Chapter 1: Introduction

The objective of the stly presented in this dissation is to develop a
methodology for assessing the vulneligbof groundvater to contamination by
agricultural chemicals. Federal water quality regulations have created a need for
such assessments, but do not specify the methods to be used, or rigorously define
groundwvater vulnerability. The presentovk adva@ates a statisticalpgroach to
vulnerability assessmenthd, in keeping with that approach, suggests that
probaklity of contamination a quantity that can bexgressed numarally, be
used as a surrage for vulnerability, which remains a rather nebulous and
unquantifiable commodity.

In this work, the wordssusceptibility, vulnerabilityand risk represent
related, but distinct, ideas. @roundvater sipply is said to besusceptibleto
contamination if it is possibléor a cotaminant to reach it, even if n@wce
exists for that cailaminant. Thewpply isvulnerableto a particular contaminant
if it is susceptible and a source of the contaminant is present. ridkhef
contamination is the likeliood or probaitity that the contaminant is actually
present in the groundser. Risk, unlike susceptibility and vulnerability can be
described by a number. In other words, risk is quantifiabléevesceptibility
and vulnerability are not.

In addition to risk of contaminaitn, there are other risks assted with
groundwvater quality: risk of humanxgosure to the cdaminant, risk of adverse

public health effects, and son. Although these risks are important to the
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formation of public policy, they lie bgond the scope of this study, which is
concerned solely with the likélbod that a cdmminant is present in a
groundwater supply.

Although risk of cotamination is quantifiable, it is not measurable.
Water quality measurements describe the degree to which chemical constituents
are present in water—their concentration—not risk or pridibab How, then, is
it possible to conduct statisticalinvestigation of groundater susceptibility or
vulnerability, which canot be quantified, or of risk of groundver
contamination, which cannot be measured?

This work proposes that an answer to this quedtemin the following
postulate: For anypody of groundwter and any chemical constituent, there

exists a probabty distribution function, P(®), describing the likelihood that a

sample, chosen at random from that bodyfl @ontain a concentration of the
constituent greater than a threshold concewimaty. While this concentration
probalility distribution is not identical to risk of contaminati, susceptiitity, or
vulnerability, it is closely related to all three, and is both quantifiable and
measurable, to the extent that its parameters can be estinfiated
measurements of concentration taken from the groundwater body.

A body of groundwter contains an infinite number of potential water
samples—apopulation in statistical sgot—the concenation probabity
distribution P(®), describes that pofation. Actualmeasurements of constituent
concentrations in this body of grounater make up aampleof that poptation.

Propeties (calledparameter} of the concentration probgiby distribution can
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be estimated by calculationsrfimed on the sample. Thesetiesmtes are
calledstatistics The methodology adeated here uses statistics calculdtec
groups of groundater quality (i.e. constituent concentaat) measurements as
surrogtes for risk of coraminaton, which cannot bemeasured, and for
susceptibility and vulnerability, which cannot be quantified.

The particular results presented hinen a s@gtial and statistical sty of
the presence of nitrate igroundvater in Texas. This vk analyses nitrate
measurements collecteldrbughout the @tefrom 1962 to 1993 and recorded in
the Texas Water Development Boardsohd Water Data System @idstrom
and Quincy, 1992), and usdatsstical methods in conjuantion with a geographic
information system (GIS) and a relational database management system to
organize the data and form conclusions.

Although the present work was dated toward the vulnerability of
groundvater to agricultural chemicals, of which nitrate is a widely measured
representative, the nteids developed in the course of this study are rextisp
to agricultural chemicals or fgroundvater. The sameparoach could easily be
applied to ndustral contamination of air, or any number of othferms of

pollution.
1.1 MOTIVATION

This impetus for this study comes from thatinal Primary Drinking
Water Regulationg40 CFR 141), which took edftt in Januaryl993. These
regulations implemenprovisions of the revised Safe Drinkinyater Act by

listing 60 maximum contaminant levels (MCL®r congituents that must be
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monitored by operators of public watenpplies, and imposing schedules for
monitoring those constituents. Earlier regulations listed only 34 MCLs, so the
costs of monitoring have increased significantly, especially since most of the
additional MCLs are for organic emicals such asndustial solvents, like
toluene and trichloroethylene, and pesticides, like atrazine and @aaiich
require more expensive analytical mmeds than inorganic or nutrient
constituents. To reduce the finandiakden on regators and water systems, the
regulations allow the State agenciespmsible for enfamement of the Safe
Drinking Water Act to waive some monitoring requiremefds a number
constituents, including several agricultural chemicals, in water systems that have
been shown, over several monitoring cycles, to beffoee cortaminationfrom

those constituents.

Waivers may also be granted to systems that have been showugtt a
vulnerability assessment, to be secfirem cortaminaton. The chwe of
vulnerability assessment nmeid is left to the &te, subject to@proval by the
Environmental Protection Agency (EPA), but must include eithdficent
knowledge of previous use of the ctingent in regions contributing to the water
supply that the tate can be sure that nousce of the constituent is present, or
evidence that the watenply is praected by soil or geologicabaditions, and
the structure of the well.

The Water Utilities Division of the Texas Natural Besce Conseiation
Commission is responsible for endement of the National Primary Drinking

Water Regulations in Texas. The Water Utilities Division is engaged in an
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ongoing effort to record the dations and descriptions giublic water apply
wells in Texas in a gggraphic infomation system (GIS), in part to facilitate the
analysis of wells and theiugoundings for the purpose of granting monitoring
waivers.

The original purpose of this study was to devise anraated system for
vulnerability analysis using the Water Utilities Division's GIS data.

It soon lecame apparent that the data that was available in Statewide GIS
coverages and databases was not adequdtentiothe basis of a vulnerdity
assessment system. In particulbydrogeologic infomation such as aquifer
composition, degree of conément, andjroundvater flow direction do not exist
in GIS form for the fate as a whole. In the absence of such data, the study
focused on evaluating the usefulness of the dataishatvailable in GIS for
predicting groundvater vulnerability, and developing a rhetl for deriving a
statistically basedjyroundvater vulnerability assessment et from existing
groundwater quality measurements.

Concentration Thresholds. Laws like the Safe Drinking Water Act and related
regulations set thresholds to trigger regafgataction, so the liklihood of
exceeding thresholds is of more practical value as an measure of vulnerability
than other statistical measures such as average concentrations. This study
explores the use of exceedence probability as a measure of vulnerability.
Databases and Geographic Information Systems. Data management
technologies, such as GIS,ilwplay an increasingly large role iforming

environmental policy and EPA has identified GIS as aooirtant technology for
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groundwvater protecton. The "GroundAater Data Management Summary and
Recommendations” chapter of the 1991 final report of EPA's Grélater Task

Force states that

GIS is an emerging tool for cross-media planning and iatedr
environmental management, and basegramactivities such as
permitting, insgction, and enfarement. In additn, it is
particularly useful in ris-based priority stting of Regional
program conmitments and regirce requirements. GIS has been
found to be increasingly useful in program planning and priority
setting activities, once the investment in area-specific mapping
has been accomplished. As EPA begins using GIS in its decision
making, it is also important to begin promoting the use of GIS by
the State'sdic] in their decision making process. (USEPA, 1991)

Data Stockples. Government agencies have collected and stoogg amounts

of environmental data. GIS and database management sydtemsmeans for
manipulating and analyzing this dada masse This studyattempts to ddress
guestions like "What benefits do this mass of daffar?” "What addional
value does GIS give to that data?" "What are tm@tsomings of publicly
available data sets, and how can they be improved for future use?"

Spatial Patterns of Nitrate in Texas Groundwater. Figure 1.lillustrates some

of the essential points of the rhets developed in this study. The figure shows
three maps of the 254 cdies of Texas. In each map, theuaties are collected

in groups cotaining one-fifth(20% or 51) of the coures, based on the level of a
nitrate-related value definefbr all counties. For , for example, a el is
considered "vulnerable" if the Texas Water Development Bogrdisndvater
database shows that a nitrate concentration in excess of the MCL of 10 mg/l has

been detected there. Theunties are ranked by th@oportion of vulnerable
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wells to the total number of wells listéor that county in the atabase. The 50
counties with the highegiroportion of vulnerable ®lls are shaded red. The
next-highest 51 counties are shaded orange, and.sd he redting ranking of

the counties can be used as an estimate of the relative vulnerability of the
groundwater supplies in those counties to contamination by nitrates.

This estimate of vulnerability can then be compared to a candidate
indicator, such as nitrogen fi#izer sales, to test the value of that candidate for
predicting groundwater vulnerability.

The figures rank the counties according to:

Figure la: The proportion of ells where nitrate concentrationbowe 10
mg/l (as Nitrogen) have been detected
Figure 1b: The proportion of@lls where nitrate concentrationsawve 1 mg/I

(as Nitrogen) have been detected
Figure 1c: Nitrogen fertilizer sales during the years 1986-1991

The data sources for the three maps are described in Chapter 3.

The figures show somelear patterns, some of whialun counter to
intuition. A striking contrast can be seen between thelifer sales and the
appearance of nitrate groundvater. The belt of high fertilizer sales in east
Texas does not appear to create arasponding high level of ndte in
groundwvater. In fact, the region with the highest rate of nitrate concentrations in
excess of 10 mg/l (the MCL for ndtte) liesnorthwest of [@llas, spatially
separatdrom the regions of highest tdizer use. Fertilizer salesgures appear

to have relatively little value as an indicator of the liketbd of finding
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groundwater nitrate concentrations in excess of either of the two thresholds
considered inFigure 1.1 The figure does, however, show largals regional

variation in frequency of elevated nitrate concentrations and different patterns,
which suggests thatath with coarse spatial resolution can have some value as

indicators.
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a) Nitrate Measurements > 10 mg/l  b) Nitrate Measurements > 1 mg/I

c) Nitrogen Fertilizer Sales
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Figure1.1 Nitrate-Related Ranking of Texas Counties



1.2 OBJECTIVES

At the time this research wasoposed, the intended jebtive was to
develop an automated systdan granting vulneraitit y-based waivers for ater
quality monitoringunder the [dtional Primary Drinking Water Regulations.
Because those waivers require a high degree of certainty in identifying regions
that arenot vulnerable, and because of a lack of statewide geologic data in GIS
form, this goal was found to be ingmtical. The focus of thewsly shifted to
improving vulnerability assessment methods using available data.

The objectives of this study are:

1) To formdate a spatially variable statistical model capable of representing in a
compactform the infomation contained in tens ohdusands of ater-
quality measurements spread over an area the size of T@h900
km?2).

2) To apply this model in identifying spatial patterns of nitrate detection in
Texas as a whole and in five selected major aquifers.

3) To estimate the relative portance of a small number of indicators—soil
conditions, precipitation rates, fertilizer sales—in predicting the
likelihood of contamination of groundwater by agricultural chemicals.

4) To evaluate the usefulness of ag@phic infomation system and a database
management system inrcang out an empical sudy based on historic
data.

5) To evaluate the usefulnesspaiblicly available, computerized emenmental

data for estimating the vulnerability of groundwater to contamination.
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1.3 SOPE OF STUDY

The following limitations define the scope of this study.

1) The analysis of nitrate concentrations is restricted to data in the Texas Water
Development Board's Groundter Data System. This limits the study
area to Texas and provides a single, consistent source for well
descriptions and nitrate concentration data.

2) All the data used in this ugly comes from atabases maintained by
government agemes and available on a Statewide basis. This excludes,
for example, dta collectedor studies of single aquifers or grouraher
systems, unless they have beenorporated into Statewide databases.
For example, maps of dominant grourader flow directon, which exist
for some aquifers, are not useechuse this data is unavailable over most

of the State.
1.4 PROJECT SUMMARY

The study can be divided into the following three major steps.

1) Define bodies of groundMerfor this study and sorheasurements of water
quality by their association with thebedies. Two types of definition are
used. The first, based purely on looatidivides Texas into seven-and-a-
half minute (7.5' ) quadrangles, and defines a distinct bodyatérwor
each quadrangle. A measurement is associated with a given quadrangle if
the wellfrom which it was cbected is located in that quadrangle. The
second set of grounditer bodies is composed of five aquifers selected

from the TexasWater Development Board's map of major and minor
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aquifers (Ashworth and Flores, 1991). nfeasurement is associated with
a given aquifer if the wefrom which it was ctiected draws watdrom a
hydrogeologic unit associated with that aquifer.

2) Calculate statistical estimates of nitrate concentratprobalility
distributions associated with tH®dies of groundater. Both discrete
probalilities (estimates of theroballity that various nitrate levels will
be exceeded) and comtious distributions (éisnates of the parameters of
a probablity density function) arecalculatedfor the groundwterbodies
identified in step 1.

3) Relate the statistics calculated in step 2 to indicator variables. Potential
indicators of water quality considered in thisdst are: average annual
precipitaton, average soil thickness, average soil organic content, and
estimated nitrate fertilizer application rate. These indicators were chosen
as candidates because they were readily available, and could be plausibly
linked to the degree of vulnerability of tjeoundvater in a regn. The
variation in the chosen indicators will be compared with the variation in

the statistics using stepwise linear regression.
1.5 CONTRIBUTIONS OF STUDY

The study makes the following contributions to knowledge and
understanding of groundwater vulnerability analysis:
1) The formilation of a spatially varying statistical modeom which

exceedencerobabllities (estimates of the likdibod that a coniguent
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will be found in concentttions exceeding a selected threshold value) can
be calculated as a quantifiable measure of groundwater vulnerability.

2) The development of a quantitative, statistical hoétfor assessing the
relative value of indicators ofgroundwater vulnerability, and a
demonstration of this method with a small number of potential indicators.

3) Application of the bove to a large body ofatlh drawnfrom a diversity of
hydrologic and geologic settings.

4) Insight into the variation ofjfroundvater vulnerability in Texas, and the

factors that influence that vulnerability.
1.6 QUTLINE OF DISSERTATION

This dissertation consists of seven chapters.

Chapter One, this chapter, sets out the motivation, goals, scope and plan of the

research project.

Chapter Two, Literature Review, summarizes the existing statenmfledge
about the prdlems ofgroundvater vulnerability analysis, with particular
emphasis on statistical and empirical approaches.

Chapter Three, Datao8rces and Description, describes thatadthat are
analyzed in the research, where they cdmoen and how they were
manipulated to support the needs of the research.

Chapter Four, Methods, describes thathematical models and rhetls that
were employed in the research. The emphasis in this chapter falls on the

theoretical and mathematical aspects of the research.
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Chapter Five, Procedures, focuses on tbmits of carying out the analyses.
This "how to" chapter describes the computer programs abatally
carried out the mathematics described in Chapter Four.

Chapter Six, Results, presents maps, tables, and summary statistics that describe
the distribution of nitrate in Texas, its relation to indicator variables, and
the relationship between nitrate distribution and theuweoce of
pesticides in groundwater in the midwestern United States.

Chapter Seven, Conclusions, finishes the dissertatiooffeying a sinmary of
the completegroject and the meaning of the results presented in Chapter

Six.
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