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ABSTRACT

Assessment of groundwater contamination from non-point sources has been an important
subject of recent research due to the increasing number of detections of these
contaminants. Agriculturd chemicasfit into this dass of nonpoint source contaminants,
and therefore, must be monitored. The United States Environmenta Protection Agency
has required that each state produce a State Management Plan (SMP) to monitor and
manage pedticide contamination. In partid fulfillment of this SVIP, this research resulted
in avulnerability assessment for the state of Colorado. This assessment method is based
on an equation that is derived from a steedy-state solution to the Advection-Digperson
Equation. The vulnerability equation is a vadose-zone trangport equation that includes
various Ste-specific soil characteristics and pesticide properties. The depth to
groundwater and various land-management factors have been incorporated into the
vulnerability equation as multiplying factors. The assessment has been combined with a
Geographic Information System (GIS) to display the assessment for the entire state. The
method has been tested againgt groundwater data from Weld County, Colorado, and
showed to be successful at predicting areas that are highly vulnerable to pesticide
contamination. Due to the regulatory nature of this research, a User’'s Manud for the

vulnerability assessment has aso been constructed.
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CHAPTER 1 INTRODUCTION

1.1 Significance of Completed Research

Groundwater is a very important source of drinking water inthe U.S. In order to
assure the quaity of the groundwater, many attempts have been made to assess and
manage non-point source pollution. For example, the potentid transport of pesticides
through the vadose zone to groundwater is of great concern. Non-point pesticide
contamination has resulted mostly from crop application and subsequent leaching to the
groundwater (Flury, 1996). To control pesticide pollution, the United States
Environmenta Protection Agency (U.S. EPA) has proposed aregulation that will require
each date to develop and implement a state management plan (SMP) to manage pesticide
use and minimize potentia for groundwater contamination. This plan will ad farmers,
agricultural extension agents, and state regulators in making decisons on which
pesticides are appropriate for a certain crop and/or land-management practice based on
the ste-specific hydrogeologic conditions. In order to construct an SMP, state
administrators need to choose a vulnerability-assessment method that is appropriate for
their needs. According to the U.S. EPA, a dtate should consider available soil, climate,
and geographic data, dong with land-management practicesin choosing a vulnerability

assessment technique (U.S. EPA, 1993).



Aquifer “sengtivity” is defined by the U.S. EPA asthe relaive ease with which a
contaminant (in this case a pesticide) applied on or near the land surface can migrate to
the aquifer of interest (U.S. EPA, 1993). According to the popular convention, aquifer
sengtivity assessments include only hydrogeol ogic characteristics, whereas groundwater
vulnerability assessments aso include pesticide characteristics (Meeks and Dean, 1990)
and sometimes agronomic management practices (Loague, 1991).

Assessment methods vary based on the factors thet are considered.

Hydrogeol ogic factors may include depth to water table, depth to bedrock, soil texture,
vadose-zone hydraulic conductivity, agquifer hydraulic conductivity, well depths, parent
materias, soil organic fraction (foc), amount of recharge, soil moisture content, and
infiltration capacity. Pedticide characterigtics that impact the partitioning and degradation
of pesticides in the soil phase may include the agueous solubility, organic carbon
partition coefficient (K o), Soil-water partition coefficient (K4, where Kg = focKoc),
Henry’s congtant (K ), and biochemica degradation rate (t12). Hornsby et al. (1995)
have compiled a comprehengive reference of pesticide properties that will be used in the
vulnerability assessment for Colorado. While agronomic management practices have not
typicaly been included in past assessments, it islogica that factors such as the type of
crop, presence and type of irrigation, type of tillage, and method/amount of pesticide
gpplied should beincluded. The relative importance of each factor in pesticide transport

must aso be considered when constructing an assessment method. For instance, the



effect of depth to groundwater may greatly outweigh the importance of tillage typeif the
water table is over 100 feet below the surface.

Once amethod is chosen, it can be used to develop the SMP, which then can be
used to manage future contamination of the groundwater. Thisis epecidly important
because 50% of the population of the United States currently relies on groundwater (Sun,
1986). The transport of pesticides also needs to be considered when conducting a
vulnerahility assessment. Charizopoulos et al. (1999) found pesticidesin the
groundwater in both rura and urban areas in Greece. Hopefully choosing an appropriate

assessment method can prevent this from occurring in other areasin the future.

1.2 Study Area

Cretaceous and Tertiary sedimentary rocks dominate the surface geology of Weld
County with overlying Quaternary sedimentsin fluvid aress (Tweto, 1979). Tertiary
rocks are exposed in the northern third of the county. The formations present include the
OgdldaFormation in the far north and the White River Formation just south of the
Ogdlda The OgaldaFormation isloose to well-cemented sand and grave, while the
White River Formation is composed of ashy claystone and sandstone. Cretaceous
Laramie Formation forms the mgjority of the area under the rest of the county. This

formation is a shde, sandstone, and claystone with mgjor cod beds. Eolian deposits



cover the southeast corner of Weld County. Various dluvid deposits can be found
throughout the county dong and around the South Platte River and itstributaries.

Two mgor aguifers underlie portions of Weld County. The Ogdlda aquifer lies
under the northern-most areas of the county. The Denver Basin aquifer system underlies
the southern quarter of the county. The extensive dluvid deposits dong the South Plaite
River are amgor source of irrigated water use in Weld County. The dry dlimate
(average precipitation is 30 cm/year) owes to the necessity of irrigation systems, which
vary from sprinkler to flood or furrow irrigetion systems.

Agricultureis prevaent in Weld County, and the numerous detections of
pesticides throughout the county cregte an ided environment for a vulnerability
assessment to be completed. There are awide variety of crops grown in Weld County:
corn, dfalfa, grass hay, barley, wheat, sugar beets, potatoes, onions, and other vegetables
(Colorado Agriculturd Statistics, 2000).

Pegticides are commonly used throughout Weld County. Some of the more
commonly used pesticides are atrazine, cyanazine, dachlor, metolachlor, terbufos, EPTC,

butylate, chlorpyrifos, 2,4-D, and Dicamba (Dubois, 1993).



1.3 Objectives

The main objective of this research was to creste a vulnerability- assessment
method that will accurately predict groundwater vulnerability for Site-specific areas
throughout the state of Colorado. Severd steps were required to complete this objective.
The first step was to conduct an extensive literature review to review how other
researchers have created vulnerability assessments. Another purpose of this step wasto
ad in choosing a preiminary assessment method that would be appropriate for Colorado.
The next step was to complete a model- sengtivity andyss of the chosen method. This
purpose of this andysswas to aid in evauaing the importance of measuring various
input parameters versus estimating others. The chosen assessment method was then
modified to fit the needs and information available for Colorado. This newly revised
method was then incorporated into aGIS. The next step was to incorporate land-
management effectsin the method. The land management practices were to be included
as multiplying factors to the assessment method calculetion. A field test of the method
againg well datafrom Weld County wasthe last step. If the fidld test showed the method
to be insufficient for regulatory purposes, other possible methods would be evauated. A

User's Manual for the chosen assessment method was aso created.



CHAPTER 2 LITERATURE REVIEW

2.1 Theory of Pedticide Transport

In order to understand the vulnerability of groundwater to pesticides, one must
first understand the relevant contaminant transport processes (Corwin et al., 1999).
Pesticides are exposed to many transport and transformation processes during and after
gpplication. Some of these processesinclude transportation with soil water, remova with
surface runoff, plant uptake, volatilization, sorption to the soil, biochemical degradation
below the surface, and dilution in the infiltrating water (Flury, 1996). Contaminant

transport is traditionally represented by the reective advection-disperson equation (ADE)
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Equation 2.1 is the one-dimensiond form of the ADE (Fetter, 1999). D, isthe
longitudina hydrodynamic dispersion coefficient [L?/T], C is the concentration of solute
[M/L3], v is the component of velodity in the zdirection [L/T], R[unitless] isthe
retardation of the pesticide due to interphase mass trandfer, z isthe distance in the
direction [L], and t istime[T] (Fetter, 1999). The ADE assumes a homogeneous,
isotropic porous mediaas well as Darcy flow. The disperson and retardation terms differ

for saturated porous media or unsaturated porous media. In most ADE gpplicationsin the



vadose-zone, water content is assumed to be congtant. Otherwise, this parameter would
appear inthe ADE. Some assessment methods use this equation as the basisfor a
vulnerability modd (e.g. Carsd et al., 1985; Meeks and Dean, 1990; Rao et al., 1985;
Freissnet et al., 1999; Soutter and Musy, 1998, Hantush et al., 2000). Severa of the
methods above use cacuated indices such as an attenuation factor or aleaching potentia
index that are based on R or on smple solutions to the ADE (Meeks and Dean, 1990; Rao
et al., 1985; Freissinet et al., 1999; Soutter and Musy, 1998). These methods typically do
nat indude land-management and pesticide- use factors because they are difficult to

quantify in amathematica modd.

Meeks and Dean (1990) emphasized the importance of including the chemical
characterigtics in selecting an assessment method. Some of these properties include soil-
water partition coefficient (K 4), organic carbon partition coefficient (K oc), voldilization
hdf-life, and biochemicd degradation hdf-life. If apedticide is strongly sorbed to the
soil particles or organic matter, it will be held up in the soil, and thus will be retarded in
its trangport to the water table. Longer transport times may alow more biochemica
degradation before the contaminant reaches groundwater. Loll and Moldrup (2000)
report that the importance of biologica processesis equa to that of hydraulic and
meteorologic processes. Volatilization and evaporation are the loss of the chemicd to the
gas phase a the soil surface and in the soil gas. A very short or very long volatilization
half-life can greetly affect the amount of pesticide that will reach the groundwater, as can

the degradation hdf-life.



The theory of trangport of specific pesticides has been reported in many journas
and is reviewed by Fury (1996). In the same review, Hury discussed the effects of
macropore, or preferentid, flow. Preferential flow isthought to increase the depth that
pesticides reach in the vadose zone. Some soil types are thought to be more susceptible
to preferentia flow than others. For example, Kely and Pomes (1998) suggest that
claypan soils are very susceptible to preferentid flow through desiccation cracks, worm
burrows, and root channels. Van den Bosch et al. (1999) found that in a water-repellent
sandy soil the occurrence of preferentid flow was rdated to the thickness of the A-
horizon in the sail profile and the type of vegetation cover. Thicker A-horizons reduce

the fingering of the wetting front, as does dense, uniform vegetation.

2.2 Importance of Land-Management Factors

Land-management factors have been proposed to be an important component of a
groundwaeter vulnerability assessment (Loague, 1991). These factorsinclude style of
irrigation, style of tillage, gpplication method, and formulation of the pesticide during
goplication. Each of these land-management factor is discussed in detail below. Table

2.1 isasummary of literature reported effects for each land-management factor.



Table 2.1 Reported effects of various land-management practices.

Factor Increase Vulnerability | No Difference Decrease_z_
Vulner ability
I Ghodrati and Jury, 1992; Ren
Irrigation etal., 1996
Flood Nachabe et al., 1999
(Compared to Basin)
Furrow Troiano et al., 1993;
L oague, 1991
: (Compared to Sprinkler)
Basin Troiano et al., 1993
Tillage
Starr and Glotfelty, 1990;
Steenhuis et al., 1990; Gaynor
et al., 1992; Ghodrati and
. Jury, 1992; Ritter et al., 1994;
'IC':icl) Ir;;éeentl onal Gaynor et al., 1995; Weed et
al., 1995; Shang and Arshad,
1998 (clay soil); Miller et al.,
1999; Schwartz et al., 1999,
Turpin et al., 1999
Dick et al ., 1989; Hall et al., Gishetal., 1995;
1989; Pivets and Steenhuis, Shang and
1989; Andreini and Arshad, 1998
Steenhuis, 1990; Isensee et (sandy loam)
al., 1990; Gishet al., 1991,
Conservation Hédlling and Gish, 1991,
(NoTill) Locke and Harper, 1991,
Sadeghi and Isensee, 1994;
I sensee and Sadeghi, 1995;
Myerset al., 1995; | sensee
and Sadeghi, 1996; Sadeghi
etal., 2000
Formulation
(Deeper movement) Guckel et al., 1974;
Aqueous Ghodrati and Jury, 1992 Furmidge, 1984
(Less uniform distribution)
Granular Furmidge, 1984
Fleming et al., 1992 Gishetal., 1991,
Controlled- Schreiber et al .,
release 1993; Buhler et

al., 1994
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The type of irrigation is an important consideration. Nachabe et al. (1999)
recommend that using sprinkler irrigation rather than flood irrigation can reduce
macropore flow because water must be ponded at the soil surface before sgnificant
macropore flow can occur. The study aso showed that sprinkler irrigation was more
efficient matching crop water needs and reducing leaching below the root-zone. Hury's
(1996) review suggested that thereis still some controversy as to whether the type of
irrigation has an effect on leaching potentid.

The type of tillage has also been reported to influence the transport of pesticides,
but current literature has shown that no consensus exists on thistopic. Many researchers
report that no-till, or conservation tillage, increases vulnerability to pesticides (Dick et
al., 1989; Hal et al., 1989; Pivetz and Steenhuis, 1989; Andreini and Steenhuis, 1990;
Isensee et al., 1990; Gish et al., 1991; Helling and Gish, 1991; Locke and Harper, 1991,
Sadeghi and Isensee, 1994; |sensee and Sadeghi, 1995; Myers et al., 1995; |sensee and
Sadeghi, 1996; Sadeghi et al., 2000). Preferentia flow isthought to be the cause of the
increased vulnerability under this type of tillage because the soils are dlowed to remain
intact over long periods of time alowing macropores to develop. Other researchers,
however, found no differentiation in the vulnerability owing to tillage practice (Starr and
Glotfdty, 1990; Steenhuiset al., 1990; Gaynor et al., 1992; Ghodrati and Jury, 1992,
Ritter et al., 1994; Gaynor et al., 1995; Weed et al., 1995; Shang and Arshad, 1998;
Miller et al., 1999; Schwartz et al., 1999; Turpin et al., 1999). These researchers have

reported that either the effect is not Sgnificantly large or over longer periods of time the



effect of tillage typeisnegligible. Certainly, it is possble thet the potentid influence of
tillage is strongly dependent on soil and climate factors. However, the current literature
does not include the data required to verify this hypothess.

The mode of application can d o influence whether a pesticide will reach
groundwater. Pesticides may be applied to the foliage or to the bare soil before crop
emergence. Application at intermediate stages of emergence would result in pesticide
gpplication to both foliage and the soil surface. Pegticide application to plant leaves can
greatly decrease the amount of pesticide that will reach the soil and hence the
groundwater. Pesticides may be lost to evaporation, photolys's, or incorporation into the
plant materid. This decreases the portion of pesticide applied that reaches the soil
surface, thus decreasing the amount of pesticide available for trangport to the weter table.

Pedticide formulation is aso thought to have an effect on leaching potentid.
Granular gpplications are often less uniform, which may contribute to leaching (Hury,
1996). Timing of release has brought about mixed results according to the literature.
Slow-release formulations include pesticides that are starch- encapsulated to be rel eased
when the soil conditions are gppropriate. For example, temperature or soil moisture may
control the timing of the release. Flury (1996) discusses many studies that describe both
suspected effects and actud field results and contends that the same amount of pesticide
isbeing reased to the soil in dow-release pesticide formulations; it just takes longer for
the contaminant to reach the water table. The net effect of the pedticide is still the same.

Bdtman et al. (1996) showed theoretically that the pesticide- gpplication method and



frequency could impact the pesticide concentrations in groundwater for hypothetical
snusoidd frequencies. However, it would be difficult to assess the impact of this factor
for actual gpplication patterns. Incorporating this factor is deemed impractica for

planning and management at the county scale or greater, which is the focus of this study.

2.3 Types of Assessments

There are anumber of published assessment methods currently in use. The first
method reviewed is asengtivity method. Recall that sengitivity assessments include only
hydrologic characterigtics, while vulnerability assessments dso include pesticide
properties and may incorporate land-management practices. Because sengtivity studies
are ampler and perhaps more frequently used, areview of such sudiesisreevant to this

research.

2.3.1 Colorado Sengitivity Assessment

In 1996, Maurice Hall, in collaboration with the Colorado State University
Cooperative Extenson, the Colorado Department of Agriculture (CDA), and the

Colorado Department of Public Hedlth and Environment (CDPHE) developed a method
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to assess the sengitivity of Colorado aquifers to nitrate contamination (CDA, 1996; Hall,
1998). The study has dso been used as an initial assessment of pesticide contamination.

Hal chose four hydrogeologic characteritics to include in the sengtivity andyss
presence of a productive aquifer, depth to groundwater, availability of recharge, and
infiltration capacity of overlying soil materid. Each characterigtic was assgned avaue
of zero (not sengtive) to four (highly sengtive) for various sub-areasin the sate. The
results were overlaid using a Geographic Information System (GIS) to obtain the find
ranking of sengtivity.

For the presence of aguifer factor (AQU), locations were assigned a vaue of one
if there was an underlying high conductivity aquifer and avaue of zero if no such aquifer
was present. Depth to groundwater (WTD) vaues ranged from one to three; one
corresponding to a depth greater than 50 feet, two for a depth between 20 and 50 feet, and
three if the aguifer was less than 20 feet below the surface. Vadues for recharge (RCH)
were ether zero (no recharge from irrigation) or one (irrigation). The semi-arid climate
of Colorado generdly results in evapotranspiration greater than precipitation, resulting in
little recharge. The infiltration capacity of overlying soil (SOIL) was determined based
on the hydrologic group provided in the State Soil Survey Geographic Database
(STATSGO) (NRCS, 1994). Soilswere assigned values between one (Hydrologic Group
D) and four (Hydrologic Group A).

The overd| sengtivity range was caculated using the equation:

SENS-range = AQU x RCH x { (2 x WTD) + SOIL} (2.2)
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WTD was weighted with amultiplier of 2 based on data confidence and the perceived
importance of thisfactor (Hall, 1998). The equation gives vaues that range from zero to
ten. For easer interpretation on amap, the range was rescded to one to four. This
rescaled vaueisthe sengtivity class. Hal (1998) suggests that the senstivity map be
combined with other knowledge in order to assess the overdl vulnerability if the

information is to be used for a state management plan.

2.32DRASTIC

DRASTIC (Aller et al., 1985) is an acronym for the seven input parametersin this
aquifer sengtivity modd: Depth to water table, net water Recharge, Aquifer medium,
Sail medium, land surface Topography, | mpact of the unsaturated zone, and hydraulic
Conductivity (U.S. EPA, 1993). In this method, each parameter is given aweight based
on its assumed importance. Numericd ratings are subjectively assigned to each
parameter for each location in the sudy area. These ratings are multiplied by the weight
of the parameter, and the resulting product for each parameter is added to produce the
DRASTIC Index. Higher scores correspond to higher sengtivity to groundwater
contamination by pollutants.

The DRASTIC method has been used many timesin the field (Kainski et al .,

1994; Rosen, 1994). Theindex score should only be used to indicate relative sengtivity,



not absolute sensitivity. The user defines what vaues are to be considered high and low
sengitivity. The subjective scoring can create problems. Two researchers may assign
different parameter weights based on percelved importance, thus resulting in different
senstivity rankings for the same area. The method a so neglects pesticide characterigtics
and land-management practices. These and other limitations are discussed in detail in
Meeks and Dean (1990) and Rosen (1994). Meeks and Dean (1990) suggest that the
interactions between the pesticide and the physical surroundings are too important to be
neglected.

Rupert (1999a) cdibrated DRASTIC using three of the seven factors: depth to
water table, net recharge, and soil media. Correations between NO,+NO3-N
concentrations and the three parameters were made using the Wilcoxon rank-sum
nonparametric statistical test (Ott, 1993). A new point scheme was created based on the
correlations. This point scheme was used to create a groundwater-contamination
probability map. Comparisons of the new and old map againg field data showed that the
new probability index corrdaied much better with field data than the old vulnerability
map based on nonparametric satistical analysis. Rupert (1999a), however, used avery
large number of samples (726). He dso had alarge variation in land use over his study
area (urban to agriculturd to forest). With such alarge amount of data, cdibration is
much easer to achieve. While Rupert’s sudy area contained many pesticides, there was

only enough data to cdlibrate the model for atrazine detections, which limits the ability



for the assessment to be extrapolated to other pesticides. The vulnerability assessment

methodology for the state of Colorado must cover awide suite of pesticides.

233 RAVE (Rdative Aquifer Vulnerability Evaluation)

The Environmenta Division of the Montana Department of Agriculture
developed avulnerability assessment method to be used for on-gte farm vulnerability
(Delucaand Johnson, 1990). The system is scored in asimilar fashion to that of
DRASTIC, except the parameters are given higher numerical values based on their
importance. The parametersincluded are depth to groundwater, distance to surface
water, cropping practice, percent of organic matter, pesticide application frequency,
pesticide gpplication method, soil texture, topographic position, and pesticide
leachability. The vaue for each parameter is added to create the vulnerability score,
which ranges from 30 to 100. Bresksin the scoring for low, moderate, high, and very
high contamination potentia are 45, 65, and 80 respectively. If ascore of greeter than 80

isachieved, awarning againgt usng that specific pesticide is given.
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2.3.4 PRZM (Pedticide Root Zone Model)

Carsd et al., (1985) have developed arigorous one-dimensond pesticide
trangport model called PRZM or Pesticide Root Zone Model. PRZM calculates a water

baance usng Richard’ s equation.

fa_1 Ih
i ﬂz[K(q)] m (23)

where K(Q) is hydraulic conductivity as afunction of the moisture content [L/T], qisthe
moisture content of the soil [unitless], and z soil depth [L] (positive in the downward
direction).

Erosion is modded from the Universd Soil Loss Equation (Williams and Berndt,
1977). Solute transport is modded using an implicit finite-difference approximation to
the one-dimensonad ADE. Surface runoff is estimated using the curve number technique
designed by the USDA-SCS (1972). PRZM dso requires detailed information on
ranfal, evgpotrangpiration, infiltration, and runoff. Mog informetion is available,
however, through the rdlevant U.S. Department of Agriculture (USDA) databases.

Loague et al. (1995) used PRZM to assess chemicd leaching in Hawaii. Their
results showed that PRZM was reasonably accurate, but more research to validate the
modd was recommended. PRZM has aso been adapted for use with Monte-Carlo
andysisto add probabilities to the caculated vulnerability. 1n 1993 PRZM-2 was

released. The new model describes pesticide trangport from the root zone to the water



table, dong with the root-zone anadysis from PRZM. Volailization of pesticides has dso
been incorporated into PRZM -2.

PRZM iswiddy used because the code is readily availadle, it isinexpensive, and
it has been vdidated many timesin fidd-size studies. However, because of the Site-
specific nature of the required input, this mode is most appropriate for Ste-scale
evauations. Modd application at the state or county scae is probably too cumbersome

to use for regulatory purposes, because of the detailed data- collection requirements.

2.3.5 Root Zone Water Quality Model

Root Zone Water Quality Modd (RZWQM) (Ahujaet al.,1999) is a one-
dimensond water-qudity modd thet integrates physicd, biologica, and chemica
processes to smulate plant growth and nutrient and pesticide digtribution through the root
zone over an agriculturd area. Hydrologic properties are modeled in a soil matrix system
that features chemica equilibrium within the soil. Chemicd transport is modeled using a
numerica solution to the Richard's equation. Biologica activity is aso incorporated into
RZWQM. The modd contains a crop growth component that allows the effects of
canopy cover on evaporation from the soil surface and transpiration through roots to
impact the transport of chemicas through the root zone. The mode alows the user to

specify many land-management practices including irrigation, tillage, and pesticide and
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nutrient application. The influence that each management factor has on the soil
conditionsis represented mathematicaly in the model and is alowed to change over the
time of the amulation, which can range from monthsto 100 years.

To achieve an accurate Smulation, detailed meteorology data, detailed soil profile
information, and initid soil chemica conditions are required. Thisinformation may not
be available for an assessment that is on the scale of a state, however. Thismodd is

more gpplicable for Ste-gpecific analyses.

2.3.6 LEACHM (Leaching Estimation and Chemistry Moddl)

Leaching Estimation and Chemistry Modd (LEACHM) is afinite difference
chemica transport model (Wagenet and Hutson, 1986) that calculates a water mass
baance using Richard' s equation (Equation 2.3) for the fate and transport of nonvolatile
pesticides in the unsaturated zone. Fate of these chemicasis handled by coupling
Richard’ s equation with aform of the ADE (Similar to equation 2.1 except it dlows
gpatidly and tempordly varigble velocity) to predict chemica movement.

This model was designed for research and is cgpable of modding avariety of
boundary conditions and transport in layered soils. The modd can aso be used for
pesticide metabolites (U.S. EPA, 1993; Wagenet and Hutson, 1986). Important

limitationsto LEACHM are that it requires the user to be familiar with sophisticated



mathematical trangport models. It requires a Sgnificant amount of data and hydraulic
congdtitutive relationships to cdibrate and does not include land management practices.
Thus, this method is probably impracticd for sate- and county-scae vulnerability

assessments.

2.3.7 CMLS (Chemica Movement in Layered Soils)

This one-dimensionad smulation modd developed by Nofziger and Horsnby
(1985) can be used to locate the front of non-polar chemicds as they move through the
vadose zone. Chemicad Movement in Layered Soils (CMLS) is essentidly asolution of a
amplified advective transport equation. The modd uses infiltration and evaporation
data, but does not consder disperson. Runoff and land management are a'so not

incorporated into the moddl.

2.3.8 Attenuation Factor (AF)

In 1985, Rao et al. described a screening method to assess groundwater

vulnerability, which is based on caculaing an attenuation factor from the reletive travel

times and mass emissons to the water table.
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é 0.693dRa U

AF = Exp@ g (24)
e 172 a

where d is the depth to the water table [L], O:c isthe water content at field capacity
[unitless], g isthe average amud groundwater recharge [L/T], and t1/» is the pesticide
hdf-life [T]. The attenuation factor is a smple solution to the one-dimensona ADE that
assumes steady state conditions, constant water velocities and water contents, and ignores
dispersion. The retardation factor (R) is expressed by

R=1+ Mo focke | MKy 25)

Qe Qe

wherery, isthe soil bulk density [M/L3], foc is the organic carbon fraction in the soil
[unitless], Ko is the pesticide organic-carbon partitioning coefficient [L3/M], n, isthe sol
ar filled porodty (N = n - g=c, where n is the porogty) [unitless], and Ky isthe
dimensonless Henry’ s congtant for the pesticide of interest [unitless]. Asthe retardation
factor increases, the leachability of the pesticide decreases. The values of AF range from
zero to one, where zero corresponds to no threat of applied pesticide leaching to the water
table and one corresponds to a threat of al applied pesticide reaching the water table.

It isimportant to note that the AF is exponentid, and thus, results in values that
range over many orders of magnitude for typicd pesticide-leaching scenarios. This
complicates assgnment of AF vauesto vulnerability (Meeks and Dean, 1990). In
addition, for most pesticides, the vaue for AF can become intractably small when the

depth to water table is more than severa feet. Thus, it is perhaps more appropriate for



predicting the likelihood of transport below the root zone. The retardation factor is often
used as asmplified model when dl information needed to caculate AF isnot avallable
(Reo et al., 1985).

The attenuation factor model was designed to be used for site-gpecific
characterization of vulnerability based on both soil and pesticide characterigtics.
However, it has aso been used for county-leve assessments (Shuklaet al., 2000). Some
of the assumptions of the model include spatialy uniform parameters in the vadose zone,
that recharge can be cdculated from precipitation, irrigation, and evaporation data; and
K oc and hdf-life values for each pesticide can be estimated. The attenuation factor can
be easly modified to account for multiple layered soils. Many researchers have used
vaiaions of the AF modd in their vulnerability assessment methods (Khan and Liang,
1989; Soutter and Pannatier, 1996; Soutter and Musy, 1998).

The AF has recently been modified by Rao et al. in a post- publication addendum

to dlow for multiple layers. The modified equétion is
AF=Qep(B);i=1...n (2.6)
where B is the exponent from equation 2.4, i designates the layer, and n is the number of
layers. Each layer will have aunique B.
Jury et al. (1987) aso developed asmilar method.  Jury’s modd, however,
included changes in the magnitude of biodegradation with depth. Jury divided the vadose
zone into three intervals: a surface zone, atrangtion zone, and aresdud zone. The

cdculated attenuation factor for each zone is then different due to the different reactions.
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In particular, organic matter content and potentia biodegradation are assumed to decrease
with depth.

Kleveno et al. (1992) attempted to compare the AF modd with PRZM. PRZM is
thought to be amore rigorous model because, unlike the attenuation factor modd, it can
account for dispersion, variable recharge, detailed heterogeneities in the soil profile, and
isatransent modd. These results showed that different layers could be successfully
accounted for by using different AF vauesfor each layer. Assuming that travel times
caculated by PRZM are accurate and using Darcy’s Law to cdculate an “AF travel time’
from the input factors in the AF, the “AF travel time” was found to overestimate the time
to reach the water table. This overestimation was attributed to neglecting dispersonin
the AF modd. For practica purposes, however, Kleveno et al. (1992) found that the
results from the AF mode to compare well to those from PRZM. Therefore, pesticide
leachability indexes such asthe AF are fundamentaly gppropriate for usein vulnerability
assessments. Thisis fortunate, because such modes are much more practica for usein

county, state, or regiond-scale assessments.

2.3.9 Leaching Potentid Index (LP1)

Meeks and Dean (1990) developed a method for pesticide vulnerability

asessments that used a Leaching Potentia Index (LPI). The LPI Modd is aso derived



from a steady- state solution of the ADE (Equation 2.1). The mode assumes congtant
vertica seepage velocity, firg-order biochemica decay and linear adsorption isotherms
inthe soil. By assuming steady-state conditions and no dispersion, Meeks and Dean

(1990) smplified the ADE to

1

d_C—_|ZyO-
c &Ry

whereV isthe verticd soil water [L/T] and Risthe retardation factor. Solving this

equation for C with the appropriate boundary conditions gives
C= Coe-l Z(V/R)_1
where Cy is the concentration of the chemicd a the surface (z = 0) [M/L3]. Also note

that the term C/C, isequd to the attenuation factor from Rao et al. (1985). From this

equation, Meeks and Dean (1990) derived the LPI.

- 1000

C=C,rtr
Lp| = 1,000V
Rl z

The factor of 1000 was arbitrarily included to increase the numerica vaues of the

LPI to yield arange deemed more reasonable by the authors for their fiedd area. The LPI

vauesincrease as susceptibility to contamination increases. Similar to the AF, the LPI
gpproach is very useful becauseit isasmple method, yet is based on soil and chemica
characterigtics and is not Smply a subjective score. It dso does not result in

infinitesmaly smal vaues for depths below the root zone, as doesthe AF. Theresulting
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scores can aso be transferred from one study areato another. However, there are some
limitations to the model. The limitations aso apply to the widely used AF modd and
more complex numericd modds. The mgor limitation is the validity of usng the ADE
to describe flow in the vedose zone. Lately, the ADE has come under scrutiny asto
whether it can sufficiently modd facilitated trangport, nonequilibrium sorption, and
preferentia flow (Meeks and Dean, 1990). While the ADE has been modified to account
for such factors (for areview see Tindall and Kunke, 1999), usng such a modified
equation would be impractica for county-level studies because of the unwieldy data
requirements. The other limitation is the ingbility of the modd to account for the vapor-
phase transport of very volatile chemicals. According to Meeks and Dean, other methods
such asthose used by Jury et al. (1983) might be better suited to mode flow under these
conditions. In this method, transport of volatile chemicasis modeed assuming linesr,
equilibrium partitioning between soil, water, and vapor phases. First order degradation
and loss through a stagnant surface-air layer is aso consdered. Assuming steady-state
upward and downward flow, an andytica solution is derived for pesticide concentration
and volailization flux. However, our andyss, which will be explained in detail in a
subsequent chapter, indicates that for pesticides of concern in Colorado, air-water
patitioning is negligible.

The mogt difficult agpect of using the LPI mode is the estimation of the soil-
water velocity. Thisvariableis of consderable importance, yet has a wide range of

vaues and is extremdy difficult to determine accurately. Ve ocity depends on hydraulic
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conductivity of the soil, precipitation and evaporation data, and irrigation recharge. The
soil water velocity is divided by the retardation coefficient to obtain a solute velocity.

The retardation coefficient can be estimated by

(2.11)

where Ky isthe soil-water partition coefficient defined previoudy. Thereisadso a
volatilization term in the retardation factor that has been omitted based on amodeing
andysis, which is discussed in a subsequent chapter.

The modd has been tested using data collected from a 381 sg. mile study areain
the San Joaquin Valey of Cdifornia (Meeks and Dean, 1990). The areawas evaluated
using the LP! index followed by sampling for DBCP (1,2-dibromo- 3-chloropropane) to
vaidate the results of the assessment. The number of pesticide detections was compared
to the calculated vulnerabilities for the sampling locations. Pedticide detections
correlated wdl with the calculated vulnerahilities, illusirating the usefulness of the LPI

modd.

2.3.10 Maitrix for Florida Department of Agriculture and Consumer Services

Britt et al. (1992) congtructed a decison matrix for new pesticides that included

leaching potential and chronic toxicity. This matrix has been adopted by the Florida
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Department of Agriculture and Consumer Services (FDACS) for use by the state of
Florida

The ranking index (RI) for leaching potentid is calculated from:

o
0.693R, L, U
5 ) (2.12)
n -|-]1/2

q 8

I
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This expresson is Smilar to the exponent in the AF mode by Reo et al. (1985). If the RI
is greater than 500, full regidration of the chemica isalowed. If the Rl isless than 500,
full reports on trangport characterigtics and al chemical properties are required. This
information is then used in a groundwater mode, eg. PRZM, LEACHM, CMLS, or
GLEAMS. Themode is compared to reference pesticides to decide arédative leaching
potentid for oecific pesticides. Thisrdlative leaching potentia is used asone varidblein
atwo-variable vulnerability matrix, which is represented on a two-variable (two-axis)
plot.

The other matrix varigble is chronic toxicity. This factor was included because
the pegticide could be found in drinking water. Based on toxicity characteristics
including carcinogeneity, mutageneity, neurogeneity, reproductivity problems, and
teragenicity, the chemica is assigned ardaive toxicity. The pesticide' slocation in the
matrix dictates how or if the pesticide will be dlowed for regigration. Britt et al. (1992)
included ranges of vaues of K and hdf-life, but only centra tendencies of these

variables were identified and used in the matrix.



2.3.11 Probability Assessments

Rupert (1998) conducted a probability assessment for atrazine/desethylatrazine

(DEA) and nitrate (NO,+NOs-N) in the upper Snake River Basin of Idaho. His method is

termed a probability assessment because it is based on empirical Satistica corrdations
with actua groundwater monitoring data.

Multiple steps were taken in creating the probability maps. Groundwater
monitoring data weas overlad with hydrogeologic and land-use datain GIS so each well
location included data on atrazine use, depth to water table, geology, soils, land use,
precipitation, and well depth. Using logistic regression, univariate relationships between
arazine/DEA detections and type of input data were determined to identify which
independent variables were significantly related to detections. Multivariate models were
congtructed using various combinations of independent variables. The two best models,
one that included atrazine use and one without pesticide use (e.g., sengitivity), were
chosen for GIS andysis and congtruction of probability maps. The most sgnificant
variables for arazine/ DEA were land use, precipitation, soil hydrologic group, and well
depth.

There are some limitations to this assessment method. Large numbers of wells
and groundwater contaminant detections are required for the statistical analysisto be
vaid. A wide range of vauesis aso necessary to develop reliable corrdations (Rupert,

persona communication, 1999b). Thisisevident in Rupert’s study by the fact that a
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reliable model could only be developed for atrazine, even though other pesticides were

detected in groundwater.

2.3.12 CALVUL (Cdifornia VVulnerability Moddling Approach)

Troiano et al. (1999) developed the Cdifornia Vulnerability Modding Approach
(CALVUL). The objective of thiswork was to evaluate Smilar climatic and geographic
features of various sections of land where residues of currently registered pesticides had
been found in groundwater. Known contaminated areas were clustered based on climatic
and soil variables. An agorithm was then created so that areas where the extent of
contamination was unknown could be classfied into ether high- or low-vulnerability
categories. CALVUL was vdidated in Fresno County, California over an areafor which
datawere available. Areasthat had not previoudy contained detections of norflurazon
were assigned vulnerabilities based on the fore-mentioned agorithm. Groundwater was
then sampled for pegticides in the areas that were assigned high vulnerability. Pegticides
were detected in 8 of the 43 wells sampled. These results indicated that CALVUL was
able to successtully ad in locating highly vulnerable areas of land. CALVUL was

designed so that other variables (e.g. depth to groundwater) could be incorporated.



2.3.13 GISModedls

Numerous researchers have combined various assessment methods with
Geographic Information Systems (GIS) to create maps of vulnerable areas. These maps
alow for more selective groundwater monitoring efforts. Khan and Liang (1989) used
the Rao et al. (1985) attenuation factor method combined with a GI S to create a map of
vulnergbility of theidand of Oahu, Hawaii. Andyss of wellson theidand showed thet
with the gppropriate GIS method, the relative vulnerability could be caculated for alarge
area.

Timet al. (1996) aso used a GIS adong with three assessment methods: the Rao et
al. (1985) attenuation factor, the Meeks and Dean (1990) LPI method, and the leaching
potentia from the Britt et al. (1992) modd. The GIS modd uses a Windows interface to
input the necessary data aswell as produce output. The interface dlows the user to
choose which vulnerability method is to be used, and then directs the user asto the
information required for the modd. The input screens are very straightforward and alow
the model to be used by alarge number of researchers. The paper illustrated the
gmilarities and differencesin vulnerabilities predicted using the three methods. This
research did not attempt to compare the accuracy or cdibrate the various modds usng
fidld data

Shuklaet al., (2000) completed a county-level vulnerability assessment usng the

attenuation factor method combined with GIS. They consdered three leaching scenarios,
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minimum, maximum, and average leaching. The maximum leeching scenario isthe only
scenario that yielded a contamination potentia for asgnificant portion of thearea. An
attempted field vdidation included 19 wells in the county, and resulted in detectionsin
areas of low- and high-predicted contamination potential. Comprehensive monitoring

was suggested to improve the study.

2.3.14 Other Models

There have been many other types of models or combinations of models proposed
in the literature. Behrendt et al. (1999) designed a computer model to assess pesticide
contamination potentia that was based purely on pesticide chemica sructure. Chemica
properties for each type of chemica structure were displayed on sunray plots for the
seven triazine herbicides and their 35 degradation products. The sunray plots were used
to compare the herbicides on a Hasse diagram. Chemicas with higher contamination
potentias were placed at the top of the diagram. Thismodd is smply aranking of
pesticides by their hazard potentid, and it gppears that no field vaidation has been
completed. Gramaticaet al., (2000) desgned asmilar model. They used molecular
descriptors to caculate values of Ky for 185 non-ionic organic peticides. Comparison
between calculated Koc's and observed Ko's showed that this model was successful at

predicting Ko vaues for various chemicads.



Maxe and Johansson (1998) used travel times and specific surface areato assess
the groundwater vulnerability in an area south of Stockholm, Sweden. Factors
congdered in the assessment included hydrogeol ogic setting, retention capacity, and
travel time.  The hydrogeol ogic settings were used as primary mapping units to which
the vulnerabilities were overlain. Vulnerability was assessed for two Stuations, a spill of
liquid that would create a hydraulic surplus or trangport of a contaminant by natura
groundwater recharge. For the case of a hydraulic surplus, the vulnerability classfication
was based on the travel time to a specific depth. For the case of groundwater recharge
flow, the classfication is based on the specific surface area of the soil, which would
dictate the retention capacity of the soil.

Assessment methods have aso been developed for other contaminants, such as
microbes (Wireman and Job, 1997; Jorgenson 1998). Wireman and Job (1997)
developed a sengtivity assessment that resembles the sengtivity assessments that have
been designed for pesticides and nitrates. The assessment considered only the properties
of the hydrologic setting. Jorgenson (1998) later created a vulnerability assessment that
incorporated past sampling results, a source risk factor, and condition and construction of
thewdl. Thismethod is till being revised, but it appears to be a strong method for
asessing vulnerability to microbes.

Le Seur et al. (1987) used avariation of a scoring method combined with amap
to assess which areas of Indiana should be a priority for statewide groundwater

monitoring for hazardous wastes. The four criteriathey used in their method were
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current groundwater withdrawals, potential groundwater withdrawals, potentia
hazardous substance sources, and aquifers highly susceptible to contamination. An area
was given avaue of 1 for each criterion it met, with each area having a maximum score
of 4. Thisinformation was used to create a map of the state showing the rlaive
vulnerahility to hazardous substances contamination. Agricultural nortpoint sources
were not included in this study, due to insufficient information on specific use.

Similar methods have aso been used to determine the suitability of certain areas
for soil-based wastewater treatment systems. Methods include use of index models (such
as DRASTIC), GIS methods, and more complex models. For reviews, the reader is

referred to Siegrist et al. (2000).



CHAPTER 3 MODEL-SENSITIVITY ANALYSIS

3.1 Introduction to Sengtivity Andyss

One objective of this research was to complete a mode- senstivity anaysisto
assess the importance of the variations in the input parameters on the calculated
vulnerability. The moded used for the modd-sengtivity andysswasthe Leaching
Potentia Index (LPI) (Meeks and Dean, 1990). Complex methods often require large
amounts of data that are unavailable, and therefore, must be estimated. The main purpose
of thisandydsisto determine which parameters must be estimated and which
parameters could be omitted from a vulnerability assessment model. Model- sengtivity
anayses have been previoudy completed during the process of creeting a vulnerability
assessment method (Britt et al., 1992, Jury et al., 1987, Kleveno et al., 1992, Li et al .,
1998, Loague, 1991, Loague et al., 1996, Meeks and Dean, 1990, and Shuklaet al.,
2000). However, these andyses did not evaluate the impact of dl input parameters on
the results of the models. The andlysisfor this research includes dl the individua
parameters that comprisethe LPI. Biritt et al. (1992) and Jury et al. (1987) conducted
sengtivity andysesin which they varied only organic- carbon partition coefficient and
haf-life. Britt et al. (1992) reported that even with dl variation included, central

tendencies were dtill observed. Jury et al. (1987), however, reported that the



uncertainties in reported vaues for chemica properties must be considered in the
decison making process. Thus, the issue remains unresolved.

Li et al. (1998) dso examined the sengtivity of the attenuation factor to
perturbations in input parameters. Variaionsin some chemica properties were
considered, but no detailed consideration of physical soil parameters was reported.
Loague et al. (1990), Loague (1991), and Loague et al. (1996) considered land-use
vaiations. Frst-order uncertainty andysis was used to assess uncertainty in the
attenuation factor. Soils were categorized by taxonomy, with uncertainty incorporated
when sparse data was extrapolated over large areas. The anadysis reported that organic-
carbon content was alarge contributor to the variation between various soil taxa, and data
uncertainty must be accounted for when conducting a pesticide leaching assessmernt.
Hydrologic and chemica properties were not investigated in this andyss.

Shukla et al. (2000) conducted a comprehensive modd-sengtivity andyss of the
AF. These authors combined the factors into groups instead of testing each parameter
individudly to determine the overdl impact on the AF modd. Meeks and Dean (1990)
date that the sensitivity of one parameter may be influenced by another parameter. This
means that congderation of the individua impacts of al chemica properties should be
completed before assigning weights to the other hydrogeologic parameters.

This modd- sengtivity andyss al input parametersindividualy. The
influence of each input varigble is caculated separately. In addition, as will be

illugtrated, it is useful to evauate the influence of varying certain parameters on mode



results over arange of vaues for other input factors. Variationsin theinput parameters
are based either on values reported in the literature (e.g. for pesticide properties) or upon
areasonable range that one would expect to measure in the field (e.g. for physicad

properties).

3.2 Sail, land use, and pesticide characteristics

Hydrologic conditions representative of the San Luis Vdley, Colorado were
chosen for the base-case scenario of the andyss due to data avallahility at the time this
paper was written and the agricultura importance of the region. Soil characterigics and
land-use information required for the andyssarelisted in Table 3.1. For the base-case,
potatoes were chosen as atypica crop for the San LuisValey. Therechargerateis
based on the minimum irrigation needed for successful potato production (Waskom,
personad communication, 2000). The soil water velocity is caculated by dividing the
irrigation rate by the fidld capacity of the soil. Various crops would have different
irrigation rates, which would result in differing water velocities. When fidd specific data
was not available representative base- case vaues were used, for example hydraulic

conductivity, field capacity, and water-content were obtained from Fetter (1994).
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Table 3.1. Soil characterigtics and land-use information used in mode- sengitivity.

Sail characterigtics and land-use infor mation*

Depth to Groundwater
Temperature of Soil
Fraction of Organic-carbon
Bulk Density

Porosity

Water Content

Field Capacity
Hydraulic Conductivity
Crop

Recharge Source Irrigation
Recharge Rate 0.001148 m/day
Soil Water Veocity 0.01148 m/day

Pegticides to be used in the model-sengtivity study include atrazine, cyanazine,
smazine, metolachlor, and dachlor. These five pegticides are expected to beincluded in
the state pesticide management plan (Austin, persona communication, 1999). Three
other pesticides, 2,4-D, Metribuzin, and Dicamba, were adso chosen due to their extensve
usein Colorado. These pegticides and their relevant physicochemica properties are
ligedin Table 3.2. Aqueous solubility is often thought of as an important vulnerability
indicator. This parameter is not explicitly consdered in the LPI model becauseit isnot a
variable in the ADE solution upon which the LPI isbased. However, pesticides with
high solubilities usudly have low Ko vaues. Thus, the LPI would generdly predict a

higher vulnerahility for a more soluble compound.



Table 3.2. Pesticide properties for sdlected pesticides (Hornsby et al., 1995).

Pegticide

Moal. Weight
(@mole)

Water
Solubility
(mg/lL)

Sorption
Cosfficient
(Koc) (ml/g)

V apor
Pressure
(mm Hg)

Half-life
(days)

Atrazine

215.7

33

100

2.89E-07

60

Cyanazine

340.7

170

190

1.60E-09

14

Smazine

201.7

6.2

130

2.21E-08

60

Metolachlor

283.8

530

200

3.14E-05

90

Alachlor

269.8

240

20

1.40E-05

15

2,4-D

221.4

890

20

8.00E-06

10

Metribuzin

214.3

1220

60

1.00E-05

40

Dicamba

211.0

3.3 Modd Sengtivity Results

To conduct the modd-sengitivity analyss, vaues for sdected hydrologic and

400000

2

0.00E+00

14

chemicd input parameters for the modd are perturbed within aredigtic range of vaues

to determine the impact of each parameter on the mode- predicted vulnerability. These

parameters include organic-carbon content, depth to groundwater, groundwater velocity,

soil bulk dengity, water content, organic-carbon partition coefficient, and peticide haf-

life. Partitioning to soil-gasis dso included in the retardation factor. However, for the

range of conditions used in this Sudy air-phase partitioning was found to be negligible

(modd predictions varied by less than 0.01% in dl cases when air- phase partitioning was

omitted), and was therefore excluded from this study.



Initidly, foc was chosen as the primary independent senstivity parameter, because
it was expected to be of importance in any vulnerability modd. The presence or lack of
organic-carbon in the soil has alarge impact on the mass of petticide that can be
absorbed to the soil, and therefore on pesticide leaching velocities and biochemica
degradation.

Figure 3.1 shows the calculated LPI vs. foc using the eight pedticides. Figure 3.1
illustrates that the L Pl score is strongly dependent upon organic-carbon content. Small
variationsin the organic-carbon content have alarge effect on the cdculated vulnerability
(e.g. two orders of magnitude). Thus, the organic-carbon content is a very important
input parameter for avulnerability assessment, and a rdliable estimate of organic-carbon
iscrucid. Thisandyss assumes a congtant foc throughout the soil profile. However, the
organic-carbon content actudly varieswith depth. The range of f,c vaues chosen
includes vauestypica of topsoil and deep soil zones. Thus, “best-case” and “worst-
casg’ vulnerabilities are conddered even though uniform soil profile isassumed. Evenin
typica topsoil values, the effect of varying amounts of organic carbon is more than an

order of magnitude.
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Figure 3.1. Leaching Potentid Index for eight pesticides of interest over arange of
organic-carbon contents. (0.0001 < foc < 0.1)

The next parameter to be evauated is the organic-carbon partition coefficient
(Koc) (Figure 3.2). The range chosen was based on the range presented in Hornsby et al.
(1995) for each pesticide. The vulnerability is higher for lower vaues of K, because
pesticides with higher K¢ values are more likely to be strongly sorbed to the soil,
inhibiting their transport to the water table. Figure 3.2 essentidly illusirates the effect of
K oc measurement variability on the LPI. The wide range of K¢ vaues reported in the
literature can be atributed to varying laboratory methods or measurement difficulties.
The difference in the cdculated vulnerability can be minimd, asin the case of cyanazine,
or it can be dgnificant, asin the case of Smazine. Thus, care should be taken to choose a

representative vaue i.e.,, one tha is not an outlier anong the mgority of reported values.
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Figure 3.2. Leaching Potential Index for eight pesticides of interest over literature-cited
vauesfor Koc.

Figure 3.3 shows the impact of biochemica haf-life onthe calculated LPI. As
expected, the vulnerability increases as the biochemicd hdf-life increases. This occurs
because alonger haf-life reduces the amount of the chemica lost to biochemica
destruction, thus increasing the chance of the chemica reaching the water table. Itis
useful to note that the haf-life probably varies with depth (Jury et al., 1987). In addition,
fidd-soil haf-lives are often smaller than laboratory measured vaues (Beulke et al .,
2000). The uncertainty in choosing the correct vaue for the hdf-life must once again be

consdered when sdecting the haf-life vaue in an assessment method.
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Impact of Half-Life
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Figure 3.3. Leaching Potentia Index for eight pesticides of interest for a range of
literature-cited vaues for biochemica hdf-life

The remaining parameters were eva uated separately for each pesticide to estimate
the impact of varying fidd- scale parameters such as depth to groundwater, groundwater
velocity, water content, and bulk dengity on the calculated LPI. Parameters were plotted
againg vaues of organic-carbon content since this parameter was previoudy shown to be
of great importance and can vary greetly among different soils or locations. Metolachlor
isthe only pesticide that is presented because of its high leachability and for brevity.
Similar trends were seen for dl pesticides, including the low-leachability pesticides.

Figure 34 illudtrates that an accurate estimation of the depth to groundwater

should be very important for vulnerability esimations. In particular, the variability in the
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cdculaed vulnerability index is especidly large at lower organic-carbon contents and for

depths less than 10 meters,

1400
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Figure 3.4. Leaching Potentid Index for Metolachlor over arange of groundwater depths.

Figure 3.5 depicts the impact of soil-water velocity onthe LPI. When comparing
velocities for various sediment classes, the LPI can vary by seven orders of magnitude.
Soil-water velocity is, therefore, probably the most important parameter in this
vulnerability method. Unfortunately, it is dso the mogt difficult parameter to estimate.
Soil-water velocity is dependent on recharge rate, soil hydraulic conductivity, surface

dope, and soil moisture content.  For this study recharge was assumed to be due solely to



irrigation because of the dry dlimate of the San LuisVadley. Thisisgenerdly truefor
most agriculturad areasin Colorado (Hall, 1998). The vaues for velocity are assumed to
be equd to typica saturated hydraulic conductivity vaues for the sediment types listed
(Fetter, 1994). Thiswould be consstent with unsaturated- zone flow under conditions for
aunit hydraulic gradient (e.g. gravity driven flow), which is gppropriate for irrigation
based recharge. Table 3.3 lists the velocity vaues that were used in the modd- sengitivity
study. The average of each sediment class reported by Fetter (1994) was chosen asthe

vduefor that class.

Table 3.3. Assumed hydraulic conductivity values used in mode-sengtivity study for
various sediment classes.

Sediment Class | Vdodity (cmi/s)
Clay 107>
Sit 10°

Loam 10
Sand 10
Grave 10*




M etolachlor with Varying Groundwater Velocity
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Figure 3.5. Leaching Potentia Index for Metolachlor over arange of groundwater
veocities and soil types.

Variationsin water content and soil bulk density had relatively little influence on
caculated vulnerability indexes (Figures 3.6 and 3.7). Over atypica range of valuesfor
bulk dengty, the varigbility in cculated LPI isminima compared to the variahility
induced by variationsin foc, depth to groundwater, etc. Theimpact of water content on
LPI issomewhat more important, but is il likely to be inggnificant compared to the
influence of other parameters. Thus, for practical purposes a Sngle representetive value
for an entire geographic region could be used or the parameter could be iminated

atogether from certain models to reduce the data- gathering requirements.
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Figure 3.6. Leaching Potentid Index for Metolachlor over arange of water content.

Metolachlor with Varying Soil Bulk Density
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Figucr:S 3.7. Leaching Potentia Index for Metolachlor over arange of soil bulk dengties
(g/cn).
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3.4 Modé-Senstivity Anadysis Conclusons

This modd-sengtivity andyssindicates that calculated LPI values are most
sengtive to organic-carbon content, depth to groundwater, and recharge velocity, while
not particularly sengtive to bulk density or soil moisture content. Organic-carbon
partition coefficient and pegticide half-life are aso shown to be important; however, the
question arises as to which pesticide property vaue cited in the literature should be used.
Perhaps, careful measurements that are relevant to Ste-gpecific conditions should be
made, dthough thisis not practica for regulatory purposes. Simpler methods to estimate
velocity adso need to be derived. Knowledge of the importance of various input
parameters will dlow for more accurate decision-making when developing vulnerability

assessment methods.



CHAPTER 4 BASE VULNERABILITY INDEX

4.1 Vulnerability Assessment Method Selection

Many factors were considered in selecting a vulnerability assessment method for
the state of Colorado. One of those factors was the degree of accuracy in the predicted
results caculated by the potentia method. The method must be able to accuratdly predict
the vulnerability of a particular areato be useful. Comparison of caculated
vulnerabilities to concentrations and frequency of detections of pesticides in groundwater
was used to measure this factor. Another consideration was the data required for the
method. The find method should alow for implementation without extensive additiona
testing. A find condgderation isthe ease of implementation of the method. The producer
should idedlly be able to complete his or her own assessment with readily available input
data. Thisrequiresthat the assessment method be rdatively smple and very
graightforward. All of the above factors were considered for the selection of an
assessment method for Colorado.

The assessment method selected is amodification of the leaching potentia index
(LP) (Meeks and Dean, 1990). The LPI method is amodification of the attenuation

factor (AF) model (Rao et al., 1985). The AF isasmple solution to the one-dimensond
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advection-dispersion equation that assumes steady state conditions, constant water

velocities and water contents, and ignores dispersion.  The AF is expressed by

é- 0.693ZRq.. u
XPe Qrc U

AF = E G
G

(4.0
e qtl/ 2

where Z isthe depth to the water table [L], g-c isthe water content at field capacity
[unitlesg], g isthe average annual groundwater recharge [L/T], and ty» isthe pesticide
degradation haf-life[T]. The retardetion factor (R) is expressed by

K
R=1+ rbfocKoc +q9 H

Qrc Qrc

(4.2)

wherer p, is the soil bulk density [M/L3], fo is the organic-carbon fraction in the soil
[unitless], K is the pesticide organic-carbon partitioning coefficient [L3/M], qy isthegas
content [unitless], and Ky is the dimensionless Henry’ s congtant for the pesticide of
interest [unitless] (Rao et al., 1985).

Meeks and Dean (1990) inverted the exponential argument of the AF and
multiplied it by afactor of 1000 to creste an index that increases with increasing
vulnerability and that varies over amore practical numerical range. The resulting
equaion is

Lpy = 1000tV

(4.3)
0.693Rz

whereV isthe soil water velocity (L/T). Asthe LPI increases so does the vulnerability of

an area. Meeks and Dean (1990) proposed five categories for leaching potentid: very



low, low, moderate, high, and very high. The LPI ranges corresponding to each class
were zero to 24, 2510 49, 50 to 74, 75 to 89, and greater than 90, respectively. Thisis
just an example of how the categories could be divided. Desgnations of low, medium,
and high vulnerability should be based on avdidation with pesticide soil and
groundwater concentrations in an applicable area. This process, as completed for the
gate of Colorado, isexplained in detail below.

Meeks and Dean (1990) vdidated the LPl modd in a381 sg mile areain the San
Joaguin Vdley of Cdifornia The data set included 272 wells in which there were 70
wellswith detections of 1,2-dibromo-3-chloropropane (DBCP). The modd was shown to
be successful a predicting vulnerahility at this scale.

Because of its published success, the LPI was chosen as the basis for the
vulnerability assessment used in this sudy. One would expect Smilar relative results if
the AF model was used.

The next condderation was the amount of input data required to use the method.
Soil-water velocity and soil moisture content were the only input parameters that were
not available for this sudy. However, other minor problems required modification of the
LPI or certain input parameters. Details of the solutions to these problems follow.

Soil-water velocity is very difficult to estimate because of the large number of
factors that influenceit. These factors include precipitation, irrigation, evepo-
trangpiration, and hydraulic conductivity. Obtaining information for each of the factors at

every farm ste would require extensive testing and would be cogtly. Thisisan
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unredigtic expectation. However, the permesbility or hydraulic conductivity was
available for the Weld County field-test areaat the time of this research in the STATSGO
and SSURGO databases (NRCS, 1994; NRCS, 1999; NRCS, 2000). This permeability or
hydraulic conductivity was substituted for soil-water velocity as a reasonable estimate of
veocity for aunit hydraulic gradient.

The zterm in the LPI method is defined as the depth to groundwater. Thisterm
may be difficult to estimate if thereis not awell drilled on or near the fidld of interest. In
addition, the soil properties from the STATSGO and SSURGO databases only apply to
the surface soils. As described previoudy, nearly dl the sorption and biodegradation will
occur in the surface zone. Thus, thisthicknessis probably most appropriate for use with
sorption and biodegradation. In order to include a depth term in the calculation that could
be obtained from nearly al existing soil databases, the thickness of the first soil layer in
the SSURGO database was used. Thisthicknessis, essentidly, the thickness of the root
zone. The actua depth to groundwater will be incorporated into the calculated
vulnerahility index as amultiplying factor. This alows the producer to correct the depth
to groundwater without completing an entirdly new vulnerability caculation. Thiswill
be explained in more detail below.

Soil moigture content was aso unavailable a the time of this sudy. The previous
sengtivity analyss, however, showed that the LPI modd was not very senstive to
variaionsin water content. The STATSGO and SSURGO databases include the field

capacity for each soil unit. Therefore, this value is substituted for water content.
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The fraction of organic carbon (f,c) was aso not available at the time of this
study. Our databases, however, did include the percent organic matter (%60OM). The
%OM isthe multiplied by 0.58 to convert organic matter to organic carbon. The %OM
isaso divided by 100 to convert the value back to afraction.

The new vulnerahility, termed the modified LPI (mLP1), is caculated by

1,000t,,, Perm
0.693Rz

mLPI = (4.4)

where Perm is permeshiility of the top soil layer from the STATSGO or SSURGO
database.

The next step was to study whether any of the other parameters could be
eliminated to amplify the mode but till dlow it to caculate accurate vulnerabilities.

Recall the retardation factor (R) is given by

K
R=1+ rbfocKoc +qg H

Qec Qec

(4.5)

where the last term describes vapor- phase partitioning. A brief analyss was completed to
assess the effect of neglecting the vapor-phase partition term. Twenty-four pesticides

that are known to be used in Colorado were used to calculate the retardation factor with
and without the vaporization term. A base case s0il condition was chosen randomly from
the SSURGO database from Weld County, Colorado. These parametersincluded a bulk
density of 1.5 g/ent, 1 %0M, afield capacity of 0.15, and gas content of 0.15, which

yiddsatota porogty of 0.30. It isimportant to note that this base case is different from



Table 4.1. Sample andysis to evauate the effect of neglecting vaporization termin
retardation factor.

Common name Kn R w/o Ky Rw/ Ky % Difference
2,4-D 9.51E-05 2.01E+02 2.01E+02 2.37E-05
Alachlor 2.03E-04 1.70E+03 1.70E+03 5.97E-06
Aldicarb 3.07E-04 3.01E+02 3.01E+02 5.10E-05
Atrazine 3.35E-06 1.00E+03 1.00E+03 1.67E-07
Bromecil 4.35E-06 3.21E+02 3.21E+02 6.78E-07
Chlorpyrifos 3.21E-04 6.07E+04 6.07E+04 2.64E-07
Cyanazine 2.07E-08 1.90E+03 1.90E+03 5.45E-10
DCPA 4.46E-05 5.00E+04 5.00E+04 4.46E-08
Diazinon 9.82E-04 1.00E+04 1.00E+04 4.91E-06
Dicamba 0 2.10E+01 2.10E+01 0.00E+00
Didarin 6.15E-05 1.20E+05 1.20E+05 2.56E-08
Diquat 0 1.00E+07] 1.00E+07] 0.00E+00
Endosulfan 3.72E-06 1.24E+05 1.24E+05 1.50E-09
Heptachlor 8.03E-03 2.40E+05 2.40E+05 1.67E-06
Hexazinone 2.71E-06 5.41E+02 5.41E+02 2.51E-07
Lindane 5.16E-04 1.10E+04 1.10E+04 2.35E-06
Madathion 1.42E-04 1.80E+04 1.80E+04 3.95E-07
Metolachlor 4.78E-04 2.00E+03 2.00E+03 1.20E-05
Metribuzin 1.15E-04 6.01E+02 6.01E+02 9.59E-06
Paraquat 0 1.00E+07] 1.00E+07 0.00E+00
Parathion 7.83E-05 5.00E+04 5.00E+04 7.83E-08
Picloram 0 1.61E+02 1.61E+02 0.00E+00
Prometon 9.37E-05 1.50E+03 1.50E+03 3.12E-06
Smazine 2.40E-07] 1.30E+03 1.30E+03 9.21E-09




the base case used in the mode-sengtivity andysis. The percent differencein the
resulting retardation factors was then calculated to evaluate the importance of the vapor-
phase term. Table 4.1 illugtrates the results of thisanayss. The vaporization term hed
little effect (less than 0.001%) on the retardation factor relative to the other parameters
included. These results judtify neglecting vapor-phase partitioning in the vulnerability

method for Colorado.

4.2 Pedticide Leachability Classfications

As part of the vulnerability assessment for Colorado, an assessment will need to
be completed for at least Six pedticides. Thelist of pesticides to be assessed may aso
change or expand in the future. One option isto create an assessment for each pedticide
individualy. Thiswould be time consuming, costly, and impracticd. Ancther option is
to group the pesticides based on their leaching potentid. The leaching potentia for a
pesticide is based mainly on the pegticide hdf-life and organic carbon partition
coefficient (i.e. biochemica degradation and sorption). For this study the pesticides were
grouped into one of three categories based on their ratio of haf-life to organic carbon
partition coefficient. This grouping alows the assessment to include three vulnerability

maps rather than for every pesticide. This enhances the smplicity of the method. A



smilar approach was used by North Dakotain their congtruction of avulnerability
assessment method (Sedlig, 1994).

In addition, this procedure fortuitoudy alows the modd to be validated more
efficiently. The datathat is available for Weld County, Colorado is limited when
comparing data for specific pesticides, but the database increases when it is combined
into three leachability groups. For example, there are only 19 detects of metolachlor (a
high leachability pesticide) in the 104 wells sampled in 1995 and 1996. However, when
the pesticides are combined in the three leachability categories there are 96 detects of
pesticides that are in the high leachability classfication. Thisadditiona datain asample
increases the usefulness of the sample and makes the vdidation more datisticaly
rigorous.

The process of selecting the distribution of the leaching groups began by ranking
all 340 pedticides described by Hornsby et al. (1995) based on the ratio of hdf-lifeto
organic carbon partition coefficient. The Hornsby et al. database was used because it is
very comprehensive and recent. Arthur Hornsby also collaborated with Don Wauchope
in cregting a Smilar database for the United States Department of Agriculture, and this
dataisincluded in Hornsby et al. (1995). Once the pesticides were ranked, they were
divided into three groupsto create alow, moderate, and high leachability classes. The
ratios of each pesticide appear to exhibit alog-normd distribution (Figure 4.1), therefore
the groups were divided as follows: lowly leachable pesticides had ratios less than 0.01,

moderately |leachable pesticides had ratios between 0.01 and 0.1, and highly leachable
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Figure 4.1. lllugtration of log-normd ditribution of leachability retios.

pesticides had ratios greater than 0.1. Median vaues for each leachability classwere
0.002 for low, 0.03 for moderate, and 0.5 for highly-leachable pesticides. Please refer to
Appendix A for aliging of the pesticides that are in each classfication.

The next step was to test the satistical uniqueness of the chosen classfication.
To classify each pesticide as uniquely low, or moderate, highly leachable the categories
must dso be unique. That is, we wish to minimize the number of pesticides that would
fit into two categories. This would negate the uniqueness of the classfications. There
are two Satistica measures taken during this process. a measure of the statistical
difference in the medians, and a measure of whether the variances of the medians
overlap. The Mann-Whitney test (Johnson and Kuby, 2000) was used to eva uate

whether the medians were satisticdly different. The Mann-Whitney testisa
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nonparametric hypothesis test, which is used to evauate whether one sampleis
daidicdly different from another. A nonparametric test does not require acertain
digtribution of a sample population. For example, the sample population is not required
to have anorma digtribution. Nonparametric tests may not be as powerful as parametric
tests (e.g. t-test), but they are used when parametric tests are not feasble. The Mann-
Whitney test is sendtive to changes in the median and changes in the digtribution (e.g.
skewness).

The Mann-Whitney test compares statistics associated with two samples. Thus,
the low leaching group was compared to the moderate leaching group, and the moderate
leaching group was compared to the high leaching group. The Mann-Whitney test results
include a confidence intervd (Cl), chosen by the user, and a p-vaue, or probability. The
p-vaueisthe probability thet your null hypothesisisfase. For example, my null
hypothessis that the two leachability groups are different. The level of Sgnificance (a)
isequd to 1 — ClI. The confidence interva chosen for thisandyssis 95%. This converts
toan a of 0.05. If the p-vdueislessthan a, the two groups are Satisticaly different.
Table 4.2 shows the results of the analysis usng the Mann-Whitney test and a 95%
confidence interval. These resultsindicate that the chosen groups are datistically
different because both p-vaues are much less than 0.05.

Figure 4.2 dso shows the results from the datistical andyss. They-axisisalog

scale to better display the separation between the groups.



Table 4.2. Reaults of Mann-Whitney test to evaluate if the chosen classfications are
datidicdly different (p-vaues cdculated to five sgnificant digits).

Groups being compared

Low vs. Moderate Leachers
Moderate vs. High Leachers

Leachability Classes For Pegticides

=

log Ratio
N
I

I | il
Low Moderate High

Pesticide Leachability Class

Figure 4.2. Digtribution of pesticide leachability classes versus the log of theratio.



The median of each group was chosen as the representative value for the group.
The median was used instead of the mean, because the mean is strongly influenced by
extremdy low or high vaues, while the median isnot. The median ratio isthen
incorporated into a base vulnerability index (BVI) aswill be explained later. Thisalows
for creation of three gatistically unique vulnerability maps for any area based on three
leachability groups. The user will choose the map that is appropriate for the pesticide of
interest. The gppropriate leachability classfication for each petticide listed in the

Hornsby et al.(1995) database can be found in Appendix B.

4.3 Mathemética Derivation of Leachability Retio

Modifying the grouping of the pesticides into leachakility classes was necessary
to dlow for aminimum number of vulnerability maps. Aswill be described, the
grouping procedure dso facilitated the field test of the method by grouping the sparse
pesticide detections in groundwater into three larger data groups.

However, incorporation of thisratio in the vulnerability caculation required
another modification to the LA method. This modification was to isolate the half-life
and K vaues from the equation and use the leachability classratio asamultiplying

factor as shown in equation 4.6.
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BVI = (4.6)

This modification was necessary to isolate the leachability ratio because the ratio does

not naturally occur in the LPI equation (recall equations 4.4 and 4.5). The factor of 200
isan arbitrary multiplying factor that includes the organic matter conversons and

converts the range of calculated BVI vaues to areasonable range for the regulatory
purposes of thisresearch.  Thiswill be illustrated in a subsequent section. The
conversions are dso hecessary to accommodate information thet is avallable in the soil
unit databases. It isuseful to note that soil databases may aso have different units for the
parameters that are not consistent between databases. However, consistent units must be
caculated before the database can be used to caculate the vulnerability. Appropriate

units for calculation of the BVI areliged in Table 4.3.

Table 4.3. Appropriate units for calculation of BVI.

Parameter Units
Permesbility (Perm) cm/day
Field capacity (Qrc) unitless

Thickness of top soil layer (2)

cm
Bulk density (r ) glent
Percent organic matter (%OM) %
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The modifications that have been made dter the origind LPI and give it amuch
different form than the origind LPI. The eguation gtill, however, caculates ardative
vulnerability, termed base vulnerability index (BVI1) for thisstudy. Theterm “basg’ is
used because it will be corrected to account for various land-management practicesto
produce afind vulnerability index (V1).

A smple andyss was performed to evauate the vaidity of modifying the
origind LPI equation, which is based on a solid theoreticd foundation. The vulnerability
was cdculated two ways for each pesticide. The first method was to use equation 4.4 to
cdculate the vulnerability index. The second method used equation 4.6. The Ste-
gpecific soil conditions were the same conditions as used for the vaporization term
andyds. Additiona ste-specific dataincluded a permeability of 200 cm/day and 20 cm
asthe thickness of thefirgt soil layer. Two pedticides were randomly chosen from each
of the leachability classfications. The percent difference was caculated to evauate the
effect of modifying the calculation. Table 4.4 shows the results of thisandysis. The
percent difference for each pesticide was less than 0.05%. Thisanalysisillugtrates that
this modification can be completed without significantly adtering the vulnerability

caculated from the origind LH.



Table 4.4. Sample analysisto valuate the effect of using equation 4.6 ingtead of the
origind LPI.

Leaching Group | Chemicd Name | mLPI withR BVI % Difference
Low Chlorpyrifos 5.348786 | 5.348852 0.0006
Diquat 1.082251 | 1.082251 0.0000
Moderate Alachlor 95.45063 | 95.49274 0.0220
Cyanazine 79.71335 79.74481 0.0197
High Atrazine 648.8640 | 649.3506 0.0375
Metolachlor 486.8304 | 487.0130 0.0187

4.4 Incorporation of Depth to Groundwater in the BVI

The depth to groundwater is aso known to be an important factor in predicting
aquifer vulnerability. Thicker vadose zones intuitively should provide more protection
againg groundwater contamination. However, recdl that the z termin the BV equation
isthe thickness of thefirst layer of soil in the STATSGO or SSURGO database, and thus
the depth to groundwater is not an input parameter in the BVI. The depth to groundwater
is thus incorporated as amultiplying factor that dters the BVI based on the vadose-zone
depth inthe area of interest. Larger multiplying factors are assgned to shalow vadose-
zone aress because vulnerahility is presumably higher in these areas. Vadose-zone
depths (or depth to groundwater) were grouped into classes based on Satisticd analysis.
The 104 wells that were sampled in Weld County in 1995 and 1996 were used to

cdibrate the groundwater classfications and the multiplying factors by atrid-and-error
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procedure. The vulnerability of each well was caculated three times, for low, moderate,
and highly leachable pesticide classes. Hence, the dataset included 312 data points. The
concentration of pesticide in each well was plotted against the BV score. 15-foot
intervals for the groundwater classifications were chosen as afirgt atempt (e.g. 0-15, 16-
30, 31-45, >45), with multiplying factors of 3, 2, 1, and 0.5, respectivdy. Theseinitid
vaues were chosen arbitrarily. We wanted the multiplying factors to be smal so asto
keep the range of vulnerability scores reasonable. The correlation coefficient (R%) was
caculated for each set of groundwater classification and multiplying factors as a measure
of thefit to alinear trend line. The best fit occurred with multiplying factors of 3, 2.5, 2,
and 1, respectively, for the depth classes described earlier. The R for this best-fit case
was 0.2073 and indicates that depth to groundwater aone would not provide a good
indicator for vulnerability in Weld County. The BVI isthen multiplied by the

appropriate multiplying factor for the depth to groundwater classto produce afind base

vulnerability index vaue (BVy).

4.5 Vulnerability Maps

GIS provides a convenient method to display the vulnerability calculaions for a

geographic area, given the heavily computational nature of the vulnerability assessment.

A map was created for each pedticide leachability class. SSURGO data was used to



construct these maps (NRCS, 1999; NRCS, 2000) (Appendix B). Only Weld County is
shown due to the detall that isrequired in the map. The vulnerability assessment has

been completed for the entire state; however, the user will need to be able to locate the
area of interest from the map. Thiswill be easer if the map is on acounty scae.

The SSURGO database for Weld County has also been displayed in aGIS
(Appendix B). This map designates which soil unit corresponds to the location of
interest. The soil propertiesthat are associated with that soil unit are then used in the
caculation of the BV for the area of interest. The SSURGO database will be available
to the user in the event that they dispute the calculated vulnerability.

The depth to groundwater classes will dso be displayed with GIS (Appendix C).
See Appendix C for the depth to groundwater map. This depth to groundwater map
shows the user the depth that was used for their areato caculate the depth-to-
groundwater-corrected BVI.

The depth to groundwater map is overlain with the BVI map. The maps are
multiplied together to give the find BVI vaue (BVI;). See Figure 4.3 for BVI; mapsfor
the low, moderate, and highly leachability classes for Weld County. The mapsaredsoin
jpeg format in Appendix D. Mapsfor the entire state of Colorado using STATSGO data
are a'so being congtructed, but were not available at the time of publication. The BVI;
maps will be the maps that users will consult to evaluate the vulnerability. Work to make

the map system more user-friendly is a subject of future research.
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Figure 4.3(a). BVIs map of Weld County for low leachability pesticides.
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Figure 4.3(b). BVI; map of Weld County for moderate leachability pesticides,
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Figure 4.3(c). BVIs map of Weld County for high leachability pesticides.
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CHAPTER 5 VULNERABILITY METHOD FELD TEST

The most important step in creating a vulnerability method is evauding its
predictive capability. The standard method to test amode is to compare the predicted
vulnerability to some measure of the actud vulnerability. Inthis case, the concentration
of pesticide in the well and frequency of detections are used to represent actua
vulnerability. Asthe predicted vulnerability increases, so should the frequency of
detections and the concentration of pesticides that are detected. If the BVI method
cannot accurately predict areas that are known to be vulnerable, it would not be a ussful
method and another method would need to be selected.

Weld County was chosen for the field test because of the abundance of sampling
data from multiple years and availability of SSURGO geographic and geologic data.
During the 1995 sampling season, 104 wells were sampled, including monitoring,
domestic, and irrigation wells. A portion of the irrigation wells that were sampled in
1996 were dso included in the field test since they covered areas not previoudy sampled.
The 1995 set contained the most data points, and was therefore used as the main data set
to test the method. Other years were also included, but yielded the same trendsin the
results.

Land-management factors are known to sirongly influence the actud movement

of various pesticides. However, there was insufficient data on these parameters to
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attempt acdibration to field data. Thus, afield test on only the BV s was attempted.
Additiond discusson of multiplying factors for land-management factors will be
explained in Chapter 6.

Please see Appendix E for the data that were used in thisfield test. A large
portion of the wells are located dong the South Fatte River, where intensve agricultura
activity islocated. Figure E-1 shows the digtribution of wells throughout Weld County.
Thewdl didribution includes monitoring wells, domestic wells, and irrigation wells.

The northern part of the county is not dependent upon irrigation, and therefore was not
sampled. Since we wanted to evauate the vulnerability of each well to contamination by
al three classes of pesticides, the vulnerability of each well was calculated three times,
once for each leachability class. Any detection of a pesticide for a given well was
consdered a detection of the leachability class that the pesticide belonged to. Land
management practices were not included in this field test because they are difficult to
assess without visting dl the well locations and because practices in the past were not
known.

The caculated vulnerabilities of each well for each leachability dass were then
compared to the concentrations of pesticide in the wells. Atrazine and its daughter
products are combined to give one concentration. For example, if awell sample has 0.2

ny/L atrazine and 0.3 ny/L deethylatrazine and no detections for other daughter products,

the atrazine vaue used for thisandyssis 0.5 ng/L. This procedure is performed to

estimate the gpproximate totd arazine in the groundwater. Figure 5.1 shows a plot of



concentration versus calculated BVI;. As predicted, as the vulnerability increasesthe
number of detections and the concentrations associated with those detections also
increase. This shows that the BV It method is successful in predicting the vulnerability
for Weld County. The “zero” valuesin Figure 5.1 may not be values of zero
concentration, are dl below the detection limit. They are displayed as zeros for visud

pUrpOSES.
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Figure 5.1. Comparison of sampling results from 1995 sampling season versus cal cul ated
vulnerabilities.

While concentration data is the most intuitive method to test vulnerability models,

the frequency of detects has been used by many researchersin field tests and to determine
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ranges for low, moderate, and high vulnerability (Meeks and Dean, 1990, Rupert, 1998,
Troiano, 1999). From Figure 5.1 one can see that there are natural bresksin the number
of detections where the BVI; could be broken up into low, moderate, and high
vulnerahilities. Visud ingpection indicates naturd bresks at BV values of 10 and 100.
Detections appear to start at a vulnerability of 10. Between 10 and 100, the data appears
to consst of roughly haf detects and haf non-detects, while the vulnerabilities above 100
appear to be mostly detects with only afew non-detects. A plot of the percent of the
wells with detections versus the vulnerability classfications (Figure 5.2) showsthe
classfications for anumber of potentia classfication bresks. Figure 5.2a suggests that
two bresks are present. The breaks are at 10 and 100. Below 10, there are essentially no
detections of pegticides, while between 10 and 100 approximately 40% of the wells have
detects. Wells with calculated vulnerabilities above 100 have detections in them at least
90% of thetime. Figure 5.2b shows the find three vulnerability classfications plotted

againg the percent of detections.
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Figure 5.2. Detection frequency plots. (a) Preliminary divison of vulnerability classesto
evauate natural bresks. (b) Fina vulnerability classfication categories.
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CHAPTER 6 LAND-MANAGEMENT FACTORS AND USER'S MANUAL

6.1 Land Management Factors

Land management factors have been reported to influence the transport of
pesticides to groundwater. Therefore, they wereincluded in this assessment method.
Land-management practices are included in the assessment method as multiplying factors
to the BVI;. Unfortunately, insufficient deta exiss to cdibrate the multiplying factors to
field data. Thus, to evaduate the rdative effects of each factor, and hence the appropriate
multiplying factors, Root Zone Water Quality Model (RZWQM) was used.

RZWQM was used to smulate and compare various management practices, such
as various methods for irrigation, tillage, and application method. All other input
parameters not being assessed as land- management factors were assigned base-case
values equd to the default valuesin the modd. See Appendix H for a summary of input
parameters used in thisandyss. Dueto RZWQM’s limited choices for crops, corn was
chosen for smulations. Loam soil was chosen for the base-case. Atrazine was chosen as
the base- case pedticide because it is commonly gpplied to corn and it isa highly leachable
pesticide. Thus, the influence of pegticide transformation processes on the model results
isminimized. Thisis dedrable because the purpose of these smulaionsisto evauate

the influence of land-management factors only. The mode was run for a one-year period



with a growing season from May 1 to August 31 (lagt irrigation event). The vauesfor
pesticide mass in the soil profile were caculated from December 31.

Irrigation was the firgt land-management practice to be andyzed. Three practices
were chosen: no irrigetion, sprinkler irrigation, and furrow irrigetion. Hood irrigation is
aso availablein RZWQM, however flood and furrow are smilar, and flood irrigation is
rarely used on corn. Details of application rates and amounts for each method are listed
in Appendix F. Literature research has reported thet furrow irrigation incresses the
amount of pegticide that leaches to the groundwater. This occurs because furrow
irrigation typicaly requires more water applied to the crop at a single event than sprinkler
irrigation. The need to apply more water per gpplication is related to the efficiencies of
the various irrigation practices. Furrow irrigation typicaly is approximately 40%
efficient, while sprinkler systems are about 70 to 80% efficient (Waskom, 2001, persond
communication). Fgure 6.1 illudrates the digtribution of mass of arazine in the soil
profile after the smulation for the variousiirrigation practices. As expected, the mass
traveled deeper in the profile under furrow as compared to sprinkler, and deeper under

sprinkler as compared to no irrigeation.
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Irrigation Type
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Figure 6.1. Mass of arazine in the soil profile under various irrigation practices.

For this application, the relative depth of the center of mass of the pesticide under
each irrigation practice is corrdlated to amultiplying factor. The gpproximate center of
mass for each practice is 20 cm for no irrigation, 40 cm for sprinkler irrigation, and 80
cm for furrow irrigation. Recdl that the BV caculation will be the worst-case
vulnerability, and changing land-management practices can only decrease the
vulnerability. Thus, because furrow or flood irrigation is the least efficient practice, itis
assigned amultiplying factor of one. Other irrigation practices will decrease the
vulnerability score. Conddering that under sprinkler irrigation the center of mass reaches
adepth haf that of furrow, the assgned multiplying factor for orinkler irrigation is 0.5.

These multiplying factors also correlate with average efficiencies of irrigation sysems.
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Pesticides again reach half the depth under no irrigation as compared to sprinkler
irrigation. Thus, the multiplying factor for no irrigetion is 0.25.

The next land-management factor analyzed wastillage. Two tillage sysems were
used: the default tillage system from RZWQM (Appendix F) and ano-till regime. Fgure
6.2 shows that RZWQM predicted virtualy no difference in the distribution or mass of

the pedticide under the two different tillage practices.

Tillage
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Figure 6.2. Mass of atrazine in the soil profile under various tillage practices.

Dueto the possible error in the model, insufficient field datato cdibrate a

multiplying factor for this land-management practice, and the conflicting description of



itsimportance in the literature, we cannot justify choosing multiplying factors for tillage.
Therefore, it isnot included in this vulnerability assessment methodology.

Thefind land-management factor consdered was application method. Bare sail,
foliar, and band applications were consdered for this vulnerability assessment method.
Bare soil is taken for the worst-case practice, because essentially al of the pesticide
applied reaches the soil surface. Under band or foliar applications only a fraction of the
pesticide will reach the ground surface (Waskom, 2001, persona communicetion). Thisis
because under foliar gpplications the presence of the canopy limits the soil area available
to pesticides. Under band application, the pesticide is gpplied in aband aong the crop
rows. The width of the band and the amount of canopy closure dictates the amount of
pesticide available to reach the soil surface. Thus, only afraction of the peticide applied
has a potentid of reaching groundwater. Therefore, the multiplying factor for bare soil is
one, and the multiplying factor for foliar or band applicationis 0.5.

Once the land- management multiplying factors have been used, the find vaueis
termed the Vulnerability Index (VI). Thisvaue will determine the vulnerability of an
area. Land-management practices may be changed to decrease the VI score from the
high-vulnerability class to the moderate-vulnerability class. If the vulnerability cannot be
decreased by changing land-management practices, achange in pesticide may be

required.
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6.2 Vulnerability Assessment User’s Manua

Since this vulnerability assessment may be used for regulatory purposes, aUser’'s
Manua was developed. See Appendix G. This User’s Manua will be used ether solely
by farmers or, more likely, with the aid of their local extenson agent. The manud
explains the parameters that are incorporated into the BV cdculation and the land-
management factors used to correct the BVI to obtain the fina vulnerability index (V1).
All the maps necessary to complete an assessment are dso included in the manua. The
maps for the manua in Appendix G show only Weld County for purposes of scae.

Thefirst section of the manua contains background information and atable of dl
the input parameters. The purpose of this section isto explain why the assessment is
important and to describe the parameters that are included. The next section contains
detalled ingtructions on use of the assessment method. Example modifications are given
throughout the manua. The relevant maps and tables are then listed as gppendices. The
last section of the manud isaset of worksheets. These worksheets dlow direct input of
relevant information. The caculaions are aso repeated in this section. The hope isthat
the manua explains the materia adequately and is Smple enough that someone with a
limited technica background will be able to complete the vulnerability assessment, given
Ste-specific measurements for mode parameters. It islikely that a professond soll

scientist would need to be employed to obtain these vaues.
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CHAPTER 7 SUMMARY AND DISCUSSION

7.1 Summary of Research

The objective of this research was to create a vulnerability assessment method for
Colorado that can be used as a screening tool for the entire state. Thefirst step to
accomplish this objective was to complete an extensive literature review. The literature
review presented an in-depth background on vulnerability assessments, what information
IS necessary to develop an assessment, their limitations, and their applicability for
regulatory purposes.

The LPI method (Meeks and Dean, 1990) was chosen as the basis for the
assessment method for Colorado, because it is based on asolution to the ADE and is
smple with regard to the amount and type of input parameters required. This method
was then used to conduct a modd-sensitivity study. The modd-sensitivity sudy
evduated the effect of variahility of physica-chemicd input parameters on the calculated
vulnerability. The modd-sengtivity anadyss showed that the LPI method was highly
sendtive to changes in organic-carbon content, soil-water velocity, and depth to
groundwater. The results indicate that accurate estimation of these parametersis required

for a successful vulnerability assessment. The LPI method was not sengtive to other



parameters including bulk density and water content, which implies that these parameters
can be roughly estimated or set constant.

The LM equation was then modified to dlow for input parameters that were
reedily available for this assessment. Modifications included subgtituting permesbility
for the velocity term and incorporating conversion factors for obtaining the fraction of
organic carbon from the percent of organic matter. Pesticide leachability dassfications
were aso cregted in an effort to smplify number of maps needed to assessthe
vulnerability and increase the Size of the data set for the fidld test.

The depth to groundwater was incorporated as a multiplying factor as were the
land-management practices. The depth-to-groundwater classifications and the
corresponding multiplying factors were chosen by fitting the field data to alinear trend
line. Thevulnerability vaueisthen termed the BVI;, asit isthe find base vulnerability
that is used to create the vulnerability maps.

A test of the BVIs method' s predictive capability was completed by comparing
caculated vulnerabilities to actud water-quality data. A dataset of 104 wellsin
agriculturd regions of Weld County, Colorado was used because of the large amount of
data available and the numerous pesticide detections. The field test showed that the BV I
successfully predicted vulnerability across the county.

The field test data set was also used to choose the vulnerability classfications.
Naturd bresks were visble in the comparison of BV values versus concentrations.

These natural bresks were verified when comparing the percent of samples that had
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peticide detections against the BV values. These natura breaks were chosen as the
bresks for the vulnerability classes.

RZWQM (Ahujaet al., 1999) was used to evauate the impact of various land-
management practices on the contamination potentiad for pesticides. The RZWQM
amulations indicated that varying tillage practices has little impact on the depth or
amount of pegticide in the soil profile. Multiplying factors were then caculated based on
the relative percent of gpplied pesticide that reaches a specified depth for the remaining
land- management practices (irrigation and gpplication method).

The land-management factors were not included in the previous field test due to
lack of field data on land-management factors. Land-management multiplying factors
were cdculated by running RZWQM and using the resulting pesticide distributions
through the soil profile to assgn multiplying factors. At the request of the CDPHE and
CDA, aUser's Manud was proposed for implementation of land-management factors
into the BVIs method. The manud gives detailed ingructions and worksheets ong with
al mapsthat are required to complete an assessment of a Ste-specific area, such asa
fam fidd. The vulnerability that the user caculates will be considered the maximum
vulnerability for that area. The user may decrease the vulnerability (V1) for their Ste by
choosing different land-management practices, by implementing a new crop system, or

choosing a different pesticides.



7.2 Discussion

Once an appropriate vulnerability method has been chosen and fidd-tested, an
explanation of when and where the method is appropriate must be completed. The VI
method that has been created for this research will be used throughout the state of
Colorado. It will be used to delineste agricultura areas that are highly vulnerable to
pesticide contamination, which will aid in designing future monitoring efforts. The
assessment methodology will dlow farmers to determine the predicted Ste-Specific
vulnerability for their farm, alowing for changes in management practicesif the
vulnerahility istoo high.

The vulnerability assessment method has focused on Weld County for this
research primarily for practicdity and because of data availability in this county. A
vulnerability map for the entire state has aso been created, however a thisscdeit is
difficult to locate a Sngle farm to evaduate its vulnerability. Research to improve the user
friendliness of a tatewide assessment method is recommended.

The computationd complexity of avulnerability assessment is an important factor
to consider when selecting an assessment method.  Vulnerability assessment methods that
are thought to be more rigorous are sometimes preferred to methods that use smple
ranking indices. However, vulnerahility calculations may not improve with the additiond

data required from amore rigorous method. 1n addition, data are often not available for



these methods. When data are not available they must be estimated, introducing error
into the vulnerability caculation (Li et al., 1997).

The suggested BVI; method may appear |ess rigorous than PRZM, for example,
but it has been shown to successfully assess the vulnerahility in areas throughout Weld
County. PRZM requires alarge amount of detailed input parameters and expertisein
mathematica modding. This makes this mode impractica for many regulatory
purposes. DRASTIC isasmple subjective assessment method. However, it does not
include pegticide characterigtics or land-management practices. The U.S. EPA has Stated
that pesticide properties and land-management practices should beincluded in a
vulnerability assessment method (U.S. EPA, 1993). DRASTIC would fit into the U.S.
EPA'’s classfication as a sendtivity assessment, since sengtivity only includes soil and
hydrogeologic properties. It has been shown to accurately mode nitrate contamination
because nitrate is often considered a conservative tracer, and interactions between the
nitrate and the soil or groundwater are minima.

A more rigorous vulnerability assessment method may be desired for other
purposes (e.g. detailed site-pecific assessments), but asmpler screening tool is generdly
preferred for regulatory purposes. Thisalowsfor quick, accurate assessment of the
vulnerability of an areawithout intense cdculations and large amounts of input data.

There are dso limitations to thismethod. The first limitation is associated with
volatile pesticides (large Henry’ s congtant). Recdll that the volatilization term in the

retardation factor has been neglected, and hence not considered in the BV Iy equation.



This means that the BV I; equation does not account for volatilization of pesticides into
the soil-vapor phase. Thiswill cause the BVt to overestimate the vulnerability with
respect to volatile pesticides. If a more specific vulnerability caculation isrequired for
volatile pesticides, perhaps Jury et al. (1983) may be more suited for this purpose. The
Jury et al. method is specificaly designed for volatile pesticides. However, the andyss
in Chapter 4 suggested that volatilization would be negligible for dl but afew pedticides.

The VI method aso assumes that irrigation is the sole source of recharge. Thisis
avdid assumption for most agricultura aress of the state of Colorado because of the dry
cimate. If thismethod isto be implemented in other states where precipitation isa
ggnificant portion of the recharge, the velocity term may have to be calculated more
rigoroudy using meteorologic and soil property data. As part of neglecting recharge
from precipitation, preferential flow caused by large rainfdl eventsis aso neglected.
Pedticide transport through preferentid pathways has been shown to be an effective
method of moving pesticides to groundwater.

The effect of dope variations, which would in turn &ffect the amount of runoff, is
aso neglected. Asthe dope increases, the loss of pesticides due to runoff would aso
increese. Thismay be important if the vulnerability assessment method isto be used in
areass with ggnificantly varying dopes.

This vulnerability assessment method should also not be used to predict
concentrations of pesticidesin the soil profile or groundwater. The BVI; method is

designed to caculate rdative groundwater vulnerabilities a specific locations from large-



scae data. Other modds, such as PRZM (Carsdl et al., 1985) and RZWQM (Ahujaet al.,

1999) should be used if concentration datais desired.



CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusons

Many conclusions have been reached upon completion of this research.

A transport-based vulnerability assessment (BV ) can be used to identify the Site-

gpecific groundwater vulnerability for the state of Colorado.

The results of a modd-senstivity study indicate that the LPI is sengtive to the
fraction of organic-carbon, the depth to groundwater, and the groundwater
velocity. The study also showed that the LPI was not sensitive to bulk density or

0il moisture content.

The BVIs method incorporates depth-to-groundwater as multiplying factors,

which have been cdibrated using field data from Weld County, Colorado.

A fidd test of predicted vulnerabilities to water-qudity datain Weld County,
Colorado has shown the BV 1t method successfully assessed the vulnerability

throughout the county.



Dueto lack of field data for land-management factor cdibration, RZWQM was
used to assess relative digtribution of pesticides in the soil profile. The results
indicate thet the style of irrigation is very important when assessng St-specific
vulnerability to pedticides. The method of tillage used yielded ambiguous results.
Tillage has, therefore, not been included in this assessment methodology. The
method of pesticide gpplication could not be assessed clearly with RZWQM.
Thus, multiplying factors were assigned based on the amount of applied pesticide

that reaches the soil surface.

8.2 Recommendations for Future Work

There are severd areas where the research initiated in this study could be

expanded upon.

Additiona datawould be helpful in a more accurate cdibration of the land-
management factors aong with the groundwater classfications and the

vulnerability classes.

A detalled assessment of land-management factors is needed to accurately

cdibrate the multiplying factors for the VI method.
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Statewide fidd-testing of the BV assessment method is needed for ddlineating
aress that are highly vulnerable to pesticide contamination. A statewide field test

would aso identify areas where monitoring efforts need to be improved.

The current format of paper maps and worksheetsis sufficient for aninitid test of
the appropriateness of the BVI method for regulatory purposes. The ided format
for this vulnerability assessment, however, would be an interactive web-based
GISformat. Thiswould dlow user’sto quickly focus on their areafrom alarger
map with a smple mouse-click on amap, and locate their specific farm. All ol
unit parameters would be attached to the vulnerability value that is taken from the
map. All the land-management caculatiions would dso beincluded inaGIS

format.

For site-pecific assessments where detailed trangport information (or risk) is

required, use a more rigorous numerica modd (e.g. PRZM, RZWQM, etc.)
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