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COMMON UNIT CONVERSIONS AND ABBREVIATIONS

To convert ... Into ... Multiply by ...
acres hectares (ha) 0.4047
acres square meters (m?) 4,047
atmospheres millimeters of mercury 760
centigrade Fahrenheit 1.8C°+32
centimeters inches 0.3937
cubic meters (m°) liters (L) 1,000
Fahrenheit centigrade 0.556F°-17.8
feet per second (ft/sec) miles/hour (mi/hr) 0.6818
gallons (gal) liters (L) 3.785
gallons per acre (gal/acre) liters per hectare (L/ha) 9.34
grams (Q) ounces, (0z) 0.03527
grams (Q) pounds, (0z) 0.002205
hectares (ha) acres 2471
hectares (ha) sguare meters 10,000
inches (in) centimeters (cm) 2.540
kilograms (kg) ounces, (0z) 35.274
kilograms (kg) pounds, (Ib) 2.2046
kilograms per hectare (hg/ha) pounds per acre (Ib/acre) 0.892
kilometers (km) miles (mi) 0.6214
liters (L) cubic centimeters (cm?) 1,000

liters (L) gallons (gal) 0.2642
liters (L) ounces, fluid (0z) 33.814
miles (mi) kilometers (km) 1.609
miles per hour (mi/hr) cm/sec 44.70
milligrams (mg) ounces (0z) 0.000035
meters (m) feet 3.281
ounces (0z) grams (Q) 28.3495
ounces per acre (oz/acre) grams per hectare (g/ha) 70.1
ounces per acre (oz/acre) kilograms per hectare (kg/ha) 0.0701
ounces fluid cubic centimeters (cm?) 29.5735
pounds (Ib) grams (Q) 453.6
pounds (Ib) kilograms (kg) 0.4536
pounds per acre (Ib/acre) kilograms per hectare (kg/ha) 1.121
pounds per acre (Ib/acre) mg/square meter (mg/m?) 112.1
pounds per acre (Ib/acre) Ug/square centimeter (ug/cm?) 11.21
pounds per gallon (Ib/gal) grams per liter (g/L) 119.8
sguare centimeters (cm?) square inches (in) 0.155
square centimeters (cm?) square meters (m?) 0.0001
square meters (m?) sguare centimeters (cm?) 10,000
yards meters 0.9144

Note: All references to pounds and ounces refer to avoirdupois weights unless otherwise specified.



CONVERSION OF SCIENTIFIC NOTATION

Scientific Decimal Verbal
Notation Equivalent Expression
1- 100 0.0000000001 Oneinten billion
1-10° 0.000000001  Oneinonehillion
1-10% 0.00000001 Onein one hundred million
1-107 0.0000001 Onein ten million
1-10° 0.000001 Onein one million
1-10° 0.00001 One in one hundred thousand
1-10* 0.0001 Onein ten thousand
1-10% 0.001 Onein one thousand
1-107? 0.01 Onein one hundred
1-10? 0.1 Oneinten
1-10° 1 One
1-10° 10 Ten
1-10° 100 One hundred
1-10° 1,000 One thousand
1-10¢ 10,000 Ten thousand
1-10° 100,000 One hundred thousand
1-10° 1,000,000 One million
1-10’ 10,000,000 Ten million
1-10° 100,000,000 One hundred million
1-10° 1,000,000,000 One billion
1-10% 10,000,000,000 Ten hillion
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EXECUTIVE SUMMARY
Introduction
2,4-D isaherbicide used by the Forest Service in vegetation management programs. Several dry
and liquid formulations of 2,4-D are available and may be used by the Forest Service primarily for
noxious weed control and vegetation management. I1n 1989, the Forest Service prepared a series
of environmental impact statements (EISs) with accompanying risk assessments regarding the use
of these products. The updated risk assessments for human health and ecological effects that
comprise this document support a reassessment of the environmental consequences of using 2,4-D
in future Forest Service programs.

This document has four chapters: the introduction, program description, risk assessment for
human health effects, and risk assessment for ecological effects or effects on wildlife species.

Each of the two risk assessment chapters has four major sections: an identification of the potential
hazards associated with commercial formulations of 2,4-D, an assessment of potential exposure to
these products, an assessment of the dose-response relationships, and a characterization of the
risks associated with plausible levels of exposure.

Recent human health risk assessments and ecological risk assessments prepared as part of the EIS
for the Drug Enforcement Agency (DEA) Cannabis Eradication Program was used extensively in
the preparation of this risk assessment, and portions of each of the risk assessments are
incorporated into chapters 2, 3, and 4 of this risk assessment.

Program Description

The herbicidal properties, environmental chemistry, and toxicology of 2,4-D have been
extensively investigated. There are 20 formulations of 2,4-D available for use. The formulations
consist of 2,4-D sdlts, 2,4-D esters, or combinations of 2,4-D salts and esters, and all but two of
these are liquid formulations. Severa additional herbicide formulations are available in which 2,4-
D isacomponent. In these formulations, 2,4-D is combined with one or more additional
herbicides. The Forest Service uses herbicide mixtures in which 2,4-D is combined with triclopyr,
dicamba, picloram, and glyphosate. 2,4-D isregistered for both ground and aerial applications.

In addition, one formulation of 2,4-D, Aqua-Kleen, can be applied directly to water to control the
growth of noxious weeds. 2,4-D isthe only phenoxy herbicide that is registered for the treatment
of noxious aquatic weeds. Although 2,4-D isregistered for aerial applications, the Forest Service
does not currently use this method to apply 2,4-D. This application method, nonetheless, is
included in this risk assessment to support the potentia use of 2,4-D in aerial applications that
might be judged appropriate or necessary (i.e., noxious weeds)

In Forest Service programs, herbicide formulations containing 2,4-D are used most commonly in
wildlife openings, rights-of-way maintenance, and noxious weed control. For these uses, the most
common application methods include backpack (selective foliar), hack-and-squirt, and roadside
hydraulic spray. Aeria applications are considered in this risk assessment but are not currently
used in or planned for Forest Service programs.  The specific application rates used in ground or
aeria programs would vary according to local conditions and the nature of the target vegetation.
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For ground applications, the U.S. Forest Service uses rates ranging from 0.5 to 2.0 Ibs a.e./acre.
Thetypical application rateis 1.0 Ib a.e/acre. The samerates are likely to be used for aerial
applications, if conducted. Application ratesin the higher range are used for activities like site
preparation or wildlife habitat improvement, which comprise relatively minor uses of 2,4-D (i.e,
about 4% of the acres treated with 2,4-D in 1995). Much higher application rates could be used
to apply Aqua-Kleen directly to bodies of water.

Human Health Risk Assessment

Hazard Identification

Thetoxicity of 2,4-D iswell studied in experimental mammals. In fact, there are many studies
regarding the health status of human populations exposed to 2,4-D. U.S. EPA has scheduled the
rer-egistration of 2,4-D, but the Re-registration Eligibility Document (RED) is not scheduled for
completion until the year 2000. Although the mode of action of 2,4-D as a plant toxin is well
understood, the mode of action of 2,4-D toxicity in mammalsisnot clear. After acute lethal
exposure, adverse effects in humans include convulsions, vomiting, congestion of various organs,
and degenerative changes in nerve cells. In non-lethal but toxic oral exposure to 2,4-D, adverse
human health effects include irritation to mouth, throat, and gastrointestinal tract, vomiting, chest
and abdominal pain, diarrhea, muscle twitches, tenderness, and stiffness. Similar signs of toxicity
were observed in experimental mammals exposed to 2,4-D.

In general, herbicides formulated with 2,4-D esters have higher concentrations of 2,4-D than do
herbicides formulated with 2,4-D salts. Using herbicides formulated with 2,4-D esters may
involve handling and applying concentrated solutions of 2,4-D. The variationin 2,4-D
concentrations among the different formulations has an impact on the exposure assessment for
each formulation; however, a more significant factor affecting the exposure assessments is the
likelihood that there are formulation-related differences regarding the dermal absorption of 2,4-D.
Although structure-activity relationships for dermal permeability suggest that the differencesin
dermal absorption rates are likely to be substantial, in vivo dermal absorption studies in humans
and experimental mammals do not report systematic differences in dermal absorption.
Consequently there is substantial uncertainty associated with the exposure assessments and risk
characterizations for the various formulations of 2,4-D.

Thereisless uncertainty associated with the dose-response relationships for 2,4-D acid, salts, and
esters. The acute toxicity of 2,4-D acid, salts, or estersto mammalsis relatively low, with LD,
values ranging from 100 mg/kg (buty! ester) in cattle to 1800 mg/kg (sodium salt) in rats.
Moreover, the toxicological equivaence of 2,4-D acid, salts, and esters is supported by
teratogenicity screening assays in which the acute letha potency of 2,4-D acid and its various
esterswas similar. 1n addition, dog studies involving subchronic exposure to 2,4-D acid, 2,4-D
dimethylamine, or the ethylhexyl ester of 2,4-D, indicate that these various forms of 2,4-D are
similar to one another with respect to toxic potency. On the other hand, there is a significant
difference in sensitivity to 2,4-D exposure among animal species. This pattern is common in
toxicity studies, with smaller animals being less sensitive than larger animals to chemical exposure.
Although studies involving acute exposure to 2,4-D indicate that mice are outliersin this pattern,
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being somewhat more sensitive than rats, this deviation in the pattern has little impact on the risk
assessment.

The subchronic and chronic effects of exposure to 2,4-D are well studied. Most of the
information on which this risk assessment is based is taken from the published literature and
studies submitted to the U.S. EPA in support of the re-registration of 2,4-D. The current RfD for
2,4-D is based on adietary study in which rats were exposed to daily doses of 1, 5, 15, or 45
mg/kg bw/day 2,4-D. After exposure, dose-related increases in kidney weight (males and
females) and thyroid weights (males only) were noted in addition to decreases in mean
hemoglobin, hematocrit, RBC levels, and reticulocyte levels (males only). Theincrease in thyroid
weight was associated with an increase in T, (thyroxine) levelsin the blood of male rats. U.S.
EPA does not consider the thyroid effects observed at 1 mg/kg/day to be treatment related.
Based on areview of the individual animal data from this study as well as areview of other
studies in which thyroid effects were reported, the weight of evidence suggests that
toxicologically significant effects on the thyroid may occur at relatively high dose levels. Hence,
U.S. EPA seemsjudtified in classifying the dose of 1 mg/kg/day a NOAEL, based on the dietary
study in rats.

Exposure to the n-butyl ester of 2,4-D seems to cause immunological effects that are attributable
to the n-butyl moiety rather than to 2,4-D. Since, however, the n-butyl ester of 2,4-D isno longer
commercialy available, it is not given specific consideration in this risk assessment.

At relatively high doses associated with fetotoxicity or maternal toxicity, 2,4-D might induce feta
malformations. One occupational exposure study reports an association between 2,4-D exposure
and sperm damage; however, the datain the study do not support the association. At best, the
study demonstrates that the incidence of sperm anomaliesin a group of pesticide applicators was
higher than in agroup of individuals who did not apply pesticides. Whether exposureto 2,4-D
was the cause of the observed effects cannot be verified by the data presented in the study.
Although some animal studies support an association between 2,4-D exposure and mae
reproductive impairment, reproductive effects seems to be a much less sensitive endpoint than the
effects on which the RfD derived by U.S. EPA is based.

Many epidemiology studies suggest an association between exposure to 2,4-D (and other phenoxy
herbicides) and the development of cancer. The studies were reviewed thoroughly by the U.S.
EPA and are undergoing additional review as part of the re-registration process. Barring
compelling arguments to the contrary, the cancer risk assessment for 2,4-D should be re-examined
after the re-registration process for 2,4-D is completed. This recommendation is based on the
level of analysis and review that the U.S. EPA decision will receive and the general principle that
other government agencies should apply the U.S. EPA assessments consistently in their risk
assessments. At thistime, it appears that none of the studies regarding the potential
carcinogenicity of 2,4-D demonstrate a causal relationship between 2,4-D exposure and the
development of cancer.
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Although the database on the oral toxicity of 2,4-D isrelatively good, there is much less
information regarding the inhalation toxicity of 2,4-D or its combustion products. Estimated LC,
values are not available for 2,4-D. As part of the re-registration process for 2,4-D, an acute
whole body inhaation study was conducted in rats. When five rats of each sex were exposed to
2.15 mg 2,4-D/L (2150 mg/m?), two of the 10 rats died. The American Conference of
Governmental Industrial Hygienists adopted a TLV of 10 mg/m?® for 2,4-D, which isidentica to
analogous values recommended by other federal agencies and other nations.

Exposur e Assessment

The relatively rich database on occupationa exposure to 2,4-D indicates that respiratory exposure
is negligible, compared with dermal exposure. Because 2,4-D is eliminated unchanged and almost
completely in the urine, the absorbed dose of 2,4-D can be estimated from urinary excretion data
and related to the amount of 2,4-D handled during a particular application. Thus, occupational
exposure rates are expressed in units of mg agent/kg bw - |b agent handled.

For directed ground (backpack) applications, broadcast ground applications, and aeridl
applications, exposure rates are taken from arelatively detailed review of studies on occupational
exposure rates. Central estimates of exposure, expressed as absorbed dose, fall within arelatively
narrow range: 0.013-0.022 mg/kg/day. The upper limits of projected exposure are also within a
narrow range: 0.08-0.15 mg/kg/day. All of these estimates are based both on application rates of
1 Ib a.e/acre and the estimated number of acres that a worker might treat inl day.

Aqua-Kleen, isthe only 2,4-D formulation registered for direct application to surface waters to
control undesirable vegetation. Occupational exposure studies are not available for this
formulation. Based on an occupationa exposure study involving the application of aliquid
formulation of 2,4-D to aquatic media, the central estimate of absorbed dose for workersis 0.017
mg/kg/day, with an upper limit of 0.038 mg/kg/day. Again, these dose estimates are similar to
those for other groups of workers. A major difference, however, is that the estimates for applying
2,4-D to aguatic media are based on the treatment of only 1 acre at atypica application rate of 19
Ibs/acre, because the number of acres that workers might treat in 1 day has not been estimated.

The potential consequences of accidental worker exposure vary significantly, depending on the
nature of the event and the duration of exposure. Typically, after accidental exposure to 2,4-D,
the estimated absorbed dose for workers is close to the estimated absorbed dose for workers
handling 2,4-D.

Under normal conditions, members of the general public should not be exposed to substantial
levels of 2,4-D. Nonetheless, the number of exposure scenarios that can be constructed for the
general public is great, based on various assumptions regarding application rates, compound
dispersion, canopy interception, and human activity. Severa highly conservative scenarios are
developed for this risk assessment.
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The most plausible exposure scenario for the general public involves walking through a
contaminated area shortly after it is sprayed with 2,4-D. Estimates of absorbed dose for this
scenario are extremely low, ranging from approximately 0.00042 to 0.0066 mg/kg/day. These
estimates are consistent with the lower limits of estimated doses for workers involved in the
application of 2,4-D.

A somewhat less likely but plausible exposure scenario involves the consumption of inadvertently
contaminated vegetation. Both acute and subchronic exposure scenarios are derived for this
scenario. The acute scenario leads to estimates that fall within the range of estimated exposure
rates for workers involved in ground applications of 2,4-D. The longer-term scenario leads to
substantially lower estimates of exposure.

Given the limited nature of most 2,4-D applications (i.e., relatively small treatment areas), genera
contamination of groundwater seems unlikely. Nonetheless, under the very conservative
assumption that an entire watershed is treated, exposure levels will be relatively low,
approximately 0.00002-0.00014 mg/kg/day. Based on accidental spill scenarios, estimates of
acute exposure (i.e., 1 day) from the consumption of contaminated water are substantially higher,
approximately 0.17-1.3 mg/kg. These acute exposures, however, are dominated by generally
arbitrary exposure assumptions about the amount of 2,4-D spilled and the size of the body of
water into which the compound is spilled.

Both acute and longer-term exposure scenarios are also developed for the consumption of
contaminated fish. Exposure estimates for these scenarios depend on the concentration of 2,4-D
in the water, the bioconcentration of 2,4-D by fish, and the amount of fish consumed by an
individual. For this exposure scenario, the 2,4-D concentrations in water are identical to those
used for the drinking water exposure scenario. The bioconcentration of 2,4-D by fish is based on
an experimental determination that is probably conservative. Data are available on the amounts of
fish consumed by the general population as well as subsistence populations (i.e., individuas who
catch and consume fish as a mgjor source of protein in their diet). Separate exposure assessments
are conducted for these two groups. As with the longer-term exposure scenarios for the
consumption of contaminated water, estimates of longer-term exposures to 2,4-D in fish are very
low for both groups of people (i.e., ranging form 0.0000036 to 0.0011 mg/kg/day). Acute 1-day
exposures based on an accidental spill scenairo, however, lead to substantially higher estimates
(i.e., ranging from approximately 0.2 to 3.1 mg/kg). Again, the spill scenario is dominated by
arbitrary variability.

Dose-Response Assessment

In 1988, the U.S. EPA derived an RfD of 0.01 mg/kg/day for 2,4-D. The RfD isbased on a
NOAEL of 1 mg/kg/day using an uncertainty factor of 100 to account for species to species
extrapolation and sengitive individuals in the human population. Since this RfD was developed, a
significant amount of new information was made available and is under review by the U.S. EPA as
part of the re-registration process for 2,4-D. Thisinformation suggests that the current RfD
adopted by U.S. EPA is appropriate and protective.
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An assessment of the dose/duration/severity data on 2,4-D suggests no apparent or, at least, no
strong relationship between exposure duration and the severity of effects at agiven dose. In other
words, adverse effects, if they were to develop, would develop relatively fast and would not
become more severe as the duration of exposure continued. This assessment is confirmed by
categorical regression analysis in which the duration of exposure is statistically insignificant.

The dose-severity data on 2,4-D are considered quantitatively using categorical regression
analysis, which is a conceptually simple statistical method for relating dose to the probability of
observing an effect at a particular level of severity. At the RfD of 0.01 mg/kg/day, the categorical
regression analysis indicates that the probability of an adverse effect (AEL) isabout 0.009 (9in
1000). Most likely, this AEL would involve subclinical effects rather than overt signs of toxicity.
The probability of afrank effect level would be about 0.00009 (9 in 100,000). Most likely, this
effect would involve signs of neurological toxicity.

Risk Characterization

Exposure levels for workers involved in the ground or aerial application of 2,4-D, may exceed the
RfD dightly, based on central estimates of exposure, or substantialy, based on upper limits of
exposure. The central estimates of exposure are not of substantial concern; however, the upper
limits of exposure could be associated with covert toxic effects (i.e., adverse effects on organ
function or pathology not associated with frank signs of toxicity). Hence, thisinformation
suggests that 2,4-D can be applied safely if effective methods are used to protect workers and
minimize exposure. If effective measures of hygiene are not employed, occupational exposure to
2,4-D could result in adverse, but probably not frankly toxic, effects.

The genera public should not have adverse effects after exposure to 2,4-D, under normal
conditions of exposure. After accidental exposure to 2,4-D, estimated exposure levels may be
comparable to those resulting from occupational exposure. 1n addition, the consequences of
accidental exposure are similar to the anticipated consequences of occupational exposure, which
may entail covert toxic effects but are not likely to entail gross signs of toxicity. The maor
concern for members of the general public involves the consumption of contaminated vegetation
over periods of several months. If such an exposure were to occur, the exposure could result in
adverse hedlth effects. The likelihood of such an exposure, however, seems remote.

ECOLOGICAL RISK ASSESSMENT

Hazard Identification

The toxicity of 2,4-D iswell-characterized for most groups of potential non-target species.
Furthermore, there are detailed studies regarding the toxicity of 2,4-D to experimental mammals.
Acute exposure to high levels of 2,4-D is associated with signs of nervous system toxicity.
Nonetheless, the acute toxic potency of 2,4-D acid, salts or esters to mammalsisrelatively low,
with LD, values ranging from 100 mg/kg (butyl ester) in cattle to 1800 mg/kg (sodium salt) in
rats.
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Although differencesin sengitivity to 2,4-D are apparent among mammalian species (i.e., large
animals appear to be more sensitive than small animals when dose is expressed as mg/kg body
weight), there do not appear to be substantial or systematic differences in toxic potency among
the various forms of 2,4-D (i.e, acid, salts, or esters) used in commercial formulations. The
subchronic and chronic effects of exposure to 2,4-D are well studied in experimental mammals.
The most sensitive effects from chronic exposure to 2,4-D seem to involve the kidney, thyroid,
and blood. Of these, kidney effects appear to be most clearly associated with potentially
significant toxic effects. Birds appear to be somewhat less sensitive to the acute lethal effects of
2,4-D, with acute oral LD, values ranging from 300 to 5000 mg/kg.

Thetoxicity of 2,4-D to terrestrial invertebratesisless well studied than the toxicity of 2,4-D to
vertebrates. The estimated LD, for honey bees is approximately 120-1100 mg/kg, in the range of
values reported for experimental mammals. There is some evidence, however, that younger bees
may be more sensitive than adult bees to 2,4-D exposure. Nevertheless, adult bees are typicaly
used in toxicity studies. At exposure rates corresponding to high application rates (i.e. about 3-30
Ibs a.e/acre), 2,4-D caused death in adult millipedes. The reported responses of earthwormsto
2,4-D are varied, with some studies suggesting a potential for decreased growth.

2,4-D isaplant growth regulator and acts as a synthetic auxin or hormone. 2,4-D alters the
metabolism and growth characteristics of plants, often causing a proliferation of abnormal growth
that interferes with the transport of nutrients throughout the plant. Broad-leaved plants are more
susceptible than narrow leaved plants like grasses. Tolerant plants are able to metabolize,
inactivate, or excrete 2,4-D from their roots. 2,4-D can damage plants on contact, cause
abnormalities to existing plant parts, affect new growth, or affect future growth and development.
2,4-D is absorbed through the cuticles of leaves and shoots and is translocated throughout the
plant. 2,4-D slows the growth of some tissues while increasing the growth of other tissues
resulting in twisting or bending of stems, leaves, and petioles. It aso causes etiolation or
elongation of stems and petioles. New growth is affected when abnormal tissues proliferate at
stem and root tips and cambium layers. Leaves that were developing at the time of application
appear thickened with prominent veins and distorted margins. Dormant flower buds at the time of
application produce abnormal flowers. In some species, 2,4-D can cause flower induction and
cause parthenogenic or seedless fruit to develop from unfertilized flowers. Roots are more
sensitive than shoots to 2,4-D exposure; however, these signs of plant toxicity are not as obvious
as other signs and are not often reported. 2,4-D increases the permeability of root membranes,
which can lead to aloss of nutrients and possibly increase risk of invasion by pathogens.

As with effects on terrestrial organisms, aguatic plants are generally more sensitive than fish or
other aquatic animals to the effects of 2,4-D. In generd, the ester formulations of 2,4-D are more
toxic to fish than the amine formulations, and there are up to 1000-fold differences in the acute
toxicity of 2,4-D to some fish species, as measured by 24- or 48-hour LC,, tests. When mixed
with emulsifiers, however, 2,4-D acid results in LC,, values that are comparable to those reported
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for acute exposure to 2,4-D esters. Although some species of aguatic algae are sensitive to levels
of approximately 1 mg/L 2,4-D, low levels of the compound may stimulate algal growth in other
Species.

Exposur e Assessment

Terrestria animals may be exposed to any applied herbicide from direct spray, the ingestion of
contaminated media (vegetation, prey species, or water), grooming activities, indirect contact
with contaminated vegetation, or inhalation. In a scenario involving exposure to direct spray, the
extent of dermal contact depends on the application rate and the surface area of the organism.
Because of the relationship of body size to surface area, very small organisms like bees and other
terrestrial insects could be exposed to much greater amounts of 2,4-D per unit body weight.
Thus, for honey bees, the estimated exposure level from a direct spray scenario is 163 mg/kg,
while estimates for a small mammal range from 0.3-24 mg/kg depending, on the specific
assumptions regarding the rates and kinetics of dermal absorption.

Exposure scenarios for the consumption of contaminated water or vegetation lead to central
estimates of exposure in the range of 1.4 to 5 mg/kg/day over short periods of time. Longer-term
exposure scenarios lead to much lower estimates of daily dose: 0.0005-0.56 mg/kg/day.

The principal hazard of 2,4-D exposure to non-target terrestrial plants is from unintended direct
deposition or spray drift. Unintended direct spray will result in exposure equivalent to the
application rate. The potential for spray drift was investigated severa field studies involving low-
flight agricultura applications of pesticides by means of various nozzles under differing
meteorological conditions. Central estimates of off site drift in these studies were 0.05, 0.02,
0.01, and 0.008 of nominal application rates at distances of 100, 200, 300, and 400 feet
downwind. At 400 feet down wind, deposition rates ranged from 0.002 to 0.01 of the nominal
application rate.

The herbicide concentration of 2,4-D in soil or litter may be estimated using the Groundwater
Loading Effects of Agricultural Management Systems (GLEAMS). For this exposure assessment,
the parameters in GLEAM S were selected to minimize the adsorption of the herbicides to organic
matter and maximize their potential for loss through runoff or percolation. Only one soil type, a
loamy very fine sand, was modeled. The modeling scenario used simulated terrain that sloped
downhill from the site of herbicide application. Ground-based broadcast and directed application
were ssimulated by specifying the proportion of the herbicide applied to plants. For both the
dimethylamine salt and esters, the greatest concentrations occurred in the uppermost layer of the
soil (0-1 cm depth) immediately after application.

For aguatic organism, the estimated levels of 2,4-D in ambient water are based on the data used
in the human health risk assessment.. After an accidental spill, maximum initial concentrations of
2,4-D in water are estimated at 6 mg/L-lb applied. This concentration will diminish rapidly due to
microbial degradation, binding to suspended particulate, or dispersion. Similarly, after the
application of Aqua-Kleen, levelsin ambient water should not exceed 0.02 mg/L. Aswith the
spill scenario, this concentration will be applied only to estimate the consequences of short-term
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peak exposure. For longer-term exposures, the average level in water associated with an
application rate of 1 |b a.e./acreis 0.002 mg/L with arange of 0.001 to 0.004 mg/L.

Dose-Response Assessment

The available data on the acute toxicity of 2,4-D to numerous mammalian species weakly
supports the conservative assumption that larger mammals are somewhat more sensitive than
smaller animalsto 2,4-D exposure. The current RfD of 0.01 mg/kg/day can be used to represent
the most conservative dose estimate not associated with adverse effectsin mammals. Smaller
mammals may be less sensitive to 2,4-D, and the NOAEL of 1 mg/kg/day for mammalsis not
likely to result in adverse effects in most smaller species. Estimates of the likelihood of observing
adverse or frank effects in mammalian species may be based on the categorical regression anaysis,
asin the human health risk assessment. The available ora toxicity studies suggest that birds may
be somewhat less sensitive to 2,4-D than mammals. Thus, for exposure scenarios involving the
ingestion of 2,4-D from either contaminated vegetation or water, the dose-response rel ationships
for mammals may serve as conservative estimate for avian species. The available toxicity data on
terrestrial invertebratesis relatively sparse. Based on ora LD, values, the acute oral toxicity of
2,4-D to honey bees is comparable to that for experimental mammals and birds.

For terrestrial plants exposed by direct spray or drift, the relevant exposure metameter is the
application rate or functional rate of deposition expressed in units of toxicant weight per unit area
(e.g., Ibs/acre). The maximum broadcast application rate, about 2 |bs a.e./acre, is effective against
most species and life stages of terrestria plants, except grasses. Conversely, application levels of
0.5-1 Ib ae/acre are likely to damage broadleaf vegetation but less likely to affect other species of
vegetation. Most terrestrial microorganisms will be exposed to 2,4-D as soil residues. Aswould
be expected from the phytotoxic properties of 2,4-D, soil algae are more sensitive than other
types of soil microorganisms.

In agquatic species, the ester formulations of 2,4-D—including the butoxyethyl ester found in
Aqua-Kleen—are approximately 200-1000 times more toxic to fish than the amine formulations,
when toxicity is measured by acute (24- t0 48-hour) LC,, values. Nonetheless, while the esters of
2,4-D are chemically stable, they have arelatively short half-time in natural water due to
biological degradation. In natural waters, the rate of conversion of the 2,4-D estersto 2,4-D acid
is estimated at 0.02 to 0.07 hour; thus, the proportion of 2,4-D ester remaining after 24 hours
would range from approximately 0.04 to 0.5. In other words, after 1 day, half to nearly all of the
2,4-D ester would degrade to the 2,4-D acid. For thisrisk assessment, 1 mg a.e/L isused asa
conservative estimate of the exposure level to 2,4-D esters that would likely be associated with
mortality in fish. Thisvaueis somewhat lower than the lowest reported LC,, for the esters of
2,4-D encountered in the literature. The corresponding value for 2,4-D saltsistaken at 100 mg
ae/L. These values are applied to acute exposure scenarios, recognizing that the lower value for
the 2,4-D esters may be conservative in natural waters in which the breakdown of the 2,4-D esters
to the acid form is very rapid. The toxicity of 2,4-D to amphibians has not be investigated as
throughly as the toxicity of 2,4-D to fish but the available data suggest the 2,4-D may be more
toxic to some amphibians than to fish.
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For chronic exposures, it is not reasonable to assume that any substantial amount of 2,4-D esters
will remain in natural waters. Even in the lower range of the decay rate for the esters - i.e., a half
time of 1 day - only about 0.01 of the original concentration of the ester would remain after 1
week and only about 1-10° would remain after 30 days. For longer-term exposures, a NOEL of
10 mg/L will be used based on aNOAEL in sunfish.

For aguatic invertebrates, alevel of 1 mg a.e/L isused as an estimate of possible lethal exposure
for at least some sensitive species, specifically small free swvimming organisms. Larger aguatic
invertebrates appear to be no more sensitive to 2,4-D than fish. By analogy to the data on fish,
2,4-D esters could be much more toxic than 2,4-D acid or salts. The limited data on the toxicity
of 2,4-D esters and salts to daphnids suggest that the esters are more toxic by afactor of about
10. For chronic reproductive effects, a NOAEL has not been identified.

The toxicity of 2,4-D to aquatic plants does not appear to be remarkably greater than the toxicity
of this compound to sensitive invertebrate and amphibian species. Based on the studies
summarized in section 4.1.3.4., the no-observed effect concentration for most unicellular algal
Species appears to be above 1 mg/L. ECsfor growth inhibition are typically in the lower range
of LC,,sfor fish, invertebrates, or amphibians: 10 to about 200 mg/L. Aquatic macrophytes
appear to be more sensitive than unicellular algae, with EC,,s at about 0.3 mg/L for areductionin
chlorophyll concentrations.

There appear to be substantial differences in the sensitivity of different groups of aquatic non-algal
microorganisms to 2,4-D. The most sensitive group appears to be the nitrogen-fixing
cyanobacteria which evidence growth inhibition at concentrations as low as 1 mg/L.

Risk Characterization

Except for accidental exposure scenarios, there is relatively little indication that 2,4-D applications
are likely to cause any adverse effectsin terrestrial animals. For small mammals, a reasonable
verbal interpretation of the direct spray scenariosisthat signs of frank toxicity are unlikely but
subclinical effects could result in some species. The direct spray scenario for the beeisless
ambiguous: some populations of bees subject to adirect spray could evidence substantial
mortality. An mgor consideration in all of the direct spray scenarios involves interception of the
2,4-D by vegetation. Thiswould tend to reduce the level of exposure but the magnitude of the
reduction would depend on the proportion of the 2,4-D that is intercepted prior to contacting the
animal. While this cannot be well quantified in general, it may account for the failure of some
field studies to note toxicity in bees after the application of 2,4-D.

Neither of the drinking water scenarios lead to hazard quotients that reach a level of concern. For
the longer-term drinking water scenario, the anticipated exposures are far below alevel of
concern. Asin the characterization of risk for potential human health effects, both the acute and
longer term exposures of a small mammal to vegetation contaminated with 2,4-D are of some
concern. Nonetheless, given the conservative nature of the exposure assumptions as well as the
marginal nature of the hazard quotients - i.e., 0.5to 2 - it seems reasonable to assert that, at |east
in some and perhaps most instances, actual exposures would be below and sometimes far below a
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level of concern. Nonetheless, if contaminated vegetation is the sole diet of the animal, some
subclinical toxic effects could occur. No frank signs of toxicity, however, are likely.

A very conservative multi-route exposure scenario supports a concern for potential athough
perhaps isolated effects on terrestrial vertebrates. The dose-response assessment on which this
hazard characterization is based is most clearly relevant to mammalian species. However, because
the dose-response assessment encompasses more sensitive species - i.e., larger mammals - and the
exposure assessment is based on a smaller mammal, the assessment is inherently conservative.

Although the data on avian species are not as extensive as those for mammals, acute toxicity
studiesin birds suggest that avian species are somewhat |less sensitive than mammals. In addition,
the available studies on the effects of 2,4-D on avian eggs suggest that no effects would be
anticipated from a direct spray of avian eggs at application rates of up to 10 Ib/acre, arate that is
far in excess of those anticipated by the Forest Service.

Because 2,4-D is an effective herbicide, it is used to control the growth of various broadleaves
and other undesirable plants species. When the growth of such plantsis inhibited, secondary
ecological effects occur due to changes in habitat, food supply, lighting, and other conditions.
Such changes are due to differences in vegetation and are not specific to 2,4-D. Similar effects
would be induced if the undesirable vegetation were removed by any other herbicide or non-
herbicide vegetation management practice. There isarelatively large body of evidence suggesting
that vegetation management practices with or without herbicides have a beneficial effect on
habitat quality for some species and a detrimental effects on other species. While these field
studies cannot be used directly to modify this risk assessment, they probably represent the most
predictable and significant terrestrial ecological effect in the use of 2,4-D.

Aquatic macrophytes appear to be the most sensitive to concentrations of 2,4-D in water, with
EC,,sfor the inhibition of chlorophyll levels at about 0.3 mg/L. The direct application of Aqua-
Kleen to bodies of water for the control of undesirable vegetation may lead to concentrations on
the order of 0.5t0 0.7 mg/L. At this concentration, mortality might be expected in some sensitive
fish or invertebrate species, particularly over the first day or two when a substantia proportion of
2,4-D could exist in the ester form. On the other hand, at least some fish species will avoid 2,4-D
in water at subtoxic levels. Thus, the presence of toxic levels of 2,4-D in treated bodies of water
would not necessarily lead to fish kills or other overt toxic effects. In any event, the treated area
of alake or pond will undoubtedly evidence ecological changes associated with a change in
vegetation - i.e., the destruction of the undesirable aquatic macrophytes. As with the secondary
effects of vegetation management on terrestrial systems, the extent to which these changes are
regarded as adverse may be largely subjective.

The consequences of an accidental spill of 2,4-D into a body of water will depend not on the
application rate but on formulation of 2,4-D, the amount spilled into the water and the amount of
water that is contaminated. In the case of a spill of a2,4-D ester, some fish mortality might be
anticipated. Thiswould depend on specific loca conditions that would influence the rate of
dispersion and/or the rate of conversion of the 2,4-D ester to the free acid. Similarly, thereis at
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least some evidence for 2,4-D that the presence of emulsifiers with 2,4-D amine will substantially
enhance the toxicity of the 2,4-D amine to agquatic species.
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1. INTRODUCTION

2,4-D isaherbicide used by the Forest Service in vegetation management programs. A number of
different dry and liquid formulations of 2,4-D are available and may be used by the Forest Service
primarily for noxious weed control and vegetation management. In 1989, the Southern Region of
the Forest Service prepared a series of environmental impact statements with accompanying risk
assessments that concern the use of these products (USDA 1989a,b,c). The present document
provides updated risk assessments for both human health and ecological effects to support a
reassessment of the environmental consequences of using these products in future Forest Service
programs.

This document has four chapters, including the introduction, program description, risk assessment
for human health effects, and risk assessment for ecological effects or effects on wildlife species.
Each of the two risk assessment chapters has four major sections, including an identification of
the hazards associated with the commercial formulations of 2,4-D, an assessment of potential
exposure to these products, an assessment of the dose-response relationships, and a
characterization of the risks associated with plausible levels of exposure. These are the basic
steps recommended by the National Research Council of the National Academy of Sciences (NRC
1983) for conducting and organizing risk assessments.

Although thisis atechnical support document and addresses some specialized technical areas, an
effort has been made to ensure that the document can be understood by individuals who do not
have specialized training in the chemica and biological sciences. Certain technical concepts and
terms common to all parts of the risk assessment are described in as plain alanguage as possible in
a separate document: The Preparation of Environmental Documentation and Risk Assessments
for the Forest Service (SERA 1995a). In addition, these terms are defined in the glossary to this
risk assessment. Moreover, some of the more complicated terms and concepts are defined, as
necessary, in the text.

The risk assessments presented in this document are not, and are not intended to be,
comprehensive summaries of all of the available information. Much of the early literature is
summarized in recent reviews on 2,4-D (Munro et al. 1992, WHO 1988), previous risk
assessments and environmental impact statements covering this compound (USDA 1989a,b,c), a
Chemical Background Statement prepared by USDA (1989d) as well as recent human health risk
assessments (SERA 1997) and ecological risk assessments (USDA 1997) prepared as part of the
EIS for the DEA Cannabis Eradication Program. These latter two documents have been used
extensively in the preparation of this risk assessment and portions of each of these documents
have been incorporated into chapters 2, 3, and 4 of this risk assessment.

As part of the pesticide registration process, manufacturers are required to conduct various
studies regarding the toxicity and environmental fate of pesticides. These studies are classified as
confidential business information (CBI) and, athough these studies are submitted to the U.S.
EPA, they are not generally released for public review. As necessary, copies of the original
studies have been obtained from the U.S. EPA for the human health risk assessment.
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For the most part, the risk assessment methods used in this document are similar to those used in
risk assessments previously conducted for the Forest Service as well as risk assessments
conducted by other government agencies. Details regarding the specific methods used to prepare
the human health risk assessment are provided in SERA (19984), while detailed explanations of
specific methods used in estimating occupationa exposure are provided in Rubin et al. (1998).

Risk assessments are usually expressed with numbers; however, the numbers are far from exact.
Variability and uncertainty may be dominant factors in any risk assessment, and these factors
should be expressed. Within the context of arisk assessment, the terms variability and
uncertainty signify different conditions.

Variability reflects the knowledge of how things may change. Variability may take several forms.
For this risk assessment, three types of variability are distinguished: statistical, situational, and
arbitrary. Satistical variability reflects, at least, apparently random patternsin data. For
example, various types of estimates used in this risk assessment involve relationships of certain
physical propertiesto certain biological properties. In such cases, best or maximum likelihood
estimates can be calculated as well as upper and lower confidence intervals that reflect the
statistical variability in the relationships. Stuational variability describes variations depending on
known circumstances. For example, the application rate or the applied concentration of a
herbicide will vary according to local conditions and goals. As discussed in the following section,
the limits on this variability are known and there is some information to indicate what the
variations are. In other words, situational variability is not random. Arbitrary variability, as the
name implies, represents an attempt to describe changes that cannot be characterized statistically
or by agiven set of conditions that cannot be well defined. This type of variability dominates
some spill scenarios involving either a spill of achemical onto the surface of the skin or a spill of a
chemical into water. In either case, exposure depends on the amount of chemical spilled and the
area of skin or volume of water that is contaminated.

Variability reflects knowledge or at least an explicit assumption about how things may change,
while uncertainty reflects alack of knowledge. For example, the focus of the human health dose-
response assessment is an estimation of an “acceptable’ or “no adverse effect* dose that will not
be associated with adverse human health effects. For 2,4-D and for most other chemicals,
however, this estimation regarding human health must be based on data from experimental animal
studies, which cover only alimited number of effects. Generally, judgment, not anaytica
methods, is the basis for the methods used to make the assessment. And although the judgments
may reflect a consensus (i.e., be used by many groups in a reasonably consistent manner), the
resulting estimations of risk cannot be proven analytically. In other words, the estimates
regarding risk involve uncertainty. The primary functional distinction between variability and
uncertainty is that variability is expressed quantitatively, while uncertainty is expressed
qualitatively.

In considering different forms of variability, amost no risk estimate presented in this document is
given asasingle number. Usualy, risk is expressed as a central estimate and arange, whichis
sometimes very large. Because of the need to encompass many different types of exposure as
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well as the need to express the uncertainties in the assessment, this risk assessment involves
numerous calculations.

Most of the calculations are rlatively smple. Very simple calculations are included in the body
of the document. Some of the calculations, however, are cumbersome. For those calculations, a
set of worksheetsisincluded as an attachment to the risk assessment. The worksheets provide
the detail for the estimates cited in the body of the document. The worksheets are divided into
the following sections. general data and assumptions, chemical specific data and assumptions,
exposure assessments for workers, exposure assessments for the genera public, and exposure
assessments for effects on non-target organisms.



2. PROGRAM DESCRIPTION

2.1. OVERVIEW

2,4-D, the common name for 2,4-dichlorophenoxyacetic acid, is a selective systemic herbicide
used to control broadleaf weeds. The herbicidal properties, environmental chemistry, and
toxicology of 2,4-D were investigated extensively. There are 20 herbicide formulations of 2,4-D
in which the compound is available as salts, esters, or combinations of salts and esters, and all but
two of the formulations are liquid. There are many other herbicide formulations in which 2,4-D is
a component. Herbicide mixtures of 2,4-D combined with triclopyr, dicamba, picloram, or
glyphosate are all used by the Forest Service. 2,4-D isregistered for both ground and aerial
applications. Also, one formulation of 2,4-D, Aqua-Kleen, can be applied directly to water to
control noxious weeds. 2,4-D isthe only phenoxy herbicide registered for the treatment of
noxious aquatic weeds. Although 2,4-D isregistered for aerial applications, the Forest Service
does not use the method to apply 2,4-D. Nonetheless, aeria application methods are covered by
this risk assessment in case the Forest Service should decide to use 2,4-D in aerial applications,
possibly to control the growth of noxious weeds.

In Forest Service programs, herbicide formulations containing 2,4-D are most commonly used in
wildlife opening, rights-of-way maintenance, and noxious weed control. Consequently, the most
common application methods include backpack (selective foliar), hack-and-squirt, and roadside
hydraulic spray applications. Aerial applications are considered in this risk assessment even
though the Forest Service does not use or plan to use the method in its programs. The specific
application rates used in ground or aerial programs vary according to local conditions and the
nature of the target vegetation. For ground applications, the Forest Service applies between 0.5
and 2.0 Ibs a.e/acre with atypical application rate of 1.0 Ib a.e/acre. The samerates are likely to
be used for aeria applications, if conducted. The higher range of application rates are useful for
site preparation or wildlife habitat improvement, which comprise relatively minor uses of 2,4-D
(i.e., about 4% of the acres treated with 2,4-D in 1995). The direct application of Aqua-Kleen to
bodies of water would involve much higher rates.

2.2. CHEMICAL DESCRIPTION AND COMMERCIAL FORMULATIONS
2,4-D is a selective systemic herbicide used to control broadleaf weeds. Extensive investigations
were made regarding the herbicidal properties, environmental chemistry, and toxicology of 2,4-D,
primarily because 2,4-D was used in combination with 2,4,5-T as the active ingredientsin Agent
Orange (Munro et al. 1992, USDA 1989a,b,c, WHO 1988).

2,4-D isthe common name for 2,4-dichlorophenoxyacetic acid:
a a
o)

~0-CH, -C'-OH

As summarized in Table 2-1, there are 20 herbicide formulations of 2,4-D in which the compound
IS present as salts, esters, or combinations of salts and esters (CPR 1997, Kells 1997). All of the
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2,4-D herbicides are formulated as liquids, except for Aqua-Kleen and Savage. Aqua-Kleen,
which isagranular formulation of 2,4-D butoxyethyl ester in low dissolving attaclay granules, is
intended solely for the treatment of water. Savage is a crystalline formulation of dimethyl amine
salt. Most liquid formulations of 2,4-D contain either the dimethyl amine salt (8/18) or the
isooctyl ester (9/18). Some isoocty! ester formulations specify that the 2,4-D is conjugated as the
2-ethylhexyl ester (i.e., a specific form of an isooctyl ester). Other ester formulations specify only
that 2,4-D is present as the isoocty!l ester, which suggests that the ester may be derived from a
mixture of isooctyl alcohols.

Commercial formulations of 2,4-D are specified in Table 2-1; herbicide formulations containing
2,4-D plus other herbicides are specified in Table 2-2. Herbicide mixtures containing 2,4-D plus
triclopyr, dicamba, picloram, or glyphosate are used in Forest Service programs. Generaly, this
risk assessment is restricted to a quantitative consideration of the potential consequences of
applying 2,4-D alone. Nonetheless, the consequences of using other herbicides with 2,4-D are
considered as a connected action in the hazard characterization for human health and ecol ogical
effects.

Selected chemical and physical properties of 2,4-D,
its salts, and commercidly significant esters are d d
summarized in Table 2-3. The controversial use of @[

24-D and 2,4,5-T in Agent Orange isamajor point

of discussion in the literature (Munro et al. 1992, 24-D

USDA 1989a,b,c, WHO 1984). A magjor issuein this N a

controversy is the contamination of Agent Orange @: o ehedhetiraded
with TCDD, which isacontaminant in 2,4,5-T. 0-cH, & 0-cHsR

There is no evidence in the literature that 2,4-D 2.4 -Isooctyl ester
contains TCDD as a contaminant. Asillustrated in
Figure 2-1, 2,4-D is structuraly similar to 2,4,5-T,
differing by only one chlorine atom at the five ¢ .
position on the aromatic ring. This difference, ]@:

however, is extremely important: since 2,4-D does

not contain adjacent chlorine-substituted carbons on 245-T

the aromatic ring, the probability of 2,4-D containing a o o
TCDD is remote because, as illustrated in Figure 2-1, ]@[ ]Q/
TCDD requires chlorine substitution on two sets of a ° Sa
adjacent carbon atoms. The significance of this TCDD

feature of 2,4-D is discussed further in the hazard

characterization in the human health risk assessment Figure 2-1: Structure of 2,4-D acid and
(section 3.2). esters as well as structures of 2,4,5-T and

TCDD.
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Table2-1. 2,4-D Commercial formulations*

Active Acid
Commercial Name? M anufacturer IngE;;j)lent (Ifg:/ggla:ﬁrr:t)
Dimethylamine salt
Amine 4 [P.1938] United Agri Products 46.5 3.74
Ded-weed® Sulv™ [P.1896] Uniroyal Chemical 46.6 3.8
Savage® [P.s84] United Agri Products 95 --¢
Weed Rhap A-4d [P.1221] Helena 46.7 3.8
Weedar® 64 [P.1698] Rhone-Poulenc 46.8 3.8
Weedar® Ivm 44 [P.1702] Rhone-Poulenc 46.8 3.8
Triisopropanolamine [T] and Dimethylamine [D] Salts
Formula 40* [P.1556] Rhone-Poulenc ig?{g] 38
Formula 40* Ivm [P.1559] Rhone-Poulenc ig?{g] 38
Butoxyethyl Ester [E] and 2,4-d Acid [a]
Phenoxy 088 [p.1747] Riverside/Terra Corp igg{g]] 28
Weedone 638 [ P.1704] Rhone-Poulenc igg{g]] 28
Butoxyethyl Ester
Aqua-Kleen®" [P.1495] Rhone-Poulenc 27.6 --d
Isooctyl Ester [N.0.S]
Barrage® [P.1180] Helena 78.1 4.7
Weed Rhap Lv-6d [P.1221] Helena 89.5 5.6
Weedone® Lo Vol 6[P.1713] Rhone-Poulenc 86.6 54
I sooctyl (2-ethylhexyl) Ester

Brush-Rhap® [P.1185] Helena 65.4 3.76
Esteron* 99 [P.1544] Rhone-Poulenc 65.9 3.8
Low Vol 4 Ester [P.1969] United Agri Products 65.5 3.8
Salvo [P.1981] United Agri Products 81.8 5
Weedone® Lv4 Solventless [P.1708] Rhone-Poulenc 62.6 3.8

& Source: CPR 1997
® Page numbers refer to CPR 1997
¢ Acid equivalent specified as 19% by weight

4 Granular aquatic herbicide. Acid equivalent specified as 78.9% by weight.




Table 2-2. Commercial formulations containing mixtures of 2,4-D with

other herbicides?

. Acid
Active Equivale
Commercial Manufactur Ingredie d
Name’ o Components nt nt
(Ibs/gallo
(%)
n)
Scorpion I DowElanco 2,4-D 50.0 N/A¢
[p.729] Clopyrdid 25.0
Flumetsulam 9.3
Crosshow [p.691]¢ DowElanco 2,4-D BEE 344 20
Triclopyr BEE 165 10
Weedmaster Sandoz 2,4-D DMA 357 2.87
[p.1877] Dicamba DMA 124 10
2Plus 2 [p.1231] ISK 2,4-D DMA 245 19
Biosciences MCPP DMA 242 18
Tiller [p.113] AgrEvo 2,4-D IOE 10.35 0.58
Fenoxaprop- 441 0.375
ethyl 3211 175
MCPA I0E
Shotgun [ p.S87] UAP 2,4-D IOE 1658 1.0
Atrazine 2424 225
Landmaster BW Monsanto 2,4-D TIPA 206 15
[p.1375] Glyphosate 129 09
TIPA
Curtall [p.693] DowElanco 2,4-D TIPA 348 20
Clopyraid 75 0.38
AKA
Grazon P+D DowElanco 2,4-D TIPA 396 20
[p.702] Picloram TIPA 102 054
Tordon RTU DowElanco 2,4-D TIPA 209 106
[p.758] Picloram TIPA 54 029
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Table 2-3. Selected physical and chemical properties of 2,4-D acid, and commercially significant salts and esters.

Chemical 2,4-D (acid) 2,4-D Dimethylamine | 2,4-D Butoxyethyl 2,4-D Isooctyl esters
ester

CAS Number 94-75-7 2008-39-1 1929-73-3 25168-26-7

Molecular weight 221.0 266.1 321.2 333.3

Acid equivalents 1 0.831 0.688 0.663

factor

[221.0/MW]

Density (g/cm?) 1.565 at 30°C viscous, colorless

(Tomlin 1994)

liquid when pure
(WSSA 1989)

Vapor pressure (mm
Hg)

USDA (1996):
1.42 x 107 (25°C)
9.7 x 10°% (20°C)

8 x 10%°(38°C)
(Howard 1991)

4.50 x 10°® (25°C)
(Howard 1991)

Water solubility USDA (1996): 3x 10'8 (20°C) 12 (25°C) (Howard 0.07 (1-octyl ester of
(mg/L) 311 (25°C, pH1) (WSSA 1989) 1991) 2,4-D) (Howard
20031 (25°C, pH5) 1991)
23180 (25°C, pH7)
34196 (25°C, pH9)
Henry'slaw constant | Estimated:? Estimated:? Estimated:? Estimated:?
(atm-m¥/mole) 1.33x10% 2.8 x 1076 (38°C) 1.59 x 107 (25°C) 4.6 x 10° (25°C)
(25°C,pH1)
1.78 x 102
(25°C,pH7)
pKa 2.87 (25°C) (USDA
1996)
Log Ko, USDA (1996): 0.65 (Moody et al. 4.10 (estimated)® 6.73 (estimated)®
2.87 (pH1) 1987)
-0.75 (pH7)
Dermal permeability | Estimated: Estimated:® Estimated:® Estimated:®
coefficient (cm/hour) 0.00932 (log Kow = 0.000131 (log Kow = | 0.0171 (log Kow = 1.34 (log Kow =
2.87) 0.65) 4.10) 6.73)
2.5x 10% (log Kow =
-0.75)
Soil adsorption K 48 (USDA 1996) 72 - 136 (avg of 109 6607-6900 (Reinert 25000 - 68000
60 (Tomlin 1994) in three soils) (Rao and Rodgers 1987) (Howard 1991)
20-109 (Howard and Davidson 1979) 1100 (Howard 1991)

1991)

Evaporation rate

very low compared to
other esters of 2,4-D
and to other
pesticides (Que Hee
et al. 1975, Que Hee
and Sutherland 1974)

Foliar half-life (days)

the esters of 2,4-D are
rapidly converted to
the acid by plants
(WSSA 1989)

the esters of 2,4-D
arerapidly converted
to the acid by plants
(WSSA 1989)
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Table 2-3. Selected physical and chemical properties of 2,4-D acid, and commercially significant salts and esters.

Chemical

2,4-D (acid)

2,4-D Dimethylamine

2,4-D Butoxyethyl
ester

2,4-D Isooctyl esters

Soil half-life (days)

14 (field dissipation;

4-6 (in agricultural

hydrolysis in moist

In moist prairie soils

USDA 1996) soil) (Howard 1991) soil may occur within | (pH5.6-7.3),
afew days (Howard complete conversion
5.5 (soil half-life, 7-23 (in forest soil) 1991) to the acid and
USDA 1996) (Howard 1991) alcohol occurred in 2-
0.11-2.3 3 days (Howard
10-30 (Mullins et al. (biodegradation half- 1991)
1993) life) (Reinert and
Rodgers 1987)
Water half-life (days) | 10 to >50 (Howard 0.5-6.6 (in various 0.1-1.0 specific data not
1991) natural waters) (biodegradation to available, but may be
(Howard 1991) free acid) (Howard similar to other 2,4-D
approximately 200 1991) esters
days based upon an 10-11 (in plastic-lined
average measured pools) (Howard 1991) | 0.025 (chemical
dissipation rate of hydrolysis at pH9 and
about 17.5% over a 3.9-11 (Reinert and 28°C) (Howard 1991)
56-day incubation Rodgers 1987)
period in various river 26 (chemical
waters containing no hydrolysis at pH6 and
sediment (Wang et al. 28°C) (Howard 1991)
1994a)
0.11-2.3
(biodegradation half-
life) (Reinert and
Rodgers 1987)

Air half-life (days)

2.42 (estimated)®

2.62 (estimated)®

0.65 (estimated)®

1.40 (estimated)®

Plant uptake rate

plant roots absorb
polar forms of 2,4-D
most readily; leaves
absorb non-polar
forms (esters) most
readily (WSSA 1989)

plant roots absorb
polar forms of 2,4-D
most readily; leaves
absorb non-polar
forms (esters) most
readily (WSSA 1989)

plant roots absorb
polar forms of 2,4-D
most readily; leaves
absorb non-polar
forms (esters) most
readily (WSSA 1989)

plant roots absorb
polar forms of 2,4-D
most readily; leaves
absorb non-polar
forms (esters) most
readily (WSSA 1989)

a o o o

Estimated from the vapor pressure and water solubility
Estimated by the method of U.S. EPA (1992)
Estimated by the method of Meylan and Howard (1993)
Estimated by the method of Meylan and Howard (1995)
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2.3. APPLICATION METHODS

The general use of herbicides in silviculture and the various methods of application are discussed
in the available literature (e.g., Cantrell and Hyland 1985) and in previously prepared risk
assessments (USDA 1989a,b,c). Thisrisk assessment focuses on the aspects of herbicide
application that are most germane to the exposure assessments for human health and ecological
effects (sections 3.2 and 4.2).

2,4-D isregistered for both ground and aerial applications. In addition, one formulation of 2,4-D,
Aqua-Kleen, may be applied directly to water for the control of noxious weeds. 2,4-D isthe only
phenoxy herbicide that is registered for the treatment of noxious aguatic weeds (Lembi 1997).

In Forest Service programs, herbicide formulations containing 2,4-D are most commonly used in
wildlife opening, rights-of-way maintenance, and noxious weed control. In these activities, the
most common application methods include backpack (selective foliar), hack-and-squirt, and
roadside hydraulic spray applications. Aeria applications are considered in this risk assessment
but are not currently used in or planned for Forest Service programs.

The most commonly used ground application method for 2,4-D is backpack (selective) foliar
applications. In selective foliar applications, the herbicide sprayer or container is carried by
backpack and the herbicide is applied to selected target vegetation. Application crews may treat
up to shoulder high brush, which means that chemical contact with the arms, hands, or face is
plausible. To reduce the likelihood of significant exposures, application crews are directed not to
walk through treated vegetation. Usually, aworker treats approximately 0.5 acre/hour with a
plausible range of 0.25-1.0 acre/hour.

2,4-D may be used in hack and squirt applications, aform of cut surface treatment in which the
bark of a standing tree is cut with a hatchet and the herbicide is applied with a squirt bottle. This
treatment method is used to eliminate large trees during site preparation, conifer release
operations, or rights-of-way maintenance. Aswith selective foliar applications, a worker usualy
treats about 0.5 acre/hour with a plausible range of 0.25-1.0 acre/hour. Some formulations of
2,4-D are also labeled for injection bar applicationsin trees.

Boom spray or roadside hydraulic spraying is used primarily in roadside rights-of-way
management. Spray equipment mounted on tractors or trucks is used to apply the herbicide on
either side of the roadway. Usually, about 8 acres are treated in a 45-minute period
(approximately 11 acres/hour) with approximately 200 gallons of the herbicide mixture (270
galonsg/hour). Some specia truck mounted spray systems may be used to treat up to 12 acresin a
35-minute period with approximately 300 gallons of herbicide mixture (approximately 21
acres/hour and 510 gallons/hour) (USDA 1989b, p 2-9 to 2-10).

Although 2,4-D isregistered for aerial applications, the Forest Service does not currently employ
this method with 2,4-D. This application method, nonetheless, isincluded in this risk assessment
to support the potential use of 2,4-D in aerial applications that might be judged appropriate or
necessary (i.e., noxious weeds). In aeria applications, liquid formulations are applied through
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specially designed spray nozzles and booms. The nozzles are designed to reduce turbulence and
maintain alarge droplet size, both of which contribute to areduction in spray drift. Aeria
applications may only be made under meteorological conditions that minimize the potential for
Spray drift. In aeria applications, approximately 40-100 acres may be treated per hour.

One formulation of 2,4-D, Aqua-Kleen, islabeled for direct application into bodies of water for
the control of noxious weeds. For large areas, afertilizer spreader or mechanical seeder may be
used to disperse the granules over the surface of the water. \When repeated applications are
necessary, the product is applied in 50-100 feet lanes, separated by buffer lanes of equal width.
Re-treatment typically occurs after 6-8 weeks, when the vegetation killed by the initial treatment
decays sufficiently to allow anormal oxygen regime to become reestablished.

24. MIXING AND APPLICATION RATES

The various formulations of 2,4-D and mixtures of 2,4-D with other herbicides are used primarily
for the control of annual and perennial broadleaf weeds and are labeled for uses such as the
maintenance of rights-of-way and wildlife openings.

In previously conducted Forest Service vegetation management programs (USDA 1989a,b,c),
2,4-D was applied in relatively small amounts, compared with the application of other herbicides.
For example, in Forest Service Region 8 (comprised of Alabama, Arkansas, Florida, Georgia,
Kentucky, Louisiana, Mississippi, North California, Oklahoma, South Carolina, Tennessee, Texas,
Virginia, and part of West Virginia), there are approximately 12,000,000 acres of National
Forests and Grassland, of which up to 600,000 acres were treated with various herbicides each
year. Inthe late 1980s, 2,4-D amine was applied to about 10,000 acres each year and 2,4-D
esters were applied to only about 900 acres per year (USDA 1989b, p.2-4). More recently, the
Forest Service use of herbicidesin Region 8 decreased to treatment of fewer than 50,000
acreslyear.

During 1995, the Forest Service treated approximately 20,000 (20,400.7) acres with 2,4-D
nation-wide. About 33% of the acres were treated with 2,4-D alone (6843.7 acres) at an average
application rate of 0.8 Ibs/acre. The great majority of the acres treated with 2,4-D alone (77% or
5296.7 acres of 6843.7 acres) involved noxious weed control. Of the 13,557.2 acres treated with
mixtures of 2,4-D and another herbicide, almost al of the acres treated (96.7% or 13,147.7 acres
of 13,557.2 acres) involved noxious weed control. Of the 18,408.9 Ibs of 2,4-D containing
herbicide mixtures used in 1995, mixtures of 2,4-D with picloram and/or dicamba accounted for
about 90% of the herbicide mixture use (16,625.7 lbs of 18,408.9 Ibs) (USDA 1996).

The specific application rates used in aground or aerial program will vary depending on local
conditions and the nature of the target vegetation. For ground applications, the U.S. Forest
Service will use rates ranging from 0.5 to 2.0 |bs a.e./acre with atypical application rate of 1.0 b
ae/acre. The same rates would probably be used for aeria applications, if such applications were
to be conducted. The higher range of the application rates would be used for activities such as
site preparation or wildlife habitat improvement, which comprise relatively minor uses of 2,4-D
(i.e., about 4% of the acres treated with 2,4-D in 1995).
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Much higher application rates could be used with the direct application of Aqua-Kleen to bodies
of water. Assummarized in Table 2-1, Aqua-Kleen contains the butoxyethyl ester of 2,4-D in
attaclay granules at aw/w concentration of 19% a.e (i.e., 190 g 2,4-D a.e./kg formulated
product). The product label for Aqua-Kleen (CRP 1997) recommends application rates of 100
Ibs/acre or 19 Ibs a.e./acre for the control of water milfoil or water stargress. Rates of up to 200
Ibs formulation/acre or 38 |bs a.e./acre are recommended for more resistant plants such as
bladderwort, white water lily, very dense vegetation beds, or bodies of water that are more than 8
feet deep. As noted above, a second application may be made 2-3 weeks after the initial
application. The Forest Service does not typically employ 2,4-D in direct aquatic applications.
Nonetheless, this treatment may occasionally be necessary and this type of application isincluded
in this risk assessment to support this treatment option.
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3. HUMAN HEALTH RISK ASSESSMENT

3.1. HAZARD IDENTIFICATION

3.1.1. Overview. There are extensive investigations regarding the toxicity of 2,4-D to
experimental mammals. Moreover, the health status of human populations exposed to 2,4-D was
also studied. The U.S. EPA has scheduled the re-registration of 2,4-D, but the Re-registration
Eligibility Document (RED) is not scheduled for completion until the year 2000. Although the
mode of action of 2,4-D as a plant toxin is well understood, the mode of action of 2,4-D toxicity
in mammalsis not clear. After acute lethal exposure, the signs of toxicity in humans include
convulsions, vomiting, congestion of various organs, and degenerative changesin nerve cells. In
non-lethal but toxic ora exposure to 2,4-D, the signs and symptoms of toxicity in humans include
irritation to mouth, throat, and gastrointestinal tract, vomiting, chest and abdominal pain,
diarrhea, muscle twitches, tenderness, and stiffness. Similar signs of toxicity were observed in
experimental mammals exposed to 2,4-D.

As summarized in Tables 2-1 and 2-2, there are severa formulations of 2,4-D available as either
amine salts or esters. In general, the ester formulations contain 2,4-D concentrations that are
somewhat higher than those found in the salt formulations. In fact, using the ester formulations
may involve handling and applying concentrated solutions of 2,4-D. The variation in 2,4-D
concentrations among the different formulations has an impact on the exposure assessment for
each formulation; however, a more significant factor affecting the exposure assessments is the
likelihood that there are formulation-related differences regarding the dermal absorption of 2,4-D.
Although structure-activity relationships for dermal permeability suggest that the differencesin
dermal absorption rates are likely to be substantial, in vivo dermal absorption studies in humans
and experimental mammals do not report systematic differences in dermal absorption.
Consequently there is substantial uncertainty in the exposure assessments and risk
characterizations for the different formulations of 2,4-D.

Thereisless uncertainty concerning the dose-response relationships for 2,4-D acid, sdlts, and
esters. The acute toxicity of 2,4-D acid, salts or esters to mammalsis relatively low, with LDy,
values ranging from 100 mg/kg (buty! ester) in cattle to 1800 mg/kg (sodium salt) in rats.
Moreover, the toxicological equivaence of 2,4-D acid, salts, and esters is supported by
teratogenicity screening assays in which the acute letha potency of 2,4-D acid and its various
esterswas similar. 1n addition, dog studies involving subchronic exposure to 2,4-D acid, 2,4-D
dimethylamine, or the ethylhexyl ester of 2,4-D, indicate that the toxic potencies of these various
forms of the compound are similar to one another. There is a significant difference in sengitivity
to 2,4-D exposure among animal species. This pattern is common in toxicity studies, with smaller
animals being less sensitive than larger animals to chemical exposure. On the other hand, studies
involving acute exposure to 2,4-D indicate that mice are outliersin this pattern, being somewhat
more sengitive than rats. Nevertheless, this deviation in the pattern has little impact on the risk
assessment.

The subchronic and chronic effects of exposureto 2,4-D are well studied. Most of the
information on which this risk assessment is based is taken from the published literature and
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studies submitted to the U.S. EPA in support of the re-registration of 2,4-D. The current RfD for
2,4-D isbased on adietary study in which Fisher 344 rats were exposed to daily doses of 1, 5, 15,
or 45 mg/kg bw/day 2,4-D. After exposure, dose-related increases in kidney weight (males and
females) and thyroid weights (males only) were noted in addition to decreases in mean
hemoglobin, hematocrit, RBC levels, and reticulocyte levels (males only). Theincrease in thyroid
weight was associated with an increase in T, (thyroxine) levelsin the blood of male rats. U.S.
EPA does not consider the thyroid effects observed at 1 mg/kg/day to be treatment related.

Based on areview of the individua animal data from this study and areview of other studiesin
which thyroid effects were reported, the weight of evidence suggests that toxicologically
significant effects on the thyroid may occur at relatively high dose levels. Hence, U.S. EPA seems
justified in classifying the dose of 1 mg/kg/day as a NOAEL, based on the dietary study in rats.

Exposure to the n-butyl ester of 2,4-D seems to cause immunological effects that are attributable
to the n-butyl moiety rather than to 2,4-D. Since, however, the n-butyl ester of 2,4-D isno longer
commercialy available, it is not given detailed consideration in this risk assessment.

At relatively high doses associated with fetotoxicity or maternal toxicity, 2,4-D might induce feta
malformations. One occupational exposure study reports an association between 2,4-D exposure
and sperm damage; however, the datain the study do not support the association. At best, the
study shows that the incidence of sperm anomaliesin a group of pesticide applicators was higher
than in agroup of individuals who did not apply pesticides. Whether exposure to 2,4-D was the
cause of the observed effects cannot be verified by the data presented in the study. Although
some animal studies support an association between 2,4-D exposure and male reproductive
impairment, reproductive effects seem to be much less sensitive endpoints than the effects on
which the RfD derived by U.S. EPA is based.

There are many epidemiology studies regarding an association between exposure to 2,4-D (and
other phenoxy herbicides) and the development of cancer. These studies were reviewed
thoroughly by the U.S. EPA and are undergoing additional review as part of the re-registration
process. Given the level of analysis and review that the U.S. EPA decision will receive and the
general principle that other government agencies should apply the U.S. EPA assessments
consistently in their risk assessments, barring compelling arguments to the contrary, the cancer
risk assessment for 2,4-D should be reexamined after the re-registration process for 2,4-D is
completed. At thistime, it appears that none of the studies regarding the potential carcinogenicity
of 2,4-D demonstrate a causal relationship between 2,4-D exposure and the development of
cancer.

Although there is arelatively good database on the acute and chronic oral toxicity of 2,4-D, there
is much less information regarding the inhalation toxicity of 2,4-D or its combustion products.
Estimates of inhaation LC, values are not available. As part of the re-registration process for
2,4-D, an acute whole body inhalation study was conducted. In the study, five rats of each sex
were exposed to 2.15 mg 2,4-D/L (2150 mg/m?), and two of the 10 rats died. The American
Conference of Governmental Industrial Hygienists adopted aTLV of 10 mg/m? for 2,4-D, which
isidentical to analogous values recommended by other federal agencies and other nations.
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3.1.2. Acute Toxicity and Mechanisms of Action. Assummarized in Table 3-1, 24-D hasa
low order of acute toxicity to mammals, with oral LD, values ranging from approximately 69 mg
a.e/kg (100 mg butyl ester/kg) in cattle (Bjorklund and Erne 1966) to 1800 mg/kg (2000 mg
sodium salt/kg) in rats (Tucker and Crabtree 1970). Although the mode of action of 2,4-D asa
plant toxin is well understood, the mode of action of 2,4-D toxicity in mammalsis not clear.

After acute lethal exposure, the signs of toxicity in humans include convulsions, vomiting,
congestion of various organs, and degenerative changes in nerve cells (Mullison 1981). In non-
lethal but toxic oral exposure to 2,4-D, the signs and symptoms of toxicity in humans include
irritation to mouth, throat, and gastrointestinal tract, vomiting, chest and abdominal pain,
diarrhea, muscle twitches, tenderness, and stiffness (U.S. DOE 1983, Mullison 1981, Lommen
1980). Similar signs of acute toxicity were observed in monkeys (Hill and Carlisle 1947) and pigs
(Bjorklund and Erne 1966) exposed to 2,4-D. With the possible exception of neurotoxicity
(section 5.1.6), none of these signs or symptoms suggests a highly specific mode of toxic actionin
mammals.

Table 3-1. Comparison of the acute oral toxicity (LD, values expressed in mg/kg/day) of 2,4-
D acid (MW 221) or salts 2,4-D esters

_ Sat/Acid Ester
Species Reference
Nomina ae. Nomina ae.
Chicken 541 541 14202 1000 Rowe and Hymas
Chicken 541 541 2000° 1400 1954
Guineapig 469 469 5507 400
Guinea pig 469 469 848° 580
Mouse 368 368 731° 500
Rat 805° 730 620° 430
Rat 2000° 1800 1500¢ 1000 Tucker and
Crabtree 1970
@ |sopropyl ester, MW 307, ae =0.720- ai.
b Butyl ester, MW 321, ae =0.688- ai.
¢ Sodium salt, MW 243, ae =0.909- ai.

At high concentrations in vitro, 2,4-D may uncouple oxidative phosphorylation and interfere with
other enzymes involved in cellular energetics, calcium regulation (Palmeira et a. 1994a,b, 1995,
Pereira et a. 1994), protein and DNA synthesis (Rivarola and Balegno 1991a), and polyamine
synthesis (Rivarola and Balegno 1991b, Rivarola et al. 1992).
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It is plausible that the target organ specificity of 2,4-D isrelated to active transport processesin
certain organs. Bergesse and Balegno (1995) report that 2,4-D appeared to concentrate in
cultured Chinese hamster cells. Although the concentration seemed to involve an active transport
process, the process is not identified in the study. Villalobos et al. (1996) report that the transport
of 2,4-D in the kidney may involve the Na'/«-ketogl utarate transport system.

This risk assessment is concerned with both the dimethylamine salt of 2,4-D and 2,4-D esters used
in commercia formulations. The available information regarding the acute toxicity of 2,4-D
covers various forms of 2,4-D, including the acid, iso-octyl, butyl, and propyl esters, and the
sodium and dimethylamine salts. Hence, it isimportant to consider the extent to which toxicity
data on one form of 2,4-D can be used to assess the consequences associated with exposure to
other forms of 2,4-D.

A direct comparison of the acute toxicity of different forms of 2,4-D using all of the available data
is confounded by severa variables, including the different animal species used in the bioassays, the
different times at which the tests were conducted, the different experimental conditions of the
studies, and the different numbers of animals used by the various investigators.

Table 3-1 summarizes the acute oral LD, data involving various forms of 2,4-D in which the
LD, values were determined in the same species, by the same investigators. The table provides
data regarding the animal species tested, the reported LD, values (both as a.i. and a.e.), and the
reference.

These data areillustrated in Figure 3-1. The acid equivalents of the acid or salt form are plotted
on the x-axis; the acid equivalents of the ester form are plotted on the y-axis. The thick, dashed
diagonal line isthe line to be expected if the LD, in acid equivalents of the salt/acid were identical
to that of the ester.

As Figure 3-1 illustrates, there are no
substantial or systematic differencesin
toxicity, when expressed as acid
equivalents. The greatest differencein ;
toxicity involves the chicken studies (Rowe s
and Hymas 1954), in which the LD, values e
for 2,4-D esters are factors of 2- to 3-fold . i ]
higher than the LD, values for 2,4-D acid. g ]
Both mixed butyl and isopropyl esters were R
used in thisstudy. In rats, the relationship i
isreversed; the LD, values of the esters S
are lower by afactor of lessthan two. In 100 ]
mice and guinea pigs, none of the w0 s e
differencesin the LD, values between the

acid and ester forms are greater than a Figure 3-1: Comparison of acute oral LD, values
factor of 1.4. Asindicated in section 5.1.3, for various species of 2,4-D in chickens (C),

guineapigs (G), mice (M), and rats (R).
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this assessment is consistent with the results of a dog study involving subchronic exposure to 2,4-
D acid, 2,4-D dimethylamine, and the ethylhexyl ester of 2,4-D. The results of the study suggest
that the various forms of 2,4-D have a similar toxic potency (Charles et al. 1996a). Further
support for this conclusion can be found in teratogenicity screening assays in which the toxicity of
2,4-D acid was similar to that of the various esters (Courtney 1977, Kavlock et al. 1987).

On the other hand, some esters, particularly the butyl ester, may be more toxic than 2,4-D acid or
salts for reproductive endpoints (Schwetz et al. 1971) (section 5.1.4) and neurological endpoints
(de Moro et a. 1993) (section 5.1.6). The difference may be attributable to the toxicity of the salt
or ester moiety (e.g., the formation of n-butanol).

Although substantial differences in the acute lethal potency of the various forms of 2,4-D are not
apparent, there is a significant pattern in sensitivity among species, indicating that, in general,
smaller animals are less sensitive (i.e., have higher LD, values), compared with large animals.
This pattern is common in toxicology and is often used to extrapol ate across species (e.g.,
Davidson et a. 1986) based on the genera allometric relationship:

LDgy = aw P

or
log(LDgq) = brlog(W) + log(a)

where W is the body weight and b is the slope parameter. Larger animals, such as humans, are
considered more sengitive than small animals such as rats and mice when b is statistically
significant and negative.

Data regarding the acute oral LD, values of various 2,4-D formulations are summarized in Table
3-2. AsinTable 3-1, the oral LD, values are expressed as the salt or ester (ai.) and the acid
equivalents (a.e). The dlometric analysisillustrated in Figure 3-2 is conducted only on the LDy,
values expressed as acid equivalents.

Table 3-2 summarizes 23 data points in eight species. All but one of these points are standard
LD, estimates. The data point for humans (Mullison 1981) is areported lethal dosein one
individual. Other acute oral toxicity data regarding human exposure to 2,4-D cannot be used to
characterize the acute lethal potency of 2,4-D for several reasons, including inadequate
information about dose levels (Minnesota Department of Health 1978, Keller et al. 1994), co-
exposure to 2,4-D and other toxic agents (Minnesota Department of Health 1978, Mullison
1981), and the lack of evidence of lethal exposure (U.S. DOE 1983, Mullison 1981, Lommen
1980).
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Table 3-2. Studies used for developing allometric relationships for the LD, values (mg/kg) for
2,4-D

. Animad
é;gi Szp:czs -Oral HDw Body Reference
al. a.e. Weight (kg)?
Cat butyl ester 820 564 17 Konstantinova 1970
Cattle butyl ester 100 69 425 Bjorklund and Erne 1966
Dog acid 100 100 5.15 Drill and Hiratzka 1953
Guineapig sodium salt 551 501 0.445 Roweand Hymas 1954
Guineapig propyl ester 550 396 0.445 Rowe and Hymas 1954
Guineapig butyl ester 848 583 0.445 Rowe and Hymas 1954
Guineapig acid 469 469 0.445 Roweand Hymas 1954
Human® dimethylamin 80 66 70 Mullison 1981
e
Mouse sodium salt 360 327 0.022  Loktionov et a. 1973
Mouse butyl ester 731 503 0.022 Roweand Hymas 1954
Mouse butyl ester 380 261 0.022 Konstantinova 1970
Mouse acid 368 368 0.022 Rowe and Hymas 1954
Mouse propyl ester 541 390 0.022 Roweand Hymas 1954
Rabbit sodium salt 800 727 2.88 Rowe and Hymas 1954
Rabbit butyl ester 424 292 2.88 Rowe and Hymas 1954
Rat butyl ester 620 427 0.171 Roweand Hymas 1954
Rat propyl ester 700 504 0.171 Roweand Hymas 1954
Rat sodium salt 2000 1818 0.171  Schillinger 1960
Rat sodium salt 805 732 0.171 Rowe and Hymas 1954
Rat butyl ester 1500 1032 0.171  Schillinger 1960
Rat acid 375 375 0.171 Rowe and Hymas 1954
Rat sodium salt 730 664 0.171  Loktionov et a. 1973
Rat butyl ester 920 633 0.171  Konstantinova 1970

From U.S. EPA (1989) and Durkin (1989)
®Lethal to oneindividual. Plotted in Figure 3-2 but not used in statistical analysis.
ai. = Activeingredient; a.e. = acid equivalent

Data regarding dose levels associated with human suicides are not entirely consistent with the
estimates provided in Table 3-2. For example, Durakovic et al. (1992) investigated four
poisoning cases in which individuals who ingested doses of 1429-2286 mg/kg were treated
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successfully by hemodialysis. Although these reports suggest that the approximate acute lethal
dose of 2,4-D is higher than the value used in the allometric analysis cited above, it is likely that
the survival of the individuals can be attributed to prompt and effective medical intervention.
Thus, it is not appropriate to use these data to estimate the relative sensitivities to 2,4-D across
species. Lethal overdoses of 2,4-D, al of which involved suicides, are associated with serum
levels of about 0.4-0.6 mg/L (Osterloch et al. 1983, Park et a. 1977). Tota blood levels of about

7 mg/L are reported in other suicide cases (Smith and Lewis 1987).

The statistical analysis of these dataisillustrated in Figure 3-2. The labeled points correspond to
the datain Table 3-2. The thick solid line is the maximum likelihood estimate for the allometric
relationship using dataon al species. The thick dashed line is the maximum likelihood estimate
for the allometric relationship using data on all species except the mouse.

SPECIES KEY:

= Cattle

= Rabbit

= Cat

= Dog

= Guinea pig
= Human

= Mouse

= Rat

ASEIGOOlD»

il poisoning

— All Species

——=— Excluding
Mice

Single

il incident. Not

10000 |7
1000
100
o [ (R
001 01 1 10
Body Weight (kg)

1000 | used in
statistical
analysis.

Figure 3-2: Relationship of acute oral LD, values for various formulations of 2,4-D to body

weight (see Table 3-2).

Although the squared correlation coefficient islow (0.24) when all species are considered, the
slope parameter, b, is statistically significant at p=0.021 (slope = -0.14, intercept = 5.9).
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Considering that this analysisis based on various studies conducted at different times, by different
investigators, the general scatter does not seem remarkable.

Mice deviate from the general relationship, appearing to be more sensitive than rats to 2,4-D after
acute exposure; yet, it does not seem reasonable to attribute the apparent deviation from the
general allometric relationship to random scatter in the data. The five data points on mice are
from three different studies involving four different forms of 2,4-D, and the mouse data are
relatively consistent within the studies. On the other hand, subchronic exposure studies suggest
that mice are somewhat less sensitive than rats to 2,4-D (section 3.1.3). When the data on mice
are excluded, the squared correlation coefficient is substantially higher (0.60) and the slope
parameter is highly significant (p=0.00025, slope=-0.29, intercept=6.01).

As discussed above, a suicide incident involving the ingestion of 2,4-D by oneindividual suggests
that the acute lethal potency of 2,4-D is 10 times greater for humans than for rats. This estimate,
however, is based on only one poisoning incident reported in a secondary source (Mullison 1981).
Thus, the value is not an LD, and was not used in the statistical analysis from which the
allometric equations were devel oped (see Figure 3-2).

3.1.3. Subchronic or Chronic Systemic Toxic Effects. Information regarding the subchronic
and chronic toxicity of 2,4-D in mammalsis summarized in Table 3-3. Most of thisinformation is
taken from studies recently submitted to U.S. EPA as part of the re-registration of 2,4-D. Some
early published studies (e.g., Drill and Hiratzka 1953, Hansen et al. 1971) are not included in the
analysis because the more recent studies provide a much greater level of detail. Qualitatively,
these early studies are consistent with the more recent studies submitted to U.S. EPA.

The current RfD for 2,4-D is based on the study by Serota et al. (1983b) using Fisher 344 rats
(U.S. EPA 1997). The RfD was last revised on May 5, 1988. A June 30, 1988 entry in IRIS
indicates that the RfD was under review and that changes to the RfD were possible (U.S. EPA
1997). Inthe dietary study by Serota et al. (1983b), rats were exposed to daily doses of 1, 5, 15,
or 45 mg/kg bw/day 2,4-D. The investigators observed dose-related increases in kidney weight
(males and females) and thyroid weight (males only) as well as decreases in mean hemoglobin,
hematocrit, RBC levels, and reticulocyte levels (maes only). The increase in thyroid weight was
associated with an increasein T, (thyroxine) levelsin the blood of malerats. I1n addition, levels of
various enzymes associated with liver function (LDH, SGOT, SGPT, and akaline phosphatase)
were decreased rather than increased. The U.S. EPA considered the dose of 1 mg/kg/day the
NOAEL, identifying the critical effects as "hematologic, hepatic, and renal toxicity." Although
the RfD record indicates that the effects on the thyroid and T, levels were taken into
consideration, the record also indicates that these effects "were not considered to be treatment-
related.” As discussed more fully in the dose-response assessment (section 3.3), the NOAEL of 1
mg/kg/day is supported by more recent subchronic and chronic studies in dogs, which indicate a
LOAEL of 5 mg/kg/day and a NOAEL of 1 mg/kg/day for kidney effects (Dalgard 1993a,b).
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Table 3-3. Dose/Duration/Severity Relationships for 2,4-D in experimental mammals.

Dose Duratio

pece S kgida n Effect Severity Reference
S X Leve
y (Days)
Cattle M 100 1 none NOAE Paulino and Palermo-
L Neto 1995
M 300 1 clin. chem. kidney and AEL Paulino and Palermo-
musc damage Neto 1995
M 600 1 weakness and |ethargy FEL Paulino and Palermo-
Neto 1995
Dogs N 1.3 1 none NOEL Arnoldet a. 1991
Dogs N 8.8 1 abnormal EMG (+) AEL Arnold et a. 1991
Dogs N 43.7 1 abnormal EMG (++) AEL Arnold et a. 1991
Dogs N 175 1 depression, ataxia, EEG, FEL Arnold et a. 1991
EMG (++++)
Dogs N 230 1 depression, ataxia, EEG, FEL Arnold et a. 1991
EMG (++++)
Dogs M 1.3 1 NOEL for myotonia. NOEL Beadeyeta. 1991
Dogs M 8.8 1 subclinical myotonic AEL Beasley et a. 1991
discharges
Dogs M 43.7 1 subclinical myotonic AEL Beasley et a. 1991
discharges
Dogs M 86.7 1 subclinical myotonic AEL Beasley et a. 1991
discharges
Dogs M 175 1 clinical myotonia and FEL Beasley et a. 1991
vomiting
Dogs M 220 1 clinical myotonia and FEL Beasley et a. 1991
vomiting
Dogs F 0.5 91 none NOEL Charleset a. 1996b
Dogs F 1 91 dight decreaseinweight NOAE Charleset al. 1996b
gan L
Dogs F 375 91 decreased body weight AEL Charles et al. 1996b
gain
Dogs F 7.5 91 decreased body weight AEL Charles et al. 1996b
gain, increased BUN
Dogs M 0.5 91 none NOEL Charleset a. 1996b
Dogs M 1 91 dight decreasein weight NOAE Charleset al. 1996b
gan L
Dogs M 375 91 decreased body weight AEL Charles et al. 1996b

gain, decreased testes wgt
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Table 3-3. Dose/Duration/Severity Relationships for 2,4-D in experimental mammals.

(continued)
, Dose Duratio ,
Specie S akgid  n Effect Severity Reference
S X Leve
ay (Days)

Dogs F 1 365 none NOEL Dalgard 1993b

Dogs F 5 365 reduced body weight gain, AEL Dagard 1993b
increased BUN,
liver/kidney path

Dogs F 79 365 reduced body weight gain, AEL Dagard 1993b
increased BUN,
liver/kidney path

Dogs M 1 365 none NOEL Dalgard 1993b

Dogs M 52 365 reduced body weight gain, AEL Dagard 1993b
increased BUN,
liver/kidney path

Dogs M 82 365 reduced body weight gain, AEL Dagard 1993b
increased BUN,
liver/kidney path

Dogs M 25 1 no clinical myotonic or NOEL Steissetal. 1987
abnormal EMG

Dogs M 50 1 myotonia and/or abnormal AEL Steisset a. 1987
EMG

Dogs M 75 1 myotonia and/or abnormal AEL Steisset a. 1987
EMG

Dogs M 100 1 myotonia and/or abnormal AEL Steisset a. 1987
EMG

Dogs M 125 1 myotonia and/or abnormal AEL Steisset a. 1987
EMG

Mice F 5 91 increasein pituitary and ~ AEL Serotaet a. 1983a
adrenal weight

Mice F 15 91 none NOEL Serotaet a. 1983a

Mice F 45 91 none NOEL Serotaet a. 1983a

Mice F 90 91 increased pituitary and AEL Serota et al. 1983a
adrenal weight

Mice M 5 91 none NOEL Serotaet al. 1983a

Mice M 15 91 increase in adrenal and AEL Serotaet a. 1983a
pituitary weight

Mice M 45 91 increased kidney weight NOAE Serotaet al. 1983a

L
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Table 3-3. Dose/Duration/Severity Relationships for 2,4-D in experimental mammals. (continued)

Dose Duratio

Species 2 (mgkg/da N Effect Severity Reference
X Leved
y (Days)

Ras M 300 1  changesinlocomotion and AEL de Duffard et a. 1993
rearing frequency (continued)

Rats M 15 91  no effect on kidneys NOAEL Eisenbrandt et a. 1986a,b

Ras M 60 91  degenerative kidney AEL Eisenbrandt et a. 1986a,b
lesions

Ras M 100 91  Degenerative kidney AEL Eisenbrandt et a. 1986a,b
lesions

Ras M 150 91  Degenerative kidney AEL Eisenbrandt et a. 1986a,b
lesions

Rats N 125 1  noeffect on blood/brain  NOAEL Elo et al. 1988
barrier

Rats N 300 1  abuminpermeationinto NOAEL Elo et al. 1988
blood/brain barrier

Rals F 5 365 none NOEL Jeffrieset al. 1995

Rats F 75 365  decreased body weight,  AEL Jeffries et al. 1995

pathologic changes in the
heart, eye, lungs, and liver
Rats F 150 365  decreased body weight,  AEL Jeffries et al. 1995
pathologic changes in the
heart, eye, lungs, and liver

Rats M 5 365 none NOEL Jeffrieset al. 1995
Rats M 75 366  decreased body weight,  AEL Jeffries et al. 1995
pathologic changesin the
heart, eye, lungs, and liver
Rats M 150 365  decreased body weight,  AEL Jeffries et al. 1995
pathologic changesin the
heart, eye, lungs, and liver

Rats F 15 1  no neurologic effects. NOEL Mattsson et al. 1994

Rats F 75 1  noneurologic effects. NOEL Mattsson et al. 1994

Rats F 250 1 trangent changesin AEL Mattsson et al. 1994
gait/coordination.

Rats M 15 1  no neurologic effects. NOEL Mattsson et al. 1994

Rats M 75 1  no neurologic effects. NOEL Mattsson et al. 1994

Rats M 250 1 transient changesin AEL Mattsson et al. 1994
gait/coordination.

Rats F 1 91  increased ovary weight NOAEL Serotaet a. 1983b

Rats F 5 91  increased ovary weight  AEL Serota et al. 1983b

3-11



Unlike the pattern observed in acute toxicity studies (see Figure 3-2), mice seem less sensitive
than rats to subchronic or chronic exposure to 2,4-D. The subchronic or chronic NOAEL for
exposure to 2,4-D is approximately 5 mg/kg/day in mice (Serota et al. 19833, Stott et al. 1995).
Although 5 mg/kg/day is reported as the NOAEL in achronic rat study (Jeffries et al. 1995), this
study result does not lower concern for the LOAELs reported at 5 mg/kg/day in other studies on
rats (Serota et al. 1983b) or dogs (Dalgard 1993a,b).

The NOAEL of 1 mg/kg/day iswell supported; however, the potential effects on the thyroid
deserve further consideration. U.S. EPA (1997) indicates that these effects "were not considered
to be treatment-related,” which contradicts the conclusion of the study authors, Serotaet al.
(1983b):

Compound related increase in both absolute and relative
thyroid weights were observed. ... Thethyroid effects
appeared to be correlated to some degree with increased
T, valuesin several of the treated male groups (Serota et
al. 1983b, p. 2).

These authors also note that there were no dose-related pathology changes in the thyroid,;
however, at the lowest tested dose of 1 mg/kg/day, the absolute thyroid weights were increased
significantly in male rats. Increasesin circulating thyroxine levels were statistically significant at 5
and 15 mg/kg/day but not at 1 and 45 mg/kg/day.

Thyroid weight increases associated with increases in circulating thyroxine levels are important
because increases in circulating thyroxine levels are associated with increased carbohydrate use,
decreased body fat, and body weight loss (Capen 1996, Capen et a. 1991). Body weight lossis
often observed in 2,4-D treated animals and cannot always be explained by decreased food
consumption (e.g., Charles et a. 1996a,b). Furthermore, 2,4-D exposure is associated with
decreases in blood glucose (Dalgard 1993b) and decreased body fat (Jeffries et al. 1995). Thus, an
argument can be made for classifying 1 mg/kg/day as a LOAEL, based on an increasein
circulating thyroxine levels because it may be critical to the effects observed at higher doses.

Also, changes in circulating thyroxine levels may be associated with several neurological effects,
many of which are consistent with 2,4-D intoxication (section 3.1.6).

While increased thyroxine levels and increased thyroid weights are reported in a more recent 2-
year rat feeding study (Jeffries et al. 1995), these effects occurred only at relatively high dose
levels (75 and 150 mg/kg/day) and not at a dose level of 5 mg/kg/day. Moreover, pathological
lesions to the thyroid were observed only in female rats exposed to doses of 150 mg/kg/day. In
addition, athough statistically significant increases in relative thyroid weights were observed in
malerats a al dose levelsin the Serota et a. (1983b) study, the dose-response relationship is
uneven, with the maximal response observed at 5 mg/kg/day (30% above controls) and lesser
responses observed at 15 mg/kg/day (22% above controls) and 45 mg/kg/day (27% above
controls). In a90-day dog feeding study (Dalgard 1993a), only females exposed to 7.5
mg/kg/day (highest dose tested) had a significant increase in thyroid weight relative to body
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weight. Theincrease in thyroid weight was not significant in terms of total organ weight or organ
weight relative to brain weight. There were no statistically significant effects on thyroid weight in
females given lower doses of 0.5-3.75 mg/kg/day or in males at any dose level (i.e., 0.05-7.5
mg/kg/day). Inal-year dog study, 2,4-D doses ranging from 1 to 8.2 mg/kg/day did not effect
thyroid weight in males or females (Dalgard 1993b).

In terms of toxicologicaly significant effects on the thyroid, the weight of evidence suggests that
effects may occur at relatively high dose levels. Thus, the decision by the U.S. EPA (1997) to
classify the dose of 1 mg/kg/day from Serota et al. (1983a) as a NOAEL seems justified.

There is some evidence that certain forms of 2,4-D may cause immunological effects; however,
most of the studies involve exposure to the n-butyl ester of 2,4-D, and it is not clear whether the
observed responses are attributable to the 2,4-D moiety or the formation of n-butanol. At acutely
toxic levels, the n-butyl ester was shown to inhibit immune function in mice, assayed as antibody
production against sheep red blood cells. Subtoxic doses, however, had no effect. Thus, the
suppression of antibody production may be secondary to other toxic effects (Blakley and Schiefer
1986).

As discussed in section 3.3.3., there is no strong time-response relationship for 2,4-D. The
similarities in doses associated with similar subchronic and chronic effects can be explained, in
part, by the pharmacokinetics of 2,4-D. Like other phenoxy-herbicides, such as 2,4,5-T and
Silvex, 2,4-D is absorbed rapidly, distributed within the body, bound to endogenous proteins, and
rapidly eliminated (Arnold and Beasley 1989). Thus, steady-state levels are reached relatively
fast and there islittle difference with regard to body burdens in subchronic and chronic studies.

3.1.4. Reproductive and Teratogenic Effects. Asdetailed in Appendix 1 and severad literature
reviews (e.g., Munro et al. 1992), teratology studies on 2,4-D indicate that malformations are
likely to occur only at doses that are fetotoxic or maternally toxic. Data on non-mammalian
species adso indicate that 2,4-D may be fetotoxic but is not teratogenic (e.g., chick embryos)
(Arias 1994). Further evidence that 2,4-D is not teratogenic is provided in an recent aquatic
toxicity screening test (FETAX) conducted by Morgan et al. (1996). One of the lesions observed
in teratology studiesis abdominal hemorrhage (e.g., Aleksashin et al. 1973). This effect may be
attributable to the inhibition of platelet aggregation by 2,4-D rather than an overt effect on
development (Elo et al. 1991).

There is evidence that 2,4-D may adversely affect male reproductive capacity. Lerda and Rizzi
(1991) conducted sperm analyses on 32 men involved in the agricultural spraying of 2,4-D and
compared those results with the results of sperm analyses on 25 men who were not exposed to
2,4-D. Exposure was characterized only by the average level of 2,4-D in the urine of the
individual applicators, 9.02 mg/L. Furthermore, the study does not specify the sampling method
for urine collections (i.e., intermittent or 24-hour collections). The frequency of morphological
sperm abnormalities (asthenospermia, necrospermia, and teratospermia) was increased in exposed
workers (72%), compared with controls (33%). In addition, there was evidence of decreased
sperm mobility, increased sperm death, and decreased sperm counts in the exposed workers. The
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differences were statistically significant at p<0.01 (Lerda and Rizzi 1991). The authors do not
specify the 2,4-D formulation, crop, application method, or application rate.

Munro et a. (1992) reviewed the worker study by Lerda and Rizzi (1991) and considered it to be
flawed due to the nature of the matched control group and possible problems during handling of
the sperm. Another, and perhaps more substantial criticism, is that exposure to 2,4-D occurred in
March-July of 1989, and the sperm samples were not taken until 6 months later (P-2 datain the
study) or about 1 year later (P-3 datain the study). According to Lerda and Rizzi (1991):

It can be concluded that exposure to 2,4-D at the above
concentrations produces a harmful effect on the germinal
epithelium, causing alterations of spermatogenesis. (p. 49)

This statement is not supported by the data presented in the study. At best, the study shows that
the incidence of sperm anomalies was higher in agroup of pesticide applicators than it wasin a
group of individuals who did not apply pesticides. It is questionable whether 2,4-D had anything
to do with the observed effects.

Studies on experimental animals, nonetheless, support a concern for the effects of 2,4-D on the
testes. In a2-year feeding study, Jeffries et a. (1995) observed that two of 10 rats exposed to
150 mg/kg/day (the highest dose tested) had testicular atrophy at the 12-month interim sacrifice.
The effect was not observed in rats exposed to 5 or 75 mg/kg/day. At the 2-year sacrifice,
testicular weights were decreased in a dose-related manner at 75 and 150 mg/kg/day. In some
dogs, 2,4-D exposure levels as low as 3.75 mg/kg/day resulted in decreased testes weights
(Charles et al. 1996a).

Without specifically addressing the rat and dog studies discussed above, which may not have been
available at the time of the review, Munro et a. (1992) suggest that in animal studies, effects on
sperm "can easily be accounted for on the basis of systemic toxicity, stress, and changesin
thyroid hormone status induced secondarily to 2,4-D toxicity."

It istrue that severely and chronically poisoned male animals may undergo a number of
pathological changes, including effects on sperm morphology, which are secondary to other
effects and not relevant to exposure at lower doses. In the dog study by Charles et a. (1996b),
however, animals exposed to 3.75 mg/kg/day showed no overt signs of toxicity; yet, testicular
weight was decreased. Similarly, dogs exposed to 7.5 mg/kg/day had a statistically significant
decrease in testicular weight but no significant decrease in body weight. Therefore,

the statement by Munro et a. (1992) that effects on sperm could be "easily accounted for" as
secondary to changes in thyroid hormone status is somewhat puzzling. The relationship of
thyroid function to testicular function is well documented (e.g., Thomas 1981). Asindicated in
section 3.1.3, the thyroid may be one of the more sensitive sites for 2,4-D toxicity. It isnot clear,
therefore, why the development of abnormal sperm or decreased testicular weight would be of
less cause for concern since the effect is associated with this sensitive endpoint.
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Other studies support a concern for the potential effects of 2,4-D on testicular function, including
two studies not cited in the Munro review (Nicolau 1983, Lutz-Ostertag and Lutz 1970).
Nicolau (1983) reported that 2,4-D (100 ppm in the diet of rats or ~15 mg/kg/day) dightly alters
the diurnal patterns of RNA, DNA, and protein synthesis in the testes with more pronounced
effects observed in the thyroid and adrenals. The testicular effects of the amine salt of 2,4-D in
fowl are reported by Lutz-Ostertag and Lutz (1970). Theinhibition of testicular DNA synthesis
was also noted in mice after single oral doses of 200 mg/kg (Seller 1979). de Duffard et al.
(1995) demonstrated that the butyl ester of 2,4-D blocks the action of testosterone in the
behavioral performance of castrated rats.

A study investigating 2,4-D exposure in Vietnam veterans who handled Agent Orange found no
association between exposure and the incidence of birth defects (Wolfe et al. 1995). There was,
however, an increased incidence of nervous system defects in the offspring, which was associated
with parental exposure to Agent Orange. Although the number of offspring istoo small to allow
for aformal statistical analysis, there appears to be an exposure-response relationship. In
addition, there are weak exposure-response relationships for defects of the uro-genital system;
however, none of the effects was statistically significant at p=0.05 (Wolfe et a. 1995). Since the
veterans were exposed not only to 2,4-D but also to 2,4,5-T and TCDD, the relevance of these
findings to the assessment of 2,4-D is questionable.

3.1.5. Carcinogenicity and Mutagenicity. An association has been made but no causal
relationship has been shown between the use of herbicides and an increase in non-Hodgkin's
Lymphomas (NHL) in the United States since 1953 (Ballester et al. 1993). Herbicide use has also
been considered as a factor in the relatively high incidence of NHL in farmers (Bond and
Rossbacher 1993). Associations between NHL and herbicide exposure are reported in other
countries, aswell (Vineiset al. 1991).

There are many epidemiology studies that examine the association between exposure to 2,4-D and
other phenoxy herbicides and the development of various forms of cancer. These studies are the
subject of severa reviews sponsored or prepared by industries associated with the manufacture
and/or distribution of 2,4-D (Bond and Rossbacher 1993, Carlo et al. 1992, Hammond 1995,
Ibrahim et al. 1991, Munro et a. 1992) as well as arecent review sponsored by the USDA
(Johnson and Wattenberg 1996). The most relevant case control studies are summarized in Table
3-4, and several relevant cohort studies are summarized in Table 3-5.

The U.S. EPA isin the process of reviewing data on the carcinogenicity of 2,4-D. In 1994, the
Science Advisory Board of the U.S. EPA reviewed the agency’s analysis of 2,4-D carcinogenicity
and concluded the following:

while there is some evidence that NHL may occur in excess
in populations which are likely to be exposed to 2,4-D, the
data are not sufficient to conclude that there is a cause
and effect relationship between the exposure to 2,4-D and
NHL. The data are, however, sufficient to require
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continued examination of the issue through further studies
(U.S. EPA 1994).

The same conclusion is reached by industry (Bond and Rossbacher 1993, Carlo et a. 1992,
Hammond 1995, Ibrahim et al. 1991, Munro et al. 1992) and the USDA (Johnson and
Wattenberg 1996). Thereis no causal relationship between 2,4-D exposure and cancer.

The follow-up of a prospective study of 1,909 Finnish workers who applied mixtures of 2,4-D
and 2,4,5-T found no increase in cancer risk (Asp et a. 1994). On the other hand, afollow-up
(Bloemen et a.1993) of a U.S. retrospective study of 878 workers (Bond et a. 1988) who
manufactured 2,4-D salts and esters reports an almost 2-fold increased death rate from cancer
(SMR 196) in exposed workers; however, the increase is not statistically significant (95%
confidence interval on SMR of 24-708).

Thereisamarginally significant association between the development of canine malignant
lymphomas and 2,4-D exposure, as a consequence of dog owners applying 2,4-D to turf. The
relative risk and 95% confidence interval is 1.3 (1.04-1.67) (Hayes et a. 1991). More recent
studies conducted by the same investigator yielded odds ratios of 1.2-1.4, although the lower
limits on these ratios were less than unity (i.e., not statistically significant) (Hayes et a. 1995). As
discussed by Sternberg (1992), the magnitude of the exposure of the dogsto 2,4-D and the route
of exposure in the Hayes et a. (1991) study are uncertain.

Fleming et al. (1997) examined 1,266 cases of cancer in 33,669 pesticide workersin Florida
There were significant increases in cervical cancer in female workers and prostate cancer in male
workers. This study, however, did not differentiate between exposure to phenoxy herbicides,
including 2,4-D, and exposure to other pesticides.

Blakely et al. (1992) report that the induction of murine lymphocytic leukemiain mice was
unaffected by exposure to drinking water concentrations of up to 0.163% 2,4-D. These results
suggest that 2,4-D is not a T-lymphocyte suppressor and is not likely to contribute to the
development of NHL in humans via the suppression of T-lymphocytes. Similarly, 2,4-D was not a
factor in the activation of c-N-ras alleles in canine maignant lymphoma (Edwards et a. 1993).

Much of the controversy concerning the potential carcinogenicity of 2,4-D involves exposure to
Agent Orange, a mixture of 2,4-D, 2,4,5-T, and TCDD used as a herbicide in Vietham during the
Vietnam war (Pierce 1995, Schecter et al. 1995). An increased incidence of NHL was observed
in some studies of Vietnam veterans (O'Brien et a. 1991, DeStefano 1995). Nevertheless, the
OBrien et d. (1991) study is particularly puzzling because the job activities of the Vietnam
veterans do not suggest that exposure to chlorinated phenoxy herbicides was likely. Other studies
on Vietnam veterans reported no association between pesticide exposure and NHL (Dalager et al.
1991, 1995). The National Academy of Sciences Ingtitute of Medicine recently reviewed the
available epidemiology data on the effects of exposure to Agent Orange and concluded that ‘there
is limited/suggestive evidence for no association between exposure to phenoxy-herbicides and
brain tumors (Goetz et al. 1994).
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Table 3-4. Epidemiology studiesinvolving populations exposed to phenoxy herbicides®

Reference  Cancer Type Cases (Population)/ Years OddsRatio
Controls (Survey (95% Confidence
(Population) Type) Interval)
Phenoxy
Herbicide 2,4-D
S
Cantor et non-Hodgkin's 622 population 1980-1983 12 12
al. 1992 lymphoma based /1245 general  (in-person)  (0.9-1.6) (0.9-1.6)
population
Daager et non-Hodgkin's 283 veterans with 1969-1985 1.28 N/A
al. 1991, lymphoma NHL and 404 (0.9-1.8)
1995 veterans with other
diagnoses
Eriksson et soft tissue 110 population 1974-1978 6.8 NA
al. 1981 sarcoma based /220 general (mail/phone  (2.6-17.3)
population )
Hardell soft tissue 52 hospita 1970-1977 5.3 NA
and sarcoma based/208 general (mail/phone  (2.4-11.5)
Sandstrom population )
1979
Hardell soft tissue 54 population 1978-1983 3.3 NA
and sarcoma based/311 general (mail/phone  (1.4-8.1)
Eriksson population and 179 ) and
1988 patients with other 2.2°
cancers (0.9-5.3)
Hardell et Hodgkin's 169 hospital 1974-1978 4.8 NA
al. 1981 disease and based/338 general (mail/phone  (2.9-8.1)
non-Hodgkin's  population )
lymphoma
Hoar et al.  soft tissue 133 population 1976-1982 1.4 1.3¢
1986 sarcoma based /948 general (telephone) (NS) (NS)
population
Hoar et d. non-Hodgkin's 170 population 1979-1981 2.2 2.3
1986 lymphoma based /948 general (phone) (1.2-4.2) (1.3-4.3)
population
Hoareta. Hodgkin's 121 population 1976-1982 1.0 1.0
1986 disease based /948 generd (phone) (NS (NS
population
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Table 3-4. Epidemiology studiesinvolving populations exposed to phenoxy herbicides®

(continued)
OddsRatio
Cases (Population)/ Years (95% Confidence
Reference  Cancer Type Controls (Survey Interval)
(Population) Type) Phenoxy
Herbicide 2,4-D
S
Perssonet  Hodgkin's 54 hospita 1964-1986 3.8 NA
al. 1989 disease based/275 genera (mail) (0.7-1.5)°
population
Smithand  soft tissue 51 population 1981-1982 0.7° NA
Pearce sarcoma based/315 patients (phone) (0.3-1.5)°
1986 with other cancers
Smithand  soft tissue 30 population 1976-1987 0.8" NA
Christophe sarcoma based/82 genera (in-person)  (0.2-3.7)
rs 1992 population and 82 and
patients with other 2.5
cancers (0.5-12.9)
Smithet al. soft tissue 82 population 1976-1980 1.3 NA
1983, 1984 sarcoma based/92 patients (phone) (0.7-2.5)°
with other cancers
Smithand  Hodgkin's 52 hospital based/82  1976-1987 0.8" NA
Christophe disease and general population (in-person)  (0.3-2.2)
rs 1992 non-Hodgkin's and 82 patients with and
lymphoma other cancers 1.8°
(0.5-6.0)
Vinas et soft tissue 68 population based  1981-1983 2.4° NA
al. 1986 sarcoma /158 general (in-person/  (0.6-10.3)°
population mail) and
1.1
(0.2-5)°
Woods non-Hodgkin's 576 population 1981-1984 0.9 0.7
1989, lymphoma based /694 generd (in-person)  (0.5-1.5) (0.4-1.3)
Wood et population
al. 1987
Woods soft tissue 128 population 1981-1984 0.9¢ NA
1989, sarcoma based /694 generd (in-person)  (0.4-1.9)
Wood et population
al. 1987
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Table 3-5. Key cohort studiesinvolving soft tissue sar comas, Hodgkin’s disease, and non-
Hodgkin’s lymphoma in populations exposed to phenoxy herbicides®

Reference Cohort/Comparison Follow-up Relative Risk
Population (years) (95% Confidence Interval)

Soft Tissue Hodgkin’'s non-
Sarcoma Disease Hodgkin’'s

Lymphom
a
Bloemenet 878 2,4-D manufacturersU.S.  1945-1986 none NR® 2.0°
a. 1993 genera population and interna (0.2-7.1)
referents and
3.0°
(0.8-11.9)
Bondeta. 8782,4-D manufacturers/U.S. 1945-1982 none 2.7° 3.9
1988 general population and internal (0.0-14.7) (0.4-14)
referents
Coggonet 5754 phenoxy herbicide manu- 1947-1983 11 0.3 0.4
al. 1986 facturers and (0.0-5.9 0.0-1.6 (0.0-1.3
applicatordEngland and Wales
general population
Lynge 1985, 4461 phenoxy herbicide 1947-1987 2.3 NS 1.3
1987, 1993 manufacturers (2119 (0.6-5.8) (0.4-3.3)
potentially exposed)/Denmark
general population
Ott et al 2187 phenoxy herbicide manu- 1940-1982 2.5° 0.9° 1.9
1987 facturers and applicators/U.S. (0.1-13.90 (0.0-51) (0.6-4.5)
general population
Wiklund et 20,245 applicators/Sweden 1965-1984 0.9 15 11
al. 1987, general population (0.4-19) (0.8-24) (0.7-1.6)

1987, 1989
®Adapted from NAPIAP 1996
PResults not reported in original study. As cited by Blair and Zahm 1990, Blair et al. 1990
‘Relative risk calculated using general population as comparison group
4One case of Hodgkin's disease was observed in initial study but not reported in update
*Relative risk calculated using interna referents as comparison group
'Among cohort members with potential exposure to phenoxy herbicides
NS = not specified; NR = not reported

Nonetheless, afew studies raise interest about the carcinogenic potential of 2,4-D. Kale et al.
(1995) report a positive mutagenic response to 2,4-D in the Drosophila sex-linked recessive lethal
mutation assay. Thisfinding is consistent with an earlier report on the genotoxicity of 2,4-D
indicating effects in both somatic and germ-line cellsin Drosophila (Tripathy et al. 1993).
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Furthermore, a recently published abstract indicates that both TCDD and 2,4-D increase the levels
of transforming growth factor- in human breast cancer cells (Lorick et al. 1995).

As part of the re-registration process, the U.S. EPA will develop afinal position on the potential
carcinogenicity of 2,4-D and decide whether a quantitative risk assessment for this endpoint is
justified. Some more recent mutagenicity studies submitted in support of the re-registration of
2,4-D are summarized in Appendix 2.

The EPA’ s decision regarding the carcinogenicity of 2,4-D will be subject to extensive review and
analysis. Thus, the cancer risk assessment included in the current document should be re-
examined after the re-registration process for 2,4-D is completed.

3.1.6. Neurotoxicity. Asnoted above, the National Academy of Sciences Institute of Medicine
reviewed the epidemiology data regarding the effects of exposure to Agent Orange and found no
evidence that exposure to these herbicides causes neurological effects (Goetz et a. 1994). This
review, however, does not include neurotoxicity studies on laboratory animals.

In experimental animals, 2,4-D exposure is associated with myotonia: the development of tonic
muscle spasms in which the muscle remains contracted for a prolonged period. This endpoint
may reflect a neurotoxic rather than muscular effect because denervation of the muscle resultsin a
blockage of the myotonic response (Al-Sulaiman et al. 1986). Asdetailed in Appendix 3 and
summarized in Table 3-3, myotoniawas elicited in dogs after acute and chronic exposure to 2,4-
D. These studies are discussed further in the dose-response assessment (section 3.3).

2,4-D distributes rapidly to brain tissue, particularly when administered at high dose levels (e.g.,
Elo and Ylitalo 1977, 1979). One hour after the oral administration of 200 mg/kg of 2,4-D acid
to rats, concentrations in brain tissue were 22.5 ug/g, compared with 478.8 pg/g in serum. At 3
hours after dosing with 10-200 mg/kg, detectable levels of 2,4-D were found in both serum and
brain tissue. At the lowest dose, 2,4-D in brain tissues was about 1.6% of that in serum; at the
highest dose, 2,4-D in brain tissue was 5.6% of that in serum (Oliveiraand Palermo-Neto 1995).
Both 2,4-D Nasalt and 2,4-D butyl ester were shown to affect brain levels of biogenic aminesin
rats (de Duffard et al. 1990a, Elo and MacDonald 1989).

Rats, however, may be atypically sensitive to the neurotoxic effects of 2,4-D. Elo et al. (1988)
exposed rats, mice, guinea pigs, Syrian hamsters, rabbits, and chickens to comparable single ora
doses of 2,4-D acid (300-600 mg/kg). Although signs of toxicity were observed in al species,
only rats showed evidence of histopathological changesin the brain. Subchronic exposure to 2,4-
D acid was associated with changes in neurological function (Squibb et al. 1983).

Specific nerve damage (i.e., demyelination) was associated with exposure to the n-butyl ester of
2,4-D (de Moro et al. 1993) but not the amine salt. Exposure to the n-butyl ester of 2,4-D caused
ataxia, which was attributable to the formation of n-butanol rather than the 2,4-D moiety (Schulze
1988, Schulze and Dougherty 1988a,b), and changes the levels of brain serotonin and 5-
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hydroxyinolacetic acid (de Duffard et a. 1990b).

Furthermore, the n-buty!| ester of 2,4-D appears

to form side chain metabolites that would not be formed by a 2,4-D salt (Schulze et al. 1985).

Kim et a. (1988) found that after intraperitonea injection of 2,4-D, compound residues were
detectable in brain tissue; moreover, the concentrations of 2,4-D residue in brain tissue were

enhanced by 2,4-D pre-treatment (Kim et al.
1988). More recently, a pharmacokinetic model
for the distribution of 2,4-D into the brain tissue
of rats was developed by Kim et a. (1994,
1995); however, the model has not been
extended to other species.

Table 3-6: Time-course of 2,4-D urinary
excretion in humans following
intravenous injection and dermal
application (data from Feldmann and
Maibach 1974).

3.1.7. Effectson the Skin and Eyes. 2,4-D is
an organic acid. Like all organic acids, 2,4-D in
aqueous solution can be highly irritating to the

eyes and can also cause skinirritation. Exposure
to powdered 2,4-D acid is much lessirritating
(Mullison 1981), probably because the irritant

effect of 2,4-D solutions is attributable to pH.

More unusual, however, is the potential for an
effect on the eyes through systemic absorption.
In a 2-year feeding study in rats, degenerative
changesin eyes were noted at a dose of 150
mg/kg/day (Jeffries et al. 1995). This effect was
not observed at dose levels of 5 or 75 mg/kg/day
and is not reported in other subchronic or
chronic studies.

3.1.8. Systemic Toxic Effects from Dermal
Exposure. There are two key studies regarding
the dermal absorption of 2,4-D, Feldmann and
Maibach (1974) and Moody et al. (1990). The
Feldmann and Maibach (1974) study is useful for
estimating key kinetic parameters for 2,4-D acid,
while the Moody et al. (1990) study is useful for
evaluating the dermal absorption of 2,4-D esters,
relativeto 2,4-D acid or salts.

As summarized in Table 3-6, Feldmann and
Maibach (1974) assayed the urinary excretion of

14C-labeled 2,4-D acid. The radio-labeled
compound in acetone was applied to the ventral

surface of the forearm of volunteers or injected
intravenously. Six subjects were used in each

Period After Elimination in the

Dosing (hours) Urine as Proportion
of Applied or

Injected Dose/hour

Start End V. Dermal

0 4 0.03001 0.0000
9

4 8 0.04003 0.0001
2

8 12 0.05312 0.0002
0

12 24 0.01728 0.0002
9

24 48 0.00737 0.0006
8

48 72 0.00275 0.0008
2

72 96 0.00153 0.0004
2

96 120 0.00097 0.0002
7

Total: 1.000 0.058

SD: 0.025 0.024

Haf-life (h): 13 NR
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experiment. The publication does not specify whether the same individuals were used in both the
intravenous and dermal studies.

In the dermal application study, the acetone was evaporated from the skin surface over a period of
<15 seconds. The total applied dose of radioactivity ranged from 1 to 5 uCi. The 2,4-D was
applied at arate of 4 ug/cm? of skin surface over askin area of 2.8-20 cm? (the area used for 2,4-
D isnot specified). The skin was not protected, and the subjects were asked not to wash the
treated areafor 24 hours. Data are not reported on precisely when and in what manner the
treated areas of the skin were washed after the initial 24-hour post-application period.

In both the dermal and intravenous studies,
urinary elimination was quantified by
measuring *C (i.e., parent compound and
metabolites) in urine. All urine was
collected for 5 days, with four collection
periods on the first day and total daily urine
collections for al subsequent days.

The urinary excretion rates for each of the
collection periods areillustrated in Figure 3-
3 (intravenous exposure) and Figure 3-4 o]
(dermal exposure). In Figures 3-3 and 3-4, PSS

the excretion rates are illustrated both as bar HOURS (mean of calletion interval)

graphs, covering the period of collection, as  Figure 3-3: Urinary excretion of 2,4-D after
well as points, giving the absorption rateat  intravenous injection (data from Feldmann and
the mid-point of the collection period. Maibach 1974).

Given the experimental design, these rates

were probably estimated by measuring the

concentrations of 2,4-D in urine of each . : :
individual over each collection interval. This
concentration multiplied by the volume of
urine was probably used to estimate the

0.0008 |~

amount excreted during the collection period. 0.0006 |-

This amount divided by the duration of the

collection period in hours would give aratein 0.0004 [~

units of amount/hour. This rate divided by

the total administered dose would give the 0.0002

rates in units of proportion of applied -

dose/hour that areillustrated in Figure 3-3 e
and Figure 3-4. 4 HOURS (mean of collection interval)

Figure 3-4: Urinary excretion of 2,4-D after

As summarized in Table 3-6, resultsfor each  germal application (data from Feldmann and
collection period are reported as mean Maibach 1974).

elimination rates in units of proportion of
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total applied dose/hour. In addition, the cumulative excretion of the 5-day collection period is
given as the mean and standard deviation in units of the proportion of the applied dose. The
cumulative excretion is equivalent to the rate (proportion/hour) during each collection period
multiplied by the duration of each period.

For the intravenous study, Feldmann and Maibach (1974) also report a calculated half-time of 13
hours from a semi-log plot of mean values (Figure 3-3).

Although Feldmann and Maibach (1974) do not report absorption data for each volunteer, they
do provide standard deviations for the total amount excreted in both the intravenous and dermal
studies (see Table 3-6). Asindicated in Table 3-6, 100% of the administered intravenous dose of
2,4-D was recovered in the urine over the 5-day collection period, and the coefficient of variation
was only 0.025. For the dermal applications, only 0.058 of the administered dose was recovered
over the 5-day period, and the coefficient of variation was about 0.4,

0.024/0.058=0.0414

which is substantially higher than that noted for the intravenous study. Feldmann and Maibach
(1974) discuss the variability of dermal absorption among individuas, as follows:

Assuming a normal distribution, 1 person in 10 will
absorb twice the mean value while 1 in 20 will absorb 3
times this amount (Feldmann and Maibach 1974, p. 131).

Based on the differences in the coefficients of variation between the intravenous and dermal
studies, the variability in the dermal exposure study is substantially greater than the variability
associated with the intravenous exposure study.

Moody et al. (1990) assayed the dermal absorption of several forms of 2,4-D in different vehicles,
using volunteers and experimental mammals. These data are summarized in Table 3-7. For each
of the 2,4-D compounds tested, this table gives the percent recovery of the compound in the urine
and the t,, reported by the investigators.

Moody et a. (1990) followed a protocol similar to that of Feldmann and Maibach (1974), except
that they used a 14-day sampling period. For applications to the backs of rats and rabbits, the
middorsal region was shaved. Similarly, the middorsal forearm and forehead regions of monkeys
were shaved. In both studies, the treated area was washed after 24 hours. Unlike the Feldmann
and Maibach (1974) study, the Moody et al. (1990) study does not provide data regarding the
amounts of 2,4-D eliminated after various periods.

The Moody et a. (1990) study reveals substantial inconsistencies regarding the effects of
exposure to the acid or amine formulations of 2,4-D, compared with the ester formulation. There
islittle difference among the acid, amine salt, and isooctyl ester, when applied to the backs of
rabbits. When applied to the human forehead, the 2,4-D amine was absorbed to a much greater
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Table 3-7. Total percent cumulative dermal absorption of 2,4-D derivatives over a 14 day post-

application observation period (adapted from Moody et al. 1990).

Animal species (anatomical site)®

Compound, Para-

vehicle meter? RB TR RT MY MY HN HN
(B) (B) Mm ®A) EH) (FA)  (FH)

2,4-D acid, % Rec 36 15 29 6°

acetone ty, 241 1.94 147 N/R

2,4-D amine, % Rec 12 20 58

water t,, 1.65 255 NR

2,4-D amine, % Rec 14 6 31

acetone t,, 1.35 1.83 2.13

2,4-D isooctyl, % Rec 50 40 56 6

acetone t,, NR 2.07 2.04 1.33

2,4-D isooctyl, % Rec 34 6

Esteron LV96 t,, 0.74 1.63

blank

@ %%Rec: percent urinary recovery after 14 days. t.,; halftimesin days for urinary excretion after
dermal application.
® Abbreviations for species: RB, rabbit; RT, rat; MY, monkey, HN, human.

Abbreviations for anatomical site: B, back; T, tail, FA, forearm; FH, forehead
¢ Datafrom Table 2 of Feldmann and Maibach (1974) for afive day post-application period.
Reported in Moody et a. (1990) as 6%.

extent than the isoocty! ester, regardless of the vehicle (either acetone or the Esteron LV 96
blank). In the monkey, the absorption of the amine and isooctyl forms are comparable, when
applied to the forehead; however, the isooctyl form is absorbed far more readily than the amine
salt, when applied to the forearm. There is, however, aless substantial difference between the
absorption rate of 2,4-D acid and the isooctyl ester, applied to the monkey forearm. The highest
cumul ative absorption rate in the Moody study is about 58% (2,4-D amine in water on the
forehead of humans), which is extremely close to the 56% absorption rate for 2,4-D isooctyl ester
in acetone applied to the forehead of monkeys. As discussed in section 2, the relatively minor
difference in the absorption rates for 2,4-D amine or salts, compared with the ester forms of 2,4-D
is not consistent with anticipated differences based on skin permeation rates.

In addition to uncertainties regarding the relative rates of 2,4-D dermal absorption among animal
species, anatomical sites, and 2,4-D compounds (i.e., acid, salts, and esters), other factors
influence the dermal absorption of 2,4-D. Although the Esteron formulation did not have a
consistent effect on the dermal absorption of 2,4-D isooctyl ester in the Moody et al. (1990) study
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(see Table 3-7), in another study by these investigators, the addition of DEET (N,N-diethyl-m-
toluamide) to an agueous solution of 2,4-D dimethylamine increased absorption by a factor of
about 2 (Moody et al. 1992).

These investigators a so found that washing the skin with soap and water removed about 35% of
an applied dose of 2,4-D (Moody et a. 1992). Nonetheless, as documented in U.S. EPA (1992),
washing also may result in atransient, if not longer lived, increase in the permeability of the skin
to most compounds due to the increased hydration of the skin.

The dermal absorption of 2,4-D islikely to decrease dramatically when the compound is present
in asoil matrix. Dermal absorption of 2,4-D from contaminated soil was estimated at 0.0018-
0.0164 day™ based on in vitro measurements using abdominal skin from human cadavers (Duff
and Kissal 1996). In addition, Wester et al. (1996) recorded an 8-hour time lag between exposure
to soil contaminated with 2,4-D and dermal absorption, using in vitro human skin preparations.

The Feldmann and Maibach (1974) study does not provide a kinetic analysis of the 2,4-D dermal
absorption rate; however, it does provide sufficient information to allow for approximations of k.
specifically, average urinary excretion rates expressed as a proportion of applied dose over
various time periods after exposure (see Table 3-6).

Two methods can be used to
estimate a first-order absorption L S S SR S S
coefficient for 2,4-D from the ° k, = 0.000515 h
Feldmann and Maibach (1974) oot
study. The simplest method is t,=1346 h
based on the 'flip flop' principle
(O'Haherty 1981). Using this
method, the natural log of the
proportion of unexcreted doseis
plotted against time (Figure 3-5)
and the dope of thelineis ]
determined. 0.5 ]

-0.02 & =

-0.03 =

In fraction unabsorbed

-0.04 ,

Using this method and constraining 06 [
the proportion of the unexcreted .02 © e B0 0

dose to be unity [In(1)=0] at time o e e

zero, the estimated k,is0.000515  Figure 3-5: Thekinetics of the cumulative excretion of
hour™ (Figure 3-5). Whilea 2,4-D acid after dermal application to humans (data from
sigmoidal deviation fromthebest ~ Feldmann and Maibach 1974).

estimate of the line is apparent, this

simple modd fits the data relatively well (r*=0.98, p<0.0001). The estimate of k, does not change
markedly, 0.000565 hour, if the model is unconstrained (r>=0.99, p<0.00001).
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Although the above analysis is based on urinary excretion data, the negative of the slope of
cumulative elimination can be taken as the absorption rate coefficient because the intravenous
study conducted by Feldmann and Maibach (1974) demonstrates that the excretion rate
coefficient (k,~0.05 hour™) is about a factor of one-hundredth higher than the apparent excretion
rate after dermal exposure (i.e., the 'flip flop' principle) (Gibaldi and Perrier 1982). In other
words, the rate of absorption is the rate l[imiting step in the rate of excretion.

A more complex method involves estimating the absorption rate directly from the excretion rate
data (see Table 3-6, column four). Because the data in Table 3-6 are expressed as average rates
of excretion as proportion of administered dose/hour (kX) rather than the amount excreted (X),

the form of the equation used in this anaysisis:

k -kt ~Kgt
Excretion Rate = kX = k{ aAO](e 4 _e e).

ke‘ka

For this non-linear equation, the
SOLVER function in EXCEL was

used to estimate k. For each 0.0010 |+ L - |k,=0.00058 i’
collection interval, t was taken as ; ; ]

the average of the start and end 0.0008 | T S T e R
times of the collection interval, and @ .
the sum of the square (SSQ) of the 0.0006 5 — 5_________;_Ii_l,;r_s__t_P;r;;i_{e;r;kib;sggptlon
difference between the model AT S ;
estimates and observed rates was S JEAUUN U . 0 W B
minimized. Both the quasi- il A 5 5 5 1
Newton and gradient search el ®
methods were used, and other 0.0002 .
estimation factors (e.g., starting f 5 5 5 5 5,
estimates of k., error tolerance, O S Sl S
precision, the use of tangent versus 0 24 48 72 96 120
guadratic extrapolation, and the FOURS

use of forward versus central Figure 3-6: Estimates of afirst-order rate constant for 2,4-

derivatives) were varied to avoid D acid after dermal application in humans based on
false minima. Theonly constraint ~ excretion rates in the urine (data from Feldmann and
applied to the modd is that the Maibach, 1974).

first-order coefficient, k,, must be

greater than or equal to zero. Asillustrated in Figure 3-6, the estimated k,, 0.00058 hour™, is
almost the same as the rate estimated from the cumulative elimination data (see Figure 3-5).
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For this risk assessment, the central estimate of the dermal absorption rate coefficient will be
taken as 0.0005 hour™ with arange of 0.00017 hour™ to 0.0026 hour™. This corresponds to rates
of 0.012 day*, with arange of 0.004 day™ to 0.062 day™. The central estimate is based on the
above absorption rates using the simple assumption of first-order absorption with first-order
elimination from the Feldmann and Maibach (1974) study.

The upper limit of the range is based on the range of absorption rates for 2,4-D in humans and
experimental mammals (see Table 3-7). The upper limit is about 5 times higher than the central
estimate, which is more conservative than the recommendation by Feldmann and Maibach (1974)
that afactor of 3 is adequate as an approximate 95% upper limit. The more conservative
approach is taken for the upper limit because the study by Feldmann and Maibach (1974) does not
provide a discussion about how the factor of 3 was calculated. The factor of 5 used in thisrisk
assessment is based on the general variability in absorption estimates (Durkin et al. 1995, U.S.
EPA 1992).

The lower limit on the range of dermal absorption rates is based on the estimate of inter-
individual variability regarding pesticide absorption in humans, which is provided by Feldmann
and Maibach (1974). Using asmall factor for the lower limit is, perhaps, too conservative,
however, it does not have a substantial impact on the risk characterization.

Figure 3-7 illustrates how these
estimates encompass the
observations from the study by
Feldmann and Maibach (1974). In
Figure 3-7, the data points from the —————— |
human study are plotted along with 0002 S T
the central estimate (solid line) and )4 |
upper and lower limits (dashed Y
lines) based on the absorption rate !
coefficients of 0.0005 (0.00017- i
0.0026) hour™ and an elimination ] .
1

rate coefficient of 0.0535 hour ! e - * .« ]
taken from the intravenous study by ﬁ_kfﬁﬁ’:“““""""" '

Feldmann and Maibach (1974). As _ r

0003

0 20 40 60 80 100 120

shown in Figure 3-7, the central . HOURS
estimate of the absorption rate
coefficient provides areasonable fit
to the observed values during the
first 24 hours, and the upper limit
encompasses ratesin the day 2 and
day 3 collection periods by a substantial margin (i.e., about afactor of 2). Thus, the central
estimate should provide a plausible basis for estimating typical risks, and the upper range will
provide a conservative (but not too conservative) 'worse' case estimate.

Figure 3-7: Comparison of absorption rate coefficients
used in risk assessment to observations from Feldmann and
Maibach (1974).
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Asdiscussed in Durkin et al. (1995), scenarios that use Fick's first law require an estimate of the
permeability coefficient, K, expressed in cm/hour. Experimentally determined permesability
coefficients for 2,4-D acid, salts, and esters are not available in the literature. Based on the
methods recommended by U.S. EPA (1992), estimates of the dermal permeability of 2,4-D with
95% confidence intervals are 0.0000242 (0.0000102-0.0000575) cm/hour (worksheet 10).

The U.S. EPA (1992) method is based on measured K, values for 95 organic compounds with log
K. Vaues ranging from approximately -2.5 to 5.5 and molecular weights ranging from about 30
to 770. Assummarized in Table 2-3, 2,4-D acid has a molecular weight of 221 and alog K, of
about -0.75 at apH of 7 (neutral pH) and aK,, of 2.87 at apH of 1. Given its molecular weight
of 221, 2,4-D is within the range in which the empirical relationship of molecular size and
lipophilicity to dermal permeability is approximately linear. Thus, it is reasonable to use the
method recommended by U.S. EPA (1992) to estimate the K, for 2,4-D.

When applying this method to 2,4-D acid, selecting the appropriate K, is not necessarily
intuitive. At aneutral pH, 2,4-D acid, which has a pK, of 2.87 (see Table 2-3), will exist
predominately in the ionized form, which isrelatively polar and insoluble in organic solvents, such
asoctanol. A far lesser amount will exist in the unionized form, which is much more polar than
theionized form. Thus, theK,, at pH 1 is about 4000 times greater than the K, at pH 7

102%7 + 107 ~ 4169,

For exposure scenarios involving immersion with the direct use of K, values and Fick's first law,
the vehicles will usually have a pH that is closer to neutra (pH 7), rather than highly acidic (pH
1). Thus, the estimate of K, detailed in worksheet 10 is based on the K, at pH 7

In deposition scenarios, K, values are not used directly. Nonetheless, estimates of K, might be
useful in comparing apparent absorption rates for related compounds, such as 2,4-D amine and
2,4-D isooctyl ester. For deposition scenarios, however, the selection of aK, for 2,4-D acid or
saltsis somewhat less clear. If asolution of 2,4-D amine or salt is spilled onto the skin, the liquid
will evaporate leaving behind crystals or amorphous particles of 2,4-D combined with whatever
cations are available either from the solution/formulation or from cations or other positively
charged biomolecules on the skin surface. The absorption of any crystal or particle should be
negligible. Nonetheless, 2,4-D crystal/particles will be absorbed, and the absorption process will
probably involve an initial re-solubilization into body water followed by partitioning of the 2,4-D
from an aqueous phase into body lipids. Body fluids tend to be at approximately neutral pH.
Hence, for deposition scenarios involving exposure to 2,4-D acid or its salts, it seems appropriate
to use the K, of 0.0000242 crm/hour based on the K, at pH 7, as derived in worksheet 10.

The isooctyl ester of 2,4-D has a molecular weight of 333.3 and alog K, of about 6.73. This
K. 1S about afactor of 17 greater than the highest K, used to develop the U.S. EPA (1992)
method. Because of the relatively high molecular weight and lipophilicity of 2,4-D isooctyl ester,
K, vaues estimated using the methods detailed in worksheet 10 may not be reliable.
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For example, using the equation above, the estimated K, for 2,4-D isooctyl ester is about 1.0
cm/hour:

log Ky, = -2.72 + (0.71- 6.73) - (0.0061-333.3)
~ 0.02517
Kp - 10902517 _ 1 o959

or more than 40,000 times that of 2,4-D acid at neutral pH. Using the upper limit of -1.5 for the

log K, of compounds with a molecular weight of more than 150 and aK,,, of more than 3.5 (U.S.

EPA 1992), a more reasonable estimate of the K, for the isooctyl ester would be about 0.032

cm/hour (10™°), which is still about 1300 times greater than the K of 2,4-D acid at neutral pH:
0.032 cm/hour + 0.000025 cm/hour = 1280.

Commercia formulations of 2,4-D esters may contain 2,4-D at concentrations of up to 5.6 Ibs
ae/galon or 670 g ae/L (see Table 2-3). Commercia formulations of 2,4-D esters contain
carriers, the identity of which is considered proprietary information. Clearly, however, these
formulations must contain solvents and/or emulsifiers. For example, Esteron LV 96 contains
kerosene and proprietary emulsifiers (Moody et al. 1990), and it is likely that other commercial
formulations of 2,4-D esters contain smilar materials.

Asnoted in U.S. EPA (1992), solutions containing products that enhance the solubility of an
agent, like 2,4-D estersin acarrier, are likely to impair the dermal absorption of the agent (i.e.,
decrease the partitioning of the lipophilic agent from the carrier into the skin). Conversely,
various agents that enhance solubility also may enhance hydration of the epidermis and increase
absorption. The available data are not sufficient for conducting a quantitative analysis of these
competing processes. Consequently, the K, for 2,4-D acid is applied to all exposure scenarios
that require the use of Fick’s First law.

Similarly, the available data do not suggest a consistent difference between the dermal absorption
of 2,4-D acid and its esters. Because the reported differences in absorption rates among species,
sites, and forms of 2,4-D are not consistent (Moody et al. 1990, 1992) (see Table 3-7), no
attempt is made to account for such differences explicitly in this risk assessment. Nevertheless,
these uncertainties are implicit in the nearly 16-fold difference between the upper and lower range
of the absorption rate coefficients used for 2,4-D.

3.1.9. Inhalation Exposure. Compared with oral exposure data, data regarding the inhalation
toxicity of 2,4-D are extremely limited. Estimates of inhalation LC,, values are not available. As
part of the re-registration effort for 2,4-D, an acute whole body inhalation study was conducted in
which rats (five of each sex) were exposed to 2.15 mg 2,4-D/L (2150 mg/m®) (Douds 1995,
MRID 43611401). Two of the 10 ratsdied. [Two Russian studies regarding the inhalation
toxicity of the octyl ester of 2,4-D are discussed in the previoudly prepared EIS, p. B-13/]
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ACGIH (1993) adopted a TLV of 10 mg/m®. The documentation for this TLV involves a general
review of toxicity and pharmacokinetics data on 2,4-D. The quantitative assessment, however,
appears to be largely judgmental:

By interpretation from the animal feeding studies and use
experience, the TLV Committee has recommended a TLV-
TWA of 10 mg/n? since 1954 (ACGIH 1993, p 337).

ThisTLV is, nonetheless, identical to analogous values recommended by other federal agencies
and other nations (ACGIH 1993).

3.1.10. Impurities, Adjuvants, and Metabolites.

3.1.10.1. Impurities-- Thereislittle published information on the impuritiesin commercial
formulations of 2,4-D. Hansen et al. (1971) reported that a commercial sample of 2,4-D
contained low concentrations of monochlorophenoxyactetic acid (0.1%), 2,6-dichlorophenoxy-
acetic acid (2.3%), 2,4,6-trichlorophenoxyacetic acid (0.2%), and bis(2,4-dichlorophenoxy)-acetic
acid (0.7%). Because the toxicity studies on 2,4-D used in this risk assessment were conducted
with technical grade 2,4-D, it islikely that the toxicity of the minor impurities is encompassed by
the studies used as the basis for this risk assessment.

One concern regarding the use of 2,4-D isthe possibility of contamination with chlorinated
dioxins. Agent Orange, which isamixture of 2,4-D and 2,4,5-T, was used during the Vietnam
war, and it did contain 2,3,7,8-TCDD. Moreover, commercial formulations of 2,4,5-T have been
known to contain 2,3,7,8-TCDD. 2,4-D formulations, however, were shown not to contain
2,3,7,8-TCDD (Cochrane et al. 1981, Hansen et al. 1971). Thus, it appearsthat 2,3,7,8-TCDD
contamination in commercial preparations of herbicides containing 2,4-D is attributable to the
contamination of 2,4,5-T with 2,3,7,8-TCDD rather than the presence of 2,3,7,8-TCDD in 2,4-D.

Some commercia samples of 2,4-D amine have been shown to contain polychlorinated dibenzo-p-
dioxins, chiefly di-, tri-, and non-2,3,7,8-tetrachlorinated isomers. Most samples contained <1
Mg/L, and the highest concentration of any dioxin in the samples of 2,4-D amine was 0.32 mg/L.
All but one of the 2,4-D esters, however, were found to contain dioxin residues, and the levels
were much higher, ranging from 0.1 to 23 mg/L (Cochrane et al. 1981). Additional studies
regarding dioxin contamination in 2,4-D commercial samples are not available in the more recent
literature.

3.1.10.2. Nitrosamines-- Some early samples of commercial formulations of 2,4-D were shown
to contain N-nitrosodimethylamine (DMA) at levels <1-5 ppm (Hindle et a. 1987). Asreviewed
by Munro et a. (1992), the formation of nitrosaminesin 2,4-D formulations was associated with
the use of nitratesin preserving metal containers used for shipping 2,4-D formulations. Currently,
metal containers are not used to ship 2,4-D. The U.S. EPA no longer requires that 2,4-D samples
be assayed for nitrosamines unless nitrates, nitrites, or other nitrosating agents are used in the
formulation.
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DMA has aso been found in mixtures of 2,4-D amine and fertilizers at levels <0.05-0.25 ppm and
attributed to the contamination of the 2,4-D amine salt with DMA (Wigfield and McLenaghan
1990). Nitrosamines were not found in water or sediment samples taken after the application of
commercia formulations of 2,4-D dimethylamine (Hoeppel and Westerdahl 1983).

3.1.10.3. Metabolites-- 2,4-D does not appear to be metabolized extensively in mammals;
however, the compound degrades in the environment to form the metabolite, 2,4-dichlorophenol.
Although 2,4-dichlorophenol was not detected in vegetation or water samples after the
application of 2,4-D, it has been detected in aqueous sediments at approximately the same
concentrations as 2,4-D (Hoeppel and Westerdahl 1983).

2,4-Dichlorophenol is atoxic metabolite. The RfD for 2,4-dichlorophenal is 0.003 mg/kg/day
based on impaired immunological function (U.S. EPA 1997). The RfD for 2,4-dichlorophenol is
about 3 times lower than the U.S. EPA RfD for 2,4-D. Because thereis no indication that
workers or the general public will be exposed to substantial anounts of 2,4-dichlorophenal, the
formation of this compound in sediment as part of the environmental degradation process does
not contribute substantially to the risks associated with the use of 2,4-D.

3.2. EXPOSURE ASSESSMENT

3.2.1. Overview. The relatively rich database on occupational exposure to 2,4-D indicates that

respiratory exposure is negligible, compared with dermal exposure. Because 2,4-D is eliminated

unchanged and almost completely in the urine, the absorbed dose of 2,4-D can be estimated from
urinary excretion data and related to the amount of 2,4-D handled during a particular application.
Thus, occupational exposure rates are expressed in units of mg agent/kg bw - b agent handled.

For directed ground (backpack) applications, broadcast ground applications, and aerial
applications, exposure rates are taken from arelatively detailed review of studies on occupational
exposure rates (Rubin et al. 1998). Based on this analysis, central estimates of exposure,
expressed as absorbed dose, fall within arelatively narrow range: 0.013-0.022 mg/kg/day. The
upper limits of projected exposure are also within a narrow range: 0.08-0.15 mg/kg/day. All of
these estimates are based on application rates of 1 |b a.e./acre as well as estimates of how many
acres aworker might treat inl day.

One formulation of 2,4-D, Aqua-Kleen, isregistered for direct application of surface waters to
control undesirable vegetation. No occupational exposure studies are available on this
formulation. Based on an occupational exposure study involving the aquatic application of a
liquid formulation of 2,4-D, the central estimate of absorbed dose for workersis 0.017
mg/kg/day, with an upper limit of 0.038 mg/kg/day. Again, these are smilar to the estimates for
other worker groups. A major difference, however, isthat the estimates for aguatic applications
are based on the treatment of only 1 acre at atypical application rate of 19 Ibs/acre. This
approach is taken because no estimates are available on the number of acres that workers might
treat in asingle day.
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The consequences of accidental worker exposure may vary significantly, depending on the nature
of the event and the duration of exposure. Typically, estimates of absorbed dose in workers after
accidental exposure to 2,4-D are close to the estimates of absorbed dose in workers handling
2,4-D.

Under normal conditions, members of the general public should not be exposed to substantial
levels of 2,4-D. Nonetheless, any number of exposure scenarios can be constructed for the
general public, depending on various assumptions regarding application rates, dispersion, canopy
interception, and human activity. Severa highly conservative scenarios are developed for this risk
assessment.

The most plausible exposure scenario for the general public involves walking through a
contaminated area shortly after it is sprayed with 2,4-D. Estimates of absorbed dose for this
scenario are extremely low, ranging from approximately 0.00042 to 0.0066 mg/kg/day. These
estimates are consistent with the lower limits of estimated doses for workers involved in the
application of 2,4-D.

A somewhat less likely but plausible exposure scenario involves the consumption of inadvertently
contaminated vegetation. Both acute and subchronic exposure scenarios are derived for this
scenario. The acute scenario leads to estimates that fall within the range of estimated exposure
rates for workers involved in ground applications of 2,4-D. The longer term scenario leadsto
substantially lower estimates of exposure.

Given the limited nature of most 2,4-D applications (i.e., relatively small treatment areas), genera
contamination of groundwater seems unlikely. Nonetheless, under the very conservative
assumption that an entire watershed is treated, exposure levels will be relatively low, about
0.00002-0.00014 mg/kg/day. Based on accidental spill scenarios, estimates of acute exposure
(i.e., 1 day) from the consumption of contaminated water are substantially higher, approximately
0.17-1.3 mg/kg. These acute exposures, however, are dominated by rather arbitrary exposure
assumptions concerning the amount of 2,4-D spilled and the size of the body of water into which
the compound is spilled.

Both acute and longer term exposure scenarios are also developed for the consumption of
contaminated fish. These estimates are dependent on the concentration of 2,4-D in the water, the
bioconcentration of 2,4-D by fish, and the amount of fish consumed. The concentrations of 2,4-D
in water used for this assessment are identical to those used for the drinking water exposure
scenario. The estimate of the bioconcentration of 2,4-D by fish is based on an experimental
determination that is probably conservative. Thereisinformation pertaining to the amount of fish
consumed by the general population as well as subsistence populations (i.e., individuals who may
catch and consume fish as a magjor source of protein in their diet). Separate exposure assessments
are conducted for these two groups. As with the longer term exposure scenarios for the
consumption of contaminated water, estimates of longer term exposures to 2,4-D in fish are very
low for both groups of people (i.e., 0.0000036-0.0011 mg/kg/day). Acute (1-day) exposure

3-32



based on an accidental spill scenario leads to substantially higher estimates (i.e., in the range of
0.2-3.1 mg/kg). Again, the spill scenario is dominated by arbitrary variability.

3.2.2. Workers.

A summary of the occupational exposure estimates for workers are given in Table 3-8. Two
types of exposure assessments are provided: those based on total exposure attributed to handling
differing amounts of 2,4-D by different application methods as well as various accidental exposure
scenarios. Each type of exposure assessment is detailed in the following subsections.

Plausible levels of exposure for workers involved in backpack, hydraulic rig, and aerial
applications are estimated as the product of the typical application rate of 2,4-D used by the
Forest Service (1 |b a.e./acre), the area treated per hour (acres treated/hour by aworker), and the
exposure rate (mg/kg bw/lb a.e.). For these workers, the amount of herbicide handled per day is
the product of the application rates, and the number of acres treated per hour, assuming an 8-hour
exposure duration in the workday. As noted in section 2, the Forest Service may vary the
application rate by afactor of 2 (i.e., 0.5-2.0 Ibsa.e/acre). Given the high degree of variability in
the estimated rates for occupational exposure, the relatively modest variations in application rates
do have a profound effect on this risk assessment. The consequences of variations in the
application rates are considered further in the risk characterization (section 3.4). Regarding
aquatic applications, there are no estimates for the amount of 2,4-D that might be applied in 1
day; therefore,the exposure assessment is based on the assumption that 1 acre is treated at an
application rate of 19 Ibs. a.e/acre. Variations from these assumptions are also considered in the
risk characterization (section 3.4.).

3.2.2.1. Job Categories -- Asoutlined in the program description (see section 2), thisrisk
assessment is concerned primarily with backpack and boom spray ground applications. Although
aerial applications are possible, they are not currently being conducted by the Forest Service.
Similarly, direct aguatic applications may occasionally be conducted but they are uncommon.

Asdiscussed in Rubin et al. (1998), occupationa exposure to pesticides usually occurs when a
chemical agent isinhaled by aworker or comes into contact with the skin surface of the worker
(i.e.,dermal exposure). Generally, occupational exposure to the pesticide is more likely to involve
dermal exposure. Specifically with respect to 2,4-D, inhalation exposure during ground
applications is negligible, compared with dermal exposure (Abbott et a. 1987). For this exposure
assessment, the absorbed dose of 2,4-D is estimated as a function of the amount of material
handled and exposure factors specific to 2,4-D. The absorbed dose is expressed in units of mg
agent/kg bw - 1b agent handled.

The worksheets included with this risk assessment detail the exposure assessments for four types
of applications: ground directed foliar/backpack (worksheet12a), ground broadcast/boom spray
(worksheet 12b), aerial broadcast (worksheet 12c), and direct aguatic (worksheet 12d and 12€).
The exposure assessments of backpack, boom spray, and aerial are all based on the typical
application rate of 1 |b a.e./acre as well as estimates of how many acres aworker could be
involved in treating in asingle day. Variability is encompassed by arange of occupational
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exposure rates (absorbed dose in units of mg/kg bw per |b a.e. of 2,4-D that is handled) and
estimates of the variability in the numbers of acres that might be treated in a single day.
Differences in the estimates of absorbed dose will be related directly to differencesin application
rates. Thisvariability isconsidered in the risk characterization (section 3.4).

Asdiscussed in section 2, Aqua-Kleen, which is a granular formulaton of 2,4-D can be applied at
relatively high rates (i.e., 19-38 Ibs a.e./acre) to bodies of water. Thisis not acommon practice
in Forest Service; consequently, the number of acres that might be treated per hour or per day
cannot be generalized. Furthermore, the literature does not include worker exposure studies
associated with the application of granular 2,4-D formulations directly to bodies of water.

Harriset d. (1992) is the only available study regarding worker exposure to liquid and granular
formulations of 2,4-D to turf. In thisstudy, average levels of 2,4-D in the urine of applicators
applying aliquid formulation were about 200 pg/person with an average amount handled of 300 g
(Table 1V in Harris et al. 1992), including workers with undetectable levels of 2,4-D in the urine.
In workers applying an average of 550 g of a granular formulation, the average urine level was
about 20 pg/person. Asdiscussed by the investigators in the study, the detectable levels of 2,4-D
in the urine of workers applying liquid formulations were all associated with accidental spills.
Only one of nine workers applying the granular formulation had detectable levels of 2,4-D in the
urine (169 pg/person per 1200 g or 141 pg/person-kg a.i. handled). Ignoring non-detectable or
trace quantities in workers handling the liquid formulations (Table IV in Harris et al. 1992), the
average exposure rate was about 250 pg/kg ai. handled for workers using aliquid formulation.
Thus, while the use of agranular formulation of 2,4-D lead to lesser average exposures when all
workers were considered, the exposure levels were comparabl e between the formulations for
individuals in which 2,4-D could be detected.

The similarities between exposure rates from the applications of granular and liquid formulations
of 2,4-D increase confidence in the relevance of a study regarding the application of aliquid
formulation of 2,4-D to water (Nigg and Stamper 1983). In the study by Nigg and Stamper
(1983), absorbed doses were assayed as total urinary elimination of 2,4-D over a 24-hour period
in four workers applying aliquid formulation of 2,4-D amine for the control of water hyacinths
using airboat handguns. As detailed in worksheet 12d, occupational exposure rates can be
estimated at 9x10* (4x10* to 2x10°) mg/kg bw per |b a.e. handled. These rates are between
those from Rubin et al. (1998) for backpack workers (worksheet 03a) and workersinvolved in
hydraulic ground broadcast applications (worksheet 03b). Given the similarities between the
occupational exposure rates for workersinvolved in the liquid and granular formulations of 2,4-D
to turf (Harris et a. 1992), the data from Nigg and Stamper (1983) on workers involved in the
aquatic application of aliquid 2,4-D formulation are used to estimate exposure rates for workers
involved in the aguatic application of granular 2,4-D (i.e., Aqua-Kleen) as detailed in worksheet
12d.

3.2.2.2. Immersion or Contaminated Clothing -- Incidental occupationa exposure may occur
from improper handling or use of the herbicide, or from accidental contamination of the skin or
clothing by aspill. All of these scenarios can be modeled using Fick'sfirst law. Asdiscussed in
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Durkin et al. (1995), scenarios that use Fick's first law require an estimate of the permeability
coefficient, K, expressed in cm/hour.

While the immersion of hands may not be a plausible scenario in some respects, it may
approximate worst case exposure scenarios involving contaminated gloves. As discussed by
Moody and Nadeau (1994), protective gloves (nitrile butyl rubber) may act as areservoir for 2,4-
D if the 2,4-D is applied in an organic solvent. This effect, however, is much less evident for
commercia formulations of 2,4-D amine.

The literature does not provide experimentally determined K, values for 2,4-D acid, salts, or
esters. Nonetheless, aK, of 2.42:10° cm/hour for an aqueous solution of 2,4-D acid can be
estimated (worksheet 10), based on structure-activity relationships (U.S. EPA 1992). As
discussed in section 3.1.8, thisK, is applied to aqueous formulations of both the amine salt and
ester formulations.

Commercial formulations of 2,4-D amine usually contain 2,4-D at levels of 3.8 Ibs a.e/gallon or
455 g a.e/L (see Table 2-1 and worksheet 08), which is somewhat greater than the reported
water solubility of 2,4-D amine, which is approximately 300 g/L (see Table 2-3 and worksheet
08). It isunclear whether the commercia formulations of 2,4-D are supersaturated solutions,
contain undissolved 2,4-D crystals, or whether adjuvants are used to increase the solubility of 2,4-
D in the commercial solution. For this risk assessment, the nominal concentration of 455 g a.e/L
or 455 mg/cm? is used as a conservative approximation for concentrated solutions of 2,4-D
amine.

During the handling process, aworker may, either through mischance or imprudent handling,
immerse part of the body into the pesticide formulation for a short time. The worst case scenario
involves placing both hands in the concentrated formulation of 2,4-D amine (455 g a.e/L) or a
24-D ester (670 g a.e/L). Details of these exposure assessments are presented in worksheets 13a
and 13b.

Very little confidence should be placed in either of these estimates. As noted above and discussed
more fully in section 3.1.8, structure activity relationships suggest that the K, for 2,4-D esters
should be much higher than the K, for 2,4-D amine. This presumed relationship, however, is
contrary to the available data regarding the in vivo dermal absorption of 2,4-D in humans and
experimental mammals. Thus, the absorbed dose for the 2,4-D ester is estimated using the K, for
2,4-D amine.

An additional source of uncertainty in estimating absorption rates for the 2,4-D ester concerns the
potential influence of carriers on dermal absorption. In general, the partitioning of alipophilic
chemical from an aqueous solution into the skin is favored by the lipid content of the skin (i.e.,
lipophilic chemicals, by definition, will partition into alipid rich media). Thus, carriers that
functionally increase the solubility of a compound in solution will tend to reduce the partitioning
process. Conversely, carriers may directly influence skin permeability to favor an increase in the
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absorption rate. Although these competing processes can be characterized qualitatively, their
influence on the dermal absorption of 2,4-D cannot be quantified.

Estimated doses for immersion of other areas of the body and for other exposure durations can be
calculated in amanner similar to the examples given in worksheets 13a or 13b.

3.2.2.3. Accidental Spills -- First-order absorption rate coefficients are estimated for exposure
scenarios involving 2,4-D spilled on the lower legs or hand, as detailed in worksheet 14afor
amine formulations of 2,4-D and worksheet 14b for ester formulations of 2,4-D.

These scenarios involving spills onto the hands with a 1-hour exposure period can be compared
with the immersion scenario discussed in the previous section. As summarized in Table 3-8, the
central estimates for these two scenarios indicate greater absorption for the contaminated gloves
scenario than the scenario for a spill onto the hands. Intuitively, this supposition seems reasonable
because a scenario that is functionally equivalent to immersion (i.e., contaminated gloves) seems
to offer greater potential exposure than a simple spill onto the hands. Hence, the higher estimate
from the contaminated gloves scenario seems reasonable.

3.2.3. General Public.

3.2.3.2. General Considerations— Under normal conditions, members of the genera public
should not be exposed to substantial levels of 2,4-D because members of the genera public are
not normally in an areawhen 2,4-D isbeing applied. Nonetheless, any number of exposure
scenarios can be constructed for the general public, depending on various assumptions regarding
application rates, dispersion, and human activity. Several highly conservative scenarios are
developed for this risk assessment and are summarized in Table 3-9. As discussed below, most of
these scenarios should be regarded as extreme, some to the point of limited plausibility. The
genera methods and assumptions used to develop the scenarios are identical to those used for the
other herbicides addressed in this risk assessment (see section 3.2.3.1).

3.2.3.2. Direct Spray- It is assumed that during a broadcast ground or aerial application, a naked
child is sprayed directly with 2,4-D. These scenarios also assume that the child is completely
covered (i.e., 100% of the surface area of the body is exposed) with either an amine (worksheet
15a) or ester (worksheet 15b) formulation. These extremely conservative exposure scenarios are
likely to represent upper limits of plausible exposures. An additional set of scenarios are included
involving a young woman who is accidentally sprayed over the feet and legs with either an amine
(worksheet 16a) or ester (worksheet 16b) formulation. Asdiscussed in section 3.1.8, first- and
zero-order dermal absorption rates are based on 2,4-D acid. Thus, differences in the exposure
assessments for the acid and ester formulations are attributable solely to differencesin the

3-36



anticipated concentrations in the field solutions (i.e., the commercial formulation diluted/mixed
prior to application).

Table 3-8. Summary of worker exposure scenarios

Dose (mg/kg/day or event)
Scenario Worksheet
Typical L ower Upper

General Exposur es (dose in mg/kg/day) [acid or ester formulations]*

Directed ground spray 1.3e-02 4.5e-04 8.0e-02 12a
(Backpack)

Broadcast ground spray 2.2e-02 6.6e-04 1.5e-01 12b
(Boom spray)

Aerial Applications 1.5e-02 24e04 8.0e-02 12¢c
Aquatic Applications?® 1.7e-02 7.6e-03 3.8e-02 12%e

Accidental/l ncidental Exposur es (dose in mg/kg/event)

Acid

Immersion of Hands, 2.2e-03 9.2e-04 5.3e-03 13a
1 minute

Contaminated Gloves, 1.3e-01 5.5e-02 3.2e-01 13a
1 hour

Spill on lower legs, 5.4e-02 1.8e-02 2.8e-01 14a
1 hour

Spill on hands, 2.2e-02 7.4e-03 1.1e01 14a
1 hour

Ester

Immersion of Hands, 3.2e-03 1.4e-03 7.8e-03 13a
1 minute

Contaminated Gloves, 1.9e-01 8.2e-02 4.7e-01 13a
1 hour

Spill on lower legs, 7.9e-02 2.7e-02 4.1e-01 14a
1 hour

Spill on hands, 3.2e-02 1.1e-02 1.7e-01 14a
1 hour

! Based on an application rate of 1 b a.e./acre unless otherwise specified.
® Based on treating 1 acre at 19 Ibs a.e./acre.
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Table 3-9: Summary of Exposure Scenarios for the General Public.

Target Dose (mg/kg/day) Worksheet

Scenario )
Typical L ower Upper

Acute/Accidental Exposures
Direct spray, acid formulation,  Child 0.01086 0.00074 0.226 15a
entire body
Direct spray, ester Child 0.01358 0.002954 0.141 15b
formulation, entire body
Direct spray, acid formulation, Woman 0.0011 0.000074 0.023 16a
lower legs
Direct spray, ester Woman 0.0014 0.0003 0.014 16b
formulation, lower legs
Dermal, contaminated Woman 0.0013 0.00043 0.0066 17
vegetation
Contaminated fruit, acute Woman 0.035 0.0071 0.21 18
exposure
Contaminated water, acute Child 0.426 0.1663 1.28 20
exposure
Consumption of fish, genera Man 0.32 0.2 0.64 22
public
Consumption of fish, Man 16 1 31 22
subsistence popul ations
Chronic/Longer Term
Exposures
Contaminated fruit Woman 0.0023 0.00046 0.032 19
Consumption of water Man 0.000057 0.00002 0.00014 21
Consumption of fish, general Man 0.000007 0.0000036 0.00023 23
public
Consumption of fish, Man 0.000058 0.000029 0.0011 23

subsistence popul ations

3.2.3.3. Dermal Exposure from Contaminated Vegetation -- In this exposure scenario, it is
assumed that the herbicide is sprayed at a given application rate and that an individual comesin
contact with sprayed vegetation or other contaminated surfaces at some period after the spray

3-38



operation. Asdiscussed in Durkin et a. (1995), some estimate of dislodgeable residue of the
herbicide must be available.

Immediately after the spray application, levels of exposure may approximate those involving
contact with direct spray, as estimated above. Generdly, after the liquid carrier dries, exposure
levels are expected to decrease. For example, in astudy by Harris and Solomon (1992), 2,4-D
was applied to turf at anominal rate of 11 ug/cm?. Immediately after the liquid carrier dried, the
dislodgeable residue of 2,4-D was 0.92 n.g/cm?, about 10 times less than the nominal rate. The
relatively low dislodgeable residue may be largely but not solely attributable to rapid uptake of
2,4-D. Asnoted by Cessna (1993) for example, about 20% of deposited 2,4-D could be washed
off wheat plants shortly after spraying.

At the typical application rate of 1 Ib a.e/acre[112.1 mg/m? or 11.21 pg/cm?] and using the
factor of 0.1 to estimate dislodgeable residue (Harris and Solomon 1992), the dislodgeable
residue immediately after the liquid carrier dries will be approximately 1.12 u.g/cm?. According to
the methods proposed by Durkin et a. (1995, equation 4, p. 68), the transfer rate would be about
1.27 ng/(cm?hour), as detailed in worksheet 17.

This estimate of dislodgeable residue may then be used to estimate absorbed dose for the scenario
based on a 1 hour exposure period in the contaminated vegetation and removal of the 2,4-D from
the surface of the skin after 24 hours.

Since the estimated doses are based directly on measured uptake values for 2,4-D from
contaminated turf as well as measured values for dermal absorption rates of 2,4-D in humans, they
may be regarded with arelatively high level of confidence. The considerable range in the estimate
of absorbed dose (i.e., about afactor of 15) reflects the statistical uncertainties in the estimated
first-order absorption rate coefficient for 2,4-D, as detailed in section 3.1.8.

The potential differences between the amine salt and ester formulations of 2,4-D with respect to
environmental degradation and transport kinetics may have an impact on the uncertainties in the
exposure assessments for scenarios involving dermal exposure from contaminated vegetation as
well as scenarios involving the consumption of contaminated water and contaminated vegetation.
In general, amine salts are not expected to be absorbed by vegetation as rapidly as herbicide esters
are expected to be absorbed. Furthermore, because the hydrolysis of 2,4-D estersis less rapid
than the dissociation of 2,4-D salts (Johnson et al. 1995, Smith and Aubin 1991a,b, Wojtalik et al.
1971), there may be differencesin dissipation from turf, soil, and water. Nonetheless, within a
24-hour period, the ester linkage should be cleaved either through hydrolysis, photosensitization,
or microbial activity (Hoeppel and Westerdahl 1983).

Thereis, however, no documentation regarding systematic differences between the environmental
transport of 2,4-D amine and 2,4-D esters. To the contrary, a recently published series of field
studies regarding the fate of 2,4-D in soil finds no consistent or substantial differences between
the soil dissipation kinetics of 2,4-D amine and the 2-ethylhexyl ester of 2,4-D (Wilson et al.
1997). It isreasonable to conclude, therefore, that differencesin the environmental transport of
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2,4-D sdtsand 2,4-D esters are potentialy significant for very short-term exposure scenarios.
And, asisthe case for the dermal absorption of 2,4-D esters and amines, the differences cannot be
quantified. For longer-term exposure scenarios, the differences are likely to be nonexistent-the
salt will dissociate and the esters will hydrolyze, and both will form the free 2,4-D acid or ion.

3.2.3.4. Contaminated Water— Water can be contaminated from runoff, as a result of leaching
from contaminated soil, from a direct spill, or from unintentional contamination from aerial
applications. In addition, direct aquatic applications of 2,4-D will obviously result in ambient
surface water contamination. Although 2,4-D is chemically stable in pure agueous solutions, it is
degraded in natural waters by microbia activity, and water levels are further reduced by dispersal.

The concentration of 2,4-D in ambient water after achemical spill or other accident will vary with
the amount of the chemical released, the proximity of the spill to water, and the physical
characteristics of the body of water into which the spill occurs.

As an extreme scenario, it is assumed that 200 gallons of a 2,4-D solution at a typical
concentration of 7490 mg/L and a range of concentrations of 4790-14,980 mg/L isreleased into a
shallow pond that has an average depth of 1 m and a surface area of about one-quarter of an acre
(1000 m?). The concentrations of 2,4-D in the spill solution represent the likely concentrations in
afield solution (i.e., the recommended dilutions of the ester formulation as detailed in worksheet
08).

The volume of water in the pond is about 1000 m® or 1,000,000 L. Assuming complete and
instantaneous mixing, the typical concentration of 2,4-D in the water will be about 6 mg/L,

7490 mg/L x 3.785L/gal x 200 gal +1,000,000 L = 5.6699 mg/L
with arange, similarly calculated, of 3.6-11 mg/L.

Thisrange is somewhat above the range of maximum observed concentrations of 2,4-D in water,
0.68-3.6 mg/L, noted by Hoeppel and Westerdahl (1983) after the application of 2,4-D
dimethylamine and a granular formulation of 2,4-D butoxyethyl ester, Aqua-Kleen, at very high
rates (i.e., 20-40 Ibs a.e./acre) in alake with a depth of 1-2 m.

The data from the Hoeppel and Westerdahl (1983) study are illustrated in Figure 3-8 [adapted
from Table 1, p. 200, in Hoeppel and Westerdahl (1983)]. In Figure 5-8, the concentrations are
normalized for application rates of 22.5 and 45 kg a.e./ha, equivalent to about 20 and 40 |bs
a.e/acre, and these concentrations are plotted against time in days after application.
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Although kinetic data are limited,
they suggest that the initia levels A A .
of the 2,4-D ester formulation @ AMINE: k = 0.35/day
were less, compared with 2,4-D : 5

° B ESTER: k =0.16/day
amine, and dissipated more slowly. s ; )
This apparent relationship may In conc.
have little to do with differences mga.e/L
between the acid and ester form of per Ib. ae. -
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persistence. Wilson et a. (1977) 0 2 4 6 8
reported a similar pattern in . o Days after treatment
differences between the soil Figure 3-8: The dissipation of 2,4-D from water after the
residues of 2.4-D after the application of 2,4-D amine or 2,4-D butoxyethanol ester

application of amine and granular (data from Hoeppel and Westerdahl 1983).
ester formulations.

In the spill scenario described above, the functional 'treatment rate’ is 2 |bs. a.e./0.25 acre pond or
about 8 Ibs. a.e/acre. Thus, interms of 2,4-D treatment rates, Hoepple and Westerdahl (1983)
monitored less 2,4-D in the water than might be expected from the instantaneous mixing scenario
described above. Although the difference in concentration might be the result of 2,4-D binding to
sediments, it also might be the result of dissipation, since Hoeppel and Westerdahl (1983) did not
take the first measurement until 1 day after treatment. Similarly, in a2.13 m deep lagoon treated
with 2,4-D amine at 4.48 kg a.i./ha (4 Ibs a.i./acre or about 2.9 Ibs a.e./acre), initial water levels
were about 0.083 mg/L (Averitt and Gangstad 1976). An application rate of 2.9 |bs a.e./acre
corresponds to about 325 mg/m?. Thus, at amixing depth of 2.13 m, an application of 325 mg/m?
would lead to a concentration of 152 mg/m? or 0.152 mg/L

325 mg/m? + 2.13 m = 152 mg/m?®,

assuming instantaneous mixing, which is about 2 times the measured value of 0.083 mg/L. Again,
the measurements were not taken until 1 day after treatment, so it is possible that earlier
concentrations were closer to nominal estimates.

While this accidental spill scenario islikely to be conservative in typical ground or aerial
applications of 2,4-D, the direct aquatic applications of Aqua-Kleen to water might be expected
to lead to higher ambient water concentrations. As noted in section 2, application rates might
range from 19 to 38 |bs a.e./acre when Aqua-Kleen is applied. However, as discussed above and
illustrated in Figure 3-8, only modestly h