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Many state and federal agencies have prepared risk assessment guidelines, which describe methods for quantifying health 
risks associated with exposure to vapors and particulates emitted from point and area sources (e.g., California Air Pollution 
Control Officers Association [CAPCOA] under the Air Taxies "Hot Spots" Act [Assembly 81112588] and the U.S. Environmental 
Protection ~gency [EPA] under the Clean Air Act). In general, these guidelines recommend or require the use of upperbound 
"point" estimates for numerous exposure parameters. This methodology yields a single risk estimate, which Is intended not 
to underestimate the true risk and may significantly overstate it. This paper describes a risk assessment of a facility's airborne 
emissions using a probabilistic approach, which presents a range and distribution of risk estimates rather than a single point 
estimate. The health risks to residents living near a food processing facility, as estimated using techniques recommended by 
California AB2588, are compared to the results of a probabilistic analysis. Polychlorinated dibenzo-p-dloxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs) were identified as the emitted chemicals of concern. The point estimate method 
recommended by CAPCOA resulted in estimates that were greater than the 99.99th percentile risk predicted by the probabilistic 
analysis. As shown in other assessments of persistent airborne chemicals, secondary or indirect exposure pathways (i.e., 
ingestion of beef, ingestion of cow's milk, and ingestion of mother's milk) rather than inhalation, were the greatest contributors 
to risk. In this analysis, the probability distributions for the cancer potency factor and ingestion of cow's milk had the largest 
impact on the results of the 33 exposure factors considered. 

Introduction 
In 1-987, the State of California passed Assembly Bill2588 

(AB2!588), also known as the Air Toxics "Hot Spots" Informa­
tion and. Assessment Act, which established a statewide 
program to build an inventory of air toxics emissions for 
individual facilities. It required that risk assessments be con­
ducted in accordance with regional air pollution control dis­
trict (RAPCD) policy and that the public be notified of the 

potential health risks (California Code of Regulations, Title 
17, Section 93300 et seq., 1987). The regulation identified 
geographic areas where the incremental concentration of air­
borne chemicals in a community, because of point source 
emissions, was greater than considered acceptable: If the 
results of a risk assessment indicated that, for some individu­
als, the health risks may exceed acceptable risks established 
by each RAPCD, potentialJy exposed individuals would be 
publicly notified. The law was significant because it re­
quired emitters to understand the hazard posed by nearly 
400 different chemicals rather than the roughly 30 chemicals 
that have historically been regulated by the U.S. Environ­
mental Protection Agency (EPA). 

In 1991, 1992, and 1993, the State issued AB2588 risk 
assessment .,guidelines" through the California Air Pollution 
Control Officers Association (CAPCOA) and·reqoired that all 
parties comply to ensure that consistent methodologies were 
used for all risk assessments.'"' The guidelines describe con­
servative methods that allow comparison of one facility to 
another, expedite the review of risk assessments by regulatory 
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agencies, and minimize the revision and resubmittal of risk 
assessments. Although this approach streamlines regulatory 
evaluation, it encourages a generic, nearly "worst case" ap­
proach that will usuaHy overestimate the true risk for the 
typical person. Not only can this lead to unnecessary costs 
associated with emission reductions, it can also result in 
reporting risks to the public that are much higher than actual 
risks. 

pose health risks of regulatory concern because of their 
relative toxicity and persistence in the environment. The 
PCDD/PCDF emissions resulted from the use of a coal-burning 
kiln for processing food products, and emissions were quanti· 
fied by source testing. Because PCDD/PCDFs are listed in the 
AB2588 risk assessment guidelines as "multipathway" chemi­
cals (i.e., chemicals emitted as particulates that undergo 
deposition and can enter the food chain), the assessment ac­
counted for relevant non-inhalation exposure pathways. The AB2588 risk assessment guidelines contain algorithms 

for estimating chemical concentrations in environmental 
media, chemical uptake from each medium, and the risks Methodological Approach 
associated with exposure to each chemical.3 Default values, For comparison purposes, the predicted uptake of PCDD/ 
published by the State of California or EPA, are provided for PCDF emissions and subsequent risk was estimated first using 
environmental fate, toxicity, and exposure parameters. Virtu- the point estimate approach and specific assumptions required 
ally aJl of California's RAPCDs require that facility operators by CAPCOA (regulatory assessment). This approach used all 
use 'default' assumptions when conducting risk assessments. required exposure parameter values and the California CPF for 
In general, the default parameters are conservative estimates ·· -2,3,7,8-TCDD. The results were compared to a distribution of 
representing the upperbound value within the range of piau- risk that was developed using a Monte Carlo analysis (proba-
sible values. As a result, the risk estimates are almost always bilistic assessment). The probabilistic assessment relied upon 
overestimated."'• Until recently, attempts to quantify the de- distributions for all key exposure parameters and a distribution 
.gree of conservatism in the risk estimates have not been recently published for the cancer slope factor for 2,3,7 ,8-
routinely conducted.' TCDD (that has been accepted by FDA),17.11 

The objective of this case study was to quantify the conser· Figure 1 illustrates the approach to the comparative study 
vatism in the exposure estimation and risk characterization and the interdependency of the exposure pathways. The regu· 
inherent in the CAPCOA methodology ("regulatory" assess- latory and the probabilistic assessments were based upon the 
ment) by comparing the resulting point estimate of risk with a equations in the AB2588 risk assessment guidelines,' which 
probability-based risk distribution generated by a Monte were not specifically developed for risk assessment ofparticu-
Carlo analysis ("probabilistic" assessment). Probabilistic late emissions from a combustor. The guidelines do not require 
.analyses have been used over the past three years to assess the characterization of health risks to children ages one to IS-
water pollutants, contaminated soil, and other media.•o-16 The a refinement that would complicate the analyses. 
probabilistic methodology offers several advantages over The regulatory assessment was conducted using an ExceJTM 
the point estimate approach. First, this approach provides an spreadsheet to estimate multipathway exposure using required 
accurate estimate of the upperbound or maximum plausible regulatory algorithms.3.1 9 The Monte Carlo analysis was con-
health risk. Rather than compounding upperbound values for ducted using the same Excel spreadsheet and the Excel add-on 
each exposure parameter to arrive at a point estimate of the program @Risk™,2o The validity of our dose estimates was 
upperbound or maximum ex.posure, this approach uses statis- verified by checking them against the regulatory assessment 
tical data specific to the distributions for the individual param- using the ACE2588 computer program, which was developed 
eters to mathematically characterize a range of potential risks. by the Santa Barbara Air Pollution Control District21 specifi-
Second, the methodology can incorporate all valid data for cally for use in muhipathway exposure analyses for AB2588. 
an individual parameter into the risk calculation (with an 
option for relative weighing of data), rather than limit the Dose-Response Assessment 
assessor to a single study or single data point. These features Studies focusing on the structure-activity relationships of 
provide the risk manager, who is frequently faced with the various PCDD/PCDF congeners have shown that not all 
requiring costly control devices or conducting extensive PCDDs and PCDFs are equally potent.22.:t3 This complicates 
remediation programs, with invaluable information that can the risk assessment process as PCDDs and PCDFs are gener-
improve the quality of decision making. ally found in the environment as mixtures containing any 

This case study evaluated a food-processing facility located number of 210 possible congeners. Accordingly, an interim 
on a 1,200-acre parcel in a rural area of California, approxi- approach for risk assessment has been adopted by EPA24.2S 
mately 2.5 miles from the center of a city with a population of for evaluating the health risks associated with PCDD/PCDFs. 
60,000. The land surrounding the facility is used for cattle This method normalizes the potency of individual congeners 
grazing as well as the commercial production of crops such relative to 2,3,7 ,8-TCDD, as this congener is the most potent 
as sugar beets, alfalfa, and flower seeds. In this analysis, one.26 Only 2,3,7,8-substituted congeners are assigned TEFs 
probability distributions were developed for 33 exposure pa- because numerous structure-activity and structure-binding stud-
rameters relevant to the seven potential exposure pathways ies have established that non-2,3,7 ,8-substituted congeners are 
identifi!=d. Interdependency among certain exposure param- relatively inactive in biological systems.22.27.21 To obtain a total 
eters was considered in our analysis. Specifically, covariance 2,3,7 ,8-TCDD toxicity equivalent (TEQ) value for a given 
was identified for beef ingestion and body weight; dairy milk PCDD/PCDF mixture, each 2,3,7 ,8-congener concentration is 
ingestion and body·weight; and mother's milk ingestion and multiplied by the appropriate TEF, and then the TEQs are 
infant body weight. A probability distribution for the cancer summed. The 2,3, 7,8-TCDD TBQ for the mixture is the sum of 
potency factor (CPF) for 2,3, 7 ,8-tetrachlorodibenzo-p-dioxin the individual 2,3, 7 ,8· TCDD TEQ for each congener. 
(2,3,7,8-TCDD) was developed for the analysis based on a The oral CPF for 2,3,7 ,8-TCDD adopted by the Cai-EPAU 
recently published reassessment of the dose-response data.l7 and used by CAPCOAl is 133,000 (mg/kg-day)·l. This CPF 

Although as many as 30 chemicals were emitted from the was used in the regulatory (point estimate) assessment and 
stack at this facility, an assessment showed that polychlori- represents a conservative estimate of the cancer potency in 
nated dibenzo-p-dioxins (PCDDs) and polychlorinated humans based on animal bioassays. The CPF is based on the 
dibenzofurans (PCDFs) were the only chemicals that could 9.5th percentile upper confidence limit of the slope of the dose-
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Figure 1. Components of the multlpathway risk assessment 

response curve predicted with the linearized multistage (LMS) 
model. For these reasons and others, a lack of confidence in the 
CPF value has contributed to uncertainties in the health risks 
associated with exposure to PCDDs and PCDFs.ll.ll.17 The 
current Cal-EPA CPF for 2,3,7,8-TCDD is based on the 
original ( 1970) histopathological evaluation criteria for tumor 
pathology rather than the current (1986) National Toxi­
cology Program classification scheme for proliferative lesions 
in rat liver.lo · 

The CPF for 2,3,7,8-TCDD has been evaluated using the 
results of the histopathological reevaluation.IB.31 Using sur­
vival-adjusted tumor incidence data, the LMS model, and 
scaling up to humans using body weight rather than surface 
area,ll the CPF for 2,3,7,8-TCDD was estimated to be 2,700 
(mgnc.g-day)·• based on the incidence of hepatocellular carci· 
nomas, and 9,700 (mg/kg-day)-1 when hepatocellular carcino­
mas and adenomas were combined. When the data were not 
adjus~ed for survival rates, the estimates ranged from 1,500 
(mg/lc.g·day)·• to 8,200 (mg/kg-day)·•. The reevaluated CPF 
has been well received over the past two and one-half years 
since at least ten states have adopted it. The FDA (Docket 
No. 93N-0352) has proposed to adopt a value based on a 
1 pg/kg-day (9 in 1,000,000) acceptable risk.ll This is equi­
valent to a cancer potency slope factor of 9,000 mg/kg-day·', 
whereas the current EPA cancer slope factor is 156,000 
mg/kg·day·1• 

·For this assessment, we developed a distribution for the 
CPF" based on the current histopathology criterion using a 
version of the LMS model, which allows model output to be 

expressed as a distributionJ2; this distribution was used in the 
probabilistic assessment. Table I presents the CPF values 
predicted for specific percentiles. Figure 2 shows the probabil­
ity distribution for the CPF, which approximates a normal 
distribution. The 50th and 95th percentiles of this distri­
bution are approximately 7,000 and 9,700 (mglkg-day)-•, 
respectively. 

Exposure Assessment 
Components of the exposure assessment for AB2588 in-

. elude quantification of emissions, environmental fate and 
transport modeling, identification of the exposed population 
(conservatively represented in this case by the maximum 
exposed individual), identification of exposure pathways, 
and the estimation of chemical uptake (dose) by the exposed 
population. 

Concentrations In PCDDs/PCDFs In Airborne Emissions 
The PCDD/PCDF emissions from the kiln were quantified 

and speciated during a stack test." Annual emission rates were 
estimated using the results from the stack test, the amount of 
material processed during the stack test, and the total amount 
of material processed annually. Emission rates for PCDDs/ 
PCDFs were converted to a 2,3, 7,8-TCDD TEQ for input into 
the air dispersion model. 

Environmental Fate and Transport 
The concentrations of airbomePCDD/PCDF (2,3,7 ,8-TCDD 

TEQs) for locations of interest were estimated using the 
Industrial Source Complex Short Term (ISCST) air dispersion 
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Table I. Cumulative distribution for the cancer potency factor (CPF) for 
2,3,7,8-TCDD based on the bioassay results in reference 17. 

II 

a-r~-l.......,'t' 

Flvure 2. Probability distribution for the cancer potency factor for 2,3,7.8· 
TCDD, based on the results from the linearized multistage model MSTAGE 
(Crouch, 1992) and histopathological reevaluation of the Kociba cancer 
bioassay data (Keenan et al., 1991 ). 

model and the annual average emission rate. The model ac~ 
counts for meteorological conditions. source type, geography, 
and the effects of nearby buildings. 

Exposure Scenario 
A residential scenario was evaluated. For purposes of sim­

plicity and conservatism, health risks were characterized for 
the location of maximum impact, i.e., the residence that might 
receive the highest airborne concentration of particulates. 

Based on the facility setting and relevant site-specific data, 
exposure to PCDD/PCDF emissions was evaluated for inhala­
tion of airborne paniculates for the following pathways: soil 
ingestion; dermal contact with soil; consumption of home­
grown produce; consumption of locally produced beef and 
milk; and consumption of mother's milk by infants (Figure J ). 
Beef and dairy cattle were observed near the facility and 
represent the only potential exposure via feed stock. Goats, 
chickens, and pigs were not observed within 10 kilometers of 
the facility. Because home-grown produce represents a much 
greater potential for exposure to most airborne chemicals than 
does commercial produce,34 only consumption of home-grown 
vegetables from residential gardens was considered. Commer­
cial agriculture from any one area is generally expected to 
constitute only a negligible portion of a person's total diet. 

Exposure Parameter Distributions 
Probability distributions were developed for the critical 

exposure parameters for each of the exposure pathways. Based 
on a preliminary sensitivity analysis, the following five expo­
sure pathways were identified as most significant: paniculate 
inhalation. beef consumption, ingestion of dairy milk, inges­
tion of home-grown vegetables, and mother's milk ingestion. 
This is consistent with the results of other multipathway dioxin 
risk assessments.'•·'~ 

The primary studies cited in the AB2588 risk assessment 
guidance were used to develop probability distributions when 
data were adequate. When data were inadequate, a review of 

Talile II. General human exposure parameters used to estimate uptake via all pathways fort he regulatory and probabilistic assessment. The 1ype of distribulion, 
relevant descripton, and the basis for the PDFs used an: presented. 

Pirlmala~. · . ,· · · · 
·Abbreviation. . . · .• • ·Description.: · : · :. ·' :· . CAPCOA Value Type·. 

.EF 

.· ·: 

ED 

··:;•·· ., 

··• .. ABW 

. AT 

··Exposure .t.requel)c}i. :· 
· ·(fraction of:a year; ·: '·': .. 
· used In Inhalation,' . :· 
'soll;iilgestton, and;:.._:· 
dermal al>s9rptlon.: ::;·· · 
pathways)., .. ;, · {:.<.:.'': ·.· ...• 

1 

·Expil~ure·di.Jratlon' .. ::· .26 for mother In mother.'s . 
(ye~f.s) . : .. ·· milk pathway; .... 

· · 44 tor adult exposed via . 
mother's milk pathway, 

)· . 

' :Uniform· 

. ·: , ... 
.• :· r.· 

Dlscretil .. : : . 

· ... :·· 

. ':.:.·. ·:~·. ' .. ... , . 

,· 
•. ·_!.· .• : 

Aver~ge·bod.y· . · .;: ·· 
·weight (~IlL : ... ·.~·- ,., : 
Averaging.~ime.(days) :: 

. . . : . ..; . 

70::. 

25,550 

.. -· . . : . . 
• ~· ··.:: ... -~:::-.~. - .:.:·:· .. :-·. • • 'J,;, ~ ... : •• 

... : . : .~.:/.~:L: ~;~: >/;;>: .. ·~:·· ; ~ .:.~.\~<:; ).::::i 

NJA .. Noi·~ppllcible :,.· 
so , ... standard deviitkin . . .... , · -·.. " : .•. ~1-; ·· : --.~_•.;_:.·.:_ .. ~ .. ·,~·;····~.t.:·;·;·: .•. :.:.~.·.;.:.:.:.'.Is .. : ": ': .. <: ,.:,·.; ,,:\· :'!-~·.:.,:; - . - :~ . · . 

.:.Min . .... Mini.mum · 
'·:Max ·:... Maximum ·~.:· .•.. :~~-;.-~.· .. :~·: ·, . . r ..... 

. -: :·. ·~-

. .. '·~:: ·._:: · .. -
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I Table Ill, Equ:uions and exposure parameters used to estimate uptake via the inhalation pathway for both the regulatory and probabilistic a.~sessmenrs. The 

type of distribution, relevant descriptors, and the basis for the POPs used are presented. 

1

1

_ :': ... - •• P~i,~~;·~~.: .::)iU· . <·- D Istrlbutlon= 

Abb~evlatiOIJ~~ :::·~' :- _;f o~scrlptt~n·.·· --~- •. ·;··::. 
• .~ • . := .":•. • ..; :' •. • •• ': .• :. .: ••• • ·: 

. CAPCOA Value Relevani:_Dascrlpton= : Relarerice.': 

' · R·R.' .- :.:.-<:.· ~·e~pi;~tloii'~rate (m~to) . ·.':· : .. 2o. . · ...... )~ot cMtical to 
:,r:_:_.;:_.\:f>·.-·~~--i;- _:,} :_ <- -·.= > · ·- · . .-.·.:· : .. -,.::· uil~ertainty 

. N/A· CAPCOA,1_S93 

. . . . . . 
Min: 0.46 ·. · ·- -. rJ!ilx:._1.0 · BiOinh JCR,P,::1969-. 

Table IV. Equations and exposure parameters used to eslimare uptake via the soil ingestion pathway for both the regulatory and probabilistic assessmenrs. 
The·rype of distribution, relevant descriptors, and the basis for the POPs used are presented. 

--;- .. ···- p;~,~ .. ~~~:·· .... ;~-~<: ·_ ;_ ~~.:~r~."\~; ~-·; . .-._ ·.- :·=· ... - -~- :. :' •• "=' ·" 

Abbreviation.:·::; :·YP..e.i.crlpllon :· .. :.,:·. , ·: C.APCOA .. Villue -_Type Relevant Descrlptort , Referenaa--_ 

N/A·. .NJA' ..... 

··.·.·. ':"::· 

. ~~me :.:.:_::;_:;-::_ •. :_·_ .. ',~.;.:_:· __ :.~::.-.·.:,~:;_~.·,i_~ .. :~:; __ :~.---.~,~--.-::;_t_~:~.l.~ ..... ~·-•l __ :'_,_t __ ·:·}_:_',\.~· __ 1_~c-~.: ... :-_::;_:_: .•• -.,-:_•_._·_: .. ;~?.:;. . - = · .. ' _:. -_ -_._-' l_o __ '_ :n·o_r_ mal . Moan: 300 ' ~ \ft·\~ 7::. ~Sf ' 
.. _ _ _ _ __ _ _ , :--.- ,-,,··--:::·_;<-~:: >:,;<.;'~RY.an!~·~,~s~·:· 

.- :·; Hait~ilte-of':t~ntamiriant- ,- .. :i - '- · .. 4,3so . _.-: uniform Min: 3,285 ,_.:> M~~: ::18,250 .. - -:·-_ --~vouriu~:i9s3 
_: ~(l~s_o!!::(Pt?:~:L.: ·. :/:~:.:j;7 .. < .. <.~:: :.-:.··::; , -:, ::~-- .. ;;::::.;~·:._.: .;. : ·.- · : · ':---- ~-:·,EL)-;-.).:~·:,,·:::~ ;-- .,:~.:r .~~~~N.:f:~:.1:, 

the scientific literature was conducted to identify appropriate 
distr-ibutions. or the 49 exposure parameters contributina to 
site-specific risks. distributions for 33 parameters were devel­
oped. Sixteen parameters were judged as particularly signifi­
cant in this assessment: ( 1} particulate deposition rate, (2) crop 
yiCld, (3) vegetable interception fraction, (4) vegetable weath­
ering constant, (5) beef cattle diet-to-meat uptake factor. (6) 
soil ingestion by grazing, (7} dairy cattle diet-to-milk uptake 
factor, (8) inhaled particulate retention factor, (9) produce 

consumption rate, (I 0) beef consumption rate, ( 11) percentage 
of beef from local sources, ( 12) dairy milk consumption rate, 
(13) percentage local dairy milk, (14) mother•s milk consump­
tion rate, (l 5) exposure frequency, and (16) exposure duration. 
The other 17 distributions were used in the calculation but did 
not have an appreciable impact on the results and therefore 
could have been addressed by using a point estimate approach. 

For the regulatory and probabilistic assessments, doses 
were estimated using the recommended CAPCOA equations.J 
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Table V. Equations 11nd exposure parameters used to estimate uptake via the dermal absorption pathway for the resulatory and probabilistic assessments. 'The 
type of diSiribution, relevant descriptors, and the basis for the PDFs used are presented. 

'. :··, ·:_ Param.eterl: ;.', · ._: ... ::;:.:.:,· · -~>.::~;.:· >:·\:~'~:"':_~:;···:.·,. :~:=:-::;:f;S'.>nlstrl~~~i~~' 

. 'Abbnivla~on. · :. · - Descrip~lon ·· · -~: · ·. ·.·: ·. c~Pt~;~alue -~·.' ,. -~;. . ' :: iJP~ ;:<_>-~·,;._-:r · . · · :-, ~~;i~~~~ DeS1:ript~d 
i_._:~_~ .. -.·.' .. ,·._s.·_A.'_.·_·._.··:···,~:·, __ ... · .. ·_:· .. ·.·.< .. !·.sur:faceilreaot · · :· ''· 4656 · .'::, ·, Norcritical·to''·::· · N!A.:~,::;:;:·. ·.-,. '.·· ... 
:,,, .. ~. '· . exposed.sk_in (cm1) ' .·• . : :_' ... :(·>: :"". . )c::':'· .:· ::_: ~ncerta_lirty·_;~.:.:~:.• .·. /":'::';",'%~:;;~:-~:·:, '. :<:::,,::; 

.· ... · '· .. -Sl · \ . ..:· :. · Soifloadti'lg on skin :·. :. . ::\ ~P..·~ . ~ ::==;~:- ~- ,NOt ~ritical i£;.~~.:~:: · · · N/A. : ·· · ·· ·: ~ 
:;,~:_·: .:: · :; :_ :-3>'. · (mgJcrri2lday) · . : ·.. · ... . . -::;~~:,;,_:.·uncertainty"·:~-·_:. ..._ :'_~:':i.·:.~ .:t:. .. · · · .... 

..... "!•. 

~ . ··. 
· ....... 

Noi ~pplicabie .·, . . . . . 
· .. · ·Concentration in soli (See soilinge$~cin pathway.) ... :., ·. · 

.· .. . .. . . . . . . :. . . .. ~. . 

~-· ..... :: · · Eou~tion> :.. · · :._):'~; ,: .. :~ .. ~~:·-:· . .- . l · 

·. '· : . · .:, , .,·,Do5e~dermal = Cs"SA"Sl~ABS~E~·ED/(ABW•AT"1t+09) 
• ; ·J..~'-·· ... :. : ... ·.~. .. .. . - .. .. . .:·~":":' ; . ;._.:._:. .. :· ~ ..... ; : ._.: 

·.· ·.:.~:-· .. _·:.: .... :· ·. 
· Reterem:a~,~;:·:··" 

. c~t~q~: _,~~a·. 
·.: · .. .r-:·:::··f.r.·:···· 

CAPC9A;: 19,93 
. :.;.:::::..: .. ,;."':~·-­

.: ':::··i~ .. :' ~: ·. 

Table VI. Equations and exposure parameters used to estimate uptake via the veeetable ingestion pathway for both the reeulatory and probabilistic 
assessments. The type of distribution, relevant descriptors, and the basis for the PDFs used are presented . 

.. :,.':':'· .. ·parameters ........ . 
~--~----------~-----

·:AbbrevlaUiin · · · Descrtpiton 

_::·.: if. Interception· 
. .. . fraction· · 

.. Crop·specific · · . . . . ·· :.·~ . .-: ;, . .'.<· · ·. :··. CAPCoA;~'993-" 
Leaty=;0.2 . ·'· : : · · UnitorW!l. ·. M·i~:·:·o: 15; .< . · Max::_: 0.39 .... (excep(pastiire · 

... : ; Vine=0.1 . >Uniform: Min: ::o:n34~·~:-:· ·. Max: 0.073 ·:\ ·grasse~)·_,'::'·_, 
· Pasture grasses not provided, Uniform Min: 0.14 '·' ' Max: 0;84 >-·. Baes et.al., 1984 
.. · 0.5 estimated ... :: .... : · · ··· " ;-; . ··'· : ·' 

t, ..... . fl. 

Y· 

T 

BIO 

lif2 

Jfp· 

Lp 

Glp_ 

.. · : Half-life of contam· 
~· .. · inant on ·P.Iant.(D). 

· · · .. Yield (kgfm2) 

Growth period 
(D) 

Bioavalla­
billty 

Uptake factor based 
on soil concentration 

Rate of plant 
consumption 
(kg/D) 

Fraction of home· 
. grown plants 

Gastrointestinal . 
absorption factor 

· NIA = Nolljlplicable 
··· SD " Slandard-d!Niilian 
.. Mil Milim1m 

Max . : Maximtllll . 
· .ct Concentration in vegetation (JIO/ql 

. "14 ... 

Crop specific 
Leafy=2. 

Truncated 
lognormal_ 

. Vine=2 
Uniform 
Uniform 
Uniform Pasture grasses "'·2 

Crop specific . · · · 
Leafy:"90 
Vine=90 

Pasture grasses = 90 

Uniform 
Uniform· 
Uniform 

1· 

N/A 

Vine= 0.25 
Leafy= 0.01 

Site specific 

Point estimate 

. N/A 

Normal (covaried 
wi1h body weight 

based on:a normal 
distribution-for kg 

ingestion per ~g body 
·' weight per-day) 

Uniform.· 
Vine: 0.25 based on APCO 
leafy: 0.25 based on APCO 

llep 
. Cdep¥ 

Cs 
Clrans 
k 

1.0 . . Not crlllcal to· 
. . uncertainty 

•. Deposition~)· . 
= .Cotallrilion due to direcl deposition (llglkv) 
• . Awrage COI\Cenllllion in sol (mo/111). 

Concenll1tion due 1o roOt uplakl ~~ 
· Wealllering ~nstant (D)·• 

···.· .. : . : ... 

Mean:· 10 
Mlri: 2.8. 

. Min:-2· .. •· 
Min: 2 

Min: o:oos· ... : 

Min:.45. · 
Min:. 45 
Mlri:.14 

.N!A 

"N/A 

s:o.: 3 .. , 
Max: ·34 

MaX: 4.4 . 
Max:· 4.4 
M~: 0.63 

Max: 90 
Max: 90 

. Max:·45 

lfp = ABW* (ingesiio~/b~dy ·· 
.. , :: . ·weight-day) . · · · ·. :. 
. _:Mean:. 0.004 kglkg7day 

· : s:o~: o.ooo3s 

· ... ... : 

Min:·0.4 
Mln:·:o:o4 

· · Max:' 0.75 . 
. .Max: ·o.2 '~'--'· 
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T11ble VIL Equations and e~posure parumeters used to estim:ne uplllke via the beef ingestion pathway for both the regulatory und prob:tbilistic assel!srnents. 
The type of distribution. relevant descriptors, and the basis for the PDFs used are presented. 

,. 
·. . :.:Parameter.:. ·. , : ~=··= :·=.:· .. .... 

Abbrevlatl!)n::·: .. · ·Description:....:·· >~; ,,· <'cAPCOA 'vatu~ · 

. ·RR, ~: . Inhalation rate- · "-·· ·' · '. · · ..... ·. 80 

... %G, . ~;~t-diMby,.·.;:;r\!..'L\~'~::r 

·L ·.·-· .. ;: : ·. .-.Percent of feed-:'· :· · 
'.:·.~_.:·.:.: .. ::·. ::. ·: -lo·cany crown. : . :~,. 
· · · · , . (not from pastUre) ·; 

.. ·.· . . - . -
%st: ... ·,, · ·. · soiltngested as a: · · · 

· . , . : percent of .feed · 

Fib. 

Soil·ingested as a · · 
percent of pasture. 
grass ingested . :·. 

· · Transfer coefficient 
. . from feed to meat . 

(Dil<g) . 

., 

.. ; . . Si~e specific· .. 
. · (O.used) · 

.1· 

5 

0.4 

· · Typi 

Notcritical to 
· · ·uncertainty 

Uniform 

Normal 

N/A 

Not critical to 
. uncertainty 

Uniform 

Discrete 

Distribution . · 

Relevant Destrlplon Reference· 

N/A 

Min:90 

Mean: 8 

N/A 

N/A 

Min: 1.1 

(0.1' 0.4) 

CAPCOA. 1993 

Max: ~5 ·~· CAPCOA. 1993 
Jensen, 19~1 

s·.o.: 2:2 .. :. · . CAPCOA, 1993. 
:: . ·· NRC,1965': .·. , ... : 
· · '· ~ McKone and: 

·Ryan, 1989· · 

Max: 1'7:5 

.. ·,·:: 

.. ·'cAPCOA, 1993.: 
:,_Jensen, 1991 · ·' 

CAPCOA, 1993 
. .. Jensen, 1991 

CAPCOA, 1993. 
McDowell, 1965 

CAPCOA, 199:t 
· ' ·Jeri sen 1 981' · · 
. · ::·:Clement, 1sa8· · 

. . ·· _ :,: Fries and Pau- · · 
· · <·.· ·.:-stenbach, 1990 

lfb Rate of beef 
... ·:·.consu!llption.(kg/0) .. · · 

0.100 Normal {covered 
with body weight 
based on a normal· 
distribution for kg 

~ . . . .. ·::. Ingestion per kg body 
weight per .day 

·Lb ·;:'~· .,: -~ ~-.. Fractiorto1beef .. :;.::.:,. :: : . : ·si.te.specific, 
..... ·· ·' :.,::': :.:;:: locally produced·:.:·· . estimated value0'.10 ··. . . . .·· ~- ' . . . . . . .. . .: . '", . . . 

The bases for the 33 exposure parameter distributions used to 
estimate dose in the probabilistic assessment are presented in 
Tables 0-IX and in Appendix A. 

Risk Characterization 
The. Monte Carlo simulation was used to calculate the 

pathway-specific Lifetime Average Daily Dose (LADD), the total 
LADD, and the incremental lifetime cancer risk (lLCR). The 
ILCR was calculated using the following equation3·'': 

Risk (ILCR) = CPF x [LADD;n~~ + LADD.ontnacs. + 

LADDdc,,..t + LADDvea. 1111,L + LADDbccflnses. + 
LADDo~a;ry min.+ LADD111.ntiltl 

Uniform 

Not critical to 
uncertainty 

Min: 0.065 

The results of the probabilistic assessment are presented in 
Table X and Figures 3a and 3b. They indicate that the 50th and 
95th percentile LADDs for the location receiving the highest 
deposition ofpaniculates from the facility were 2.3 x 10·11 mg/ 
kg-day and2.9 x IO·IOmglkg-day, respectively. Using the point 
estimate approach, the estimated LADD was 9.0x lO·IOmglkg­
day (Figure 3a). In short, the CAPCOA methodology predicted 
an intake of TCDD three-fold higher than the 95th percentile 
dose and about 40-fold greater than the 50th percentile dose. 

When the probability distribution for d1e CPP for 2,3,7 ,8-
TCDD is considered in the probabilistic assessment, the pre­
dicted 50th percentile ILCR is 1.5 x 1 0·1, and the predicted 95th 
percentile ILCR is 2.0 x 10-&. The ILCR estimated in the 
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Table VlJI. Equations and exposure parameters used lo estimate uptake via the dairy milk ingestion pathway for both the regulatory and probabilistic 
assessments. The type of distribution, relevant descriptors. and the basis for the PDFs used are presented. 

>)"·' Flrn_~'·.:-· :.·,·:'·".Tr~~ster c~f.riclent::.,· . .- ... ,;:··,.- . 0.04 ............ ''· l;llscrete.. · ·· ·. ... {0.091,:·· ... - · .. : . . ·_:·:·" : . · · CAPG0~~19~;i . .-

·f.~_;_~.: .. _·_l_._ .. ~.·l,~fm.~.:1_.·_;_l~_ ... !t.~_1c~:o~nfs;u''m:':pPt ••• l;oJn~oltlk 
1

L. -!,~'-_::··-- :(r-:.· '' : Jt-· ,:;i --·-··· ·-·-··: ·.:. ~~·g~:~ }: -~--;;' : ;,_?: -~;; ~~~l~ 
.. -·-.. o.3o·~-: Nor~~l:(~o-variedwi~~-i\·.:-~··; . ifb~ABW~:.:: . .-:-" ·.;cP.PcoA;'J993;;:· 

.t,:-:;lr~ .. : .. );·~·''::::::: d~liry milk (Uday) , . _. . . . ... =: body we!ghtbased : ·:: .. (ingestion/body weight-day) USDA 1982>:< :-

~~:;~1·]@-: -- / ' - -~~;~~!~=· : -= -i -S».o o.OOlm. -_ ·•-- , .J!i: 
.. ~ . . ... .. 

\ -~-::J.:m_ ;:·: _; . :_ . ·Fraction of qairy milk 
. . . . locally produced 

0.21 Uniform· · Min:. 0.067 Max: 0.21.·· · Jensen ·:1991 '· 
Ensmi~ger, ., . · 
1976 .J -...• : 

... 

Glm:'- · Gastrointestinal 
absorption factor 

1.0 Not critical to 
uncertainty . 

.NiA . CAPC0~.:~993. 

NIA .. · =' : Not' a~pllcable 
· .SD · = ·Standard deviation 
- Mlil .. · • : -Minimum• . 

: .-.;~ , .··~· _Maxlniv!ll . .. . . . . 
GLC · · .. • · ;Ground-Jevel concentration {llglm') · 

· .ct · · _. " ···Concentration in Ieee! (~D) (See veoeaauon 
. · . pathway-pasture gressesj: · 

. :. Sl, · • •. · SOil-inDBStlon rate (kg/D) · ' 
•·. ,•' r -~ . : . . 

regulatory assessment is 8 x 10-5, a value about 500-fold 
higher than 50th percentile risk. The inclusion of a probability 
distribution for the CPF in the probabilistic assessment 
reduced the estimated 95th percentile risk by approximately 
40-fold. The ILCRs estimated by the re~ulatory and probabilis­
tic assessments are compared in Figure 4. 

As shown in bOth the regulatory and probabilistic assessments, 
the indirect (secondary) exposure pathways are primarily respon­
s:ible for potential health risks associated with PCDD/PCDF 
emissions (Figures 5a and 5b). These results are in agreement 
with the analyses of Stevens and Gerbec3S and of Fries and 
Paustenbach34 and are consistent with the recent EPA analysis.2.~ 

Equations: 
.Cia= (Inhalation +·feed iooeslion +Grazing ingestion+ 
· . Soillngestlon)~Flm .. 

· ·=lnhalilion" RR~Gl.i:: '-. · 
:. Feed ingestion ··t1-%G)•fim"L"CI· 
: Gnizlng Ingestion= %G•et•f.lm .. _. · · ·' 

. ··.s~lt Ingestion.· St•es . . ·. . .:. ··. ·. 

Sl·· ((1·.%G)•%st•ft) •·%G•_IJ.Sp:"Fim ~-
. Dowdai_!}t milk lnges • etm•tfm•G·I~L "E0f(A8W" AT.•1000) 

·,··. 

. :."-;:-*: :· 
~· :. -·~· ·. :~ ... 

. =--- .... ~.: '···. 

It should be noted that pathway contributions are different for 
the deterministic and probabilistic assessments due to the 
variability in the percentile value represente~ by the point 
estimate. 

The probabilistic analysis suggested that the 95th percen­
tile concentration of TCDD TEQ in soil is 0.2 ppt. This soil 
concentration did not produce significant human exposure via 
the direct exposure pathways (such as soil ingestion. dermal 
contact, and inhalation of fugitive dust emissions). Interest­
ingly, the range of predicted soil concentrations (in the low 
parts per trillion range) plausibly resulting from the emissions 
are characteristic of background levels of the PCDD/ 
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Table IX. l:.quations and exposure parameters used to cstimlllc uptake: via the mother's milk ingestion pathway for both the regulatory and probabilistic 
assessments. 111e type of distribution. relevant descriptors. and the basis for the PDFs used are presented. 

Abbreviation · · Description 

~ Half-life. of;: ·. · .. ; · 
contaminant.ln;.-:: : . 
mother (0)':' .. 

t1 ~ ·. Fraction at(.; .. • 
· contaminant that·.· · 
: partitloris'·io. . , ·: . 

mothtirs.tat .. :::::,: 

0.9 ;_,;. · ->.'· Uniform. 

•,:' • • • ' I .': :...· •• : .:~~ •• :.;~_·,:.·~·~:.:_:·· ••• \ ;' •. :_:·.:;:.~:.'/: ~:.·.·. ' • • 

. • : • • -.: _·_:! ... ~- .. - ·-

Reference 

Poig.er and 
Schlatter, 1986 

Smith, 1987 

. PerceriftaHn · . . · · 
.. ~·-ma~·~t::~·;·~~~~-~~~r-- · · 

·:4:o: · •·· Uniform Clement, 1988 · : . 
. ; __ . __ ·:' .: __ ,. ·_.·: .: .. ;-. -~ :· .. 

. 12 ~ ... 

DERm .. 

·Percent' mother's ... · . 
weightthi!ti~fat:. -. >· . ·. : _, ... · . . ... :. . . 

Daily: hj~the~s niilk · 
ingestion rat~_(k~/0) · 

. •. ;:_ . ~ .. 

·33, ·.:. 

·.: a:s .. , Norin~l (covari!Jd · · ....... : ·_ :: OERin~Aew•ing;;tionibottY:· · 
.. with body weight. •' .. ,:;-: .. -~; .: ,. ' .•.. ·, weight'-:day .. ' . -~ ... 

. based_qn average.kg , · .~ .. ·Ayeraoe:lilQI!Stlo"':·per kJiogram 
..• i_ntake per kg bodY. • ... . : ·: · ··:·: :_. ·: :: ~.7~~.kgfko:~ay ·: 
; , :.weight per day) ::'· '<-< .. ~ .' ... , ... · ;::.:f;·_, .: ... · .. ·: · 

Butte et al, 1991·: 
·-:-·- . 

Butte;1984 
Darling, 1993 

.F. FrequencY.. of . 365 Uniform Laleche, 1991 
. expo~ure (DIYR) 

Y.R, : Breastfeeding .. 
.;~ · __ .;·_. period-(YR): -:: . 

.. ·., ........ · . 

1 CAPCOA, 1991 .,· 
·.· ·.· 

'';~- . ........ ·. -.~ ~-- ':~·:-:..' !··, ~ l 

. · ..... ·. 
• • : Y' 

Normal EPA,1989 

·:-·· 

PCDFs.25,37.JI The predicted level in soils adjacent to the facil­
ity was compared with the typical regulatory action levels in 
residential settings and the typical background levels in rural 
areas. Results support the conclusion that PCDDIPCDF emis­
sions from incinerators with proper air pollution control de­
vices will rarely pose 11. significant health concern due to 
chemical uptake into food and animal pathways. 

The results of exposure estimates can often be validated 
using field data. For example, in the regulatory assessment, 
consumption of dairy milk represented the greatest single 
contribution to the total cancer risk (47%), while about 40% 
of the dose was associated with ingestion of mother's milk. 
However, studies have shown that the uptake of PCDDIPCDF 
by grazi.ng animals is less than would be expected; much of the 
PCDDIPCDF is never absorbed by the cows because of the 
strong chemical adsorption to soil, biodegradation in the rumi­
nant gut, and, to a lesser extent, photodecomposition)• With 
the availability of highly sensitive analytical methods, labora­
tory analysis of meat and dairy milk is recommended in cases 
where significant animal body burdens are predicted by risk 
assessments, which rely upon default transfer coefficients. 

Conclusions 
This assessment illustrates the degree of conservatism in 

the current California regulatory approach for the assessment 

• .••• f_' • 

-!-. 
. ' ::> 

~.;. 

~: 
• -~ .f' •• . ,;-,..• .. ~.-r. .. ~ ... • 

.=·-::···· •. ·. . ::=.~ 

of to:llic air contaminants. In our case study, the point estimate 
(regulatory) approach predicted a cancer risk that would be 
deemed significant (greater than }(}.5); the 95th percentile cancer 
risk estimate, characterized by lhe probabilistic assessment. is 
well below this value. Most point estimates suggested by CAPCOA 
were at the 95th percentile of the distribution. Thus the result 
yielded risks greater than the 99th percentile. Based on the point 
estimate approach, this facility would be required to notify the 
public thata "significant"health risk was present and would likely 
be required to implement several emission controls. 

Our assessment indicates that the indirect (secondary) expo­
sure pathways (beef, dairy milk, vegetable, and mother's milk 
consumption) compose approximately 95% of the total dose. 
Estimates of the dose caused by these pathways have the highest 
degree of uncertainty because of the number of parameters that 
are considered and the compounded use of conservative assump­
tions. The uptake of PCDDIPCDF estimated by the probabilistic 
method could, in fact, be less than estimated because when the 
data were inadequate to assign a specific distribution, the data 
were conservatively represented as a uniform distribution. There­
fore, future work should emphasize better' characterization of 
secondary pathway parameters. A quantitative assessment of 
uncertainty of the emission estimates and air dispersion modeling 
parameters would more completely characterize these results, 
but such work goes beyond this analysis. 
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This paper shows how the application of probabilistic tech­
niques can provide a more complete characterization of a 
potential health hazard than that presented using a point esti­
mate approach, and offers substantial insight into quantifying 
the conservatism in typical risk assessment methods. Fonu-

.... ..... 

(A) Probability Dl•trlbution for 'Toa.l DOR 
R.esultln(l From the· Probabilistic Aasesnneal 

• ' ,. tl .. .. 

Tllllll n.- (V-'""' m ''"" ~ 

(B) ProbebUity Dentlly Function ror Total Risk 
ReaulfiDB From tht ProbabUistlc Auesslnent 

I tl l.r .. 
Tollll llllk (V._ Ill Ill") 

.. .. 

.. .. 
Figura 3. Probability distributions representing (A) total dose (uptake) (mg/ 
kg·day) and (B) total risk for the maximum exposed individual living within 
10 kilometers of the facility resulting from particulate emissions. The point 
estimate resulting from the regulatory assessment is indicated on each 
chart. 

nately, both EPA and the Food and Drug Administration have 
begun to consider assessments that rely upon probabilistic 
methods, even though the results of assessments based on 1he 
point estimate approach must usually accompany the submis­
sion. It is anticipated that state and local agencies will soon be 
receptive.J9 For example, in 1992 EPA issued a memorandum 
encouraging the agency to consider the results of probabilistic 
risk assessments.~o To encourage acceptance of this methodol­
ogy by regulatory agencies, standardized, scientifically veri­
fied parameter distributions must be developed for health risk 
assessments. 
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Ap-pendTiA- ExposureParameie-rs and Associated 
Probability Distributions 

Inhalation of Particulates 
For the regulatory and probabilistic assessments, exposure 

via inhalation is estimated using the algorithml and exposure 
parameters presented in Tables II and III. 'In accordance with 

(A) REGULATORY ASSESSMEHI' -c•~:•• •o-'1 

........ .......... -
..... ,., ... o"l 

I i 
I 

(B) PROBAIIILISTIC ASSESSMENT 
(al the 15th Pen:•ntlle) 

-~ 

~@~¥== REOUU.TOIIT ASSESSMENT 

I P--.ISTIC AS&&8SMENT 

C""'O& 
Mil 

Figura 4. A comparison of the plausible increased lifetime cancer risk 
(ILCR) at the 50th, 90th; and 95th percentiles as predicted In the probabi­
listic assessment compared with the point estimate of risk predicted using 
California's recommended approach for compliance to AB2588. This degree 
of difference in estimated risk between a regulatory point estimate approach 
a no a Monte Carlo approach can be expected for nearly all assessments of 
PCDD/PCDFs In aerial emissions from Incinerators, combustors, and re­
source recovery units. 

Dtalytng-
133!':7••r"' 

to..a::n.~ i • ,o·11J -·­co.-; 1al041 

~ ....... ...­
cu;..;a. ~ 

Figure 5. The pie charts represent the fractional contributions to risk for 
each exposure pathway. Pathway-specific risks resulting from the regula· 
tory assessment are depicted in (A); those from the probabilistic assess­
ment are depleted In (B). 
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the approach suggested by CAPCOA,3 it was assumed that 
I 00% of inhaled particulates are retained in the lung (BIO;nh): 
however, only a fraction of inhaled particulates are retained 
in the lung because a large portion of the mass of suspended 
particulates is exhaled and/or swallowed. 

The probabilistic assessment accounted for particulate re­
tention in the lung and transport to the stomach. For example. 
it is known that 24-37% of all inhaled particles having a mean 

(A) 

NorfiUII Dlurlbutlon 

-1 ---•... 
' I·· .t .... 

u • " • ~ 
........... \llll~~itP~t tDop ..... 

(81 

Uniform Oloull>ulion 

•... 
...... . .. 

fr•ctfon of leaf Con ... mp11on from Locel Sour~•• tp•reanU 

Figure&. Probability distributions tor (A) body weight (Snyder. 1984), and 
(B) traction of diet composed of locally grown beef (Jensen, 1991: Ensminger, 
1976). 

Table X. The calculated plausible increased lifetime average dally dose 
CLADD) and the associated plausible cancer risk posed by dioxin emissions 
from a combustor for the ma7.imally exposed person based on the probabilis­
tic assessment. 

diameter of2 j.liTI are retained in the lung." 1 For the particulates 
inhaled but not retained in the lung, approximately 25% are 
exhaled and 38-51% are eventually swallowed."' To accu­
rately estimate uptake via ingestion of inhaled particulmes. the 
oral bioavailability factor must be considered. Based on pub­
lished work:u a value of 43% was used, which is consistent 
with most published assessments of PCDD/PCDF. The per­
centage of inhaled particulates retained in the lung or ingested 
following inhalation was also accounted for and was character­
ized by a uniform distribution with a range of 46-59%. This 
percentage accounts for the fraction retained in the lung. the 
fraction swallowed, and the oral bioavailability applicable to 
the swallowed fraction. To ensure that the CAPCOA3 value 
was included as a plausible value within this range, a uniform 
distribution of 46-100% was used in the probabilistic analysis. 

The CAPCQA3 guidelines require the use of an exposure 
duration !.ED) of 70 years. In our probabilistic assessment. the 
range and distribution for ED was developed based on a survey 
conducted by the U.S. Census Bureau and previously evaluated 
by EPA."J·44 Several published assessments have adopted 
similar distr.ibutions. 13.U The percenta&e of persons living in 
current residences for specified ranges oftime was also consid· 
ered. These data were presented as a cumulative distribution 
ranging from a minimum residency of one year (7 .5th percen­
tile) to greater than 33 years (93rd percentile). The same range 
and distribution for exposure duration was used for all expo­
sure pathways. Based on the probabilistic assessment, the 50th 
and 95th percentile doses resulting from inhalation were 7.09 
x 10·13 and 3.77 x 10·12 mg/kg-day, respectively, compared to 
5.69 x 10·12 mg/kg-day estimated using the point estimate 
approach (e.g .. the point estimate was similar to the 95th 
percentile value). 

Ingestion of Soli 
Uptake of PCDD/PCDF via ingestion is dependent upon the 

concentration of 2,3,7,8-TCDD TEQ in soil and the quantiry 
of soil ingested. The CAPCOA3 guidelines provided the equa­
tion to estimate the steady-state concentration of 2.3,7,8-
TCDD TEQ in soil caused by aerial deposition for both the 
regulatory and probabilistic assessments. This equation and 
the parameters we used are presented in Tables II and IV. When 
the source of aerial contamination is from a single point. the 
contaminant concentration of the soil can be reasonably pre­
dicted at specified distances by accounting for dispersion and 
deposition. The deposition velocity (Dep-rate) is dependenr on 
particle size.4S,46 Particles less than 5 j.IJll in diameter (kiln 
emissions were approximately 2 J.lffi) have been characterized 
as having a deposition velocity between 0.003 and l em/sec 
(2.6 and 864 m/day, respectively), a rather broad range:'' A 
statistical review of these data and tho&e reported in another 
studyJ4 suggested that the deposition velocity of particulates 
less than 5 j.IJll is lognormally distributed, with a geometric 
mean of 300 mfday and a standard deviation of 3.46 This value 
includes both wet and dry deposition processes because both of 
these processes contribute to the removal of atmospheric 
PCDD/PCDF.•7 Because the McKone and Ryan analyses46 
are generally accepted, these value& were used in the probabi­
listic assessment. The CAPCOA default value of .5 em/sec 
(4320 m/day) was used in the regulatory assessment. 

For the soil ingestion pathway. the CAPCQAl default expo· 
sure values (with the exception of soil concentration, exposure 
frequency, and exposure duration) were used to estimate up­
take via soil ingestion (e.g., 100 mg/day) in both the regulatory 
and probabilistic assessments and are presented in Table IV. 
Based on the probabilistic assessment, the uptakes via inges­
tion of soil for lhe 50th and 95th percentile persons were 
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estimated at 1.83 x 10-•• and 1.69 x 10-13 mg/kg-day, respec­
tively, compared to 1.58 x JQ-12 mg/kg-day based on the 
regulatory approach. 

Dermal Update 
Uptake via dermal absorption is dependent upon the con­

centration of the chemical in soil, adherence of soil-to-skin 
(soil loading). exposed skin surface area, and the fraction of 
chemical absorbed. The estimated concentration of 2,3,7,8-
TCDD TEQ in soil was discussed in the previous section. The 
daily uptake via dermal contact was estimated using the equa­
tion presented in Table V. As dermal absorption did not 
significantly contribute to total risk, the CAPCOA default 
values (with the exception of exposure frequency and duration) 
were used to estimate uptake via dermal absorption in both the 
regulatory and probabilistic assessments (Tables II and V). 
However, a more precise estimate could be made using re• 
cently published analyses. 

Based on the probabilistic assessment, the 50th and 
95th percentile doses were estimated at 8.07 x I 0-• 6 and 7.38 x 
10-IS mg/kg-day, respectively, compared to 5.62 x 10-•• mg/ 
kg-day estimated using the point estimate approach. 

Ingestion of Vegetables 
Exposure via ingestion of vegetables is a function of the 

concentration of chemicals present in or on the vegetable and 
the rate of consumption. In accordance with the CAPCOA 
guidelines,3 the equations and parameter values presented in 
Table VI were used to estimate the concentration of 2,3,7 ,8-
TCDD TEQ in vegetables (and pasture grasses for the beef and 
dairy ingestion pathway). 

The fraction of deposited particulates retained on a veg­
etable surface (interception fraction, IF) is dependent upon the 
crop type and crop yield.25·3• CAPCOA has characterized 
vegetable/crops into three groups: leafy vegetables (e.g., let­
tuce, spinach, cabbage), vine vegetables (e.g .. tomatoes, 
squash). and pasture grasses. Leafy vegetable crops, with an 
average yield (Y) or density of 2 to 4.4 kg/m~. intercept 15-
39% of deposited particles settling onto edible plant parts.J~ 
Vine vegetable crops, with an average yield of 2-4.4 kglm2, 
intercept 3.4-7.3% of deposited particles.~-"& Pasture grasses 
(cattle feed) yield 0.005-0.63 kg/m', which correlates with 
interception factors of 11-84%.4 • These ran!?es for yield and 
interception fraction were used in the probabilistic assessment 
for leafy vegetables, vine vegetables~ and Hrazing pastures. 
respectively. The interception fraction values for leafy and 
vine vegetables and pasture grasses are lower than the values 
cited in EPA's 1992 reassessment of exposure to TCDD.2~ The 
crop yield for pasture grass and hay presented by Fries and 
Paustenbach34 cited by the EPA25 indicates that a value of 
2 kg/m2 is appropriate. Stevens and Gerbec-1~ have suggested 
higher crop yields for leafy and vine crops at 8.6 and 12 kg/m2, 

· Because inadequate data existed to accurately assign specific 
distributions, uniform distributions were assumed for both the 
interception fraction and crop yield. 

The weathering constant for vegetables (k) is the decay 
constant for the disappearance of the chemical from vegetable 
surfaces. This value is a function of the half-life of the depos~ 
ited chemical on the surface of the pl;mts (e.g., k = 0.693/t 112P 
The regulatory default value of 0.05/day (based on a half-life 
of f4 days) was based on numerous values for the disappear­
ance of radi"onuclides from plant surfaces as a result of weath· 
ering and wash-off.•s Prior published assessments suggest that 
the haJf.Jife of most particulates on plant surface!' (based on 
radionuclide data) ranges from 2.8 to 34 days.J.~.4s The half-life 
of PCDDs/PCDFs on plants, however, may be dependent on 

additional processes including volatilization, biodegradation. 
and photo-oxidstion.34·4• Based on-the work of Baes et al.,•• in 
the probabilistic assessment a lognormal distribution was 
used for the weathering constant with a geometric mean equal 
to 0.0693 (days)·• and a standard d~viation equal to 0.231. 

The uptake of PCDD/PCDF by plants from soil is not 
significant, due in large measure to its low water solubility,,.. 
Field data support this hypothesis. Therefore, this factor (C,,. .. ) 
was not included in this assessment. Exposure via ingestion of 
vegetables impacted by PCDD/PCDF deposition was esti· 
mated using the equation and parameters presented in Tables II 
and VI. Default consumption rates (lf,) for vegetables sug­
gested by CAPCOA were obtained from the U.S. Department 
of Agriculture (USDA).•9 The USDA values are 0.25 and 0.01 
kg/day for vine and leafy vegetables, respectively. Using data 
from these studies, the EPA .. estimated the fraction of all 
vegetables consumed (L,.) for rural, suburban, and city house­
holds from homegrown gardens. 

Based on the probabilistic assessment, the 50th and 95th 
percentile uptake of PCDD/PCDF for leafy and vine veg­
etables combined was 1.37 x 10·12 and 8.27 x 10·12 mg/kg-day, 
respectively, compared to 8.29 x 10·11 mg/kg-day estimated 
using the point estimate approach. In short, the point estimate 
approach suggested an uptake twofold greater than the 95th 
percentile value. 

Ingestion of Beef 
The concentration of PCDD/PCDF in cows that graze on 

contaminated soil and inhale contaminated air is a function 
of the animals~ exposure via inhalation, ingestion of grain, 
ingestion of pasture grass, and soil ingestion while forag­
ing,3• In Table VII, an equation recommended by CAPCOAl 
estimates a steady-state tissue concentration of TCDD in 
grazing cows. 

At this site, cattle grazed on natural and irrigated pasture 
within two kilometers of the facility, and their diets were 
supplemented with protein-enriched feed. The supplemenu 
did not originate from areas that would have been influenced 
by aerial emissions from the facility. Only particulates depos­
ited on the surface of the grass and soil were considered as 
ingested by grazing cattle. 

The CAPCOA3 has identified a chemical food-to-beef trans­
fer coefficient (Fi.,) of 0.4 day/kg for PCDD/PCDF based on 
its interpretation of the data for 2,3,7,8-TCDD. This value 
is based on a study conducted by Jensen et aJ.so in which 
cattle were fed diets containing 24 parts per trillion (ppt) 
2,3,7 ,8-TCDD for 28 days. The cattle were returned to a normal 
diet for another 36 weeks followed by tissue analysis. TCDD 
residues in the liver. kidney, and muscle· were lower than the 
TCDD diet level. However, the level found in the fat tissue was 
approximately four times higher than the diet leve].so Results 
suggest that the concentration of TCDD in muscle is propor­
tional to the percentage of fat in that organ. Therefore, assump­
tions regarding the steady-state body-burden and 25% meat fat 
resulted in the estimated transfer coefficient of 0.4 day/kg,,., 
The Jensen et aJ.so data were reexamined by Fries and 
Paustenbach:\4 who, by correcting for the oral bioavailability of 
2,3, 7,8-TCDD and the high administered doses, recommended 
a diet-to-meat transfer coefficient of 0.1 day/kg for cattle.J4 
The EPA15 cited the data presented by Fries and Paustenbachl• 
and used a diet-to-meat transfer coefficient of 0.15 day/kg for 
evaluating the potential health risks for 2,3,7,8-TCDD. The 
0.1 day/kg value is now generally considered more valid for 
the purposes of the probabilistic analysis. However, the trans­
fer coefficient values of 0. I and 0.4 day/kg were assigned 
equal probability. 
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The uptake of PCDD/PCDF by beef cattle is primarily 

caused by incidental soil ingestion (SI) associated with normal 
gruz.ing.J4 The soil ingestion rate, as a fraction of pasture 
grazing (%Sp), ranges from l.l-17.5% of the dry mass con­
sumed.~• A uniform distribution was assigned to this param­
eter. The value recommended by CAPCOAJ for soil ingestion 
rate is 5% of dry mass intake. Table Vll presents the par­
ameters used to estimate the concentration of 2,3,7 ,8-TCDD 
TEQ in beef. 

Table VII also presents the equation and pathway-specific 
exposure parameters used to estimate uptake of PCDD/PCDF 
via ingestion of beef as recommended by CAPCOA.J The 
relationship between food intake and body weight was ac­
counted for in the probabilistic assessment. McKone and Ryan46 
estimated a meat intake per unit body weight for adults based 
OJ'I_!lle data of Yang and N~ls_on'_l_a!l,d the I,ISSIJmptjon that food 
intake is directly related to body weight to the two".:thirds 

1 power. A mean of 0.0033 kilogram meat per kilogram body 
weight per day und standard deviation of 0.00037 for adults. as 

, calculated by McKone and Ryan,•& were used in the probabilis­
tic assessment for the rate of beef intake. 

The fraction of consumed beef that is locally raised beef ( Lb) 
can be estimated by dividing the amount of local beef produc­
tion by the number of people in the area of its distribution. The 
grazing area in the facility's zone of impact is approximately 
10 square kilometers. This area is capable of supporting 494-
1.236 head of cattle, assuming that the grazing land is irrigated 
pasture,S3 On average, 43% of a cow's weight is converted to 
commercially sold beef.S4 Assuming the average weight of beef 
cattle is 500 kg, this yields 107,000-267,000 kg of beef avail­
able to be sold locally. Assuming that all the beef is distributed 
in local markets, it can be estimated that a typical resident 
consumes 0.0049-0.0122 kg/day of local meat based on the 
total amount of locally grown beef. These values constitute 
6.5-16.3% of beef that is locally raised (Figure 6). Since the 
basis for this range is the number of cattle that can be supported 
on 10 square kilometers, it is impossible to specify the distri­
bution type. Accordingly, a uniform distribution was assumed 
with a range of 6.5-16.3%. 
· In our probabilistic assessment, the 50th and 95th percentile 
doses for beef ingestion were 1.14 x 10-11 and 1.98 x IO·•o mg/ 
kg-day, respectively, compared to 2.26 x 10-1o mg/kg-day 
estimated using the regulatory approach. Like several other 
exposure parameters, the point estimate value was similar to 
the 95th percentile value. 

Ingestion of Dairy Milk 
Human uptake of PCDDIPCDF via ingestion of dairy milk 

depends on the chemical concentration in the milk and the 
consumption rate. The concentration of PCDD/PCDF in dairy 
milk can be estimated using a formula that accounts for chemi­
cal uptake by the cow and the transfer coefficient from con­
taminated intake to milk (Fi.,.)3. The formula presented in 
Table Vlll is similar to the one used to estimate the concentra· 
tion of PCDD/PCDF in beef. 

1t is uncommon for lactating dairy cattle to graze on pasture 
grass in the United States.3~ However, to be conservative, we 
assumed that dairy cattle at this site grazed on some natural and 
irrigated pasture within two kilometers ofthe facility. The diet 
of virtually all dairy cattle is supplemented with protein­
enriched feed grown outside the facility's zone of impact. 

. CAPCOAJ suggests a transfer coefficient from diet-to-milk 
(Fi,.) of 0.04 day/liter for PCDD/PCDF ingested by dairy 
cattle. Thia value is based on an average of three estimates 
derived from two feeding studies,'o.ss and one e&timate based 
on the octanol:water partition coefficient for 2,3,7 ,8-TCDD.56 

P.15 

Jensen et al.'O suggested a diet-to-milk uptake factor of 0.008 
day/liter from their study in which three cows were adminis­
tered TCDD as a contaminant in 2,4,5-T over a 77-day period. 
Fries and Marrow3' suggested an uptake factor of0.09 day/liter 
based on Jensen's study so of the transfer of2,3,7 ,8-TCDD from 
feed to milk by adjusting for the differences in fat content of 
milk {4%). Based on the octanol:water panition coefficient for 
organic compounds, Travis and Armss6 estimated an uptake 
factor of 0.032 day/liter. As suggested by CAPCOA,l the 
regulatory assessment used the average of the three values. 
Fries and Paustenbach34 recommended using 0.01 and 0.02, as 
did EPA in its 1992 reassessment of exposure to TCDD.25 For 
the probabilistic· assessment, all three values were assigned 
equal probabilities by using a "discrete-uniform" distribution. 
Table VIII presents the parameters used to estimate the con­
centration of 2,3,7,8-TCDD TEQ in cow's milk. 

The mean milk consumption rate (IF,;;nn the United States 
is 0.33liters per day, with a standard deviation of0.24llters per 
day.49 The CAPCOA default value of 0.30 liters per day is 
taken from a 1982 USDA study.l For the probabilistic assess­
ment, the milk consumption rate was linked to body weight. 
Data for milk consumption rates reported by Yang and Nelson'2 
were applied assuming that food intake scales with body 
weight to the two-thirds power (based on McKone and Ryan), 
such that one could calculate a mean and standard deviation of 
0.003 and 0.00062 kilogram milk per kilogram body weight 
per day, respectively. These data were used in the prob­
abilistic assessment. 

To estimate the percentage of locally produced milk of the 
total milk consumed (L,..), the quantity of milk produced by the 
local dairy was averaged over the local population. In this 
study, the local dairy maintains about 80 cows and produces 
1,200-4,400 liters of milk per day ( 15-SS liters per cow). By 
distributing that production rate over the local population of 
60,000, a per capita consumption of locally produced milk was 
estimated to be 0.02-0.07 liters per day. To derive the fraction 
of locally produced milk consumed daily, these values were 
divided by the average milk consumption rate. The fraction of 
locally produced milk consumed was assigned a uniform range 
with a minimum of 6.7% and maximum of 21%. As recom­
mended by CAPCOA,' the site-specific maximum value of 
21% was used in the regulatory assessment. Parameter values 
used in both assessments are presented in Tables II and vm. 
Based on the probabilistic assessment, the 50th and 95th 
percentile doses for dairy milk ingestion were 4.63 x 10·12 and 
8.71 x 10-11 mg/kg-day, respectively, compared to 2.85 x 10·10 

mg/kg-day estimated using the point estimate approach. 

Ingestion ol Mother's Milk 
Uptake of PCDD/PCDF into mother's mi1k depends on 

daily intake rates and specific partitioning into milk. The 
algorithm recommended by CAPCOA3 to estimate uptake, 
based on the work of Smith,'' is presented in Table IX. 

The concentrations of PCDDJPCDF as 2,3,7 ,8· TCDD TEQ 
in human mother's milk can be estimated based on the relative 
partitioning between various body fluid compartments (e.g., 
total body fluid, plasma, fat, milk). Although some of the key 
physiological factors that govern PCDD/PCDF partitioning 
into mother's milk (e.g., maternal fat content, partition coeffi. 
cients, breast milk composition) have not been studied in 
sufficient detail to accurately characterize parameter distribu­
tions, their variance ls anticipated to be relatively small • 

The equation and parameters presented in Table IX were 
used to estimate the uptake via ingestion of mother's milk. 
Various values for mother's milk consumption rates (DERm) 
have been reported, most of which fall within the range of 
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0.6-0.9 kg/day, as described by Butte et ai.~B.~9 Recently, 
Dewey et. al.60 reported breast milk intake rates that are 
correlated with infant body weight. An analysis of breast 
milk ingested per kilogram body weight per day indicates that 
intake rates are significantly different at three, six, nine, and 
twelve months of age. The average of these values was used 
and linked to a normal distribution of infant body weight 
based on data by EPA.44 The maximum value of 0.9 kg/day 
was used in the regulatory assessment as recommended by 
CAPCOA.3 An additional parameter influencing mother's 
milk consumption is the total time that an infant will nurse 
(YR) (i.e., exposure duration). In the probabilistic assessment, 
exposure frequency (EF) was characterized by using the 
value suggested by CAPCOAJ of 365 days per year as the 
maximum value in a uniform distribution with a minimum of 
I 80 days per year.61 This is a conservative range because most 
ofthe population will have tn~uch-l<fwer values (e;g~;zerofor 
the infant population that is not breastfed). Based on the 
probabilistic .assessment, the 50th and 95th percentile doses for 
ingestion of mother's milk were 1.17 x 10·1• and 1.30 x IO·D 
mg/kg-day, respectively, compared to 6.01 x 10·13 mg/kg-day 
estimated using the point estimate approach. 
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