until results from

groundwater flow simulations meets prescribed performance criteria.
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4.3.2.1 Transmissivity Adjustments at Elements Where the Hydraulic Head

Is Simulated

For discrete numerical elements, where the hydraulic head is

simulated, the error (E ) in the simulated water table elevation at

i,]
node i,j is calculated as

E, . = h, ,-H, . (36)

where h, j = gimulated head at element i,]

H. = obsgerved head at i,]
i3

From Coats, Dempsey and Henderson (1970) the error E,

1] at node 1,j is a
function of the set of elemental tranamissivities used within the

discretized aquifer hence

Ei'J = Bi’j (T,l'.l) T“,Z',.-Tn,m] (37)

Slater and Durrer (1971) suggest that 8, 5 may be linear for small
]

changes in the Ti j for all i,j. Without knowing the function ei j it
] L

was assumed that the error E‘.i j at an element i,j is most sensitive to
’

transmissivity changes in node i,j and less sensitive to changes in
transmissivities in cells located further away from the target node, 1If

equation (37) can be reduced to

Ei,j = wi’j (Ti,j) (38)

then local transmissivities can be modified over small magnitudes as a
means of reducing the error in loeal hydraulic head simulations. For

elements where the water table is simulated (not specified),
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transmissivities are adjusted between simulations by an amount
proportional to the absolute error in simulated head.
The direction of adjustments are determined by the product of the

gign of error in simulated head (E, .) and the sign of the elemental

1,3
mass balance condition. A negative mass balance condition exists if
total elemental groundwater withdrawal exceeds nodal recharge. A
positive mass balance condition exists if recharge dominates pumpage.

Under a negative mass balance condition the lccal transmissivity is
increased if the simulated head is less than the observed head.
Increasing the transmissivity permits more water to flow into the
region. If the predicted head is greater that observed, the
transmissivity is decreased to reduce the rate of ground water flow into
the element.

Positive mass balance conditions ecall for a reduction of the
elemental transmissivity if the calculated water table elevation is
lower than the observed. The reduction of transmissivity restricts the
ease of groundwater flow out of the element; consequently, the simulated
water level risea, If the predicted hydraulic head exceeds observed
elemental head, the local transmissivity is increased to allow greater
flow from the node so that the local hydraulic head will drop. Table 1
summarizes the decision rules to determine the direction of

transmissivity adjustments from predicted hydraulic head errors.
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Table 1. The Direction (Positive or Negative) of Adjusting

Transmissivities in Elements where the Hydraulic
Head is Simulated.

Status of Elemental

Status of Prediction
Mass Balance

Qver Estimated Under Estimated
(Positive Error) {Negative Error)

Net Recharge
(positive)

+

Net Discharge
{negative)
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4,3.2.2 Transmissivity Adjustments at Elements Where the Hydraulic Head

Is Specified

At locations where elemental water table elevations are specified
(i:e, along a coastline) errors in transmissivity estimates can induce
errors in the hydraulic gradients for flow entering or leaving nodes.
If the hydraulic head is specified at element i,j, then the error

(Gx. _and GY. ') in the hydraulic gradient in the X and Y coordinate
Lol 1,] :

direction at node i,j can be expressed as a function of the

transmissivity of the element.

) (39)

G = ¢, M..Jmmsy (T

X: 5 i,3°'1,3

=
l’J i,j i’\j

i,]

Errors in the simulated hydraulic gradients can be reduced with proper
adjustment of the transmissivities. For groundwater flowing in the
direction of increasing ccordinate values i and j, the errors in

simulated hydraulic gradients are calculated as

s 3
. e P B O e P S B W8 (10)
X, . AX Ax
1,]
Simulated gradient Observed gradient
in the x direction in the x direction
nyy T B M1,y 7 %y
G = ? ¥ - ) !
yi ] ( Ay ] ( oY ] (41)
1]
Simulated gradient Observed gradient

in the y direction in the y direction
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where G = the error in simulated hydraulic gradient in the x
i3
direction;
GY = the error in simulated hydraulic gradient in the y
i,3
direction;
hi j = gimulated head at element i,j;
Hi j = observed head at element i,]);
H? ;= specified head at element i,J.
]

Appropriate equations similar to (40) and (41) can be constructed for
other directions of groundwater flow.

Adjustments in elemental transmissivities are made in an amount
proportional to the average error in predicted hydraulic gradients. The
direction of modification is determined by the sign of the average
error. If the simulated hydraulic gradient is too steep the error will
be positive and tranamissivity will be increased. Increasing the
transmissivity will allow the same flow to occur under a lower gradient,
If the calculated water table slope 13 too shallow then the grror Wwill
be negative. Decreasing the transmissivity will increase the predicted
hydraulic gradient as is necessary to drive the flow through a less

permeable aquifer.

4.3.,3 Programming the Inverse Model

The numerical Inverse Mcdel is coded in Fortran. The model

requires data on elemental hydraulic heads, recharge rates, pumpage
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rates, element areas, horizontal element dimensions, and boundary
conditions (where transmissivity is specified and the hydraulic head is

specified).

4,% vValidation of the Inverse Model

The numerical inverse model was validated against transmissivity
and hydraulic head data obtained from an analytical model. The effects
of numerical discretization scale on accuracy of model predictions were

investigated.

4.4.1 Hypothetical Aquifer and the Analytical Model

The hypothetical island aquifer presented in section (4.2.1) and
the associated analytical groundwater flow model (4.2.2) were used to
generate discrete fLransmissivity estimates in the validation test
problem. A product of the aquifer hydrauliec conductivity (60 m/day) and
the loecal saturated thickness (equal to the hydraulic head) was used to
approximate the true elemental transmissivity.

A compariaon was performed between analytical tranasmissivities and
predictions obtained from the numerical inverse model. The
transmissivities predicted by the inverse model were aléo used in the
validated groundwater flow model to obtain simulated water table
elevations. The predicted groundwater levels were compared with

analytical heads in the hope of revealing the error in simulated heads

resulting from the errors in tranamissivities acquired through inverse

modeling.
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4. 4.2 Application of the Numerical Inverse Model over the Hypothetical

Aquifer

The numérical inverse model was applied over discretized versions
of the hypothetical island aquifer. Transmissivities were predicted for
each numerical element using data on the water table elevation at every
element. The hydraulic head data was obtained from a numerical
simulation of groundwater flow on the island using the true
transmissivities,

Numerical estimates of groundwater levels were used over analytical
heads for two reasons. First, numerical results from the flow model
using the true transmissivities represent the best achievable
approximation of the observed water table. Secondly, stage two of the
inverse model employs the validated groundwater flow model to modify
transmissivities from the first stage. This limits the inverse model in
identifying a set of discrete aquifer transmissivities that yield
predicted water table elevations, that are as good but no better than
direct numerical simulations using the true aquifer transmissivities.

Stage one of the Inverse model was completed after initial
estimates of elemental transmissivities were found over the whole island
aquifer, During stage one, the island was sectioned along groundwater
divides into quarters. The sections of the island are smaller but
identical inverse problems.

Figure 9 shows the boundary conditions used with the first quarter
of the overall inverse problem at the two kilometer numerical

discretization scale., The boundary conditions used in each quarter were
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Two-dimensional and numerical discretization of the
hypothetical island aquifer with illustrated boundary
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the same. Because all flow lines emanate from the center of the lsland
the inverse problem would be properly posed if the transmissivity at the
origin were specified. For elements along the groundwater divide, which
runs parallel to the y axis, it was assumed that groundwater flow in the
¥ direction was negligible hence

ah
i 0 (42)

In those elements along the groundwater divide, which runs parallel to
the x axis, it was assumed that groundwater flow in the y direction
could be ignored hence

3h
Fri 0 (43)

Tranamissivities for each quarter were calculated through the sequential
application of equation (31) in a direction radiating from the center of
the island where the transmissivity was specified.

Stage two of the inverse model began after initial estimates of
transmissivities for the whole island were compiled from stage one.
During stage two 100 simulation/adjustment iterations were performed.
The magnitude of any single adjustment was 50 percent of the error in
the simulated water table elevation or 50 percent of the error in the

predicted hydraulic gradient.

4.4%.3 Validation Results

The accuracy of the inverse model was tested over three scales of
numerical discretization. Comparisons were made between island

transmissivities estimated by the inverse model and transmissivities
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given by the analytical model. The relative error in transmissivity
estimates was expressed as the ratio of the error in predicted

transmissivity over the analytical transmissivity.

Relative - Inverse model transmissivity - analytical transmissivity
Error analytical transmissivity

(44)

Figure 10 shows that the average percent error in transmisaivities
predicted by the inverse model ranged between .7 to 1.6. While the
average percent error increased with discretization scale the standard
deviation of the error remained relatively constant ranging between
5.2-5.3 percent. As indicated by the small positive errors, the inverse
model tended to overestimate transhissivities in the island problem.

Numerical groundwater flow simulations were performed using the
true transmissivities and estimated transmissivities from the inverse
model. Table 2 shows the flow model prediction errors that result from
each set of aquifer transmissivities. At every discretization scale,
the errors in predicted heads were essentially the same between the
simulations using the true transmissivities or the transmissivities
generated by the Inverse model.

Two conclusions can be drawn from the validation of the inverse
model. First, the model was successful in estimating aquifer
transmissivities for the hypothetical problem within a 5.3 percent
standard deviation of errors. Secondly the errors in estimated
tranamissivities did not produce a significant reduction in the

numerical accuracy of predicted water table elevations.
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Table 2. Numerical Flow Model Prediction Errors Using True
and Estimated Transmissivities.

Discretization Errors when using Errors when using
Scale True Transmissivity Estimated Transmissivity
{km] [m] [m]

Average
head
error 1 0.045 0.037

Standard

deviation

of head

error 1 0.0M 0.093

Average
head
error 2 -0.032 -0.510

Standard

deviation

of head

error 2 0.099 0.100

Average
nead

error 3 0.591 0.582

Standard

deviation

of head

error 3 0.274 0.278




CHAPTER 5

NONPOINT SOURCE CGROUNDWATER POLLUTION MODEL

The creation of continuity constraints for groundwater quality
management models is predicated on the validated discrete approximations
of the steady—state groundwater contaminant transport equation. This
chapter presents the governing equation for steady—state, two-
dimensional horizontal, advective transport of a conservative
contaminant through an unconfined aquifer. A finite difference
approximation of the governing contaminant equation is used to construct
numerical equations for a discretized hypothetical nonpoint source
groundwater pollution transport problem. The resultant set of algebraic
equations are emhedded as continuity constraints in a simple linear
program. The solution to the linear program is the numerical estimate
of the concentration a dissolved constituent in each element of the
diseretized aquifer. The linear program sclution is compared with
contaminant levels obtained from an analytical model of the hypothetical

groundwater problem.

5.1 Development of the Numerical Contaminant Transport Model for

Nonpoint Source Groundwater Pollution

The governing equation for steady-state, two—dimensional
horizontal, advective transport of a conservative solute approximates

the response of an aquifer receiving distributed contaminant loadings.
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It is assumed that the nonpoint source pollution is delivered from

surface directly to the zone of saturation, and that the contaminant is

completely mixed vertically. The governing equation for steady-state,

two-dimensional horizontal, advective transport of a conservative

contaminant is

ac

V .B-—-— + V -B.
X dx ¥

where C

w,Z2,8,U

Cw’cz’cs’cu

1

ac

y+(z+s+Q+U]-c
=+ C W+ CoeZ + CtS + C el + C o0

(L4u)

the concentration of a conservative contaminant,

(M/L3);

horizontal Darcian fluid velocities in the x and y

directions respectively, (L/t);

saturated thickness of the aquifer, (L);
volumetric flux of recharge per unit area of
aquifer from four sources of groundwater
econtamination, (L/t);

the contaminant concentrations in the four fluxes

of groundwater recharge W, Z, S, and U, (M/L3h
natural recharge, (L/t);

concentration of contaminant in the natural

recharge, (M/LB).

In equation (24) the horizontal Darcian fluid velocities and the

thickness of the saturated zone are obtained from field measurements or
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simulations with a calibrated groundwater flow model. The contaminant
concentrations and injection flows from all sources of recharge are
assumed to be known. Though pumpage (P) does not appear in equation
(44) its influence is expressed through the accurate estimation of the
Darcian velocity coefficients from numerical groundwater flow

simulations,

5.1.1 Formulation of the Finite Difference Equations for Contaminant

Transport
The linear algebraic equations of the numerical contaminant model
are developed from finite difference approximation of the governing
equation for solute transpert (44). A second order central difference

scheme is used to construct the fellowing discrete solute-transport

equation

=+ [cw-w]. gt (c_+z), 5 (cs-s)i o+ (Cu-U]. * ety g (45)

where 1,] = the respective y and x coordinates of an
element in a grid superimposed over an
aquifer being modeled;
Ci,j = a variable for contaminant concentration in

3

element (i,j), (M/L7);
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VxB = horizontal mass flux of flow through
i,]
. element (i,j) in the x direction, (L2/t);
V B = horizontal mass flux of flow through
y i,j
element (i,j) in the y direction, (Lz/t);
W. .,2. .,3, ., = total contaminant source flows in element
i,J771,3 1.3
1,3
and Ui.j (L/%);
[C -w)l j,(C -Z)l j = contaminant mass flux from four sources in
1 ]
(c_«8), ., and element 1,j, (M/L2-t)
3 1,]
(c_.u), .
u i,
Qi j = natural recharge flows in element {(i,j),
?
(L/t);
Cq = contaminant concentration in natural
recharge flows, (M/L3);
Ax and Ay = the distance between the center of
elements or the Length scale of
discretization, (L}.
The heorizontal fluxes of flow, VxB and V B , are approximated

1,3 i,]
as described by Trescott, Pinder, and Larson {1976) using the harmonic

mean to estimate the transmissivity between nodes.
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Y 08 L i 1 LSRG W% e P61
X . i,j+.5 2AX i,j-.5 24x
i,
(46)
h, . = h, | h, . -h .
v -8B |. =T o i+1,] l’J]+T._ o i,] i 1,3]
y i, i+.5,3 248y i=-.5,3 2hy

(47)
Equations (46) and (47) make use of hydraulic head data at each element
which was obtained from previous simulations with a calibrated
groundwater flow model.
For the simplest contaminant model the only varlables appearing in
equation (45) are those representing the dissolved contaminant

concentrations; the Ci J's. To construct a numerical model for a study-

,
site discretized into n+m elements, equation (U45) is applied at each
node to construct nem finite difference equations for solute transport.
Each discrete equation is constructed from elemental data on hydraulie
head, aquifer transmissivity, node dimensions, node area, contaminant
source flows, and contaminant source concentrations. The system of
equations which comprise the contaminant transport model for nonpoint

source groundwater pollution can be expressed as
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G C1,1,C C

"
+
L
[
*
=
L

2,1""Cn,m} w1,

* [Cz'z)1,1+ (CuUJn,m ¥ (Cq'Q)1,1

p,qt 1,27°°°C1

Gy, 2(Cy 158y o0 evCy eCo queeeCy o) =+ (C W)y 5+ (e e8]y

L ¥

*(ey0z)y 5 (o) o eeQ)y

Gn’m[c1’1,c1’2,.7.01’m.c2’1,...cn,m] -+ (cw.w)n,m + [cs.s)n,m (48)
¥ (Czoz)n,m " (Cuu)n,m * (Cq.Q)n,m
where G1 5 = a linear algebraic function corresponding to terms on
¥

the left side of the equal sign in equation {45) at
element (i =1, j = 2).
In this paper, the system of equations from the numerical

contaminant transport model is expressed as vectors

+

[cltcy = + [e Jtwp « [e_ltsy + [c Tazy + [c Jquy + [c lta} (49

where (C} = (n-m) x 1 vector of variables for contaminant
concentrations at every elgment;
eN = (n-m) x (n-m) vector of coefficients
generated from the algebraic manipulation of
the finite difference approximation of the
governing flow equation;

[1] - = {nem) x (n-m) identity matrix;
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[Cw]’[cz]’[cs]’ = dissolved contaminant concentrations in four
and [Cu] (nem) x {n-m) diagonal matrices of elemental

contamination concentration in every source
flows of each element;
{U}, {W}, {8}, = (n-m) x 1 vector of known recharge fluxes

from four sources in every element

and {2}

Cq = Background contaminant concentrations in
natural recharge flows;

{Q} = (n-m) x 1 vector of known natural recharge

fluxes in every element.

5.1.2 Boundary Conditions

Obtaining a solution to equations describing contaminant transport
requires specification of boundary conditions. Two types of boundary
conditions employed in this research are

=Zero contaminant flux boundaries, as would exist across a

groundwater divide, are treated by specifying zero Darcian
velocities across the divide, for elements located on the divide,
~Specified contaminant concentrations, as would exist wherever the

concentration of contaminant is known and assumed constant.
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5.1.3 Solving the Numerical Contaminant Transport Model

The numerical contaminant transport model is a set of algebraic

equations which are comprised of variables Ci j {(for all i and j)

representing contaminant concentrations at each node. The set of
algebralc equations can be solved with the same algorithm employed to
solve linear programs {(Gorelick, 1981). The process is one of treating

the Ci j's as decision variables, while using the set of algebraic

equations from the numerical model as continuity constraints in a simple
linear program. The objective function in the linear program is
n

Maximize z
i=1 3

1 ci'j (50)

I ~18

The constraint set contains continuity and nonnegativity constraints.

[elict = + [c Itw} + [cs]{s} * [c;]{Z} * [cu]{u} + [Cq]{Q}
C, > 0 ¥ 1 and j

The total number of variables in this problem is same as the total
number of constraints, which equals the number of discrete elements in
the groundwater study area. In the continuity constraints, the terms on
the right-hand side of the equal sign are known constants.

A solution to the linear program is a set of values for the C, .'s

?

which maximize the value of the objective function and satisfies the
continuity and nonnegativity constraints. The linear program is solved

using one among several available algorithms which identify the optimum

feasible soclution through an iterative procedure.
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5.1.4 Programming the Contaminant Transport Model

A Fortran program was written to construct the linear program. The
program contains the groundwater flow model and an algorithm for
constructing the objective function and the continuity constraints. The
constructed linear program is passed to a computer file where it can be
solved through existing optimization packages.

The data requirements for executing the program are 1) the number
of elements in the discretized study area, 2) the area and dimensions of
the elements, 3) the elemental recharge rates of all sources, 4) the
elemental pumpage rates, 5) the piecewise aquifer transmissivities {or
the aquifer hydraulic conductivity with the depth tc aquifer floor),

6) the hydraulic and the contaminant boundary conditions, and 7) the

contaminant concentrations in all recharge flows.

5.2 Validation of the Numerical Contaminant Transport Model for

Nonpoint Source Groundwater Pollution

A numerical contaminant transport model was constructed for a
nonpoint source groundwater pollution scenario which could be modeled
analytically. The accuracy and precision of the linear programming
solution to the numerical solute transport model were evaluated against
analytical results at three levels of discretization. Linear
programming simulations were also performed using aquifer
transmissivities generated over the flow field by the inverse model.
The simulations were executed to assess potential errors in contaminant

predictions affected by errors in the estimated transmissivity field.
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As a final check on the numerical model, mass balance calculations were

completed for each simulation.

5.2.1 The Hypothetical Problem

An analytical model was developed to validate the numerical
contaminant model for the subsurface transport of a conservative
pcellutant. The contaminant chosen was nitrate. Freeze and Cherry
(1979) and Zaporozec (1983) have described nitrate as a non-adsorbing
contaminant which does not undergo degradation in groundwaters which are
oxygenated and have low dissolved organic content: this is the
condition of groundwaters in Cape Cod where the management models will
be ultimately applied.

The analytical model used to validate the numerical contaminant
model employed the same hypothetical groundwater-flow field as used in
the validation of the subsurface flow model. As before, aquifer
permeability was uniform and isotropic. Natural recharge was constant

and uniform over the radial distance from rw to L, From the c¢ircular

region located in the center of the island, the aquifer recelved
constant recharge from a fully penetrating well.

Figure 11 shows a plan view and profile of the island aquifer.
Notice there are two circular regions, Within the small circular region

of radius rw, nitrates were delivered to the subsurface enviromment
through recharge flow, (I). The nitrate concentration (CI) in this

recharge was 500 pwg/l. Beyond the inner circular region were two
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Figure 11, Plan view (a) and profile view (b) of the hypothetical two-
dimensional, horizontal, and unconfined island aquifer
receiving sustained nonpeoint source pollution.
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sources of groundwater nitrate contamination. The nitrate polluticn was
delivered from natural recharge (the assumed nitrate concentration in

the recharge was 500 ug/l) and from the subsurface discharges of septic
systems connected to houses on private water supply wells. The nitrate

concentration (Cw) in the waste effluent was assumed 35,000 ug/l as N;

this concentration was typical of effluents from septic systems that
reduce total nitrogen load by 50 percent (U.S. Envirommental Protection
Agency, 1980). Subsurface disposal flows from septic systems increased
from zero at radial length rw to a maximum surface loading rate of (WL]
near the cpast. The function

[? ) l-sk-[r—rwJ) (52)

at some r > L expressed the extent to which septic system recharge had

approached the maximum feasible surface loading rate. At any radial

length greater than or equal to rw the function describing nitrate

loading was

-sk-[r-rw]
NO3 loading (r) = cw-wL-(1—z ) (51}
where WL = maximum recharge rate from septic systems in a mature
residential development, (L/t);
Cw = nitrate concentration {(ug/l as N) in septic sysatem

effluents, (M/L3);

r = radial distance from the center of the island aquifer,

(L);
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"

radius of the circular region at the center of the

island, (L);

a constant, (1/L).

From Figure 11 the symbols are defined

h

H

elevation of the water table above bedrock, (L};

elevation of water table at the eocast, (L);

recharge in the circle defined by r_, (L3/t):

the radial distance from the center of the island to the
coast, (L);
nitrate concentration in the aquifer at any radial distance

between L and L,(M/L3

)i
surface recharge rate, (L/t);
nitrate concentration in the recharge I, (M/L3);

\
nitrate concentration in the natural recharge at r > rw,

(M/LB);

nitrate concentration in septic system effluent (M/LB).

5.2.2 The Analytical Model

The equation used to describe steady-state, horizontal, radial,

advective transport of a conservative contaminant over the radial

distance from rw to L was
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0 -sk[r~rw)
vehesZ +Q:C = C Q¥ C W - (1-2 ) (53)

s.t. the boundary condition: C = CI at r = roe
For r > ro the groundwater flow, veh, was defined analytically from

equation {(27) as

R R P (54)

The solution to equation (52} was

C = [CI-I + (n-q-cq + n-wL-cw] . [re—rwz] (55)
ske(r -r)
Ke 1
+ (— 2.“QwL.Cw] - (2-—2:‘——:——] + (Zlﬁqu.Cwl W ] L]

sk =+ sk

sk-r + 1
[ sk - sk)]/Dc

where Dc = rz-n-Q - rwa-v-Q + I. The hypothetical groundwater

pollution problem used the same groundwater flow conditions as those
applied in the test problem for the validation of the numerical flow and
inverse models. Beyond the hydraulic conditions specified in section

4,2.2, other conditions specific to the contaminant transport problem

were
Cw = 35,000 ug/l nitrate as N;
Cq = 500 pg/l nitrate as N;
CI = 5H00 pg/l nitrate as N;
wL = 0.000375 m/d;

sk = 0.00025 1/m.
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5.2.3 Validation Results

A total of six numerical models were constructed. The six models
include three at different discretizations (1, 2, and 3 kilometers)
using the true transmissivitieé and three others constructed at the
same discretization scales using transmissivities predicted by the
inverse model.

Results from numerical groundwater flow models which employed both
the true and the inverse modeled transmissivities were incorporated into
the numerical contaminant transport models. The predicted heads at each
element and the elemental transmissivities were used with equations (46)
and (47) to define coefficients for horizontal flow which appear in the
finite difference approximation of steady-state, two-dimensional,
horizontal, advective contaminant transport {(equation 45).

Figure 12 illustrates the two kilometer discretized version of the
horizontal island aquifer. The two dimensional hyperbolic contaminant
transport equation problem is properly posed when a single concentration
estimate is specified at some point along each characteristic of the
region being studied. In our hypothetical problem it was sufficient to
specify the concentration where all characteristics originate; hence,
the concentration in the discrete model was specified at an element
corresponding to the center of the island (element i,j = 9,9 in figure
12). Discrete approximations of contaminant concentrations were related
to subsurface disposal of pollutants through the continuity equations,
Equation 45 was used as the continuity equation in interior nodes {non

coastal nodes). For coastal nodes, equation (45) was modified with
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Figure 12. Two-dimensional and horizontal numerical discretization of
the hypothetical island aquifer with illustrated boundary
conditions for the contaminant transport model.
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appropriate second order backward and forward difference molecules,
which allowed approximation of the hydraulic and contaminant gradients
at the coast, with npdes inside the coastal boundary. Figure 12
illustrates how the coastal nodes were treated. The mass of contaminant

entering the boundary from interior nodes (ViCi) pilus the mass of

contaminant entering the aquifer from surface pollution occurring on the

boundary (ow) is equated to the product of total flow leaving the

boundary (Vi + wb) and the concentrations of contaminant at the boundary

(C.).

b
Subsurface nitrate loading from septic systems was calculated as
-sk(r-r )
(c, * w)i,j = (cw, « (1-2 ) (56)
where W, = the subsurface recharge flows from septic system

effluent at node i,j, (L/t);
fr " = pradial distance as determined from the center of element
i g, (L).

In elements near r = rw the nitrate load was calculated in an amount

reflecting the percent of elemental area covered by both the inner

region {r < rw) and the outer region {r > rw). Nitrate fluxes for

coastal elements were r;duced £o an amount reflecting the percent of
elemental area representing aquifer.

The system of equations of the different numerical contaminant
models were solved using linear programming. Analytical and numerical

estimates of nitrate concentrations are plotted as contours in Figure
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13; the numerical results are from the model using the true hydraulic
conductivities and a two kilometer discretization. The plots illustrate
the execellent agreement between the numerical solution to the whole
island problem and the analytical sclution. Most of the prediction
error is located near the center of the island. The model over

estimates nitrate concentrations near rw because it overestimates the

magnitude of fluid flow in the region. Comparisons were made between
numerical and analytical contaminani levels at each element. Numerical
accuracy and precision were investigated over each specified
discretization scale. The numerical error in predicted nitrate
concentrations was calculated as

Numerical NO3 Analytical NO

Conecentration Concentration

3

Error = (57)

The relative error in numerical nitrate estimates was expressed as

Relative - Error (58)
Error Analytical NO
Concentration

Data on the average numerical error (ug/l NO.) and the average

3

relative error (%) are plotted in Figures 14 and 15 respectively. Both
Figures depicted an increase in model error as numerical discretization
increases beyond one kilometer. The numerical nitrate predictions
tended to be greiter than the analytical estimates; consequently the
numerical model provides conservative simulations of the true extent and
impact of a groundwater pollution scenario. When a two kilcmeter
element dimension was used, the average prediction error was less than

0.1 mg/l as NOB-N or 2.2 percent. The model nitrate concentrations
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Figure 13.

Contour plots of predicted nitrate nitrogen concentrations
(mg/1) from an analytical model (a) and from a numerical
model using a two kilometer discretization scale (b).
Dashed lines represent the coastline, while solid lines
correspond to the iso-concentration contours for nitrate.
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Figure 14, Average error in predicted nitrate concentrations as a
function of the discretization scale {(from the numerical

contaminant transport model for the hypothetiecal island
aquifer).
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Figure 16. Standard deviation of error in predicted nitrate
concentrations as a function of the discretization scale
(from the numerical contaminant transport model for the

hypothetical island aquifer).
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Table 3. Difference Between Numerical Contaminant Model Predictions

Using True Transmissivities and Transmissivities Estimated
with the Inverse Model.

Discretization Average Standard Average Standard
Scale Difference Deviation Percent Deviation
of Average Difference of Average
Difference Percent
[km] Cug/1] Cug/1] Difference
1 -0.500 3.000 -0.001 G.0u4o
2 0.600 4,000 0.010 0.050

3 4,200 4,000 0.060 0.050
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represented average regional predictions over aquifer elements which
were each four square kilometers in area. A t{wo percent average error
in simulated nitrate concentrations was considered more than acceptable
for regional contaminant predictions,

The standard deviation of errors in predicted nitrates {(pg/l as

NOB-N) and the relative standard deviation of errors are plotted as

functions of discretization scale in Figures 16 and 17. The standard
deviations of model errors increased in a linear fashion as the element
dimension increased from one kilometer to three. At the two kilometer
element scale the standard deviation of errors in predicted nitrate
levels was lesg than 0.1 mg/l. _Figure 17 showed that the greatest
standard deviation of percent error (4.5) occurred not with the largest
elements (three kilometers) but with the two kilometer discretization.
The effect of discretization scale on the standard deviation of percent
error could not be explained. Difference between the largest and
smallest relative standard deviations was less than 0.7 percent.

Numerical simulations were also performed using transmissivities
estimated by the inverse model. These simulations were designed to test
the influence of errors in the transmissivity fleld on numerical
contaminant estimates. Shown below Table 3 presents the average and the
average relative difference between simulation results obtained with the
true aquifer hydraulic conductivities and the inverse modeled

transmissivities. The simulation results were the same regardless of

the source of transmissivity estimates,
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The last evaluation of the contaminant transport model was a mass
balance analysis. The percent error in the nitrate balance was small at
all scales of discretization; see Figure 18. A total loss of 0.2
percent of the contaminant applied was noted at the two kilometer scale.
As the scale of discretization increased the mass balance condition
changed from one of losing nitrate to gaining dissclved contaminant in
an amount of 0.4 percent.

The validation of the numerical contaminant transport model
clarifies the level of expected model accuracy at three discretization
scales for a groundwater pecllution scenario comparable to the
hypothetical problem. For a numerical discretization of two kilometers
it was shown that model errors were 2.2 + 4.5 percent. This level of
accuracy was considered acceptable given that model results correspond
o regional nitrate predictions and not point estimates. The numerical
contaminant estimates produced from simulations using transmissivities
generated from the inverse model were excellent. Errors present in the
elemental transmissivities obtained with the inverse model did not

significantly affect predicted contaminant distributions.
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CHAPTER 6

CALIBRATION OF A GROUNDWATER FLOW MODEL FOR

WESTERN CAPE COD

The application of a nonpoint source groundwater pollution
management model to a study site must follow the successful mathematical
description of the groundwater flow field. This chapter is devoted to
the modeling of groundwater flows in the aquifer underlying Western Cape
Cod. The intense pressures for residential development portend future
nonpoint source groundwater pollution problems for this area of
Massachusetts; consequently, this area was chosen to serve as an
application region for the management models.

The chapter begins with a brief description of the primary
groundwater pollution problems on Cape Cod, followed by a discussion of
the hydrology and geology of the study area. The next section of the
chapter presents the preliminary assumptions that underlie efforts to
model the Cape Cod Aquifer with the validated subsurface flow model.
Calibration of the numerical flow model is accomplished with the inverse
model. Final simulation results are presented as water table maps and

numerical error scatter plots.

6.1 Nonpoint Source Groundwater Pollution on Cape Cod

The aquifer under Barnstable County, Massachusetts (Figure 19) has

over a hundred public wells and has been designated a Sole Source
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Figure 19, Map of Barnstable County, Massachusetts with associated
towns.
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Aquifer by the U.S. Environmental Protection Agency. The aquifer is
threatened by nonpoint source pollution from road runoff, lawn
fertilizers, septage lagoons and pits, and underground fuel and chemical
storage tanks. On-site domestic waste disposal systems (septic systems
and cesspools), however are among the largest and most ubiquitous source
of distributed groundwater contamination on Cape Cod; 88 percent of the
year-round residents use septic tanks or cesspocls {(Quadri, 1984).
Another major source of groundwater nitrate contamination is the use of
lawn fertilizers.

Research has linked the expanded use of on-site domestic waste
disposal systems and the application of lawn fertilizers to increases in
groundwater nitrate levels on Cape Cod and elsewhere (Yates, 1985,
Flipse et al., 1984, Quadri, 1984, Porter, 1980, Katz, Linder, and
‘Ragone, 1980). Nitrate pollution of groundwaters is recognized as a
significant problem because nitrate is a persistent contaminant in the
subsurface environment which poses potential health hazards (Zaporozec,
1983) and contributes to the eutrophication of coastal waters. Elevated
nitrate concentrations in groundwaters may also indicate the presence of
other contamipants (e.g., bacteria and viruses), which like nitrate
couid be public health hazards that are expensive to remove from water
supplies (Perkins, 1984).

Sewer systems are often installed to mitigate water quality
problems derived from septic system pollution. The 208 Water Quality
Plan for Cape Cod (Cape Cod Planning and Economic Development

Commission, 1987} favored the continued use of septic systems because
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they are an inexpensive method of treating domestic wastes and because
the artificial recharge helps to maintain water levels within the
aquifer,

Future population growth is expected to expand the use of septic
systems and lawn cultivation into sensitive regions where major public
wells are pow situated; consequently, the nitrate pollution on Cape Cod
could develop into a regional groundwater quality problem, To protect
groundwaters, a cooperative effort will be needed by all communities of
Barnstable County to determine where and to what extent residential

development should be permitted.

6.2 The Hydrology and Geology

The western section of Barnstable County, Massachusetts, was chosen
as the application region for the nonpoint source groundwater pollution
management models (see Figure 20)}. Cape Cod is primarily composed of
unconsolidated deposits of clay, silt, sand, gravel, and boulders laid
down by glacial and fluvial action during the pleistocene age. The
unconsolidated material extends to depths of 25-152 meters below mean
sea level with general increases in depth ccecurring from Bourne eastward
(Burns, et al., 1975). Underlying the unconsolidated deposits is a
granitic basement rock.

The major geological features of the area are the Buzzards Bay
Moraine, the Sandwich Moraine, and the Mashpee Qutwash Plain. Figure 21
illustrates the location of each formation. The moraines are elevated

formations which are composed of unconsolidated deposits that range in
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grade from clay to larger boulders, The water transmitting properties
of the moraines are generally considgred poor, because the lithology
{and probably the permeability) of the moraine aquifer tends to vary
greatly over short distances (Guswa and LeBianc, 1985). The outwash
plain is hignly permeable and the depth to the water table is more
shallow here than in the moraines. The deposits in the outwash

plain are generally sand and gravel with lenses of clays and silt. The
grades of the deposits decrease in a direction south and east of the
moraines.

The Sole Source Aquifer for the residents of Western Cape Ced is an
unconfined lense of fresh water floating on top of salt water (see
Figure 22). Surface waters in this region are primarily water table
ponds and a few minor streams which receive flow principally through
groundwater seepage (with small contributions from surface runoff).
Annual vériation of pond surface elevation is greatest within the
interior regions. Marshes and streams near the coast have relatively
constant surface elevations and operate as significant points of
groundwater discharge {(Guswa and LeBlanc, 1985).

Annual recharge (from precipitation only) on the western cape
aquifer is 30-56 centimeters (Guswa and LeBlanc, 1985, LeBlanc, 1984,
Burns, et al., 1975, and Strahler, 1972). Figure 22 shows the cross-
sectional flow paths for water entering the aquifer from surface
precipitation. Near the morainal deposits (central rib) water travels
*in horizontal and vertical directions. As some of the water flows

vertically, it is deflected in an horizontal direction due to the
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decreasing vertical permeability of ocutwash deposits with depth. Figure
22 does not show the presence of fine sand, silt or clay layers;

however, LeBlanc (1984) reported the existence of such layers in
Falmouth, and Strahler (1972) identified a layer of silt/clay 150 feet
thick from data ccllected from a well drilled in Harwich, Both surmised
that these formations have much lower permeabilities than overlying
outwash deposits and both located these layers approximately 30 meters
below Mean Sea Level (MSL). Stahler (1972) suggested that the principal
groundwater movement could be limited to the highly permeable
unsolidated deposits overlying this layer, LeBlanc (1984) investigated
a contaminant plume in the outwash plain of Falmouth, Massachusetts and
observed that a layer of fine sands and tills underlying the coarse sand
and gravel deposits precluded vertical movement of the plume. Thus, the
highly permeable layer of sand/gravel outwash which overlies the fine
sand and till deposits appears to be the major conduit of groundwaters
and groundwater contaminants.

Figure 23 shows a gently sloping water table in the outwash plain
which suggests that groundwater moves easily and horizontally from the
central rib through the sand and gravel deposits of the glacial outwash
plain toward the coast (LeBlane, 1984 and Bear, 1679). Near the coast
the flows are deflected upward by the denser sea water at the
freshwater/saltwater interface (see Figure 22). Because groundwater
recharge is seasonal, annual fluctuations in the water table have been

observed; the greatest range of fluctuations occur inland (2-3 feet)
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while only a few inches of fluctuation occur near the coast (Strahler,

1972).

6.3 Modeling Unconfined Groundwater Flow

The validated steady-state, two~dimensional herizontal groundwater
flow model was calibrated for Western Cape Cod. Several assumptions
were made regarding the characteristics and boundaries of the aquifer,
the nature of groundwater flow in the region, the scwrces of significant
recharge, and finally the location of discharge boundaries. Data to
estimate hydrologic stresses were collected by Guswa and LeBlanc
{1985) from iengthy records of climatological data (precipitation,
temperature, etc.) and observation well data. The shortest records used
were for groundwater pumpage and artificial recharge; estimates of these
activities amounted to less than five percent of the total recharge
budget. Calibration of the flow model was efficiently accomplished with
inverse modeling. Data on aquifer stresses and elemental water table
elevations were used in an inverse model to identify discrete aquifer
transmissivities which would reproduce observed hydraulic heads during

numerical flow simulation.

6.3.1 Model Assumptions

The following assumptions were made regarding the characteristics
of the aquifer:
1) Previous work from Guswa and LeBlanc (1985), Burns, et al.,

{1975), and Sterling (1963) had shown that the aquifer on



2)

3)

)
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Western Cape Cod is composed of layered unconsolidated
nonhomogeneous deposits of boulders, gravel, sand, silt, and
clay which suggests that the aquifer is nonhomogeneous. The
horizontal deposition of sediments have created an aquifer
which is anisotropic with respect to fluid flow in the vertical
direction, but relatively isotropic with respect to fluid flow
in the norizontal direction;

To use the numerical groundwater flow model, the aquifer is
discretized into elements where the physical properties of the
aquifer are assumed piecewise constant within each element.
Large discretizations are acceptable, if the phenomenon of
interest is greater than the scale of aquifer inhomogeneities
(Bear 1979);

The difference in density between freshwater and saltwater
prevents significant mixing along the freshwater/saltwater
interface; therefore, the elevation of that interface wherever
it intersected the highly permeable outwash deposits was
treated as an impermeable bottom boundary;

Both LeBlanc (1984) and Strahler (1972) identified the basement
rock as an aquifuge; however, LeBlanc also observed that the
less permeable layers of fine sands, silts, and clays behaved
as impermeable boundaries to significant fluid flow and
contaminant transport when compared to the overlying highly
permeable sand and gravel outwash deposits. It was assumed

therefore, that the top elevation of layers of fine sand, silt,
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or clay would be used as the elevation of the impermeable

boundary except where the highly permeable glacial outwash

deposits extend all the way to bedrock.

Several assumptions were made regarding the nature of subsurface

flow on Cape Cod:

1)

2)

3)

4)

Piezometric_readings by LeBlanc. (1984), Guswa and LeBlanc
(1985), and Burns, et al., (1975) support assumptions that, on
a regional scale, groundwater flows are principally horizontal.
It was assumed that regional groundwater flow in Western Cape
Cod aquifer is unconfined and horizontal; vertical flows are
minor over most of the aquifer except near the coast, but these
flows are not considered;

Surface water elevations for ponds in the interior of the study
area were assumed to reflect local water table elevations;
Seasonal changes in the regional piezometric surface are a
reflection of seasonal variations in the groundwater recharge
buffered by a huge reservoir of fresh water stored in the
Western Cape Cod aquifer. Consumptive losses are estimated to
be less than one percent of the total annual natural recharge,
It was assumed that averaged water table elevations reflect the
approximate steady-state conditions;

Since the density of septic tank effluent is close to thai of
distilled water, it is assumed that groundwater flow is density

independent;
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Because the groundwater model considers onlty horizontal flows,
the dimensions of the discrete elements must be sufficiently
large that horizontal flows dominate. Bear (19%9) noted that
vertical flows resulting from local hydraulic perturbations
{e.g., pumping) become minor over horizontal distances of 1.5-
2.0 times the thickness of the saturated zone (the distance
between the water table boundary and impermeable bottom). On
Western Cape Cod the horizontal dimensions of each element were
2000 meters which is over seven times the maximum thickness of

the aquifer.

Regarding hydroiogic stresses in the study area, there were a few

other assumptions:

1)

2)

3)

Based upon the work of Guswa and LeBlanc (1985), Burns, et al.,
{1975), and Strahler (1972) it was assumed that the principal
sources of groundwater recharge were precipitation and return
water from septic systems;

Throughout any discrete element, it was assumed that the
aquifer receives evenly delivered stresses from constant
recharge originating from precipitation, septic tank effluents,
or other identified sources and constant discharge from pumping
or other forms of natural and artificial groundwater
Wwithdrawal;

Groundwater discharge along the shore (i.e., through coastal
marshes) and through the seabed is controlled by the elevation

of the coastal waters. It is assumed that the hydraulic head
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along the coast is a constant taken to equal mean sea level

above some stated datum.

6.3.2 Numerical Discretization

A uniform numerical discretization was applied over the aquifer
{(see Figure 24), The two kilometer discretization was used because
excellent results were obtained at this scale during the validation of
both the flow and the contaminant transport models. The area of each
e¢lement was assumed to equal four square kilometers unless it was
determined that the effective recharge area was less (e.g., for elements
along the coastline). Where elements had less than four square

kilometers of area the recharge was reduced proportionately.

6.3.3 Boundary Conditions

Two primary boundary conditions were incorporated into the
mathematical modeling of subsurface flow on Western Cape Cod. The first
condition specified that the aquifer floor was impermeable and that no
flow was lost to leakage. This assumption is reasonable since a

granitic basement rock and/or c¢lay underlie the permeable sandy aquifer

(Strahler, 1972).

The sécond condition concerns the proper approximation of the
boundary where groundwater discharge occurs along the sheore (i.e.,
through coastal marshes) and through the sea bed. It was assumed that
the elevation of the coastal water elevation determined water table

elevations and groundwater discharge along the coast. Groundwater
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elevations along the coast are somewhat constant with elevations
fluctuating from 0 to 0.6 meters (Frimpter and Fisher 1983};
consequently, subsurface flow at the coast may be approximated with a
specified head boundary condition., For all elements along the coast,

the hydraulic heads were specified at mean sea level; see Figure 25,

6.3.4 Data Requirements and Acquisitiocon

The numerical flow model requires data on spatial changes in
groundwater recharge rates, pumpage rates, and aquifer transmissivity.
Data was collected from the U.8. Geological Survey on hydrologic
stresses that would yield elemental recharge rates and pumpage rates.
It was not possible to calculate discrete transmissivities from aquifer
thickness and elemental permeability information because existing
data was inadequate to define regicnal permeabilities at each node.
Therefore the discrete transmissivities were estimated with the inverse
model. The inverse model required hydraulic head estimates at each node
and the estimated transmissivity at some point along each flow line in
addition to the hydraulic stresses data. The specifics of the data

and the methods of acquisition are presented below,

6.3.4.1 Natural and Artificial Recharge

Aquifer recharge on Cape Cod is derived from natural precipitation
and artificial recharge from septic system effluents and wastewater
treatment plants., Guswa and LeBlane {1985) calculated natural recharge

as the difference between average annual precipitation and average
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annual evapotranspiration. Precipitation was calculated from rainfall
data for 1947-1976. The annual evapotranspiration rate was calculated
by the Thernthwaite method (Strahler, 1972). Data from 1947-1976 on
mean monthly temperature was used in conjunction with the geographic
latitude of the area to obtain estimates of the annual rate of
evapotranspiration. The estimated natural recharge rate increased from
48 cm/year in Yarmouth {in the east) to 56 cm/year in Falmouth {in the
west).

Over all of Cape Cod, 88 percent of the population uses septic
systems as a means of disposing domestic wastes. From the 1980 census,
90 percent of the population uses municipal water; consequently, the
Wwater exported from municipal wells appears as artificial recharge from
septic systems. The total artificlal recharge from each water district
Wwas calculated from the average daily volume of water pumped by the
water district. Table U shows the average daily pumpage from each
district during 1975-76. Uniform artificial recharge rates from each
water district were determined from the ratio of a district's average
daily pumpage and the area served. Artificial recharge rates for each
element were adjusted proportionally to the fraction of element area
served by each munieipal water supply. Nodes which received artificial
recharge are identified in Figure 26,

Aquifer recharge from the two sewage treatment plants (the Otis and
Barnstable plants) were equated to the flows reported by Guswa and

LeBlanc (1985) in their three-dimensional model for Western Cape Cod.
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Table 4. Artificial Recharge Sources Over Western Cape Cod in 1975/76.

Water Supply

Average Daily Area Served Percent Flow

Source Pumpage Applied
3 2
{m /day] Ckm ]
Barnstable Fire District 1079 20 100
Barnstable Sewage Treatment
Plant 2650 1 100
Barnstable Water Company 5856 24 100
Bourne Water District 2306 24 100
Centerville-Osterville
and Cotuit Fire Districts 6149 " 32 100
Falmouth Water District 10138 34 100
Highwood Water Company u8l4 3 100
Otis Air Force Base 2298 1 100
Sandwich/South Sagmore
Water District 1490 21 100
Yarmouth Water District 9270 28 100
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6.3.4.2 Groundwater Pumpage

Municipal water demands comprise the greater part of all
groundwater withdrawal on Cape Cod. Pumpage occurs throughout the
Western Cape Cod Area. Figure 27 shows which elements had active wells
during 1975-76. Table 5 lists each active well and the average daily

pumpage over 1975-76.

6.3.4.3 Water Table Elevation Data

The inverse model was applied over Western Cape Cod as a means of
estimating elemental aquifer transmissivities. The data requirements of
the inverse model include hydraulic head estimates at each element in
addition to the recharge and pumpage data presented above. The
hydraulic head at each element was estimated from a combination of
observation wells, pond levels, and interpolations from water table
maps. Observed average water levels from 1950-82 were obtained from
LeBlanc and Guswa (1977) and Letty (1984). Additional pond levels were
obtained from U.S. Geological Survey topographic maps for Cotuit, MA
(1974), Dennis, MA (1974), Falmouth, MA (1979}, Hyannis, MA (1979),
Onset, MA (1967), Pocasset, MA (1979), Sagmore, MA (1979), Sandwich, Ma,
(1972), and Woods Hole, MA {1967). In a few areas of Cape Cod, well
water and surface water levels were not available; for these areas the
hydrapiic head was equated to the average graphic interpolation from
three water table maps (Guswa and LeBlanc, 1985, Redfield, in Strahler,

1972, and Cape Cod Planning and Economic Development Commission, 1982).
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Table 5. Summary of Active Wells Over Western Cape Cod in 1975/76.

U. S. Geological Location Discharge
Survey Well Node 3
ATWS9 8,1 9
9,11 9
ATW159, ATW107 9,13 2863
A1W249, ATW158, A1W160
AWz2y 10,11 113
A1waz28 6,16 h21
ATW226 8,15 29N
A2W227 8,16 29
ATW368
A1wW229, A1W38BY 8,16 2877
ATW251 9,11 274
ATW259, ATW3T3 8,13 614
8,14 614
ATW369 9,11 276
ATW370 6,17 658
AW3T1, AMW372 7,13 798
A1W3T6 8,16 1108
ATW3TT, ATW385, AT1W386 7,17 779
7,18 779
8,17 779
8,18 779
ATwWlo2 6,17 88
7,17 88
ATW403, A1W383, ATW387 7,17 1329
BHW 22,232 2,7 303

BHW 23 8,5 ' 1241
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Table 5. Summary of Active Wells Over Western Cape Cod in 1975/76,

Continued.
U. S. Geological Location Discharge
Survey Well Node 3
(i,3) [m /d]
BHW233, BHW1-3, BHW136 5,4 1600
BHW199
Long Pond 12,3 3385
12,4 3385
13,4 3385
MIW32, MIW32 12,9 L8y
SDW 27,37 3,9 1037
SDW 155 Ty7 1059
SDW 249,250 2,8 152
YAW42, YAWU3 6,18 629
6,19 629
YAWS3, YAW14L, YAW146 6,21 1754
YAWSY 6,21 1116
YAWRE 7,19 759
YAW6E1, YAW63 6,20 1192
YAWGYU, YAWES 7,20 1600
YAW103 5,20 109
YAW126, YAW127 5,21 89
89

YAW128 7,19 306
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Figure 28 distinguishes nodes where hydraulic heads were estimated from

observation data or from interpolation.

6.3.4.4 Agquifer Transmissivities

Inadequacies in available field data precluded direct estimation of
transmissivities for the Cape Cod aguifer. Available information on
aquifer properties represents data compiled from well logs and pump
tests which was collected over aquifer intervals that average less than
ten percent of the total aquifer thickness., Few wells actually log the
aquifer down to bedrock. Most pumping wells penetrate no more than 15
meters into the saturated zone (Horsley, 1983). For virtually all of
Western Cape Cod little is known about the lower 75 to 90 percent of the
aquifer.

To obtain transmissivity estimates for each element of the
discretized aquifer, therefore, the inverse model was employed.
Application of the inverse model to western Cape Cod was accomplished
using the same approach successfully applied with the hypothetical
problem in Chapter 4. During the first stage the whole study area was
sectioned along the major groundwater divides into quarters (See Figure
29). Transmissivities for each quarter were calculated through the
sequential application of equation (31) in a direction radiating from
the element 1 = 6, j = 7 where the transmissivity was specified. The
boundary conditions used in each quarter were the same. Those

conditions were
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1) Specified Transmissivity at a node representing the origin of

all flow lines

T = 2472 mo/day (59)

6,7
2) No flow across the boundary for elements along the groundwater

divide which parallels the y axs
- 60
5% = © {60}

3) No flow across the boundary for elements along the groundwater
divide which parallels the x axis

gh
7= 0 (61)

The transmissivity at node i=6, j=7 was calculated from the product of
an assumed permeability of 30.9 m/day and estimated saturated thickness
of 80 meters from Guswa and LeBlanc (1985). The assumed permeability
was predicated on estimates used by Burns, et al., (1975) to model two-
dimensional horizontal groundwater flow in the Truro area.

During the second stage of inverse modeling, 100
simulation/adjustment iterations were performed. The magnitude of any
adjustment was 50 percent of the error in predicted water table
elevations or hydraulic gradients.

The hydraulic conductivity at each node was calculated by dividing
the elemental transmissivity by the estimated discrete aquifer
thickness, Hydraulic conductivities for interior nodes (the hydraulic
conductivity of coastal nodes was not calculated because the saturated
thickness of the aquifer was not known) ranged from 5 to 116 m/d. This

range of hydraulic conductivities was much greater than the range (3.4
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to 36 m/d) reported by Burns, et al., (1975), but much smalier than the
range of 0.3-183 m/day used by Guswa and LeBlanc (1985) to model three-
dimensional flows on Western Cape Cod. Hydraulic conductivity values
obtained from the inverse model represent regional estimates which may
not agree with any point value; this is because aquifer lithology is
known to vary over length scales shorter than the discretization scale.
Spatial changes in hydraulic conductivity can induce severe changes
in the hydraulic gradient. Associated with spatial changes in the
hydraulic conductivity are regional changes in the geology. Two
prominant physical features of Western Cape Cod are the Buzzards's Bay
and Sandwich Moraines. The hydraulic conductivity of the moraines is
not. well known. Both high yielding wells and dry holes have been
reported there. Some wells on the moraine penetrated silt and clay
layers several hundred feet thick (Guswa and LeBlanc, 1985). Figure 30
shows major regions over Western Cape where the inverse model predicted
hydraulic conductivities less than 20 and 25 m/day. These regions
correspond well with the locations of the moraines depicted in Figure
2%. If the inverse model can be used to identify spatial changes in
hydraulic conductivity then it may be able to identify the subsurface

boundaries of geoclogic formations having different permeabilities.

6.3.5 Simulation Results

The discrete transmissivity estimates were used with the pumpage
data, recharge data, and boundary conditions to perform the groundwater

flow simulationsa of the Western Cape Cod aquifer. Total recharge was
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Figure 30. Results of the inverse model for Western Cape Cod showing

: regions of aquifer hydraulic conductivities less~than-or-
equal~to 20 m/d in (a) and regions of aquifer hydraulic
conductivities less—than-or-equal-to 25 m/d in (b). Note
that regions correspond to the location of the moraines.
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771,572 m3/day. Total daily pumpage was 31,596 m3/day which is five
percent of the total recharge. Mass balance errors were very small,
averaging in length 0.002 percent, indicating a very slight gain in
subsurface flows,

Predicted heads were plotted as contours in Figure 31, The contour
map depicts slight hydraulic gradients to the south and east sections of
the aquifer and steeper gradients along the north shore. The steeper
water table reflects the energy required to force flow through the less
permeable moraine deposits.

The errors in predicted heads are summarized in Table 6. The
average percent error in calculated head was 0.08 percent with a
standard deviation of five percent. Actual error was always less than
one meter and on the average was 0.05 meters, Model prediction errors
(Figure 32) were generally positive (over estimates) regardless of where
the node was located (small values of observed water table elevations
indicate regions near the coast). Because nodes near the coast have
water table elevations near mean sea level (0) the model was less
accurate for these nodes in terms of percent error (see Figure 33).

Calibration of the groundwater flow model was considered successful
from the perspective of satisfying three goals. First, a set of
transmissivities were identified for the region which yield hydraulic
conductivities that were not only within the range of previous
observations, but were also distributed spatially in a pattern
commensurate with known geologic formations. Secondly, the standard

deviations of the errors of the hydraulic predicticns were within five
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Table 6. Summary of Flow Model Predictions Errors Following
Calibration to Western Cape Cod.

Average Head 0.051
Error; [m]
Standard Deviation 0.224

of Average Head
Error; [m]

Average Percent 0.080
Error in Predicted
Head

Standard Deviation 5.040
of Average Percent ‘
Error in Predicted
Head

Percent Mass Balance Error 0.002
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percent, Finally, the low mass balance errors corroborated the

excellent numerical predictions of the piezometric surface.




CHAPTER T

MODELING TC ELUCIDATE CRITICAL RECHARGE AREAS

Two non-point source groundwater pollution management models are
formulated and applied in this chapter. The first model identifies
areas within the regionél groundwater flow system which are most
critical to the preservation of area-wide groundwater quality. The
seconq model can be implemented to delimit ceritical recharge zones
surrounding municipal water supplies.

Both models are applied to a section of Western Cape Cod, Long
term regional groundwater nitrate distributions from the 1980
development pattern in Falmouth and Bourne are projected. The
projections are based on nitrate contamination from septic systems, lawn
fertilizers, leaky sewers, background loads, and subsurface recharge
from secondary municipal sewage. Model assumptions which facilitate
direct incorporation of the validated solute transport model as
continuity constraints of the management models are enumerated.

Both management models identify the water quality tradeoff's
associated with alternative subsurface disposal patterns, regardless of
whether water quality impacts are regional in nature or simply at a
water supply well. Modeling results include contour plots of the
steady-state regional nitrate distributions from the 1980 land use
patterns for Bourne and Falmouth, Massachusetts. In addition, maps

showing regional and local water quality impact isopleths are presented.
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7.1 Formulation of Management Model 1

The purpose of the first management model is to identilfy areas
within a regional groundwater flow system which are most critiecal to the
preservaticn of area-wide groundwater quality. The model is formuiated
to reveal the steady state distribution of a dissolved contaminant
produced from nonpoint source pollution. In addition values of dual
variables can be obtained to delineate recharge areas significant to
protecting long term regional water quality. The first management meodel
is a simple linear program. The objective function is formulated as a
direct summation of all the elemental contaminant variables in the
management area divided by the number of discrete nodes under
management., The optimum value of the objective function represents the
maximum average element concentration under specified subsurface
disposal activities expressed through the continuity constraints. The
objective function is written

n m

. 1
Maximize —— - 'Z _Z C; 4 (62)
i=1 j=1

where the product of n and m 1s the total number of elements within the
boundaries of the management area.

The continuity constraints appear similar to equation (49);
however, all subsurface disposal activities are specified as known terms
on the right side of inequalities. Recall, that the continuity
consiraints operate as an expressed approximation of the relationship
between subsurface disposal activities and the resultant groundwater

contamination, Two inequality continuity constraints are constructed
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for each node in lieu of a single equality constraint. Presenting the
equality constraint as combinations of inequality constraints ensures
that pollutant concentrations reflect specified contaminant loadings and
creates dual variables for use in sensitivity analysis. The continuity
constraint set is expressed as

teieer > [c liwy + [e_]ist + [c, J1z}

+ e Jiur « ¢ - [114Q} (63)
[c1{c} < [c Jtw} « [c_1(s} + [c ]z}

+ e Jtuy + c - [1){Q) (64)

where all the vectors and coefficients are defined as with equation
(49).
The complete formulation of medel I follows.,

Objective function:

.. 1
Maximize —— =«
nem N

[l s =]

[ s B =
()

. ij

1 j=1 J
5,.t.

Continuity Constraints:

[clict » [c Jtwr + [c st + [c iz}
« [ J{u}y + ¢ - [r)Q)

(cl{ct < [cw]{w} + [CS]{S} * [Cz]{z}
+ [Cu]{U} +Cy o (11{Q}

Nonnegativity constraints:

C. .>0 ¥ i andj
l,J—
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Model I yields the steady state contaminant distribution under a
defined flow field and a specified distribution of contaminant loadings.
Plotting the dual variables assoclated with the less-than-or-equal
constraints depicts discrete estimates of the regional water quality
tradeoffs from small changes in subsurface disposal fluxes. Iso-water-
quality-impact contours are interpolated between plotted wvalues of the
dual variables. These contours will delineate areas within a regional
aquifer which are most critical to the preservation of area-wide

groundwater quality.

7.2 Formulation of Management Model 11

The purpose of management Model ILI is to delimit critical recharge
zones swrounding municipal water supplies. The formulation of Model II
is a simplified version of model I where the scope of the objective
function has been reduced to include fewer elements. The new objective
function contains one or more contaminant concentration decision

variables (Ci j's) that coincide with elements containing water supply

’
wells or significant surface or groundwater resources. The value of the
objective function represents the average steady state concentration of

-contaminant in groundwaters underlying discrete elements containing the
water supply wells. The formulation of the objective function is

n

Maximize % oy
i=1 j

C. .- 7Y, .
RURERN (65)

W ~13
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where Y. . = the value of one if the contaminant concentration in

element 1,j is the target of interest (i.e., an element
containing municipal well);

m
21- Yi,j' which equals all the number of elements

containing target water supply wells.

As in Model I this model produces the steady-state contaminant
distribution resulting from the specified aquifer disposal rates
expressed as constant terms on the right-hand-sides of the continuity
constraints. The optimum values of the dual variables can be plotted in
a pattern around the node (or ncdes) of interest. Iso-water-quality-
impact contours can be interpolated between discrete values of the dual
variables. These contours yield estimates of the unit changes in
contaminant concentration at the target node (or nodes) induced by
changes in subsurface disposal activity in all elements within the
managed area. The contour pattern delimits critical recharge zones

surrounding the target node (or nodes).

T.3 Application ¢of Models I and 11 to Bourne and Falmouth,

Massachusetts

Models one and two were applied to a small section (268 square
kilometers) of Western Cape Cod (see Figure 34). The regicon lies west
of the groundwater divide extending north to south aleong the eastern
borders of Bourne and Falmouth, Massachusetts. Figure 35 depicts

the locations of significant municipal water wells, sewage treatment
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plants, sewers, town borders, the military reservation, and the

groundwater divide.

The study area was discretized into two kilometer elements (see
Figure 36). This discretization dimension was chosen because the
steady-state discrete contaminant transport equations were successfully
validated at this scale in Chapter 5. The discrete formulation of the
validated numerical contaminant transport model served as continuity
constraints for each management model. The solution of both linear
programs revealed the long term regiocnal groundwater quality impacts
from land use activities producing dispersed nitrate pcllution from
septic systems, lawn fertilizers, secondary sewage recharge, leaky
sewers, and background loading. The simulations were performed with
estimates of pertinent nitrate source concentrations and flux rates from

the year 1980.

7.3.1 Fundamental Modeling Assumptions

Assumptions were made regarding 1) the boundaries of the Bourne-
Falmouth study-site, 2) the characteristics of the aquifer and
groundwater flow, 3) the nature of diffuse sources of subsurface nitrate
pollution, and 4) the fundamental mechanisms affecting subsurface
contaminant fate and transport. The specific assumptions made regarding
the boundaries of the study area were:

1} Boundary conditions along the groundwater divide: contaminant

transport across the groundwater divide was assumed negligible.
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were:

2)

3)

)
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This boundary was treated by specifying zero Darcian velocities
acreoss the divide; see Figure 37;

Boundary conditions at the coast: most contaminants in the
aquifer discharge to the ocean along the coast, It was assumed
that contaminants entering boundary nodes from upgradient flows
and boundary recharge must equal the product of groundwater
discharge and contaminant levels at the boundary. Figure'37
illustrates how the coastal nodes were treated. The mass of
contaminant entering the boundary from Interior nodes

(VCii) plus the mass of contaminant entering the aquifer from
surface pcllution occurring on the boundary (ow) is esquated to
the product of total flow leaving the boundary (Ui + wb) and
Lhe concentration of contaminant at the boundary (Cb);

Boundary conditions at the groundwater mound: the numerical
problem is not properly posed unless the contaminant
concentration is specified at least somewhere along each
characteristic., Because element i,j = 6,7 corresponds to the
peak of the groundwater mound all characteristics originate
from this ncde; hence, for convenience the contaminant
concentrations in the element was specified;

No loss of nitrate occurred across the impermeable aquifer

floor or the water table.

The assumptions made regarding aquifer characteristics and flow
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Western Cape Cod aguifer is composed of unconsolidated
nonhomogeneous deposits of boulders, gravel, sand, silt, and
clay. It was assumed that the aquifer was nonhomogeneous, but
isotropic with reapect to horizontal dissclved contaminant
transport;

Regional groundwater flow in Western Cape Cod aquifer has been
unconfined and predominantly horizontal; therefore, regional
advective contaminant transport was assumed unconfined and
horizontal;

Groundwater artificial recharge and withdrawal along the
groundwater divide was negligible for all elements within the
management area; consequently, the position of the groundwater
divide was assumed stationary;

The numerical mass transport model was incorporated into a
larger groundwater quality management model to view long term
groundwater management schemes; therefore, simulated masé
transport was predicated on information derived from a steady-
state groundwater flow regime defined by future regional water
demands, existing and future well locations, existing and
potential municipal water distribution systems, and existing
and potential sewer systems. This approach would be acceptable
as long as deviations from the projected volumes of water
exported and consumed did not induce significant changes in the
original piezometric surface used in the construction of the

groundwater quality management model,
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Several specific assumptions were made regarding the physical and

chemical mechanisms governing the fate and transport of nitrate in the

Cape Cod aquifer:

1)

2)

3)

Because nonpoint source groundwater pollution was being
evaluated over long time and large length scales, vertical
variations in groundwater quality become less important than
horizontal variations (Bear, 1979); consequently, only depth-
averaged concentrations were considered;

Since vertically averaged regional c¢ontamlnant concentirations
were being modeled, the scale of horizontal numerical
discretization must be sufficiently large that sufficient
vertical mixing through the entire depth of the aquifer could
be assumed. Bear {(1979) noted that contaminants entering the
top of the saturated zone would occupy most of the saturated
layer after travelling horizcontal distances equal to 10-15
times the thickness of the ;aturated zone. The average
thickness of the aquifer on Western Cape Cod is 72 meters. The
discretization scale used with the management models (2000
meters) would be 28 times larger than the average thickness of
the saturated zone; hence, complete vertical mixing was assumed
between elements;

Because little mixing of waters occurs at the
freshwater/saltwater interface and in the less permeable fine
sand, silt, clay, and bedrock layers, it is assumed that no

loss of nitrate occurs at these boundaries;
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Because only regional scale groundwater quality modeling was
pursued and because the sources of groundwater pollution (i.e.,
septic systems) to be modeled were assumed areally distributed,
the influence of dispersive contaminant transport was
considered negligible and was ignored;

Loss of nitrates in the saturated zone is considered minor
(Freeze and Cherry, 1979); therefore, nitrate was treated as a

conservative contaminant.

Finally there were specific modeling assumptions were made

regarding nitrate sources and sinks:

1)

3)

Many sources of distributed groundwater pollution are
semi~permanent and will have a lasting impact on the subsurface
enviromment. For purposes of viewing the long term groundwater
quality implications of semi-permanent nonpoint source
pollution, only steady-state transport conditions were
simulated;

Local scale descriptions of horizontal variations in nitrate
levels were not considered. And for any element of
discretization, all contaminant loadings were assumed evenly
distributed throughout the element;

Source fluxes were based upon estimated per capita loading
rates and assumed nitrate concentrations which actually reach
the water table; transport through the unsaturated zone was not

considered;
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4) Because ponds on Western Cape Cod are generally phosphorous
limited, these bodies of water were not treated as sources or

sinks.

7.3.2 Adaptation of the Management Models to Nitrate Sources on Cape

Cod

Five sources of nitrate contamiﬂation were considered in the
modeling effort for Cape Cod. %he first three scurces were related land
use activities to be described in the following paragraph. The fourth
and fifth sources were, respectively, the land application of
Wwastewaters at the two sewage treatment facilities and the background
nitrate loads delivered to the subsurface flow system through natural
recharge.

The three land use activities were composite residential/commercial
sources of nitrate pellution which differed from each other in regard to
their source of water (municipal or on-site) and their method of
disposing resideﬁtial/commercial wastewaters {(through sewers or septic
systems). The first source was a composite land use activity which
embodied the combined domestic and commercial use of municipal well
water and septic systems. Domestic and commercial use of municipal
water confribute recharge to the aquifer from leaky water mains, and
septic system effluents. Nitrates pollution from this composite land
use activity are introduced to groundwaters through the application of

residential lawn fertilizers, from nitrates in municipal waters lost to
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the aquifer through water distribution system leaks and from
residential/commercial septic system effluents.

A second source was the combined residential and commercial
activities which use municipal waters, but dispose wastewaters to
sewers, For this source, leakage from water distribution systems and
sewer exfiltration from the disposal of residential/commercial
wastewaters produced artificial recharge. Applied residential lawn
fertilizers, sewer exfiltration, and water distributions system losses
added nitrates to the subsurface enviromment.

The third major source was also a form of residential/commercial
land use but differed from the first two, because it did not contribute
artificial groundwater recharge. This source represented the composite
land use activity where commercial and domestic activities rely on water
delivered from on-site wells, Domestic nitrate pollution evolved from
the combined use of septic systems and fertilizers. Commercial nitrate
loads were from septic systems alone.

Management models I and II were adapted to view the regional
groundwater nitrate pollution problems on Cape Cod through additional
specification of éhe general source terms in the continuity censtraints,
{(Equations 63 and 64},

The general vector formulation of the continuity inequalities is

[e1{cy > [c Jtwr « [c Jtst + [c ]Mz}
+ [e Jtur + e - [111Q) (63)

[elicy < [c, Juw} + [c 3{s} + [c ]z}
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+ Ecu]{ul + cq « [11{Q} (64)

where in the Cape Cod problem, nitrate socurce vectors were defined as

{W} = (n-m) x 1 vector of elemental recharge flows from the
combined domestic and commercial use of waters from on-site
wells, septic systems, and lawn fertilizers;

fZz} = (ne-m) x 1 vector of elemental recharges from the combined
domestic and commercial use of municipal well water, septic
systems, and lawn fertilizers;

{8} = (n-'m) x 1 vector of elemental recharge flows from the
combined domestic and commercial use of municipal well
water, séwers, and lawn fertilizers;

{U} = (nm) x 1 vector of elemental recharge flows from land
application of secondary sewage;

{Q} = (nem} X 1 vector of elemental natural recharge flows;

c, ]

U

(n'm) x (n-m) diagonal matrix of nitrate concentrations in

elemental recharge flows from the combined domestic and

commercial use of waters from on-site wells, septic systems,

and lawn fertilizers;

[Cz] = (n-m} x {n-m} diagonal matrix of nitrate concentrations in

glemental recharges from the combined domestic and
commercial use of municlipal water, septic systems, and lawn
fertilizers;

[c,

13

(nem) x (n-m) diagonal matrix of nitrate concentrations in

elemental recharge flows from the combined domestic and
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commercial use of municipal well waters, sewers, and lawn

fertilizers;

[Cu] = (n.m) x {n+m) diagonal matrix of effective nitrate
concentrations in the elemental recharge from land
application of secondary sewage;

Cq = pbserved background nitrate concentration in groundwaters

(for convenience precipitation was treated as the source),

(mg/1).

7.3.3 Estimation of the 1980 Hydrologic Stresses and Nitrate Loads in

Bourne and Falmouth

Recharge vectors ({Wi, {5}, {Z} and {Q} and the source nitrate
concentrations were estimated from discrete natural recharge, artificial
recharge (from septic systems, leaky water distribution systems,
exfiltration flows, and secondary éewage), groundwater pumpage, and
estimated nitrate concentrations in all recharge flows. Calculations of
nitrate concentrations in all recharge flows were accomplished after
assumptions were made regarding domestic nitrogen loads, commercial
nitrogen loads, lawn fertilizer application rates and percent nitrogen
losses in the vadose zone. Nitrate concentration estimates for other
sources (i.e., secondary sewage recharge and sewer exfiltration) were
made from literature values.

Estimates of discrete nydrologic and contaminant stresses were made
after land use and population data for 1980 were compiled on Bourne and

Falmouth.
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7.3.3.1 1980 Population Distribution

Nonpoint source pollution on Cape Cod has been affected by land use
activities and population distribution. The average population in 1980
was calculated for each element of the discretized management area. The
population could be categorized into two groups; one group represented
the elemental population dependent on municipal well water, wnile the
other group relied on water from on-site wells. The 1980 elemental
population pattern of each group is presented in Figures 38 and 39.

The population of each group was calculated by multiplying the
average number of people per housing unit times the number of housing
units in each element connected to on-site wells or municipal water
supplies. The number housing units of each type were obtained by
superimposing the finite difference grid over 1980 population
enumeration district maps (U.S. Census Bureau). The average number of
people per housing unit was interpreted as the ratic of total year-round
population for each town to the year-round occupied housing units.

Table 7 summarizes the population data by town.

7.3.3.2 1980 Pumpage Pattern

Records on the 1980 municipal and private well pumpage were
Obtained from the pertinent water districts and the Cape Cod Planning
and Econcmic Development Commission (CCPEDC). The CCPEDC identified the
safe yields for each well, Total water pumpage by Falmouth was
apportioned among the three wells in accordance with their relative safe

yields. Long term pumpage at the Otis Air Force Base was calculated
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Table 7. 1980 Population Data for the Portion of Each Town Within the
Management Area.

Bourne Falmouth
Total households
connected to public supplies 4385 11658
Total households
connected to on-site 188 1756
Persons/household 2.35 2.20

Average daily

population using 10304 27886
public supplies

Average daily
population using on-site W2 3863
well water
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with 1975 records on population and groundwater pumpage and the long
term population projections given in the draft 208 plans developed by
CCPEDC (1978). The pumpage at the Sandwich well was conservatively
allowed to function at the maximum capacity. Table 8 summarizes the
locations and long term pumpage rates for each municipal or private well

within the boundaries of the management study area.

7.3.3.3 Water Usage Patterns

Data on municipal water use were cbtained from available annual
water district reports and recent engineering studies. Records on the
Falmouth water distribution system were incomplete at the town, county,
and state levels. No records were available on the percent unaccounted
water. The town estimated commercial usage to be ten percent.

Estimates of the breakdown of water use in Bourne were obtained
from a recent water system study performed by Whitman and Howard, Inec.
(1984). The breakdown is shown in Table 9. Virtually all homeé in
Bourne are connected to septic systems or cesspools. Based on the
Bourne study, the daily per capita domestic usage was 216 liters (57
gal) which compares well with the U, S. Environmental Protection Agency
{USEPA) (1980) estimate of 170/d (45 gal/d) for average septic system
flows. The USEPA estimate was the result of averaging several studies
where observed septic system flows ranged from 30.3 to 385 l/day.

In 1980 ¢he fraction of households ocecupied year-round in Bourne
(81 percent) was only slightly higher than Falmouth {74 percent)};

consequently, the per capita domestic usage rate from Bourne was
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Table 8. The 1980 and Long Term Pumpage Pattern in
Falmouth and Bourne.

Water District Location Safe Yield Fraction 1980 Assumed
and Well Name of Town Pumpage Long term
Pumpage Pumpage
Capacity Rate
(1,4) [m3/d] [m3/d4]  [m/d]
Bourne
Well #1 5,4 2211 0.332 1061 46
Well #2 7,4-8,4 1254 0.167 850 476
Well #3 5,4 1254 0.167 y72 476
Well #u 5,4 1254 0.167 466 476
Well #5 7,4-8,4 1254 0.167 0] 476
Falmouth
Long Pond 12,3-12, 53429 0.989 10908 10911
4-13,4
Fresh Pond 11,7 3789 0.011 124 121
Otis AFB T, 7 >3309 1.000 3414 3309
{South of (1979)
weeks)
Sandwich 7,7 2554 - - 2544

Well #5
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Muniecipal and Military Water Use Patterns.
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Total Pumpage for Bourne Falmouth Qtis AFB
1980
[m3/4]

2850.5 11032 3309
% Domestic usage 78.2 54,5 86.7
% Commercial b, 4 15.0 (assumed) 0.0C
% Unaccounted 17.4 30.5 (assumed) 13.3
Total Population Served 10304 27886 2000
Per capita domestic usage .216 0.216 (assumed) 1.655
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considered a reasonable estimate of the per capita domestie use in
Falmouth. Only 54.5 percent of all water pumped in Falmouth could be
attributed to domestie use (using the 216 1/day-person and a 1980
service population of 27886) {see Table 9). The amount of annual
pumpage devoted to commercial needs in Falmouth was therefore assumed to
be 15 percent. The assumed commercial fraction was similar to that
found in the contiguous town of Mashpee (14 percent in 1984} where the
1980 census showed the eccnomic profile of the population to be the same
as Falmouth's. After commercial and domestic usage, 30.5 percent of
Falmouth's municipal water flows remained unaccounted-for, Water losses
through the Falmouth distribution system appeared quite high even
against observed losses in Yarmouth (20.4 percent, in 1984) and Cotuit
(23 percent in 1980 and 1984). Not all of the water lost could be
attributed to leakage; however, whether leaked or used by unmetered
users, all was assumed to recharge the aquifer,

Water withdrawn from the aquifer underlying the military
reservation fell into two water use categories:; domestic and
unaccounted losses. The percent breakdown for each category was
estimated from pumpage records and wastewater flows for the year 1979
(LeBlanc, 1984). Wastewater flows at the Otis sewage treatﬁent facility

amounted to 78 percent of the annual pumpage. Twenty-twc percent of all

pumpage or 278 m3/d of water was lost enroute to military housing units
through the Qtis water distribution system and from homes to the Qtis
wastewater treatment plant through sewer exfiltration. Using the ten

percent exfiltration rate reported by (Porter, 1980), the total loss of
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flow through sewer leaks estimated 8.7 percent. The remaining 13.3
percent was assumed toc be leakage from the water distribution systenm.
The flow rate, listed in Table 8 as the 1980 pumpage for Otis AFB, was
calculated from per capita usage in 197 and the long term population
projection for the military reservation {(CCPEDC, \978). The quoted
pumpage is only three percent lower than the observed 1979 flow (see

Table 8); hence, Otis had attained the maximum projected development

level as of 1979,

7.3.3.4 Artificial Recharge from the Combined Domestic and Commercial

Use of Munlicipal Well Water and Septic Systems

Within the management study area, there are several sources of
artifiecial recharge. Among those sources are flows from leaky water
distribution systems and septic system effluents generated from domestic
and commercial activities.

Estimates of the combined recharge from these sources were
predicated on the following assumptions;

1) the ratio of flows associated with domestic and commercial use

remained constant within a town regardless of source of water
{(i.e., municipal or on-site);
2) the ratio of flow associated with domestic and commercial use
is uniform in space.
With the above assumptions, the combined recharge from domestic and
commercial septic systems, and leakage from water distribution pipes was

calculated as
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z= {1+ K, + Ku] “q, P, (66)

where Z combined recharge from septic system effluent derived from

domestic and commercial activities plus recharge from

water distribution system leakage, (m3/d);

qc = per capita domestic usage rate, which is .216 m3/d;

Kc = ratio of commercial flows to domestic flows;

Ku = ratio of unaccounted water loss for the water distribution
system to domestic flows;

p = average daily population served by municipal water.

Z
Table 10 listed, for each fown and Otis AFB, the values of

constants used in the above equation.

7.3.3.5 Artificial Recharge from Sewsered Residential Areas

Housing units overlying sewered areas have both public water and
wastewater servicgs. Artificial recharge from these areas originates
from sewer exfiltration and leakage from water distribution system.

Wastewater flows from housing units on Otis AFB are collected in
sewers and transported to the Base treatment plant. In Falmouth
approximately 375 properties will be connected to a small sewer system.
The ccllected sewage will be conveyed north to a treatment facility
located between Route 28 North and the Falmouth Sanitary Landfill

between Blacksmith Shop Road and Thomas Landers Road.
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Table 10. Constants for the Distributed Artificial Recharge Equation.
Constant Bourne Falmouth Otis AFB
Em3/d]

q, 0.216 0.216 1.655
Kc 0.056 0.275 0.000
K 0.223 0.560 0.154
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Recharge from households connected to sewers was calculated under
the assumed conditions that; 1) unaccounted losses of water service
flows result in direct groundwater recharge, and 2) the approximate
sewer exfiltration rates are 10 percent of the flows discharged to the

sewers (Flipse et al., 1984). Recharge fluxes were calculated using the

equation
S = (0,10 (1 + Kc] + Ku] -q P, (67)
where S = combined recharge from sewer exfiltration and water
distribution leakage, (m3/d);
q, = per capita domestic usage rate (m3/d);
PS = average daily service population for a sewered area;

Kc and Ku were defined in equation (66).

Values for constants used the above equation are listed in Table
10. Actual recharge estimates appear in Table 11 along with the
location of these flows in the management area, The fliows for Falmouth
were calculated by allowing the estimated service population to equal
the product of the number of properties connected to the sewer and the
number of people per household. Recharge flows for Otis AFB were
estimated from the projected long term service population of 2000 people

(CCPEDC, 1978).

7.3.3.6 Recharge Flows from Sewage Treatment Facilities

There are two sewage treatment facilities in the management area.

The Otis plant is located in the south east corner of Bourne, while the
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Recharge from Sewered Neighborhoods and
Waste Water Treatment Facilities,

Source Element Flow Service Population
within the Management
3 Area
(1,3) [m /d]
Otis Sewers
8,5 364 1000
8,6 364 1000
Falmouth Sewers
14,3 42 280
14,4 81 546
Otis Treatment Plant
9,6 2581 2000
Falmouth Plant 11,3 1136+218 1106
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Falmouth plant is located south of the Crocker Pond Watershed. The Qtis
plant discharges secondary effluent to 24 sand beds (each are .2 ha).
The treated sewage percolates to the water table which lies six meters
below the surface of the sand beds. Further details on the design of

the treatment system can be obtained from LeBlanc (1984). Recharge from

the plant was estimated at 258/m3/d or 78 percent of the projected long

term pumpage rate of 3309 m3/d.

The Falmouth sewage treatment plant is a combination spray
irrigation and rapid infiltration system. Upon completion of a two

phase sewer construction project, the design flow capacity of the plant

will be 4700 m3/day {(1.25 mgd). Phase I is just nearing completion;
phase II may never begin. With the completion of phase I, the maximum

3

capacity of the plant is projected at 2800 m~/day (.75 mgd).

Recharge from the Falmouth plant was expected equal to the sum of

3 3

1137 m~/d (300000 gpd) originating from Woods Hole and 218 m~/d
collected from the newly constructed sewers in Wodds Hole, Falmouth
Beach, Falmouth Center, Davis Straits, and Maln Street East. The newly
sewered section totals UC0 property connections. Recharge was
calculated from projected combined domestic and commercial flows that

were reduced by ten percent to account for exfiltration.

7.3.3.7 Nitrate Concentrations in Septic System Effluents

On-site domestic and commercial waste disposal systems are designed

Lo capture the solids and partially degrade influent wastewaters
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anaerobically before a clarified effluent is distributed over a seepage
field and allowed to percolate through the soils where further aerobic
and anaerobic treatment of the wastewaters may occur. As the effluent
percolates through the soils, organic nitrogen and ammonia are oxidized
to nitrate. Approximately 40 percent of the nitrate is then reduced
through denitrification to nitrogen gas and nitrous oxide (Porter,
1980). Of the total mass of nitrogen delivered to these waste disposal
systems approximately 50 percent reaches the saturated zone as nitrate.
Little if any degradation or adsorption of nitrate occurs in the
saturated zone, unless conditions are anaerobic with sufficient
dissolved organic substrate to support denitrifying organisms; thus,
nitrate is often assumed to behave as a conservative soluble constituent
in the subsurface enviromnment, Groundwaters of Cape Cod aquifer are
generally oxygenated and low in dissolved organics; therefore,
significant reduction of nitrate is not expected.

For domestic waste flows, Porter {1980) estimated the per capita
nitrogen production at #4.08 kilograms/year (9 pounds/y). Of the total
nitrogen produced, the tank and the vadose should remove 50 percent.
Thus the effective daily per capita nitrate locad would total 5592 mg.
Using the daily per capita flow rate from Bourne (216 1/d) the projected
nitrate concentration at the top of the saturated zone was 25.9 mg/l as
N. This concentration and flux appeared consistent with estimates
presented by the USEPA (1980) and observed nitrate concentrations in

effluent discharges (Dudley and Stephenson, 1973 in Porter, 1980).
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Nitrate concentrations from nonresidential activities would vary
greatly among commercial activities (i.e., hotels, swimming pools,
restaurants); however, USEPA (1980) determined that many nonresidential
wastewater generating sources produce effluents having water quality
similar to residential sources. Because additional data to characterize
the nitrate concentration from commercial septic system flows was

unavailable, the domestic wastewater nitrogen levels were used.

7.3.3.8 Nitrate Conecentrations in Otis Wastewater Flows

Estimates were needed for the total nitrogen in wastewater influent
and effluent streams of the 0Otis sewage treatment facility. Total
nitrogen concentrations were used as estimates of the potential nitrate
concentration from streams of completely nitrified exfiltration flows
and secondary effluent recharge flows. The total nitrogen load would
enter the aquifer as nitrate, ammonia and organic nitrogen., If aercbic
conditions exist the ammonia and organic nitrogen would be ultimately
oxidized to nitrate as a groundwater plume moves down gradient from the
recharge beds or the leaky sewer.

The inorganic fraction of secondary domestic wastewater effluent
typically represents 79 percent of the total nitrogen and 56 percent of
the total nitrogen in raw sewage (Metcalf and Eddy, Inc., 1979). From
the total inorganic nitrogen concentrations reported by Vaccaro et al.,
(1979) in their study of Wastewater Renovation and Retrieval on Cape
Cod, the total nitregen in the Otis raw sewage was estimated 31.96 h

5.80 mg/1-N. The calculated nitrogen in the effluent discharged to the
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sand beds was 22.67 + U4.12 mg/1-N. LeBlanc (1984) found an average
total nitrogen level of 19 mg/l as N for Otis secondary effluent.

In a well situated close to the recharge beds LeBlanc (1934)
reported total groundwater nitrcgen at 24 mg/l as N. If this
nitrogen concentration reflects the level of nitrogen removal as sewage
percolates through the vadose zone, then nitrate concentrations in
recharge beneath leaky sewers may have similar water quality. Nitrogen
concentrations in the exfiltration flows and the secondary effluent
recharge were assumed similar; hence, the value of 25 mg/l as N was used
for both flows as an average of the extreme estimate derived from

Vaccaro et al., (1979) and the observed level from LeBlanc (1984},

T7.3.3.9 Nitrate Concentrations in Falmouth Wastewater Flows

Wastewater in Falmouth is primarily of domestic and commercial
origin. Because exfiltration flows percolate through the vadose zone,
the fate of nitrogen in those flows was presumed similar to that of
nitrogen in septic system effluents., A fifty percent reduction of
nitrogen occurs with the use of septic systems; therefore, under the
equal nitrogen reduction assumption, the nitrate nitrogen level in
exfiltration flows reaching the saturation zone was calculated as 26
mg/l.

The concentration of nitrate in recharge flows derived from the
Falmouth sewage treatment facility could be as low as 2 mg/l as N.
Research by Vaccaro et al., (1979) illustrated that proper operation of

the fac¢ility could achieve groundwater nitrate concentrations of 1-3
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mg/l as N. In this work a 2 mg/l as N nitrate concentration was used in

the sewage recharge.

7.3.3.10 Lawn Fertilizer Loads

The application of fertilizers for lawn cultivation could be a
major source of groundwater nitrates on Cape Cod. The Cape Cod Planning

and Economic Development Commission (1979) estimated that the average

home owner applies 1.U6 kg of nitrogen {(as N) per 100 m2 of lawn area
per year.

The Suffolk County Department of Envirormental Control (in Porter,
19680) investigated nitrogen loading from lawn fertilizers in a sewered

housing development in central Long Island, New York. A nitrogen

loading rate of 1.07 kg/100 m2 was determined from a survey of

hcmeowners,

The capacity for turf to assimilate nitrogen had been estimated at

0.5 kg/100 mz-y for lawns ten years or older (Porter, 1980). For Cape
Cod, the consequence would be that as much as 60 percent of the nitrogen
applied leaches to the groundwater (Flipse, 1984 and CCPEDC, 1979). In
an effort to calculate nitrate loading from lawn fertilizers, the CCPEDC
estimated that each household applied an average of 6.8 kg of nitrogen
per year. Of the total mass of nitrogen applied, 60 percent (or 4.08
kg) was expected to leach below the root zone to the water table. The

effective daily per caplita nitrate loading rates were estimated for
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Bourne and Falmouth by dividing the number of residents per household

into the daily effective household rate (0.60 x gross application rate).

7.3.3.11 Background Nitrate Loading

The background nitrate concentration for Cape Cod groundwaters was
reported by Frimpter and Gay (1979) to be 0.5 mg/l as N. The source of
this nitrogen could be from precipitation, animal wastes, or possibly
leaching of nitrates produced from the natural oxidation of animal and
vegetable matter. Likens et al. (1977) reported a weighted annual mean
of 1.47 mg/l nitrate-N in bulk precipitation from 1965-1974 in the
Hubbard Brook Experimental Forest, New Hampshire. Other records of
nitrates in precipitation revealed concentrations on the order of 1 mg/l
or less (Frizzola in Flipse, et al., 1984). The actual source(s) of
background nitrate were not ascertained for Cape Cocd. In this modeling

effort, background nitrate levels were generated through a fixed nitrate

concentration of 0.5 mg/l as N in all natural recharge flows,

7.3.4 Calculation of the Components in the Recharge and Source

Concentration Vectors

The components of the recharge and source concentration vectors,
that appeared in the continuity constraints {(see section 7.3.2), were
calculated or directly obtained from the Cape Cod data presented above
on the 1980 hydrologic stresses and nitrate pollution.

The equations used to calculate the various discrete recharge and

discrete source concentration vector components are presented below.



197

Constants used in the equations that fellow are given in Table 12. The

results of calculations are summarized in Table 13.

7.3.4.1 Recharge from the Combined Domestic and Commercial Use of

Municipal Well Water, Septic Systems, and Lawn Fertilizers

Several parameters were needed Lo calculate the effective nitrate
concentration in artificial recharge derived from a composite land use
activity using municipal well water, septic systems and lawn
fertilizers. Those parameters included; 1) the volume of flow from
septic system; 2) the recharge flows attributed to losses from water
distribution systems; 3) the nitrate concentration at the water table
for septic system effluents, 4) the nitrate concentration in leakage
from the water distribution system; and 5) the effective per capita
nitrogen loading rate from fertilizers,

The equation used to calculate discrete recharge from the use of
municipal well water, septic systems, and fertilizer was

[1+K + K ] +q <P
¢y i uy p ¢, j z 5
= ' ’ ) ' i i
Zi,j 3% - Ay ¥ i and j {68}

where Zi . = rprecharge in element i,j from septic system effluent

derived from domestic and commercial use of
municipal well water plus recharge from water
distribution system leakage, (m/d);

P = average population in element i,j using municipal

water and septic systems;
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Table 12. Constants Used in the Source Recharge and Nitrate
Flux Equations, '

Constant Bourne Falmouth Otis AFB

a, [m3/d] 0.216 0.216 1.655
1,

Kc 0.056 0.275 0.000
i,J

Ku 0.223 0.560 0.154
i,]

CSs {mg/1 NO3-N) 26.000 26.000 -

Fi i {mg/deperson) 4760 5070 -

CE - 26.000 25.000
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Table 13. Summary of Nitrate Source Concentrations (mg/l as NJ.

Source . Bourne Falmouth Otis AFB
(by Model Symbol)

zi,j 38.71 30.86 -
wi,j 46.96 by 42

Si,j - 38.90 9.87
Ui,j - 2.00 25.00
Q. . 0.50 0.50 0.50
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q = elemental per capita domestic usage, (m3/day);
K = ratio of commercial flows to domestic flows in

element i,j;

K = ratio of unaccounted water loss for the water

distribution system to domestic usage in element

i,3;

Ax and Ay the x and y dimensions of the numerical element,
(m).

Notice that no direct flows were attributed to lawn watering. If lawn
watering was a significant component of domestic usage, than the '
recharge would be over estimated because calculated domestic recharge
flows ignored losses due to evapotranspiration. The consequence would
be underestimated nitrate concentrations in the combined recharge flows
and in the predicted groundwater &uality impacts, because the total
nitrate load would remain the same regardless of consumptive water
losses. The regional water quality impacts of the consumptive losses
Wwere considered minor, and consequently, were ignored. This conclusion
was predicated on the assessment of ten percent consumptive losses
{Quadri, 1984) in total pumpage, which amounted to less than five
percent of total natural recharge; hence, a minor .5 percent loss of
steady groundwater [low.

The equation used to calculate the nitrate concentration in the

discrete recharge flow Zi i for all i and j was
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Css'(1 * Kc ] “q, 7 Fl,J * Lm'Ku ",
C = 1,4 1,} 1,] 1,]
%1, Tk, K Jra
1,] 1,] 1,J
¥ i and j {69)
where C 2 = effective nitrogen concentration in all recharge flows
i,d
in element i,j derived from the combined septic
systems, and lawn fertilizers, (mg/l as N);
CSs = effective concentration of nitrate in recharge from
domestic and commercial use of septie systems, (mg/l);
Cm = effective concentration of nitrate in recharge from
leaking municipal water distribution systems, (mg/l);
Fi j = effective per capita nitrate load from lawn fertilizer,
?

{mg/d as N).
Notice that nitrate loads associated with leakage in the water
distribution system were considered. The nitrate concentration in
municipal water supplies was low which meant that the expected

groundwater nitrate contributions from leaky water distribution systems

would be minor.
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7.3.4.2 Recharge from the Combined Domestic and Commercial Use of On-

gite Wells, Septic Systems, and Lawn Fertilizers

If on-site wells were used in conjunction with septic systems and
cesspools, little or no impact on the hydrologic balance of flows would
be expected. The effective nitrate concentration from the use of on-
site wells, septic systems, and lawn fertilizers was calculated from; 1)
the volume of flow from the septic system, 2) the septic system effluent
nitrate concentration after percolation to the water table, and 3) the
effective per capita nitrogen loading rate from fertilizers,

The discrete recharge flows from the use on-site wells were

estimated with the equation

N Kci,j] - qci,j . P"i,; . .
wi,j = X hy ¥ i and j (707
where Wi’ = recharge in element i,j from septic system effluent
derived from domestic and commercial use of on-site
well water, (m/d);
Pw_ . = average daily population in element i,j using on-site
1,]

wells,
Notice that consumptive losses were not considered.
The formula developed to calculate the nitrate concentrations at
the water table from the combined influence of domestic and commercial

activities plus iawn cultivation was

Cog (1 + K, ) - q +F
- i,J i,J . :
C = s X T3 ] ¥1iandj ‘(71)
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where Cw = effective nitrate concentration in all recharge flows

in element 1,j derived from the combined domestic and
commercial use of on-site wells, septic systems, and

lawn fertilizers, (mg/l as N).

7.3.4.3 Recharge from the Combined Domestic and Commercial Use of

Municipal Well Water, Sewers, and Lawn Fertilizers

The effective nitrate concentration in recharge from the use of
municipal water, sewers, and lawn fertilizers was evaluated with
informatién on; 1) volume of flow associated with exfiltration, 2)
recharge flow attributable to water distribution system losses, 3)
nitrate concentration at the water table for exfiltration flows, 4) the
nitrate concentration in leakage from the water distribution system, and
5) the effective per capita nitrogen loading rate from fertilizer.

Discrete recharge flows from the use of municipal well water,
sewers, and fertilizer were calculated with the equation

(0.10 . [1 + KC J + Ku ] s q . P

s - i, i, 1,0 P13
i, oY+ By

¥ 1 and j (72)
Notice that sewer exfiltration was limited ten percént of the domestic
and commercial flow collected from each household and business as
discussed in section 7.3.3.5.

The effective nitrate concentration in the recharge flow (CS )
1,]

was calculated with the equation
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¥ i and j (73)

where Cs effective nitrate concentration in all recharge flows in

1,3
element 1,j derived from the combined domestic and
commercial use of municipal water, sewers, and lawn
fertilizers, (mg/l as N);
CE. T effective nitrate concentration in element i,j for sewer
1,J

exfiltration recharge, (mg/l as N).

7.3.4.4 Recharge from Land Application of Secondary Sewage and

Background Loads

Estimates of recharge from the land application of secondary sewage
at Falmouth and Otis amounted tc 90 percent of the sum of domestic and

commercial flows from the sewered areas., Thus,

n m
Uy g 09 2 L {t+K, Joea ep wp,y ¥ iandd
i=1 j=1 1,] 1,] 1,4
(74)
where Ui j = the recharge in element i,j from land application of
L

secondary sewage collected from elements where

underlying sewers convey flows to site i,j;



205

w, . = 1integer variable which is equal to one if sewers

underlying an element convey flows to land application
site 1,j.

Sections 7.3.3.8 and 7.3.3.9 discussed the effective nitrate
concentration in recharge flows from the land application of secondary
sewage at both sewage treatment facilities.

The final nitrate flux to be incorporated in the model was the
nitrogen léad responsible for observed background nitrates of 500 ug/l
as N. The source or sources of background nitrates were nof elucidated
but their groundwater quality impacts were approximated by specifying a
nitrate concentration in natural recharge equal to 500 ug/l nitrate as

N.

7.3.5 Constructing and Solving Management Mcodels I and II

Fortran programs were developed that create computer files
containing the objective funictions and continuity constraints for the
two nonpoint source groundwater pollution management medels. Each
Fortran program employed the groundwater flow model to define necessary
fluid velocity coefficients used to construct the continuity
constraints. The data required to ¢reate the computer files included:
1) the area and dimensions of the elements, 2) the elemental recharge
rates of all sources, 3} the elemental pumpage rates, Y4) the piecewise
aquifer transmissivities, 5) the hydraulic model and contaminant model
boundary conditions, and 6) the nitrate concentrations in all recharge

flows.
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Model I was constructed to accommeodate all the numerical elements
in Bourne and Falmouth. A total of 79 decision variables and 145
constraints comprised the body of the model. Thirteen constraints
equated contaminant decision variables from 13 Iimaginary elements east
of the groundwater divide to 13 real elements across the divide and
inside the bounded study area. These 13 constraints imposed zero
contaminant gradients across the groundwater divide; hence, zero flux
conditions were attained when central finite differencing schemes were
used on boundary nodes. One hundred thirty—two{continuity constraints
were employed; two for each of the 66 elements within the discretized
area of Bourne and Falmouth. The objective function was cast as a
summation of the 66 contaminant decision variables.

Model II contained the same decision variables and constraints as
Model I. This model was used to elucidate regional nitrate impact
isopleths around Long Peond; Falmouth's major municipal water supply.
Long Pond intersects three elements (i,j = 12,3 - 12,4 - 13,4). Equal
pumpage at each node was used (o approximate the aquifer stress produced
when water was withdrawn from this pond. The objective function,
formulated as a summation of contaminant decision variables from the

pond elements, appeared as

1
3 [012,3 * Cioy Gyl

Maximize
where the value of the objective function represents the average
concentration of nitrate in the three elements intersected by Falmouth's

major municipal water supply. Model I and II were solved using the

regular simplex algorithm made available through the Multi Purpose
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Optimization System package (Northwestern University, 1978). Files
representing the linear programming formulations of Models I and II were

submitted as input data to the optimization package.

7.3.6 Results of Models I and II

The results form solving Model I included the steady-state
groundwater nitrate predictions for each element of the discretized
management area for 1980 levels of development and the optimum values of
dual variables. Regional groundwater gquality changes effected through
alternative nitrate disposal stresses were interpreted through the dual
variables.

Figure 40 presents the predicted steady-state nitrate concentration
contours for groundwaters underlying Bourne and Falmouth. For the
entire management area, the average simulated water quality was 1.5 mg/l
nitrate nitrogen., The extent of groundwater nitrate pollution reflected
the location, intensity and type of land use activity in 1980. 1In
general, the highest levels of simulated groundwater nitrates occurred
in areas of the highest density of residential/commercial land use
(i.e., South Falmouth). Elemental nitrate concentrations were predicted
under 5 mg/l as N everywhere, except in the element (i=9, j=6)}, where
the Otis wastewater treatment facility is located. |

The concentration of nitrate nitrogen in the center of the Otis
plume was 5,9 mg/l, which was much lower than the observed 20 mg/l total
nitrogen reported by LeBlanc {1984). Part of this discrepancy is

explained through the exaggerated predicted width of plume near the
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Figure 40, Map depiecting the steady-state nitrate nitrogen
concentration (mg/l) contours predicted by Model I from
1980 development patterns.
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sewage treatment facility: LeBlanc estimated the plume width at 1000
meters whereas the Model I predicted the plume width at 2000 meters.
Nitrogen contour lines drawn by LeBlanc (1984) were integrated to obtain
the nitrogen mass per unit longitudinal length of the plume; this
figure, yhen divided by the 2000 meter width, produced an average plume
concentration of 5.5 mg/l as N which was similar to the above estimate
from the model. The length of the simulated Otis plume was 3000 meters
{using the 3 mg/l contour as a boundary). Elevated groundwater nitrates
found in observation wells (LeBlanc, 1984) indicated that the plume was
at least that long.

For the elements which contain water supply wells and ponds, the
water quality ranged from .8 to 1.4 mg/l as Nitrate nitrogen. The
highest steady state nitrate levels were predicted at Long Pond and
Fresh Pond which were both in Falmcuth (see Table 14),

Postoptimality analysis retrieved the optimum values of dual
variables associated with the less-than-or-equal-to continuity
constraints. The values of the duals were used to interpret regional
water quality impacts caused by unit changes in nitrate nitrogen lecading
at each element., The values of the dual variables give the increases in
the value of the objective function (which is the average nitrate
concentration for the whole management area) obtained from unit
relaxations of the less-than-or-equal-to continuity constraints (i.e.,
from a unit increase in the nifrate loading rate). Discrete dual
variable values were plotted and contour lines were drawn. These

represent regional water quality impact isopleths.



Table 14. Model I and II Predicted Regional Steady-state Nitrate
Concentrations at Wells from 31980 Land Use Activities.

Water District
and Well Name

Location
(i,4)

210

Predicted Nitrate Concentraticn

{mg/1 as N)

Bourne
Well #1
Well #2
Well #3
Well #4
Well #5

Falmouth
Long Pond
Fresh Pond

Otis AFB
{south of Weeks)

Sandwich
Well #5

12,3-12,4-13,4
1,7

7,7

T.7

-

O = =
oLy W oo

.
£
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The iso-impact contour plot is portrayed in Figure 41. The numbers
represent the increased nitrogen concentration (ug/l as N) resulting
from an increased nitrate nitrogen lcading rate of one kilogram per day
per square kilometer alcong the contour line. This change in the loading
rate is equivalent to increasing the year-round resident population by
100 per square kilometer.

The lso-regional-water quality impact map indicated that increased
nitrate loadings over the interior region would lead to greater
increases in the regional nitrate concentrations than would equivalent
increases in nitrate loading along the coast. fhe iso-impact contours
followed a pattern similar to the water table contours (see Figure 31).

The differences betfween coastal and interior regions are explained
when consideration is given first to the cumulative impacts of pollutien
occurring in the interior regions and secondly to the small marginal
changes in local contaminant levels effected by nitrate loading near the
coast., Sources located at interior nodes have a cumulative effect on
regional contaminant levels because they affect nitrate concentrations
in all down gradient nodes. Sources located nearer Lo discharge zones
have a small cumulative contaminant impact because dissolved solutes do
not travel through of the groundwater flow system to the same extent.
Furthermore, sources located near recharge areas have a greater marginal
impact on local groundwater quality than sources located near discharge
zones; this i3 because the available groundwater flows to dilute the
pollution are much less than the cummulative flows found near discharge

zones.
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Figure 41. Map depicting the global nitrate nitrogen loading impact
isopleths constructed from the optimum values of dual
variables associated with continuity constraints of Model
I. Numbers represent the ug/l increase in average
groundwater nitrate nitrogen over the region for an
increase nitrate nitrogen load of 1 kg/day-sqkm.
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A primary implication of the iso-regional-water-quality-impact
contour map for Bourne and Falmouth is that certain regions of the area
{especially areas occupied by the Military Reservation) are more
iﬁportant with regard to the preservation of regional water quality.

The utility of iso-impact maps is founded on the ease of using these
maps to predict the relative significance of sources distributed inside
the bounded study area to long term regional groundwater quality.

The results from solving Model II included the same steady-state
groundwater nitrate predictions over the towns of Bourne and Falmouth.
Values of the dual variables associated with the less-than-or-equal-to
continuity constiraints were plotted. As with the last model, the values
of the dual variable are used to identify increases in the value of the
objective function (which is the average nitrate concentration for the
three elements intersected by Long Pond) obtained from unit relaxations
of the less-than-or-equal-to continuity constraints, Plotting the
values of the dual variables revealed a pattern of values around the
three target elements (i,j = 12,3 and 12;4 and 13,4). Isc-water=-
quality-impact contours were drawn between discrete values of the dual
variables (see Figure 42).

The numbers associated with each contour represent the approximate
pg/l increase in groundwater nitrate nitrogen observed over groundwaters
equally withdrawn from elements i,j = 12,3 and 12,4 and 13,4 from an
increase nitrate load of one kilogram nitrogen per day per square
kilometer in elements along that contour. The configuration of contours

in Figure 42 illustrate the areal extent to which water quality around
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Figure 42, Map depicting the nitrate nitrogen loading impact isopleths
around Long Pond constructed from the optimum values of
dual variables associated with continuity constraints of
Model II. Numbers represent the ug/l Iincrease in
groundwater nitrate nitrogen around Long Pond for an
increase nitrate nitrogen load of 1 kg/day-sgkm.
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Long Pond is determined by upgradient sources., The contours extend for
several kilometers into the regional water table contours (See Figure
31). The shape of the iso-impact contours is as one would expect for
nodes which lie down gradient of a groundwater mound cor near discharge
zones. After nitrate is introduced to the aquifer, the fraction
reaching the target nodes 1s determined by the change in the magnitude
and direction of the Darcian velocity field., As the assumed source
moves toward the target elements the iso-impact contours increase
because a larger fraction of the contaminant loaded to the aquifer
reaches the these elements. The contours delineate zones around Long
Pond., Zones close to Long Pond are most important, especially if they
are upgradient. The contours map out the steady-state response of the
groundwater system at elements containing Long Pond due to increased
nitrate loading anywhere within the bounded study area. The long term
Wwater quality impact of modified subsurface disposal activities can be
evaluated with Figure 42 if the source location and nitrate loading rate

are known and the effects on groundwater hydraulics are minor.

7.4 Conclusions

It must be remembered that the objective of these management model
is to relate regional nonpoint source pollutant loadings to regional
water quality. Thus the model's strength is in explaining the relative
impacts of alternative development patterns (i.e., alternative placement
and strength of sources) and at evaluating areally averaged water

quality. The concentrations predicted by the model may not correspond
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to concentrations found at a given well in the assigned element., The
concentrations at a specific well may be greater or less than the
predicted concentrations depending on the location of the well relative
to the local sources of pollution. The regional contaminant
concentrations indicate that if a given well in a element has polilutant
concentrations greater than that predicted, then there must also be
another well (i.e. alternate well location and screen depth) within that
element which will produce water with contaminant concentrations less
than that predicted (this is because the regional contaminant
predictions represent average elemental_contaminant levels). Model 1
and Model II are both nonpoint source groundwater pollution management
models. Both meodels were applied to a specific area, Western Cape Cod,
to examine regional nitrate polliution from land development. The
objective function for Model I was a linear summation of the contaminant
decision variables (i.e., nitrate concentrations) from the entire
management area. The primary constraints of the model were continuity
constraints constructed from a defined groundwater flow field. Model II
is a simplified version Model I that used an objective function which
was a summation of contaminant decision variables of elements that were
targeted for investigation.

Approximations of hydraulic stresses and nitrate loads were
predicated on the 1980 population estimates and information gatheread
from the literature. Solutions were obtained using available computer

algorithms.
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Models I and II were used to identify regicns in the study area
which. are critical to the long term protection of regional groundwater
quality availability over the study area and in a specific subarea of
the region (i.e., the area of the Falmouth municipal well field).
Results from Model I and II included steady-state nitrate distributions
for Bourne and Falmouth for 1980 development conditions. The nitrate
nitrogen in elements containing municipal wells was predicted to be
below 1.5 mg/l., Other results included the optimal values of dual
variables asscciated with relaxing the continuity constraints (i.e.,
investigating the impacts of marginal increases in nitrate loadings from
each element). Plotting contours arcund the values of the dual variable
created iso-water quality impact isopleths.

For Model I, the iso-water quality impact isopieths related changes
in nonpoint source nitrate loads to regional changes in groundwater
quality. A primary implication of the iso-regional-water-quality-impact
contour map for Bourne and Falmouth was that certain regions of the area
(especially areas occupled by the Military Reservation) should be ranked
higher with regard to their importance to the preservation regional
groundwater quality,

With Model II the isopleths could predict changes in water quality
in a few elements as a result of increased nitrate loadings anywhere in
Bourne and Falmouth. The iso-water quality impact plots developed from
Mecdel II can be used to identify c¢ritical recharge zones: areas which
are most important to the long term preservation of groundwater quality

at target elements. 1In this case the elements containing ralmouth's
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municipal water supply (Long Pond) were chosen as the target elements.
As expected, the implication of the Model II results is that activities
situated close to the pond have the greatest impact on water quality at
the pond., The isopleths give an indication of the extent of areas
having significant water quality impact (note the increased areal extent
of the contours in the upgradient direction). In addition, the
isopleths define the relative significance of separate zones within the
recharge area around Long Pond which are c¢ritical to the preservation of
water quality at the pond. The water quality impacts of placing sources
within the region containing a municipal water supply can be evaluated
in terms of the approximate water quality impacts on target elements.
.‘The aéﬁﬁal long term water quality at municipal wells could be more or
less than the elemental nitrate concentration shown depending on the

actual positions of the well.



CHAPTER 8

MODELING TO ELUCIDATE MAXIMUM DEVELOPMENT OF

MULTIPLE POLLUTING LAND USE ACTIVITIES

This chapter describes the development and application of a third
nonpoint source groundwater pollution management model to determine the
simultaneous maximum feasible development of multiple land use
activities which are known to contribute to the nonpeint source
contamination of aquifers. The optimum pattern and combination of
surface activities is identified from given restrictions on available
resources {(i.e., land and water), imposed water quality standards,
specified land use density regulations, and existing land use patterns.

Model III is applied to the section of Western Cape Cod that
constitutes the town Falmouth, Massachusetta. The general formulation
was adapted to ascertain the regional patterns of three slightly
different forms of residential/commercial land use which in combination
accommodate a maximum year-round population., An optimum pattern is
identified from a large set of feasible residential/commercial land use
development patterns which incorporate present (1980) development in
Falmouth. The feasible development patterns satisfy constraints on
desirable nitrate nitrogen levels at municipal water supplies and for
the rest of the region, constraints on available water supplies, and
conatraints representing imposed regulations on specific land use

activities.
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Model results include: 1) contour plots of the steady-state
regional groundwater nitrate distribution from the maximum potential
residential/commercial development; 2) maximum feasible population
predictions for the area in each element, and for each
residential/commercial land use type; 3) maps illustrating optimal
locations of residential/commercial development; 4) maps showing which
numerical elements have land use densities appreoaching zoning
restrictions and which elements have predicted nitrate concentrations on
the verge of viclating standards; and 5) figures depicting the optimal

values of dual variables associated with constraints on source densities

and water quality.

8.1 Formulation of Management Model III

Mocdel III incorpeorates all five components of the general
management model {recall Chapter 3). The formulation discussed below is
presented to evaluate the management of a combination of three composite
land use activities known to contribute areal contamination of
groundwaters; however the formulation is general and the variety of
surface activities considered could be expanded. Details on model

components are presented below.

8.1.1 Decision Variables

Two groups of decision variables are used in this model. The first

is the contaminant concentration variables (C, .) for each discrete

element i,j. The second group embodies the elemental subsurface
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recharge flows (Zi 0 Wy 37 and v, j) contributed by three specific land

use activities being evaluated with the model.

8.1.2 Objective Function

The objective is a summation of all elemental subsurface recharge
flows generated from the three land use activities. The optimum value
of the objective function is the maximum total population in the
management area. This is the same population engaged in the three land
use activities. The objective function is written

n m

Maximize ) § [D W, .+ D «Z, . +D v, ] (76)

i=1 j=1 i,] i, i,Jd

the reciprocal of the per capita generation of recharge

X
=
]
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flow W,
i
D = the reciprocal of the per capita generation of recharge

, [t-pegson]

flow Zi
sJ L

D = the reciprocal of the per capita generation of recharge

. (toperson].

filow V.
L,J L3

8.1.3 Continuity Constraints

The continuity constraints tie together elemental contaminant

decision variables with the variables for the contaminant laden recharge
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flows Zi " Vi i and wi i for all i and j in the management area. The

constraints are the discrete approximation of the governing equation for
steady-state contaminant transport {see Equation 45). The form of the
continuity constraints is

[Gl{C} - [Cw]{W} - [cz]{z} - [Cv]{V} -
[c )ty « [c Jtup + ¢ [11{Q} ¥ i andy (77)

where all vectors are defined generically as in the objective function
above or as in Equation (49). Model variables appear in vectors on the
left side of the equation sign while the terms on the right reduce to
matrices of constants. The terms on the right hand side of the equation

represent sources of groundwater contamination not subject to control or

other constant sources.

8.1.4 Management Constraints

Several types of management const{raints are employed which bound
the feasible values of decision variables. One form of management
constraint establishes minimum values on recharge decision variables.

For example minimum levels reflect the existing inftensity of polluting

land use activities.

Ancother form of management constraint imposes upper bounds on
allowable values of contaminant and recharge decision variable; these
constraints respectively ensure the attainment of water quality
standards and ensure the satisfaction of various land use regulations.

Finally there is a type of management constraint which is applied to
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reatrict the upper limit on the summed values of recharge decision
variables to correspond to available resources (i.e., land, water,

ete.).

8.1.4.1 Constraints to Incorporate Present Levels of Land Use

Activities

The purpose of these management constraints is to ensure that
minimum feasible values of decision variables are set to reflect the
exlsting intensity of permanent land use activities in each element,
while allowing some surface activities to change from one Lype to
another. Generally, two constraints are used in each element to reflect
the combinations and intensities of existing land use activities
contributing to the nonpoint source pollution of groundwaters., The
formulation allows for two initial land use activities which produce

recharge flows wi and Zi i A third type of recharge decision

variable (Vi J) can enter the solution set if surface activities in any
]

element change from those contributing flows wi 5 to surface activities

k]

generating recharge flows Vi 5 The two constraints for each element

are written as

DZ “Zg j > (total existing population engaged in the
oo ,

1,

land use activity generéting recharge Z | j (78)

in element i,j) ¥ i and j
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. ; V. . total isti lation
Dw. ' wi,J + Dv . Vl’J > (total existing popula

in the land use activity (19

generating recharge wi j in

element i,j) ¥ i and j

Constraint (78) sets minimum values for the decision variables Z,

to reflect permanent discrete populations respconsible for these
elemental recharge flows. Opportunities to switceh from a land use

activity producing recharge flow wi j to one generating flow Vi b are

3 L
feasible through constraint (79) as long as the total long term
combination of polluting activities reflect a population greater than or

equal to the original number of people contributing to the elemental

flows W, ..
1,]

¥

8.1.4.2 Constraints Limiting Maximum Levels of Land Use Activities

Constraints reflecting maximum limits on land use activities
take two forms which either prohibit specific surface activities, or
place limits on maximum allowable levels on land use activities per uﬁit
area of polluting activities. The first constraint type prohibiting

activities is expressed simply as

wi j <0 ¥ i and j where appropriate (80)
Zi ; <0 ¥ 1 and j where appropriate (81)
v <0 ¥ i and j where appropriate {82)
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The use of constraint (80) and constraint (79) in the model will change

existing surface activities producing flows wi j to those generating

flows Vi 5" Constraint (82) is applied only where the option does not

’

exist to switch land use activities from those generating flow wi j to
?

those producing flows Vi 3 Constraint (81) occurs for elements where

the land use activity producing flows Zi 3 is not permitted.

The second form of management constraint to regulate land use
activities is implemented if the combination of surface polluting
activities compete for resources which cannot be transported between

elements (i.e., land). The formulation of this constraint is

L_+Z, . +L W, . +L V., . <L ¥ iand]j (83)
z 1, w i, v i,J — s, .
1,J
where Lz = the resource requirement per unit flow of Zi i
]
Lw = the rescurce requirement per unit flow of wi .3
’
Lv = the resource requirement per unit flow of Vi j;
¥
Ls = 3upply of resource in element i,].
1,]

8.1.4.3 Constraints on Transferable Resources

If a combination of land use activities compete for common
transferable resources, then these constraints ensure that the optimal
combination of surface activities does not require more resources than

are presently available. Ceonstraints of this type are formulated as a



summation of all elemental demands for a resource which is set less-
than-or-equal-to the available supply of that resource. An example

formulation is

m .
y R «Z, ., +R W, . +R. v, . <R (84)
- Z W v

where Rz = the unit resource requirement per unit recharge flow Zi
Rw = fhe unit resource requirement per unit recharge flow
W, .;
1,]
Rv = the unit resource requirement per unit recharge flow vi
RS = resource supply.

8.1.4.4 Water Quality Constraints

The last management constraints incorporated in Model III are the
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¢
; f

water quality constraints. These constraints ensure the coptimum pattern

of land use activity (which also accommodates the maximum year-round

population) which will satisfy desired steady-state groundwater quality

standards. The formulation is

C. . < 5td, . ¥ i and j (85)

where Stdi . = the discrete steady-state water quality standard for

element 1,j.



8.1.5 The General Formulation of Model III

The complete formulation of Model III is
Maximize ) ) [Dw W, . + D «Z, . +D v, ]

s.t.
Continuity Constraints:

felicy - [e Jiwd - [c liz) - [c ){v)
- [cs]{s} + [Cu]{U} * Cy [11{Q}

Management Constraints:

D «2, i 2 (total existing population engaged in the land

use activity generating recharge Zi j in element
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i,J) ¥ i and j
. . isti ti d
Dw. . wi,j + Dv. _ Vi,j > (total existing population engage
1,] 1,
in the land use activity generating
recharge wi i in element 1,j)
¥
and j
Wl 1 5 0 ¥ i and j where appropriate
Zl j <0 ¥ 1 and j where appropriate
3
Vl j <0 ¥ i and j where appropriate
,j =
L_+Z, . + L W, .+ L sV, . <L ¥ 1 and j
z i,J woi,] v 1,j— "8, ;
1,3
n m
) ) R _-Z + R W, . +R_-V < R
i=1 j=2 l’\] W l!J llJ - S
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Nonnegativity Constraints:

C. ., wi'j, Zi,j and Vi,j b 0 ¥ i and j

8.2 Application of Model III to Falmouth, Massachusetts

It was planned that Model III would be used to investigate the
management of nonpoint source nitrate contamination of groundwater over
the towns of Falmouth and Bourne, Massachusetts (depicted in Figure 35).
However, to reduce the size of the problem, the optimal pattern of land

use acfivities (using decision variables Zi i’ Wi j and Vi ] for each
1} ] ’

element) was determined for Falmouth alone. The continuity constralnts

and contaminant decision variables (Ci j) were retained for both Bourne

and Falmouth., Treating the management of nonpoint source groundwater
pollution in Falmouth separately from Bourne was determined to be
acceptable because of the presence of strong east-west hydraulice
gradients (between the military reservation and the coast) which

preclude north-south exchange of groundwaters between Falmouth and

Bourne.

The optimum placement and intensity of the three composite land use
activities wefe evaluated over the study area. All three surface
activities contribute nitrate pollution of groundwaters in Falmouth.

The first land use activity generated contaminated recharges flows from
the combined domestic and commercial use of municipal well water, septic
systems, and lawn fertilizers. Nitrate loads from this type of

residential/commercial land use were introduced to the aquifer through
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elemental flows represented by decision variables Z for all i and j

1,3
elements in Falmouth.

The second source of dispersed nitrate pollution was also
residential/commercial land use; however recharge flows were produced
from the comsined domestic and commercial use of on-site well water (as /
opposed to municipal water), septic systems, and lawn fertilizers.
Nitrate loads were delivered to the subsurface environment by recharge

flows represented by decision variables wi j for all i and j elements in
’

Falmouth.

The third and final groundwater polluting surface activity is
equivalent to the first land use type, but represents sources
transformed from the second type to the first type; commercial and
domestic activities that have abandoned on-site wells for municipal
water., Recharge from these converted sources was represented in values

of decision variables Vi ., for all i and j elements in Falmouth. Note

that the recﬂarge from the first and third land use activities
represents artificial recharge of imported water originating from the
municipal water supply source; whereas, the second land use activity
receives its water from on-site wells and recharges it to groundwater
via on-site septic systems,

Other sources of groundwater nitrate contamination in Falmouth
(i.e, sewer exfiltration, natural recharge, and subsurface disposal of
secondary sewage) were treated as constant fluxes in the continuity

constraints (terms on the right-hand-side). Because land use activity
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in Bourne was not evaluated with the model, all sources of nonpoint
source groundwater nitrate contamination in Bourne were treated as

constant nitrate fluxes in the continuity constraints.

8.2.1 Data Requirements for Model III

The underlying hydrologic and contaminant transport conditions
applied in Model III were the same as those used in Models 1 and II;
consequently, Model III required the same basic input data as Models I
and II. Beyond this data, Model III required additional information to

define coefficients appearing in the model components.

8.2.1,1 Data for the Objective Function

The objective function is a summation of decision variables
representing the elemental recharge flows from the three land use
activities under evaluation. Associated with each decision variable is
a coefficient that converts recharge flows into the population
equivalent; hence the value of the objective function is the total
population contributing to the sum of the recharge from the three {ypes

of iand use. The coefficients Dw y Dz and Dv from the objective
i,] 1,3 i,

function (76) were calculated using the equations

_ AX + Ay X .
Dw. R T g ¥ i and j {86)
i,d e, . c. .
i,J 1,]
_ AX Ay . . -
D, = R e T4 ¥ i and j (87)
i,J c. . u c. .
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b - AX -+ Ay
Vi,j o MK KT ea
1, i,] i,]

¥ I and j (88)

where all coefficients and constants appearing on the right side of the
equal sign are defined in Chapter 7, Equation (68), and the values of
the constants and coefficients are specified for the field problem in

Table 12.

8.2.1.2 Data for the Continuity Constraints

The continuity constraints of Model III embody the same components
as those constructed for Mcdel I and II with the following additions:
first the recharge vectors (Z} and {W} are brought over to the left side
of the equal sign because they are now treated as variable vectors;
secondly, the variable recharge vector [V} and source concentration

vector [Cv] are added to the constraint set. The components of the

source concentration vector are the same as those appearing in the

source concentration vector [Cz]. The value of the decision variable

Vi i represents the elemental flows created from switching domestic and

commercial usage from onsite well water to municipal well water;
consequently the nitrate concentration in recharge flows are expected to
be the same as flows from the combined domestic and commercial use of

municipal water, septic systems, and lawn fertilizers.
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8.2.1.3 Data for Present-land-use-activity Constraints

Management model constraints (78) and (79) also regquire the
coefficients calculated above for the objective function. These
constraints restrict the lowest feasible values of the recharge decision
variables to reflect the existing elemental population engaged in the

two land use activities; i.e., the elemental population (Pz Y, using
i,]

municipal water and septic systems and the elemental population

(Pw ), relying on on-site well water and septic systems.
1,J

The right-hand-sides of the constraints (78) and (79) are

respectively Pz and Pw for all i and j. The respective
1,3 i,J

populations were calculated from 1980 U.S, census data as described in

section 7.3.3.1.

8.2.1.4 Data for Maximum-level-land-use-intensity Constraints

Constraints which prohibit specific land use activities were used
only in two elements; those down gradient from the Falmouth sewage
treatment facility the use of on-site well water was prohibited to

protect the health of local residents; hence, wi 3 < 0 for elements i,J

?

= 11,2 and 11,3,

All the land use activities under evaluation compete for available
land. Constraints similar to equation (83) were written to ensure that
optimal values of recharge decfsion variables reflect féasible

intensities of combined land use activities given real restrictions on
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available land. The land use density (or source density) constraints
were written for each element in Falmouth in the form of constraint

(83). The constraint coefficients represent the number of housing units

required per unit flow of recharge (m3/d), and the constant on the
right-hand-side is set equal to the permissible number of housing units
in each element. The land use density constraints require data on the
number of househoclds presently situated in each element plus a priori
specification of the residential zoning regulations, and the area of

each element.

£.2.1.5 Data for Available-rescurces Constraints

The CCPEDC (1986} provided data for a single constraint to limit

total elemental municipal water use (Vi j and Zi . for all i and j) in

Falmouth to the present capacity of the town's water supply (55132

m3/d). With regard to the coefficients used in the general constraint

equation (84) RZ and Rv equal one, and Rw equals zero,

8.2.1.6 Data for Water Quality Constraints

Water quality constraints were constructed for each element of
Falmouth. Data from the steady-state nitrate nitrcgen predictions
produced in Model I (or Model II) were used with information on

municipal well locations and a specified global groundwater nitrate

standard.
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The elemental nitrate standards varied among elements. For all
elements having predicted steady-state nitrate nitrogen concentrations
(from 1980 development) in excess of the arbitrary global regional
standard, and for all elements containing municipal water supplies, the
imposed elemental nitrate standard was the predicted long term
concentration produced from Model I for 1980 development patterns,
These constraints operated as nondegradation constraints, They
precluded the placement of activities in those elements or in other
elements if such additional activities would cause further degradation
of groundwaters at municipal supplies or in areas already unable to meet
the global nitrate nitrogen standard due to existing development. For
all other elements, groundwater quality was allowed to be degraded to a
prespecified level, This was accomplished by using the global nitrate
nitrogen standard in their respective discrete water quality

constraints,

8.2.2 Constructing and Solving Management Model II1I

4 Fortran program was written to create a computer file containing
the objective function and constraints of Model III. The Fortran
program used the groundwater flow model to define fluid velocity
coefficients necessary for the construction of the continuity
constraints._ Data required by the Fortran program included: 1) the
regional nitrate standard, 2) the residential housing density regulation
applied uniformly over the region in these runs, 3) the steady-state

predicted nitrate concentrations from 1980 development (obtained from
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solving Mcdel I or II), 4) the area and dimensions of the elements, 5)
the elemental recharge rates of all sources, 6) the elemental pumpage
rates, 7) the piecewlise aquifer transmissivities, 8) the hydraulic¢ and
contaminant model boundary conditions, and 9) the nitrate concentrations
in all recharge flows.

The assembled model was a linear program containing 79 contaminant
decision variables and 102 recharge decision variables. The problem
constraint set included 66 continuity constraints, 68 constraints
specifying present levels of iand use activities, 36 constraints
establishing maximum levels of on land use activities, one constraint
establishing a limit on available municipal water, and 34 water quality
constraints (6 nondegradation and 28 global water quality). Thirteen
imaginary contaminant decision variables and thirteen constraints were
employed to ensure a no flux condition along the groundwater divide when
the central difference molecules were used on boundary nodes. The total
number of constraints was 218 and the fotal number of decision variables
was 181.

Several executions of the general model were performed using
different global nitrate standards and residential/commercial density
regulations. Source density regulations and water quality standards are
two recognized methods of controlling the water quality impacts of
nonpoint source groundwater pollubion., The multiple model runs were
intended to reveal insights into the effectiveness of source density
restrictions and water quality standards in protecting groundwater

resources, plus characteristics of the relationship between source
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density restrictions and water guality standards when used together Lo

achieve optimal land use development.

8.2.3 Model III Results: Effects of Water Quality Standards

Multiple runs of Model II1 were performed to investigate the
effects of water quality constraints on the predicted maximum feasible
development of the three residential/commercial land use activities in
Falmouth. The development of each composite land use activity was
expressed in terms of the population engaged.

During each model run a constant housing density regulation was
imposed through constraint equation type (83). The zoning regulation
limited total residential/commercial land use to no greater than 500
households per square kilometer. For elements containing municipal
water supplies (and also elements having a predicted nitrate
concentration from Model I which exceed the global standard) the
elemental long term nitrate nitrogen predictions from 'present' (1980}
land use activity were used as the standards; these are referred to as
nondegradation constraints. In all remaining water quality constraints
the imposed right-hand-side was the specified global nitrate nitrogen
standard.

Several Model III runs were performed where only the global nitrate
standard was changed. The solutions to the linear programs revealed the
influence of global and nondegradation groundwater nitrate standards on
residential/commercial development and on protection of groundwater

resources in Falmouth,
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8.2.3.1 Effects of Nitrate Standards on Land Use Development

Figure 43 shows the maximum feasiblé population of Falmouth (that
is within the boundaries of the modeled area} under different global
nitrate standards. The distribution of this populaticon will be
discussed later. When the global nitrate standard was varied between 5
and 8 mg/l as N, the capacity of the study area to accommodate more
people increased. As the global standard was relaxed, land use activity
expanded to take advantage of an apparent increase in the assimilative
capacity of the aquifer. Under global groundwater nitrate standards
from 5-8 mg/l as N, maximum feasible development {maximum combined
residentiail/commercial land use activity) was constrained by
nondegradation for elements containiﬁg municipal wells, global water
quality, and land use density constraints. The land use density

constraints precluded additional growth in areas where existing (1980)

development exceeded the zoning restriction (500 households/kmz). In
addition these source density constraints assured that new development
when combined with existing development was never greater than the
specified zoning regulation.

When a global nitrate nitrogen standard greater than 8 mg/l was
used, the capacity of Falmouth to include more people remained
essentially constant (see Figure 43). Maximum feasible development of
Falmouth was no longer dependent on the global nitrate standard because
additional town growth was restricted by binding water quality
constraints (of the nondegradation type) and binding land use density

constraints.
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Figure 43, Predicted maximum population of Falmouth as a function of
global nitrate nitrogen standards (for development
scenarios under the constant land use density limit of 500
houses/sqkm).
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From Figure 44, it is evident that as the global nitrate standard
is relaxed, the number of water quality constraints which are binding
decreases, from a total of 16 down to the five nondegradation water
quality constraints embodied in the problem {(one at each element
containing a municipal water source). Simultaneousiy, the number of
binding land use density constraints doubled. Figure b4 shows that when
higher global nitrate standards are used nitrate levels in fewer regions
{(elements) approach the global standard before development is curtailed
by the land use density regulations.

The optimal patterns of residential/commercial development for
Falmouth under a range of global nitrate nitrogen standards are depicted
in Figures 45-50. Elements which are lightly shaded are designated
areas where additional growth {above 1980 levels) is allowed. The
presence of a letter 'D' indicates development proceeded to the maximum
feasible level allowed by the land use density constraints., Elements
with a letter 'N' are predicted to have steady-state nitrate levels
which just satisfy water quality constraints for their elements if the
optimal development plan is implemented. Municipal water supplies are
located in elements containing a letter 'W',

Figure 45 shows the optimal pattern of development under a land use
density restriction of 500 households per square kilometer, a global
nitrate nitrogen standard of 5 mg/1l, and six nondegradation constraints
associated with elements containing municipal water supplies and the
Otis wastewater treatment plant (i,j = 8,4 - 11,7 - 12,3 - 12,4 - 13,1).

The maximum population associated with this residential/commercial land
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global water quality conatraints as a function of the
global nitrate nitrogen standard (in the optimal solutions
of Model III using a constant land use density limit of 500
houses/sgkm).



10
11
12
13

14

Figure 45,

241

J
2 3 4 5 & 7
LSS
Vs
AL
’SLS
. Fya
* 2oaeXes MODEL 3

ALY

N YA, PPN HOUSING DENSITY = S00/SQKM

NITRATE STANDARD = 5 MG/L
POPULATION = BO108

A R RN
NANNNANN

AREA OF POPULATION
GROWTH

AREA OF NO POPULATION
GROWTH

RS AR AR AR
N
N
~
N
a,
\Y
N
~
~
AN

NN

R

"

Yy
A

w vy
vy
v
“

N

R
AR R AR AR R R AR

N
AR ARRS)

R AR RS AN
AR A A

AREA CONTAINS w
MUNICIPAL WATER SUPPLY

AR AR AR

MANNN
NN

HOUSING DENSITY AT D
UPPER LIMIT
NITRATE CONCENTRATION N
AT THE UPPER LIMIT
///;
MODELED BUT NOT IN Y
MANAGEMENT AREA A
AREA NOT
MODELED

SCALE ( KILOMETERS ) o 1 2

MAXIMUM DEVELOPMENT SCENARIO
REGIONAL DEVELOPMENT PATTERN

Maximum residential/commercial land use development pattern
for Falmouth (for a specified land use density limit of 500
houses/sqkm and a global nitrate nitrogen standard of 5
mg/l).



242

/)
1 7
i
* A 7 MODEL 3
L7077 Fd
2 N 2577 z HOUSING DENSITY = S500/SQKM
Ll < NITRATE STANDARD = 6 MG/L
3 o Y
AR 4 POPULATION = 68662
Ll Z
ALl Pl
e rad rd
4 e 7
AL 7
LA, v
7 FPI7 777777
LA IA AL
5 Y X s
A LN
s Ll L] a
LAY S
. R
VIPA s LSS AREA OF POPULATION
5/5/;/5/51//?’/; GROWTH
- 7277 AL s
/ Y Y I
7 YL A S, AREA OF NO POPULATION
| ey e e ey GROWTH
<P A
8 Yy Yy AREA CONTAINS W
Sl LA A MUNICIFPAL WATER SUPPLY
9 HOUSING DENSITY AT D
UPPER LIMIT
10 NITRATE CONCENTRATION N
AT THE UPPER LIMIT
vy
" MODELED BUT NOT IN oy
MANAGEMENT AREA 9w
12 AREA NOT
MODELED
13 SCALE ( KILOMETERS ) 0 1 2
[ S R—
14

MAXIMUM DEVELOPMENT SCENARIO
REGIONAL DEVELOPMENT PATTERN

Figure 46, Maximum residential/commercial land use development pattern
for Falmouth (for a specified land use density limit of 500

houses/sqkm and a global nitrate nitrogen standard of 6
mg/l).



Figure U7,

243

MODEL 3

HOUSING DENSITY = S00/SQKM
NITRATE STANDARD = 7 MG/L
POPULATION = 78100

2 —B—

NN
NN

NN

N

S0 .
SONONER NN RN
AR AR AT R R

N E
N
SNARNNNNRNANY

AR AR SRR R
ALLLALRRY AR

<
NN
NN
NN

Arr 27

AREA OF POPULATION
GROWTH

N

N

Ay
AR AR

AR A L AL L AR R AL LS L AR

AREA OF NO POPULATION
Yo s s s GROWTH

NNANNNNNY
AR RS AR
AR RN

NNNANNNNNN
N

AREA CONTAINS w
MUNICIPAL WATER SUPPLY

HOUSING DENSITY AT D
UPPER LIMIT

NITRATE CONCENTRATION N
AT THE UPPER LIMIT

<y
NANY
NN

MODELED BUT NOT IN
MANAGEMENT AREA

NNNY
NANNY

AREA WNOT
MQODELED

SCALE ( KILOMETERS ) o1 2

MAXIMUM DEVELOPMENT SCENARIO
REGIONAL DEVELOPMENT PATTERN

Maximum residential/commercial land use development pattern
for Falmouth (for a specified land use density limit of 500

houses/sqkm and a global nitrate nitrogen standard of 7
ng/l).



10

i
12
13

14

Figure 48.

244

MODEL 3

HOUSING DENSITY = S00,/SQKM
NITRATE STANDARD = 8 MG/L
POPULATION = 82242

AREA OF POPULATION
GROWTH

AREA OF NO POPULATION
GROWTH

AREA CONTAINS w
MUNICIPAL WATER SUPPLY
HOUSING DENSITY AT D
UPPER LIMIT
NITRATE CONCENTRATION N
AT THE UPPER LIMIT
//;//
MODELED BUT NOT IN Y/
MANAGEMENT AREA AAAA
AREA NOT
MODELED
SCALE ( KILOMETERS ) 01 2
ek

MAXIMUM DEVELOPMENT SCENARIO
REGIONAL DEVELOPMENT PATTERN

Maximum residential/commercial land use development pattern
for Falmouth (for a specified land use density limit of 500
houses/sgkm and a global nitrate nitrogen standard of 8
mg/l).



J
1 2 3 4 5 & 7
e dd
LSS
1 oy
i
i
PPN SIS
VAV AT
2 VA Y
N VA v
PPN .VIFNi
VL . e
VR AR VA" A avd
3 SO ASI LA PSS
AL AN SY
’ LAL s
TR R i
s dy s vr s rr Arrres
4 VALY SRS Yo
Vv rrrrdrrrrArrrcs
ALY LA A sl
v g grir g W ey
VO TN N A
5 s /’//’////ﬂ/////
Vs eYrrss sArr sy
L Va Z]
e Y
s
6 7
ya%
4
; L
7 -
| Z
7z
;
8 7
v
9
10
11
12
13
14

MODEL 3

HOUSING DENSITY = S00/SQKM
NITRATE STANDARD = 9 MG/L
FOPULATION = B2838

AREA OF POPULATION
GROWTH

AREA OF NO POPULATION
GROWTH

AREA CONTAINS w
MUNICIPAL WATER SUPPLY

HOUSING DENSITY AT D
UPPER LIMIT
NITRATE CONCENTRATION N
AT THE UPPER LIMIT
b0y
MODELED BUT NOT IN ]
MANAGEMENT AREA v
AREA NOT
MODELED

SCALE ( KILOMETERS ) o 1 2

MAXIMUM DEVELOPMENT SCENARIO
REGIONAL DEVELOPMENT PATTERN

245

Figure 49, Maximum residential/commercial land use development pattern
for Falmouth (for a specified land use density limit of 500
houses/sqkm and a global nitrate nitrogen standard of 9

mg/l1l).
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use pattern is 60,108; this population represents a 123 percent increase
over the 1980 population for the modeled area of Falmouth,

From Figure 45 it is obvious that additional residential/commercial
growth above the 1980 levels is feasible in most elements. Pre-existing
land use densities precluded new development Iin only two elements (i,j =
13,7 and 14,3). For most ccastal nodes, development occcurred up to the
maximum feasible level, and nitrate nitrogen concentrations in the
coastal areas increased to the maximum allowable under the global
standard. Land use activity for interior nodes (nodes upgradient of the
coastal elements) did not reach maximum allowable levels, otherwise
nitrogen concentrations in the coastal elements would have exceeded the
global nitrate standards. In most elements containing municipal water
supplies, no new residential/commercial land use appeared because the
nondegradation constraints were binding. Elements located up gradient
from Long Pond (i,j = 12,3 - 12,4 - 13,4) were identified by the model
to remain at the 1980 development levels to satisfy nondegradation
constraints on elements around Long Pond: this region corresponds to
the critical recharge zone of Long Pond as delineated by Model II (see
Figure 42),

When the global nitrate nitrogen standard was raised to 6 mg/l,
Model III results (see Figure 46) showed more residential/commercial
development occurring in more elements and more frequently to the
maximum level., Again, development in the interior stopped below the
maximum allowable level as water quality in most down gradient coastal

nodes was just meeting global nitrate standards.
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With model runs using a global nitrate nitrogen standard of 7 mg/l,
changes in the regional development pattern began to appear (see Figure
U7). Under the existing land use density regulations few coastal nodes
attained nitrate concentrations of 7 mg/l as N even though with several
interior nodes developed to the maximum level allowed by the zoning
regulation. Nondegradation constraints continued fo be binding at all
elements containing municipal supplies because more pollution was being
allowed,

The land use develcopment impacts of relaxing the global nitrate
standard to 8 mg/l were dramatic (See Figure U48). Only two global
nitrate constraints remained in the linear programming solution (i.e.,
were binding). Land use activities in most elements increased to the
limits allowed by the zoning. It would appear, that under the present
land use density restriction, development could proceed in most regions
to the maximum extent without causing groundwater nitrate concentrations
to exceed the 8 mg/l global standard.

When the global nitrate standard was raised to 9 and 10 mg/l as N,
model results were the same. Figures 49 and 50 show that the global
water quality constraints were not binding anywhere. Development
proceeded to the maximum feasible level (82,838 people) in most areas.
The only binding water quality constraints were those protecting
municipal water supplies from further degradation.

Through the sequence of model runs (Figures 45-50), 71-76 percent
of Falmouth model elements received added residential/commerecial land

use above 1980 levels (see Figure 51). Of these elements, the
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Figure 51. The percent area of Falmouth to receive additional growth
as a function of global nitrate nitrogen standards {(for
maximum development of Falmouth under the constant land use
density limit of 500 houses/sqkm}.
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percentage in danger of violating water quality standards decreased as
the global nitrate level was relaxed (see Figure 52). But, as shown in
Figure 53, increasing the allowable groundwater nitrate level encouraged
expansion of residential/ccmmercial land use activities to maximum
limits,

The discussion to this point has focused on the total combined
population due to the three residential/commercial land use types. The
model was designed to identify the optimal combinations of the three
sources {land use types) that would emerge under various global nitrate
standards and residential/commercial land use density restrictions.

The most obvicus trend describing a relationship between preferred
land use types and global water quality standards is presented in Figure
54, This figure shows that with the relaxation of the global
groundwater nitrate standard there was an increase in the percentage of
town area where municipal water was selected as the sole form of water
used. The model selected land use activities which require on-site well
water over equivalent land use types requiring municipal water wherever
water quality constraints were binding; that is, when both water quality
and housing density constraints defined the boundary, the model selected
the source (on-site well water users) which delivered the lowest per
capita nitrate loadings.

Use of munieipal water generates higher nitrate loads to the
aguifer than usage of on—site wWell water because of the nitrates in the
imported municipal water. The management model perceived only that the

mass loadings were higher with municipal water and not that the nitrate
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concentration in the recharge was lower, Consequently, the model was
unable to distinguish a diluted source from a concentrated source
because the linear continuity equations could not incorporate the
nonlinear hydraulic effects induced from disposing large volumes of
dilute wastewater to the aquifer. The result of this modeling
limitation was a consistent selection of the most conservative land use
development patterns wherever binding water quality constraints
precluded additional growth.

The general pattern of the three evaluated residential/commercial
land use activities are illustrated in a series of figures (55-69) which
span the multiple solutions of Model III using various global nitrate
standards ranging from 5-10 mg/l as N. The figures show in which
elements municipal water was the principal source of water. On-site
waell develiopment was prohibited in elements i,j = 11, 2 and 11,3 because
these nodes were situated down gradient from the Falmouth wastewater
treatment facility. 1In a few elements, residential/commercial land use
activities requiring on-site well water were introduced where they never
existed before (i.e., in elements i, = 13,2 and 14,3); this occurred
when the optimum development pattern depended on satisfying global
nitrate standards. Element 1,j = 12,2 never allowed land use activities
needing on-site well water. Land use changes occcurred in a few elements
where existing residential/commercial activities dependent on on-site

well water were converted to the municipal water supply (i.e., elements

i,j =8,3-9,3-10,3-12,5-12,6 - 12,7 and 14,4). Most conversions

from land use activities generating recharge flows wi ., (from on-site
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Water usage patterns for residential/commercial land use
in Falmouth (for a specified land use density limit of 500

hO?Ses/sqkm and a global nitrate nitrogen standard of 5
mg/1l)



256

] 2 k] 4 s & 7
1
v AR MODEL 3
2 A
N ,/,,/;,/,, HOUSING DENSITY == 500/S0OKM
VNN VFINNI
IR A L
. %7:/7”;”2 NITRATE STANDARD = 6 MG/L
///;:5/55?15./15.///’ POPULATION = 89662
ya YNV
Y T AL A
oo eYorssdorev Arvvrs
4 VorverYersrdrrrrprrzy
Vol PSRN VA A AR
ALV LRI A IA LSS P4
777 PACCLT S F P
TPV RN VRN " AR AP s
L YT FRINY VL E VP Iyy P4
l/ rr Y r s PP AP PP AP V¥4
Ll L 4 L] arl
777 FIAL SIS, s
PILN L LA Ar s 2l
[-] LI TN I PI IRV I AR Y s
I//// VA VY Y Yy
LS LIRSS/ Vo da
TTT T TFTr 277 777
PRI
7 MUNICIPAL WATER
Vi AL SRS A7
55515 A Y. Y /fff AND SEPTIC TANKS
| FITATITT AT TTTT
X
8 MUNICIPAL /INDIVIDUAL
PSS VI A WATER AND SEPTIC TANKS
9 AREA CONTAINS
N N MUNICIPAL ‘'WATER SUPPLY w
10 N N NITRATE CONCENTRATION N
. AT THE UPPER LIMIT
e
MODELED BUT NOT IN V' /A
N
il MANAGEMENT AREA [r7r/4
g
12 AREA NOT
MODELED
13 N SCALE { WILOMETERS ) 0 ' 2
14

MAXIMUM DEVELOPMENT SCENARIO
NITRATE SOURCE PATTERN

Figure 56. Water usage patterns for residential/commercial land use in
Falmouth (for a specified land use density limit of 500

houses/sqkm and a global nitrate nitrogen standard of 6
mg/l).
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MODEL 3
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Water usage patterns for residential/commercial land use in
Falmouth (for a specified land use density limit of 500
houses/sgkm and a global nitrate nitrogen standard of 9

Figure 59.
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MODEL 3

HOUSING DENSITY = 500/SQKM
NITRATE STANDARD = 10 MG/L
POPULATION = 82838
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Water usage patterns for residential/commercial land use in
Falmouth (for a specified land use density limit of 500
houses/sqkm and a global nitrate nitrogen standard of 10

mg/l).



261

well water usage) to activities producing flows Vi . (from municipal
)

water usage)}, occurred after the global nitrate nitrogen standard was
incrgased above 7 mg/l.

The model never increased use of municipal water in an element
without first connecting all on-site well water users to the town water
distribution system; two cbservation were drawn from this. First, any
areas depicted in Figures 55-60 as having only municipal water users
Wwere also the only elements where residential/commercial use of
municipal water increased. The second observation was that all other
elements known to acquire new development saw an increase in only on-
site well water use. Therefore, wherever development cccurred either
on-site well water or municipal water usage increased but not both,

The constraint specifying an upper limit on available town water
{see equation 84) was never binding in any of the model runs. At most,
maximum municipal water use never amounted to more than 36 percent of

the available supply.

8.2.3.2 Effects of Nitrate Standards on Groundwater Protection

Groundwater protection can be effected through the enforcement of
groundwater quality standards and land use zoning regulations. This
section discusses the effects of nitrate nitrogen standards on efforts
to protect the long term availability of groundwaters and the
development tradeoffs associated with relaxing these standards.

The protection of groundwater was evaluated in terms of groundwater

nitrate changes effected through additional development above 1980
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levels., The regional preservation of groundwater was achieved through
limited land use develcpment over Falmouth in a pattern indirectly
determined by binding land use density constraints and directly through
binding nondegradation water quality constraints. Figure 61 shows the
average (i.e., average overall Falmouth elements) steady-state nitrate
nitrogen concentration in Falmouth under maximum feasible development
conditions for a specified global nitrate standard and a residential
land use density restriction of 500 households per square kilometer.
Average nitrate nitrogen concentrations slightly exceeded the 5 mg/l
goal set by the CCDEPC (1978) after the global nitrate standard was
elevated to 8 mg/l as N. As expected, the percent area of Falmouth
poelluted to allowable nitrate levels decreases as the global nitirate
nitrogen standard is elevated (see Figure 62). However, 15 percent of
Falmouth corresponds to regions protected with nondegradation
constraints (wWwhich are presently at the permissible limit of nitrate
contamination and are consequently, not affected by relaxing the global
nitrate nitrogen standard).

Nondegradation constraints for elements containing municipal water
supplies preserved water quality at steady-state levels predicted from
present (1980} land use activities. Additional development was all but
precluded near municipal water supplies which forced most development to
occur down gradient and between Falmouth's water supplies. The
nondegradation constraints were a dominant factor affecting the pattern

of optimal development in the study area.
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(for maximum development scenarios under the constant land
use density limit of 500 houses/sgkm). .
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Global water quality constraints protected groundwater quality near
the coasts by limiting development upgradient where expanded
residential/commercial activities were possible without affecting
nitrate changes in municipal water supplies.

Figures 63-68 illustrate the steady-state nitrate nitrogen
distributions in Falmouth from maximum development under variocus global
nitrate nitrogen standards. Most evident from leafing through the
figures are the preservation of water quality around municipal supplies
(centered at nodes 8,4-12, 3-12, 4-13,4 and 11, 7) and extensive nitrate
pollution between supplies. Notice that in every filgure elemental
groundwater nitrate levels were less than the specified global standard.

The develcopment tradeoffs assceciated with relaxing land use density
and water quality constraints were investigated through the optimal
values of the dual variables, Each model run produced values for dual
variables associated with each model constraint. For the binding
constraints, the values of the dual variables were used to interpret
marginal changes in the maximum population of Falmouth for unit
relaxations of the constraints. Figure 69 presents the values of the
dual variables associated with binding land use density constraints.
These were obtained from the sclution of Medel III with a housing
density restriction of 500 household per square kilometer and a regional
nitrate nitrogen standard of 5 mg/l. The number appearing in each
element represents the additional people, which could be located in
Falmouth, if one more household were added to that element. To relax

the housing density constraints of elements which eontain no number,
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Figure 63. Predicted steady-state nitrate nitrogen concentration
(mg/1) contours over Bourne and Falmouth (at maximum
feasible development of Falmouth for a specified land use
density limit of 500 houses/sgkm and a global nitrate
nitrogen standard of 5 mg/l).
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feasible development of Falmouth for a specified land use

density limit of 500 houses/sqkm and a global nitrate

nitrogen standard of 6 mg/l},
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feasible development of Falmouth for a specified land use

density limit of 500 houses/sgkm and a global nitrate

nitrogen standard of 8 mg/l).
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Figure 67. Predicted steady-state nitrate nitrogen concentration
{mg/l) contours over Bourne and Falmouth (at maximum
feasible development of Falmouth for a specified land use
density limit of 500 houses/sqkm and a global nitrate
nitrogen standard of 9 mg/l).
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Figure 69. Optimum values of dual variables asscciated with binding
elemental land use density constraints {(from the solution
of Model I1I under a land use density limit of 500
houses/sqkm and a global nitrate nitrogen standard of 5
mg/l). Numbers represent the additional population growth
from allowing one more housing unit in appropriate
elements.
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would not permit more people to live in Falmouth, because the land use
activity in these elements has not yet exhausted available land for
development.

The values of the dual variables for the land use density
constraints did not change with the relaxation of the regicnal nitrate
standard. Dual variliable values less than the residential occupancy rate
{2.203 people/househcld) indicated an added household in one place would
require a reduction in residential/commercial activity elsewhere Lo
ensure other model constraints remain satisfied. When the values of
dual variables were larger than the occupancy rate the effeect of adding
one more housing unit allowed a shift in upgradient land use activities
which in turn permitted additional residential/commercial development
elsewhere; hence, the net population gain was greater than the average
occupancy rate,

The development tradeoffs generated from relaxing water quality
constraints are displayed in Figure 70. The numbers appearing in
specific elements represent the marginal increase in the number of
pecple which could be located in Falmouth if the water quality
constraints for those elements were relaxed by 1 mg/l as N. ‘

For binding global water quality constraints the values of dual
variables decreased as the giobal standard increased from 5 to 10 mg/l
as N. The fall in values is probably indicative of the extent to which
feasible development would assume a pattern determined less by global
water quality constraints and more as by nondegradation and land use

density constraints.
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Values of dual variables generated from binding nondegradation
water quality constraints increase as the global nitrate standard is
increased. That is, as the development in surrounding areas increases,
the potential development iﬁ areas with more stringent standards
increases. The potential growth is not realized until the stringent
water quality standards are relaxed. Hence, the costs (in terms of
development foregone} of having stringent water quality constraints in
downgradient elements increases as the opportunity for development
elsewhere in the region increases (i.e., as when global nitrate nitrogen

standards are increased).

8.2.4 Model III Results: Effects of Land Use Density Constraints

An investigation was made, with multiple runs of the third nonpoint
source groundwater pollution management model, to elucidate the effecis
of source density constraints {(also known as land use density
constraints or residential/commercial zoning constraints) on the maximum
feasible residential/commercial development and the protection of
groundwater resources in Falmouth. During each model run a different
land use density regulation was imposed. ~Nondegradation and global
water quality standards remained constant between model executions. The
global nitrate nitrogen standard was always 5 mg/l. Nondegradation
water quality constraints were constructed for each element containing a
municipal water supply; the other nondegradation nitrate standards were

generated as before from the long term nitrate predictions from Model I.
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8.2.4.1 Effects of Land Use Density Constraints on Land Use Development

A range of specified land use density limits was used in Mcdel III
to ascertain optimal magnitudes and deployment patterns of the three
residential/commercial surface activities in Falmouth.

Residential/commercial density limits were expressed in units of
allowable houses/kmz. In Figure 71 the maximum population projections
are plotted against density restrictions varying from 200-500 houses/km2

(one house per 48,900 to 16,500 ft2). The figure exhibits a curve
showing inc¢reased maximum development potential {expressed in
population) for Falmouth under successively more relaxed regulations cn
allowable commercial/residential densities,

The shape of the curve in Figure 71 reflects a change in the type
of constraints which become boundary equations when more sources are
permitted per unit area, The numbers and types of binding water quality
and land use density constraints associated with each solution of Modeil

III are illustrated in Figure 72 as a function of the different land use

density regulations, For sowrce density limits under 200 houses/kmz,
maximum potential residential/commercial development was independent of
global nitrate nitrogen standards. Development occurred to the maximum
allowable density, which was sufficiently low that global water quality
constraints were never binding. The nondegradation constraints,

however, were either binding or were on the verge of becoming binding.

When density regulations of no less than 375 houses/km2 were used, Model

III yielded optimal development patterns which were determined by
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binding global water quality, nondegradation, and land use density
constraints. Wherever development was feasible it occurred at maximum
density levels when stringent land use density limits were used. Under
mcre relaxed density regulations maximum allowable growth occurred
primarily among coastal nodes,

The solutions of Model III for each of the four land use density
limits are illustrated in Figures 73-76. Each figure depicts the
location of municipal water supplies and the status of development and
water quality for each element in the management area.

Figure 73 displays the optimal pattern of development under a land

used density restriction of 200 housas/kmz. The maximum potential
population from combining the three land use activities was 40,193 under
a global nitrate standard of 5 mg/l as N. Pre-existing
residential/commercial development precluded new development in elements
i,j = 9,3 - 13,5 - 13,6 - 13,7 - 14,3 and 14,4 because source densities
were higher than the specified desirable limit. Nondegradation
constraints for elements containing municipal water supplies (Long Pond
and Fresh Pond), discouraged development around and up-gradient from the

sources of town water., 1In virtually all other elements, new development

expanded up to 200 houses/kmz. The only binding water quality
constraints were the nondegradation constraints specified at elements
i,J = 8,4-9,6 - 11,7 - 12,3 and 13,4.

When the restriction on allowablie residential/commercial density

was raised to 250 houses/km2 the pattern of development was similar to
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that achievable under a source density of 200 houses/km2 {see Figure
T4). Again, growth reached the maximum level allowed in most elements
because elemental nitrate levels were not as yet approaching the global

standard (5 mg/l as N).

Under a land use density restriction of 375 houses/kmz, the
intensity and pattern of development changed to reflect the influence of
binding global water quality constraints (see Figure 75). Maximum
residential/commercial activity was situated along the coast, where most
global nitrate nitrogen constraints were binding. Upgradient from the
coast, development proceeded to levels which would allow down gradient
coastal elements to meet global nitrate nitrogen standards.
Nondegradation constraints were binding constraints for every element
where applicable except in element 1,j = 9,6. Here, predicted long term
water quality was slightly less than the imposed nondegradation
standard. As the density regulation was increased, land use activity
began to expand in a few elements (i,j = 9,3 - 13,6 - 14,3) where more
stringent source density limits had precluded growth because the
concentration of pre-existing development was already unacceptably high.

A last model run was performed in which allowable levels of

residential/commercial activity were increased to 500 houses/kmz. The
solution, shown in Figure 76 indicated continued expansion of land use
activities along the coast and in most coastal elements to the maximum
allowable level. Development in the interior regions decreased ¢o

compensate for the additicnal coastal nitrate loads, in order that
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nitrate concentrations along the coast would satisfy global water
quality constraints. The nondegradation constraints were binding in all
glements containing municipal water supplies. A five percent increase
in population (117 people) was observed in element i,j = 13,4 where a
nondegradation constraint was imposed to protect a munieipal water
supply. The increased population did not have an impact on water
quality in the element. It appears that small changes in nitrate lcad
can be tolerated without serious impact on the approximation of the
nitrate concentration gradients in the continuity equations. This is
due to the large discretization scales used in the model.

It was noted that the percentage of Falmouth area to receive
additional development increased when more residential/commercial
activity was allowed per unit area (see Figure 77). The observed
increases were due to new development in areas where pre-existing land
use activities had, under more stringent land use density regulations,
precluded additional growth. Relaxing the source density limit
increased the growth potential for Falmouth. Of the elements accepting
new growth, the percentage in danger of violating the global nitrate
nitrogen standard increased with every increase in the source density
limit (see Figure 78). As the nitrate concentrations in groundwater
inereased with allowable source densities, the number of binding glabal
water quality constraints became more prevalent. This in turn curtailed
the number of nodes where potential development could approach the
density limit (see Figure 79). The increased growth potential led to

greater growth along the coastline, but for reasons of maintaining
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coastal groundwater quality this was at the cost of reduced growth
potential for interior regicns. New development, in elements where
nondegradation constraints were imposed, was for the most part not
observed. Specifically, for the nodes upgradient from Long Pond, no new
development was possible without relaxing the nondegradation constraints
at elements i,j = 12,3 - 12,4 - 13,4,

Beyond the total residential/commercial land use picture, the
magnitude and patterns of the three component land use types were
reviewed for possible relationships among them and the specified source
density regulations. Figure 80 suggests that a distinct preference
exlst residential/commercial activities that are dependent on municipal
water when the source density limits are stringent, while activities

dependent on on-site water are more desirable with land use density

restrictions allowing more development than 375 houses/kmz. A regional
profile for municipal water use reveals that at most 38 percent of
Falmouth selected the use of municipal water over the use of on-site
wells. The management model selected residential/commercial surface
activities that are dependent on onsite water wherever water quality
constraints were restricting development in a region. Under opposite
conditions, where development proceeded unhindered by global water
quality constraints, the choice of water source is municipal. The model
selects the land use type which contributes the lowest load when source
density limits are sufficiently relaxed that groundwater quality
constraints play a part in effectively defining the upper limit on

allowable levels of residential/commercial land use activities.



290

.0 100.0  200.0 300.0 400.0 500.0 600.0 700.0

HOUSING DENSITY LIMIT ( HOUSES/SQKM )

[+

=

g

=

|

ﬁ 50.0

= .

2 ]
g

g 40.0 _
H

&

2

2]

B 30,0 —]
fan}

<

=3

=4

]

£ 20.0 —
eal

jas]

|

—

% 10.0
5 10.0
=

5

= .0
% ] T I T 1 ] I
e

=4

<]

[}

o

=1

ay

Figure 80. Percent area of Falmouth entirely dependent on municipal
water as a function of land use density limits (for maximum
development of Falmouth under the constant global nitrate
nitrogen standard of 5 mg/l).



291

\
The patterns of the three residential/commercial land use

activities are Illustrated in the series of Figures 81-84 which covers
the series of soluticons of Model III under global source density

restrictions between 200-500 houses/kma. As in previous figures (see

Figures 55-60), the shaded elements are those where municipal water was
the principal source of water. With the exception of element i,j = 11,2
and 11,3 options exist to develop residential/commercial activities
which depend on municipal water, on-site well water, or fo convert
existing on-site well users to municipal water users. For element i,j =
14,2, on-site wells did not exist as a source of residential/commercial

water, in 1980; however, when additional development was feasible (when

the land use density regulati&n was elevated above 250 houses/kme), on-
site well water use was introduced over increased municipal water usage.
This occurred because land use activities dependent on municipal water
were perceived by the model to deliver higher per capita nitrate loads,
and to add municipal water consumption would have led to a suboptimal
increase in elemental population under development conditions where
water quality changes were going to constrain development., The optimal
development in node {,j = 13,2 was always that which required town water
until relaxation of the land use density limit portended nitrate levels
which encouraged optimal development with on-site well water uses.
Development in element i,j = 12,2 was the same as with model runs
displayed above; land use activities needing on-site well water were
never permitted. For all other elements jllusirated as having only town

water, residential/commercial use never increased in an element without
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Water usage patterns for residential/commercial land use in
Falmouth (for a specified land use density limit of 200

houses/sgkm and a
mg/l).

global nitrate nitrogen standard of 5
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first connecting all elemental on-site well water users to the municipal
water distribution system. It was also the case with multiple model
runs with the various source density limits that wherever elemental
development occurred, either on-site well water or municipal water usage
increased but not both. Had the demand for town water ever exceeded the
supply it could have been possible for all three land use types to have

appeared simultaneously in any one element.

8.2.4.2 Effects of Land Use Density Constraints on Groundwater

Protection

Groundwater protection through uniform source density controls can
be an equitable and effective means of protecting groundwaters, Figure
85 shows the average steady-state nitrate nitrogen concentrations in
Falmouth under maximum feasible development conditions for different
specified regional land use density limits and a global nitrate nitrogen
standard of S mg/l. Average steady-state nitrate concentrations
increased from 2.t mg/l from 1980 development to a maximum of 3.6 mg/l.

Changes in the average concentration above a housing density of 375

houses/km2 were small because additional development occurred along
coastal nodes where the impact of subsurface loading on the average
nitrate nitrogen concentration (recall Figure 41) is small. Because
much of the high density development occurs along the coastline, and
because much interior development is precluded by the nondegradation
constraints, excellent water quality in nondeveloped areas compensates

for poor water quality elsewhere. Of the area of Falmouth falling
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within the boundaries of the study area, the areal extent of groundwater

which had degraded to allowable nitrate levels was 15 percent under a
density regulation of 200 houses/kmz, but increased to U7 percent when

500 houses/km2 were allowed (see Figure 86). The rapid increase in the
percentage of the area reaching allowable nitrate limits was entirely in
areas where global water quality constraints became solution binding
constraints; hence, the water quality constraints were precluding
additional growth where density constraints were not sufficient to
prevent unacceptable groundwater contamination. The ccost of a more
stringent land use density limit is lower [easible population growth or
lower total feasible land use development. When the
residential/commercial density limit was relaxed the affect was to allow
water quality constraints to play a larger role in determining the
optimal pattern of development. By allowing more water quality
constraints (beyond the nondegradation constraints) to establish the
limits of development, the optimal pattern of growth becomes less
uniform; recall that most development occurred along the coast which
precluded equal development upgradient due to coastal water quality
problems. Under the relaxed uniform density limits, Model III
identified a pattern of develcopment which could accommodate a larger
population and satiafy water quality constraints, but would necessitate
the enforcement of nonuniform development restrictions if the plan Qere
ever implemented.

The steady-state nitrate nitrogen distributions generated from

solving model III under each of the four land use density limits are
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presented in Figures 87 through 90. Where density constraints and
nondegradation constraints defined the solution space (Figures 87 and
88) stringent source density limits allowed equal degradation of
groundwater between municipal water supplies. Higher source loads

generated steeper gradients which developed supply wells and ponds. At

density limits of 375 and 500 houses/km2 (Figures 89 and 90) the pattern
of nitrate contours emphasizes the effect of high development density on
the coast with high nitrate contours protruding upgradient from the
coastline. The differences between Figures 89 and 90 are small with the
most visible difference being the smaller envelope of c¢lean water around
Long Pond 'in Figure 90.

The develcopment tradeoffs associated with relaxing elemental land
use density and water quality constraints were again investigated
through the optimal values of the dual variables, Figure 91 presents

the dual variables associated with the land use density constraints for

the model solution where the density limit used was 250 houses/km2. The
values of these dual variables decreased with increases made in the
source density limit (the right-hand-side of these constraints). The
reduction in the magnitudes of the dual variables occurs with increases
in the number of binding water quality constraints; hence the decreased
marginal opportunity cost associated with relaxing elemental source
density constraints could reflect a reduction in flexibility to shift

develeopment patferns in a manner which could yield a positive population

gain.
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feasible development of Falmouth for a specified land use

density limit of 200 houses/sgkm and a global nitrate

nitrogen standard of 5 mg/l).
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The optimal wvalues of dual variable associated with binding water

quality constraints are displayed in Figure 92 from the sclution where

the applied density restriction was again 250 houses/kma. For the water
quality constraints which specified nondegradation of water quality at
municipal water supplies, some of the dual variables decreased as more
land use activity was allowed per unit area. The values of the dual
variables express the marginal increase in the number of people who
could be located in Falmouth if the associated nondegradation constraint
was relaxed by 1 mg/l as nitrate nitrogen. The reduction in the value
of the dual variable could indicate that Falmouth would have less to
gain (measured in terms of populaticn increases) by allowing more
pcllution in their water supplies if elsewhere development has proceeded

Lo the extent of binding global water quality constraints (such as when

the allowable source density limit is greater than 250 housas/km2). This
is’equivalent to saying that the preserved area around a well becomes
less important in providing additional room for development if growth
elsewhere has forced changes in water quality elsewhere to the limits of
acceptabllity.

The dual variables associated with the binding global water quality
constraints did not appear to change as the nitrate concentrations in
more regions approached the global standard, The stability may reflect
that any new growth would cccur only in the element where the water
quality constraint was relaxed. It also reflects that to pollute an
additional 1 mg/l nitrate nitrogen a specified number of pecple are

required to add that nitrogen.
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8.3 Conglusions

The application of Model III to Falmouth, Massachusetts illustrated
the successful identification of optimal residential/commercial
development patterns which incorporate existing development, accommodate
maximum population growth, preserve water quality within standards,
satisfy source density regulations, and operate within available
resource limits. Optimal growth patterns varied with regard to type,
location and density of the land use activities developed. Under
conditions where global water quality constraints were nonbinding
development approached maximum feasible uniformity. Alternatively, when
global water quality constraints were effectively constraining
development, they operated to restrict development in the interior while
growth along the coast reached maximum allowable levels.

The nondegradation constraints defined zones where additicnal
development was unacceptable. These constraints were a dominant factor
in the design of optimal development patterns. OQutside this 'zero
growth zone! expanding‘development is determined by global water quality
constraints and source density constraints. The dual variable
associated the nondegradation constraints generally increased as the
global nitrate nitrogen standard was 1lncreased; that is, the development
opportunities assoclated with allowing further nitrate poliution in
'zero development' zones increased as the global nitrate nitrogen
standard increased.

Relaxing the global water quality standard increased the real

assimiiative capacity of the aquifer and as a result land use activity
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expanded to fill the increased capacity. For a given set of
nondegradation constraints and a given source density limit there is a
minimum global standard above which the optimal development pattern is
no longer defined by binding global water quality constraints. For

Falmouth this level was 8 mg/l nitrate nitrogen under a maximum source
density limit of 500 houses/kmz, and approximately 5 mg/i for a density

of 200 houses/km2 (see Figure 93).

The imposition of global water quality constraints can lead to
nonuniform development opportunity because preserving water quality in a
two dimensional flow field may require the restriction of development in
some areas to allow preferred growth in other areas. Proposed
development sc¢enarios which strive for uniform development opportunities
must be sufficiently severe that gleobal water quality constraints remain
non-binding. Other causes of nonuniform development opportunity are
preexisting sources (e.g., the 0tis Plume and lntense coastal
development )} and nondegradation constraints.

There exists a land use density for a specified groundwater quality
standard above which the development changes from as uniform as possible
to a neonuniform pattern where development cpportunity is determined by
globai and land use density constraints. Use of stringent density
constraints yields lower regional contaminant concentrations, more
uniform development opportunities, but lower maximum feasible growth.
Higher density limits generate, reduced average water quality,
nonuniform development opportunity, but higher feasible population

growth.
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oppertunity in Falmouth for combinations of imposed global
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Model III was not able to select between sources which varied in
concentration of nitrate recharge flows. The model selected scurces on
the basis of their per capita mass loading rates and was not able to
digtinguish a dilute source (i.e., recharge from municipal water users)
from a concentrated source (i.e., recharge from on-site well water
users) because the linear continuity constraints could not incorporate
the nonlinear dilution effects of disposing large volumes of diluted
wastes as opposed to small volumes of concentrated waste waters to an
aquifer. The errors associated with this modeling limitation were on
the order of less than one percent. This is because recharge
contributed from increased municipal water usage was generally small and
situated in coastal nodes (or nodes near the coast} where the underlying
groundwater flow operates as a buffer against significant water quality

changes at the coasts.



CHAPTER 9

MODELING DEVELOPMENT SCENARIOS FOR MINIMIZING GROUNDWATER IMPACTS

FROM MULTIPLE LAND USE ACTIVITIES

The fourth and final nonpoint source groundwater pollution
management model is formulated to ascerﬁain patterns to expand multiple
land use activities, such that the resultant groundwater quality impacts
are minimized. The optimum pattern and combination of surface
activities incorporates the present pattern of land use development and
is identified from a specified population projection, stated development
restrictions around municipal water supplies, given restrictions on
available resources (i.e., land and water), imposed water quality
standards, and specified housing density regulations. The 3specified
population projection is the anticipated development level at some
specified future time; it represents the minimum amount of growth which
must be.included in the study region.

Model IV is applied Lo the same section of Western Cape Cod (the
town of Falmouth, Massachusetts) as Model III, and the general
formulation was adapted, as with Model III, to identify the regional
patterns of the three forms of residential/commercial land use evaluated
in Chapter 7. The fourth model determines the combination of surface
activities required to accommodate a projected year-round population.
The optimal development pattern is identified from a large set of

feasible residential/commercial land use patterns which incorporate



313

present (1980) growth in Falmouth. Each development scenario of the
feasible set satisfies constraints on desirable elemental nitrate
nitrogen levels over the entire region, constraints on available water
supplies, and constraints representing imposed regulations on specific
land use activities,

Model results include: 1) contour plots of the minimum feasible
steady-state regional groundwater nitrate distribution from the
projected residential/commercial development; 2) the optimal population
predictions for each element and for each class of
residential/commercial land use; 3) maps illustrating optimum locations
of growth; 4) maps showing the degree of development and the long term
status of wWater gquality in each element; and 5) figures depicting the
optimum values of dual variables associated with constraints on source

densities and water gquality.

9.1 Formulation of Management Model IV

Model IV is a direct adaptation of Model III, with the same
decision variables and the continuity constraints. Changes were made in
the management constraint set and objective function. The formulation
presented will evaluate the management of a combination of three
composite land use activities known to contribute areal contamination of
groundwaters; however, the formulation is general and the variety of
surface activities considered, could be expanded to incorporate any

number. Details on model components are presented telow.
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9.1.1 QObjective Function

The optimum value of the objective function is the minimum average
contaminant distribution in the management area that is feasible under
the projected population scenario. The objective is a summation of all
elemental contaminant variables in the study area,

n m

Minimize ——. § I C, .p

DRI (86)

where Py 3 = the value of one, if the element i,J is in both the region

where contaminant transport is modeled and in the area
where sources of groundwater pollution are being managed.
It is equal to zero otherwise (such as 1 for Falmouth
elements, and 0 for Bourne elements).

m

} p: ., which equals all the elements in the

o =
1g=1

133

i

management area.

9.1.2 Management Constraints

Most of the management constraints employed in Model III were also
used in Model IV. Model modifications affected management constraints
designed to incorporate present levels of land use activities into the
optimal solution (see constraints 78 and 79). Rewritten below, the
modifications restructured inequality constraints 78 and 79 into
equality constraints for elements containing municipal supplies. These
changes ensure that feasible values of recharge decision variables

associated with the three land use types (wi 3 Zi 3! and Vi .) reflect



existing and only existing levels of land use activities in these

elements., The modified constraints are written as

Dz -Zi . = PZ ¥ 1 and j where a municipal water supply
i,j - i, is situated (87)
Dw -wi .+ Dv -Vi . = Pw ¥ i and j where a municipal

i, 19 i,j -9 i,j water supply is situated
(88)

Constraints (87) and (88) preclude any increase in

residential/commerical activity in elements containing municipal water

supplies. All other elements continue to havée management constraints
like (78) and (79). For appropriate elements, constraint (87) sets

values for the decision variables Zi i to reflect permanent discrete

populations responsible for these elemental recharge flows.
Opportunities to switch from cone land use activity producing recharge

flow wi j to ancther generating flow Vi 1 are feasible in elements
? ’

contalning municipal water supplies; however, constraint (88) ensures

that the optimum long term combination of recharge flows wi j and Vi

reflects a population equal to the original number of people (Pw )
i,d

contributing to the elemental flows W.

]

Beyond the specific constraint modifications which restrict naw
development arcund municipal water supplies, Model IV contains a

constraint which specifies a minimum level of residential/commercial

315
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development {expressed as a minimum population level) to be accommodated
within the boundaries of the management area. The constraint operates
to force consideration of development levels which represent projections
of future growth. The formulation of this minimum development
constraint is a summation of all elemental subsurface recharge flows
generated from the three residential/commercial land use activities,
Each decision variable is addressed with an appropriate ccefficient
which changes flows to population. The right-hand-side of the
constraint is the future population to be located in the management area
with a minimum Impact on average regional groundwater quality. The

minimum population constraint is written as

n m
! I b -Z, . +D W, , + D v, ] >P (89)
=1 3=t P,y e My by BT T

where Pe = the projected population to be received in Falmouth

9.1.3 General Formulation of Model IV

The complete formulation of Model IV is

1 n m
Minimize —+ J § C. .<p. .
i=1 j=1  Led 7L

s.t.
Continuity Constraints:

leltcy - [c Jtw} - [c iz} - [c, 1)

- [eglisy + el + e trliQ)




Management Constraints:

¥ 1 and j
municipal

¥ i and j
municipal

not containing
water supplies

municipal water supplies

containing
water supplies

¥ { and j not containing

[ =
I~ f~

]
| Wa¥

¥ i and j where appropriate
¥ iand j where appropriate

¥ i and j where appropriate

9!2.

¥ i and j

Application of Model IV to Falmouth, Massachusetts

Model IV was used to investigale the management of nonpoint source

nitrate contamination of groundwater in

Massachusetts (depicted in Figure 35).

the town of Falmouth,

Nitrate transport was simulated

317
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over the entire area west of the groundwater divide with the use of

continuity constraints and contaminant decision variables (Ci J) in both

Bourne and Falmouth, The investigation of the optimum placement and
intensity of the three composite land use activities was carried out

using additional decision variables Zi 3 wi j and Vi 5 the optimal

values of which represent elemental recharge flows from three
residential/commercial land use activities in elements over Falmouth
alone.

The three land use activities contributing nonpoint source

groundwater nitrate pollution were; 1) recharge flows (Zi j for all

¥

elements 1,j in Falmouth) from the combined domestic and commercial use
of municipal water, septic systems, and lawn fertilizers, 2) recharge

flows (wi j for all elements i,j in Falmouth) produced from the combined

domestic and commercial use of on-site well water (as opposed to
municipal water), septic systems, and lawn fertilizers, and 3) recharge
from domestic and commercial activities which have abandoned on-site

wells for municipal water and therefore, produced recharge flows (Vi

1

for all elements i,j in Falmouth) from the combined domestiec and
commercial use of municipal water, septic systems, and lawn fertilizers.
Other sources of groundwater nitrate contamination in Falmouth (i.e,
sewer exfiltration, natural recharge, and subsurface disposal of
secondary sewage) were treated as constant fluxes in the continuity
constraints (terms on the right-hand-side). Land use activity in Bourne

was not evaluated with the model; consequently, all sources of nonpoint
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source groundwater nitrate contamination there were treated as constant

nitrate fluxes in continuity constraints.

9.2.1 Data Requirements for Model IV

Model IV has the same underlying hydrologic and contaminant
transport conditions as those used in Models I and II. The data
requirements are the same as those identified for Model III; for details
the reader is referred to Chapter 8. The only additional infeormation
required to construect Mcdel IV, is the projected residential/commercial
development level (expressed as projected population for the area) to be

3ituated in an optimum pattern over the study area.

9.2.2 Constructing and Scolving Management Model IV

A Fortran program was written to create a computer file containing
the objective function and constraints of Mcdel IV. The program
embodied the groundwater flow model to define fluid velocity
coefficients necessary for the construction of the continuity
constraints. Data required by the Fortran program included 1) specified
minimum development condition (the minimum population to be distributed
throughout the area), 2) the global nitrate standard, 3) the residential
housing density regulation, 4} the steady-state predicted nitrate
concentrations from 1980 development (obtained from solving Model I or
II}, 5) the area and dimensions of the elements, 6) the elemental
recharge rates of all sources, T7) the elemental pumpage rates, 8) the

piecewise aquifer transmissivities, 9) the hydraulic and contaminant
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model boundary conditions, and 10) the nitrate concentrations in all
recharge flows.

The assembled model was a linear program containing 79 contaminant
deciéion variables and 102 recharge declislon varlables. The problem
constraint set included 66 continuity constraints, 68 constraints
specifying present levels of land use activities, 36 constraints
establishing maximum levels of land use activities, one constraint
establishing a limit on available municipal water, one constraint
specifying the minimum population level to be accommodated within
Falmouth, and 34 water quality constraints (6 nondegradation and 28
global water quality)., Thirteen imaginary contaminant decision
variables and thirteen constraints were employed Lo ensure a no flux
condition along the groundwater divide when the central difference
molecules were used on boundary nodes. The total number of constraints
was 219 and the total number of decision variables was 181. Several
executions of ‘the general model were performed where different minimum
development projections were used while the global water quality

standard and land use density limit were held constant,

G.2.3 Model IV Results

Model IV identified an coptimum combination and intensity of
elemental residential/commercial land use activities which have a
minimum impact on average groundwater quality in Falmouth for a
procjected population level; this was achieved while simultaneously

satisfying all other model constraints (i.e., water quality, present
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development pattern, ete.). Multiple runs of Model IV were performed
that span a range of projected population levels (35,000 - 50,000) for
Falmouth. The various model runs were¢ intended to identify for each
project population the minimum groundwater nitrate distributions and the

associated optimal development pattern.

$.2.3.1 Groundwater Protection

The protection of groundwater resources in Falmouth under the
various coptimal development plans was evaluated in terms of predicted
groundwater nitrate changes under different projected population
increases for the town.

Figure 94 shows the average steady-state nitrate nitrogen levels
for Falmouth under a range of projected population levels. Average
nitrate nitrogen concentrations increased from 2.7 mg/l (in 1980 for a
population of 26,926) to 2.7 mg/l for a projected population of 50,G00.
Average groundwater nitrogen levels increased at cone third f{he growth
rate of population.

The ability to protect the average water quality in Falmouth
against degradation from future development was founded in a general
pattern of development identified by Model IV. Comparisons of average
water qualifty in Falmouth from different development patterns
accommodating the same population are shown in Figure 95. Higher
average nitrate concentrations were identified with the management Model
IIT where different land use density constraints were used to obtain

maximum population and the associated average nitrate concentrations.
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development patterns of minimum groundwater impact under a
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global nitrate nitrogen standard of 5 mg/l).
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Predicted average nitrate nitrogen concentraticons in
Falmouth as a function of population. Model III
predictions were obtained from varying the land use density

limit from 200-500 houses/sqkm. Model IV results are
described in Figure 94,
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For equivalent populations, the development pattern identified with
Model III was more uniform and allowed more development in the interior
regions than the development scenario mininum groundwater impact (as
determined by Model IV). Development at interior elements (recharge
zones) are known to have greater impacts on average regional groundwater
quality compared to development along the coast (discharge zones).
Consequently, for equivalent populations, a uniform development pattern
(which forces interior growth) leads to higher average nitrate levels
than a development pattern where population is situated near regional
discharge zones. These results represent members of a set of potential
development patterns which could.accommodate equivalent populations,
The results show that the different development patterns have different
regional groundwater quality impacts; however, the set of development
scenarios for any given population will be determined by the numerical
values of the land use density constraints, the global nitrate nitrogen
constraints, nondegradation constraints, the nature of the source, and
the prevailing hydrologic conditions.

Several nondegradation constraints were not binding, that is, water
quality was predicted to be better than the nondegradation standard.
The predicted nitrate nitrogen concentrations were, however, close (< .1
mg/l as N) to the nondegradation standard, Global water quality
constraints were not important to the protection of Falmouth groundwater
resources until the projected population reached 50,000. Further
degradation of water quality at coasfal nodes was precluded with binding

global water quality constraints,
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Figures 96-99 illustrate the minimun steady-state nitrate nitrogen
distributions in Falmouth for development patterns accommedating
projected residential/commercial development from 35,000 to 50,000
people., Water quality in elements contalining Falmouth's major water
supply (i,j = 12,3 - 12,4 and 13,4} is preserved below 2 mg/l as N even
at population projections of 50,000 people. Increased development aiong
the coast creates nitrate concentration contours which run parallel to
the ccastline. The peak nitrate level for the region appears in element
i,j = 9,6 where Otis sewage treatment plant is located. At the highest
population projection modeled (50,000}, 29 percent of the region was in
danger of violating water quality standards; this included six elements
with nondegradation constraints and four binding global water quality
constraints. In elements where new development was desirable, 22
percent of those elements were on the verge of exceeding allowable
global niftrate nitrogen levels.

The groundwater protection tradeoffs associated with relaxing land
use density and water quality constraints were investigated through the
optimal values of the dual variables. For the binding constraints, the
values of the dual variables were used to interpret marginal changes in
the regional average groundwater nitrate levels in Falmouth for unit
relaxations of the constraints. The values of the dual variables
asgociated with binding land use density constraints are presented in
Figure 100. These were obtained from the solution of Model IV where the

housing density restriction was 500 household per square kilometer, the

regional nitrate nitrogen standard was 5 mg/i and the projected
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Minimum steady-state nitrate nitrogen concentration (mg/1l)

contours over Bourne and Falmouth predicted by Model IV

(for a projected Falmouth population of 35,000, a land use

density limit of 500 houses/sqkm and a global nitrate

nitrogen standard of 5 mg/l)}.
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Minimum steady-state nitrate nitrogen concentration (mg/1)

contours over Bourne and Falmouth predicted by Model IV

(for a projected Falmouth population of 45,000, a land use

density limit of 500 houses/sqkm and a global nitrate

nitrogen standard of 5 mg/1).
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Minimum steady-state nitrate nitrogen concentration (mg/1)

contours over Bourne and Falmouth predicted by Model IV

{for a projected Falmouth population of 50,000, a land use

density limit of 500 houses/sqkm and a global nitrate

nitrogen standard of 5 mg/l}.
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Figure 100. Optimum values of dual variables associated with binding
elemental land use density constraints (from the solution
of Model IV under a projected Falmouth population of
50,000, a land use density limit of 500 houses/sgkm, and a
global nitrate nitrogen standard of 5 mg/l). Numbers
represent the ug/l decrease in average groundwater nitrate
nitrogen over Falmouth from allowing one more housing unit
in appropriate elements,



331

population of Falmouth was 50,000. The numbers appearing inside the
elements represent the decrease in regional average nitrate nitrogen for
groundwaters in Falmouth, if one more household could be added in those
elements., Allowing more development along the coast would shift that
development away from interior nodes. Since development in interior
elements has greater impacts on average regional groundwater quality
(due to its pollution of downgradient elements as well) this shift
results in an overall decrease in regional average groundwater quality.

With every increase in projected growth more development is located
at a greater distance inland from the coast. The average regional water
quality impacts of development increase with the distance located
inland from the coastline. Values of the dual variables associated with
the land use density constraints increase as the projected population
increases. The increase values of the duals reflects the growth in
opportunity to reduce average nitrate levels by removing sources which
were sltuated further inland with each successive increase in projected
population.

The groundwater protection tradeoffs generated from relaxing the
water quality constraints were shown in Figure 101. The numbers
appearing in specific elements represent for those elements the marginal
decrease in the regional average nitrate concentration {pg/l as N) if
their water gquality constraints are relaxed by 1 mg/l as N. The
municipal water supplies are viewed in the formulation as nitrate sinks.
Relaxing the nondegradation constraints arcund municipal water supplies

would permit more of the total projected development of Falmouth fto be
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Figure 101. Optimum values of dual variables associated with binding
elemental water quality constraints (from the solution of
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situated next to water supplies; hence, average nitrogen levels in the
groundwaters would decrease. Global water quality constraints were
binding along the coast. Increasing the standard from 5 to 6 mg/l as W
would allow a shift in development toward the coasts where 1t would

effect a lower impact on the regional average nitrate nitrogen levels.

9.2.3.2 Patterns of Land Use

The magnitudes and patterns of the three residential/commercial
land use activities were evaluated with land use developmént maps.
Figures 102-105 illustrate the patterns of development which produce the
lowest nitrate nitrogen levels in Falmouth for several population
projections. In general, growth increases from zero development in the
interior regions to maximum feasible levels along the coast.

As the population projection was increased, the percent of Falmouth
Lo recelve added residential/commercial development increased from 29 to
52 percent for projections of 35,000 and 50,000 pecople, respectively
(see Figure 106). Among those elements to show growth, the percent to
achieve maximum allowable densities increased with population until the
global nitrate nitrogen constraint precluded additional development
along the coast. As shown in Figures 106 and 107, growWwth occurs over a
larger area when the projected population reaches 50,000, but a smaller
percent of the growth reaches maximum allowable limits after the
population exceeds #0,000.

The pattern of development in Falmouth was primarily determined by

binding density and nondegradation constraints for the range of
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projected population of 40,000, a land use density limit of

500 houses/sgkm and a global nitrate nitrogen standard of 5
mg/l).
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Falmouth residential/commercial land use development
pattern for minimum groundwater quality impacts (for a
projected population of 45,000, a land use density limit of
500 houses/sgkm and a global nitrate nitrogen standard of 5

mg/l).
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MODEL 4
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NITRATE STANDARD = 5 MG/L
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Falmouth residential/commercial land use development
pattern for minimum groundwater quality impacts (for a
projected population of 50,000, a land use density limit of
500 houses/agkm and a global nitrate nitrogen standard of 5

mg/l).
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projected populations evaluated with Model IV (see Figure 108). It was
not un.il the population exceeded 40,000 that development to the maximum
density in some elements was curtailed because of binding giobal water
quality constraints. During all the model runs an increased use of
municipal water was confined to only those nodes where use of septic
systems was prohibited (i,j = 11,2 and 11,3). Because municipal water
uses generate higher nitrate contaminant fluxes to the subsurface than
residential/commercial activities connected on-site well water, the
model consistently expanded on-site well water usage to keep per capita

nitrate loads at a minimum.

9.3 Coneclusions

Application of Mcdel IV to Falmouth, Massachusetts demonstrated the
identification of feasible development s3cenarios which can accommodate
specified population increases with minimal additional groundwater
degradation. The feasible development scenarios prevent additional
development in elements containing municipal supplies, but allow
development elsewhere. As long as groundwater quality remains within
global and nondegradation standards, present development is left intact,
and all source densities fali within zoning limits.

The optimal pattern of growth which leads to lower changes in
average groundwater quality is one that concentrates sources near the
discharge areas. The water quality advantages of coastal development
(over interior growth) were elucidated in Chapter 7 with results from

Model I, In the several model runs under small population projections
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development was curtalled primarily by density constraints., For higher
devglopment projections the minimum groundwater impact pattern for
residential/commercial growth was determined by global water quality,
nondegradation and land use density constraints.

Land use activities that necessitate conversions from on-site wells
to town water or the expanded use of municipal water were all but
avolded except in regions down gradient from the Falmouth sewage
treatment plant; the exception included elements i,j = 11,2, and 11,3
where use of municipal water was mandated for reasons of protecting
health,

Comparisons were made of average nitrate nitrogen levels obtained
from Models III and IV for equivalent development levels but different
prevalling source density regulation. The resulgs of the comparison
point to a potential set of feaslble development patterns which can
accommodate the same population but have differing impacts on
groundwater quality., Used in combination Models III and IV could

identify many feasible development scenarios.



CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

This research developed four models which could be used in the
evaluation of strategies for managing multiple land use activities so
that long term quality of groundwater could be protected from the
nonpoint source pollution associated with those activities. All of the
management models were linear programs which included linear algebraic
equations from a numerical steady-state contaminant transport model as
part of the constraint set. The nonpoint source groundwater pollution
management models were applied to a 'Sole Source Aquifer' underlying
towns of Bourne and Falmouth, Massachusetts.

Models I and II were used to delineate areas within the regional
groundwater flow system which are most critical to the pregervation of
groundwater quality over the region and in specific sub-areas of the
region. Model I revealed the relative importance of subareas within
Bourne and Falmouth which are critical to the preservation of regional
groundwater quality from dispersed nitrate pollution. Model II
ascertained the comparable significance of protecting zones within a
recharge.area surrounding a major municipal water supply.

Models III and IV were formulated to identify optimal patterns and
intensities of multiple land use activities. Both Models will locate
multiple land use activities, set pollutant fluxes, and predict

groundwater impacts in a simultaneous fashion. Model II1 determines ﬁhe
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maximum feasible development of a combination of land use activities.
Model IV ascertains patterns to expand multiple land use activities,
such that resultant groundwater impacts are minimized. Alternative
development scenarios can be investigated by simple changes in medel
constraints, Models III and IV were used to evaluate the control of
nitrate pollution from three similar residential/commercial land use
activities through optimal development patterns which satisfy water
quality standards and land use density limits. Land use development
scenarjos were determined from given development objectives (specific to
each model) and constraints imposed on the land surface activities and
their associated groundwater impacts (represented here by nitrate
nitrogen concentrations). The combined results of several model runs
produced, for various development scenarios, the resultant regional
groundwater nitrate nitrogen distributions, population predictions, and
development patterns for the three targeted residential/commercial land
use activities,

In Light of results obtained from the four models, several

conclusions were drawn and recommendations for additional work were

made.

10.1 Conclusions
1 The models developed in this work characterize where and to
what extent future nonpoint source groundwater nitrate
pollution should be controlled in order to preserve regional

groundwater quality at specified levels.
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Models III and IV identify regions where maintaining land use
density limits and water quality standards is difficult if the
optimum development pattern are pursued. Postoptimal analysis
reveals the development and water quality tradeoffs of
relaxing land use density limits and water quality standards.
The management model perceives differences between land use
development alternatives as differences in unit mass loadings.
Under water quality limited conditions the model selects land
surface activities which generate the lowest conftaminant
loads.

Where nendegradation conditions exist growth is precluded in
some areas. These zero-growth areas often extended upgradient
from the protected waters.

Beyond the boundaries of the zero-growth zones, land use
development was determined by a combination existing surface
activities, land use density limits and global wdter gquality
constraints,

Beyond the boundaries of the zero-growth zones, the
combination of land use density limits and global water

qual ity standards can result in either uniform or nonuniform
development opportunities.

Use of stringent density constraints can yield lower regional
contaminant concentrations, more uniform development
opportunities, but lower maximum feasible growth. Higher

density limits generate higher average contaminant levels,
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nonuniform development opportunity, and higher feasible
population growth.

For a given population, different combinations of water
quality standards and land use density restriction can lead to
different development patterns which in turn effect different
regional groundwater quality impacts.

For a given population, uniform development brought about

by stringent land use density limits can lead toc higher
regional contaminant levels than nonuniform development
allowed with relaxed source density limits.

Development in discharge zones is preferable over growth in
recharge zones both from the perspective of maximum achievable
growth and from the perspective of preserving groundwater

resources.

10.2 Recommendations

1)

2)

Coupled with thorough geologic work, the above models should
be applied to better define the relative significance of
groundwater profection efforts in separate zones within
recharge areas around water supplies.

Clearly there are many feasible development scenarios for a
given population. Elucidating the noninferior set of
development patterns should be achieved with work that further

specifies develOpmeht and water quality objectives,
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)
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More land use activities should be included in the model.
This would test the optimality of develcopment scenarios
identified with simple models which may not incorporate all
the complexities of the planning process.

Rarely do multiple land use activites produce one contaminant
that affects goundwater quality. Future research should
address groundwater protection from nonpoint source pollution

involving multiple contaminants.



APPENDIY A

Interpolated, Observed, and Simulated Groundwater Levels

on Western Cape Cod

Presented in this appendix are the average of observed elemental
water table elevations and interpolated water table elevaticons all of
which were obtained from references cited in Chapter 6. In addition are
the water table elevations produced from the validated groundwater flow
model. Columns A and B respectively contain the I and J coordinates of
elements in the discretized region of Western Cape Cod. Column C lists
both water table elevations interpolated from maps and water table
elevations averaged from observation wells and ponds situated in the
area as defined by the numerical elements. The last column, D, contains
water table elevations produced from the validated groundwater flow

model. All water table elevations are expressed in meters above mean

sea level.
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APPENDIX B

Characteristics of Western Cape Cod Aquifer

In this appendix are transmissivities, hydraulie conductivities,
and saturated thicknesses estimated at each element of the discretized
region of Western Cape Cod aquifer. The tranamissivities were obtained
from using elemental averaged cbgerved water Lable slevations (see
Appendix 4) and the.validated inverse model. Aquifer thicknesses were
obtained from Guswa and Le Blanc (1985). Elemental hydraulic
'conductivities Wwere obtained from dividing saturated thicknesses into
discrete transmissivities. Columns A and B respectively contain nodal
coordinates I and J. Column C lists the elemental saturated thickness
in meters. Elemental hydraulic conductivities are presented in column
in units of meters per day. Column E contains the predicted glemental

transmissivities expressed in square meters per day.
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