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ABSTRACT 

Groundwater protection has become an important component of regional planning 
and engineering as a result of the large risk that is associated with the contamination of 
groundwater aquifers, their values as a resource to society and the high cost associated with 
remediation. One of the methods that has been proposed for the protection of regional 
groundwater aquifers is to zone a boundary around current production wells as a groundwater 
conservancy area in order to restrict risky industrial practises within the hydrogeologic 
environment from which public water supply wells draw their groundwater. The USEPA has 
detailed a methodology for generating the boundary around a production well and designated 
the area within this boundary as a wellhead protection area (WHPA). However, all of the 
methods that are currently consider acceptable for WHPA delineation do not necessarily 
provide the best alternative for determining the WHPA boundary when approached from a 
benefit-cost-risk perspective. The risk associated with WHPA delineation is related to the 
improper zoning of land that is not necessary for groundwater protection under the criteria 
and constraints set out in the Wellhead Protection Plan. 

The present research developed a Wellhead Protection (WHP) Plan for the 
community of Pleasant Plains, New Jersey using information from State WHP plans that 
have submitted to the USEPA for approval. The Pleasant Plains WHP Plan sets out the 
criteria and constraints that are necessary for WHPA delineation at the municipal wellfields, 
and will be used as a basis for determining the best methodology for WHPA delineation. The 
delineation methods that were compared include arbitrary and calculated fixed radii, 
analytical methods, analytical and numerical models as detailed by the USEPA, as well as 
random walk numerical modeling. The research compared these methodologies to determine 
the best alternative for WHPA delineation, and the regret associated with not using the most 
scientifically defensible method of delineating groundwater protection areas. The results 
indicate that the best alternative for generating wellhead protection areas is based on 
numerical modeling that includes the affects of both advection and dispersion. The results 
also show that there is a reduction in risk associated with being closer to the "true" WHPA 
boundary based on the constraints set out in the WHP Plan. 

Uncertainty analysis was then performed on the numerical WHPA models to 
determine the value of information associated with the uncertainty in the input parameters of 
the conceptual model of the groundwater environment around the study site. This value of 
information represents the maximum exploration and sampling budget that should be put 
toward obtaining new data to reduce input uncertainty to the numerical model for delineating 
WHPA boundaries. Finally, the transient nature of hydrologic stresses on the groundwater 
flow field was investigated to determine their effect on the WHP A boundaries. These 
transient effects include changes to the pumping rates for existing wells, the addition of new 
wells to the wellfield, and the decommissioning of contaminated wells in an existing 
wellfield. The results show that the best option for WHPA delineation uses sustainable well 
rates to reduce the effects of changing pumping rates, that new wells having an effect on 
existing WHP A boundaries must be analysed using the same methods that were used to 
generate the existing boundaries, and that the decommissioning of existing well should not be 
used to change existing boundaries. 
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.. It is the mark of an instructed mind to rest satisfied with the degree 
of precision which the nature of the subject permits. and not to seek 
an exactness where only an approximation of the truth is possible" 

Aristotle 
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1.1 General 

CHAPTER 1 

INTRODUCTION 

Over the past twenty years it has become increasingly evident that the groundwater environment is 

being contaminated by hazardous chemicals from a variety of anthropogenic activities. These 

activities include point sources of pollution (municipal solid waste landfills. industrial waste 

transport. storage and treatment facilities. underground storage tanks. private septic systems) and 

non-point sources of pollution (pesticide, herbicide and fertilizer application to agricultural land. 

feedlots. sludge application to land). The contaminants that have evolved from these sources, in 

many instances, have caused complex contaminant plumes as a result of advection. diffusion, 

dispersion and reaction in the groundwater environment. 

These groundwater contaminant plumes pose a risk to human health through public water 

supply systems that rely on sensitive aquifers as the source of their drinking water. Groundwater is a 

principle source of water for many communities in North America including the Regional 

Municipality of Waterloo. which uses groundwater for approximately 92% of its drinking water. As a 

result of the potential for contamination of sensitive aquifers. municipal supply wells located in these 

aquifers are at risk and this could potentially place the public at risk if any contaminants were to 

enter a water distribution system. As a result of this risk of contamination. it has become important 

for municipalities to protect drinking water aquifers using groundwater protection initiatives. 

1.2 Rationale 

In order to protect sensitive aquifers from contamination it has been suggested that the area 

surrounding each municipal supply well be protected by a conservancy area. called a wellhead 

protection area. in which industrial development is highly regulated. The process of delineating 

wellhead protection areas (WHPAs) was first introduced in North America as a part of the Wellhead 

Protection Program by the United States Environmental Protection Agency (USEPA). The three main 

objectives of the Wellhead Protection Program are the delineation of WHPAs for all supply wells 

within a region, the identification of any potential contaminant sources and the identification of any 

methods that may be used to control the possibility of groundwater contamination (US EPA, 1991 ). 

In order to delineate a wellhead protection area around a municipal wellfield there are a 

number of methods that are considered acceptable and these methods range from the use of circles of 

an arbitrary radius around the wellhead to the use of complex computer models to simulate 



groundwater flow and transport. For the numerical modeling of WHPAs, these computer models 

define the groundwater flow field around the wellhead, and using advective groundwater time of 

travel and a reverse particle tracking model, they determine the boundary of a capture zone 

associated with a specific particle travel time. However. advective particle tracking is the simplest 

form of contaminant transport modeling. A more complex transport model, which uses both 

advection and dispersion to implement particle tracking, is the random walk model. The use of the 

random walk model to implement WHPA modeling adds one more piece of information about the 

hydrogeologic environment to the process of delineating WHPA boundaries. 

Steady state groundwater flow modeling is the simplest form of modeling in the 

hydrogeologic environment. At many municipal wellfields there are multiple wells under production 

for water supply, and other wells that have been developed but are assigned for future use. The total 

pumped volume on a monthly basis fluctuates significantly for individual wells in the network. and 

for the entire wellfield, depending on consumer demand and changes in the hydrologic stresses to the 

system. If capture zones were produced based on the average pumping rate for each month of a year 

they would encompass different areas. This indicates that the sizes of the capture zones around a 

wellfield are dependent on the length of the pumping records for each wellhead. It is, therefore, 

necessary to look at transient fluctuations in the groundwater flow field as a part of the definition of a 

WHPA boundary for a wellfield. Another application for transient modeling of wellhead protection 

areas lies in the analysis of temporal changes in the number of wells and the associated well pumping 

rates that are applied to a wellfield. As new wells are developed changes occur to the pumping 

stresses that affect the hydraulic gradient around the wellfield. This produces transient particle 

pathlines and, as a result, the use of steady state reverse particle pathline analysis is inappropriate. In 

order to model changes in the size and shape of a capture zone it is necessary to perform a transient 

analysis of the hydrologic stresses placed on the groundwater flow regime. 

One of the problems that must be dealt with in groundwater modeling is the determination of 

the confidence that can be attributed to model prediction. Over the past 20 years it has become 

evident that there is uncertainty in the value of many of the input parameters for groundwater flow 

and transport models. This uncertainty is related to the methods used to determine parameter values 

and the methods used to distribute these values within the conceptual model of a study site. 

Parameter values are determined from field testing, but field tests provide only point measurements 

of these values. They must be averaged and distributed spatially to determine the parameter values 

for each of the grid blocks within the spatial discretization of a conceptual model. Because of 

measurement error and spatial distribution methods, the value for each grid block parameter is not 
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known with cenainty. A common technique for analyzing uncertainty is stochastic analysis. which 

assumes an a priori probability density function for each of the uncertain input parameters, 

repeatedly samples each input distribution and simulates groundwater flow and transport. The results 

of model simulation provide a probability density function for important output variables. which 

provides a measure of the uncertainty in model prediction. 

The ultimate decision that must be made to protect the water quality of an aquifer is the 

choice of where to zone a wellhead protection area boundary. The designation of an area as a WHPA 

has many ramifications on the way that municipal development may occur. and the way that 

industries will conduct business. within the vicinity of the WHPA. There will be the need to monitor 

the quality of groundwater around industrial sites and there may be a need to implement remedial 

action if a contamination event occurs. [n theory there is a unique set of hydrogeologic parameters. 

represented by the conceptual model of a study site, which will result in the delineation of the 

optimal capture zone boundary. This optimal capture zone would encompass every panicle pathline 

related to the specific time of travel that was modeled and would result in the delineation of the 

optimal WHPA. However. as a result of the uncertainty in defining the conceptual model of a study 

site the results of any single numerical model simulation may be non-optimal. The use of a non­

optimal capture zone boundary for the delineation of the wellhead protection area will result in extra 

cost to industries that are found within the WHPA or to the municipality which must regulate 

development within the region. [f the WHPA is too conservative. as a result of an overestimation of 

the groundwater time of travel. the industries on the periphery of the WHPA would incur extra costs 

of doing business associated with extra protection against groundwater contamination. If the WHPA 

is not conservative enough. as a result of an underestimation of the groundwater time of travel. the 

municipality would incur extra costs associated with monitoring and remediation of groundwater 

contaminants from industries outside of the WHPA which should have been found within it. 

ln order to compare the risk that is associated with various engineering decisions related to 

industrial development within a wellhead protection area it is necessary to use an economic decision 

making tool. Environmental decision making, or benefit-cost-risk analysis, provides such a tool in 

that it compares the benefits, costs and risks of an engineering decision. Determination of the risk 

associated with an engineering decision involves the calculation of the probability of failure and the 

cost of failure of the engineered system. The difference between the wonh of the optimal engineering 

decision and a non-optimal decision is the opponunity loss, or regret, associated with choosing a 

non-optimal alternative. 
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An example oft.he need for WHPA delineation is provided by the aquifer system beneath the 

Reich Farm Superfund site. A number of water supply wells, owned and operated by United Water 

Toms River. are completed in a phreatic aquifer near Pleasant Plains, New Jersey. A source of 

trichloroethene (TCE) and tetrachloroethene (PCE) contamination was discovered at Reich Farm 

upgradient of these wells within the ultimate capture zone of the wellfield. From this contaminant 

source, a plume of TCE and PCE migrated over 1500 meters to the supply wellfield. Analysis of the 

groundwater flow system using reverse particle tracking may be used to identify the limits of 

groundwater capture and thereby identify the time related sources of groundwater for these 

production wells. This has implications on future development within the capture zones for the 

United Water Toms River well fields. 

1.3 Scope 

The primary objectives of the proposed research are fourfold. The first objective is to 

develop a decision making model that may be used to compare groundwater protection alternatives 

for public water supply wells. The second objective is to apply the decision making model to a set of 

wellhead protection area boundaries to choose the best alternative for groundwater protection. The 

third objective is to determine the regret associated with using a non-optimal technique for WHPA 

delineation and the fourth objective is to determine the value of information on model uncertainty for 

the numerical modeling WHPA boundaries. 

These objectives will be achieved using a number of specific undertakings. In Chapter 3, the 

first undertaking involves choosing a suitable study site for the application of the decision making 

model. A steady state groundwater flow analysis is performed to reveal the hydrogeology below the 

study site for the application of WHPA modeling techniques. A sensitivity analysis is performed to 

determine the most sensitive parameter for the performance measure of groundwater head and 

capture zone area. Finally, a random walk model is developed for delineating WHPA boundaries 

using both advective and dispersive components of transport to provide an improved WHPA 

delineation model. 

In Chapter 4, the concept of the risk of failure of wellhead protection areas is developed to 

provide a basis for decision making. A Wellhead Protection Plan is developed for the study site to 

provide the criteria and constraints that will be used for applying all methods of WHPA delineation. 

A set of WHPA boundaries is then generated by applying all potential WHPA delineation techniques 

to the wells at the study site. Finally, the decision making model is used to choose the best alternative 

for groundwater protection. 
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In Chapter 5, regret analysis is used to determine the opportunity loss, or regret, associated 

with choosing the non-optimal delineation technique, using the same decision making model that was 

developed in Chapter 4. In Chapter 6, uncertainty analysis is applied to the numerical WHPA models 

to determine the uncertainty associated with location of the WHPA boundary. In Chapter 7, a 

transient analysis is performed to determine the effect that transient pumping rates have on the best 

alternative for groundwater protection. Finally, a sustainable well yield analysis is performed to 

determine whether a more appropriate well rate can be determined for implementing WHPA 

delineation. In Chapter 8, a number of issues that are associated the application of decision making to 

WHPA delineation are discussed to place this analysis tool in the broader context of municipal 

planning and industrial development. 
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CHAPTER2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Risk Assessment of Groundwater Contamination 

2.1.1 Introduction 

Risk assessment is defined as the process of characterizing the adverse health effects of 

human exposure to environmental chemicals (Reichard et al., 1990) and is comprised of hazard 

identification, exposure assessment, dose-response assessment and risk characterization. Hazard 

identification involves the classification of environmental chemicals that are hazardous to human 

health. lt entails performing toxicological studies (e.g. human epidemiological studies, animal 

testing. in vitro testing, etc.) to determine the toxicity of environmental chemicals. Exposure 

assessment involves determining the extent to which an individual at a point of interest may be 

exposed to a hazard due to all potential pathways of exposure. lt usually involves modeling the 

transport of contaminants from the potential source of a contaminant to the point of interest where 

there is a direct connection to human exposure. Dose-response assessment involves quantifying the 

increased effect of an environmental hazard due to increased exposure to an individual. lt usually 

involves short term animal laboratory studies (e.g. rodent exposure experiments), which are used to 

extrapolate human exposure levels. Risk characterization is the process of summarizing the total risk 

from the separate components of a risk assessment. 

Exposure assessment determines the level of exposure to a particular chemical or array of 

chemicals at a point of interest. The two primary exposure pathways that may cause the uptake of an 

environmental hazard are airborne transport and groundwater transport. Human uptake resulting from 

either of these pathways may occur as a result of inhalation. dermal absorption or ingestion. The 

primary means of analysis for exposure assessment from groundwater transport involves groundwater 

flow and transport modeling from a contaminant source to a point of compliance. This type of 

modeling defines the concentration of a chemical as a function of time at a point of compliance and 

the time of travel from the source to the point of compliance. 

Risk assessment of groundwater contamination has been approached from two perspectives 

with respect to the time of travel from a contaminant source to a point of compliance. The first 

perspective involves forward particle tracking from the contaminant source. A number of different 

source types have been investigated including soil contamination sites. landfill sites and leaky 

underground tanks. The purpose of this type of modeling is to analyze the contamination of sensitive 

aquifers that may serve as potential groundwater resources in the future. For this type of study a 
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regulatory limit is set at a point of compliance. for example. the boundary of a sensitive aquifer, and 

the time dependent concentration of an indicator contaminant is determined at this point. The second 

perspective involves reverse particle tracking from the point of compliance back to the particle 

source based on a specific time of travel. When particles are released from the periphery of a 

pumping well, the particle pathline points delineate the volume of subsurface media from which the 

wellhead withdraws its water. The endpoints of each pathline, when they reach the ground surface 

may be connected to form a capture zone boundary. The area encompassed by this boundary is called 

a wellhead protection area if it is zoned by the municipality for groundwater protection. For this 

perspective, municipal wellfields have been investigated as the point of particle release and wellhead 

protection areas as the points of compliance. 

There are a large number of potential contaminant sources in North America. For virtually all 

of these sources groundwater modeling could be required to identify the potential risk that these 

sources pose to groundwater resources and the potential that exists for the remediation of these 

contaminated sites (National Research Council, 1990). The benefit of groundwater modeling is that it 

provides a systematic methodology for analyzing many aspects of the risk associated with 

groundwater contamination. As a result, the use of groundwater models in this context is presently 

encouraged by regulatory agencies like the United States Environmental Protection Agency. 

2.1.1 Risk-Based Screening Models 

A number of authors have developed methodologies to assess the risk of contamination due 

to existing or planned activities on the hydrogeologic environment. Many of these methodologies are 

qualitative in nature and have been developed for the purpose of ranking pollutant sources within a 

zone of protection around a well field. The term used for these methodologies is risk-based screening 

models. 

In 1980 under the Comprehensive Environmental Response, Compensation and Liability Act 

(CERCLA) the USEPA set up the National Priorities List, or Superfund List, and a Hazardous 

Ranking System that could be used by states to rank hazardous waste sites. Wu and Hilger ( 1984) 

evaluated the hazardous ranking system and found that it provided an expedient and consistent 

procedure for evaluating the hazard potential at uncontrolled waste sites, but that it was lacking in its 

use of local hydrogeologic conditions for the analysis. Zaporozec ( 1985) developed a system that 

uses overlay maps including a soils map. a subsurface map and a groundwater flow map for assessing 

the attenuative capacity of the hydrogeology within a capture zone. Wellhead protection areas were 

discussed as a part of the groundwater flow map though no quantitative method was given for their 

determination. Jennings and Suresh (1986) developed a risk penalty function for the management of 
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hazardous waste. This method was designed to use risk ranking and rating techniques to choose the 

best technology to manage a stream of industrial waste. Olivieri et al. ( l 986) developed a risk matrix 

system using a site sensitivity factor and a contaminant severity factor to rank potential sources of 

contaminants. An extension of the risk matrix system was developed by the USEPA to present a 

comprehensive method for determining risk numbers associated with particular contaminant sources 

within a capture zone (USEPA. 1991). As a part of this method contaminant transport was 

represented by a likelihood of release and a likelihood of reaching the well. both of which were 

determined using qualitative indices in the ranking system. Shook and Grantham ( 1993) developed a 

hazard ranking system specific to the state of ldaho for the protection of the Snake Plain Aquifer that 

is the state· s largest groundwater source. The system included risk factors that related to the 

existence of groundwater quality management programs. the severity of the potential impact of a 

pollutant source and the toxicity of the pollutant to human health. DelVecchio and Haith ( 1993) 

introduced the application of Monte Carlo methods to matrix ranking techniques for comparing 

groundwater contamination sites. Jennings et al. ( 1994) updated their hazard ranking system to take 

into account parameter uncertainty by applying probabilistic distributions to the criteria weightings. 

The authors used Monte Carlo analysis to generate output distributions for the rating scores of each 

alternative. Hamed et al. ( 1995) develop a probabilistic model for screening groundwater 

contamination sources that used first and second order reliability methods in place of Monte Carlo 

analysis. 

2.1.3 Hydrogeologic Decision Analysis 

Risk assessment has been defined as a modeling paradigm that is used to determine the 

potential impact of modem industrial practises on the natural environment. Risk-based screening 

models represent a qualitative approach to achieve this purpose. From a quantitative perspective risk 

assessment has also been applied to the analysis of the impact of engineering design on the natural 

environment. The ultimate goal of all environmental modeling is to make the best decision based 

upon the information that is available. This has been accomplished using a risk-based economic 

decision making tool called environmental decision making. 

Environmental decision making is a methodology that is used for selecting the best 

alternative among several acceptable design options for an engineering decision that affects the 

environment. Hydrogeologic decision analysis, as a subset of environmental decision making, is a 

form of decision making that was developed specifically to deal with the unique qualities of the 

subsurface environment. For the remediation of a contaminated site, acceptable design alternatives 

are usually related to the choice of remedial technologies to contain and/or remediate a contaminant 
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plume. For land use zoning, acceptable planning alternatives often relate to the choice of sites for the 

development of specific land-use classes. For the case of siting a high risk industry within a wellhead 

protection area, these alternatives are related to the design of remedial structures to prevent 

contaminant release into the groundwater flow system and the choice of a location for the industry. 

The general form of the relationship that has been developed for hydrogeologic decision 

making is a benefit-cost-risk function. This function. as developed by Massmann and Freeze ( 1987a), 

is given by the following relationship: 

T l 
NPWj = L . I [Bj(t)-C)(t)- R/t)] 

t=O (1 + l) 

where: NPWi = the net present worth of engineering project j [$] 

Bj(t) = benefits of project j in year t [$] 

C1(t) = costs of project j in year t [$] 

Ri(t) = risk of failure of project j in year t [$] 

i = the interest rate defining the time value of money 

For a project involving groundwater contamination the risk of failure is given by: 

(2.1) 

(2.2) 

where: P1(t) = probability of failure of a monitored facility in year t [dimensionless I 

C,(t) = cost of failure in year t [$) 

'((Cr)= normalized utility function [dimensionless] 

The probability of failure can be reduced by detecting a potential groundwater plume before it 

actually causes failure: 

(2.3) 

where: Pt(t) = probability of failure of an unmonitored facility in year t 

PJ = probability of detection of a contaminant plume 

The probability of failure is an explicit recognition of the role of uncertainty in the decision 

making process. It may be determined using historical data relating to the frequency of occurrence of 

a specific failure event. or it may be delineated using a computer model to predict system behavior. 

However, as a result of the lack of adequate statistics relating to the failure of most environmental 

designs and the diversity of factors affecting failure, computer modeling of system behavior is most 

commonly used to predict probable failure outcomes for an environmental system. The probability of 

failure, with respect to groundwater contamination, is generally defined as the probability that a 

contaminant plume is detected at a regulatory point of compliance. 
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The cost of failure involves the costs associated with the remediation of the groundwater to 

below health-based water quality standards at the point of compliance. These costs might include 

remediation costs, groundwater pumping costs or regulatory penalties and legal costs associated with 

the management of cleanup operations. The normalized utility function reflects the owner's aversion 

to causing a groundwater contaminant plume that would require remediation (Freeze et al.. 1990). 

For risk averse decision making the normalized utility function would be assigned a value greater 

than one resulting in a conservative estimate of the risk of failure. For risk neutral decision making 

the normalized utility function would be assigned a value of one. 

Environmental decision making arose in water resources management as a result of the need 

to estimate the benefits and costs of an engineering design that could have an impact on the 

environment. Tschannerl (l 971) looked at decision making from the perspective of reservoir design 

and operation based on hydrologic modeling using limited streamflow records. Baecher et al. ( 1980) 

applied benefit-cost-risk analysis to dam construction for which the probability of failure and the 

consequences of failure were determined from historical records. The concept of risk-based decision 

making in the groundwater environment was first introduced by Raucher ( 1983) with the presentation 

of a conceptual framework for benefit-cost analysis of groundwater protection including a discussion 

of the social benefits and probabilistic risks of preventing groundwater contamination. This concept 

was expanded upon by Massmann and Freeze (1987a; 1987b) in the context of the design of waste 

management facilities within the adversarial environment of regulatory compliance and market 

economics. The authors developed the benefit-cost-risk relationship for the purpose of designing 

leachate containment facilities for a waste management site. Wolka and Austin ( 1988) described a 

method for estimating the benefits of groundwater remediation based on the distribution of 

contaminant concentration at a potential exposure site and the duration of exposure. Marin et al. 

( 1989) and Medina et al. (1989) used environmental decision making to assess the permitting of 

waste management sites under parameter uncenainty. Reichard and Evans (1989) used a form of 

benefit-cost-risk analysis to investigate the choice between remediating a contaminant plume and 

installing point-of-use groundwater treatment at potential receptor sites to reduce risk levels to 

homeowners with residential wells downgradient of the plume. 

In a series of papers on decision making that affects the hydrogeologic environment Freeze et 

al. ( 1990), Massmann et al. ( 1991 ), Sperling et al. ( 1992) and Freeze er al. ( 1992) presented a 

comprehensive development of hydrogeologic decision analysis in the face of parameter uncenainty. 

Decision making was applied to two field situations: the siting of a waste management facility and 

the operation of dewatering facilities at an open-pit mine. LeGrand and Rosen ( 1992) discussed the 
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advantages of using a risk-based approach to decision making at groundwater contamination sites. 

James and Freeze (1993) applied hydrogeologic decision analysis to determining the need for extra 

borehole locations for estimating aquitard continuity below a soil contamination site. James et al. 

( 1996a: 1996b) discussed the use of hydrogeologic decision analysis as a tool for choosing between 

continued groundwater monitoring and contaminated soil remediation at a site containing a plume of 

radioactive waste. Jardine et al. (1996) applied hydrogeologic decision analysis to the design of a 

groundwater monitoring network at a waste management facility located above a fracture bedrock 

aquifer. 

2.1.4 Uncertainty in Hydrogeologic Analysis 

The process of modeling the natural environment can be defined as the science of collecting 

a discrete set of observations and making predictions about system behavior. Model predictions are 

uncertain because of uncertainties about existing and future sources of contaminants, conceptual 

uncertainties of the modeling process and parameter uncertainty associated with the sampling process 

(Carrera, 1993). There is also uncertainty in modeling the natural environment because of the natural 

randomness of real systems, measurement error in sampling, and the limited number of observations 

that are used in modeling a highly variable natural system (National Research Council. 1990). To 

translate uncertainty in input parameters into uncertainty in output predictions the most common 

technique is stochastic analysis using direct parameter sampling. 

For stochastic analysis it is assumed that each uncertain input parameter is a random variable 

that may be described by a probability density function. Each random variable is assigned an a priori 

probability density function described by the mean. variance and correlation scale of measured data 

values. For example, the hydraulic conductivity of each lithologic unit is usually assigned a 

lognormal distribution calculated from the statistics of sample measurements taken during the field 

testing program. The lognormal distribution is not the only distribution that may be used to describe 

environmental variables but it is commonly used to describe many hydrogeologic parameters (Freeze 

and Cherry, 1979). The uncertainty in an output parameter may then be investigated by sequential 

random sampling of each uncertain input parameter probability density function and computer model 

simulation. The uncertainty in the output is measured by the statistical moments of the output 

parameter probability density function. 

Two parameter sampling techniques that are commonly used in stochastic analysis are Monte 

Carlo sampling and Latin Hypercube sampling. For Monte Carlo sampling the whole input 

probability density function is randomly sampled while for Latin Hypercube sampling the input 

probability density function is divided into equally probable increments and each increment is 
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randomly sampled. The use of Latin Hypercube sampling necessitates fewer model simulations to 

represent an equivalent output probability density function generated by Monte Carlo sampling ([man 

and Conover, 1979). The chosen value of the input parameter must then be distributed spatially 

within the conceptual model to prepare the input for a computer model simulation. Two methods that 

are often used to represent the spatial distribution of a model parameter are block correlated 

parameter fields and random parameter fields. Block correlated parameter distribution assumes that 

the randomly sampled input value is applied to all of the finite difference blocks within a large area 

of the conceptual model. However. this is not indicative of the actual random nature of parameter 

distribution within the soil strata (Mantoglou and Wilson. 1982; Hoeksema and Kitanidis, 1985; 

Dagan. 1986). A method that generates a more realistic field of parameter values uses a random field 

generator. A number of methodologies exist to generate random fields of model parameter including 

the turning bands method, the covariance matrix method and the discrete Fourier transform method 

(Mantoglou and Wilson. 1982; Williams and El-Kadi. 1986; Robin et al., 1993). These 

methodologies provide random parameter values for each grid block within a study area that are 

based on the mean value. variance and the correlation scale of the a priori probability distribution. 

A number of researchers have developed stochastic techniques for the analysis of uncenainty 

in hydrogeologic modeling. Freeze ( 1975), in a seminal study on groundwater flow analysis. 

identified two types of uncenainty associated with deterministic modeling. The first type was 

associated with the "nonuniformity of the porous media" and the difficulties involved in modeling 

natural processes. and the second type was associated with limited information on the parameters that 

are inputs to the model. Smith and Schwanz ( 1981) identified a number of sources of uncenainty in 

contaminant transpon modeling and used Monte Carlo sampling to investigate the uncenainty in 

contaminant time of travel and contaminant concentration at a receptor within a hypothetical aquifer. 

Mercer et al. ( 1983) applied uncenainty analysis to contaminant transpon modeling of the 

groundwater below the Love Canal Superfund Site to determine the risk of contamination to the 

lower confined Lockpon Dolomite aquifer. Gorelick ( 1983) discussed the need to address parameter 

uncenainty in groundwater management models that combine the use of distributed parameter 

groundwater hydraulic models and optimization techniques. Sykes et al. ( 1985) developed adjoint 

sensitivity equations for two dimensional steady state flow in an unconfined aquifer to calculate the 

sensitivity of nuclear waste repository performance to parameter uncenainty in modeling the 

groundwater flow system. Gelhar ( 1986) discussed the use of stochastic techniques for studying 

parameter uncenainty in hydrogeologic modeling and found that stochastic theory provided a unified 

approach that incorporates the effect of natural heterogeneity to predict both groundwater flow and 
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contaminant transport. La Venue et al. ( 1989) discussed the use of the first order second moment 

method to analyze the uncertainty in groundwater travel times for a proposed nuclear waste isolation 

facility and found that stochastic methods are more appropriate when the hydrogeologic system 

responds in a non-linear way to parameter variation. Tiedeman and Gorelick ( 1993) applied 

stochastic simulation to the optimization of plume containment of a TCE plume. Numerical 

groundwater modeling was used to assess the uncertainty in the design of a groundwater capture well 

network with particle tracking and solute transport modeled under Monte Carlo simulation to verify 

the validity of the optimal solution. Sykes and Harvey (1996) used random field generation of 

hydraulic conductivity and distribution coefficient to investigate the uncertainty in contaminant 

cleanup times for a Superfund site under pump and treat cleanup scenarios. 

The role of parameter uncertainty in engineering decision analysis in the hydrogeologic 

environment was developed by Massmann and Freeze (1987a; 1987b) and later expanded upon by 

Freeze et al. (1990) and Massmann et al. (I 991 ). An objective function for basing engineering 

decisions was developed to include a risk component that was based on computer modeling of 

groundwater flow and contaminant transport. The inherent uncertainty in rhe input parameter values 

to the model led the authors to conclude that the probability of failure could be reduced with 

increased field sampling of flow and transport parameter values. This approach to uncertainty 

analysis was subsequently used as a component of hydrogeologic decision analysis by a number of 

authors (Freeze et al.. 1992: James and Freeze. 1993: Wijedasa and Kemblowski, 1993; James and 

Gorelick. 1994: Jardine et al., 1996: James et al .. 1996a). 

Stochastic analysis necessitates the use of an algorithm to sample random values of all 

uncertain input parameters. Several algorithms have been developed that generate random parameter 

fields that are used for stochastic analysis including the spectral method. the nearest neighbor 

method, the turning bands method. the matrix decomposition method and the power spectral 

elimination method. One of the first random field generators was developed by Mejia and Rodriquez­

Iturbe ( 1974) based on the spectral method and was intended for use in the generation of spatially 

varied rainfall records. Smith and Freeze ( 1979) developed a random field generator that produced an 

independent random field of values at all nodes in the field and then replaced each nodal value by a 

weighted average of the original nodal value and its four .. nearest neighbors". The turning bands 

method was developed by Mantoglou and Wilson ( 1982) to generate two-dimensional random 

parameter fields. Several arbitrary points chosen within the parameter field were used to generate 

random numbers for all nodes in the field using a turning band line, such that each node was assigned 

a parameter value equal to the average of the ensemble of random values. Williams and El-Kadi 
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( 1986) developed a method of generating two-dimensional random fields using matrix 

decomposition. The covariance matrix, representing the spatial structure of the parameter field. was 

decomposed into the lower triangular matrix, multiplied by a random vector and added to the mean 

value to produce one realization of the random field. Robin et al. (1993) developed a method that 

uses discrete Fourier transforms to generate two-dimensional and three-dimensional cross-correlated 

random fields on a regular grid. The algorithm generates random fields by applying an mverse 

Fourier transform to the random spectral field. 

2.1.5 Expected Opportunity Loss 

For every engineering decision that has an effect on the environment there is an optimal 

design alternative. The optimal design is associated with the value of each design variable or 

modeling parameter that would result in the lowest net social cost for both implementation and 

remediation of the contaminant plume. If perfect knowledge of the hydrogeologic system were 

available it would be possible to choose the optimal design. However, as a result of uncertainty in 

describing the physical system that represents the study site, perfect knowledge of model parameter 

values is not available. The ultimate decision of choosing a specific design alternative will result in 

either an overdesign or an underdesign. As a result there is economic regret associated with making a 

non-optimal decision that was first introduced by Tschannerl ( 1971) as the concept of expected 

opportunity loss. 

With respect to the siting of high risk industries within a wellhead protection area, benefit­

cost-risk analysis can be used to analyze the expected opportunity loss associated with a specific 

design alternative. This will be important in assessing the feasibility of industrial development within 

a wellhead protection area from the perspective of both the proponent of development and the 

municipality. The optimal design alternative will be the design that prevents the migration of 

contaminants to the WHPA boundary or that minimizes the cost of remediation. The expected 

opportunity loss associated with an engineering design in the hydrogeologic setting may be described 

by the following relationship: 

OL, ={C"' + !R"'(l)}-{c; + !R;(I)} (2.4) 

where: OLj = the opportunity loss for design j [$] 

CP = cost of the optimal design [$] 

R0P(t) = risk of failure for the optimal design [$] 

q n = cost of non-optimal design j [$] 

R{(t) = risk of failure for the non-optimal design j [$] 
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In the case of underdesign, the containment structure would allow chemicals to leak into the 

groundwater zone subjecting the wellhead to the potential risk of contamination. This would result in 

extra cost to rernediate the contaminant plume. In the case of overdesign. the containment structure 

would be designed such that there was added cost associated with the construction of a more 

conservative containment structure. The use of expected opportunity loss in conjunction with 

groundwater modeling techniques will provide decision makers with more information about the 

consequences, both physical and economic, of decisions that are made about siting risky industrial 

development within an area designated for groundwater protection. 

Tschannerl ( 1971) established the principle of expected opportunity loss in water resources 

engineering by determining the loss in net benefits associated with the design of surface water 

storage reservoirs using limited streamflow records. It was shown that, as additional data were 

collected, there was a trade-off between the cost of data collection and its worth in reducing 

uncertainty and expected opportunity loss. Davis et al. ( 1972) analyzed expected opportunity loss for 

bridge design and applied it to Rillito Creek in Tucson. Arizona using short lengths of measured flow 

data. Reichard and Evans ( 1989) assessed the value of hydrogeologic information for health risk­

based decision making in the context of expected opportunity loss. Net benefits of a decision were 

calculated using a combination of the economic cost of the decision and the social cost associated 

with the residual health risk that was determined from a combination of the risk of failure and the 

cost of failure. The authors provided a methodology for determining each of the components of net 

social benefit and applied it to a study case of a contaminant plume impinging upon the potable water 

supply for a number of homeowner wells. 

Freeze et al. ( 1992) introduced the concept of opportunity loss in data worth analysis for 

hydrogeologic decision making. Regret was defined as .. the price that must be paid for selecting the 

non-optimal alternative given perfect knowledge of the state". Regret was applied to the decision of 

building a landfill liner in the presence of uncertainty in the information regarding the continuity of 

an aquitard protecting a lower municipal aquifer. James and Gorelick ( 1994) extended the analysis of 

regret in hydrogeologic decision analysis with the development of a Monte Carlo based methodology 

for calculating regret. and used this to determine the optimal sampling program for remediation of 

contaminated aquifers. Regret was analyzed in terms of the difference between the cost of 

remediation for a project based on perfect sample information and the cost of the project based on 

imperfect a priori information. The costs involved in the objective function were calculated using the 

probability of plume capture and the total volume of pumped water using Monte Carlo simulation of 

the MODFLOW groundwater flow model. 
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2.2 Wellhead Protection Areas 

2.2.1 Introduction 

The concept of the wellhead protection area (WHPA) in North America was first detailed as 

part of the Wellhead Protection Program administered by the United States Environmental Protection 

Agency (USEPA, 1987). The Wellhead Protection Program was established under 1986 Amendments 

to the Safe Drinking Water Act. The Wellhead Protection amendment was designed to assist local 

and state authorities in the protection of groundwater resources against contamination by chemicals 

and microorganisms that could have adverse health effects on humans. To achieve this objective the 

USEPA provided a methodology that included such elements as the determination of a WHPA 

boundary for each well or wellfield, the identification of all anthropogenic sources of contaminants 

within each protection area and contingency plans for alternative water supplies in the case that 

contamination occurs. 

The definition of a wellhead protection area is "the surface and subsurface area surrounding 

a water well or wellfield. supplying a public water system, through which contaminants are 

reasonably likely to move toward and reach such water well or wellfield" (U.S. Environmental 

Protection Agency, 1987). The USEPA provided a set of criteria that could be adopted by state 

authorities for determining the extent of the WHPA boundary. These criteria refer to the conceptual 

standards that form the technical basis for WHPA delineation. The five criteria that were identified 

include distance. drawdown, time of travel, flow boundaries and assimilative capacity. The distance 

criterion refers to the use of a specified radius around the wellhead. The drawdown criterion refers to 

the extent that the pumping well lowers the water table for an unconfined aquifer and the 

potentiometric surface for a confined aquifer. The time of travel criterion refers to the maximum time 

for a groundwater contaminant to reach the well. The flow boundary criterion refers to the location of 

groundwater divide or other hydrogeologic features that control groundwater flow. The assimilative 

capacity criterion refers to the concept of using the ability of the unsaturated and saturated zones to 

attenuate the concentration of contaminants within the capture zone to acceptable levels before they 

reach the supply well. Guidelines were provided for reasonable threshold values for each of these 

criteria. 

The USEPA also defined a number of methods that could be used to "translate the selected 

criteria ... into mappable delineation boundaries" (USEPA. 1987). The six methods that were 

identified include arbitrary fixed radii, calculated fixed radii. simplified variable shapes, analytical 

methods, hydrogeologic mapping, and numerical flow and transport models. The use of arbitrary 
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fixed radii involves drawing circles of a specified radius around the wellfield being protected. The 

use of calculated fixed radii involves drawing circles representing a specified time of travel around 

the wellfield. The use of simplified variable shapes involves applying analytical models to generate 

"standardized forms" using time of travel and flow boundary criteria. The use of analytical methods 

involves applying hydrogeologic input parameters to calculate the groundwater divide using an 

analytical model such as the uniform flow equation. The use of hydrogeologic mapping involves 

geological and geophysical mapping to delineate the WHPA. The use of numerical flow and 

transport models involves applying computer models to approximate groundwater flow and transport 

numerically. Of these methods, numerical modeling provides the highest degree of accuracy but 

involves the greatest amount of time and cost for the delineation of wellhead protection areas. 

2.2.2 Groundwater Capture Zone Research 

One of the first research studies to delineate capture zones around pumping wells was 

performed by Keely and Tsang ( 1983). The authors defined a capture zone as .. the aerial limits of the 

zone of the aquifer actually yielding waters to a pumping well". Drawdown effects for a well were 

analyzed using an analytical solution to the groundwater flow equation that was based on the 

assumption of a homogeneous isotropic unconfined aquifer. By imposing well drawdown results on 

the regional aquifer flow condition it was possible to analyze the effect of the well pumping rate on 

the size of the capture zone. The theoretical model development formed the basis for the RESSQ 

model that was subsequently applied to a study case of a pumping well near a waste injection well. 

RESSQ was used to solve contaminant plume movement as a function of time and the contaminant 

concentration breakthrough curve for the water supply well. 

A number of researchers have used the USEPA definition of a capture zone to develop 

particle tracking codes that are either incorporated into a groundwater flow model or that use the 

results of a groundwater flow model to perform particle tracking. GWP A TH (Shafer. 1987) uses the 

results of the groundwater flow model of McWhorter and Sunada to perform particle tracking. 

STLINE (GeoTrans Inc., 1987) is a three-dimensional particle tracking program that uses the results 

of both SWITT III (Sandia Waste Isolation Flow and Transport model) and MODFLOW (Modular 

Flow model) to perform forward and reverse particle tracking and particle time of travel calculations. 

MODPA TH (Pollock, 1988) and PA TH3D (Zheng, 1989) are three-dimensional particle tracking 

codes that use the results of MODFLOW. FLOWPATH (Guiguer and Franz, 1991) is a two­

dimensional steady state groundwater flow model that incorporates particle tracking and time of 

travel calculations. Schafer-Perini and Wilson ( 1991) presented a computer algorithm to delineate 

particle pathlines and time related capture zones based on a bilinear velocity interpolator that uses 
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the same five point finite difference grid block system that was used in the development of 

MODFLOW. Cordes and Kinzelbach ( 1992) developed a particle tracking program for use with a 

finite element flow model that maintains fluid continuity between finite element patches for the 

calculation of the velocity field. The USEPA developed a model, called WHPA, which contains four 

computer programs that delineate wellhead protection areas. These four models include: two 

analytical models (RESSQC and MWCAP), a semi-analytical model (GPTRAC), and an uncertainty 

analysis model (MONTEC) for the analytical solution to the groundwater flow equation (Blandford 

and Huyakom, 1990). 

Bair and Roadcap ( l 992) compared the ability of a number of these models to delineate 

capture zones in a variety of hydrogeologic environments. The authors compared three types of 

models (analytical, semi-analytical and numerical models) for delineating capture zones, each 

consisting of a component that solves the flow equation and a component that performs reverse 

particle tracking. The analytical model consisted of CAPZONE and GWPATH, the semi-analytical 

model consisted of RESSQC and DREAM. and the numerical model consisted of MODFLOW and 

MODPATH. Each model was applied to a fractured carbonate aquifer in Richwood, Ohio to 

delineate time related capture zones. MODFLOW and MODPATH were found to provide the best 

reliability for delineating capture zones. Springer and Bair ( 1992) continued the research of Bair and 

Roadcap ( l 992) by applying three types of models to a stratified drift buried valley aquifer in 

Wooster. Ohio, and Bates and Evans ( 1996) applied them to the municipal wellfield at Elmore, Ohio. 

Other authors have used these models to delineate time related capture zones for specific 

municipal pumping wells. Eberts and Bair ( l 990) used MODFLOW to model capture zones for the 

South wellfield in Columbus. Ohio. Bair et al. ( l 990) extended this study to include particle tracking 

of hypothetical spills within the 2000 day capture zone for the South well field. Bair et al. ( 199 l) 

used CAPZONE and GWPATH to delineate the l year capture zone for the municipal wellfields of 

North Canton, Ohio. Buxton et al. ( 1991) used MODFLOW and MODPATH to analyze the recharge 

areas for Long Island, New York under a number of development conditions. Barlow (1994) used 

MODFLOW and MODPATH to delineate areas of contribution to public water supply wells for 

Cape Cod, Massachusetts. Ramanarayanan et al. ( 1995) used GPTRAC and the method of 

characteristics to delineate the 10 year capture zones for the two municipal supply wells of Tipton, 

Oklahoma. Wuolo et al. ( 1995) presented an application of the analytic element method to delineate 

the IO and 20 year capture zones for Brooklyn Park, Minnesota, while Bakker and Strack ( 1996) used 

the analytic element method for the delineation of time related capture zones boundaries around 

multiple pumping wells. 
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Uncertainty in the size and shape of a time related capture zone has been analyzed in a 

number of research studies. Bair et al. ( 1991) used Monte Carlo sampling of hydraulic conductivity 

and effective porosity to determine the uncertainty in the delineation of WHPAs using CAPZONE 

and GWPATH. The 75th and 95th percentile capture zones were chosen to represent the confidence 

interval for the expected value of the capture zone boundary where the 75th percentile capture zone 

encompasses 75% of the end points from the complete set of Monte Carlo input data points. Varljen 

and Shafer ( 1991) studied the uncertainty of the I and IO year capture zones using MONTEC and 

GWPATH for a hypothetical aquifer and used Monte Carlo sampling of hydraulic conductivity to 

determine uncertainty of the 95th percentile capture zone using 300 pathlines. They found that 

uncertainty in a capture zone was affected by both natural hydrogeologic conditions and the pattern 

of sampling points for aquifer properties. Rifai et al. (1993) used the MONTEC model to assess 

uncertainty in the size and shape of the 5 year capture zones for the municipal wellfields of Houston. 

Texas using the 50th
• 75th and 95th percentile capture zones as measures of model uncertainty. 

Harmsen et al. ( 1991 a; 1991 b) used Monte Carlo sampling of hydrogeologic parameters of the 

Central Wisconsin sand plain. using MODFLOW and PATH3D. to analyze uncertainty in the three­

dimensional separation distance between a septic tank drainage field and a water supply well. 

Akindunni et al. ( 1995) analyzed the problem of pumping a vertically stratified contaminant 

plume from an unconfined aquifer. Many current models used to delineate the extent of groundwater 

contamination are based on a two-dimensional plan view conceptualization. The authors developed a 

three-dimensional groundwater flow and solute transport model using the finite element method. The 

model assumes solute transport by advection only using a forward particle tracking algorithm. The 

authors found that the model appears to be an effective means of investigating three-dimensional 

contaminant transport to wells in an unconfined aquifer at the local scale around the well. but that 

because of the radial geometry used in modeling flow, the model could not include superposition of 

the regional flow on the drawdown data. 

2.2.3 Wellhead Protection Area Research 

A number of research studies have discussed the delineation of wellhead protection areas 

based on time related capture zones. Whittemore et al. ( 1987) used an analytic model to delineate 

time related capture zones for Harvey County, Kansas as a part of their proposed wellfield protection 

plan. Coe et al. ( 1989) delineated the 5 year capture zones for Columbus, Ohio as a part of their 

Wellhead Protection Program. Griswold and Donohue (1989) delineated the State of Massachusetts 

Zone II ( 180 day time of travel) protection areas for the Bonds ville Fire and Water District well field. 

Guiguer and Franz ( 1991) used FLO WP A TH to delineate the wellhead protection area for one of the 
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supply wells for Littleton. Massachusetts. Rifai et al. ( 1993) delineated the 5 year time of travel 

wellhead protection area for Houston, Texas using the MONTEC model. Baker et al. ( 1993) used 

MWCAP to delineate the dividing streamline for each well. It was combined with the results of the 

one mile radius upgradient of the wellfield and hydrogeologic map information to determine the 

minimum size of area to be delineated as the wellhead protection area as a part of the Wellhead 

Protection Program for Rhode Island. 

Several research studies have looked into the delineation of wellhead protection areas as a 

component of a geographic information system for aquifer protection. Whittemore et al. ( l 987) 

discussed the use of ERDAS, a GIS mapping system, as a component of the groundwater protection 

program for Harvey County, Kansas. The authors proposed overlaying the results of capture zone 

analysis and the results of DRASTIC analysis. the National Water Well Association's system of 

evaluating groundwater protection potential, using GIS mapping. The capture zone boundaries 

overlain on the DRASTIC results would identify which portions of the capture area were more 

susceptible to contamination. Rifai et al. ( 1993) used a GIS system to provide model input data to 

determine the size and shape of time related capture zones for Houston, Texas using the MONTEC 

model. Baker et al. ( 1993) used the Rhode Island GIS system to provide data input for wellhead 

protection area delineation using the MWCAP analytical groundwater tlow model. Adams and Foster 

( 1992) discuss the use of land surface zoning techniques for the protection of groundwater resources. 

They suggest that land surface zoning may be managed using a GIS system with a number of layers 

of information including a soil vulnerability index. the soil lithology, the depth to the water table and 

the size of a wellhead protection area. 

Subsequent to using an analytic technique to determine the size of a potential WHPA, the 

next step in a WHP Program is to zone the calculated boundary as a WHPA. De Han ( 1986) presented 

the methodology proposed by the state of Florida for zoning and protecting wellhead protection areas 

using state legislation. Linquiti and Harvey ( 1989) and Coughnawohr et al. ( 1989) discussed methods 

that could be used by local governments to control land-use to protect the groundwater within a 

WHPA. These controls include land use zoning and subdivision control. site plan review, source 

control for new industrial developments and the purchase of property. Cleary and Cleary (1991) 

presented a discussion of the methods that are used to delineate WHPAs with reference to European 

nations where many Wellhead Protection Programs date back to the l950's. Neufeld and Mulamootil 

( 1991) discussed groundwater management practices in Canada and compared these practices with 

the Wellhead Protection Program instituted in the United States by the Environmental Protection 

Agency. They found that a concern of groundwater protection is the encroachment of urban 
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development on wellfields and that land use zoning could be effective as a control for WHPA 

management. Rudolph (1991) discussed the concept of wellhead protection within the Region of 

Waterloo. The general hydrogeology of the region was presented and three major wellfields were 

analyzed with respect to the potential for contamination. The author concluded that a Wellhead 

Protection Program is needed in the Region of Waterloo to protect these groundwater resources. 

Schleyer et al. ( 1992) discussed the delineation and management of wellhead protection zones in 

Germany where there are potentially 13,050 WHPAs of which 72'k have already been designated. 

These zones were first developed in the l 930's and are delineated based on the time of travel 

criterion where the prohibition and restriction of risky activities increase with proximity to the 

wellhead. Mull et al. ( 1992) discussed groundwater protection for Hanover, Germany where there is 

widespread contamination from both point source and non-point source pollution. The authors 

suggest that, due to the extremely high cost of restoration. contaminants must be ranked such that 

lower maximum tolerable concentration is equated to higher ranking. The ranking system would 

correlate the source of contamination with the type of contamination in the remediation scheme. 

Heubner ( 1992) prepared a survey of U.S. state groundwater regulation and found that almost half of 

the states had some form of wellhead or recharge-area protection programs that was either in place or 

in progress, but that only 18 of these proposed programs had been approved by the USEPA. 

2.3 Exposure Assessment Modeling 

2.3.1 Groundwater Flow and Contaminant Transport 

Exposure assessment for groundwater contaminant risk analysis involves chemical fate and 

transport modeling in the hydrogeologic environment. The fundamental equation defining three­

dimensional transient groundwater flow in a heterogeneous, saturated. anisotropic porous media is 

given by: 

J_(Kii ~ ]+ l',q(xj,t)o(xi -x ) =S ~ 
ax.i ax.J i s dt 

where: h = the hydraulic head [L] 

Kii = the hydraulic conductivity tensor [Lff] 

q(xi,t) = source/sink term at any point in the system [T1] 

O(xi - xi) = is the Dirac Delta function 

Xi= Cartesian coordinate parameters [L] 

Xi = source/sink location [L] 

Ss = specific storage [L.1] 
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This equation defines the potentiometric surface within the aquifer that contains point sources and 

sinks of groundwater flow. Groundwater flow follows Darcy's law such that: 

where: qi = the specific discharge [Uf] 

:: = hydraulic gradient in the xi direction [LIL] 
J 

Average linear groundwater velocity is given by: 

where: vi = average linear velocity [Lff] 

n = porosity [LIL] 

(2.6) 

(2.7) 

Boundary conditions for any system must be specified to identify the interaction between the 

system and the external environment. There are two general types of boundary conditions as 

presented in Figure 2.1. The first type is a prescribed potential. or Dirichlet boundary condition, on 

boundary I . The second type is a prescribed flux, or Neumann boundary condition. on boundary 2. 

The sum of all boundary conditions is the system boundary. r. These boundary conditions are 

defined as follows: 

on r, (2.8) 

q (f,)=-K(~] ·Di n - IJ ax 
I 

(2.9) 

where: ni = the unit normal to f 2 

Figure 2.1: Boundary Conditions for the Conceptual Model of a Study Site 

Contaminant transpon in the groundwater regime. involving the movement of dissolved 

solutes within groundwater. is affected by advection, mechanical dispersion, molecular diffusion and 

22 



reaction. Advection is the movement of dissolved solutes along with the flow of groundwater. 

Mechanical dispersion and molecular diffusion are two components of the process of hydrodynamic 

dispersion that result in the dilution of contaminant concentration due to the spreading of the plume 

as a result of the convoluted path that it talces through the porous media. Contaminant reaction results 

in the reduction in contaminant concentration due to a number of physical-chemical processes that 

may include adsorption-desorption, solution-precipitation, oxidation-reduction, acid-base reaction 

and microbial transformation. 

The fundamental equation that defines contaminant transport in groundwater as a result of 

these processes is given by: 

0 ac = J_[eo. ac l-0v ac +q(x ,t)C + r at ax. . IJ ax. . I ax. I S .: 
I I I 

where: C = aqueous phase concentration of a contaminant [M/L3
] 

Cs = concentration in the source/sink [M/L 3] 

8 = fluid content [L-'IL-'] 

Dii = hydrodynamic dispersion tensor [L 2/T] 

vi= linear velocity [LIT] 

r, = rate of all reactions occuring in the aqueous phase [M/ L.iTl 

Hydrodynamic dispersion is given by: 

where: a,= longitudinal dispersivity [L] 

CXi = transverse dispersivity [L] 

~I = magnitude of the velocity vector [UT] 

Oii = Kronecker Delta function 

t = tortuosity of the porous media [LIL] 

Dm = the coefficient of molecular diffusion [L 2/T] 

(2.10) 

(2.11) 

The previous equations provide the basis for the numerical modeling of groundwater flow 

and transport in porous aquifer material. They define the contaminant concentration at any point in 

the groundwater regime at any point in time. Numerical models are the most general tools for the 

quantitative analysis of groundwater applications. They are not bound by the restrictive assumptions 

of analytical solutions. Numerical solutions normally involve approximating partial differential 

equations with a set of discrete equations in time and space. The region of space, often called the 
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conceptual model of the site, is discretized in three dimensions to produce a set of spatial subregions. 

The equations of groundwater flow are applied to each subregion resulting in a set of equations that 

may be applied to each step in time. The two major techniques that are used to perform spatial and 

temporal discretization are the finite difference method and the finite element method. 

The finite difference method approximates the differential equations that are characteristic of 

groundwater flow and transport using a differential approach. The conceptual model of the study site 

is first discretized into a three-dimensional grid. A fluid balance is applied to the discretized grid to 

define the finite difference equations. Each equation is written in differential form and applied to 

each grid block. The development of the differential form of Equation 2.1 is presented below and 

refers to the grid block representation presented in Figure 2.2. 

The Taylor Series expansion for the fluid potential at point x+.ruc is given by the following 

expression: 

dX 1 

t/)(x + ~) =t/J(x) + dxt/J'(x) +- q,"(x) + ... 

2 

Truncating equation 2.12 to first order yields the following: 

dtp q)(x+~)-t/J(x) 
-=-------
dx ~x 

x, 

OA 

i-1 

~ 

Figure 2.2: Grid Block Discretization in the X Direction 

Thus Darcy's flux, q, may be written by the following: 

q = -K dh = -K h(x + ~) - h(x) 
dx dx 

(2.12) 

(2.13) 

oc 

(2.14) 

The groundwater flux may be written, from the interface of blocks B and C to the center of block C, 

as: 

or (h. -h. ) = qi+112 (~i+1 ) 
' l+I 1+1/2 '? K 

- i+I 

(2.15) 
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It may also be written, from the center of block B to the interface of blocks B and C, as: 

(h h qi+l/2 ( Llli ) 
or, i+112 - i) =2 Ki 

Adding equations 2.15 and 2.16, the flux between block B and C is given by: 

2(hi+I -hi) 

where: 

where: Ti+lf.! = the transmissivity between blo..:ks i and i+I [T1] 

dXi = the length increment of grid block A in the x direction [L] 

Ki= hydraulic conductivity of block i [Lfr] 

hi = the head at the center of block i [L] 

The Taylor Series expansion of equation 2.12 may also be written as: 

1 

t/)(x -.1x) =t/)(x)-.1x¢'(x) + .1x - q,"(x)- ... 
2 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

Truncating equations 2.12 and 2.19 to second order and adding the resultant equations provides an 

expression for the change in the fluid flux in the x direction as given by: 

Thus, the second order differential of the potential is given by: 

a 2tp _ </)(x + LU)-2q,(x) +q,(x -.1x) 
ax2 - Llll 

The change in flux, qx, may be written as: 

aqx = i-.(K ~ )=-I (K .1h )= Ti+lf.! (hi+I -hi )-Tj.(f.! (hi -hi-I) 
ax ax x ax LU x .1x .1x i 

(2.20) 

(2.21) 

(2.22) 

Therefore the finite difference representation of the groundwater flow equation may be written as: 

Ti+lf.! (hi+l.jk -hijk )-Tj.(/2.jk (hijk -hi-1.jk) + Tj+l/2 (hi.j+l.k -hijk )-Tj.(/2 (hijk -hij-1.k) 

Llli .1y i 

(2.23) 
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Writing a linear equation in differential form for each of the N grid blocks in the conceptual 

model results in N equations with N unknowns. These N equations can then be solved using matrix 

techniques to determine the steady state hydraulic head field for the study site. 

2.3.2 Advective Particle Tracking 

Another method that has been used to represent solute transport through the groundwater 

regime is particle tracking. Particle tracking calculates the pathline taken by an infinitely small 

imaginary particle by following its movement when it is placed in the flow field. Solute transport is 

assumed to occur by advective transport only and as a result does not take into account other 

contaminant transport process that may be important in some hydrogeologic settings. When the 

velocity field is reversed, particle tracking may be used to determine the source of groundwater flow 

based on average water particle travel times. Pathline endpoints from particles placed on the 

periphery of a supply well within the groundwater flow field define a time related capture zone 

associated with a specific time of travel. A groundwater capture zone refers to the portion of a flow 

field that contributes water to a well or a surface body of water such as a river or lake. The ultimate 

capture zone for a well is the region of an aquifer from which a pumping well ultimately draws all of 

its water. A time related capture zone draws water only from a portion of this volume in a fixed 

amount of time (Townley and Davidson, 1988). 

Particle tracking codes are post-processors to groundwater flow models. They use the head 

field or velocity field from a flow model to trace out particle pathlines. There are a number of 

methods that may be used to define particle pathlines. For a finite difference groundwater model a 

numerical pathline generation scheme based on a bilinear velocity interpolator provides consistent 

and accurate results (Schafer-Perini and Wilson, 1991 ). Using a two-dimensional five grid block 

arrangement of heads, conservation of fluid mass may be used to define the following relationship: 

where: qx.i+l/2 = right block face Darcy velocity in the x direction [L/f] 

qx.i-l/2 = left block face Darcy velocity in the x direction [L/f] 

qy.1+112 = upper block face Darcy velocity in the y direction [L/f] 

qy.1. 112 = lower block face Darcy velocity in the y direction [L/f] 

ruci = grid block discretization in the x direction [L] 

ayi = grid block discretization in the y direction [L] 

Qij = the net flux out of grid block (i,j) [L3 ff] 

b = aquifer thickness [L] 

(2.24) 

Applying Darcy's Law across the grid block face, as shown in equation 2.14, results in the following: 
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h ... -h .. 
- -"K l+l.J l.J 

q x.i+l/2 - - i+l/2.j .ru( _ + .ru(. _ 
l.J t+I.J 

(2.25) 

A similar relationship can be applied to each of the other block faces resulting in the calculation of 

velocities for each of the block faces. Applying linear velocity interpolation across the grid block in 

the x direction results in the following relationship: 

[
q x.1+!/2 -q x.1-l/~ ]( ) q =q , + ----- x-x :t x.1-l/_ A o 

.!..l.Xi.J 

(2.26) 

where: x = final particle position [L] 

Xo = initial particle position [L] 

Assuming that the porosity of the porous media is constant over a grid block. the Darcy velocity 

defined above can be equated to the time derivative of particle displacement: 

dx 
q x =a+b(x)=n-

• dt 
(2.27) 

where: n = the porosity of grid block (i.j) [LIL] 

Integrating Equation 2.23. by separation of variables. yields the following: 

~t = ~ In[ a + bx ] 
b a+bx 0 

(2.28) 

where: .1t = the differential particle travel time [T] 

Equation 2.28 relates the particle travel time . .1t, to the new particle position in the x 

direction based on the current particle position. A similar relationship can be derived for the y 

direction allowing the determination of a new particle position in two-dimensional space. Thus. in 

order to track a particle through a flow field it is necessary to determine the velocity at each block 

face around a grid block and then to determine where a particle enters and exits the grid block. 

Particle tracking for the present research was developed in a two-dimensional sense because 

of the fact that the aquifer that is being analzed is phreatic. However. these principles may be 

extended to 3 dimensions to represent particle movement in more complex hydrogeologic settings. 

2.3.3 Random Walk Particle Tracking 

Advective particle tracking does not take into account hydrodynamic dispersion that is 

associated with solute transport in the groundwater environment. One method that has been used to 

include dispersion in particle tracking is the random walk method that models longitudinal and 

transverse dispersion as a combination of a random number and the dispersion coefficient. The basic 

relationships for advective particle tracking were presented above, and are based on a field of block 
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face values of velocity. For random walk it is necessary to define a field of block face values of 

dispersion. These values of dispersion are derived from equation 2. l l using the velocity field that 

defines advective particle tracking. Longitudinal and transverse dispersion. respectively. are given 

by: 

where: D1 = the longitudinal dispersion[L 2/f] 

D1 = the transverse dispersion[L2/f] 

a 1 = the longitudinal dispersivity[Ll 

Cli = the transverse dispersivity [L] 

v.\ = the velocity in the x-direction [L/f] 

Vy = the velocity in the y-direction [Lrr] 

v = the velocity at the point of interest [Lrr] 

D • = the coefficient of molecular diffusion [L 2/f]. 

(2.29) 

(2.30) 

Random walk particle tracking in two dimensions is given by the following relationships (Walton, 

1991): 

where: 

xp (t +At)= xp (t) + V~At + R, (2a, V lYAt)
112

(:!_.x ]+ R ! (2al V \YAt)
112(2] (2.31) 

vxy vw 

Yp (t +At)= Yp (t) + Vy At+ R, (2a, v xyAt)
112

( v Y ]- R! (2al v.\yAt)
11.?(~] (2.32) 

V xy V ty 

. ao 
V =V +--x 

X X ax. 

. aov 
V =V +--· 

y y iJy 

12 

R.,R 2 =-6+ I,RN; 
i=I 

(2.33) 

(2.34) 

(2.35) 

(2.36) 
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and. the variables R, and R2 are normally distributed random numbers with zero mean and unit 

standard deviation (Press et al .. 1992). 

2.3.4 Transient Modeling 

Steady state modeling in groundwater hydrology defines the average condition of the water 

table based on average input conditions of groundwater sinks and sources. However. the natural 

hydrogeologic environment is more complex as a result of temporal changes to these input 

conditions. Transient groundwater modeling defines the change in the elevation of the groundwater 

potential based on temporal changes to the hydrologic stresses on the system. For example. 

groundwater recharge from infiltration and from river recharge change from season to season 

depending on the amount of precipitation. runoff. evapotranspiration and river flow that occurs. As 

well. in the simulation of pumping stresses from a municipal wellfield. the well pumping rates 

change on a daily. weekly and monthly basis depending on consumer demand. Transient modeling 

allows input conditions to change on a temporal basis. This can be accomplished with a number of 

groundwater flow models including SWIFf and MODFLOW that can be used to solve both the 

steady state and transient hydraulic head fields for complex hydrogeologic environments (Reeves et 

al .. 1985: McDonald and Harbaugh. 1988). 

2.4Summary 

A great deal of research has been conducted on the risk assessment of environmental 

contamination. protection of sensitive aquifers. and environmental decision making as an economic 

analysis tool for comparing engineering designs that affect the natural environment. Risk assessment 

research has looked at both qualitative assessment of the ranking of contaminant sites as to their 

impact on the hydrogeologic environment and quantitative assessment of the effect that specific 

contaminant sites will have on production wellheads and sensitive aquifers. Groundwater protection 

research has looked at the management of protection zones from a planning perspective and the 

implementation of WHPAs from a practical perspective using the criteria and methods promoted by 

the USEPA. Much of this research has involved the use of computer models to delineate WHPAs 

with some investigation into parameter uncertainty and its effect on the location of the final WHPA 

boundary. However. environmental decision making has not been applied to the question of what is 

the best alternative for WHPA delineation around municipal wellheads, or the question of what is the 

economic regret of choosing the non-optimal delineation alternative. Nor has it been applied to the 

economic impact of uncertainty on WHPA delineation modeling and related issues of the effect of 

transient changes to hydrologic stress on numerical modeling of WHPA boundaries. The delineation 
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of wellhead protection area boundaries has implications on municipal planning in that wellhead 

protection areas are zoned to prevent industries that present a high risk of groundwater contamination 

from locating within the area that has been zoned as a drinking water supply area. The proposed 

research may help to provide a methodology for communities, which are currently debating the issue 

of source water protection, to make a more informed choice for wellhead protection. 
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CHAPTER3 

REICH FARM SUPERFUND SITE 

3.1 Introduction 

To compare the techniques that are used to delineate wellhead protection areas, it was 

necessary to choose a study site that includes a water supply wellfield and a contaminant source that 

poses a risk of contamination to a sensitive aquifer. The study site that was chosen was the municipal 

wellfields owned by United Water Toms River (UWTR) located near the town of Pleasant Plains, 

New Jersey directly downgradient of the Reich Farm Superfund site (see Figure 3.1 ). The purpose of 

this chapter is to introduce the conceptual model of the groundwater flow system at the site that was 

used for numerical modeling. This conceptual model was originally developed by Sykes ( 1985) to 

model contaminant transport from the Superfund site. It was updated for groundwater protection 

modeling, and a sensitivity analysis was performed to provide a basis for an uncertainty analysis of 

groundwater protection modeling. 

3.2 The Reich Fann Superfund Site 

A conceptual model was developed for the groundwater flow system in the Pleasant Plains 

area of Dover Township. Ocean County, New Jersey. This conceptual model is an updated version of 

the groundwater flow model developed by Sykes ( 1995). The resulting groundwater flow field 

contains a municipal wellfield, which is completed in the shallow water table aquifer. and the Reich 

Farm Superfund site. as shown in Figure 3.1. From a hydrogeologic perspective Dover Township is 

underlain by the Cohansey-Kirkwood aquifer system. The Cohansey Formation is the upper phreatic 

aquifer that is defined by a fine sand that is locally cemented with iron oxide and interbedded with 

clay and gravel lenses. This shallow phreatic aquifer is the principle source of water for Dover 

Township. The Cohansey Formation is underlain by the Kirkwood Formation, which is a silty sand 

aquifer. Between these two aquifer systems is a transitional zone that is defined by low vertical 

hydraulic conductivity, which results in negligible recharge from the lower Kirkwood to the upper 

Cohansey aquifer (EBASCO Services Inc, 1988). As a result, the conceptual model that was 

developed to represent the upper Cohansey is essentially two-dimensional in nature. 

The Cohansey aquifer was modeled using three distinct sand layers to allow for vertical 

gradients in the vicinity of the wells. These layers are described in Table 3.1. It was assumed that the 

bottom of the Cohansey Formation represents the lower boundary of the conceptual model. The 
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Figure 3.1: Location of the Hydrogeological and Hydrologic Features of the Study Site 
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study site was discretized into a finite difference grid with 44 grid blocks in the east-west direction 

and 64 grid blocks in the north-south direction as presented in Figure 3.2. 

Layer Layer Depth Soil Lithology 

I From the water table to 12.2 meters above the Sand 

bottom of the Cohansey Aquifer 

2 From 12.2 meters lo 6.1 meters above the Sand 

bottom of the Cohansey Aquifer 

3 From 6.1 meters above the bottom to the Sand 

bouom of the Cohansey Aquifer 

Table 3.1: Model Layers for SWIFf Modeling of the Cohansey Aquifer 

The boundary conditions for the system are specified as follows. The west, north and east 

boundaries of the site are located below divides in the surface water system as shown in Figure 3.1. 

To the southwest the Toms River is assumed to have no 1Jnderflow and was assigned a constant head. 

leakage boundary condition. The southern boundary of the site was given prescribed values of head 

to allow groundwater outflow to the Toms River estuary. The upper boundary of the system was 

assigned either prescribed heads or prescribed recharge rates. Surface water sources, including the 

Toms River, the Toms River estuary and Long Marsh Creek were assigned prescribed head values 

associated with long term, average surface water elevation. The rest of the surface blocks were 

assigned a spatially uniform net infiltration rate. 

The values of the hydrogeologic input parameters and the boundary conditions are set as 

follows. Average uniform hydraulic conductivity values for Kt, Ky and Kz, for layers I and 2. were 

chosen to be 45.7 meters/day, 45.7 meters/day and 9.1 meters/day, respectively. Average K\, Ky and 

Kz, for layer 3, was chosen to be 15.2 meters/day. 15.2 meters/day and 3.0 meters/day. Spatially 

uniform net infiltration was calibrated to 0.00132 meters/day (Sykes, 1995). Average sand porosity 

was estimated to be 0.30. The locations of wells 20, 22, 24, 26, 28 and 29 at the UWTR wellfield are 

presented in Figure 3.3. Well rates were determined from 25 years of average annual pumping data 

that are presented in Table 3.2. Daily pumping rates for these 6 wells are 1823.6 m3/day (64400 

fr'/day), 2137.9 m3/day (75500 ft3/day), 1874.6 m3/day (66200 ft3/day), 1767.0 m3/day (62400 

ft3/day), 1769.8 m3/day (62500 fr'/day) and 1806.6 m3/day (63800 fr'/day). respectively. 

A steady state groundwater flow analysis of the Cohansey aquifer was prepared using 

SWIFf v2.29 (GeoTrans Inc., 1989). Figure 3.4 presents the hydraulic head field in the 

Cohansey aquifer prior to the operation of the wells at the UWTR wellfields. The regional 

hydraulic gradient is approximately 0.0030 meter/meter, sloping from the northeast to the 
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southwest of the watershed. Forward particle tracking was performed using STLINE v 1.9 

(GeoTrans, Inc., 1987) from a starting location of the TCE contaminated soil at the Reich Farm 

Superfund site as presented in Figure 3.5. Particles released from the Superfund site migrate down 

the regional hydraulic gradient to the Toms River to the west of the site missing the future UWTR 

wells by more than 600 meters. 

Year Well 20 Well 22 Well 24 Well 26 Well 28 Well 29 
1971 50000 0 0 0 0 0 

1972 43000 16000 0 13000 0 0 

1973 53000 65000 52000 65000 0 0 

1974 82000 72000 64000 76000 0 0 

1975 81000 66000 57000 32000 41000 -HOOO 

1976 79000 58000 52000 49000 52000 52000 

1977 77000 81000 49000 41000 48000 53000 

1978 74000 47000 68000 50000 53000 67000 

1979 79000 77000 65000 63000 68000 68000 

1980 83000 68000 46000 67000 60000 63000 

1981 77000 65000 69000 60000 60000 66000 

1982 75000 56000 55000 56000 39000 . .nooo 
1983 75000 77000 60000 77000 61000 55000 

1984 84000 83000 71000 83000 50000 53000 

1985 15000 81000 72000 66000 59000 65000 

1986 78000 82000 74000 66000 70000 77000 

1987 75000 71000 78000 59000 61000 69000 

1988 66000 69000 59000 54000 52000 60000 

1989 61000 78000 65000 59000 72000 64000 

1990 58000 59000 70000 68000 69000 68000 

1991 40000 80000 72000 64000 71000 64000 

1992 35000 74000 54000 58000 73000 64000 

1993 46000 85000 64000 54000 15000 68000 

1994 57000 88000 66000 46000 59000 64000 

1995 64000 85000 64000 66000 67000 73000 

Table 3.2: Average Annual Well Pumping Rates for UWTR Wells (1971-1995) 

The UWTR municipal wellfields began operating with the development of well 20. By 1971 

well 20 was operating at its average annual steady state pumping value. The Parkway wellfield began 

operating in 1972 with the development of wells 22 and 26, well 24 began operating in 

approximately 1973, and wells 28 and 29 began operating in approximately 1975. Average yearly 

pumping rates for the UWTR wells are given in Figure 3.6. The operation of these production wells 
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in the Cohansey aquifer has had a profound effect on the direction and magnitude of the regional 

hydraulic gradient in the middle of this flow field. Figure 3.7 presents the calibrated steady state 

hydraulic head field based on average model input parameters and the wellhead pumping rate 

presented in the previous paragraph (Sykes, 1995). 

The effect that the UWTR wellfields have had on this groundwater flow system and their 

relationship to the Reich Farm contamination site may be shown using contaminant transport 

simulation. Contaminant transport was implemented using advective particle tracking to determine 

the results of releasing particles from the soil contamination site. Figure 3.8 presents the results of 

forward particle tracking from the west side of the Reich Farm where some of the highest 

concentrations of TCE and PCE were found. Under the influence of the UWTR well fields. particles 

released from the Reich Farm site only enter well 20. 

Advective particle tracking was also used to define the time related capture zones for the two 

UWTR wellfields. A set of particles were released from around each wellhead and tracked backward 

in time to their pathline endpoints based on a specific travel time. A computer model called 

CAPZON was written to draw the boundary of a capture zone around the outer extent of these 

reverse particle pathlines originating from a well. CAPZON reads all the pathline points generated by 

the STLINE particle tracking model and creates a convex hull from the set of points that are farthest 

away from the center of mass of all the pathline points. The FORTRAN computer code for CAPZON 

is presented in Appendix I. Figure 3.9 shows the 180 day. 5 year and 10 year time of travel capture 

zones around well 20 and the Parkway wellfield. From this figure it is evident that the Reich Farm 

contamination site is within the IO year capture zone for well 20. 

Another method of implementing contaminant transport. which includes advection and 

dispersion. is random walk particle tracking analysis. The random walk method uses the velocity 

field from a groundwater flow model and a field of contaminant dispersion values to track particles 

through the groundwater system, according to equations 2.31 to 2.35. RW APT is a computer model 

that was developed to implement random walk particle tracking. The model was written in 

FORTRAN and the code is presented in Appendix Il. The model accepts the block-centered 

hydraulic head field that is output from SWIFr. Groundwater velocities and dispersion values are 

calculated at each grid block face. Particles may be tracked either forward or backward in time using 

the random walk equations. 

To implement forward RW APT modeling a set of particle was released from the same 

location as the source location for STLINE simulation. The model was run lO times using different 
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initial seeds, and longitudinal and transverse dispersion values of 20.0 meters and 2.0 meters, 

respectively. This was done to detennine the full extent of particle dispersion produced by the 

random walk model. Figure 3.10 presents the results of the ensemble of particle pathlines. The 

effects of dispersion are evident in that the solute particles enter both wellfields. 

RW APT was also used to generate reverse particle pathlines, and CAPZON was used to 

delineate time related capture zones. To implement reverse RW APT modeling a set of particles was 

released from the periphery of the wellfields. An analysis was performed to determine the minimum 

number of simulations, using different initial seeds, to assess the effect of dispersion on the size of 

the RW APT capture zone. Ten random seeds were chosen to produce the set of particle pathlines. 

Figure 3.11 presents the 10 year time of travel capture zones around well 20 and the Parkway 

wellfield using both RWAPT and STLINE reverse particle tracking. The effect of dispersion is 

evident in that the RW APT capture zones, for the same time of travel, encompass a greater area than 

the STLINE capture zones. It is also evident that the capture zones for well 20 and the Parkway 

wellfield overlap showing that a contaminant source at the periphery of the ultimate capture zone 

may enter the capture zone for another well as a result of dispersion. Another point that arose in the 

random walk analysis is that the size of the resulting capture zone increased with a greater number of 

initial seeds used to start the RW APT simulation. However, the increase in the size of the capture 

zone was inconsequential for simulations that used greater than 11 initial seeds. 

3.3 Model Sensitivity 

Sensitivity analysis is a technique used to measure the sensitivity of model output to changes 

in model input. One method that may be used to perform a sensitivity analysis is direct parameter 

sampling (Skaggs and Barry, 1996). Direct parameter sampling is implemented using a low value and 

a high value of a specific input parameter. The difference between model output values divided by 

the difference in the input parameter values is the marginal sensitivity of the output performance 

measure. The marginal sensitivity values can be compared for different input parameters to determine 

which model parameters are most sensitive for a given conceptual model. Direct parameter sampling 

will be used to perfonn sensitivity analysis of the groundwater flow model. 

The sensitivity of model perfonnance is a local derivative of the perfonnance measure 

function that may be approximated numerically using a forward difference approach, a backward 

difference approach or centered difference approach. The equations that represent these approaches 

are presented in the following equations: 
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Forward Difference Method: 
- dP -[ phigh - p:m: ] s ---

m da arugh -aavc: 

dP [ pave: _ plow ] 
Backward Differences Method: S - - -

m - da - aavc: -alow 

Centered Difference Method: 
dP [ phigh _ plow ] s ---

m - da - atugh -alow 

where: P = system performance measure 

a = the system parameter 

(3.1) 

(3.2) 

(3.3) 

The marginal sensitivity coefficient may be normalized to allow different sensitivity 

coefficients to be compared on an equal basis. The normalized sensitivity coefficient associated with 

the centered difference approach is given by the following: 

(3.4) 

The centered difference method will be used to generate marginal sensitivity coefficients for 

8 model input parameters that include net infiltration rate. hydraulic conductivity and wellfield 

pumping rates for the 6 production wells in this study. The performance measures that were chosen 

for analysis include spatially distributed hydraulic head. specific grid block values of hydraulic head, 

and capture zone area. The perturbation of the system parameters away from the average input value 

was chosen to be ±I% of the average parameter value. 

3.3.1 Groundwater Head as a Performance Measure 

The low, average and high values of pumping rate for the 6 production wells at the UWTR 

wellfields considered in this study were determined using the data from 1981 to 1995 and are 

presented in Table 3.3. The analysis was divided into the sensitivity of model output to the pumping 

rate for well 20 (Q10) and the sensitivity of model output to the total pumping rate for the Parkway 

wellfield (Qparkway). The distribution of normalized sensitivity coefficients of groundwater head to 

perturbations in Q 20 is presented in Figure 3.12. and to perturbations in Qp:u-kway is presented in Figure 

3.13. The significance of these sensitivity plots is that the groundwater heads are highly sensitive to 

pumping rate in the vicinity of the both wellfields. An increase in wellhead pumping rate results in a 

decrease in the value of head, which leads to the negative values of sensitivity coefficient. These 

plots also indicate that groundwater head is much more sensitive to the Parkway wellfield pumping 

rate because the Parkway wellfield has a greater influence on drawdown of the water table around 

both wellfields. 
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The average value of recharge used to model the flux. of water into the upper boundary is 

0.00132 meters/day. The perturbed values of recharge, 0.001307 meters/day and 0.001335 

meters/day, were distributed uniformly within the conceptual model for simulation. The distribution 

of normalized sensitivity of groundwater head to net infiltration is presented in Figure 3.14. The 

significance of this sensitivity plot is that groundwater head increases with an increase in net 

infiltration. It is also evident that, for the Reich Farm site, groundwater head is more sensitive to 

infiltration than to any of the other model parameters. This is a result of the fact that the largest 

source of water for this flow system comes from net infiltration. 

The average value of hydraulic conductivity, for K, and Ky, in the conceptual model of the 

Reich Farm site is 45.7 meters/day. This value was perturbed to obtain 45.3 meters/day for the a 10
w 

value and 46.2 meters/day for the ahigh value of the input parameter. These values were distributed 

within the conceptual model of the site to perform two simulations of model output. The distribution 

of normalized sensitivity of groundwater head to hydraulic conductivity is presented in Figure 3.15. 

The significance of this plot is that groundwater head decreases with an increase in hydraulic 

conductivity because groundwater flow through each grid block is more easily accommodated. This 

sensitivity is more prevalent in areas of the conceptual model that are far away from the pumping 

well fields and prescribed boundaries. This is a result of the fact that the increase in flow has a greater 

effect in areas where the average flow is the smallest, and this occurs farthest away from the 

prescribed boundaries. 

UWTR Well QIOW Qavc Qh1gll 

(ft3/day) (ft3/day) (ft3/day) 

Well 20 63,756 64,400 65.044 

Well 22 74.745 75.500 76.255 

Well 24 65.538 66,200 66.862 

Well 26 61.776 62.400 63,042 

Well 28 61.875 62.500 63,125 

Well 29 63. 162 63.800 64,438 

Table 3.3: Well Pumping Rates for the Sensitivity Analysis of Model Performance 

3.3.2 Groundwater Head Through Each Wellfield 

The spatially distributed plots of normalized sensitivity coefficients provide an 

understanding of how the sensitivity varies within the conceptual model for a specific parameter. To 

determine which parameters are most important, specific model grid blocks were selected to compare 

normalized sensitivity coefficients. Two transect lines were generated. The first one intersects well 

20 and the second one intersects the Parkway wellfield. The orientation of these transect lines was 
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chosen to coincide with the regional hydraulic gradient through the UWTR wellfields. These 

two lines are presented in Figure 3.16 along with the grid block centers that intersect each transect 

line. The value of normalized sensitivity coefficient as it varies with distance away from the wellfield 

for each of these two transect lines is presented in Figures 3.17 and 3.18. 

From these figures a number of points are evident about the sensitivity of the numerical 

model to changes in the input parameters. As the net infiltration to the upper layer increases there is 

more water available to the groundwater flow system and the elevation of the water table increases. 

and thus the marginal sensitivity of hydraulic head to infiltration is positive. In contrast. as pumping 

rate and hydraulic conductivity increase the water table is lowered. and the marginal sensitivities of 

hydraulic head to pumping rate and hydraulic conductivity are negative. Figure 3.17 and 3.18 also 

show that, for both components of the United Water Toms River wellfield. the net recharge rate to 

the upper layer of the conceptual model is the most sensitive pammeter. This is a result of the fact 

that the major source of water for this flow system is the net infiltration. With less infiltration there is 

less water available to the pumping wells. and the drawdown effects are larger. creating larger zones 

of influence around the wellheads. 

3.3.3 Capture Zone Area as a Performance Measure 

Another measure of the sensitivity of a groundwater model used to generate capture zones is 

the size of the area contained within the capture zone. A computer program. called CZAREA. was 

written in FORTRAN to calculate the area within a convex hull capture zone generated from the 

output from the STLINE panicle tracking program. The computer code for this program is found in 

Appendix m. Table 3.4 summarizes the area contained within the 5 year capture zone and the 

normalized sensitivity of capture zone area to each of the input parameters. 

From this table a number of points are evident about the sensitivity of capture zone area to 

the parameters in the groundwater model. The most sensitive input parameter is well pumping rate; 

for well 20 it is the well 20 pumping rate and for the Parkway wellfield it is the average Parkway 

wellfield pumping rate. This is a result of the fact that increased pumping has the greatest impact on 

decreasing the head field in the vicinity of the well that results in an increased magnitude of 

groundwater velocity around the wellhead. The increase in velocity results in longer panicle 

pathlines emanating from the wellhead for a specific travel time and thus results in a larger capture 

zone area. The marginal sensitivity of capture zone area to both hydraulic conductivity and pumping 

rnte are positive because an increase in each parameter causes a decrease in the hydraulic head field 

that results in a larger velocity field and an increase in the size of the resulting capture zone. The 
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least sensitive parameter for capture zone area is net infiltration. This is in direct contrast to the 

groundwater head performance measure. The marginal sensitivity of capture zone area to infiltration 

is negative because increased infiltration provides more water to the flow system resulting in a higher 

potentiometric surface in the aquifer, shorter time related particle pathlines. and a smaller capture 

zone area around the wellfield. 

Simulation Capture Zone Area Normalized Capture Zone Area Normalized 

(Parkway Wellfield) Sensitivity (Well 20) Sensitivity 

[sq.ft. I Coefficient [sq.ft.) Coefficient 

K(low) 31695101.2 6 591 093.1 

K(high) 31826907.8 0.207498 6 608 204.1 0.129636 

I(low) 31 952 376.5 6 656 399.1 

[(high) 31 653 591.1 -0.050967 6 566 943.5 -0.073400 

Q20(1ow) 31 758 057.4 6 525 017.0 

Q20(high) 31 765649.I 0.011951 6 690 366.9 1.251193 

Qp(low) 31409330.8 6 596 575.3 

Qp(high) 32 134 445.9 1.140782 6 628 328.3 0.240027 

Table 3.4: The Sensitivity of Capture Zone Area as a Performance Measure 

3.4Summary 

The steady state analysis of groundwater flow in the Cohansey aquifer beneath the United 

Water Toms River wellfields has revealed a number of points that relate to the risk of contamination 

of these wellheads. The imposition of the wellfields on the prepumping groundwater flow field has 

changed the flow of groundwater within the aquifer and as a result as changed the flow of potential 

contaminants. Prior to pumping. contaminants from the Reich Farm Superfund site migrated to the 

Toms River to the west of the site. After the wellfields began operating, some of the contaminant 

pathlines changed directions and part of the contaminants began to migrate directly toward the 

wellfields. A numerical modeling analysis of solute transport using advective particle tracking was 

not as revealing about the effect of the contaminant source on the wellheads as a transport analysis 

using advective-dispersive particle tracking. The advective transport analysis showed contaminant 

pathlines entering well 20 to the west, while a random walk analysis showed contaminant pathlines 

entering both wellfields. Random walk particle tracking uses more information about the interaction 

between the solute particles and the hydrogeologic environment in determining the effect that the 

contaminant source has on this sensitive aquifer. As a result, the RW APT model will be used as a 

numerical model for generating WHP As around the municipal wellheads, and will be one of the 

models compared in the benefit-cost-risk analysis in Chapter 4. 
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From the sensitivity analysis, the most sensitive parameter in the conceptual model for the 

performance measure of groundwater head is net infiltration. This hydrologic stress is the most 

important source of water for the Cohansey aquifer system. For the performance measure of capture 

zone area the most sensitive parameter in the conceptual model is wellhead pumping rate. Wellhead 

pumping rate has the greatest effect on the groundwater flowfield near the wellhead at the starting 

points for reverse particle tracking analysis. The information from the sensitivity analysis will be 

helpful in determining parameter distributions for the uncertainty analysis of numerical modeling of 

WHPA boundaries in Chapter 6. 
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CHAPTER4 

DECISION ANALYSIS FOR WHPA DELINEATION 

4.1 Introduction 

There are many modeling alternatives that may be used to generate a WHPA boundary. The criteria 

and constraints that are used to detail the acceptable alternatives are set out in a Wellhead Protection 

Plan. The process of WHPA delineation ultimately results in zoning the area encompassed by each 

WHPA boundary as a special land-use class. The municipal ordinance accompanying the zoning 

process places restrictions on industrial development within each groundwater protection zone. The 

purpose of Chapter 4 is to introduce environmental decision making as a method for choosing the 

best model among all acceptable alternatives for delineating wellhead protection areas for 

groundwater protection. 

4.2 The Philosophical Basis Underlying Groundwater Protection 

Groundwater is an imponant yet vulnerable resource in Nonh America. Groundwater 

aquifers represent a major economic source of potable water. Once contaminated. groundwater is 

very costly to remediate. The most cost-effective means of ensuring a safe groundwater supply is to 

prevent contamination from occurring in the first place, and this can be accomplished using 

groundwater protection initiatives. The most practical means of groundwater protection occurs at the 

municipal level through the implementation of site-specific groundwater protection planning. The 

purpose of land-use planning is the division of a jurisdiction into districts to enable the regulation of 

land to promote the orderly development of the area and to provide for the protection of public 

health, safety and welfare. 

The philosophical principle underlying groundwater protection is to prevent contamination, 

which might have an adverse effect on human health. from entering public water systems. To 

implement this principle, a number of basic steps need to be addressed. These steps include: 

I. the development of policies for changing land-use patterns to implement groundwater protection 

initiatives 

2. the determination of the level of protection that is to be applied to each groundwater protection 

district 

3. the development of a methodology for choosing the best method for implementing groundwater 

protection 
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4. the hydrogeologic analyses necessary to form an understanding of the groundwater flow system 

in sensitive aquifers 

5. the delineation of the regions of space, or planning districts, which overlay a sensitive aquifer, to 

which the principles of groundwater protection will be applied 

6. the identification of all sources of contamination within each planning district that could have a 

potential impact on water quality at the wellheads 

7. the development of policies to manage potentially risky land-use practices in sensitive areas of 

the community 

8. the specification of contingency plans for an alternative supply of water in case the municipal 

wellheads become contaminated 

9. the development of strategies to monitor groundwater quality in protection districts to assess the 

effectiveness of protection initiatives 

l 0. the development of education programs to increase public awareness of groundwater protection 

issues 

The standard methodology for applying these principles in North America has been 

developed by the USEPA as a result of the Wellhead Protection Amendments to the Safe Drinking 

Waters Act. The purpose of the present research is to determine the best alternative for modeling the 

location of the WHPA boundaries using the USEPA methodology. To achieve this goal it is 

necessary to complete steps I through 5 presented above. This will be accomplished in the following 

manner. 

Step 1 Policies for changing land-use patterns will be developed in a community Wellhead 

Protection Plan. State Wellhead Protection Plans. submitted to the USEPA for approval by 

each state, provide the range of acceptable criteria and constraints for developing the 

Wellhead Protection Plan. 

Point 1.1 A WHP Plan will be formulated for Pleasant Plains, New Jersey to delineate the 

set of acceptable WHPA alternative boundaries. 

Step 2 The level of protection for each protection zone will be developed using a combination of 

groundwater monitoring and the minimization of industrial development. 

Point 2.1 A set of zoning controls will be developed for each groundwater protection zone, 

which will increase protection with proximity to the wellhead. 

Step 3 A comparison of WHPA boundary alternatives will be performed using a benefit-cost-risk 

approach. 

Point 3.1 Determine the benefits of each WHP A model. 
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Point 3.2 Determine the costs of each WHPA model, which will consist of the engineering 

and planning costs of zoning a modeled WHP A boundary. 

Point 3.3 Determine the risk of each WHP A model. 

Point 3.3.1 Define failure of a WHPA model by choosing a standard for comparing 

WHPA models. This standard was chosen to be the Zone of Confidence for 

multiple WHPA boundaries. It will be used to define the size of the failure 

area associated with each WHPA boundary. 

Point 3.3.2 Determine the type of failure. The total failure area may be comprised of 

a number of different types of failure based on the interaction between the 

ZOCs and the set of WHPA alternatives. 

Point 3.3.3 Determine the probability of failure. The present research will use data 

on the WHPA models found in State WHP Plans, and compare the 

application of each model using a weighted attributes matrix. 

Point 3.3.3.1 Choose the evaluation criteria for comparing WHPA models 

from the USEPA guidance document on WHPA delineation. 

Point 3.3.3.2 Choose the weighting for each evaluation criterion. 

Point 3.3.3.3 Rate each model for each evaluation criterion. 

Point 3.3.3.4 Multiply the rating and weighting values to determine the 

score for each model. Calculate the probability of model failure. 

Point 3.3.3.5 Determine a probability of choosing a criterion value for 

implementing WHPA modeling in each protection zone (e.g. values 

for distance or time of travel) based on the State WHPA Plans. 

Point 3.3.4 Determine the cost of failure. This will be based on the economic factors 

that affect municipal planning within a community. The present research will 

focus on industrial development as the most imponant non-agricultural point 

source that threatens groundwater quality. The cost of failure will be the cost 

of preventing existing and future industrial development from locating 

within each of the different groundwater protection zones. 

Point 3.3.4.1 Define the economic constraints associated with being located 

within a failure zone. They will include some, or all, of the 

following: the cost of purchasing land, the cost of facility relocation 

and the cost of groundwater monitoring within each protection zone. 

Point 3.3.4.2 Apply these costs of failure to each type of failure. 
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Point 3.3.5 Define the risk of failure to be probability of failure times cost of failure. 

Step 4 Develop a conceptual model of the groundwater flow system and use this model to implement 

WHPA delineation. The most scientifically defensible method of accomplishing this is to 

develop a numerical model of the flow system, which should include an understanding of: 

Point 4.1 The extent and permeability of hydrogeologic units. 

Point 4.2 The major surface water features of the watershed, and their interaction with the 

groundwater system. 

Point 4.3 The natural, physical boundaries of the flow system. 

Point 4.4 The water balance of the flow system. 

Step 5 Delineate a complete set of WHPA alternatives for each municipal wellfield. All of the 

WHPA models presented in the WHP Plan will be used to delineate the WHPA boundaries. 

For each groundwater protection zone the net present cost of delineation will be calculated 

using the following steps: 

Point 5.1 Delineate the complete set of WHPA boundaries on a single figure. 

Point 5.2 Compare each boundary to the ZOCs to determine the total failure area. 

Point 5.3 Determine the types of failure within the total failure area. 

Point 5.4 Calculate the cost of failure for each type of failure. 

Point 5.5 Sum the total cost of failure for each boundary alternative. 

Point 5.6 Determine the risk of failure by multiply the cost of failure and the probability of 

failure. 

Point 5.7 Add the cost of delineation and the risk of failure to determine the net present cost 

of using each WHPA model. 

4.3 Wellhead Protection Plan 

The Wellhead Protection Plan for the UWTR wellfields was formulated using information 

from a paper produced by the USEPA (Job, 1997). This paper summarizes the criteria, constraints 

and methods used by 46 states to prepare State Wellhead Protection Plans that were submitted to the 

USEPA for approval. Tables 4.1, 4.2 and 4.3 present a summary of the information found in these 

State Wellhead Protection Plans. 

The Wellhead Protection Plan for the UWTR wellfields uses a three-tiered approach to 

groundwater protection. It includes a Zone [, Zone ll and Zone ill WHP A boundary for each 

wellfield. The Zone I boundary is closest to the wellheads. No development will be allowed within 

the Zone I boundary. The Zone II boundary will be next farthest away from the wellhead, and for 
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industry located within this boundary an intense program of annual groundwater monitoring will be 

required. The Zone ill boundary will be farthest away from the wellhead, and for industry within this 

boundary a less intense program of annual groundwater monitoring will be required. 

Delineation Method Number of State 
WHPPlans 

Arbitrary Fixed Radii 31 

Calculated Fixed Radii 26 

Simplified Variable Shapes 6 

Analytical Modeling 26 

Numerical Modeling 17 

Hydrogeologic Mapping 31 

Table 4.1: The Number of State WHP Plans Using Each Method of Delineation 

Zone I Number of State 
Arbitrary Radii WHP Plans 

250 foot I 
500 foot 4 
1000 foot 6 

1500 foot 6 

2000 foot I 

½mile I 

3000 foot I 

I mile 4 

Table 4.2: Distances Used For Applying Arbitrary Fixed Radius Modeling 

Zone II and III Number of State 
Travel Times WHP Plans 

2 year I 
3 year I 
5 year 16 

2500 day I 
10 year 11 

Table 4.3: Travel Times Used For Applying Analytical and Numerical WHPA Modeling 

The Zone I WHPA boundary uses the distance criterion in combination with arbitrary fixed 

radii, the 180 day (V1 year) time of travel calculated fixed radius and the½ year numerical modeling 

(RW APT) boundaries. The Zone II WHPA boundary uses the 5 year time of travel criterion in 

combination with calculated fixed radii, analytical methods and numerical models. The Zone ill 

WHP A boundary uses the IO year time of travel criterion in combination with calculated fixed radii, 

analytical methods and numerical models. The uniform flow equation is the analytical method of 

WHPA delineation. The three analytical models include RESSQC, GPTRAC and MWCAP, which 
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are components of WHPA version 2.2 (Blandford and Huyakorn, 1990). The numerical flow model is 

a combination of SWIFT, which is used to define the groundwater flow regime, STLINE for 

advective particle tracking and RW APT for random walk panicle tracking. 

4.4 Environmental Decision Making for Delineating WHP As 

4.4.1 The Benefits and Costs of WHPA Delineation 

To choose the best placement of a WHPA boundary using environmental decision making it 

is necessary to determine the benefits, costs and risks of delineating a groundwater protection zone. 

This will be achieved using the approach developed by Massmann and Freeze ( 1987a). The benefits 

of a WHPA boundary are the societal benefits of a clean source of potable water. These benefits are 

the same for all groundwater protection alternatives, regardless of the land encompassed by the final 

boundary, as long as the wellhead continues to pump groundwater that meets appropriate drinking 

water quality objectives. Since these benefits do not aid in differentiating between WHPA 

delineation alternatives they will be left out of the analysis, and decision making will be based on 

minimizing the costs and risks of each WHPA model. 

For typical engineering ventures the costs of a project are those that are incurred during the 

design and implementation of the final structure. For delineating a WHPA boundary these costs 

include the engineering time involved in delineating the WHPA boundary and the cost of producing a 

Wellhead Protection Repon. An estimate of these costs was made based on the cost of producing 

similar civil engineering consulting repons. These costs were developed with a relatively simplistic, 

two-dimensional conceptual model in mind, and therefore. they would increase with an increase in 

the complexity of the hydrogeologic environment beneath the study site. The cost of producing the 

arbitrary fixed radius WHPA boundary and completing a WHP repon, which takes approximately l 

person-week of engineering time, is $5,000 and for the calculated fixed radii boundary this cost is 

$7,500. The cost of producing a WHPA boundary using the uniform flow equation, which takes 

approximately 2 person-weeks of engineering time, is $ I 0,000. The cost of using an analytical model. 

which takes approximately 3 weeks for a groundwater modeler, is $15,000. The cost of producing a 

calibrated and verified groundwater map of the area around a pumping well, and to perform 

advective panicle tracking of the WHPA boundary, which takes approximately 8 person-weeks for a 

groundwater modeler, is $40,000. The time to extend the groundwater flow analysis to include 

random walk particle tracking would involve one extra person-week for a groundwater modeler 

resulting in a cost of $45,000 for the RW APT boundary. 
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4.4.2 The Risk of WHPA Delineation 

For each WHPA boundary, for example the Zone I protection boundary, there is only one 

true placement for it on the ground surface. This true placement of the WHPA boundary is based on 

the delineation criteria presented in the Wellhead Protection Plan. Each method used to model a 

WHPA boundary determines only an approximation of its true placement because of the uncenainty 

in modeling the hydrogeologic environment. The risk associated with modeling a WHP A boundary is 

a combination of the cost of failure and probability of failure for the modeled boundary. These two 

components of the environmental decision making paradigm are determined by choosing a 

performance standard for WHPA modeling so that each alternative may be compared to the standard 

to determine the extent of failure. 

Determining the extent of failure for WHPA delineation is not straightforward because no 

performance standard currently exists. In other environmental decision ,naking situations. 

performance measures are prevalent. For example, the analysis of contaminant plume migration from 

an industrial property uses the applicable Water Quality Guidelines for the analysis of groundwater 

quality. These guidelines are compared to the concentration of contaminants in groundwater samples 

taken from monitoring wells at the property line of the industrial facility. The Water Quality 

Guidelines provide a measurable scale against which the extent of failure may be assessed. There is 

no equivalent performance standard for determining the failure of a wellhead protection area. 

A useful basis for developing a performance standard for WHPA delineation comes from a 

paper by Evers and Lerner ( 1998). The authors proposed that a reasonable parameter that may be 

used to describe the certainty in WHPA modeling is the zone of confidence (ZOC) that is generated 

by multiple numerical model simulations of the WHPA boundary. The authors defined the ZOC to be 

the area "which falls within all reasonable estimates of the catchment" which result from Monte 

Carlo simulation of a specific numerical WHPA model. The purpose of environmental decision 

making is to choose the best alternative for WHPA delineation using a number of different models. 

The ZOC will be re-defined, for the present research, to be the area that falls within all reasonable 

modeling estimates of the WHPA boundary for each groundwater protection zone. For each 

delineation model, the area that falls within the WHP A boundary but outside of the common ZOC 

will be defined as the zone of delineation uncertainty (ZOU). The area contained within the borders 

of all modeled boundaries, but outside of the ZOC, will be defined as the zone of uncertainty (ZOU). 

Figure 4.1 presents three potential WHPA boundaries and the ZOC contained within these 

boundaries, and shows the ZOU boundary that contains all three WHP As, and the ZOU for the first 

WHP A boundary. 
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The ZOC, as a performance standard, was developed to compare WHP A delineation methods 

that use scientific principles to model the location of the WHPA boundary. The time of travel based 

techniques represent the only delineation methods that use some scientific basis to model the 

hydrogeologic environment. As a result, the ZOC will only be applied to the analysis of the time of 

travel based methods of WHPA delineation. For the present research this entails the analysis of the 

Zone II and Zone ill WHPA boundaries. The distance-based techniques represent a more arbitrary 

basis for WHP A boundary delineation, and therefore, will be compared using the total area that is 

contained within each potential boundary. 

4.4.2.1 The Cost of Failure for WHPA Delineation 

The cost of failure depends on how the groundwater protection zones are modeled relative to 

the true WHPA boundary. To illustrate this point, Figure 4.2 shows a three-tiered WHPA boundary 

placement around a hypothetical wellhead. The set of WHPA boundaries labelled .. Real WHPAs" 

represent the true placement of the three protection boundaries. The set of WHPA boundaries 

labelled "Modeled WHPAs" represent the location of the boundaries that were produced by a 

hypothetical groundwater model. Because the Wellhead Protection Plan specifies a three-tiered 

approach to WHPA boundary delineation there are 15 potential areas of intersection between the 

.. Real" and .. Modeled" WHPA boundary sets. 

The potential cost of failure within each intersecting area depends on the restrictions that are 

placed on industrial activity, as detailed in the Wellhead Protection Plan. and the relationship 

between the "Modeled" and "Real" WHPA boundaries. These costs of failure are specific to each 

groundwater protection zone, and therefore, each protection zone will be discussed separately. 

Within Zone I. the USEPA recommends that the public water supply company, or local 

planning authority, control activity. They suggest that this be achieved by adopting a special zoning 

status for Zone I and purchasing the property within the WHPA boundary. They also recommend that 

signs be posted at all intersections between local roads and the WHPA boundary indicating the 

special zoning status and restricted activity within the Zone I boundary. Industrial activity will be 

prohibited within Zone I and the only acceptable use of this area will be parkland or natural open 

space. 

The cost of failure will be based on the amount of developable land between the Zone I 

boundary and the ZOC boundary, and the average purchase price of this land. For companies that 

want to locate within a community the Zone I boundary is not available for development. For 

undeveloped land within the Zone I failure area, the cost of failure is the forgone revenue associated 

with not selling this land as industrial land. For companies which are already located within the Zone 
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I failure area it will be necessary to relocate them to another industrial property, and thus the cost of 

failure for the town is the cost of purchasing the land and the cost of relocating the facility. The 

average cost of industrial land was estimated to be $40,000 per acre and the average cost of facility 

relocation was estimated to be $1,000,000 per industry. 

Restricted industrial activity will be allowed within the Zone II boundary. The cost of failure 

will be the extra cost associated with the annual groundwater monitoring program for facilities 

located in the failure area associated with the Zone II boundary. A typical annual monitoring program 

consists of water quality testing on 3 wells downgradient of the facility at a frequency of 4 times per 

year (Reichard et al., 1990). The annual cost of groundwater monitoring is approximately $60,000 

per year per industrial facility for sample analysis and a written report. This extra cost of $60.000 per 

year is the cost of guaranteeing that a specific industrial facility within the Zone II boundary does not 

contaminate the groundwater within the protection zone. 

Less severe restrictions will be applied to industrial activity within the Zone ill boundary. 

and the cost of failure will also be less severe. Groundwater monitoring is required within the Zone 

ill boundary but only 2 downgradient wells need to be sampled on an annual basis (Reichard et al.. 

1990). The annual cost of groundwater monitoring is $10,000 for each industrial property within 

Zone ill. The cost of failure will be the extra cost associated with the annual groundwater monitoring 

program for facilities located in the failure area associated with the Zone Ill boundary. 

To determine the risk associated with each groundwater protection zone. it is necessary to 

develop a number of engineering factors that relate to the amount of industrial development that 

could exist within the area surrounding the supply wells. In Dover Township, approximately 50% of 

the land is available for development, and approximately 25% of this land has already been 

developed. There are approximately 2.0 acres of developable land per industrial facility in New 

Jersey. These engineering factors were estimated from site maps of the Ocean County area of New 

Jersey. 

These engineering factors are community specific. A better source for this data would be the 

zoning maps for the area above the sensitive aquifer, and a survey of industrial and residential lots 

around each wellhead within the community. This type of survey is generally performed as part of 

implementing wellhead protection during the analysis to identify all anthropogenic sources of 

contaminants within the watershed (USEPA, 1991). However, this information was not available for 

the Pleasant Plains area at the time that the present research was performed. 

It is now possible to identify the cost of failure for each of the intersecting areas in Figure 

4.2. Table 4.4 presents the type of failure and identifies the cost of failure associated with these 15 
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areas of intersection. To understand this table it is necessary to define a number of terms. The 

numbers in column I refer to the areas in Figure 4.2. The capitalized Roman numerals in columns 2 

and 3 refer to WHP As I, II and ill. '' Moving" is a cost parameter that refers to the cost of moving an 

existing facility to a new location, which has been set at $1,000,000 for the building and $40,000 per 

acre for the land. '"Monitoring cm" and .. Monitoring (III)" are cost parameters that refer to the cost 

of groundwater analysis associated with industrial properties located in WHPAs II and ill, 

respectively. These cost parameter have been set at $60,000 and $ I0.000 per facility per year. 

respectively ... Land" is a cost parameter that refers to the cost of purchasing a parcel of land, which 

has been set at $40,000 per acre. 

Failure Modeled Real Cost of Failure 
Type WHPA WHPA Existing Facilities New Development 

Zone Zone 

I I I none none 
2 II II none none 
3 Ill Ill none none 
4 I none moving land 
5 I II [moving- monitoring (11)1 [land - monitoring (11)1 

6 I Ill [moving - monitoring (III) I [land - monitoring (111)1 

7 II none monitoring (II) monitoring (II) 

8 II I [moving- monitoring (11)1 [land - monitoring (11)1 

9 II Ill [monitoring ([I) - monitoring (111)1 [monitoring (II) - monitoring (Ill) I 
10 III none monitoring (III) monitoring (III) 

II III I [moving - monitoring (Ill) I [land - monitoring (III)] 
12 III II [monitoring ([I)- monitoring (111)1 [monitoring (II) - monitoring ( Ill) I 
13 none I moving land 
14 none II monitoring (II) monitoring ( II) 

15 none III monitoring (Ill) monitoring (III) 

Table 4.4: Types and Costs of Failure for WHPA Delineation 

To compare these failure costs on an equal basis, all failure costs were converted into their 

equivalent net present worth. An engineering life of 30 years and a nominal rate of return of 6% were 

used to generate a value of 13.765 for the present worth factor for annual disbursements. The cost of 

failure, in terms of net present worth, will be determined using the following relationships: 

moving= 

land= 

monitoring(m=[$60,000(Z) * 13.76483]= 

monitoring(Ill)=[$ l 0,000(2) * 13.76483] = 

where: X = amount of developed industrial land [acre] 
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[$40,000(X)+$1,000,000(Z)] (4.1) 

[$40,000(Y)] 

[$825,889.8(2)] 

[$137,648.3(2)] 

(4.2) 

(4.3) 

(4.4) 



Y = amount of undeveloped industrial land [acre] 

Z = number of industrial facilities [facility] 

To illustrate the interpretation of Table 4.4, failure type 8 will be explained. Failure type 8 

refers to the failure associated with zoning the area contained within it as •·WHPA II" when it should 

in reality have been zoned as "WHPA I". For a facility that currently exists within this area, the cost 

of failure is the difference between the cost of moving the facility (which would have occurred if the 

area had been designated as Zone I) and the cost of monitoring the groundwater (which is appropriate 

for Zone m. For undeveloped land within this area, the cost of failure is the difference between the 

unrealized sale of the land (which would have occurred if the area had been designated as Zone I) 

and the cost of monitoring the groundwater (which is appropriate for new facilities in Zone m. 
4.4.2.2 The Probability of Failure for WHPA Delineation 

The probability of failure for WHPA delineation represents the probability that the WHPA 

boundary that has been modeled has failed to determine the true location of the theoretical WHPA 

boundary. For groundwater protection using the distance criterion. the purpose of modeling is to 

ensure that the WHPA boundary is large enough to prevent any immediate contamination to the 

wellhead. There is a compromise between increasing the size of the WHPA to reduce the immediate 

risk of contamination, and reducing the size of the WHPA to reduce the impact of preventing 

development within this protection zone. As a result, the probability of failure will tend to decrease 

as the area contained increases. For time of travel based methods. the underlying principle is to 

attempt to model the true location of the theoretical WHPA boundary. Since it is impossible to 

determine the true boundary location there will be some failure associated with the area that is 

delineated. This failure area is reflected in the size of the ZOU that was determined for each 

delineation technique. 

lt is also important to ensure that the function that represents the probability of failure is 

based on both the choice of model (probability of model failure) and the choice of the criterion value 

that is used to implement the model (probability of criterion choice). The function that was 

developed is presented below: 

Pr=(Pmf* P.:c) 

where: Pr= probability of failure 

Pee = probability of criterion choice 

P mf = probability of model failure 

(4.5) 

The probability of model failure was determined by evaluating the scientific effectiveness of 

each model for determining the true location of the WHPA boundary. Costanza and Sklar (1985) 
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developed a methodology for ranking scientific models and applied it to the evaluation of 87 

freshwater wetland models. This ranking methodology evaluated each wetland model based on three 

factors: articulation (model size and complexity), accuracy (ability to describe the behavior of the 

system), and effectiveness (ability to explain articulation and accuracy). This method of ranking 

models proved to be a useful tool for researchers who planned to develop models for other freshwater 

wetland sites. 

A similar evaluation system was developed herein to rate WHPA delineation models, which 

is based on the ranking methodology described above. This evaluation system is presented in the 

form of a weighted attributes matrix. which will subsequently be used to determine the probability of 

model failure. The weighted attributes matrix is commonly used in environmental assessment for 

comparing design alternatives. The present system evaluates each WHPA model using three 

evaluation criteria: model complexity, model flexibility and model facility. These evaluation criteria 

were derived from the technical evaluation factors that were developed by the USEPA to help states 

make a qualitative assessment of which delineation model (USEPA, 1987). Model complexity 

reflects the complexity of the scientific relationships in the model used to represent the 

hydrogeologic environment. Model flexibility reflects the ability of the model to simulate different 

hydrogeologic settings including the ability to model two-dimensional and three-dimensional 

settings. Model facility reflects the ease of gathering input data for the application of the model, 

which is a representation of the modeler's knowledge of hydrogeology for obtaining accurate results. 

The technical basis behind each of these models that will be compared is presented in Section 4.4. 

The weighted attributes matrix for the WHPA models is presented in Table 4.5. Each of the 

evaluation criteria were assigned a weight such that the sum of the weights was 1.0, and each WHPA 

model was rated with a value between 0.0 and I 0.0 for each of the evaluation criteria. The best 

method of determining these weighting and rating values is a survey of a number of experts familiar 

with the WHPA models and the groundwater protection issues. The results of this survey would be 

averaged to provide a better assessment of the true value of each model rating. The criterion weights 

were multiplied by the rating values for each evaluation criterion. The results were summed to 

provide a total score for each delineation model. Based on this system, the maximum score is a value 

of 10.0. The probability of model failure will be determined by dividing the total score for each 

model by I 0.0, and subtracting the result from 1.0. 

The function that was developed to represent the probability of criterion choice was 

produced from the information presented in Tables 4.2 and 4.3. For the arbitrary fixed radius 

method the implementation criterion is distance and its' values range from 250 feet to l mile. 
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For the analytical and numerical models the implementation criterion is time of travel and its• 

values range from ½ year to 10 years. Values for each of these criteria were chosen by 

decision makers during the preparation of the WHP Plan. From these ranges of values, it was 

possible to determine a probability of choosing a criterion. 

Delineation Model Evaluation Criteria Total Probability 
Complexity Flexibility Facility Score of Model 

[0.4] [0.4] [0.2] [10] Failure 

Arbitrary Fixed Radii 0.5 1.0 1.0 0.8 0.920 
Calculated Fixed Radii 2.0 2.0 2.5 2.1 0.790 
Simplified Shapes 3.5 2.5 3.5 3.1 0.690 
Uniform Flow Equation 4.0 3.0 4.5 3.7 0.630 
Analytical (MWCAP) 4.5 5.0 5.5 4.9 0.510 
Analytical (RESSQC) 5.0 5.0 5.5 5.1 0.490 
Analytical (GPTRAC) 5.5 5.0 5.5 5.3 0.470 
Numerical (STLINE) 8.0 8.5 8.5 8.3 0.170 
Numerical (RWAPT) 9.0 9.5 9.5 9.3 0.070 

Table 4.5: Probability of Model Failure for Each WHPA Modeling Technique 

For the distance criterion. the smallest value that was used is 250 feet. This implies that all 

decision makers agreed that the arbitrary fixed radius distance should be at least 250 feet, and 

therefore, the probability of criterion choice was assigned a value of 1.000. The next largest value 

was 500 feet. Since only 1 WHP Plan used a value of 250 feet, there were 23 of 24 decision makers 

who believed that the distance should be at least 500 feet. and therefore. the probability of criterion 

choice for this distance was assigned a value of 23'2.t, or 0.985. Since there were 4 WHP Plans which 

used a value of 500 feet. there were 19 of 24 decision makers who agreed that the distance should be 

at least I 000 feet resulting in a weighting factor of 0. 792. This reasoning was applied to all of the 

distances in Table 4.2. and multiplied by the probability of model failure for the arbitrary fixed 

radius method, to achieve the overall probabilities of failure. These probabilities of failure are 

presented in Table 4.6. 

A similar development was used to determine the probability of criterion choice for travel 

times. The smallest value of this criterion is the ½ year time of travel. When this value was included 

with the values from Table 4.3 there were 31 WHP Plans from which to sample probability of 

criterion choice. All decision makers agreed that the travel time should be at least ½ years, and 

therefore, probability of criterion choice was given a value of 1.000. Since there is only 1 WHP Plan 

which used a value of ½ year, there were 30 of 31 decision makers who agreed that the travel time 

should be at least 2 years resulting in a probability of 0.968. Since there was only I WHP Plan which 

used a value of 2 years. there were 29 of 31 decision makers who agreed that the travel time should 
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be at least 3 years resulting in a probability of 0.935. This reasoning was applied to all of the 

potential travel times to achieve the probabilities presented in Table 4.7. These values for probability 

of criterion choice were applied to each of the travel time based WHPA delineation models. 

Probability of criterion choice was multiplied by probability of model failure to achieve the overall 

probabilities of failure. The probabilities of failure for the ½ year, 5 year and 10 year travel times are 

presented in Table 4.8. 

Zone I Number of State Probability of Criterion Choice Probability 
Distance WHP Plans of Failure 

Criterion Fractional Value Decimal Value [Pd 

250 foot 1 24/24 1.000 0.920 
500 foot 4 23/24 0.958 0.881 
IOOO foot 6 19/24 0.791 0.728 
1500 foot 6 13/24 0.541 0.498 
2000 foot 1 7/24 0.291 0.268 

1/2 mile I 6/24 0.250 0.230 
3000 foot 1 5/24 0.208 0.191 

1 mile 4 4/24 0.166 0.153 

Table 4.6: Probability of Failure for Each Arbitrary Fixed Radius Distance 

Time of Number of Probability of Criterion Choice 
Travel WHP Plans Fractional Value Decimal Value 
Values 
1/2 year 1 31/31 1.000 
2 year l 30/31 0.968 

3 year 1 29/31 0.935 

5 year 16 13/31 0.903 

2500day I 12/31 0.387 

IO year 11 11/31 0.354 

Table 4.7: Probability of Criterion Choice for Each Panicle Time of Travel 

Delineation Technique Probability of Probability of Failure 
Model Failure 1/2 Year 5 Year IO Year 

Calculated Fixed Radii 0.790 0.790 0.564 0.280 
Uniform Flow Equation 0.630 0.630 0.569 0.223 
Analytical (MWCAP) 0.510 0.510 0.461 0.181 
Analytical (RESSQC) 0.490 0.490 0.442 0.173 
Analytical (GPTRAC) 0.470 0.470 0.424 0.166 
Numerical (STLINE) 0.170 0.170 0.154 0.060 
Numerical (RW APT) 0.100 0.100 0.090 0.035 

Table 4.8: Probability of Failure for Time of Travel Based Modeling Techniques 
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4.5 Methods of WHP A Delineation 

4.5.1 Introduction 

The basis for all current techniques for delineating groundwater capture zones, promoted by 

the USEPA, is steady state analysis of the groundwater flow field, which will use some or all of the 

information detailed in the conceptual model of groundwater flow system presented in Chapter 3. 

Average hydrogeologic parameter values are determined for all necessary input variables and the 

steady state groundwater head field and velocity field are used as input to capture zone analysis 

techniques. The following section will describe the technical basis for each of these delineation 

models. 

4.5.2 USEPA Delineation Techniques 

The first technique suggested by the USEPA for WHPA delineation involves the use of 

arbitrary fixed radii. An arbitrary fixed radius is a circle of a specified radius that is drawn around 

each wellhead. The specific radius may be chosen based on federal, state or regional guidance on 

groundwater protection. Common specified radii which have been used to delineate WHPAs are 250 

foot, 500 foot, IOOO foot, 1500 foot, 2000 foot, 3000 foot, 1/2 mile and l mile radii around the 

wellhead. 

The second technique suggested by the USEPA is the calculated fixed radius method. 

Calculated fixed radii are circles that are drawn around each wellhead of a specific radius that is 

based on a specified time of travel to the wellhead. The specified time of travel and the average 

flowrate from the wellhead are related to the volume of groundwater withdrawn from the flowfield 

using the volumetric flow equation (USEPA. 1987). The volumetric tlow equation determines the 

radius, r, as follows: 

r=/Qt v~ 
where: Q = the pumping rate for the well [L3 ff] 

n = aquifer porosity [LIL] 

H = well screen length [L] 

t = travel time from the well to the WHPA boundary [T] 

(4.6) 

To illustrate the use of this delineation method the following parameter values will be used. 

A 180 day time of travel in combination with a pumping rate of 665,616 meters3/year (64,400 

feec3/day) for well 20, a porosity of 0.30 and a well screen length of 15.24 meters (50 feet) will result 

in a calculated fixed radius of 151.2 meters (496.0 feet). 
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Simplified variable shapes are standard forms, or boundary shapes. which are generated 

using a combination of analytical methods and the hydrogeologic parameters of the wellfield. The 

standard form for the delineation of WHPAs in Southern England uses the time of travel criterion to 

calculate the upgradient extent of the capture zone and the uniform flow equation to calculate the 

downgradient extent of the capture zone (USEPA, 1987). Since these are combinations of other 

delineation techniques already under analysis they will not be explicitly analyzed in the current 

research. 

There are a number of analytical methods that may be used to delineate travel times within 

the groundwater regime. The simplest method uses the uniform flow equation to generate the flow 

divide for the wellhead under the assumption of a homogeneous. isotropic flow field (USEPA. 1987). 

The uniform flow equation is presented below: 

Y (2m(biY) --=tan 
X Q 

where: Y = distance of the divide from the well in they-direction [L] 

X = distance of the divide from the well in the x-direction [L] 

K = hydraulic conductivity [Lfr] 

b = aquifer thickness [L] 

i = regional hydraulic gradient [LIL] 

The location of the downstream stagnation point (Xd is given by: 

The location of the maximum boundary limit in the y-direction (Y J is given by: 

Y: =+(_g_) 
L - 2Kbi 

(4.7) 

(4.8) 

(4.9) 

The uniform flow equation delineates the divide between groundwater that flows to the well 

and groundwater that flows past the well. The stagnation point is the location of the divide directly 

downgradient of the well. The maximum boundary limit is the maximum distance in the y-direction 

of the flow divide away from the centreline particle streamline. The uniform flow equation does not 

take into account the influence of other wells near a specific wellfield and thus within a wellfield 

containing multiple wellheads there may be error in applying this relationship separately to each well 

if the flow divides overlap. However, it does illustrate the potential influence of adjacent pumping 

wells on each other by showing the overlap between flow divides. A FORTRAN computer program, 

called UNIFORM, was written to implement the uniform flow equation that is presented as Equation 
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4.7. The model transposes the results of the uniform flow equation to the coordinate system of the 

conceptual model for each well at the UWTR Wellfield under the input conditions presented in Table 

4.9. The computer code for UNIFORM is found in Appendix. IV. 

Well Parameter Units w-20 w-22 w-24 w-26 w-28 w-29 
Transmissivity (Kb) feer/day 7500 7500 7500 7500 7500 7500 
Regional Gradient (i) feet/feet 0.0030 0.0035 0.0035 0.0035 0.0035 0.0035 

Flowrate (Q) feet3/day 64400 75500 66200 62400 62500 63800 

X-coordinate feet 3200 7400 8200 6800 7200 7200 

Y-coordinate feet 19600 19400 18600 18800 19000 18600 

Angle of Gradient deg 225 225 225 225 225 225 

Table 4.9: Average Parameter Values for Uniform Flow Equation Analysis 

Analytical methods may also be incorporated into computer models like RESSQC. which is 

an analytical model for delineating wellhead protection areas and is pan of the WHPA set of 

computer models. WHPA vt:,sion 2.2 is the USEPA computer code for delineating capture zones 

(USEPA. 1993). The hydrogeologic information that was used to model capture zones at the UWTR 

wellfield is presented in Table 4.10. GPTRAC is a second analytical model that is a pan of the 

WHPA code. GPTRAC delineates capture zones for pumping wells in homogeneous aquifers with 

steady and uniform ambient groundwater flow. MWCAP is a third analytical model that is pan of the 

WHPA code. MWCAP delineates capture zones for multiple pumping wells in a homogeneous 

aquifer with steady and uniform ambient groundwater flow. 

Aquifer Parameter Units Avera2e Value 
Transmissivity feer/day 7500 

Porosity 0.30 

Thickness feet 50 

Hydraulic Gradient feet/feet 0.003 

Angle of Flow deg 225 

Simulation Time days 1825 & 3650 

Table 4.10: Parameter Values for RESSQC. GPTRAC and MWCAP Analysis 

Hydrogeologic information may also be used to delineate, or map, components of a WHPA. 

The most common hydrogeologic information that is used to map WHPAs is the location of an 

upstream divide for the groundwater flow system. An upstream flow divide may be identified as a no 

flow boundaries such as the boundary of the watershed which overlays the groundwater system. A 

flow divide may also be a surface water source for the groundwater flow regime such as a river or 

lake. This information has been presented on the Reich Farm site map, shown in Figure 3.1, as the 

nonhem and eastern boundaries of the conceptual model of the site. These hydrogeologic boundaries 

may be superimposed over other WHPA delineation boundaries to better identify the extents of the 

ultimate capture zone boundary for a groundwater flow system. 

76 



4.S.3 Numerical Modeling Delineation Techniques 

Numerical models are the last, and most versatile, delineation technique proposed by the 

USEPA for WHPA delineation. There are a wide diversity of numerical models that simulate 

groundwater flow and particle tracking. These models are complex in the way they represent the flow 

region within a hydrogeologic unit, and as a result numerical models require the greatest amount of 

information of all of the WHPA delineation techniques. SWIFf version 2.29 is a numerical model 

which will be used as the basis for delineating time related capture zones around a pumping 

wellfield. SWIFf will be used to model the groundwater flow field for the Cohansey aquifer and 

STLINE version 1.9 will be used to model reverse advective particle tracking. The numerical convex 

hull program CAPZON will be used to delineate time related capture zones from the output pathlines 

generated by STLINE. For random walk particle tracking simulation, the output hydraulic head field 

from SWIFf and the particle tracking program RW APT will be used to generate reverse particle 

pathlines and the CAPZON model will be used to generate capture zone boundaries. 

4.6 WHP A Decision Making 

The purpose of this section is to use environmental decision making to determine the best 

alternative for groundwater protection of the UWTR wellfields. There are two wellfields under 

consideration (well 20 to the west and the Parkway wellfield to the east) and three protection zones 

(Zone I, II and III) for each wellfield. Decision making will be approached in a different manner for 

Zone I as compared to Zone II and III. Within Zone I, WHPA delineation is based primarily on the 

distance criterion. and therefore, decision making will be directed toward optimizing the size of the 

area encompassed by the WHPA boundary and the probability of failing to encompass the true 

WHPA boundary. Within Zone II and Zone III. WHPA delineation is based on the time of travel 

criterion, and therefore, decision making will be directed toward comparing each delineation 

technique to the ZOC standard to determine the best modeling alternative. 

Environmental decision making for WHPA delineation will be implemented as follows. For 

each protection zone, all of the potential WHPA boundaries will be delineated in the same figure. 

The zone of confidence for time of travel based WHP A boundaries will be determined. 

Environmental decision making will be implemented in Zone I to choose WHPA I. WHPA I is the 

best boundary alternative for Zone I protection. For each travel time based method of WHPA 

delineation, the Zone II and Zone III boundaries are presented on the same figure as WHPA I, ZOC II 

and ZOC III to determine the risk of failure for the delineation method. Environmental decision 

making will then be implemented in Zone II and III to choose WHPA II and WHPA III. 
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4.6.1 Delineation of All Potential WHPA Boundaries 

Prior to making any decisions about the best alternative for WHPA boundary it is necessary 

to use all delineation methods described in Section 4.4 to generate all of the possible WHPA 

boundary alternatives at the UWTR wellfields. This will provide an understanding of the engineering 

design constraints involved in generating these WHPA boundaries. The Zone l WHPA boundaries, 

using the 1000 foot arbitrary fixed radius and the 180 day calculated fixed radius around each 

wellfield, are presented in Figure 4.3. Figure 4.4 presents the Zone Il boundary using calculated fixed 

radii. Figure 4.5 shows the Zone ll boundary delineated using the uniform flow equation. Figure 4.6 

shows the Zone ll boundary delineated using GPTRAC, RESSQC and MWCAP. Figure 4.7 shows 

the Zone Il boundary delineated using the SWIFT groundwater flowfield, and STLINE and RW APT 

particle tracking. Figure 4.8 presents the Zone [[I boundary using calculated fixed radii. Figure 4.9 

shows the Zone ill boundary using the uniform flow equation. Figure 4.10 shows the Zone m 
boundaries using GPTRAC, RESSQC and MWCAP in conjunction with the groundwater flow divide 

to the east of the site. Figure 4.11 shows the Zone m WHPA boundary using the SWIFT steady state 

groundwater flowfield and STLINE and R W APT particle tracking. 

4.6.2 Zone I, II and Ill WHPA Boundaries 

The Zone [ boundary was based primarily on the distance criterion in combination with the 

arbitrary fixed radius technique. Figure 4.12 shows IO potential Zone [ boundaries for well 20. These 

include the 250,500, 1000, 1500, 2000 and 3000 foot,½ mile and l mile arbitrary fixed radii, as well 

as the 180 day calculated fixed radius and RWAPT numerical modeling boundaries. Figure 4.13 

presents these same WHPA boundaries for the Parkway Well field. 

Seven delineation techniques were investigated for determining the Zone II and m WHPA 

boundaries. These techniques include calculated fixed radii, the uniform flow equation, analytical 

models (GPTRAC, RESSQC and MWCAP) and numerical models (STLINE and RWAPT). Figures 

4.14 and 4.15 show the seven potential Zone ll WHP A boundaries and the ZOC around well 20 and 

the Parkway Wellfield, respectively. Figures 4.16 and 4.17 show seven potential Zone m WHPA 

boundaries and the ZOC around each wellfield. For both Zone II and m, the ZOC for well 20 is a 

combination of the calculated fixed radius, uniform flow equation, RESSQC and STLINE 

boundaries, and the ZOC for the Parkway wellfield is a combination of the UNIFORM, MWCAP and 

GPTRAC boundaries. For well 20, the Zone II and Zone m ZOC boundaries encompass areas of 

2,330,200 ft2 and 3,020,200 ft2
, respectively. For the Parkway wellfield, the Zone Il and Zone m 

ZOC boundaries encompass areas of 7,400,600 ft2 and 9,418,400 ft2
. 
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The ZOC boundaries for Zone II and ill represent the standard against which each potential 

WHPA delineation technique will be compared. Figure 4.18 presents a summary of the Zones of 

Confidence for each of the groundwater protection zones around the UWTR wellfields. These ZOC 

boundaries will be used for an environmental decision making analysis of the methods and criteria 

for delineating wellhead protection areas around the UWTR wellfields. 

4.6.2.1 The Zone I WHP A Boundary 

WHPA decision making, for protection Zone I, will be based on determining the areas 

associated with the intersection between the potential WHPA boundary and the ZOC lI and m 
boundaries. Each of these intersecting areas was considered a failure area, according to the 

presentation in Table 4.4. To illustrate the decision making process, Figure 4.19 shows the location 

of the 1000 foot Zone I WHPA boundary and the ZOC II and ZOC ill around well 20. This figure 

also presents the areas of intersection associated with the 1000 foot boundary and the type of failure 

that each of these areas represent. The size of failure area types 4, 5 and 6, for well 20, are 1,657,200 

ft2, 1,461,100 ft1 and 22,600 ft1
, respectively. Decision making will be based on the cost of failure 

associated with each of these failure areas and the probability of failure of the specific WHPA model. 

Table 4.11 presents the areas encompassed by each of the potential Zone I boundaries. Table 

4.12 presents the failure areas that are associated with the interaction between each of these potential 

Zone I boundaries and the ZOC boundaries. The failure areas are differentiated based on the type of 

failure identified in Table 4.4 to associate each failure area with a cost of failure. Table 4.13 presents 

the net present wonh of the cost of producing each potential Zone I boundary. When comparing these 

methods for WHPA delineation. the best alternative for delineating the Zone I boundary is the 250 

foot AFR because it has the lowest net present cost of $791,400. The next best alternative for 

delineating the Zone I boundary is the ½ year RW APT boundary, which has a net present cost of 

$858,800. 

The net present wonh of each Zone l WHPA boundary result from the interaction between 

the size of the area contained within the boundary and the probability of failure to contain the true 

WHP A boundary. It is evident that the probability of containing the true WHP A boundary increases 

as the area in Zone l increases, but the probability of failure increases, and therefore the risk of 

failure increases as well. An obvious conclusion from this analysis is that the use of the arbitrary 

fixed radius method can lead to very high risk of failure for some of the distances which have been 

compared. The use of anything above a distance of 500 feet has an environmental risk of greater than 

$10 million dollars. This indicates that arbitrary fixed radius method should only be used in the 

simplest of hydrogeologic settings where there is a low probability of failure. 
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Potential WHPA Boundary Area 
WHPA Well 20 Parkway Wellfield 

Boundary [feet2] [feel2 ) 

250 FoolAFR 196 300 906 900 

500 Foot AFR 785 200 2 708 600 

1000 Foot AFR 3 140900 7011000 

1500 Foot AFR 7 067 100 12 698 200 

2000 Foot AFR 12 401 700 19 768 800 

½Mile AFR 18 804 700 29 455 100 

3000 Foot AFR 22 059 000 35 554 400 

I Mile AFR 38 698 000 89 831 100 

180 DayCFR 772 700 2 766 500 

180 Day RWAPT l 238 800 6 570 700 

Table 4.11: The WHPA Boundary Area for Each Potential Zone I Boundary 

Potential Failure Failure Area (ZOU) 
WHPA Type Well 20 Parkway Total Arca 

Boundary [feet2) [fecl1) [fcel1) 

250 Foot AFR 5 196 300 906 900 I 103 200 

500 Foot AFR 4 153 500 208 000 361 500 

5 631 800 2 425 900 3 057 700 

I 000 Foot AFR 4 I 657 200 2 362 600 4 019 900 

5 I 461 100 4 617 900 6 079 000 

6 22 600 -- 22 600 

1500 Foot AFR 4 4 843 300 6 228 900 II 072200 

5 2 117 100 6 326 000 8 443 100 

6 115 700 68 800 184 600 

2000 Foot AFR 4 9 597 800 11604600 21202400 

5 2 330 200 7 325 900 9 656 100 

6 479 000 763 200 I 242 200 

½Mile AFR 4 15 784 500 20 036 700 35 821 200 

5 2 330 200 7 325 900 9 656 100 

6 690000 2 017 800 2 707 900 

3000 Foot AFR 4 19038 800 26 136 000 45 174 800 

5 2 330 200 7 325 900 9 656 100 

6 690000 2 017 800 2 707 900 

l Mile AFR 4 35 678 100 73 748 800 109 426 900 

5 2 330 200 7 325 900 9 656 100 

6 690000 2017 800 2 707 900 

180 DayCFR 4 147 800 195 100 342 900 

5 624 900 2 541 000 3 166 000 

180 Day RWAPT 4 125 500 l 475 000 1600 500 
5 I 113 300 5065 300 6 178 600 

Table 4.12: Failure Areas (ZDUs) for Each Zone I Boundary 
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'° 00 

Zone I P, Failure Area of F.1ilure 

Boundary Type Total Tot.II Developahle Developed 

(feet2
) (ucre) (acre) Jucre) 

250 Foot 0.920 5 I I03 200 25.33 12.66 3.17 

500 Foot 0.881 4 361 500 8.30 4.15 1.04 

5 3 057 700 70.19 35.10 8.77 

IOOOFoot 0.728 4 4 019 800 92.28 46.15 11.54 

5 6 079 ()()() 139,55 69.78 17.44 

6 22600 0.52 0.26 0.06 

1500Foot 0.498 4 11072200 254.18 127.09 31.77 

5 8 443 I()() 193.83 96.91 24.23 

6 184 600 4.24 2.12 0.53 

2000 Foot 0.268 4 21202400 486.74 243.37 60.84 

5 9 656 I{)() 221.67 110.84 27.71 

6 I 242 2<K> 62.16 14.26 7.77 

½Mile 0.230 4 35 821 200 822.34 411.17 102.79 

5 9 656 I()() 221.67 110.84 27.71 

6 2 707 9()() 62.16 14.26 7.77 

3000 Foot 0.191 4 45 174 800 1()37.07 518.54 129.63 

5 9 656 I()() 221.67 110.84 27.71 

6 2 707 9()() 62.16 14.26 7.77 

I Mile 0.153 4 I09 426 900 2512.IO 1256.05 314.01 

5 9 656 100 221.67 110.84 27.71 

6 2 707 9()() 62.16 14.26 7.77 

180 Day 0.790 4 342 900 7.87 3.94 0.98 

CFR 5 3 166 ()()() 72.68 36.34 9,()(J 

180Day 0,100 4 I 600500 36.74 18.37 4.59 

RWAPT 5 6 178 600 141.84 70.92 17.73 

Table 4.13: The Net Present Worth Costs of Delineating Zone I WHPAs 

Sites Cf Rf NPW 
Undeveloped 

(acre) ($) ($) ($) 

9.50 2 854 700 786400 791 400 

3.11 I 1166000 

26.32 5 2 274400 3 031 000 3 036 ()()0 

34.61 6 7 845,700 

52.33 9 4 358 100 

0.19 I 872 7()() 9 519 7()() 9 524 7()() 

95.32 16 21083600 

72.69 u 6 140 (){)() 

1.59 I 947 too 14 029 (){)() 14 034 ()(K) 

182.53 31 40 734 800 

83.13 14 6 871 {){K) 

I0.(19 2 2 295 I()() 13 373 4()() 13 378 4(Kl 

30IU8 52 68 446 8(K) 

1!3.13 14 6 871 ()()() 

23.31 4 4 692 7()() 18 402 4()() 18 407 4()() 

388.90 65 85 741 4(K) 

83.U 14 6 871 (K){) 

23.31 4 4 (192 7()() 18 585 3()() 18 590 3()() 

942.04 158 208 241 9(K) 

83.13 14 6 871 ()()() 

'.LUI 4 4 692 7()() 33 630 3()() 33 635 3()() 

2.95 I I 157 4<Kl 

27.26 5 2 .124 2()() 2 750 5()() 2 758 (){)() 

13.78 3 3 734 8()() 

53.19 9 4 403 8()() 813 9()() 858 9()() 



4.6.2.2 The Zone n and Zone DI WHP A Boundaries 

WHPA decision making, for Zone II and III, will be based on determining the area that falls 

within each protection zone which is outside of WHPA I. This will guarantee the avoidance of 

double counting in the decision making process. Figure 4.20 shows the placement of the WHPA 

boundaries for the Zone II and III calculated fixed radii (CFR) model around the UWTR wellfields. 

The area within the Zone I WHPA boundary is 193,600 fr2 for well 20 and 906,900 ft2· for the 

Parkway wellfield. For the Zone II CFR boundary the area of failure was determined by subtracting 

the area within the CFR boundary from the ZOC for Zone II. This failure area is comprised of three 

types of failure. Type 7 failure contains an area of 6,530.300 ft2 for well 20 and 8,227,500 ft2 for the 

Parkway wellfield. Type 9 failure contains an area of 147,200 ft2 for well 20 and 115,000 ft2 for the 

Parkway well field. Type IO failure contains an area of 5,292.100 ft2 for well 20 and 6,603,600 ft2 for 

the Parkway wellfield. 

Figure 4.21 shows the placement of the WHPA boundaries for the Zone II and III uniform 

flow equation (UFE) model. Figures 4.22. 4.23 and 4.24 present the placement of the Zone II and 

Zone [II WHPA boundaries for the GPTRAC, MWCAP and RESSQC analytical models. 

respectively. Figures 4.25 and 4.26 present the placement of the Zone II and Zone III WHPA 

boundaries for the STLINE and RW APT numerical models. respectively. Table 4.14 presents the 

WHPA boundary areas for the seven techniques for delineating Zone Il and Zone III boundaries, 

respectively. Table 4.15 presents the failure areas that are associated with the interaction between 

each of these potential Zone II and Zone III boundaries and the WHPA I. ZOC Il and ZOC III 

boundaries. The environmental risk that is associated with each Zone ll and ill delineation technique 

is presented in Table 4.16. The net present wonh of the cost of delineating each WHPA boundary is 

determined by adding the cost of modeling the final WHPA boundary and the risk that is associated 

with the WHPA model. For each delineation technique the total environmental risk is a combination 

of the risk in Zones ll and III. 

The best alternative for the delineation of the Zone Il and Zone III WHPA boundaries is the 

RW APT numerical modeling boundary, with the lowest net present cost of $3,980,800. The next best 

alternative is the STLINE numerical model with a net present cost of $5,716,400. The extra effon put 

toward the use of advective-dispersive (RW APT) panicle tracking reduces the risk of failure to 

below that of advective panicle tracking. The regret associated with not using the RW APT numerical 

model for Zone II and Zone III delineation will be investigated funher in Chapter 5. 
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WHPA Zone II Area Zone III Area 

Delineation Well 20 Parkway Well 20 Parkway 

Technique [feet1] [feet1) [feet2] [feet1] 

Calculated FR 9 001 700 14 842 500 15 743 100 24 245 800 

Uniform Flow 7 016 600 13 969 400 10 503 000 20498 800 

RESSQC 7 378 400 40 268 400 15 300900 71326100 

GPTRAC 6 116 300 17 687 700 10 807 800 29 962 100 

MWCAP 7 461 700 13 459 900 15 180000 25 700800 

STLINE 6 282 100 31672800 9 318 500 49 051400 

RWAPT 7 880 800 35 367 900 12 646 500 54 477 100 

Table 4.14: The WHPA Boundary Areas for Potential Zone II and ill Boundaries 

Potential Failure Failure Area cZDU) 
WHPA Type Well 20 Parkway Total Area 

Boundary [feet1] [feet1] [feer1] 

CFR 7 6 530 300 8 227 500 14 757 800 
9 147 200 115 000 262 300 

10 5 292 100 6 603 600 11895700 

UFE 7 4 192 700 5 457 900 9 650600 
9 690000 2 017 800 2 707 900 

10 3 290 100 5 622 500 8 912 600 

RESSQC 7 4 609 000 30 850000 35 459 000 
9 439 200 I 819 100 2 258 400 

10 7 922500 31057600 38 980 200 

GPTRAC 7 3 292400 9 167 200 12 459 600 

9 690000 2 017 800 2 707 900 

10 4 495 200 9 367 500 13 862 700 

MWCAP 7 4 637 800 5 147 100 9 784 900 

9 690000 I 819 100 2 509 100 

10 7 522000 II 135 300 18 657 300 

STLINE 7 3 261 900 22 254400 25 516 200 

9 690000 2 017 800 2 707 900 

10 3 036400 17378600 20 415 000 

RWAPT 7 4 860600 25 949 400 30 810000 

9 690000 2017 800 2 707 900 

to 4 765 700 19 109 300 23 875000 

Table 4.15: Failure Areas (ZDUs) for Each Zone II and Zone ID Boundary 
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WHPA Zone Pr Fuilure Aren of Fuilure Siles Cf Rf NPW 

Method Type Totul Tolnl Developnhle Developed Undeveloped 

1rce12J lune) I acre) (i1cre) (acre) 1$) 1$) 1$) 

CFR II 0.564 7 14 757 800 .H8.79 169.-l0 42.35 127.05 22 18 169 600 

9 262 300 6.02 3.01 0.75 2.26 I 982 800 

Ill 0.280 10 11895700 273.09 136.54 34.14 102.41 18 2-H7 700 11495700 11503200 

UFE II 0.569 7 9 650 600 221.55 110.77 27.69 83.08 14 11562500 

9 2 707 900 62.16 31.08 7.77 23.31 4 4 692 71Kl 

Ill 0.223 10 8 912 61Kl 204.60 102.30 25.58 76.73 13 I 789 400 9648 21Kl 9 658 2(KI 

RESSQC II 0.442 7 35 459000 814.03 407.01 IOl.75 305.26 51 42 120400 

9 2 258400 51.85 25.92 6.48 19.44 4 4 486 31KI 

Ill 0.173 10 38 980 200 894.86 447.43 111.86 335.57 56 7 708 31Kl 21 933 700 2194871K) 

GPTRAC II 0.424 7 12 459 600 286.03 143.02 35.75 I07.26 18 14 866 000 

9 2 707 9(K) 62.16 31.08 7.77 2.UI 4 4 692 71KI -0 Ill 0.166 10 13 862 700 318.24 159.12 39.78 119.34 20 2 753 000 8 749 91Kl 8 764 9(K) 
00 

MWCAP II 0.461 7 9 784 900 224.63 112.32 28.08 84.24 15 12 388 300 

9 2 5(l'J 100 57.60 28.80 7.20 21.60 4 4 601 41KI 

Ill (l.181 10 18 657 300 428.31 214.16 5.l54 1<10.62 27 3 716 5{Kl 8 505 IKJ0 8 520 IKKJ 

STLINE II 0.154 7 25 516 200 585.77 292.89 73.22 219.66 37 30 557 9!Kl 

9 2 707 900 62.16 31.08 7.77 23.31 4 4 692 71Kl 

Ill 0.0<,0 10 20 415 (KKJ 468.66 234.33 58.58 175.75 30 4 129 4{KI 5 676 41Kl 5 716 4{KI 

RWAPT II 0,{l'J0 7 30 8!0000 707.30 353.65 88.41 265.24 45 37 165 OIKI 

9 2 707 91Kl 62.16 31.08 7.77 23.31 4 4 692 7{KI 

Ill 0.035 10 23 875 (KKJ 548.{l'J 274.05 68.51 205.54 35 4 817 70() 3 935 8{KI 3 980 8{K) 

Table 4.16: The Net Present Wonh Costs of Delineating Zone II and Zone Ill WHPAs 



4. 7 Discussion 

Risk-benefit-cost analysis has been shown to be a useful application of environmental 

decision making for determining the best alternative for delineating wellhead protection 

areas. Figure 4.27 presents the best alternatives for WHPA boundary delineation that were 

determined using benefit-cost-risk analysis. These results are specific to the site conditions of the 

Cohansey aquifer and the Wellhead Protection Plan for the Pleasant Plains community. The best 

alternative for Zone I delineation is the 250 foot arbitrary fixed radius model. The best alternative for 

Zone II and Zone m WHPA delineation is the numerical model of SWIFr and RW APT. 

It is also evident from Tables 4.13 and 4.16 that the risk associated with each WHPA 

delineation technique is between 2 and 3 orders of magnitude greater than the cost of delineation. 

This shows that the risk of incorrectly delineating the WHPA boundaries has a profound effect on the 

net present worth of groundwater protection. It also shows that the nominal increase in cost 

associated with the use of a better groundwater model has a large impact on reducing the risk of 

failure for delineating the best WHPA boundary. 

For the Zone I boundary the arbitrary fixed radius method is very easy to implement from a 

technical standpoint and involves very little cost. However, the average risk of using arbitrary fixed 

radii for WHPA boundary delineation is approximately $14,000,000. By spending an extra $2,500 to 

implement the calculated fixed radius method. this risk may be reduced to $2,750.000 and the results 

are more technically sound but involve a greater understanding of the scientific basis behind 

wellhead protection. By spending another $35,000 to invest in a calibrated groundwater flow model 

the risk of failure may be reduced even further to $810,000. However, the methodology may only be 

properly implemented by a knowledgeable groundwater modeler with a good understanding of the 

hydrogeology of the study site and the hydrologic stresses that affect groundwater flow. It may be 

concluded that the analysis presented herein shows that the added cost of using a numerical model to 

delineate the WHPA boundaries has a large payback in reducing the risk of failure of these 

groundwater protection zones. 

4.8Summary 

The complicated nature of the groundwater environment and the importance of community 

development plans make it necessary to utilize multilevel Wellhead Protection Plans to protect the 

groundwater around municipal wellheads. These plans will be composed of a number of zones of 

groundwater protection. There are different methods for delineating WHP As for each protection zone 

and different criteria for determining failure. The present chapter generated a Wellhead Protection 
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Plan for the United Water Toms River wellfields and compared all of the acceptable methods of 

WHPA delineation. For delineating Zone l WHPAs the best methodology involves the use of 

arbitrary fixed radius. and for Zone Il and Zone lil WHPA delineation the best methodology involves 

the use of a numerical groundwater model. Environmental engineering endeavours are commonly 

compared using a benefit-cost approach. However. a cost-benefit analysis that does not take into 

account the environmental risk if each groundwater protection alternative misses a great deal of 

information on the real costs of delineation wellhead protection areas. For this reason. the results of 

the present analysis have shown that WHPA decision making is a useful application of the benefit­

cost-risk analysis methodology. 
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CHAPTERS 

REGRET ANALYSIS FOR WHPA DELINEATION 

5.1 Introduction 

In Chapter 4, the best alternative for WHPA delineation was determined by comparing a suite of 

acceptable alternatives using benefit-cost-risk analysis. The best alternative among the time of travel 

based methods was the RWAPT numerical WHPA model. The RWAPT model is the most 

scientifically defensible method of WHP A delineation with the lowest probability of failure. The 

purpose of Chapter 5 is to use regret analysis to determine the regret, or opportunity loss, associated 

with not choosing the best alternative for WHPA delineation at the municipal wellfields of Pleasant 

Plains, New Jersey. This will be achieved by setting the RW APT boundary to be the best alternative 

for WHPA modeling for all protection zones, and comparing them to the other WHPA model. The 

same benefit-cost-risk model that was developed in Section 4.3 will be used for regret analysis. 

S.2 Regret Analysis of WHP A Delineation 

The benefits and costs of groundwater protection that were developed in Chapter 4 remain 

the same for regret analysis. However. the performance standard was chosen to be the Zone [, a and 

Ill RW APT boundaries. and the probability of failure was assigned a value of l .0 for all non-optimal 

WHPA models which, by definition, have failed to delineate the best WHPA boundary. 

Regret analysis for WHPA delineation was implemented as follows. The Zone [ boundaries, 

which are principally based on the distance criterion. were delineated on the same figure as the 

RW APT boundaries to determine Zone [ areas of failure and types of failure. The Zone a and Zone 

m boundaries. which are based on the time of travel criterion, were delineated on the same figure as 

the RW APT boundaries to determine Zone Il and Ill areas of failure and types of failure. Benefit­

cost-risk analysis was then used to determine the regret associated with choosing each of the non­

optimal WHPA delineation techniques. 

S.2.1 The Zone I WHP A Boundary 

Figure 5.1 presents the ½ year, 5 year and 10 year RW APT boundaries, which are the 

standard for regret analysis. To illustrate regret analysis, Figure 5.2 shows the ½ year calculated 

fixed radius non-optimal Zone [ alternative, in proximity to the RW APT boundaries around well 20. 

The CFR boundary intersects the optimal WHPA boundary resulting in three failure areas. The first 

area is outside of the Zone IT RW APT boundary and inside of the CFR boundary, representing type 4 

failure, and encompasses an area of 14,300 feet2
. The second area is outside of the Zone I RW APT 
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boundary and inside of the CFR boundary, representing type 5 failure, and encompasses an area of 

54,000 feet2
• The third area is inside of the Zone I RW APT boundary and outside of the CFR 

boundary, representing type 8 failure, and encompasses an area of 534,200 feer2
. The failure areas for 

all of the 9 non-optimal WHPA boundaries for delineating Zone I WHPA boundaries. for both 

UWTR wellfields, are presented in Table 5.1. 

Regret for each Zone I boundary was determined as follows. The failure areas were 

calculated for each WHPA boundary. The cost of failure was determined from the size of these 

failure areas. The probability of failure for each model was assigned a value of 1.0. Economic regret, 

for each WHPA boundary. was determined by adding the cost of failure to the cost of WHPA 

delineation. Figures 5.3 and 5.4 show the 9 non-optimal Zone I boundaries for well 20 and the 

Parkway wellfield, respectively. in proximity to the optimal WHPA boundaries. Table 5.2 presents 

the opportunity loss associaterl with choosing each of the non-optimal WHPA boundaries for the 

Zone I protection area. 

S.2.2 The Zone II and Zone III WHPA Boundaries 

Figure 5.5 presents the Zone II and Zone III WHPA boundaries around well 20, for the 

calculated fixed radii method, and their proximity to the optimal RW APT boundary. For the CFR 

model around well 20 there are 6 areas of failure. Type 7 failure, which was modeled as Zone II but 

should not be, has an area of 5.016.300 feet2
. Type 9 failure, which was modeled as Zone II but 

should be Zone III, has an area of 76.200 feet'2• Type 10 failure, which was modeled as Zone III but 

should not be. has an area of 4,658,700 feer\ Type 12 failure, which was modeled as Zone III but 

should be Zone II, has an area of 1,080,300 feet2
• Type 14 failure, which was not modeled at all but 

should be Zone II, has an area of 2,914,800 feet2
. Finally, type 15 failure, which was not modeled at 

all but should be Zone III, has an area of 4.54 7. I 00 f eet2
• 

Figure 5.6 presents the WHPA boundaries for the uniform flow equation method, and their 

relationship to the optimal RWAPT boundaries. Figures 5.7, 5.8 and 5.9 present the WHPA 

boundaries for the RESSQC. GPTRAC and MWCAP methods of delineation. Figures 5.IO presents 

the WHPA boundaries for the STLINE method of deline~.tion. Tables 5.3 and 5.4 present the failure 

areas, for both wellfields, for the 6 non-optimal methods for delineating Zone II and Zone III WHPA 

boundaries. Table 5.5 presents the opportunity loss associated with choosing each of the non-optimal 

methods of delineating the Zone II and Zone III protection areas. 

115 



27000- -

2li000. 

25000 . , 
I 

I 

24000 ' \ 

23000 . 

·nooo. 

- 21000. -J -
i 20000 

0 19000. 

18000 

17000. 

l(j()()() . 

15000. 

... 
I 

14000: I 

:Tom; River 
\ 

\ 

13000 - - - 'L_ 

0 1000 2000 3000 

5280 

,--;. 
,, I 

, I 
, I 

,, I 

,~ / 
, I 

, I 
/ I 

I 
I 

I .......... , 
.,. ·Jr/ 
r·, p I IOYaRWAPT 

I I - - ,_, • _,, . 
,, . 2S ,, 
I 5 YcarRWAPT 

I 
20 

180 Diy RWAPT 

4000 5000 6000 7000 8000 9000 

Distance (feet) 

Figure 53: The Interaction Between Non-optimal and Optimal l.one I WHPA Boundaries 

116 



--l -i 
Tii a 

27000 -

26000. 

25000. 

24000 . 

23000 . 

22000 

21000. 

20000 . 

·•wclt20 

19000 

/ 

18000 :, 

17000, 

16000 . 

15000. 

14000--

13000~~---
3000 4000 

5Yc:arRWAPf 
IOYc:arRWAPT ,.. ..... ,, -, ...... \ ,... \ 

180 clay RW APT 
,-- - \ , \ , \ 

5000 

-----~"''-- \_ , ~ , \ , \ ,. ~ \ , ,,...... . \ , ,, ...... \ ,, , ...... \ 

I ,,' - ', I 
_, , '-- 1-

;. 

6000 7000 

\ I 
\ I 

180 [}iyCFR\ L 

--

\ I 
\ I 

\ I I 
\ I I 
I, I 
I, I 
I I ,_ 

.J,, I I 

r ' ' , I f 

f I f 

: I : 
' I I 
' I I ' ,, 
' ' , ,, ,, ,, 

, I 

,, I 

, I 
, I 

,, I 

, . 
L. 

I 
I 

I, 
I I ,., 

8000 9000 10000 11000 12000 13000 14000 

Distance (feet) 

Figure 5.4: The Interaction Between Non-optimal and Optimal Zone I WHPABoundaries 

117 



-] -
i 
Q 

27000 . 

26000 

25000 

24000 

23000 

·nooo 

21000. 

20000. 

19000. 

18()()() .. 

17000-~ 
0 

Zone Ill 
CFR 

Zone II 
CFR 

• 

1000 2000 3000 

Zone II 

.Jo 
RWAPT 

Zoo! Ill 
RWAPT __ ., 

,- , 
,, I 

,, I ,,, / 
,, TYPE 15 / 

,"--. I 
, ·-. I 

, '.J , 
, 'S.I , ,. 

, I 
,, l 

, , I 
~ I 

4000 5000 

Distance (feet) 

I 
I 

-.../ , 
I Jo 

I 
I 

I 
I 

I 

,' 2S 
I 

I 

TYPE!:? 

- TYPE9 

6000 

20 

IS 

tO 

• • ., 
• 

7000 

• 

• 

8000 

Figure 5.5: Failme Areas for the Z.ones II and ill Calculated Fixed Radii Arowxl Well 20 

118 

9000 



--~ 
~ 
u u = <': 
~ 
c 

27000- -

26000 • 

25000 · 

2-moo 

23000 • 

22000 • 

2l000 • 

20000 • 

19000 • 

18000 • 

17000 • 

16000-

15000 • 

1-1000 • 

5 Yc:ir RWAPT . 

ISO Illy RWAPT 

-..,. 

10 Yc:ir RWAPT -

13000 -- -~ -- - - - __ _ 

0 1000 2000 3000 -1000 5000 6000 7000 8000 9000 10000 11000 12000 13000 1-4000 

Distance (feet) 

Figure 5.6: Regret Analysis of the WHP A Boundaries Using the Uniform Aow F.quation 

119 



27000 -

26000. 

25000 

2-IOOO 

23000 

22000. 

-- 21000 
ti 
~ --~ 20000 u 
C 
"= 
:ii c 19000 

18000. 

17000 -
180 Day RWAPT 

16000-. 

-V, 

15000 -

14000 

13000~-
0 I 000 2000 3000 .WOO 

10 Yc:arRWAPT-

..., 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

... " RESSQC s y air \ 
\ I 
\ I 
\ I 
\ I 
\ I 

\ I 
\ I 
\ I 
I 
I 

1 

5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 

Distance (feet) 

Figure 5.7: Regret Analysis of the WHPA Boundaries Using the RESSQC Model 

120 



--ii 
~ ,_. 

IU u 
C 
"= 
iii c 

27000 -

26000 

25000. 

2-tOOO . 

23000. 

"'000. 

21000 

20000 -

19000. 

18000. 

17000. 

16000-

15000-

1-tOOO . 

13000- -
0 

10 Y.:ir RWAPT 

5Y.:irRWAPT 
,,---~, __ ,, ,/ \ 

_,,, I .,. \ , ,,, \ ,, ,, \ 
, ,, \ GPTRAC JO Y.:ir 

GP1RAC 10 Y.:ir 

GP'IR,\C 5 Y .:ir -

,,' Js / \ GP1RAC5Y= , \ , ,... \ , ~ ,,, ..... \ , ,., , .. \ 

~ ~-------- \ 

180 Doy RWAPT 

... 
"' 

1000 2000 3000 -'000 5000 6000 7000 8000 9000 10000 I 1000 12000 13000 l-'000 

Distance (feet) 

Figure 5.8: Regret Analysis of the WHPA Boundaries Using the GPTRAC Mxfel 

121 



-ii 
~ ._, 
u 
t,) 
C 
<U 
vi c 

27000 . 

26000. 

25000 

24000 

23000 . 

22000. 

21000. 

20000 

19000. 

18000. 

17000 

16000 

15000 

1-tOOO . 

13000--
0 

5Y=RWAPT _ 

MWCAPIOY= 

MWCAP5Yc:JI' 

180 Day RWAPT 

IOY=RWAPT 

l\,IWC\P5Y= 

11,IWCAPIOY= 

1000 2000 3000 4000 5<XX} 6000 7000 8000 9000 10000 11000 12000 13000 1-tOOO 

Distance (feet) 

Figure 5.9: Regret Analysis of the WHPA Boundaries Using the MWCAP Model 

122 



--Qj 
~ --~ 
t.l 
C 
<-: 
1ii 
0 

27000 -

26000 -

25000 -

2.«JOO. 

23000 

22000 

21000. 

20000 

19000 

18000 

17000 -

16000 -

15000-

l.«JOO . 

13000 -
0 

5YcarRWAPT 

SlUNE 10 Y<:11. 

Sll.lNE 5 Y car 

180DoyRWAPT 

-,.,, 

10 YcarRWAPT -

_,- .......... , 
,-'7. ,; \ 

I \ 

,, ........ .. 

., 

------

S11.INE 5 Y<:11 -

S11.INE 10 Y = 

, ., ., 

, , , 

\ 

' I 
I 
I 
I 
I 
I 
I 

I 

1000 2000 3000 .«JOO 5000 6000 7000 8000 9000 IOOO0 1 IOOO 12000 13000 14000 

Distance (feet) 

Figme 5.10: Regret Analysis of the WHPA Botmdaries Using the SlLINE Model 

123 



Potential Failure Failure Area (ZOU) 
WHPA Type Well 20 Parkway Total Area 

Boundary [feet2·] [feet1] [feet2] 

250 Foot AFR 8 I 042 400 5 633 400 6 675 800 

500Foot AFR 4 16 100 0 16 100 

5 57 300 0 57 300 

8 526 900 3 862 100 4 389 000 

I 000 Foot AFR 4 I 047 600 0 I 047 600 

5 846 600 888 700 I 735 300 

6 8 000 0 8000 

8 0 454 400 454400 

1500 Foot AFR 4 3 565 800 34000 3 599 800 

5 2 218 100 6 049 100 8 267 200 

6 44400 44400 88 800 

2000 Foot AFR 4 7 751 900 I 235 800 8 987 700 

5 3 314 200 11734400 15 048 600 

6 132 900 227 900 360 800 

½Mile AFR 4 12 910 800 3 573 600 16 484 400 

5 4 435 100 18 190 900 22 626 000 

6 202 100 I 119 900 I 322 000 

3000 Foot AFR 4 15 736 800 5 826 000 21562800 

5 4 919 300 21 029 200 25 948 500 

6 164 200 2 128 500 2 292 700 

I Mile AFR 4 32271600 36 118 600 68 390 200 

5 5 018 000 11680700 16 698 700 

6 160 600 28 797 100 28 957 700 

180 DayCFR 4 14 300 0 14 300 

5 54000 0 54000 

8 534 200 3 804400 4 338 600 

Table 5.1: Failure Areas for Regret Analysis of the Zone I Boundary 
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Zone I Failure Arca of Failure Sites Cf Rf NPW 

Boundury Type Total Total Devclopahle Developed Undeveloped 

lfcct2J I acre) I acre) I acre) I acre) 1$) 1$1 ($1 

250Foot 8 6 675 800 153.26 76.63 19.16 57.47 IO 4,806,200 4,806,200 4,811,200 

500 Foot 4 16 l00 0.37 0.18 0.05 0.14 I 1,007,400 

5 57 3()() 1.32 0.66 0.16 0.49 I 2()(),40() 

8 4 389 ()()0 l(Kl.76 50.38 12.59 37.78 7 3,233,900 4,441,800 4,446,800 

IOOOFoot 4 I 047 600 24.05 12.02 :mt 9.02 2 2,481,000 

5 I 735 3(Kl 39.84 19.92 4.98 14.94 .1 1,319,100 

6 8 ()()() 0.18 0.09 0.02 0.07 I 866,000 

8 454 400 10.43 5.22 1.30 3.91 I 382,700 4, 182 ,8()() 4, I 87 ,8(Kl 

1500 Foot 4 3 599 800 82.64 41.32 10.:B 30.99 6 7,652,800 

5 8 267 2()() 189.79 94.89 23.72 71.17 12 5,885,100 

6 88 800 2.()4 1.02 0.25 0.76 I 903,IO0 14,441,()()() 14,446,()()() 

2()()() Foot 4 8 987 700 206.33 103.16 25.79 77.37 13 17,126,600 

- 5 15 048 6()() 345.47 172.73 4.1.18 129.55 22 10,739,800 
N 
VI 6 360 8()() 8.28 4.14 l.<l4 3.11 I 1,028,()()() 28,894,4()() 28,899,400 

½Mile 4 16 484 4()() 378.43 189.22 47.30 141.91 24 31,568,600 

5 22 626 ()()() 519.42 259.71 64.93 194.78 33 16, 134,()(K) 

6 I 322 ()()(l 30.35 15.17 3.71) 11.38 2 2,331,700 50,034,3()() 50,039 ,3()() 

3000 Foot 4 21562800 495.01 247.51 61.88 185.63 31 40,9()(),300 

5 25 948 5()() 595.70 297.85 74.46 223.39 38 18,530,100 

6 2 292 7()() 52.63 26.32 6.58 19.74 4 4,502,()(){) 63,932,4()() 63,937,400 

I Mile 4 68 390 200 1570.02 785.01 196.25 588.76 99 130,400,500 

5 16 698 7()() 383.35 191.68 47.92 143.76 24 11,845,700 

6 28 957 7()() 664.7H .U2.39 83.IO 249.29 42 49,514,.mo 191, 760,5()() 19 I, 765,5()(1 

180Day 4 14 300 0.33 0.16 ().()4 0.12 I 1,006,6(){) 

CFR 5 54 ()()() 1.24 0.62 0.16 0.47 I 198,900 

8 4 338 6()() 99.60 49.80 12.45 .17.35 7 3,2 I0,8(){) 4,416,3()() 4,426,3()() 

Table 5.2: The Regret Associated with Using Non-Optimal Boundaries to Delineate Zone I WHPAs 



Potential Failure Failure Area (ZDU) 
Zone 11/111 Type Well 20 Parkway Total Area 
Boundary [feet2] [feet2] [feet2] 

CFR 7 5 016 300 190 600 5 206 900 

9 76 200 70800 147 000 

10 4 658 700 l 792 200 6 450900 

12 l 080 300 6 371 900 7 452 200 

14 2 914 800 13 514 400 16 429 200 

15 4 547 100 18 698 600 23 245 700 

UFE 7 l 422 900 0 l 422 900 

9 82500 0 82500 

lO I 474 500 0 l 474 500 

12 812 200 2 628 900 3 441 100 

13 72 700 I 475 000 I 547 700 

14 l 331 300 16 287 700 17 619 000 

15 3 644 500 16 I 15 700 19 760 200 

RESSQC 7 375 300 I 168 700 I 544 000 

9 68 200 4 328 700 4 396 900 

10 6 913 000 15 727 400 22 640400 

12 969 900 596 300 I 566 200 

14 3 374 100 0 3 374 100 

15 ➔ 638 500 47 100 4 685 600 

GPTRAC 7 615 700 0 615 700 

9 216 400 0 216 400 

10 I 738 200 0 I 738 200 

12 2 226 600 8 073 500 10 300 100 

14 192 800 8 744 800 8 937 600 

15 4 000 800 17 770 200 21 771 000 

MWCAP 7 I 041 000 0 l 041 000 

9 311 800 0 311 800 

lO 3 962 100 597 000 4 559 100 

12 I 337 100 5 096 500 6 433 600 

13 0 789 800 789 800 

14 264 600 15 120 000 15 384 600 

15 2 203 600 13 463 400 15 667 000 

STLINE 12 602 200 3 695 100 4 297 300 

14 966 500 0 966 500 

15 2 297 600 5 425 800 7 723 400 

Table 5.3: Failure Areas for the Zone II and Zone m Boundaries 
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Potential Failure Failure Area (ZOU) Existing 
Zone II/III Type Total Total Developabl Developed Undeveloped Sites 

Boundary [feet2
] [acres] [acres] [acres] r acres] 

CFR 7 5 206 900 119.53 59.77 14.94 44.83 8 
9 147 000 3.38 1.69 0.42 1.27 I 

10 6450900 148.09 74.05 18.51 55.54 10 

12 7 452 200 171.08 85.54 21.38 64.15 II 

14 16429 200 377.16 188.58 47.15 141.44 24 

15 23 245 700 533.65 266.82 66.71 200.12 34 

UFE 7 1422 900 32.66 16.33 4.08 12.25 3 
9 82500 1.89 0.95 0.24 0.71 I 

10 1474 500 33.85 16.92 4.23 12.69 3 

12 3 441 100 79.00 39.50 9.87 29.62 5 
13 I 547 700 35.53 17.77 4.44 13.32 3 

14 17 619 000 404.47 202.24 50.56 151.68 26 

15 19 760 200 453.63 226.82 56.70 170.11 29 

RESSQC 7 I 544 000 35.45 17.72 4.43 13.29 3 
9 4 396 900 100.94 50.47 12.62 37.85 7 

10 22 640400 519.75 259.88 64.97 194.91 33 

12 I 566 200 35.96 17.98 4.49 13.48 3 

14 3 374 100 77.46 38.73 9.68 29.05 5 
15 4 685 600 107.57 53.78 13.45 40.34 7 

GPTRAC 7 615 700 14.13 7.07 1.77 5.30 I 
9 216 400 4.97 2.48 0.62 1.86 I 

10 I 738 200 39.90 19.95 4.99 14.96 3 

12 10 300 100 236.46 118.23 29.56 88.56 15 

14 8 937 600 205.18 102.59 25.65 76.94 13 

15 21 771 000 499.79 249.90 62.47 187.42 32 

MWCAP 7 I 041 000 23.90 11.95 2.99 8.96 2 

9 311 800 7.16 3.58 0.89 2.68 I 

10 4 559 100 104.66 52.33 13.08 39.25 7 

12 6 433 600 147.70 73.85 18.46 55.39 10 

13 789 800 18.13 9.07 2.27 6.80 2 

14 15 384 600 353.18 176.59 44.15 132.44 23 

15 15 667 000 359.67 179.83 44.96 134.87 23 

STLINE 12 4 297 300 98.65 49.33 12.33 36.99 7 
14 966500 22.19 11.09 2.77 8.32 2 

15 7 723 400 177.30 88.65 22.16 66.49 12 

Table 5.4: Failure Areas for Zone II and Zone m Boundaries 
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Potential Probability Failure Cost of Risk of NPW 
Zone II/III of Type Failure Failure Cost 

Boundary Failure [$] [$] [$] 

CFR 1.00 7 6,607,118 

9 929,883 

10 1,376,483 

12 12.907,458 

14 19,821,355 

15 4,680,042 46.322.300 46.327.300 

UFE 1.00 7 2,477,700 

9 900.200 

10 412,900 

12 5.891,700 

13 3,710,600 

14 21.473.100 

15 3.991,800 38.858.100 38,863.100 

RESSQC 1.00 7 2.477.700 
9 8.055.200 

10 4.542,400 

12 3,306.200 

14 4.129.400 

15 963,500 23.474.500 23.484,500 

GPTRAC 1.00 7 825.900 

9 961.700 

10 412.900 

12 17,664.400 

14 10,736.600 

15 4.404.700 35.006,300 35.016.300 

MWCAP 1.00 7 1,651,800 

9 1,005,500 

10 963,500 

12 11,577.400 

13 2,362,600 

14 18,995,500 

15 3,165,900 39,722.300 39.732.300 

STLINE 1.00 12 8,009,500 

14 1,651,800 

15 1,651,800 11,313,000 11,343,000 

Table 5.5: Regret Analysis of Methods for Zone Il and m Boundary Delineation 
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S.3 Discussion 

Regret analysis was used to quantify the economic impact, or expected opportunity loss, 

associated with not choosing the best alternative for an engineering decision. From an environmental 

engineering perspective, regret analysis may be used to compare the net present wonh of each 

method of delineating groundwater protection zones to the best alternative. The best alternative for 

WHPA delineation was chosen to be the RW APT technique. This model is based on the most 

relevant hydrogeologic information that is available to the WHPA modeler. The results of the regret 

analysis shed some light on the modeling process. 

The 15 failure types identified in Table 4.4 may be divided into three classes of failure. The 

first class of failure occurs when the delineation technique determines an area that does not have any 

hydraulic connection to the wellfield (failure types 4. 7 and 10). The second class of failure occurs 

when the delineation technique does not determine an area that does have a hydraulic connection to 

the wellfield (failure types 13. 14 and 15). The third class of failure occurs when the delineation 

technique determines an area that is hydraulically connected to the wellfield but has been identified 

as the wrong type of protection zone (failure types 5. 6, 8, 9, 11 and 12). The first two classes of 

failure represent the inability of the WHPA model to correctly incorporate all of the area that 

contributes groundwater to the wellfield. The third class of failure represents the inability of the 

WHPA model to correctly apportion the area within the true WHPA boundary to the true protection 

zone. Table 5.6 presents the areas encompassed by these three failure classes for each delineation 

technique. The delineation techniques may be classified as well according to the complexity of 

modeling in the same manner that was used to determine their probabilities of failure. There is a 

trend in Table 5.6 that indicates that, as the delineation technique becomes more scientifically 

complex, the area within Class l reduces. This emphasizes the fact that more scientifically defensible 

the WHPA model the lower the risk of failure. 

Delineation Failure Area 
Technique Classes 1&2 Class 3 

[acres] [acres] 

Calculated Fixed Radius 1178.43 174.46 

Uniform Aow Equation 960.14 80.89 

Analytical Modeling 786.27 177.73 

Numerical Modeling 199.49 98.65 

Table 5.6: Failure Areas for the Zone ll and Zone m Boundaries 

A related issue for a multilevel Wellhead Protection Plan is the amount of land that is zoned 

as WHP A I because this land is unavailable for development. Zoning land as WHP A I has a serious 
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impact on the amount of development that is allowed within a community, and therefore, the choice 

of delineation technique for the Zone I boundary is very important. The arbitrary fixed radius method 

for delineating the Zone I boundary could significantly limit development in the region depending on 

the value chosen for the fixed radius. The unfortunate aspect of using this method of WHPA 

delineation is the arbitrariness in choosing the value of distance for the fixed radius. As a result, the 

WHPA boundary could encompass potential development areas that have no hydraulic impact on the 

well field, and therefore, pose no risk of contamination to the region's water supply. Type 4 failure 

represents a Zone I area that has no hydrogeologic impact on the wellfield. For Zone I AFR 

boundaries these failure areas encompass between 0.2 acres for the 250 foot boundary and 1570 acres 

for the I mile boundary. Taking into account all source of failure, these results indicate that the risk 

of failure for using the arbitrary fixed radius method is large and, therefore, this WHPA model 

should not be considered an acceptable technique for WHPA delineation in anything but the simplest 

of hydrogeologic settings. 

5.4Summary 

From the analysis presented herein the results indicate that the choice of WHPA delineation 

models has a serious impact on the amount of land encompassed by the WHPA boundary. It also has 

an impact on the size of the failure areas, the type of failure and, as a result, the risk of failure for 

each delineation technique. There is a direct correlation between the scientific complexity of the 

WHPA model and its ability to represent the true WHPA boundary. There are also serious 

implications for using the arbitrary fixed radius technique for delineating the Zone I boundary. The 

purpose of the WHP A I protection zone is to prevent industrial development in order to reduce the 

immediate risk of groundwater contamination reaching the wellfield. Therefore, the WHPA 

delineation technique should be complex enough to determine whether the area within the WHPA 

boundary is hydraulically connected to the well field. 
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CHAPTER6 

NUMERICAL WHPA MODEL UNCERTAINTY 

6.1 Introduction 

Uncertainty analysis is a technique that is used to measure the uncertainty in model output based on 

the uncertainty in model input. Two common models that are used to implement uncertainty analysis 

are the first order second moment method and the direct parameter sampling method. The first order 

second moment method is useful for defining regions in the conceptual model that are uncertain. The 

first order second moment method calculates the output variance of a model by summing, for each 

input variable, the product of the marginal sensitivity to the input variable and the variance of the 

input variable. The direct parameter sampling method can be used to measure the distribution of 

uncertainty in the conceptual model, but it can also be used to measure the value of information on 

model uncertainty. The direct parameter sampling method is implemented by first assuming a 

probability density function for each uncertain input parameter. Repetitive random sampling of each 

input parameter distribution generates the input for sequential model simulation, which provides a 

probability density function of an output performance measure. The output probability density 

function can then be used to determine the mean and variance of the output parameter of interest. 

First order second moment analysis will be used to identify uncertainty in the delineation of 

groundwater capture zones, and direct parameter sampling will be used to estimate the value of 

information on unceratainty in numerical WHPA modeling. 

6.2 First Order Second Moment Analysis 

The first order second moment method (FOSM) was used to estimate the uncertainty in a 

model performance measure by summing the independent contributions of the uncertainty from each 

model input parameter. Assuming that input parameters are independent, the relationship between 

output variance and input variance based on the FOSM is given by the following: 

where: P = output performance measure 

( !; )= the marginal sensitivity of output P to input CI; 

var(a;) = the variance of model input parameter ai 
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The marginal sensitivities in Equation 6.1 are expressed using a first order approximation of the 

Taylor Series expansion and thus the centered difference approach implemented in Chapter 3 was 

used in the FOSM analysis. For a perfonnance measure of hydraulic head, and the input parameters 

listed in Table 6.1, the FOSM relationship is given as follows: 

var(h)=(: J var(K)+(: J var(!) 

+( ;'° J var(Q,.)+( :;, J var(Q,) (6.2) 

The mean input parameter values and standard deviations are presented in Table 6.1. The 

average head field resulting from the mean input parameter values, detailed in Chapter 3, is presented 

in Figure 6.1. The variance in the hydraulic head within the Cohansey aquifer is presented in Figure 

6.2. Since there is an implicit assumption of independence in the variability of each input parameter, 

it is possible to calculate the separate contributions of the variance of each input parameter to the 

total variance in head. This is presented using the two transect lines that were defined in Figure 3.18. 

Figures 6.3 and 6.4 present the contributions of each input parameter to the total variance at each 

node in the transect lines through the UWTR wellfields. 

A number of points are evident from these variance maps. The variance of infiltration makes 

up over 98.5% of the total variance of the hydraulic head perfonnance measure. For well 20 the next 

most imponant source of variance is the well 20 pumping rate and for the Parkway wellfield the next 

most imponant source of variance is the average Parkway wellfield pumping rate. The variance of 

hydraulic conductivity is the smallest source of total variance in the hydraulic head field. 

Parameter Symbol Mean Value Standard Correlation 
Deviation Length 

Conductivity K 150 ft/day 10 ft/day 1600 ft 

Infiltration I 0.00434 ft/day 0.00025 ft/day --
Well w-20 Q10 64,400 ft3/day 7,500 ft3/day --
Well w-22 75,500 ft3/day 7,500 ft3/day ----
Well w-24 66,200 ft3/day 7,500 ft3 /day -
Well w-26 Qp 62,400 ft3/day 6,200 ft3/day -
Well w-28 62,500 ft3/day 6,300 ft3 /day -
Well w-29 63,800 ft3/day 6,400 ft3/day -

Table 6.1: Statistical Moments for Uncenain Parameter Values at the Study Site 

For capture zone modeling the output parameter of concern is the size of the capture zone 

and this may be represented by the area of the capture zone. The FOSM relationship for capture zone 
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area (A) is given by the following: 

(
iJA )

2 

(iJA )
2 

var{A) = iJK var{K)+ al var{I) 

+( :~ J var(Q~)+(:, J var(Q,) (6.3) 

Table 6.2 presents contribution of each input parameter to the total variance of the capture zone areas 

for the 5 year capture zones around the UWTR wellfields. As was seen in the uncertainty maps for 

hydraulic head, the greatest source of uncertianty in capture zone modeling comes from the 

uncertainty in net infiltration to the groundwater system which provides approximately 85% of the 

total uncertainty. The next most important parameter is well pumping rate. 

Wellfield a, (dA/da)2 var( <X;) var(A) % Total 

K 1.93033 E+09 1.0000 E+02 1.93033 E+l I 0.220 

I 1.18489 E+ 19 6.2500 E-06 7.40558 E+l3 84.078 

Parkway 020 3.47413 E+0l 5.6250 E+07 1.95420 E+09 0.002 

Qp 3.00850 E+05 4.5968 E+07 1.38296 E+l3 15.700 

Total 8.80804 E+ 13 100.000 

K 3.25318 E+07 1.0000 E+02 3.25318 E+09 0.040 

I 1.06213 E+l9 6.2500 E-06 6.63828 E+ 12 87.400 

Well 20 Q10 1.64806 E+04 5.6250 E+07 9.27040 E+l l 12.210 

Qp 5.79608 E+02 4.5968 E+07 2.65175 E+l0 0.350 

Total 7.59509 E+l2 100.000 

Table 6.2: Contributions of Input Uncertainty to Total Capture Zone Area Variance 

6.3 Stochastic Analysis 

Direct parameter sampling, as a form of uncertainty analysis, is a method of determining the 

economic value associated with model uncertainty. For the base case analysis the purpose was to 

determine the location of the WHPA boundary based on average model input values. Adding model 

input uncertainty and multiple simulation allows the determination of a probability density function 

of WHPA boundary location. Each of these WHPA boudary realizations encompasses a different 

area. To determine the value of information the 50th percentile boundary was used as the standard for 

determining failure. The reason for choosing this standard is that the 50th percentile boundary is a 

measure of the average model results from repetitive uncertainty analysis of numerical WHPA 

modeling. Each simulation is compared to the standard to determine its failure in determining the 
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best alterantive, where failure is defined as the inability to choose the correct input parameters to 

determine the average result. 

Direct parameter sampling, to estimate the uncenainty in a model performance measure, was 

implemented using the following steps: input parameter sampling, distribution of the input values 

within the conceptual model of the site, and repetitive sequential simulation using the groundwater 

flow and panicle tracking numerical models. In order to use direct parameter sampling it was 

necessary to choose parameter distributions for each of the input variables to the groundwater model 

and to estimate the moments for each distribution. The lognormal parameter distribution was chosen 

for rainfall infiltration rate and the wellhead pumping rate for the 6 production wells. The moments 

for each parameter distribution were presented in Table 6.1. Multiple numerical simulation were 

performed using random sampling of each of the lognormal parameter distributions. In addition. for 

hydraulic conductivity, a random field generator was used to produce a single realization of the 

distribution of hydraulic conductivity for each model simulation run. Figure 6.5 presents the random 

hydraulic conductivity field generated during one simulation of groundwater flow analysis. 

Repetitive model simulation was used to produce an output distribution of the location of the 

WHPA boundary according to the following sequence. The LA TIN model was used to choose the 

random values of each input parameter. SWIFf was used to generate a hydraulic head field. STLINE 

and RW APT were used to generate advective and random walk panicle pathlines. CAPZON was 

used to generate a convex hull of the panicle pathlines to produce a single realization of the 

numerical WHPA boundary. A statistical analysis program was used to analyze the ensemble of 

WHP A boundaries. 

The statistical analysis program, CZSTA T, was written to analyse multiple capture zone 

boundaries produced by numerical WHPA simulation. The FORTRAN code for this program is 

presented in Appendix V. CZSTA T generates a statistical record of the ensemble of multiple capture 

zones generated by CAPZON in the following manner. The model reads n capture zones from a 

cumulative input file. It determines the center of mass of all capture zone points and generates 180 

radial transect lines emanating from this center of mass. For each transect line, the intersection point 

with all n capture zones are determined, and soned by distance from the center of mass. The model 

then determines four statistical capture zones including the zone of cenainty (ZOC), the zone of 

uncenainty (ZOU), the average, or the 501
h percentile capture zone and the 95m percentile capture 

zone. 

The CZST AT model also determines the value of information associated with the uncenainty 

in the numerical model of WHP A delineation. This is accomplished by comparing each of the n 
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realizations of the boundary location to the 501
h percentile capture zone location and determining the 

area between the two boundaries. This area is considered the failure area for each model realization, 

and this area has an associated cost of failure. The probability of failure is the inverse ( l/n) of the 

total number of model simulations. The value of information for numerical WHPA delineation was 

determined according to the following relationship: 

where: n = the number of model simulations 

.!. = probability of failure for each simulation 
n 

An = the area contained within the n1
h boundary realization 

A50 = area of the 501
h percentile WHPA boundary 

Cr= cost of failure for the simulation 

(6.4) 

Value of information represents an estimate of the maximum field sampling budget that may 

be spent acquiring new data to provide a better representation of the input probability density 

functions in order to reduce model uncertainty. The cost of failure is based on the assumption that the 

numerical model delineates slightly more or less area at the edge of the time related capture zone 

boundary. For Zone II the failure cost is based on the difference between Zone II and Zone m 
monitoring, and for Zone m delineation the failure cost is based on the cost of monitoring in Zone 

m. These costs are calculated according to the same techniques developed in Chapter 4. 

To implement Latin Hypercube sampling of the input parameter distributions it was 

necessary to determine the optimal number of samples to be taken. This was done so that the 

uncertainty analysis would adequately describe the distribution of output capture zones. An analysis 

was performed which varied the number of simuations and checked the mean and variance of the 

numerical WHPA boundary location based on a normal distribution of the output parameter. Figure 

6.6 presents the change in the probability density of the distance of the Zone ill STLINE WHPA 

boundary from the center of the Parkway wellfield as a function of the number of model simulations. 

The difference between the mean of the capture zone area for 200 and 300 simulations is 0.26%. The 

difference between the variance of the capture zone area is 6.59%. As a result, the following 

uncertainty analysis was performed using 300 Latin Hypercube samples for SWIFf simulation. For 

RW APT simulation, due to constraints on computational time, the uncertainty analysis was 

performed using 100 model simulations. 
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6.3.1 Analysis of STLINE Modeling 

The analysis of numerical WHPA modeling using SWIFT and STLINE is presented as 

follows. Figures 6. 7 and 6.8 present the ensemble of 300 capture zone boundaries for the Zone II and 

Zone III WHPA boundaries. respectively. These figures show that the ensemble of capture zones 

demonstrates a wide variation in the position of the capture zone boundary. Figures 6.9 and 6.10 

present the ZOC and the ZOU for each of these protection zones. Figures 6.11 and 6.12 compare the 

501
h percentile WHPA boundary from uncertainty analysis with the deterministic STLINE boundary 

from Chapter 4. Figure 6.13 compares the 501
h percentile WHPA boundary with the 951

h percentile 

boundary. A comparison of the statistical parameters of the Zone II and Zone Ill boundaries is 

presented in Table 6.3. 

Protection Wellfield ZOC Area 50m Boundary ZOU Risk Cost 
Zone [sq.ft.) [sq.ft.I [sq.ft. I [$1 

II Well 20 2 937 900 6 069 500 10 581 700 12.138 

Parkway 25 643 300 31454600 38 307 300 35.274 

Total= 47.412 

III Well 20 3 944 600 9 900000 18 176 400 2.753 

Parkway 39 217 500 48 881400 60484 400 5.506 

Total= 8,259 

Table 6.3: A Summary of the Statistical Parameters from STLINE Uncertainty 

Figure 6.6. which presents the distribution of WHPA boundary location. shows that 300 

random parameter samples adequately represents a normal probability density function. It also shows 

that. as the number of parameter samples increases. the fit between the output distribution and the 

normal probability curve increases. However, in order to optimize two components of the modeling, 

increased simulations and reduced total simulation time. the results for 300 simulations of STLINE 

advective particle tracking and 100 simulations of the RW APT advective dispersive particle tracking 

appear to be adequate. 

Figures 6.11 and 6.12 show that the uncertainty analysis returns a mean WHPA boundary 

(501
h percentile capture zone from 300 model simulations) that is almost identical to the WHPA 

boundary obtained from deterministic modeling. However, the shape of the 501
h percentile boundary 

is smoother in appearance. This is a result of the fact that each of the 180 points that were used to 

delineate the 501
h percentile capture zone result from an average of 300 boundary points. The 

deterministic WHPA boundary was produced by a simulation of only one set of input particle 

pathlines and, as a result, is rough in appearance because of gaps between the pathline data points. 
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For these reasons the 50th percentile capture zone provides a better representation of the average 

numerical modeling WHP A boundary. 

Figure 6.13 shows the difference between the 50th and 95th percentile WHPA boundary. A 

number of authors have proposed that the 95th percentile numerical boundary be used for WHPA 

zoning. When the variance of the input parameter distributions is reduced, by increased field 

sampling, the difference between these two boundaries will reduce as the 95th percentile boundary 

approaches the mean of the distribution. For these reasons the 95th percentile boundary provides a 

better choice for the WHPA boundary for the purpose of zoning than the average numerical time of 

travel boundary. 

The risk cost associated with WHPA simulation around each wellhead represents the value 

of model uncenainty. For the 5 year numerical WHPA boundary this cost is $47,412 and for the 10 

year boundary this cost is $8,259. These costs sum to a total value of information of $55,670. This 

value represents an estimate of the maximum amount of money that may be spent acquiring new data 

to better represent the input probability density functions in order to reduce model uncertainty. For 

STLINE modeling there were 8 model parameters that were sampled during the Latin Hypercube 

simulation. Of these parameters, the best application of the budget equivalent to the value of 

information would be for the parameter which has the greatest impact on reducing model uncenainty. 

This parameter was identified in the FOSM analysis as the uniformly distributed net infiltration. 

Therefore, to best reduce uncertainty field sampling should be directed toward the understanding of 

the temporal and spatial distribution of net infiltration. 

Reducing the uncenainty in net infiltration involves acquiring updated values for weather 

data at the study site. This information is available from the National Climatic Data Center in a 

number of formats that include average monthly values. This information may then be input to an 

infiltration model to determine the components of the water balance at the study site. The HELP 

model is one infiltration model that has been calibrated and validated at many sites across Nonh 

America. Other more site specific methods of obtaining this information might involve setting up a 

weather station at the wellfields to determine the necessary infiltration parameters. 

6.3.2 Analysis of RW APT Modeling 

Figures 6.14 and 6.15 present the ensemble of 100 capture zone boundaries for the Zone II 

and Zone ill RW APT boundaries, respectively. These figures show that the ensemble of capture 

zones provides for a wide variation in the position of the capture zone boundary. Figures 6.16 and 

6.17 show the distribution of the location of the Zone II and Zone ill RW APT boundaries, 

respectively. Figures 6.18 and 6.19 present the ZOC. the ZOU and the 50th percentile capture zone 
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for each of these protection zones. Figures 6.20 and 6.21 compare the 501
h percentile capture zone 

with the deterministic RW APT capture zone, based on average values of each input parameter, which 

was produced during the environmental decision making in Chapter 4. A comparison of the statistical 

parameters of the Zone II and Zone ill WHPA boundaries is presented in Table 6.4. 

Protection Wellfield ZOC Area 501h Boundary ZOU Risk Cost 

Zone [sq.ft.I [sq.ft.] [sq.ft.I [$] 

[I Well 20 3 824 100 8 568 400 13 021 600 21.622 

Parkway 28 808 600 35 150 800 43 325 300 47,419 

Total= 69.041 

III Well 20 4 535 800 12 799 800 20 785 000 23.715 

Parkway 43 981 400 54 163 100 66423 300 62.672 

Total= 86,387 

Table 6.4: A Summary of the Statistical Parameters from RW APT Uncertainty 

Figures 6.16 and 6.17 show that the simulation, based on I 00 random parameter samples, 

provides a good representation of a normal distribution. Therefore. the use of l 00 model simulations 

for random walk particle tracking is adequate for the purposes of this uncertainty analysis. Figures 

6.20 and 6.21 show that the uncertainty analysis returns a mean WHPA boundary (501
h percentile 

capture zone from 100 model simulations) that is almost identical to the boundary obtained from 

deterministic modeling. However, there are places around the WHPA boundary where the 501
h 

percentile line is outside of the deterministic boundary. This is a result of the fact that the smoothing 

which occurs with numerical averaging of multiple simulations provides more information about the 

location of the true average boundary locations. Thus, the 501
h percentile boundary is a better 

representation of average RW APT simulation. Figure 6.22 shows the difference between the 501
h and 

951
h percentile boundary. For the same reasons presented in the STLINE modeling, the 951

h percentile 

boundary provides a better choice for the WHP A boundary for zoning purposes than the average 

numerical time of travel boundary. 

The risk cost associated with RW APT WHPA simulation around each wellhead represents 

the value of model uncertainty. For the 5 year numerical RW APT boundary this cost is $69,041 and 

for the 10 year boundary this cost is $86,387. These values sum to a total value of information of 

$155,428. This value represents an estimate of the maximum sampling budget for reducing parameter 

uncertainty in the RW APT modeling. The risk cost for RW APT simulation is greater than this value 

for STLINE modeling. This is a result of the fact that the hydrodynamic dispersion, which is modeled 

using random particle movement, provides for a greater spread in the location of the WHP A 
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boundary. This indicates that hydrodynamic dispersion should be investigated using uncertainty 

analysis to determine its affect on the WHPA delineation process. 

6.4 Summary 

There is uncertainty associated with many aspects of numerical groundwater modeling. Two 

common techniques that are used to analyze model uncertainty are the first order second moment 

method and the direct parameter sampling method. The first order second moment method has shown 

that net infiltration provides for approximately 85% of the total uncertainty in the size of the 

numerical STLINE capture zone. Well pumping rates provide for most of the remaining uncertainty 

in capture zone size. This information is useful for apportioning the field sampling budget in order to 

reduce model uncertainty in the final application of WHPA delineation. 

Direct parameter sampling was used to provide multiple realizations of the output WHPA 

boundary for both STLINE and RWAPT modeling. The locations of the Zone II and Zone m 
boundaries were found to be nonnally distributed, and the 501

h percentile WHPA boundary was 

found to be in almost the exact location of the deterministic WHPA boundary. However, the 501
h 

percentile boundary was smoother in appearance and was, in general, on the outside of the 

deterministic boundary in places where the detenninistic boundary was jagged in appearance. This is 

a result of the fact that numerical averaging of multiple realizations of the WHPA boundary uses 

more infonnation about boundary location to detennine the .. average" boundary than the 

deterministic boundary. Thus. the 501
h percentile boundary provides a better representation of the 

average numerical WHP A boundary. 

Direct parameter sampling was also used to determine the 951
h percentile boundary location. 

This boundary was found to be approximately 35% larger for the Well 20 WHPA boundaries and 

approximately 15% larger for the Parkway WHPA boundaries. However, as uncertainty in the input 

parameters is reduced this difference will also be reduced. The 951
h percentile boundary contains 

95% of the capture zones that result from multiple model simulation and therefore is a more 

conservative representation of a WHPA boundary than the 501
h percentile WHPA boundary. For 

these reasons, the 95th percentile boundary was recommended as a the best representation of a 

numerical WHPA boundary. 

The value of information on uncertainty was also determined using uncertainty 

analysis. This value represents the maximum exploration and sampling budget that should be 

put toward obtaining new sample points to reduce input uncertainty. Based on the first order 

second moment analysis, the best use of this budget would be for reducing uncertainty in the 
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knowledge of net infiltration to the groundwater flow model because a reduction in the 

variance of the infiltration will have the greatest impact on reducing the variance in WHP A 

boundary location. 
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CHAPTER 7 

TRANSIENT ANALYSIS OF WHPA DELINEATION 

7.1 Introduction 

All of the travel time related techniques, which are recommended by the USEPA for delineating 

wellhead protection areas, are based on steady state groundwater flow analysis. A steady state value 

for each model parameter is determined from a statistical average of the sample data that are 

available. For example. pump operating records are used to generate a steady state value for the 

pump rate for each of the municipal wellheads. However, as presented in Chapter 3. pumping at most 

public supply wells is transient in nature and, therefore, a steady state value may not be appropriate 

for representing this parameter in decision making for WHPA delineation. The purpose of Chapter 7 

is to analyse the transient nature of groundwater flowfields through an analysis of changes to well 

pumping rates to determine the effect that this has on the size and shape of numerical WHPA 

boundaries 

7.2 The Transient Nature of Groundwater Capture Zones 

Time-averaged values of well pumping rates are commonly used for steady state analysis of 

numerical groundwater capture zones. These time-averaged parameter values are determined from 

the wellhead pumping rates that are available from each pump station. The more data that are 

available the better the estimate of long-term steady state values. However, it is difficult to estimate 

the long-term steady state value for new wells during the initial period of pump operation because of 

insufficient data. It is also difficult to estimate long-term rates for older pumping stations where 

historical pumping rates may not have been recorded. As a result, an important aspect of steady state 

capture zone analysis is the point in time when the analysis was performed and the data on 

hydrogeologic stresses that were available at that time. To illustrate the effect that time varying 

pumping rates have on the size and shape of groundwater capture zones at the UWTR wellfields, a 

year-by-year investigation of numerical time of travel capture zones was performed. For each year. 

from 1971 to 1995, a 10 year time of travel numerical STLINE capture zone was generated based on 

the values of well pumping rate that were averaged over that year. 

Figure 7. l presents the 10 year capture zone for well 20 for 197 l. Figure 7 .2 presents the 10 

year capture zones for well 20 and the Parkway wellfield (including wells 22 and 26) for 1972. 

Figure 7 .3 and 7.4 present the l 0 year capture zones for well 20 and the Parkway well field ( including 

wells 22, 24 and 26) for 1973 and 1974, respectively. Figure 7.5, 7.6 and 7.7 present the 10 year 
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capture zones for well 20 and the Parkway Wellfield (including wells 22, 24, 26, 28 and 29) for years 

1975, 1985 and 1995, respectively. Table 7.1 presents the areas encompassed by the lO year 

numerical boundaries for the UWTR wellfields, and shows that capture zone area changes as a result 

of the transient nature of wellhead pumping. 

Zone ill WHPA Boundary Area 
WHPA 1971 1972 1973 1974 1975 1985 1995 
Boundary [Ac] [Ac] [Ac] [Ac] [Ac] [Ac] [Ac] 

Well 20 191.0 167.1 212.2 331.1 309.6 301.6 257.l 
Parkway Wellfield 0.0 123.7 708.5 841.6 961.0 1,421.4 1.456.4 

Table 7.1: Capture Zone Areas Based on Yearly Values of Well Pumping Rates 

From this analysis it is evident that the nature of the groundwater flowfield and the resulting 

numerical capture zones are affected by temporal changes to the hydrogeologic stresses imposed on 

the Cohansey aquifer. The size and shape of the capture zones for Well 20 and the Parkway wellfield 

change significantly from 1971 to 1995. These capture zones grow in size as more water is pumped 

from each wellfield. Capture zone size, however, can not grow indefinitely because there is a limit to 

the volumetric flowrate that the aquifer can suppon. Between 1985 and 1995 the area encompassed 

by the IO year capture zones reached a plateau because the amount of groundwater withdrawn from 

the wells leveled off as they approached the maximum pumping rates that each wellhead could 

sustain. It is imponant. therefore, to develop a method of incorporating the transient nature of 

groundwater flowfields into capture zone analysis in order to determine whether these changes to 

numerical capture zones will have an effect on the choice of which alternative is the best for WHPA 

delineation. 

7.3 Transient Capture Zone Analysis 

By definition a time related capture zone is the area on the ground surface which contains all 

of the groundwater that exits the wellhead within a specified period of time. The groundwater that 

exits the wellhead is pumped in a time varying manner based on changes in groundwater availability 

and consumer demand. A transient groundwater analysis was performed to determine more 

accurately the source of water that exits each well over the time period specified in the STLINE 

capture zone analysis. 

To perform the transient analysis the complete timeline of wellhead pumping, from 1971 to 

1995, was discretized into 25 annual increments. The transient solution to groundwater flow within 

the Cohansey aquifer was determined using 25 yearly-averaged daily pumping rates for each well and 

the SWIFT groundwater model. This transient solution provided a velocity field within the Cohansey 

aquifer for each year of simulation. Capture zone modeling was then performed, in one year time 
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increments, using advective particle tracking and the 25 groundwater velocity fields. The 25 

sequential velocity fields were used in reverse order starting with the velocity field for 1995. The 

endpoints of reverse particle tracking for a specific year provided the start points for reverse particle 

tracking in the previous year. The position of the particles at the end of the particle tracking 

simulation represents the boundary of the volume of groundwater that was pumped from the 

wellheads within the time of travel prior to 1995. 

Figure 7 .8 presents the 5 year time of travel capture zones based on transient particle 

tracking analysis of the Parkway wellfield. This transient capture zone boundary is compared to the 

501
h percentile steady state STLINE boundary. Figure 7.9 presents the 10 year transient STLINE 

boundary and compares it to the 501
h percentile steady state STLINE boundary. The areas 

encompassed by the 5 year and IO year transient boundaries are presented in Table 7 .2. They provide 

a better representation of the actual volume of water that was withdrawn from the wellhead, for a 

specific travel time, than the steady state STLINE boundary. However, pumping rates will change in 

the future just as they have changed over the past 25 years. Therefore, these capture zones, which are 

based on reverse particle tracking from 1995, will not accurately represent the area from which water 

is withdrawn under future pumping scenarios. It is. therefore, important to develop a standard method 

of capture zone analysis, which minimizes the effects of the transient nature of hydrogeologic 

stresses on the aquifer system. 

Wellhead WHPA Average Transient 
Boundary Well Rate Capture Zones 

[sq.ft.] [sq.ft.] 

Well 20 5 Year 6 568 900 5 649 000 

10 Year 9 931 300 10 153 900 

Parkway Field 5 Year 31737300 37 204 100 

10 Year 49 402000 59455 700 

Table 7.2: A Comparison of WHPA Areas Based on Transient Analysis 

7.4 Sustainable Well Yield Analysis 

Percentage 
Difference 

[%] 

-14.00 

+2.24 

+ 17.23 

+ 20.35 

In order to remove analytical errors that are associated with the transient nature of well 

pumping rates from the delineation of numerical capture zones, it was necessary to develop a 

standard well pumping rate that is independent of the time period over which the analysis was 

performed. This standard pumping rate was chosen to be the maximum sustainable yield for each 

wellhead. Sustainable yield is defined as the ••maximum rate at which water can be withdrawn on a 

continuing basis" from an aquifer without causing the ultimate depletion of the aquifer (Viessman 

and Hammer, 1993). There are a number of methods that have been proposed for determining the 
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sustainable yield of an aquifer that are based on field observations of groundwater levels and annual 

wellfield production. For the purposes of the present research the maximum sustainable yield of the 

UWTR wellfields was analyzed using the numerical model of the Cohansey aquifer. For the UWTR 

wells these pumping rates were obtained by optimizing the value of each well rate under the 

constraint of maximizing the total flowrate from the wellfield as a whole. This was obtained by 

pumping the water table down to just above the bottom of the aquifer at each wellhead. The 

sustainable yield for the 6 UWTR wells were determined to be I I 5000 ft3 /day, 81000 ft3 /day, 120000 

ft3/day, 68000 ft3/day, 68000 ft3/day and 68000 ft3/day, respectively. The maximum flowrate from 

this wellfield was determined to be 520000 ft3/day. 

Figures 7. l O and 7 .11 present the 5 year and IO year capture zones based on these well rates. 

These capture zones are the largest that can be generated for a specific time of travel under the 

existing configuration of wellheads. They can not be any larger because each pumping rate is at its 

maximum value based on the conceptual model of the Cohansey aquifer. Therefore, these capture 

zones provide a conservative estimate of the location of the STLINE WHPA boundary. 

The areas encompassed by these WHPA boundaries and their difference to the WHPA 

boundaries based on average well pumping rate are presented in Table 7 .3. ff these capture zones 

were used to delineate WHPAs for each wellfield there would not be any errors associated with too 

little land in the groundwater protection area. From this table it is evident that there is a large effect 

to using well pumping rates that are less than the maximum rates that the aquifer can sustain in a 

long-term sense based on the hydrogeology of the area. The trend at the UWTR wellfields is for the 

slow increase in the pump rates as consumer demand increases. Thus over time the WHPA boundary 

that would result from an average steady state well pumping rate analysis would also increase. At 

some point in the future the maximum sustainable well rate would be encountered. The effect of 

using average pump rates for WHPA analysis is to delineate the Zone II and Zone m which are 55% 

and 80% of the size that might be expected in the future for well 20 and the Parkway wellfield, 

respectively. 

Wellhead WHPA Average Sustainable Percentage 
Boundary Well Rate Well Rate Difference 

[sq.ft.] [sq.ft.] [%] 

Well 20 Zone II 6 568 900 11 896 800 +81.11 

Zone ill 9 931 300 17 965 400 +80.90 

Parkway Field Zone II 31737300 39 211 500 +23.55 

Zone ill 49402000 61482800 + 24.45 

Table 7.3: A Comparison ofWHPA Areas Based on Sustainable Well Yield 
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7.5 Addition of New Wells to the Wellfield 

The addition of a new well within a watershed will have an effect on the direction and 

magnitude of groundwater flow within the aquifer. With respect to WHPA delineation there are two 

possible scenarios for the location of a new well in proximity to an existing wellfield. The new well 

may be far enough away so that it has no effect on the location of existing WHP A boundaries, or 

near enough to an existing boundary to effect its size and shape. If the new well is far away from the 

existing wells and does not have an effect on the flowfield created by the existing wells, then the 

WHPA delineation process will be based on the same procedure that has been developed in this 

research. The result be a new WHPA boundary that will be zoned within the region. However, if the 

new well is close enough to an existing set of WHPA boundaries to have an effect on the 

groundwater flowfield, then the new well will change the area from which each well withdraws its 

groundwater. 

At the UWTR wellfields one new well has recently been added to the Parkway wellfield. 

Figure 7.12 shows the placement of the new well 44 and its proximity to the cluster of wells at the 

Parkway wellfield. A steady state analysis was performed to determine the maximum long term well 

rate for well 44 in combination with the pumping rates for the existing 6 wells in the UWTR 

wellfields. The purpose of this analysis was to maximize the flowrate from all of the wells in the 

UWTR wellfield. The addition of well 44 had an effect on the magnitude of groundwater velocity 

around the UWTR wellfields and thus affected the size and shape of both the well 20 and Parkway 

WHPA boundaries. The updated well rates for the 7 wells in UWTR wellfields are 107000 ft3/day. 

73000 ft3/day, 110000 ft3/day. 62000 ft3/day, 61000 ft3/day, 61000 ft3/day and 81000 ft3/day, 

respectively. Thus the maximum flowrate from this wellfield increased to 555000 ft3/day, which 

represents an increase of 6. 7%. 

Figures 7 .13 and 7 .14 present the Zone Il and Zone m numerical WHPA boundaries based 

on these well rates. The areas encompassed by these WHP A boundaries and the difference in the 

WHPA boundaries based on average well pumping rate are presented in Table 7.4. 

Wellhead WHPA Sustainable Sustainable Percentage 
Boundary 6 Wells 7 Wells Difference 

[sq.ft.] [sq.ft.] [%] 

Well 20 Zonell 11896800 10994500 - 7.58 

Zone ID 17 965 400 16 498 700 -8.17 

Parkway Field Zonell 39 211 500 44060400 + 12.36 

Zone ID 61482 800 68 812 900 + 11.92 

Table 7.4: A Comparison ofWHPA Areas Based on the Addition ofWell 44 
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It is standard practice in many municipalities, as a part of the Wellhead Protection Report, to 

prohibit the development of new wells within previously delineated WHPAs without first modeling 

the protection areas of all wells to ascertain the resulting WHP A boundaries. If a new well is located 

within the WHPA boundary delineated under a previous modeling exercise, its effect will be to 

expand this boundary to some extent. This is presented in Figure 7 .15, which shows the expansion of 

the area encompassed by the WHP As when well 44 is added to the conceptual model. The expanded 

WHPA boundary encompasses an area of 7,042,700 ft2. which is an increase in the size from the 

original WHPA boundaries of 8.9%. 

7 .6 Decommissioning of an Existing Well at the Wellfield 

The decommissioning of an existing well in a wellfield will also have an effect on the 

direction and magnitude of groundwater flow in the aquifer. The loss of a wellhead will reduce the 

total pumping rate for the wellfield, which will reduce the hydraulic stress imposed on the 

groundwater flowfield. This will result in a reduction in the groundwater velocities in the vicinity of 

the wellfield. At the UWTR wellfields the plume of TCE and PCE was detected in one of the 

Parkway wellheads in 1985. As a result of this wellhead contamination the owner has been under 

pressure to decommission the affected well until such time as the existing contaminant plume is 

reduced to below drinking water guidelines for TCE and PCE. For the present research, analysis of 

well decommissioning was accomplished by removing well 26 from the active wells in the Parkway 

wellfield and determining the effect that this had on the existing WHPA boundaries generated using 

steady state groundwater flow analysis. 

After the removal of well 26, the well rates for the 5 remaining wells are 64400 ft3/day, 

75500 fc3/day. 66200 fc3/day, 62500 ft3/day, and 63800 fc3/day, respectively. A steady state analysis 

was performed using SWIFf. Figures 7.16 shows the effect of well decommissioning on the head in 

the upper Cohansey aquifer and the change in the location of the WHPA boundaries for the 

remaining wellheads. The effect of removing well 20 is that the drawdown of groundwater head in 

the vicinity of the Parkway wellfield is not as pronounced and. therefore. the magnitude of 

groundwater velocity is reduced in the vicinity of the wellheads. As a result, the length of time 

related particle pathlines are reduced, and the STLINE WHPA boundaries are smaller. It is also 

evident that the Parkway wellfield does not have as great an effect on the drawdown cone for well 20 

because of the reduced magnitude of groundwater velocity at the Parkway wellfield. As a result. the 

WHP A boundaries for well 20 are closer to the Parkway well field and the area contained within each 

boundary is smaller. 
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However, the decommissioning of this wellhead may only be temporary. For the UWTR 

wellfields, the transient nature of the contaminant plume within the aquifer makes it such that the 

wellhead may be turned back on at some point in the future. As a result, even though the 

decommissioning of the wellhead has a measurable effect on the size of the WHPA boundaries, this 

effect may be temporary. Therefore, there is no reason to change the location of the original Zone II 

and Zone ID boundaries that were based on the hydrogeologic stresses from both well 20 and the 

Parkway wellfield operating under normal constraints. This decision is again conservative but, given 

the pressure to find new sources of potable water. there is a lot of pressure to find ways of keeping all 

municipal wellheads pumping to some degree. 

7. 7 Discussion 

From the above analysis a number of points are evident. The first is that, in order to reduce 

the errors associated with numerical WHPA modeling, sustainable well pumping rates should be 

used to generate the WHPA boundaries. This methodology will result in the delineation of a 

conservative estimate of WHPA boundary location, but this conservatism will reduce the error that is 

associated with too little area being zoned for groundwater protection under a given set of Wellhead 

Protection Plan constraints. It is also evident that, if sustainable well rates are used for generating the 

WHPA boundaries, there is no need to take into account the transient nature of well pumping rates. 

This is a result of the fact that the sustainable well pumping rate will always be greater that any 

transient changes to well operating rates. 

7.8Summary 

The most important point that emanates from Chapter 7 is that the zoning of groundwater 

protection areas must take into account both the existing stress conditions within a wellfield, and any 

potential future development conditions that may effect groundwater pumping. This requires some 

foresight in the estimation of the potential well development that may arise due to increased demand 

for potable water. This is best summarized by stating that the delineation of WHPAs should be based 

on all potential wellheads under their maximum long term well pumping rates. If any future wellhead 

development occurs in the vicinity of existing WHP As, then the decision making process for future 

WHPAs must take into account the added area encompassed by new groundwater protection zones. 
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8.1 Introduction 

CHAPTERS 

DISCUSSION 

A methodology was developed for detennining the best alternative for delineating wellhead 

protection areas (WHPAs) around municipal wells in order to protect the supply of potable water for 

the public. This methodology used benefit-cost-risk analysis as an environmental decision making 

tool to compare alternative methods for delineating the zoning boundary around a groundwater 

protection area. The benefits of groundwater protection are the continued supply of clean drinking 

water to the water distribution network. The costs of each alternative include the costs of delineating 

the WHPA boundaries and the costs of producing a Wellhead Protection Repon, which is a 

document that shows the best location for the groundwater protection zone boundaries. The risk 

associated with each decision alternative is a function of its probability of failure and its cost of 

failure. The probability of failure for each alternative is the probability that the WHPA boundary 

encompasses land that is not necessary for groundwater protection. The cost of failure for each 

alternative is the cost of this failure area as it relates to industrial development within the community. 

The criteria and constraints that provide the basis for delineating each WHPA boundary, and the 

control over groundwater protection. are summarized in the Wellhead Protection Plan. 

This fonn of environmental decision making has been used to choose the best alternative for 

implementing design solutions in a number of other areas of environmental engineering. Some of 

these areas of engineering include the design of the leachate collection system at a waste 

management site, the design of dams based on the historical frequencies of dam failure. the 

remediation of groundwater contamination sites, the design of a groundwater control system at an 

open pit mine. and the remediation of a contaminated aquifer that is affecting water quality in a river. 

There are a number of factors that make the use of benefit-cost-risk analysis unique in its application 

to WHPA delineation. The purpose of this section is to discuss some of these factors and how they 

affect the application of this methodology to groundwater protection planning. 

8.2 The Flexibility of the Decision Making Paradigm 

It is important that the decision making paradigm that has been developed herein is flexible 

enough to be applied to all existing and future methods of WHPA delineation. Benefit-cost-risk 

assessment has been shown in this research to be very flexible because it allows the comparison of 

any WHP A boundaries, regardless of the methods that were used to produce them. as long as they 
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abide by the criteria and constraints that are set out in the WHP Plan. This aspect of benefit-cost-risk 

assessment is both beneficial and detrimental. It is beneficial because it allows expert groundwater 

modelers to use professional judgement to choose a finite number of reasonable representations of 

the modeled WHPA boundary for comparison in the risk assessment process. This might include 

choosing several reasonable numerical models to delineate the WHPA boundaries, or a single 

numerical model using several equally likely calibrations of the groundwater flow field to produce 

model predictions. This is somewhat similar to the design process whereby the contributions of a 

number of experts are compared to come up with the best solution to an engineering problem. It is 

detrimental because a non-expert modeler may misuse the methodology to choose an alternative that 

is not the best alternative. This could be achieved by adding of a number of spurious alternatives to 

the set of WHPA boundary alternatives under comparison and as a result cause the choice of the best 

alternative to be changed. This has been shown to be a problem in determining the location a new 

landfill site, and therefore, is not unique to decision making for zoning groundwater protection areas. 

In spite of its potential drawbacks, benefit-cost-risk assessment is a flexible method for determining 

the best alternative for the delineation of WHPA boundaries. 

8.3 The Robustness of the Decision Making Paradigm 

The decision making paradigm must also be robust in order to make the best decision under 

all of the conditions to which the analysis may be exposed. In order to delineate the best WHPA 

boundary. benefit-cost-risk assessment must take into account all conditions that affect the criteria 

and constraints set out in the Wellhead Protection Plan. These conditions include the hydrogeology 

of the site, the current development characteristics of the community surrounding the wellheads, and 

any future industrial development that may be expected within the community. Benefit-cost-risk 

assessment has been shown to be very robust for making decisions in many other areas of economics 

and engineering. In order to be considered robust for making decisions on delineating groundwater 

protection zones it must take into account all components of risk that affect environmental design. 

The risk component that applies specifically to environmental engineering design consists of 

the probability of failure and the cost of failure. Both of these components involve the concept of 

failure. In many environmental settings failure can be analy zed deterministically by calculating the 

extent to which a specific environmental standard has been exceeded. There is no standard of failure 

for the case of delineating groundwater protection areas. This is a result of the fact that there are no 

measurable standards for determining the size or shape of specific land classes as part of the zoning 

process. To determine the extent of failure for delineating WHPA boundaries it was necessary to 
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develop a standard that could be used to measure failure. Since there may be different models used to 

delineate potential WHPA boundaries in different protection zones this design standard must be 

applicable to delineating WHPA boundaries in all protection zones. 

The approach that was taken to developing a WHPA failure standard was to make sure that it 

could be applied to the complete set of boundaries that are being compared for a specific protection 

zone. This set of boundaries represents all of the possible realizations of the actual WHPA boundary. 

The total area of intersection for the set of WHPA boundaries is called the zone of confidence, and 

represents the common area that is contained by all of the boundaries. The zone of confidence 

represents the area that must be within the true WHPA boundary because it is based on all of the 

possible realizations of the actual boundary. Therefore, the zone of confidence was chosen to be the 

standard for comparing WHPA delineation alternatives. The area contained within a specific 

boundary alternative, which is outside of the zone of confidence, is called the zone of delineation 

uncertainty. From a probabilistic perspective, the ZOU may, or may not, be within the actual WHPA 

boundary. Therefore, the ZDU represents the failure of the modeling technique to delineate the true 

WHPA boundary. 

For environmental decision making the probability of failure is the probability that a specific 

delineation technique fails to generate the true WHPA boundary. The probability of failure may be 

determined from failure predictions based on environmental modeling or based on historical failure 

frequencies. There is no mathematical model that can be used to predict the type of methodology that 

will be used to generate WHPA boundary alternatives. Therefore, historical frequencies of WHPA 

delineation techniques, from actual groundwater protection efforts in the Unites States, were used to 

predict the probability of failure. 

The cost of failure is a function of the constraints in the Wellhead Protection Report that 

relate to the amount of development that is allowed within each groundwater protection zone. The 

purpose of municipal planning is the division of a jurisdiction into districts to enable the regulation 

of land to promote the orderly development of the area and the protection of public health, safety and 

welfare. The need to provide land for industrial development has resulted from the need to promote 

business development within a community. If an area of potentially developable land were zoned as a 

groundwater protection area there would be a restriction placed on industrial development within the 

community. The restrictions on development within a wellhead protection area may range from a 

complete ban on development to increased groundwater monitoring to minimize the probability of 

contamination release to the groundwater environment. For each protection zone there are different 

development restrictions and, as a result, different costs of failure. 
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For a protection zone in which there is a complete restriction on industrial development the 

cost of failure is the cost of purchasing land. There are two perspectives from which to look at a 

complete ban on development. For companies located within the proposed protection zone, the 

propeny would have to be purchased so that they could relocate, which is contingent on the 

community being able to apply the groundwater protection ordinances to existing facilities. For 

companies wanting to locate on undeveloped land. the community would no longer be able to sell the 

land for development and therefore loose it as a source of revenue. For a protection zone in which 

restricted development is allowed the cost of failure is dependent on the type of restrictions that are 

in place. For example, if development is limited to industries that pose a low risk of contamination 

and the restriction on development involves increased groundwater monitoring then the cost of 

failure is the extra cost associated with monitoring the quality of the groundwater at a predetermined 

number of monitoring wells. 

From the above discussion it is evident that the benefit-cost-risk function provides a robust 

methodology to determine the best alternative for delineating groundwater protection area 

boundaries. This methodology has been applied in other environmental settings to make equally 

difficult decisions and has become an accepted standard for these applications. The application to 

groundwater protection is unique, however, because of the lack of a concrete standard for 

determining failure. A standard was developed, that is based on the analysis of the acceptable 

techniques for WHPA delineation. This creates a robust application for this environmental decision 

making paradigm. 

8.4 Application to Three-Dimensional Groundwater Flow Analysis 

The decision making paradigm developed herein can also be applied in any type of 

hydrogeologic setting. For the present research, benefit-cost-risk assessment was applied to a study 

site for which the specific field conditions of the aquifer are two-dimensional in nature. However, 

this analysis could also be applied to a study site that is three-dimensional in nature. For groundwater 

protection, three-dimensional application of WHPA delineation is important in regions where 

multiple confined and unconfined aquifers below the community are being used for water supply. 

The difference in the assessment process is that a vertical component must be added to the 

conceptual model of the aquifer. The resulting groundwater velocity field is three-dimensional and, 

therefore, the WHPA boundaries are delineated on the ground surface as the locus of points where 

the particle pathline endpoints intersect the upper surface of the groundwater flow regime. The 

analysis may, therefore, become very complex because of the increase in uncertainty associated with 
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the structure of aquifers and aquitards that make up the conceptual model of a three-dimensional 

study site. The purpose of WHPA zoning is to protect the surface and subsurface environment that is 

contained by the WHP A boundary from contamination. A boundary produced using three­

dimensional analysis has the same effect as a boundary produced using two-dimensional analysis, 

except that the numerical model used to generate the three-dimensional capture zone may be much 

more complex. 

8.5 Application of WHP A Boundaries to Other Environmental Decisions 

The delineation of WHPA boundaries, and the zoning regulations associated with each 

protection zone, reduces the land that is available for the location of high risk industries within 

specific areas of a community. This presents difficulties to municipal planners for determining the 

location of. for example, a new solid waste landfill site for the community. Landfills have been 

shown to pose a significant risk of contamination to the groundwater environment. It is important that 

they are located in areas in close proximity to the community and that they pose little risk for 

contaminating the potable water supply. The problem associated with finding a location for a new 

landfill site is exacerbated when WHPA boundaries are delineated. 

Determining the location of a new landfill is often accomplished using negative constraint 

mapping. All the land classes that are inappropriate for siting a landfill are identified around the 

community and excluded from the planning process. This includes land that is zoned for groundwater 

protection. The remaining land, which is not deemed inappropriate, is then available for the purposes 

of developing potential waste management sites. Even though it makes the siting of a solid waste 

landfill more difficult, it makes the planning process easier to implement because it clearly identifies 

areas of the community that are at a higher risk to wellhead contamination. 

8.6 Accounting r or Contaminants in the Decision Making Process 

One of the principle objectives of the Wellhead Protection Program is the identification of 

potential contaminant sources that could have an effect on water quality at the wellfield. Most 

hazardous waste sites, which might have an impact on the quality of wellwater, contain a number of 

different pollutant chemicals (Watts, 1997). Within the region around the wellhead there are 

numerous industries that could be considered as potential contaminant sources. As a result. there 

might be hundreds of chemicals that could affect water quality at the wellhead. The delineation of 

wellhead protection areas should take into account the nature of these potential contaminants in the 
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WHPA analysis in order to provide better protection to the public water supply from chemical 

contamination. 

The main transpon phenomena that influence contaminant movement in the groundwater 

environment are advection, dispersion, diffusion and reaction. In order to ensure that wellhead 

protection boundaries reflect the nature of the contaminants, for which they were zoned to protect, 

these contaminant transpon processes should be represented in WHPA modeling. Advection is the 

only one of these processes that is accounted for under current guidelines for delineating WHPA 

boundaries. The random walk model, which was proposed herein as a method for WHPA delineation, 

uses both advection and dispersion to generate time related capture zones. However. dispersion is 

solely a function of the porous media through which the contaminants travel. To introduce 

information into the analysis that accounts for contaminant propenies. it is necessary to account for 

chemical reaction in WHPA modeling. This may be achieved using a retardation factor, which is a 

parameter that relates the velocity of a contaminant species to the groundwater velocity. It could be 

added to WHPA delineation by applying the retardation factor to the velocity field that results from 

the groundwater flow analysis. 

The dilemma associated with adding contaminant transpon information to the delineation of 

WHPAs is the fact that there are many chemicals that could potentially affect the quality of the water 

exiting the wellhead. These chemicals might already be used by industries in the region. and 

therefore, pose an immediate threat to the wellfields. They might also be chemicals that are used by 

industries that propose to locate to the region in the future. All of these chemicals have different 

values associated with each of the contaminant transpon parameters. It is imponant to take into 

account the affect that this range of contaminant parameter values has on the modeling process. This 

could be achieved by developing a surrogate chemical, which has the statistical propenies of the 

range of chemicals that are imponant within the region. 

Choosing which chemicals to include in the surrogate chemical parameter analysis is funher 

complicated because each groundwater contaminant poses a different risk to the human population 

and to the natural environment. The most hazardous chemicals, which pose the greatest risk to 

humans, can be found on the EPA' s priority pollutants list. Therefore, to account for the greatest 

environmental risk, the surrogate chemical should be developed as a probability density function of 

the chemicals in the region that are found on the EPA's priority pollutants list. This will ensure that 

the WHP A boundary is based on the contaminant propenies that are important to potential 

contaminant sources in the region. 
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The contaminant transport parameter that was integrated into the RW APT model is 

dispersion. The affect of uncertainty in the dispersion parameter on model output was not 

investigated in the RW APT analysis of the wellheads at the study site. This remains as an avenue of 

future research that might help to standardize the contaminant transport aspects of WHPA 

delineation. Uncertainty analysis could be implemented by first choosing a mean and standard 

deviation for longitudinal and transverse dispersivity for the surrogate chemical. Multiple simulation 

of the RW APT boundaries generates a statistical distribution of the boundary location that includes 

the 95th percentile boundary. The 951
h percentile boundary contains 95 percent of the possible 

pathline endpoints that were generated using both advection and dispersion, and therefore, represents 

a conservative approximation of the location of the true WHPA boundary that is based on both 

advection and dispersion. 

8.7 Accounting ror Non-Point Source Pollutants 

One of the important sources of groundwater contamination results from non-point source 

pollution. Some of the major activities that contribute to non-point source pollution include pesticide 

and fertilizer application to agricultural fields, land application of waste sludge, leaching of landfills 

and septic beds. chemical storage in surface impoundments, and de-icing salt application to 

roadways. The affect that non-point source pollution has on the groundwater environment is to add a 

small amount of chemicals to the unsaturated zone over a wide area. Of the activities listed above. 

fertilizer application to farm fields is an agricultural management activity that provides a major 

source of elevated nutrient levels to the subsurface environment. 

Fertilizers are materials that contain appreciable amounts of plant nutrients. They are 

produced in both natural (manure, bonemeal. rock phosphate) and synthetic (dry granular, slow 

release, soluble) formulations. Synthetic fertilizers consist almost entirely of nitrogen, potassium and 

phosphorus because these three compounds are most likely to be in short enough supply to limit plant 

growth. Nitrogen is the likeliest one of these chemicals to leach into groundwater. This is a result of 

the fact that it is the most common component of fertilizers and it is extremely soluble in soil water 

making it the most mobile of these species in the subsurface environment. As a result, nitrogen 

represents the most frequently reported contaminant that is considered a major threat to groundwater 

quality (USEPA, 1990). 

Plants can not use nitrogen in its gaseous form directly. It must be in a mineral form as either 

ammonia (NH/) or nitrate (N03 "). In order to generate this mineral formulation, industrial fertilizer 

producers use the process of atmospheric nitrogen fixation. In the unsaturated zone nitrate leachs 
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directly to the water table with percolating rain water. Excess ammonia that is not taken up by plants 

is oxidized to nitrate and leached to the water table. Thus. the real problem with fertilizer application 

to agricultural land is the contamination of the groundwater environment with nitrate-N. 

The maximum permissible drinking water concentration for nitrate-N in the United States is 

IO mg/I (Wilhelm et al.. 1994 ). This standard is often exceeded by the leaching of fertilizers into 

drinking water aquifers in agricultural areas. Because nitrate-N poses a significant risk of 

contamination to municipal wellheads. WHPA delineation should account for areas of the watershed 

that are zoned for agricultural management. Farming usually precedes urban development in the 

orderly planning of an area. As a result. any efforts to institute changes to farming practices in order 

to accommodate the protection of drinking water aquifers would have to be imposed after the WHPA 

boundaries had been zoned. This may best be achieved by instituting a soil sampling program to 

identify nitrate concentrations at all farms contained within each WHPA boundary, and providing 

agricultural extension information to educate farm operators on the health hazards of increased 

nitrates in drinking water. However. the cost of such a sampling and education program would likely 

have to be paid for by the municipality since these procedures are not a generally accepted part of 

current agricultural management practices. 

8.8 The Use of Geographic Information Systems for Decision Making 

A Geographic Information System database, in Archlnfo format. has just recently become 

available for the region of Dover Township. New Jersey. This database contains information on the 

development characteristics around the UWTR wellfields, which includes existing industrial land. 

and areas that could potentially be developed as industrial land. This database has the potential to be 

used for determining the exact amount of each type of development within each wellhead protection 

area. This would have the effect of providing a very accurate method of determining the cost of 

failure associated with each zone of delineation uncertainty. This remains as an area of potential 

research. 

8.9Summary 

A number of issues arose out of the application of environmental decision making to the 

determination of the best methodology for delineating WHPA boundaries around municipal 

wellfields. From the research it is evident that the decision making paradigm developed herein is 

both flexible and robust. It has been successfully applied to determining the best alternative for 

WHPA delineation under all of the criteria and constraints currently detailed out by the USEPA. It 
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may also be applied to WHPA delineation under circumstances that were not specifically analyzed in 

the present research study. This includes the use of three-dimensional groundwater analysis for 

delineating WHPA boundaries, the addition of contaminant transpon phenomena to the WHPA 

delineation process, and the accounting for non-point source pollution protection in the process. With 

additional research, this decision making paradigm has the potential to be a more powerful tool for 

solving groundwater protection issues that are faced by communities in the preservation of the water 

quality of drinking water aquifers. 
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CHAPTER9 

CONCLUSIONS AND RECOMMENDATIONS 

The goal of this research study was to develop a decision making methodology that could be used to 

determine the best alternative for delineating wellhead protection areas around municipal wellheads, 

and to apply this methodology to the municipal wells at a field site. The first step that was taken to 

achieve this goal was to choose a suitable study site for the application of the decision making model. 

The next steps for achieving this goal were to develop the concept of the risk of failure of wellhead 

protection areas as the basis of decision making, to develop a Wellhead Protection Plan for the study 

site, to apply all potential WHPA delineation techniques to the wells at the site, and to use the 

decision making model to choose the best alternative for groundwater protection. Regret analysis was 

used to determine the regret. or opportunity loss, associated with choosing non-optimal delineation 

techniques. Uncertainty analysis was applied to the best alternative to determine the uncertainty 

associated with the location of the WHPA boundary from numerical WHPA modeling. Finally. this 

research study analyzed the transient nature of wellfield operation and investigated sustainable well 

rates to select a more appropriate well rate for implementing WHPA delineation. 

The municipal wellfields for the community of Pleasant Plains, New Jersey were chosen to 

be the study site as presented in Chapter 3. These wellfields are owned by United Water Toms River 

and are located directly downgradient of the Reich Farm Superfund site. The fact that a Superfund 

site is hydraulically linked to the water supply aquifer for the community indicates that groundwater 

protection is needed. A conceptual model was developed for the groundwater flow system in the 

Pleasant Plains area of Dover Township, Ocean County, New Jersey. From a hydrogeologic 

perspective Dover Township is underlain by the Cohansey-Kirkwood aquifer system. The Cohansey 

Formation is the upper phreatic aquifer that is the principle source of water for Dover Township. A 

steady state groundwater flow analysis was performed for the Cohansey aquifer beneath the United 

Water Toms River wellfields. This analysis revealed that prior to the operation of the wells, 

contaminants from the Superfund site migrated toward the Toms River. The imposition of the 

pumping wells on the aquifer changed the flow of groundwater and directed contaminants toward the 

municipal wells. The addition of dispersive transport to the forward particle tracking analysis 

resulted in a greater number of the wellheads in the Parkway wellfield becoming contaminated. A 

sensitivity analysis revealed that the most sensitive parameter for the performance measure of 

groundwater head is net infiltration and that the most sensitive parameter for the performance 

measure of capture zone area is wellhead pumping rate. 
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The fact that the Superfund site is a source of contamination to the municipal wellheads 

indicated that the delineation of wellhead protection areas should include infonnation on 

contaminant movement in the subsurface environment. As a first step, a random walk (RW APT) 

model was developed to include dispersive transport to the analysis of particle movement in the 

groundwater flow field. A convex hull capture zone model was developed to generate a WHPA 

boundary from the resulting numerical model particle pathlines. The RW APT model was added to 

the suite of acceptable techniques that would be used for delineating WHPA boundaries around the 

wellheads at the study site. 

A WHPA boundary decision making model, based on the benefit-cost-risk model, was 

developed in Chapter 4. Benefit-cost-risk analysis was originally developed for comparing 

engineering designs that pose a risk of failure to the natural environment. The benefits of wellhead 

protection areas are the communal benefits of a clean source of potable water. The costs of WHPA 

delineation are the costs of modeling the WHPA boundary and the cost of producing the Wellhead 

Protection Report that accompanies the WHPA boundary. The risks associated with WHPA 

delineation are entrenched in the cost of failure and probability of failure for the modeled boundary. 

The standard for detennining failure for WHPA modeling was chosen to be the zone of confidence 

for the complete set of boundaries under comparison. The zone of delineation uncertainty for each 

boundary represents the failure of the model to delineate the true WHPA boundary. The cost of 

failure is a function of the amount of land within the failure area and the economic value attributed to 

groundwater protection in each WHPA boundary. The probability of failure is the probability that 

WHPA model has failed to generate the true WHPA boundary. 

The next step to detennining the best alternative for groundwater protection was to apply the 

complete set of WHPA modeling techniques to the UWTR wellheads as presented in Chapter 4. 

Benefit-cost-risk analysis was then used to compare the set of boundaries that were produced for 

each protection zone. The best alternative for Zone I was the 250 foot arbitrary fixed radius boundary 

and for Zones II and m was the RW APT numerical modeling boundary. The results of the present 

analysis have shown that WHPA decision making is a useful application for the benefit-cost-risk 

analysis methodology. This research study shows that the added cost of using a numerical model to 

delineate the WHPA boundaries has a large return in reducing the risk of failure. 

Regret analysis was applied to the best alternative for WHPA delineation in Chapter 5. The 

Zone I, Zone II and Zone m RWAPT boundaries were subsequently compared to the other WHPA 

boundaries in order to determine the regret associated with choosing a non-optimal WHPA boundary. 

From the analysis, the results indicate that the choice of WHPA delineation technique has serious 
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implications on the amount of land encompassed within each WHPA boundary. There is a direct 

correlation between the scientific complexity of the delineation model and its ability to represent the 

true WHPA boundary. There are also serious implications for using the arbitrary fixed radius 

technique for delineating the Zone I boundary. The purpose of the WHPA I protection zone is to 

prevent industrial development in order to reduce the immediate risk of groundwater contamination 

reaching the wellfield. Therefore, the WHPA delineation technique should be complex enough to 

determine whether an area is hydraulically connected to the wellfield. 

Uncertainty analysis was applied to the numerical modeling WHPA boundaries in Chapter 6. 

Two techniques were used to analyze the uncertainty associated with model input parameters. The 

first technique was first order second moment analysis and the results indicate that net infiltration to 

the upper boundary of the conceptual model contributes approximately 85% to the total uncertainty 

in the size of the numerical capture zone. Well pumping rates contribute to almost all of the rest of 

the uncertainty in capture zone size. The second technique was direct parameter sampling. This 

technique was used to provide multiple realizations of both STLINE and RW APT numerical models 

of the WHPA boundary. The probability distribution of WHPA boundary was found to be normal 

and the 501
h percentile WHPA boundary was found to be in almost the exact location of the 

deterministic WHPA boundary. It was concluded that the 501
h percentile boundary provides a better 

representation of the average numerical WHPA boundary. It was also concluded that the 951
h 

percentile boundary approaches the 501
h percentile boundary as the uncertainty in the input 

parameters is reduced, and therefore, the 951
h percentile boundary was recommended as the boundary 

that best represents the numerical modeling WHPA boundary for WHPA decision making. 

The value of information on uncertainty was also determined using uncertainty analysis. This 

value represents the maximum exploration and sampling budget that should be put toward obtaining 

new sample points to reduce input uncertainty. Based on the first order second moment analysis, the 

best use of this budget is to put it toward reducing uncertainty in the knowledge of net infiltration to 

the groundwater flow model. A reduction in the variance of the infiltration will have the greatest 

impact on reducing the variance in WHPA boundary location. 

Transient analysis was applied to the delineation of wellhead protection areas in Chapter 7. 

From the transient analysis of wellfield operation, the zoning of groundwater protection areas must 

take into account both the existing conditions within a wellfield and any potential future development 

conditions that may effect groundwater pumping. This requires some foresight into the potential well 

development that may arise due to an increased demand for potable water. The transient analysis 

provided information that is best summarized by stating that the delineation of WHP As should be 
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based on all potential wellheads under their maximum sustainable well pumping rates. If any future 

wellhead development occurs in the vicinity of existing WHPAs, the decision making process for 

future WHPAs must take into account the added area encompassed by new groundwater protection 

zones. The decommissioning of an existing well within a wellfield will also have an effect on the 

direction and magnitude of groundwater velocity in the aquifer. However, the decommissioning of a 

wellhead may only be temporary depending on the water quality and water quantity conditions of the 

aquifer around the wellhead. As a result, even though the decommissioning of the wellhead has a 

measurable effect on the size of the WHPA boundaries, there is no reason to change the location of 

the original WHPA boundaries until the fate of the decommissioned wellhead has been finalized. 

Finally, in Chapter 8, a number of factors that make the use of benefit-cost-risk analysis for 

groundwater protection planning unique were discussed in order to look at the implications of 

environmental decision making on the delineation of WHPA boundaries. It is evident that the 

decision making paradigm developed in this research study is both flexible and robust. It has been 

successfully applied to determining the best WHPA boundary under all of the criteria and constraints 

currently suggested out by the USEPA. It may also be applied to WHPA delineation under 

circumstances that were not specifically analyzed in the present research study. This includes the use 

of three-dimensional groundwater analysis for delineating WHPA boundaries, the addition of 

contaminant transport phenomena to the WHPA delineation process, and the accounting for non­

point source pollution protection in the process. With additional research, this decision making 

paradigm has the potential to be a powerful tool for solving groundwater protection problems faced 

by communities in the preservation of the water quality of drinking water aquifers. 

In conclusion, the author feels that the present study provides a comprehensive analysis of 

the decision making process for delineating wellhead protection area boundaries. However, as 

presented in this summary, there are a number of areas of research that have not yet been addressed. 

These include the application of environmental decision making to three-dimensional WHPA 

boundaries, the affect of uncertainty in dispersion, the development of a surrogate chemical for 

introducing contaminant transport into WHPA delineation and the use of a GIS database of 

development at the study site to better determine the cost of failure. Continued research into these 

areas will provide better validation of the potential of this technique to help municipal planners make 

more knowledgeable decision about groundwater protection. 
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APPENDIX I 

FORTRAN CODE 

CAPZON.FOR 
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C 
C 'nl:.a La i1. peat. STL!HE hlter writ.ten cc check. to ■ee 1t the 
C apcure :one baaed on t.he endpcu.nta of the part.1.cle cracks 
C concatn.a i1ll of t.he out.er moac paint.a Ln the CZ 
C 
C Ntln Harvey, Apnl t998 
C 
C NP • number at pac.hl1ne1 generated by G/W new 1110del 
C HPIP • number of po1nca Ln p&t.hhne I 
C CPX. CPY • capcure :one point.a (x. yl 
C 

IMPLICIT REAL•& (A·H,O·ZJ 
DIMENSION CPX(l51,CPY(l51,PTXll00, ll01,PTYll00,ll0J, 

l CPxa.rt'IJSI ,CPYCll1!"135J 
UfflXlER NPIP ll001 

C 
C read 1n pachl1ne 1nformac10n from UNES.BLH 
C: 

OPEN(UNIT•20, PILE•• tine■. bln' .STATUS••OLD• l 
OPEN (UHIT•21. PILE•' c.ap:on. bln • • STA'nJS• •t.,no•om•) 

C 
C ec:ho 1ntcrmac1.on to the 1creen 
C 

PROCRAM O.PZCII 

WRITEl•.•J 
WRITE(•,•) 
WRt-:El•,•J 
WRITE(•,•) 
WRITEC•,•J 
N'RITE(•, •1 
WRITE(•,•) 
WRITE(•,•) 

gener.1ce • c:cnvu hull capture :one• 

C: 
C m1c1al •U 1ncer1m c.1pture :one point■ co o. o 
C: 

IX) 7000 IO•l,ll 
CPX1l0l •0. 0 
CPYl10l •0. 0 

7000 CONTt:NtJE 
C 
C read m pachll.ne po1nta 1.nd determine cne four extreme 
C point■ fer i1na1vau 
c <91 c• ymax 
C J[ftlln -.. 1171 
C ! 11 c• .cmax 
c: ymin -» 1251 
C 

C 

READ(20, •) NP 
CCI 1001 11•1.HP 

Rr.ADUO.•) NPIP(tl) 
CCI 700l ll•l,HPtPll 11 

RE.\D(l0. •J PTXI It, Ill, PTY 111, Ill 

C in1tulue extreM point■ 
C 

tPllt.lEQ.l.Allll.ll.lEQ.11 THEN 
CPXill •PTXI 11, Ill 
CPYUI •PTYIU. Ill 
CPX191•PTXll1,lll 
CPY191 •PTYIIl, Ill 
CPX 1171 •PTX! It, Ill 
CPYl17) •PTYttl. IlJ 
CPXl251 •PTXll1, Ill 
CPYl25J •PTYlll, Ill 

ENDIP 
C: 
c: d•t•rmtn• •xtreme point■ 
C 

Il'IPTXtlt. !21 ,OT. CPX<l) I ntEH 
CPXlll •PTX.ltl, t21 
CPYlll •PTYlll, Ill 

ENDIP 
IPIPTYlll,lll .GT.CPYl9ll THEN 

CPXC!l •PTX.lH. [2) 
CPYl9l •PTYlll, Ill 

ENDIP 
IPIPTXlll,lll .LT.CPXll7ll THEN 

CPXl17J •P'TXU1, tll 
CPY!l7J •PTY!ll, Ill 

ENDIF 
tPIPTYlll,lll .LT.CPYll5JI THEN 

CPXl25l•PTX!ll, Ill 
CPY(l5l •PTYCI1. Ill 

ENDIP 
7002 cetrrINUE 
7001 CCNTINUE 

C: 
C add on• capture :one paint on tne end for clc■ure 
C 

CPX 1331 •CPX Ill 
CPYilll•CPYill 

C: 
C Ht & tolerance for determining L f a point u •n 
C extra capture :one point or Ju:at 10.0.0.01 
C: 

TCLER•0.000D01 
C: 
C: tor eac:b a! tne -1 qu&drant■ wh.1c:b are defined by 
C tneae 4 pJlnt■ detenune • convex hull 
C: 
C t. QUADRAlrI' I - pe !91 
C: 
C: 
C: 
C: 
C pell) 
C: 
C: determ1ne algebra1e: parametera needed for amlyau 
C: 

C 

tP(CPXllJ .EQ.CPXl91 .OR.CPYlll .IEQ.CPYC9J I GOTO 7020 
OX•CPX191 •CPX[ll 
llY•CPYl91 ·CPYlll 
SLOPElollY/OX 
SLOPBl•·OX/DY 

C tor all of t.he pouita 1n each pathllne 
C flnd the one tMt u the tarthe■t .away from the l 1ne 
C bet.ween CPU) .and CPC,I. and call 1t. CP(5) 

204 

C 
OtSTMX•O. 0 
00 7004 U•l.NP 

00 7005 t5•l.HPtPlt-ll 
tPIPTXIU,151 .GT.CPXl91 .AND. 

PTY(U,151 .GT.CPYllll THEN 
DSUlPE• CSL0PE2 •SL0PEll 
XINT•( (CPY'91 ·PTYIU. ts) l ·ISLOPEt•CPX(91) • 

ISLOPEl•PTX(I4, IS) l 1 /CSLOPE 
YINT• ICPY(91 • lSLOPEl• lCPX(91 •ltNTl l I 
IPlPTXIU,151 .CiT.XUl'?'l ntEH 

DIST•( IASS(PTXIU, t5) -XIHTJ .-.2. 01 • 
IABS{PTY(t4, IS) ·'ttNTI .-.2. OJ J na.50 

IPICIST.GT. CtS'l'MXJ THEN 
CPXISJ •PTXIU,151 
CPYISI •PTYIU, 151 
OISTMX•DIST 

7005 
7004 

C 

EIICIP 
ENDIP 

EIICIP 
CONTIIIUE 

CONTtllUE 

C: 
C: 

C: 

1t we do not. t:utd a value tor CP(5) tnere .are no 
e.xtra point• out•1de ot the l1ne tram :P1!.l to Ci'fil 
.and we c:An ~ our ,uul.ya1• .n .;Jwdr.ant ! 

:F'.CPX!'5l :.::0 .':"CL.ER.Am: CP"{(Sl :.::-.-:-C:.G.i ::;c-:-o -:-.::c 
C: 
C now f.lnd one between CP{tl and CPISI • .Ind c.sll 1t CPIJJ 
C 

OX•CPXl5l·CPX1ll 
OY•CPYl51 ·CPY111 
SLOPEl•CY/OX 
SLOPEl•·OX/OY 
0l5na•0.0 
00 7006 U•l.NP 

00 7007 t7•1..NPIP{I6) 
IPIPTXll6.17l .GT.CPXl5J ANO. 

PTYII6.I71 GT.CPYflJI THEN 
DSUlPE•ISI.CPEl·SLOPEll 
XINT• f (C'PY 151 -PTT I t6. :71 I • (SL0P£t•CPX!51 I• 

ISLOPEl•PTXI 16,171 l l /DSLOPE 
YINT•ICPY!5l- (St.lPEl•CCPX.151 •XINT) 11 
IP!PTX.lU. t7l GT.XIN'T) ':'HEN 

DIST• I {ASS(PTX( I6. 171 -xurr1 .. l 01 • 
(ABS!PTYlU. t7J •YINTJ .. l .JI I .. g 5.0 

!P(CtST.CT.DtSTMXJ THEN 
CPXUl •PTXU6. t7l 
CPY(ll •PTYIU. t71 
OISTMX•DIST 

ENDIP 
Ell1ltP 

ENCIP 
7007 C'OHTINUE 
7006 CCNTUfUE 

C 
C now hnd one between CP!51 .and CPt")l . .and e.all 1t c:P(71 
C 

OX•CPXl9l·CPX151 
CY-CPYl91 -CPYl51 
SLOPEl•CY/OX 
SLOPEl•·OX/DY 
CIS11a•D. 0 
CCI 1008 11•1,NP 

00 7009 19•1.NPIP!UI 
IFCPTXIII, I71 .CT.CPXt!U .AND. 

PTYl?l,U) GT.CPY15ll THEN 
CSLOPE• tS'LOPEl-SLOPEtl 
.tUtr•l tCPY(91 •PTYft8. UI I• !SLOPEt•CPXf9I I• 

!SLOPG•PTX(III, t'JI l I /DSt.CPE 
YINT• lCPYt9t - ISt.OPEt• !CPX l~U -JUNTl 1 ! 
IPIPTXlt8,I91 GT.XINT) THEN 

DIST•t IA&StPTXIU, Ul •x..tN't'l .. l 01 • 
{"8S!~IU, UJ •YtNTl .. l OJ I .. 0 !50 

tJJIClST.GT.CIS'TMXJ !HEN 
CPX171•PTXltl. :91 
CPYlil •PTYI ti. !91 
o:sncx-orST 

ENDIJJ 
INCIP 

ENCIP 
7009 CONT!NUE 
7001 c:cHTINIJE 

C: 
C: 
C: 
C: 
C: 

1! we do not. hnd & value for CPll) there ue no 
uc.ra paint• 0uta1de ot tne lm• from 1.."Plll c.o CPC51 
10 we CAD ■kip up and laok between CPl!5) •nd epi,] 

IP{CPXfl) .t.T.TOLD.AND.CPY(lJ .LT.TOLER) COTO 7019 
C: 
C now ftnd one between CPIII and C'P(]J. and calt it CPC2l 
C: 

OX•CPXCll ·CPXlll 
CY•CPY 13 l •CPY Ill 
SLOPEl•CY/CX 
SL0PE2•·0X/DY 
D15na•0.Q 
00 7010 UO•l.NP 

CO 7011 Ut-1.NPIPltlOI 
tP!PTX!tl0,llll .GT.CPXIJJ .Allll. 

PTY!IlO.tlll .OT.CPY!l.l J THEN 
DSUlPE• ISL0PE2 ·SLOPEll 
XIHT•I !CPY(l) ·PT'YI IlD.Utl I - fSLCPEPCPXtll I• 

ISLOPEl•PTX(UQ, [11.11 l /CSLOPE 
YINT•(CPYIJI • (SUJPEl•!CPXllJ -JUNT) JI 
IPIPTXlllD,tllJ .GT.XIHTI THEN 

DIST•I (AIIS[PTX(tl0, Ill) ·XIHTJ--2.01 • 
tABSCPTYCtta. IUJ •YUrr> ••2.O11 .. a so 

ll'ICtST.GT.CIS11al THEN 
CPXlll •PTX! no. 1111 
CPYllJ •PTY!llD,Illl 
Ct5na•CIST 

ENDtP 
EIICIP 

EIIDtP 
7011 CCNTtNUE 
7010 CCNTtHUE 

C: 
C new flfld one bet.ween CP{JJ and CP(51. and call Lt CP(4l 



C: 
CX•c:l'XISJ ·c:l'Xlll 
CY•c:l'Yl5l ·c:l'Ylll 
St.OPEloCY/CX 
St.OPEl••CX/CY 
CIS'l'MX•O. 0 
CO 7012 112•1,NP 

CO 70U Ill•l.NPIP(tUJ 
IPIPTXll12, Ill) .GT.c:PXISl .AND. 

PTYll12, ltll .GT.c:PYlll l THEN 
CSLOPE• ISt.OPEl ·St.OPEl l 
XIIIT•I lc:l'Yl5l ·PTYIIU, Ill) l • ISt.OPEt•c:l'XISJ l • 

(SLOPC•PTXII12. IlJJ I) /CSLOPE 
YIIIT•lc:l'Yl5l •1St.OPE1• lc:l'XISJ •XINTJ 11 
IP(PTJ.(IU. Ill) .GT.XINTJ THDJ 

DIST•< (ASSIPTXIIU. Ul) -xurr1••2. 0) • 
IABSIPTY(Ul. 1131 -YINT) .. 2.0)) ••a.so 

IPICIST.GT.CIS'lllXJ THEH 
CPXHl•PTXCIU. Ull 
c:l'Y«J•PTYll12. Ill) 
CIS'lllX•CIST 

ENDIP 
ENDIP 

ENDIP 
1013 CCIITINUE 
7012 CONTINUE 

C: 
C: 
C: 
C: 
C: 

:.t we do net hnd • value !or CPC'11 there u·e no 
extra po1nt1 out■ ide ot the hne from 0'(51 to CPl'I 
and we c•n aJup to cne end 

701.9 CONTINUE 
IPtCPXt71.t.T.T0LER . .\ND.CPYt71 .LT.TOt.ERJ CiOTO 7020 

C: 
C new tlnd one between CP151 •nd C'P(7J. and call lt CP<6J 
C: 

DX•CPX171 -CPXISI 
CY•c:l'Yl7l •c:l'Yl5l 
St.OPlt-CY/CX 
St.OPE2•·0X/CY 
CIS'lllX•O.O 
00 7014 114•1,NP 

00 7015 ll5•LNPlPflUJ 
IPIPTXIIU.IUI .CT c:PXl11 AND. 

PTYlll<.1151 CT.c:PYl5! l THEN 
OSLO PE• I SLOPC •St.OPEl I 
X?N'r•l lCPYl71 ·PTYIIU, tl5I l • ISLOP!t•CPX(11 I• 

1St.OPE2•PTX I I 1', I 15111 /CSI.CPE 
YINT•lc:l'Yl1l • ISt.OPEl• lc:l'X17l •XINTJ l J 
IPIP'?Xll1', 1151 GT XINTJ THEN 

CIST•I IABSIP'?XIIU, 1151 ·XINTJ .. 2 01 • 
IABS(PTY(tU,tlSl•YUlI")••l 011 .. 0 50 

IP 101ST. CT. CIS'lllXJ THEN 
c:PXl6l •P'?XIIU, U5l 
CPYl6! •PTYUU. tl51 
DIS'l'MX•CIST 

IENDIP 
ENCIP 

ENCIP 
7015 ectn'INUI 
7014 CCIITINUE 

C: 
C now t'lnd one between CP(7l ,and CPl91, -Ind call lt CP(III 
C: 

ox-oxm -axm 
CY•CPYl9l -CPYl7l 
St.OPEt•CY/CX 
SLOPE:l•-OX/DY 
CIS'l'MX•O 0 
CO 7016 Uhl.NP 

CO 7011 U7el,NPIPll16l 
IPIP'?XIIl6,Il7l .CT.<:PX!91 .Alltl. 

PTYIIl6,lt1l .CT.<:PYl7l l THEN 
CSt.CPE• 1St.0PE2 •St.0PEI l 
x.tNT•l lCPY(9J •PTYUU. U71) • lSL0PEt•CPXl9) I• 

1St.OPCl•P'?Xilt6, I 171 l J /CSLOPE 
YINT•CCPYl91 - (5LOPl1• tCPX191 -xtNTJ 11 
IPIP'?XIU6,lt7l .CT.XINTJ THEIi 

DIST•< tASStPTXtil6.U7J ·XlNTI .. 2. 0) • 
(ABS(PTY( U6, U71 -YINTJ .. 2. 01 l .. 0.50 

IPICIST.GT CIS'l'MXJ THEN 
CPXlll •PTX(IU, U71 
c:l'Y Ill •PTYI Il6, It 7) 
DIS'l'MX•CIST 

IENDIP 
ENCIP 

ENCIP 
701 7 CCNTtllUE 
7016 CONTINUK 

C: 
c 1! ~ny of ch• 11mulac10na don"t produce extra point• 
c ]ump out: a! the umul.ation loop 
C: 

7020 CCNTtNUE 
C: 
C: 2. QUADRANT II ptl9l 
C: 
C: 
C: 
C: 
C: ptfl7J 
C: 
c determ1ne algetlra1C' parametera needed for analy111a 
C 

C: 

IPlc:l'Xl9l . EQ.c:l'Xll 71 .CR.c:PYl9l. EQ.c:l'Yll7J l ooro 7040 
DX•CPX(l7J -CPXC,J 
DY-aYl17l ·c:l'YUI 
St.OPEt•CY/CX 
St.OPCl•·CX/CY 

C tor all of cha pcn.nt■ 1n each pathl1ne 
c ftnd cbe one tlwt. 1■ che tattneac away from t.he t1ne 
C between CPC,) and CP(171. and call 1.t. CP(lll 
C: 

CIS'lllX•O. 0 
CO 7021 12l•l.NP 

00 70l2 Il2•l,NPIPU21J 
IP'(PTXII21,I22l .LT.c:l'Xl9l .AND. 

PTYll21,l22l .GT.c:l'Y(t7JJ THEIi 
CSLOH• (St.OPE2 •St.OP£1 l 
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C: 
C: 
C: 
C: 
C: 

IINT•( (CPY(l.1) -PTYUll, 1221) - (stOPEl•CPX( l7) I 
•CSL0PE2•PTXtill. Ill) I J /CSLOPE 

YINT•lCPY(17) -(51.0PEl• CCPX(l7l ·XINTJ) J 
IP'IPTX<I2l,l22l .LT.XINTJ THEIi 

DtsT•l IABS(PTXII21, I:Zll •XI!tl'J ••2. Ol • 
CABS(PT!I Ill, Illl •'tINTl u2. OJ i ••a. 50 

IFICIST.GT.CISTMXJ THEIi 
CPX.I lll •P'rXU:21, t2lJ 
c:l'YI tll •PTYI Ill, 1221 
CIS'l'MX•CIST 

EHDIP 
ENCIP 

ENCIP 
1022 CClffUIUE 
7021 CCNTtNUE 

1.f we do not find• V4lue for CPtLJI there .tre no 
excra pa1nc• ouca1de of the lin1t from CP(91 to CPlt71 
•nd we can end our .snaly11u m Qu.Jdrant II 

IPICPXltll .I.T.TOLER.ANILCPYllJI t.T.TOt.ERI GOTO 1040 
C: 
C: now find one bet-.een CPUJ and CPllJI. and call it CPI 11) 
C: 

C 

OX•c:l'Xilll ·c:l'Xm 
CY•c:l'Yllll ·CPYC,J 
SLCPEl•CY/OX 
SLOPEJ •·CX.'CY 
CIS'l'MX•0. 0 
00 7021 tll•l.NP 

DO 7024 I2,&•1.NPU(t2JI 
IPIPTXctll.I241 LT CPX.191 .\NC. 

?TYUJJ.I24l GT CPYtllll THEN 
:lSL0PE• ISt.:IPEl·SLOPE!l 
XINT•I ICPYll.ll ·PTYI Ill. t24J I· <SL0P£l•CPltlJI I• 

!st.OPEl•PTX.ctll, t24 l l I /CSLOPE 
YUl'r•tCPYtl.JI • ISLOPEl• ICPX(lll •XINTl l l 
tPIP'?XII2l,I2<J .LT.Xltn'l n<EN 

DIST•t CABSlPTX(Ill. I241 •XINT) ••2.01 • 
!ABS CPTYlI2J, !241 ·YUtrl ••:Z. 011 ••O. 50 

IPICIST.CT. OIS'lllXl THEN 
CPXI UI •PTXlill, t241 
CPYI lll •PTYft,2J, !241 
c1sna.c1ST 

ENDIP 
ENCIP 

ENDIP 
7024 CONTINUE 
10:u CCNTINUE 

C now flnd one bct ... en CPllll .uut C'Pll.7), .tnd c:au lt CPUS) 
C 

DX•c:l'X1l7J ·c:l'XtlJl 
CY•c:l'Yll7l •c:l'Yllll 
St.OPEi •CY /OX 
5t.0PE2••CX/CY 
CIS'l'MX•O .0 
00 7025 tlS• 1. NP 

00 7026 t26•1,NPIPtt2Sl 
!PIPTXI I2S. t26J !..T CPXllJI ANO 

PTY(IlS. I261 .CT.CPY:171 J THEN 
CSLOPE• I SLCPE2 • St.OPEl l 
XINT• I CCPYI 171 •PTY r I25. 1261 I• (SLOPEl•CPX I 171 J • 

ISLOPEl•PTX 1125.I26111 /OSLOPE 
YINT•tCPYI 17l • ISLOPll• !CPX( 171 •XINTI I I 
tPIPTXII.25.Ilfil !..T XINTl THEN 

CIST• I IABS tPTXII25. 1261 •XINTl .. , 01 • 
(ABSI PTYI t25. 1261 •'tINTJ .. 2. OJ I .. 0 SO 

IPICIST.CT.CIS'l'MXJ THEN 
CPX I l5l •P'TX I 125, :261 
CPYI 15.1 •PTY U25. Il61 
DtSl>IX•CIST 

INDIP 
ENCIP 

ENCIF 
7026 CCHTINUE 
70l5 CCIITINUE 

C 
C 
C 
C 
C: 

it we d0 not !J.nd • value for CP l llJ there .are no 
utra pc1nca 0uta1de ot the line trom CP(jJ to CPClJI 
10 we can lklp up •nd lock between CP ( 1J I •nd C'P (11} 

tPICPXllll .LT.T'Cl.ER.ANCI.CPYllll .t.T TOLER! Ci0TO 1039 
C 
C: now find one betwe•n CPl91 •nd CPtl.ll. •nd c.aU Lt CP{lOJ 
C 

CX•<:PXllll ·c:l'X19l 
CY•CPYllll ·c:l'Yl9l 
St.OPEl•DY/CX 
St.OPE2•·CX/CY 
CistMX•O. 0 
CO 7027 tl.7•1.NP 

00 7021 t21•1.NPIPII27J 
IPIPTXII21. Ill) .LT.c:l'Xl9l AND. 

PTYll27, Ill) .GT.c:PYlllll n<EN 
CSLOPE• I St.0PE2 ·St.OPEt l 
XtN'r•I lCPYIU) -PTYII27. 12811 • lSLOPEl•CPX(l.lJ J • 

CSL0PC•PTX(I27. I281 I) /DSL0PE 
YINT• lc:l'Ylltl • ISt.OPEl• ic:PXt Ill -XINTl l l 
tP(PTX(ll7,I21) .t.T.XtNTl THEN 

DtST•t lA8S(PTXUl7. Ill) -lINTl .. 2. OJ• 
(A8S(PTY(I27. [21) -YUl'r) --2. OJ) --a.so 

IPIDIST.CT.CistMXJ THEN 
c:l'XllOJ •l"tX(l27. 1211 
c:l'YltOJ •PTYII27. 1211 
CistMX•DIST 

ENCII' 
IENDIP 

ENDIP 
7021 cart'INUE 
7027 CONTINUE 

C: 
c- now t:lnd one between CPUlJ and CPtll. and call it CP<l2J 
C: 

CX-c:PXIUJ ·<:PXlltl 
CY-c:PYllll ·c:l'Ylltl 
St.OP£l•CY/CX 
St.OPE2•·CX/CY 
DISTMX•O. O 
00 7029 I29•l.NP 



00 7030 Il0•1.YPIPIU91 
IPIPTXII29. IlOI. LT.CPX(lll .AIID. 

PTY(U!l,IlOI .GT.CPYlllll nlDI 
CSLOPE• ISLOPE2-SLOPllll 
xnrr-1 ICPYl131-PTYIU9. I301 I - ISLCIPEl•CPX1131 l • 

ISLCIPE2•PTXII29. IlOl l I /OSLOPE 
Yilrt'•ICPYllll -lSLCIPEl• ICPXllll -XI~"l'I l 1 
IPIPTXII29. IJOI ,LT,XINTl nlDI 

DIST•( (ABS(PTX(I29. IlDI -xurn --2.0," 
(A8S(PTYCI29.IJDI -YUll"I .. 2.01) .. 0.50 

IPIDIST.GT.DIS'nCXl nlDI 
CPXl12l •PTXII29. IlOI 
CPYl12l •P'l'YII29. 1301 
DIS'nCX•DIST 

DIDIP 
DIDIP 

DIDIP 
7030 CONTINUE 
7029 CClrt'IIIIJE 

C 
C 
C 
C 
C 

it we do not hnd a value tor CP(l5J chere a.re no 
extra pcunt• oucude or the ll.ne t'rcm CP(tJJ to CP(l.1) 
.ind we can ■ktp to the end 

7039 CCIITIIIIJE 
IPICPX115l .LT.TOLEll.AIID.CPYl151.LT.'!CLERI OOT0 70<0 

C 
c now ttnd one between CPllJ1 !nd an~,. ~nd ell! :.t CP!Ul 
C 

DX•CPXl15l -CPXllll 
DY•CPYl15l •CPY113l 
SLOPlll•DY/DX 
SLOPE2•-DX/DY 
DIS'nCX•O. 0 
00 7031 lll•l,YP 

00 7012 Il::Z•l.NPIP(Ill? 
IPIPTXllll.1321 LT.CPXllll .AND 

PTYIIll.132) .GT.CPYl151 I THEIi 
CSLOPE- ISL0PE2 ·SL0PE1l 
llNT• IICPY 1151 •P'l'Yllll, 13211 • tSLOPEl•CPXll5l l • 

(SLCIPl2•PTXIlll.ll2l I 1 /OSLOPI 
YINT•ICPYl151 • ISLOPEl• ICPXl151 ·llNTI 11 
IPIPTXIIll.1321 .LT.XINTl THEY 

DIST• I IABSIPTXI Ill. 1321 ·XINTl .. 2. 01 • 
iABS(PTYltll.tl21 ·YINTl .. :z. 01 J .. 0.50 

IPIDIST.GT.DIS'nCXI nlEY 
CPXIUl •P'l'Xllll,1321 
CPYIUI •PTYIIJl.1321 
DIS'nCX•CIST 

EIIDIP 
IYCIP 

l!NDIV 
7032 CCNTIIIIJE 
7031 CllNTIIIIJE 

C 
C now tind one between CP(l5) and CPU.7]. and c•U Lt CPl1151 
C 

C 

DX•CPXl17l •CPXl15l 
DY•CPY 1171 •CPY 1151 
SL0Pll •DY/ DX 
SLCIPE2•-DX/DY 
DIS'nCX•O. 0 
00 7033 lll•l,NP 

00 70H llhl.NPIPI Ill! 
IPIPTXIIll, IHI LT.CPXll5l .AND. 

PTYllll,IHI GT.CPYl17ll THEY 
DSLCIPE• I SLOPE2 • SLOP Bl I 
XINT• I ICPYl171 •PTYI Ill. IHI I• ISLCIPEl•CPXl 171 l • 

ISLCIPE2•P'l'ltl Ill. IHI I l /DSLOPII 
YINT•ICPYl17l • ISL0Pll• ICPXll 71 -XINTl I l 
IPIPTXllll.lHl .LT.XINTJ THEY 

D1ST•l IABSlPTXltll. IHI ·llNTJ .. 2.0l • 
IABSlPTYUll. IHI •YUIT) .. l.01 J .. 0.50 

IPIDIST.GT.DIS'nCXl THEY 
CPXI 161 •PTXllll, ll<l 
CPYI 161 •PTYI Ill. Il<l 
DIS'nCX•CIST 

EllCIP 
IYCIP' 

l!NDIP 
70H CCNTINUI 
7031 CCNTlNUS 

C i.t .ny or tne 11mul•t10n■ den•t produce extra pcunta 
C: Jump cut of Cha umulat10n loop 
C 

704 0 C'ONTtNUa 
C 
C ]. QUADRANT Ill - ptll7l 
C 
C 
C 
C 
C pt~~ 
C 
C detenu.n• al9ebn1c- parameter■ needed for .naty11u 
C: 

C 

IP'ICPXl171 .EQ.CPltl25J .OR.CPYl171.EQ.CPYl25l I 00'!0 7060 
DX•CPXl25l -CPXl17l 
DY•CPYl251 -CPYl17l 
SLOPll•DY/CX 
SLOPE2•-DX/DY 

C t:or •tl of Che po1nta 111 uc:h pathltna 
C t:uld the one CM.t L ■ the t:arene■c .away from the llne 
C: between C,(171 .and CPC251. •nd call LC. CPl211 
C 

DIS'nCX•O. 0 
CO '1041 Itl•l.NP 

00 7042 U2•l.YPIPIUll 
IP'IP'l'XUU.IUl .LT.CPXl25J .AHC. 

PTY(Ul,U2l .LT.CPYl17l J nlDI 
DSLOPEo ISLCIPE2-SLCIPEll 
XINT•I ICPY125l -PTYIUl.IUl 1-ISL0PEl•CPXl25J I 

•fSU>Pl2•vr:t(I41. I42) J J /DSI,OPE 
YINT•ICPYl25l -lSLCIPll•ICPXl25l-XIlrrl l l 
IPIPTXIUl. U2J .LT.XINTl nlDI 

DIST•( (ABS(PTX(Itl. 142) -xtm .. z_o, • 
(ABS(PTY(Ul.I42J -?INT1 .. z.011 ••o.so 

IP'(CIST.GT.CIS'nCXl nllY 
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CPX12ll •PTXIUt. U21 
CPY12ll •PTYIUt.1421 
DIS'nCX•DIST 

EllCIP 
EllCIP 

EIIDIP 
1042 CCNTtNUE 
7041 CONTINUE 

C 
C 
C 
C 
C 

Lt we do not fLnd a va.lue tor CP 151 chere are nc 
ext.n point.■ ouca1de of the li.ne from CPCll co CP!CJI 
;ind we can end cur analyau tn Quadrant : 

IP'ICPXl2tl .LT.'!CLER.AHC.CPYl2ll .LT.'!CLERJ OOT0 7060 
C 
C' now t:Lnd one between CPC1.7l and CP(llJ. and call LC CP(UI 
C 

DX■CPX12ll ·CPltll71 
OY•CPYClll -CPYC171 
SLOPEl•DY/DX 
SLOPEl••CX/OY 
ors-ncx.o.o 
00 '70U Ul•l.NP 

00 70U tU•l.NPIP(Ull 
tP(PTX(IU.IUJ .t.T.CPXtlll AND. 

PTYCIU.U-tl LT.CPYC17ll THEN 
CSLOPE• ISLCIPE2-SLOPE1 l 
X!NT• ( (CPY(:%!! • P'!"Yt! ll. !U l l • (SLCP£!•CPX!:Hl l • 

{SLOPEl•PTX UO. IUI 11 /est.OPE 
'tINT•CCPYC21J •<SLOPEl• fCPX(llJ •XINTJ I l 
IP<PTX(IU.IUI .t.T.XUrt'J THEN 

DIST•( (ABS(PTX(IU. 1441 •XINT) ••2 01 • 
IA.BSlPTY(IO. I•UI -YINTJ ••l 011 .. 0 50 

IPIDIST.GT.DIS'nCXl THEY 
CPXlUI •PTXtt-tl. IHI 
CPY( Ul •PTYU-tl. tHI 
OISTMX•CtST 

EllCIP 
DIDIF 

EYCIP 
1 au earn NtJE 
7041 CCHTtNUE 

C 
C now hnd one between cPt2ll .and CPtJ5) • .and e•ll lC C'PtlJl 
C 

C 
C 
C 
C 
C 

DX•CPXl25l •CPXl2ll 
DY•CPYl25l -CPY12ll 
SLCIPEloCY/DX 
SLCIPl2•-DX/DY 
OISTMX•O. 0 
CO 70•'5 I45•1.NP 

00 7046 IU•1.NPIP{U5} 
tPIPTXII45,U6l LT.CPXl251 A:10. 

PTY[I45.I461.t.T.CPYtllll THDI 
DSLOPE• t SLOPE2 •SL0PEI l 
ltlff'•l ICPYtl5J -PTYIIt5. IUJ I· !SUlPEt•CPXll'Sl I• 

ISLOPC•PTX( U5, IOI I l /CSUJPE 
YINT• tCPYtl5) - ISLOPEl• (CPX.ll5l -XINTJ l l 
IP'IPTXIU5. IUI .LT XINTl THEN' 

DIST•I IABSIPTXI tn, [Ul •XIYTl ••2. Ol • 
CA.BS(PTYIIU, 1461-YUrt"] ••l. 011 --0 50 

tPIDIST.GT.DISTMXI THEY 
CPX. llll •PTX 1145. U6l 
CPY{lll•PTYU•U, t461 
DIS'nCX•OIST 

IYCIP 
IYCIP 

EYDIF 
70H CCIITINUE 
7045 CONTINUE 

it we do not tlnd ,1 value tor CPI 1'1 tnere •re no 
utr• pc1nu oucude ot the llne Crom CP(l7l co CPCll) 
•owe c.an •kip up •nd lock becween CP!lU .and CPt251 

IFICPXl191.LT.'!CUR.AHD.CPYtl9l .LT.'!CLERl !l0'ro 7059 
C 
C new fLnd one between CP11.'1l .ind CP(UJ • .Jnd c.all lt CP(Ul 
C 

DX•CPXIUl •CPXl171 
DY•CPYIUl •CPYl171 
SLCIPEl•CY/DX 
SLCIPE2•-DX/DY 
DIS'nCX•O. 0 
00 7041 t47•l,NP 

00 7048 IU•l.NPtPCU71 
IP(PTXIU7,IUI .t.T.CPlt(U! ANO. 

PTYIU7. IUJ LT.CPYl17l l nlDI 
DSLOPE• I SL0PE2-SL0PEll 
lINT•l CCPYCUI -PTYU41. IUJ) -ISt.CPEl•CPX(Ui I• 

1StoPEl•PTXCI·'7. IUI I l /OSLOPK 
Y?HT•CCPYCUI ·ist.c:IPEl•!CPX(UI -UNTJ I I 
tP(PTX(I47, IU) .t.T.Xttrt"J THEN 

DIST•< lASS(PTXtU7. UII -Xtltt"J .. l. 0J • 
CABS(PTYII47.IUI -YINTI ••2. 01 l .. 0.50 

IPIDIST.GT. DIS'nCXI THEY 
CPXllll •PTXIU7,1Ul 
CPYllll •P'l'YIU7, IUl 
DIS'nCX•DIST 

IYCIP 
IYCIP 

DIDIP 
7048 CONTINUE 
704 '7 CONTINUE 

C 
C new t:Lncl one between CPtl!U and CP(21J. and call Lt CP(lO) 
C 

DX•CPXl2ll -CPXll9l 
DY•CPYl2ll -CPY!Ul 
SLCIPEl•DY/CX 
SLCIPE2•-DX/0Y 
DIS'nCX•O. 0 
00 7049 I49•l.NP 

DO 7050 I50•1.IIP[PU49J 
IP'IPTXII0.1501 .LT.CPX12ll .AIID. 

PTYIU9,150l .LT.CPYIUIJ THEY 
DSLOPE• ISLOPl2-SL0PEll 
XIIIT•I ICPYl2ll -PTYI IU, 1501 l -ISLOPEl•CPXl2ll l • 

CSLOPEZ•Ft"X( It9. I50l l J /~LOPE 
YINT•ICPYl2ll -lSL0PEl•iCPX12ll -XI!rrl l l 



IPIPTXIU9, 15D1 .LT.Xllrl'J THEIi 
DIST•( tABSCPTX(U9. ISOI ·XlYTJ .. 2.0J • 

(ABS(PTY(I·U. ISO) ·YINT1 .. 2.0) I .. a.so 
IPIDIST.CT.DISTl!Xl THEIi 

CPXl2D1 •PTXI IO, 15D1 
CPY(201 •PTYI U9. I50) 
DIS't'MX•DIST 

EIIDIP 
EIIDIP 

EIIDIP 
7050 cetn'IWE 
7049 CONTINUE 

C 
C 
C 
C 
C 

Lt we do nat. hnd & value tor CPC2JI there are no 
excra point• outa1de of t.he hne tram CPtllJ co CP (251 
and we c:an tk1p co the end 

7059 carrtNUE 
IPICPX(231 LT.TOLER.AHD.C:l'Yl2ll .LT.TOLERI Cl0T0 7060 

C 
C now t1nd one becveen CPl21J and CPC2ll. And call .1.c CPC22J 
C 

C 

CX•CPX!lll ·CPX1211 
OY•CPYl231 •CPYllll 
SLOPEl•DY/CX 
SLOPEl•·CX/DY 
OtSTMX•O. 0 
00 "7051 t~l•l,NP 

CO 7052 l5l•l.NPIPII5tJ 
IP(Pl'XII51,I521.LT.CPX12ll .AHD. 

PTY(I51.t541.t.T.CPYl2ll I nfEH 
OSLOPE• ISLOPEl •SLOPEll 
xnrr-1 ICPY (lll ·PTYI 151. !52)) • ISLOPEt•CPX [lll l • 

ISLOPEl 0 PTXll51, 152111 /DSLOPE 
YINT• ICPYl231 • ISLCPE1• ICPXl231 •XINTI 11 
IPIPTXIISl,1521.LT.XINTI THEIi 

CIST•I CABSlPTXU51, ISl) •XlNTJ .. 2. 01 • 
(ASS(PTY (I51. 1521 •Y!ttrl ••2. 011 nQ. 50 

IPIDIST.CT.Dlsna:! THEN 
CPXl221 •PTXI 151, 1521 
CPYl221 •PTYll51, 1521 
OISTIIX•DIST 

ENDIP 
ENDIP 

EIIDIP 
705l CONTINUE 
7051 CONTtNUE 

C nov t1nd one between CPt23J ,1nd CPl251 • .Ind eaH tt CPl:H) 
C: 

7054 
7051 

C: 

:lX•CPX(251 •CPXl231 
DY.CPY(l51 •CPY(231 
SLCPEl•DY/CX 
SLOPEl•·DX/DY 
DIS-rMX•O.O 
DO 7053 153•1,NP 

DO 7054 l54•1.NPIPll53! 
IP(Pl'Xll5J.l541 .LT.CPXl251.AHD. 

PTYll5l, 1541 LT.CPY!231 I THEN 
OSLOPl• ISLCPEl •SLOPEll 
XINT•I ICPY 1251 ·PTY( 153, 15411 • (SL0Pll•CPXl251 I• 

ISLCPEl•PTX( 153, 154111/DSLOPE 
YINT•ICPY 1251 • ISLOPl1• !CPXl251 •XlNTJ 11 
IPIPTXll5J, 1541 LT.XINTI THIN 

DIS"r• I IABS{PTX( I5l. 1541 •xtNTI .. 2. 01 • 
tABSIPTY( t5l. t54 I •Yttrrl .. z. OJ J ••o 50 

IPIDIST CT.D15-rMXJ TI<EJI 
CPXl241 •PTXll5J,1541 
CPY 124! •PTYlt5l. t54 I 
015:nlX•DIST 

EIIDIP 
EIIDIP 

ENDIP' 
CCNTINUE 

CllNTtNUE 

C: 
C: 

it •ny ot th• umul•tiona dcn°t produce extra point■ 
]ump out ot tne urnul•uon Loop 

C: 
7 0 6 a cetn'1NUE 

C 
C 4 . QUADRAIIT IV • p<l331 
C 
C 
C 
C 
C 
C 
C 
C: 

C 

p.C251 

deternune •L9ebra1e pa.nmeter■ needed tor •nalyau 

IPICPX1251.EQ.CPXIJ31 .OR.Cl'Yl251 .EQ.C:PYllll I C0'IO 7010 
CX•CPI< 1331 ·CPX 1251 
OY-CPY1lll ·CPYl251 
SLOPEl•DY /DX 
SLOPID•·OX/DY 

C tar all ct the point■ in each pathllne 
C: flnd the one thAt 11 the tanhe■t away tr0111 the line 
C: between CP(251 and CP(331. and call lt CPC29l 
C 

DIS-rMX•O. 0 
DO 7061 I61•1.NP 

DO 7062 IU•l,JIPIPII611 
IPIPl'X(Ul, I621.CT.CPXl251 .AND. 

PTYII61, 1621.LT.Cl'Yllll I THIii 
DSLOPE• ISLOPEl·SLOPBll 
XINT•I ICPYl331 ·Pl'YII61, I62I I •ISLOPE1°CPXl331 I 

•ISL0Pll'PTXII61, 16211 l /DSLOPE 
YINT•ICl'YIJ31 ·ISLOPE1• ICPXllll ·XINTI 11 
IPIPTXII61,I621.CT.XINTI THEIi 

DIST•( (A8S(PTX(I61. I621 •XINTl .. 2.01 • 
<ABSCPTY<I&l. 1,21-YINT'J .. 2.011 ••a.so 

IP'IDIST.GT.DIS'!MXI THEIi 
CPXl29l •PTXII61, 1621 
CPYl291 •PTYll61, 1621 
DIS'tMX•CIST 

ENDIP 
EIIDIP 

ENDIP 
7062 CCIITINUE 
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7061 carrtNUB 
C 
C 
C 
C 
C 

1t we de nae. !ind a value for CPC291 cnere are no 
extra point■ ouc■ 1de ot the l1.ne from CP(25J ta CPClll 
.and we- can end our •nalyau 1.n Quadrant IV 

[PtCPX(l9J .LT.TOLER.AUO.CPYtl5) .L.T.TOLERI GOTO 7080 
C 
C now flnd one between CP(lSI and CPC291. and call it CP(271 
C 

DX•CPX1291 ·CPXl251 
DY•CPYl291 ·CPYl251 
SLCPEl•DY/DX 
SLOPEl••DX/DY 
DISTMX•J.0 
DO 7063 163•1,JIP 

DO 7064 I64•l.NPIPfUll 
IP(PTX( [63, I64) .GT.CPXll5) .AND. 

PTYCI6l, tUl L.T CPYtliJ 1 -ntE!I 
OSLO PE• tSLOPEl ·SLOPEl l 
XINT• I ICPY(291 ·PTY ( I6J. I64 l I • iSLOPEl•CPX.[2jl l • 

1SL0PC•PTXII6J, tUI 11 /CSLOPE 
YINT• tC:PYll91 • ISLOP!l• tC:PX 12,1 ·XINT) l ! 
[PIPTXII6l. I64l .GT XIln'1 TKEU 

OIST•I (ABS(PTXI 163. IUI ·X.trtt'J ••l. 01 • 
IABSIPTYII6J. !641 ·YUn'J .. 2. OJ I .. Q. 50 

IPIDIST.CT.015-rMXI THEN 
:Pxt:7l .r.x.: !61. :u: 
C:PYll71 •PTYt I6l, 1641 
DISTMX•OIST 

EIIDIP 
EIIDIP 

ENDIP 
7064 C'ONTINUE 
7 0 6 J CCNTI NtJE 

c:- now t:i.nd one between CPc2,1 .snd CPtlll . .snd c:.sll tt CPIJ!I 
C 

C 
C: 
C: 
C: 
C: 

CX•CPXllll ·CPX1291 
OY•CPY13ll •CPYl291 
SLOPEloDY/DX 
SLCPEl•-DX/DY 
CISTMX•O. I] 

00 7065 ?65•1.NP 
DO 7Qti6 I66•l,NPIPII65J 

IPIPTXll65,l661 CT CPXl291 AHD 
PTYll65, 1661 .LT.CPYl331 I THEN 

CSLOPE• ISLOPEl ·SLOPE:.} 
XINT• I !CPYIJJI ·PTY 1165. :661 I· ISLCPEl•CPX lllll • 

tSLOPC•PTXtI65.Ulil I l /CSLOPE 
YINT•iCPYIJll • ISLOPEt• (CPX tJJ) ·XIN'Tl l I 
IPIPTXll65, :661.CT.XINTI THEN 

DIST•! (ABSIPTXII6'5, I66l •XINTl .. 2 01 • 
iASSlPTYU6'5,U6J·'tIHTJ .. 2 O)l••Q.'50 

tPIDIST CT orsnc.1 THEN 
CPXIJII •PTXlt65, 1661 
CPYl311 •PTYll65, 1661 
OIS'TMX•OIST 

ENDIP 
ENDIP 

ENDIP 
7066 CCNTINUE 
7065 CCNTIHUS 

it we do not etnd a value tar CPl27l tnl!ra -1re no 
extra pci.nt■ 0ut■ 1.de ot the 1rne Crom CP1;~J co CP12,1 
10 we can 1kip up •nd took cecween C'Pt291 •nd CPtlll 

IFICPXl27l EQ 0 0 AHC C11Yf2"!J £Q J ::n ~ --1~1 
C 
C "°"' hnd one between CPl2'5J _.nd CPt.271 . .ind c:aU it CP 1 :Z6) 

C: 
CX•CPX1271 ·CPX.ll51 
OY•CPYl271 ·CPYl251 
SLOP El •CY/ DX 
St.OPEl••DX/DY 
015-rMX•O. O 
:10 7067 t67•t.HP 

00 7061 [61•1.NP[PII67J 
tFIPTXll67,1611 CT CPXl251-AHD. 

PTY(U7,[61) LT.CPYl271l THEN 
DSLOPE• I SLOPEl ·SLCPEl I 
XINT• C tCPYl27) -PTYC 167. I68l l - lst.oPEt•CPX 12711 • 

CSLOPEl•P'rXI U7. [611 l I /CSLiCPE 
YtNT•lCPYl27) •ISLOPEt-·tCPX.Cl71 •x.INTl I l 
IFIPTXll67,1611.CT.XINTI THEN 

OIST•I IABSIPTX t I67. !68 I -XIln'l • •z. OJ• 
{A8S(PTYlt67. !681 ·YINTl .. 2.0) I UQ '50 

If'{DIST.GT.CIS'tMXl 'MIEN 
CPXt26) •PTXI t67. I681 
Cl'Yl26l •PTYII67. 1681 
DIS'TMX•DIST 

ENDIF 
ENOIP 

EIIDIP 
7068 carrtNUE 
7067 CCNTIHU& 

C 
c now find one between CPl271 and CP(29J. and eall 1.t CPl281 
C 

CX•CPXl291 ·CPX1271 
OY•CPYC29l ·CPYC271 
SLOPEloDY/DX 
St.OPEl••DX/DY 
DISTMX-o.o 
DO 7069 169•1,NP 

CX) 7070 I7D•1..NPIPU691 
IPIPTXIIU, 1701 .CT.CPXl271 .AND. 

PTY(I69.I7DJ .MoT.CPYt:191 I THD 
DSLOPE• ISLOPll ·SLOPEl I 
XINT'• I (CPY(l91 ·PTY069. 170) J • ISLOPEl•CPX(291 I• 

tst0PC.•PTX.tt69. I701 J J /CSLCIPE 
YINT• (CPTl::1:9) -lSLOPEl• CCPXl291 ~XlNTl J J 
IPIPTXIIU, t7D1 .CT.XINTl THEIi 

CIST•I CABS(P'T1(I6t.I70J -x.tNTJ .. z.OJ • 
(A8S(PTT(I69. [70) -nNT] .. 2.0) 1 --a 50 

IPIDIST.CT.DISTIIXI THEN 
CPXl211 •PTX!le9, 1701 
CPYl21) •PTYl I69, I701 
DIS-rMX•DIST 



EHDIF 
EHDIF 

EHDIF 
7070 CONTINUE 
7069 CCNTtNUE 

C: 
C: 
C: 
C: 

Lf we do net. hnd a v111ua far CP(llJ chere ,re no 
ext.ra point• ouc.a1de af t.he 11.ne fr011t CP(291 to CP(JJJ 
and we ean ak1p co ehe end 

C: 
7079 CONTINUE 

IFICPXllll .LT.TOI.ER.AIID.CPYllll .LT.T0I.Elll G0T0 7080 
C 
C naw !Uld one bet.wen CPC291 and CPllll. and call 1c CPIJOl 
C: 

OX•C:PXllll ·CPXll9l 
OY•CPYllll ·CPYll9l 
SLOPEl•OY/OX 
SLOPl!l•·OX/OY 
OISTMX•O.O 
CO 7071 171-1.NP 

00 7072 I72•l.NPIP(I7U 
IFIFTX(I71, I72l .ar. CPXl29l .AIIO. 

FTYII71, I7ll . LT. CPYlllll THEIi 
OSLOPE• ISLOPl!l•SLOPEll 
llHT•< (CPY(JlJ -PTYU7t 0 I'J2J I• <SLCPEl•CPX(JlJ J • 

CSLOPC•PTX:U71. I721 I J /DSLOPE 
Y?NT•(CPY(lll - fSLCIP!l• !CPX(lll -,cnrrl) I 
IFIFTX(I71,17ll .Gr.Xl!ITl THEIi 

DIST•( (ABSIPTXt I7t. 1721 •ltffl ••2 01 • 
(ABS(PTY(I11. t72) ·Ytlff'l ••2 Q) I HQ. 50 

IP'IOIST.Gr.OIS1>1Xl THEIi 
CPX (JOI •FTXll?l, 17ll 
CPYllOl •PTYI 171, 1721 
OISTMX•DIST 

EHDIF 
ENDIF 

EIIDIF 
7012 can'INUE 
7071 COtlrtNUE 

C: 
C now hnd cne bet.ween CP(Jll .and CPlll). •nd eall LC CP(ll) 
C: 

C: 

OX•CPXllll •CPXllll 
OY•CPYllll •CPYllll 
SLOPEl•OY/OX 
SLOPl!l•·OX/OY 
CtSTMX•O. 0 
CO 707) t7l•l.ffP 

DO 70"6 t7••1.ffPIPII7JI 
tF(P't'X(t7J.I141,LT CPXllll A.ND. 

FTYll7l,I7<l .G'r.CPYlllll THIN 
OSLO Pl• I SLOPEl •SLOPEl l 
XlNT• ( ICPYlllJ -PTYU7l. 174 I I• ISLOPlt•CPXlll 11 • 

ISL0Pl!l•PTX(l7l, 17<111 /OSLOPE 
YI!IT• ICPY Ill)• ISLOPEl• ICPXllll •XINTl 11 
IF(FTXll7l,17<1 .Gr.Xl!ITI TIIIN 

OIST•C (AISIPTXI I7J. 17,&) -xnrrl ••2. OJ• 
fABSIPTYII7l. [741 ·YUrt'1 .. l. OJ l ••o. ~o 

tl'IDtST.GT DtS1'MXJ THEN 
CPXll41 •PTXI 173, IHI 
CPYI lll •FTYll7l, 17<1 
OISTMX•OIST 

EIIDIF 
ENDIF 

ENDIP 
7074 C'ONTlNUE 
7073 C'ONTHIUE 

C: i.t •ny of t.ne 11uiubt1ona don't produce extra pcunt• 
C Jump out ot the umu.buon loop 
C: 

7010 CONTINUE 
C: 
C 10rt the !1.n,al c•pture :one to remove null v11luea 10.0.0.01 
C: 

IEX•O 
10111'•0 
00 7100 1100•1,ll 

IPICPX(llOOl .LT.T0LIR.AIID.C:PYll100l LT.TOLER) THIN 
IEX•IEX•l 

ELSE 
IOUf'•tOUT•l 
CPXOltl'lllOO·IEXI •CPXI 11001 
CPYCUr(llOO-IEXI -CPYIIlOOI 

EIIDIF 
7100 CCINTINUE 

C: 
C now wnte tne po1nu to an output ttle 
C: 

WRITE Ill, 75001 10111' 
00 7101 1101•1,IOUT 

WRITE(ll, 750,l CPX0111'(110ll ,CPY0111'(1l0ll 
7101 CONTINUE 

C: 

C: 

NRt'rSI•.•) 
WRITE(•.•! 
NRtTE(•,•I 

c tormattiOJ 1nt0rmat10n 
C: 

~sea FCRMATC:&J 
750l P0RMAT(lX,F9.l,lX,F9.ll 

END 
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FORTRAN CODE 

RWAPT.FOR 
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C: 
C •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C: 
C RIIALK u a pan.1cle tndung prognm wtuch 
C per!crma bot.h advec:t: 1 ve and random •lit 
C parc.1cl• track~nq and capc.ure tone model 1ng 
C: 
C 0 . .1. N1ln liH"'ley 
C: July 1997 
C: 
C •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C: 
C: 
C var1ADle• htc 
C: 

C: 

IMPLICIT REAt.•8 IA·H.O•Z.) 
CllMM0N /PlllllID/ XSTEP. YSTEP.XDIST. YDIST.XPACE. YPACE 
CDOIOII /HEADS/ HX, HY. IIEAD 
CDOIOII /PAIUM/ RK,ALCNG,ATIWl,XPOIIO 
CDOIOII /BNDRY/ RHl,RVI,I.IDl,Rlf.?,RVJ.I.I!l1 
CCIIM0N /VELD IS/ VXPOSlt, VXPOSY. 'IYPOSlt, VY POSY, VX, VY, DX, :lY 
CllMM0N /WF.1.U'JC/ NWELS, XWEL, YIIEL, IIRAD 
CllMM0N /CRITS/ WCRIT. ILBB.Jt.8B, ITBB.JTBB. 188B.JBBB. IRBB,JRBB 
DIMENSION XSTEPl100l, YSTEPl1001 .XDISTl101J. YDISTl101!. 

2 XPACEI 1011. YPACEI 10ll. 
l HXflOO, 1001. liYOOO, 100). HF.AD! 100, 100!, 

RKl100,l001.DXl100. l01! .DYl101, 1001, 
RHI 1100, 21, RVI I 100, 21 ,RHJl2. 1001 ,RVJl2, 1001. 

~IOI 1100.21 .Llll112, 1001. 
7 VXPOSX not. 10.:JJ, VXPOSYll.01. toOJ. VYP05Xl100, 101), 
8 VYPCSY (100, 1.01). VX(lOl, 100). VY 1100, 1.01), 
1 XP(200), YP(lOQI .XPOll00,201), YPOl200,2011,NPOl2001, 
A XWELl50J, YWELl501 ,IIRADl501. 
8 WCRITl501 , IL8811501 .Jt.SB 11501. ITBB(l501.JTIIBI 1501 • 
C t888(1.501 ,.188811501. Ul88 lt50J ,.JRBB( 1501 

C open ~nput: dlta hle 
C: 

C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 
C: 
C: 

OPEN140. Pt LE•· rwapt1n. dat • ,srATUS•'OLD' 1 

input grid ■p.1c1ng t:rom uterMl fl.le •nd detem1ne 
i;he center ct: e,,ch gnd block txdut. yducJ .nd the 
poiuuon ot: each 9nd block t'.ace <xt'ace.yt'.aceJ 

CAI.I. INOIIID INX.IIY ,Nltl,NYI ,XSMIN. YSMIN, IRll~. IPDRWJ 

tnput hHd held t'rom SWIPT I tI output lwh1ch N1 
been po■t procHHd to ft.Ive block contend valu•1 
at: head HEADIN.DAT) •nd the hydraulic CCndUC:tlVlty 
tleld t:rcm an external t:1le 

CAI.I. INPtlrlNX.NYJ 

determ1ne the t:lounlUry c0nd1t1on• t:or the 1y1t1t1111 

CAI.I. IIOIJNDS I NX. NY! 

determ1ne the tx.yl po11t1on ot: the center ot: each block 
tace witn1n t11e 9nd ay■tem. and the value ot velocicy at 
u Hch t.ace pca1cion 11.e. che veloc1t.y t1eldl 

CA.LL VILPt.C INX,NY ,HXl ,HY1, 'IXMAX, VYMAX. IP0RW1 

deternune the value at: duper■ ion i1t each !ace po1it~0n 
11. e. the d11per11on tleldJ 

tP IIRM~.EQ.11 THEN 
WRITE(•.•! 
WRITE(•. •1 • •••••••••••••••••••••••••••••••••••••••••••••• • 
IIRITEl•.•J 
WRITE(•. •1 • The Rilndora Nalk Method 11 bung 
WRITE<•. •1 • u■ed co track p.art1cle mavemenc ! 
WRITE(•,•) 
WRITS(•, •1 •••••••••••••••••••••••••••••••••••••••••••••••• 
WRITE(•,•! 
CAI.I. DISPWINX,NY.NXI.IIYII 

ELS& 
WRIT1U•,•1 
WRITE<•. •1 •••••••••••••••••••••••••••••••••••••••••••••••• 
WRITE(•, •1 
WRITE(•. •1 • Part.1cle tr.ackinq 11 beu,:i performed 
WRITE(•,•) • ua1nq •dv~1ve veloc1t.1e1 only ? 
IIRITE(•,•f 
WRITE(•, •1 '••••••••••••••••••••••••••••••••••••••••••••••• 
WRITE(•,•) 

ENDIP 

input tt.arung particle po11t1ona 

CAI.I. INPARTINPIJIT.NOtrr.D'r.NITS.XP. YP. IDUIIJ 

dleck. Chae. 1.nteger valuea for partlcl• t.rac)ung •re ck 

IF INPIJIT.GT. 200 .OR.NtTS.ClT.100.0R.110ltr.GT. 5001 THEN 
WRITE(•.•! 
NRITE(•. •) •••••••••••••••••••••••••••••••••••••••••••••••• 
WRITE(•,•) 
WRITE(•,•) 
WRITE(•.•) 
WRITE(•,•) 
N1UTE(•,•1 
NRITE(•, •I 
WRITE(•,•) 

• The t:ollow1ng integer l1m1t1 are in effect: 
N0UT c• 50D 
NITS c• 100 
NPART c• lDO 

• 0'1oa1e new integer value1 and It.art i19a1nt 

WRITE(•, •1 •••••••••••••••••••••••••••••••••••••••••••••••• 
STOP 

DIDIP 

dleck Chat. the maximum p.an1cle mvemenc. in ,my one 
c.ime 1cep (VMAX.•DT) 11 le9■ than l/5Ch of the 
1malle1c. grid block d1■creuuc.1an 

DDIAX•VXMAX.•DT 
DYIIAX•VYMAX•DT 
DIIN•O -~•XSMtN 
'DIIN•O.Z•YSNIN 
IP (DDWt.GT.DIIff.OR,OYIIAX.GT. YMINJ ntElf 

WRITE(•.•) 

210 

C: 
C: 
C 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C 
C: 
C 

C: 
C: 
C: 

WRITE(•, •J •••••••••••••••••••••••••••••••••••••••••••••••• 
WRITE.(•.•) 
WRITE(•,•) 
W'RtTE.(•,•1 
WRJTE.C•,•J 
W'R?TE(•, •1 
WRITE.(•, •J 

The tune 1cep (OT') tti.c. you have chc■en 
u coo Large for Che gr:.d blcdt 1pac1nq m 
your conceptu.l ID0del. Reduce DT 1n Che 
PARTIN.OAT hle and r-esc.arc the 11mulac.:.on! 

WRITE(•, •J •••••••••••••••••••••••••••••••••••••••••••••••• 
STOP 

ENDIP 

determ1ne the number- and loc.ac.1on of prcductlon well■ 
w1th1n c.ne ccnceptu.1,l model. -.n:.cn could c.ipcure .iny 
pan1cle1 rele.aaed with1n the t1owt:1eld 

CAI.I. w= 

dec.emu:ie 1copp1ng: criten,1 tor parucle tr.aclta 

CAI.I. CRITER INX.NY .NI.BB. NTBB .•BBB.NRBBI 

for each parc.1cle detem1ne Che p.aruc:le p.at.nllnea 

00 1DO I•l,NPART 
t=-a 
XPt-lPU) 
YPt•YPltl 
XPOfI, ll•XPt 
YPO(l.ll•VPI 
NPOIIl•l 
WRtTEC•,5001 I 
00 101 J•l.Nocn' 

WRITEl•.5011 J 
IX) !Ol K-1,NITS 

find the • clo•e■t. value■ ot velocicy ,md d1.1per■ 10n. 
1nterpcl.lte velocity 4t th• P4ruel• pc:i ■ :.t:..:.in. And. 
determine nltW swrucl• poa1c1cn 

CALL 'IDINTINXl,NYl,XPI, YPI, ICUM, !Pt.AG, CT, 
NLSB,NTBB,NBBB,NABB, tAWFLl 

lltop p&rc.1cle tracJtinq :.t STOP cnc.encn 111 reached 

tP lll'UG.EQ.11 THEN 
XPOI I ,.J•ll •XPI 
YPOII ,J•ll •YPt 
NPOIII.J•L 
00T0100 

102 
C: 

ENDIP 
CONTINUE 

C: 
C: 

C: 

XPOl!.J•ll•XPt 
YPOII..J•ll•VPI 
NPOIII..J•l. 

[01 CONTINUE 
l 0 0 eotn'"? NUE 
~00 FORMATt~X.. 'Tnc>unq P1rc1c:l• I'. t5l 
501 POAMAT( lOX. ·output. T11ne Step •. [!!ii 

C output p.1rucle tr.acJt :a .a 11urfer • bln r1:e-
C 

C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 

CALI. OlltPtrriNPAIIT.XPO. YPO.NPOI 
WRITS(•,•) 
WRtTEt•, •) ••••••••••••••••••••••••••••••••••••••••• 
ilrlRITE(•.•J 
WRITE!•.•) NcrmaL Termin.ati.or. cf AWAPT 
WRtTEl•.•1 
·,nunc•. •1 OUtput located in AWAPT.BLH 
WRITE I•, •J 
WRITEl•,•1 ••••••••••••••••••••••••••••••••••••••••• 
WRITS(•, •J 
STOP 
END 

•••••••••••••••••••••••••••••••••••••••••••••••••••••• 

••••• ,uarouc •net •• ••• 

•ubrout1ne UIORID geta input grid 1ntormat10n 
from •n external !lle iCIATAtH.OATI 

SUBRCIUl'INE INORID(IBLJa. lBLKY,IIXl,NYt.XSMIN, YSMIN. IRMPI.. 
1 tFORWJ 

UIPLICIT REA.L•I IA·H,O-Z:J 
CHARACTER•aa HEACERl 
CllMM0N /l'DGIIID/ XSTEP, YSTEP,XDIST."/DIST,XPACE, YPACE 
CaeDI /PAIUM/ RK.AI.CIIG,ATIWl,XPORO 
DIMENSION XSTEPUOQJ, YSTEPll00I ,XPACEI l0ll, YPACEl101J, 

t XDISTllOtl. TDISTI t011. 
2 RKIIOO. tOQJ 

re•d block ap.ac:1ng 1.n the x.-direc:c.1on 

XSTEPUl • block ducret1:.t.1on in Che x d.1ncc.1on 
YSTEP(JI • block ducret1:at1an in. the y d1r~1cn 
XDtSTt II • d.l■unce co block center tram x-u11 
YCIST<JJ • dut.anc:e to block -:enter tram y-..-c1a 
XPACE( tJ • dutanca to block f.ace from x-u1a 
YFACE[JJ • d11c.ance to block ti1ce from y•u1■ 
XSMll't - ::!.UUIIIWII CJrld block ■l)AClRCJ in the X•d1.rect..1cn 
YSMIN • IDlftllDUlft grid block apac:.nq 1n the y-direct:.on 

11£\0(20.1505) IIEAIIERl 
READ(20. 15001 IBLJa.NRCIIIX 

decerm1ne number of block t:.ace■ in uch dl.r 

NXl•IILICX•l 



LROWX•MCD(IBLIOt.10) 
IP ILROlllt. EQ. 01 LR011lt•l0 
CO 1000 Jl•l 0 NROWX•l 

Kl•tO•Jl 
Ll•ICl·9 
RP.AD(20.150U (XSTEP(Nl) .Nl•Ll. Kl) 

1000 CClrl'IIIUE 
Ll•tO• UJRartX-lJ •l 
Kl•Ll ♦LRCJIX-1 
READl20.150ll IXSTEPIMll ,Ml•Ll,ICll 

C: 
C re.ad block apac:1ng in Che y-d1rect1on 
C: 

C: 

READl20. 1500) IBLKY,IIROWY 
NYt•IBLJCY•l 
LROIIY•MCDIIBLKY, 10) 
IP ILROIIY.EQ.01 LROIIY•l0 
00 1010 .12•1,NROIIY·l 

K:Z•tO•.12 
U•K2•9 
aEAD!20.1501) IYSTEPlll21,"2•U,K21 

1010 CClll'IIIUE 
U•tO•(NRowY-1.1 •l 
K2•U•LR0WY·l 
aEADl20.150ll IYSTEP 1"21 ,M2•U, 1<21 

C rud 1n .tpn&<LJ • .atpha(Tl and porcuc.y 
C: 

C: 

READt20 0 l502) AJ.al:i,ATRAH 
aEAD(20, 15011 XPOaO 

C rHd randon walk t'hg where: 
C IRWPt.. • t - 1nd1cate• undom walk c.rack1ng 
C IRWPL • • l • 1nd1c•te■ advect1ve PArt1cle traclung 
C: 

REktl (lD,15041 IAWFt. 
C: 
C read forward/reverie d1rec:c.1on tlA9 
C IPORW • t - 1nd1ated forward tracJung 
c IPORW • - l - 1nchcated rever■e c.n.ck1ng 
C: 

C: 
C deternllne the dut.tnce of the grid block 
C face ~ center !rem the x and y•u••• ~nd 
C the msntraum block •p,icu19 1x1m1n. yam1n1 
C: 
C x-di.rect 10n 
C: 

SIJMX•0. 0 
TEMPX•O. 0 
XSJIUN•XSTEP 11 I 
XDISTII) .a.a 
XPAO Ill •0. 0 
DO to;zo t•l. IBLKX 

TEMPX•XSTEPlll /2.0 
XDISTCI •lJ •SUMX•'t'EMPX 
XPACE(I •ll -xrACEt I l •XSTIP( I J 
SUMX•SUMX •XSTEP ( I I 
IP IXSTEP ti I . LT. XSMINI XSMIN•XSTEP 111 

10 2 0 c:oNTl NUB 
C: 
c y•direction 
C: 

C: 

SIJMY•O 0 
TIMPY•0.0 
YSMIN•YSTEP Ill 
YDISTIII •0. 0 
YPACSI I) •O. 0 
CO 1010 .I•l, lit.KY 

TEMPY•YSTEPl.11 /2. 0 
YDIST(.Z•ll •SUMY•TDIPY 
YPACECJ•ll •YPACEl.11 •YSTEP I.JJ 
SUMY•SUMY • YSTEP f .1) 
IP IYSTEP(.1). LT. YSMINl YSMIN•YSTEPI.Il 

1010 CCNTINUS 
1500 PCRMAT 1215) 
1!501 PORMAT I lOPlO. lJ 
150.2 PORMAT l.2P10 . .2l 
1501 PCRMAT (rt0 . .21 
1504 PCRMAT I 151 
1505 PORMAT !AIOI 

RITIJl!N 
EIID 

C euhrcut1ne INPUr get■ 1nput head valuea tram 
C •n external hle IHEADIN.DATJ and hydraullc: 
C: cond~1v1ty value• from •nether hle IKFLDUI.DATl 
C: 

C: 

StJBROITl'INI: INPltrlNX.NYl 
IMPLICIT ADL•I IA•K.O•Z:I 
OIARACTER•IO HF.AOEIU. KEACER.J 
CatMCN /HEADS/ HX,HY,HEAD 
CatMCN /PAJW4/ RK,ALOIIG.ATIWI.XPORO 
DIIIBIISla< HXU00.1001 ,HYll00. 1001.HEADIIOO, 1001, 

I RKl100, 100) 

C rud nydnuliC' ?lud field from Lnpuc. ftle 
C: 

IIEAD 120, .250.J HEADER2 
00 2000 ll•l.NX 

00 2001 .11•1,NY 
READl20 • .2500) HXlll • .11) ,HY(ll • .11) ,HEAD(l1 • .111 

2001 COIITllllJE 
.2000 COIITINIII: 

C: 
C: cud hydraulic:- ~l.Vl.C.y field from input hle 
C: 

aEAD(20,.2502l HEADERJ 
00 2020 .13°1,NY 

00 .2021 13•1.NX 
IIEAD(20.2501) aKlll • .13) 

2021 COIITlllUE 
.2020 COIITlNUB 

211 

C: 

2500 Fl'.lRMATl.2PlO.l.Pl0.41 
2501 Fl'.lRMATl25X,Pl0.51 
2502 Fl'.lRMATIA101 

aETl!RN 
END 

C autirouc.1.ne BOUNDS gets tnpuc. boundary c:and.:.t1cna 
C: 

StJBaoonNE ll0UIIDS INX. NYI 
IMPL.tctT REAL•& {A·K. O·ZJ 
OIARACT'ER•B0 HEACER.4 
COOl0N /BHOaY/ RHI.RVt.LIDI.RHJ.RVJ.t.IDJ 
DIMENSION RHt 1100,ll ,R'lt (l.00,ll ,t.!OI ( l.J0,.21, 

1 RK.112.1001 .AV.Jl2, !001 ,LIDJtl, 1001 
C: 
C LIDI t I . .JJ • l. (he•dl , l I !luxJ en I boundary 
C RH! ( I •• ll • pre1c:r1bed head on t t:10uncUry l tcp/bcttcmJ 
c Rvt tt .. n • pre1cr1bed nu.x on t boundAry 
C: WDJll,.11 • l lheadl • .21flwcl on .1 boundary 
C RHJ'U.J1 • pre1er1bed head on .1 bcundary lleft/r19htl 
C RV.l(I,J'J • preacnbed tlwc on .J boundary 
C: 
C :era the boundary arraya 
C: 

C: 

00 1000 ,lt•L. l 
CO JOOl Il•l.HX 

IUII 111,.11) •0. 0 
avt 111,.111 .o. a 

1001 C!JIITINUE 
)000 CClll'INUB 

CO 3005 Il•l,2 
DO JO06 .12•1 .NY 

1111,Jll2,.121 •0 0 
av.1112,.121°0. o 

1006 C!lNTINUB 
l 005 CONTtNUE 

C read input from extern.Jl !'1le 
C: 

READ!20,l50ll HEADER< 
C: 
C read bottom and cop bcundary cond1t1cn■ 
C: 

C: 

00 1010 .Il•l,2 
CO JOII ll•I.NX 

READ !20.)5001 LIDIIIJ • .Ill ,IINIM 
IP ILIDI lll,.111 EQ II THEN 

RHI lll,.Ill •RmJM 
ELSE 

RVllll,.Ill•RmJM 
ENDlP 

?011 CCNTINUI 
1010 CCl<rlNUE 

C: read Left. and riqht bOunda,:y condtt 10n■ 
C: 

CO )020 14•1,.2 
00 10.21 J<•I.NY 

READ t2O,J5OOI UCU(U,J4I,RHUM 
IP iLIDJIU,.1<1. EQ. ti THEN 

RH.111<,.14l•RIIUM 
ELSE 

RVJ' I U, J4 J •IUIUM 
ENDIF 

1021 CCNTINUE 
1020 CONTINUE 
1500 PORMTU4, F6. 21 
1501 PORMATIAIO) 

aETURN 
END 

C: 
C aubrcut u1.e VELFtD detu1111nee the x and y pou uon 
C ot tl'le tocat10n or ucn gnd blodt !ace •nd Ute 
C veloci.ti•• at theae f.ace L0cat1cna 
C: 

C: 
C: 
C: 
C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 

C: 

StJBROOTIN& VELl'UllNX,NY,NX1,NY1, VXMAX, 'IYMAX, IPORW) 
IMPLICIT REAL•I IA·H,C•ZI 
catMCN /POORID/ XSTEP, YSTEP.XDIST. YDIST,XPAc:E, YPACE 
CatMCN /HEIID5/ HX. HY, HEAD 
CatMCN /PAJW4/ RK,ALONll,ATIIAN,XPORO 
CDIMCN /BNDaY/ aMI.Rvt,t.lDl,RH.1,RV.1,LlDJ 
COMJN /VEUJIS/ VXPOSX.VXPOSY.VYPOSX.VYPOSY, VX.VY,CX,DY 
DIMEIISIOII XSTEPUOOI, YSTEPl1001,XDISTl1011, YDISTIIOII, 

l lt1'ACEll011. YFACEIIOll, 
l HXIIOO. 100) ,HYll00, 100) ,HEADll00, 1001, 
J RK<lOO. 1001 • CX I 100, 101) , DY ( 1.01, 100) , 
< VXPOSXll01, 100), VXPOSYll01, 100), VYPOSXll00, 1011, 
5 VYPOSYUOO, 1011, VX.(lOl, 1001, 1/YllOO, 1.0ll. 
6 AHi 1100,lJ ,avt ll00,.21,Rlf.11l.100) ,RV.112, 1001, 
7 LID! 1100,2) .LlDJl2. 1001 

do VXU,J'1 .m \IYCI,,lJ 1eparat.ely 

VX(t.J1 • velocity 1n t.he x•direct1an 
VYfI..JI • veloci.ty ui t.he y•d1.rec:t.1.0n 
VDIAX • ma,umum value of velocity 1.n tne x•dl.r 
VYIIAX • 11111.Xl.lllUffl value of velocity 1.n cite y-d1.r 

VXMAX•O. 0 
VYM.\X-0.0 
00 4000 ,1.1.NY 

00 4001 l•l,NXl 
VXPOSX(I • .J) •XFACE(IJ 
VXPOSYlt..J) •YDlST(J•ll 
IP 11.EQ.ll THEN 

left ai.de of syatna bawxtary ccnch.tl.on 

IP (t.lDJll.JJ. EQ.11 THEN 
IP IIIEAD(l,.11 .EQ.·99.0) THEN 



C: 
C: 

C: 
C: 
C: 

C 
C 
C: 

,: 
C: 
,: 
C: 

C: 
C: 
C 

a1■1gn vx-o. a to face of no now block.a 

VX(l,JJ •O. 0 

ELSE 

EIIDlP 
ELSE 

001'0 -1001 

vxn .. n •2.O•RKll,JJ • (HEADI 1 • .11 -RH.It 1.,.n I/ 
XSTEP(ll /XPOAO 
IP (VXll,JI .GT. VXMAXI VXMAX•VX(l,JI 

VX(l,JJ •RVJ(l,JJ 
IP IVXll,JI .GT. VXMAXI VXMAX•VXU,JI 

ENDIP 
00TO 4001 

ENDIP 

right ude of ■yatem boundary ccnd.1c1on 

IP lt.EQ.Nltll THEIi 
IP ILICJ12,JI .EQ.11 THEIi 

IP (HEADINX,JI .EQ. -'9.01 THEIi 

••• 1gn VX•O o to face of no new block.a 

VX!HXl.J) -~. 0 

ELSE 

EIIDIP 
ELSE 

00'1"0 4001 

vxaa.t .. 11 -2. O•RK(NX.J) • (RHJ(l •• 1) -HEACINX.JI l / 
XSTEP INXI /XPOAO 

IP IVXINXl,JI .GT.VXMAXI VXMAX•VltlNXl,JI 

YXINXl.JI •RVJl2,JI 
IP IYXINXl,JI -GT VXMAXI VXIWt•VltlNXl,JI 

DID.ti' 
car0 ,001 

ENDIP 

determine the v•lac1cy at Hen block face t,y uk1nq 
tne h.lrmonu: mean t>etwen t1i110 nodal v1lue1 of head 

IP IHEADll-l,JJ.EQ.•99 0.0A.HEADll,JI EQ.,99.01 THEIi 

ae11gn VX•O.O to face of no flm. block• 

Vltll,.11•0.0 
GOTO 4001. 

ELSE 
VXI t ,Jl •l. O• IHEAC( I •• n -HF.ADI r ·l.JI) / 

I IXSTEP It) IRK lI.JI) • IXSTEPtt • 11 /AKt I -1,J)) l /XPClRO 
IP (VXlt,JI GT.VXMAXJ VXMAX•Vltlt.JI 

ENDIP 
,001 COHTIN\IE 
4000 COHTIN\IE 

,: 
C for each VY det1nune loc.at10n .and velocity 
,: 

,: 
,: 
,: 

C: 
,: 
C 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 
C: 

C: 
C: 
C: 

CO 4010 Ial,HX 
CO tOll J•l,NYl 

VYPCSXtt.J'l •XDISTII•l! 
VYPOSYll,JJ •YPAc:EIJI 
IP IJ.EQ.ll THEN 

bottom of 1y1tem bc~ry ccnd1t1on 

IP ILIDlll,11.EQ.ll THEN 
IP IHEADll,IJ .EQ. •99.01 THEN 

1111.gn VY•O.ll to face ot' no now block.a 

VY<I,11•O.O 

ELSE 

ENDIP 

caro,011 

VYU, lJ •2. O•RKU, 11 • IHEADIL ll -RHI II. l) I/ 
YS'l'EPI l l /XPORO 
IF IVYlt,ll .GT.VYIWtl 'IYMAX•VYll,ll 

Ill.SE 
VYll,ll•RVllt,ll 
IF IVYlt,ll .GT.VYIWtJ VYIWt•VYlt.11 

ENDIF 
=••11 

ENDIF 

top of' 1y1tem boundary cond1t1on 

IP IJ.IEQ.NYll THEIi 
IF ll.lDtll,21.EQ.ll THEIi 

IP IHEADII.IIYJ .EQ. -99.0l THEH 

•■a1gn VY•O. a to t'.ace af no now blocxa 

V'<ll,NYll •O.Q 

ELSE 

ENDIF 
Ill.SI! 

=•011 

VY(t .NYlJ •2. O•RK(I.NY) • (RHI (1.21 ·HEADII .NY) l / 
YSTEPtKY) /XPORO 

IF (VYll,NYlJ .GT.VYIWtl VYIWt•VYll,NYll 

VYll ,NYIJ •RVI 11,2) 
IP IVYll,NYll .GT. VYMAXJ VYMAX•VYll,NYll 

ENDIF 
=••11 

EHDIP 

dacenun• che veloc1ty At uc:h block f.ac:e by tAk1nq 
the ri.rmon1c mea.n between t'«I nodal value• of head 

IF IHEAD(t,J•ll . EQ. -99. 0.0A.HEADU .JI .EQ. -99.01 THEIi 

a111gn VY•O. 0 to f.ac:e of no flow blocka 

VY(l,Jl•0.0 
caro <Oil 

ELSE 
VY(t.JJ •2.0• (HEAD(t,JJ -HEAD(l,J-ll J / 

( (YSTEP(Jl /Rltlt,Jl I •<YSTEP(J-ll /Rlt(l,J-tl 11 /XPORD 
IF (VY(l,Jl .GT.VYMAXJ VYMAX•VY(t,Jl 

EIIDtP 

212 

40 11 CCNTtNUE 
-l01Q CONTINUE 

C: 
C 1.f IPORW•l. forward pan:1cle tracking u needed ao, 
C reverse t.he veloc1c1e1 aec up for revene cnck1ng 
C: 

tP (IPQRW.EQ. ll ntEN 
DO •050 15•1,Nlt 

00 4051 JS•l.KY 
VXll5,JSl •-VXtl5,J51 
VYll5,J51 •-VYlt5,J5l 

-fi051 c:arrtHUE 

C: 

,oso CCNTlHIJE 
ENDIF 
RE'?IJJUI 
END 

C 1ubrout1ne OISFt.D determ1nee the duperucn v.aLue1 
C the !ac:e l0c:at1.cn1 tdefi.nl!Cl by the velocity fuldl 
C: 

SUBRcurlNE CISPt.DINX,NY,NXl,NYll 
tMPLlCIT REAL• ■ IA•H,O•ZI 
COMMON /POOR IO/ XSTEP, YSTEP ,XDIST. YPIS.. XPACE, YFACE 
CCINJH' /P~/ AK,ALONG,ATRAH.XPOAO 
CCOOICII /VUDIS/ YXPOSX, VXPOSY. VYPOSlt. VY POSY, YX, '/Y. DX, DY 
DIMEHSICN XSTEP 11001, YSTEPI 1001 ,XDtSTI tOll, YDISTI 1011. 

t XPACEll0ll. YPACE(l.Otl. 
2 AK<1no. 1.00) .CXll.00. l.OtJ .CYUOl. 100). 
l VXPOSXtlOl. l.00) . VXPOSY t 1.01, tOOI . VYPOSX t 100. !.Cll . 

V"tPOSY! 100. 1011. VXllOl.. I.COi, 'IY I 100.1.01.J 
C 
C VXl[.JI • velocity 1n the X•dlrectlon 
C VYII.Jl • velocity 1n the y·dtrect1on 
C OX(I,JJ • duperuon on 4n x•t'i1ce 
c OYtt.Jl • duperuon on .1 y•t.sce 
C: 

C: 

TAIJ•O. 10 
DS'Wl•l. OE· tO 
IXt 5000 .1•1.,NY 

C Ht l.e!t .and right tide aynem bound4r/ ccncht ion 

C 
,: 
,: 

,; 
C 
C 
,: 
C: 
,: 

CO 5001 t•l,Nltl 
tF (I.EQ.t.OA.t.EQ.NXll THEH 

DY(t,Jl•O 0 
car0 5001 

ENDtP 

tor internal f.ar:e1. ,r Vlc•0 cnen DY•O 

tF IVX 11,Jl . EQ. 0 01 THEN 
DYlt • .J'J•Q.O 

ELSE 

1nt11rpolate • value of CY, t1r■t by t' inchnq •ty ,1t 

CY. detersunuig vx.y. tnen u•uiq cne ec;u.iucn. 

DY • .at.•1vx•21 /VXy • .a':"•tVy•:tl /'hey • T•D 

Al•XSTEPI ti /2. 0 
Dl•XSTEP It• ll /2. 0 
Cl•Al•Bl 
V'ffl!P2•1VYlt,Jl•VYlt.J•lll/2 0 
VYTMPt•tVY<t•t • .JJ •'IY!t·l.J•tl I /'J 0 
V'ffl!P• IIAl/Cll •V'ffl!Pl I • I 181/c:tl •vrntP2 l 
VXY•< CABS(VYTMP) .. :z. 01 •IABS\VX([ , .. 11 l .. 2. Ol l .. 0 5 
DY l I • .J"l •lALONC• IABSIVXtt.JI l .. :z. 01 /'IXYI • 

IA.TRAN• IABSIVYTMPJ .. :z. 01 /VXYl • lTAU•CSTAJII 
EIIDtP 

5001 CONTINUE 
5000 CONTINUE 

C 
c determine ex 
C 

CO 5010 t•l,NX 
00 5011 J•t.KYl 

C: 
C ••t bottom .and cop •ywtem bound.art ecnd1ucn 
C 

tF IJ.EQ.t.OR.J.EQ.NYll THEH 
DXlt,Jl•O.O 
CiOTO sou 

ENDIF 
C: 
c for internal fac:e•. it 'Jy•Q tnan OX•0 
C 

tP IVYtt.JI .EQ.O 01 THEH 
CX(I,J'l•O.O 

ELSE 
C 
c 1nterpol..at:ed ,a va,lue at ex. t'1r■c t'u1d1nq vx. i1t: OX, 
c t.hen detena1n1ng Vxy. then uaing cne equ.at1on: 
C 
C CX • at.• (V'y.l) /'hey • .aT• ('h.2) /Vxy • T90 
C: 

A2•YSTIP(JJ/2.0 
D2•YSTEP(J-ll /2. 0 
Cl•.U:•Bl 
VXTIIIPl•tVXtI,J'•tl •VXCr ♦l.J•lJ l /l.O 
'lXTMP<•IVXlt,.11 •Yltlt•l,Jl l /2.0 
VXTMP• l (.U:/C2) •VUMPlJ ., (Bl/C2J •vx:ntP41 
VXY•l lABSCvrntPI .. 2.0J •tABSlVTtI •• 111 .. 2. OJ J .. 0.5 
CXll.J'J •l.u.cu:;:•1ABSIVYlt,Jl I .. 2.01 /VXYJ • 

(A'l'RAN• IABS(VX'nfPI .. :z. OJ /VXYJ • tTAU•DSTARJ 
ENDIF 

5011 catrINUl!! 
5010 catrINUE 

RE'?IJJUI 
END 



C 
C 
C 

C 
C 
C 
C 
C 
C 

■ubrauune INPART 9ec11 ■carung parc.1cle pc■1c1cna 

stJBRcurtll2 INPAIITINPART.NOUl",!Jt'.NITS.XP. YI'. IIUO 
IMPLICIT REAL•■ (A·H. 0-Zl 
CHARACTER•IQ HEADERS 
DIMENSION XPl200). YPl2001 

NPART • number of pani.cle■ ta be cncked 
NOl1I' • number of output. tune acep1 
OT • cune 1c.ep ldependa on unit■ of RKI 
NITS - number of 1nterNl ume ■cep■ per NOUr 

READ {20. 6502) HF.ADDS 
READ 120,65001 NPART.NOUl'.!Jt'.NITS 
READ 120. 65001 !CUii 
00 6000 I•l.NPART 

READ 120.65011 XP(ll .YPIII 
6000 CllNTl!IUE 
6500 PORMATU5.I7.Pt0.2.I71 
6501 PORMATllPIO. ll 
6502 POIIMATIASOI 

RffllRN 
END 

C 1ubrauc1ne WELLS gee■ the locau.on of £ny ex.tract1on 
C welll from •n extern.al ti.le 
C 

stJBROCJrlNE WELLS 
IMPUC!T REA.I.•8 IA·H.0-Z) 
OWlAC:rER•IO HEAC!R6 
COOKJN /PIXlRIO/ XSTEP. YSTEP.Xl)IST. YOIST.XPACI?. YPACE 
C<M10N /WEIJ.OC/ NWELS.XWEL. YWEL.WRAll 
DIMENSION XWEl.1501. YWEL(501 .WRADl501. 

I XSTEPllOOI. YSTEPIIOOI .XDISTIIOII. YDISTIIOII. 
l XPACEIIOIJ. YPACEIIOII 

DATA Pl /l. IU59l65</ 
C 
C XWELUJ • l0C'At10n of the well 1n the x•d1rect1on 
c YWEl..lll • locat10n of the well 1n the y-du-ecuon 
c WRADfI J • well nd1ua tor well I 
C 

C 

READ 120.75021 HEACER6 
READ 120. 75001 NWELS 
IP INWELS .ar. 501 THEN 

WRITE(•.•) 
WRITlt•. •) •••••••••••••••••••••••••••••••••••••••••••••••• 
WRtTIC•. •1 
NRtTI(•,•) The number of welll lNkEtSI 1n the 1y■ tetll 
WRtTI(•,•) • mu1t be le11 thAn 50. Choo1e new 1nu,ger 
WIUTE( •.• I • VAlue• •net •ure the umul•Uon •g•in • 
WRITll•.•I 
WRITE[•.•)'••••••••••••••••••••••••••••••••••••••••••••••• 
S'roP 

ENOIP 
00 7000 U•l.NWELS 

READ i20, 750ll IW,JW 
llWEI.(111 •XDISTIIW•ll 
WSTPX•XSTEP ( no 
YWELIIII •YDIST!JW•II 
WSTPY•YSTEP IJWI 

C: detennine tne well r•d1u.. uung the SWIPT def1n1t1on 
C of rad1u1 of 1.netuence. rlbl.rJ •ldx•dy/p11 •o. 5 
C 

WRAO(lll •SQRT!WSTPX•WSTPY/PI I 
7000 COIITtNUE 
7500 P0RMATll51 
7501 P011MATlll5l 
7502 P011MATIAl0l 

C 

RffllRH 
END 

C 3uhr=ut1ne CRtTER determine■ the ■topping criteri• 
C: for particle tracking, baled on the loc1c1on oe well1 
C •nd uternAl ■Y■tem baundarte■ 
C 

C 

stJBRcurtNI CRITER!NX.NY.NUIII.NTB8.N888.NRBBJ 
IMPLICIT REA1.•8 CA•H.O•:Z:) 
oww:TER•IO HEACER7 
COOKJN /PIXlRIO/ XSTEP. YSTEP.Xl)IST. YOIST.XPACE. YFACK 
COKlll /WIWJX/ NWELS.XWEt.. YWIL.WRAD 
CDMlll /CRITS/ WCRIT. IL88.JL88.ITBB.JTB8. [888 • .11188.IRB8 . .1R88 
DIMENSION XSTEPIIOOI. YSTSPIIOOJ ,Xl)ISTUOIJ. YOISTUOll. 

l XPACEIIOII. YPACEIIOIJ. 
l l111ELl50I. Ylm.(501 .WRA0(501. 
< WCRIT(501. IL8811501.JL8811501. IT88(1501 .JTB811501. 
5 188811501 • .1888(1501. IR88(1501 • .lllllllll501 

C • pan1cle ■top■ 1e lt get■ with1n I/5th of tne 
C: rad1u1 oe influence oe ,1 pumping well 
C 

00 1000 l•I.NWELS 
WCRITIII •0 .l•WRADIII 

1000 CCIITURJE 
C 
c or. 1/!ith of the ed9• of the outer ll'IOlt grid block■ 
C 1n the conceptual 1'10del of the 1yatem 
C 

READ (l0.15021 HEADER7 
READ (lO. 85001 NUlll 
00 1010 U•I.NI.88 

READ (l0.1501) ILSS(UJ • .JLSSIUJ 
1010 CCIITINIJE 

READ (lO. 15001 lffll8 
DD 8020 I2•1.NTB8 

Rl!AD 120,1501) IT88(121.JTB8(1ll 
1020 CCIITINUE 

READ ll0,15001 N888 
00 1010 Il•I.NBBB 

READ 120,15011 1888(111,.1888(13) 
8010 CCIITINUE 
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READ ll0,85001 YRS& 
CO 8040 [4•1.!IJlBB 

READ (20.85011 IRBB(UI 0 JlWl(t4J 
80<0 CONTI!IUE 
8500 POJIMATl15l 
8501 POJIMATl2151 
8502 POJIMATIAIOI 

RfflJJIN 
END 

C 
C 1ubrout1ne VDINT deur,n1ne1 Ute x. and y value■ 
C: of velcc1ty ua1ng a b1l.1ne•r veloc:1ty 1ncerpclacor 
C explained 1n Walton 11987) pp. l•l9•l55 !O\ilpter !.ll 
C 

C 

SIJBROUl'INE VDINT(NXI.NYI.XPI. YPI.ICUM. IPI.IG.M. 
l Nt.SB.NTBB.NBBB.HRBB, IRWPLJ 

IMPLICIT R&U.•I (A·K.O·ZI 
COMMOII /PIXlRIO/ XSTEP. YSTEP.XDIST. YOIST.XPACE. YPACE 
CDIIIOII /HEADS/ HX.HY.HEAD 
CDIIIOII /PARAH/ RK.A.LONG.ATRAN.XPOAO 
COMMOII /WUJIS/ VXPOSX.VXPOSY."IYPOSX.WPOSY.VX.VY.CX.DY 
COMMOII /Wf!U.OC/ NWELS. l111£L. YWEt.. W1U1D 
C'CN40N ICRITS/ WCRIT, ILBB,JLBB, ITBB,JTBB. [988,JBBB. HIBB,JJIBB 
DIMENSION XSTEP(IOOJ. YSTl!P(IOOI .XDISTIIOIJ. YDtSTIIOIJ. 

I XPACl?IIOII. YPACE!IOII. 
l HXII00.100) .HY(l00.100) ,HF.AD( tl1O. toe,, 
l VXl10t. 100). VY( 100, tOll .OXll00. !.01) ,DY l!Ol, !001. 
4 VXPOSX(lOl,!.001,VXPCSYllOt.1001. 
5 VYPOSX lt00, 1011. 'IYPOSY 1100, 101}. 
6 RK(!C0,1001, 
1 XWEL(50l, YWELt50) ,WRAtH50). 
ii WCRIT1501, !LS&{ 1501 .JLSBt 1.50), !TBSi 150! .. ."'rBBl l!:OJ. 
9 ISBB( 150) .JBBB(l50J, tR8Blt5~l ,JRSBI 1501 

C euus the ne•re■ t: grid block center to IXPI. 'fPil 
C represented by etie 1.nteqer value t tX. IYl 
C 

NX•NXl•I 
NY•NYl•I 
OISTT•I. OEll 
00 ,ooo Jl•I.NY 

00 9001 11•1.NX 
TDIPC•SQATI (ABSIXPl•HX!l1.JII J ••2.01 • 

IABSIYPI-HY( tl.Jtl I .. l. 01 J 
IP !TDtPD.U::.ClS'M'l THEN 

CISTT•TEIIPD 
tX•ll 
tY-./1 

END!F 
<JOOl CONTINUE 
,000 CCNTtNUE 

C I I 
C tne 2 ne.aren v4lue■ ot ·:x a- CY .u-e IP"r:l·-!1,)l••PT:ll 
C 

C 
C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 

PTXl•VXPOSX I IX. IYJ 
PTYleVXPOSYtIX, I'fl 
PT:l•Vltl IX. IYI 
P'TXl•VX.POSX<tX•l, IY) 
PTY2•VX.POSY<IX•l, tvl 
PT%l•VX.IIX•l,IYJ 

PTXl•VYPOSX ( IX. !YI 
PTYl•VYPOSTIIX. IYI 
PTZl•VY I IX. IYI 
PTX4•\l'YPOSX.(IX. IY•ll 
PTY-4•\l'YPOSYIIX. IY•ll 
PT'%4•VY I IX. lY•lJ 

PT%< 
I 

(L,)I 

I 
PTZl 

1nterpol•te velocity ~e !XPI, YPt I tc be !VXP, 'IYP) 

Al•XPl•PTXI 
Bl•PTX2 •XPI 
Cl•Al•Bl 
VXP• I IAl/ClJ •PTnl • I 181/Cl.l •PT:ll 
Al•YPl•PTYl 
Bl•PTY4•YPt 
O•Al•B.l 
'IYP•f l.U/01 •PTZfl •l (82/C2l •PT%J) 

1f parcu:le rtCVtnlll!nt. 1■ by r.andam walk 

IP ( IRWFL. EQ. II THEN 
PTOl•CY( IX. IYJ 
PTOl.•OYftX•l. IY) 
PTOl•DXIIX.IYI 
PT'Dt•OX.UX. IY•ll 

find the der1v,1t1vtt of d11pen1on 1n the 
x•d1rect1on and the y•d1rect.:.on to be: 

DDX • dllxx/dx •nd 

OELX.•lSTEP I IXJ 
DELY•YSTEPIIYJ 
DDX•!PTDl·PTOII /CELX 
OOY•(PTD<•PTOll /CELY 

DOY • a!Jyy/,fy 

detema1ne part1cle vel0c:1cy •n· • V')c • dllu/dx 

VXPP•VXP•OCX 
V'YPP•VYP•ODY 

vy· • vy • a!Jyy/,fy 
vrv - tV)l:·2.vy•2J ·o.s 

VXY•SQRT( (ABSCVXPI ••2. QJ •IABSIVYPJ ••2. OJ I 

cnco1e randoll. nwnbera • Rt ~ R2 wh1ch u·e nonul!y 
di■tritNted rand0111 number with n::nent■ of 11(0.ll 



00 9060 IRl•l. 12 
RRl•IWIJ ( IIUIJ 
ASUN•RSUM•Ul 

9060 carrtNUE 
Rl-RSUll·6.0 

C: 
RSUll•0.0 
00 9061 IIU•l. 12 

RIU•IWll I IIUIJ 
RSUN•RSUM•RR2 

9061 =tNUE 
IU•RSUll-6. 0 

C: 
C' n:,ve XPI and YPI wung the ra.ndcm walk ~t1on 
C 
C X(C..dt.J •X(CJ •<Ux••cttJ •IRt•1qrc12•a.L•UXy•dTJ •UX/UXy) 
C: •IIU•■qn:(l••T"UXy•dTJ •Uy/UXyl 
C: 

C 

XPIN•XPt • (VXPP•DTJ • 
1Rl•SQRT(2.Q•ALONG•ABSIVXYl •CT)• (VXP/VXYI I• 
(Rl•SQRT(2. o•ATRAN•ABS(VXY) •or)• (VYP/VXYI I 

'tPIN•YPt.-tVYPP•DT) • 
l (Rl•SQRTl2. Q•ALCNG•ABS(VXYJ •OTJ • (VYP/VXYJ) -
l lRl•SQRT(l. Q•ATRAN•ASS (VXYJ •OT)• (VXP/VX.YJ J 

C' PArt1cle movement La by •dvecuon only 
C 

ELSE 
XPtN•XPt • (VXP•DTJ 
YPill•YPI• IVYP•OTI 

EIIOIP 
C 
C check cr1ten0n tor ending paruc:le 1110VetNnt: 
C 
C 1.. 1! the dut.ance from the pa,rt1cle endpoint to 
c the well. c:enter u Leta en.an t/5th of the grid 
C blcc:k. radu1a Ca.a dehned by MODYLOWJ 
C 2. 1! the particle get• w1ch1n the dut.tl t/Sth o! 
C the outerrnc■t grid block Ln the lyltell 
C 

00 9010 ll•l.NWELS 
WDIST•SQRTf CABS (XPIN•XWEl.Ull I .. 2. 01 • 

IABSl'IPIN·'tWELltlJ) nJ. 011 
IP IIIOIST. LE.Wc:RITllll I THEN 

IPLAC•l 
ENOIP 

1010 C!lNTINUE 
C 
C fU'lt: check t.he left: boundary 
C 

C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

C: 
C 
C: 

C 
C: 
C 

C: 
C: 
C 

C: 
C: 
C: 

C: 
C: 
C: 

00 90l0 ll•l.Nt.8B 

ta c.he part: tele tn a boundAry block 

IP IIX.EQ.ILBBIIJJ .AllC.IY.EQ . .11.BBIIJJI THEN 

c.he numberinq 1ytc.crm below appl tee to c.ne 1.tc. bou.ncS.ry 

9-

•· 
l· 

l• 
l· 

lxl 
lxJ 
lxl I 
lxl lxl lxJ ., 

lxl 
Ix! 
lxl 

lxJ [xi [xi -5 
lxl \ 
lxJ 
lxl 

boundary blade t:yi,e 

IP IIJ.EQ.ll THEN 
OCRln•XPACEIIXJ •I0.2•XSTEPIIXJ I 
IP (XPIN.IZ.OCRinl IP'Uoll•l 
OCRtT2•YPACBUY) • 10. l•YSTEPIIYJ l 
IF IYPIN.LE.OCRITlJ IPLAC•l 

beundliry block t:ype 2 

EI.SEIP' IILBBIIJJ .EQ.ILBB(ll·ll .ANO. 
11.BBIIJI EQ.11.BBIIJ+ll I THEN 

OCRtTl•XPAC'EUXl •CQ.l•XSTEPIIXJ l 
IP IXPIN.Llt.OCRITll IPLAC•l 

tx,Wldory block type l 

ELSEIP 111.BB(IJJ .EQ.11.BB!ll•ll .ANO. 
11.BB(IJJ.EQ.IILBBIIJ•ll·l!I THEN 

OCRtTl•XPACEUXJ •<O.l•XSTEPUXJ I 
IF IXPIN.1.£.0CRITll ll'LAC•l 
OCRITl•YPACEIIYJ • (0 .8•YSttPIIYI I 
IP IYPIN.GE.OCRITlJ IPLAC•l 

tlOWldory block type 4 

EI.SEIP 111.BBIIJJ .EQ. Ill.BB( ll ·U •U .ANO. 
11.BB(IJJ.EQ.IILBB(ll+U·UI THEN 

OCRITl•'rl'ACBUY) .,o.a•YSTEP(IYI I 
IP IYPIN.GE.OCRinl IPLAC•l 

boWldory block type S 

EI.SUP (11.BB(IJJ .EQ. (11.BB(ll·U •U .ANO. 
11.BB(IJJ .EQ. ILBBlll•ll I THEN 

IXRITl•XPACECIXJ •CO.l•X."JTEPIIXJ I 
OCRIT2•YPACE(IY) .,a.a•YSTEP(IYI I 
IP IXPIN.IZ.OCRITl.ANO.YPIN.GZ.OCRITlJ IPLAC•l 

bQWldory block type 6 

EI.SatP IILBBIIJJ .EQ. 11.BBlll•U .ANO. 
tLBBCIJI.EQ.ULBBUl•lJ•lJI THEN 

OCRITl•XPACE(IXI •IO.l•XSTEP(tXJ J 
OCRIT2•YPACE(IY) •CO .:..•YSTEP(IY} I 
IP IXPIN.Llt.OCRITl.ANO. YPIN.LE.OCRITlJ IPLAC•l 

tlOWldory block type 7 

EI.SatP' IILBB(Ill .EQ. (ILBBIIJ•ll •11 .ANC. 
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C: 
C: 
C: 

C: 
C: 
C: 

[LBBUlJ .EQ. IILSB(Il•ll •ll l THEN 
OOlITt•YFACElIYI +(0 .2•YSTEP( IYJ I 
IP IYPIN.LE.OCRinl IPLAC•l 

bcundary block c.ype 8 

EI.SEIP 111.BB(ll) .EQ. IILBBIIJ·ll ·ll .A!ID. 
ILSB(tl) .EQ.ILSB(IJ•llJ THEN 

OOlITl•XPACECIXJ • 10 .l•XSTEP I IXJ I 
IP IXPIN.LE.OCRITll IPLAC•l 
OOlIT2•"iPACE(IYI •IO.l•YSTEP(IYI I 
IP (YPIN. LE.OCRIT2J IPLAG•l 

boundary block c.ype 'J 

ELSZIP 113.EQ.NT..SBI nfEN 
OCRITl-X,FACECIXJ •10 .l•XSTEP( IXI I 
IP IXPIII.LE.OCRinJ IPLAC•l 
OOlITl•YPAC!tIYl •10 .l•'lSTEP ( IYI I 
IP IYPIN. GE. OCRITll :PUO•l 

ENCIP 
EIIOIP 

9020 COl<rlNUE 
C 
C nexc. check tne c.op boundii r1 
C 

C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
C 

C 
C 
C: 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C: 
C: 

00 'JOJO U•l .NTBB 

u C.he parClC'le tn ,I. boundary block 

IP {IX.EQ.tTBBtt41 .AHD.!'t E(J . .1TBBCUII -:'HEN 

ehe numbennq 1yetem Delo-. 4ppl.1e1 t:o tne t:cp boUru:Sary 

2 l 8 
I I I 

(xi (xi (xi !xi txl [xi lxl (xi ·l 
[xi Ix) 

/ [xJ [xi [xi [xi [xi I 
I I 
5 • 

bounmry Clock t:ype 1 

IP 114.EQ.ll n!EN 
OCRlTt•XPACEttXl • !O. J•xsrEPI IXl I 
IP tXPtN.U?.OCRITll tPLAG•l 
OCRITl•YPAct( 1"11 • 10. t•YSTEP I tYl J 
IP tYP!N.GE.OCJUTll tl'UG•l 

boWldory block <ype l 

Et.SEIP fJ"TBBIUI .EQ.J"TBBll<·ll .ANO. 
J"TBBll<J .EQ.J"TBBll<•U I n!EN 

OCRtTt•YPACEI IYI •to. l•YSTEP I IYI J 
IP !YPIN OE.OCRITll tPLAG•l 

Doundary block type l 

ELSEIP CJTBBU4l ,!Q.JTDBII4•1J AHO. 
JT88tI4) .EQ. [JTBB(Ihll •11 I fflEH 

OCRITl•XPACE(IXJ•lO l•XSTEPIIXJl 
IP [XPIN.CE.OCRinl :r..AG•l 
OCRITl•'lPACEtlYI • 10. l•YSTEP t IYJ l 
IP IYPIN.GE.OCR!Tll IPLAC•l 

boundary block tVP• 4 

El.SEIP' fJ"TBBll<I .EQ fJ"TBBll<•ll •ll ANO. 
.rrB8fI41 EQ. iJTBBtit•lJ •lJ J THEN 

OCRITt-XPACEtIXI •tO. l•XSTEPCIXJ I 
IP IXPIN.GE.OCRinl ln.\G•l 

tx,u,uury block <ype 5 

Et.SttP !JTBBIUJ .EQ. IJTBB(U·tl -ll ANO. 
JTBBIUJ .EQ.JTB8Ct4•11 I THEN 

OCRITl•XFACEIIXJ • 10.a•xsnPtIX) I 
0CRITI:•YPACEIIY1 • 10. a•YSTIPI IYJ I 
IP £XPIN.CE.OCRIT1.ANO. YPIN.GE.OCRITll IPUO•l 

bcundary Clock t:ype 6 

EI.SEIP (JTBBIUJ .EQ . .JTBBII4•1l AHC. 
JTBBIUI .EQ. IJTBB!I4•ll -ll I ':'HEH 

OCRITt•XPACEI IXI • 10. J•XSTEP< IX) J 
OCRIT2•YPACE! IYl • 10 a•YSTEPt IY1 l 
IF (XPIN. LE.OCR1n.A11c. YPIN.GE.CCRITll 

tiou...:.iry block. t:ype -r 

Et.SEIF {JTBBIUJ .EQ. {JT8B{t4·1l •ll .AHO. 
JTB8(t41. EQ. IJTIIB( t4•ll ·U I THEN 

OCRITl•XPACE( IX)• 10. J.•XSTIPI IXI J 
IP (XPIN.1.£.0CRln) IP'Uoll•l 

tlOWldory block <ype S 

EI.SEIP' [J"TBB I 141. EQ. !J"TBBI l4·ll •U .ANO. 
JTBBIUI .EQ.JTBBlt•h1J I THEN 

OCRITl•XPACE(IXJ •CO.l•XSTEP(IXI I 
IP' IXPIN.t.lt.OCRinl IPLAC-l 
OCRIT2•YPACE( lY) • (0. a•YSTEPI n1 I 
IF IYPIN.GE.OCRITlJ ll'IM•l 

bcund.lry block type , 

EI.SUP' ( 14. EQ.NTBBJ nfEN 
OCRtn-XFACEI IX]. (Q. a•XSTEP{ IX} l 
tP IXPIH.GE.OCRittJ tPI.AG•l 
OCRIT2•TPACE(IY1 •<O. 8•'lSTEPCIYJ I 
IP IYPIN.GII.OCRITll IPLAC•l 

EIIOIF 
EIIOIP' 

9030 c:arnNUJt 
C: 
c aexc. check tl1e bot:a>m bOundary 
C: 

00 9040 IS•l.NBBB 
C: 



C 
C 

C 
C 
C 
C 
C 
C: 
C 
C 
C: 
C: 
C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

<: 
<: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

1■ Che part.1cle Ul ,1 boundary bloc:Jt 

IP IIX.EQ.IBBBII51.JUID.IY.EQ . .JBBBII5I I THEIi 

Che numbering ■yatem below •pphe■ to the bcttom bcundAry 

5 6 
I I , 

(xi (xi (xi (xi [xi / 
(xi [xi 

l• (xi [xi [xi (xi (xi (xi (xi (Al •9 
I I I 
2 l a 

boundary block type l 

IP 115.EQ.ll THEN 
OOIIn•XPACEUXI •10-l•XSTEPUXI I 
IP IYPIN.LE.OCRtnl IPLAll•l 
OCRIT:Z•YFACEC?YI •CO.l•YSTEP(IYI I 
IP IYPIN.LE.OCRIT21 IPLAll•l 

boundary block type 2 

EI.'ll!IP IJBBBU5I .EQ.JBBBII5•ll .JUID. 
JBBBU5) .EQ.JBBBII5•ll I THEN 

OCRITl•YPACE(IY) • 10 .l•YSTEP( [Y) I 
!I' !YPt!I t.E OCR!-:1.? !P"-Ml•t 

bounct.ry block type l 

EI.'lEIP IJBBBll51.EQ.JBBBU5·ll JUID. 
JBBBU51 .EQ. IJBBBll5•ll·lll THEN 

OCRITl•XPACEIIXI .10.a•XSTEPUXI I 
IP IXPIN.GE.OCRITll IPt.\G•l 
OCRtT2•YPACEUYl •10 .l•YSTEPBYI l 
IP IYPIN. LE.OCRIT2I IPt.\G•l 

boundary block type 4 

EI.'lEIP IJBBBU5I .E(I. IJBBBll5•ll •ll .AND. 
JBBBU5I .EQ. IJBBBll5•ll ·ll I THDI 

OCRln•XPACE I !XI • I 0. I •XSTEP UXI I 
IP IXPIN.OE.OCRlnl IPt.\G•l 

bc~ry block type 5 

EI.SEIP IJBBBU5I EQ. IJBBBll5•ll •ll .AND. 
JBBBU51 .EQ.JBBBIIS.111 THEN 

OCRITl•XPAC:iUXI •CO. l•XSTEPUXl l 
OCRlT:l•YPACEI ty) • (0. l•YSTEPI lYl I 
IP IXPIN.GE.OCRITl.JUID. YPIN.Llt.OCRIT21 IPt.\G•l 

bOWIIUry block type 6 

EI.'lEIP IJBBBU51. EQ.JBBBll5·11 JUID. 
JBBBU51.EQ. (J88Bll5•ll•tll ntEN 

OCRtn•XPACIUXI .(O.l•XS't'l:P{IXI I 
OCRIT:z•YPACEIIY1 • 10. l•YSTEPUYJ) 
IP IXPIN. t.r.OCRtn .JUID. YPIN. LI.OCRIT21 IPt.\G•l 

boundary black type 7 

EI.SEIP IJBBB!l51 .EQ. IJBBBll5·11 ·ll .AND. 
JBBBU51. EQ. C.1888115•1> •ll l THEN 

OCRITl•U'ACI I IXJ • lO. l•XS"rEPC IXI) 
IP IXPIN.LE.OCRITll IP!.\Q•l 

DcunclAry block tYi)e I 

EI.'lEIP IJBBB(l51 .EQ. IJBBDll5·ll •ll .JUID. 
JBBB 1151 EQ JBBBtl5+ll I THEN 

OCRln•XPACEI IX)• 10 .l•XSTEP( IXI I 
OCRIT2•YPACEI IYJ • 10 .l•YSTEP( IYI) 
IP IXPIN. LE.OCRln .AND. YPIN. LE.OCRIT21 IPt.\G•l 

beundary block type , 

EI.'lRIP 115 .EQ.NBBBI THEN 
OCRITl•XPACEltXJ •tO .l•XSTEPI lXl I 
IP IXPIN.Gli:.OCRlnl IPlMl•l 
OCRITl•YPACEUYI • 10 .l•YSTEPl!YI I 
IP IYPIN.LE.OCRIT21 IP!.\Q•l 

ENDIP 
ENDIP 

90 4 0 C0llrl HUE 
C: 
C l••tlY ~ chec:Jit the nght boundary 
C: 

DO ,050 16•1,NRBB 
C: 
C 1• the parc.ic:le in • bcwlda.ry block 
C: 

IP Cllt.lQ. IRBBII6l .AND. IY.EQ.JRBBll61 l THEN 
C: 
C: the numberincJ 1y■tmn below apphe■ to the nght boundary 
C 
C 
C: 
C 
C: 
C 
C: 
C 
C 
C 
C 
C: 
C 

,. 

5· 

(xi ·9 
(xi 

I [xi 
[xi (xi (xi •I 
(xi 
(xi 
(xi 
(xi (xi (xi ·l 

I (xi 
(xi -i 
[xi ·l 

C boundary block type l 
C 

C 
C 
C 

IP II~.EQ.11 THEIi 
OCRtn-XPACE t IX) • I 0 • a•XSTBP I IX) I 
IP IXPtN.02.0CRinJ IPLMl•l 
OCRIT2•YPACEIIYJ • [O .l•YSTEPIIYJ l 
IP tYPIN.LE.OCRinJ IPt.\G•l 

boundary block t.ype 2 

Et.Sli:tl' IIRBBII&l .EQ.!RBBll6•11.AND. 
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C: 
C 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C: 

C: 
C: 
C: 

C: 
C: 
C: 

C: 
C 
C: 

IRBB(l61 .EQ. IRBBIC6•ll l THEIi 
OCRln•XPACEIIXI •10. &•XSTEP(IXJ I 
IP IXPUI.CiE.OCRtn) IPLAG•l 

boundAry block tYi)e l 

EI.SEIP (IR88(I6J .EQ. tRBBIU-!.l AND. 
IRBStUJ. EQ. URBB(I6•1J •ll I THEH 

OCRin-XPACEIIXI .,0.a•XSTEPI IX)) 
IP IXPIN.02.0CRinl IPt.\G•l 
OCR!Tl•YPAC'E(tYl •<O 8•YSTEPtI'!) I 
IP (YPIN.CE.CCRITl! :pu.c::;.i 

boundAry block type " 

EI.'lEIP IIRBBll61.EQ. IIRBB116·ll·ll .AND. 
IRBBU6) .EQ. URSBII6+ll •ll I THEN 

ocsun-YPACE(lYI .,o.a•YSTEPf!Yl I 
IF (YPUI.GE.OCRITtl IFLAC•l 

bai:ndAry block type 5 

EI.'lEIP IIR8B1161.EQ. IIRBBIC6·ll ·ll .JUID. 
IRBB(16).EQ.IRBBll6•lll THEN 

OCRITl•lPACE( IX)• CO. 8•XSTEPUXJ l 
OCR!'rl•YPAC'E([YI -ca. a•YSTEP(Ul I 
IP tXPIN.GE.OCRtn .AND. YPIN.Ci£.OCRIT2l !Ft.ACi•l 

boundary block tyi:ie ti 

EI.'lEIP l[RBBIC6I EQ.IRBB([6·ll AND. 
IRBS(t61 EQ. tIRSB{ID•U ·ll J THEN 

OCJllTl•XPACE(IXl •IC. 8•XSTEP(UJ l 
OCRIT2•YPACEIIYI ,10.l•YSTEP(IY) I 
tP lXPIN .0£.0CJIITt AND. YPIN. t.E:. OCRlTll !FLAG•l 

bound.try block type 1 

ELSEIP IIA881161 £Q ttA881I6-ll•ll ANO 
[RBBU61 EQ. IIRB81l6•ll•lll THEN 

OCRtTl-YPACE(IYJ •t0. 2•YSTEP<IYI I 
!P tYPtN. t.£.OCJUTtl IFLACi•L 

boundary block. t.ype a 

Et.SEIF IIRBBII61 EQ. URBBIU•Ll•Li AND 
IRBBII61 EQ. IRBBIU•lll THEN 

OCRin-XFACl'.UX.J .10. a•XSTEPI r:u) 
tP IXPIN.GE.OCRITll IPt.\G•l 
OC'RlTl•'tFACE(IYJ •lD l•YSTEP<tYJ ! 
[P IYPIN.LE.OCRIT21 IPUC•l 

DOundAry block. t.ype g 

ELSE? P- I U £Q NRBB I THEN 
OCRITt•XP'ACEUXI •10 l•XSTEPIUJ I 
tF IXPtN .GE. OCRITI I IFLAG•l 
OCRITl•YP'ACZIIYI •tD. &•YSTEPI IYJ l 
fP (YPIN.0£ OCJIITll IFLACi•l 

ENDIP 
ENDIP 

9050 CDIITINUE 
C: 
C aend back. t.he new p.art1ele lcc.tt10n t.c t.h• miun rcut~n• 
<: 

<: 

lPt-XPIN 
YPl•YPIN 
RE'MU< 
END 

c RAlfl generate• • randcsn number w1cn mean o. o .and 
c at.tndard dev1•t1on t. a. Set :CUM to .any neqauve 
C numtler to tn1t1•lue or re•1n1tulue the aequence 
C 

FIJNc:TION RAIIJ IIDUIII 
IMPLICIT REAl.•I IA·H.O·ZI 
PARAMETER (MBIO•l000000000,MSEED•l6UOJH8 ,M%•0, P'AC•t /MDIOl 
INTEOER MA(55J 
SAVE tPP. INEXT, [NEXTP.MA 
CATA IPP' /0/ 
IP' l[DUll.t.T.0 .OR. IPP.EQ.01 THEN 

IPP•l 
IU•MSEED• IABS I ICIJIII 
IU•MCD IIU .MBIGI 
MAl55l •IU 
MK•I 
DO U l•l.5<1 

tt•M0Dt2t•t.551 
MIUJ•MK 
MK•NJ·MK 
IF IMK.LT.MZJ NK•MK•MIIIO 
IU•MAIUI 

U CDHTINl'E 
00 ll K•l.<1 

CO 1.2 l•l.55 
MJ.(IJ •MAUI ·MACl•MOO(hl0,551) 
IP !MA.Cl) .LT.M%J Mlll•Mlll•MBIG 

12 CCIITINUE 
U CCllrlNUE 

INEXT•0 
;:tDTP•lt 
IDIJM•l 

ENDIP 
lNEXT•lJIEXT•l 
[P [UIEXT.EQ.561 INEXT•l 
IIIEXTP• lllEXTP•l 
IP ([NIXTP.EQ.56I INIXTP•l 
IU•MAtlllEXTl •MAIIIIEXTPI 
IP IIU.t.T.IIZl IU•IU•IUIIG 
MAIINEXTJ •IU 
RAHl•PUlkTIIUJ •PAC 
RE'MlH 
END 



C 
C 1ubrcut.1ne OUTPUT ■end.a p,Arc1cle tncka co an 
C output. au.rt er fl.le (AWALIC. BUO 
C 

SIJBROUTIIIE armJTINPART,XPO, TPO,NPOI 
[MPLICIT AEAL•I (A-K.0-ZJ 
DIMEIISICII XPOl200,l011, TPOll00,l011,NPOll001 
OPEii lll,l'ILE••cwpc.bln• ,STATIJS•'tllllQIOlffl'I 
DO 10000 t-l,NPART 

IIRITE lll,105001 NPOIII 
DO 10001 .1•1,NPO(!I 

IIRITE lll,105011 XPOl!,.11,TPCII,JI 
10001 CCIITINUE 
10000 COHTlllUE 
10500 POJlMATIISI 
10501 PORMAT(lX.P'J.l 0 lX 0 P, . .21 

RETURN 
END 
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PROORAM CZAREA 
C 
C • Ttu• u • program to dee.ermine die are• at A capture 
c • %011e by the mechcd laid auc 1n Che CRC HAndboak 
C 
C D . .l. M1.ln. Karvey. Feb l.9'8 
C 
C 

IMPLICIT R£AL•8 (A-H,0-Z) 
DIMEIISIOH Xl'OIIITl5001. Yl'OIIITl5001 

C 
C • open ui;,ut SURPER •. bln tile 
C 

OPDl(UNIT•lO. PILE•• input.bln • .STATtJS••OLD' I 
C 
c • rud input tar WHPA. 1nformat10n •nd determine 
c • the Minimum and M&Ximum point■ 1n the capture :one 
C 

READ(lO. 10001 NP 
Nl'>ll•NP-l 
DO 100 ll•l.NP 

READllO. •1 Xl'OINTI Ill, Yl'OINTllll 
100 CCNTIIIUE 

C 
c calc:ul.ate the product■ of x and y 
C 
C PRODl • Xl1) • Y<1•ll 
C • PR0Dl • Y[11 • X(1•Ll 
C 

SIJMl•O. 0 
SUIQ•O. O 
IX) l0O I2•l.NPM1 

PROCl•XPOUn'! UJ •YP0Uff( 12•11 
PRODl•Yl'OIIITI Ill •Xl'OINTI ll•ll 
SUMl•SUMl •PR0Cl 
st.lM2•SUN2•PA00l 

200 CONTIIIUE 
C 
C • AREA • 0.5 • (SIJMIPRODll - SIJMIPRODllJ 
C 

AREA•tSUMl·SUMlJ •O.5 
WRITE<•.•) 
WAITE(•.•) 
WRifft•, t0O1J AREA 
WRITE(•,•) 

1000 PORMATI 151 
toot FCRMA'!"llX,'The u·•• oe the capture :cne ta:'.Pll.t.• ,q.et.'I 

ElfD 
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PAOOIWI lJHIPORM 
C: 
C: 
C: • nua 1■ a program. to generate uie d1v1d1ng 
C • 1cruml1ne for a groundwater pumping well 
C • uau,g c.he uru!orm. Uow equac10n and dellnuce■ 
C • a c•year capture :one !or i.e. 
C: 
C 0 . .1. IUln H4rvey, .1Un 1997 
C: 
C: 

C: 

=•ea PHEAD 
REAL RKH.DEPnl.RI.QIIELL.XWELL. YWELL,AREG,Al. TTtME. POROS. WSCEP 
OIMEIISIOII XTEIIP12ll. YTEMP12ll .xour12ll. Yctrrllll 

C • open input and output !llH 
C: 

OPENlUNtT•lO, PILE••ute. 1.n• ,STA'nJS•'OLD' I 
OPE!I IUHIT•21, PILE•• u!e. bln •. STATUS• 'UNXNOrftl" l 

C: 
C • ■et. model. conac.snc■ 
C: 

PI•l, l415i265l6 
C 
C • read input data !ram •ute. 1n• 
,: 

C 

READl20.8001 PHEAD 
READl20.80ll RICH 
READl20,80ll OEPnl 
READl20,802) RI 
READl20.80lJ QIIELL 
READll0.80lJ DELL 
READll0.80lJ YWELL 
READll0.&011 AREG 
READll0.&011 TrIME 
READllO,&Oll P0ROS 
READll0.&011 WSOEP 

C • 1.n1t. ♦,ll1:e dat.t •rray■ to :ero 
C 

!lO 100 l•l.2l 
XTEIIPI II •O. 0 
YTEMPIIJ-o.o 
xcurm-o.o 
YotlT'Cil •0. O 

100 CCl<l'INUE 
C 
C 
C • determine che UPE coon11n.u:e1 ot cne d1v1du)CJ 1creamhne 
C 
c • the ■c.1gn4uon po1nc 
C 
C 

C 
C • then cne boundAr-1 luu.c tar cne Y•d1tecc1on 
C 

C 
C • iphe the y•d1recc10n up into 11 1ntervah 
C 

C 

'tTDIPlll •O. !2•YBOUNtl 
YTDIP(ll •0. U•YBOUNO 
'tTEMPCll •O. U•YBOUND 
YTDIP (,&I -a. IO •YBOUNO 
YTEMP ( 5 I •O. 7l •YBOllND 
YTDIP(61 •0. U•Y80UND 
'tTDIP< 7) •O. 156 •YBOUND 
YTDIP (8 I -a. u•YBCJUtm 
YTDIPl91 •O.,&O•YBOUND 
YTIMPllOJ •O. l'6•YllOUND 
YTDIPIUJ-o.oa•YBOUHD 
YTEMP Ill I •O. 0 
YTEMPllll •·YTEIIPIUJ 
YTEMPIUl ••YTEIIPllOI 
YTEMP ll 51 •• YTEIIP UI 
YTEMPIUl •·YTEIIPIII 
YTEMP I 171 .. YTEIIP I 71 
YTEMPI Ill •·YTEMP 161 
nDPlUJ •·YTDIP(51 
YTEMPllOl •·YTEIIPl41 
YTEMP12ll •·YTEIIP1ll 
YTEMP1l21 ••YTEIIP121 
YTEMP12ll ••YTEIIP 111 

C • deteraine t.he t:c .. yJ pcant■ for t.he dividu,q ec.reamhne 
C 

CO zoo tt-1. 11 
XTDIP ltll •-·lTEMP(t ll /TAHtl. Q•Pt•RKH•CEPTH•Rt•YTEMP t tll /QWELLJ 

200 CCl<l'INIIE 
lt'l'EMPllll •ltSTAG 
00 250 l2•ll.2l 

XTDIP( UJ •-YTEMP(UJ /TAH(Z. O•Pt•RKH•DEPTH•Rt•YTEMP lt2J /QWELLI 
250 CONTINUE 

C: 
C: 
C: 
C 
C: 
C 
C: 

• detenaine the upgr■dient. 10 year extent of t.he c:■pc.ure :one 
• by companng t.he diet■nce upJndlent ui the x direction to t.he 
• x c:aordtnate■ of the ■t.rumli.ne point.a 

UPGRDX•lQWELLrrrtME/ IPI•POROS•WSDEPI I --o.so 
IPIUP011DX .GE.lt'!'DIP 1111 THDI 

Dn•YTEIIPIII •YTIMPl21 
DXl•XTEIIP Ill ·XTDIP (21 
XDIPF•Ul'GRDX•XTEIIPlll 
SUJPBl•DTl/DXl 
XTEIIP 111 •Ul'GIIDX 
XTDIP 12l I •XTEIIP 111 
YTEIIPllJ •YTEMP(ZJ •CSLOPEl•XDIPPI 
'ITD!Pllll ••YTEIIPIII 

5I.SBIFIUl'GRDX.GE.XTEIIPl21 .AIID.UPCRDX.LT.lt'l'EMPIII I THEM 
DYl•YTEIIP Ill • 'ITDIP 121 
OXlolt'!'DIPIIJ •llTDIPl21 
XDIPP•Ul'GIIDX·XTEIIP (2 I 
SLCPEl•DYI/DXI 
XTEIIPlll•Ul'GIIDX 
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XTEIIP I 2l I •XTEIIP Ill 
YTEMPIIJ •YTEIIP 121 •SLCPEl•XDIFP 
YTEMPl2ll •·YTEIIPIIJ 

ELSEtP' IUPGRDX. GE. XTEMP ll I . AHO. UPCRCX. LT. XTEMP ( 2) ) nt:EN 
DYl•YTEIIPl21 •'ITEIIPlll 
DXl•llTEMPlll •XTEIIPlll 
XDI P'P•Ul'GIIDX•XTEIIP I l I 
SLCPEI•DYI/DXI 
XTEIIP II I •Ul'GRDX 
XTEIIPl2ll •XTEIIP I IJ 
YTEMPIIJ •YTEIIP Ill •SLCPEl•lDIP'P 
YTEMP I 2l I .. YTEMP Ill 
XTEMP (2) •IXTDIPllJ •XTDIPtlJ J /2. 0 
XTEMP Ill) •XTEMP{ll 
YTDIP 12! • IYTDIP (l) •"tTEMP tll i /2. 0 
YTEMPl22J ••YTEIIP121 

ELSEIPIUl'GRDX.CE.XTEIIP I<! .AHtJ. U1'0110X. LT. r.'EMP Ill I TIIEN 
DYl•'tTEMP(ll •YTENP(•II 
CXl•XTDIPtlJ •XTEMPl-ll 
XOt PF•UPGROX •XTEMP 1-l J 
St.DPEl•OYt/CXl 
lTEMP 11 I •UPORCX 
XTDIP(lJJ •XTIJtPl l) 
YTDIPftJ •YTEMP(l) •SLOPEl•XOtFF 
YTEMPl2lJ ••YTEIIP Ill 
lTEMPlll • IXTEMP Ill •llTDIP Ill I /l. 0 
XTEIIPl22J •JtT!MP 121 
"f':'DIPl.:l •i"ITDIP{l; •r.DtP :ll J :: 
YTEMPl221 •·YTEIIPl21 
XTEMP I l I •X.TEMP l 41 
XTEIIPl21J •XTEIIPlll 
i'TDIP I l I • YTEMP ( -I J 
YTDIPI 2 ll .. YTEMP Ill 
XTDfPl-'l •lXTDIPl-11 •lTDtP1SI l /l.Q 
lTEMPl20J •XTEIIPl<I 
'tTEMPl-'I •IYTDIP U I •YTEMP(51 I /l. 0 
'tTEMPllOI ••YTEMPl•J 

ELSE 
WRtTE(•. •J 
WA[TEt•. •1 Someth1119 •rong •Lth i:.ne capture 
WR!TEl•.•1 :one• 5)4t'.imeterJI '/O\. ruve .:r-.c ■ •n 
WlUTE(•.•1 
WR[1'E(•.•1 oUJncnnal Termination of UPE.EXE 
WRtTE(•.•1 
STOP 

ElllllY 
C 
C: 
C • determine the output point• with respect to Uut cent.er ot tr.ct 
c- • well by Hndinq the magnitude ot the dutanc:e. :ne angle from 
C • the well to the polnt •nd .addinq tne reqion.al tlcv •ngle 
,: 
C 

00 JOO [l•l,ll 
01• (.ASS(XTEMPl [ll ! .. 2 i:> ♦ABSIYTEMP I [JI) ••2. 01 ••o. ~O 
IPIXTEIIPIIJI EQ.O.Q.AIIO.YTEMPIUJ CT O.OJ TIIEN 

Al•90.0 
!LSEIPIXTEIIPllll ~T.O.O.AIID.YTEMPUll CT.O 01 TIIEN 

Al•IATAlll'ITEIIPI UJ/lt'l'EMPI Ill I• 180 0/PI I •180. 0 
ELSEIFIXTEMPllll LT.O O.AIID.YTEl!Pllll .EQ.0.01 fflEN 

Al•IIO. 0 
ELSEIP(XTEMP(IJJ .LT.0.0.AUD.YTEMPUll t.T.0.01 -:'HEH 

Al•lATANIYTEMP([J) I XTEMP( tJJ J • 180. 0/Pt I •LIO, 0 
ELSEIPIXTEMPUll EQ.O 0.AHD 'tTEMPftll !.TO 01 THEN 

Al•l70 0 
ELSEIP<XTEMP(tll GT O J AIIC 'tTEMP!tll t..T J 01 iHEN 

Al•IATAN IYTEMP{ IJ I /X.TDIPI tll I• lllO. J/PI J •160 J 
ELSE 

Al•ATANIYTDIP( Ill IX.TEMP( IJ I l •uo J/PI 
ENDIP 

C 
C 
C • 1dd the u. t: .e .tnqle to t.he ..1ngle of the C'ec)Lon.al 9r.1dUnt 
,: 
C 

Al•AloA.RIXl 
tP-1Al.GE.l60.0l At-A1·l60 0 

,: 
C • determine the new pout;.on oc point lx.yl 
C: 

IPIAI.EQ.0.01 fflEN 
xatr C I l J •01 •XWELL 
YOllrl Ill •YWELL 

ELSEIPIAI .CT. Q. 0 .AND.Al. LT. 90. OJ THEN 
xotrrl [JJ •IDt•COS(Al•Pt/180. 01 l •XWELL 
YCX.Trl [JJ • {Dt•StHIAl•Pt/UO. OJ I •YWEU. 

ELSEIPIAI. EQ. 90. 0 I THEN 
xwr( Ill •XWELL 
votrrttll •Dt.YWEU. 

ELSEIP(Al.OT. 90 .AHD.Al.t.T. 180.0) THEH 
XOUT([Jl•IOt•COSfAl•P[.'180 01 l •XWEL:. 
'tOUt'( [JI• !Ot•S[N fAl•PI.' UO. 011 •'tWEU. 

ELSEIP(Al.£Q. 180.0J fflEN 
lCXJT I Il J •ltllELL·D1 
YOllrl Ill •YWELL 

EtSEIF'tAl .OT. 110. 0 .AND.At .LT. l70. 01 TifEN 
xatrt tJJ •tDt•COS(At•Pt/110. 01 I •XWELt. 
YOUTltJI • (Dl•Stlf(,\l•Pt/ UO. 01 l •'tWELt. 

!LSEIPIAI. EQ. l70 I THEN 
xourc Ill •DELL 
YOllrl Ill •YWELL•DI 

ELSE 
JtCUT(tJJ •(Dt•CCStAl•Pt/110 .01 I •XlfELL 
YO.Ir( tl) • IDt•StN(Al•PI/180. 01 J •YWELL 

EllllIP 
JOO carrINtlE 

C: 
C • print. t.he r•aulta out to a SURFER ti.le 
C: 

NUIIPTS•24 
WRITE(21.I041 NUNPTS 
00 400 I4•l.2l 

WRITEl21.B051 UXJTIUI. YctrrlUJ 
4 00 CONTINUE 

WRrntl21. 1051 lDlfrlll. YOllrlll 
C: 
C • foriut1.ng statement■ 
C: 

•ao FOIUIATIAIOJ 
801 FORMTCPlO.lJ 



102 PORMATll'l0.•I 
I0J PORMATll'l0.21 
I0• FORMAT I 151 
105 FORMAT I U, 1'10. 2,2X, 1'1D. 21 

C: 
C: 
C: 

WRITE(•~•) 
WRITE(•.•) • ••••• Normal Tern11nac10n of UPE. EXE ••••• • 
WRITE(•~•) 
S'T0P 
END 
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C 
C nua 1 ■ a prognm co 1tacuc1c:ally Analyze che 
C capture :one bcundar1e1 ptodw:ed by CA.P%0N and 
C uncerta1ncy •nalyau ■ uaulauon 
C 
C D.J'. M1ln Harvey. June 1998 
C 
C CZBPX.tl00.150) • c:apcure :one boundary point urpuc. 
C CZBPYtl00.150) • capture :cne boundary point Lnput 
C JOO • t.be number of capture :ane■ an&ly:ed 
C 150 • t.be number of p01nt• i.n each c.apture :cne 
C 110 • ehe number ot cranaect■ (every 2 degTee■ J 
C BPX(lOO.lOO) • output. CZI !rem 1nter1ec:c1on Point■ 
C BPYU00,200) • output C:1 front 1ncenecc1on pc1nc■ 
C lOO • number of 1ncer■ect1on. pc1nc1 wi.th cranaecc■ 
C OlST(lOO,JOO) • di.au.nee tram center of 11111■ 1 to 
C 1ncer■ecuon point. w1eh output c:z 
C C250X(lllJ - 50th percenule capture :one 
C C%SOYUll! • 5Och percanule c11pcure :one 
C ZOCXIU2J • :one at ceru1ncy IZOC) 
C :ocYIU2) • :one ot cerc.u.ncy l:GCl 
C ZCUXll82J • :one of uncercau,cy lZOUJ 
C za.rtll82J • :one of uncerca1ncy <ZOO) 
C C%95X l 112) • 95th perc:anule capture :one 
C CZ95YtUlJ • 'l5th perc:ent1.le capture :one 
C 
C 

C 

tMPLlCtT REAL•I (1,•H.O·Z) 
CCIIMON /POIIITS/ C::SPX.C%BPY 
IIITiXiEll NBPTS I JOO I 
DIMENSION CBPX1l00. 1501. C?BPY 1300. 1501 .C50XI 1121. 

I C50YIU21 .C"' .. AIU!All001. :OC:XIU21 .::0CYll821. 
l ?OUXll821.:0UYlll21 .c,sx11121.c,5YCU21 

C hr■t. get input intormau.on t'rom external tile■ 
C 

CAU. tNP\tl"INUMC%.NBPTSI 
C 
C det•rnn.ne t!'le avera9e capture :one bound.uy l5Oth percentile) 
C and the pd! ot duc.snc:ea away trom the center ot welU:utld rn.aa ■ 
C 

CALL PIPTYINUMC.NBPTS.C%50X.C50Y.c,sx.c:,5Y. 
1. zoo. %OCY. :cux. Z0UY) 

C 
C c:aleul.at• the .&rea ot each ot the ff capture :one■ and the 
C '50th percenu le capture :one 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 

CALL ARU.1NtJMC:.NBPTS.c:AREA.C:50X.C:50Y.AIIEA50. 
1. :ocx. :oCY. :OUX. :art, AZOC,AZOUI 

c:~li:ulate the ruk coat a11oc1.ned with the uncertainty in the 
capture :one aMlyaia technique and it• input parameter value• 

CALL DECISION INUMC%. C"'..AREA.AIIL\50.DANAl.l 

determine the unc:trtA1nty in tht input capture :one■ 

C\U. UNCERT(NUMC% 0 C""..UEA.A%0C,AZOU, VARCZ:, UNC:) 

1end ■tat11t1cal 1nt0rut10n to output tile■ 

CALL ocrrrur INUMC%. C:50X. C"'..50Y. c:AREA.AIIL\50. DANAl.. 
:ocx. ~ .::OUX.ZCUY. VARCZ.UNCZ. 
c:,sx.c:,sY1 

warrsc•, •1 
WRITS,•.•) 
WRITS(•, •1 
WRITE(•.•) 
1110 

Termui.atton ot C""-STAT 

C •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C • • • • • aubrout 1ne1 • • • • • 
C 
C 
C •••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 1ubrout1ne INPUT get■ 1nput capture :one 
C 1nt0rm.at1on t'rom an externAl tlle le:atat.. 1nJ 
C 

C 

C 

SUBRC111"1NE INP\11"1111JMC%,NBPTSI 
IMPI.ICIT REA!.•I IA·H.O·ZI 
CtlKlN /POIIITS/ C:SPX.C::SPY 
DIMEIISION C:SPXll00, 1501,C:ZSPYIJ00.15~1 
IIITiXiEll NBPTS I l 00 I 

OPDICUNIT•20, Fn.a-•c:■t.at..1n• ,STAnJS••Ot.0• 1 

C read m capture zone boundary tine■ into & 2 d.imen■ ion&l array 
C 
C read Ln the number ot capture zone boudarLe■ 
C tram the hnr; hne ot: the input cumulative apcure ume tile 
C 

C 

READl20, 15001 N1JMC% 
WRITEC•,•J 
WRtTE(•.•J • ••••••• Program c:5TAT 
WRITE(•.•) 

C read apcure :cne point■ tram utput t'lle 
C 

DO 1000 ll•l.NIKZ 
READl20, 15001 NBPTSllll 
DO 1001 U•l,NBPTSI Ill 

READl20,•J C:SPltlll,UI .C:ZSPYlll. UJ 
1001 CDITlllUlt 
1000 CCIITIIIUlt 

C 
1500 POIIMATIIIJ 

IIEnJRN 

223 

EllD 

C 
C aUDrauune PlPTY determines the 5, 50 and 95Ch perc:enctle CZ 
C and the :one of cenaincy IZOCl and :one ot uncertaJ.nty !ZOU) 
C 

SUBAOl1rlNE FIPTY (111JMC%.NBPTS. C:50X. C50Y. C:95Jt. C?95Y. 
1. :ca.. ?0CY. zaJX, :ouYl 
IMPLICIT REAL•8 (A·H,O·Zl 
COIOOf /POINTS/ C""-EIPX. C:BPY 
DIMENSION C"'..BPXIJ00. 1501 ,C"'..BPYIJ00. 1501 .BPXll00,l001. 

I BPY1l00.l001 .DISTll00,l001.c:501tll821.C:50YIU21. 
2 ATMPll501 .zocx1u21.::0CY1u21.ZOU1t1u21 .::ouYll821. 
J c:,5x1u21 .c:,5v11121 

IIITiXiEll NBPTS I l 00 I 
LOGIOL SIJATED 

C 
C open • tile to ouc.puc. a pat of the d1ac.anc:e ot e&cn 
C capture :one away trom the c:encer ot' ma■a 
C 

OPEN (UN!T•2l, PILE:•'c::pdt d.at •, STA'n.1S•'t.'NKNOWN' I 
C 
C 11et subroutine c:anacanca 
C 

Pt•l ltl5S2ti'5)6 
C 
C: determine cencer ot' fflA■ a or: capture :one endpointt 
C 

ICEl<r•O 
XWSIJM•0. 0 
YWSIJM•O. 0 
00 2000 tl•l.NUMc:: 

DO 20<0 U•I.NBPTSllll 
t CENT• I CENT• L 
XWSUM•XWSt.lM•CZBPX( tl. t-11 
YWSUM•YWStM•C""-BPY { tl. I ♦ I 

20• 0 CONTI NtJE 
2000 CONTINUE 

CEIITX•XWSIJM/PLOAT I ICEl<rl 
CEHTY •'tllSIJM/ PLOAT 11 c:EHTI 

C 
C tor ••ch capture :one 
C 

CO 2001 JMH1-1.m..,1e:: 
<: 

C 
C: tor Hett C:4pture :one point determine 1.t• ,1nqle 
C with rHpect to the center ot !IW ■a and 
C ,ave 1.t intc .an .an-ay tor t'urther uw,ly■u 
<: 

IEND•NBPTSI.JMHll ·1 
AMIN•J~l.. 0 
AMAX•O. 0 
D0 l002 JIIK2•1. IEIID 

ll•IC:DPX<JXHl • .nDUI ·CENTXI 
YI• IC%8PY IJMHI .JMH21 ·CEHTYI 
IPIXl.llQ.0.01 Xl•0.00000t 
AIWl•ATAHIYl/XII 
ANGLl•!ARAD•UO. 0/PIJ 
tPIYt.c.r.o.o.AHC.xt.~T.0.01 ANC"..lt•llO 0•AHCLE 
tPIYI.IIQ.0.0 AHC.xt.~T.0.01 AHGLE•l80 0 
tPIYl.LT.0.0.AND.,U LT Q 01 ANOLl•llO J•AHOLE 
IP<Yl.1.T.O.O.AHD.Xl.GT.O 01 AHCU•J60 O•ANOU 
ATMP I.JMH21 •ANGt.E 
IPIANGLE. ~T.AMINl THEN 

AMIN•AHCLE 
tMIN..JMH2 

illlllP 
IPIAHCLE Gl".AIW!l THEIi 
AMAX ■AHCt.£ 

IIWl•JMH2 
ENDIP 

l002 CONTINUE 
A'IMPI IEND,11 •ATMPIII 

C 
C for Hdl radial tr.an■ece from o to ll5i0 degree• c:ompare 
C the tranaec~ angle to the angle ot each r:ap;ture :cne p:unt 
C 

ANGU:l•• I. 0 
00 2001 JMKl• 1, 110 

ANOI.£1 • IANCLEl •2. 0 J 
<: 
C determine the two Polnta on either ude ot the tran1ece 
C 11ne bated on the1r angular poution w r-.t ANGLEl 
C 

IPl•0 
IP2•0 
00 4004 JMH4•t. tDID 

IPIATMPIJMH4l -~T.AHCLEI AHD 
A'I'MPCJIIH4•11 GT AHGt.£1) THEN 

IPl.JMHt 
tP2-.1MH4•t 

ENDIP 
2004 CCNTtHUE 

C 

IP- IIPI.EQ.0.AHD. tPl.EQ.01 THEN 
tPle[MAX 
tP2•[MlN 

EIIDIP 
XPl•CZBPX(,nou. IPtJ ·CEH'TX 
YPt-a&PYf.110'1, Ut) ·C'ENTY 
ltP2•C%8PIIIJMHl.lP,I •CEIITX 
YP2•C:ZSPYIJMH1.IP21 ·CENTY 

C determine the n.d1.an meA■ure ot ANOL£l 
C 

IF(AIIOI.n.GT.90.0.AHD.AIGLEl..t.T.270.01 THEN 
ARADl•CAHGI.El·UO. Q) •PI/UD. 0 

ELSl!lPIAIIGLEl. GI". 270. 0 I THEN 
ARA!lla(AIIIGLEl.·ll5iO.Ol •PI/UO.O 

ELSE 
ARADl•AHGLEl •PI/ 110. 0 

EIIDIP' 
C 
c tne intercept t"ar the tran1ect angle u 10.01 
C 

SLOPEl•TMIIAIIADII 



Bt-0.0 
C 
C determ1na t.he ■lope and 1ntercept. of (XPl. 'tPlJ fXPl. YP2J 
C 

C 

DY2•(YP2-YP1J 
DX4•(XP2-XP1J 
IP (CD.EQ.O.OJ DD•0.000001 
SIDPl!2•DY2/DX2 
B2•YPl• (SU,PE2•XP11 
OSLO PE• ( SIDPE1-SIDP1!2 J 
IP (OSLOPE.EQ.D.DJ OSLOPE•0.000001 
xnrr-a2/0SLOPE 
'tINT•SLOPEl •!<INT 

C ■ave thu point 1n an array t'or t'unher ■c.atuucal analyau 
C 

BPX (JMHl ,.lMHJJ •XINT 
BPY(JMHl,.lMHJJ •YINT 

2003 CDNTIWE 
2001 CONTINUE 

C 
C .uialy:e the capture :one■ ,catuucally 
C • - - - - - - - - -- -- • -·- ••••• - •• - - --------- - --
C 
C 
C 
C 
C 

C 

C 

C 

C 

■tan by locking at e.ac:h ot' the 180 ndul tranaecta. alc:ulace 
the duc..ance t'roaa center ot ••• to the each: bounmry pornc. 
and hnd the 50th percentile capture :.one boundary 

WRITEl•.•I 
WRITE(•,• I • Oetennininq the ■tacut1cal c.apcure :cne■ • 
WRITEl•,•t 

llHIJMC%•PLOAT INUMCZJ 

TMP~•XNUltC%•O. 05 
TMP95•XNtJMCZ•0. ,5 
R95Tlf•NINTITMP15J 
195Tlf•REALIR95TIIJ 

-:MP50•UUMC:•O. 50 
TMP50A•ANINT tTMP50 I 
DIPP50•ABS t't'MP50 ·l'MP5CAJ 
IP IDIPP50.N&.O.OI THEN 

I50TH•REAL(1'MP501 •1 
ELSE 

15DTll•REAL(1"P50 I 
l!NOIP 

C- deteraune the duu,nce tram the center at 111.1■■ 
C 

' 

00 2026 JMH2D•l, 110 
00 2027 JMH21•1,NtJMC% 

DISTIJMK20,JM'Hl11 •IABSlBPX [.JMHll,.JMH:2011 .. 2. 0• 
A8SIBPYl.1MH21,JMH201 I .. 2.0) .. 0.50 

2027 CllllTlNIJE 
C 
C 
C 

butlble •ore the dutancea a-..y trocn the center at' ma■■ 

NC2>11• ( NtJMC% • 11 
SCRTID• . PAI.SE. 

2021 rP (.Nar.SCR'tEDI TIIDI 
50RTEO•. TRUE. 
00 202, JMH2lol,NCll1 

tP !OISTIJMH20,JMH231 GT.OISTCJMH20,JMH2hll I TIIDI 
TDIP1•DISTIJMH20 ,JMH2J) 
TEMP2-BPX IJMH23 ,JMH20 I 
TEMP3•8PY IJMH23 ,JMH20 I 
OIST(JMH20,JMH23J •DISTCJMH20,JMH23 •II 
8PXCJMH23 ,JMH201 •BPXIJMH23•1,JMH201 
BPYI.JMJUJ ,JMH201 •BPYtJMIUl•t.JMH201 
DIST[JMtQO,JMH2l•ll •TDfPt 
BPXI.JMH2l•1,JMH201 •TDIP2 
8PYl.1MH2l•1,JMH201 •TDIPl 
S0Rffll-. PAI.SE. 

DIDIP 
2029 carrtNW 

ootO 2028 
EIIDIF 

C 
C ■end the duunce• !roll the lit c.apture :one to .an output 
C hle which: 1■ • prababillty demi1ty tunc:t1cn ot ducance 
C 

IFIJMH20.EQ. LJ THEN 
00 2030 .lMHJO•l,NC:Ml 

IIRITE(23,25021 JMHJO,OISTll,JMHJOI 
2030 carrtNW 

DIDIF 
C 
C c:nao■e tb• 50th perc-,nt1le value• tor each at the 110 
C tran■ect. 11ne■, and ■a.ve them 1n i1n output array 
C 

C""...50X(.JMH:Z0J •SPX( I50TH,JMH:Z0I •CIHTX 
C'Z50YI.JNH201 •BPYI I50TH,JMHlOl •CDTY 
%0CXCJMH20J •BPX( l.JMH201 •C!lfTX 
%0C't(JIGQQJ •BPY( 1 • .JMH201 •CENTY 
Z0UXIJMH20J •8PXINUMC%,JMH20J •CENTX 
ZCIUYIJMH20J •BPY(NUMC: • .not20J •CENTY 
C295XIJMH201 •BPX( 195Tlf,JMH2DJ •CENTX 
C%95YIJMH201 •BPT(U5TH.JMH2DJ •CElrI"Y 

2026 carrtNW 
C 
C formatting inf0nr.at1cn 
C 

2501 P0RMATl5X. •Analyz1nrJ c:apcure :t011e •. !51 
2502 F0RIUIT(2X, 13,2X,F10.21 

llTURII 
DID 

C 
c ■ubrouune AREA determ1nea the are& of each c:apt.ure :one 
c And che .area cf the avenge capture :one (5011 
C 

SIJIIIICUTIIII! AREA (NIJMCZ,NBP'IS, C%IJIEA, C%5DX, C%5DY ,AIIEA50, 
I ZOC:X,Z0CY,%0tIX,ZDUY.AZOC,AZ0tlJ 

C 
C CZAREACIJ • aru of U1e Ith capture :on• 
c AREA.SO • ,area of t.he 50 percentile capture :one 

224 

C 
IMPLICIT REAL•I IA•H.O•ZI 
CCNICJN /POIHTS/ C%BPX,C28PY 
DIMENSION CZBPX(lOO, lSOI .C2:BPYtlOO, 150} ,CZSOXft&l}. 

!. CZ50't(ll21 ,CZ.UEAtJOOJ .ZOC'tl!.i2i ,::OCY(Ull, 
2 Z0UX(l821,ZCIIY(l821 

INTECER NBP'IS(3001 
C 
C olculace the product• of x and y 
C 
C PRODl • X(iJ • Yil•tJ 
C PR002 • YC1I • X(t ♦ ll 
C 

C 

DO 3000 It-L,HUMC: 
SUlll•O. 0 
SUll2•0. D 
NP.NBPTS I t1 I - t 
00 3001 tl•l,NP 

PRODl•C:BPXC Il, Ill •CZBP't It t. !,htl 
PR002•CZ.SPY(Il, Ill •C::BPX.II t. t2•1i 
SIJMl•St.114l•PR001 
SUMl•St.142 •PROD2 

!DOI CONTINUE 

C AREA • 0.5 • [SUll(PRODll • SUIIIPR0021 I 
C 

C: 

c:A.REA.(Il) •lSUICl-SUMll •o. S 
!000 C'CNT!NUE 

C c:;a lc:u!•t• the ,uea of the 5ilth percent:. le C.lpturtt :.one 
C 

SlJMl•O. 0 
SlJM2•0. 0 
00 1002 Il•l.. l!O 

PROD1•C250XI tJJ •C:50Y I Il•ll 
PR0Dl•C%50YI IlJ •C:50X I tl•ll 
SUMl•SUMt.PRCDl 
Sl.lM2 •SUM2 • PROD2 

1002 CONTINUE 
C: 
C ARF.A • 0.5 • [StJM(PROCll • SUMIPAOCll I 
C: 

AREA50•{SllM1-StJMll •Q ~O 
C: 
C =.i Lcuht• the •re• at the ?CC .sna ZOU 
C: 

C: 

SUIIL-0. D 
~•O. 0 
00 )003 thl. LID 

PRODl•ZOCX( Ul •%0CY I t4•11 
PROCY.l•Z0CY I UJ •ZOCXI Ihll 
Stlll•SUMl •PR001 
SUIQ•St.M2•PROD2 

!003 CCNTINIJE 
AZOC• CS1JM1-St.Jltll •o. S 

SlJMl•O 0 
SIJM2•0. Q 

00 JOO-I I'5•l. 180 
PRODl•ZOUX I 151 •zouy( t5•ll 
PRODl•:otJYlt51 •ZOUX( t5•1J 
SUMl•SUMl•PRODt 
SIJM2•SIJM2•PR002 

l DD 4 C0llTl HUE 
A.ZCU•ISUMl-stJMll •O. 5 

C: 

C 

RE'l'IJRH 
DID 

C tu.Drouu.ne CECISION deternunet tne CClt at unnq the 
C current e■cimace■ or 1~t parameter valuea to 
c calc:ul•t• capture :.one• ua1ng numeneal ttlldellnq 
C: 

C: 

SIJBRatrINE OIICISIQI INIJMC%, C"'..AREA,AREA50. CANALI 
IMPLICIT RF.AL•I IA-H.0·%1 
DIMENSION C'ZARU.( 1001 

C ■um the d1tterenee■ between the uncert,unty •rHt 
C •nd tne 50th percenule capture :one .1reo1 
C 

SIJMDIF•O. 0 
XNC%•FLOATINIJMC%J 
00 4000 Il•l.NlJIIC: 

DAREA•AIJS l C%IJIEA I IL J ·AREA5D I 
SIJMDI F•SIJMDIF •CAJIEA 

4000 CONTtNUE 

C 

DAHAL• (SUMOIF/XNC%1 /43560. D 
RE'l'IJRH 
ENO 

C tuJ:>rauc1ne UNCUT determine■ Ute variance 1.n 
c- ch• e■c:1mate ot capcure :.one area. varlAJ. and 
c t.he uncerea1nc.y (U1 1n c:apeure :cne i1rea 
C 

C 

SIJBROlll'IHE UIICDT!NtJMC%,C"'..AREA.AZOC,A%0U, VAIIC%,UIIC%1 
UIPLICIT REAL•& (A·H,0-%) 
OIMDISIOH C%IJIEAUDDI 

c deeenu.ne the variance ui CZAR EA c I J 
C 

C 

XNC%•PLOAT (NtJMC%l 
XNC%lll•XNCZ· 1. D 
SIJIICZ•O. 0 
SIJIIC%2•0. 0 

00 5000 ID•l,llt.llC% 
SUIIC:•SUIIC%•C%AIIEA ( IO J 
SUNC%2•SUNC%2 • I CZAR EAU OJ •CZAREA. I IO I J 

5000 carrtNIJE 
C 

VAIie%• (SUMc:2- (SIJIIC%•SIJMCZ/XNC%J J /XNC%Ml 
C 



C decenu.ne t.he uncercai.ncy <UJ 
C: 

UIICZ•tl. O• IAZOC/A%Clll l •100.0 
C: 

C: 

RETURN 
EIID 

C aubrcut1ne OUTPt."T ■enda the naci■uc.al 1nt0niauon to 
C several outpuc t ilea: 
C: ••••••••••••••••••••••••••• 
C C%STAT. BUI - the 5th. 50th and ,sth percenci.le capcu.re :ones 
C CZSTAT.oc.rr - the text tarmac oucpuc ti.le 
C ZOC.BUl - the ::one of certainty capture :one 
C zoo.au, - the :one of uncert&int:y capture :one 
C cz,s. BUI - the ,sch percenti.le capcu.re :one 
C: 

SIJBRotmllE Olffl'UT INta!CZ, CZ50X, CZSOY, C2AJIEA,AIIEA50, DAIIAL, 
l Z00t,zcx:y,zcux,Z0UY, WJICZ,UIICZ, 
2 cz,sx. cz,sv1 

IMPLICIT RD.L•I IA-H.O•Zl 
CIMEIIStOtl CZ50XIL82l ,CZ50Ylll2J .C%AREAIJOOJ ,%00tl182l. 

1 zcx:yu121.::oox1u21.Z0UY11121. 
2 cz,sx1u21.cz,sv1u21 

C: 
C: tine open up the output. hle■ 

C 

C 

OPEIIIUIIIT•2l,PILE••c:50.bln• ,STATIJS•'tJIIIQIOWH• l 
OPEN IUNIT•2;z. PILE• •c:atat.. out.• .STATUS• •tJNKMOWN• J 
OPEH CUNIT•2t. Pt LE•' :oc:. bln •, STATUS•"UNkNOWN" 1 
0PEIIU.IHIT•25. PILE•' :ou.bln • .S't'ATUS••\JlfXNOWN• J 
0PEII IUIIIT•26. PILE-· c:,5. bln • .STATUS• 'UIIICH0WN' l 

c output th■ '50th .and 9'5th percenule c1,pcure :one■ 
C to a.so. BLH •nd C%9'5. BLH 
C: 

NPOUl'•Ul 
C 

WRtTEflt,5500) NPOUT 
CO 6000 10•1, 110 

WRITllllL.65011 CZ50XIIOJ ,CZ50YIIOJ 
6 0 0 0 cetn'INUE 

WRITElll,65011 CZ50Xlll ,CZ50Yl1l 
C 

WRITIH26.000J NPOUI' 
CO 6001 U•l, 110 

WRITEl26,6501) cz,sxtlll .CZ,5Y(lll 
6001 c:cNTINUE 

WRITE(26.6501) cz,sx1u .c:,5Ylll 
C: 
C wnce capture :one ,ltH■ to C""P..sTAT.our 
C 

WRITIC:Z:Z. •I •output from unc:ert:.ainty Analyau of C% Modehnq 
WRITIC22.•I 
WRITS 122. •I C: Opt:ure :one Arel 
WRITEl22.•I I l ■q.tt.) !Ac! 
WRITll2;;t, •l 
WRITlfl:Z,•J 
CO 600J Il•1,NUMCZ 

ACHS.czAREA(IJJ /U560. 0 
WRITElll,65021 IJ,CZAREAllJJ ,AOIES 

600J cetn'tNUK 
C 
C wri.t ■ the .aru ot the '50th I C: to output 
C 

C 

WRITEt22. •) 
WRITEl22,650JJ AREA50 
WRITE122, •I 

C wr1te the colt of ruk. to the output tile 
C 

C: 

W1UTl(22, •J 
WRITElll.65041 DAIIAL 
WRITEl;;t2, •I 

C wrue tna •tarunc:e at C% nodellnq co tile outpuc. file 
C 

C: 

WRITE(:Z:Z,•I 
WRITEl22,6505l VAJIC% 
WRlTE(22, •I 

c: wr1te the uncertainty CUI to tile oucput tile 
C 

C 

WRITE(22.•I 
WRITEl22, 65061 UIIC% 
WRITE(22. •I 

C wri.te tne ZOC and ZOU capture :zone1 cc outpuc 
C 

WRITE(24.6500J NPOUI' 
WRITEl25,6500J NPOUI' 
CO 6004 U•l,110 

WRITEl24,650ll %00t114l ,ZCC'f(l41 
WRITEl25,650ll :CUX(Ul ,Z0UY(Ul 

6004 CIJIITINUK 
WRITE(24,650ll ZOCXlLJ ,ZCC'flll 
WRITE(25,650U :CUXlLJ .Z0UYlLl 

C: 
C form.acunq 1nfarut1on 
C: 

6500 PllRMTll51 
no1 Pt1RMATl2X.n.2.2x.n.21 
6502 Pt1RMATl2X, ll,2X.Pl2.l,5X,P7. LI 
650J P0RMTUX. 'The are.a of the .average capture: :cne u •.PU. tJ 
6504 P'0RMTt2X. •'the aru ot uncen.ai.nc:y m C% modeling 11 •. 

l n2.2. • •aee•1 
6505 PCRMTtll. 'ihe vanance in capture zcne 1ru1 u •,1'17.U 
6506 P0RMT(ll. ·The uncert&i.ncy IU) in C% rm:>deli.nq 11 • .P6.2J 

IIErUIIII 
END 
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