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mention of t ~ad« n~es or cotnn:ierci• 1 producrts constitute endors~ment or recom­
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PREf'ACE 

• Results are p-re~enttd in this repoet nf a s~udy by Hidwes c Research 
tnsci t uce (MRI) entitled "R l sk A,sessmenc Me thodologies Eor RCRA. 11 un Task 
Ord,er No . 8S-ED1-AHF. 1J:tldet Concr-~ct No. "'EQ4ClS "Basic Ordeting Agreement for 
Env'irorunental Studies, Res.ea.e-cb. and Analysis.'' MRl Pt"oject No. 8170-L(4). 
The vo-rk. vu pe.rfooned fot the Offic.e of Pol.icy Analysis, Office ot Policy, 
Planning .an4 Evaluation, U.S. Envi-ranme.otal P·rocecdon Agency . 0?'. Ann M. 
Fishe.r W"aS EPA T~:s lt. O(fi<;er, and Dr. William MilL1 t.1as Technical aeprcesanca­
tive for ~he Council on Envirorune.ntal Quality on this cask . 

the re,~lt, herein dr-aw substantially on related resea~ch at MRI fot 
the Office of Poli,cy Analysis 1 under £PA Contract No, . 68-91-6·621 (MRt Project 
~os. 75<9-LCZ) ••d 7549-L(IZ)) and on 68-01-655-8 (KRl Project -No . 8 15l-L). A 
t"e p-ort of th4t vork, "Comparison of Ri,k:1 il\d Cost-s of Hazardou.s Waste ·Alter­
nat ives : Methods Oevelopn:u,nc and PUoc Studie s , 11 is avall.ible through the 
Na tional Technical 1nfonn.acion Service (NTIS 'No. P,B86-158 . 912). Or. fis hec 
was Pcojtct OffLeet: Ol' co-Proj ect Officer with Hs. jea.nne Bri.ikin throua.houc. 
the eaclier w-or~. 

Many peopl e con·cributed to cbis 'Jtudy. Mr. Tho111as L. F'ergu.8,on, t tlen 
Head, Hal's Process Assessment Seccion, ~as Project Leader for a11 the 
research unde..r the earlie.r eelaced c6ntra ccs noted above. ·or. Thomai W. L.app, 
Senior Chemist, was .a major contributor to chat res.earcll. Othe-r MRI con­
c-r ibutor, co the methodology developa,.e.nt iocl uded: H.r. Christopher J. Cole, 
A••iuao, ~vi,o~liu!JHal Sci•a,!tc 0-dd Hr. C•i'Y L, K~l •• • Senior Chemieal 
Engineer io the are.a-a of source 4tltttcnient a.nd control ttchnoloJy asse,stqe..nt; 
H-r-. Phillip J. £ngle bar:t, Auociate Envirorunenc.al Sc.iendat, Mr. Wic:.hael K. 
Snydei-. Auoci•t• En,;,hon,nenta l Sci en ti• c, and Mr. f' ced C. Hopkins, As soc. iace 
Environ.mencal Scienci.sc ln envi:"onmttnc:al transport mod~ling~ Ot' . Ka.r--ry V. 
Elli-s, MRI consult.ant in t oxicolo·gy and environmental health and Dr . Denn i s Y. 
Takade . H8:1 consultant i n toxicology and environmental health in health 
effects modeling; and Or. Ja.irus O. Flora, Jr ., P-rinc.ipal Stat istician in 
unceTtainty analysis. Or. John Oou.ll, Professot' of ·Pb.a-rma.cology and Tox.i .. 
colo•r , Urrivers ity of K4115as School of Medicine , •nd Or. Kenny S. CrU111p, K. S. 
Crump a.nd tom.pa.ny, lnc., as,.isted on health ·risk estimation methods, and 
Hr. William L. Kurpby 9.obrer- of Po.pe-R~id Associates on la.nd,fill fa..ilure and 
g·r oundvate-r aaod.eling. PTofessor !liar-old Or el, De_part.flM!:.n.t of English, 
University of JC.ma ... and Hl.'I consul carit in technical w·dting, reviewed the 
draft CD.a.ftuac.ript of this rep0rt and mad..e maoy. helpful atag-gescioos. 

Individuals from ••veT&l offices of !PA an.d from other organizat ion, 
p-rovided helpful n"f•r•aces , rNt•d.al.s, ...nd ravt•" c:ommc.nt.s on t'eports pre­
pared durina the urlier- i t1.1dies. We al'e plea.ted · to list names end affilia­
cioncs of known 'C"evieV't!:r-S io th.e ~clt.JU)wledgmencs. P.articul-ar app-recia.tion is 
e..zprlt:Sse d to ttle members and consultants of t he EU Science Advisory Board's 
eavironment•l £n3ineering Committee, v.u·te. Banning: Sub-c:omaittee. th.ey 
rev.ieve-d and discussed v-ith the study te.&m a proposed general me thod for c:ocn­
paring the risks of alternat i ve ha.&ardous 1iiast e d,ispo,al t.ec.hnolog.ie-, and 
pilot test.j, of the Mt.hod.. QaestlonS! and sugg•stion• by all of the -cevi•e,,e-r1 
have concri.bute:d substantially to the quaLic.y of- these resul ts. 
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Although thi-s st-udy v.as ma.de tn sttpport of EPA\ s needs co ,usess ,;he 
d.ska a.uociated vich 4lternati.ve h.a~at:dCN-S vaste .management approac:h@s, HR[ 
h.opes ttlat the ruu,rc:h and cnethqdology de/$c l"i bed vill be useful also in other 
envir:onm.e.1\ta.l riegul-acory p.-rocesseS and io :ocher decision makin-g ap,rli.cat i ons. 

Ch•i;ten Co.wh~rd, Oi'r·ect.or 
Sn.vi.eqnnurntil S;ystems Oepaetmie.nt 

·September 2) .. 1988 
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ABS'CRACT 

A methodology i!J de.scribed foi:- systematloally a ueuing .a.nd com­
pa dng the d 1 k, to human health and the envir<;>nmeat of hazardous vas te man­
agefM;nt alter-natives . The methodolo.gy seleot.s and li.nks appropdate models 
,1nd cec:hn ique, fol" pee-for.ming the several portions of. the c:ompar-4·tive a.ssess ­
m.e.nt process. The selection of cO'mponent method~ ._,a_, based on inten-si ve 
ceviev and eval uat ion oft.he technical a.nd science po llcy Literature, part.icu-
1,u·ly works on envi'ron.ment.1l t,:ens'Port modGling, hea lth. effect.s modeling, and 
d sk assessment and eisk mana-gement c onc.e,pts. The goal of the methodo l ogy i s 
co develop both best estimates o f the r:islit.1 to potantial"ly exposed individuals 
-.nd populat ions for each identified "f4Ste 1'1'14nagef!)enc alcernative . and al-so 
e sci.m.t.tes of the upper and l o~er Limits of the ci, k range at one or fflore con­
fidence levels. cons idering boc-h i'a.ndom -.nd systematic _sol.Lrc:es or u.neercaint.y . 
The me~b?dology as presentLy developed i s oriented tovard sice~specific 
asseuaiants of alternative tr-eatment., scorag:1!. and disposal facil i ties, and 
cont.a.ins , e ven maj o·r steps: (1) Source Assessment (h,u:a rd ch.aracteriz.ad<in); 
(2) Environment-al Tran.tpQrt and Fate Ana.Ly.s i s; (3) Ex·posure Pr-edi.cdon; 
(I.) Heal th and Environmental Effects Ana l y'!i.s; (5) Advi!.rse Impac t Est i ma.clon 
~nd Sunxna.t.i.on for Exposed Individuals and Population..,; (6) Uncet'tainty A.rialy­
sis; a.nd (7) R.epot' t and Co!ftpa.re ae.su ltf as Apptopri~c-e. Uncerta.i.nties for 
eatth step a.re .aggregated to yield t.be uncerta inty cange about cbe best d sk 
estimate. An e.xte:ntive. bibtiograph.y is .incli.1ded. Careful appr:aiu l of the 
concepts of the methodology and demonstration of its ut i li t y in dec ision ma.k­
-in-g are now n1!eded, pa.rticu,h>cly in case; where alt.e'r:n.acive remedial 41ct.ions 
are being considered fo~ ex.is~ing haza-rdou1 ~aste site.,. 
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SlJHMAR'( 

Thi·s r-eport j)reu:nts the eesultt of a study performed by Mi.-d\.leSt 
aue.arc:h Institut e (MRI) for the U.S .• Envi ro.nme~ta l. P_rotect i on Agency (EPI\) ht 
suppoec o f EPA's needs to asseu and compare the ri,ks and bene f its to h.uman 
he4 1th and the en:vironmenc of a tteTnative b·a..zar-dous W4Ste tMnage-ment t echool­
ogie~ and standards . The rese~rch had four inte.rmedl .ate objectives: 

.a. To ide.nt ify the necea:taCY. oo·mponeat ueps and inter-rdacion­
s·bl"ps o f a dslt a.5seument methodology £qr h;u,1,rd·ous v ute 
decision making 

b. To identify , review . and .evaluate avai l able te.cltnlque~ and 
models that migh't be used for key po c- t ions of this aseth.odoloay 

c. To identity t he mO Sc. ·geoer.all:y 4ppli.ca ble . e fficient. and 
scient ifically 4•£•~•i b l e t echnique, 404 model, tor • ach step 

d . to link selected component lae th.o.d, i n t o a fl ex i ble 3ener-al 
methodology that s ho"'ld p.t'Ov l de iu1,pport for a rar.ge of r-eg-t1,­
l a tory decisions invot viqg na,:ardo\ls va.stes 

The over al l goal wa·!I to develop .a metl\odology t:hat could enabl e £?A 
to com·p1re- bot h, the be.st estimates of the rhltt 0£ specified vasce managea'le.nt 
a lternative, .and the ex-plia.tt unce-rta.int ies a .ssociated wi. tl\ these be,c e s ci­
!!ll Ces . 

Approach 

A goal o f o u r dsk · aueuMnc: IIH!th.odology was to i ncorpoeat e t ecb­
aiques and models t;h.:at wi l l y i eld tc:ientifiea l t y def ensib le . compat'a-ti...,e 
a steHments , and to avo id mi x ing in Compo.n1nt1 fflO-Tt pr operl y Teserved to the 
ri tk management portions of the ove·r•ll r-eguL atO ()' ptocess. Careful c:on:sider­
acioo wa.s gi.ven to bo"' ,the. compc;ment.s were de fi ned and ho1,p the y veTe reta.te:d. 
Th• terminology adopted i.n th.is s tudy va, s .y,ce~tically selected following •n 
$&tenaive review aiid evaluation of the evolv ing, and still 1,,1idely varying 
noiil!enc lature i..n u.se in t he l ite rature. on ri,k u~essment and risk qnageme.nc . 
A co11pat.ible, sel f-consisten'.c: set of defi.n( tions were d·e.veloped chat reflec t 
the bast of Tecent u.u.ge in t.he severa l di .seipl.ines a ssoc i i ted vicb ri,k 
a u e1.,111ent/ management concepts, botb· :i.n the United S:ta.~es ,nd internat Lona.Uy . 
A fruawork. for the • ••eitsing and managing of t echnological ris ks in general 
vas developed •• •ho,.,n tn Fi~r• S-L·. (Th.e h.ealt.n a.ad environmental r i.sk 
assessment and unc:ertaincy a.na l :,si t portions chat a.re th.e subject of t h.is 
report are wit·hin the heavy tin.es./ 

Several important objective~ and iUidelines ve~e i dentified for fit ­
ting • meth.odo1og:y f or co•parac:ive "r"i sk ass.-·s :s.ment of h.a:ardou1 vas.te ma.nage­
lH!\t altemat_ives within t his f·r~wo:rk.: 

s-1 



., 
~ 

• !: i ' 
• .! 11 ... L:'· ' ,.J 

' ' .i ' ' ' - ~i ' ' ' e.: I 
l .;! ' ' • I .i • f ' I 
! l ~ ~ f- --~1 l.: • ! i .. ,, • JI .s· • a 
l f-' • -'- !:l .. . 

:fld 

' 

.-yJ 
11.: ~ _j ., .:;:! 

.!. • I • I 

J if~,_ ' L-7-,, 
f ¥ ! j, : ... a .. 

ii~ i • 

' l • I 
!l:: 
• 
¼ 

• !?1 ; 
j ~ ~ ~· : .a.: 
3 

l 
~ 

! 
lf •• 

l 
i 
l! t !i. "J' .1 

• 

-~ 1Jl .~J 
,! 
J' rt -~ VY 

ii..,_ •• • 1, J! .~ 
.b • :I --

s-2 

13° .! 
lll 
~1¾J 

f 
f • ! 

... 
i 
j 

~ = .• .. 
•· = • 
"' 



* 

• 

* 

Th.e •pp-c-.oaCh s.h.Ould be . .1.ppt i c abl e t o a f'.i:nge of potentia l regu­
latory decisions, but shoUld not f ocu s on mllking '13S t e Gta.naa·e­
m.e:nc decisiOns on a n~Cion•l leve1 on speaific ~asces, specific 
w~:Ste s·ourl:4: s, o·c specific kiitd•s of waste tre·aonenc, -scorotge 
.and disposel. facili ti l!.".S ( TS·DF·s). The meti:toi:iot.og-v shou..Ld be 
testable, ·hovever, on s p.ec.ific '.ias t u and tsDF t -echnolo$ iU at 
s pecific sites. 

The illechodolosy should bi! su'ffici.ently flexible to a.dd-ress dif­
ferent ha&ardou.s va.stes, TSD( t echno logies. modes of toxicant 
eele&st. and tca:n.spqrc, expo.sure condition, • .ind health or envi­
ronment ~l eff eats. 

The l'llethodology should be appliecable to a r-a.nge ot TSDF t ech­
nologies, i.ncL\l.ding ; l andfi lls; surfa ce intp"oundments; -gurface 
spreadina: 1corage Ln pi les or cont ainers; d~ep well i n jection; 
chemic.al and biolo•gic..;, l ~reat.mertt"'S; incineration on l and or at 
sea; and combu~t ion in boi l~rs. 

Th~ auessme.nt of e.4eh option sbouLd consider 4ll ki nds of 
t"t:leases, multim~di.a environmenta..l transporc , -.nd h,e.alth .and 
environ.mental effects (not j u.It c ac-cinoge.nicity, for u4mple) 
f!)r the H fe ,cycle of the. technology or beyOn«:t if t 'here are 
long tenit effec~s. Con:rpar1bl e contri buting f actocs need to be 
treact-d 0ompat•bl y fo-r e&eb option. 

The 11ec..h.qclology .ihould yield 'quent'ita cive results When necnu­
Hry: d,1ca tta available and yiet.d t-he mo-st 'Useful .d:su.lt$ pos­
.tible vh..t.n data (or ohe t i me and resources needed to compile 
data ) are limited. 

• The lllet.ho'dology s hould yie ld infoC"miltion on the most l t kely 
outcomes foe each option, and .al.so on the uncertainties in .such 
est imates -for a ll Pptions cons id.ered.. 

Failure to be comprehensive 4nd con.s.t s ttnt tht'oughou.t t.he asse,,m~nt 
could lead to deci.sions th.tt are less protective ·of he.alth and the eovi , on­
eaent. and possibly a lso more cosdy to ,ociccy th•n another decision ';loul d 
have b•en. A.ue-ssme.nts· i nvQtvins mixed chemical wasc:e.s or d t#.pos.al options 
tMt cou.ld l ead to uposures to di..£ferenc- chemi'u.1s 111i:th different health 
effeots Wl,C be pas:t ic.u.la.rly cu·aful to a.void. i.ncocuistent. analysis th.at c ould 
le.ad to p•rverse deei1iona. 

The Methodology 

the a•c..bodology f ol:' assessfn1 the ~ealth and envi~on~entat risks of 
baza_-rdoua \14.lte d\&tlagelllent alterna.c ives dltpeftd-1 on f oue- t undamcncal .auump­
tioot : ('a ) i equtntial a.aal y.,l.s steps can be defined and· 1.inked• to provide as;, 
ove-r&U •••• .. me.nc of trhe hultb .ind e.nvironme.ntal rlsk.1 of lla~ardou.s vast• 
man-•••••nt alternatives ; (b) each sr.:ep can b• perfot'fflCd by u.til Lziog a com­
bi nation of tcan.ario1 , avail,abte or· estimated d.at•• and predictive 111odel1; 
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(c) best " p-0int u .es·timate9. o f the risks can b~ obtained by using the most 
li.ktl.y ca,se as:su:npcioRs,. i ~put d.at a, tlnd 'predictive models thr o'-ghou.c • rat.he!'" 
than .incentlonaUy " Conserv~tiv"e" or ''opcimiscic11 choices • a..nd (d) u:pp·er and 
lower confidence limits of the overall d. sk ea.n, be obt·a i ne:d by firs t e,timat­
ing cbe unc•~tainci e..s from both random and systematic sources o! error in the 
a·ssumpt ions, lflpuc' d3ta ~nd models. and then aggregat i ng or Lntegrating the 
uncetta int i e.s a.cr:-oss the risk a..sse:s-sment p,t"oce.ss. 

Seven maj or miethodologicaJ. ,..tep.s can be ident ified: 

• Source ,;.,ses;sment (hatard ehuacte-rization) 

• tnviro~nta.l Transpo r t and fa ce Analys i s 

• Exposure Predicc;oo 

• Health and Environmental Effe.;t.s Li:ter~ture B-a se £,.,alu..adon a nd 
Mode l Devel opment 

• -;\4vel."se U!lpoc:: t Est i m.ac,ion, and ~c i ot;1 £.or ExpQted lnd i vidus Ls 
and Popul.atioos 

• Uncerta inty M~Ly,i s 

• Report.ins •nd Coamuq.i<rat i.on of Re·sult.s a.nd C9.ncl ufic i ons 

'nl• i-a te-rtielationshi:ps 0£ these. jtl~• and tui,porc i nJ ele.ment.1 a.re. .shovn sys• 
t emac lea l ly Ln Figure s-2. Act ivi tiu i ovo~~ed tn the s ~ steps are swnma.ri~ed 
b.e low. 

l. Sou rce ass.essment (ha:ard. characte.t i :e:ic i cn) r-equires char-a.c--
ted-zat i on of the source of e.nvirorunental contaminants , includi.ng: 

. ' Identify chuai~al s pr&sa.nt , 

Identify prel.imi na,ri l_y theh pl)y.~lc.al., cher.:iical, and .biological 
prope-rt i•• 0£ concecn 

Analyie the technologies 
.i:-et ease. of c-ontamin•iits t o 
point~ ~d r Qutes 

and pl."actice.s th.at uy r t-Sul t i..n 
the envf ronment and identlfy releas e 

QU&ntify 
qua.ntit.y. 

,ourc::e .stl."erigtb. i.e., the race , concentc-&t ion , 
and fo-r:m of ha%a·rdous. consdtuent re lu.111:d 

~ schema f or &n essing source s is given i.n F"-igure s-J. 

z. Envi-rorunental transport. and fat.e analysis involves esti mat ion 
o.f ~he ,in.tnnet' i.n vbi ch the cont~i.nant s moye a.nd r:eact in C:he e_ovi. c-OM'\,eOt , 
i,nc.l ud i.na: 
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Populo·rion 
Phy,ko- Oens-i.ty ond 
Chcimicol Semillvt . , 
Ptoportic• I Populafion Locolion Doto Boso 

Subpopul·otlo·n 
Dato 8mo D<:110 8ctuts 

Apply Doi•/ 
,,,----....._ 

ChoroctetiH 
ldontJfy ond Analyze htimc;ne ' R<:.port aest J HoiordOlll Wo1te 
Choroderiu fnvitoflm~ntol Ptcdict Re:sponsc 

Hi,ol th· Jff~c~s- ~ E.itimotcs. ond <,nd Treotment/ 
Pollutonh T ron,porl ond £xp4liures 

functions tO 
for Exposed Disposol fxpo1.ed Uncerto11-~ty 

T echnologlet 
Re.footed Fote 

lnd(viduols 
Popt-1 lot iom \ Rongie1 

"-----" 

~· E.nvifonmento i fxpoture I 
~ Media OoJo Monitoring 

Bose OoJo Bos. 

041.volop • 0,.¢• 

Heolth Prod let iv• ..... , 
"'-'" Elfectt Human Oo,e/ u .. , • 

Do to Boie Response . , .... 
c-i 

Functions .... 

Uncertoin.ty An.a tysis at Each f letnent 

Souri:c•: MRl • 

Figttre $-2 - £1eia~n-ts i.u Health Risk As&e:ssmcnl. of H;azardous Waste Dis.posal Methods 
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Identify ffl.ajor environmental ~ran$port touces and t ransfonu­
don pathway, fOt' chemical-s of c:.oncern 

E$tim.ate conceot:-acions of chem.icals (ot the lr hazardou~ t ra.ns­
for.riac ion produce$) ,11.ong those routes O'.ler time 

Icie:nt ify locati•ons a long t-hese rout~:. '"1hece the chemic.Ills mo)' 
r e•c:h ,usc•pcibL-e populat..-ions 

A schema f.o't' c,l'le u1tection of. suitable models fo·r -anatysis of po l ­
l uc.anc tran..sport in di!fe:-enc 'llt:dia is given in Figure S-"4. 

J. Exposure pted i ct iQn involves est imat i on o f the deg~e• t o which 
poll.utan.ts reach hwn.ans or o ther o r-gani.sm.5, iocludi n·g: 

f s t im.,te numbets of peop le or organisms thee lll.t.Y be concac~ed 

PTedict frequency,, i ncensic._y,' and dut"at i on of the e.xposures 
.tha.c may. occur for popul at ion s o r .subpopulations 

'-· Hea l th and environmencai e_fhcts an;1, Lyst, involves : 

Review incensiv-e_l y th·e l iteratur~ on the health ,ind envior,Qn­
mental eff1c·ts for the eh¢micals of concern 

Id.eatify range& o-f r e spon,ses ~oi,rn., and e~p~c.iatly those that 
could occ~'l' at predicted uvtronmenta.l expo s ures 

Sel.ec:t O?' develop cht.miaal- -s pec-ific dose-response relationships 
for effects of concet'"tl 

Devetop CthrOug.h selec·c'ed exc:rapo l at ion "'et hods ) ds~ fa·ctor, 
for sp•ecific predict·ed envi-ton!Mnta,l d.ou:s 

A schema fay sel ection of health e ffects est11Mt i on models, depend­
i ng on the ava i labilicy of data is shova in FlguYe S-). 

The p'l'sft!rrred d011-e-respon·se. model depends on the t ype of ef f ect. , the 
q,u..tLity of the available data, and whether one is calculat ing a maximum 
lik«iihood ••timate ('ML£) or an l.lpper (or l o-we·r) coafidence ti.mit. for 
effects th.at al'.• believl!d not to have_ a th.ceshold dose (such as cancer), tha 
nonthrl.#hotd Weibull model i s ge.n_eTal~y recoamended for obtaining best po lnt 
est i i:nates, but th• !J'Ulti.staie model 11ay- be pre:f.erred ~ith some data sets. The 
linearized enulti1tag1 model \.1 cecorn.mended for- calculating the l.l·ppeT confi­
de.nee limits , 1 iac1 ic has Me.n vi de.J.y u.s.e:d ·for chis pvr--po.se a..l re.ad.y by E'IM. 
Fo-r sedously defic,ieot data Htt, the linear i •ntl!rl)Ol ation ~t.hod or the one­
hit raodel cao b1 used co es.cimate upper coofid•nce l imi ca. Fo r effects 
believed to h.ave a chrtsho\d do.at, the c·hre1hotd vers ion of th• We.ib"'l t n,ode l 
is gener...t~y recoanen.ded for best poin-t estirnat-es above c.he t .htethotd, but 
ag:a.in the llrulci,cage mpdet mcy be peefee-r,.d vich some d&,J:I set s . £,J t i mation 
11ethod1 ate provid.ed . for determiniBIJ the t-hee$bold do,e frOffl. es-tabli , hed 
acceptable dai ly l ataket O'l' theuhold limit values 11-nd from exper imen t.ally 
decer111.io.e:d oo obae.rved· e£fec-t leve-l.s, or lowe1:t observed e.ffect l evel, . 
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5 . ·Advers.e impa~ t estirna cioo a.nd S•utnmAt i on i s ~ i nte~Y-ative :i.cep 
tha t l nvc b ,es estimation of the pr-obablt.5.de., a nd e.xc.ents of ad vecse he.alth 
and envi. ,:onmencal ef f ects a c tually ~.x·pected f t:om the pred.ic te:d exp0$\lrel:, 
inc luding : 

Appl)' do-s~-respons:e func.t.ions t<O ex·posed ind i._vid1Uls by 
expo.s\lr·e gr oup 

tdent ify ,1.n_y e specially -s·en.si tive -subpow,.-la tion, of concern 

Kake best estimates of c'he c-i,-ks fo·r- ucb e ffect in e a cl-. 
subpopul ation 

Ma:ke t,.e.n e stimates of t he toe.al numb.e r- or cases of ea ch effe c t 

Et c.im.ece cbe unceTt a it'lt-r ra.n_ge for t:ach bes-t e·s t imate 

6. Unce~tai nty analy,sis 
sou~c•• of error-, in all e lements of 

c.on:1idec-s both systemat ic 
t h t c--i.1~ ..asses:sment process. 

ahd ·r .tndorn 
including: 

Identify uncer·t a i ncJt1 for- e..ich £actor c ont r ibut ing cO risk fat' 
each opt i on assasted 

Pe~fo rm tensitivity •n• lyses of Ke.y variabl es 

Escima~e uncertainties of a l l fac.to~a 

St•.ce um;ertaint i es wi th s ame confidence bounds for •l l factors 

AgJ-rega te uncz:ertaint ies across ent i t'C a$S-e..9.$.ment for each 
opt i on 

Compare t o t~ l uncer.t a i nt i.eis f o r a ll option., and also r e la c. ive 
uncertaint ies if a ·pareieul.ar factor ii common across o ptions 

State the d t .k ra.n-a• fc~ each o_pti on as a best estimace of 
ri.sk. a, timet at1 o-rcter of m•gnit.ude f actor 1o±U, vht!rl U 
c-enect t c.he agg--cega c.ed tact.a l or r e.lat.ive unc.ertainty 

7. Repot'dng a.nd comaunic.ati on o-f the. r·e sults and conclu.-s i ons 
r equires careful pl.4.nni og to obc.•in maz-.imum value from t·b l& risk .... ••••,r.ent . 
Th.e repoc-t s}\out.d: 

ProV\de 1µfficient det ail on the technology, ~•~tes, and vas te 
m.anagemc,nt alternatives be.ing a·.ssessed for c:La-dty. 

St,ate ct..,·dy t he iqodel.ing techniques emplo>'.:ed ,. dat a so.urc11 
used , a.ad • lt u swn'Pt·i:"ons made 

Show a.ad compare consi.st:e:nt ly be.st e.st imat-et of he.a:lc:b t" h ks 
and th.air u.nc:e.rt•inty ranges for all a lte-rn• tives at-se,sed 
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Pr-ovide, sH:nita'C' bes,c- escl11:1aces and w:c-ert.aincies, if appro­
pri.lte for ec·o t ogj cal Ot' ocher envi-ronment4-~ d sks . C'O•St s of 
control techno l ogies, and other so~iCeQonomic coses. r iakt, and 
ben,efi t -:. for alt.et"n,1c.iv41 at$8Ue-d 

Ptepa're. ifatende)l {e . g . , 10 page) .tnd concise (e.-g~, One ;:illse) 
i WIIMri es ,of the 4.sse;s.~nt and -tt, results and conclu.s i ons 

H•lc.e ~r-al present ations ,U ;1:ppropt"i1.te 

Kake spec i al effort to place the ~isks, costs, 
tb.e altet"nat.ive..s into .perspectives helpful 
audience , &nd decitiOn ~aker as appr.,~riate 

and bte-nefits of 
to the reader , 

1}\e results should be. swnna,ri~ed in a concise for:m \,fi t.h suf"fici,ent 
cl.aricy co tse uaeful to decision makers vho ate not' cechniC!al expe·rts, but 
shou l d be su-p_porte-d by enough_ technic.L det-.at 1 co pe-rmit ana l'ysis ol t.he pro­
cedures used •nd auwuptiOns re~u\te~~ 

Conclu..s,ions 

Im_potu.nt featu-ras of the methodol ogy .tr·e: 

• [t iJ designed to aaaiua the consequences of dispos~ng of 
spe.cifh: w1 stet ~it h specific: ttchnologi•~ at .specHic site,, 
th.rough the us-e of ca·i:efuUy connruc·ted scenarios ·and actual 
or eS-t i.mated c.echnolo;gi:ca t, me.ceoro log"lcal , hydrogeol og.i cal . 
tnvi r otuDental, toxicoloaical, end demogc-aph ic data . 

• I t provid~ ,1 modula t' !ft'amework for a s;,erie·s of seeps, most 0£ 
vhieh mu.st be pe?'foc-me d in given a,5sessme_nts. Thi s moci.ular. 
natu-re permits one to re.spend to diffe rences .ln •v.ailabil i cy 
and applicability of d..ata or analytic-al techn i que s 1 and to 
inqorpor:at e. refineme.J1,ts or exte.n.si-ons of a presently ptoposed 
technique , alte~tive techn.i-q.ues, or nev t echn.i.quu u they 
beaome •veilable. 

• It coota..in4 procedures for .selecting among avai lable analytical 
t•chniq,u.e.s for e.a.c:h iltep so t.b.ac maximum u.se can be m:ade of the 
data available. 

• It 1n.aly-1:,, uncertain~.ies in 1U st•ps &r1d aa1-c.eg·•tes them 
ac:.ro,rs all step, 'in each ,11,essm,;mt. 

the met.hodology is oriented th'tou5hQ\lt to t..he d~v,1 o~pt of 11besi;0
' 

e stimates (oft.en m.uimum tik.el'ib.Ood -estimates , MLEs) for e.ach factor rather 
th,an 11t.1onc e4se" or "worst cr:edibte c.a-1e" cs.timates. The best esticqtes f or 
the c·ontri'bu.titi1, f'4ctor-s " e combined to prqviat! a be.st estim&ce for each kind 
0£ effeC-t.. Th:e arialyiis doe-; not i nc.oasiste.ntty mix b'es,t estimai;e, ( or ·ML£s) 
for some faators witb, upper con fidence ti.mi~ ~stirute.s (E:•.1 •, 95% ) for other 
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faccori. ( The. l"e-sult of su.qh a combinat i ofl \#Ould be a.n estimate of over al L 
el.fe<:t a ~ ,ome iU- .deiined p·oint be:·t'-t:ee.n am, N:LE an'd :i \IOi;-st case.) 

the .rnalysi, does add r t&$ coofidence l imits in the uncertainty 
anal1s i.t, a.~·1d both the ben e.stUQate .and c t\e ..uncu•;ainty range c an bo provided 
to the. dt:ch ton q ~er. Anal_ysis' of uncertainties consider:s both sysc•m.ati c 
and rando11 sources of ec1;.or. ·uncer·c.ainties 4r e es t1mated for each face or 
cotu:ribudng tQ the. r i s~ for each opc.lon. .au·e,ied, a.nd the.n .at:.ttctd with the. 
iame confidence bound.s for al l fac t or I. !Cir' The uncet'ta.int it::S ..at'e aggre.g·a ted 
a.Ct'Ots the e.n·ti r e 4;ssessmenc £Or u ·ch opc i on and r-isk ranges: for opt ions aee 
compared.. 

The 111echodo·l.oa•Y. locu.se~ on p;ubUc health i mpa~ts <if hazardOU-# 
'l.la·itcl. Ecologic.al •nd s·ocioecono\1\ic. itllpact s ate cqnsidered only briefly• but 
1houtd be ·a t.Jes.sed \n g.r-eater de-t-.a.il th~ indicated h.et~in fot' ..any dec:i­
,ion-,. "The rqe~h9,dotoiy would z.equ:ire sub:s.cant ifl input da.t a and r e t ourees co 
yield q__u.ancitative, p6i:nt estim:atu and u.nceru,int)' . Oounds for ritks, b\lt ~h..e, 
resultt ,hou.l d pr ovide .a better b.ati_s for CIOlt decision mak.iag ~ban unt'e~ Us­
tic, oved.y conservative or Ova·r-1-y optLCDi stli: es tima'te·s. rurther research. i, 
needed to demonstr.ate the 11ethodology'1 c:di•bility a.nd Lt$ usefqlness in 
h,a~•rdous wa.He management dee.is ion,. 

':i'flle uncercai n.ty ·for each facto.r can -be stated to vittli.n one standard devi­
ation .(:1::1 c,) of c.he bett ••ti:m.ate o-r 1011.e higher contidence intet'V&l such 
•• 2 a Ot' 3. o. 'n\e 1ar ge-r ii,tervals, after .aggrega.t.iQn v if\ tend .tQ 
.in.er•••• the ov•~lap of d1k. e,timate.1 tor the o.pcions t>eif'a compared, 
and th• choice of interval pro~bl.y vi'll not 1Uke • b.ig difference. in 
CDOst de ciaioa1 betwee.n technologiea. 
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I. INTRODUCTION 

Decision making in th~ publ~c interest requires ccinsideration oi the 
range o f GOnsequenc;u -- bene_fits. c,o.~c.s, and ds~• co individuals, groups, 
bu·dnieSs, and t'he .env-iron!rfaOt - po·sed by dtu-nacive c·echnolog-iC-al choi.ces . 
L,egL;s,lation o'fteh r-equires that g.ove"t'm.lDenc agenci-e., and i nduttty r~duce dsks 
to • :human hu~ th and the. env( (Ontnenc: co .-•-cea,sonab.Le" Leve..\,. F;xe-c-ut i va Order 
11291 ditecttf federal age.ncie·; to peep.---re R•gu.latory I mp;u:.t Ana lyses ( RIA:s) 
that describe the benefits -4nd cost~ c.o so_e,iflcy for proposed major regula­
tions. A major pollc:'y i.s.sue confroat-ing ee"g:~l atory a.ge..oc-iu. is hov- best to 
choose among mulciple_ Te-g.u l.atory and nonre.gul.atO'l'-Y .appeoaabe!I in ma·nag-ing our 
di-verse t echnolo_gie.s vb.en i:he m&fOi t udu of the conseq.,uu"lee.-s a re uncertai n . 
Oec-i, i ons are p•rtic-uta:dy <lifficu.lt lihen the C'tskt a,tt h_igh.ly u:ncertain but 
po.ssibl y quite l,1cgt . Mal.\y studies ha.ve..., ther.efo're, bettn in.l.tia.ted b,y gov:eTn­
m.enc agenC!i e.s •nd the rese.arch communi,i:-y t;o deve...Lop better way.a of estimac.ing 
technol:ogical risks and of using the ee:s.ul'ts. in contt'<>lling these dsks at 
acGeptab Le l ~vels. 

This "'$tu.dy 1.ia_s init iat ed at Mid"1es t Reseat'-th [ns t icuce CM.RI) by the 
U.S. £nvironm~tal Protection Agcncy (£PA) in support of EPA'~ needs t o asses~ 
the riski and impacts o f t'egu:.la.tory deci.sions t nvo l ving h8.2a.r.d.ou.s wa_st e.s . 

A. Ri•k. AUfJSSI\U!.Ot Role in Deci s,ion Nak.ing 

Rec-eni: stw:lie.11" bY coam± tC-eie:, ol the· Na.tion..al Research Soun.d 1. a 
s·tudy group of tl\e Royal Soci:"e:ty, an4 by otbet'9 have· concluded t.h#t th.e 
scienc·e.-based P•~t'f of th.e: risk. a .,seJ sme:nt pToc~ss shOuld be. as indep:endent as 
possible -0£ th• ~ltimate dec i sion-making s teps, a l though the l atte~ o bviously 
should draw exc:e..n.s i vtly on tJ1e former (,se:e: NR.<;/~AS , l 982: NRC/ NAS • .198:J. ; aod' 
Roya l Society, 1983). Sill-., introduced in r:ec·~t v . s. Congre:Sses (e.5., the 
"Risk ;\saess.mllJ'lt R•seat"oh and Demonst·r.ati on Act of .198511

) al,s o r e flec t a con­
clusion that infot:mation on die r isks of a given choice shoul d be compared 
1,:1ich the ri-1ka of othar pl"a<ltical d1oice.s and .:ifth other e.ve·ryda.y r isks, so 
that c.he deci.s i.on Nk•r• and che pubti.c.- can gain a useiu-i pttrspecti.ve ,of the 
ri.slu, cosc,, •nd be.nefh, of the •v-ai. lab le. options (U.S. Congtess, 1985). 
Another l esson f!':'0 111 recent s t.u.dy is ~hat che un«rtai.nde,1 t.n estimac.ing t.ha 
ri,sk.s ·should be ude exp1ic:it:. A .sca_.;e.nt o f estimated 1.dver;,e h!!•ltb 
e.f•f•cts sh.ould i'dent.i:,fy not juu: a sin·11e.-..,alued prediction, but • range of 
reaaonably probabl e forec:ast1·. the decision maltu· c.an t.hea comp«re the c-angtts 
•• vell •• t.be. point estim.ste5. 

lece.nt rese:arch ~.s also sb.ovn • ,need- to ree.va.luate the role: of 
"co.nte.rvatis.m.11 in ~sessina ~nd min.aging Tis k.. Making ·a. "conservative. deci­
•iott" (i.e., o~e tb.at is likel y to be mo-re protect i ve of health and the it.nvi­
ronmen t than an altentative decision} \s w\de ly •ccepted as a prudent praetice 
la ri..ak. GW'.lagemenc. In 11.e:eping vit.h t.he. ·r-·ecolllbe.Jlded st!.pa.r .. tion o-f risk. 
.. ••••••nt and risk management ac:.tiviti«, bO!ilever, c.ons.ervativ.e as.tumpc i.on.s, 
conservative model,._, con• •rvativa ••ti.u.c.e1 , ace: . • llhould not be key element, 
in the tcicnc:8-bued ritk ••tima.tion 1'cep1. A cac•.na:ti.on of c.o-ns•t'va-cive 
as_suatptions, models and estimate• thr oughout a dsk .u1auaient un lead to • 



0 -..orst .. case" (ot: even vorsc-of-th&-wor;st-C-as1u) prediction th.at may be of 
Li'tcle ..,al ue (or poss ibly mi s leading) ta the dttcision ln.a~t;,r. Por .dli.s reason, 
the: c;.onctpt of "wocsc- credible case" has rl!1:oiv1d IOlllA.!- emph.asis recently. ¼ 

~oJt ·d.ecisions .on h·azardou, vast(!: ·situ act.~ally involve ''eitb.ctr-or" 
ch.o ices between tiechno togi ca.l al te-rnaci V@IIJ ~i th di£ fe.renc- risk levels rather. 
tli.an a ttyes-no" ctloice on a s.ing•le risk. .When dis.simi l 4r- alte.r-n'ati ves t"t!qu ire ­
dtffer,ent ena Ly, is procedures. copte~vacistl'I a.m.b.iguo~d y or i ncons iscen1: 1. y 
applied coul d Le.ad to bia.sed r&&1.alu .nd podt" -decisions - even co the ch,o,ic•e 
of a technology that .is T.e:1S protec tive 10£ ~UIMn health and the enviropmenc 
•nd. pc-ssibly more. costly to ••ociecy t.han an avai La-b le a ltentat l ve. Be:st 
est imate.s of the r-isk.s, eoSts, and benefits for the· alternatives. coup l ed ,w.i-th 
con·sid.eration of their unc.eT.tair,ties ( in.c l udi:n-s wol'st-credi:bt• cas.e consi.der­
a.tion•), .s-hould produ.ce the opd . .mal ba:Sis· ·for de-ci.sion JRa.king.. The Co1.1nc il.. on 
£:n..,irof'l.l'Mntal Qt.l-alit.y has r ecently noted t ,hat ".rules of reason11 shou ld repla ce 
'WOt's-t ease anal y..sis .as t..he basis of -r~gu.latory dieci.ttion m•king (C.EQ 1 1985). 
The Council has also noted t..he. ne.e.d to and tb.e d.Hficu.Lt.y o-f maKi:ng e.nvir:on­
me.ntal regul ations in the f ace of i.nc.otnplt.t• or unavaiL-able informat ion. and 
.has 1Mde sug.gesdon..s ( C£Q, 1986}. 

a. Aisk: A!>s'e-ssment Needs Un·der .RC&A and· s·u-p~rfund 

The Resource ConservaCion and R•cqvecy Act (RCRA) of 1976 and Ha~­
ardou1 and Solid ~asce Adlendr,oent t (HSWI\J of 1984 ·are major:· le,g-i:t.la tion con­
trolling hazardous waste di:tpo-ul. Unde:r RORA, EPA de.::1ig·nates sp&ciftc che.-n-
1c.ait and. s_pe.ci.Hc i.ndustda l va1te nrea,ms as ha~aidou.s and C:81\llaces the.ir 
tru.tment, ttou.g1. a-nd dit:pou;l . RCRA and .liSWA are les-s sp«:ific abo..-c t.b.e 
need t.0 de.ter111ine th~ re•sonable.ne.,.s o·( ri.sks o-r to -l>e.rform ciosk •S-te,:-smertq: 
than, are some othe r: environment.al and co-nS--WD.ec- --protection l aw;, such -.,s the 
Tox i c Substance$ C.ontro.t Act. the F@deTa t ln s.ecti:ei'd·e Fungicide and Ro.denti­
c-ide Act, and the.. Consumer 2roduct Saie.ty ac.c. N,_evc.rtheles$ th.e RCRA Language 
cle-aTly imptie~ tMt rtisks .will nf:e:d 110 be st'\ld.ied in some cu:e.s . 

For e.x:atnpie.,. RClA deHnes tia-ia.rdou:1 va.ste as 11.a soUd or combii'lacion 
of. 101.id wait-es Wich·, because of its q,uaoci.ty, ,c·oncen:tr.at ioa or phy,slaal, 
chemical or .infect.ioua. c'ha.ra c:teriscica t1a.y: (a) c.ause or sign.t£icantly con­
t-ri.bute co an Lncrre.ase .i:n 110rtality or to an tncreace 1n ser,ious i c-reve.rsible 
o-r in.capacitat..i11g r eve--rsi·ble i llnett;• o·c- (b) po,e _. .su,bstanti.sl p.r.ese.n.t o.r 
pottat..i.al h.a~.ard¼T co human he&ltb 0(' the enviro~ent when ~111-properly treated, 
sc·orcd, tranaported, ditpoa•d of, or otl\ei:,,ite iai tm.an.a&ed." 

Soc. 3013 of &CRA, 
the i.uue of risk· ~ndir.ectly. 
t.he. pre..sen.c.e Qr re Le.a,e. tlf 

~Konitoring. Analysis, and Testing," addres ses 
I t 1·t-at-e,. t.h.t,c- upon. re.eeiying informa tion chat 

haz.aidous !Iii-a-' i;:e at · a c r-e.at.ment, 'StOTa.ge, or 

7 E£.forts t.o define var.st-credible cases c.an also be controver.s..ial; the 
courts have tlad to grapple with this i.s.s,ue.. 

tt 8Cl1A does not de.fine 'hazard,' but u u:Sed here to de.fine 1haurdous ·w&ste j 
i t appears to be es-.11mt.i al l1 1ynoooA110US vich cos:ivtntion..al d•iin i:t ioa!I, of 
'risk.' 
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disposal faci li"ty (!SDF) ma.y present a subsc-andal b'a :.ard co human health or 
the +i.nv-ircmm:enc, tlle tt>A .Adminhtracoc:- ca.n rec1.1.i-ire tha t the o~er/ operacor of 
the •ice conduQt m9nicoiing, te•~in$ and a~alys i , to de~ermtne the natuc~ a.nd 
extent of auch hazard. 

Sec .. ~019, 11£xp'osura ln.for.ruat .ion .u,d Jfe.1 lth ,Useun,enc, •• (4d,ded i..n 
the l984 a.tl\Qfldm-i!nts), speak.s mosc d:irect·ly to t'Ls'k .assessment nee<is. le 
identif i e-s r.h• kind-t of ln[onnacion. related to potencia l human exposure to 
environmentd cont-a11in&Ats that an oc.met/operator of a. ha~a-rdou.s va.sce -rsof' 
!IN.St submit ,to EPA bef~re a perm~t t,o OJ?f:.cate ts granted. t c prov-ides pcoce­
du·i:-es for de termining U h.e,.Lth .u,essments ace needed, for establLshU1g pd­
ocities among su~h need:,., .anct for inic kac'-ing. .such · asseum.encs. t.t also 
define, the general con.cents o·f he4lch u·susmen.c3 to include ev.aluatioa of 
t'iskt co pote.ntiati.y affected populati.ons. 

Th~ HS\IA directed & pha,e-out; by 1990 of previous ~y used land .. fill­
ing or o~he·r land dispos,il Of h.a.:-:a·rdou-.s w•ste-•~ ,&fl.d , ncrea·se:"d intere:i't in 
se.arching for and d,~!D.f1D$. tt•ting Att;:etn.acive d·ispo's• l met;hods that po~ed tes;s 
tnviroNIM!nt.a l risk. HswA a,.lso prqvidid f o-r control.ling environment.al contaal­
inati.on from. uride.,r,g-tou.nd 1conge tanks. 

Th& C04'1prebens i-ve- Envi roruftental Rs,sponse , Com-p,m..5at ion and Lia.bl 1. i t y 
i\ct (C..ERCLA or Superfu..nd.) 0£ "t980 and t.he Supec-h1nd ~ndffleny a nd 
R.ea.uthorhat i on Ac:,t (SMtA,) of l986 pcovi.ded foe the ev.aluat.i.op artd !flanagem.ent 
o-f existing h.a-:a,i:-dou,: wute she, a-nd ,pUls of tu~ardous substances into che 
environment... Under Superfund • EPA has phced some_ 950 sites on t.he ~at iona1 
Priori.ty L.i:st, bated on • . h.a-zat"d ranking s-y..stems . 9.e.medi a l 
invest iga.t ion/f•a•ibility studi es (Rl/FS) er, first i n l t iated followed iI 
appt"opriate by remedial diesi.,ns •nd ce.me~Lat ... ac;t ions. aemediation at a. sice 
i.s undert•ken by pt-ivet.e Sf:t-tor p-rinc::ipal responsible par'Cies (PRPs), if they 
can be i:d.e-ni;ified, or by the U.S. Army- Cor~s o~ Engiq,e_e.rs ( with rtt.S·0!JrCe~ ( rom 
~ Lndustq-suppor-te.d S_uperfund) if they aannot. 1n eithe r case. dsk. 
,sse,s~nc 1-nd C"lsk-cQs-t-benefit assessment ha.ve become an itr1portanc p•rc 0£ 
the Q_I/FS t o dece.r:mine t '~ extent of r;eme,H•tion ~needed a.nd of the reiriedial 
desi~, where co~petini: dein-nds fot" environmenul t"isk reduc.tiOC\ and alloca­
tion of limited reso.u?"C!es often must be com,par-e:d and balanced b~«-f$?re reaching 
deci sions. 

Sup•rfund .a.ho px-ovided fo17 EPA to es,ta-bli ih r·eport-able quant'i-t i es 
(RQ.s) for Lina of haz.ai'dou., chaeic.at', po1ina.. 11subsc.anciaL dang•r co t!ie 
pub He health or welfare or the eoviroruaent. o-- Rele.•ses of lLtted aubsu .. nces 
i..n &m0u.nts greater than their kQt triagers notifi c•cion ~equlcements. estab­
lishment of aQs {ove-r 600 su,b1tances co date, vith values of 1, lO, too, 
l, oo·o, ece;. • pounds ) b&ve inc;ol''P9?"a.ted cons id.era.t ion of heal-t.h at\d 
environmental cisk. 
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C. Studv Objectives, Ori5in s, and S~qpe 

Th, coamit:ne.nt of EP·A cc u.s l r,g i-hk 4Ssessme.nc effective-iy i n ·maki ng 
con,iste.nt regulace>ey deci s i ons i n a.LL of i.ts pr,ogram arocul hcu been ex?reS:Sed 
by pr asent and previous EPA Administr-ators and i.s desc:.rl bed in • l.98.t. report 
to che publ i c (&PA. 1984-). EPA cOnt i nues t o ex.ami ne w•y~ to improve t he r,isk 
as.s.e-s , me:nt and d t \c. 11'.lafl.li{'ement pr:oces-ses. The presenc: study conce-rn.s €PA 
need..s i n a very i mpo rt.ant probl em ar_ea-h.~z.a.rdous W"as,;e d i spo·s a.t . 

l. 0bject~·1e1 : The overall go_ah o t t h is -project· "!'ere to expl cu:e 
and recolfllltnd risk a s Se..ssmerit mec:hodo.logies fo r use ·in decisions involv-tng 
h.u:.ardot.ts ·v,ute reguL•ti.ons. S·pecif i"c objeC'tivet v~r-e: to evS:la.a.te cu.rrentl)' 
avai h:bl e teehniitue.s 3nd mod.el s t.l:ta.t ·mi glu be -., ed fo r various stl!ps in chi s 
methodology; to icfenti. fy the CI\O.St g• ne-rally a ·ppl icabl e and efficient methods 
for each step: and to re.c:or:mnt:nd a genetal appeoaeh b·ased on selcc: a:d metltQds. 

2 . Origi ns: Th i , scutiy "bea,ri in la:te 1982 -when EPA ,;.,4.s pre·paring 
for sevct'al dec i sions under RCR:A .about ce-g.utati.ng t he manage~.enc: of ha2:ardou·s 
\la;5te,, EPA 1s Office o f Soli d W-a·s te (:.OS'W) va.s adn.sidering 4Lt'ernadVe reg\lta­
tory app-roache.-, , s uch as' pro:hi bitioa of lartd d f ~l)Otal. f ot c ertai n haz:ardo"l.'5 
-!Utet, .and w-a-1 evalu4cing ppteatial iarp.a.cts of t ht!:st al t ern:1ti:ves on human 
he.alth ~ tile e~vi ronmen-t, che ee:onomy, and specif ~c Lnd!J:scries, In cooperat ion 
w~ch. 0$W, OPPE i n itiated studies wic-h MRr dic:ecu,d tovard • mtchodology for 
q1,1-1ntitati11e ~ • 4ls:sm.ent o'f p,otentia.1 ris:k.1 to human he a.l th f r-om t.he. use of 
various ' technologies for the treacme.nt, storage, and di,spo,a.L o.£ hazardous · 
wastes. 

The s ·tudy .first re·.yteved, e-valu.ate.d, and compar'-d C"eported ll'lethods 
for predic-t1ng the en'1t-r-onm.•nt-al tran.,por c- ·of poJ.lut ants re.le·ased from.. a ha.:­
a.t'dou.s va~te t reac.ment, s torag-9. OC" di ,po Sa ( f'.aci l h -y and E'o l" est ima.t itig human 
h«-ahn e f f • et, f.tom environm~~•l e.xpo~uce to such po l l utants. Htth.ods tha.c 
appea·l"ed. to bi! most ,1ppl :i:-c.able wit.h the ki.ncls· ao'd qtJa•l i ty o-f i. nfQrma"t.{on and 
data usu.al ly 4Va i.labl.e. were. ' seleote·d for further considerat ion a nd po,si bl e 
intes-ration into I general approach that. cou ld be applhd broadly , rap i dly. 
a.nd qu.antitat-iv~ly to ma.ny vaste.s and many wa·ste. disposal a l t't:r-n~tive.s. •nie 
study th~ consid.ere.4 other factors: ~lt.ern•tive t--reat.ment a.nd di:,-posal t t:ch­
nologie.s, tr&nsport•tioa ri.sks, occupatioriel e.rposures, .reh.ase rate. p.ar-arn­
eters, cot:rect. i ve act ions , costs, and envi-ronmental lmpaats . The qua.nt i t :a.t i ve 
estimation of pubHc health e.ffects {rqm t;avi ronmental exposure'!, hovever, 
r~iaa.ine.d the focal P.Oint Of the: s·tu.dy. Comme.nt-s frcitn m.a.n_y ctivi t:vt:t'I of 
i.nterie manu.a<:tipC:s and a d't'aft report ("HB:1 , 1983) led to several i.tnprovementt 
in the aaet.hodology. 

The 1Nt,h.0-dology 'f&I the.n a.ppliad in pilot a.nalyt.e~ of three T'epre­
sent.at i ve vasces, "'hich req_u.ire.d fu'C'the r deval.opment of the: ove·r·a-l. l mech­
odolo&Y• An £nt-e.rim repor:t was p-reP£red (MRI. l984a). Review comments were 
again incocpo.rated i n a. dt"aft rep-ore s~thi ng the ~thodo l ogy -.ad r esults 
of the: pilot studies (MIU, l98~b). This dt'afc 1,1as nsade av4ilable to inter­
ested tetea-rchers and the p1.1blic foe comment, the Environmen~al Eng"ineet'ing 
Committee, EPA'1 Sc:i,ence A,dvi,ory Board alio revieved thi s report, discussed 
the methO-dology 1nd resu-lts wi th ch·e OPP·&-MR.I project team., •nd issued a re­
viev (SAB·, 1985}. Our evaluation •nd d.cvelopment of r i sk ass.e:ssment tech­
niques ben~fited from the~e extensive revievs -and sagge,cions. 



. 3. $Qo
1
p,: The s.cope of this study had, th:(ee. ~jor t ,ults: (1) 4n 

overview of the 'C't.,k. a.s.iJressmertt proae·ss {incl"'dipg nec·essar.y de£inittons) and 
of t he componeqcs Qi cisk a,~cssment for· q.azar.dou:,s wastes disposal; (2) re­
•1ie-.;os of methods fot" specH~c staps in haz.ardous .;a'S t ,e risk. assessment tnc l ud­
ing source a..ssessmenc . :.n.41-l y,ds of etivii:--oomenta.l transport and fa.ta , exposure 
prediction, ....a:n.aly-sis of heo1Le-h effec:t• .ind pi:-edl cti.on, asses..sment of environ­
mental and otht!r impacts, impact inc,egration, and uncertaint!/ analysis; a.mi 
(3) deve1 0P:C0.4nt of a general , ppro.11,cb. for «s-sessing risl(.s i n h.au.c-dou:, "'aste 
unagemenc. 

Our 1 tudy ~as .con_st rained i a scope by avai l 1tble. resou~ces . Sever-a.l 
as sumption$ and li.~lta t i ons ~ere maae . t be masc Significant of which are noced 
here. be~aus,e ~hey ma,y ..r·equ.ire further cons},d.eration Lo oc-her speci fic ri sk. 
a,ss es·sinent a ppl ica.c ioni. 

• A solid ~aste wa.1 defined a.s baz:ardous if it is listed ia t-he 
a,ppcopr.i.atc -sect.ion of t..be .Code of f e.derai RegulaciOns o,r 
exhibits .a oig,nificcanc. de_grl!e of ign icabil icy, cor-rosivity, 
r"c.t.'ivit-Y or toa,icitt• 

• l'h;e ri~k 3s9~ss~nc 4-ppro-.cb sbou.t,d be ori ence~ toward RCRA­
relace.d dec i s ion.s c~mce:.rninJ h,e.z.ardo_us waft-e dispos-d . 

• 

• 

The a pproach .shoul d be applicable to. specific b.az.ardous waste 
ttea tm-.nc., sto-rage and i:lisposa.l. f.a.Ciilities (tS.Of's) or co speci­
fied hazardous w~~tes. 

Th• 4pproa.ch 1hou.ld be. a-pplieiabl.e to multiple technologie;, 
l nc l ud.i.ng : land£ il ls; s urface imp.oundment s; .sur~ace sp-read.ing; 
stor.ge in pite.,s or CiCnta.iners .; d-el!p veU injection; du1mica l 
and biological treat'meocs; incinera tion oa l and or at SC~i and 
combu1cion i n bc l l~rs. 

• the app'C"Oach 1hou.td be applicable co ea,,ining ·sices c~ncaining 
h4z4rdou.s w•·ste.s, e,ci•.scing TSOFs, ind pr·opose.d ne'"' cenc-ral or 
dispersed faci lities. 

• The appro•ah sb.Ould be appl ica..ble to a range of potential regu­
h tory dei::isions, such a,: e.xclusion or acc eptance of desig­
n.aced v•stes (e.1 . , from, landfill or .incinerator); pr OIINlga­
tion o·f ·s pecificat ions. or stand:ards for given dis posal tt<t'h· 
aologi~ ( .~.g . , .liners for la.ad.fills, or control o f 11tmisaio11s 
a.nd effluent s) ; and acceptance. or rejection of de~ignAt«d sices 
for 1-ta.ted activities C:e.g. , based on W'tLste characteris.c: i c:s and 
amounts, hydrog1ological and meteorological c:ond.ition,, hUl!la.n 
population diitTibution a..nd other envi.ronmencal factOT"t). 

• The .approach need not be od.tnced now to making vast-e man.age­
uient decision• on a naci onal le~el on sJjecific wute, or waste 
sctn'c:et. ff,1tion•l c:onsider,1.t.ions " Ht be taken into accoun.t a s 
netded in f ucure decisions. 



• The approach. shqu-ld Address a ll rel ea.:Sf!s oi pollutants fro~ 
TSDr, to air and water that may aff-e.ct the public. llow-e.:ver , 
releas,es !r-o,m. tr.a·nspoetie:icn of h·azardous ~as tns .aT"I noceii only 
br,iefly . They may· need c::O be ao'hsidflrcd at length- tn many 
r~al - 1.ife deci s ions. 

• T'r.e appro.ac:-h shoul d ta'ke ;i. long- cerm mul ti.med ia 'lie•.., of env1-
conri,eotal tra.nspott of pol l utants from point.s of release to 
po i nts oi Upotur-e of huiiia" o'r nonhuman r-ecept6 rs . 

• The approach should focU$ on the potential h.uman health e .ffecc·s 
of toxi c pollutants. t t "s hould ~ddt"es9 _pr imari:ly the health 
dsks of the gener~,l: po.putat ion i.n the vicinity of t'he 'TSOF­
The pu'bl.ic is ~,sume'4 not. co h.ave ac;cess to the site~ Oc.:upa,.. 
tionai exposu.-re.$ at the 'f.S:Df ar.e noted only briefl yi they m.a·y 
require further con.sid~r•tion i n some decision~. 

M:ethods for assessing Lmpaet a on the ph.y,ic.al -and e<:o l ogica l 
envi'ronment. are ~inf:d only brie•Hy. lmpicc·s on such f.s.et on 
as cbe. atm.oJphtre and the flo.ra -and ·rau.na may r equiee detai led 
e~~lua: l on i n some decisions. 

• The study note-t only very briefly socioeconom.ie: impacts, S-.ich 
factOt"S aa benefit-cc;ist rat;io,. equi c-y conside,racions, land-use 
pLannina, •nd soc:ial ac:cept.ibi tity of dtern-atives m.ay requi re 
i.u-dept h con-t-f ae.tation i n s_qme dec Lsion,. 
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II. RISK· ,ASSESSMENT Al/0 RISK \wl~CEMEN"r 

System4tic a.ssess-ment of th~ 1"i,1u- co human b.eal·th and safety and co 
environmental valuu lt,a.s become a forlt'la.l activity for reguta·tot'y S)urp6ses onl•y 
~it·hin ch.e ?Ut £ev decades. Neitb..er the defi:n icicns of risk as.$t?-Ss-menc/ 
mana,eir1ent teen'\$ nor the scopes of t .he processes a_re scandardi~ed yet. 'The 
follow.ins sections di!scTi"be fir-,t thie termino logy u.sed ill o.h.'is te;>orc. and 
then J , usefu_t fr:,.mework for a.S-se~sing and man.aging -risk:& of ·haz,u ·dous 1J4:$te 
dispo?aL 

A.. T.er:mino logy 

Risk auessmenc/managtoent conc:apts developed indej,enclently- in 
diverse fields with sub,tantially dlstinct Liter•tures and diffe.rin•g teC'fflinot­
og.ie,. The ri•k-ntaud lit·er,tu:te 311',s grovn rapidly in the past d.ec;ade or 
10, ..nd interaction, between r-ese·a rebe:r-s in diffe·d:nt. fie.ld-i have -in.:teased. 
but a gener&Ily a.cc:e.pt·ed, stand'.a:rih·ed nomencla,t-ure is still ua,"Vailebl e. We 
have carefully t°t.v-ievcd the c,e·nnino llogy f ~ 1J:fe 1D C!ht! 1i. t eratut't- and have 
se.lectt!d a._ i:pmposite set of definitions £or our "ork, as described i n A9pen­
d.iK A and 1wnniari:ed i;n the two su.bsecti'-ons fo.Llowing. 

l. Rec.e.nt u.sage: Nwneeo1a autho-r.t h•ve de"fined risk-related 
t erms, but. they h.ivc seLdqm .agre-ed iwith each othe.r and b.tve •t c imes been 
i.nc.on1isttcnt or conf lJti.01 v\thi-R thti.r ovn. usage. A revi.;.w and bibliography 
of tecent us.age tn th.e literat-ure i:!I prov.ided in ·Ap1iendix A.. Over-all, the 
ltteratur:e reveah tti.t risk as.·s e ssme:nt is 411 ira1'lature discipl ine without the 
kin'd of 1ta.nd4rd i z-ed no.nnmclatu.re one' fi-nds l.n an older cfi-'sci pline Such as one 
of tbe phyt i ea-l, biotogi'"a.l, or sod.al u:itnc:e1. 

s·eve·ral recent pub tie.a.dons have ,1ttempted to define te(MS, but none 
ca.n b~ r c:g.•rded as the flnal wocd.. In thort, c.he temi nology i.s stilt evolv­
ing. ft hck.s ctin.sisteocy, •"•n fo'r such basic terms as 11 ds1t,i• ue-isk. aS-9e;s­
ment, 0 and 11 risk managtme.nt. tt 

Some a u.th.or, feel that "ri.•-tt" mu,·t be a quantic,cive u,pres,ion of 
probabi\ity. white others do noq a ftv e1ll!4te :•ri,sK ~1th "unc:e~t.tinty, 0 others 
with ".haiu·d." Some defi'oe 1'ha:u·d" •• inn·"in,ic to£icic,y, other,s as a situa­
'cion that coul.d le.ad co h.ina, and :sttll other• a t a 'd.anii-erou9 technolQ.g,y. 
"An•lysi,0 and "a.sse:1e.M1tt" •f'e used ifttet'ch.angea'.IUy by S0"1e ai>thors, but not 
'by Others.* eartlcu.l.arly troub.les:ome bave be.en the i.nconsis-tenc·y a.nd th.e 
V&eying interrelationships -shown for such te.rlH a.s: identification , e1tilt1a­
tion, deteTIDination, c·t,.ar'acce.riz:a·tioa, e.va.l:uacion., ana l.ys·U, a ·sset11111cnt, and 

* According to dictionary defi n.ition1. 11an.alysis" Cfro11 ' co di,ssolve'l 
i.caplie..s 11p.a"t"ation of • vb.Ole i.n·co it., component. pares, followed by iden­
tific:a·tion and qU4"Qt.if.ic.ation of the p,arts. 11A&seu1Hnt" (me.aning 'to 
aui..tt the office o·f judge•) implies app·ra.hat .t vahuiition, judp,e.nt, and 
a summing up. The jout:n&-1 of th• Society for Risk Analysts u,e-s the 
terms intercb.angubly. 
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" l " . t " • 11 d " h • ' 0
• u l management . c:or e..xamp e:.. e:stuo.a·t on 1, ~• ~ c aractOJ'u:att•e>n ; eve ua-

tion" is u.sed ln se.veral ~ays; and ''m.in•a:e111ent"'" 1s 6fteo llfflite-d to t-tt'e.Sching 
a dei:.itton. 11 On.e r ecent. author clauified "ris~ a.oalysi," a :s a sub.sec of cost­
benefit a.naly.:t:·it , ,.,biL.~ another. curl ously ,iubsumed ris.k. aH4 .. nment. a.nd manage'"' 
uie.nc 1.1nder ".a,n.a-1.ysis." 

OHfJ:rept agenc-ie.s o~ gover:nme:nt ,..nd a1£fere:nt committees of the 
N•·t ional 8.e1earch Council, tfati:onaL .AC!ademy of Scl ences , , have u.s,-d subt tan­
t ialLy diff~'ting tc.C"ms _.and de.I.initions. An i\114.str,ttion o f the diversity that 
e.s.ists among author-s on basic ter-m.J 11 seen i n Table 11-L. In add lci.on, tne' 
ovetalt procc--iu of srudying and manag ing c.ec~nological ci,sk.s tends natur--ally 
to have several sequ~n tial step•; manx analy~cs tend to deLlne a g i ven step to 
in.elude. a ll pt"ior S"teps in the. tegtJ.ence. :ttw.:s-, source a.uus~ent tnd eoviron­
lHncal tran,-port analysi·s c.an become s,ibse ts of exposure useui:nent. and all 
th~•• 1:4..n biicome s ubs,cs• !I f rlsk a•.setsmen~ . Risk. ass uu:ienc is occas:iona l ty 
detcrib•ed a.1 a -com-ponent ....of risk rN.n.agement . 

Ba sed on ou.-r review of tetmi.•no.L9gy used . in the Litel"atur.e, an 
at.tempt vas mad.e t o develo--p a Ult of t 1":f'lftt dat; are internal.\Y c9.n..sistent and 
wi d.ely· • ccepta.bl e ., .as discus.std in th.e next s UbseCtiort. 

2. Oef i nit i ons adopce.d : •it, ~ Pi! tied tj,10 _guide!. i nes t.n the de.Ve L-
opcne.nc of def'inidons : 

• 'thtt: te.rmino.Logy should r • flecc as we-\.,l a s p6s.si.ble the btut 
use,e in the recent Lit e.r.acuc-~ , both i n the ·united Stace, and. 
intern.at ioa.ally. 

• The teminology should be se lJ-~ons istent aG.ross the. whol.e 
process of asse-uing :4nd f11,tnagi.ng .rtsks, including th0$8 t1e­

.ment s involving' jud5ing' the safety and acceptaOil icy of riski , 
making regulatory decisiorn,, and i mple~ent ipg ri ~~ oont~ots •~ 
.,ppr-opr;ia,te. 

Partic'-llar att.ention Yas gi·,en t o c,xminology used i n the Stal.lone, 1 

committee report, R.isk M&r'!a emen-t in th:e Federal Cove:t'ttm0nt: kanagi ng the 
Pr.oc• s'.I, {NB.C/NAS, l,98~ , bec:ause this t .erminology waa ~el l r ecelv~d by c.he EPA 
( EPA, 19~4). t t i , pot, hovatver, without p-rob'l...ms, and many authors have mad,e 
efforts to improve. upon it (table. II-1), inclu.ding a prest'ig i ou.s t.atlt f orce of 
the Oepa,:tm,e.nt ~( Hulth and !fu,man .$erv.i~e• (USOHHS, 1986') ( see als o Appen­
di.s ~). the NI.C/tlAS tee11inology wlU ua.d:ou.bted.ly be.~ 1Up~la~ced in the futur e . 

'nle c:•l1tionships de.fined belov pr~vide a... bac~ground for th.e more 
co,-aples c-elat -ionships i n the .framawork fOT a.sse, .slng and ffl4.n.&g ing 't'isks 
d.esc.rib-ed in th.e next section. 
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Otway & P:ibner, 1976 

Rowe, 1977 ; l983 

l<at-es, 1978; 
1Jhyte ~ 8ucton, 1980 
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7 $.omie.n, 1979 .... 

T'ABJ.E 11- 1 

EXAMPLES OF DJVl::RSE 1'1:'.RHIH(H.OCY IH IJISK ~sst:SSHf.N'r l. l'rt:RATURE 

Compr-e.hensivc 
Risk Tto.r•s 

A5sl!SS-menl 

Aas~-ssmc11L 

As.scSseuml 

ttanagcmcnl 

!;rlncip·a.l Coa11,one.nts 

Est hnal ion 
£valual ion 

De t e rq tin.• t. i. on 

Ev~lua.t ·ion 

Identification 
Es Lima t ·i-on 
Eva luat.-ion 

l~az:a.rd identification 
Rh~ es l iina.t-i on 
k-i.:s.k. evaluation 

Sub!E_r~ 

{ J dunt-f f i c,11 t.ion 
t~st.i 11at i,Qu 

Aversion 
{ Acce:p ta nee 

Conr-ad·, 1980; Aucssa1cnL Ana lys i-:s (or :•est. i111ation) 
Eva l uat' ~-01) Greer•Wo.ottc.n, 1980; 

Culliogford el al., 1982 

Gus•~n ct al., 1980 

NRC/NAS, 1980 

Porter et al., 1980 

Assesu 1en.L 

As·sess•ca\t 

Hana-ge•ertt 

E.xposur~ as~essmenl 

Oos;\gc (h:f:Z3 C'd) 
US$CS:!nM.'nL 

Exposure ana-lys ts 
P3tholog-ical acti•vi ty OY' 

J1au.rd appraisal 
Co11bin·ation of exposu.re 

and he;ea·rct est-Unates-

Assess•eut (..:quated with t'hk/henefft auc!l lys.i .s) 

(ttagnJ Lu.de 
ProbabillLy 

{ Adv~r-se cf feel 
Probabi Ii Ly 
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J. 

Reference 

Conway, 1982. 

HRC/HAS, 1982 

NRC/NAS, 198l 

CRS, 1.983 

Roy•l Soci ety • 1983 

DSNC, 1983 

Davi es, 1984 

ContJ)rchCns i vc 
Rh-k. Tcra s 

Assessment 

An.11yJi4 

Aasess11eot 

A11ea.»mcnt/ 
•fldysh 

Auc111&11cnl 

An.t..lys.is 

A$$es 111ten t 

'l'A8U~ lJ-1 (Cont i uu.cd ) 

f r:_in,cJpat COfllp.one.n ti;;; 

A11a-lysi-a (e'v.a l u..n ; foo of 
ade.ntt.£.lc <tau) 

F.vduaL·i()n of 
ioc io •ccor10-pol 1 L i-<.·a l 
f.1ctor6 

A:. t.C.liS-_nte:llt 

Eva.lu;at ion 

Ha~,1 rd idcmti.fication 
Hosrre;sponse assess1ae.uL 
£xp0Jiu-;rc,,as ses,sment 
tli&.k ch_:a..rac;te:.:cizaLion 

Sp_ur.c-e .asscrs.sment 
~ath.way-to-11a.n as•sess111ent 
J11pac-l .a'&sesse1e.n·L 

E.sti • at:ion 

E:v11 l u1 Lj on 

Assessment 

ReductiC)u 
tfanagcmrnt 

£stl mat± on of probabU .ity 
of hazard o c currence 

Oete-nid.nalion of types o f­
ha:u eds posed 

Subt.en1::1 

{

.hlt11H,iHca tlon o f outicoual!S 
Estlllaal.iou of magnitude of cou ae(Juei1\'e1i 
£.s_Li•aL.i.on of p.robal>i H t ies •f 0 11 tc<,n1e 
D~Le ani ne s i gni f'icanc~ 

{
Study t r a de•offs 

h.c.ue fi L::i 
of {HHC~h t:rl d 1.ks and 

I ldeu t!ificaLio n- b f cost. , :.:the d 11 l c, Of' 
pc rfor• a u.cc goal 

l!stim.a L1--0n. o f proba b il1ly or 11ch icvtog 
goal 



... 
M 

' I 

"' 

Rerecence 

Davia 1 1984 
(continued) 

Mogb'ia1, t, J.98.4 

Park & Snee, 1984 

Sm<b, 1984 

Comprehensive 
Ai.st Ter•s 

Assessmenl 
,conl-inucd) 

Hanagemenl 

CootrOl 

Analyst.& 

AsaessmenL 

ts;uiag-e,ntul (o r 
rc-guJalory rc­
apOnse,) 

Asscs&ment 

TAHU! J 1-1 (COnlimw,J.) 

Principal Coaie o2enu 

£·s t b,at ion of 1m11her of 
people exposeJ anij 
.number incu rring 
adver: se e f f.ects 

Ac.c;epLa.bi J i ty j ui.lsmc:ut 
Aclion 6t::lecti-.ou 
lmpleme.flL~t Jon 
Evaluation of ~esolLs 

Prior'i't:y sett-itig 
As-se'scaflient 
Mao,-ae,m,enL 

Agseuio,en1, 

ttoo"ge11bnt'. 

Hazard· , ·-de.n(Ui c,U f on 
lla-zvr<I eval.ultt.ion 
R.i s'k ev~ 1 u-a ti on 

E.v,a'luat':ion of bcne.ftts 
versus (i s:k.s, cost.s, 
ilnil a:J tern·,n t vt's 

»~iard' -:i dent:J r rcitfon 
H.iZ(lt""d evalu41t lon 
Exposure ldet\t-i.Cicatioo 
£ xposu rc eva1uution 

Subt .. crms 

!
Eligine.ering bilure. a s sess111ent 
Ex.po~u,e as.se$s111enL 
Effects 4ssess•eot 
R.isk ch-a ,ac-,t-edzataon 
Asscssmr.:nl po U.cy 

l R.i sk vaJ uc 
) Uncet't.ainty- o f - rJsk Vil lur 

Cost impacl 
) cost/benefit analysfs 
\ Perce1•L ion:;, C'onstrA- i nu . int angi·blcs 



,Rc·fcTencc 

USNRC, 1984 and 1986 

\JSNIIC, 1985 

,.... • OSlP, 1985 

! 
RicC"i eL al., 1985. 

S.ilar & T.homas, 198'5 

Comprehf:nsive 
Ri.-sk Teni,s 

Probab·.t 1 h -t-t,e; 
r.isk •llisessmcnl 

Risk •ana·ge.ment 

Asa_es-sme_nL 

Ass-es8•enl 

Ana lys.i s 

1'AB(.E 11-J (Continued) 

Pd o d (1i1l Compo1H:1:1t...s 

Sy~.tc• s ' analysis 
t"auU t.rcc/c\l'c.nl le-cc 

an;alysts 
Hwnan (actor an-alys js 
Acci"denl pC'ecurS-or: 

analysis-
Accidct1t -sequence 

a,ialys'la 
Contairuae.nt ana l y-:;,i s 

-~ccfdent ·prevention 
Acc-iJen t nusuage):O,ent 
C~niequence altigation 

Hazard (tc;,xic:ity) .asse.sa• 
•ent 

£xpo'Bure· auesuient 

11.aurd 
Contcxc 
Conr;Cqucncc,; 
Uncert irint.y 
-Sc.-veri·L'y 
Ma gn lt.u<lc 

St.udy 

J nle rprct.aL i on. 

Sobt-et111~ 

tHaiard 1dcnlific:c1-li.Ot) 
IRLsk ,useu1ne.nt. {Jcvelopcne.nL ()f c~ndi.-

1 tionol proba-bil-itie•i.) 
Ri sk•bene r·i t aonlys Is 

!Risk -'flpra·isal 
Tnans l at.ion ( i ntn re lcvanl L~r:ms of 
t pc>lit!c:,il t h·eoty, hn,1, economi cs , 

;:md hmu u beh3vioc) 
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Re.fercnce 

Hor g_an . 1985 

Skinner & Hiller, l98S 

Tr•vil, 1985 

N•al , 1985 

Boykl n, 198S 

Coarp.-ehensivc: 
Risk Te n11,; 

AaaeumetLL 

HanJ gt'nKmL 

Assea.1ac.ut. 

Alloly&i s 

Characteri;a t ipn 

M:apagemeot 

Ao.a lysi •s -

TABU: 11• I (Conlinued) 

P-r:inc: ip.a l Confpont!!i!; 

1

£xpo~uTe ptocesscs 
J::ffec--:t.s pro·ccs21c.-s 
Perception pcoeciucs 
i:va.l.ua tio.n proccs,_s·el! 

I 
St ra t-eg.y idcnt i ti cation 
Accepto\ble/01)tj111al ri,!>"k 

det.e..1'.11:i n4LJ on 
Ri s.k. a bat:en,enL 

l
llazard ident. Lf:icuion 
Risk estimati on 
Risk ev-al.uatl oll {indud-

1.n-g mana ae1U:etn. ) 

£x-posu t'C •AS-S ,CSSl&;ellL 

tffe~.t.s a $te1u11ocnl 

Hau r d 1-ncss·11cnt 

Ex-pos u,r e ast·es-s11,enL 

Risk esLbtaLion 

Poifcy Judgments 

Rhk asseumenr 

Rhk OEan.agcmeut 

SulJl<! rJDS· -

I 
Pa't-hwi~y Idcnti.f f ~a t i.on 
QDllHtl fi t"l,rl ion af t'i.tflCC.Hlc'a l -iCudt f u 

sp;a:c<: and ti.me 
T.i tgct popul.atioos 

IS't ruc tl.lre/8.ctlv rt:y 111o d~ J s 
Expcc-ime.nt,a l St.udi c:S' 
£.p.idesJL1.olos ical Slud i es 

{
Con.cent rat-i nos 
Dura Lion 
Q,u.antili £lat.ran 

lll~;rn heal lh co·ns-ider.:tl ion~ 
Econouaic fac~ou 
Politi cal contil dtt r.,ti.o'.ns 

/

Haza rd asse~smenl (risk EdeuL Hica ti on) 
EXpo·sute estimaLiOn 
Hi sk cha c-itCl _eri za ti on (quanti f i.ca t ton 

a nd unct:rtalnLy analysis) 

l
kjsk evaluation 
1'echnlc-al r~agib il ity of conlroJ 
Soclal, eco·nom.i c , pOJl tlcaJ fact.o rs 
Oec:i dons 
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Reference 

1JSDHIIS, 1986 

Cootprehcnsive 
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TABLE 11 - 1 (Concluded) 

Prin~ ipa l Com£~1.! 

Hazard identi ficalion 

Hazard cbaracleriZ.ation 

£xposucc cha r acleri2alion 

Rlsk detenn.Lnat ron 

Sublccnu. 

IQuaUtat-d vc or quant itat j ve d~tern•iua­
t i'on of potcnli.a) hazacJ fr't)III a 
cor\ tlft i_o n or sub&: liuicc 

I
Char•c: teri~e atction ·o -f h.1tz1tr,I 
Oos,:-re.;ponse as8t'!tisme.nL 
0e-ter11i-ne_ differetfces i.n .risk .acr•ruH, 

subpopu I-at ions 
.JQttaJ it-ative .anJ quuqliLalive. evll lual.[oJI 
l of 1 U:e ly· expoiiu.re 

l
l ntegraU·on 
Binary (risk/no r .fsk) conclusions 
Quantit,aLive. mullidicucns ion.11 conc lu­

sions (inclu.ding s ens-ilivi,ty LeeilioK 
a nJ u11certa·i11ly ,char:ac l cri2-3·ti o11) 

Expozsure cb• .c:..~clcd~aLion 
lteafU1 ·effect, c:hu racter- JQua!lt&tive e.va luali.on• 

izalion. 'Qu.&11,t Jtat-rve- -,va l ua ti ons 
Je1dlvld_u:,l eltce.ss d sk 

ftj _s_k sna ly-s;i s. 

Atccplablc conccril ra l i cm 
ca.lculatl.01L 

Haza r d idcntHicc1Lion 
fla?f.rd accoun.L i ng 

('de"fining the. 
1>ystem) 

Envi iro~enta t pathwa,y 
eva ·1 ua.t ion· 

Rhk characteri;cat ion 
(flul!lan hea1 th and eco­

·s yste111) 
Rlsk fHnagement 

Numb~r excess CAses 
S1:n.d1..,v,ty aoa ty~1 iti 



An action Qi:- corabi.nat i on, of !lc;,tion,· (event4 , cond.iti,ons, cha llenges, 
decisions, Or c-aus-e s ) pi-<1duct:s oo·e or, more consequenc o, ( outcqn\es, cesponse.-st 
i mpac.ts, o:r eff-ec.-t-s). l'bese COMeque:.nces 4l"re j u41Jed co b-e bent:fie l al ( f avor­
a til.e, advatttageous, propi r.t i 'Ous O•r good}. .i_dyerse (dee d ment a l. h.annful, 
i njurious, or bad}, or oeut"t"al. dl!pe.n:ding on the •,1a lue system ,of the >pa.'ct.y ·or 
p~rtie.s doing the judging. • A pob.en't ial c:onseqoenc·e deemed co be adver-,e is 
vie11ed .a.is a. threat , .¼I? An action or condition p'osinJ & thr e·a.t i t a ha.~ard, 
i .e•, a hu,ard i :s a pote.nt·t a l iou.rc:ei of adver:se imp-acts, o,r in popu.l.ir t e.t·-
111inol:ogy, a sou..rce of ?'i,k.~ This study focuses on advet"s e- ~-mpac:t s on hum•n 
health and safety a.nd on the enviro'nmenc frci111 -ha.zardou-s chemicals . The degree 
of hat.at',d of a chemical d,epend.t on ho" much bJ present , its p.otential fo-r re­
le.au: to thl e.nvironmen.t, i t, i ntf'l nsi•c. t o xi city , ~nd i ts •·pbys.icochemi cal 
pr.opet't i es. 

Risk (nou.n) t , an expre·ssioo. of the t,'"cert:.i in potenc t a..1 of i ncu--r:dng 
a s-peci(.fed aav·euf' -con.a4!quence (e.g . , de•t.n> · dU.f'i'.ng ~,ome :nato-d a1&a.Sure of 
intecv,.L, e.g .• • time, 111i l"Lion mit~s""' hUndr·ed slc,y<livu, e t c. AU txpras& i.cnt. 
of ri·s.k. . .ere coniiiti onal:. Rhk may be Use.ful ly e.xpressea either quanti t.acive l.y­
or· qualitat i vety: 

• 

• 

.A 91.1an-t i oat-ive ,c-aceme:nt of the probability of occurTenc.e. of a 
de fined adverse effect , based on adequace amounts of the 
requind kinds of i n.formation and data. i\...1tatement o·f risk .a:s 
a p-c:ob.abi lity: hu meaning only if· one st.ates the. unit'<J of me&­
sui-e a·nd the c.ondicions appficable. (Mote : A definition of 
ri,lc. 4tt pi-ob'ability ONltipli..4td by' d ie inag-ntc.ude Of; t.1.\e cionee; .. 
quen~e Ci .e., the upecced value) l• also 1/idely us.ed in t h• 
l i ter•ture.) 

A qualitative st:,.at.ement of ~he likelih.oC)d Qr po:s.sibility of 
occurTt-nce Of One or ftlOl'e i:dehtifi,E:d adverse ef.fects, based on 
pa·rtial or mii;i:imal inform•t i on o-r hi s t:o-rical persp·ective . 

In m..ny ca,su of regulatory interest a sequence of sever a l !Lteps 
(act.ions and the i r consequences) Uy· bf!: in.valved bet.we·en the ini tial source 
and ultim.a.ta consequence·s of aon0ern, s·ucb as act-ual e·ffeccs on h.w'nan 
health. For environm.e.n.tally -r-elat·ed risk,_, a designated loGat i on, activity or 

* A con1eq_u•nce d••~ed be.ne•ficial by: 011e person or- group may b-e. d• emed of no 
valu. oi- ad"-r-t• b'y another { Ol' llv1n by th• •d ·e percson a.c another cicne), 
•••·•• • •••nail da.r-ter 1

11 a -i.ero tuai game, an election res,uLt., or a sui­
cide. Value:9 thus ent:et' ·in~o the sl;ud.y of risk.t at the earliest ·stage., 
and ente.r subsequen~ly in '-a.y: va:,s, either: explicitly or s.ubtly. 
Adverse bl!alt.h effe~t·s should generally be ob~ectiveiy definable. 

¼• "'Poten.tial" me.ans "cOuld occu·r in itbe futur•· 11 

...... coa:mitte.e. o( ·the National Re,:e,arch .C.ounci t st•t,ed t.b.at the ha~ard of a 
cbemic&l ii a function of both· it.s inteins t c to.xi city and use ~ patte--rn 
(KllC, 1915). Saltena and Fhher (1981) u.:se t.he teem "ha.t.ard at-seument" 
to include many of the: •re.a., cove-red, b,e.re.in by; risk a.ssessme:nt. 

n-9 



use fr-om vhic.h a toxic substance enters chis ·,eque.oeae may be cons lde't'ed as a 
h.u:atd. Sxposure is sa id to occut' a-t the point in the s-equ-e.n<ie at whleh the 
toxic Sl..lbSt.ance is pr..e\e.nt" a't t·he interf.a,c:•8 be:cwee.n the en•.ri.ron111ent an.d the 
biological organi.sm. Ihe envir.onmental dose Ls the frmount . o-f th~ s·u.b:Sli.a.Aee 
that aett.LallJ contacts or enters !me o.r·gan t si:n th:eough bodi l.Y ma11branu •n.d 
portal• : inc..ac.t or br:oken s~io. l!)'H . aoi•. and mouth.* Sub.sequo..nt s t~p.$ 
vithi.'l che organf,m may be invo lv1!d be.foce: th.e s p.eci fied effect O0cur-s. !he. 
risk f-or this e ffec t is c.hen estima~ed by __.pprqpriace.. calculation. ba_u.d on t-he 
c:hemi.caLs, ,c.e_ps_-and c;onditions tnvo l"'ed and as·sump.tlons requlred (as Intl be 
discus5ed later). 

11E.J.pO.SUTI: 4,sseument" is often used. to des-et-jbe d i fferent se.u of 
activicies by t'.'«S-earche~s wi cb diff erent vi.e"'9·oint.~. Some rese_archec:$ con­
sider exposure aue,s.ment to b.e&in vith. clhemic.a...l analysis o f the. concaird.nant.s 
lo the air, '-'ater, food, surf.aces, etc., liilhich peQ.ple actually i nhale, ingesc, 
touch, e tc. By knov-in.a conce:ntr-aiion.s ~d as.sun,ina the daily volume. of •ir 
brea~he.d, tilJn'ACt:-r con·s ume.d, etc. , t.hese: cesearchtrs e.s I: ~ate the e~pos:u.~e 
rate a.nd axpotu-l"e dose. over a g iven dut"ation for ea~1' e·x-posed , individua.l, The 
expoture aue,s.men,; i s u..su.t,lly completed by qu.anti-fying d ie 'knovn or at.J;umed 
populac ion at risk. Ot.her researchers, bO~e~e,, rn.ay ploae greate r emphasis in 
e.xpos1.tce U:aeotne-nc qn anaiy-z:in, or model i ng the t-tansp.ocrt - nd inte,ractions of 
c.hemic:a.l subs..t anc.-es from the ,Poi n.t at lo\lhicb_ they enter t~e em1,i·roome.nt ch.rough 
a-ir. w4ter, land, and ecosy1i-tems until th.ey reach r ece·pcor populations, i.e., 
they qu-antif_y the ROincs in spac·e and ·time_ c.h~t to-xic,anta a..nd popu.L4, c i ons 
ln_ter.cep.t e ach -0th.et", •• vell as prfficc the e1tellts of u-potutes th.at co\lld 
result. Still ocher r-esearche-rs, Cl!ol)' beg in the-- eapo-suie a..sseuanen.1; \of·h h .qua.Li­
t adve and quan~i tatiYc analy••• ot tbe entry of cont1l!li,n1nc, \ptq ~h• 
t-nvitonmen.t, i.e •• vith an assessment 0£ t he sources. Thus, Ku·sbon and 
Clenn.an (1981) divided u posure. a-,sessme,~£ into fiv• ne;t,1: ch,emic..a.t descrip­
tion; ffl&{.tt:i.at-, bd-&PC4!ii p•th.ways of e..nvir:ohMt ncaL release; pop1.1:lation p·r o­
Hles; and 11-a..,_seument" in which the en,vt:ronment.a l concen<rat~9n-$ •nd pop.u l a ­
tion erofiLes 4.rtt combined ~o give e.J.posure pTofilf,. tn one recent re_por c 
(OTA, 1.984 ) 

1 
the e.J.posu.re a..ssessme.nt vas. ext ended to include abtorpt ion and 

tra.nsporc wi thin the ~rganism to the si te 0£ toxic activity. Many add i~ion4L 
factou can affie.ct: biOlogical uptake c,f a: g i ven c:hemi,c:al, Lncludi.ng t..h.e 
pre.s•t1ce of other c.hemica-ls. · ' 

ln the 'Present -research., the 1;erm• ... ,ource asseu.ment , .. ''"environ­
mental tr:&ntlport and f a te ana.L ytit ," a.nd 1'e,:posure p~ed-icdon" a r e used for 
clarity inscead of i:.h• lt:s.s d1finitive "e:..posut'e a.,sessment11 terminology-. 

W• adopt 
1i1tina •of sevc~•l 
c011poncnc.s vad:es 

II • L. ti cl "b b d d ~ ru .... ,1.s,essqien~ co e scri: e_ a ro4- ;stu y p,r.ocia ~s .,,.. con-
an.al yt ical. coarpone.nts. The nat ure. o·f s·pec:..ific a..n..aly,tical 
vi t tl. a given 1:isk. &<J:Ses..sment problem., bt.1~ g~atira.l l y 

* Enviroa,a;ental dote as defined here i~. ~nal ogous to cbe •dminiacered dose in 
a . controtled t ,oxico-1.ogical sc_u.dy. 

"' ,.?bl tlt'IDI "'ritk ·analysi t 0 •nd ''ri-tk evaluation ; 1·' vh:ich have t5een defi ned 
iaan-y vayt io the l.itersa.t.ur·e, are nQt 1.1.9:ed. Ntµther of these terma- are 
i.ncl.uded in EPA' • new 11Cl os sary o.f Envi r.omne.ntal Terlll.5," but 0 risk 
as1.essmeat11 is included (EP.A, 1988). 
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includes: iden.ti fic:at ion and e harac.ce1riza tion of source·s of potential threats 
( i . e . • h.a1:•ed.,)i i dendfica.tion and quantifiQation of processes by •hioh. 
potential r•cepcors are. t.Xpose·d; ideo.cific·a t:roo and quantification of popula­
tions ac r i sk; de.v.e.1.opmer:ic -of ps:odi ctive Cause/effec t relationsh.ips f rom 
a:v-aihble datca; cornbina,tion of 4aca on. exposu re le.,els t c auseieffect relation­
ships. and popu1.iti6ns at d1k co ettlmate. the ·probabi lities of adve rse effect 
on. exposed ini;lividu.&ls o,: populadons. the ruul ts o f a risk asse·UJl'Jt:nt a r (! 
s omet i mes e..xpresied as utiJn.ced p1:obabilldes of impacts per average or most 
ax.pos ed indi·,idu.a l, or .as l ncegra.ced. esdm.a11.o: of the co·c..a.l i mpacts on ,1,n 
exposed population. In eic.h,t' cas!• ~.he ruuLc, shoul d pro\f t de Mt only che 
point eniqtate:S but also the rang-es o·£ ui;icertaint.y fo·t' each escimac-e. A f' i sit 
study co ch i.a point consists o·.f an an.a1ysis--in as sdentifically defensible, 
value-free* a r.ianner ,U pou i ble.- of seve,ra l elements associ a t ed ·vith poten­
tial advers e dfects of a situation. Vai.i ations of the risk asse.ssment pro00 

oe,, can be made, for e.xa.1Wlei to y.ield esti mates o f ma.ximwn exposur e. Leve-ts 
or ,ource ttrengtht t.hat c a.n be. pe~i1tte.d while achievi ng a stace.d acceptable 
dsk. l e.vet. 

8. Ft'.a.m:e..,ork fo r Aueuiog and Mana3i.,n3 .tUsk, 

The. tn4ki ng .and imph .menting o f deci.s i On.'$ co cont rol [' isk.s E"eq:uires 
much MOt't l n£oi-mation than t"l\o esci,n,a·t ts of the.tr tn4gni tud.e. Ct utua1 Ly 
requi r e 9 obj ective estitqtes a.nd compar.ison Ot the cons and benef.its of 
a val labl.e al ternati ves, i.e. , comp•.racl v.e ri sk-cost-b«.nef it a.sses-sme.nt¼-lr, 
i.nf ortllation on public pe-rce.p,tions of c:be risk a.n~ on fea,ibitity of imple.me.nt­
iftl vari ous unagiifit!i\C Sti.itlties bi •lS6 uluilly- ti,r1dd1tred. MlU I i vi1u of 
an ove.r all frame:\#Odt fo,r assessing and. managing tec'llnolo-g ical ri,t it outlined 
U1 Figure II-1. the health and e.nvi.rorimenca l risk asse,smen.t_, an l 111poctanc 
part Ln the . overal l proce·n , l's shov-n v'itb. seven components a • deve-1oped in 
this s tudy for hazac-dou,s "'1as.tes: (l,.) sOucce (ha%.ard) assessmen-c; (2) ttans­
po-rt and fate a.nal ysist Cl) exposure pre.dict ion; (4) ht.a.1th and env t ror:imenc.a l 
effects analysis; (5) adverse impact e.st i mation integ"t"ac.ion; {6) uncer-;aincy 
analysi s; and (7) report .and compare the results •s neces,ary. Some of these 
components '-'Oul d diff er in a.saessin, the ·risks oi oc.her uchnologies. 

Important. 
risk cna..nag«me.nt are 

a.specta of co11pa·nti1lt 
d i s.c-u·••ed britfl-·y bd.ov. 

riik-cost00be.nefit ••stumenc and 

l. Cootp41'ati.ve t"itk-cos·t-'benefit assessment: Comparative dsk-
cost-b•C)e fi t a -s·seumenc ls a , cit:nc:e--~ued du.crip~ion a.nd com-pt;ri,son of the 
e.scimated or f orec.a-1ted risk, costs, and be.ne.fits of a polity. co,trsa of 
action_, or technoloc.ica.l or sitina al.ternatLve. I.t c a n inc l ude: 

* A r.eviever has noted ~b•t as soqn as one s,pecifie~ the use o f con.a:et'v.acive 
ass umpt i ons, & confidenc-e . limit on the range. of u-ncertaiot-y, or the use 
of a:n uppet" bound estim.ate-, ·one u i ntroduc ing a val ue judgin.enc into c·he 
a.n1lysis • 

..,.. Th.e "co11pe.rative risk assu..sme.nt" concept d.eac.ribe:d in t..he pt"opo,ed "Ris-k 
A:sses.aaie.nt Research a:nct Oemon•Cr:ation &.ct" (U.S. Cong·res s, 198•5) aoted 
many of th.ese element.a. A bi.1:L for a "C99P-rehen.sive Environmental tlisk 
Ha.nagmoe..nt Act" was plana.ad for propo•al in the 1987-88 CongTe.ss. 
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Compu·i so.n of che:: reduction in r i sks t-o he a.ltfl a nd the 
environment that tna..y b.e -achieved by o.ne or moce t echnol ogy 
aontt'ol opt i on, 

Comparison of the d ski and costs posed by two o r ,nore 
t ea.hnol ogies that se.rvit the. Same human needs , i . e . , pro­
vide similar i dent,i fie'd benef i. t s* 

Comp.ad ton of t.he t'isk.s, c.osc,. and be ne fi. u 0£ al rJerna­
t-ive technologl.1t.s or tectmolo.gy contro l s , noting both 
equity of d i sc ti b1.1tiod among st~keb.ol d.ers a nd net societal 
e££ec·t, ( t".ed.1,,11:;tion of risk is al.so .t be.nefid 

Comp4rison o f .a gi,ve:'l ri.sk v l •t h natura ll y occurt"" i ng oe 
fami l L1>r risks. enabling the deq i sion m.ikers and t:he 
publ i c co pl•ce t h~ r f Sk,. c ost s, and bene"f its of altet'­
nacive techl'\ologi~a L c ho·icas i·nto bet ~er per,gpective 

l dealLy., -a comp·ara~ i ve r i..1k-cos t -~ne_fit a:s :se.ssm.ent methodology 
should b• characterized by: 

A sy.stemaci c a_pproach ~tio,c i s suf :lc i e nc t y fle x i ble and 
n:onmech-a.n.h c ic that .it ca.n be appl i ed to a vu· i et.y o f 
deci:s.ion q_uen i oo, 

A rulist i.c cech.no9ocial alld .in·st it'u:tional vie.w of dec i ­
sion obje.ctives, opciont, and i.mpl QIIQnta.bi lity 

A. comprehensive , long r:ange. vi e.w of r i sks . co&t-S, and. 
be.:nefhs (at mi ni mum., c:he life c1,cle of the te.-cihnology) 

A con._s i nen t tt'ea_tmenc i•:l the analysis of c.he tachnolog­
ical .altern.adves and their c.on.sequt:nce-s 

A mul dctimensionail anal ysis of qui te di.ff•ef'·t nt eonstl­
quencu i.n .sunnin:g up the t rade-.0£ £1, .among, t" i sks , co$ts , 
and benefits a.nd i n avoid.ina subopti mb :.at i on 

A pr-ese.n.ta-ti:oa of• resu.lts t.iat Ls comprehen·sibl e and he.lp­
ful to the aonex:pe-rt., but d•f.ensible by . scien·tiftc stan­
cla:rd• that si.mpl:if ies, buc does not t r-i vial h :e,; that 
provides perspective. bu-c does not dictate th.e decifion 

In re..alicy, c o11atraint.s of resources, data, or ti.me may till.it the 
exce.nt o ,f a.n&lyt ia of otb•r te.chnologiaal or poliay alternatives. 

• As noted ia Section A-2• value judg• etic.t eo,ter -i..p.co c~• cl a,aif.ic•tion of a 
aiven coa,seque1u:c •• • co1t Ot' be11efit a.o.d. also into ctia.ir perceived 
htport@ce . '!le inb.-rt (1983)' b.a1 cal.led ,tbet .e- "tta.o9-,cie.ace" it.suea. 
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2. Dec-i s ion _ .ma.king : Risk ,d.tC!ision mak.ibg invol ves deciding 
wh~-ther or not to a.Ctl.'aUy dQ sotne~hing ~b:out the sou.tee of r-t ,k th.11~ bas been 
assessed. {c requ-ires a cambinadon of s u.bstanti.d l.t ,ci•ence-bJtsed es.timat es,} 
of health atrd enviconme.ntal r-i s.k, cos.ts, and beo~Cit t (die.ve l cp-ed in prcc:ed.i"g 
s eeps ) vith Qt.bet eonsi.de.t"a't ions ch.a t .i..ffect d1k .acc·ept.a.nCie: and aversion; 
incl uding: 

Mature and Tever~i bt li ty of potential effects 

Speci:at pop.ULati.ons .at eisk. ( e.g .• , a,e, sex, race) 

Votunt.arines• of ds,lc,s borne.. 

Equity .of dhtrtbu.cion of ri5-l<..s, a-oscs·, and benefits 

Pot.ent.l.tl £or 
i 111p.a:ct s (gor,.t 

l ow proba.b i 1 i fy 
credi bLe case) 

events ~ith catastroph ic 

The unt::e:rtaintiei uos·ociat·e.d with- e.stirnat..e,s of ri sl<-. 
costs, and benef. it • 

Public ,percept.ions of cis-k.s and of part ies -a:t- i nter-est 

Analysis of socio-j>oli.tiCat i.mp•cts 

Analysis o( tr'.ade-o'ff-s among altelT'"•tives 

Ret~cad tec:hnosocial f ore~-a~c, 

AVa..i ta-bit i.cy. of t'-.g.u.l.eto'ry au.thori ty and i·mplemenut iQn 
1i:iechanisms 

Re l acion,,:hip lol"i th. other. reguJ.a.tor:y;: needs af\d pr io r1.tte.s , 
i nc.luding adm.ini.str-at ive effectivene:u or eff'iciency' 

1. Ri sk management stra tegies! Approache.s co ..managing risks 
inc l -.J.de 4 range of indi:vidua.l and social actions calte.n to avoid , minimi ze, 
reduce, limi t, o-r otberwise QODtr:ol th.e degre e of e.xposure to r:isk sit uat i9ns 
or the 111agnitude of &d~e:rse. cotl.Sequence.s. they can also includ.e action~ 
detigiled to maximi,ze benefhs at .a gi,.ve.n l •eVel of rtsk. Risk :na.oagement 
strate-gie·s may include: 

* The ••timacing procedut'e-1, scop.ing dec:.isions of wn.dt e £.fect1S to i nc..lude. or 
i1nore1 etc., NY Uve derived frOftl i~9lic:tt or explicit va l ue judgffl4!:'nts 
inclu.dina cbe tlS4l of upper bound estimates vs. ben ~st i;1Ja tes, c.ut-o.Ef 
criteria for ranees of uncertainty, what to do in s e l ecting "oe,c. ease 
,cen.&Tio1 to include or e.x.e.iude , and whet Level.s of consequence• oc the'lr 
probabiHtiu are too low to be o'f c ·oncern- t o d.ecision t6ak.er1. Hwnpover 
U986) h.&1 analyzed ute of the d·a miiiim:is s tt'ategy in r-isk Management. 



RLS$t --a-ve'"Si.on: One •s"f!lect·s a.lterna.-t.ives c.hat avotd or 
_m.i.nii,ii1:-e th.e dsk.. A·ch.ie.veme.Ac of ze-ro r-i.sk 1.s oftet1 not 
pos·s ible, but c.:t,o conc•pt _of de minimi s or negligible risk 
i s we·tl-recog-ni':ed' by cb·e cou:rts and i n dail·y life.. 

Social cont rots: Covern1t1ent.l 
tions, and ochu insti tutions 
s tand•r:d . .s t.h-1t- at te~pc to t imt:c 
t ies, prod'uct9, .and cOndition• .. 

a gene tes, c cade assoc ia­
icnp0se --regulation·s and 
dsk11 of ongoing activi-

Beha:vioral modifiea,c i ons: An oe:ganlution at tempt s co 
influence behavi·ct·r to eeduce dslc . e .g, • car.::ipaigns co 

.-red'uce smok.iq.g ?t htve .h.ea.lth check,-up1 .• 

Engineering cOrttrols: the tecbnologi-cal sy,:·te.m or pro·duct 
i s designed to m.j.ni~z;e reliance on h.uman att.:ntion for­
safety and thUs lttinimi'z'e the ahances of bwtsa.n error as a 
c ont i:ibu·ting :risk factor. Warning s·ystems. ace a_lso 
engineering c:ont'ic:ols. Not&, 'ho'-ICVe·r. chat both human 
errot, .and concer;n ove(' potential error:,_ ofte.n enter i.nto 
the de-si gn, c~nstcuccion, ce,~ing, and m.aincenance of 
enc ineering co(1t roh. '1an-fflachi.ne• ty...sceC!lt i nvolving ale­
ments of humtn c.ontcol O•r intecw-endon m.a.y -J.ometimes 
i,.m.pr~ve a ~•i.a~dou., s i tu•c ion that is unfoldioa or worsen 
it th'i-oQgh erron·eou, actio•n. sy,c.em, reliability engi­
nce.ring analy,.i, sh.oul:d be u,ed to ~tel""flline th.e be,t mix 
0£ h~n vs. qiech.an .. tzed conu·oL Ol .sa-£eiy !iyst-em.s. 

Admini,:trative controls: An organization limits the 
na.ture or degree o'f e.xposurE; to 'r-isk for some or all 
employees, cus·tomers, o·r- vi.sito-rs, e.g . , by Htpl oymen·t 
polic-ies chat req_utce. designated Level.I of' phy.s-ieal or 
me.ncal abili.t'ies; by re,scticting .access to design.at.ed 
ba.:a.i:.d.oua at'u-s 

• 

*· 

* 

\lQri( praccic.•1: Employees vork.i.ng •t dangerous ta·s~s 
are rtqui.re,d to ·fol:LO"f tpeci f:iic pr9ceduces apd 
aeque.nce, d.e_aigned to coinimii't the cha.nce.s of a-cci­
dent. 

Per,·ona.l prat•etion: An individual oc group u.se 
personal protective devic,e1 · whi le being exposed to 
h.ai;•rds, e.g., du.st aq..ask; an. organization decree, 
certain prot:.ttctive de.vi:ce-s f.or -employee , or p~c-tons 
in \cs c:hara;e in iiez.a.rdous sit:u.ation1, *•8•, i-ubber 
clothing·, sa'f.ety g·os&les. 

£ducat.ion a.n.d c.-r~in.i:n.g: Per4on.t l ike l)' to be placed 
at Tisk O'l' ~o b~ prese.nt. when oth1rs ma.y be .at ti1-lc. 
a.re provided! s:p,ecia).. training and education to min­
itlri.Ze risk a.nd adVl!rse consequences. 
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• Med~cal suc-veilla,nce ·, t r ea tment, a.t1d recordkeepit1g: 
An. individual or e.mp,loyt!:r ,n~.ni tors tht health .s0atu:1 
of ind:i vidual(,) t'hat may be expoH.d -tO risk. ti. cu:a­
t ~ons•, and. any t t eatme.nt:s tbat ara made. Reeotds ace 
kept .1:id r e vieved sc th-a·t. i o,iiicat.ions of trouble c;1n 
be s~~t t ed early. 

£Hsk sotreadin!I and -ceterition:- fndividuals o.nd corpora­
tiona ba.v&- t ong faced dec.i s t on..s on. what levels of ris k 
should b4: ,1voide d and ·1wl:i,a.c l evels· c.an be accepted, g i v~n 
that C'educt i on of a d-ik lmposes a cost. When a ri:sk 
e.enflot be reduced cost-e•ffecdvely , a; d.t!c i..lon m.ay be ffl.4de 
to d i stribut e I t amOng se~eral pa.:rc. i es $0 th.at no one 
be.ars an intolerable cosc . Such -dei:.icions-- ace (reque.nt l•y 
made in the economic context of esc.ablish.i.ng an tnsu.rance 
program.. Per·sonal heaalth , ac cident, .fire. and l i~b i. l i. ty 
in, urance a;r-e c-ommon me~h9ds of .sp£ead.in_.s t"l,.k., a s we ll ,u 
limiting the_ bou'C'a. o·r- per.iod of wockec exposure. 

Corp,ocat ions in pa;rc i ,cu.lar have faced i ncr.ta.-sing ly di f­
fi,cul t dea l siol1 '5 in tbe f a s t decade a.- (b4,ir Liabitity for 
o.ceupational and c:on.• 1,une.r hta.l th and uhcy c l .aims .and 
en 1,ti ronm~ntal. ef.fec:ts hJt e:sc.alaced e.noemously , and th.e 
costt of. in·:1,uance nave· reflected the dramatic r-ise in 
hultb· car e qoatt •nd' envi~·orune.nca.l cl eanup. "Complete'" 
in-su·nnc:e protection vould be prohibitively expensive. 
Coqto·rat<e rirt man-.ge.r-s mu.st therefore ·ba l ance the 
i..n•uranc-e- prog-ra.m t-0 provide s ollle accept able leve l of d .sk 
prot ection without unacceptably draining cash ce-sour cu. 
Depending on th~ abi, l.i t y 49d v H .lingn,-s·.s t o bear risk s., a 
r-i sk m.,nager ma.y t.ake l;i;o ma j_o'l"" facto rs i nto ac count: 
(·a) tb.e aggregate- maximum amoUnt ·o-£ lo.ss t hat the company 
is wi t.ling to bea--r .from a.-U of it:s ris k sources; and 
(b') th.~ specific l evel s of r-islt £or eacn r i sk sou.rce chat 
the company i s -will i ng to t'e·taia in vi ew of remedi al 
ac tlon or insu-r&nce costs. 

4. 01ciaion l molemetltation: Succ:es.s fu L implernent a t.ion of the 
decision an.d' strategy u the hn'al c•ontpocent of the ri.sk m.a.n.agemartt procett. 
I -t m.ay inc.t-ude or,ie or alt of th,e following: 

DetenDining or,aani.iat toila-1. p~cidures to be e.i,ipl.oyed and 
timetables t,o be fot lovcd 

• h'ocul aat·Lng· po ti:e 'i e •, gu.i,delinet, ctitet·ia, standards, 
-rules . and other ce-gulatory chang_e 

&s•t .tblish-ina reporc-ins tequi re,nenu and .schedul e, 

Determining in• pll'eti.oa Cd monicoti.ng ne.cdt 

n-16 



Es tabli .s"hing effect i ·1e forums for t'f:Ce i vl:ng public cop:rn:ent 
.and otheT inechani s1:a.s fot" negoc .i.ac ion and di:spute. res·olu­
t ion 

Est.aOL{s~iog epfo~,~eoenc and p·ena l.ty p:rocedures 

Implementing periodic r-e.view of dei:i4iOn.s a:rid strategies 
in ltght of nev ialonn:a~ion and pcogre•s to date · 

The d .:ak assessment/ man•g·emienc pc-oees.s has- been described here in a 
sequential oc-der-, but in r.e.&lity, l t. l.s usu:aHy an i.terat ive pC'ocess wi th 
n'l\l.J t'iple teedb.tck toopt .¼ llhcertain·ty ,na lyslf th.ould be a paC't of each step 
in thl! assessment.: 4nc1c-tain.cie.s should b.e i dentified and quantified through­
out and aggregaced actot~ the procus. 

• A. more pro,·c::riecive dec.i•ion. t'r1-e .a·ppro..ac.h ,:-o haZ'ardou-s waste si-te miti:ga-
tion va• C"epotted by the State of C£liforl'µa after the present. -•pproac.h 
was formulated {CDH.S. 1986). 
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Ill . APPROACH TO COHPAA,\'r:I.VE Rl'SK ASSESSl!ENT OF HAZ,\ltDOUS 
'•A'STE HA:NACEH-€!1T Al.'CERNATIVES 

Ao approae:n foe a.s:s.es-d ng .and COl'll_par-in_g the risks to hu:n.on health 
and tho e.nv-i ronmeot of ha;.a,t"dQuS "'a.s c:e m.anagemeat alt --ernativ~s is outlined i n 
t hi s chapter. Methodological obj ecd'll&I a.ce bciefly not ed, followed by a .sum­
mary 9f tb.e meµlod,ologic.•1 fea~w-0e-k de-.veLoped to th_i a sc:udy. 

A. t,f:ett&odol0;5ical Objectives 

The methodo l ogy should be ba.se.d on t..he ob jectives ,1nd scope 0£ t he 
.study u .at,;d i n Chapter 1 and shoul d. f Lt within the f.rem.e,wor,k f or 4-s:se-u t ng 
and n".a.n&giqg eis-k:s out tlned l n Chapce c- II. A ~ational e and guidelines for 
.developing a metho<i_o l ogy. .and s~vtn:a.l con,id~ration-s in bound i ng "" a.ssess·me.nt 
a.r ·e discu.s-.,ed brietl.y beto:M. 

1. R._tioq;ale and gu.idel.inet: Ha.z;a..rdous va~t-e w'laflage,ment ~e<l i sion·s 
will t,TPi~alty i.n11o l ve • choi ce among al terna.c i ve~. rat.htr. thao a "yes" o r 
"no0 choice. Therefore, the goa•l o"! "the mechCldO l ogy l 1 uo pr.o" ide i -rtf onnat i oo 
JO that the cfecision 1111,ker can eompa•re ch• llk«Ly (a.(ld p,0u ible ) outcomt i of 
alternative deci~ions-. An objective it t o incoTpou.to te0hn.iq_ue t that ..,i lt 
yield scientifie•Uy, d,ho~ible com2-ar.-c:ive_ r.is_k ..at tu sments , and ~o avo td 
mixing in compone.nt·s mor:e- p,ropec:l:.y rei'served to th~ d.sk inanag~ment pottion of 
the ove.ra·ll regulatory proce.ss. Xey point.-s i.n t.be ution.a,Le ace: 

* The fll,t:thodotogy should be co.mpre.h.e.osive and aonsistent, yet 
flexibl~. 

• The· methodology sho~ld ~, n1m1:e int~oduc tion ot per&onal values 
and ident i fy un, v.o ~d•ble v, l~-1~den dac i $i~ns a.nd assumpt ions. 

* The n:teth.odology s~ould y i e l d inforatac. i on on t-he most l Lk.el y 
outcome., for each op~ion. and at,o on the uocert aint i e• in such 
est iffll.t&s for al l op~iona con•id•red. All are needed i n risk­
baaed. dec i 1ion 1Uklng.i ( Mote .that. the c.hoj.c.e o.( options ~il.l 
r•flecc so.~eon• ' t value,.) 

Comp,~ehen.s i;veneu requ.t re,. t ·b.at c·tte .a11ess_.men.c ot e.ach option 
conside'C' all kinds of reluses, tr-.n-spOr:t r-outes, and heal th 
and fnvir,onasent•l effects (not just «rcinog,enicicy, for exam­
pl e) for the lif~ cyc:-le of the technology or beyond i! there 
are. lOng teno eff ec.c II. the. ..aase-• 1ment of a.f fec-t.s, particul.1.-d y 
secondary or b.ighe.r ord•r eff•cts, vill bet l i mi ted by time t 
resOu'.rce..s and uC:a. (Noc.a that. the allocation of .ti.me a.nd 
resources eao reflect vaiu..es.) 

* l'h• cost-benefit a.Aalyaea ia sup-poT>t of d! ~i,ion l'M.king t:hould be simi larly 
ccwapreben1iV1t, conalsteat a.od txplicit about Uncertainties. 

III~! 



CQi;tshte.ncy re~uire..s th:,.t in a nal yz.ing the r-is·ks, compar·able 
con-tributing factors b.e- t rut~d compiu·-ab1,y fot each option. 
For example, au.wnptions l!IU.St be consistent ,regarding quan.ti­
ties and cornposicions o,f •1.1.aste1, sc.1le of d.is.pos.a l technolo­
gies, rei:ne·diaL or cot>recti.ve .actions tak:e.n, t empoJ"al a.s.p;ec t s, 
and do,e -response reL.,t.ionships . Uncerta'inci•es must also be 
c<u,,inently tre.ati'd. 

The cnethodol..ogy q1us·t be fiie.xibt:e because o·f the va:riabil i ty o'f 
the. tia&.ardous Waste problems and of the data .wa.i lable for 
assessments. E"or e-xample, diHerent anessments IZl~Y addre.ss 
different: vastcts i tt'eac.m,enc a.nd di s-poS•l tec·hnot ogies; m6des 
of toxica.nt rele,ase ..and tunspot't: ex.p.otH,ire conditions; ·and 
~e.alth. Ot" e.nvtc--onmt:ntal- ef'Eects. 

Ftui bil i ty requir•t that the methodology shoul d be essential ly 
<nodul ar .acrot·t the, several. s tages of the asSe..s-sme..nt p.tOcess in. 
o·rder to respond to differences ln avail·abili·ty and applicabil­
ity of data or ,in-&Lyctul cech.q.iques. One should be able to 
i.ncorpora.te i:efinements or extens'icnS of a presently pr op<)sed 
cac'hnique • .iltern-at,iV'e c,ectmiques. or new ~echniques a.s they 
become .aval t ab-Le. 

• The methodology s.hould yield qu,.ntitat ive resu lt~' wt.en nece:s­
su·y da.t.a a·re· ava~la,Dle an-0 yiet'd the aiOst ute.ful c:esults pot­
sib'le .w.be.n data (or c:h.e. time and resout:e1s needf'J;d to compile 
d•t•l •rt Limited, 

• Etdmadon of t,ht. mo.st l iltely outcome re.qqire, that the meth­
odology be ol"itnted throuighouc co the · development of t1b-est11 

esti•u-.;e., ~of ten NXiffl.""1l Lt"kel~ttood estimates (~L.Es)J for e4tch 
fac:tor r4the~ than "\l'Ot".st use'' or "wor,t credibl e case11 esci­
utu. The best ettit:nates fo.c" the con·tributina, f.actoC"s should 
tben be c:011bine.d to ptovi4• & bett •sdmace £9r each k i.n:,d of 
ef.fecc. Th.e analyst, sho11.ld n.ot t-nconsistentty mix best e-,c:i­
mates (or 11L£.s) ·for ~ome .factors with upper con·fidenee L'tll)it 
estiiuces <•-•I•• 99j) fot" other factors .; The re..sutting 
11stim.a-te of over•U effeC:t vould be at some ill-defined point 
between a.n ML.£ and • vo~tt c.ase est i m&t11. Tne •n4lysis s·hould, 
hov.wer., .addr-e..ss confidence limits in th.e unc11rtainty anal_y.sj..s, 
.ani both the best e-stimate and the uncerta•inty- range should be 
provid•d co c·b• de.etsion ult.er. 

t the u..ncer:taincy- f'or e.ac:h factOT can be stated t ,o vic.h.in one. standat'd devia­
tion (± l a) of ch• be,c. enWce or toate higher confide.nee interval such 
•s 2 a or 3 a. the la~a•r lnctrvals after atgre-gation will t -end to 
inc-r•••• the overlap of tislt. e,timaces fo~ the o.p~ion, being compar,d, 
and the c.hoic• of 'interval pt"·obably voa.' t make a big differe:n.ce in dlt;)st 
dacistont bet~••n techcologiu. 



Analysis of unceccaincies must considet" both .s.yst·ema.tic and 
random sources of err.or. Unoertaintie.s s-hould be estimated for 
each fa~tor concribuc tng to the risk for eaeh option aste$ted, 
and sh.oUld ~ •~ated vith the s ·am,e. confidence bound-S for all 
facton.. The uocerc-a,inciet should b-e aggt'e.gated act'OSS the 
in.tire a sses'smen't fl)r e.ach option. Aggreg,ate.d uncet'cainties 
&hdUld be compared· bOtt:h a., to t a.l 1.1nc.e.-r·t:aincy and as t'elacive 
unc«rt.ai.nt,y for the op,t. ionJ. t ·f a particu1"ar cause of uncet:­
tdncy h common ac-ros-s t.he option, , i.t can be ean<!etled in 
making relative Tilli. .comparisons, s,in.ee h t1ill not affect the 
rahkin3 of a.leer-nae i v11s.. .However') toc•l '1ncerta inc y fflU-at be 
c6ns ide't'ed if a cut-off ·risk l evel i s co be determined. 

* The results should bit summarized .in a conci se fotm v itk su.ffi.­
aient clarity co be u.seful to deci·sion --..1cers ~ho a-re noc cech­
nica.L ex-pett-s, bwc thoi,tld be suppo:rted by enough •c.echn ic3.l 
de t'ait to permit ana.l.y•ta of th.e procedure;s, us.ed and 4ssump­
tiona requ'lred-

* railure to bl!. eompceJlentive a:rtd consist·enc throughout the · 
ass-essme:nc c.ar\- 1:•ad co deci tioru t'hat at"e less protect ive of 
health and the e.nviroo.m:e.nt-, and p:ouibly also more. CIO-st ly to 
society cha.n another decision would l\4ve been. J\.uo:smencs· 
involving 11:ix.ed ,che1111ic;;:a.l li/·a..ste-s. o-r disposal opdont chat. could 
lead co e.x.posur•t to di fferent chemicals •vith different health 
e.ffects !'!Nit be particula rly· careful co •void inconsi,stent 
ana1yses t h&~ could ' leaa co perrerse decisions. 

2 . Bounding the aueumenc: The general bounds of the as.se.ssm,enc 
1.1ill be indicated by che nat.urt: of cbt. decision problem, but the asse.s.stnenc 
te·.am may b.e r equis;:ed to esu,bUsh oc.h·er bou.ad:s ,o c-hat the most useful res-ulcs 
c.a.n b-e obtained v i ch the t i ,n il.Od Te:source a va itable:. Bou.ndi.ng deci.sion5 
eould involve! 

W•.Jtes to be con.s.idered - It one or 12101:1 s.p •. ci.fi.c Via.Ste soutces 
alre•dy ide.nti.£.ied, oe- doet the project ut..a:m need co td11n.ti.fy 
wanes re.pre.se.ntat'ive. of sopae. p,ac•c of the overa U v4-sce dis­
posal prob.Lem? h die vi.see de.fined alrudy or does the. proj­
ect ttam need ' to .,define 'Cepre..sentat'i:ve qu,tntity and ·composi­
c-ion? the. larger t.he amount, .,nd the g-reater t..he dive.rsity of 
v.a!I-Ces, th.e mote e-ffo-rt requi.red. 

• Want. UJ1agatllbt alt•rnatiVes - Are. ohe or more wa:.,ce manage­
meet alterna.cive..s alrea.dy defined, or dof}s the project ce.a.11 
need to i dencl'fy reasonable a lternatiVes for as4e,sa11ent? Are 
cont-ctive. or :reJNdiaJ. acti.oll5 in event of release co the 
e.n.viTO.Nleo.t co be .define4? lf'be. gi;e.a·te:r the number a.nd 
divar~it)"" of &ltern.atives, ths g;re.ateT the e f fort. 

• Si:tet to be considered - H•v• ,-a:s t.• generation .and di apotal 
sites be-en defined a'lt"ea.dy, or does the project teaJIL need to 



dev4 lc p representative 
dive~,icy of tites, the 

si ces'? 
~e:a~ee 

The gre-ater the numbl!T 
t:he e_ffor:t -cequ i,red. 

and 

• TempOral c:oo.s ide rations· - Ha:ve the time periods of waste 
•di 11>.9s.a t, exposu.re. <1S-$,e,s;sment ..tnd.. hea.L c.b i rripac:;t.f been de f ined, 
or does tl\e pi-oj-ec.t t eam ne-e.d t.P asst.ame c-eason•bl e periods? 
The g·rUt:« the time - pe-?'•i:od-s. in geaeral, t.he greater tb.e 
ul\Ctr:taint i e1. 

A si111pter methqdo \ ogy, wh.i-le a highly de s.i. r:.abt~ go.al, appears mice,­
sa_ri l y t o r equi.c• IIM).te r,e.,-trictiv.e boundl"':!l and a Lai:g-et' numbttr' of assumption-' 
to btt bui lt ta . 

8. Methodol og ic3l Fr_amewon. 

The methodolo:gy outlined below is descr"l.be-d in _J"l:'e.ttei- deca.i l i n 
Chapter [V and is- based on the li tee-1,tue e re_views an~ discu•i.ona i n Ch.ap­
ter·s V throu.gh X. Ct is Lntended to be a.s ge.neric a.s pracdc-abl e, but tO 
permit modification• in .tccord with th:e• natu.te of pa·tti:~"'Lat" a,sessment 
problem,i a..nd wit h the qual i ty of the d_..a-ta avai lable . (pip.or tant. feac-ur-es 
a re: 

• It provi-de., a modul.a.:r fra;me_work f.o-r .a.. S&'Cliet of steps, most o f 
wh.i e:h muse- be per-,forme.d in given a .ates,sment.s. 

• tt c-1,n 4ssess t -he consf:qu:ances o[ di.J:p'oslng 0£ specfHc -~aste, 
at ,ipeci.fic !lites with. .specific tec}).no l og ies, through use of 
actu•l case data. o;r ca.re.ful·.l..y .contcruc:ted sce.nu·ios. 

• 

• 

l e contains pcoc.ed.ucos f:or sehcc:.i ng among ~v~ilable anal yt i cal 
techniques fo i- e:ach st-ep•.•.J-O that 11µL1imum use_ can be made of. the 
dac-a 1.vail.abte . 

tc an&lyzes uncer~a.int ies in all 5tep.s and agg-ce_gates them 
ac:.t ·Ot·S all. s t.eps ln eac:.h ••se,sment. 

tbe general f ramewoek .for the he.alth .and enviroruntntat ·c iSk as-
wen.cnnc. consisc:.s b-rq_.adly. of the seven stj!p,s as ( ot l ~ ,i: 

• Sourc:.e A.sse:ssme.nt (Haurd Ch4:r1ctetizat·ion) 
• Snvi.ronwtnt.d Tran.s·port 8lld F«t.e Analysis 
• Exposu~e Prediction 
• Health and £nv.i-roomencat Effects Ana:lya.ia 
• Advers-e. lmpaet £.tc.ima.c.ion ao.d Swamacion. 
• Uncerr.ainty Maly.sit 
• R•por c and Cottp•te ~h• R••~lts at Appropr~ate 

£ac;:h oI tb&we steps c:oncaitu- more: than one •l•un.c:, however , 10 th.t the over­
all ac:ope of th• ri1k a.1susn.en~ c.an c:oncain MDY 1Leaients r dependi ng on the 
decision p.robLu. Typie•L activities under each ttilfp .ue •• fol l ows: 

llI- 4. 



• Source •,ss"essmenc (h·az:.at'd ehl~-aeted.tation) requicet c hacae­
c·e r i uc.ion ot c.he 1ou.i--ee of env1ronmental con.tam inants. tn­
clud.ing: 

• 

Jdenti'Hcation, of chemi ca'is present 

PT-el imilla ry lde.ntci:!icatii on of t-h.elr pbyGi cal, che~ic-a l , 
and biotog,.ical properc\es of concern. 

ArlAlys i s of the te.cMoto.gie..s and practice., that may ,es1,1lt 
in C'e.Leau: of contaminants t o the en-vi ron.menc and 
iden'tl.fk.a.ti on o.f release: point's and C'.Ouces 

Quao t-ifica.ci on of source 1-trength,, Le., the ca_ce, con­
cent r.a.t ion, quant ity,, and fom of hazardqu·-11 c:onscituenc 
r-elu,ed 

Envircnmeau, l transport: a nd f.a-te analysis involves estimation 
of the manner in Yhic.b the C!Onta1:l"it'lants move and re-act i n the 
environment, incl uding : 

[dent i:fi ca·c ion ·of tnajo c envi rol'\/Mnta l t-ranspo n routes a nd 
tra..n,fonnation pathways for chamicalt of concern 

£,t i111ac ion of concenc rat ion..1 of chemic a Ls (or r;.hei r haz.­
ardou-s t r an:t f ol'.1Da c,i'on produc t -s ) a.i,cng· these t"ou_te9 over 
ricne 

Iden cifi.e.a.c.ion of locations along these route-s wb.ere the 
c hemica ls m&y te.tCh Susceptible p·opul ation.s 

• £xpoture pred i ction involves est imation of the degt:"l!e to 1.1h_ieh 
po llutant, r e•ch humans or ot~er organisms, ine l udl ng~ 

E-stimation 0-f numb4!!r-S o f peopl• or organisms c.bat may be 
con.tac tecl, ~m;;lud-~ng sensitive s-ubpop-ulation, 

Pr-ediction_ of frequency , i ntensi t y, and du:rai; i on of the 
exposures that may occur fo r popUtatiOn$ or subp,opu.lations 

• Health and envi ronmental effec.t.t a.naly~ia involv~.s: 

Inten!i,i:ve r•vitt o f 
e.nvirorunent•l e f £•eu. 

the li t ·et'a·t·ur.e· on the heal th ·and 
f"oi- the cb tmicah of concern 

[dentificacion of r anges of responses known, and e,pe­
ciaUy chose tMc c.ot.µd oec.ur at predicted envitonmeatal 
upo1uc-e1. 

ot:velopmene- of cheaic-.l-s-pe.ciitc- dote-resp.o:nse re l ation­
t hlp1 fot' tho·•• effect;, of: conce.ru th&t .are co be. u ·seased 

JiH•S 



• 

• 

Oevelopmtn t (throu._gh selected ext-rapolatioo mechods) of 
r i :;,k factors foe .s~ec iiic p,cedicted envirOnrne:ncal doses 

Adverse impact est imat ion and SW!!ff!latioo i s a n inc egt".adve step 
th.at invol.ves esti:1:1ac:Lon of ,t.h~ probab il i ties and exten't-5 of 
adve,rse b.'eal ::h Ud 4U'l!J''l-t'onme.ntal effec~.s ac t 1.i,;1l ly e.xpecte:d from 
the predie:te.d •xi,01ure.s, including: 

Appl iea.t i on of 'dose-y:espor1.se funccion.s to e.xposed i.n­
di v i d~Ls by e.xposur~ group 

Ida.nti£ic,c i'oa of any sens:i,dve- subpo_pulations o.£ cQncern 

Beit esti111&te'S of the --ti ska ,f o (" , each effect in each. $Ub­
popul.'&tion. 

Bue e:st i mates of the co·t;il numbe.r pf cases of each effect 

Uncertainty •na:Lys1.s inVolv·• • : 

Edentific;at ion .a.nd tt"V.tlu.ation of ~nc-ercaindes of a ll 
f&ctor.S that en'tel." into the r isk. au.e,stm.enc.. 

(luantify uncertainty of f_accocs at ,ame c on.fidena-e. levels 

AIIT!t&•te uncertaintie..s of all tac.tors across step• tn 
risk aue,sme.nt 

• Re.port and co~u~icate result s invol vtct: 

Co.rnpHe... Qes.t risk es:c,iaaa:tes .and unctt.ru i nty canges for 
«c'h w•ste. manageme..nt alte rnative a,.,essed 

Compa·re best uncu·t a i n c.i&t across 
a.lcern.a,tivu 

Cofflpart, as ~ppr9pri ate, costs or other aspecc, of 
alternatives 

?e;sc,:ib·• the &ssuP,111:nt and rl!sults Ln several fotmats, 
in.eluding d.etaile.d tec.tmi-ul 't'eport, ax.terided a..nd conci se 
tumnari••• or oral pr~ep.t4cions, a..s .appr-opria ce, to serve 
dif"fe-reac audieaces 

The intenelation1hip.1 0£ c.ypic.al etuientis likely to be cequired in 
a,se.saing public ht&l.th risks of ha.z•r.dou~ waste disposal option2 are thown 
tche11atically in Fiaure III-1. (Aadi t ional elements vould be desirable i n 
as :ses,.,ent s of oc.cup,acion.el health a.nd ecol:ogic.a.l d tks.) In or-der to 011.ke 
m.uningful he.altb e,fh:'ct<S .u cbutions ( th• last box on the ~ight in fig­
\lre III-l) for uch ve.s.te: mana.geme.nt alternative, ~b• aueume.nt must be 
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,H 
H 
H 
I ~ 

Populotlon 
Ph.y,ico ... Oen,ity and 
Chemical Sensitrvo 
Properties 

Population locotion Doto Bose 
Subpopulo1ion 

Dato Bo~• Doto Bases 

Chotacleri-:u 
Identify and Anofytc Af>i>ly Oo,e/ Estimot.e 

Ho.z:ordous WOlte 
Characterize E-nvito~cn,o·l P,edic, 

Respons.e: Ho.ahh Effeeh 
and 'freotment/ 

Pofluto.nls Tromporf and - Expow,eu functions: to for Exposed i-
Ois.p.0101 Exposed 
lec.hnologies 

R•lamed Fata 
lndivlduol, 

Popu lotiom 

En'llronmentol Exposure 
Media Doto Mol')iloting 

Bose Doto 801e 

Oevi1t lop • Ou, 

Health. Predic,livc ·-· .... 
£ffeat, Human Dose/ ,., ... 1 

Doto Bose AoH>OIU.e 
. ,_,, ·-funclioM •• 

Unc:ertofn ty Anoly,i:s 01 foc:h Eieme.nt 

Source t MR I, 

Figure TTl-1 - Ele91enu in Uea-1th Risk Asso&smo.nt of Haza.rdou.s· Waste Disposal Methods 

....-----... 
.. ,epa,, e.,, ~ 
Ellimalcs•ond 
Uncertainty 

Ro.oges ----
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I'/. AN -111TtCilAT£0 COWl'ARATIVt RIS~ ASSESSME!IT METHODOLOGY 

A aie:thodology fot' auessi:ig ..1nd compadng che risks to human health 
and che anvirorunen·t 0£ ha:ardo"'-s waste -1n4n:,ge.~ent. alte:rnatives is developed in 
thi s c:haptet. ft i s bau~d on the methodo l ogical concepts a.nd frasn.tt\lOrk ouc­
l ined in Chapte'r III and on the r-esul ts of the t'eVie'ls and a:nal yies of com­
ponent t tep.s giveo in Gha pceu V through X. Extens ive .references are provided 
in t hott ch.a.pcer:s. The !Mthodolog·y snoul.d be. applied coa..sistt9nt l y co each of 
the al.c,un.adves so dta.t thei.r risit.s can be compar.ed .t'ealisc ic:alt y. 

K1lt's suagested framu,oi-l< :foC" b.ealth and em,i ronment a l c i sks assess· 
mencs of hai·ardous ~•Jte management al terna tives consists of seven major 
s ce..e,s: (1) as se..ss pollutant sOu.tCej ~nd rel4:ase,~ (2) esti mate transport and 
fat'e of pollutants in tbe environment; (J) a-, seu exposures ,of hWMns , other 
species , or 0th.er t.hings to che pollutanti: (4) reviiv and t.v~luate tlie 
literature base ·for the pol h.itants tnd sel ect or develop predlc:.tive -:nodels for 
adverse i mpacts; (5) estimate .acc-1.1·• l impact.s on individ.uah aod populat i ons of 
projected exposures c.o thue subscanae s; (6) at\•ly·u wtcei--tainties for e.a.cb 
step and ai.gre.gate the uncen.aint.y across al l ;9.tepsi and (7) swnmari.ze a.net 
~eport the results. 

A. Source Assessment (Ha•ardous Characterization) 

the pollutanu entering the eovironmtnt f com c.h.e .sourea tnust first. 
be detenolned. In ,~ a,s~smeac.• -• tbe nature 0£ the pollutant,. eheit 
quantiti es, poi nts of t'elease, a.nd· thie t'eceiving e.ovironmtnta.1 Md~• may aH 
be tti.puh.ted in the scope of vock f ,or the .s tudy. Here the "n1Sture. of t.bc 
polluc:.anc" should specify ac a minimwn the chemicals p:resentt their gene~al 
phytic:al and biological pro·perties IW-St b~ found in the li terature if not 
provided. tn othe-r assessinent-s , the source of. t-be i.t&ste (e;g., a..n lndustria:l 
process} and dis po-5al pr·ac.tice11 ln use may be. sti pu'laQed·; but the anal yst wi l t 
have to e:sti m.a~e poUutant -rtltases . in stil l anocher- ca:se, t.he aue,sment 
tea11 may h•ve to define a genet'at scenario foe a..n&..lysis~ including vast e 
tourcc , c:oi:spotiti.on and qi.unt ity,, dispot:al technology, ~nd p0ttuc.ant re­
leases. Cuidel ines for developi ns su.c:h scenario.a ..are ai-.,en in Ch.apter V and 
iltust't'"ate.d with examples i.n Appendix 8. De1cribt'd below is our g-eneral 
.tpproac;h to source asse·asaent folloved by a diJcuuion of ·s.pecJal proble.tt1s 
arisin& from corrective action• and c~tastrop.b••· 

L. Ce..n«t'al approach: [mpo·rt&.Dt consi.i:terations in tb.e -'Ource 
a.sse ssllllllO.t attp arc summari~~d in Ta.bte tV-l. A schema f:or pe-rfocrning a-n 
a.a.aeum1nc of ha.zardous wastes as 1ou1:cu of env.iroruM.nt.a.1. pollution Ls sPown 
i.n Figuce tv-J.. ('I'he sc.h8:fla attuaes that ,time. periods for waste- generation, 
ditpot&l and potlutant release have been defined; if not they O'NSt first be 
denoted.) Ke.y ac.tivities in th• source usessmenc. i nclu.d8! 
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• Ch.a.ract,eriie h,uardous subs·c:ance so1,1rce of con.c.ern . lnc:tude as 
necessa-t·f wane gene~at1on act1v1tu:s (e.g., production and. 
dis'tri.bution processes; p-:ro<tuct use patterns) and hataC'dout 
t.1U,te trea tment storag~ a.nd disposal faci li t i ea (tSDfs). 

• CUeact·er•i·ze. loc,ation,. genrer.ation rate, quant i ty, compos i t i on, 
and pco,p~rdes o,f vase.: co be a.uessed. Composit i on inc.ludes 
q~litative and quantiC.ci"-'·e Lnformation on the tp'tcif'ic chem­
ic•l-., prie,ent. 

• Chat"acteri.z:e t'elease of c,ontamin:ants to the environment from 
the: t ouree. lde.nd f y re-lease m,echani ,ms. quant it i e & , and the 
r•cei ving media. 

• Identify the c·he111ic~L1 Hkei.y to be rele.a.ud b,,.e.d on p'°"elim­
inary knowledge of their ph.ydca1 and chemica l pY-operties 1,nd 
thei r c:onc-entrations i.n the v-a-ste. 

• M•lite ,1 prel icnina i'y review of the 
propertie..s o( those chemtcal a 
significant amounts. 

to,r;icoLogical and ecological 
Li kely co be rele.,ued i.n 

• Oeslgn.ate for det.1.iled is-,essme.nt tho9e chemica ls· which 4re. 
p,res.ent in such. quantitie.s 8nd h.a·ve such pt'operties that their 
r•l•,••• may cause signifiC:ant adverse impacts. Preliminary 
contid.era.tion• of rl!ceiVing 111edia an~ receptor populations wi ll 
probably be requited heu. Th••• designationJ 11\ould be re• 
e.v&lu.t.ted during the impac~ anaLysLt. 

• Quantify the soure;e; i.e., estimate the rat-ct, concentrat i on, 
quant i t-y, and physic.al chemical. fot111 of each h.i~•tdous con­
stituent c<el e.ased to each c-eceivi.ng medi.ur.,. 

1n practice, the source ;1ssess111ent should use the best avai Lable 
information and data io coast.rue ting ,ce:riat'io1 and making calcuJ..ations. 
Search and retrieval o E irifonnation for source an,d wast.e characteri:ation may 
t"eq:uir• exten·sive l iteratur-e search .and peno'n&l. conta(cs. s·ources oC data, 
methods of estimation, a.n.d reason!! for &-#Sutnptiont ttlould be c-are.ful lt docta­
me.nted. Info"f'N.tion sho1,1ld also be. cefe.rence..d p·ertaining ta the uncer:tai.ncy 
range about best e,ci=i.tet for each valtae . 

Qelease quantif~cation may well be the mote 
••••ut0ent Wess simplifying a·uumption• .are tD4d•• 
gell •• fac.il1cy spe.ciHc. Particularly difficul t 
tnintporc or at storage and transfer poin'tl. 

difficult part of source 
R.elea..-se may be site as 

may be releases du.ring 

Considerable data are nClv ava::ilable for d.iso.hatges and emissions 
from many typical industrial proce-sse.s and !SOFs, btat the: data may not be 
definitive in a giv~n ca$e, «nd very tictle data may be avai lable in other,. 
For exampl e, utiaaion, to air have been ~••sured for many incineration faci l ­
itiu, but auch uacfirtainty e.xitt, ove-c th.a level of chlorodioxin rele.ase 
w:idei• ll&Jly operating conditio~. Similarl.y, h1gitive particulate e.mi .uion..a to 
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a i r- f rom roadways u~ ed ~Y v~hicl ~s have been measur4d . but fe~ dac, are av•i l ­
able on the a:nounc of ad,or-bed dioxi n chat m-lghc be ~el eased by thi s 1r10de in a 
c l e.a"- up op-er-a.ti.on. Oi sch.a.i.ges t'O sut'f'.tc4. Qcu:eu by r a. (n,\i!'ater runo.ff can 
p-roba.bty b~ con£1dia:ntLy es d ma.ced fo-r some typ ical older fac i lities 1 Due. per­
haps not for others. Est imat i on o t · reLeases t o ground~ace: ~od atr f~om .land­
Citls of variov.s des t gn i s particula t-Ly li.tDi ted by t he t mm.acuri t y of t h,a 
de-ve.Lopcncnt of data ba,se, and pre.d iet i .,,e mi!tho~:s. Ac pre,ettt . th, Land.f i tl 
r ele.ase mo·d·e l being. developed by tt\.e EPA Of-fice of Solid Wa.ste and P-ope-9.eid 
A~sochces appe.ac·s co be the l:>e.st av,i .Lable fot' enim.a,ting l os~es to gt:ound-
wate.r (s·ee Chapter V). · 

2 . Specia.L sc-e.narios; The possibifitit.s that correct i ve acdoos 
will be taken when rttl'eases to tha en.,icorunt:nt .uit di sco\,ered p.oses difficult 
m.ethodol~cal problems in a,~,ssing r i sks. cost~, ind tl\e benefi t impacts o f 
TSDF's. Problems of a d.ifferenc nature: are posed by the po·ssibi li cy of opera­
tion W'.lder upset condition .. or of cata1tc:ophi.c: f.t llures. A~ l of t hese 
problems. require s.cen.arto approaches as d i-scu.ued be..l~ow. 

a. Co·r-recc i ve act: t on scena·r i o-s : Under R€RA regµ l ac ion--t 40 
CFR Part 264.100. COt't'tc:c i ve actlon i , requ Lred '-'.he.a monitor.fog wel l s a r-e 
found to conta ln h.atardou1 conscic.uem:s th.at exceed their resp@ct i ve conce.n­
trat ion limiu. Corrective ~ctions ~n r.-,nse from groundvacer pU1!1,ping to 
retrieval and redi1pot.•l of the v,1h0e. lnclui:ling futu,:e correc.tive actions in 
the t'is.k. aueument and cost 1nalysi•s ppaes tt1ethodologic:d difficulties tn 
makina .t comp• r .aCiye. 1..ssess111ent of alteniat"ive diJ5lC)s-aL technologiu and 
appr<o•c-hes. These difficult i:es arise from two a'C'eas: tempo-ral factors a.nd 
tfte efficiency o( t~e given co~rlct i ve action. 

(l) te.,aporaJ faccors: There are tvo ki nds o ( i;ime-
related problems. The first i nvolves ~ssumpt i ons about future socleta l 
requirem.e.nts and available ttctinologi.e, . These ind-ude the s-en . .s i tivity of 
teek detection methods., the leve.b ;ind ki,nds of c;:orrect iv.e a.cc t on chat may b~ 
requ.ind , and the ce.chnologiet that. Ny be. ,available: fot i mPtementation a:ad 
their co s es-. One technique fo'C' addressitlg this problt·m is co assume that 
pre,em; l y, avail able. a.nal ye ieal technl'q~e.s, regulations, techno l ogi es, and 
c O,ts could be applied. Alternatively• differe.~t cOt'id.itions could b.e defined. 

the ••c-on.d ~~nd o:f t i me.~r-ela·ciicl problem involves ias•u'l'-P­
tions about the timin&, of co1"reet ive aation and is more di.f'ficul t co a..ddress. 
Co-rrective action it• requittd if l eaka..ge fro«i • l a.ndti ll is detected while ~he. . 
facilit.y is ceeeiviaa hl.aardou.s vaSces or during a lO- year post-cl oiure periOa 
of monitorina and care by t.be opf!ra-toc-. Th.e oper 4 tor must then m.aint.ain cor­
r•ctive action for as tong•• a groundwater probl em Wstli even indefinitely 
pate the no't'ffl41 post-closi.are c:ar·• per1od . tri a 200--ytar scenario for analy­
ti:s, for examplei 4 l.andfi.ll op.-rate-d for 20 yea;rs and found to be leaki ng 
2:9 ye.at's iilto t he post-c\01ure period' could require c.o«ective •ctiOt'I for up 
co lSl year,. On the other h:and, if no leak.age. had been detected by the .end 
of the JO-year post.-closure period• the operator•s responsi..bil~ty t o mot'l.itor 
th• 1ite voutd ce1,e unde~ current r•a~tations. aespons i bility for providing 
correcc:ive action atlsht pouibly also cea,e, but the outcome would be 
imcer.t.ain. 



The .me.~hodological probl e:m Lr:t comparat l ve ri sk a,$eumeoc 
l s that t he risks t o be.s.lth a.nd the co5t to the operator may vary gteat l y 
d.epend i ng on Whethet o r not .a le.ak i9 de~ ected. and on c._he type of c o~i:ectLve 
act fon Uken. Furthermore, l eak s ( or ace idents) ha.'-' f! a pt'obabi.lity disc-ribu­
tion over t i me . and the f e1.r l eaks O'"curt'i ng ea.d y tna)' have m4ny di f f er-eri·t 
(probably greater) impacts than t hose occ ur:1."·iog later . The decec:d.on of 4 
t i.ner l eak during the -va.ste depo si t.ion period, fol" cx.a.mpi.e • ... Y d.ic c.;tte t h.at 
the landfi ll b-e excavated* and re.pair, ma.de co the linec aad its base.~ The 
p9,:sibl-e b.ea1t.h e fh:cts and co·s ~ of 1uc:h re1:iedhL aed ons cou l d va ry widely 
v i th the. , ce.nario cb.o,en and c ould" conc.ei,...ablY be subs tanci,t .. I n general . 
hovever, ct1artget io hulc._h i mpact-# for c:or-r-eC1tive act i ons. for leaking l and­
fill ., or impoundments dU-dn1 • io- ye• ~ op-erating p.e.riod can be c-easonabl y 
a uu.med to be neg'li gible. The probabil. ity of Lea-king dUrin* tho opet"at ing 
pe,:- i od is ,matt . and i,.s account ed for in t he Pope--;Rd ,d l#Odel iised. 1;,o esti~ c.e 
release of pollutants from tb.e Landfi l L The tnodel .auWHs a degree of pre- . 
c L-osu.re repairs of decected l e a:iu ,.;hich rl!.duces aom.e,..hac t he volume of 
l eaehace f rom t he l andfi ll tbat vould othet"V"\H, occ ur from urly liner 
f.ailures. {f costs are being analy-ted 1 the as iessme nt$ s houl d state 
e xplicitly if preclosw.re repair costs are i.nclude.d or omh ~ed. 

The dec.eccion of a liner l eak- d\l C'ln-1 che post-d.osuee 
monito,ring period a lso :-equi("~S ,ome t .YP• of cor recdve 4t:.t i on. An assumpt i on 
can be reasonably M l'Dadf: tha t Only c:he m~ni.mum C.o"ect i ve ac t ion 'wilt be 
takeo to •.a.ti. If S- thl h.axardou:i 1.rast e di ttpos a L c-egul at-ions ( 40 CFR 26-4}. In 
some c.ates, 1-round1j&ter p@pi.ng i;a:n b,e •ss wned co be the onLy cor?'ect ive 
ac-ti.oo Uken. fn other s , eitc-a-yation and. eepa ir m.&y neeci to be ass.\Ul\ed. l ri 
still othen, consequente mitication me11uru; 1uch as t1;,eatmenc of vactr 
supplies dr.awn from coot.&1Dio&ted aquife:rs, may need to be con,idcre-d.'ft'"1Mlt' In 
all ca..se-s, the health e-ffect.s and cost a;nalyu:S should .st a.ce explici t l y what 
has bt en incl udtd and 1.fhat has been Or1itt11d. 

' ' 

Liner leakt that ha ve, not bee.n detected by the ~n4 of ch~ 
posc -c101ul"e c.are period or th.at develop d·ur:ing t he p'ost-e lotut'e ca r e ped od 
pose a furthe r mtthodo.logical problem. fo s·ome ,cud i.e a , one mi ghi: want co 
assume that no CO?"r«ec ive a ccton ~•s tak•n becaµse there was little prob•bi L­
Lty of discovering a le.a.k after 50 ye.ar:s (monic:or--ing b_y t he operator eaases 
30 years after clo•ure). In C"eality, of coutse, the discovery of a m.a j oe l eak 
Ln the posc-eLosure care years th&c posed serious bu.man hea lth hatards to the 
public vould • l most ce~tainly receiv• som,e kind of cot~ecc i ve action. prob•bl y 
under the Super:flJfld legis.Lati(!n, i •. e._, CEB.CLA of L98Q and SARA of 1986 . i: 

.AgJin, All a..sswaptions shoul d be Upl'ieit1y sute:d . 

• The appear at1c• of conta.minated leach.a ce in th.e leachate collection system 
m.ay be 1u.ffici.nt rea•on to dictate .action beyond s.imple_ pumping • 

.,,... In p-c-actice, the fac·ility ffi4Y be eloS.t:d by the opera tor or govenunent and 
c·he t.1astiu rdoc.ate'd. · 

~In rulit_y a.ddiciooa.l ere.at.meat would prol;>ably be performed if deemed 
ad"itable. 

; If one did not a.11,u.ma 1uch su.b.seq_ue:nlt eoerectiv.e ac.C:ion, a paradox •-'<>uld 
uis-t: a poorly designed .landfill t.hat failed quick.Ly but wa.s detec:ted 
a.nd. rapa.ited v·ould be u.fflr t.ha.o. a bet.tar de!!ligned one that f ailti:l ta·ce:r. 
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(2) Efficiency oJ « u;eect. ive ict ion: The ef.fic.lency of 
cor-reccive action also p1$Ses a 3tibsu.nc i al methodological pt'obt.em. the. objec­
c h e of the mec1iodol ogy ls to com:p•re .the risks and cost5 of alternative 
h~%4~dous vatte dispos~l technologies. Corrective actions tttay V-&~y videly, 
howevet", in type and. degree of 4pp'li.cation, and may have COt're.tpond t ng varia­
t i on, in cote and 1ffl.Ci.ency; in general , the greater t he heal t h pc-ocecti.on 
ttquired, the greater- the cost. Safec)'-cos.c trade-offs need tO be expl oi-ed in 
reaching the most eos·t~U,ct.ive decisions to s-ervt sociu::a1 "-l l ..ies. 
eJpecially in Supe.rfund site cleanups where the -resources ate limited. Ln 
theory, complete protect ion C!a..n be provfded at ton:ut cost.. even i f it means 
using public funds co relocate a threa~ened popul,tion~~ 

the .assumption of such l!Jttreme meas-ure:s of corcective 
~c:tion co pcovidt c:ornplete pr-otection ma.y no,t be betpful i n !Jlany tisk assess­
ment·• , ttoveve:?' . If heal t h ri.sks at'e ~cmi:ria.l ly reduced to ~era for al l 
IC:lll4tiot , use ful COf\\pari,19ns of health -risks coul d not be m,1de . 0nl1,· the 
coat «td(!"&t«I CQul d be com-pared, and these would. ' tiave been highly sensitive 
co the assumpt i ons C'eg'.'arding cor.rective act ioo. 1:1:eace a moc.e use.fut approach 
rnay be co •SSW'fle .a degree of c·orre'ct[ve action th-at is tu1.o·nab l'y attainable 
vith present technology, but whicb does not nece1sarily pcoVide LOO~ 
protection. 

b . Catastrophe !lcenarioa: ~tascr-ophic. relea.se.s of hau:ri;tous 
.tubtta.nces dudng stol."ag~, proceu [ng , or ttansporc of large qu.ant ides of 
wa·stes pose seriou.9 ooca..sion, of i.nce..nte occupational and public exposure to 
he-.lth ,t,nd saf.ety rit ka .and of subt't&nt h,l local ecologic.al daraage. Such 
t'ele•ses could be ini tiated by e.ii:her na.tut"al events, such as Eloods • 
tornadoes, li'ghtnin31 .and e.rthquakes, or hw:nan •ctivi tie.s such as s ,pill.tt 
fires, traos-porcacion acci.denc s on .l!.and or •••. and act.s 'of vanda H sm o" 
terrorism. Tbe Pr e.sent methodology Eocuted on a,sess-iflg risks of t ypic,J. 
t"eleases .from tSOFs . The magnitod'e and probability of cat4-strophi c l"Cle.ases, 
however, pose special probl ems that s~hoUld not be i gi:i,o·t'ed in a C011'!pt"ehen.slve 
•s11essm:e.l1t. [n pacticuhr, r-esutts can dep.e:nd on 1,1hat. assumpt i ont; are made 
conce·rning continge.ncy ,ac.cident man.age.roent plans an($ consequenc& miti8,f.tion 
mea.su..res th.at are ,1.t h4.nd. · 

hau•s • me.t.hods, and case scucfies i.nYot ving low probabilit-y but 
high con.sequence citkt were de5cribe4 i..n oVer 40 pa-p.ers at a f'eeeric meetl.ag 
(see Ctiapter V). The m.et.hodc logy for 1.ue11·ing •ucb ris\c..s ts less devel oped 
than that fot' more typical ri.sks, and further devalop!H.t\t 0£ it i.s beyond tb.e 
•c·op• of the pre.sent it.udy. In gene.rat, scenario .il)lp-ro<1ches are required, but 
the outcome is qui.te dependant on ass~tiOns about tCchnq l ogies, t i tes, e·im­
ing, opet'&tion of fillu.re preventiontd·e.cecti-on. M&sui-es, and h.u.111,1-n bf:havior. 
Onie eannot a.ssesa scenario, for every co11bin.1,tion of evtUits. bi.It one ca,n 
develop re.ason•ble 1cea•rios. Person~ actu.allY tes:ponsi•bte. for emergency 
response actions ft'•~qently develop and train foe such scenarios. 

* Over $l3 million vu upended by £:PA and th• Federal Emergency Management 
Agency to raloc.ate a population of 2,000 at dioxin-contaminace:d Times 
Be.ac.h, Ki•tout"i. 
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In the c:ase of h4::t.ardo~, '-".\S-te d i $pos.al, relu.ses, exposuees, 
ana 1.m.yaccs wi l l be del)endeitt on tlte nature of the ..i:a.,ce 1-n a give.n assess­
ment, on the si.t e of C·.;l't.ast-rophic !"elea$e , and on assumptions concerning the 
timing •nd effici ency of pi:-otect.i..ve 4nd corre-cc.ive a ctions. l n som:e c ases, 
t.lie n.atuee o! the w.ute. ind c..1-te disposal technologie.; mi ght make negligible 
the probabi l i t y of ~•t.:Ut!"ophi c re! e:a,s~.s from m.any Of e:.vep most causes. For 
example, a nonil.ammabl.e .slu.dae of loi., vo l at ili ty, lov so t ubilit.y i.n water, and 
b-lgh v.iscosity could be cleaned up vich minimum risk in event of a l arge 5"Pill 
from an ovti:.rturn'-d truck. [n vi~" of t..he usu~l time and resource l imitat-i.on.s, 
efforts to a..ssess such risk.s could be reasonably mini mize·d in th.6 health and 
cost assessment. 

On the other hand, attent i.on 1i1ay be requi.c-ed for the r- i sk:s of 
nood ing du .. dng ctunup oC an ol.d haz4cdous iot,a.,ce d.ispos4l site or for the 
risks o'f l oadi.ng/@Lc;,ading •c·tivitieS in i:ransporting '-lasces for at-Sea incin­
ei:-.ation. At * minimum. transpot't•ti-on risks sh.ould be discussed qua.li ta­
t.i,.vely: s..ub.sequ~nt quan~it4tive .and.y,i·e mey he desirable before ult imate. 
decisions are rea.ahed. The qualitat ive analy.!is should note the worst teason­
&b\ e case seen.a ria, ~-g., • .maximum eel!.eese •t the mos~t populous or most 
di'fticulc to cle:ara-up point i.n the route. tn general, t.hl! mor-e decentra l hed 
i:..he hazardous vastes, t he. lower the ri.sks 0£ cata.stt".o;,hic r e lease. the. moce 
centraliz.ed the vaste disposal t echno l ogy, the greater tbe po.te.ntial for 
c:atast-t'ophe. 

B. tnvironmental Transport and Fa~e Analysi1 

The movemen.t and inter.actions of pollucurcs entet'ins the e.nvirorm14nt 
are aJ f ected by ph,yslcoche:nica,l IQ.~ bio l ogi~•l proces.,es vh(ch ~an v3ry wi th 
the natu-re-s of the poUut~c·,, hov they &r.e rete._se_d, ,nd the media t..hey 
enter . These condition9 will at-ready have been de'fined in the sou!"ce 4ssess­
cnent. fbe environmental processes vilt also d.epe.nd on characteristics of 
spec,ific .site,, .st4l.rting vitb ·th.e a.re.a immediately around t.he source and 
extettding to areas where popul ations- may be. exposed. Hence the nexc element 
in au•s.sing t.be rislu of haz4rd0-us wa.stie management. a..lcernat,i'!es is cho.rac­
teri~acion of the sites under study. Depending on the vaste a nd site ch4rac­
terh:ations, appropriate trans port mod.el:s aee then -S-elec-ted. to esti:n.ate the 
tft0Yt.ffl41ttt of pollutaAC& Co populations. S~te ch•c-~cterizati ona and model 
-Selection ar• di,.cus•ed below .. 

L Site chal'acteri&-a.t ion: The gene-rat data r_equireme.nts for 
modeliq:g ~r•n..s-port ~d f•te ol che111ca.l:s released .into th.e environment and 
aou-rces for finding such inl.onn.a.~ion are di.scuued i.n Section YI .A. ile:qu-ir·e­
mencs c:Ould include physicel chu'•cter.stics of t .he TSDf and su-rrounding 
terrain, pbysico.c.h.emic.al pro~ctie..s of _soils, wa.cec and aic, and biological 
c.ha..ca·c:tet'istics o'f t..hl!!' &'!"U . The checkH.scs in 'table fV-2 of proc.us.e.s 
affecting transport. and fate of enviro.nn:ient'al c:ontaminantt sugg:a,c the ra.nge 
of pouible r-equiremen.ts. 
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TABLE r v-2 

PROCESSES AF,!"ECTI:NC ENVlROllMENTAL 
TRANSPORT AND FAIE OF POLLUTANTS 

Tt>antfer 

Disper, ~on 

Di l ut~on 

Adsorption 
Activation 
Stabili:.ation 
tamobi ti ut i-on 

Reaction 
!:iydroty..sis 
Ox.ida-tion 
Reduction 
Pbotol y.sis 
Degradation 
Decomposition 
Radioactive decay 

Intenaedia transfe~s 
Volacili.2.ation 
Du.tt i ng 
Erosion 
Sedimentation 
Prec:i pitation 
Solution 
Accumulat.ion 

Biotogieal Pcoces5es 

Uptake 
Terrestri al plants 
Aquatic ---specie~ 
M icr:cio-tg3:r') isms 

· Ocher bioc.a 

l'fetaboli.s.m 
Activation 
Convec-s ion 
Degrad.at-ion 
Oecompo1ition 
exct'ecion 
Toxic Sff.ec:t s 

Bi-oeccumulac.ion 

Bio-mag-nific.ation i n 
food c~l•• 

I nterbioc ic /int enne-d·ia 
t ·c-a1i.sfer-s 

For 10111e ck!cis ion-iuk.i ng purposes, several s c:.en4rios of rel)resenta­
tive cha:racterisde_. 11ight: be a u.se..ful but, of analyt.-is, but 1n othet' c!'.asei 
&C!tu.al OT' Carefutl.y utimated ,data on c~racceristi'cs will be euentical. Coar­
ph:te tit• cb.&t'&Ct&-t'·i:adon re quir&a • i g.nific.ant. ti,.me and ruou\"cU. The 
effort can be 11in.imi &ed 'by constde..ring only those c'harac.ter.i&cic..s: diet.aced by 
the n..atur-e of t.b.e: pollutant &ad the recei.,,ing me-dia. tbus lf" release from the 
TSDP h entirely to gt'oun.dvaters,. 1;1·iRd tit4ed and direc·tion at tbe s ite will 
no t be required. Conversely, if the poll.u.ta.nc chemic.al is known to b@ tight.Ly 
adsorbed in soil,• subsurface hycf;rogtolQgi " l information 11lgbt not be needed _, 
but ait' da.c.a vould. Note- that bioavai1&.bi-li't•.y of a chemical can change with 
the soil Conditions. If t 'h.e" pollutan.c i I permanent l y pe-rsi ne.nt . coni ide.ca-­
tion of cnecaboli&ing oraa:tisms m.ay be w,nece,sary (alt.hough biotransfor!M~ions 
l'My require ana lysis). 

l'V-9 



Temporal a ssumptions should be explicit ly , t atcd. That i s, the 
analyst should say iE the ch•~accerist ics of the site a ~e assum~d to stay the 
same o·r to change over the t •ime hori%on of th.e •s,,se,s.mRnt. 

2 . Hodel seleccion: The s.election cf' mod·ets f or predict ing 
environmt:otal transport and fate will depend not only on t he natu-r-e of the 
pollutant and the ~ece_ivj._ng media , .&JI noted a.bove, but also on eke qua.Licy .tnd 
quant ity of t.b.e da t a b.a:se available. , To be a-s generically usef ul as possible 
~ selected •ode l should b:e abl e to utilize data l ikel y to be ava ilabl e in most 
a~1e,1ment p~oblemt and yie l d quane i t a t iv~ cal culat ions of the concentrations 
of a contfflina..nt a s it m.ove:s chrou.gh a pac t icula.r mi!!diu.m of intecest . tn 
addition • selected mode l 1bould be velt-val ida ted, if possible, i n the con­
t ext o'f a numbec- of tepre-s encati,ve ca.H: .scud.ies. 

AvaUabte mod-e..l, f or t.he. :u-in envir-orurie.f't.al com-pa'C"t·.mencs .are dis­
cu.,sed a.nd a.ompa.red in Ch.ape er- Vt. Many of these modeh wet'"e de veloped f or-
1pecial problems in a 9ingle 111e4ium "bile othec-s h4Ve J bro•d• multimed ia 
.scope. Their capa bili tiu and_ limitat ion., vary .subst•nt l ally. The choice of 
tn0del1 in a g i ven analysis depends not only on the jcope of the peoblems and 
the level of detail and cet"tainty desit",ed i.n th.e results, but al.so on the 
data, time, a.nd resoue~es available for the job. A schema for help l ng se l ect 
-appropriate mode.ls for environmental transport analysis in expo.sure. asse.ssment. 
of h&u.cdou1 vast• TSOE's .i s given i:.n. figure t V-2. Pre.ferred a19de l s for 
groundwater, surface Yaters, and a i r dispersion are sunmarized 1>,elov. 

Ca) Cr-ound.'-'atel' modt:lt: P-rediction of t t"an~port o f pollutants 
i.ft tubsurf••• 11•t••• ·should iddreu u~iunt idly ll6vcffN!ftts ln chi •PP••• 
unsaturated O'l' p4~tL.tly satu;-aced ~tad.ose ;one and in the deep.er, saturated 
:ones or a.q_uif"ers . Both r:one.s.• can be addressed by lithe.r analytic.al oc 
numerical ma thematical models ( see chapter VI); t·h,: cho ice i n a given ca.se de­
pending on the data ava ilable and out puts desi~ed. Rankin, models c3n also be 
of use in ,pecial caus as discussed belog. 

(1) ereh:cred unsaturated tone mo_dels : Th.e r-ecommended 
models fo t" e•tirna tiag c:ont.un.ina.nt re~idence "'t ime and movement in the un­
sat:u.r-ated zone a .re a.nal ycicat mathema.t i cal mode.ls i ueh.. as Pe5'tAH Of' SESOtL 
(see Section Vt.8.1.c). A mathematical byd--rautic e.xpress ion such al chat 
developed by H,cWhorter and Nelson can be useful i n situations i n wh.ich the 
1oil is sandy-gravell y , and ground~ater levels wit.hin c fe,w m.eter, of the 
iu-rf &ce . H4them,.cic.tt cu.ntport OM>del s may be ineppl icable to some cocrtbioa.­
tiona of po1.lu.t..nts and untatur,ced ~ont aoil_s. e.g. , la.r-ge rel eest?t o f s ome 
hiahl y c:blo.rl.na.t.ed solvents into cl .a.y ttrata can cause fracc-ur-ing and c-apid 
tr&nsport by cb&nneling. In c&.ses wb.ere model s or equations cannot be u·sed, 
ut·imete:, of l'&_te of transport. and ruide:pce ti111a have t-o be mad.e. E'or ex.am­
ple, if e.xten1ive i:hanneting is ,-predicted, tt'.an.1it tim• in the. wuaturaced 
zone aigbt be &stuMd to be negl igible . 

(2) P-referred sa.tura'ted i:one model s : The com-ple.xity C'e­
quired in t h.e e.xpotur·e and r i sk a s sas5JD~ac sce:na t'ios LnflufJ.nct:t th&- selection 
of the ,g,r .oundweter tu.nspor,t model. In .g~eral, ,a an.1.lyti,c:al fDOd e:L wi lt be 
able co model • contuinaat plume in a hOC1tOgeneou.s .aq"ifer, hut vil.t not be 
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able to shoi.i the e.fhcc, of addi ng eo'rc-ective ~et i on recovery veils to the 
seen.ari a. A num.eri c~J mode l wilt be able t.o predi t;t d 1.e effect of corrective 
ac tion we lls on the contami nant pl ume bu.t t"equires si•gnifi ca.nt i ncreases i n 
l nput data, al l oc.at i ol'\ of ~i me .and fur.d-s., and, possibl y, compucer resource-,. 
Many numer i cal model s :ir'e ibl e to handle heterogeneous .a.qu Lfe·r.s und.ec 'Jater 
tabla, artesian, or- le:,.ky a r tes•ian condit i.ons. 

The deci.s i on of vb.eth.er t o us e an ·aoalyt i ca.l mod·e1 or • 
nwne.rical model un depend on cne quanlt ity of available d.at a and on t ,he 
avaihbi.L i cy of pe!'sonnel knowledgeable in the u.se of a p.icd cu.Lar numerical 
mode l . [t m,a,y aho depend on the need to use the hast t i:m:e-c:on.su.-ning tech­
ni que to p-roV\de good initia l •stimact-, o f the d i. spe.cs.i on, advec cion, and 
adsoeption characteristias of .a specific d,i-S'posal t i te . iVI an.al ytical ll)Qdel 
is hi&bl y desi-rable and useful fo r .s.crca:eni ng a lt el'nacive. •..-asc.e: dispos.a l s.it e-s, 
for exampl e , ~od for ,detai l ed ,plann t ng and des i gn of fiel~ measure.111ents ;ind 
n:10oitoring programs. Ho..,evet", i t may not t,.e as u,s.e f ul as a numer i.ul 111.ode: l i.n 
predict i flg .spec ific c-ond i c.ic-n·, .ac poinc.s o f exposu-re . 

Hodels tb3t can be cecommended f oe u s e i.n .3 genede 

- A .combina t ion of t-o analytical mode ls, PESTAN f or 
unsacuraced flo"' and PI.Ult£ for satu_raced flov, c an be t up11t"io r for som;e expo­
sure a.ssessments becaus e of th.ei r u..ser friendliness and n,.i.n i mal d4ta require ­
me.nts. The FEMWAttR/FEMWASTE couple a p.pea.rs co be another usef ul system. 

- Thi arlal yt (ed modd AT12JD fAtU U4ll bec•llJe i t un 
2rovide onr , tvo-, or cb.ret-di Mn.tional model i.n.g. of a cont.tmi nant pl ume.; ctata 
n•eds ~r• ~rtater vith the AT12JD, buc noc unmanageab le. 

- The n~-ricd Q,ando111 Wiltk Solute Transport Mode l o r 
TB.ANS may be prefer--red for certain exposur:e assessments because l e permi t s a 
determinat i on of the e.f.fects on the cont~inant plume of co rrect ive ac:.tton 
vells, or a l arge-capaci ty va tet"-supply -w.e ll-fidd near the s ource s i te. The 
!taodora Wa l k Hodel uquires a greater am<>u.nt of groundwater data ( e .g., ...,e ll 
capacities, wel t spacings), but mos t aquifer paramat ers are simi lar t o chose 
required by· AT123D. Note t hat in some ~as~ cbaea,eteri zat i on of present or 
likel y futUTe gr.ouncivater withdrawals fr-om the aq_uifer, recha-rge rates, a.nd 
water tab le levels or depl et ions may be i~portant to the l mpact ass.e.ssme.nt. 

(3) 8.a.nk.ing-ty-pe. models: Although ooc s t rict ly gr ound-
W&tlt' traoaport IDOdels, ranking-type m_odels can oft~ provide t bt best avail­
able. meature of potent i ,&1 grou.od..,ace·r problem_. in e:mef'g~ncy I i cua t i ons . 
Cqmbinacion of conumi.nation ranking ~d•l• and ch.e gToundt1ater-related poc­
tions of haurdou, vaite t i. te ranking IIOdel.S cao provide a method £or a.naly~­
ing All ~dia-te probl em. Potent-i.a tl:, .useful ranki ng model:s i.nctude: thte 
e:u-rrent forms of th.e LeGcand Hodel; the HfT9.E system; and the JR.B .model ( s·ee 
Section VI.8.2). These model, tequire •inimal data input, equipmentt tim·e, 
and expense, and yield qu&si-qU&Ot.itat ive si.te eva•luati.ons. 
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D,ica. nee.ds for ranidng-type modeh are lesj rigo-rous than 
the cor:uponding lnputs req;uired for cnac.hemacical mQdels . The mode.st data 
requi,:ement s oe ranking models make them e.as i.er: t.o tJSe. i n t·he .field than ana­
lyt ic,11 or nutr..eric;\l mat.hematica l modeL,s. t.i:mi.tation.S in using ranking mode l s 
i n risk • ·ssess~nts in·ctude the lack o·f di!: fini.tive 4uantitacitv.e output ( e .. g ., 
potential contami nant cooce.nt ra,.ion-f!II• at. poin.t .s qf human contac t). and i.nab-it­
ity to al l ow for complex phys ical, chemical, and biological f actors. 

b. Su-rhce. watH' model s ! P-redi0don 0£ transport o f po llu-t -
antl in 11.arfa<:e vaters shoUld separatdy adi:ire,s dispersion Of spills in 
sc,raam1 (point t Qurce.,J .nd 1.1at ershe.d C"Unoff (noripo i r,t s,aurce-s). 

{l) ?·refeTred, di5perston cnodel.5: The recommended model 
for c.·omputit1a f ate , per-s i nence, and di.sp-ers ton of po lluta.nt s i n f r1sh1;1,1t.er 
eco,y.sce.11:ss is ex.AMS, the £1posu--re Ana.U.y,is Modeling System devotoped. by EPA. 
Al ttt'fla ti.ve !'IK)dels ch.at could be usef\l l in s.pecific c ases are TOXtWASP and 
SLSA hee Section Vt . C.11) , 

(2) PTeJerred vac.ec-thed oodel,s: The seteccion of a 
vattrrshed model t.s- more. ac-blt-r-ar-1y tha_n selection of Other t:ranspon models. 
Avai hbil i. t.y of ade.q1Ja te data , particu.larly hy.droiogic and so-i l eras ion dat-a 1 

is • common limi t ati on. Selection i.s Often dictated by mattching d.tt.a needs 
1.1ith data avai labi lity and· compar'ing ,iite c.haracc-ed;'stics vith Model ca.pabi l.­
ities ( see Cb.apter VI). Hodel se.lec.d ·on c.an be. cqde on.Ly after these environ­
mental factors at\d c:hemicd and phys ical pr·oce.,ses ha ve been a.dd.resSt!:d. 
Val idation of c-unoff Mdels i s difficult, 

The r ecOn,,ehdecd lftOdel for pr'edi ct·ing cra·nsport of ha:-­
ardous vast! pOlta.t;.anu ft'om wateTt.ht:d.s i s HSP,F • tbe. Hydrol ogi cal Si.mutation 
Program-f'.OR'T!lAlf. tc is a simulation mode l that incof'l)Or"aces t.wo runoff modeJ..s 
(ARM .1.nd YPS) and an in-Jtre.am cnn.t.port mode.l ( CM.tlA) (see: S.ection. VI.C.2). 
Lt provides a com-pi:ehens ive analysis framevork that c:·an also yie ld •sdm,1t e.s 
of acut e health ri,~s LE inputs ace !Mde of L0 50s or 11,ACs f~r coxican t s . 

c. A.ir d i-apt:rti.on 3nd depo9,ition mode.~s: A very 1~r3e number 
of a ir 11od•ls are available. 'Model s conside-re·d t.i,pr-Opri.ace for a generic 
me.thod.o logy ver e : (a) those approved by EPA and included in the UseT' s Met­
W-OTk. fot" Applied Modeling of Ai·r Po'lluc.i.on (UNAMA.P-4) series; a nd (b) th.e 
Acmo1pherie Transport Node l dtveloped by Oak Ri dge ~ational Labo,racory- and 
con1ide~ed • 11.refer·e.nc•'• model io the OAQPS Cu.ide llne• su~i.e.s. Based on t he 
reviev in Section YI.01 recoamendt d IDOcdelt are: 

I11dust-rial Source Comrpleit (tsc) i.n e ithe'r- i t s tbor·~- t erm or 
l ong-term ve:rsion.Ji {lSCST or I SOLT) v-a.1 r ated One Of t he mos:t useful mode-1.s in 
cbe UNA.KAP seritt for area source application involvi ng ha;ardous w~sce TSDFs. 
The ISCt.T ha~ the analyti cal capability to simulate the plume ddpletion and 
part i;cula te depositlon proces.!ie·s li-k.el y to be e.n ehtial fo'e" modeling emi.uion:s 
f'l"Om many l.ong-c·e-r11 b.tt:•rdoU:s wa .. ne operaciqns . It is c urrent .lY b•:ina u.,sed u 
the conc·e.ntna.tio-a mode.Li . ..ng co•ponen.c h 1 the Inhalation Expcisure Mod·e.ttng (1£:H) 
system. The ISCST i.s parti'c\ilarly "19eful £or --thort te:sts (e.g., ti:-i•l bu-ma 
in h,u.ardout v aste i.ncin•rac i on ) ~ fo,r analysis· of the affects of malfu.nc­
tion1 &nd system upset•. 
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- At1r.osph.ect"ic Tr.An.s port. ~odel ( A'n!) hu several feac.u,e.s t-hat 
make h pocent i3Lly useful f o t' dis-pe:rsc\ on model.ing of tox,i c: poUuc~nc, . Cc 
h4s .anal -ydc3l c-apabilicie s si-m.ihr co th!I!- ISCLT co s,imulat.e tbe plume ~eple­
t ion a.nd part iculat e de_pOs i tion proce_sses . but wa.s j udgfd alO't'e l.lS~f-ul in point 
source appliaation.s. A modif i ed ve-cs.ion of the ~TM aa..lled ATM80 is prefer-red. 
The ATM is a.. component. of GEMS ( see aiultii:iedia mode-l.s,. belov). 

- Ca.,u,ian Plwne 
.series i, recoaimt.nd.•d (,Sesp i.te. 
complex. terrain at c..he soi.arce. 
become val ida ted . 

Oispe:r:s i.on Alg-oritbm (VALLEY) of the UNAKAP 
lu litn.ita tlon.s) foi- applications i nvolving 
t rnproved· models $houJd b• coasi.d'-red ,u the_y 

d. 
,cage d•velop~enc. 
are: 

l1u.Ldmt:dia mode.l:I : 
Based on thl revie111 

Nulti medi-a mod~l• are i.n an e.arly 
Ln Sec.c ioa 'll-.f, r-ecom,mendad m.odel.s 

- Graphic £.xposure Model in:g System (CeMS ) is .a comprehe.nsive, 
muldmedia model system deve l o-pe.d by tPA ' s Offic;e of toxi c Substances . [t 

i ntegrates se l ected single med ia models. It i s pa.rtic.-ularly u£eful for air­
C'e l ated tr.ans.port ( it use:, the ATM for the ai r diSJ)e:rslon component ) . 

Uni.tied TraRS..POc-t Model (UTIO 
"•r-si.on, UTH-TOX, combines ..t• 1.e.cted models in 
capability. p.articul•rly i n the vac•r-relat~d 
u.cen.sive. 

and i t s ot-gan.ic chemical 
aer-i•~ to give t11Ulti~edi a 

transport. Data needs at'e 

e . Uncerca.i.nties: Predict i on ot environment-al tun,por t and 
£.ate of cont.lJllina.nts 4r e subj ect to ucu:ectai nci e.t Er or.n .severa l cai.1.t.e, includ­
ing: de ficienc ie, i n input. d•c• ; se\ ec.~i.on c;,f opt i mum model Eot ..a glven 
a.spect; i nheC'e.nt deficiencies in the m.cu:te-is selecte·a; and dlffleulties ln 
l i.nking s-e.lec~ed model,. Qata deficiencies a r e . exp,eoted rou c ine-Ly. Of tl\e 
.i·vailable model $. valldation of sonie of t he ~it and wat e.r dispersion rood.els 
1,ppean a dequate. but val i dation e.f,f'o·r·ts for vater$hed runoff and -groundwater 
tn0dels is j ust be_ginn i ng for n.onreac:.tive pollut~ts; reactive pol l utants ar:e 
model ed l e ss c onfidently. Data limit,a tions can detem i ne inode l -select ion to a 
a,ignj:f:i.c.,1nt extent. Unceri:ainti es- arisio.g from linking tfans-port model s ,h.a.ve­
not been sc.ud i ed exce.nsivei.y, but .a.re noc believed to be significan~ty larger 
th•n uncert•intiet •i n the CDOde-11 thuseLves . 

C. Exp0sure Prediction 

Exposures must be predi-cted fot' two key hl.ffl!An populado.n categories: 
( a) "lofOr~ecs vbo a.re d i r e ctly in.v:olve,d i n act i vities lnvolving hazardous 
~illtes; and (b) fflie.lllbers of th.e public vh.o may -i;:.o,fl!e i nto cor,tac:t vi th (;Ontam­
inanct reluu1d from hazardous waste 't:S0Fs and t ·ranspocced t-hrougb environ­
mentaJ routes . la addi t i on, expo·s-ure pr.e-dict i o,;i..s . .;•n be r·eqi.a i. , ed in compre­
h.en-sivt risk •••• .. t:11.ntt for natural and domestic p;qpulation$ of plants •nd 
anim.ah, &nd fo t' ot·her obj ectt of economic or: aesthetic:. vaLu.e. fot'" e..ic.h 
cate3or-y the exposure P.tt.dic:.tioa r•quires three a aalyt .ical activiti.ea: 
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• Q~alitacive fdenci ficat ion 
1ignificanc l y e~pos ed. 

of popula ti-<ln groups likel y to be 
• 

• Qu4nc i tat i ve est: i:m.at't ion o .f tbe numOe.r of individuals in each 
gt"oup. 

• Qua.nt-it aci.ve esc i rua'ei on. of the ma-g:n.i tude o f exp<1.sure of e«c h 
gt'OUp. 

A.vailabt e methods and res out:"cts for predi c t i ng popul.icions exp.osed 
and ota1J;n i cu:de of ex,p·osur:es il"e eevi.ewed i.n Chap.ter vtL Quantitative ex.p6sut"t 
predi ction r equires chaucce t'ii:·.at ion oi many modifying factors a,s •Sugge·,ced by 
the checkl ist i n Table rv-3 for human exposures. The di scU-ssioh belo~ 
addresses methods only fo r vorkeu • t1d the public. and focuses on txpo1 unu 
th.at may c atJ..te a dverse ?lea l t:b effect,,. H.any of t he ooncepc·s. ,ne a.lso 
appl i cable, hovever. to prediecion of exposures for nonhuman recepto~s . 

TA&LE IV-J 

OONS[DERATI.QNS IN CHARACTE!t! ZI NC HUlWI EXPOSURE TO CHEMICALS 
, RO~ HJ.ZAROOUS WASTE MANAGEMENT-

Popul.ation. 

• 

Pollutant 
Profil e 

Me.di& 

Chemicals 

Profile 

Olttribud.on 
Ceog-raplti cal 
Nu.meri'cal 

lamiedi.tte Sources 
of Exposure. 

'.Drinking a.r.d ba t h­
ing 1;1ater 

Exposu~e Parameters 

Route 

Con cent tat ions 

Change wi th t i me 

Mat uC"t­
Ceneral 
Sped-al 

Change with time 

Food c ro.ps 

Nonfood pt'oduct s 
used in d.i i 'Ly 
life 

t ndooC" ,.i r 
Ambient ai,r 
t ·i'fe.st.yle 4ctivit.ie • 

[nh.ala t ion 
Ingest: i'oo' 
Absor~ tion. skin 

Inc•e.nsicy 

INratioh 

1. Exposed workers: Wot'llt p-r•.cti.ces at u i 1ting or futu·re hu.-
&fdous wa.ste TSDFs must be an.-ly-i.ed: on • case-by-eate b<&sis in orde.r t -O 
identify thos-e workers tik.ely to come into contact vi.ch toxic o-r otherwise 
h.aiardou.s sub'"stance.s, e i.tber tbcough ttormel acti v-i.~ies ,. accidental events, and 
correct i ve/reme:dial actiona 1 such a, spiLl cle.an-u9; leak tep,«i~, or gTound­
vate.r t'ecove:ry/treat.menc. The a1.sess-111enc am.st identify t he type9 of ~ode.er-, 
upose.d, the. number of each "type. &ad the frequency t i nce.nsiCy, ind dur.acion 
of exposure c,o all relevant toxi ca.ncs, including any chemic.sis that may be. 
u.sed to treat th• hl.urdous v•.ste before di1po1al or used in ~eudial actions. 
Worter upotutt,i tend to be work.-s.ta·t i on 1·pec:ific; the fir.st ,c1:iv-i ty, there­
fore, it to cba:rac.te-cize t;be .nwaber of diff'e,r,ent type~ of work stations and 
the numb.er of voe-liters a·t e.1c.h .• 

IV-IS 



S:itp,osures 3:-e difficult t<i -esa~ma ce quantitatively if monitor i:.og 
data are unava ~lable. The primary route of expO$ute is mos t often by inha la­
tion, but absot'pdon thr·ough che skin, a.ad ha C1d- co-mouth t ransfer!S artt also 
po,.1iible. £;,tposur:es• ~i·lt va"C'}.' ..,,ith the -c:h.emic;• l and pbxs~cal nature a! the 
matert.aLJ be i ng h.a,ndled, the technology be.ing· u·sed. a.nd ·cont•r<>l measures and 
training prog-rams in place. they will a.lso v.a,:-y wi th t he individual • s use of 
avai l able contro l me~sure, a..nd pr~Jcribed pra~t ices {e.g., u••· of dust masks ). 
f"n g:eneYa.1, esti:ft.adon cechn.iqu.es 4re re lat i v e.Ly cr1,1de fot'" predicting vorker 
exposures around !SOFs. Wd l-vatid,1ted ma.thematic-a l models are not available. 

Secondary exposuta·s of worke:e ' s f ,amil i e.s can be cons i dered; they arc 
ext.re.mel y diffic:.ult co quantify cQnfidently, hqw.vet", unless ve ry good monl­
coring dat a are avai labl e. 

Oca_-upationa1 ex;,osu r-e-s 41:"e aggre·gatt!d in s ubgt',oups by type o r sou·tce 
of e.xp0S1Jte C••I•, chemi-c•Ls. i.101:'k 9-t.ation.. r oute, ecc.), a.nd Swnmed by 11'14gni­
t\ld8- of ex-posure Ci.nt-en,it.y, frequ-ency, durat ion }, as appr·::>pciate tor sub­
,equent \1$4! in the he.a.lth. effects pred.iction. In some comparadve risk 
assessment s, qua li t ative estitnat•• of voeker exposures might b~ quit.e suffi­
c i en,t i1s a.n input to decii.ion raaking. because pt.tbl ic health concerns may 
predominate. 1n oth~r c ases, qu4nt it 3 ti ,.,e e.s t l mates IM.)' be needed fot" both 
tbe average lo10t"ker e.xpofure and JQr- the max ~mally: expo.tea wo r~er. Speci.a.L 
note should be tnade of any predicted levels th.&t a.re above eegulatory .stan­
dards for 1hort-term or tong-tet'lll expo,ures. 

2. Exposed p1,1bUc: Predicting upos1.rr:es of -m,embet"s of the general 
popul,u.ian to e nv'.t!t1n,.rn;enc:·1 l e:on.tUin..ancs £roll ha:udous vaste 1S0Fs r e.qui r e!! 
considet'ation of ;;;,.hete the cont.a.minant s and t.h• people inte-c·sect in space and 
time . &xpos ure routes that mu.st be cOnsidet'ad includ.e Lnbal4tion of contam­
ina.ted dustt, mi st, and v:a.pors, i-nge-st ion o.f contatni.n.a u!d w.ttet', food , bev­
erages or other substances I and denial ab:1orpt ion fol lowing contact vi th 
contaminated substances. tn some cates, t.nviron.roentti l l!loni tor ing da ta may be 
avai lable t.b.at de.fine cont~inaoc leye ls .at c.he point of contact with humans. 
l n ge.na-ral., hove:ver, a ma joi- input to c;t\i s analy,si .s will be the output in!oL"­
mation from t.ha modeling of environme.nta,l transpo~t and f ate. of the chemicals 
i n eel&va.nt naed.ia after they leave the t'SDF -'lte. In tome c:..a.se-t .attent i on 
must a lt.o be: given co tt·anspottacion accidents that wou ld cause additi on.al 
point (or possibly nonp·oinc) source, . l.ni e i ther case , the a.nal ysi• vilt h,1ve 
provided infot"Ntion on the spr,e•d Cb.0th gebiraph.i~all.y and over time) oC the 
polluuntt from the so1.1.rce through ·t he ai l' , surface 1,1ater, groundvacers, and 
other e:avir·onaiental c:orrrp.artrn.ents . Exposure predk.ti.on will require pcofiles 
of tbe uposed population and exposure conditions and integration ovei- popu­
lation• a.nd. ,conditiont .• 

• • Population profiles: In mos t .uu:ssment-1 che cha.nee of 
exposure will de-p~d priQrj, ly on wh~re people ·live, but it can also depend on 
where tbey vork (i .e. , jobs un~el.ated to TSDFa) and on other lifestyle factors 
that v-ould i -ncrease expo1ure-. ~ 1econd c:ujor input vi 1 l therefore be d~­
gt:"aphic informac.ioo on t.he d i .strribution of pot-e:ntiatly expo.s-ed popul -ations in 
tb.e contaminated ar•u• If ap-prop-r-iatt io a given uses"Sm.ent , di stribut•i on of 
joba 1 d.'ay 1chools -al'ld oth.•r rele v• nt l.aifest.yl.e· 4ct.ivi t ies c an be de t ermined 
a.rouiid a partic11l.ar •i.te. In •dd..ition to pr\v•te homes, r-esi.d..e..nts of hos­
pitals, rhrrsia.g home~, and boar di•ng achoola should be con·1·i.dered. 
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~ di!!tailed popylation pro.file is then developed, based on the 
geographiuL boundari es dete--rmi ned for the pollutants! di·.sp·eTsion through a.i.r 
and water- .avay £~Oen the s i tes or .h.a:.--ardout "'ast e. d i spos-a l act.iv itiu. Spe­
cific coordi:rate.s aTe d~, i r,bte i.'n de•tin:ing che study a-ee. sec tot"s, ,ince • 
aeve ra l data ba.ses, including that oi- the u·. S. Bttreau of Ce.r.su.s, can cor.re.la c.e 
t heir data by l atitude and longitude. -!n the U.S. Census data, population 
enumeration•• are broken down by urban. and rural a·r eas , age, race, sex, Cio:nmut­
ing pattern•-. .a.nd bou-sehold data. All data car_) be related. to geog rap.hi cal 
coordi nates. Only at the· u:rba-n bl'oc.k lfcvel, heiwe-ver, can a relatively -small 
group of people(~ 70) be related to a relatively smal l ~rea (one c i ty block). 
Coord i n&.tet of' l&rger cut'al tnwnera.t l on Districts ( .. 4 ,000 peopl e. ) represent 
the popU:l.ttion ce:nte\"' for ch'e detignate.d. area. Because poll1.1t.inc s follov 
natural patterns cacher t han polit'ic.al and aca.tistica.l boundari es, the Census 
enumer~tions v i l l often have to be split to develop t he population p:-ofil~. 

Some ~odelj contain progi:allls that acc,e u popul at i on d4ca bases 
dir.ectl_}'. fo:- -&-it polluc.ant-1 1 dispet"9ion of the plume over residential a,:eas 
o:nd ruul tant i nhaL.act on W'i ll be 0£ ma. j ot' concern. Us i ng CEHS, t-b.e ATM dis­
persion model can be coupled Yit"h the ·Sector Population (SECPOP) program to 
retrieve 1980 cent~s d.tta . The model then calculates the average ann1.1al con­
centntion and exposed population ··for, direa-ticfnal see:tor·s cad i olting f,:om the 
emission source·s. Inha lation ae 1ice-sp8Ciif.ic c·oo:vner'ci·al o:- insti tutional 
faci-Uties· can require adcl'itional col'l•-idt-r a,tion in some cases, and e.Ltern~t"e­
e.x:posuca route.s (such a.s deposition of- pollutants on foods or surfaces) may 
requ~re attention in ochers. 

ror potlutatlt.1 1..0tet:in:g .-g:ro6.ndvate"Tt o~ Sur£&ce V-it.!r!-. "ildd{-. 
t ional inf.onnation vill be nt:.aded to •uppletM:ot the Census d.e,t·a. For e,i;a,npLe, 
the. location of public a.nd pr.iv.ate drinking water ,u.ppties will have. to be 
piilpo inted r:-,e•lative to the polluc--4nt1' di:-stieui.on. tnfo-rmad.on on ~st com­
muni t .y •water system-a Cian be obtained ft"om EPA (f'edet"•l ilepor-ting Dau Sr.seem) 
and information On priva tely owned vells and s·prings £tom th.e. U.S. Ceol og i -cal 
Su-rvey 1 1 Croundvater Sice t nvencqcy. Additional infonna ti.ori m.iy be avail.able 
from lta.tt or lac.al a.aenei1t.s fo r a Specific s-i:te. Popu l.a·t i -ons po,te.ntially 
exp(tttd. by inaestion of df'ink•ing viter ih.ould then b·e id•ntl!ied·. Population$ 
th.at would consume foods or beverage• pr•pH·a·d fto11 the vate·c should ai so be 
ide.nc f fied if they .are signifi~-"t.lY diff'e·re.nc Crom those drinking i t , e.a., 
cu.stoffliees .of a commerc.ia-1 food' pr-oc.e-stor Ot" Mvei-age bottler that uses the 
11ater. For- some potlutants absorption. through the skin during bathi.ng or 
othe r cont.act; and i nhalation of cheliicals volatiLi:ing in the 4hover ·may 
requi ce c:onside-~a.tion. 

tn 1,C>me ai-se1s11etu:,a. n:onre•.iden"ti.al- and Lifie:.s.t..yle factors will 
need t.o b,e considered. For exuple, pcr·son1 diat ~onmute da,i l y through a 
disper.s'ion pLWlie or f-r~ue.nt r•cr·eac:ion.a1 act;ivities in potential ly conta1a­
inaced- lakes- or park·• Ny oe-ed to be considered. Specific inform.scion 90 c.he 
dynamcis of C:h:e subp0pt,1lati.ons vi-tbio the u·ea of lnterut c.an of ten be. 
obt.alne-d f-rom loc.al. governme.nt1 or- planning· coami1sions. A pt"e.t,urinary a..n.al•y­
s is of che geog-rapbic.al distr~bution and pOpulation d"istribu.tion c:.an then 
dete.rmine the M.jor upo1utt t'Oute.• and s·pe.citic locations wh.ere cha general 
population deti•iti•s _.hou.l,d be mod'.ified fo-r the -•vpopularions . 
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Uocer.tia,inties in ide_ntifyin.g cbe general expo.sed poputad.on. 
vil t depend on the qual ity an~ complete.nes!i of t he da,ta ava i lable, but sbou..Ld 
be sinall compared to ~ho.s~ in otber steps of the ·c-isk iues-sJ1Jent. Uncertain­
ti-H ..,i ll be gre,ner in try_iog to quant ify ,upopulati ons for dec~i l.ed e.xpQSU.t"e. 
•nal ·ysis:. either because. of diH i cu.l t y U\ ipec: if yi nJ t.be s·ub-populations or i.n 
obtaining geogra phically coded i nforM&t i on. 

b. Ext\o-sure pt'ofile: An exposure prof.He tDU,SC be de11elop4d 
for each of the identified exposed -popu:l.a cion groups, Thi s p-rof il* s·hould 
identify t~ree chaact ~ri , cics of the exposure: 

• 

• 

• 

Route of ~xposur-e: 
ro9ce, 

Time over wbicb exposure wi l l occur: 
durati:on 

Concentraclon of cooeaJDinant r e.c e.i·V«.d: 
route and vari·a.t i on Over t i:n.e 

ti.me to on.set and, 

concentration by 

Appropriat e models or ocher «s ti~cion techni.q,ue s are used. In many cases, 
eSH111etes 1Jil1. be ne.ede:d for c}.le a.v~u,-e exP,osur:~.s fo'C' resid.ents in a.n area., 
f O'C the ""xi tn.1.Uy exposed resident, and for e..spec:i,t ll y sens i ti ye subpop..-la­
t -i ons It diteu,sed in the. ne.xt subsection .. 

c, Expos ure integration: The exposure t ncegr.&tion proceu 
involve, 111reg1t in1 expo1ure to cha est-aft.t pc1,sih L1 over r-oue:.es, coneaneu­
tions, ti.me, &nd popu1a.tion groups. the degt'e.e. of aggcegac.t oh that it rea­
sonabl e can depend on several a spe~ts of the con~aminants. The toxicological 
prop.erties of the chemicals of concern will be pa.rtieul a.r:ly impo'Cta.nt, b..-t· 
1)hysi-c:a•l -chemical prope rties and route of exposure ma-y al1:o requ i l"C c on.t1 i.dera­
t i on . 

Aggregation across e xpot.urc roucet and Concenc r.acions shoul d 
utiully b• stcaightfo~1rd unless e«ny :ttJ.bp.opul.a,tfons h.ave be.en identified. 
'Ehe .t i 111plesc ca.se '(oul d i.nvo lve one popuJ.at.ion group unMor:ml y exposed to a 
const tnt ·concentTat ion of cont amin•nt ~ e .. g., in t.he air br:ea·ched or d'ri. nking 
v•ter con:S~d . In aaae.s wber,e e~po.sure to the chemic.al by different r.outes 
is lill.ely to have ,diff e..r~.t ·e fle_c-ts, aggregat ~on .a.cros s t"oute s , sh.au.id be 
avo,ided , In ca.ses where a wide range qf exposure leve ls occurs chat are. 
likely to b.ave differ-ent effects, &gsTega·'tion should be avoided. 

AggT;egatioi;a across population gr.cups. c•n be more diff i cul t. If 
exposur-~ ·vary videly •cros·• aroups.., t.he 11tDOsC ex-posed" g-roups 9r individuals 
(HEis) should be i dentified. Th.e.y generally s·hould not be aggregated. v i ch all 
ot'her gNups c.o .calcula te an .ave-rage or IM!an e.xp.9sure l e ve l . because most of 
t ·h• adverse health i11p.acts coul d be inc.uc:red by a small l'ul!Dbe-r of bigh.1-y or 
fraq_u.•nt t y •xpoaed pe-r.sons. Bound.iog· bea::ween HEis, leas-,expo.sed popuLat.io.ns, 
and populations vith de ~ipi~i• upo1uras i• de• i rable. 

Aggrcga,tion ac-,:01·1 ti.me also t'equiret- c~r• i.n th.at socne heal th 
effect, are asso-ci.tted pri.marity vith sho--ct-tent e1po1ur&t at relative ly hi gh 
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c.onc.ent rat i ons, wh i le oche rs are a_ssoc i ac:ed Yi th tong-cenn ( even Li f ec ime) 
expOsut"es at lower l evels. ?09ul atiofl g-c-oups t.1L tb substantia.Uy different 
t emporal aspects 0£ exposure (a.g., $h.ort v, . Long t;et'lfli i:ncer:mi tt.ent vs. 
e;ontinuous) should be treated separate l y in the hea,lt.h. affect, e.stimation and 
t h0'\1l d noc be .aggregated i.n the e.xposure prediction. 

Io S"'1Jl:l2'.l.&ry, the i_ntegt"ate:d ex.poSure a.sseum.ent tabulates all 
, ignific.a.nt population gro,.p, aecotd i ng t o the relevant environmental dose 
t.J,,ac eacb i , estiaat ed to receiva. 

D. Health •nd Environmenta l ££f ece s A.aa l yset 

The. toxic: .and ea.vi r onmental propert i e s of t he pollutants of c:oncecn 
W"ill ~ve been p.accia l ly detetfflined l f' Step 1. Source Aue:ument. Information 
on ~hese chemic a l s mus t now be assem:bted, evaluated, and converted into f orm~ 
th.at vilt be. usef ul for predicting the hea:leh and envi i onmental effects o f 
est i mated eJtposut'es of fuc.ure populati.on, . Sp.ecific act i vities "'ill inclu.de: 
review the health effects litera.ture fo·r the spcecific chemi cals; identify che 
kinds of nsponse·s likel y and o·f c Oneetn in the expected expo1ure ·range; 
develop dose: .. response re.l acionsh.ipt coveri ng the range of exposu r e.,; 4,nd 
develop ris-k fac t o·c-s for spec i.fi.c ~nviironment.i l doses fo t ex.posed indi vidua.ls . 
Figure IY--1 show's schematically the rel.it.ion.ship o! these ac ti vi ties and out­
tinet t.he proc:edure (co be. d'itc~••d ·be l ov) (or s e l ecting t he generally best 
available data for developi..na the do1e-r·e1pon1e model s . The several element9 
of c.his scbe!ha are. di_sc-uoed belov i.n. t-1nn.1 · of .aste$s ing human heal th risks, 
but many of the elements would. be simitu· for 1is ,ess i ns hu.lth imp.acts on 
other species. Chapter VI II p-rov'idu •P ext ended discu.ss i on (with references) 
of tbe theore tical a.sp•cts o'f healch effects pre-dic:tion 4:pproacbes. 

1. E.v.tl~oe ava i lable Lit:er-atuee: .A t hoc-ough .Harc:h for ind 
cevie:v of t he h e.eta.tu.re de-scri bing t h e bi,ologi<;•·l effect., of the c hem·tca-ls of 
concern i s made. 

•· Search sco-pe.: The .tcop& of the search should include a.U 
chemi cals like.ly to tie pr-ecs.ent in r-elati.vely high concentration at point of 
e.xposure and other chemicals tha't have spe-ci:al code or environmental pcop­
ert~es . The ful l rang!! of health effi4cc1 vil l be of int"erest in t.be as.aess­
me.nt. A given cl\em.ic4L o f concern u:y p1toduce .t v•~i ecy of effect, depending 
on exposure conditi.ons. In many ca.1ei1. the rese.at:·cher wi tl be _able co foc.u.s 
on one or two of the most signi~icanC c!fectt, par ticularly a~y irrevertible 
one, likely to occ.ur fr0111 low dose,. long-tena ex-po:ture, ~hrough envi:c,ontNntal 
coute.s. tf expoture.t .are ape co be vidt1: l y vari,_..able over t .id, bog-ever, 
effects of acute e.xposurH naay al t o nquice cor.tsi dera.tioo and may even P""',.. 
domina·te in ~~e •ne.sament (e.g., if a spill of • concent rat.ed coxicanc mi.a:.ht 
occur).. 1n ·general, the 1110,c tignific:ant concerns i.,il l be ca..reinogenesi:s , 
reproductive effe:c·t:1 ( i.nc. l ud i.AI an:aca.cenic, t e:_ratogeoi .c:, and fe:rcility 
effects ) , and ..ny effects a11ociated l'ith bioac~umulac i on. If the l ite:i:4ture 
u:arch does not develop •dequate dac,a on tbe Chemica.lt of concet'll to apply 
prefe«ed esci.ucion iaettiods, it nay be necess.ary to e x-pand the ,e•rch co 
include selected tiailar c..hemie.ah so th.at 1Jss ·prefe:rred tNthodt may be 
att•snptad. 

IV-1? 



~tJ 
Jd, ··I i!. 

' , 

! 

•• 
l}:1 ' ... .J•'-"----, ~ -. .. , 'f. 

l ·' . & 

l 

>-'~~Jj 
li! 

IV-20 

• 

'1:i 
>1 ., . , . . . .. . 
t!1l ___ _, 

i 

1 

• u 
<) • ~ 

w 

"' 
'fj -• • = 
~ 

0 

C 
0 -u 
u • -• "' 
" 0 
~ 

7 
> -
~ • .. -... 



b. Litecacu-re -search: tlte·e--a cu.re se.arch c-ecl:lniques will 
depend .on h.o'W velt-knci;m (oc- how ob

1

,c1;1re) the chemic.a.l s of concero are . H.any 
corttnet"eial. GOtnpound• a.od. some never cheffl.icds have been subject s of much 
, .,cent sc.udy. A i.,e ll- tva l u.ced r-eview or swm.ary ' document may be avai l abl e, 
,-.i.ich ,U those. produce.d by EPA (e·. g., a Cdt;e r i.a DocW11e.nC o r an ~nalysi s by the 
Carclnoge.t1 Assessm.e,\\t Croup), the National Academy of sc·ienc cs. th.e National 
Inttitute of Occupatio"al Safety and Health, the Nati onal [nsc i cuce of Envi­
ronment.a.i Real~h Sciences, or the I otet"nat i.onal Ageocy for R•s• a.TCh on Cance-r. 
Such r:evi e vs rila.y e.Limin.ace- the. n:eed for "further intensive ev-alua.ti on or reduce 
th.e lit uature s earch and .tevie·w co :S ignificant oew p,ublicac;: t on s . In other 
case,, comput~r-ize-d or manual sea?"ahes of ch.e orig lnd li teratur-e may be 
required so th.at key studies can be identified for «valuation. (Compute r ized 
,earche, will be quicke r; both aa.n ,ometi.m-.s miss i.rnpocu.nc documents. ) 
Primary infor1114.don ani:l data sou:rc:1u vill i nclude c o~trol.L'-d toxicological 
s:cudies, c l inical observations o ·,; epi demiological ·studie s on humans; acute, 
,ubchronic, chrcnic, and sp.ec i al t -o::w:.i co l ogic.a.l testing with l aboratory or 
domesti.e ani1t1a.ls; toUcol'ogied tes t.s wi ttl microOrganhms; and at1.y pet"dne-nt 
bi ochemical t att~. 

c . J-ud5 i ng qual.itj of, data: A key po i nt i n t he r'isk assess-
ment i s. the d e:ciJ ion whether O?' not a pacd cular s tud)' t s acceptabl e as a 
prin,,acy b.asis fo r the .ana .. ly, is . t b.is a,a.y at times be a partiall y s ubject i vl!l 
Judgtl\4llnt, and it is impGrta.nt to baV-e acc e ptabili r:y guidd i nes that a·ee a.s ob­
ject1 ve a, pqu i b l e.. Data that a .re not .fully s.atiifactory may Rave to be usa.d 
.someti,us i n t.he absence of •dequate: dac·a., 

1

but de f i:c.iencies in the dat..a ,.,iU 
affect the "'ncecta i nty in the risk estimates and mutt be noted. [mpo·rt.anc. 
checkpoinu of the .acc.eptabilic-y gu.t·d8tines tor human and a.n.ima l da t a are 
ti• t •d bel.ov. 

d • Hwn.a.n .tt.ud its : 
hutn~m <Jtudies c an be Les$ cert.a.in 
t he numbe?" of poten t ial confoUnd i ng 

The conclusions from t•J-en go6d quality 
~Rat those from .an•im.al stud i es beca·use o f 
tact:o-rs. eo tncs tO w-acch i..nc l ude: 

• Tb• study ( e~posed) population shoul'd be carefull y doc.u-
11e.nted as co s9u~ce a.nd charact eristics. 

• The control (unerposed) popul at i on in analyt i eal ep i demi­
ological s tudies or reference populati on i n de.scr i pc ive 
epide4J.iol Qgical and clinic.al ca t.e re.port s tudi es 1hou.ld be 
doC.u.menced and descri bed. 

• The sample .size of the study and control popu lat ions 
should have been. sufficient to me.,et statistical cr iteria. 
Potentially confound i ag faatoc-s such. at age dis·trj.bucioo., 
sex, and l i.festyLe (particula:rl1 smokina an.d u.se of con­
tro lled substances. if known) should be controlled i .n t'h-e 
study de.t,ign. 

• The •cudy popu.Lat ion s hould h•ve bee.n exposed co a s few 
toxic.ants as possible - preferably just t.he. chemical of 
c:onCe'tn - and to• minimum of otb.e c variable stTe taes. 
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• Exp9,u-t"es .t-f'a(?Uld b,1v_e. been qu,tntified. The exposure 
a•ueument .1b.ouJd be d:qeurpented. ·PTefe.rsbly, •data •,.iilt be 
avaiL&ble from apptop-d ace s,.mpling a.nd, analyti~a.l moni­
toring a t the point. of exp-osuc-e or in bodily fluids or 
tissues. The d.u~ation and tio,e. s equenc.es- of e.xpOsuces 
sb.o.u ld be noted. 

• Sou'f'.c e of response da:ta should be docume..nc.ed. All clin­
\ea.L s i gps should be -repor ted, The. length qf the fol l ow-­
up perio·d $hould. be trepo-rted ·so t:h•t l a tent effects, if 
any, can ba pcoperly evaluJted. 

• 'The ces-s~ot11e of the conceol populat i on should h avf!; bed.n 
,im.ila-rly n .udied, pa,cicuhel.y for effects of chronic 
exposures. 

• Statistical analys is 1kpuld nave bee.a made, consiste.nt 
1-rich the study detig.n. C1usal a.ssociations be.twe:e.n e xpo­
suce .and rtspon.,e should have be~n Lnfe-rred onl y i.f 
cha.nee, bi.as, •nd con..founding £a.c.tors have been C'Uled out 
.u explanations. 

One or more dose-reSp-onse rel.ition"11,hips shotJ.td ~ evident 
i.n tile dat~, ;ind an.y ef.f,ecc, of other va-riab lei shoul d 
have be:e_p rep,o't't'•ti. 

• • Anini.tl ttudios.: Pointt on vhich co judge th.~ qua.Licy of 
animal stud.ies include: 

• The number of a.ntmal s of a given nudy s hquld be ade­
qtJate. In a ch<ronic: s-tudy, there sho.uld be 50 or more 
aniMls per dose g·r<,1<1,ap foe each sex. in II teratology: 
ttlld)', there shou ld be 10 to ti female rabb'its or 20 Or 
moi:-e female.. toden.ts pet' dose group. Ii one i:s particu­
lad y i nt.erett;ed in tt-t£ects at low dose..., scud ies using 
tarae.r n\Lmbet's of anifflal s are bi&hly desirabl e, a lthough 
gene.ral~y not availebie. 

• There should be at least three dOSe levels (depending on 
che cype of acudy.) tn addition to th.• controls. The 
highest doee level 1bould produce .tome toxic •ympcomt .but 
.not cause more: than 10% unacheduled -death,, The lo~est 
do••• lde,at ly, should produce esse.ntially no to~ic tym1>-

'°""• 
• There 1houl d be an uotreated. control group and it, number 

should be the &a.me as that of the teat g~oup. this g~oup 
tbould have r ee•ived v ab.icle doses if one is used for com­
pound adau..nittration_. 

• ni.e r'ou.te of administra.tio•n thould be the tame a.s the 
expected ·e.xposure rourte for' bum.an,. 
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There s.hou1d not Qe ap exc es's ive n01!'0ec- ( > LO%) of '1dh­
eased ' ' animals or. earl.y d E!'°attis in the contro l group . 
espec i al ly t£ the ~e~ i •on ~s simita-r to or the same a s the 
les ion observed in the t:"c-eaced g·roup. 'Ihe. response or the 
r:·reatment groups s hould be do Se. dependent. 

All major or.gans s h ould b-e listed i1l the pathol6gy t 3·b'les • 
This is a measure of th~ q.uality o f t he s tudy. Fa.i l ure t o 
note numerous organs can be an indication o f poor ne~ropsy 
or ti.asu~ pr'oce:u ir(g techniq,uis. 

• My cli.nlcd ,ign•, sUch .1·1 anorexia, .tlopeci.t , or c.on­
jYnccivici-,, 1ho1.1l d be lined ·i.n t -.abul.ac fo'f'm. The tame 
1hould be crue foe clinic1l chemi3try ~nd hemac6logy dat~ 
IJll.en thesse are part: of t·h!! nudy. 

• All studies should. have suppOrting dose an.a--lysis data and 
chemical methodology to e nsure quality o0ntro1. (These 
•~e le..a,t critieal for acute expos~ re stud ies.) 

• A do·se-re-.sponse C""elatio,ubi p stiou.td be evident i.n the. 
data. 

• Peer revi•w coments, tf ava-iihble, tho1.1'ld be close ly 
e.x:amined fo~ po•tible shortcomint• in the study . 

• A study' s M teri;al .s .and 1111e:cbod, seC:tion, th'e ·seldom 
t -Xplid't "un·tow4rd t'es·utc,~• .section . and the Qonc luSions 
section, shou'ld be car~ully t'ead to evaluate it. 

In practice, the:' d..sk usesscient team vi tl find e:01u.c1ty 
4Lt of the-s e. criteria u·e avai lable. !for fev chemic.a.Ls, 
de fic i encie1 tnco account in the unaer talnty analy-sis. 

studies tha t .uc t s·fy 
It thou.l d t".1lt-e' a.ny 

2. [dencify uu-Ly nspon:.ses: The litt:r-atutc ttview gene rally 
vilt have r-ivealed that. the ohem-ical!I of concern cause on.e or more adverse 
r esponse."S in r;1uc organisms under one .or more c,ond itiOna oC ex-posure, or would 
be l.ikety co cau.,e adverse t!.ffe•c c.5 itl ex-pos ed bW'tlanS. The fuU range of 
effects that migb't re..su.lt fr0at potentia l q po•ure.t "ill be ,of SOffle i nt ·erest, 
but the fin.al i.dentif.ication of eff111ct.t to be attested v i 1.1 depend on tht!. 
sia;oificance and quality of the reported d.a.ta and on the likeliho·od of 
re,-pon~e at pt'edicted upotuT••• 

St·ud ies te-po-rdng· geae:r.al c oxicity effects based on acute or .Jub­
ch.r onic exposure.t ue an.aly:ed first if they u ·e. a-va.ibblt, Ln many a..ssess­
lN.nt s , fa irly h.igb level e.:rp<>sllt"es ia occup.ational a.c.tivities or feom acci­
dental r elea11es cllight be of concern., a nd i n.fomation on re.tponsc..s undeT these 
condi tions vitl be auded. Of g-reate.r priority in •1110:1t use.ssments of 
ha.1.aTdous lira.ste unagueot dte-rnacives., bowe-ve·r , wi ll be any s-e.ri·ou:s 
irreversible effect., that ~ould re, uLt f ro• exposur:es in the- ra nge of t.hose 
actually predictad. Ia pu•ticular, one !lbould idant.ify effe.ct.s on maj or 
otgans or •y1 tu• resultina f,rom l ov level chronic exposure• , and ca rc-ino­
aenic, genetic. &Dd rep-roductive effects th&t aight occur under a cange of 
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exposul'e e ondidons. 1:1 general, data f-t"oto one or more ch.ronic exposure 
studie.s are h i ghly 4e9ir-.bt ,, and data. fr.on, hl.Lfflan scudie, would be preferable 
to data of coarpanble qu.d ii;:y fr'om ani mal scttdies,, as was indicated 10 
Figu:re IV-) . If d.a.t.a ft'om apprup.riate huiNin or .animal studies ace not 
available, theo one r,,o-rts p..-og'r:'e-ss.iv~ ly co l e1,s _prefertbLe methods that 
involve greatet e.JCtnpol..ttion s o,C' as·sumpc i on.i. Cross- c hedts bet\oll!en one or 
mor.e of th•s• .a.lte..:-nacive methods should be made-, wher-e possible, to i mprove 
the predi ec i oo of t he kind~ of effeccs. 

Information on the d9te.-t'c.spon~e: pat.terns for .Pot.e."lt i.al effects of a 
ch•mJcal is compared ~i th pred i cceU ax:posure patterns to identify those 
effec ts Like ly co OCCU4 at estimated' e.n•vironmental e~posure, . Graphical plots 
of t~e original data, if not alrfa~y provided, "'ill 'be helpful. paC'tic-u.l a.-r:ly 
1o1.he.a -.several studi u are avai labl e. One aay be abl e t•o omit effec-ts like l y t o 
be found onl y .tt very .high acute exposures i.f only low level exposures are 
possible, but caution ,w.st be exerted at chis poinc not to discard informat ion 
cbac could be 1.1seful in • subset of the aueumenc (e..g., a caca.,strophi.e 
relaase). Studies shovLng positive respon~e i n ht,1.-n.an, would be given greater 
veight than n~g-a dve --scudie..s \-11 loveT 1rianaals ; studies sho~ing pouctve 
c-eS ponse in 1h0C"c-ceem microbioa.ssa y or codent stud i e, but not in b i gher 
ma.ana l• are difficult to generali~e since the qual i t y of the speci flc data and 
the toxicological princip l e s involv·e:d are c·dti:eal. If tb.e ohe:nical bas 
speci4l toxici t y ( such a,. carcinogenicity or- reproduc tive effects). l o.w .do•se 
e~ posure, •lways 'fill b• of· eoncern. 

Th.e effecu e.an utU-4.1ly be ide.n.tified with reasonable co-nfi..dance i! 
tdXic.oLog.ical test data in. .,n i.ma:ls or oi::be:f' OTf&n.isa:i., at'e av.ait.able for f!if! 
c.esc ch.e1Dical Of' for r;ogn•te cbe:mica.h ( i .e., ocher c:hemicaLs ~itb similar 
~emica:l Jt;ruccure and ph.ysicoc:h~ical properti«s), or if toxicokinet i c 
(pharm,,coki necic) informac ion on the chemi.cal,' abtol'bability, mob.ility, and 
b l otran.tfQrtnation.t vith.in the human bod-y or 0th.or- appropdace species are 
.a.va.i table. 

l. Devel op dose- response relationships: Dose- t ·e s pon.s·e ~elation-
shi pJ mµst be devdopi!d for the moat sig:ni ,flca.nt k i nd• of' effects i de'n t if ied 
i.n the pc:eced i ng sec;ti:on . All ,the avail able data shoul d 'be considered i n 
dev·etoping the masc. ~elia.~Le. dose-response cno-del i.n huaians f oe each signi f­
ic•nt effect of each chemica l being •U• tst:d under tbe. e.~po,ure condit ions 
prt:diQt4#d. IdeaHy. a q1U.O.tal dose-re..sponse re.lat.'\onship wil l b-e. avai t able. 
that ca.a. be !1..Prts1ed g?'aphical ly, and cqtbematically . · 

The procedures used in de:veloplng the dose-res.pons• relationship 
will depend on the nature of the •v.ailable d•t'a, toxi c effect, and the asswn.p­
tionJ and ut.rap0Uti9a:s th.at muJt be. ma.de £or predicci.ve purpot.et. 'the 
procedun.s in eac.h ca :se are outlined below. 

a . D•ta prefer,enee: If 4.dequat~ dose-response data art! 
available from stud.ies of human exposure to the chemie:al of conce.rn, they can 
be u.sed d icectly co c.alcul,1te th• dote-response function os.ing an appropriate 
""'thematic.at mdel.. The dose--re.sp~,n.se funct.ioa. based on tb.e. literature data 
it t hen 4,p-plied (.after appropriat·e co·n.version of dosage uniCs, iI necessary) 
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:i::o t he. esclm,ned aecu.a] ezpo.su,e f:-om the ba.za.r"dous ..,~ttte di,po,al a cti.vlty to 
gi ve 3n esc i ma.ted tisk fact ot for ao espo$ed lodividual o r populacioo. 

lf data on hum.ans are nOt av.aihbl e, c'he animal data are the 
next choi ce. Any av.i ilabte tox i eoki net i'c data& that a re available 1houl d be­
cooside.red. If ::h-r-onic ani -»al cesc data are av~ tlable .ind adeq_u,ne, th~ sa,teie 
appro priat·e m:achel:S4tical n,odel is us ~d as with hl,l.fllan claca for dose-co-dose 
int·erpola t i on ind extr-apolation as above. 1-f chr-onic a.n i m.a.l dat4 .ar-e li.mited, 
but are i ndicative of an effect., a Simpl e.r dtode..l sti ll might be use ful i n 
estimating t he r-isk approxiaiate l y. 1£ ~hrdnic s·t udie:s were made but no 
adv•r$e e ffects •ere. ob~erved, the se d,tt.a can be u.s-~d to oalcu lace a.ti 1,,1pp-l!!r 
limit r iJk leve l. 

tf no chronic scudie~ ~~ve beCn ~de. lets acc~rate methods ar-e 
u 5ed. In some cue, nonchronic eitpos1;1r-e d4t• on anicri,dt are .,_v,ih:ble that 
may be use ful in ea d ruting ,ffects o f chron i c exp~.sufe,. Excrapolatign of 
the cesul ts f'ro'm t ho rt-tat'ffl studies to loni.tere, e·xposure, i.s a difficult step 
because, among otller problems, s ome effects (e.g . , c-arcinogene_sis) a:re ·seen 
on ly i.n lqnger ttt"ffl stud ies. Therefore. chi ,: t.ype of excr.-po l ation should be 
done only if absolutely necessary ( 9ee Section V.I I I . B. l ). 

If c hi.oni c c-;e, I; df, ta on ser er-~ l cognates are a vai.lable, quan ti­
tative structure--.ct \Vity rel ac.ionships ( QSA&) may be used to et-ti.mate the 
chronic toxi~i,ty of the chemica.l of c~ncern t'el a tive t o the cQgnate. tf non­
chronic u:posur-e data ar·e ava.ilabl "e for the che11ical and s imi lar 4.aca ptu.s 
chronic ·data are avai1&.ble. for one or a feti prototype-1, their r.elative dose­
response !'unctions can be used to ••-t:icn.&tl chronic toxicic-y o (' t he chemic.St. 
If data on cognates aTe un.av.ail.t.ble bu, c nonchron.ic exposure data a-re available 
for the ch,emic:~l, these are e:xtrapohced -.pproxim.ately on t.he basis 0£ general 
toxicological principle, , if po ssi bl e., to ~~iin.ate ~h.rontc co~ici ty , fLna lly , 
ranklog me.thOds are used as a l'.ast choice to comp.aee the heaith d sks oi 
alternati ve dechion, if no methods are av•i la.ble for generating ni.merical. 
estimafes. Rankings are basea on the u 9'e of in vi t ro test data on the 
chemical or the use of nonpat.amet ric csethods ( see Section VII t . 9. 2 •. c . ( 6) 1 • 

The unced:·ainty associ.~ted with est i mat·e s .frOm the·se a lterna ­
tive methodologies "itl be g-reater th.an wi tb the primary method, and perh•ps 
by two extra orders of iug-n.icudc or IDOire in a.d.dition to other unc.&t'ta i nt i e.s. 

b. nu:uhobd and non thrashold eff•cts: A decision must be 
tMde o.n vhe-ther the dose-·r-e..sponae f u.nction sho\l.t d be developed with a 
thresho ld dose or as • nontb.reshold roocf..eL. Thi..s d~ci s.ion geneTally c.innoc be 
N -<fe s trictly frq• tb.e o'bser-ved dbse-t"e:1p_onse data, but m~.ac be mad-e on 
theoret ical grounds.• While threshold·• vere once b,e'lieved inhe:rtnt i.n bi.o­
loaic.al i--e.spoo-1e to dis tutbi.ng • timul i • nontbruh.old models of cancer a.ained 
sub:1tantial acceptance ·ove-r cbe pelt 40 ye.&r5. Hore r1!.centlY , nontb't"eshol d 
models b.av-e been proposed for scveral Othe.t'" effect., involving a:iolecu.t•r-

* See d.i.,cu.saion in Section vm .A..:J. In some i.ns.ta.nces ,, the: analyse may 
visb to en.ieate ritU by both tbrethold and nont.hruhold model.• for 
co,spar'isoa. 
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blology and genetic:s , 1,1nd eve.n for sor:ne e(fe.ets ;,c-evioust.y prcuumed vi!1ely to 
have. thresholds (e.g •• bt"ain df.l!l4ge fi:-0-111 lead; ter~tog·e-nic effects). The 
pc-esent methodo logy a~sumes that many che_micats will exhibit ·systemic effects 
for vhich a threshold med-et i..> appropr i .1.te and th.at other c h.emic.ah v i Ll 
exhib i t catcin.ogenic or other effects for- which a aontb·reshol d n,odet may be 
dttmanded. 

(1) Nonthreshold mode l : For hultb eff ects that are •s­
tutned not to have dose thcesHol ds , nontt;reshofd ve.cs (ons of the mult istage a.n4, 
W.eibull modelt a.rs used. The EPA h:a s ad:opted the "linearized" mu l t is tage to 
estimate- uepec confidenc• l imh ·s on risk a,nd lowe r confidence limit ·s on "vir­
tuall y s.-fe dOset,. fot' numerous c.ac-cinogen•; £PA's Carc i nogen A.si ,usment Croup 
h4.s deyel.oped -subs t1,nti al docu.111entati.on with this CMthod tn s1.1ppoi:t o f reg-u­
ta_tory decision m.aking . The. CAC tnechod ~• t::herefore .1dopc ed here to est tma.ce 
the model-bas'ed upper confidenCe Limit on dsk -.; pll-t't. of the uneet"t.ai ncy 
analysi s . Best estima:t e.s o·f the. ri-.sk a.re t he.n d so tll$de u1ing e ither o-r bot h 
the weibull model or t.he conventional m.u..r t i st4$e model. Use 0£ t.bese· mode.l s 
is .disc-uhed belov. 

The Veibul l model is u..sually an excellent choice for 
making r-isk extrapotaclons to very tow exposuc-e.,, pro-vided the avai l a~l e data 
se.ts at""e not deficie.nt i n dose groups in the p,.id and lo~ dose range. Por d.et:i 
-Set.I with conventional tprl!:&d and shape, the Wei bull generally yields: a go6d 
fit to data pol.n.ts (eyen if th• data ~ye a. µ'lre-sho l d-lik.e app.ear~nce )l a l 9w: 
dose ex:tt>apo l . .ati.on chat L, ne~ly ltne.ar; and. r,.i .sJc. estimates tfrat are. ne.ar the 
aver.4ge for thote of .sevet"a.l other mode:ls used (i.e., i•nter.nediiate be-tween 
those of the one-hit ind 11111 Ltis tag1 1110da\1 on t ho high riok ,ide and those of 
the l ogic and probit On the low risk side) . 

The bt6log i.cal t'&t'iDn4le !or t'he ~ei.bul l. (once considered 
-a weakness ) .has bH:n e xpanded to a poirit ( se.e Section vur.e.2 . .1.(J)) tha.t Lt 
appears to be of com-parable sta,ture to th•t. o·_f the mul tistage Ci t ha s feyer 
tntrod\&ced cont,cra.ints th.a...n the ·mu lt istage and tinear i~ed mutt i stageA<L Cf 
tbe. d.a.t• 14t lac~• a dose group in the l ow c-es-p.onse ran)Je, tile... mult istag:e 
model may provide a b~tter r e.1)-resentation of c~e p-robabl.e do.$e-r9sponst: t'tla­
tionsh ip and can be uud. {Altetnat i ve ly , both models can be e.oipl.oyed and a 
geometr~c•l avet"a.ge t ak~n for the risks e st i m,,ted at predicted exposures.) 

Tb• time-independent form.,.. of the.. Weibull model is 
e.xpres,ed by the equ.ation: 

* a. &. A1-bert, Chainn.ut of £2A', Ca reinog-eo A1seume11t Croup recently noted 
that an oveT'all fe*ling e..xi-5tS ·that the biol.ogi"l foundation i 5 f liinsy 
fot" EPA' • curr~nt method of low level risk t$tima~ion tsee Section vrn .­
B.2 ,a. CJ) I • 

.... A general for111 of the Weibull distribu~ton ts : 

o lc.-l 
P(t,d) • I - .-<~ • 8d )(t - ~) 

vh:e-i-e c ia c..he t.ime aft:er dosing stairts, .., i s tWllor grovth ti~, and k is 
a awn.ber of discrete cb.&nges luding to tWDOrs. 
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~{d) = I - - ( <> • sd'"l 
e 

whe·ce. P(d) i s the prob4bi lity of ?"e~-pon..se at dose d and o . 8, m ;tr:e paramete.1:s 
co be utioated (8,m. > 0) . Mph.a (ca) l , d"etet'l'ained by the b•c.kground i nci .. 
de.nee.; 8, a scale parameter, depei'!ds on the onits of' d·ose; m i -s a nonnegat ive 
shape patameter, 0,ot neces a..arily o.n integer , an,d ·usual Ly in the rang« t to 
S . The. to~ dose e x tr-a.po la't i en is l.l n-ea.r if ~m • ..1 , conv,e.x t f m > l , a.nd 
conc'-Ve v ith 11:1 < 1 . A va h1.e m < 1 may r:efletct an a:bsence of su.ffic:-i enc low 
dose data polnts or the existence of unusual toxicok.inetic. feac·u-~e, of t.he 
iubstance: compadson. vith results from t6e 11N l tb1ta.ge WO\lld be desirable in 
thi s use . 

If the ·b•ckgrou.nd i ncide.nce ls ne.gtlble {a. :: 0), 0?" if one 
wi shes to express the e.xcra ri sk over background, then t he We i bul l ex-press ton 
b-t.comes : 

where RCd) • 
Pd - P(a

0
) 

I - P(d
0

) 

R(d) = I -
-Sd" • 

The inult isuge ..,d."-1 •xpnuu the prob1bility of ru.ponse 
upon continuou.is lifeti.me exposure .a.t ci.ose, d .. by the equ•t i on: 

where· k .• an integer, nom-inell y the nwnbet of stages in the proccs-s, 4nd 

4
0 

• nonnegative: parameters to be esclmaced from the data sec·. 

tf the ba.ck:ground inc idence is. -:ero , ·th.en 60 .. 0 and the eqtUtion at tow dose 
i.is : 

E"or 1ocne minimal data -tett • iat.e:rpol a.t i on bttween the 
Lovest dose data point and t.he back.ground point O(' use o f the one-hit. model 
NY be nece.,sltated.. 80th the Weibul l aod the multistage modell contain th.~ 
one-hi t l!lOdel as a .s pec i al case. obtaJ .ned by fixing II or k rtupec:tivet y equal 
to one.. l'be one-hit model equation i.s: 

P(d) ~ I - e -lld 
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where ·ed = ·expected nu..-nber of hits at dose, d. Th.c n,odel can be u·.sed wi t h any 
pos i t i ve n 1sponse dat3 even i·f onl y one uu:fuL da ta point i s avai lable, 
be.cause , fo.r put"pose.s of r ough esti mation, the- 11o_pe of the curve can be 
ass.u:me.d. Li.neac ln.cerpolation be-tveen tbf! data point and the odgin or 
backgroun'd g.i.vu essential ty the same sl,opei both probabl y overes t l mate the 
c- i sk at very low d<!:se . A combinat ion c:onvex-l l nea.r interpolation (see See­
tion Vtll.A.l) can be u9ed f-0r a best &$tim.ace. 

lhi!!- modeling proc:educ:e l s aeneratly as foUov,.. After the 
e.xperime.nta.L dat4 aC'e .assembled and e.v4L Uated , the aP.P£0pl' i ace m:athemadc.al 
mode·L is fitted to e~oh. se.l tct.ed dat a sset by C'egression ana.lys h . Se,ve t11, L 
computer pr:ogra.ms are ava llable {or the W'e i bull { see Section V!T! .8. 2 .a.(3)). 
The CLOSAL 83 pr.ogram for t:·he awl t istage {aoeess i blet £:·om the .!(acior:i,a1 
tn.stitutu of Health, 8etb.e.sda, HD) detenrtj..nes the numbt(' ot necessary tenns 
i n che pol.ynominal exponent.. the coeffic ie.nt s of each, the goodne_ss of fit 
( chi -square statist ic,) of the =.od,el to tbe data. the ,prot>.Jbili ty of ,:esponse 
to any g.£ ven dose ( Ot' thtt e.xtra ri sll. -i:f a baele.gt'ound e x.is ts>, and th.e do,e 
that poses a g i ven d ,1t. The m.ax.illJWII likelihood values o:£ the coefficients 
ace needtdi u.ppet' confidenc::e limits can al.so be obtained f or subseq.uent. 
sen, itivi t y analyti s. 

[£ t.he models do not fit 4ll t.he. dat a sufficiently ve ll, 
it ,uy be because one OC' mor-e high dose responses are a.no111olou.s (e .. g • • the 
cu-rve bends dovriwa-rd because subjec:c.1 die of oche.r cau·ses. Cf this appears to 
be the case, the highest dose.. 9oi.nc La deleted and the model i.s t'efi cted to 
the rest of the ct.at.a . If the fit i. s sci U i.n1dequa:c-e, the: next highest dose 
points could be deleted in order; • f it viLL alvoys be obt•ined {or tht Low11~ 
dose point and cne control. P~actic:4-l juda~ent s hould be e•erci$ed, however, 
so th.at -ceproduc.ible 11i dcan.g:t d•ta point., are not di , .carded i n h.vQr of a 
possibly anomo l ous lov dose point. 

The _goodness-of-fit t •est uied is a cbi- squ.aC'ed compa r ison 
of the aetual daca points ~itb the est imactd effects at the same doses on th~ 
calculated eegression cu,rve. 7 .A cwnu..Lative. c hi -1q.uar-e. over 99% i s cons idered. 
\m&ccepta:ble. High valu·es o f the. ce,c i.ind.icate a poof" fit. Coodnes·s of fit 
of the n-gression curve. a.lone Ls no.t a dcce·tmin i ng fa c tor in cejecc ion of 
c-e1uLts, of a mode l, or of s tatist.ic:a l COT"t"elacion Ln.f erences. 

When all the regre 3• ion calcula:tions are co.mplete and 
evalu.ated, one or more curves should bit available from vbich t o est i mate the 
probability of eaah • dverse eff•c:t of ea.ch che=ic.at for exi,osed popul ations. 
If multiple d•t4 sets are available and are of compar•ble qua lity, ~h.e p~oba­
bilitiu •t • giv-en dose can be averaged geoeet~ic al ly . 

(2) Threshold. mod.el: If thee ~os.e-response re.lat ion shi p 
ls believed to have a cht11hold dos~, a threshold version of either the 

* The chi-1q,uare statistic i.s d.i.sc.u..ued vith the ll.neui~ed multistage model 
in Sect ion VII I.B .2 .a.(3 ). 



\le ltn,;,U Ol" mul tiac«ge: 11\athematiu.l tr.odel it used. The Weibu.1 t model is 
generally :1.n exce llent choie.e bec.a.\l-$-e 06 the. U mited number of var i ables. and 
generally g,ood flexibility i.n fi t tina da ta ,ets. 'l'be equ.acion is: 

"' P(d) • l - .-( •• ij(d - d,) l 

where d't i s t he th.ruho t d dose to be provi ded and o, 8, a.nd m are vu·iab les 
determined by r eg~eision analysis . The f!Nleista ge model may be preferable if 
·the deta sec i ,s deficient i n the mid .and low ruponte range. but may be unde­
s i rab le if t.he curve r i ses rapidly aad. t'hen plateaut (see Section VI II .6. 2.­
a,,o(l) J for fu·r ther d lscus.sion) . the t ,hre.shOta Version of the multist age model 
is: 

wher-e dt is the thre.shold clo-,e. f'or- either mod·el, the dsk. is zero f or 
e.xpost.rt'es belOlll the thf'ethold dc>"se. Above the t'nre-s hotd, tfie r isK can be 
dt-tennined• directly from a curve fi .t c ed to the e,,:pertcpient,1.l dat :a or f ;-om the. 
lbOdel. 

The identification of t he threshol d dose to be \li,ed is 
\ISV&Ll)' a problem. Thi 1v4-il4~le ll•t• ate often for cont i nuous or g·raded 
r-etponte-s, .and (luantal d.ata ez . .a.D be d'if.fic.\ll t to interpolate b~cause of the 
normal a.sym-ptotic a pproach of the dase-ruponse Curve to tht ba..se or back.­
ground line. 

Acceptab.l-e da ily intakes (AOis) \ilitl have been e-stabt i s hed 
fo t' inany chemicals ba~ed on the application of ari appropri.ato. n.fet.y -factor to 
.a no-observed ,averse effect level ( HOAEL) or to,-,es t observed adverse eLf ect 
l evel (toAEL) ln ax.peri r&ental daca. The ·r-isk is a 11u1ieci to be ze ro a t the 
I\DI, a t Least £.or almos t ever-yon.e-. The threshold dose itself is auumed. to ·be 
we ll a.bove the AD[ , bu~ ·belov any LO.A£1.. The p't't:C iH nW'llber is uiliually ta.t h.e r 
uncerta in. even if a. NOA.EL i·s npor ted. For predicc:ed e.xposu-res that happen 
to be l n the thre.-stlold dote f'egion., ch'- e-,tiCll,f·t•d r-isk Ls highly s•n~it ive to 
smel l changes in dot• .and to the .&ssi'gned c.:b't'e1ho·1d number . I n tbe intere11t 
of con-s:i -stency i n ,u,,eu.i.ng risk.$ when definit ive data ar:e tack i-ng, ch, 
f ollowing three-tiet" proces1 is suggeeted: 

• If -.n ADI has betl\ esc..abtished, th.e d11tt. h a ssumed 
co be zero ac it and t.lP to the th-re-shold defined a s ~ 
t ime-s the -ADI. The value of S t, not b•sed on any 
1;'-egul Jt.ion, but appe.ar, to be a. reasonable choi'ce, 
b.ase.d on the. practice of diVi ding a NOAEL by a safe t·y 
factor of 10 (or more} to obtain •n ADI, a pt"ac tice 
baaed on cocciOloaic-el. and publ.i.c hea lth e.x.p-eri.ene·e. 
In -t~• uol ikcty event th.et the experimental data show 
an adverse effect at c,he .5 tiines AD.I l evel , a sm.al l e·r 
cultipLe 1h.ou.ld be uae.d. thit thi'eshol'd dose i9 th.en 
g t•d i n cne Weibull (or nNl~i•t•g•) wod~l. 



• If . an ADI has not be·en established, the threshold 
dose- i s de·termin ed from t•he t.OAEI.{,s) if One oe more 
is reported. The thresbot~ aan generally be taken as 
1/ 2 0£ the :no!:t relevant NOA&l.. b-ut a. smaller f rac­
t ion co~ld oe approprio te de.pand i ng on the nature of 
the data , A.J i.n c._he u.f ety factor concept. ( tfoce 
th.et tt\i.t L.J a thi:uhold ( or ri:sk assessment, not an 
ADI for regul atory purpos~.) 

• U ne•ithte.J:.' .an ADI nor NOAEL a·re- avai t abl e, •the 
tb.re shol.d dose is d~cerm.ined f(om the LOA£~·(~) in the 
available data. Th.e LOAEL is mu.lcipUed by a frac­
t ion commen~ur4te v}th the n~ture and quality of the 
e.ltperim.e..ntal d4t:&. A fraccion of 1/l() s houl d be 
appropri4te for most data setsJ but smaller fra·ctions 
(e.g . , 1/100) m.ay be r-equire.d i n others • . {Note again 
that these ace. e9timated thresho l ds. not ADis.) 

The unce-rtai ntiea. in mode l -esdmated ri sks shoul.d be 
.an~.Lyzed. Confidence limit..s •SltOl.\ld be d~ter'mioed in che ex.pe d menta.l range 
fr.9m t.he data ()r ti. t eed mo.del and in che Lo~dose e-.x.cr~pol,1don . (~Qte ch.at 
these ace mode.l -dep.ende.nc eon£ i de nee \.icn:iu.) If i.n.forma tion i.nd.i cates chat 
espe~ially sensitive per,.on, may be at ri.tk at the population tht"eshoLd or 
even at the ADf, t.his should be noted . 

c.. Adj,Httoe.nt factot's: A numpe,r of -a.ssumpc.~on.s .tnd c:onve~-
1ion1 may be needed in o-rder to be ab1e co predict the degree of the ef~ecc Of 
concern at l!xpe~ted ex-po.sure c.ondic.io'" based on the different setCs) of e ·~po­
,ure conditions r:eported Ln tbe studies :found in the litera·cure. The:se. pre­
dictions almost lnevicably will c-equire the u.c-rapolation of a dose- response 
function acroo. t .-..io or te1o·ce iet.1 of conditions. These. include extr-,1pohtions 
across: ._..potuce routu; tempora l c:ondition,!I (.frequency, coqtif?ui cy , du·ra­
t ion); Jpec ies; dos.a:ge \,It:, i t.s; and f-com toxicologi o.al test data on individual 
c.b.emic.a.l, to th.e e.xpo:,;urcts to co11plax nai:xt-uce-s of efl.emica.ls frequently fol.\nd 
in h.a1'!arclou-s va.stes. AU of the .available data shoul d b~ considered in a. 
give.a case, but deiensible def.aul.t potit-ions are u,c•d bel o..,. 

(1) Exposure routes: Th• default asiumpcion is t hat thg 
effect• ·of exposures by or4-l 1.nd i.nb&lati.on routes ai:e. eq_1.aal, wic_b absor-ption 
auWlll!d ~o be 1.00% t;ly both rou.te.s. If d'ifferent a.uwn-pti.ons are ~.arranted by 
ioformadon on the c.he11ic.al of c.once-rn or a.ctu.al expotu.re cond.it i6ns, ad ju.st­
unt factors should be. developed and explicitly stac.ed. Fo-c example, cbe 
bioavailabillty of· a o.he:m.ical c.an vary with the me-dium it i s in. Dermal 
absorption. r:li.tet tend to vaey areatly vith the ch.emical and its c aTrier, if. 
any. aod must be estimate~ an a case-by-ca.ta ba.s i ,. s•imultaoeous exposures by 
!llULtiple routes are a.adiumed co be. addiiiv& (within th.e a.bove. guideline$) , 
un.l -ess an ad justment facto-r it indicated. 

(2J Espotu.r-e Variation 
frequency, continuity, or duration bet~ 
and the popu.t.acion su.bjec-t to analy1i s~ 
v«ri1ble ex·potul'es have roughly. c.he same 

rv~lo 

ove.r time: Expos·ures can vary in 
the ~t1.4cjie-d population 9r spe.cies 

The d.ef•ult assumption is chat 
e£feet, if the total d0:s.age i• 



equi•.rale-nt. rf t otal ddsage di£f.e.rs because of such vari•acions, the effect i:s 
assumed t o he co111p-at'able on • prorated ,(timro;.1eighted ave:-age) b.tsis. f or 
revor$ible acuta effect5 1 the peak exposure dose ls OE primary significance, 
but d .me-weigb ted avtuges are required f o-r- other dos es. tf ~an:anted by 
in.fo,m.a tion on t he c h.ami c-at o f conc:e(-n o t exposure c.ond i t ion,. adj uscmenu 
should be made. For ex.amt,le:~, intermlc.cent exposures i:o.ay be nearly equ ivalent 
to continuou., doset if the chemical i t s trong iy i.-eu.i ned 9r may be nu.rly 
wi thout e f fect i f it i s rapi dly escreted. 

If the co·ndic i ons of expo sure d if [e~ s i.gnific,nt l:y bet1;1ee.n 
test -and subject popul ation, all ,1v.2 i labl e data s hould be co·n.$i de~ed i n devel­
opittg adjuscm~nt f.accors an_d i n esttmacing c..he u~cert~-inty 0£ t~e resul t .s. 
Pco-ea.cing such factors cequi re !l pecia.l care vt:ien •e,(c·rapolatin'g chronic test 
data to shore-teem {eve.a singJ;e) ex:'posures of the subject population to 
carcinogens:. Special c3re is similarly required i.lb.en extra.polat i ng mi ni ma l 
chronic test data tb lifet.ime hw:n.an exposurl!s, especial l y if t l\e c:h tu::iieal 
bioaccw:nulat es , if the chemical is a suapeet earcino_gen on oc het' grounds, or 
i f the body develops a tol~Tance co t t . The an•lf sli t ends co become eh~mie~l 
specific. · 

(J) Ani mal to hu.tMn extr:tpotati·on: The defaul c- assump­
t i on i s that the effects oi" a give.n -dose ate the s ame in humans a._s in t e s t 
animal; at equi valent dose, (see "u.ni a:su b·e.tow) . tf there i s clear evi dence 
in a g i ven ease th.•t this a,swnpti.On t , i.n,accu·rat'I!, then an apptOpdate 
aaju.nme.nt factor is· u:1ei:l tn estimatins ri s'k. 

(4) Esposu.re unic.s: The tu.wan exposure level, repoe-ted 
i n epi.demi o l ogic.al stud i es or te-st do.sages in animal studies ....nd the ant ic i ­
pated enviionnut'ntal eitpOsures are ·converted to coas·iscent dote u.nltt £or com­
par.ison. Approp-riate units • ·eoe : mil l igrams p,tt· sqt,1,are l'l\et!tt' (m.g / m2 ) of body 
S\,lrf.aee 1re3 qf· t.he speci'e.s per cfa-y ~osed, Cot most t t>:.:ic e t'.fect.s·;,.,• mgf.m per 
pregnancy* fo't' te·ra·togenic effec:t ,t mg/ml t'oi' effects of acute inhatadon 
exposures; a.nd concentration i a c.a..tri e, ( e. IJ • , mg/ mL) f or acute l cri t ation 
effects. tf tb.e tesc data ace r-~porce,d i n term.S of dose p-er unjt velght ·{kgY, 
t.be con:versi:on fa.c·c:or used fo-r- intets-p·eci es i s: m • O. L06~kg') 2 .i. 

• These .are the W'l.itt c.urrncly preferred by £.PA. fhe iaore vide l y-u..sed 
units iailli.gr&m pe"'t' kilog-ram (ing/k.a,) 0£ body "'eight give Lover e,timates 
of ,b10Lute ri1k. In 1Mny ,1.ss-e..ssmenc., the cocnpara.tive risks will be 
in.s•n•icive co the uniu used since. e·x:po.-ut"O to the same chem.ica.l (s) will 
occuc under all waSte man.ag.ement alternati ves • 

.,.. Female test animals (mice •nd rats) ~y be dosed ov~r either the encire 
aest•tion period or on just 1 co 7 d•y• of their sens i t i ve periods which 
is about one-third of the total geJtation. Total 4ose p•r prtgnancy i t-. 
convenient test statistic t.bat ttO'-lld, at vorst., ove..resti.Mce, bt • factor 
of three, c-he ef·fecc ' of -hu.m.i.o. uipo-1uf'e tO ~he -•-s.&me d0$e (i.e . , i n a case 
\fhtf'e t.be dose vas receive.4 enti.1te1 y during the 1eiuiti:,,e P,eriod). It 
aa1.1l d aeneratly be m0f',e •ccu.race for low level environmental do·se1. 



St.ar.dard weight and intake factors ai:e assumed for all 
spec:ies. Refe.re-nce, man weighs 70 kg, con..t"\IJH:S 2 L of wa.cer ?tr day, a.nd 
breaches 20 mJ of air per day. factors for ocher cetc species .ar~ available 
(see Table VIII-2). 

(5) ~xposure to eixture,: the. dafaulc assumption is that 
for ch:e.m.ic.al.s cau.siqg the s~ ef f ect:, c;he dodes are simply additive. fo,r 
chemicals having different affects., a.sses-s the effect of each at its estimated 
exposure. If, however, the ~he.-mioals are knovn to inte·ract (e.g., s·yneri:is­
ticall·y ), then the est imated effect . s_hould be adjusted to C'eflecc cl\is infor­
mation. Alcen1ativel·y, if one (or a. fe...,) of the chnic.a.l1 is .sufficiently 
toxlc and in !iuch high c9ncencracion. th.at lt domln.aces the health effects, 
chto t.he effect• of th.e leu potent cluun1cal may be de mi.nimi• and can bt 
ignorttd. 

(6"} Senslti.Vi.ty dif ferences : The da..fault po-1icLon is 
chat e..x-plicic allowance ls not made for $t:nsicivi.ty difference$ bet~e~n lndi ­
viduah in che reference group and chi! e:xposed population. Cf c.h,e av•Lhble 
data are for. a ge.netal populaci.on or a populadon of to~ su-,c:epci.bLlity for 
t.he iiven effect: (e.g., heal thy worlters for r:~spitacory dy,funccion.), then che 
t' i s~ escim.a ce m_usc be inceeast?d by sooe f.tccor appr9prhce to t..he d,1,t:t. If 
the subj ect po,pulation is known to contain • signlficant p-erc.en-tage of sub­
population.s of especially suspect i b i e Lndiyiduals, then this fact should be 
uaed' tn th.e rlSk. asses:.smenc. Thu,e. factors should be derived after detailed 
consideration of any spec:ia.l •ubpopulacion• ·• For ,ex.ample, in 198:l c:hildr·en 
consci.cuttd 28.1% of the popul.acion and t.he birthrate 1,1as 15 .9 live bir.ths ·p-er 
l.000 total population per yea~. 

(7) Combining re,pon:s e data: tn
1 

some cases the response 
data reported lp odgin.al pubtieaciohs ~an be com.bined to. lmprove t-he reli­
abi 1ity .of the human tis.k, t:sdmaclons. T:h.e dat .a, for example, may show tumo·rs 
•t mot'e th.an one site tn• tbe anlmals te-Sced • .muld.ple te.c:atogen.ic· ef'fects , or 
d.ifferent neue:ocoxic ·sympcomt in differcent p~r,ons expose·d. Sin<!e the ulti­
mate objec;:t:ive is to estiCILlt:t- the nwnb.ar ot per-$001 af£ecced by env.iroqmental 
uposures, rathe~ cha~ the sul)cacesjode:s of effect, the vat"i~ti~s of ·an effect 
are 0011bined. Th.e data are sUffffled ,Utut!ling independence, but using the fol­
loving equation to elimiruite e:rrors of multiple count.in.a of the- tame ~ndi.­
viduaLs: 

whe.re: 

m 
P(UA . I • 
i•l 1 

P(A.) -

' 
t I 

i<j 
?(Ai )P(A.) + Ett P(A. )?(A. )P(o\_) 

J i <j<k 1 J 

- tztl: P(A. )?(A.)?(A ) ?(Al) ... 
i< j <k.<1 l J ·1t 

PfA) desigo.ac«s tM ,pr-obabiticy of· effect A; 

' . . 
1, J, k• and l are sub1ct~pts fer the variou5 effe~~,; end 

l!I .it the. t ·otal nwabe-r of eft«ct11 being combine~.. Note th.e ~lter-­
natin1 silb• of the te.naa. 
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lf differing .e·s tim.at~s a.r,e: a_val1"able f r om nNltlple• studiu: 
.and none can be rejected on che basis iof quality-, probabUi,tiu are ca1cu1.aced 
frotrt each da ta set ·and then a.11eragf:d.* If the · variou.,- e.Hects a-re- fr-om dif­
ferent pools of an i mal.$ as i..n tt·ratology nudies, the sample size will vary 
and the rtsultJ .1re not 1"ead.1ly combined. These r-estllts are thet"efore cal­
culated seP:-U·acely and the- proba.bHiti.e.t of an adverse effect a:re then summed 
co g:ive • total :-isk.. This prae.tice of combining. data has be.en discu·ssed as 
an app"C"o;&eh in obtii ning total esti04Ces- of ca:t'cinogenic risk in an-imal.s t.1ith 
one or more tumor sites (EPA, 19-84). ·Vhen b9tb s~xes of a species receive the 
S4mt dose and exprus the s-acne effeces, d•t• from the two sexe~ at'e combined 
for furthe~ c~Lculations. 

E.. Health and Environmental !mpac.ts E'.9timatioo and lnteg·ratioo 

The re·su.lt-s· of the exp6t:u.1<e p-radiction ittt:P are no~ Combined with 
tbe health effects roodt.t co e·stitnate the ad.vecs-e e.ffeccs on .e.xposed indi­
vidua.ll, and 1o1-ith infotmac·icn on 4x-p:osed pofiu!a t ion St"oupS to .e.5timate the 
total aum.ber of ca.sts of e.ach kind of e ffect ,usoc.iacea with. each vasce 
t.1anageaien~ alternative. The. pt-ocedU..C'es ~re discussed. ln this sect ion for 
expcist:d l n.dlvidual s and populatioos. An•log'Ous procedur·es co'u ld, in th-e·ory, 
be appUed co •stil'!Ulto ecologic.al Qr ot.h.er env_it'onmental e-ffects, but a.r-e, i.n 
practice., much cnote di·fficl.il.t co implement qu.andtatively, and ate discussed. 
only briaHy in t·hi.s section. 

l. Effecc·s per individual: Th~ probability of an e.xposed indi-
vidua.l incurrittg a siven •dverse heal"--ch ef.fecc is calculated by multiplyios 
the concentr•ticm, C, of ' the chemical i n th.e. exposure !Ndh .W•·• (a.s dete·rmined 
in tbe ex-po,ure in.4ly:sis) by t ·he e..xtr:a risk f&c:t.Ot' R(-d) at an equival-e.nt dose: 
in that f\ledium ,1.'.!l determined fl'Ofll the d.o•• tl$ponse d.ac1. If necessa·ry, th• 
p~oduct is also multiplied b)' any ad ju,tm•nc- function'$ needed ·co -cOr't'l!'Ct for 
dilferenc:e.s ia bio logical con.d iciont , f{!)), or in the ti•m.e f(c) (oi- ocher' 
mu,sure of inte-rva.l) betYt:t.n the refei::enc:e conditions· and thl! expotuc-e cond.i­
tionS. th~ overall equation ii : 

Probability of effect • C•B.(d)•f(b)•f(c_) 

A sim:ilar catc·uta.tion i t ,ude as nece.s••rr for each ef!ect that. c:he 
chemical might cause, and fo'I:' ,each chemical O't' group of si'11i1.arly- act.ing 
chemicals to whic.h t.h.e indlvi duat ts e!Epos.ed. lf ttxposur• oc.e:urs by multiple 
routes and the da-t& ba1.e. incli«.t-es, t.h.&t swmut.ion of the total incake i• 

* ln reg\ll:ato-ry applications, the geo111ecri.c: ~•n (!!th root of the produc.·t of 
n prob•biliti'es) of this ,com.bioed estimator: ha;. been used -ra ther than t.he 
iritb.l!Jetic me.an, u it leadt· to a higher t"isk. flst·imac:e. at a 3-ive:n dose 
and henc·e & 1.0we-T ra,gul.aco·tj, ICi&L'\d'.ard • 

.....,. i-••, vater, Air, foo'"d, soil, materials. etc .. The int..ake quant ity may be a 
moTe. conven-i-eot p•ra&ete"r for aov',ieonme.nt•l do.se t.han che coocentr•tion 
i.n ,olH analyses i lt is obtain.ed f ,om appropriate iota.k.e &sswoptions. 



appropri ate, the sum ( l n appro,p,riatc.ly c.onverced upi ts ) 
exposures are -incerm.i tcanc or te,s than lite.time -and 
des i t"ed • !lPPropf"iate adj us cmenc s are .inc Lucied in t,he time 

i s used for C. 
li fet i me r is-ks 

f unction . 

If 
a re 

Calculati~ns a-re ai.ade fOt' rept'es,e.nc.a:ci.ve individual.s in eaoh signif­
icant exposure. group i.d-ent.ified . T,ypic.al r ept'esentatives lo(Ould be an averaQe 
expose:d ind.ivi'd1.1:&l, the most expose-d indi·vidual, and .ivera-ge or mos.c exposed 
child. Addition·al. c:.lcul4tions. a·t'e a;tade as neces.u.ry for ind i v idu.ah i.~ 
tsp,eciaLl._y sen..si.cive. subgroups ( see bel'oa) . l'he results of the ris k. ca.lcu.­
la.tions ~re tabulated and combined ·as app-ropdac,e and t'tp;of".ted in a fo·rm 
usef ul f or' decision making . fo r J:01" dec i.sion.s, tbe r-i sk.s p.e.f" individual cnay 
be adequate input~ while for ochers, cha r i J ks to popu lations descri bed belOv 
w·ill be r equired. 

2 . Effects on populations: Comparison of the total adverse he.alth 
ef ! eccs of haz-ardous ~aate m.a.nagement altth"nac i v,u t'equi,r es appl y.ing the 
he.alt.h r isk fa.ctor t. ~s 4ecetmined in che preced,i.ng sections to in.forma tio.n on 
e.xl)-Osed populat i-ons. The present mechodo log·y f'ocuses on -exposu res to the 
c hemicals of aont:ern i.n'-ur i-«d pd.iutily by the public and secondarily by 
wOrk.e·rs . tn e..itht:r casg , the .inaly.tis is simplest. for' a h.omogeoeous popula­
tion unifor~Ly exposed co a ti ~ed Level of a single chemi9at t~ac produce~ one 
.ho.a.lth eff~cc. The cate becomes mo i-e complex as cnul t iple subpopuL.acions, 
multipLe expo1ure conditions, multi pl e ab.emicals ,. or ltNltipte he.a.1th effects 
cause be con·s id.ered . 

The a.nalyaif i s further coi:npl ~c.a.ted by eke likelihood th.at the 
popu.J.4tion. will no t re:,aain of_ co--n.1~a..nt s i:t, ~<nqp,ot~tlon or loc a t ion f or ti),e 
duration of ch.e potenti:al •..po1ure pei:iod. T~poral a..ssut11ption•s •re requi red 
befo-re proce.1!:ding vit.h the aaa ly.ttl. the si,ntpla as-,unapci on i., often ftl(lde . that 
the pcesent populadon pattern ...,ill coadnue th·roughouc the pe..riod being 
assessed. In compat'ative asu: , smenc of: ha u'°dotU "•;•ute =n4gement a lter-na­
e i ves, boveve;r. t-pe.c ia.l c.t.re: ,houl d be taken co determi ne if thi S· is a r-e,son­
able a ssumption. For ex.ap:ip,l e., changing r--•1ide.ndal, indus t r-ia t , rect"eational 
ot' transpor ·cation patt erns in a n a re a ovee atvecal de-cade,t. cou..ld. substanci,-1,..ly 
a .ffe.c:c the ·risks of havi ng a landfill, inc:ioera tof" o r stor11ge facil i t y· nea-rby. 
H•nce . explicit scateme.nt of f uture popu lation ,uswnptions must be made. 

A .sta.c~c of the population risk. ts so1Hcirt1es de-rived from an 
e_, ti.mat ed individual. risk by s i mple s c aliing . For ex.adlple, the pt'Obabitity i s 
multiplied by 105 co lndicate the r i.sk. :2er mitlion ~x-pou :d, .P.•t'1on1, or the 
probability is multiplied by the t ,otal exposed p-opulatioo co ••tim.tte the 
n.waber- of c ases. A more 1y1tenaatic proc..-du~• takes l nto account ch• v.ada­
c.ion, .in e.x-p,osu--re- c onditioo1 .and of suaceptibiliti•• for ax.pos ed indi vidu•.l•, 
as described below.. ,_ 

a Cene-ral population: The number of c,ases of a g i ven 
a dVe r:se. b.ea l t.h effeot i nc:ur-red by t.he exposed grou--p of indi viduals is esci­
matn by mult.i pling t hre.e factors; the c onc.e.n.tration (C·) or it• dose equiva­
le.oc from the exposu,re analysis; a rit~ factor R.(i:J:) from the do,e-ces poase 
relacionah.i--p; and the nu.mbe t' of pe-r,on,a ( N) i.n cb.e projected e.xpo,~r• group. 
The total naber of· ca1es t s ttle.n obtai ned by suaaing act'Olt the factors: 
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ll 
or= l C.•R(d). •N . 

l l L 

For "- nooth~esh.old e£f'ecc 51.lCb at cancer to/here low dose linea·r­
l ty ts attu.med, the calculation for a t"esi.dential a.rea c;~n bi simplified by 
u;,1ing the: slope, k, of the dose--re:Jpo«se line at lov dose and the populad.oo­
ve ighted aver~ge concent racion,, C. '.fh.e- ri,sk; equadon fot ch.e ave-rage exposed 
resident ~ecomes: 

Ave·uge probability of e.ffect • C•k 

and that for the population, N., beco·a,e·s: 

:! 
Number o f ex:tra ca~es = ~ t C•N 

l 

Th~ pocenti.ally exposed population, can be deteMiined by 
idet'ltifying relevant geographical bou.ndariet .and by us in& c1.trrenc detailed 
populoild.On p,:.ofile.s, supple:a,~nt-ed ,i£ n:-,cusa.ry by e.xt-r1.pohted d,ata. Several 
tourcea may be u.ae.4 for 4,v,lopm~n~. of ~q~ pq_p\J.--1,1.~gn d~i t \§s ~4 ~he 
identificatioa of subpopu.la ti:Ori..s exposed u.ncfer diffe-re.nt aonditfons (e.g., 
different routes, levels, peaks,. a.nd. c.c>ntinu.ity). 

Resu.Ltt of the risk cal,culation.s ar• ta.but.aced .and combi.ned 4s 
appropri,ate t.o reflect equity issues· (11.g., geographical distribution) .• 

b. Special subpop~t acions: rt· cl\1 ex.posed p-opulation con-
t.dns subgroups th.a t differ &reacly in characcerist:ics, then these .:also are 
con side-red I beca\Jse they cuy be. coo-re -5U$Ceptible to advec-·se ef f ec:ts. Some 
subgroups may be more su-1c•ptib1e i.n seneri:l (e.g •• bec:au.:ae of age o-r special 
·h1ulth condition,). Others M.y be mot'e su,ceptibl.e to' s pecific kinds of c:Oxi­
c.ants (e.g., teratog,ens for femaites ,i.n e.a-rl,y pc-egn,u1cy; allerg~n-s for many 
people), inore susceptible bec..au,e. of expotut'es to chem..i.c.als from. _othi!:r 
sou.-cccs, or likely to have • much t\·i..,Jher Uf)t.ake at a ,giv~n e.xposur.-e (e.g., 
ch.i,_ldren e-x--posed to c.ontam.i:n._ted soil). Extremely d'~{ficu~t to quantify ace. 
chose \lbO may be more susceptible bee.au.se. of dietary deficiei:u: ie., oc pre£er­
enc.e1, or who are deficient io. predaction of. &nz.ymes or hot'thOne, ch.at are 
i mportant co bio.logical repair 11ec.h.aai•s,na. A tarap,te votksheet fo~ su.rve y1.ag 
ch• potential health effects on a nWllber of subpoputacions is given in 
Chaptet' X. 

Ce.aer-.1.ly, the geographica l location of fixed st"°uctu'f'es (e.g . , 
hospitals, sc.hool.s, nurfin,t booet, recre.aci.onal are••• .and peiv.ate ~lh} 
vichin the a-r-i:a ia tu.ffic.i~ot to ·i:dencifj: many specific. locations where the 
general populati.oa deatici•• can be n:tadified for the. tubpopuLation. Be4ltb 
data, -1011• of vhich is regionally and lo·cally specific:, art available throu,ib 



cbe Nae ion.11 Center for Bea Ltb Sr;ati st ic s, Ce.nee.?' for Disease. Control, and 
s~ate and county health agenc i~$. St4t i st i cal data are availabl e for nWtlbtrs 
o f ind ividua l s in different age groups, for birth rates , etc. 

Dete.rr.1.ioation of t.h& axposure of· t'he specia.l subpopulations i:riay 
be. considerably more impct-Cii& ch.an that of the generally exposed population. 
The. response t o exposure !UY dso be d i. H.ic:-u.l t to pt;edict. these factors 
resul t in a correspond i ngly gTeace..r 1.evet 9£ uncertainty· in. tht: estimated 
be.altii effects. 

c. · ~cup.scion.ally exposed wo·rkets: The ass·eulf!ent of heal ch 
eHects t n exposed \fork.e~s is conc;eptu.ally the ume ,a, for estimating indi­
-..,idu.al and publ ic bealt.h. effects. Kowcvte"r, cl\e pl aces and condic ioni of 
exposure are different , th.e nwt1ber of vodc.er-, to be considered aC'e u.suali.)' 
relatively small . and . the workers are usu.a.Uy in bett~r health t han the 
ge.ner,tl popuL1,don o.r se.naitive. subpopulations. In .s.dd.iti?n, monitoring of 
both the worlter'-> health and e-xposures is Ere.quiently perfonne-d and red\lC:C-it 
unc.erc4incy in the r·i-sk a.sae.,sm•nt. 

Quantic-acive esciciac i.on of occupational h:ealth. risks :-equ i ::-es 
subs cant ial effort to develop $ i to- and vof'k-scation-sl)eciiic scenario, to 
est i.n:.ate the ex.peiSures incu.«ed by nq.ny d"ifferent k.ind.s of workers engaged i n 
the various act.ivities i nvolved tn treatcne.nt, ,cQrage, dispo~at, o r tra.na­
portatlon of the hazardous wasce, and i n corrective. actions or clt.anup opera­
tions in ca.se of acc.idents, S"P•i t ts, f ire.s, or leakage . Sp•c t f i c .assumptions 
are .required regarding th.e kinds and e.f..f.iciencies of p,cocecc j.ve cloth.ing and 
equi.~Ot utilb£E!:d by th.e varioU.s Vorke%'~ and dt:her \.l'O'e'k practices. MOre 
qualitative estimates of OCQupac·ion-.l ris_ks c.an be uae.ful in rna.ny ba..zardous 
vaste m.an.age.me:ot deQisions. 

For each waste scenario, t~e t reat~enc. scorege, disl)o~al, 
transportation. and c:Orreccive ac tions v-il L have bctn eva l uated to estimate 
the likely routes. re l ~c ive level, and aW'%1ber, of wocker e~posure,. The total 
or relative occ:u.pat1on risk.s of the altcrr.1,1ti•vc di1 pou, L cec.hnol ogie, .are tRen. 
esti.cu.ted On e.it.ber a q_u..antitative or qualitat1ve b'a.sls a., desirei:l. Subpop­
ulati9os of expoaed \fO-rk.•rs a.re a.n,lyzed sepa_r ac.ely if de.11irt-d in .a ri-s.orous. 
i:.reatNnt. The 11ti1Uted 1ff'ecc1 a-re lr1tegt>.ated for all vork.~r s ubpopuh.­
ciont. 

l. Spe cial considerations: If ttle chemical of conce.rn under a 
gi:!e.n exposure con.d\tion pr9duc-es multiple effect.s, alt are consid~red; each 
effect calculated with the aPpropdate ri $k Jactor, and subpopulationJ. Note, 
however, that one O'r' two effects Uy predominate (e •. g., cancer) 11.0 that the 
others {a-re neglected in the analysis ~~thout ~ffecti.ng itt validity signifi­
ca.n.tly. If tb.e cb..etl\Qal u.nder d.iffere..tit routes of ex~os:ure produces the ta.iii• 
efface bu.t differe.nc. response races., the. utimaced eff•ect!I of' each ·exposure 
are sw:rJDed for ~ac.h subpopulation. If the chemical under different levels of 
e.xpOsure ha-s wlciple effects ., t.b.en e.ach of che-se combinations is considered 
~•p.a.rately for each subpopulation. If mu.lt iple chemicals tb.ac cause diffe~enc. 
8£fectt C-at ~ith mixed b.a:t.afdOua was·ces) are pre.s11tnt., t.he e.ffeh of each oa 
•a.ch. 1ubpopula·cion is ex&tAined. The tif'feccs of similar chemicals tuy be 
tubatantia..lly 1illlilar, hovev•r, whiCh si.nq,ltfies the analy1is. Slmilar[y_, oo• 

IV- 36 



effect may be of greateSt concet>n beca1de of it s nature oi- beca.use of the 
l eve l of e~pot~re t o the chemi~4l C~U$ing ic. and the analy~it it simplified. 

If the tffect s are simil~r io ievetity, cS.lcut4te the e_ffects at 
each. exp.os~ee and SWtJ t-b.em , but if they a.re greatly diss i mil,:r. aga:reg-&te but 
report sepai-ately for sub·seque:nt c-ompac-i :ton of dll!!c:idon options. Le., one fflaY 
need co cons ider cha treatment .and di,pou.l options to some e.xcent oo an 
e ffect-by-effect basis. 

[£ more. th,&n oc,e chemica l is i~votved but t.hey do not interact, 
se:veral assesStne..nt alterNcivu e&isc.. ·r r the c h·em.$._c•L,. their effec:ts and 
expo,u.re c.onditions are sufficiently sicn.ilar (e . g., chloe-in~ted solvenc,.s), one 
can simply sua tlieir calcul.4t-ed e:1q>osure.s to est imate . •n ovei-all. heatc·h 
ef!•ct. U above, one chemical or one efftcc may predominate jnd the calcula­
tion c.an be simplified .ac.cordingly. tf these fa.c toTs at'e not .s uificiie.nci)' 
si.mih r, the..n the d t ffet"ent m.sjor c..ombi.::nation, must be c.o~sidered ~epar-ate!.y. 
Ac~ounc i ng p-t"Ocedure~ here require cace£"1Jt a ttention. tn addi tion , chis 
analys is voul d be further compticate.d if any of th'e chemicals present do 
interact, l .e. , produce synergistic o~ antagonist ic eff~ct s . These must 4!.so 
be ta\t.en in account. Adj'us t iftitnt i ac tot-s· of s e vie:r al kinds could· be justified. 

4. Environmental lmpacts estil:114don:: The disposal of b.azardou..s 
waste can affect the env:iroru:i~t. ~n many 1.t&ys in addi'cioa co human he•lth 
risks. Thu.1, envii;orunenta.L e.ffects $hould be considered in a Comprehensive 
risk. •ss·esscne.nt.. On the tiilple.st level, t'he environment.al cons.e-quences can be 
addre,sed by i_dentifyioa t'htir prutna• and davtloping • rati_ng bised on thei r 
potential to da.m.age the enviroNN.nc. Qua.n.ti:ficatiOn of impacts:r however, can 
be muc.h more dif·ficult to pe\"fotat. A rudimentary examination of· environmental 
effects in Conjun-ction with • health •ffectl aasessmenc ca:n be a.cc.ompli.shed by 
following an app-ro4ch t i mil.ar to that disc1..1ued for hwna.n health ~fff!cc.s: 
( a. ) (#ata gathering, (b) identific.acion of routes a1;1d level, of exposure, .and 
(e) .a,-se,smen.t of effects on exp·osed populadon..s. 

Dat a 1.ad,en:d for t.be pur:pote of rW'lo.it.1g envi·re>nm4ntal tr:ansporc 
modeh aenet'alty will be adeqUA.ta to •~Wne. e.ovironme.ntal effects. Site 
char.aeteri s-t ies such a.s topog"f'aphy, depth to g"f"ou.odvatet", soil t ype, veget.a­
t i ve cover, and dist.anee to the neat'est body 'of waler •c• example, of i nfor­
mAtion th.at will b.ave been compile.cl. Identificat i on of r-out'et of e.x-posure 
v-i. U bave been one of the mot.t :import.int ste..ps in the: e.nvironme.ntal 
••••••u.n.c. 

U•ing th• infoni.a.tion a ~ hutd, rating, that -reflect the degr•• of 
perceived b.eu.l'd should b4! assigned co expotuTe routes.. 8.atin.g-• definitions 
cao be f~irly broad, but st-ill pr-ovide an indication of the le.vet of 
1:nvironmeau,l risk pated by a dispos . .al alte.l"nat ive lO'f'" a part.icul ai- \l&lce. 

BatingJ of tow. moderately lov, moder.a.tel)' high, and hi:gh -are convenient. A 
low C"&tin.g ind-i.eace1. that eithe'f'" no or de minimi• effects to th• e.nvir:oru"Oeat..tl 
mie-di, are pT-adieted. A. moderately lo-w rating indic-a.ces t..hat ad'veT-ae effect• 
viU probably be aotic&abie but not o,f m.ajot Siga.if.i-ca.nae to ei•thet' tbe i me­
diate Loe.ale Ot" tbe ge.niei-al e.n-viron11ent. A mod•~ately high rating inaic&t-es 
t·hat readily apparent enviroruNntal effect• a--re predicted tb4t "ill have a 
signific4llt i.ett-act on the Lmedi.a.te s ite or transcend 0th.el' envil"Ol\l'Hnt-.l 
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segments. A higb rati.ng r~flects Signlfie-a..nt anviron.mental e£feets that would 
1.ead co per:man.ent damage to the surrounding eovi.ronment ; a high, rating i mplies 
thac. i Qjor environmental n:ia•son e,:ists not to dispose of a waste via thi1 
Qnagement gc.ena:rio. These rating_s al low eotnparison among alt ernative TSO 
approaches for a gi·,en vaste:, but .sho\Jld not. be u,ed co compare differ&nt 
v;aste streams. 

F. Uncertain.c-y Anal yti.t 

the sevet"al available approaches to uncert.l.inty ana l ys- is an. 
reviewed i..n Cb&pter X. They r.1nge f:r-om largely qualit-.itive d(~c.u .. s,ion and 
survey of e~pet't judgme:nc ~brougb var i o_us Leve.h of .sensicil/ity (p,ara.metric) 
and statistic.al an.al.yse:s, and agg-re·gatioo me:tJ\ods. The choice of approach 
de.pend9 on several consideratio·ns, i.ncl u.d.ing ch·e qu·ality a.n~ quant ity o.f 
information and d,i.ta aya.ilabl• to b• •nal.yied. the type and range of ris.k.s 
being considered. the time and resoureet ·available co· perform t -he anal 'y!lis, 
and tbe pur-pos·e the anal ysis mut.t ,erv~ , co n~te but • few. 

The number a.nd nnge of v~tiablet involved i n estima.t ing the health. 
and environmental r .isk..s a nd the c:·os::s at-toc iaced with haz.ardous waste rnanag.e ­
ment a1cernacives, coupled with the timit~tions of data and time that uSua Lly 
ex.i sc in real ~orld. decitioo..t, v Hl gene-raLty prec l ·ude a t-rul y t"igorous 
systematic approach. The present method. ttl.etelore, foc1.rses on uncert ainties 
in human health impacts (which often par-al~el but ar.e more highly val~d th~n 
e.nvi ron.tN.ntal impact,, and 0£ greeter magnitude th.an uncertaint ie s in fl)Qneta.ry 
cons) , and strives ~ogive u.se£ul ·resul.ts W'ithln t.he es.iisdng ltmi tac (ons . 

the approach is b.a.sed on ,a combination of methods a.nd i.n,-;,olves three 
steps. 

• Step l con.si1 ts of a idenc ific•tion a~d qualitative discussion 
of sources of ... nc:-ert.tincy [n t-he anal ys i s of uch scenario. 
Seit judgment estimates .are then Nde "Qf re.uoo.a.bl e ranges of 
pQs, ibl~ value, of individual f~ctors and parameters. 

• Step 2 contitts of • 11n1i tivi. ty ana'ly1it of se~ectea fac t ors 
and va.riablet to define fuctber the i r p.ocendal impact-s. 

• Step 3 consi.tts 0£ a.n aggreg.ation of unc·eetainties acr9ss a 
aiven scenario by using a form of ·the prop.ag•tion (c.ascading) 
of errors method. 

These steps a :re descTibed further belc;n,. 

l. Sourcet of uncertainty: This step of the uncertainty anal y1 l 1 
l nvolves a systemat ic surver. of ,ach sceBafiQ and of t~• several parts of the 
uSociaci!d risk a.n.alrsls. Each bf the boxe:s in th..e. overall n.e,1cb useutMnt 
proces.s shown .schematical ly i..o. ricure IU-1' requires con.sidetration. All input 
da.ta, c.alcul._tiona or 111odet~, and aasum-ptions made t,hat couid signlftcantly 
affect the f1:nal ruult ah'ould be idita.t.i.fied. 
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!he potent ial $Ources of uncert.ainty c.an bo tabu,l a tcd 1J.Od8.t' five 
major topic at"eas c-r factors .. These hcc:o·rs pu•.a llel the. essential steps in 
the. seqqe.ntial process o.f estimating Ehe· ovee-all. dsk ('i .e., number of case, 
of ad1,1ecse heal th effects ) o-f the <atterr.ad.ve ha~a.rdQl.l.# \,f.aste tfl41\agemet\t 
method,. thes~ major uncertainty factors •re: 

1. Pol h 1t•nt A.a.lease - A~swapti,(?nS and variables in t.he .source 
•ssessment r-el.at ing to the qv:ant i ty· a.nd r-ate 6£ l'eleasE!' of b.a::a-rdous sub­
stances to the tnvironment f,om .a h&t:a:rdout vase.a TSDF sict:. 

2. Envirorunen'tal t ·ransporc a.nd Fu:e An.alys i..t kethod11 - Assumptions 
and variables t'e l ating to t.he e.nvironmen.ta l t:!edi.a. e-ates . .and dhections of 
transport away fro~ the site

0

and model validi~y . 

). E~posur.e Prediction - kSs wnp~i 9~~ a~d vari ~bl es reLatini to the 
p·oints ln space .snd time th•t the- chemic.a.ts ·of ·concern m.ay interoct with 
receptor populations and the resu~t~nt expqsur, l evels. 

4. Health Effects Analyses In.f-o·rmation and .Methods - Infot'mat i on 
and data from the literature rel.acing to the he,aith eff·eats of c:-be Gh~ic al:. 
of concern, and to methods, and inodels for converting this information taco 
pr.edict ive dose-respon.se r,e lationships·. 

5. H.e,1lth Imp.act Esc i.m.c [ on and tn-tegi-ado':_I - A:sswnption·.s and 
varhblu in est:i0\Atin1 imptcts of exposure on the ind'ividut1.L po pula~i_ons and 
e.speciall.y sensitive subpopulations expo.sedt •nd in i ntegrating che i.aipaGts 
across a ll e~posu~e levels, populations and s ubpop~l ations to yiel d a.n 
estiai.te 9f the numbef' of pote.ntid case.,: of e.•ch tyl)e Of adverse health 
effect. 

Wi chin each of t he factors , numerous subfactors qr variables exist 
that vary among uutes, TSO technolo-gies, and management scenarios. A c heck­
U se of such subfactOC'I i s s.bown in Table IV-•t•• Relevant sout"ces of uncer 
tai nty are tabulated and t\laluat.e:d. 

The number of v.a.ri•bles vill QSu.ally be l arge and st.atiscica.4,. data 
will tie margin•t. Although except ions~ Clay be po•.-ible, chi s.. lUually pt"ea.ludes 
.a detail ed e,c i mat ion of the proba..bil i.ty d·i:n:ributi.on cutve fof' u.ch va.riable. 
£stimates baaed on overall lnfo~mation and J udgment are made, however, of the 
most likely cange in which cha va.Lue wot.Jid fal l , e.g., wi'c:-b.in a.n est i mated 
standard deviation (o) of t.he b•i.t poinc- ·e.stima~e for • value. (About 68.3% 
of the values \IOuld fal l within tl o of the me•n.) The extreme v•l uei vould 
likely occa.r vitbin two to tbret ttandard d~viation.s (9S to 99; of the values) 
from the best point 1;1tim.a.te. The.se eanges a.re b•.ted On the auu.napcion of a 
normal (Caua sia.n o-r bell-shaped) distri but.ion of val ues, a condition that vil.l 
probably not precis&ly exitt fof' many vari:a'btes i n the present k.i.nd ·of analy­
u s. £or t.b.e general d.ist·ributio.n cate (with al l ess than infinity) , the 
extreme value occur~•nces ,u·• a i vcn by Ch.ebychev's inequality as fo1lov s: 
±3 o contain• 88.9% of the v•lues and ..!4 o cont•ins 94%. 

2. Sensitivi'ty anal•ysis of key variable.a: 
metric analysu a?"e mot t u,eful vb.en • c•l~u.lation, 
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experime.nt:al sys·tem -contains a relatively small number of v.adable components 
-.,ith clearly defined (or obser•1abh) inter-re lationsh ~RS• In nonexperimentd 
sy•tems, sensitivity •na l ys i• can addnss only those variables vith.in a model 
or mathematical equation. ln t'ed decition mak,ing sit'.lations. ho~e.ver, the 
major uncert.ainties may, tie in fac-q,rs th.a.t an a.nal y.si.s Hnds impouible to 
fit into ,. qi,i.antitaci.ve model. As no ted p'eevicutl.y, th« nua,bet of variables 
in the present coioparacive r isk a..sse.5:smer.,;t of waste tre.atc:ien,t. ttor.-;age. and 
di9posal scen•t"lct i s to large and the inc~rrel ationsh.ips so 'impre..cisely knoiffl 
in s ome cases th-at a rigorous sens.itivity analysis of a.ll ,.,ariables u 
precluded. 

An •n.alys i t can be made , howevet:, of the se.ns,i. t i vity of the fina l 
result t o cq.1.nges in key vadable.s id!E!.ntified in t.he- prec~ding s tep , 4nd may 
be qui te •.1alu .. blt: in th~ determination of ove-raU ·uncertarnty. * This. a nalysis 
can dete.rmine the critical r ang~,s of the~e key f~ctors. tt may be parti cu­
larly helpful in est i mating the ea.creroe value of a given va·riable that wOulO 

' have co occur before the ovitra.11 risk. of ·.a. disp,o.s..al technology ro.3.e to so-cr.c 
pc-edetenn.ined level of concet'n. An am1l1-.si11 of the i111p .. ct o:f the sin:rultaneou.s 
var iation' of multiple v3r iables is precluded on a co1,1d.ne bu i.s- when the 
nutnber of vaciables is more t,h4n a doa:en as in the ana.Ly-,i., of most; examples 
of haiardou; wa·s t e 13a.nagement. 

Sources of uncertainty to be. sel ected for sensit i.,v-ity a.naly.~is vary 
by wa.tte ltrea.ra, scenario, exposut'e rou.te., type of effect, and population 
cbaractei-inics. !he general check.-liist of po:s.s ible sources (fable lV-1) and 
the •n•lysi, of the pr•,eding step will be unful in identifying lley ••ri•blu 
and ,1sumption; for analysia. 

J. Aggregation of ·uncet"taintie,: the aggregation of uncertainty 
ac:rost a complet e C'iak aueS'1tnenc for a glvt!:n. scl!na·r-i.o is base d on c:he pc-opa­
,gation (or cascading) of e:c-rors methods. ~Q,uantic.it-lv& me.uura, of the unc~r­
caincy of tuany va.riabl4t are not i.ndispucabl.y appat"cnc, ,of cour'"$e, so the 
method uses q~ticative di.sc-u1.s.ionJ, exper1;, j1..1dgmenc.s by proj ect st~ff 
m~l>eM, and -the resuJ..t . .t of the sensitivity , ana ly's·es ~o escim.ate such values. 

ni.e o"Ye:rall risk calcu..lation is structured , as shown in Chapter X, 
as a product cf a series c-( factors, e ach representing an essential sce.p in a 
series of seeps. '!l'b.e. equ.-·tion is: 

the upper and lover limits of the range of the -rhk (i.e., th.e 
uncertainty) may, -with app-ropriate assumptions, be t:xpratse'"d exponentially as 
foll-ow•: 

* This tta·tcment a.s1uaes the. k.ey v&ri•ble.s have b'een aecur·acely 1detttif·ied. 
If they ha:ve not, the . scnsiti .vity aa.alysh ma.y given an in•ccuTate 
iadicatioa of the true stat• ot u.nc:ertainty t'ega-rd'ina the ·dechion. 
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a i sk range 
( U} • UJ • 

( Uf t Uj ... ... 
U ) I / 2 

n 
11·2-

Un) 

fort > 0 

fo r t < 0 

wh.t:rfl R is the ri sk u c4 lcu.L, ted by "best: eslimate" values for .a.Lt v~~ia.bl es, 
cbe U\ cu·os are che Yat"i1mce·s• of tlie l ogari duns of t.he i.nd l vidu.al hctor3 1 

a.nd I q is the , bsolute val ue of a. dee is-ion paramete C' c t ~ c r~ftects, the 
deg-ree o f ctinf id.enc·e desired i n the data.,,,,.,., 

Although l t l varih sonu,t'-'hat 1Ji1th the di~t r i'bution ( i .e., normal or 
various nonnoanal dlstcibYtion.s), de cis i on, i nvolving the c6mpari50R$ o f 
alt e-rnat i ves a.re ce lat i ve ty ln1an1 i t i ve to che v-aiue o.f It I assi gned. That 
i s, if one is comparing the risk$ of four a.hetn .. t b ,e haz.ardo\ls was te disposal 
technologle.., foe a given ~a•t•, one \tOyl d want t o use the~ val ue of ltl t n 
t he analysis of e-ach, but t'he compari son can th~n b-e made ab9u t a.s wel 1 ...,ith 
~u uncert ainty- ranges r~flecting &81 cor,i fidenc1e t Lm.its (t • U ) as \,/ith all 
;;'ftecting 95% limi t s ( i:. • "!2), o'r 9-9% limi ts (t '"'!:.l). 

Fo r a f irst appr·oximati'on, therefore, t i s assuJttl?d t:o be unit y (t s 
l , - 1 ) . The re l at i o·t'lihi p a bove beCome.s: 

I
R•IO(U} 

R.isk. u.nge a (Ul 
R+lO 1 

• UJ • ••• 

... 

or th• aggregation of uncertai nty i s sho'Wtl simpl y by che expr~s i on 

lO(Uj • U} • • •. U') t/2 
n 

[£ one conside"t"s the five ma jor factors- LL;ted in Ta.bl.a VT-4 th.at 
ca\lte uncertainty in the e~tim:ated number of cases o f adverse hea lth • f f ectt , 
t heo: 

estimate of case3 :r: 10 1ut • Ul • UJ • U~. • U} 

R.ange of ca•••• I Best 

• U) • u: • U} 

* .... 

Be1.t •~timate of ca.ae3 t LO 

Square of the standard devia tions (or mean square error as appropr i a t e). 
Note th.at if tb.e beat esti.Nt.e of Fi for oo• va.ria.b le it ~ero , the be s t 

est imate of t.h.e risk, a, i-s &ho i.a~o and chit ,..echod ~nJ'lot be used in 
it.s .simpl e form to u t.i.mate the l'an;,e. While ~M be.st estimate o·f Fi i.s· 
z.ero, the upper confidence limit on it i ·s unlikety to be zel'o, 4nd ancl 
this info't'!;Qtioo can be ined to estim.ate the up~•r limit on the cisk. 
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A i:onvttntent f~nnat f or swrmari:.ing t.he aggregation of uncert-a.ioties at this 
factor le-ve l is shown ln Tabl,e rv-s . 

Wa.ste 
Manag~.menc 
Scenario 

1 
z 
) 

4 
s 

TAB.LE rv-s 

SUIOIA!lY OE APeROACH TO ACCRECATION 0~ UNCERTAINTI ES 
AT THE <ACTOR LEVEL 

Unce.rtaintz bl F.tctoc 
Envic:on- Exposure ' Health Health 

mental Pr-edi c- effects t mpaat 
Release Trant·p•ort t ion Oata Base Est imat ion Total 
FaCitor Fac1;ot- Factor Fa.cco-r F.ac tor Unce.rta.inty Fae.tori ... 

IOU I 10U2 IOU• l Ou .. 10Us. lO'(O'l+Ul+U1+U2+U2) ~ 
l 2 J .. 'i 

------- (E..ach st-aited as esdmat e-d oe"der or: !Tlagnitude 10U) --·---

The uncertainties of ch• var i ables within a factor (Table tV- 4) may 
be ,Lllila.rly aom:pUe.d it they, a't'a ffl!U.ltipliaa.ti.ve v&ri.ables or t:hey may· be 
appropriately sWIIM!d for thote chat .i·re add•i t iVe1 o-r a COfflbinat:ion of opera­
dons ca.n be used as approprii.te. II ,ample wo-rluheet for tabulating thete 
factors and parame t er.s across .w&1ce rna.oagem.e.nt .-sa.en.µios i s i l lu..strated i.n 
Ttbl e tV- 6, i.n vhi.ch space is provi ded for ent ry of names of .up to five 
va ri.ab·ies. Tbe U s e Of variabl es i n, Labl e (V-4 i s a u seful checklist. but 
could be ex-panded in differanc w•ys for- diUerent .a ppli cat io!'i·st and could 
probably b~ expanded 1igni£icaat ly for a spe.cific AP,pl i cation. 

Four difficult.ies in perfont.ing s uch •n ana•l ysi s are readi l y identi­
fied.. first, the number o f· i nd:ividud sources of uncer1;al ncy (the subfaccors 
o-r variables noted ln Table IV--4) diac can be identified i.a. a comprehensive 
analysis m.ay be 1.0 la-rge (1 perb.f,ps a. c:tOzen 9·r CDOre) tha t c ·onsi.de-rablct effort 
~i l l be ~equired ta aequire available data and e..stiMte the probabilit.y 
d.is-c.r-ibution of e.ach. secondly, t.be inadeq.uaey of, the a.vai.l..tbl e dat.1• may 
fo~c• cons iderably mot"e dependence on expert jUdgment than prefe~r•d ~n esti­
mating uncet"taint iet. Thi'l"d.ly, e:-he ioten-elations.bips betveen the tubfactors 
may l;,e diverse-,ome may combine mu.lciplia•~ively. some a rithmet ically; t OGJe 
may be i ndependent. but otbett iuy noc.~nd t he degree of int erdependence may 
not be re.adily ascertained.;-a..nd. torte uy be dominant. or key variables. A 
deca.itcd mathematical model would be n eeded ; Fih-al l y, t.be uncertainty about 
the best point ettim.at e. for a given v,•riabt• tnay bl q\Ute unaymmec.-rical; i.e4, 

• A large.r dat,a set is req9.ired for e;1ticutlng bound.s than f or a point "•Lue. 

IV-43 



TABl.F. TV- 6 
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the probabili ty dist ri·bution l'ft4Y be quit'I- s~ew1e,d. M average uncertainty 
r.ange i i thf:t'efore l ess ;,ref erred for ~very v--,riable than 4,n explicit s ca t e:­
m..ent o! cha uppe:- .and. tbe .lover eang-es f or i t.¼ Separate ,ggregati on \lould be 
des i rable fo r upper bounds and lovec bounds. ( Care •.10uld be required so that 
the tl.pp-er bound oo e--ach va.riabte vas defined con-sis t ent l y to ,correlate wit·h an 
upper bound on the e s t i mate of hea'lch e f fects. ) The net result of these 
d ifficult ies Ls th.at a comprehensive qua.ntlt.atlve anal ysis of uncert a i nties 
can require a subttant i a l investment of t i me and r esources to acquire data and 
pe.rform the Andysit ..... ·Sorce compC'OtCDise is i nevitable in analyses havina 
limi ted time and ee,ourcet .tva ilabl•:, but chc compromises in the present 
approach would b-e made on a s:cen.uio-,pecific bat1 i 1. 

The calculated 11-ncerta.incy of cbe oventl. b.oalch r·i .sk est i mate seen1s 
pa eadoxic.a Uy co ,al.way, i ncrease " ith the nwnber o! factors and variabl e , one 
incl u.des- ( the level of deu i t of the analysis) • .althoush t he tot-d a.mount of 
infoonation on which t o base a decisi~n should have bew u$e£ul ty increased by 
inc1ud in.g t..hese details. One mu.st cdnsid.er tvo sources of error co resol•.1~ 
th.is appac-ent p-aC"adox: vac-iant and b.ias .. 

One i s estimating r isk by incor-poratin_g. a nwube·r of f actors into a 
mode l. The model i s by necess i .ty· an appco:dmac-ion. Thus, co the extent chat 
the n:iodtl it lncomplete, th.ere will be a ,yst H'l&t ic o r bi.u etro r introduced . 
Each t erm of the mod•l D'Ntt be e s cima.ced from dat~. The esciqtes vi t l have 
soffl&. vari ance associated wtch them. Tb• more ttc'l'IIS e.stimaced i.n th.e mot;lel , 
the l a.rgec- the. variance of the ett i mated ri,k. How-ever, the more terms 
included, the better the model should approxiute reali ty . Thu,. as one 
i.ncr••••• the nwnber of fac.tOl:'I or vari.a.blet, the \UICertai nty due cp sampling 
considorac ioa (variance) will in«e~,e. but the uncertainty due to incompl ete 
model vi ll dtcruse. 

The tot.a-l uncerc-ainty is t he s um of the s·e t'WO tetm.s. One i ne:re,u·es 
u the number of factors increase, t.he other d·ecc-eaaes. l n or der t a t'educe 
variabili ty of the estimate, more · data about each factor o, v~riabl e ( larger 
spple s i ze) i s needed . Uncertainty anal ysi s i dentifies the ma j or com-ponent 
leading co uncertainty and so identi fies areas '-'het'e scudits may reduce the 
uncertain·ty the most. 

In summary, the prop-agJti.on or cascading of • t--ro r s approach to 
ag_greaation of uncertainty can be used i n a l ess than compl~t;·e t y rigorous 
manner to gi.ve •n ap9roximatlon of t.he total uncertainty. A r eview of t he 
operable vari ables and • gener•l knovtedge of the real is t i c r4nges of t he 
pertinent parameters Ln the specifiet· sc•nario can be u.sed co estimate the 
total unce·rtainty foT" eac.h f4ccor. Th••• estimete.s are then. explicit ly 
state-d. While d.if ferebc a.\ithoritiet \oll:ill u..ndoubtedt_y have different j udgment• 
on the magnitude of some of- c·h•• • unc:ert.aintie,, their ex-plicit sta tement. as 
i.n tht pre sent approac-h vould provide • platform f or fu.rther cesdng, di scu,­
s ion, ~nd improvem•nt. 

• A r-evi ewe-r has noted chat for un,- decisions, • best es ti11ace may be the 
iaore useful pa_-i-&Ncer, but that a sens i tivi t y anatysis of mo-re: e.xcr•u,e 
valu11 in the r-ange can be used t;o 1upp,le11ent the bes c e.st irnate • 

.,.. A coasputer aod·11 coul-d be devel.op•d •nd c•ttt d if such &1')4lys u were: co be 
pe~for,ned on a routine b-a•is. 
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V. SOURCE ASSESSMENT ( HAZARO CHAJL\CTERI ZATION) 

The ,ou-rae as sessment portion of a risk. #sseu:nenc contains t\10 

majo r components: ( a ) ba,z.ard ident if i •catioo a.nd desct'ipdQn t .-nd_ (b) qu,an­
tif'ie.atlon of releases of .e.nvironme.nca l contaminants . Sourc·e .1sse,s~ncs can 
1>t- pe rformed at various level s of cieU:i·l., ranging f,rom s i mple t o complex. 
They c an be global or site. spec_i'fic, cons'ide·r existing or propos,ed faci li t i es , 
and take a s inate Clt:diut:1 or w lci:nedi a approach. Oefini ti,ve source assess­
menc , require subtt.tnci1,l input s of L:nfoTfflation and d·ata, but model souc-C!es,. 
scenario appro•ches. and eng ineering- ttstima.~u, e.an help Yie ld u se.fu-L cesu lts 
vhen th..e data base:. i ·s l t'mi c:ed. 

A. Hazard [deotif iaation and Description 

In Chapter II , h.az:u·ds were described as p.oten·t ial sources of ad­
vert~ effects. Where chemica l technologies are involved, spec if ic m~ter.iats, 
condition•, and. ac·tivit i es a l t migbt b'e detro,ed b..a.z:ardous. Ha·.z..a-rdou5 mate:ria ls 
ar• those having .. i.:ncrinsic: physical or biochemical propert i-e·s ti.hat pose cisks 
to hUffl,an health or the eoviroot:nl!nt ~hen the materials ar.e present in suf£i­
ci~nt quant i t ies and are not pcoper1y controlled. Yaz:a-rdous vastes, t~e focu.5 
of thi:1 study, «ie•t ~hi• c-ri.t.ie·ria by regulatory definition (£PA, 1981). Ha%­
irdou . .s condit ion, or activici•e• at• tho,.e h.aviJ;lg si.garif-ic-a.nt pote.nt .i.a t foe 
aU.owina tt,;~a rdot.111 mac.er i1;ls co etca·pe from a c:oncrolle.d to an uncontro l led 
st.ate in qu4nti ties suf£ic ienc to po-se ris.lu; th.at is, the condi tions bold 
potent.l.al for sig·nltican.t releas e ol l)<Otlutallts to the env-lroruaent !,:om. a ~i te 
o·r proce9s·. 

Assessments of t.he che.mical ( .s ) o.f cortce,rn and the ir source.(-i) a re 
often done concur-rent~ y. A good .st~rt. i ng po in·t is f requel\t l y the e xam in;at ion 
of k.n.o~ Or potential .sources of envir-oni:ent a l contaminants. 

1. Technoeconomic c harac.teriz:ati.on: Thi s s:tep tnvoL ve, cc;>nq,.iJ,a­
ti.on and ev.al uation of information on teduucal. geogra.ph.ie, and socioeconomic. 
aspects of the potential sources 0£ envir:onme.nt al contam.ina i:i-on. 

Potential sources of haz.a-rdout wa·ste are too tr.any and varied to .L isc 
i.ndividuaily, but tho•• t.ik•l:y t o c.aute •nviron&Nnca l. c.oncaminadon c an be 
placed in three u jor categod e:1,·: 

• 

• 

• 

Produc.tion 
fo-raru1•tion. , 

and Disc-ribution .~ocesses~•-&• , 
transportadoo acci de.nc-, 

manufacturi ng, 

Product Use Pacterns-e..g., unused 
spent .solve.ott o-r t:re..cme.ot liquor-, , 
dent .. l l y aontamina.u.d product-I, 

a,g-ricultu,a l caemicals, 
r ec.a..lled products ., acci-

H.aurdous 
(tsDFs), 
landfills 
proc•••••• 

Wcst.e 
e.g., 
(active 

Tre.ac.menc Storage .and Diaposal facilitie~ 
scor~a• ta.ox,, ~asce pil•j• incinerato~,. 
or c losed), chemieal ruction, or adsorption 
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Sou-re.es 11\ay be descT,ibed d.f bt l rig a specific fac i l i ty or site, or they a,.ay be 
aggr e-gated on some bast;, e.g. , by industry o·r r egion. Hushon and. Clerman 
(l 981) have emphasized th.e. need to take -a Li £e cyct e vie,., i n a.t$es, il\g t ho 
hazards of a Chemical includ i ng i ~s d i spos~l at seva-rai point s. 

Information Otl pi-oducdon. disc·ribution and use. patterns vades· sub­
stantially i •n a va ilabll.i~y •mong c hemi cd . .s: ucellent r,evie-vs Ot t-rade li ter­
ature sources N.Y be &vaiL.able Eor some; ,EPA industry nu.dies. busi.ne,s 
i nfot"lllation 1Upp1i..ed co £PA. or person·a.l. a_ont·acts may• bi!: the best source f or 
och._rs, aod wbttancial data ga p, (parti.cularl y from a site-spec.Hie view ) may 
exist foe" many. Tvo frequently useful _.ource:1 a-rt: IUrk-Othmer (1979) and SR! 
( 1984). In cue, whe r e da•t a are. Lnadequate, u-,efu.t estimates c.an result froll'I 
a·nalys i s of i nfocmat ion on proctues, production eap.te~ty, mar\tets, and 1 i m­
i la.r sources. For many expo,vi-e ,sses sme nt s .a,nd compa·rat i ve ri s\c a11es sriu,;nt, . 
re.asooa.ble hypothetical scenario, c.,,n bi!! con11truct·ed and tecsted to give usehi.L 
i n.formation. Cu.ideline.i fo r sc:e.r1ado co1utnic.tiQn foe aornpat'ati.ve risk-c:osc­
benefit asse:sament a·r e. g i ven i n Appendix a,. 

2. Chemica l s ot concern and their properties : In s.am-e 'a.S.ses-s-
ment I• tbe ch~mic:al s iuy be pred-et-ermi ned, by t he EPA, based on a re31.1 Latory 
agenda or on p1dtto·n1 f:-on:i parties-u.-Ln,teresc_. t n other eases. a p-r;eli.m.i­
nary evalu.at i on of a complex mixture 0£ ahemicah 111SY be. nec:euary to .se-Lec-t 
those to be 4111Utd i.n deuil. A comprehens ive asses.smeot should i dent ify 
, n chemi~e.ls that ru,onably could be e.x..p'e:cted to pOde s i gnl ficanc c-i. sks . 
The assessment incl.ude, evaluation of c:oncentr-adons, amountt ptes.ent, and 
possibili ty of rel1!ase to the e.nvirotuD11nt, and • pte l.imi.na.ry e.va-luacion of 
their pBysioal, chemical, heal th tHi&et:s and erwlronme.nt:al pr6per.t.ie9 . 
Handbooka, t-v..c:h il.S that by Ve r,chutren (1983) , itnd en.virorunent al obemi s tr:y 
ceftrence ~or~t (e.g •• StumrQ and MOrgan, 1981) are useful sources. When da ta 
u·e unava i lable-. i.nfor.mation on t'el-.atet:l ch.emic&ls sometime-s ,can be used with 
ext t'apol.'a t i on,, ,u,alogies. O-t' structure-activity eelations h i ps for reasonabl e 
approzimacion•· LYffi4n et a l . (1982) pro-Vide· one use f ul resource for chemical 
p.roperty e.stirn.ation. The e•1alv..at.ion should ide.nti;y those chemicals most 
Likely to be r-·ett:ase,d from the s~urce and- c:au,e. adverse e~fect.s . 

Health eftecc, to be. c_onsidtu:ed inc:1v..de: gener.al t.oxicity; onco-
g-en.ic.ity (c.ause, cumon) and carcinogenicity (cau.se.., cancer or leukemia); 
mutagenicit-y (c.ausu .ffllltations); t ·eratcgenich_y (causes deformed fetu.ses ); 
st.e-ril~~T or decreased. r eproductive. , u·cciessi behavioral e f.fects; .and cellul.a-r 
or ,ubcellular effects. Useful infonucion and data. sources include lite.ra:­
turt reports on contr-otle.d tozicological ttudies, c l inica l ob•ervations or 
epidemiolog ical ttu.diet on hwun..s; aci.ace,. tobcbtonic, chc-onic a.nd tpecial cox­
icoloaic.al ·testing with laboratory or d.omestic animals; cos::icolosic.al tests 
vi.th 111ier-ocnga.0-itm.1; ud pertinen,c biochemical cet·t.s. 

J. Rel•••• me-cb.anisms and points: Thi s. -ttep invo t-ves engineering 
analysis of pcOd\lccion , distribu.ti on, u:s• or disposal proceues a:, neceu:ary 
co deten:tine s pe-c:ific ptocess activit ie.t and points at which the chemi c.a.Ls of 
cone.era ue relused o:c escape- t o the en.viroM1ent. Boch th.e ,oute of release 
and t:be re-c:eiviaa environmental .JQldia sb.oul.d be i.deotified for ea ch chOrn.ic:.al 
of; concern. 
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Chemicals c.an be re-ie3s ed in.co c)ur tnvlronment by ,ever.a l routes: 
manu fac·t·uring emissi ons to ai~ ,u; vApors or p,1.rticu!.1ce s and discha rge, co 
;,,ater in solut i on Ot' <Jusp,IJ,s i on: diss ipa,t ive u.se.s, s.uch t i pettidde a ppl i ca­
tion • i nsecure d isposal of unusJd m.at:eda l s and V,UtfU . fol l-owed by runoff, 
l eaching or 'J'olatili.:.uion: and ai::cidents, .such ,u t.a;nk truck spi lls, ~4ee·­
bouse fires, etc. Ca.r·a f ul ~tt ention ~st be gj.ven to poten.ti4l .acc i dents ,7.nd 
emergenCiy arrangements a.s Weu a-,s to convent ional operation s . S4fety audits, 
baur~ ind ices, hazard surveys a-nd O-l)erab(li t y analys i s are tenn.s u sed t o 
describe somt systematic approaches to such -studies. 

Chemi cats may be r e1e~••d from the source into a i T, ~acer . or t a~d. 
For purpose, of enviror=ff!enc.a·l transport model i ng, r eceiv ing comparc~enc, a,re 
conv11tnie.ntly viewed a.,: l oca l, r-egi.onal, or- g loba l , for em.i.ssi.,ons to t:he 
atmosphere ; wetenheds, Jtr-eams and nyer-s. fre.shvacer i mpoundments i estu­
a ries, and -seas or oceans for- eff l uiellt s~ unsacur;ited ·zone and aquifers or 
s.acurated :tone for leaching t o groundw.ater: ,md surfa-c-e, -subs-urface soils. and 
deep <Jtra.ca f or disposa l on land. 

B. quantification of Releases 

Quanti'fication can l pvolve ei t her est imati.ng r eleases o f" che.111icals 
from the source under exist•ing conditioni: or -under one or more .u:~s of astutn.ed 
futui-e c.ondition,. In either case, historiul da t a on q1.1antit ie.s rete•s~d 
from the in.duat-r-y , proceu ci r tp~cific rel ease points u.sually are evaluated 
for 1-uidanc« (Conw.ay •~ tl., 1982 ) . Oat.a on qu•nti t •j,es and C"&tes of re·l eas.e 
are avai labl.e f-r-0111 s,mpl i ng •nd .anal ·ysi.s s tud"ie, f or m&9y ' i ndua~r i.a l ope ra­
t.ion..s, a.nd a.mbienc. m.onitoring dat a oear others may be t.i-seful in inferr ing 
re l eases. Aver.ag!I a ir emi s,ion factors bave been dev~ l oped for ma.n.y proceuet 
( EPA, 1983), 

De i.aile.d ti:enu·ios are. o-ften useful devices f or s tructuring e.,ci-
111ace1 or pred ic t ion$ by a ppropriate analytic.al cec.hnlques. 1uc.h &t event tree 
a.nd hul t - tree analy,sis, ere.ad ex.trapola-tion and machemat lca.l modeling . the 
developci1ent of sc:enai-i ~.s u.su•lly r:equiru prt:l.imlna.ry c.haracceri.z.a d on cf t~e 
,i te{t) of the tctJtee( s ) ( e.g. , b-ydrogeolog·i cal and roe.teorologic.al p-aram­
&ters), s i nce the Ru.&ntity of chemical r e le~se can vary with the si te. 

Mathematic.al models ca.a. be valu..abl e in th.e predi.etioo of the time: 
and magn,\ tude of pote~tia-l. reluse,. ?-red ict ive.. ~del, typically requ i re 
pb:ysicat prope:rty d.a.ta on the chemical, _!)£ eoncern, s uch •s: inel ting .and 
boiling points; v«per presture or volatH \ z4t.ion rat~ under va.r ious condi­
tion1; 1olubility; in water, i.n o-r,ani~ s olve.nt:.s a.nd in t.he pr« s enc-e of corr 
plexing agents; a.nd vapor oc- liquid de.nsicy. .For a give.o chemical, the nature 
of cbe mcidiuto it is •in vithin t.he .source rBaY greatly affect its rel e~se. r ace, 
e.g., an otheNise mobile chemical aay have very lov mobil tc-y if i t is 
adsorbed on c lay or di,tribut.ed wl-c·hin a wate:r-.insolu.bl• t•at. 

tecoa:me.ndations 1 a,uidel ines. arid stand.a'rds. have been pub.lishe4 for 
h.au-rdou-1 waste TSOF, (e.g.• IBiW, 19173.; ·chapman, 1982; EPA , J..98la. , l'.98lc). 
R4te1 ~d quantities of m.eteriall r8lea1e.d f rom ha:&al"dou• wa1te TSDF's have 
been studied Less to date, hovever, t.b" tb.ose froco many sources i n the 
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manufac·turiag a.nd u se categorie s . Since the y are of primary concern to t:hi $ 
pr o j ect, hove-ve.r, they requi're further c6mment here. 

• Rel eases dudnq: cru.t_i;:enc-: Th.e potential for re.lea.,es duri..ng 
cruc:m.ent 0£ a hata C'dov.1 vasce d«pend.t on the technique be'i.ng used (e.g., 
stabUi:ati.on. n1uc-rd-i:ation, cedUcti:on/ox i d ... cton, solid ific a cfon. a.nd 
extraction). f'requent l j'. treatment !!t8·th<1d1 are analyted On a '14Ste-ttreazr 
bY-.,&5te-scream basis; u a ~es~t t , t he ..applicability of the method t o a par­
ticula r ...,a,ce must be deceemined befor-e the wa·.sc-e release potent£4L can be 
asseue-d for a method. Tbe potential release could come i n the form 0£ tugi­
t i ve. emi s, i.ons, proc:es t emi.s.s i ons , • spil L, or .tn aii;c ident in ~Ric:.h • large 
quantitf · t.s re i ea~ed. The form o'f th.e r eie.a-se al so will be ~a~te s --pec:ific 
s ince the was te ', chemical and phyilcal charaClteristic;s will influenc e the 
cy-pe and quantity of celea,e. the ava·i'labificy of data co qUa.ntlfy the amourrt 
and probabilic-y of va,ce rt:luses du-ril'tg t reatment will be d·ependenc on che 
particular vase·• a nd. the crucmenc technique, be i ng ,.cudl ed. 

• Relu.se-, fiue-i ng handling : ln the pt'-'oce-.u of h,1ndl.ing va.ste,s, 
sever.al points can uist at which po"llucanc1 are -reauLarty or irregul arly 
rele.ased co the envitonme.nc. Maj or potential rel ease po ints are fir-st iden.:. 
t i f i ed and then amount, released !Ul,IS~ b• quantified. •AS v ith c.re.a tmenc, l\an­
dl i ng releans .are dependent on the specific propert ies of the va,ce and on 
t.he ctu.racceri..-cics 0£ the syscem. &·eeause. d.t"c,1 for the cele•$e of .a pac­
t1cuhr waste are noc a h ,ays av1-il-4ble, it it often ne ce!S.try co us, rel.ease 
data for similar vaste·-s Subjeu:e.d co sim.il.al' handli.na practices. l n some 
c:.a.se.s, coasideracion of al)propriate envir:onment.a l trans-por t p4ra.metert may be 
'-lttf\11 in est iutin'g t eleate rates", 

• R•l ea-s•s during tra.n.sport: Re.l eas es dur ing the trans·port of 
ha.z:ar'dous v•stcs may o+cCur .ti a· t"etul t of imp--roper c.~nta i nment or ace idents. 
The ,n.4lysis invo l.•,1es e-stimat ing the probabiU.ti•d of oc.-currenc4! of cdeaSes 
(particula.rly from accidents) .at di.fferent 1oc.ation.s and the amounts of ma­
terial like ly to be eel eas'ed. Da:t& of thi s sort have· been compi led in a 
r eport tliat nses$es t'~l.easu .and cottt .auoe-i.a.te.d vith truck. t rans port of 
ha..i:ardous wa.sces (Xbkowitz et d., 1984a )·~ A ,iinilar teporc has bee.a com­
pleted on rail an.d w.ate·rborn.e tr&nt1)0r-t of ha t:.ar.dout wattes (Abkowic•z: et al. , 
1984b) . Da~.a to t;ompile thes~ teports came prim.trity from t-be Haz:ar-d9us 
Material Incident rit e (HAZMT) 111&ir,ta.in• ·d by the U.S. Departm.e.nt of Trans­
p():l;'tation, H.atet:ials 'J'_re.asportation But"eau . 

• aeteases during d-i.sposal: W& ste rel e.ases d.urina disposal o p-
ecationt c.an be a s igl'lif icaa.t. rout9 of exposut:e to human popul•dons . The 
r·ele1s.es c:•a. N the retu.lt of failure oJ one or more Component s of the tystem 
( e.g. • l ine-r fa.ilur• or fa.ilt1r1 o f • lea chate- collecc ion sy.s:tem for a l..tnd­
fili) or • proce,i ·•i~1.ion {e.g., nack emission from an i ncinerato-r). 

In some cases, .,,.thoucic.al oc c_omputer models c an be used to pre­
dict n.te&set a.t a TSOF~. Fugitive a.fr eaission.s fro'm landfills, for ex.ampl e, 
can be preclicted usins .an equ.ation based on soi l bulk density, vapor flux o f 
che c.ti.emic•l from th• soil, soil pprotit.y, and vapor density of the c-hemica.t 
(Fa.1Der· et 11 ., 1980). Farino et &l. have ev.alu.ated mOdels for e-stlma.ting air 
utita ions from ha&.t:rdo1l's 1111te TSDFt. £PA (1985) ha·s a.ss·e:sse cl elllis.si'on 
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proble.m.s during incineration 
and Ong (t984) hJ·ve ev.a l u..tt.ed 

of h.a:l:l.t""dou& liquid organia wastes. 
e&t uion C.ontToh for h.a_zar-dous vaste 

Ehrenf.eld 
'tSDFs. 

P?'edicting rele3ses to groundwater from land dhposa.l f.s:ciliti.es ts 
more complex. beca~ae chere ai:e cnany cocnponent• of the s.ystem that can fail. 
f'oi- • u.m,-ple:, interact ions between le1ehate and clay ba-rri.ers tan· be comi,Lax 
(Anderson .and Jones. 1983; Daniel, 1:984). One ,1ppt:"oaeh i.s to ,u.sut.ae that if 
-c.he conu, i nc,enc -a.nd leachate: cotleeetion s-y,cem.s have f'•iled, then contal!l.ina.nt 
concentrac i-ons in the leachate C'"elea-.s:ed will b-e a:pp-roxima"t.ely the same· as chat 
give~ in a t i mple l eac.h.ing tin oo a .9ample of the was"te (us~ng- leaching con..­
dition, assumed co simulate chose in the l and di s•posal faci lity ). ~at.hemat­
ical modeling appro,ches .tt'e of rece.nt ince.resc alto. 

A mOdel unde,:- devielop!l'lflt chat at e.em.pt$ co 111.ake. qua.ntita tlve pre­
dictions i s the Pope-Reid A·ssodaces Land Disposal Fca.Hure. Nodal (PRA 1 1984; 
1985). The model provides 1ut l m:a.tes of hacha te r-eleases fr-o.m hypothedcd 
land disposa.L facilities (l4ndfill.St surface impoundmentt, w~ste pile s-, and 
Land tre,Stment -.1nit s) tt•-.,ina ,1 \f.&tiety of de.s i gn con_figuC"ations. the fac-il­
lti:es c.aa reflect se.vetal di'fferenc cl Lmac.ic t'tgim.e-s. Th~ mod.el c an be r--un to 
give an.nu.al out put s, if desired, ~ith 'benchmark t i mes (t i me p~ri ods ove~ ~hich 
the hypoc.l\ed.c.al facilities have aged) of up co 200 year-s . The model computes 
th ti pcoportion of facilities in the h,ypothetical pOpu lacion that have f a iled 
and the n.pecc td volume of Le~c.b.a te re...leased. from suGb faoil i.t..ies. 

Ait:" and ""•te,r 11.onicoC'in.1 da.ta Ln the vicinity of rept-tu.encac ive 
source, can at ti.mu pe-ovide a "''eful bas i s for inaking est i.mates vhen s ita­
sp-e.c:i fic data u·e limited. C•i--e mu.St:: be: taken. however, that th.e monit or i ng 
d•t• u·e not confounded by multiple c·o·numination 1ources, pi-oblem.s well }(nown 
foi- a i r and surface wat~r and mot-e recently recogni.:zed a lso foe- lS-t"oundwa.ter.s 
(OTA, 1984). 

• Cacascr-ophic: releases sce~rio,: C:ic1,strophic r-deases of 
h.au,rdous- subttances dudng stot;age, proce"tsing, or tra.nsport of Lac:ge 
quanti.ties of ~Htes are tow J)t'Qbebii.licy, but · potentially h.igh consequence. 
events, They would pose ser·i-cus occasion5 of intense occupational and public 
e.xposu.tt to health and safety r;isk;s ·and of subttantial Local ecol~g i cal 
damage4 Su.C1.b r elease.a could be init iaced by eith•r nat1.1ra.-l events, su.ch as 
flood,, tornadoes, Ligbta.in.a , and t .a.rthqu.akes, or human acti_v-ities such as 
spills, 'fires, transportation accidenc, on .La:nd or Ha, and ace s of vanda li sm 
oi- ten·ori1tt1.. Issues, met.hod1 1 a.nd ca.se studies invo1vlng l ow p-r.obabilicy but 
high conse.que..nce risks ~-r• described in ovtl' 40 paper., at a. recent meet i ng 
(Wallel' aod Covello, 1984). Th• Mthodolog:y !or .a,se:Ssina .such. ri,k.s is less 
dev•loped than chat for raot-e typtut ritks, and further development of it i.s 
beyond t .h• scope of the pt'ese.nt stud·y.. In gene-rat.. sce.nllrio approaches are 
t"t:qui.t1.d, but th,• outcome i s quite ctepe-adenc on a,sumption, a.bout technol­
ogies, sitest timing, opet'ation of fai l ure pte-vention/d~t.ection measures,, and 
hw:nan behavior. In pai-ticul,1r, -r•sults can depend on 'What a ssumpt ions are 
tDa.de concerning continaency accident ina.naaement plans and consequence mitiga­
tion musut~• that are at hand. 
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?or ~zac:dous ..,aste disposal , the .releases, u:_posures, and i mp4.ccs 
wil.l de f),e.nd on t.be nature. of the ..,aste. in a gi•,e.n as.seu111enc. on the si te Qf 
c:&tascrophic rel-ease , and on assumption, concerning the timing and efficiency 
of proteg,t ive and co,r:-ect ive a.ccion1. [r.i some !=ases. the na_cure of the wastl!: 
and ,th.e _disposal : e c.hn.ologie:1 111i.g.hc l!l&lte pegLiaible tb.e probability of caca,­
t ,:opbic reloa .. ses from many oc eve.n cno, c causes. f':o r axample, -a nonfl-amn')able 
sludge of Low vo latilic.y, Low .so lubi ti,cy ci.n wat er , =1nd high viscosi ~y could be 
c:lea.(led -.p 1.1i.cb mi.oimum r-i.sk in eve.nt of a l ar-ge ·spill fi:om an ov-erctn•ned 
truck. 1n Yiev of c.he u~u•l ~in:i,e. ~nd r~~c;,u~ce ti.mita ti.on4, effor,s c_o .assess 
such r--it~s c:ould be re.ason·ably minimized l n the bealtb a nd cost as·seume-(lc. 

On the ocher h.and, a c cent.ion may be requlred for the d,lu of 
flood i na du.ri-~g cleanup of an old ha-z-ar·dous vastc dlsposal s i.ce o r for the 
d.slc..s of l o1ding/unloa4 ing actlvities in t r.aru-porting wastes foe ac.-se:a i ncin­
era.tion. Ac • minimum_, t r,ans~rtat ion rtsks should be cti-:scussed qua.ll ta­
tively; Subsequent quantitative anal y1-i1 ma.y b-e deste«ble bef or e u.1tim.ate 
decisions are r-eaah~d . The quali~ac tve a·nalysis thou.ld note t;he worst c-easo~­
able c ase scen.ariot s.g • • a u aimum re lease 4t the !l)OSC populous oir fflO·St 
d.ifficult co c1.ean-1'p point ln the route.. In gener.:al, tbe. ~ore d~centcati?.ed 
t.he ha~ardous vasce.s , the. l9w-e.r t.he risk~ of catas trophic ct: l1a.se, the IIM>.re 
Ctl'ltra.li.:ed t he \IUCe di spo--sa l technolOgy, the g.re.At er the pocenti.,d for 
e;ac.as tt"ophe. 
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Vl. PREDlCTI0ll OF ENVlRONMEllTAL T!Wl$e<l!\T Allb rATE 

A critical p.a:rt: of mott chemioa.l e.xposur"e auesame.nts is the pC'e­
dict ion o! tht- move.me.nt and t'eicci.ott.s of the chemicals bet:ween tb.eir sources 
(points of rele~uef and the pointt i n space and t iine a c t.th lc.b they might !'each 
human or o t..het" receptors (Neei. Y. and Blau , 198S) . C.omprehens i ve assessments 
ID\lst consider al l 11ajor pathways of trans;poC't and .any t ransformation of the 
toxic mat erial bet\ieen· the point.s of entee-in:g the e.nviro~nc and points of 
exposure ( Bt•u, 1985) . Pathway, include a tmos p~el""ic atnd ,1q1,1.adc transpor ·t 
(c·iuulting in in.h.1 l atiort or ingestion i n drinking wate:r o r through the.. $kin) 
and pass.age through the tet"rest i a l and aquatic food c hains i nt'o h.wrl.a.n foods. 
Transformations ma.y. inc lude. che.raical and biolog ical react ions• 4nd lnteT'0edia 
tr-ansfe-r-s. Multicqdia. 1txposure assessment ca.n beco.1ne the mosc r esout'ee­
demanding part o·f a n overa'LL risk as·sessmenc of • ha.zardOU"S mater;i.al , but 
pal't i«L expoisu.r e a sse..ssments ca.n ofcie.n provide in_forma.cion useful foe many 
regu l a t ory deliberations . 

Several hundred envi c-on_tt)t.nt a l t ran sport qiode l S h4ve be~ desc-ribed. 
'nleir cLast i£icacion is not e..a~y. Broad categor-ies i n~lude vacer model s, air 
mod,ls, ecological n:odel·.!1. and inteC'ffle.d.i a mode l s. 'fll'.ac~r- Jt<Qdeli are genera ll y 
di11i-ded t nto turface wat er .and g.round...,&ter mod-els._ and the lat te r i nto those 
t hat 4ddress ~he u.nsatur,ced Qr 11at i abl y s.aturated ( vadose ) t!)ne .and r;he 
s a turated tone o r aquifer. [qcr"e&tingl.y , however, ne_wer modeis can .addre.ss 
both the u.:ns-c1t1,1,ra ced and aa~ur.ated .zon• •~ or the i nterac c"ions· between sUThce 
vacer ,1nd gl'"01,1.ndvace.-rs, or other ~ lciMdi..a l nt-tractions. H~dia mo~els ~te 
.tl1-o eti-•Qnly elluifi"'d .ic!f6idiiig CO r:s.e·if' ~ th,Mtical ba·, i .s or cyp-e of 
applica tion. Thit ch•pter di.1CuHU che k.~nch of da ta gentcatly cequit""ed for 
analysis of environmen~al trantp,orc and fat e a.nd the nsath.e.mat icAl models cna c 
are avail.able for specif fc p•chv•ys. 

A. Ceneral Data Requ.i tem~n,t s and Sourc es 

[nformatlon on the physicochel'l'lical propert i e s: of the Spec if ia ma­
teri al are impor t•nt Ln c.valua dng crantport and face in the environment. 
Th•.s• prope-rties include : melting •nd boiling point s ; vOla.ti lity; ~solubility; 
vitcoeity; P.hotol.y-sl,- rates; hydrolys i , rates; oxi dation/reduct ion r'ates; 
nmo1pberic re,actiqn ratu v i. th oi;:on•; or hydroxyl r_:ad lcal; bi ocransformacron 
r ace, ; vapor particle size end den-sity; octa.nol/wacer part i cio1'\ c oe fficient; 
soil •d10-rption coeff icient; and 0th.et' ,orbci111 pt'op•rti e-,1.. Some of these 
pr-opertie.s are .tpec.iiic to e:r-ansport in •queous envi ~onmenc, • .nd others to 
t 't"an.spot't in a ir e.nvit""on.tNnts. E.ach. property pl•ys • sia.nifi.c&nt rol e i.n 
prediccina the tranapot't and fate of specific chemic.a.ts. Methods are ,avail­
able to a ssi st in est ifNt ion of chemical prope..rtie_s (Lyman et al. ., 1982; 
Pa terson , 1.985). Call•han et al. ( 1 979) t"eview ttie water-related e.nviroo­
caental fate of 129 priori ty pollut ant.a. l:luabon ana Cl.enun (1981) have 
revi •wtd iofonution ..1ou.rcas for the ovet"aU es:pot u-re ••••••me.nt pTocess. 
Donlgian (1981.) discus t e d field validation and e't"'t"Or at1.a l.ysi1 £n ciodelia.g the 
fat-e of chemicals in the equad,c: 1nvir10nme-nc .. 
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Si.c.e charactet"ist ics: Infoe11'14ti.on and d~t-a .ire- needed for both 
the major phy$ i'Cal parain.eters of t.ht: .s i te and the locad ons of pop1,1l4tions. of 
c·o.ncsrn. Phydcal c:ha,ra.cteris ci.c, o f th• s i te a-nd the surroun.d i ng terrain are 
important fact OT$ i n seleec.in_g the inott appl ic:ab~-e transport model s . The 
types of i nfo-r:aiation .about t he s ite .af.'ld sur-tound l ng l ocal e vhi ch are of 
inter1!sC inc·LU:d.e? 

• Specifie geographic \ oeacion 

• Topog~ap~i~ maps 

• Soil cups 

• ~t:ares.t body of wa<aer 

• Dt•inage pattern 

• Types of emission sou~cu 

• St.tc'lt. he igh't .and ptwn.e rise bctoc- (if. app l jo4ble ) 

The ex.poted popl.ll.ai.tion, 1;;1bi ch includes voclit-irs at the site as we l l as the 
p.eople liv i ng in t he vic:tai ty, l s d.isc-ussed f urther in Ch.apter vrr. 

• Phys i.cochemi.cal p.a.r-am.eceu: Soils dau re.quit'ed fot" a variety 
of tt'4_nsporc 4nd face ffl.Odel t --Lf\c.ll,)dl.n~ raany, surface ~ate-r and groundwacer­
mode1t-can be obtai ned from a numbe r of sources. fhe best s6u.rae is county 
soil survey --rapo:rt.s publislied by the U.S. Oep~TtiM;nt .of ,4ri4:ulture, Soi l 
COnser:vac ton Service. . Cenera.1 soil maps are al.so a.vailabi • tt'om the sc4ce 
Soil C01u•t-vacion Service office. Soil scitLntistt kno"Le.dg,uLble of pa.rt i cutar 
:1oi:l properties can also be found i n cbi s offic..e and ln c.he .a_gl'icu.lcure 
departNnc of the state land gra~c univec-sicy. &Xa~plet of information n~eded 
for tome models ar~: soi l ·c-ype, organ i.c m&tter content., pH. bul k density, 
moiscur-e conce.nt, pa.rticle die d i.1tri bu.dqn·, te.n,peeacure, vegt!t:ati.ve cover. 
slope and s l ope l ength, soit erod i bilicy, and soil management p~actices. 

Sorf.ace vacer d1.ca are neceuary for storna vat-et' r-unof'f •nd stream 
models . One of t.he. h.rgest dat.a b'-JCS with thi s info~m.ation is STORE'! 
(Storage and B.etrieva.l for lifacer ·qualicy ·oat.a) iria inu i ned by EPA. Other 
usef',11 ·data, such •s , corm hydrograp·hs and hiah/lo~ stee.am f'tows. ean often be 
obtained from agencies ,-uc-t, as the U.S. Ceol,ogicc.t Su.r-vey ('USCS). U. S. Army 
C.orps of Sngine•e.rs, rede ra.l tnsur•nee Administr-etion, a.nil .st•te. environmental 
a.nd water resouc-ce ag4lild.es . Examples of data and informaci 6n that might be 
c•~~ired ia 10CN: eod•ls are: 

• StN;U flo•w rate•. pH, tl:!Djpetat·ure , and di uo l ved 01.ygeo 

• Stre.am sadiment load 

• 8ackgr9und water qulicy 

• Stonn b.ydroaraphs for i ndividu..1 sit•e• 

• Sunouoding tand uses 

Grouadvater tr-ao1pot't modeh •r-• a.ec«uary to pttdict a'l'ov«-nt of a 
b.azai:-dou.1 polluta.at through tht soi\ une&.t\lra:ted and ,a.tura:ted zones and to 



peedict. distt°tb-l.lt-ion of t-he Contaminant ~n the geoundv:scer aq,ui.fe.c . D,U4 t'O 
r-un the-se ~odels can often be obtained f'rom sourees s uch u the us·cs, s tate 
w1te.r resource. boards, groundwater ma:nageoe,n.t 4is;d.c.cs. state and t;iu.ni.c;i pal 
bed th depa.rc.aienc.s 1 and municip:a l ·.1ater supply dep~rtment~. Although it 
appea,;~ chat thei:e -at'!! man-y so.urces o f inf-o.nuticn, o.bt.aining flydrog;eol ogic 
data for spe.ci!ic model pa-ra.m,t ers c ar1 be diffi~ult bec.1.use t.he.re .tre so m.any 
by<!,rog.eot -ogic poramuers to -quant if~. Best estimates mu-st h·equently be 
ma.de. £xamp~es q£ typica l g~o~nd~ater param.aters needed by· ground~ater tran.s-
flOrt mode ls are: · 

• liyd·rau lie conduct i v i r.y 

• H-y-draul i.c g"?:adianc. 

• traosm.issi vity 

• Actl.ld .aqui f.e.r p-os:.o.1it y 

• Effect i ve porosit.y 

• ·Depth i:o gt"O\lndwater 

• Saturated thickness 

• Transverse· ~nd long i tudinal di specs i vl cies 

• Seep,ge veLocicy 

• Bulk density 

• 8.e.cbarge r·• .te 

• Soil permeability 

The u.,se of air transpo·rt•111odel1 for mu\.t i.m:ed i a exposure assessment. 
r-equir·e-1 cert.Jin in!on'llacion, tncl.ud..i;ng mece·orotogtcal d*ta, physical and 
chemic•l properc l~s data for the subst~nces, and source e~i ssions inventories. 
tfeceocologic:al ambient air data can be obtained from sources such as the 
Stability ATTay (STAR) dau base of t·he N.tdonal Oceanic and Atmos pheric 
Admini.stration a.nd Sto~age and Retrh:val of Aerol'tletric;, D.at-a (SAROAD) of che 
EPA. Typical me.t80t'O lo&ic.al. data req11ir-ed £or most ·air 'models include: 

• ;,ind speed 

• Pr~vaili.ng win.d direction 

• Precipitation 

• 4t•spheric stabili~y 

• OlOud cov•:r 

• H•x.imum and .minimum da:i ly a1t' cemp.er:atures 

• Mixing height 

• Solar radi4t.ion flux 

Other selected ~teorological d.ab& may b• required for spec.i:fit ur tran.sport 
and dispeTSioo mod•ls. 
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8iolog.ica1 ~ramecers: A,uessment of env ironmental c:-anspo r c 
and face proce,ut i s &rMtly ' compliea.c.ed i f' the• p-0Uuunts Lntencc wi:th 
l b , l ng Ot'gan is:ms i n die e.nvii:onoent.. Oat~ re.quiremenc s i ncrease subst ~ ­
ti .tllt, btit 1;he a vailable du., b:i.se is oftl?.."l fra'g-menc a ry. The nature and" 
extent of' the biotic i.r.t·e rac:cions wi lt ·..-s-ry ~i gni Eicant.ly ~itb the phys.ica..l, 
chemlcd., ;t.nd lii-ocnemi·c:a.1 prop,e.rt i e.s 0£ the ;; pecific .s-ubstanc:-u of interest 
and vicn the populatiori:s of Organisms at ·the Specifici sites be lng analyzed . 
Th.e,e i nt.e0 r.action:S !JCC.ur pr imar ily in c.he t er::-e s tri~ t and aquadc s-,:steN. 
a lt.b,ough i nte!'a.ccion.s i n atmospheric and gTouOdw-ater sys c.1uni are not. 
precluded. 

·The kinds of dat a needed includ.e: 

• Upta ke: thTough d i ffe-re.nc processes (e.g., i nge,cioa in di e t 
ingtlldi ents; absorption from vat.er o r so i l). Uptake eates can 
d i ffer g.t'·H.tty atQOng sp~H:ies and c l a-sses of chemical!! . The 
dAt 4 base i s i n• relatively earl y stage of develOp,nt.4!nt . 

• 

• 

• 

Hetabol lc. reaction·, ch.at activa,te, con·.,ert, degrade., Ot" decom­
pose the chemi cal ; processes that lead tO excntion of i t Ot' 

i t s m.e.ta.boli tes; and t oxic e f fec t !! tbat mi ght kil l the or­
ganism. Po llutants in the en.vi. ro.nme:.nt aTe. ge..ncn.l L·y metabo­
lized t o the greatest extent by microorganism,s i.o s o il and 
vater , but metabolism can also occur to a substant ial extent Ln 
many plants and co a lesser e xte:.n.c: in fish, bhds, and h i g:he.r 
an imal,. A substant t al lite-ra.turt: exins on metabolism of 
cht111i,al1, b•c daca ire var1 ••~Y• n among dii!crcnc 1p1ci11 111d 
c.la.ite, of che11icaL, . Structure-ac:civity c·orre-l atlons have 
been m&de for many combinat ipns. 

Sioaccwnuh.t i on. or b iocopc:en;t·u ,< ion i.s the. uptake of a chemi cal 
f rom the sur-rounding med i Uff\ by an org,1nism. and reten tion of it 

.at a highe.r concent ra.t ion than in the medium. This pr,ocess 
o.ccurs £or cn+nY. aquatic. and soi l oi-,gan:i~ms. ( t occurs read ily 
\ihen t.b.e chemical i s m.uch more. soluble i n fa t ty and Lipid tis:-­
sues· th.an in wat er {e.g., ch lorinate'd hyd~ocat""bons } or when i t 
biods tightly to co..m-pone.nt.s of the o-rgaini,sms ( e. g . , certain 
h.e-avy metals with protein s or bone ) . Su.Efiaient re.search has 
bce.n perfor.ned on b ioconc.entt"atj.on that useful generaliz:at ion.s 
are a :vailable to make re:ason•biy i-ood e·s timates , even if the 
data base is incomplete oa a specific chemical. 

8iaru!jif.i.ca.t..i.on i nvolves the succ:e,1ive incte.as~ in c:oncentca.­
cion o a c:hnical a long ·che c:ompoot.nt, of a £ood c:h.tin (e.g. , 
plant!, i raect,, Us~, birds of prey ). 0-rgani.sma at the top ot' 
the fooi:i c:b"a i n suc:h •• p-ciedator1 and captors are at the gre• t ­
e..st ri $k. • . AN: l.yt ical dat a . are: available .on l e.vets of c:hemi caLs 
in many food c hai.n s·pecie:s ln the field. Hodel ecos-yst ems have 
al., -o b-een u,·ed to study m.any c.h.eniic.ats an.d cta,s.es of c hem,... 
teals . ~ data base ~d d,~oeetical d.eve l o_p111ent are suff,i ­
clent that reasonably aood estimates of biom.ag~if icafion e•n be 
made for 8'1.1.nY pollutants in a•iven eavirorunental set.t iagt . 
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• lnterbioc l'c /in t trmedta !t ransfer t"efers c:o tl\e rote of organ•ism.s 
in c'lobl li z.ing polluca.nt::1 Or t bei: r metaboli t e s ( eora one environ­
mental m.e.d i ui:n :o a.noc'ht!r, ~ .-g, , metal:>oL i sm of h_4z3rdous w3s,te 
cemponent s by mi croortani smi may t ~~d to sotubi l i£~t ion, vola­
ci lhac i ot1, or pla.n.c. up't.ak-e of coic-.i c: e.hemi c.sls; bioacaumulation 
o f soluble toxics by 1qu4tic: o rganisms may be f.ollo\;l•·d by 
tr.ansf'er to bottom sedimencs or to ·ter.restrial s pecie.s , Such 
proce:ss.es g-ener.al l y ar·e not believed t o be as Lmpot'tanc l n 
exposur·e asse:Ssm-e.nt a:i !O ther proceues Ci ted • but t 'he d•t a b3se 
is re.lative t y &·par;s&. 

8. Croundvacer Model s 

Contaminac.i:on of groundwater is a m.a j oe- conce?"n with many- methods ,o f 
ha%ardous waste management. Incense eifortS have been 1Mde reaen t ly to under­
s t and gTOundwater t raiisporc and to devel op c»echod# for p-redicting the cat os 
and quanti,ti.es of concamina.nc.s mo_vi..,P8 fi:om po i n t- pf E:ntry to points of hu.tl't4n 
exposu:ce. Recent "Tev-ie"• of ,groundwacet" model, inc l ude. tho se of Bachm&t 
et a l. ( 1980), Je.nne ( 1981) , Oster (t981), Ja'.vandel et a l. <'l984). BP-NL 
( 1984), and Fenste:rmacher and Ottinetti ( 1987). 

The prir.iery mech.anism tbac: _govet'"DS c: c-ansport of pollutant_s in 
gToundwateu is c:onve·ction of dissolvied chuic:al.s •s tJater moves through the 
,.oil matrix. Solute tr.an1port i.1 't'it-tatded by ads'orption-des.arption i nte.r­
actions between the sotute and th-• soil matrix.. These interactions at"e con:i­
monl y qu.antiEied u.sing the .1oil/wat1·r dlatdbution c:oe'EHcient , l(d. Chemic.a l 
characteristics and field condition~ ~h ich i ncreat~ the potent ial for gTound­
water contamination include: ( l) t he c.he.mical has wate r .solubilit y great.er 
than 30 p-pm; (2) the ch8mical i s negatively charged at ambi~nt pH; ( 3) the 
coefficien.t [( (defined as l<d divi'ded by so ~l orgp.nill . ca-r·~on content ) is les.s 
cban 300 to s86i ( 4) t he chem.ic:al ' s dt:;radac·~on hal.f - l Lfe. L'J gr.eater t han 2 to 
) \leeks·; and (·S) t·otal precipitati.oa t s gi-e.&t.er than t O i n/yeat" (Tr,avis, 
1985). 

t>oz:eos of roodeL.~ are now available foe predi cting o·r compat" i ng t he 
n,ovenaent ·of arouodvater contaminants under "!ar'ldu.s cond i t i ons. They i..nclu.de 
mathematica l modei1 that tre f~irty dam.anding of l nput data and ranki ng ~dels 
that may be used i.n emergency i-espoos•• situation,. Both t·ypes of models are 
revi ewed in t bi1 section. 

1. Mathematic.a l 1110dels: lb .. che111a.cical mode.ls ct.n provide estimate s 
of contaminant concen.t·ration• in groW1dvacer at specific; pointS- ' of t.nter:-ese. 
These roodels caa-y be subdivided i.aco cvo group,, an.alyt,ica1 model a and nwne:r­
ic.al ffllOdtls, but o~er cL .. sificati oru at'e •ho used. For U&JDpl:e• in praQ­
tical &n&l.y1-e1, one mU.st conaide-r wheth•r the mode·ls focud on the, wuac-urate.d 
zone or the saturated zone, itltbO\l:Sh ao1H models c4n •dd:r.esa both ~one_,. 

istic. 
(i.e., 

Mathuaatical 111od.et1 also c:an be c•i;egoriz.ed as rand.om or determ.in­
Random model• MY be eithe.r ,cati.stic-al art.d based on 1!19piric..a.1 d•t• 

otiog a tatisticat metbOd-s to uk:e: predictions without attf!.'!llpting to 
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su11ulate physical proc·es,e5), ,or ,stochastic. (i.e., using probabilistic: -predic­
tions based. on simulation 0£ physic:41 par·~eters),. Deteri;il niscic model s 
1,nume that the para.met"et's in the C!ause-e.ff6.ct relation,h i. P.• .t.nd other uncon­
trollable vari~bles· at'.e- fixe.d or knovn. and then detet'mi l'!e . .an optimum value 
for some vadable of i nter-est. The. rtv l e" be.Low fol)..ows the analytical/ 
nwneric~l cLa.~sifie.tion. 

Both a.na...l.yt i cal and n~deal p:iodels are based on part ial dif-­
ferenti•l equat i ons de.scribing groundw•cet fl'ov ,1nd solute t-ransport. Soth 
typu of model• frequt:nt l.y use i=ete.renc:.e gdds,:i, superi,mpose-d on t1;10 or th.ree 
diJMntion.aL maps of the aquifer i.n questi on, ,nd both have similac kinds of 
input and ou.c..put parameters. The. distinction betv.e~n anal yti.c.a.l and ni.it:1ede.al 
models lles in ,1 t undamental difference i.n the matbematicaL appi:4ach. t n 
analyciea.l ·models a c:onc•inuou·s function i s e.valuated as such to produce -3 

screight-foryard J i ngle 4.-Qsw,~r . In numeric.al models a conti nuou.s (unction i s 
broken up in.co , ·mall discrete units and .solu.tlons are calculat-cd for each unit 
and aggr~gJted, uking t~e use of a c~mpucer desira~l~ (~ee t y, \983). A good 
analytical ipode-1 can be 1uperior i.n ,oo:ie r-ttpects to numeric.al ~odels s.ince it 
~voids t"Ound-off and ditcTetionary er:ro:-:l. T.he inaj ct' d.rawback. of anat yc ical 
Q.'.IQde.:ls t s that thty. u t ua:l.ly cannot be sclY"ed i,:, fun,tiona l fonn ~ithou.t ex.tttn­
s i ve a.nd often unreaU sdc timpLiftcadol'I. The 1n4jor drawback of numeri ca l 
models i s that error an.Lysi, i.s usu.ally imposs i ble e.xcept i n the .s tmph~$t 
cases. 

J:tti~ , cudy,; j.dent:ifi.ed •bout 30 mod~ls th•t could be considered for 
u11e- in predicti.ng solu..te tra~pOrt £ro111 huardous waste d.isposal sic.es •. 
Tabl• VI•l li_•t s 22 model! th•t w••• •v•liatodl <lpsul• d•s<lriptions of chest 
are g1ve.n in subse,!::tion (·c;). Table V1-2 lis.ts ot.he_r models tha t wer e 
considered. 

Dttcailed information on data aianage.fflent vicb in t he- conte.l(t 0£ ~p«­
clfic. anaLyd.cal or n\Ml\edc.al cnodeh Lt 'bt.yond the scOJ>i!: of t h i :1 t"evi.-ev. ,A 
faw of ch.e more '-'&Lu•ble resources tnc l ude H.el'.'i:tr and Faust ( 198!.), c.he 
groundwater model data bate ac Holconrlb Resea.rch !nni. tut« Cl98J), EPA (1982a). 
and BPNt. ( 198~)~ Another v~Luable soutce of infof'ffl4t i on is the E~A lobert s. 
JC.err Env:i'l".ooment-1 Rese-&rc·h Wbor&tory, Ada. Okla.ho~. Analytical a.nd nwner­
ical models are com.pared f.0Hoviq1 potential app·lications, and limhation9. of 
each type are noted. 

•- Analytical mod.els: ln an.alydcal models. relation.ships 
usu.ally are simplified by auwn.ing ste.ady-state condition.s relative to -fluid 
velocity, dispersio11 dynamics,. and· other physic•l pa.rariscters (Xuf, et al., 
1980). Thill simpl'i,fi:c:4tion results in equ.acions whi-c:h can be solv-ed in func­
dona.l foTm to calcul•te .sp,cifi,c v•lue.s !"o.r par~te..rs of i..nterut, i.e., 
diLution, dilpllt'tiont and .attenuation o'f groundwater conttminancs. In cases 
vh-.re th.e bro&d as1u.11etiona .ar:•· valid .for . the ac.ttJ,41 liy-drog-eological system 
bein1 mQdeh;d, this app-ro&.c-h yield• r-apid,. e.£.fic.ient results.. The usefulness 

* the 1,a• e of anal.y.t :ical. modeh doe• noc. requiTe t~e .use. of grida, while the 
uae. of numerical model, neceuarily invol ves .grids (ICeely, 1983). 
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TA6L£ \II-I 

CROUNllliATEl! SOLUl'E TRANSPOR1' HOOELS EVAUJA'rED 

Code Applicable Hodel Type/ 
Name• Zone Cbaract~ri~Lics k~_fcnmc~ 

AT12lD S.aturated Analytical l 'f eh, 1981 
1-., 2-- or J-Oitneoaiooa l 

6JOFU.H Vedoae/Aquatic~ Kicrobial t>egradal ion, Ri ltmun ec al . , 1960 

CFEST Saturated Numerical i Cupla, el al., 1982 
2- or ) - Dimensional 

FEMWATI!R/FEIIWASTE Un.t aturated/ Numedcol; ,Hulet- Yeh .and Werd, 
Saturate.d Dimenaional 1·980, 1981 

~ FIESTA Saturated Nu~ricalt l'heia et al., 1982 ~ Ceoche111 1-Di~s.lona.J 

HcWhorter .. Nel a-on Unsaturated Malytic11:l; McWhorLer and 
1-Di crieot i Ot'IO I Nels.on, 1979 

HIN'fEQ s·aturated Nu111eri cal; Fel•y et al., 1983 
Ccoche1r1i caJ 

Nl!C-SUl Unsatur~ted Humeri ca li I.ester e:c al., 1981 
I-Di.111enslonal 

PATHS SaturaLed Se1niena.lyt ical i N4?l~.0'1 and Schur, 
2- 0tmensional 1980 

P£5TAN Surf..ace*/ Malytlc11 I ; Enfield et al., 1982 
Uns~turated 2-0lrnena i9na I 

PLUME Saturated Ana I ye I caJ ; ~agner, l 982 
2-Dimensional 



~ 
!l> 

TABLE VJ - I (Concluded) 

Code 
Nae 

Plume Han,gement 

PRZH 

SESOIL 

SWIFT 

SWlP2 

'TRANS (l\andooa Walk) 

TRUST /HLTIIAN 

UIISATID 

USGS•HOC 

VIIS 

V1'1'/HHTIP 

Applicable 
Zone 

Saturat~d 

Root Zone*/ 
Un1aturated 

Surface/ 
Unt-at.urated 

Saturated 

Sa·turated 

Satur,•Ltd 

Unsat.urated/ 
Saturated 

Root Zone/ 
un,aturt1L,d 

SaLurate.d 

·Unsaturated/ 
Sa,;urated 

Saturated 

• lncl~dee microbial degrada tion cepabilicy. 

Hodel Type/ 
Characteri_sL_iu; 

M•·lytical; 
2 - 0i fllitl1' i ona l 

Hun:ierical 

Se~ianalyti cAli 
Compar.Liai:nl1tl 

Humeri cal; 
3-0i iaens iona l 

Hun.erical t 
3-0t111en• iona I 

Hurae ri c_a I ; 
1- or 2-0irit0ru.ion4l 

Wu•e ri c, l; 
Hult id iS1en si onal 

HumedC!al; 
1- Ul.awntiOn,i l 

J:11.uqe-ri o a 1 ; 
1- oc 2- 0iwc ,,s ionat 

Analytical; 
2-0i cnen-s i ona l 

!lumeri cal; 
2-Dimens i 0 1\a 1 

Rt!f erenc.e 

•wi lton and Hi U el', 
1978 

Carsel et al., 1982 

8ona.:r.ounL.u an.J 
Wagner, 1981 

Dillon ct al., 
1918 ' 

INT£RA, 1979; 
uses 1982 

Prict<ett et 4\., 
1981 

Narasimhan and 
Witherspoon, 1971; 
Reisenauer et al., 
1987 

ho11d e1: 1 L. , 1982 

Koniko"' 1nd 
8r~dehoeft, 1978 

OO#!i!nic:o and 
Palciauskat , ~982 

Ki pp e< al,, 1916 



TABLE Vl-2 

ADOITtONAL CR.Otl!lllWA?£8 SOLlltE 1"8.Al/SeORT MODELS !OENTITIED 

ANAL 'ITI'CAL MODELS 

Ground Mounding 
Leach.ate Plume .. Hig?"at-ion Pred icci'on 
Sc-reening P-rocedut'e 

NUMERICAL !!ODf~S 

Pollutant Movement S,imu lato'r'9 
FE·JOCW/HifflD 
CEOCHEli 
Leacha te Tnvel Ti.me Model 
Solute Transpoi-c/Ctoundwac«~ Flow 
Leachate Organic Mig-racion and 

Attenuacton Model 

Vl-9 

Oi-th. ec ,l •• 1'179 
-Kent , 1982 
raLco et al •• 1982 

Khaleel ••nd Redell, 1977 
Cupt·a et. al., 19 79 
Sposi to and Mattigod. 1980 
EPA, 1982a 
·Potee t-, 198"2 



of fuch s<>l ut:i•On.s .• ho-.,cver. i s • dir-ectl y de pendf!nt on adeq..aace vl!!:dfication of 
a a.aumptioos by field obser•1ations. Ana byt ie:al modeh ace g~nera lly i na ppro­
priate for aquifers vicb compl e.:c bounda ry cond ition , o r other cbaracc.edsti c:1 
which do not permi t. ~he oee:essary assumptions. 

Models whi~h are des igned [Or ha t ardOIJ--I Ya$t• site eva l uat i on, 
f or pocen-t ial gro'-'nd~a.~ec pcoble.ms a-ce ft-·equc.ni:. l y appl.i-cabl-e- t o sevjral 
,cenari.os. aecause these models .are des.ig·ned for speed and e-ase of appl lca­
cion, they have- limi t ations . Of the models Li-sted, the AT123 0 ( the Analytical 
Transient one-. tvo-, or t.b.ree-DL:nensional oodel) appcears best a.bl• to fll:Odel 
•.1aste t r-anirpo-crt in both saturated and uns.at~rate-d zon"es . It us:es a sim-pl e 
analyt ical approach to es·t .ima-te aoncentrations wi"th -mini mal input data. 
SE$0IL (the Seasonal Soil aiodel) s i mulates 14,tet fl.ov and ch11.naical 
concentrat ions in the unsaturated t.one. The McW-horcer-Neh·on ciodel is a 
hyd raul ic express i on usefu l for sel ected apptlcations Ln the unsaturated ~one 
ch.at do no t req~ire consideration of a dso·rptioo. incc.ractioni. None ot' the 
models addressei seaonda·r:y porot.it y , iaa'IUsG i ble l ictui ds, or in.u l tiple 
contaminants. 

Data r equL't'l!fflencs for th.e l.lstl of ana l ytical eiode l.t f,11l inco 
thi-11 c~cegod.es : aquifer bounda.c-y cond i tion,, hydrau lic.-- v,1.r-i ables, and 
aontaminanc concentra t i on. .variab l es . 8ou.nd•ry c.onditions· include. head. distri­
butions, cy-pes of boundaries, .flux points, , nd media dllcknesses~ Kydraul i c 
varia.blei include porosity, hfdt""aulic conductivity, dispersion coefficients, 
a.nd attenu.at ion coe.ff icien.t.s. Contaminant aoncent rat ion vat"iablea in.c Lu.de 
ini tial conce.ntrat ions , release rat es, and flush.ins rates (kuh f!:C -al ., 
1980). 

Input-output parameters for individual anaLY.tical models vacy 
!rome1.1h.at; Table 'VI-3 presents an i llustcative i ·nput-out put breakdowrt for the 
tandem PESTA.N/PLU'ME ~ode l. No attempt i 5 made to def i ne ful l y the parameter~ 
in th is example. The lifting is presented a~ an illustra tion of the scope and 
complexity o( the in put .and 01Jtput pacam~ters commonly assoc i ated "l'ith an.a-lyt­
ical 1:1odels . 

Analyt i cal modet1 are applicable to gi-oundvaccr analys is ~here 
su.bstantial dat..a. descri bing the phys ical ,:ystu. are av.dlable and vhere those 
data con.firm aquifer homogeneity 4nd the •bsence of cQmplex boundary condi­
tion,. Th• 11".a-rg i o of en-or f or an•.l ·yt.i.cal model output i s primari ly due t o 
t he mar g in of error eard.e-d into the model by the uncert·ainty of input paTam­
eter1; probl~t pres•nted by inhere.at mo4e.1 weaknesses are minima l in comp•t"i­
ton. Consequently, the 111argin of error •~colD-panying . mass tra.nsport out.put s 
foT • pa~ticulat model will chanse on a case-br"ca~e bas is. Sources of unc~r­
t .ainty are 110::lt cOCIIDonly r elated t.o inadequate pbysica.L ch•r•cteriz.adon 0£ 
the aq_uifer rather thaa. the chemical analysis of t he groundwater (JCeely, 
1983). 

b. Numerical inodel s : Numerical 190del$ requi re mo,:e input 
d•ta th.an analytical lbOdelt, and u.nder some conditions possess• potential for 
rDOre extensive data output. NUJN.rical IIIOdels break up £unction-s of lnte.r-e.st 
i nto many smaller units. The m.atbematical tolutioos that fo l low involve the 
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TABLE VI- 3 

!LI.USTR.\T LVE ISPUT A.VO 01/T.PUT PARAMETERS FC5R Alf A.~AL'fl'!CAL GROUlfDWATE.R' 
MODEL: TriE PESTA!I/PLIJME MGDEL 

Input.. Panme~e., is 

Bqundaq conditions 

ttaximum and mi nimum deeths (un­
sa tura·t.ed %one) 

Observatioo point coordinates 
(s.a tuNted zone) 

Hydraulic va r i ables 
Bu lk density of soil 
Porosity of soil 
Aq_ui.fer p.o.t:o-sity 
Solubility of contaminant 
Sorpt-ion constaot in Soi l 
Degradat ion cate coefficien~ in 

soil 
a·e-cba rge ra te 
Dlspe.rsi.on c:oe.Uicie.nt in soil 
Seepage •ve locity in a.quifer 
Ret.ardatioo coeffic-ient i-n 

aqui!er 
Dispe r s·ioa coefficients fo1· 

x· and y•axis 
Oecoy coo..staot in aqui f(!c 

Conc·entt:ad.oo v~ dable:. 
Maxim.um and minimum cimes 
Tim~ duration of wast e release 

( uasatllt'ated zone) 
Frequency of waste re lease (un-

saturated ~one) 
Active in.gredieo·t relea$ed 
Hass tAte 1nd ,tio,e 
Steady-st..l te source r~te 

Ot,ber 

Curv-e c:o-effic:ie.a.t 
Coo~diaate system 
Uo.its 
Tillie 

Output Parameters 

\la t er content of· uns-aturateJ Zone 
Pollutant velocity io unsaturated 

zone 
t engt~ of pollution slug in nn$atu• 

rated zone 
Dept.ti i ncreinents ln unsaturated zone 
Solution toncent(acions in unsatu­

nced zone 
Solid pha•sl: Conce ntra t i ons i.n un· 

sa.tu..r3 te-d zooe. 
Total concentrations ln un~aturated 

zon·e 
Coaceotrat ion distribution matrix 

in aquifer a t t imes desired foe 
steady-state 

Source; EAfield et al., 1982 and Wagner. l982. 
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reduct ion of partial differentia l equations to -algebraic equations ••hich, in 
turn define ~be values of incerest within· each subd ivision of the given func­
t ion. 1n order f or t his m~chod to approximate. r e.a.l i t y c l osel y, the. functions 
under study mu.tc be subdivi,ded into •.s many disc.rete units as possible.. As 
the number of sma ll un i c.s .in tl}e mo<fet iaareases , the mechanics of performi ng 
the necessa ·ry machematical c:.dculations also become more compl ex . 

There_ a r e seve.r s l diHeren·t forms of numer.ica l lllodels. but che 
tvo tl)Ost common ones a·re. referrttd co a S fini t e-d.i fferenee approaches and 
finite-eL•m•n~ approachea. With both sylte.l'll.t. conc i nYQu.5 f un~ci on~ a re 
appt'oximated by a H :"t'i.U of di tcrete equadons i n time and space ~hich co-r­
r d .ate ..,i th paramete·rs of i nce·r-est at i:;-efe .renc:.e poi nts (nod,es ) or areas (nodal 
are as. or elecet').t.J) vi,ch.in a -r~ e rence grid. The difference betw.e:en fini te. .. 
differe.nce end finite•element mechod.ology lies in the manner in which che 
?dg.in--1 parti~l d i f:f-erent~:tl equ~tions a.re reduced to algebrai c expreulon.s. 
ln the finite-di f ference. flK>deh, the mecha.ni11m i , a d.iffere.ntia f a-pproach; i n 
the finite-element model s , the mechanism is an integtal approach . 

The individual grid units may be ei ther two or three. dimen­
s i onal; t..hey ca.n be square, ·rec ca,ngula t , triangular:' , P?lY&Ol\al. or cor­
respond•ing thr.ee dimens i onal .shapes. A).l grid units \o'ith.in -a $ingl t modd 
u-sua lly maint ain t he same shape . C.c- id unit si:z.e, hovever, ofcttn va rie, vlth i.n 
a n,odel. For complex a·r t a s o.f t ht aquifer \lDd.er study. a gre acet" num~r of 
grid un i ts per are• or per vo l u.llM' 11\ay be designated. 

Data req.uireme.ncs for t -t\e utte- qf nu:meric-&1 model9 .are -very 
simi l ar to t·be boundary condition, hydr--autic variabl-e , and aoncentrat ion 
variable paraJDeters m4µ1tioned ear l i er fo~ an•lytical mode is. Hol!l'e-ver, nwner­
ical models are designed t o go beyond tb-.e ~cope of the analytical mod~l s and 
to generate more detailed , Lnfo--nnative output!, e.g. , t o account fo~ a greater 
number of a ttenuating fac to rs and conrplex 4qui f e r boundary conditions. To 
achieve these objeccive9, numerical models require a commensurate increase in 
baseline dat.a. 

The input'"'Outpuc parameters fo-r numerical models are simi lar 
f r-011 modet to eodel. but there a.re variations reflecting different modeling 
approach•• and unique featu"t'es. f'or purpo:1es of illuse--rat ion , Table Vl-4 
presents a.a input-outpqt b'l'Ukdovn f_or th:e !l·andom Wa lk Sol ute Tra.n·sport Hodel 
or TRAMS ( Pr-ickett et .al., 1981). To.it nwoer ical model is widely recogni·~e d 
aiao'tlg hydrologists and i s r ea• c-ded by toee auth.otitiet as among the best 
,1v«ilable for many solute tran:sport modeling applic.acion·a ( KceLyt L98)). 

Numerical mod~ls can be used to mod•l aroundwater transport of 
haza'l'dou1 wute in a wide var-iety of cir-cum1t-ances . From a technic~l tc.a.nd­
point, theta models have the max i !fflJlll model ing capability avail,1ble. The fac­
CO'l'I llhich liatit th.e us ~ of nwnerical mo,deh include a vaila btlity of tra.in.td 
p1tr1onnel, co~puter facilities, ,ubstantia l fie l d dat• , a nd allocat ion of t ime 
and funds. Such models. would not be apprt;,pri•t• for ,:outi.ne ut:e, but vould be. 
very v~luable in the study of i~olated, high prio r ity ea.sea. 

• 
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T~e nu.~er~cal models do exhibi t i~herenc minor fOvrces of 
mathematical inst.a.bili ty k.ngwn 45 nume.rtca l dispers i on 0-t" numerica l o.scil­
lation (Mercer .a.nd F•u9t, l98l). lio\.11!\ler·, vich proper m.a.nageffle..nt, e~-rors fr-0111 

these un.certai.nties ar.e negligible (S 10:t) compa.red tti uncertainties intr-o­
duced by input p,ra.m.eters (E?A, 1982a) . In chis regard , the corrrnents on 
uncenaint y in the .1na1y,cic3l model disau.ssion apply here as we ll . the margin 
of e:rror in model output for verified, established models listed in th.is sec­
tion varle.s from case to case., b.ased on i nput error. Chsr'acteri.z.1tion of the 
aquifer properties , processes , and boun-daries pres•nts the greatest diffi­
culty. If i,ncorre~t parameters are applied to a nwner.ical model. the com­
plexity of the mOdel ~i ll servt co cnultiply the errors and an erroneous output 
profile wi l l result . 

No developing methodology va• ldeoc i fied which would radi cally 
i mprove Ot' t'eP.laCe the ,olute tt'.an·-s;ior:c r.so'd.elt d~scr,ibed in this section. Th_e 
gre4test potencbl for incre.-asing th, aic.cur•cy of g:roundwacer mode l output s 
lies in im:provtng the quality- a.nd q-ualitit)' o.f input d·ata desc,ribing aq-uifet' 
properties and boundar ies. 

c. Summarias of m.athema~ical mode ls: Capsule de$criptions o f 
analytical and numerical . m'odels fo l low. 

ATl230: Ihe Analytic-al Transient One - T.vo - or Three - Oim(!:nsional code is a 
ver1-atile cool for tMJdie.Ung c.he tca.ns,poct of Ya.sce.s tn aquifers vith mini111al 
inpu.t data. O«e.ve.loped for the Oepar-tmenlt of £net'g'y by Yeh (l981) at ORNL, it 
can be applied to instantaneoua, exte.nded period or c:.ontinuous releases from 
chemical or radioactive va1t•t and heat Hovs. tt ca.n addres, eight so·urce 
confia:u~ation·s (potnc; l llnu-r; 3 phn~:r:; and "olu.meJ, four va,ri.ttions of 
aquifer depth and width, and transport paraincters of advection, hydrodynamic: 
di·spersion, adsorption, degradation or decay , and volatilization to c'b"e 
acroosphere. Sou.n.dary conditions can. inc l ude Didchlet~ Neumann, mixed type, 
•nd ~adiati6n. It is written in FOR'IltAM for f8K and OEC systems . It is Wel l­
suited co modeling ~&%ardous ~a.see t~ansport from land disposa l sites. 

BIOFILM: This model it applicable in t ·C'anspo-e·t studies ..,here biological films 
.are the eont·rolling factor ln uptake ·and microbial degra.dation of l qw cont;~n­
trations of orga.n.ic chtUllicals from «queou.s solutions. Oevel.ope.d by i.it.t..m.an 
aod covorke~s (1980) at Stanford University fort.be U. S. £nvironment.al Protec­
tion Asency, BtOFlL.'i has been ap,plied. to land disposd of. aqueous wane5 a.s 
well .t.• to conv-e..otional trickling filters in waste vater treacmenc pl anet. 
BIOFILM contains both study-seat.e and. non ste4d.y-s.tate IDOdels. The former is 
base;d on Honod kinetic.s for sub1uate. utiliu·tion, 11ol•C1JlH' diffusion fol:' 
subetr:ate. tr.antpo-rt c.,it·hin the. ,fi.l•• and: liquid-layer ,flat.a cra..ns.:por;t of sub'"' 
scrate from bulk \Jqu.id tq the film. It pr..edict-t subtt~ate ftu,c tnco t.he film 
at a function of its concentration in the bulk liquid and the thicknes, of the 
film for • gi ve,n concentrat.i,,on. o.£ -:tubst.race. the oonste•dy-:scate n,odel c.an 
predlct sub·scr•te (lwr: into <l.11 ex:.istiog film fo~ed at a diff1e•nt concentra­
tion of subs·tr•te . The model i., ~itten in WAn.V FORTilAlL 

CFEST: the Couple4 Fl u.id, £nertr a,rid Solu·te Transport model vat- de•J·eloped by 
84ttelle. Pacific Northwut Laboratot'iet £or the U.S. Department of Energy's 
Underg-round Energy Sto-ra,e Prog-ram (Gt.ipca et d. 1982). Develop•d parcicu-
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t.at"ly fot' pTedicc i on of a con.fined aquifer's eesponse to thennal enet"gy 
J torage. OFES't ha s also been of interest to the U. S. EPA for study of h.az.-
4,rdous: ~attlU dtspo1ed Ln landfills. It use-s the finite element method f or 
fluid flo", and has t1-10- and tht=ee-dimenaional applications. It has been 
ve--rif ica.c ion-tested agai n.st an.alyc.ic:.a l a.nd se.mia.nat yt ical so l utions. C-Ftst 
c: a.n b-e: c ompiled wi. ch a one dtff'lensiona il modd devq-loped by the- -same ·org.an i·l:.il­
tion foe ~ho unta tut'at--t:d zone U'NSATlO (Ba ttelle, 1982) CFEST i s a vai'liib le · i n 
FORTRAN" and n.ecs hngu:a&es and t s o{)ie:-a:donal on the DEC POP U/70. 

FEHWATER/FEMWA:STE : Thue ~re a££t liated Fi~ite El em4nc ~echod code, for Water 
and Was·ce Const ie-'uent s . Both. u·s.e a ·caussian l!Hintne:t.iol\ soh:acion ci!ch•n ique 
and are tYO dimensional ll)Odels that sim~late groU(ldwate~ dynamic~ in 
unsacui:ated-sacur-aced. porou~11 n:ied.ia. Deve l oped by Y-eh and Wa rd- (-1980 , i98l) 
for Oak 8idte. -Natit1na ( La..borato-ry, th:ese 1 C.ate-of-the.-art code1 c.an be used 
e ~ther :tepai:acely Ot' in t andem. FDf\l,i.tEB c.i:n i nclude :-el!lponse of the ground­
W4ter basiri to precipitation. pumping a.nd ocher rec:ha.rg-e / disc:harg• effects. 
f tMWA.TEl\ is unsitivt: c.o the- gr.id di~C:retiu:ti.on a.nd soil cha racceri.u.tion a.t 
sha rp m.o•i:scllte ftoncs or vecci.ca l 1Mdia i.nte.i:-fac•s CBPNL. !984). FEM'WASTE 
uses an advection~hydrodynamic disp8rs i 'on e.quacion to ll)()del s·ot uce transport. 
le. ca.o include chemi.sorp.tion and ~first Ot"der decay. FEHWATtR/ FOt\rlASTE .are 
wri.cten in fO&TRAH and opc,:r:at i ona.l on both ·coc and taH 360 1y1c·em,. 

f -ESTA: The f i nite E1emenc ·So.l ute Tun.spore !'fodel attie: .. pcs co couple the 
ei'f ects of a eocheraica·L process'e·s W,i tl\ 9o'lute ·transport. It is a one­
dimensional model £·or c;ransport of" up to s i x component chemica ls l n tb.e 
saturated z one. rte:s·TA Vall de.ve.loped by the.i's and t:owo·rker i ( 19s·2 )' at Noc i:-e 
04111• Univ•rdty f:or th• Offic• of K•~lth and' Eftvironoientd Reuareh of the 
U. S. Oe.partment of Energy. I t combines •lemenca fr-011 e.ar l i.er .models fot" 
transport a.nd chemical spe:C:ta t i on eq111Hibrf;i.. It tHJet the finite e l ement 
method for cran.t.por-t and N'ewton-Raph.son tec·hnique for geochemi,tC"y . The mode•l 
assumes hqmogeneous. isot ropi c soi l 1yscem, and i ncludes CC"an.sport factors of 
dispersion and Convection and chemical f,1cto l"S •of nonlinear ion exchange, 
adso-rpt i on, and comple,x format ion Ln s o l ution. lt i s w--ritcen in fORl'RAN and 
ope.rates on a Coe system o~ 0EC VAX. ll/780. 

HcWhorter-Nehon M.ydraulic :-todf:l: HcWhorte.t' .and Nelson (1979) provided a 
hydraulin exprus 100 u..aefu1 foT ~odeli na selected appl i cations in the 
un..sac-,uated z.one that do not tequ i-re consid eration of ·a'dsorpt ioo or .acc,nu­
a.tion interactions. It can prOvid.e t be time to break,t.hrough c'o groundv•~e"f" 
for lea.ch.ate from a l.and disposal site. 

MIHTEQ: The MINTEQ c.ode is one of uver-.tl geoc.h.emical co.deg des i gned 
prima.rily £or c.a l cu.).etion.s of cllemical •qui tibi:i a in aquie:ous- systems . [t wa.t 

developed a t a.t·telle Pac ific Nortbv•s t Labot'&tories for tbe U. S. £nviron-
111e.ntal PTotection Agency (f'elary et a l., 1983). 'MINTEQ com:bines the b•ctef 
futur-e s of earlier geochuaic:.al codes and ~ 'ilery lar-ge, doc:wne.nted t.her,no­
d_ynamic data base to permit 11odeling of fait~y complex .system.s in.volvin:g 
metallic elements . I t is cap.able of addres sing: i.on spec iation, activi ty coef­
ficients , ad.sorption, precipitation, diuolution, i on exchange, and gener:.ation 
o.f gaseolls 02 and coi. It e.mploys th• Me-wcon- ~ phton numerical technique 11.nd 
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1s written ln f'0RTRAH for the UNIVAC l l.44 and DEC 11/70. A ve r-sion u also 
available for the · t ·BM PC xt or AT .and compatible. microcompu.ter s. 

NRC- SLB! The U.S. Nuc..l ea.C' 9.egulatoc-y Coi:nzqi ss ion•, ·shal lov Land Buri at model 
u a one- d im.e.nsional nur.u~--rical code desi ;gr\ed to compare the fat.e of e<i.neam­
i.n.ant f-rom lqw-l evel radi.oac t l ve va.stes disposed unde.r al ternative scen~rio-s 
in nu r-,·ur(a.ce si te.s. The NRC-SLB's unsatura ted &one ,.ubmodal use-, the 
finite diffe r.ence m.ec..ho4 and its u -tuu t .e_d -zone !iubmode l uset an anA1ytica l 
solution technique. The distdbudon coef'fi c i ent (Kd) Or tetar-d.ation equat ion 
approach is used to n)Odel gt"ou.ndwacer attenuation mec:h.anit.mt. I t also con­
t.,.ins 'find erosion and At:nosphedc disp\?rs i on conapcnencs. The mo,del can pco• 
vi~e either a ma.x.imW'D individual dose or an integ_-rattd population dose ove r 50 
year..s for comparison of .sceJ1.arioi. the mode.l vat develo~ed f!) r NaC:'s Division 
of Was t • M~n~gement by Scienc.e. Apptica;ions, Inc. ( drawi ng on a flow model of 
Hanks and Chlld s ) and i9 1.1ritce.n in Foat.RAM IV (Lester et- al.. 19-81). 

PATIIS! This t~o-d.i~nsion.al, se~i•n&ly1!:ica t code vas designed to o ake an 
inHia.l 4.Dd f a i,r l.y rapid pred ict i on fro.m ti.mited dat a o~ th.e t ransport of 
g-roondwacer contami nants .at:c idenuU y r ~l eased hom -a st0l"age facility to a 
predet·ennined bounda_r..y. Deve loped for the Oep.artnit::at of EneriY and the 
Electric Po~er ke~.e.arch tnst t tl.lte by Helson and Schue (1980~ 4t Battelle 
Pacific No-rtbvest L.aboracot"ies, t.he c ode. uses an idtaU.ud toLution for th.e 
groundwater. p<ltential d lsct1bu.tion and g,ene..rated pat.hHaa di!ferenc.i.sl equa­
tions· to g ive th.e e•th-t of fluid particles and thf!ir advance- t.ri t.h time. The 
model has bee.11 a ppl it.d to t u.rlace. ne,1n-surface at1d deep cavern 9torage 
problem..t (8Ptn. l.984). The progr .-m .i s wri t ten .i:n F0RTh\.N-77 fo.i:- the Onivac 
1100/ 44 an4 0tC YM ll/7ij0 s_y,otem, 

PESTAN: lb.is analytical model wu de:veloped by the. EPA' s Kerr Environmental 
Research Labot>ator-y in Oklahql'lt& to ev1.luat·e the tra nsport of or ga nics appt led 
t o Land thr ough ~he u.nsatu.r.at.ed soi. l ione to g-r~und water (Enfield et al., 
1~82) . PESTAN lnclu.des three difftt.(ent mod,Ls : ( 1) linear ad,orpc Lon/ 
desorption o f the poll1,1,tant vith6ut disper--sion. (this mode. c an incl ude firsc 
order miOT"obial tran.sform.tionh (2 ) • tDOde s imj. l ar to the pt:eced.in@; , but \ril{th 
dispe ni:on i.nc l uded; and (3) nonlinear 1.d.sorption follo"'ing ·a. Pre.undUch equa­
tion vithout i:li.spe·r1ion vi. th first order odegra.dation~ 

PLUltE: This it a I0ll.lte tunsport model Oased on ,c.e.a:df. s .tate tvo-dimend iOQ;c&l 
1.dveet ioo-ditpersioP equat i on. cont.&ining adsorption and i;1egu.dation ce:rq 
(llagner, l98i ; 8umb et •L , l9B4 ) . Roy and Griffin (.1987) used the PLUME 
1110del to esc i mat.e. groundwater cont&111ination by r.ep-re1entat ivl! organic solvents 
l e,~na f. rom. so lid waft~ at • ll.yp,otbetical laodfill .s.ite.... and to e·stimate ctie 
th.re.sh.old qua.ntltie:s o.f each t.hat aigbt b• a;c.ceptabtY pl. ac.ed in t he tandfi U 
un4er y•riou.s 1.a.su.-ption• of att4tnuati o ni by di.l\ltion, acisorptio.n, 4iJpersioq 
or degradation. 

Pl-ume Mana~emeot : (or l(.i1 son-Killed; Thi~ is a tvo dim.en,ional analyti~a.l 
model (Wil.soa ao.d Hilltt·, 1·973; Hiller, l97S; usas , 1981). It 1.s.s ume.s , con­
cinuou.1. point soutee, b1,1,t nontteady 1.t&te c.ondi tions. · tc can yield estimates 
of concentr•tion io the ll"Ou.ndw~t~r high,r th&n th~ so l ubility Limit £or some 
con.ttit.u.eo.cs in t·h• hAza.rdou1 1,1a1ce . Bunt 0978) developed a tbree-di cs.en­
a ion.al model fol" a continuo\ll po int soorce. -a.s -we.l.t as a mode l f or a pulse 
source of cont.&11..inaat. 
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~: The Pe.scic.ide Root Zone Model (C,Hsel et al., 1982 ) ""a°d devel op~d by 
the EPA• s Ker·r Env i-r onme:nc·al. Re.seacch I..abo cator-y to pn:d.ict the- movement of 
s urla~e- sppl ied o r .3urf.-ee- i.nc o:-po r at.1?-d putici des tn or b,e\ov the pl ant root 
.:one. ?-:lZM should be .appl•i ,cabte co the ~ea.nsp.ort and degi-ada t ion i n th.~ 
unsaturated z:one of otbet' or-g:-.ni.c. c h.emic3l.s wi th line.at" adsor.-ption beh.1.vior 
and f..i rst Ot"df.r kinetic reac t ions. Die. .soil c:oluo,n i s divided i nto s eve,:.:sl 
l ayers , cnau ba lances are ma.int.ai_ned for t.Jatec and chemic,als i..n each LoyeT 1 

and hydeol ogi c factor, include r:aim,ater, runof f, snow acc:umul a·tion/ melt i ng ,_ 
eva-pot-ranspi r-aidon and pe-r~ol·at i on. PSZM uses a. numeric.al solut ion to th.e 
advec:tive dispe_rs i ve e.qu.ac i on for che:fflic:a l tc.a.napo,ct, first order ceversi ble 
sorption, .and first otd• r 1ur.iptd deca.y k i netics. (1o1h.ich ean incl ude. m.i.c-robial 
degrad4t ion). lt can ca~e i nto aceoun~ bo~h plant upc.ake and ~unoft l osses of 
chemicals. PRZH ~an be u..sed on mi c~-ocomputet"s come-ad bre 1,,1'ith the tBM PC 
XT./ AT -systems . 

SESOlL; 'Che Seasonal So il Mode\ was d~signed for rapi d eval uaciqn of so l ute 
t ran·.spon in the unsiatur.ated ione 0£ pollq.ttnt1 at va:ste tte:ac:ment. and d i s ­
posal s i t.es. I t i , ~ , e~ianalytie-.al (statist'ical/ m&them..ttc al), ~omparcqnc-4l 
model that-, ..,ith min i mal data eequit'eniie..nts, can simulate w-acerf l,ow a nd po llut­
ant conc entrations ln a t hree-compart~ent so i l col umn extending f r om cne sur­
facl! through the unsatura~e:d ~one. SE:SOIL uses a mass balan~e formu l a t io.n and 
addresse.s sea-1onal •,1ariat ion in wate·r, 1edi111e.nt an.d pollutan t e-yc l es. I t 
.averages the s o il prop_ertie, ~f- the. tbi-ee eotnpartment:t artd y i e l d• • steady 
st.ace n,oi t t u·r·e \.eve\ wi th depth. It can take into accoi.Jnt convect i.on, d t.f­
f us ion, voladli.ution, .adsotpt'ion/d,uor,ption, complex~tion of metal's by 
o(g&n-ict , chemi cal degradation (hydrolysit, oxid.ati c;>n .and pbo-t olysis) , 11nd 
bioloai.cal upcake/tnns£onaadon, {but not speci. Ei.cally pl ant upt :•keL SESO!L 
v•t developed by Arthur O. Little , Inc., £qr £PA ' s. Off'ic.e of Toxic Substa.nc:es 
and i, ln FORTRAN (Bonaio-untas and Wagn·er , 1981). Because of SE.SOIL' s 
empha.a is on so Lutes and hydi:og.eo L ogl e al 9 icnpl..ici t y. it l'ftfiY not , imu lat e. shol'"t 
t erm response ot th-e soil c oll.ltM co mo-ist.ure levels as we l l as so.me other 
hyd~ologic•l models. 

SWIFT: The S•ndia W•ste J.sol.ation Flow and tran..sport code .i.s .a: th~ee­
~ime.nsional finit e diffe~ende groundwater flOv a nd solute t ran•port nutnerical 
model. Developed for the Nuclear Regulaco.ry C~mmission by J • . E. Cicnpb.e l l o.t. 
Sandia Nadonal Labon.tori es (Dillon., l.nt% and Pa.b"•• 19.78 ), SWIFT •;1a.s 
designed to take into a.ccount both c:nasa and heat fl.qws i n modeling r adio­
nuclide transport with decay to d.aug~tet products i n an isothe~l or heated 
po-rou.- med.lUID.. The pC-08TaJD is vdtt.en i.n FORIB.AN for t he CDC 6600 system. 

S\IIP2: the SwtP model va.s developed to evaluate the e.f'fects of Uqu-i.,d \;lastes 
u 'l daep s.aline. aqu.if8-rs i.o the des'i.aa. a.nd ce·scing of veste di-<J.pos.a1 <Jystesnt . 
tc is a tra.nsie.nt, cb.ree-dimensio.nal n.t.UDedc.al model using • fini,te d iffe-rence 
solution to th• m.asa p-ref.sacre and en•~IY eq_u,ation,. 0.vdo,ped ·f or t.h• U.S. 
Geological Survey by INTE'RA Environmeat•L Con,ultant s , Inc., tbe or,igin~l 1976 
version was .subtequently upd•ted a s S'!'-I.P2 by modifi~acions to include free 
vatei- tur.£.ace, verul cal f'tc.h.&rge, equi.librium--cont'rolled linea-r a.dsot"ption and 
an i.treversible fit"·st orde·r r.ate f or siimple. chemical r:eactioos (IN'TERA, t 979). 
The SillP2 versi .on ia preie-rab-l e. f o-r moat b.azardou.a- chuical wa.J:te dh,posal 
applic~tions. the program is wri cte11 in FORTI.AN for the CDC system and i -s 
available from the Ma.tional Techni c.al Information Service.. SWIP is a sub­
system in the £PA• :s C£M$ 1DOcie.l. 
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T~S; Random Wal k So lute Tu .oJ.OOt't J1ode.l: TranJporc of .a tacge cla s,s of 
1olucei in g_-roundwat.er c a.n be 11.cnulated in t hi s nwnerical model developed by 
Pri.c:.ket.t, ¥aym.ik ·and t.onnquLst ( 1..981) f-o·r the ru inoi s • St.ate ~ate.t' Survey. It 
applies a. f.inice di fference ltllthod t o ground ~a ter f lo'-ls • 1.nd "p.trt ic l•--in-a­
c:.eU" a..nd ''random wa l k 0 creckin3 1;ec:h.nique:s, re::speat i vel y, to model tolute 
convec.c t on and dispec<sion e-ffect-s. T~S ca:ni sitnulace in ei r-he r one or ci.ro 
dimens ions bo.th steady .or oon-sca-ad.y f'tows i-n httt-erogenous aquifen under V.Jte r 
t ab le , artisan or lea~y a--rtisan conditions, ind ~an handle excha nge wi th sur­
face. ~.acer and e.vapotranspi ration. An 4,bi.l ic;y to s i mula te .solute tr:ansport 
vhi le ground water pw=page is undeniay i s an i mpor~ant consideration fo-r 
haz.-ardous w•sce stud i es. the eo·dit a-llows s.pecif.ication of co:ncthcra.t ions of 
ch.e.mical canst i:tuents i n afl.y s.egm.e.nt ,of the m.~del . 4-nd can a ccO-ll'l:t'lodate chem­
ical reaction1 and mi xing of' vate rs having diff'ece.nt solute c.Oncencracions •• 
This model is v idely ncogni.ztd by hydrologi ,sts , ,and i.s regardtG by some 
authoTities .as ,1mong the be:tt available for msny solute transpot't mode ling 
~roblems (Keely, L983) . 

TRUST/HLTRA..~: This m.ultidimentiona·l. nu.mer ic.al code models w.-.cer- conct'!'nt, 
preuu~e d l ,tribucioos a.nd flow in the u.n.saturat.ed-sacul!a.ted envi i:onment • 
us ing che kinematic pachline 3ubroucine, MLTRAM, TRUST i s ba-sed on the in-ce ­
gra ced fin i e.e difference method and •n i nce~ac:tiVe txpUc i t/impl ,ic i c po i nt 
.Solut i on technique. The mode.l was developed pdmarlly from a.a enginee t'ing 
pers-pect ive by N'•r•slcnhan and Ytt herspoon ( 1977) fol" tht. Department of Enecgy 
~nd updated by Rei,en:aue.r et a.l. , (·1982) for the Nuclt -a t Regulatory Ccn:mis­
sion. nu.st doe..s not diffetenciate sol ute ie££e:ccs. tt haJt been used to 
analyze uranium miU t:dUng·t didp6-u.t (BPHti, 1984). TB.UST is -vric ten in 
FORTRAN a..nd C!an be opef'&t.ed on b.ot.h CDC and DEC VAX 11/780 computers. 

UNSATlO; This one-.d i-mension.-1 n1,1nier'ic.al model i-.s designed to 1.imul a te short­
t.erm Yotter flows and chemical t t"ans;,ort in th.e u,nsaturaced zone, i -ncluding 
i nfi l tr.4-t-ion , vertical seepage, and Uptake by plan,t roots u func cioos o·f the­
h.ydraul ic proper ties of the soi l. [t r-equ·i.::es i n.for~tion on p-recipi t-ation/ 
irrigat ion n.t tt and frequenc y, e-v.apot::ansp i rat i-on, soi L peope.ct ,ie.s and 
layeri.ng, a nd root g,rowch char.acc.eris't ic:s . O'NSATlO conta ins a ,ede9 Of 
prograGlt ·run in suceusion, [t does not c:onta i.n a solut e tran.9poft component. 
It U-$et an implici,t fin i te difference metho.a ,._nd a Ca usaia.n e li.m.i.nadon sotu­
tiqn technique, is vri t t-tn in Fortran·, "1.nd wa.s developed by Bat t eUe fo·c- the 
U.S. Departi:aenc. of Ene·t"gy a nd the £1ec·tric Power Research I ns tit1Jt e (Bond tt 
al., 1982). 

USCS .. HOC; Solute Transport &n.d Dls--pe rsiq~ Modal: this model wa..s d'evel.oped by 
the u.s. Ceological Sut'Vey to s imulat e t.be concentrations of dissol ved chu­
ica.J.s i.n an aquifer .at spec ified points and ci·ut u.nde:r a.dvection-dominat,ecl 
flow. condi t ·ion, (Xonikow a.ad Bredehoe ft, 1918) . It ts somet.ime, called the 
USCS-ffOC .model be.cause. it uses the l'lllthcd of cb.at'&Cte·d1ci-c·s ,£or SQluca trans­
port; i t u.1e1 the fin.it~ difference l'lecbod for groundwate r f low &pprodmation. 
l t can be .appl,itd to either one ar tvo itim'e.nsional analys i s of t r•nsient or 
tteady st.,1te f l ow cond.it.ions 1nd coo.side rs co.n vective t r andip.ort, hydrodynamic 
dit·persion and mi.xiog/dilucion vi.th ocher fluids in a h.ecerageneous or i..sO­
tropic aqu.i.fer. I t i t •de1i•goed f ot" u t a on wiifom .grid- Gd ,u1waes· th«t 
vel.ocicy dt.cributioo i t noc affeete.-d by gradients in f l Uid ce:m.peracure, 
visco,i't:y or de:o•ity.. Updated ve.rs i on1 of HOC are said t"o bt abla to a.dd?'e.S•I 
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solute .id1orpcjan and decay r-e.aetioa..s .. 
1tudiu of h.a::U1;-C"d9us was t e si t 1u. It 
1y•tem. 

The U.S. EPA has examined KOC i.n 
i.s written i.n .fo.R.n.AN for: the cpc 

VHS (Vertie.al and Horizontal Spread) Kadel: the Vl:lS IIIOdel is under develop,-
11ent by the E2A Office .of solid Wast.'e 1 s Deli s t ing Progra.11 to help determi ne if 
aiven industr ial ,wastes might _pote ~z• ..rds to human health or the environtoi!lllt 
if disposed in an unlined landfill, based on a uaeasonable \ior:st Ca.se" 
scenario for groundwat er eont.a.min•tion.. The model ls adapted fr0t11. Domenico 
and Palciau1kcu'1 Ct982) VHS analytical model for pee.dieting mu: lmutn pl ume 
concentrations, bau.d on one dime-ns.ion.a.l ttudy £low a nd d.isperalon in direc­
tions p.erpendieular t o the .flow path. 

Th& VHS ·model assumes: A landfill t remch (40 ft x. 8 ft) v-ith ~ st.aced waste 
volume andt measured l eachate concentra;t i oni a continuou.s, ste.a4y ve loc ity Bow 
of contaminate t? an aquiCee; a nd ) fc. pe..net.r-a.tion of the leachate Lato the 
a qui fer a t the land f iil bounaary. The concamipaqt plume iaoves directLy toward 
• recepto-r well 500 ft away at a groUridwa ter disi,ers i vity of 2 rdyea.r (i.e. 
travel tlme for conu.minants is 76.2 ye1rrs) : 'the modf!l: a.tsurnes only trave t".St: 
( i . e. ve"t"tical and horiz.ontal } di.s .pe,:s i on. ( t do.es not consider: longi­
tudinal dispersion; cans tic-ue.nt acbmu:at ion by s.atut"ated soil, Sor-pt.ion, ·O'f' 
a.hem/b ta deg-radat i on; reQh:atge d H ut ion; or restrict ion o-f ve r ticle spteading 
by a.ny low pe.r~a·bility ~t&riah. 

Tb.a VHS model b.4-s not bel!!l:n va.Ud•ted to date. l t use fo~ c-egu lacory pur-pos.es 
h1-1 dravn ,erious, Gr f.tidam, •n.d ~~s fgi(.-u,• ""tili.ty i1· u:n,cl!'r-tain. 

VT't/MMl'lD: The Variable l'hicknH • Tran.sient £.tu.id filow mode.i 'll&S davelo-ped 
for application to mul t ia.q_uilc-r arou:ndwate:r 1.ys cea,s wi th transfers under. 
pressure between cquifers, oc .an aquifer and a su.rf3ce wat~r bQdy. VTT wu 
developed by B-atte.lle P.ac:·ifh:· Nor,t h~t U&boutories foe- the Departme.tlt of 
Energy, with pait icular considera·ti.Otl o·f condition.s affecting- w·as·te d1.,po,al 
at t:h.e- Hanford Si te in Washington (Ki -pp et al., 1976; Re.i sena uec-, 1979,) and 
vat rece~tly up·dated by the Electi-ic '.P-o·wer ae:searc h Institute (8on4 , l98l}. 
VTT· i s a flex.ibl.• fwo dimensional ..odel. using .one finite difference method for 
s tea dy s tate cQndi.tion.s and a s•cond version for transie.nt conditions. the 
mod·el can ha.ndle heterogeneou,11 paramel!ers. a vatiety of bounda("y conditions 
and con-figu"t"at ions. and confined and uncoofi ned aquifers... The. vtT mu.st be. 
c:oupted with a sol.u.te t ransport mQde.1 for- predicdng pollut ant mig~adon . the• 
~TlD, a ra.ndo.m watk co.nvee·t "ive-dispers i.ve tr•nsi;,ort mio~et (Ah.Utc-011 aJtd 
Foote, 1976; Ahl s t r,OiD et al., 1.977), 0-lt' the. MLTRAM s·ubt'outine v i th lc.i.neNtri c 
pathli~e approach a re sui t able {-8PNt., 1984). The •V·TT i s ln'itt en in FORT:RAM 
for· the cOC ·•Y•teai. 

2 . Ra.nk.io)t aiodds.: Contamin-acioo r anki.n.g model:> and t.he g ('ound-
vate-r- r-eloted port ioas oi more general. hai:ardous va.ste .sit e ranldna mod-els , 
although not s t rict~y geoundVater tran$port model, , mtght be val uable in ~ases 
involving poce.ntial hazardous va ne emergencies. they may provide t"he. only 
irrrnedhtely a va ilable way t:o udmite pote.ntial groundwater pro·b1.ems ,. if tbit 
use of mathematical mode.l s nnast wait until tubst•ntial samP.Ling and ana l ysis 
are completed co provide nece1uey data. . Ranki ng mod.el s could provide c.he 
best. method avai ta.ble for •copi ng th.e pcoblem and developing ce:mergency 
res pons& plans (Keely, 1983). 
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lank.lag 110dels a:re standardized schemes which permit an exp«-ri.e.aeed 
observer to judga. approtlcut&ly the ha~ards pr.e.sented by a particula• ptobtem 
site. £xamplt:s include t.~e cUtte·nt fo't'llla of c-he LeCran.d model. ( ·LeCt.a:nd, 1980 
and Pettyjohn &.t &1 .• 1981) , the MITRE sys.tma, (OTA, 1983) and the JRB model 
(Kuf;s et al., 1980). A brie:f di,cu.ss,ion of the LeGrand Q)Od-&l viU help to 
describe chis group. 

The LeGrand ranking systffl is based on four g9oloaic and hydrolog ic 
charact.e.ristics: 

l. Distance to a vafer supply; 

2. Depth tO. vater table; 

3. ~ydraulic gradient; and 
4. Penneability-sorpcion (indl€ated b Y. the geologic setting). 

£a.ch of che.s.e. characteris•ics i, evaluated and raced 1ccord.ing to star:i-d,ard 
s eal.es. For the wacer supply, water tab-le, and perme.abilic.y-sor_ption char· 
actetistics, a r-anking s.cale: of O to 9 i s u:sed} for the. hydcau1ic gradient, a 
sc.at.e of o to .S is employed . the ranking sc•le for d:i.sta.nce. to 1, water supply' 
canges fe.om O fo·r dittances in excess. of 6,2.00 ft to 9 fo-r distances of up to 
4S ft. The d•pt~ of tne vatec tahl~ sc4le range~ f,o~ O for .depth• l n uce.,s 
of 200 ft to 9 f.or depths of O ft (surface- vated. The pet'l'De-abillty-socption 
scal.e is n»0re complex .and depends on tbe type of soil and the th-icknes11 of 
unconsolidated material,s over Ped rock.. ,For t.he water c~ble ara(Jien~ sea.le, a 
101;1 value of O is assigned l[ the 1udient is .away f,ora atl .va.ter sU.f>'pl i.es 
closer than 1,000 m; a high value of ) is assi-gned fot" g-udients greater than 
2% to.vardt the v11iter supply. The aC"ft.hmetic sum of the ranlting-s fOT the fou~ 
chaucceris-tic!I wilt fall somewhere i ·n ·a range fr:om O to 32., 0 repceset'\ting 
the safe,c end of tbe .spec..tt'Wll and 32 rep-r:esenting th,e most. ha2:ardou.s. Lette·r 
t"ank.i.ngs (A c.b.rough D) are added also to i.ndicatt. permeability-sorption , l eVel 
of confidence, o.atuTC of the cl0;sesc.. vacer· ·sup1fly 1 a.n4 a final de,. ignadc;rn for 
tJ1e most appro·priat-e. of 11 tit• descriptions Ca fif th letter may also be 
included if cvo of these descriptott apply). The . final produce is a ,eries of 
nul'Mc-.ah and 1.ett.ers wh..i.ch pt"OYide 4 yards.tick for pre"I. imina-ry r~nking 
purposes. 

Ot.her u .nld,..ng methodologi.e• va_Ty in Eucure-s ., but t.he e:onctpcs are 
s UIJi la r. All suc.h pt'Clce-dures rc-q.ui !"e minimal d#ta input, e9uipment, t i me and 
expe~se. 4ad yield quaai-q~ant it..a t ive site evaluat ions. Oaca needs for rank­
ing mode.ls are leu d .1orou., t.ba.n the corresponding ' i nputs t"equired for mathe­
mat.i~al mode.h. The roodest d.at;.a requ'ire.me:nt.s of · unkin$ models make fheir u.se 
e.a-sier in the fi1ld than analytica l or numerical matbematical model,. There 
aTe, hovever, diudvt.n·tages in the UH: of ranking models, including the l.a.c·k 
of de-fin.itive quanti~3tive output (-•&• • .P@te.n,ti.al con t aminant concentntions 
a t a poscuh.ted po.int of human contact> and the inabil'icy to all·ow for complex 
physte.a..l, chemical" and biolo.g.i.cal f&e·toc-s. Btc.ause rank:i.ng models have no 
c.al.cul.at.ed outpucs comparable to ana lytical o.r numerical mod.els, identi fiea­
tion of mathelliatical 01a..t'gios of error •are not possibl e~ 
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C. Surface '-ia-ter Model-s 

Studi.es of anvironm.enta l contaminants i n .surf~ce •aters a -r'e gen­
erally .divided into two cate.gorie,: (l} di:sp·e:rsion in streams, etc. , of 
poltucant s that are d;i$cb4rged, spil le.d or otlior•ise rs.le·ased. at a poinc 
10urce; and (2) runoff of pollutants f'r•orti a land .s'-'riace area into st·reams 
fol lo'"'ing precipi tat i:on ( i .e. , nonl)o i nt wate·rshed nano ff ttudi e.s). Watershed 
runoff i..s gcn.en.lly a 1Dinor problem compir-ed to ocher tr.anspo-rt r outes for 
tui.a-rdout Wane management. a l though i t is ~ l mporc-ant tn other inv i rortment-al 
studies ~ucb as pestic i de o.r feC""t~l izer impacts. -Numerous qc.hematic-a l mode ~:1 
h.ave been developed foC"" bOcb kind, of s tudies. 

L Pollu.tant di spersion ~ode.ls: Oi:spttrsion models are used to 
predict the. dispersion and fate of che121ical s di. seh'arge-d or s~pilled into 
sere.ams, rivers , l akes, e.stuadu, or oce.en,. A Stt"Ufll Ot" river is 11".0de[ed as 
a ,eties of completeiy .mix~d reac~~,. Steady-sc~te contamtnant concentrat ions 
in each are then estimac.ed based· on dilution .ind p-hys ic..l/ch.~mic.a l remo11al of 
contaatinants from the 'lat er column. Sever•l dispel!'sion water models ot dif­
ferent cype..s a.nd complexi ties. ,,r-e ... vail.able {Onishi et al., 1980b; 8\.lrns et 
al.. 1982; Bro\lfflall ~t al., 1982.:; OiTorQ et • l. • 1981; On ishi , 198Sa. 198Sbt 
and Schnoor, 1985 ) . 

The model most widel y used to compute fate, P'-r,isce.nce , and ex­
posure of poll1:ltantt i n ·heshvateT eco1ystem.s i s EXAMS (Exposure .Analys is 
Hod,ling Systf:m) which 1o1as devil.oped. by EPA 1 .s £nv-ironme.ntal Research Labo­
ratory .at Athens , Ceorg,i a. Othe-r models ,which have been used for surface 
water pollutant dispe-rs ion 1tutie1 i ftclude: TOllUASP; SLSA: and QUAL. 

EXAMS is de s igned for the r.ap·id screening and eval,u.t i on of the 
behavior of sy:nthe.cic oraan.i c chemical.s in 4.quAtie envi ronme.nts (Suen.s et d . , 
l9ti . 1982) . The t110dd require, tht"'e.e tyP.e, of d.u:..i: chem.i.ca l, env iron:-­
mental I and loading rates. Chemical dAta requlrement-s include phySfca l Con­
s-tints (e.g., mo le.c:ul at' weight, -solubility} Jnd para.meters to compuc-e tr-ar1.s­
£Ormat-ior;i1 such as photoLy.sis, hydrol.ytis, q11;idation 1 and biocr~nsfo~tion. 
EX:AMS is i.nteracci.ve:ty Link.id to • dat·a bese of properties -of e;hemica l s. 
tnvironmenu.l dac.a requit,m«nts inc.l ude systl.fll geomett"y, hydr9 Lo1y, and 
me·ceorol.osy, and defi.nition of dlsper,ivli! and advective p,t.thw.aYs for both 
v.ater and sediments. F;XAMS can pac-ti.t i•on pollut.ants among -five vale.ace states 
and three phy·sical forms (adsorbed, bio.sorbed, and dis solved). Pollutant 
loadings can be specifieQ &a pol-nc .source, non.poi-at 11ouri:e, dry f-a.l lout or 
ae-rial drift, at.mospbe·t'.ic: vathout, and ,grou.ndwate"t" see-page. Pt'oc:eues such u 
photolysis, hydrolysit, o.:atidation,. vo,latiliution, -and biotTt.nsformat ion are 
siarula'ted as pseudo fi rsc-order lr.inet ic: reac:ciont. Second-orde·t- effects c.an 
be •introduced alto. EXAMS do•• not handle <lyria,•ic (tean.sient) £low condi­
tion•, it.1 hydrauli c alld tediJHntat ii.on al_gorith.111, are limi ted, and it is 
Uctited co organic ch•m.i cah. Fiel d validac:ion re,ults bave bee.n r-epoC""ted 
((:uses, 1~82). A version of the a.AMS caodel i , 4,vai.h.ble for use on micro­
co&puters compatible vith IBM PC ff/Ar 1J1tU1.1. 

T:OXIWASP i.1 a kinetic su.bto1.1tine for the Weter An4.lysi , Sinna.Lation 
Progt"u (WASP; see t>itot'o et al. 198l) and V.a,: a.l-so developed by EPA' .s £nvi­
r-onment&.l aesu.rch Laboratory. The to•ics des·r-ad•tion techniques 'from £XAKS 
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are simplified by adding the pseudo ft r-sc-or-der- r-,1.ces due co photolysis, 
oxidation, bioly.s i s, hydr olysis, and •1olatili.zadon t o yield I total deg-i-.a­
dation cate.. ·TOXlWASi' c alcul ates th.e disso l ved. sorbe:Ji. an'd biosot'bed ft'.tc­
tionS of a neU't't"al chemical only. I t ha.s the capabil i ty to simula.te dynamic 
as "'~l l as steady-state ~a~.te load.~ • . ~s i n ~S, lab~t"atory and literatur~ 
value! for th.e chemical C:ha raClceristics 0£ a od.111poun_d may b·e used . ~ASP3 iJ 
available for u..Se oo I BM PC,, /XT a.n·d compatible microccmputecs. 

S1SA (or B.ydroQual l'todel) is a simplified m.<>del developed by 
HydroQU4.l. ·~nc. and the Ch.e:mic-a.l l'fanuf act·U;rers Auoeiatloo fo,r t·he stud_y of 
tlte face ot patt i t ioning chemic~ls in 1ak•s and strea~s (DtToro tt al •• 
1982}. Total dtegTadation f".ace of' a subst.anc:t i s escimaced by ;ukling the 
~seudo fir st-order rates d~e to ~he ~inecic pr9.cesses, 4S in TOXtijASP. ~•ch­
anisms conside..red a.re. settling, r-esus-p·e.nSion, &f'Jil 'diffu.sion. The adsorption­
desor-ption ceact i on is a_sswned to b11; ac· equilibrlum. The h,a~d<in of the. 
chemical mass that is either dissolved or ~dsorb,d t o -p•rticu l aces is deter­
fl':l ined by th• mass of the ad-sorbing solid and the partiti.on coeffi ·cient in the 
uater columo. a.nd in the sediment. Treat:ment of colwn.n-sedir.ie..nt interactions 
is a ttt'On·a feat.~re of the n.odlll. All a.lgebuic and. differer:icial equations 
al"e expreS$~d ia a form a:.s simpti.fied as po"Ssibbe. Clo.u.d fonn solutions·, 
based on ~he constf'vatlon of .nass, at'e presented and ope:-at.ed on_ a mini­
computer l.Loked i.nto g-f'aphics output de.vices. 

QlTA.L, vas ·des·igned to simul;&ttt s-pati'.al and tempor&l var-iac~ons o~ 
dissolved oxygen. bio,logical o,c,ygen dt:mand-, up to three corHfervat.ive minerals 
an~ tempera~u~e in strum •nd CM!aL syatems under s-teady-scate How condi­
tions. The model is •ct~Ur a set of- incc.rrelate,l qwlity r-outing GJ0'1~i, 
b.ased on npiric and Kine tic consider-.n ions. Oevelope:d originally ai QtlAL-I. 
in 1970 by che Te.xaa \la.ter 0-ev,topmeac. Bou·d ('NOB, 1970), the model vas 
impc-oved (QUAL-II) under £PA su·pport (NilRC, t9?;1.i), but ·is less f.avoced now 
than never, more "Yeesad.lt models. The QlJAt.2£ version ~an be used on the 
IBM PC XT/AT £.unity of ~icrocompUters and compatible systems. 

Otih~ Models: Acco-rding co Travis (1985) most cu.rrent ly available 
me:thod·s for evalu.ati-ng dispersion of c-onta.minan.ts in streams d.o not accol.lnt 
ad.ltqu.ate:l.y for sedi ment t:-.ansport. Such mod.el~ must calculate ti~e-varyiog 
diatribut.ion.S of conu.mir,.ant •diorbed br. sediment for e.«ch se.dimtnt s.ii.o 
fraction. Ke i.nd.ic:~ted that the l'I\Ott adv8nced tvo•dioensional model, of tb..is 
type are SERA'IllA (vertical and longitudinal) (Pnishi and Wi.se, 1979; Onishi et 
al., 1980b) and t~BA (lateral anil lo_ogltudipal) (Onishi, 1981). 

i• Wace~shed runoff ~odets: ~ater1h~d models are used to ptedict 
the qu.antil:y and qualit_y of vater that (aftlc falling a-s ·rain) flows off of 
the land .surface into receivins stfe.ps ,c.arr:yia.g dis.solved and ,-u.spe.nded mate-­
rian. Over 80 different.. NDoff model.s •re ,:aid to be av•il.able; t hey ha,ve 
different inp1,1t requic-e.Nnts and addres, many different~ aspcec.cs of the 
p'roble.!11, Only 12 of thue models, h,ovever+ s inNlate boc"h dissolve4 and 
sed'iment ... ,orbed at.i.g-ration together vi-th the .turf.tea runoff and soil erosion 
processes (Onishi, 1985b; Travis, l98-S). 

focus 
Two brOad cl••-••• of \fatershed t"W'loff roodel1 exi.c: 

al..1110,t entirety on the q~antity of rucoff va.ter; and 
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(I) those t~t 
( 2) tbqse that 



~m-pt)a.size i nf orm.aci •on on the qual i ty of cunoH '-'ate?', i.e., ~he environmental 
a.ontam.inantJ. {Ne:atl y al l til'ate.rshed l&Ode l s si•mul a,.te e.tQ.sion rates.) Runoff 
model.s are ;cmet i mes ctas aifit:d also according to ope·rstion.sl charactedscics. 
inch,ding geQmetdcat representation of the drai.nage b.asi.n, te.mpor.a.l repre­
sent..ation of €tow. and phy,ical proce~s representation. aach of vhich has sub­
sets as noted below: 

• Geometri Cal Representation (lumped or dis tr i buted ) : 

- Lump-ed mode-ls represent the dr-ainage bas in a, a 11ho le, 
w-i.thol.)t detailed spa cial characteriu,c:io·n of su.bbasins or without the spat Lill 
distribut ion of conta~inants ~ithin the drainag~ basin. 

Di·,tribute.d models rep-reun.t the dr-ainage ~sin on a grid 
or map ba-s is , and account• for "'H'•tat1ons ·in hy.drologi c processes and conta,m­
in-anc discri,bucion't from point co poinc. throughout th·e basin. 

• Tempc,u.l Representation of Flow (.contUluou·s or di.scr-ete): 

Concinuou.s sim~lat i.on lf!Odtls d1tscribe a t ime se..r.ies of 
nmo.ff flow and run·off qu.ali'ty w-tehin the drain"ge bas ln over an extended 
period, e.g . , 1 ye.tr . 

- Disc~ete stonn event model9 desc-ribe the basin response to 
a sing le stonn. ( runof1-p-rodudng even.t), buc. may desc-ribe that response .i n 
tu.a!at.ary• (11cono-a.veragi!d) fon11. Ko.st nm.off and erosion £rota a d.r-ainage basin 
over a long p·eriod of time a.rt: eoaetntraced, in a fev ,tom event!..; discr@te 
model,s uslt this 1i.mplilic.a.tion in their ti:caulations and as a ..result .1.re mor:e 
videly uu.d than continuous ~iawlation models. 

• Phy.si·cal Proces·s 9..eprese.ntation (<iescdptive o r conceptua't): 

.. D,.• .. • .. o-r ..... i,.Pa;-< .. i .. , .. •....,""'=-'d"• .. l ... s~ !Ji-H: basic phys ic~l pan.111etec-s co .ac.-
count for observed phenomena. They have the greatest usid by pl'acticins hy-
drologtsta. 

Conceptt.ra1. model,s r·ely he.avi.ly on theory to i.nterpr-et 
pbenot1i1n• rather- than co r:epre:.sepc .c.h.e pb.ysica.L proce,,s {Le., these mod.el$ 
a~e based on probabi li ty theory). 

Desct'i.bed below are sc_vu•l general fe.acure.s of nmoff udels, and 
then specific runoff qu&nticy end ~unoff quality Ul!Odelt. 

a. Feature.s of t'UDOff ioodeh: ll.unoff mod.el, focus on int.er-
accions at the soil surf ace such at overland flov, 1ediMnt tran.spgrt, •nd 
,ediment •nd qter quality. (Some e:an si.mu.lat•• tub1ur·face pollutant IIU,gr1t.ion 
pathvays also.) Runoff mode ls a.t'e designed t .o esti.taate deli11ery of nonpoint 

.source pollutant.s to stre..ams and otherr bodi e s of 1urface w-at1r in a regi.on. 
ln order to esti~te. pollutant. l oads, t1ate1:"1hed C119dels fin-t de.scribe. t.he 
hydrologi c cb.aracterlscic.1 of the wa·terthed, suc.h a1 ,oil snoisture and ground­
water recharge, f .oltoved by vacartbe_d- sedi.met1t load.1, and £in.ally watershtd 
chnical chAracte.ristic:s. the number of soil chemical phenomena and the 



,sophistication of chemital pc·ocestes simulated '"iJTY widely 
'-latershed models, howe-ver, t n·corpo-rate the same or 
a l gorithm.s. 

among mode l s.. Kany 
, imilar hyd~ologic 

So:-:te of' the apprOaQbes- 1.ne:d fo·r- hydrological pt'ocesses involve 
paraol.41U:r$ vh i ch ,He noc di·t'ectly obse.rva&le, such a s w,1ter infilt:-ation rate. 
The h1i-ther a tn?del deviates f:-om fund.a.mental phys i ca,1 laws or relie s on 
parameters vh.ich ;1.re not direct ly obs-trvablfi, the Less l ikely it is c·o be u,e­
ful io a. ·ge.neral applici:atioo co ~.a.tershed model,ing . The models most suitabl e 
for simulation of contaminant migration require e,ctensive site-spec:i.f'ic data 
fo-r Calibration of •the model (aasta .and Bowe!" , .l 98~) . 

A number of environnsl!nt.al factor9 influ.eoce t.he: qu.andty oI 
runoff, and mariy pbyiical and chemical ~roc:e.nes a.ffeQ.C its qua-Lity . The_se 
f..ac~ors .and p-cooesse, inte-cac~ to fo.rm nonpoin·t sou-coe p.ollut.ion and should be· 
considered in watershed ffl04eling . r~CND: a d8ta needs St'andpoint the.se faccot's 
and p,roae.sses can be d i vi ded i.nto three areas: hydro l ogi c phenome.na; erosion 
pcoceste.t; ,1.nd chemi.cel proc-e:sse-s. 

Major hyd-rologiG phenomena afft:et~ng quantity of runoff ace: 
precipitation. foftltTation, evapotran,piration, ovE!.rLand flow, interf lo~, 
a:-ound\later- t'ec.harge, and dep-ressi.on Jtorage. These. p~enomena ai-e all com­
ponent~ of the hydro logic cycle. 

Soil erotioo it the ·most import.ant process a£'fecting quality of 
t"'IJ.D.of·f-. Erosion involvt:t cvo tt4pt : d-etacMl.ent of soil particles frocn t·bt: 
land •~face •nd cran,porc .of e!tese pareic.lu by overl and flo11,. Beo~u••· many 
contaminants adsorb to toil. particlu, soil u·o,ioll data a-re very ust.ful in 
e_stimation of. contaminant loach to tur.faee w,1.te..r bodi.es. £££ort·s have bef!:n 
madt! to pudicc toil erosion u 1ccurately u poss i ble. bu.t $Oil part i cle 
detach:nen-t i , dependttnt upon .a nwnbet ~o·f factors.: _particle cohes i. venu:c; 
01:ganic m.accer content of the soil profi l e; rainfall i.nte.n:1 i cy; vege·t.at i 11e 
cover; slope ge--adienq s lope length; .ancl soil 0.1,,1ltl.lral. p-ract ice, (Wi s C-rulleie.t' 
arid Smith, 1978). 

Kany chemical proeeues have an impact on contaminant behavior 
because of the cOcn-plui·ty o-f soil. chem.iscry .and the bt"oad ra-nge of con.um­
inant9 a.ssoaiated with runoff. Some proc:eatset ft·eql.lentl.)' .addret:sed by opera­
tional models include; 

• Adsorption of 
cha-rac·t•tl:c.d 

concdinant to toil. parti:cLe·s 
by a pLrticionina •coefficient). 

• Solu.ijility of c~ntainants and of •~Lt componencs . 

(usually 

• Volatility of organic co:mpoun.cb (may dep1md on meteo-ro-­
-ioai'cal canditions). 

• 8io<leg-radatioo of conta111ina:nts by soil IIU.croorganislfls. 

• 'Soil p.tf (i.nfluence.s c:ontaminant solubi.litiea). 



R'edox potential of soi l -1oluti.on {.influ.ences mobi li cy of 
meta l s ). 

Hence these mo4el, req~ire deta i l ed hyd.rologic, meceoro l ogic4 l . 
and <,;atershed dau, togecber with tbe chemic:a.L a_nd distTibut ional prop-e :-ties 
of the coo,ta.minanu,. Several c:at~log, and handbooks .exi:tt that provide mean.s 
of e'vduating vacershed models as we t l as ocher envir'onme.nt.al modelJ (8.u.ca 
a.nd S-01,1er . 1982; EPA, 198'2b) . 

b. Runoff quantity models: F'ive model.s· ,U't: discu., sed below: 

Rationa l Formula: Toe simple,c of al t hydro logic mod.els .is the 
Rat ional Formula, ftrs t i.nt-rodue-ed nearly 100 years agO. The .sLnplicicy of· 
this method (and othe:rs derived ft'Otta it) limits its a ppli.cacion to situations 
vhe re only a rough oHimace of t"Unoff i.s needed. l t is bes t ,ipplied to 
c.alc--ul ate urban are.a runof£s. The raii:nfall--runof f £ol"'!l)Ulas a re diffic1Jlt to 
apply unless the retu.rn J)edods for rrain.i,1ll ind nm.o ( f are a.sswned co be 
e.qu.al . P«ak runoff racts are predic:t.ed by Correl.icing flow r-.sces ·.wit.h only 
s i mple du inage ba_sin eh.arac:t.eristics,. Su.c.h as area and slop·e. These c or­
r-el.itive ~t:thods are limi ted i n app lie4tioris bec:au.$e they are derived f rom 
localized data and ar-e no,c v4 Lid -'.hen 1!:x:trapol-ated co otliei: basins (Vie,u man 
et d., 1977). 

Sta nford Wa tershed Hodel [V (SJ.-11-lV): SWM~ one of th.e ea r-Lien 
and most c:ompC'ehendve nwneric:al mode la, i.s based on clat.tical m.etho.ds · of 
h.ydrog-raph ,epar,1t ion, i .e • • idencifica.tioo of 1u-rface runoff, int4rflo"f, base 
nou, e.t~., EtOm t·he oburved t i me ser i es of rainfall anq. total runo££. Many 
other GIOdelt use S"11 •• a basis for deter:mining nonu·rban, nonpoi:nt source 
pollution. Calibrated input par• ~•t•rs are available for more tha.n 100 ~•ter­
s heds around the nation. Tne m6de l also consiijers snow melt. 

U.S. Oepa:rtr:ient of Agri culcui:e Hyd:rologica.1 Laboraco'ry Hodel 
USDAB.L-74 : Thi~ mo.del is a pti.ys ically bas ,d, dLstri but:ed tcorm evenc mod.el 
LicorpoE"atin _g many phenoi:ne.r:• k.:nown to influence .runoff and ero• i on. Th• mod_el 
demands speciiication of more in·put para.meters than SWM, but relies l.eu upon 
c.ali.bracion vef'tu.t observed hydrographa. It predictt ra.inh l l f-rom oonurba:n 
l and aro.;a_s. 

Stora J - ??"eatmenc Ove E"fl ow Ho·c!el (STORM) (Corps of Eng., 
1976) and the Storm Watu· &nageme.nc Model SWMM · £PA. 1971) are fairly 
widely used, but simulate pri:n.trily hydrologic processes of v•t•r movement and 
do a.ot uci•te chemic.t-l trans-pof'c direc:tly. 

e, lunoff quality aiodels 

Six 110dels a-re regarded as being partic.-u:tarl y 1Jseful i n pre­
dict ing qua lity of runoff. They !=Over a variety of runoff qual i t y oupects. 
Brief descriptions of thes e n,odel.s are given below a:nd che f r eharat:teristics 
are COffl'pared in Tabl.1 VI-S. Oaithi (198-Sb) a..nd non.igi.an and Dean Cl985 ) ?\ave 
comp•.red so.me of thes• and saver•l ocher vacersh.ed IDOdels ,cc:ording to pro­
cesses simulaced and land use. 
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A3~it.ul turai Ru.noff Man.ageme.nc ·(i\ll,M)' ! The ARM model pred i cts 
t'unoff, sediment, a.:id contil.ffl..inant 1.oading.s at th.e e4ae of a !ltTeam. It pro­
vide, con~ i nt.t0us si.Jlfl.lht ion of c.onta.minan.r l oading ~y iqodelins hydroio&ic 
respon,e ot Watersheds, soit erosion, eontamin,~t •dso eption ,nd r emoval. ~nd 
c~nt.atninaru:; deg"?"-adacion (Donighn and Oavii, 1978; a.n.d EPA, 1982b) . 

Chemical. Migration and -Risk Asseume-nt Me t ·hod-o1ogy ( CMRA.)! 'The 
C!fRA me thodology predicts the occurrence and duration of toxic cont aminant s in 
s tream !IY!lteffl.s. At the same t i me, ic. pt"ed.iC!ts tlle pt"Obabillcy · of ac-uce ·aa.d 
chronic d&11M1ge, to aquat 1.c biota. the methodology co·n·s i -sts. of the followinc 
coarpone..nts: (·a) overland contaminant c:rao..sport modeling; ( b) instream con.taffl• 
inane t t"ansport modeling; (c) stati'sci.cal· .analys.ii of inscream corit-.\mi n.a:nt 
concencrafionst and (d) pr,obabi1:i9ti"C r.is.k .._ue-S·Sl!lenc. (Onishi et a.l , . 
1980a). 

Chemicals. Et,unoff, and trosion. frqm A lcultur.il Mana em.e.nt 
Svstecis (CREA.HS ! ·cREAAS is the U .. S ., Dep&t"tmenc of A~gricultur-e s la t es"t 
vatt:r-thed cnodel for esdm.ating runoff, erosion/ se.dlmen t transport and 
nut·dt.ntlpestic:ide losses from the 5urfa.ce a.nd rOOt ~one of fie l ds. It 
incorporates c•.,o altet"n• ce hydrologic componants. Option l re.prue.nts rnino, 
cnodific.at i ons and c:0t11:pucedzation of the ·scs curve number .approach. Opt i on 2 
is a relati•.1ely soph i sc.ic:ated model eoequ.i ·r-ing high frequency ca.iri fa l L d,1t.:1. 
CREAKS r outines ca.n be ch.ara.cte.r i-z-ed 4s physical l y based, Lumped para.nu.Her 
modds t .hat produce tota.l ·uoc-111 runoff and p.e•k ru:noft C'attf. The input 
para.meter.I ace physic.ally obsefvable • nd may be estilht&d from findings On 
v&tersheds. (ICAisel, 1980). 

Hydrolo:5i0al Simulation P,'l"og:ram - FORTRAN (HSPf"): HSl?t' is .a 
c:ompi-;ehensi.v-e simulation model fo't" pi:edi.cting wacenhecd llyd-rology, vacer 
qu.f.Lity, agTicult-ucal cht.mical a,igrati,on 1 ,nd E"isk. ·assessment . · The 1\mulat ion 
mod.el u.ses such information u ·the tim.e. b.isco r y of t"a.infaU, temp-eracu.re, and 
solar intens i ty .and cha.n.ctet'i sdcs of the land surface such as land use 
paccern--s, soil cbarac titritt'ic.S, and ·•&rieult:ural practices to simulate the 
proceu;ei that occur in a w&teuh.ed. Flo"( rate, sediment load, and nutrie.nt 
and ptu1tici.d.e concentrac.iont are predlic:ted. Th.e model takes these results, 
.adds Lnformat i on about the !It.team chan:nel s· in th.e ~atar.t-hed, .and ,~mul -~es che 
proceues that occur ln th••• stt'UID.S• This part of the. s-i.mutati,on p·roduces a 
time history of Water quantity, quality, and ahetrtiCal c·ran,port a t any poi nt 
in a w1tershe~--t.he inf1ov co .a lak,e, fot" example. The model d.so contains a 
risk a.ss.eum111.nt 11ecb.odology to ev•lua.t:e. lethal and .su·t;lech&l effects using che 
a,edi an lethal conc.encr.ation (LCSO) attd 1W1Simua acceptable toxicaot ·concentTa­
tion (HA.TC) .as the key effects parameters (Bu·nwell., 1981i Donigia.n, 1981; 
not1igian ec al •• 1983; Johanson and Ki.tc1e, f983; and Joh:anson et aL. l984). 

Yonpoinc Sour·ce Pollutant Lo•ding (NPS ) Ho·del: The HPS model 
ii a continuou·.s simulation IIOdet thaic t'epre..se.nts "t..be generation ·of nonpoinc 
p·ollut.tnts fro• the land aur:face .. The model continuously siinulates b.ydrologic 
proce•••• (surfac:e .,ad su6suriac•>• snow accumulation and melt, Sediment 
generat ion, pollutant acc:waula tio.o, a,nd pollutant transport fot' any selected 
period of inpt,t naeteoi-ologlc d•t•• The Nt>S mod.el e,tim.tiu che total trans­
port 'of pollutants from the land su'C'face to a \latetcour-se. lt doe..s not 
ti.mu.lat• i.n•st~ proc:••••• Cb.at o.ccur after the pollucan·ts are in t.he 
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st.r-eam. The !llOde.l uses mathematical iq_u~t ions that repc-esenc. the physica l 
processes i epoc--t,1nt to nonpoint. .s~.urce pollution. The NPS aiodel should be 
cal i br.ac.ed whenever it i s applied t o a new watershed. However, most N'PS mode l 
parameter's are 1peci£.ic by physica i ~ate·rshed. chara<!teriscic$ · ana do not 
require ulib·rac i.on (Donigi,\n anq Crawfo ed. 1916) . 

Unified- Te·anspOrt Hodel (-UTM): ·The UTN simulate:! the t ·ran s pOt"t 
of cox.ic t ~1.ce met,ai..s tb,rough an ec99:yste111 .consis·ciog. of tht' a ·t«iospher:1 , land. 
su,:face.., vege tat i on, soi l l ayer-s.., gr;ou.ndwate"r-, and strea.tlll (f'tunro et al . , 
1.976). I t ope.races, vich a time !ltep of l h·c-- vhen ra i n i s a.b.t:ent and l S mi n 
whe.n ( t rains . The. U1l1 i, actually a . gr'oup of l'IIQdet s that ~y be configuredt 
the. output of on• serv i ng a.s input co the next , xo yie l d 8 multimedia mo-de L 
Oif"fei:-erit conf'iguratiQn,s of t.h,e U'IM hl,ve be~n appli.e-d t o. watersheds ranging in 
size froia al>out 2,000 s·q km t o the order of 10,000 .sq km . [nput da ta incl ude 
vales for hi.noricaJ. hourly pr-ecipitation, dai l y average w-ind sp~ed. 1N.Ximum 
a.nd minitl'lum cempe:-.at.ure, 4e.w po.int• and \nte.grated tot al r ad iat io.n. Values 
characte~izing the ~atershed topograpny, 5oil characcar isct cs, and vegetat i ve 
cove-r also a.re. inputs. A vers ·i On applicable to organic chem..icals ( Ont-'E'OX) 
bu been mentioned ( Hedden, l982, l984) . 

D. Air Hodel.s 

Ai°r qua.lity. model.s may be (!ivided into t vo broad categor i es: 
(a) 1ta ti1tlcal 1;odel·•• and {'b) d'itp•rsion <o·r: sL~l.a tion ) m0-deh. Statis­
tieal mode'lt requir.e e•xten-s ive actu.al a tj:'l'IOSphec- i c monitor i ng d.at& (including 
1Lr qo11L;y 1n4 4111il t4 l!!t ;coroloai~• L 11101aorc111cn;1) for ~~t apc~i,fi~ ,i~t, 
T.r-.nsfe:r of t.he -ee.sulcs from these. model s from l-oca,t ion t o location (without 
re-eacun&t~on of -pa-:rameters) is. di-fficultt. Hence, s ta·t i stiaal models are of 
q.u.ite limited val4e as potential components of a generic c.ompa:rative risk 
a.ssessment methodology Joel are not descr·i bed further £n this report. Re-<!ent 
revie-\ls of mathemat ical model.s -for ai.r :pollutants s.re availab le (EPA, 1918, 
1981; Ce't'aghty and Ricci, 1·985; )Cha.lie and Rasmus-s:e:n, 1985 ). 

Olspersion models atta.tnpc to simuLat~ the pbysic~l processes of the 
tt'anspor t and dilution of ai ·rborne. pollutants.• .these models· are more 
a ep li.ci1.ble than statistical rood~ts in the pr-esent stud.y for t_.o reasons; 
(a.) they provide a de-gree o f timi larity i n die u..se o·f the models be t"\le.en 
:Sit.es, and (b) the1 d'o not requ.j.re a~t.u•l hi.scorieal a1.onitoring dat f for i:he 
specific ,ice. The principal requ.ire.1111e.ot1 ar• souTce e11iuion r-atu and 
ineteorolo1ical input con,isting of vind spe,t;d, ·wind direct i on , and atmospheric 
st.ability. 'The mode.l then p·ce!!ictt t ime-averase;d concentrations at speciflc 
lo~acion1 for these emission races. The se prediction, • re based on Nthemac­
ical rel•tiooshi.ps us i-ng empirical data corres pondi ng to the pa r'ticu.la r 
meteorologic.al condition. This c-yi,e of model d't>e.s not 1tte111pc ta descri be 
instantan.eous condition, but rather ticus-«ve-raaed conditions. Because the.y 
are dev~lop•d in te(~s of fundarqencal pny~icaL princi ples of general •pplica­
bilicy, simul•t i o:n llloct.e.is have · the important p~opttty of being transferable 

* ta~r e:c. al . (1980) describe met.hods f or predictina vapor C®vemenc tb'l"O\.lgh 
tail,. 
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frol'II one location to anothe_r ( £PA, 1918) . Oi spe·rsion mod~ls typleally do not 
require mo·nitored air quali ty data except co fix init ial or boundat")' coodi­
d on..,. ,1.cd ·for pue-,oses of mode l calibration and verific.ac.ion. 

A La:-ge number of ai·l" models ha •;e been dev~l'oped . Models corts i deeed 
here for the ex.posure assessment mechodology wert ot CWQ kin·ds: those 
•pproved by £Pi\ and incb:ded in the U-ser's Ntcvork fo.r Applied Hode lin·g o-f Air 
Po llution, or UNA.KAP series (£PA. 19.81); •nd the ~TM developed by Oak Ridge 
Nati.anal Laboratory. vhi.ch i.1 considered • "relerence" mode.l in t-he OAQP"S 
Guide.lines Seri,e, (EPA. 1918). The Ant has several feacure.$ that make it 
pount i.ally useful £or diipersi9n lllO-d-eting of toxic polhata.nc,. The eurre.nc 
U'NAMA.P p~ck.age (UNA.HAP-4) contains 21 models; they vere developed for ,~ecif ic 
,pellc.ations. but have many features in common. All the. cno-deh ean be classi­
fied as study-,u,-c,e. and s~-e.qapirical, and are based on Cau·ssian pl ume con­
cepts vb ich iuume th-at the plume di sperH:s in the h.o--riiont•l 6nd ve·rt.ical 
directions fol.loving a Gau,s ia:n conce.nt-ration d..iscr-ibucion. The differences 
between ~dets aris e pri.aun··il-y fi:-om vaTiation, i.n the. tr-eacmenc- o-f: (a) plume 
rise, (b) potlut.snc h'.alf-life., (c) diffua ion ltmi cac ions due co m.1x1:..0g 
h«ig-h.c.t, (d) source configurat ions , and (1) th• di speu i on coefficients used 
to c h-ar-acted:e plume grovth. 

Ai-r dispei:-sion fflOdeh can be c l a.s,ed in three broad cat «.gori·es: 
(a) scT"eening modelsi (b) refined moi:1els; •nd {c) specialized tn0-del.s . For­
most current rt!:gubtor--y pt·obl ems 1 sc,reeniag mode.ls are use.cl. i n ,ingte a naly-~e, 
to determine maximum air quality i.m.--pacts. the calculations are based on 
asswsp·t ioat thac tend to overe.sti:mate actual concentrations. Sct"eening models 
also mar b• applied to lacg:e em.is.sion inventot'i et as an aid co determi ntng­
.suica..ble leveh of •&aregation as ve.1.1 a...s to exclude insign·ificant sov.t"-ce, 
prior to mo·re refined an.alysis . the refi.ned models u·e typically empl?yed co 
determine a_i r qua lit'y impact·s in more co.mple:it s l tua.t.i,on.:s. Ref i ned 1t1odt:l1 are 
necesSa~ ~hen the interac t ion of ~any tourees must ba anal y~ed. The 
specialized models c atego t"y includes t.hose t'h~t are •pprov·ed by EPA for .ap-pli­
c•tion only on a c aJe-brc~se basis. 

De,criptions of 16 s elected air roodell are given belov, organized 
according co these three c.~cegoriet. These detcript i ons highlight some of the 
fu.turel .and capabilities chat dif.hrenc i.at.e the variou-s models of the UNAMA.P 
series. Host of the UllMtA.P 111ode.L1 h,a1,1e .a published uaer't guide chat provides 
a ee-lative ly complete technlc.1 de.script·ion. In a.dd.ition., 1110ee detailed i,node-l. 
abscu.ct ~ c4n be. found in the EPA Environmental Model(ng Caca loaue (E~A, 
1982b). :rwelve of these l'IIOdt:ls vere seh.cced for t ,ysteffl&tic a.nalysi• of their 
caP'bilities , as show in Table VI-6·. PoHoving the modal description,, 
cric.eria for IDOdel aeLectioo and. th.e accunc-Y and limit.at.ions of mo-dels a.re 
discussed. 

1. Scrte..aing ciodels 

Point Source Hod•l (PTOIS) : 
u5e.d to de.fine the Laople't.k\-s {1·.e., 
from a sii\gl• po i"ot sou:rce. 

P'fOIS it a ~i1toricsl model thac may be 
eq_u.al , .re•s) of cons-tant concentration 
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Po~nt Source Model {PTMAX): ·p~ i1 a hiHoric.• l mod.el that has 
been superc:eded by PiPL·u (sea the fOllo-w-in;). 

Point. Source Causshn Plume Model (eTetU) : The PTPLU- model is an 
i mproved version of ?TM.AX. Appl ied to a single. p-Oi:1t source. it ii. u'seful ,U 
a ,scr-eeni ng model for quickly estimating maxinN.11 1-hr ground-Level c:oncentca­
dons and the di stance to a1aximwn cone:e.nt-rations iOc varying c-ombin.ations of 
wind speed and stability class. 

Point Source: Model C'PTMTP): PTMTP is a historical ~odel that ha.s 
been tuperctd·ed. by PAL o·r by uu .. ng kP'T'ER or ISCST wt~h ~$er selected m-eteor­
ology. 

Point, Area, tioe Source Algorithm ,(?;;,:t): The P~ model is an 
enhanced ve rs ion of PntTP chat may be used to e-scL11.11:c.e shot"t-tero cOneen­
tt'&tiont (l to 2'4 hr) fro111 poin·t sou·rce,. area sources, t:..,.o typiu of l ine 
sout'"c:es. and cw:o cyp-es o.£ c:u:rved path ~ourc;es. The algorithm i s not inttndeii 
for app-licadon t·o .ent i re urb•it a..reas. Ic is suitable for small-scale 
,n.aly-sis of the l mpa.ct of a single Lndustirial fac ili ty OT foe ev•l.u.ation of 
fug~tive dus t soucces. 

Texa.s Episodic Model, Versiol\ 8 ('tEM-a'): TfM-8 ~•s dev~loped as an 
alternative to t.he P'OtTP- and PAL ttode.ll. I t m.aY be us·ed to estimate g_round­
l evet· short-c:em (lO mi·n co 2.lt hr) concentrations -fro.m point and area ·source, 
in fl.a.t or gently Tolling ~en:ain, TEM-8' dif'h:.rs fr9111 other models · in the 
UMAMAP serie..s in lcs abiltcy to ac·c<iu.nt for v&riability in the horitontal 
disj>'ersion coefficieot1 a t .a fuaction of aver11ing time and -:stab ility. As an 
•dditional capability, it can yield more reaiistic treat.JINtntt of plume 
restriction beneath an tlevaced inver-sion. 

Te:xas Cli(natolc ical Ho'del "./et";;ion 2 {tcx-2)! TCK-2 May be used co 
esdmate l<mg-cer11 se-4SQD•l Qr anpual) ground..-level oone4ntracion$ in urban 
or rurilt ai-e&s {TACB, 1980) . 

C,1,u.5sian Pl.ume Dispersion Al3or'icM (VALL~Y): VALLEY is designed to 
estirute e.ic.h.er 24-br or annual conc:e:n.t-r-adon, in complex te-rrain. VALt&Y and 
tvo ot:her model s (COHPL£'.X I and COMPLEX II t- vt\ich •.re v-.riation.s of the basic: 
VALL.&'Y algorit.hm) are. t.he only IJllAKA.P cood'els r:hac- wilt estimate- concentrations 
at re.cep·tors located a.be)ve the il:ack. h.ei.ght. The COHP1.£X !l)Octia:l 11, ho~tver, 4re 
still under evaluat.ioo .an~ have not be;en r~coome.nd.ed for use b.J' EPA. VALL~• s 
treacment of plume impaction. in complN ttt't'ain ha . .s be.en critic.i&e.d. Kowever, 
it continues t o be an £PA-approved option for .screening air quali ~y i mpacts in 
c:ompl.ex terr-a~n . tt should be aott:d th.at YAU.SY' doe.s not con.sider the lee 
si.de effect.s created by signifi,c:ant terrain features, nor does i t consider the 
po·centh.l impacts created by te.rr-atn-induced do"'1lwash.. In genera;!, the 
inherent di'fficult.ies .unociar:t-d vitl\ mddeling pollutant dls_pttsion i.n complex 
te:ri-ain lirait t.be applie·abil. icy of the VALLEY 111od•l. 

2. Refined IIICldels 

Single Source Kode'l (CR.stEJl.): This point.-s9urce model i, designed 
to estimate ground-le.Vel cooeentration1 due to emL.l1i:Ons from up co 19 co­
located, elevated stacka on an hou:r-by-bo~r basis for an ent ire year. ctlST&R 
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MY be applie.d in rural a~d u:tb4n s~tdr1g..s, and wilt con.1idec- uneven terra i n 
,u long as :Cl-Ceptor ele v-ati ons · ,1.c-e not located ,1bove the 1.owest s t4c;k height. 
In addition to provi ding estimates of max i mum hourly concent?"$t ion for- each 
day and 24-hi- avetages, CRSTtR prQduces swm14.c-y t i!bl.e.s which include annual 
~a.n concentrations, and highest and ,econd higbe.st 1-, )-, an:d '24-h.r con­
cen~rationi. 

Ca.1,nsian a.l it A:l ot'lchm (RAH): Thh 
cnodel i, used primarilY. t o e s tiNt e , o r c--cerm l t o 2'- hr c oncencc-ac i ons 
fro11 point and a·rea sourees i.n urban area,.. I t may be a pplied in four- vays: 
urban short term., rural short term, u-cban full ye.,u_, and ru ra l fu ll year. In 
all ffl0d1• 1 hout'ly avtn·age• an the basi c: unit for c:a. l cu-L,1clng conce.n.tra­
tionJ. The urba.n 11ode uses Mc:Eh·oy/ ?ool.er dispers i on coefficients, while 
rural ,1pplicacions vilL ac·ces.s t he Puq,:d,ll-Ciffot'd di spersion c-o~fficients . 
Operating i n che fUU-yea.r 1DOde, it: i ; potsibl.e. to co1:1pute c;umul at i •1e fr.-e-­
quency dist-tibutions ba_.ed on ·24-hr •v~rages f or up .to l year of data at a 
1 i nahed nu.ptber ot tecapcoc-s. There al"e no provision.s i n che RAH mode! to 
accoun·t fo r' eh.vation d i fferences becveen source5 4n.d ~:eceptors. 

Multiple POi.nt Caus-s ian Oisper:sion Algorithm f H.PTER): H.PTE.R i s a 
multiple ,point Sour.-ce model tliat may be used to est imate hourl y 1;,oticentrations 
or .averages over the timt: pe:r_iod covt:r ~d by. t h6 input data. HPTER t s very 
s i milar tO th• ni·ral v•~s i on of RAK,. Ho"•v.et. un.ltke UM. MPTER l 1 capable of 
a.djusting for s( i ght terrain 11•C'\1,t i on1 by considering di.!fet'ences between 
s.ource and recept,or gl"ound-l e.vel ele-y&tions. Recept~r 8t"O"'nd- l evel el.eva­
t ion, cannot exc-eed tht: height of the 1011011: acack oc- be lt.H than the t ovest 
s~c~ base el evation. 

Cli1114to l 05 i cal Oisper-s i OQ Hode ls ( COK and CDH(QC)) : These model. s 
may be use.cl to estimate long-tef'm (utLl-'1Lly sea.sonaL and annual ) conce.ntrations 
from point .and 4r.-e,1 sources withi n an urb4n a·rea.. Two pol lucanc s can be 
cnode led s imul-;aneousl.y , vi.th the opt i on of u.ser-,pecifi.ed half-life va l ues for 
sii:nulati"ng plume depl etion. CDH(Qt;) is- .applic:.abie in areas of Eht c i- 3ent-ly 
roll i ng terrain.. It a lso has. a calibration pack.age and the capability to 
p_r.oduce. indivi dual !1¢U?'CI!. c.ontr.ibution lists, in a,ddi.t ~on t o the a-apabilitie~ 
of CDM. 

Induttrial Source Coriiplex (IsC·): The most He.xible of the UNAMAP 
series mode"ls. tSC c..n be u••d in eit.he::r s·hort.-tem (ISCST,) or l ong-te..rm 
(ISct.T) ver,ion..s fot' botti \lrb.tn and rural applications. It is appli,cable to 
point, are•, 4.nd vol WN .sourc.et; th.e latt•.t ~y be uaed to s i analate Une 
-source type_ industrial proce.st fugitive:1 . A user's gu.ide for the !SC is 
av•ilable (Bowe'(t e~ al., 197.9) .. 

Some of Isc•11 potentia:"L1y use.f·ul feature, are: (a) a procedure to 
silllllhte build.ins wakes and stack tip dovnw-~~~h eff~cts; (b) plume ris.e due to 
IDOCN.ntum and buoyeney as • ftJ.nction of d'Ownvi• nd distaace_; (c) time.- dependent 
ex-pon•.ocial decay of the poLluta~t•; a.n.d {d) the capab1lity to silllulate gravi­
tational •ettllng a.ad dry depositioo. ?SC i s the onl y 11od.el in the UNA.KAP 
terie.s that incorporates the lat.tee fe.ature. ISCL"!I i.s 1.1.sed. .a·s a component in 
QA's Inhalation Exposure Modeling (lDI) sys~em co link concentra~ion modeling 
<:apabiliciea with co·m.11ute.ri1ed mete.orolo1ic.al and p0pult tion d•ta base_. (EPA, 
1983a). 



Atmospheric Tra.ns.p·ort Mode-1. 1:Anf,) : Th.i-5 mode.l ts designed primati ly 
co provide long-c-eri:i (e.g., annua.L avetage) e:ni..m,ces oi concentl"&cions and 
deposiciqn of poUuta.nt:s rdea_sed from. a poinc or d'ifl'us,e gou.rce. (It can be 
used c·o caletJtate h:ourty enl maces.) ·AIM has anal)'tical cspabilitie.s to eon­
sider vashout and tut'bu.le.nt deposition. It _does not have som~ of the f-e.atures 
of the mot'e refined UNAHA.P model$, inc LUd ing: (a) stack t ip dOwnwa,h., 
(b) building vake: effec:t.s, 4.nd ( c-) ct-train a.d_j-uscments. aepc-esentation of 
area and Line sources is not &s sophi.st-icact:d a s in many other UNANAP models. 
Al'MTOX (Atmospheric Transpor::: Model for Toxic Substances). a. gaussian pl ume 
model applicable c::o Kesotcale. ('O. l-.50 kni} studies, is· used a..s the air com­
ponent 'in the Unified Tr:anspot't M.odel-tox.ic.s (UTM-toX) developed by OaK 8.idge 
Nation.al La.boretor-y for the E·PA ( He-dden', 1984). It ca.t\ be· u..sed to es ti.mate 
annual averag,e 1,tmos.p'hedc conee.nt eat ions ..and depos i t ion values re.-ul c i :'1-3 £ rom 
gaseous Or particulat e r e.lea.ses. 'the progn.m is in FOa'l'llAH and i.s av1,il1ble. 
on ma:gnecic c-ape from: the Kationa.1 Techni•c:al Inf-ormation Service (Kaufman 4nd 
Kineoon. l98Sa). th.e ATM ts accessible also a.s a module in t.he ·EPA's multi­
media Craphic.al Exp•o'au:re H'.od.eling Sy-seem (CEMS), a.nd Can be c611i.bined. vlth 
population data to calculate nw:nbeni of pet'sons exposed at va,rious 
conc-.entu,dons. 

J. Se,cialited models 

COMPLEX I and II: COHPLE:X I and Il are ve.ry s imilar co the MPTER 
model except th&-t c~ey allo~ fo:r co:n1id.erac ion of t e't':rain h.Lgher ch.an the 
louest stack height. Five option• •~• avst.l able co addr11a the i nterac-tion of 
a plume vith teffain. the !,'.:Otnple.x icen·ain group of the E-PA Qffi:c;e o'f A~r­
Quality Pi•nnins &nd Standard• (OAQ~S) at RTr suagutecl Che· a l sodthm £or ti\e 
COHPt!X mode.ls. '014 onl'y cliffereb.ce between COM.Pt.EX I and lI i ·s in e..stim.ac:ing 
llorizoncal di,per,ion coefficients. 

BLP: This model c.an estimate tbe plume t'is.e and ground-level con­
centc-ad.oa;-;esulti.ng fr-Oil e..mission.1 h:0'1> buildings by "'sing ,o·of mon.i toring 
clata. [t was developi;d s pecifically for the gt.lss, alur.iir11J.ffl, and gra.phite 
elect.rode ind,u.strie.-s, and its d.evelop.eot. va·s fundad by the Aluminum As.~oci­
ation. 

l!OXM0080: 'thi.s a;tmospberic area sou.-rc.e n)Odel est i mates concentra-
tions ..-icb.in an a.re.a containing ai.a.tay diE'f:-u'.tt emiuion 10\J.«et {e.g. , mult i p l e 
,ources, urban ue&J). It also r«lcri.eve.s 1980 P.Opul.ac lon d•t• to calculate 
exposuTe . BOXHOD it accessible as a •odule to EPA'• ¢EMS network. 

4. Critet:ia for model ••ltccion:· In selecting • model(s) for a. 
parcic-ular a-ppliea.tion, five g.enu·aL aspeCt·s of t'1e Problb ,houid W con­
sidered. Th••• ,-ce·: (.a) pol.Lut,nt. eb;ar4ctet'lstic..s., (b) sou-:rce t y-pe(s), (c). 
geoat'aphica..l or land-uae ch&racteri5tics, (d) c!ata reqUiterce.nt,. •nd (e) 
averaging period. 

Potlut.ant Chu1ctH'h,tics! Disp-ersioil modeling of toxic air pol-
lutants should conn·de:r- nWDH"ous depletion ptoc:.esses ( i.ncludiog vet and dry 
deposition and gTavi.ta~io~l settling) ~ha.c can v_ary with polluu.nt cha-rac­
teristics.. tirifort·un.ately, the physic• o.f de-p:o,ition proc1i1u it incompletely 
wideNtood (EPA, 1981) . The curren£ IJHAHAP models (designed pdNrily to 
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estimate concentrations ~or r"eLa,J:ivel.y 'lta_ble cd.teria pollutarits suc.h a..s 
suspended p.at'ticuhtes'} 3C"e cll?a.ble of only a taldy simplistic -r¢phsentacion 
of thes~ proces-ses, (ol\th the m9re refined models ,epre.sO..nting plume depletion 
as a fUQccion of a haLf-1.ife te~ and travel dme. do'-"1wind. The Ant model 
di ffet"s frcci. the mote c-efined UNA.MA'.P models l n that i.t h..u the .11nalyticaL 
capabi Li ty to c9nsid~r wet deP,Os i don. tuC'b1,1ltnt depos i don, and pa rt Le le 
·,e,uspension. In mo,c ci,i es the lack of d:tca a-'-!a.i1a_ble to 1pecify depotition 
terms lim~ts the usefulness 9f. these f-eatures. 

Source typeC.s): Source type and .source-r:eaeptor cdnfig1,1r·ations are 
prob&:bly the mott flt11:fbly tepr•••nted aspect •Of t he ISNAMAP .u:-r'ie:s. Hod.els 
are avaihble to cCntidt:r: (a) a tingle or Limited n~b•r of point ,o .. rrces, 
(b) multiple pqiqt , .ources, (c) multiple. point ..and acu sources, .a..nd (d) mote. 
specialized represe.ntrac.iont_ inc1uding line and volume squ.1,c.es. tn genera l , 
w-hen che· ·dimens.i-ons of a , c&t icnai-y ·sourcie a.re scna..ll compared to the d t sta.nce 
4t which concet1tt:'&tions ,n, to be esdm,u:ed, the sou.rce NY be trea.ted. as • 
geo¥tric point. Hai.ardous ~aste cr~accne.nt/ cl'Lspo:sal f .ac,i.l i ties subject to 
RCRA will generally fit thit criteria, although. a land surface dis.pou.L 
activity or a ·,~ry l•rge landfi l l oighc req\lire trutment u area soucc:e.s . 
(!n practice, multiple close sources tt'ta t emlc s111all .tl'!lounts of criteria 
pollutants are often aggres.a.ted .a.n·d tre.ited a.s unifo·r:mly e,wi.tt lng area t-0-\.lrces 
since their number and high.Ly variable e:miu:lon r:ttes prec·t ude tre.a.cm.ent as 
individua l SOuC'c~s.) 

Ceographic: and Land-Use Ch-ara.c:cer-i.stkt: S@vf;t'al geogra-phical and 
l and-u.se cha-rac:tei:istics 1-houJ.d be considered in se(ecting a model from the . 
UlfAIIA1' nr{u (.trA, 198~). A prh111ry ,,ond'11ra,1on i ,1 1ih1,hor th• area. of 
interest i.s predominantly urban or r-1,n•al. S0Jne of the mode.ls are. appliQ.able. 
Ol'lly to naral are•s, othe.r, are appropri,,.ce onLy f.oJ' urban are.as .. . Som8 o f the 
more. re.fined n,odels are both urban and cutal (options vith tht: pr imacy di£ ... 
fere.nces in the tllo modes being Ca) the choice of. di•~r sion. coe fficients usE!d 
to cha.t'acterlze the plume b~vi.or, and {b) tho tre.ac·:nent of meteorological 
p;arameter-s su.c:h as atmo-spb.erie '9ta.biltty and l'J:lizi.ng he-ighcs). Another· key 
g-eographical c.onsiderat~oo i·nv.olve.s stt.tdy a-ru t .erraln. Many current di-sl)er·­
siOn models are b,~ed: on empirical data th.at ~r• collected in flat, open 
tei--r.a-in, and are thus trioat applicable to these conditions. 'Sevet'a.l of the 
mod~h do actcttlpt to ac.count. for the eUe,ccs of uneven terrai n by. con.1ided.ng 
difterinces bec.~een 1ou.ic• a.rid ce.ce,ptor ground-Level. ,ele:vat i.o·rts. 'Tht. VAL.LEY 
model ha~ ~en des ign•ted •• .-ppli·cable £.or scr.eenina u,1ly1e, ln compiex 
terrain, althouah its creAc-ment of plwN. i mpactiqn in com~lex terrain h•• be~n 
\lidely criticiz.ed, ,nd t:hus it-1 applicabill ty mu.st be eonsidt?"red limicecl. A 
mor-t mic:ros.c,1,le l.e.n.d-v.se ~Qn.Ji-deration th-.t ma.y be important .i.n selecting & 

model is c.he pre.sep.ce of building-, OC" ot.h.er obstacle..s adjat;ent to the 
source. The more refined UllAMAP mod't:1• h&ve limited. capability to ere.at tlie 
wake effece, created by s~ch features. 

Oaca Requirements: All 110del1 require information on the source, to 
b.e mod,1ed ud the meteo-rolorical con.ditions to be examined (Holiworth, 1972). 
F-or a.r•• sources, the models require • description of the •size of the area. and 
the •iuioo rac..e. l-n many applic.ac.iont, tO).n'ce d.a.t.a c~n be- obtained a.t: 
emiuion factOl't fr.~• tb.e 11Co• _pil•tion ,of Ai-l" Pollutant Emission F.•ctor.s" (AP-
42 IS revised) (EPA, f983b). For point source• (e.g., an incinerator st·ack.) 1 
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the models require. the emissio'n rate o f one or mor e· polLutant·s, t.he height of 
release , the diameter of the stack, che , x i t velocity of che. g.ases, and tht 
temperacu.r·e of the gases ,u the y at'e r eleased. in some ipp lic3c'ions, a flOv 
rau: ma.y be r equicad lnstea~ of ·stack diamei;e r and ve.loclty; multiple point 
model , require- a l.dcat ion for each s.ource. I£ iiownwaSh is considered, the 
dimensions o'f an as.sociate.d ·building w-ill be required. 

Ha.n_y ro1.1tine a pplic:aciol'ur u:se. data f.ront n.earby locations, such as 
aicpot'tl, Nat ional W•ou:he-r Servi<.e st a tion,, and milita ry i.nst.a ltac i.ons co 
re.pruenc the .at=osp"heric c:onditions for the. ,U'ea a'f in-tet"eei:t. Thi! pr imary 
source f6r surf ace and u~per .air meteoc-ol og i ·cal dae-e i s the. Naciond Clim.etie 
Center (A.Jhe.vil le. , North Carolin, ). Long-term model s use a c limatologi c a l 
s wmnary of acmos ph.e r ic cond,'itiOn..s, commonly referred to a.:5 a "STAR" deck. the 
S1'AB., de.ck swrmatizes met eorological conditions: in terms of j oint frequency 
distributions of ~ind. speed, su.bil~ty· class. and wind dice.c tlon . !his infor ­
mation has be.en developed for many' locat ions in th.e tJni t ed State.s and is a lso 
a-va.ilable from the Na·tional Climatic C'.enter~ 

Averagi ng Pe.ri·od: Averaging periOd probably will be one of the 
maJor crit eria used 4' rood~l select i on. 'The. basic Cau~sia.o equa tion calcu­
lates a short-term concentration representative of a bout 10 min to 1 ht". 
Hourly data are the bas:ib ca t-cul&tion i n-put for sbo·-rc-·cerm ·modt:l,. The con­
cient rat ion ut imate s are ofte.n a vera.g,ed for l-, 8-, and 2.4_.hf' periods. Cen­
eraUy, it ia alito pouible co u11 a h il l QIOOth, ·se.a.son. or yfiar Of hourly 
valu.e.s to p-ro.duc• long-cen1 e•tico.ces. At. an tne.xpensive a..lte.rn4tive, some of 
the IIOdels UH an inte&1'&ttd "form oI the basic Cau.ssian equ-ation and a. 
-at•ti•tie~l •~ey of tbt Mtaoroto11ie•l d•t-a (STAil ta_bul aci·ons) °for ,._p id 
c•lc:-ul.acion of annu.a1 .aver•ges. The,:e. mode.ls a:re. re·ferred to a., "1.ong:-t•rm" 
or ttclimato loaica l" model s and a-re li:ypica.Uy use.d co c:a l'C\U a te l-, J-month, Or 
annual ave~age, . 

$. Aceur1cv 4nd limit·a tio-ns o·f air mode ls: Th-tee maj or fictors 
influence the accurac y Qf ai?' qu.lit.y simu lat ion mode1.s aecoc-ding co t:he 
AJN.rica.n H.eteo'C'ological Society (AMS, 1978, 1981). these are: ( a ) t he capa­
bilit y of the aLgocichm-t to t'eproduce the important physi c.al a!'d chemical 
procetses; (b) the: qu,ali tf o·f t.he en,ission data.; and (c) the qu•Li t y o r apP-ro­
ptiat.toe:1 1 0£ the meteorological data:. 'Tlie 0-Ve-rall a.ccurac·y of the Gaussian 
di.1per1ion model will be dependent upon ch• ·sped.fie -appl icat i on. The 
Cau.sshn model will perform be.st 'under the condie-ions u.se..d co fonn tb.e ba.-S i:t 
f.or ·the current model•s . •fbue. coadhion1 i.acl'ude_: <•> low-level , continuOu.$• 
nonbuoyant emia.aiona, in tillp,le t errai•n; (b) nea.r neutr-al stability , stea.dy 
and relaicively homogeneous, .and vind fie lclt and ( c } toe.al, short-term, concen- ­
t r-acion, of inert po\lutaatt . 

Under c.bete telaci vely simple conditions, "factor of- two" a-greement 
betW'H:n predict ed a nd obt e.rved concentt'ation.s is probably re.alis~ic . 'This 
e.sti-ce of accuracy a.s1uma, th.at tbe controlling 11e0.eo·ro l ogical para.meters 
a re me&aure!d on-si t e, an ,Ut\J.lllpti:on tl:La t id many practical a ppl'ie.acton:S h; not 
v&lid, At prueoc, routine dispenio~ mode.ling applic&t i·ont olte.n re.1-y on 
g-round-level ob,a-rvat iont taken hourly at HWS air-port s ite-t. ·The,:e ·obse·rva­
ti,oa.s •r• int.nded pri marily fO'C' &viat:ion ne.edt, a.tut a.re n.ot part.icu.l•dy "'8.l l 
1uited to ditpersion problems. 
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Meteorological dar:.a requirements a.re .subst#lltial for d\ffusion 
model ing it"OtD point souroes (ANS, i980). ~f.ith a, complete. range of meteoro­
l og ica l a1e.asurt.mtota and. CiOrrespond.lngly ac:.cura_te emi{isi ons dat:a, true con­
centra tion:, (or tb.e .si..m.pla d..i.!peraio.n case can probably b-e ,utimated to wi thi n 
t:40%. (AMS, 1978). ,Comptiea ting feature~ i n the .specific. .applica tion .c•an s1,,1b­
scanti.a.lly l ncre are th• uncertainties i n ch• r:esults. Such fea.cur-~s lndud.e: 

z. 8u4y anc fluid flows and acciden.cal eel.eases of huvy tox..ic 
a,ues. 

). Flows ove.r suefaces ma.rk~dl,.y dif£e.,eni; fr-om tbotre represented 
in th.e ba.sic expe~•ime·ncs, e.g., fore..s.cs, cities, W{lt:er-, r·ougb 
t errain. 

4. Oi.tperaion i n escremely ttabt• and unstab le condition•• 

5. Di tp~·nion at . g:reat down"ind distance~ ( > lO to 20 km). 

stgnifican~ improveme.nt.s i ri dLsper-·s i on mod!tl i ng 1.,1ill requl rc moC"".e d i nct 
observationa l knowledge of disp~rsion under th.eu: condit i,on.s. Model user, 
shou.ld be. awat'e that the c.ap.abilitie t o! the current t.rNAH.AP HC'iet to repre­
sent these features fi.re based 9n a feli{ sp.ecia~ c.a.a-• :ttudie.t. 

eerhaps c-he matt di.f·ficl.'Lt s.i tuad .on to ato:del vi.ch. a.ny . aecuracy 
"°"Ld tnv0Lv1 • Lor.level (ccidentd re!uu o{ poL l•~•ntt, ~en, •nc1r­
cainties in th• 1ource --eaiH·sion t'• tes probablY, would be the ,dominant factor 
detenaining accur,ac._y of the concentration e-sti.mate-s, It\ th it caset th.e ti.RHt 
and s pace distr ibution of c:oncentrat.ions would be a.s i mporta.nl; as ovei-:all 
ooncentr-ation t e11eh, Ord.er o-f niagnitl.lde estimates of concentration wit.hin 
the area c:ove,;ed by the e£ftu«nt may rep-re~ent rea13onable Liinits of accuracy 
for the hyl)otheticaUy "perf.itc" IDOdet. 

ill of the pttced.ing exunple• refer to short-t ~rm concentration 
estimates f.or- point sou.r-c'e-s. No ct-t i mace:s of accuracy a·re available for cases 
wh.ere cb.e basic point sou.rce n,odel. l s extended (with mo.dific;ations). to th.e 
prediction of dis,pers ion from large ar-u s.9urces . or for- long-term aver-•ge 
di-sp•rs-ion. Mo-r-e- confidence 1•nerally cu be Placed., however, in long-term 
pr•.dicted concentnt,i-0ns than in ,ru>rt-tena predict.i,9n.s of worst cas e impacts 
(EPA, 1-980). Kh.alil and R&S!D',\9atn (1985) have --r-e:vi~d mDd.eling of chemical 
trantport and 11.a•• balances ia the atmotphere. 

e. Ecological Kod•ls 

Ecolqgical eodet1 fo~ the transpo~t , disp,ersion, accunnalatLon 1 

degrad4ti.on, e tc .• , of ch.elllicals in en:vi'C'onmenc.at bioma11 are at a rudimentary 
stage of develop11ent cotn:p&~ed to t:•he single media physicocheaica1 11odels 
discussed in prec.ediog aections. ·At.tem.p-c:s to dev«lop 110deh for co11p1i,cated 
biocic systesia at·• a relatively reeent end"uvor (Travis, 1985), but 
~i ta.hard• s uteoti ve Nview of microcosm and model eco1y-1tem studies c: i cad 
ov•r 200 references (Pritc:har-d, 1982). 
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Ecologicet mode ls can b-e· c-La,s ifi. ed l n t ~o c'a.cegor:ie$ according to 
the kind of' si~i.i.lad.on uted (XAS•INRC, 1975 ): 

L.tboratory and Held mtcroco.1m mo·de l s - These a·r"o empiric.ally bas.ed 
models devel oped by obser vations on s:y,scems o f ~ sm.tll nutnbel" 9f specie., of 4 
small area undel" reasonab l y cont rol l ed ,ph)'s-ical, chemi ·cal, and b iological 
condi tions (4!: .. g., bench-to-p. systems, small ponds, and test p l ots). 

Theor-ecical - Thes..e 1i1odets u·sualty a-ra computer- ; imulations _of ~he. 
cima-dapendanc beh4.vior of acot.-ysce.m.s and s-u.b-1ysceats ba.se.d on macbamacicat 
express ion of assumed int9r"relation3bipt an~ input data. 

To a consider-able extent , ecotogica.l 
on organisms rather than on the 
proces·ses. 

a,odels ha •1e focused 
q,u..ntific.ation of 

on potential impacts 
trat11port 4nd fate 

QlJ.atit-ative and semiquantita,ci,1e e.cosy.1<:.~·or mod·e ·i, ..h.ave- bee.n de-­
s.c,r.ibed in the literacU-C"e jfor several sped.fie ch.emicill.s. such t.f persistent 
organi cs, heavy me.cats, .and radionuc•l i:-de.s ( Whice and Surlton , 1980; "Travis , 
l 98S) . They f oci.is primarily on food chains, pu·.t.icularl y those l eading fr Oh) 

.agriCultural or indust-ria l practices to yield s.er-ious exposures co humans or­
predator speci es at the top of the chain. Quant i tative mode l s tend co be 
applicabl e to specific ohl'.flllcal s in o~refully defined sytte:ru. H~actletn.lldcal 
·pharmacoki ne-tic expressions c a.o ·desc:ri. be u.pt:ake or decompo,ition races (much 
as in c.hellic;al kine.tics) fot' simple orguisma or popul.at i.ons, but. ge.ne.r-,dl.y 
a_re. not applicable to ..a coa,-pl .. u , environmental popuhti.on. Hodels that 1:ou.­
tit1ely tt'e.at. s uch p-roc1H1$ 81, m&tal:lolitoi and bi.otic tun, f'ers aC!l"6S S iMdLi 
gener-al l y a"?'e un,&vail able. 

Dat a requ.i rement-s for e cotogie.1l mo.dels a·re. si.ibst.a.nt:i>al. and cao 
include uptake ratt:s by or.ganisms, m•tabol.ic ruc .. ti ons 304 rates, b.ioacc..wTN­
l a.c ion ( bi6concentra.t ion) or bioiMgnif i cation t'ates, and int~rbio t ic/ inter­
media t ra.nsfet' 11W1cluni11n,s and races. Fo-r e.ve.n a 9imple e cotogiaa.1. 11M>dd, all 
the da t a net:d•d for a specific chemic:,al ffl.4.Y not -be. avai lable., and estim,1tion 
IHthodt for Mitsing d4t l (e.. g . , use. of stru.cture-aQt i ,,ity relations hips) may 
be inadequate for quant;it.at.ive modeling. 

f. Intennedia 4 nd Mi.il timed.i a Models 

Kott early 1:esea.rc.tl toward c.h• development of t.ran:sport and fate 
11odel1 for e.nviroDJDe11tal cont&llli.nant• uud • .single medii.;am apprOacb. kot'e 
rec@tly, a , eriou, need has been recOgni~ed for models chat could accoamoda ce 
intet"media tran,J,:rs of coptamin.a.nts ud that could· yie.l.tJ multimed i a exposure. 
as.sessment s . One a:pproach to ·c1.evelopiog inter/multimedia cnodel.s is to Link' 
se!e cted existing single n:te.d.iwa aodet, in a way that 1:e.ftec~s the sequential 
and -paral l e l proce.s.sea that actually occur in nature . 'the. UTK, described 
under vater r,mof:·f &Odeh, \l;U one Of the tic-st s uch models ~,-ee be lo.v). 

Hu.lci111.di• models c.an be cl.i•.,ided into c.wo c:l.as1e-1: sct"-eening and 
site-specific. Tbe data needs for mnltiaiedia tral\.tpo rt and exposu~e asaesa-
1neac. models .t.t't exte:nsive. Hedden ( 1982, 1984) hat r-evie..,.d the data nee-ds , 
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vh-ioh can include. bydrotogic and me,ceorol og i c data, sit~-1;p,1c.i fic inedi.a 
propert.i es , and chemical · ·spec if ic t ran sf er p.a.rameters. 

SC!reening models - These rooc;tel-J •&re used whe.n the. d.at.a b,ue on the 
chemical and its r• cei11ing t.n.vironm«nc are inadiq1Uce. The 9imp,lest of these 
are pa.rcitioning roo.d.eh ch.it .• us:4A'!e • po lt~.t .,nt i s par.titioned Cu,u._Uy a t 
11quil lbriu.m) bet'-/'e-en e..nvi. rorun.e.nca.1 me-di:,; examples are ENPA..'tT. dhc1,,1,1se:.d 
below,, and two oodel, de.vetoped at Arthur D. Little ( Lyman , l 981). A more 
complex roodel i, roi-scattN, ah.p d~j.c1Jss~d belov. 

The Environmental Pe·r-titioning mode,l " £N.P~t. uae, fugacicy equa­
t i ons to e..stim.ate ratios o( chemi~al concen trat i ons in air • ..,acer, and saH 
under equilibrium or dynamic ( i.ntermeidia transport and cransfonn.ation ) 
condition.$ (i-iood et .al., l982). tha. model provide., • - fi,rsc-level s -c~eening 
.a.nalygis of • chemical and i t s partitioaing in th.e onvi,onment. I c i s ,an 
interactive or batch model ~ith the abi li~y to receive a minimum sec of input 
data for the ph.y1ical. chemical proptrt iea of a c:ot:r1pound and eatculate o cher 
properties required usi.ng coc't'elation.J. It al•o- has the abi li t y to receive 
input of d.eg-radacion and Cran.a-fer t'•tes or co tupply default values. The 
in~eracc i ve mode aUow,. :1entu:t.v1cy •n•l.yses of v._ri:.ou.s param.e~t!rs of a 
1ubttance to be p-etfof'med quickly and ea.s•ity . 

TOXSCREEM is a. screeni,..ng level multiiqedia" mode l, de~eloped at OaJ<­
Ridge Nation·al Laboratoi:-y for the u.s~ EP-A, Office· of Toxi c Substances, co 
as,sess the potent i•l fate of toxic che.atio-.l•s rele.a.sed to air, turface. \facer, 
or soil. The model is said ~o be simple. in nature and is intended to be used 
•• a sc,eening deirie• to identify chuieal.! that ••• unl.ikd y to pose 
e..nvir-orune.ntal problems eve.a under conservatlve. assumptions. l'.c inceg-r.atttt 
SESOIL with other an•lytical models to provide a profile of chemical co~cen­
tra cions i.n multiple me.dia :sur:'Cou.nding a release si.te. It ac:;:couoc;1 for t n­
tertMd..ia t ·ransfer by volatiliz:atio.n, .dLspoSitian,.. runoff. and percolation 
(McOowell-B-oyer a.nd Hatti ck, l 9.84). the program, w-c-ic ten in FORTRAN for che 
DSC VAX U/780 comp14ter. is ava ilable -on cn..gnetic t ap• ftom the N"atiot1al 
Technic_.l tnformation S.ecvice Comput«.r Pi-oduct's (Kaufman and Kinenon, 
198Sb). 

Sita-specifi c models - The·se moctels lnclu.de two Vtt:E"sion,s of the- UTM 
and CEMS which a.an be use-d in either screenipg or site-specific applica­
tion.. the Unified Tran.s·port Hodel, UTM,. is .ac-tu-1 lly a group of models from 
"lhic:h aelec·ted modt~s ar e used in :series, the ouc;,ut of one serving as tbe 
input. of the ou.c, to pro;vide a .nrult:i.rpe.di • model for a given t cudy problem 
(Hedden, 1984). The 1JtM IDOdel requires data. on tempet"ature and dew-po'int, 
hourly pre.cipication, dilly wind spe"d, .soil and ve3etatio)l charactt:tri,cic,, 
and \.fatetshed topography. in -.ddition to data on the metal being .:nodehd. the 
UTM IIC>dtl requit"·u site-,peCific application. unc wu Umit:td in its oriainal 
version to trace metals (Munro, 1976), buc b.as recen.t l y been modified (.a.s UTK­
TOX) to •~co111t0dat.e organics (Pa.tterson et al., 1986.). t111f.-.tOX is s,4id to be 
c •·p,able - of addre• tiD.8 pollucan.t• from point. and nonpoint sources, di s-persion 
in diffe.rent media, wet and dry deposition, surface and. stre&n1 flows, soil 
e.rosi oo, and pe.rcol&tion th:rou.gh ttut •oil to grouttdv•ters or 1urface w.ate-rl­
(Travls, l98S). 

VI-38 



t he Graphical Exposure Model ing system, GEMS, i s a netvork o f ~odels 
•is embt ed by €:PA r, Office of Toxic Substances fo:- a ssessing potenth l humen 
ex.poJuees t-O toxi c ,;ubs.t a.nc:es. from pcoduc:tion of p"C'oposed ·new c:hem.ical:s o.r 
from existi.ng p~od,acdon . The .sy-scea, .ca n i.ntegra.te.. sev-e.ral data basu .and 
models. GEMS can tfti.mat'e• lf neceuary, the ptiysical and environmental 
properties of a chemical ! ron, lts n .ruc:t ure-propert i e s data ba.se, and c an 
uti lize site-specif ic daca on environmental characteristics co est ima te 
transport ,1nd traru1for"!l\ition rates. l'fod'el, ·a_cce·s,sed c:bt'oi.agh CEMS i nc. l \lde : 
Ant" and lSC for poinc •nd area a i r em.ii.S-t ion source,; 8O».EQ0 for d i ffus e urban 
emissions to ~it; EXANS foe sud.ace waters; SESOIL f'Or the u.naa tura t ed soil 
zone; ATllJD and SWI P £or gro-.indv•c.er c, .a.nsport; .. nd £NPART a nd 't'OXSCREEN for 
intenned.ia and multi.m:edi a phenomena . CEMS can ut i l h * l OC"IC ional data f oe • 
r elease si~e and acc~s, 1,.980 u.s. Census Buru~ poputac i on/demog~4phic «c~ to 
predi ct exposure conce~rat ions •nd nu.m.be-rs of peopl e u -po,ed to a i r pollu t­
ants via Ant-S£CPOP. CSMS also contain-s thr e e subsystems for es c:-icucion of 
pl\ys.icoch~ical proper t i es (inclu.din g: bioconcentra tion factors ·) for chem­
i,c.a t ,: CllEMEST (deve:-lOpo'le.Ot b'y A_. 0. Li.ctle Company), AOTOCU-EH, •nd Cl.JOCP3 . 
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'ltl. E'XPOSURE PREDICTION 

Expotu~e p~edict ion invol ves usi ng selected chemical and demographic 
i niot'ffl.ation t o e-1cim.ate 'ilh i ch .and hov, many people. ( or other populations and 
values of concern) could come into concac~ With the environmental contamlnan<J 
being scud.led aod f.or wt'l-at period of time. I t combines •information frot1 the. 
environmenta l tr4n$por~ and f ate analysts on the con0entrations of cne concam­
i n•nts with ai,pr.oprhte info~ti:on from demogt'apbic and o·tber population 
studies, and enimates t he: over-l~p of coota.m.lnants a..nd popi.aLat i ons in space 
and• time. Ct eequires ooncurT'ent conside·r'..tcion of_ t.1here people live , work. 
an·d pl ay , and of the routes, concant racion.t 1 h'CH\uenc i es I and du.rat io·ns of 
cxpotu~e, to which th•~ might be ~ubjeCced. 

A. Popu:ta.d.ons Potentially Exposed 

Co11pr•h•nsi.ve assessments oi the_ effects of envi ronmen t al cont am­
loa.Gtt can ce.q.\li.c• cont14eration 0£ e,cpo·sur·es of several \tinds of popuh.tions 
and 111.1bpopi.a.lations. Populati<>(IS can 'be. c_on-sidered conveniently in five ge.n­
tt:ra l ly dist ~nct c laH es a .1 follows : 

• Worket't a c sites where contaminant s origtnac t or a re being 
hand l ed in La·rge. quantilty. 

• Kembe~s of the public who~ the co~tami nan~ may reach . 

• Natural populations of flora and fauna. 

• Planes a:nd animals of agT"icultueal.J comercial, and 4esthetic 
value (e.g. , crops , fo r.est,, f i.#iheries, ornaillenta Ls) . 

• Other objects of e.conomic o:r ae.stb.etic ·value (e.g . , cor:rodable" 
paints, structural cnaterials., 4nd: vork.s of ar.c) . 

'The following discu,aton briefly addresses occupational exposures, but focuses 
on exposures of the g.ene"'t'.al public:.. llesources did oot poi-:oit furthel" discus­
sion of other kinda of 1:ltpOt\ll'es sugges ted a.bove, but Nny of the. pri nc i ples 
noted under g•neraL popvbtion u.posu.re:s a[so appl.y t;o them. ln roost deci­
s ions at EPA, exposur«s of hWll4Rs t .o ti.a.zardoba t\Jbttances. &r.e l ikel y to be. the 
priioa:ry co·ncern. 

t. Occupation.at es;posurea :: llorke--r,s a.t facilities W'het"e . haza.rdoua 
1ub1tances are prue.nt at b.igh concutration, and in large: .qua.ntiti.es c.an be 
significantly e1rpo.sed to •uch substarac:es •if prop•r sa.fe_gu.a.rd.,, are not main­
tained. Hany studies have been rude of occupational exp.os-v.ret a1; plant s ch&t· 
-produc.e 1 foC'ffrUlate, or us.e a.ny of hundf'ed.s of comercia.l c hemica.1.s. Cu.ide­
ti.ne1 and re gulations for vorku u:posure-s have been» iH-tabti1hed by industry 
a.nd .govet"NHnt for many c.b.emic.a•Ls. For ex.ample, che National tn.sdtute of 
Occupational Sa.fety and .Y..-ltb.• saveral indu.stri&l fims or trade &sso-c.ia­
tions, and so-me unions have coaspited d&ta en typical n:posur..e.s, ba.1e.d. on 
an&lysis of u~ or ut•ri•l• ia the wqrk- place OT of body fl.ui.d..J: ,of vorkeTS• 
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The Ame!"ican Conference of Coverruoe..nt al lndutcria1. Hygienists, the Occupa­
t ion.al Saf ety and Mealth Administr.;idon,. and in some c;:as.es state or Loe.a l 
agencies h.ave published guidelines O?' s c~ndard~ . 

Worke~~ involved i n tce•ting, handl i ng, t-raospoct ing or d.is posing of 
hazardoU-s· "lastes a.t TSDFs genet'.tll,y would b.e cover.ed also by ce.gutations on 
specific chem.i!=als., al though pocen~i,al exposures may not be '-'el1 docume~ted, 
particularly vhe.n. comp lex- mix-tuces of chemic.a ls are present. Wodtet"1 involved 
in .spill cLea.nup o-r corrective act,ions c,:n a l so be , expo.sed. W~t~ei;- e.-xpos~tes 
ce.nd to be site specific and are di££icult co e.stimatt. qu,andt&tively, They 
can vary vi.th ch• ,choi.cal 4Dd phy's ical nature of t he rr...atei-i.a tt be.i.n.g handled, 
the t tthno'logy be i ng used, . .and contro l measures and ccaini ng prograll'.ls in 
place. They can vu•y vitb the p.articulal'.. job Of' \tOt'k sc-ation at 8. given 
facility and the indi•.1idua l 's u.se of ava.ilable cont-rol me11s.ures and pt't:scribt:d 
practices (e.g., 11.Se of dust ma ~ks)'. The: primat'y t'oute of exposure is likely 
t•o be inhalation, but absot'ption tb-tOYgh the skin, and hand-co--mouth transfers 
are al so ponible. 

The asses·ament must ideritify true. t1f>es o.f w<>l'kec-s e,x;>.osctd . th.t tlum­
ber of eac:;:h type . and th• fr&quene,Y, i.ntensic.y a(ld duration of ex,potut'e to all 
relevant tox..i cantt. 1.4 addition, seconda't'y exposures. of work.er' !I Cal!Ulies ca.ni 
occur o-ccasiona.lly '-lht:n coxic.inta: ;ire c.1rried. home oo worker• s GLO-thing o~ 
bodiea. While: such. •xti-osuru ai:t prqb.ably ~mall for vorlr.ers in 1.11:Ll-run 
inodern 11\anufactudng pla.ntt, th.is poss,i-bilit y should not be neglected in an 
a.isetsment of baurd'ou., v•s-te dispc;is•l facilities. 

2. Oenet'.tl population exposueu: Hemb•rs ~f thl gen.eul publ i• 
can be exposed to b,ai:,ardou.s substances i.n ,eve.cal ,;.,a.y.s. The p1"esent discu.s­
sion trill focu.s on exposu·res to aontaainants IOOving th.rough environmental 
ro-ute.s and vill not hiclud.e e.xpos-ure, co chemi~als l.lHd dic-ec tly in the pro­
duct ion o·f foods, medie-inu, O'Cl con,.sumer produ,ctt, Auessm.epts of exposur-es 
to en.viconmental conca:m.inant1 ffl\l.St cons•ider three f actor-,: vhere people li ve~ 
w·here they worl.; and other Lifescyle. factort th&t ,niaht inc·rease exposut"es. 
£:,rpoiuce couu:s t..b.at must be contid«.re-d i nclude. inh.alation of contaminated 
du1t1, II.in, and va·por, , ingestion of cont..aftliinated 1.1atec-, £09-d, bever(lges or 
othtr 1ub1-canc:••, and dtTfftl l absorption fol lowLng cont•ct vi cb. cqntamin,teci 
sUb•tancct. 

Io .. ••••• .. nt1 invo,lving h&2:•rdoua l'Alte.s, ar;t:encio11 u.su.ally vill be­
directed to the TSDFs a , potential poio.c sout'CH" of cont.a.minatioo. [n some 
cas.e.s .attention e.ist a.ho be gi.ve11 co tr&ns_portat i on a.ccid'ents. tb.a.t w9uld 
cause addition.al point (or possibly nonpoint) sources. In either ca.se the 
environ11ental transpot't a.nd late 1t.u4ie1 or mc>deling run.• ~il l have •provided. 
in.format.ion oa· t.h.e spread ( bath geol"t'•phic..al ly a.n.d over time) of the. p,o l­
lut&Ot t from the source through the &ir, su·rf.ace water, -groundwaters , and 
other environMAtal ~01D.parcmenc1. 

ror •i" em.is:sion:1, dispersion, of the plume Over residential a .reat 
\fou.ld le.ad to inh&lat.ion of poll.u.tant.s. Inhalation a-t site-s.peoifk cornrn.er­
cio1l or la.atit'ation.al h.cilities uy re.q~ire can.sideration in some ea..se.-s_, and 
alterna.t• up·oeure routes <•uch •• .d•po11itlon.. of poUutants on foods or 11u-r­
face1) may rflluire actention in ochers. For pollu.taats entering surface or 
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aroundwace.r , . contaminat ion of vater tupplies could le.ad to i.nge,tion of con­
tamin.ants in drinking wate.r arid foods or bevt-rag1u. 'Pri v.ate veils, public 
water --suppl le-s I and both home and con:ciet'ci at f ood processing sh.ou ld be con­
s idet:ed. tq-i:- some: pollutant, absorr,t i on t hrough the 9ki n dui:- ing bacb i ng OT 
othe r contact and inha.l a.t i on o f chemi;c.,_l s volati li z i ng i n t he sbo~•r rn.ay 
require consi derat i on . l n 1,ome cu e . .$ lifestyle factors such a, dail y c otnmut­
Lng through a d i.spet"si.on pl ume or frequent i:-ecreational. ·activ ities in p,oten­
t ia.Hy contami .nate-d lakes or pa r.ks may, nee.d to be considered. A prel i min{l.ry 
analys i s of th.e geoaraph.i cal d lsc-riburtion and popu1acion dis t ributions then 
detert11i nu the tna jor exi:iosut'e r out-es and populat i ons c.hat s hould be analyzed 
ctua.nc itad ve l i' • 

C i.ven the geos -raphical bou,ntarie:s ·of th.e polluu,nt I s <lispecsion 
( coordi nates of lat i tude and l ong~t ude) from the •o~t"ce stte, a- detailed popu­
l ation p't':ofll.e c-an be developed for che study are.a. Th·e u.s . Bu.re.au of tJ\e 
Cens1.&11 data provi de one use.ful ,ita-rtin.g polnt • the mosc recent be i ng ~he 1980 
Census of the Populati-on. In it , pop-ulat i on enumeration!! are bt'ok-en down by 
ut'bAn i.nd ruul area,i·, -age, tace, illeJC, c:ommuting pauerns, and hou.se.ho l d 
d•t.•• Al l data can be c-ela ted co c oo.,ctia•tes of l atitude. and Longitude , but 
the level of , ·pecific-ation V\ U be less in r-ural th.an in ur-ban at'ea.s (DOC, 
.1983). Because po l l utant s fo l Low na,tura_l pa ttern• r~the r chan po l i t lcal a1'd 
stat i,itica l bounda c ie, 1 the Cen,us e.nwneration, ~il l often hive to be spli t t o 
develop the population prof i le. 

Seven! data bues be:si<les chat of the U~S. Cc:nsu·s Buntt&u ca n cor­
relate tbei"f' dat• by lat:itudet and to-ngitud,es. Sor:M models contai n pcograms 
th.at ucess population data bases. F'o-r uampt e, u.1i.'na COO, the Aflf model -i. s 
coupled with the Sfictor Po.putatioD (S.£CPOP') prog-t'U to r:etrieve 1980 popula­
tion data. ?he model calc.ul a t!!s. the ave-r&ge annu..al concentration .ind exposed 
po_pulation for directiona l 1.eccors rad.ia tiog ·from the e111i ss ion sout'c es . 

Stat e agenc i es 4re a:nother pote.nt Ldty Yal uable data .source. Hol t 
st...ate geolo3y and land su:r,;,ey d.ivi t i c ot vork c losel y wi th the U.S . Ce.otogical 
S.u-rv&y (USCS) .and pubti,ih water 1uppl y .ind vater resource i nformation . [..and 
,u age in_fof'!Ution can be obtaine.d !rom l ocal _governmenu or plann.ing commis ­
sions. Local phnnin1 Comiuions m.ay be. a.ble co pt"ovide cur-rent and pro­
jected conawni t.y g,rowth in t he scud:y area. table Vtt-1 l ists ,our;ces of 
certain specitic dat.& rel·ated to 4spos:ed populat i ons. 

S-everal U.S . government a gencies .. nd EPA divislons a-re CUt"t'ently· 
cr1iog to use the €PA' s 8..£Actl Fite as the standard ge-og"f'•phic c od i ng me.ch.anism 
for d&ta ttor a.ge. the EPA' t FedE!:r al 8.•por-ting Oat.a Systca (FROS) l .i sta 
- 60 ,000 co1DUDit.y water 1y1tuas of \lhiQb - 80% obtain at l4alt some of their 
1.rater supply f"f'ott irou.nd11at1"t'. In .some c a ses , on-line. vate"t' tre a.tme.nt such as 
granular activ.ated carbon i s i ndicAtted~ t.bis wuld b e a IIW)dify i ng f•cto r •in an 
e,cposu..t"e e ,i:.i.mate. The USGS Croundvater Site Inventory fil & list s privately 
ow.ed wells and 1pring1. 

m-3 



1'.AllLE Vt l-1 

SPECIAL DATA SOll!lcts TO ASSl$1T I N •PROFILING A POPULATION 

Oat.a Bases 

Census 

Drink i ng Water 
St1pply tile 

Groundwat e r Sit.e 
lnvea,to ry- F jle 

Invent o ry of P.ublic 
\,'ater Supply 

REACK File 

STAR ~Dd Ground 
Conditions 

Desc r.1:pt-i.00 of Imlonaa tion 

Dep,ographic charac:terls·t i cs; in­
alu4es cOJ11111u.i i ng P.attern.s and· 
cnumeratio•n by •scllool di stic::t 

Provides Jocatioms of water 
utilities, i•nta.kes, and sources 

List-s locations of ·pu.bl ic and 
private Yells. and springs 

Li sts detai led l.ta.fonoation about 
60 , 000 coqu.nity water sys t ~~s 
a~d 160,000 tra.nStent water 
sy,scea1s 

Lists tbe iatersections of 
rivers with tr ib~uries, lakes, 
Jo,d 0th.er water bodies 

Coa,aio• wi np distribution 
(rose) data, dom!n.,~t wind 
di..cecti.on·, precipi t ~ t i o.o and 
temper.a. cu re 

VU·4 

Contact 

U ,S . Bureau of 
Cet1.su.s 
301· 7~3-1315 

EPA 
202·382·1046 

USGS 
703-860-6031 

EPA 
202·382-555 1 

Monitoring l3rancb 
EPA 
202- 3112- 7074 

Natio11J1l CUm~te 
Cente r' , NC 

NOAA 
704•258·2850 



L-imi tat ions on prof H tn; th~ populat. i on e'ff e-c:ti ve l y a_re : ( a) c.be 
qual-ity a.nd complete.ne:sS o f the data available; and (b) the abil ity c.o ,sp~cif'y 
pertinent subpopulations and to ,obta.ia geogn.p'hically coded information. 
Exn·apo1ated data f-rom other a.reas qy be u.seful, ~c times, in s1.1p-plemet1ting 
tfie deva LO-pme.nc- of the· popUlac.ion profi l e. Daily htlm4n u :c.ivlty patc.etn11 and 
short-cenu p<>pqlat i on ( luctuat-ions such as commuting p4tterns , sc,hool hout't, 
etc., m.ay &Lto n~~d co be veighed , but are ditficult to qUJ&otify confident l y. 

Si nce the intensit .Y of health e f fect~ could 'oe compounde.d for indi­
viduals in the g•heral popblation who are unusuall y .sen:s i-tive fo the potlut an t 
of concern, the~presence of such indiiv--iduals shoul d be noted for considtrat ion 
in the healdt imp.act .an.a1ys is. B'ae kgroUnd healt..h dat a~ same o.f whic.b is 
cegi onally and toe4lly s pecific. a:-e ,.,.,i,ila'bl e thi;oygh c·he National CenteY: foC' 
Heal th Stati s ·t i c s, C.~nte:- for Oi,::iease. Cont rot , .in'd st• i;e. a.nd county heal th 
agencies. 

B. E,cimated Exposu~es 

the t:Hilktion of e.xpos.ure.s i nvolves two pha..se·S: (a) dev·e t opme.nt of 
exposu-ce p"t"ofile~ fo,r population g·rOuP-s; and (b} inc;egrat.ion ·ac"t"o·s-s population 
gt'oups. 

l. £xpos-u-re profile·: AD ex'pos ure profi.le ffl\Lst. be- developed for 
each of the ident if i ed e_s-postd popu.bc-ion groups. th1• profile: shoo l d iden-
tify thrt:e ch.aracce·r i stics of the upo.isbre: .-

• Route of exposu«: airt vacer, foods, so i1. or other. rouc-e , 

• Time over which exposure will occur: t i.me to onset and dura­
t f on 

• Conce.nc-ration of contaminant C'ece l ved; concentration by r:oute 
and variation over time 

Avenge race., for intake o:f a.ir I water, and food for humans are 
avdl..able (see T'.able. VIlI-2). £.st i . .lU.t•O of the intake of contaminated .aoil in 
difftrren.t •ctivi-ties by children and adults have also been published {Kavt ey, 
1985). 

2.. Sx-posure integration: The ex--po.sute tncegr-ation process 
involve• aggregating e·xpo.ture i:o the exte.nt pott.ib Le ove." r outes , concentra­
tion• , tiu+ and .popul•tion grou_pt. The deare-e of aggregation t.h.at is reason­
able ean dep«.nd on several a•pec·ts o f the cont.aminants. Tbe toxico lo-gical 
pi:opert ies of th.e ch.emi.c a.ls of conee:rn will be p&rtieu..lar1y i.mporta.nt, but. 
pbyticaL-che111ical propertie.s and coute of exposure u-y also requite consider­
ation. 

For u.ample, if the ch.e.mical is nonvolatile and tbe health effect of 
pt'i ll'l&ry coocern it lung cancer after prolon·ged inhalaci on of ~ t u a dus-t, 
th.en expo1uce.1 via drinking w&ter probably should not be routinely aggregated 
with those from air emissions to c a laula.te the total exposure. Sim.itatly, 
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der:mal expo,ures to a chtm,ic.il chat c..an be c-eadily absoc-bed f~om \oiatec- ~ould 
be d.is:simil.ar to do-nnal e:X-pO.$utes if ~t l $ tightly ad-sorbed OD dust pa-rtic l &-S --t 
.and the two should not bl ro1,1cinety St.jmffled . the toxicological ti tcratus;e 
doc:ume.qts many e.~.un-pleas in vhi ch the bea lth effec:cs d iffer depending on the 
dosage route. h'I othe-r ca.teat bo.wever, eetponse i9! simi l ar: for diffe.r·enc dose 
routes. F'or long-titrm, lo...,_,lo~el- envtC'onme.ntal, do-ses ,;O most chemicals, u,,p·o­
sure-s by different r .outet 1,1.au.aLl,y &t'e 4ssum:ed. t•o cause similar r"tttpons.e.s in 
the absenoe of tn.forut ion co the contrat"y. 

Agg-regadon .acros.s popu)..acioo groups requ ires cori,,$£de:rable ca.re.. In 
-parcicuL.ar, i£ e.xposurE!:S v•ry vide.ly across gr:oup:s, the "~st. e.xpose.d11 groups 
or individuals (H.£Is) should be i.-d•ncilied. They general l y should oo·t be 

.aggregated with all othe;:- gro,1,1ps co calcuhce: an '-verage or mean 11:xp0,1\lre 
l evel. The. reason is that mo:sc of th.I! 4dverse he.altb icnpa.cts could be 
incurred by a small oumber of highly O!r frequent ly exposed per.sons. The 
valid.ity of this re.asonlng ii m,on easi l y .9een for a cheroical 1o1ith .a 1.1ell­
defined threshold expo.sure level (i.e., only exposure3 above thruhold ea~e 
adverse eff.ects). It also holds true, however. for effects such .as cancer 
that a:re a1uu:O'Ml:d not to h•ve threshold ezposuee-s, because the llncerta i nty 
range of e,cimaced he.a.let\ , effecc, usual.ly increases rapidly ,U d.xposures 
decrease from tho•e t'81)0rted in cox icol(i)g,ic~L ar epidemiological. studies used 
a, u:fere.t1.ce poinc:s. 

Aggregation .aeros, d me alJo ee-quires can? in that some health 
effect~ •re •ssoci•ted pri111arily With short-tenn expos~Tea at r:etac i vely high 
Fonc~ntr•ti!:ms. while other., are auoc.i~t•d ~ith long:-ce~ {~ven tifet.ime) 
,x-po,ures at lover l11vela. Kenc:e, population groups r.rith substantially dif­
ferent t.t«npora.L a,pec:t-t of espoture 1hould be t-re4c,ed sepera.tely: in the health 
effect• estimation and. .shou-ld not be ag-gregated i-:, the exposure prediction. 

tn ,unmary, the incegru:ed expo!fut"e au-eum,nt t~.bul,.ac~s all signif­
ic..ant population g-roups according co the r:eLevant envi ronment.a.l dose that ea~h 
i1 e -tt i maced to r:eceive. 
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V1II . fftALTR E, FEC·TS eREDICTION ~£THODS 

Risk ,1ue.ssment s i nvol ving r.ox i.c: sub.scance-s Uqui.ce pred ictions of 
t 'he ty,pe •nd degree of advt-c-...te healt!i effects ·cha t lil'Oulcl lik.4'.!ly result frC111 
gi-.>·en exposures. Suet\ ptedL~ti-0nt eequirt. t i.rsc a review- c,.f appcopriate epi­
d e.mi-0logica l, toxicological. bi.ochemic:aL, and ot.her he.al th-n,.Lated fitecature 
for the che:nicah involved in ordtr to ~·d-entify their effects oo humans, ot!'\er 
species , or other t est systems under known condi t tons of ,expo-iur•e. They 
t""equie'I, H.c:ondl y, an evalua t iOJ'.l of ipethods for extrapo ladnlJ, tt~•ltb e ffects 
from cht l<..~o~ c:ondl.tioos to c·hose c>f the ,probleo at hand. The most a ·ppro­
pt'\ate predictbe methods ;u•e then applied co the inforn14t'ioo from the liter~-­
c-ure to et ti.Nt"e 

1

th• pr-obabl& efhc:t9 under expeoted condit ions of environ­
ment:&l e.xi,o,~res. 

!Pis chapter chabtc:teri.ze• tbe health ef.fe.cts data base typical l y 
avai l able foc c:hemieah of interest. ilnd c~e 11todets tha t have been pr oposed 
fo r- hea1th ef_feccs prediction1. The d.iic:ussion ls b.road. but no; e.xbau.stive.. 
lt is i.ntei::de<l to ti•,e t h• cu·de.,c an ove:rvi~t.1 of th.e strengths and limi.tations 
of the fie l d. Cood re·c.entj rt:vie.~s o.f aiost of cha topics covered a n: availab1i­
•L••wh•re, e.g., !IAS / NRC 0975); O'l'A ( 1979, !981) ; Riellll>ond et a l. (19e.L); CHA 
(!98•)) Cl&y,son oc &l. ( L985); •Ri cc;i (19.$5) ; ~oodhead e.t al. (19~5); QSTP 
( l98 ~) . It provide.s a basis for the geneeal metbQdolo_gy desc:ribed in Chap­
ter X. 

A. Cha:t'ac.teristics of He-a lth Effec-ts Data 

Vi.etµally every chemica l has the potential to produce • dverse health 
efE•ecs in biological 9rgan t,~• if a druni sc.e1:ed i n s1.1fftc-Lent qu.1.ntl1:_y .!Jver. • 
1ufficiant per i Od . The nature and .degree of tos ic ru.ponse depi!nd on the 
che,ni cal, ttie cond.i t ions of ex.poture ( .s .g., rout&., c<incent t"a c ion, dur.a.tion), 
and the na t ure and coodit ion of the re,eptor organism. The \ L tet"atur1t con­
tains infor mation On ·many- ltr..ind.s of ad.1.•e.t'H: h.e:alth effeccS from a tar·g:e number 
of chemicals 1.10d-er a wide ran.ge o f study condictol'\.1, t nclu.di.ng differen t 
couces and temporal patterns of exposure, different de.grees of ~cni;ro l over 
e1poture 1 and different tes t species or biolog~cal systems. ~ risk a ssessment 
of potential envltoNJ1iental expo,1ure to a given c.hemic,al _. ide .all-y would use a s 
a r eference the resul c s of one ar mer& c,u•efully cont·rolled studies made u.ndec 
te.st condi t ions very ,imi.t ar to the envirorune.ntal conditions. PTa.cti.c.all y, 
however, such ide.al reference studie..s s eld'Om are avai lable, and the analyst 
must draw- on a m.ore ex-tensive lite"t".acure to predict potenti:al adverse hetlch 
i mp•cts. 

Severa l appco&c.bes are used in C:ou cu.ty studies ., dependi,C1g on the 
propertiEt~ of che c;hemic11l of inte-resc:, t.he he.al th effe.Gt of eonc.ern • the type 
of in.fOrmation desired , and t'he reso·u.rces of t be re.searchers. For exam~le, 
rapid eff e c.t.s of inhala tion 114y be of pr-ima·r.y c ·oncern foe a nev gast!Ol.ls ~ndus­
uitl chemi cal, 'lhile long-term effects of ingestion would nee.d to be \<.nown 
for a food addi~ive, •nd the mechanism• of DNA inc8raction might be of 
interest fo"' a kr,.OW'D tnutfge.o. S'ince infor.11&tion de,ve.loP.•d b;y di ff er-enc 
approaches is Complement&r-y, in.fonuti.oo ft'OCD one or fflOre ,pecHic. studiet on 
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a given chemic.a~ and the substantial body· of ba~kground health effects i.nior­
mat i on often will be needed foe predtccion,. 

l. Type.., of exoosures: £xposure co a t ox ic $t.1bstance occucs when 
the su.bsc.ince is pt"esenc at the in-ceda,ce between .a. biologica.L ~rganism Ot" 

u.sc material and h., envt rorun.ent, e.g., when t.he 9ubstance it i.n .ai-c <1e 
breathe. in f ood 1 1.1•cel', o?" othel" tiqUidcS ile ingest. or in m.ateri.tlt ..,e use or­
conta ct.. E.xposure subjt!:cts may be humen.s, l.aborat·o-r,y and domes t i c anim.als, 
mic.rq,organi,sms. cellula.r pre.pu·ac fons , or• perci..ne.nc biochemical tes~ system.$. 
Exposures can tie contrOlled 4nd khowrl , as i s' u·s-ually t he cas.e in ph.aem.-co­
loi;ical o r toxicological studies with- humans ' ( e .g . , of medici nal or consumer 
proc\ucts) and in t o:r:ho l ogi ,c..al scudie.$ ~ i ch. nonh.wnan species and other biolog­
ical component s ystemst o;r the y might b-e \Jncon'tt"olled o:-r uncertai n, as is the 
c ase o·f ol i nical r e pot"ts O\" epidemiologica l studies of humans exposed to con­
taminants in the vOTkpla ce or through f.oods or t.he. e.nvironmi!.nt. 

[n cont-rolled sc<Jdies, the 1ubsta.r11:1 may be ,dmin i nered ln ai r , 
food, or ..,a, e--r, by g.1vage (b_y tube i nto ch'e stomach), by i njection under the­
sk.in ·( su'bcucaneou.s). or lnco .a body ca.vicy (e.g., inu·3periconeal L The 
administered dose i s thi a,=ount of 1ub·1c;~nct th·ac actually conc:4ct1 or encers 
th.e OT.g.anum th-rough b-odity flli?.ffibunes or poet.is . The tot.al 11,dministered dose 
i n a st\J.d-y is .a produce of the. concentcat; i on of che substance i n ics c:art"ier, 
the vol ume o f c1rrier c"C"o'ss ing the inted :ace per uni:t time, and the fr.equenc:y 
or durat ion of do,.ag,e. In many ca,~;1 , howeve:r. tt\e total. iadmioine.red d.ose is 
not too use.fut a measure for ID.lkina comp1irison-5, a nd re,-ponse vi Lt be repof"ted 
a s a .function of simpl e"r" variables s uch a·s concentration mass or c ·ime . In 
othe r cases, par~icularly if the subst1nc:e is rapidl y excreted or mt;caboliu:d 
by t..be org.an ism, t.he concentt'.ation o.'f . the subst.ance in c.he b lood or at: t he 
affected organ site may b• a more me.an ingful me.a.sure, an4 wilt be rep_orted 4·s 
the deltvere.d ·dose o-r c.ho ef.ft:C·cive dose.-¼ 'The d.e llvered or effecti,ve dos.e 
can vary depe.odi'n' on the route. u.n-i er-, ·and' cimii'lg us·e:d for the admioist·ered 
dose , and 4-lso with t.he test tpec i tt a.t a gi.veo d0$e. the concentraci·on of 
t oxicant af the -s.ite. o f acdon on a c:ellular level most o·ften l.s not Linearly 
relate~ to th.e .admini s t ered dotei a 1i ·g11e1idal {S-,.haped) re lacion·sh.ip is com­
mon. 

For environme.ncal contaminants, the term e nvirorune.ntal dose ts 
analogou.s, to the adm~1;1istered dose i n c:ont.rolled scud·1es. (Unfortunate l y. i;.he 
term ' 'expo·sure" often i.s u·sed .aLJo in a q.ua.nCit-&tlve· sense for environmental 
dose.) Aa in controlled ,cu.dies, the effecti ve environment al dose and hence 
th.• response., can depend on t l\e condi t i'on,i of ••posu..rt:. 

The tt.11potal c.b.aracte.dsi:ic·s of e::r:posure c.an hav• tignu:1cant effect 
on tbe lltllflitude and eve:n the type of response. For e·xuple, the effect s of a 
LarJe sina: t e· dost of a.lcobol ma,y be . readily appar~,t Cinebt"i a.ti:oa, and pos­
sibly death). where.at t.he s ame quanti ty ,ad.min.i..st ere.d over ,n.any days may have 
litlle effect. 0'\\ the other hand , s:ome substances ad.minist·ered frequ:tntl:, a t 
Level s "'!ithout obvtoua •£feet may acCU11WLate in ce-ruin organs and ea.use 

,, The tem ••effective do1.e..,, occa.s f.onal t'y i, used 
causina the eff'ect ,'1 vbic'h ii more tfften called· a 
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s1.1b1equent adve?"se. euects. For bu.m.ans both shor-t-·cerm and l.ong-- ce-rm expo­
sut"tt c.an ba t ri,portant.* the- ccadiciona.1 u.rie.i of toxicological .st ud.ie:5 with 
Laboi-atory aa i mal s includ·es a.cu.ct, subehr~n i.c and chron..i.c exposure9, and 
spe-c i a.l uudies Yh.ic:h can ~dd,ress effecu at C'CTta l :i -d.evelopmen.cal sc.a.ge.s or 
i.n 1ubseque-nc g.tneration.s following 1.xposi,rre (u.e Ani mal Studies be l ov for 
f urther discu,sion). 

2. Type·, of eff-eccs: toxic effects h.ave both qualitative and 
quan.citadve .aspec.c.s. An tnc re.ase tn the numbe-r and s,v,r.i c.y of effects can 
occur vit.h inc:·reasing ex;,osure:s; ·an increase. in t.he pre~a lence. o f a given 
e.f fect (or response) \o'ith dose c an b-e of prima·.ry interest a t t ime:,. 

a, ££feats of concerm. ln risk a.ueum.enc:: All s i gnificant 
advetrse human he.al.th effects (end poin.u} sboul d be con.sid&i:e,d in rt.sk •ssess­
me.nts. Thes~ include effects us ually s~an as a. result of long-term (chronic) 
exposures , and those Seen after shOt'te:r expos-u,rc:s. The health eHects 0£ con­
ct.r n include ge.neral t oxicity: t! ffecs:s on dig-esti,,e. cespi.cacory, or cac-dio-
11ascu la.r systems ; effects on central ne-r.vous system (neuroco,i:-icity); effects 
on the li ver (hepa totox.icity); effects on t -he ki dney (renal or- ne phro-­
toxioity ); and grovth and development rates, Other he~Lth •ffects of con<ern 
~il l also inc lude: oncogenicity (causes cu.mort ot iny kind), carcinogenicity 
( causes cancer or leukemia.), muca.ge.n iic:ity (c:.a1,,1ses mut,&dons), embeyoto.x i city 
oi- fetocoid'c:icy. tera.togenicity (causu detoe~d. f ec.u.ses) , induced s te:r.ility 
or decreased reet"oduc:cive succes-s, adverse behavioral effects, and cel l uLu· or 
subc:ellulu· effect~. :rable VIII-1 swm1&dzes the rang& of eHect.t of poce.n­
t i al concern. 

Th.e literatu.re wi l l contain a variety of in£0-ct11at.ion a.nd data, 
inc:.lu.ding ob,ervations- and experimental results irivolving exp-oslfres of human$, 
an imat s, or ot.her test o~g•n~ ,m.s or s ·ubs ta.nce_s. and con.c. lus ions reg.a rd ing the 
r1nae of adverse health-related e.ffec~s. OUfercnt ch•mic.als may produce dif­
Eer-ent c:h.au.ctet' i stic •dverse effects, but a g i ve.n .ehemic.al may also peoducl? 
sevet'al d ifferent effects (one or more nonletha"t e.t'Eeccs .and perhaps de.ach) in 
difhc-ent do,ages •nd exposut"e si tuacion.t. EPA ha• ' proposed guideline s for 
a.sse,sing the t'l s.k'.S of carcinogen$, mut.agGJ\t, and development.al toxica.ot s 
(And.enon et al. 1983-; £PA 1986a, 1986b. ii.Md 198'6c). The li terature can be 
inconclusive about whether a c"hemic.aL c.auses a given eff ecc, part tcularly 
cancer. t'h.e int~rnational agenc.y fo--r- eese1.rch on cance.r established gµlde.­
l.inu for evaluating evidence of ca.rc i nogenicity, ~nd h.a.s r e.vits\Jed av-ail.ab le 
evidence for aiany chemicals and classes of c·hemic·a.ls in a sedes o'f reports 
(lAJlC, 1977), 

report•~ in 
b, 

one of 
Me.a1ure1 of ~esponse; 8iolog ic~l ~e,ponse 

three vayst quant.al, g?'aded, and continuous. 
data. ace 

Qua.ntaL (dichotomous) data are based on ,1 "ye1-no, 11 "all-or-
11one.." deterraiiution 0£ a tpe.c:ified end point. A test subject has the effect 

* For uuiple, both l.S-min 
ex-pOsure..s tuy be addresaed 

~•k a.xpo•ures and 
in. ••~ting ~-de.place 

coot inuous, 
standards. 

lower-l evel 



TABLo Vlll-L 

ADVERSE Hti>J.TII EmC.15 TIIAT CAN BE CAUSED .BY EXPOSURE 
TO SOME. Cl!El1ICALS 

Oebil i t~.ting Effects 

Allergies 
Asthma 
Arthritis 
Sehavior-a·l disorders 
Cirrhosis 
Deimatologital disortlers 
E,,rp~y•eraa 
E.odoe:-rinologi ca l d'isorder·s 
Imunological disorde·r s 
Neurol ogic~l di_sordets 
Ren.1 l diso.rders 
Severe weight l Qss 

Reproduct i'Ve and Gene.tic 'Effects 

Steril ity 6c decreased fertil i ty 
His~arr iages and spontane-ou.s aborti ons 
~educed ~Mgbt or YiJo~ a t birth 
Terat.oge.o.ic ef•fec-t.s 
Hutagenic effect• 

Frequently FatJl Effects 

Cancer and leukemiss 
Central nervous system disor4ers 
Severe respi tatoi-y or gast~roi n-tes dn.al distress 
Heart and c i rculatory· dis-ease 
tiver funct ion loss 
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or l t does oot. Data ar~ reported, for ex.ample, a-s percent of subj ects dead, 
perce.nt vith eanear, or· percent with skin irritat ion . Q~antal dat a are used 
e x.ten..s ive.ly for tox icolog ical compadson.s , 9aTti0ularly as indices o.f po t ency·. 
Be.st kno'-ID of Cihese. is the l ethality i ·ndex, the LDso, "'hich i s t-he quantity of 
subnance "'hieh ki l l.S one half of the te.st subjects (Le., t he median dose). 
The LD 50 is u_siuU .1 ~ta ted as n,illigrams of subsqi nc-e per kilogram of body 
'-'&igh.c of subjoct (m3_/~g) but c an be in other units. The. L050 is usu-a.Uy one 
o f cha ft,st c:oxicologicd p.arame ce.rs deto~i.ne.d foe- ,1 chec:r1ic.aL, but i t ·s value 
ofcen variet with the s9e.c:Les . ttrair.i . and the sex of c-he tt:st .animals. and 
betvee.n laboc-acories. Oral t.D10 's att usual ly lower ch·an dermal LD50 's, but 
higher than intraperitoneal LD50 ',. The LDso is one of the most r e producibl e 
of toxicol ogical. parameti!:rs. but a tW<O-fold v•.riacion bet~een .sp.ec i e.s (or at 
time.s be.tveen t es:t groups· of the s.ame spec i es ) i s not unc.ommon. For so.me pur­
poses , knoYl edge of o.c:ber t!)x.ic dose l evel s ma,y be desirabl e, su<lh ~s the L0 10 
or TDso {ca.using 50% tu.mor i genic re-sp6nse above background dose). Qu.antal 
data are used in most o f the common risk extrapolation tnode1s. 

Graded data are based on a .step r esponse concepc of $everity of 
che response, e., .• absent, mi nor, moderate. ~evec-~, v"ry severe. The gT~ded 
format is not used extensively to repo r t tox ico l ogica l da ta (patho log i cal 
reports on le s ions are one exception) . Cc-aded data a r ia considered co be .1 

subset of quanta! data by some aut.hori tie:, (Kla.a ,sen and Coul l. 1980) . In 
quantitative rlsk. asses1me..nc, graded data u&ually 1,,1ould be transfot"med into 
quant.al data for u4e in extrapola tion model s . 

Contin\l.OQ•S d·ata are o ften ·based on the degTee o f respons« 
within ind i vi4,ual tes.t subj ect;,, .as w,11 .as among indi v idu.al.t. Typical da.t.a 
in the cont i nuou.s respoMe £0--nnac cn.ighc. i.oelud.e : pe rcent . Lott o.i w.e.i ,ghc ; 
changes i.n perfo't'l!IAnce O'C' behavior; percent cholineste rase inhibi.tion or 
c:arboxyhel'QOgl.obin in the bl:ood; or perce:nt reduction in c-esplracory Cu.ncdon 
or spetm l evels . Al though such end point s aan be quancica;cive. t"hey a.re not 
cuiceua·ri ty di re~t mea.sur.es 0£ toxic i ty, or may not reflect basic toxici t y 
mechan.i1m1. 

3. types of do,e-reseon;,e rel.ationships : tf exposure to • s ub-
it•nce c au••~ • given adve r ~e effect. then the relationship becveen the dose 
a.nd th• m.easuc--ed response will us u.al l:, t ake one of a tev fdi l.t.ar pa<t'tern..s . A 
g'C'aphical presen~at i on of quanta l dat a usually wi l l show~ nearl y linear rela­
tionship between ·response and do.se (o r logarith.cn of ~o,e) i.n the midrange of 
the plot.• If data are taken at suf.fic i«nt l y tow dose, ., ~~e line usu.a.Uy is 
found to have conv•x cu.rv&tur& ...... · nte UP('« portion al so may be: o ppositely 
cu·rved to give & s lightly sigmoid ts-sh.aped ) cur·J"e ( the typical integrated 
normal dis tribution cur~•> at thovn in Fiau~e V!lt-lA. t wo good midrange d•t• 

¼ Dose-respondent dat a ar e so~etime.s spec ified as dose-incidence for ~uant.al 
d,at.a .uid d.ot•--tffect for graded or continuous dac:a • 

..,. Convex ~urvatura o f ten it c•lled ~pvard or ~ublinea r cu.rva tu~e aod concave 
curv&tun called dc"tiward or su.p,r .a l ine.ar ( OTA, 1981; Biek.i• and 1C'rewski , 
1985} . One c-&n find, h.owe.ve.r, .an extrapolation to very low (or high} 
do••• that eahibit..t cone.ave c:u~etu~e described a s subl £n•ar (NR.C/NAS, 
1983 ), and eve.a t.he combin•tion lterm "cone.ave up1'ard" (NRC/NAS • 1975). 
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poinc, (i.e., bet·..ieen a bout 16 and ,84'.t response) ,ne usually adeq'-late for 
e:t'timac ing an L.Dso• The appe,tt·ao.ce o t a g i v~n pl ot of data •wi!L dtfpend on the 
dos.age scal e used and a lso on facton spec i fic. co the t est , 1u·ch u presence 
of a t hrtsbold or bac-kg.:round, a's t.r-ill be: discussed belov. ,u, es,ent-i • l Ly 
linea.c rel..at i onship ~.aui ng t hrou.g·h t he ori&in i s· one pou i biL ic y. 

t .n _general. t xposure co a chtmicar vi-1. 1 c~uSe not j ust one but 
teve..ral types of :-esponse as che e-xpq-,u~• le..,el i:s i nere.a.sed. ;\ f.imity of 
dose--resi,onse curves cquld be. deve.lOped, as stiovn ge-a·phically in Fig­
ur-e VIII- l B.. At l ow doses-, the· t'esport.se might be beneficia l ( in the c.ase of a 
medicinal or es-senti.il nutrient) or C'elat ively benign te .• g., -subt le bi oche.m-­
ical or physiologic.al change s). At increa·sing, doses, howe ver-, incre.u·ingly 
adverse. r-eS:ponses aiay be. revealed, tt.g .• , various phys i c.al and beb.avi or.a l. symp­
toms,: efEect s ge.ne-ral.l y ,e:e.n with ch.rooic i,xpOJu?'C!S, such .as l.i ver dam.age, 
canaer, or mutational effeatsi upr-odu.c.tive and t'tr'atogenic:, e f fec:u; and ul ti­
mately effect., see.n following .t.cute expotures fl,ICh as t"apt d. de.b ili t a tioo or 
deat.b. O:ata for .such. effects ·might. 'be observed by a vari etY of approac.he·s, 
i'nal uding epi•dem.1:ologii:al -as well as toJCicO l ogical . The cnon lmmedi(l·te· 
a.dverse effect, Should et.rca_inly be ~ddres-&ed i.n a c.or.ripr--ebens t ve dsk 4-u.ess­
me.nt , but l onger te.m Ot' Leu .11e.vere tffectt Yt\ich may occur -#t lower expo­
sures (particularly be.lo" the app-ar-ent thrcsh9l d or c!)·resh.old of concern for 
the mo11t l m1e:diate o1d.vene a.Hects1 mui.t c- al.s'Q b·e -<:On,i d2re~-: some could ,be tbe 
effects of pr- i lh.ry conce rn £or tJtposui-es thT"ough environm·ental routes .. 

Several £1ctors make CHfficult. t ·he extrapolation of t he dose.­
response re·l a.tion, f-rom the relatively' high doses typi.c.al l y H -en ia toxico­
logical itud-ie, of animals o-r epid·emiotogical studies o f vorkt:tl to t-he l o1;1 
environmental dos es o"f lntere.st. These inct1Jde expt-r i mes,tal dif'ficultitt at 
very tov dos e (which make da.t.a point9 scarce a.nd subjt:.c c to i.nc::reued uncer­
ta i nty and , -~.1,t~er), and a-ho the our...,ature that co,rmon l y occuu · i.n the r-e.la­
cioos h i p i n this reg ion. * Assuming t~at the r-espon1e i s teto 4t %era dose, a 
stra i ght ti ne migbt be fitted to a lt the data ;!:O i. nts. so c'~at it 4 l so passes 
thr-ou-gh t he oriain, or a .stralgbt line might be dra"'" ft-om the l owest dose 
data poi a.t co the origin. 8-oc.b have, been u .:Jed '-'ht.n t he Uta· are of minimal 
qtlant i ty o t quatit.y. l f data are ~ac-isfactory. one roi ghc expect that the 
relationship could be extrapolated by'· -inspect i on Lti a smoot'h• perhaps asymp­
totic curve to the o-rigin, a.s shown io tigu.re Vl ll-1(.'ri' 

In many Studies, the lo.;, do.se response, do 1.pproach Che baseline i n 
this nearl y aayi;rptoti c fubi on. S1Jie:h sim.1>le extrapolation bas three vea.k­
ne9ses, however, that require caution be.for~ it c.an be appl i ed in quant i tative 

+ Simila.r curvature• &t th.e lov end are known in the ' c..ause-effec'.t relaci-on­
sbi:ps for many phy,ic.al -phenome.n4: also (e.g., ouclea-r cad i ation, molec­
ula--r ionization, ch.emic•l reaction.a}; cturvature can i-c f'le.ct • quantum 
m,ec;:hanical "tunnel i ng effect ," as w-el.l a.s populat i on var- i abi.lity and 
DNltifaceced uiue1 of tPe effect.. Curvature at the upper end can t'e­
flect the pret ence of bi,hly toler-.nt me.mbeu of the populac•ion o·r 
co111plicaciont by other kinda of re;,pQnae (e .g., cel'llll or o·r:-ganis.•s may be 
oi.lhd) . 

... The reaponte at lov dose is not nece•aarily nonully di stri b~ted. 
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risk a.s.ses.s121e.nt o f envi r o:nmental exposur-es to cbi:?mioals·: (a) sensi tivity to 
dosei (b) ba ~ltg..!'ound e·ff~cts ,; .and ( c ) thresh.o l d effects·. In -i.dd ition. tem­
poral tffec.t .s can i.n,iiu.encl! the na..ture of the observ-td dose-response relation­
,1\ip . each of these ef f ect s i.s qiscussed bri11f\y belo"' and then illustrated 
by the results of • ma j or study of a <!u·ci.noge.n, the E:001 sttidy. 

~ Se.ns itivi.ty o·f .ds-t<:. t o dose: (n ·c a.sea 1o1hece ~he. asympcot.ic tow 
do,e t-ela tionship bo l-dst the res.ponse ( ri:sk ) change s too «pidly f"com about. 1% 
or 10-1 to 10-u over a smal.l d.ose range to permit qu.andc.a.t lv-e esti:mati:on at 
a g iven l ow ~ose wi th confidenc~ . ~tbem,,~ i cal •~sressi ons t ~4 t fit the exper­
l menc1t data have been pr opo,sed for sa.ach e~tt'apoladons. but the y also have 
1tuk.ne sses , a..s will be discu$t.e.d i.n Secti10n VlII.8. 

• Back!j:cOund effect: In many c4ses tRe simple extr.a.polati on 
shown i n Figure VUI .. lC .is~ does not. hold ~eeause a ba<:.k.g.rOund inc i dence foe" 
the c:esponse exi s t s i n th-e s tudy populat:ion, i .e., the curv..e fnterccpu t he 
ve-cdc.a l response •·bov-e tei-o, 4s. sbowo in Figur e VIII-lC. Expec-i n:uut·t..t.l data 
f.o·r- u.nt:xpoted contro l s ub jects ca.n demonst rate the presence o"f backg.rouad 
lncidtnce, ,1lthougb the.y do no-t demons trate the c~le:te a.bs:ence of a sma l l 
backg-cound. When a ba.ckground level ~x i.sts, it often incraases ~ith i;,:he ~e 
of che subjeets . f'eom a ti,s k ass.essment ~a:nd manag,ment v i.ewpoi.nt, t.he 
pr.esence of a backg-i-ound incidet\c.e. pose"'!S no conceptual problem, since i.t -t·s 
the i nct'ea.se. i n r e s;9onse above. 1;>,ckground that Ls. 0£ int t(e.St. i .e , , the 
background i.s s ubtra cted out of c.he dac:a.. Practica.1 l y, however, hi.sh b.ack­
grou.nd i ncidence for: .a given r e.sponut in e-ither the 1c\Wy popuL..acion (particu­
hr l y· nonhuman subjects,) or the potent ial l y exposed human popi.lation will 
s-ubst.-an.t.ially i.ncrea.se the uncert ainty l in es.ti.tutu of i.occ•.ased r i sk at 'tow 
dos~ tn addition,. 1U.tbeffL&tic:.al e:icc·n ,polat.ion-s to tow do$e un d.epe~d on 
1o1hethe.r the b•ckg-ro1.1nd i: s consLdettd to be Lndepe.ndent cf or- addit ive to the 
c-e sponse of the. te.tt .subst..ance. 

• Thruhold e ffect : In iun-y cases d i e. t""e l:ationsh ip appa·r entl.y 
d Q.U no t bold be.cause • min i.l!IWD ,or thres.ho~d ~o.se i.s eequiTe d t o el icit any 
r esponse or a response a bove l;>ac.kg-round,. i.e. , the e-e..sponse to the chemical 
belOw the thresho ld. is apparently ~er,o , a s shovn in E"i gure VttI-1£. The 
hi&hesc dose (l ev~l) us~d in a ~ast tti.~ e l icics -no ~bs~rv•ble effec t (or: no 
observable 1.dve..r.se effect) is catted thtt NOEL (or ~A£L ) , .and can be. either 
s light ly above or weU bet ov a true threshol d ·that miight be es tabl ished by 
more extensive cestin&. 

ThTes hotds •re videl y observed in biolog·\ca.1 -r~sponse in i ndi vidual s 
to m.a.n_y st imuli C• .. g., taste, odor, light , he.ac , pain, etc. ), and th.reshold­
like relationships ate typical l y fou.nd i n pharmacologic-al . toxiC:ologie a l and 
epidemiol ogical s tud.i-u a.Lio. A r-euona -b'Ly t OW'l~ biologica l rat ionale often 
ui,Laiot vby a thre,h.old could uist.. For b:atllple, a, aoted ita Sect ion A.l, 
the del i.v,ered ~o•e often. holda a si-gmoida.l ce lat iont b..i p to the a dr.ni.n l ste.red 
dose, with a threshold e ffect, .in. IGM c.,ues bt:cauu: or si.mplt adtorptlon/ 
charaace a1:ecb.a.n..i•m.1. In a.ddition, a detOxifi.c.acioo o·r repair mechanism that 
is effective at low dose uy 1>:ec:011• ta.tu-rat ed aod. ineffective at h.igt)e·r •doses. 
Conv•~••ly, biological rationales have been proposed that \;f()utd precl ude 

VIll-8 



t.h:reshol ds for oancer and ,om~ othe?' re-sppnse, . <r- Exped/1\entaLly, the e ,c -is­
ullce o f a thL"eshold c an be neicher p-rol:fe•d no r' dilproVed i n tolC.ic.ological 
s tud i~s of populat.ion5 with• di,tr ibuc i on of a given ,e,9onse. Th~ number of 
test animals nee·de'd to acquire eac.h s igni ficant n·ev dat.a pol nt s i.mply becomu 
cco large: ac decreasingl y low doses ( e . a, . • thousand·s oe ten.s Of thousands of 
anima ls) to det ermine if a f-ew very sen,iti"!:e tnd~vidu.als ex i sc . Whec·het' or 
not a true t.bres.holci e.xi.st s i n. a fie t:e .rogft.n-eou.B popuhtion for ii g i ven etfect 
is a. matter of fai th based cm t.he ·rat..ional e u.sed.~ 

Bel ief t h~t thresh.old.• shoul d ~oc ex ist for c a rcino~ens became 
embedded in the so-called 'Oelaney C1a".se of the 1958 Affltndm.ent s to the ·food . 
Drug and Cosmet:~c s Act. Rece-nt ly, eeconsidetat ion ot the range of b.lotogic.41 
ori gins of cancer h•ve led to sug·ge:sdons cMc '-'hi.L e t·hr-eshold dos-el mi ght not 
exist for some ca.rc.inog~s, thresholds n:ii.ghc ex is t £0-r o thet"s. tn par- t iculac-, 
cho~e associated vich bl •dder or thyroid t~ors. C•rcinogent chat act through 
11epigenedc., mechan ism, (e . g . , via foC"t'll.l cion of bladder sconu) 'lle ~e viewe4 i a 
one study ,U more 1 ikely, to h•ve thresholds than t,ho-1e ·c·au, i ng s.omadc t!I.Ut.,1-

tions {aeno·tox ic mech.an fsms), atenou,.gh t ,he data wer e not eonc:hisive (OTA·, 
1981). ln 1985, houevet", an ex:pen r evi ew ('o'STP, l 98S) noce·d that a c hemi c a-i 
t.b.at only cause.a.s cancer secondari l y to a gt"oss physl.o logi c.al effec c is l ike t y 
t o have a thres hold at some dose leve l below th.a.t which causes che p:hysio­
logical elfect. 

From a d11k 1Mna:5e111ent vie~point, 'be lief tha t a threshold dose 
ed scs fot a given chemical .s,:•atly simplifies rtgul .. tion; the threshol d ts 
divided by a !l:afecy f&ctor (e.g., LO, 100 , o.r 1 , 000) t:h-4.t c-efleccs the co·nfi­
d.ie.nce on& b1.1 ln the d.aca b••• and the quot l ent it set as the stan<Urd of 
.acceptable •xpotur-c. Thu.1 occupatiorul c~po1ure·1 to a gi-eat many c he..'llicals 
are regulated under th Nshold limit values (TLV~) (ACGlH, 1980, 198.3). Levels 
o( many chlffrica. 1.s t n f'ood products ar« -r•gu ,Late·d under the con·ce.pt: of iccept­
ab1.e dait y i ntake (AOI), in t rod\lc:ea by the U .s. Food a nd or,.1g Ad.mint st t'\tt: i on 
in l9S4 u,ing a LOO-fo1d iMrgtn of safety (t~n and Fi tzhugh, L9St). W~th 
fev except i ons , t"cgulation of nonca.rcino.ien.ic C'.hemic:alJ t o da te have be-e.n 
ba'sed on risk au ·u,menc ·th"At a s twn« thre:sholds exis ted, where.a, r e,ulat ion of 
carcinogen, hat not ( Moreau a~d Andecson, L980 ) . 11"r'\\' 

* Even i f c-he b'iologica1 r-at iOna le 1:rrec l udes belief in a ttire shold dose fot 
response , a thre.shold of regulai:ory concern can ax.ist . and lead to c.he 
s.etting of. a "virt-ually ,~afe dose" ( vso) or to Lara.nee le.vet, e.g., 
&flatoxin iri. o.atural foods. VSDa obtained by •m.a t hemadc.a1 ext,r,poh,tion 
model s can be a• l i t t le as one: millionth of the no (or lowtst} observed 
effect lev&l i n a study· • 

.._ Brow (1976) di scussed the matb~11&ci<al aspects of the threshold concept in 
dou-res-.ponse nu.dies of ea-rcin:oge:ns. Wein.berg ( 1983 ) na, noted the 
~rans-·scientific na tuc-tt of regt.llacing under i:onditioas " be.yond 
demonstrable e.f feet." 

.......,.8i..sk. usestae.nts for reg1.1lattn3 ca.Te inoge.n• have usua lly involve.d 
utceapolation• to very lov dot• on a nonintercept 1.011,:- log ,ca l e, as 
d"i1cu•-• •d ia St:abu:cti.on vt.a.2. 
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From a 1"isk ,u-,essment vie."paint, belief tn • thres-hot.d dose iti.m­
plities the •nalysis at dosu c.le.a.r:ly be low th.re..shoid (i . e . , the 1"isk i$ 
,1,ssumed co be zel"o), but i t doe·, r.ot eli.mi nat e, tJ1.e se.n·s.itivit,y p"t:oble:111 cited 
a l;tQ,ve !or- ,si mple ext rapol ation t o the. o~igin_. st nce thresholds ar:e usually 
deter:pined by ex.t rap-o l adon from loW dos,e data -wi th substariti.al. u..ncet"tainty, 
t he th.res.hold dose i t self i s uncerta i n. Slightly above th~U;hold, the asymp­
tot i c nature. of t.he cu-rve mal4!:s response relat ively inse..ns i t i ve t o dos.e., and 
1"-i sk pred.ict.icn diff ic.ult at a given dose. At the c·hr eshold. the d .s.k changed 
r-a.pidly over a small dose fro111 about 10- 2 to 10- 1. D. tn a ddition , thi;-e.t holds 
c an vary substanti·ally be.tveen sp~cies and al so betveen indivirh1al•, d.epe.nding 
on their genetic mak.e·up a.nci. their general h.ealch at t ic:nes ·of e,cpo,ure. 
Th-resholds could be sensit\ve to synergi s tic eff,ects, These f4CtOt'J • l l 
i hc t"ease the uncer ta--inty in utlmating Cisk ulien environa,ental doses .tt'e in 
the threshold region. 

A.t i ·ndicated above. both a b.actcaround incidence and a 't.hr:esh.ot d 
e ffect fo.r i ncru.s,e f.b()ve background .;.ou ld be. ob$et•:ved in the :;a.me data . In 
pr'iactice, a threshold qt.1y be elim.ina t ed i f the toxi a mech anism of the Ce.St 
s ubsta.n.ce i.s Jimi t.ar- ~o that c•u.sing th:e baclt8 round, .or a th-reshotd ffl.af be 
r ·e.vealed only if stu.dies .a.re mad_e on population~ ,-1ith. negligibl e background 
illcide.nce . In es.sence I the ba-sic sh.ape of the curJe is f airly cOtl..stant, bu.t 
the backg?'ound and threshold Levels of tbe particu lar ahemical ·and pppulad.oci 
det ermines the low-end cu toff point and thus de termine s bow much o f th.e l ow­
end tai l u observable (see figu.re VUI-1F) . 

• Temporal e.f,,fecu : t'hree kinds of temporal effec ts c an influ-
ence th@ f@lul.ti ob,ervad 1n & co•i·ci.:y !tud.y.. the fi'"-st i-s· that !lotfte 
re•pontet occur to a signiftca,.nt extent oo17. after nearly cont inuous long-term 
uposuru, S\lch tttpon••• mar be missed i n sho·r cer studies, and po.ss ibly eYen 
in ch.r9n.i ~ , -twlle1 f.t dote• so b.lgh that che s1.1bject1 di@ e.a·rly of ocbei: 
effe c ts. Results ef good chronic ttUd1es <s•e subsect ion 4) ar• es,entiaI for 
r""isk a s sessment . Th,e second effect i.nvo\.ve1 lateru; t"esponae . Some effects , 
notably cancer, c3n occur Long a fter exposure has occun:ed oc even ee.a.sed. 
Latency peri ods of l'O to 1S years oc- even Lanser h.a.ve been su_ggeSted for some 
human c arcinogens. !fence, result, o f go9d chro9.ic studies ar-i .ag;s in cti t.ica1 
ln aasessin•g rislu. lio"leve.r, tbe obsecrved s l ope of t he curve. back_grov.nd 
incidence, and minjlllWII e..ffect levels, can vary vith t-he study period.* The 
th.ird effect involve s heritable genetic change in the expoted popul a tion., 
i.e •• mutage.nic effects. Stu.dies of at l east tllO g1n1rations follo~i ng expo­
sure a.re usu.ally needed to a ,11ess manql ian muta·genie ri..sk.t con.fidenc ly . the 
effects on 1ubuquen.t ge.ne"t.i'on.s ue ge.net"aU-y a f-raccion of the effect for 
the first generatio~. 

• I l lust~ative data: The £0 01 5tudy i s t~e largest ever m&de of 
a c.arc:inogen. Thi ch,:11ical "Was 2-ac,~tylaminofluo~ene . (2-MF), a potent 
bl adder and liver ca_rc:inog~. Over 24.,00d mke a.llo,cated to 81 different 
treat-me.nt st-oups were dosed in feed at ee.vett exposure lev~l,s (:30 t.o 150 ppm 
plus an undosed contt'Ol) of 2-AAF W\til 11,acrifiQed and e,xamine.d, Crou·ps were 

... I ncidence of tOtH natuu,lly occurring cancer s Ls reporte4 cq i n crease at 
approxi..m&tely the 4th pover of age. 
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Jacti f iced ac either 18. 24, or 13 mont hi. Subgroups oi ~ i ce ~ere dosed only 
9, U, or 15 a.onth.s and t hen sacri.ficed at either l8 or 24 months. The st·udy 
'J4 S d·~u ign~d to est i ma te pre cise.Ly tho effect i 'fe dos t ( s ic ) producing ~ 1% 
tumo-c rats in t he: nlic e (hence, .the oa:n:i• E.00 '1}. The study, i t s r e.sulu. and 
analy.sis were published u , a colle.ct~d seri e s of paper·.s ( Staffa and Mehlman , 
1980), and i n o t.her publ t cacions . 

Illu.!itr4ti.,,e re-9.ult s from tbe ED0 1 study (Littlefiel d et al., 1980 ) 
are ,boun in f'igu-te VtlI-2.A a.nd Vr-II-28 £or bladd'er and live r neoplasms. I n 
brief, the bl adder cancer. resul t s shoved e.ssent i al t y 00 back.ground, an 
inc-reasing i ncidence with dos_e and ~J;Cposu-re peri pd (age. at sac-d eice). and il 

c l ear minimum observed ef-fect level of about •45 ppm. The a-uthOrs $a)', hO\r.' 
e•,~r, cha t the total re.,ults a·re consistent wi cb a "no-threshot d concept" o f 
cancer. The. liver cancer data, in concra-,t , sho1,;ed greater vad•ation. At l B­
monch exposures , background \o'aS neglig-ible, and incid·e.nce i.nctea.ted slo1.1ty 
vitb dose; but at 2"- or l3-montb exposureS:, the backgro1,,1.nd and the in.c idence 
rates ~ncreased dramatical l y . The JJ-mont~ exposure data i llustrate the 
uncertainties in chronic studies at Low dose wit h high backgrQund r-esponse: 
th~ tcatter l n t he 30-, 35-, and 45-ppm do,e dat a poi nts occurred even though 
over 40 ~ice were in each grou~. (the composite daca poLnts were used to fit 
the curve i n c:his fi.gure .) The i4- 4,nd 33- month exposure data again suggest 
che p~esenc• of a mi ni""'1ffl effect l evel of perhaps 10 ppm, althou1~ the a uthors 
uated the data v~re nearly tinea.r and e.xt..rapo l a,-ted di rec t ly t o 4 ero , :A> In tt,.e 
,u.nzq,ry of th.e ED0 , study C•ylor (1980) i..ru.i'sted that the! d•ta (or bladder 
tumors did not support a threshold concept, those for t ivu ttµnOCS dis pelled 
it, an.d toge~he.c- sh.owed the i..mpos,ibility of ever sbo...,i(lg thresholds by an i mal 
studie,. (oc.b.er conc l u.1ions might be drawn .• } 

The diacontinued feeding studies also provided data i mport.ant for 
.as-setting ri s ks from carcinoge.ns . ~.a.in, the -re.su.l t, vere dif fer-enc for the 
n,o lc.i.nd't o f cancer . 81..addef' neo,;,l asrn incidenc;.e vas not a.,s h£gh in Later' l ife 
ii dos i ng va, stopped in Cflid-life . 'ihe author, concluded t hat i nduction o f 
these tumo r s appeaf'ed co be continuous acrdu the lifespan of che mouse. I n 
contr4st;, l iver neopl~sm inci.de..nce was 60 t.o 70% a.s h..i.g.h i n late-r l ife i f dos­
ing was stopped i..n midl ife as tf i.~ had continUed. The autho·rs concti.ded t hat 
tllese tumors were largely induced in ea~ly l ife.. but no·c expre-1·sed c learl y 
until much l a ter. 

Overall , the re1ults of the ·e.xten,ive ED01 stud_y suggest some o·f t he 
kinds of u.ncec-ta.intie.s one shol!l.d ex·pect even in veLL pedorud t ox i cological 
or epidemiologica l rese•rch. The developme:n.t of dose.-respoas,• rel3t i11ns bips 
for uae i:n -risk atae1111ent reqi.lire c.u"e.ful evaluation of all relev•nt data for 
a given chem.ica.l. 

-. th• original g-raph ( p . 27 of t..iu:lefield et a.l., 1980) ~as inaccurately 
drawn and •ho~ed 1110re linearicy a~ lov dose than actually exi sted 
(Figure VtII-29). When data fc-0111 &a crific:e.d and dead/moribund a.ni ,uLs 
vere combined, the curves ver• changed sl.ia.htl y fro• c·hote sho\itl\ (F&tmer 
et al., 1980). 
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' • Dae.a so·urces and cp.1a.l tc.y: Th~ d.ata. needed tot .i l\e,alt h t'-fs\t 
3naty,l s wi l l depend on the spec tfic. n4ture of the ehemic~ ls pre.sent, ~b~ type 
of adve.rse eesponse-s they cause, ;s.nd t he nat ure o·f th-e exposure. conditicins . 
One- would like to have. descriptive~ inf9rmadon and qu.antita tive !1ose-response 
dat.a on the range of health effects i..n humans of the -subject chemica ls unde_.r 
controlled conditions close l y approxima ting thO-se. pn!d.i-w t ed t o occ.ur. tn 
practice"' however., one rarel y ba.!I sudl informat..ioo , and muse t""C!:SOrt t o a.l ter­
llative approaches based on the data tl.\at are. available and the methods o,: 
model.s for us-ing such data i n health-·e.ff.ec:ts esd ,:natiQn. An i rn.al 1tudi e-s at"e 
usua.Uy att acceptable first alternativ e for t oxicity dat-a. t ·f adequate dat_. 
are available from neith~r huaia1\ i 'tud i it:s nor animal stud i es, one m\1$t look £0.r 
othe r, lt:-sa desi.rabh a l ternative.,. £,sch of ~hest. thre.e ~ l nds of· d.ac,1 sout"ees 
i$ d•tcribed brie..fly belov. 

a. Kuman s.t udies: Determi1,ation of d sk factors f or many 
kinds of technologically related thceats ls gceatty aided i f hea.lch-effetts 
i nf~rfflad on on h"'"-lnl iJ availab.Le:. O•t• on, .h,uman1- :U'e obc..a i n~d by t hree 
appcoac.hes: d t rec t e:icpe,i:nft.nt, c lin i cal ~bs-ervai: i on, .and ep_idemio l ogical 
,cud i~,. 

• Human excer i menta~ion; The use of human subj ects in Con-
cro l hd -scudie.s is lil'.Dite.d by ethical con-siderat i ons to ce.s.c-s i n \.lh ich one ~an 
be confident t hat no .serious or irreversible e.ffec.ts ..,;.:_u occur. ror ax.amp le. 
human .subject9 could not be used to test the poc:endaL car einogen-ic.icy 0£ a 
subst.u1ce. A ~ubstantia l nwt1.bec of titu.ationt_ d.o tt:(11,1,ire hl..illl4n- subject test· 
\.Pg tf~cr 9th~T ~ests tt.v• d_9=-1101ul:Ta.ted die. g•rft:raL safety of th.e pro·ced-uru 
(e . g . 1 p'b.atmaceutica.1 testing , biocn.dical 1ng-i n.eering appliut ions , and t.he 
M.ation---1 Aeronautics and SP,ac:tl Adm.ini Stt'a~ion manraed space p'l"'ogram.s) . These 
,re control l ed cl i n i cal studi o vhic.lu include labo-ratory ana l yse-s of physio­
logic4l endpoi,nts. £x,pe:rime.ntal la.bor.atory tt.udie:s on humans trJ <nore l ~ke l y 
to be for less tox-.ic substances or l oaer exposure l evels; they usu.Slty addi-eiu 
less severe effects ,uch a.• '-kiR. e.ye or broncbiil irrit·ation. and O•t'g-ano­
l eptio effects. 

Oat& from human experin:ients. may be u·sed in dt~ aJ,.es,me,nt si.m­
ilarly t o data r,01r1 anl maL t;oxicol ogy experiments . lfo•..ie.ver, human ex-peri me.nts 
genera lly provide ''No Observed Adve .rse £Hect Levels" CNOAELt), "t.ovest 
Observed AdveTte Effect L-evet.sO (LOA£Ls), or 11Frat1k Efft:ct Leve.l s" (f£t.s), 
rather than fuU dose--resporise d4t .a . the maj or Ut11ita.tion i n t ryi.ag to u-5e 
human •xp.er-f1111ncat i on data in he.alt.h risk ana-ly-sis of ha.zardou.s waste i s t ·hat 
few of the c·hemic:d1 of inte.:r-e.st. have been te s ted in a cont rolled ·relevant 
manner. 

• Clinical ca.se. r e pcrts; In add i t i on t o controlled eXp~ri-
lMDts i.,ich hu.man 1ubje-Cts 1 much useful i'nfomt i on for detet'!Qin.ing hwnan ci,Sks 
is de.vtl opt:d through clinical inve.scigacion and ob.se.rvacion of persons who. 
have 'b-e.en unintentipn.ally-and often u:cettively-,expos.ed to a health ha:ilrd. 
An a.naly.sis of c.ase repoct'S on. such obt ervation, -:an _yiel d useful qua.L i tati'?e 
infoem&tion, s uch a.s ide.ntiHcation o·f eadpoints •t high expOsurt:t. The lirr 
it•tio.ns of these dataJ hoire.vec·, a.re chat espo'sure-s wer-e unC.onfroll•d, usually 
unknown, and seldom of the lona-c•-na• tov level nature that are of mott con­
ce.rn with h.az..ardous wast•·•• ~tn animal 1cud.ie, ex.ist, clinical case repor·t 1 
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provide verification of t he 3dverse endpo int in humans. Reports of a sed e s 
of cases, often found in jne di c:4.l j o:urnals , provide. stro·n-ge-r q,ua li tati ve 
supp6rt· of the type ,s.nd degree · of' a dver·se e f fecr , but again usua lly no qu.an ci:­
ca ti~e informat i on. Occas i onally, t he nwnber ~d ~ua li cy of case reports may 
be ~uffic i en~ t o !D,&ke feas i bl e an epidemiology study (as descr i bed belov). 

Epidemiolog ical s-tl.ldiies: £pide.-miolog.ica.l t:cu.di:es seek co 
de termine cbe incid(!:OC-&, di.,tl'ibuci'on, and causes of Ln)ury and di,e.aS e in 
hu~nt. Epi.demiology focut u on group.s of peQ p(e. ( r ac;her than. on i ndividu­
alJ), ,nd inc rea singly uses sophisdc:a ce,d biosc-aci,-cic·al techniques. Epidemi­
ologic:4 L nud ies may ~ve eit.her a des·cl:'ipt ~ve o r an analytical orie.nt.a.tion 
(i.e . , focusing on e ither t he d Lst ribution of a disea.u i n a defined popu la­
t ion or on the v3rious factors a s9oci a ted v i th its i nct denc:e ). 

Descript ive (someti111es c.d :l ed eco logi c:) studies us ually reLy oa 
an •n•lysis of vita l stitistics. Vitd s ·tatis c.ics..- con-sist. of races of mor­
'oidi c.y:, .mort.ali. t y, i.ncid,ence of diseases $1.IC:h a~ <;ance.r or birth defeat s , and 
age and r-esid.enfial distribution.s. Tbey are. u.sed to ex:-amine geogTaph.lcal 
v-ariac-ions and tin:e t.rend.s of health e·f fects in ·ord-ec t o ideRt ily '-'DU$ual 
kinds or areas of inoidency, and if possible to c ompare them ~ith concomitant 
e..xpOsu re vari at ions. 

Analytie.al epidemiologic~ t ttu~ies provid• ,-,sure, of 
increa.,ed Ti sk in the fontt 0 £ inci.denc·e. or prevale.nc-e eat-e.t (Fls.her, 1982}. 
An.tlytical epidemi.olory ha, cvq* b•-dc •p pl'o.tc.hes: c•se conc:tol (often called 
retrospective), a.nd cohort (often called prosp«ctive). C.se cont rol stud ies 
invel •,• • group of peuons 11ho ~••e a 11 l•en disuse and a control group oi 
per'son.s who do not have Lt; compa~.i.son..t by aae~ sex., ge.n1ti1: c:0111positi.9n. 
occ:·upation, place of resiaenc.e , life style., c:herrsical expo.s,.inS, etc., may 
r~vea,L t'i-sk.-related information fat' chat ,rdi.sease. Cohort studies involve fol­
loving the medical hist.pr i es a s they develoi:i over sevetal ye.t r s ot c:vo previ­
ously identified groups, one. of which nas· been exposed to the p6tenda l 
disease-re la.t ed agent and one ( the contro l group) which ha·s not. Bb th 
approachea have strength, and limitat ions . but the cohort studies are usually 
prefet"red for esti.,n.ati:13 th.e health effe.Gts of e..xposure to a spec i.£.j.c: chem­
i c,a L. D1y (198$)' and KraybiU (1985) ha ve reviewed. the a )lpLic:.iltion of epi-
4emiologicat 1t1ethods to carc:in.ogena . 

Severa l aspects of n:peri11e..otal df!si·gn tflust be. eva l uate d. to 
detem.ine vhethe'C' an epi.dea,iology s tudy i • 1ui.tabll!. for r isk assessme.nt. This 
i ncludes eJC,qlin.etiqn of procedures u.1e<i (a) to select and c lassify subjects, 
(b) tO esci m.ate t he ir- e:.:l)01ur1,, and Cc) co follow their he.alttl e ffects. 
Ot.het· i S!sues to be ev•lu.atea include cootrol fo-r potentia l confounding fac­
tors* and t.ru! s e lect ion of an &ppt'opr-i•t• cotatrol gTOUP-• The measure u sed to 
,unmariz.e. t he de,re-e of usocia.t lon betw-•·n arpos u-re- and adverse effect is th; 

* Crosa-sectional Jtudies (also c.,,lled prevalence studies) a-re sometime, 
considered a s a , e~r-ate •pproach. The.y cne.a1ur• t he presence or absence 
of a di.tuae and ocher v&r-i-ables a t • fix4i-d point in time • 

..., S«e for- example ditcu••Jons by ~otl•nd et ,1. (i979 ) and. So,lten et al. 
(198-Jl. 
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t'.stio o f the rate in the ex;,os ed population to the rate in cbe unexposed 
popul..adon. This rate r-a·t i o can e-on,i..sc of inc:idenc o or prevalence ·rates 
(retacive r-isk), adjusted moi:tali ty r"tes (e.g., Standa.rdhed Hona l i-ty 
Rat i o ) . or the i-att. oi txposure in case..$ rel .at i Ve to that o f controls (odds 
r-:ttio ) . A t"atio of unity suggests no associ.,tion b1H.-1Jeen the exposure ·and t he 
effects. When t..he ratios do show an effect from exposure. tbe i.ncidenco i-ace, 
fri:>m the study .ire suitable for use Ln quantitative r- i sk au«s'"-ent. PC"eva­
l e.nce or mortd i cy race s can be transformed to incidence ru.e$ <1hen aee,ssac-y. 

Epide:roi olQgi.c.tl •tudies have s eve.ral inhe·rent limi tations . 09e 
1s that i nc.reases of coi:nmof4y occu"rring b.eal tb ef(ecq: (such as: cancer of the 
l ua.g_ or co l on ) usually a.rt not detected unles-s the c.hang-e (s very great. 
A.noth.e"r limit 3ti on is thac •Uposurt:s -.;ere not cont·t"o l led, ,sr1d .i-re 1.tsu4lly 
poorly known . I n fact, any of the human data are obtained from indu..stt'i4l 
oc cupatfona l stud i e-s in which sample 11i:.e i s limited by the number ex.posed, 
and exposure l evel ~ 4re dt::te.rmi .ned by ttie c t rcumatanct:it of the indu.str i a l s·et­
ting . Because of these l i.mit.acions, & .stl..ldy i:riay yiel d only a singl• or a Ee:" 
dsk rat ios chat provide an iso-l·ated ,e.£hct level. SJJch dau, do no't yield a. 
dote--i-e.spon.u cu.rve , and probably do not .ind.ic.•ce how far the effect level ts 
a bove the tb r t1ho ld level, if any. A fu~rtber i nhet'ent limita t i on of epidttmi­
o l ogy scudies i1 that they ma y 'fail J:o revea.l a t r-ue adverse ef fect due to 
in.suffic:.ient data Lor sorae re-a.son. When the d•ca colhcd on pr ocedure's and 
analyt iJ at"e judged to be ade~8te, the detee-mination of the Validi ty of -, 
neaa.ci ve , clldy is largely statistical. Gu ideline, ~xisc f or d ist i ngui-shing 
bet1,tee.n valid and equivocal negative studies a.nd · for u.sing i s o lated effect 
level.s. Fina.lly e.pidlltllliol ogical st.udie, may establ ish correlations, but may 
not be able to dnion•trace • cau•e and effect reletion,bip. 

t>espit• these limitati<>ns., e pt demiologica.l t'esu l t s can be use­
ful in quantitative t°iJl( asses sme.nt . Re sults of a conc-tJJsive epidemiology 
sc·udy a:re. Li kely to be the but dae:a avail.able. £ven 1 f t·be c-esults of an 
epidemi ol9gicd study dd not provi de .a do,e-i-etpon.ae. relatlonsb i. p oc- .ire not 
c.Onclusive i n de1rtonstr1.ting the ris k or abs·enee of ri t 1t posed by a aiven 
agent, the-y can comple.-r.e.nt the resul ts of och.er stJJdies ( e.g •• animal to'xico­
logical tests, cli'nical c1,se reports. •t:tQad,a-L ,nilysi s ) and m4y be the 
deciding £-actor· (particul.arly i f they eonfi.rm other evicienCe} i n t"eaching a 
re-gulacory dec~sion for potent i a l sou~c.e s of .a dise-ase. s,e for example t he 
revlev by Crou~h an4 Wilson ( l979) -and specific studies on ·ethylene dibromide 
(R.4lntJ.Y et al., 1978) and vinyl chl10-ride {Cehrin& it , 1 . , 1919). li.attis 
( l986) sug;gests that "moteccu.h,r e;, i.deraiol-ogy techniques''-combi nation-s of 
analytic.«l epidemiol ogy witl'l advanced bioche'mic;al mefhods-h.o l d prom'ise- foe­
quantitative as~essment of• broad , ~e<trum of hum.an h~clth e i Jk•. 

b.. Animal s.t:udies: The traditional ~·erie,. of t.oXicolo-g i"cal 
a-tudies with .laboratory a.nima ls classi fied by len-gtb of exposure c:onsiscs of 
acuc.t. (101Htill•• c..Ueil •ingl • do-,;e } studies, aubch:ronic (.jomeci.mu c.alled 
repeace-d dose, tuba.cute, or sho-rt-tem,* stud.ie:t), ch.ronic (often called long­
t erm sc\&diet) : and tpecial ttud-iu (Oou\l tft al, 1980). 

* U'nfo-rtunataly, the caic.robiological and biochuuc-al in vitro te:stt developed 
in rece.nt yuu •r·e aL,o often called shor-t-term ,t\ldlet. 
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Ac.uce $~udies uwai t y i nvolve a single dose Or t for inha l ation, 
a single exposur e · of up co 24 hr. These st.u,dies use re.Lativ,ely high dose..s. 
Effects add:-etised i.n a.cute studies includ~ death, i rrit ation, an·d ochec cela­
tiv·el)' g-rC?st conseq-i..ences. Acute toxieit.y b.as q·aditionallr. been about the 
first tox t cOlogi.ca l pr-operty co be stud ied for a chemical, and the L0~ 0 is 
ufu.&lL,y i:-eported i n the titera.cuC""e for nu.died compound.a. 

Subcbronic studies ran&e f r ·om tho,e. usiri.s.. a f ew C""epeated doses 
ovet" a f e w day9 to tbose l •sting 90 days (or about iO% of the subj ect 1 s life-­
time). Subcht"onic studies usu.a lly took f~~ more subt le effects than do acute 
studies, s.u.ch as changes in c.Linic:al chemistry values and cn.icroscortic ci,su.e 
path.ology, rather than lethality . $ubc:h~.onic st~dies aan yield q1,1o1.ntitacive 
d.ose-respon,e ral.adOnships, but oft_en are used to d.ecermine tho i:ange of 
appropria te expo~ur~$ for chronic 1tu4ies. 

Chronic studiet ic,voJve C'·epe,41c·ed and prolonged dosing for pei-i­
ods approaching life.d111e (t-yP.i.<:.4lly, 2 y,e-rs in ?"odents and 7 years in dogs), 
Chronic Hud.ie• d«cect e.ffeccs chat are c:umul_.uive or hf,ve. a late.ncy pei-iod, 
and efftccs of bioaccumulaced cox icants. The end po i nts of chron i c .H1,1di.es 
ca.n be n.o!JI L,nall.y the same u those of 4cuce studies, but very Often ate dif­
fenmt. Multiple dose l evels are u.sed; a: study should l de.nti.f_)' cai::-aec 0C'a4.ns 
and. tissu.es .. , t.he ?'&age of elfeots, dose le.v~ls i.rhorc g.iven etfect.s 4re not 
obsel'"lo!ecl and first observed, ~nd t .h.e frequency. and s everity At iocc-easin_g 
dose. 

!b.Uag (1988) recently ditcussed the quantification of genetic 
ritk of envitoftll\lntal mut,agena, inclu.di'n1 tl\e 11direct, 11 doubling dose and 
genetic; number method• for He.ndel.i.an a:rut.ants, c.h.to1110son11~ &berrat.ion methods, 
and methods for irTegularl y inherited disorder,. 

Spe.cia l stU-di,es ,ire designed Go took .at p:srd.cul;\r e.ndpqi.nts, 
mecaOotic systems or unuslMl sicu.a.tions, The most coa:non are ter3.t ogenes·i s 
studies ( l oQking. for !Mlfonned fetu.te-1-) .and reproductive nudies (looking at 
fetotoXi-city,. r•eprod'uction and surYiYal caces, and othe.r d l!velopme.ntal 
effects ) . Effects l!l4'Y Pe mon..i.toeed for a- l ifetime, or in th:e 9econd. and cbird 
ge.ne~cion fottowinJ e.xposur~. 

ln toxicological studies~, an effect ...,u l not be observed unless 
there it a. receptive subject. (e.g., pr8gnant female fo't' tisracoge.nesii") and 
the eff•ct it 1-yac.1:macically fought (e.g., approp-riate expo.s-ur~ period fo-r 
C-&rcinogeauit-), One can de110n1trata a • p•c_i.fic ad.verse effect, but i t is not 
po11ible to demonttrace c:h.e complete abaence of adYer-se effects (i.e,, estab­
lish cornplete safety), sioce true effect• My not have bee-n ob~e-r-ved in tt.t­

tistiully or biologically ,ignlfieao.t n.u.mbet"·s, or may have bta.n overlooked. 

• Ter.acog:e-nic effects occur only whert the female i9 ex.pot.ed to the te:c-atogen 
du.rina a critical p•riod during th• gestati4n p•riod-usual l y only a fe-w 
days to a few weeU, daptociin& ou the 1peci es and the ef£ect. The 
critical period ia usually aat·ly ia tb.e ge-st&ti1>n (first t ·dmetcer for 
bumans·). 
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An adequa te set of exptt·dmeneal an i mal data uill consist of one 
or t ';o'O reliable studies each of ac.1Jte-' subchroaic. and chronic qu.ancifi ed 
expotu~c, to the chemica l in an apprQpriate dosing mode {e.g., b1 inhalation 
ior air expostrre, er by gavage. in feed, or i.n -.,ate-r fo·r il'lge-stion. A toxic 
re,;,onte vil1 have been itud.ied a.t a m.inillNl'ft of thrtt dose levels plus a c.on­
t!'o l gToup. Ideally. the l ow.est do.se test e-d •"->ill bav• negligible effe~ t s. 6ne 
or oore dotes vil l b.ave definite to~ic:it.y but no lethality, and o·oe or mor<a 
high doses Vilt ptoduce the subst ance• , f ul l array of toxic effects including 
substantial lethality. ! t is he lpful if the tou.l dau. base fot' the chemical 
also incl ude, evidence that the effe-cts would occur in l\wnan.s. Inadequac.e. 
• nirqa t data H.CS My still be ui,e ful., .u discuued belo'-', bl.lt 1;1ll l u:sual ly 
l ead co ci11k e s t i mates of lower: ,conffd•~flce. Aga i n, t he i deal uould bo a C"t!l i­
able set of ·dos«---response data for-- eac.h -kind qf etf'ec:t over the uposute range 
of iat-e'C'est. 

• Limi.c;ati ons : The u&~ o·f animal studies to predic t human 
b.ealih effects has seve:r al inherent a.hd p-ca.c:cical Li.rni tat iOns . 

The i nhe.re.nc l tmit.tt ton·s indudl!!:: 

• E.xtra polations, vhen required. aero,, di~s i milar expo1ure 
c:ond i t i ons, e.g., f t om u.nifoc-m ~tonic eltpo$ure s·tud i es ln 
animals to the tho'C't-cec-rn (even singl e dose ) or i ntermi t­
tent environ~ent•l expoaure, ofcan tncyrred by huoians, or 
f-rOftl subc:hronic a.ni.m,,1." d.at--.t to chc-onic (even lifetime) 
h111D1n o&po,uro,, Such ~i ffcrtncc, pose c,peoi atly 1cr\ou, 
1Htbodo'logical p'C'oblem., when exposure to caccinogens ls 
involved. 

• £--x.t"rapolations hom hi'.gh doses used in animal studil!·& ta 
the low doses of•ten encounte.red i.n bu.man 1:tn.v.t ronm,enta.l 
e:.x.-po,ure:s. 

• Extrapolacio'n• acro:u species of di fferent sizes, metabo­
lism, and babies. Different s-pec:i.et often r espond s·im­
i la.rty to eq_u.i v.al.t.nc do.ses of a given chemical. but in 
m.any cases they ao n.'oc. In some. ea·1e, the ll'Khise is not 
eveo a goo·d predictor- of c-esponte fo1' th.e rat. 

• E.xtrapolacioo, ae~o•• t'Outet of e~pOsure from •niul 
studi et co huaia:.n envi.tonNntd exposu.r:e.s . 

The pt:actical. limi cation, inc: t-u·ae confounding factor,, dosage 
acc:uracy, and negative results. 

• Con.f'oun4.ing factors inc.lude enviTc:rnme.ntal factors ( s uch as 
irregul.aricies i n light ing and a..ir circulation, c.leanli­
nest of cages _1 and cOncCH1itat\t dis•••• out.bt"eak-s), con.tanr­
ination ot' m.isidentificaticn of ch.e c•st ch•·ical, ,nd 
other accidents in the study vhich, ln effect, change the 
ceres of the ••~r.i•ene (e .g., a sick aniul seldom ruct• 
in the same: w•y to a dose as a nodbal anim.al ). 
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AccuTite l<.novledge o f th@ dosage used for e.-ch tes,t is 
e.xc t'e·m·e l y i mpOt'tanc, bu.t i. s of ten df f f i.cu l t to ac hieve.. 
The a.ct ual dosage de l (vered co· an, anit114l may not neces­
sacity be the inte.ndied dosage. e specially in inhalation 
st.u.dies of nongas,e;s but a.L,0 in ocher- tests vitb t-he 
toiticant dispersed 1n. fe ed. IJ"iltet'. or at C'. For ex.ample, 
some cesc ffla.te·d . .il ,cn.ay dec·ompose or be othe·rwi.se lost 
d.udng. the ,cu.dy. Equd ly i.mpor~ant-' at. tiines the ab­
so-r~d dos e fUY be s i gnif.icant l y less t.han the exposure 
d,ose. 

• He-gative data (no adv•rte. effect-• obter-ved) are not ~it.b­
out unce.r,taiqty; a par tic~lar advet"se e:'f'e,ct .m.ay b-e sc.a­
tist.ically unobserved under c.he test conditions. or if it 
was not looked for, ic w&s not l ikely co be r eported, even 
if present. Th.is is especia l ly tnae for effects requiring 
special tests for de-te:Ction, SIJ.Ch as clin i c al chemistt')' or 
hi stopa.tho logy. 

o. Other so1J rces: If adeq:uate d.ata ,1C'e ur.ava! l ib Le from 
eit~e.r human or .ani.e1al studie:IJ. ocher data !OU-rc•t may sd LL pt'ovide 1.1.se fu l 
i.n.fonnac_ion £or- dtk a,1a"ltme:n.t. 

Such i nfot'fflf;tion could i nc lud~ toxicokin~t ic data on the chem­
icals, toxicologic4l data ·for human.s. or animA L·s on related kinda of chemicals 
(cogp&tes) .t or d•t& on th!!! ,~enaica.l of con,cern from one of the. v&ri•cy of 
l a.r'ge tn vitro bioassay s.tuciles* that Uve bee.n develOped over the l a.it two 
dozen yeaC's. these are sh·ort-tent test.9 c.b.at use 11licC"OOrganis11s, eel t c:1,1l­
tures or biochem;cal systems i they provide infot'mation about a c.ht!:!Gie al 1 1 

effects, particv.t arl_y mutage.nesis andt by ex.t·rapolation, carci nogenesis. The 
dote-response function_, pt:ovided by these tests are difi i<Ju lt to e.xtra9o l ate 
to effE!:c.ts in mammals. Such studi.E!s .are ~i:iely used in prioritizing chemical s 
fOT chronic testingt but have not be·en :accepted as a general s ubstitute for 
manma.,lia.n studies. The po.t enti,al u,se of studie..s of these k.inds is d..itc1J1&ed 
fuc-i:.her undar Section a, "Predictive .Kodelis." 

d. Judging e.v-idance of carcinogenicity: Card.nogenesis it an 
effect of p.a-i·ticul ai:- i inpprtance, but st.ud i et of a giv41n chemical often report 
different re,~l ts d•pending on the species, sex~ and exposure condi tions. The 
[nternatiQnal Agenc.y for B.esearc.h on C.anc,,n· has deve.loJutd -a w-e.ight-of-evidence 
system for judging information on a c:hemic•.l's c.ac-c i noiienicity (IAllC, 1982). 
Evidence from botb buman and an imal studi~s w-•s chara~t et'iied as eithet' suffi­
cien~, limited , Ot' iudeq~te, 4nd the che.mic•l was classi£ied overall tn one 
of f tve -c.•tegorie.s : 

l. Sufficient evidenee-Kalignant 
, .. pecies or s t~ai ns , (b,) in mu.ltiple- e,cp~-rimentl; 
rega·rd.ing incidenc.:e, ,ite, oi:- t ,ype. 

•, 

vu1-1s 

tumors 
(c) to 

(a) in mul tiple 
an unu"Jual de.g--ree 



2. Limited eviden~e--:Suggescive data (11) from a singl e 
sped.es, sti:ain. or experiment; ('t>) f rom s,t-ud-ie..s 'ilith ti..mi tations i n teJting 
proeedures; a.nd ( c ) based on neoplasms. th.at -c.end c.o occur often spont.!neous Ly 
OC' are haC'd to cla s,sify as mal.ignant. 

3. -Lna.dequate evidenc:.e-Re_;,orte.d stud.ies ha11e maJor· t.imic_~-
cions that preclude confide.at ioter~ recations. 

4. Neg_ative evidence,-Studies repo r t t hat with:in li,mi·ts of 
t&ltt uaed t.he chemical is n.ot a c.arcinO.gen. 

5. No d•ca--No stUdie:s of th.e chemi cal are avail.ible . 

£"PA fH"O.po~-ed .tlighc :noc:iific.adon 9~ c.he fNlC ~ araq.iH·i~et ion 
;che.me ,. .and developed five ovet'#.U c lassif i:c::~tiont c.h4·t can be Summa-ri z:ed as: 

Croup A - Hwaan Ca:rcinoJen - sufficient ,vide.nce to show a 
causal reh.t i onshi p bet~.reen exposuc-e and cancer . 

Croup a - Prob1.ble Human Carc.inog.en - limited evidence of c a r­
cinogenicit.y in humans .and s uffic;'i ent. evidence i.n animal,. 

Croup C - Possibl ~ Hilman Carcinogen - Llm.ited ~vidence i n 
animals or in short-t erm tests. 

Croup O - Not Cl asdfie,d - l ·nadequate animal dat a. 

Croup £ - No Evidence of Catc-inog:4nic: i ty !or Hwu.n'5 - ~egative. 
results in .at lust t'.io acceptabl e: anima.l or epidemiological 
t tudies. 

a. Pred ictive Mode l s 

Ettiina·tion of the potential t\um•n be •ltb effect s of chemic,1l, 
releued from h..au._t'dou.t V;tSte. dispos al acti vi t i es re.quires tb.-ree kinds of 
lnfor-mation: (a) dac.a on the exp--.cted conditions of ~nvironmental axposure; 
(b) dac..a on the resppo•• uad~( \r.."'IO""fl e~;po.$ure !!Onditioos from the healt.h 
eif•cc:; literature; and Ce) methods fo-r predicting e:ffeo t s at e.xpt.Cted e xpo­
tur.ct by extrapot acion or other extensions of the lite~ature base . This sec­
tion notes the teveral ty1te.s of e.x-tr.apol-ations t..b.at could be ce,qui.red, then 
review, .a.n'd comp•res several 111athem&tiCal 'tDOd8lt and other appt'oaches f or 
making pred i-c.t ion.s. 

l. types of excra·pclatior:as ne-eded: E--xcra,pol ations, intei'lX)ta-
tio.n.s, or other syntheses from a dac.. bate can be require~ to predict qu.ali­
tativeLy t.he natu:re of t.be. adve._t'ie efhct• i.a. ~', but vilt l'DOre oft.en be 
needed to predict c.he qu.nc.ic.ative respons·•• If all of ,the bu.man he.alch 
Ufect, to be as,eued i-..v.e not. N.en id1ntifi..e,d, their pre.diction will bt the 
first 4ctivity. It is vitally impo~tetJ for ex.ample, to know vhethe~ a given 
e.x-posure po,ed AD ian~diatt. t.h~eat o.f d&ath or teve.re illness, a short-terffl 
t.h.re&t fTom &ccumul&ti~ coace.ncrationa1 a~ a lona-term threat of c.aaCer . The 
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hw.ian health eEfeccs usua lly can be. i.dencifie.d with r easonable confidenc e Lf 
tozicotogiclal te,t d.,ta in aniaia ls ot other' organisms are avail·a ble f or t..he 
test chett1i ca l or for cognate che:mt«ls (i .e. , other chemic:.all wit-h .simihr 
c.he.mical Hc-ucture an.d phys i0oc.hCNGic.al properti.es), or i.f tox icoki net ic 
{ pharmacokinectc) i nformation is: a va ilable on the c bemica..!s ' abso"t"b•bility, 
mobility , ~nd biotransformat ion s vithi.n ·t he h.w:na.n body or ocher a.ppropriate 
s·pecie's. 

The ptima.t'y need is to predict tb.e degTee of the eJfec:t of c:oncen\ 
a t expected expo·,u·re condi tiont b.a;.s·ed-· on c&.e ·di ffetent ,et( s ) of exposure con­
ditions r epo't'ted in the st1.&die.s found i n the ·u.cencure. These pt"ediction.s 
.almost inevitably vill require the extrapolation of a dose•res.ponse ( unccion 
acros s t-c> or ll)Oce sets of c;onditions. Thes-e inc l ude ex trapol4tion.s acro ss 
exposure rO\ltes. frequencies , concinuities t durat i on's , and dosages; extrapo­
lations f com t 4St -spec i es to h-w:nan, ; and tXt'rapolations (rom toxicotogic4l 
t,est dat a on indivi~ual chemica ls to tbe exposures to complex roi xc-ures of 
chemica.Ls .fr: t.quent ly found in h.a%.ar:dou1 '-'&stes. A considerab l e Literature 
di.scuS,ed and comp&res methods for IMki.ng such -e.xtreapolati.ons unde r various 
ci rcwnst.aOCH and the unce-rt ain·d.es inherent ·in them .. Althou3h critica l 
review o f thi s literature is bey-ond th& scope of the present di.scll-Ssion, t he 
overviev beLov m.ay be he lpfu l to the ,eader . 

•· Predictions acro-,s e x osure routes: the toxicity of a 
g iven chemi cal may vary su •tant tany clep.e nding on hov an anliq.&l i s exposed to 
it . Factors infl.ue:nc:ing th.is variation includl!l diff•ring absorbabilitiu: 
•cross different body ,umb.c4nt$ 4c point of aoitt·act, d i £fec-,ent pathways vithin 
the body t ha, •ffcc:t" diat,riOUtion, 11ctab0Lit11 , a,or1ge 494 ~x.cretion 1 and 
ult imacel:y dif.fe'C'en t concentr•tions of th• toxic molecule, at t h e ce:11.s of the 
mo~t su,c eptibte (or target) organ. Fo..:- uny chem.ic•l s, the toxic r uponse 
fo.r the most common dosage routei ·ge.nerally deC:.re.ases in the following otder: 
i nt ravenous, i nt.raperi cone.al, i.ntr&IDU.-t:C.\a.b t' • i.mp t an~, subcutaneous, inhal a­
t ion, ocaL (by gava.-ge, w,St.e.r, or feed), ocular , and dennal. 

!n e.xtt'"•polacing doae-res;,on•-• daca ,1cro- s ,xposur e routes, an 
assul'Option can ~e made a, • .Eh·st ,19proai11at ion that c..he routes are. e quiva­
lent. t cnproved e.xt Yapo-Lations should be po·saib le by u.sing some o f the sca ling 
f -ac.tot'S or convenient i-u.les of thumb dltat to-.ico logiscs 'h.e_ve. developed fo,:­
comp•t"ing doses by di.fferen~ i-ou..te1. F'Q'l"tht:i- i mprovements should be possib le 
by c:on·sid.etini inf oraati On on the nature: of the toxic effec t and the. proper­
ties of the. c.heJ11i.c;:al. 

, b.. ·hedictions across dose v:adat ion.t : the toxi c r esponse to 
a gi.ve.o ch•11i'c:.a.l wil l vary vic.b the frequency .. conu..nuity • .tn·d levet of e'.xpo­
i u-re. Althou.gh metabolism c..a.n differ a c d.iff l!.cent dose leve.h , as di scussed 
by Ce.hri1'1.8 et d . ( 1979) and 0 1 Fh.bert.y ( 1985), a conventional control.led 
toxicology or e pidemiology study u.,ua.li:, yields a ·dose-response r elationship 
like on.~ _o f tho•• t hovn previously i n: F"igu:r.e .Vlll-l. Extr.ap-otati.on, ·and 
iacerpoladon1 are ral atiYely s i.iapl e if exte.nsi-ve. controlled do1e-respon-,·e 
data are availa.bl• and the en.vironment:al exposure is in the ta.me general 
r ange. The conve-rsion IM·Y be m.t.d• graph~cally or by fitting .t cuC"ve to c.h.e: 
d,at a iut.b..e.mac.i•c,1.U -y, and th.ea calcul•tinc the expected respo.n1e a t .i:.be dote of 
interest, Two apaci.al pt-oblema may oce~.fr': (a) the temporal a1p·a.ct t of the 
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expec:ced expos.uc~ 11\aY be d.iffecenc hem chos-e \I.Sid i ·n che <:ontrolled scudie,; 
and {b) the •xpos,n:e level& t.X?Occe:d play be Yell below doses us,d i n the con­
trolled sc.udy. 

{ l) TRpoca.l t,r;tt"aocHacionJ : tf tt\e f-tequency, continu­
ity~ OT du;rat i on of che e.x.;,ec-tad e.xpOl'U,t.'f! difftt'S fr:cm c.he frequency, c.oncir.u­
ity_, or du-r.a cion used ln the contc-o l led St\ldie,. the health e..ffects ma.y b'e 
q-uit• different. even if th.1 cot.al do-Hs stfem to be rough ly equ.ivate·nt. F-01: 
relatively INll diffe1:en~e, d,e. time-"Jeighted •ve.t"a.ge of th.e exposu1:-e may be 
u-se.d u a fic-sc approXimacion to esc iinate the expect ~e:d response ft"'Om the test 
daca. Ti.m.e:--..,eighced •vet"ages have been used vitb go·od results t n many appti­
cacions. An, imp.roved estimate may be possible by c.onsidt:ti ng informac ion on 
the specific chemical and the effe.ct of. concer-n. foe- e-xatnpte, the chemical. 
may be. m.et aboliz.ed rapidly or m.a.y tend to acc:uRJulate ln certain 9cg1.n.s; the 
effect may be l"eadily rl!paired by the body. or 'inj,,u·y may be cumulative. rn 
sucli cases, one may defensibly adjust the simple pror.ac-lng mechod to give an 
11effective dose. 0 

ExtTapolation of th• re1ults from ·sh.ort- ce rm sc.u:dies to 
long-t e.nn e.%l)Osu-res is a difficu.1.t .sc:ep bec-aute., ainong other problems ·, -som~ 
ef fects (e.g., c--arcino·ge.nui1} are seen only in longet" te-r:n studies (see 
Schneiderma.n, 1981, -Cciffin et a..l., 198l and Herc.:r:be.;g and D6u-rs'On , 1983; and 
Hertz.berg . l..9.84). Convitrsely,, cercatn respons·eS som.etinie-s can be detE!nnintia 
better vith. a cute or- a1,,1behron!c cac.he:c- th.an chronic exposuc-es. for e,r;ampte, 
ceratoaenr cicy is ust.14.lly but detem1\ned with a fev ct:pttated dose.i du.ring 
early p-regnucy . Some rese.ac-ch result:!' ,u,&est that the chronic codci ty of a 
che11ical can bt p•-rtialty , _stimated £ro11 -tub-chronic and acu.te. t-ox icity tests 
on it, and from aene.ral tox:kologic;al pr:inciplu:. Thet·e results are "IOrth 
noting. This s-ubje.ct is dis~ussed f'u.rther tatet' in this section. 

(2) High dose co LO'-' doise i,xtrapohtionS: As- noted in 
Section 1', q_uan~ i t;1ti11e.. excre·polation at low dou-s can be difficult. both £or 
n1Lacio-nshipt th•t exhi tiit t:hre.shold and those t.Mt. do not. A p-ac·ticula:rly 
difficult problem occu.c-s if the u:pec1:ed ex.potur.e is below an obser•Jed "11frnt-­
ntum effect leve l" tn t.he. controlled studie•- of & carcinogen. Ac--gume.nts have· 
bee.o ,ude on biologic•l and s tatistic.al gr,ou..l'ldt th.it threshold Leve.ls i:lo not 
exiat for e~posures to chemicel carcinog•Os,* that any exposure, no matt•r how 
smAll, 9otes some J;!ll.lll c-~s\( of cancer. S'iad.iar u·-gwne.nts cou.Ld bt: (but gen­
erally Qv"e not been) made in r 4gttii to t·he oc:cu-rTenc'e of Rn&ta.genic, terato­
genic: and many ot·her e.ff&cts at vecy low doses. 8iolog.icaL rationales have 
been suggested ln suppo'C't of a tb1:e,1hold levd for some «£feces {Cornfield, 
1977). AJ noted pr&vio1,,1sty, boweve-r, a cOncl-u•ion oa • thretho l d 1

, existence 
for most morbictit:y and ?1tt~tity effects is largely a matter of f.aith (or 
p~obabiLiscic d.egr•• of· belief} in the rationale. 

• Tb.is theory vas first. based oa II similar theoc-·y developed in the 19501. 
regarding the carcinoaeiu,c1ty of ionizing radh1tion.s, particu larly 
c-adioactive nuclide,. Excess e.r.pou,:re to X-tays w•• considered co c.-uu 
cmc•r u early •• 1902 (CAO, 1981). 
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For carcinogen,s, :nat-hem.atical. models hav.e been ext ensively 
studied as ai d-s t n pt'edi cting cance.r ri;.sk.s at very Lo.w doses, as wi l1. be 
described in Sub-$ection a.z. The se model s may be useful for ocher non­
thresho l d t:fhcts. For effects for wh:ich • th.re5hold is ,u.swned, dtkfi dovn 
to thresho ld can be es t-imu:ed by ;t1phica.l pr math.e,mat i cal modttl? lncot'porac­
ing: a specified threshOl.d. In i.ddi."t: ion, ..several other predict.i ,...e approach•• 
ha.ve bee..o reported. i nelu.ding: toxi coki.netic model s, quantit a clvt structure­
activity rela don1 hips (QSAR} t prototype rdativt pottnc)' met.hod,, nonpa r a-
1rieti:ic lflt:thoda, and excrapola.ti ons f rom ,i-o vitro test dat a wi th mict::)~t'g-anism.s 
and 1:."ll cultures, ttiese othe-r predictive me.t.hod-s u:e a..lso disc"u .. ued l ater in 
·chi t section ; 

c . Predict.ions acrou spec i u: No rigoeou.s scienti f ic bas is 
exists f or general ~Ua.ntit.ici.ve t:ntapol..acioo of an i 111C..L test dat a ~esults to 
h.um.an..s, and many probl e.ru ex.in ,i.r, iaakirtg p<edi ctlon$ . Such extra pol at ions 
C'equire making cvo ki.nds of auwnption .. s: Ca) th-at & method is a ..,a ila.ble for 
detenn:ining eq1,a i •Jalont do1e-1 in two speci,,. and (b) that a method i s avail ­
able for determining the res.ponse in the cwo ,pecie:.s at equival e.n.t doses. 

(1) Oq.s,age conv.usions: the dose uni ts used should 
a.nhance i.nter1peciet co-.mp.ri,on. a nd be eeadily calcul ated frolll a.v.a ilable 
d.ata, if not ~Hd explic i tly ia che orig inal ..scudy . T:.to type..s of does units 
are coiinonLy u•ed i n che l~ teracuee: 

• Coneent;rat i o~-in-me:dium (e .g .. , parts per rn.i.U ion in 
feed, mg-i mJ .air) .. 

• Quand ty ~t' .ini..mal .on 
•a/kg, aaol es/kg), or 
mg/m2, mmol~s/m2). 

ti tbC"C' • 
turf ace 

~•igb.t bas i s 
u ·u basis 

( •. g . , 
(e.g.• 

AU a ,e us ed in vadou., ..studies. and eac.h. i:an be co'°'ver·t·ed eeh.t ivet y eas ily 
co 1:be other, , vich pro,per c:onvet's i on f.aca:::ocs. Tbere·f9re, the un ic s of choice 
should be bued on th•i.•i- biOlogical u:1ef1.t.lness. The batic biologic.i t phenome­
non i nvolyed i s t he te•c-tion of the toxi canc ..al~evte with a biologic..&l mole­
cu le (,uually call•d a rec1-9t .ot') loc.ated at an ac:tiY& s i t e, initiati ng 1 
set'ies of· cea.ctious, ultiut8ly eesult ihg i n an ob1ei:'v4bl e e ffect. As. 
describe4 in mo~• det• il by Gilun et al. (1980), thi s sequence , eems to fol ­
l ow cheaica.1 ruH·- •ccj.on l a.vs, 10 ch.oi,c-e should be b4tecl on the ch..aracteris­
t ics of the eecepcor reaction, . 

The concentea.tion-in-mediWD; me.•,u.re ha s been foWld lllOst 
u.ae.ful ~n toxicology for titua.tion!I involving a di rect contacc between the 
cnediua and the C'eceptor tissue.., e .g-., i,ri tatio.n of skin by liquid.s or of 
C'« tpirato-ry organs by g.uu. In risk. a • SttsaMmt, ohe exposure analysi s fre­
q,uent L:, yiel ds re-sultt a.s c.once..ntt'ation-i n-medium.. These can .so,metimes be 
used. directly, e .g: . , Al.t'ie ( 1981 ) ., as sessed t.b.e ecute i rri tat ion of nose and 
lungs by airborne chemical,. 
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With most biotogicat systelllt, t::b.tJ: si.tuatlon i s mon! eom­
pllcaced, s~nce the chemical must enter the body (vi~ the C'tspiratory tr•Ct, 
the Skin, or the gastroinc-est i na·t t r;ect). be- t ran.spot'te-d to i. ts active s i ttl 
{usua l ly through the blood}, a.n-d then t-eact wi th the C'eceptoT, \ihile the 
che:mical a.cts on t..he body, t..he body also acts on the cl\emieal. conve"C"ti.ng it 
to othtf' chemicals {metabolism) ind ·excreting i t by vadous pnhwa-ys (ai, , 
bile to fec1:a 1 ur i ne, m.~.eat). (For an. overv.iew, see the. l n~roductory ch•pte-rs 
0£ Doull at al. (1980) and Cil= ec a.l. (1980).) 

When compari..ng chemic.al.,, one may refine t .ht. d0-$ag« esd­
t'l'lates by the use. of moles in lieu 0£ simple veight. although biologica l vari ­
at ion is often so areat t~t this doe$ not improve precis i on. Thet"etore, the 
basic question re.maini~& is whether to use lltg/kg body ~eight Or mg/m2 Silrface 
area. 

The traditional units are mg/~g. They are simile. 
st ra.ig.ht forward, .and widely accepted. Recent Ly. ho1o1ever, a sutf ac-e are.a f'ela­
t lonship was sugg"ced (Mantel and Schneidecma.n, 1975) and was adopted by E~A 
in its water qu.at-icy cri'teria d·ocumencs (EPA, l9.80e), f'o'C' si.mpltcity , the 
surfa<1e are.a usually is a.ssumed to be proponional to c;he twq-thirds power of 
body -weight . {The assumption holds for most. m.ammats, but. some\ilhat under­
enimates th.e surface an.a of l ong-limbed mc;,nke.y.s.) This seating system com­
pret.tas the incenpecies dos.e range (see Klaa.ss.en and OOull , 1980). and i s 
preferred by some au.choritict {1uch •• Albert, 1980), but not by al l <•~ch • ., 
Horl'is et al •• 1982). I ·t ti.., the &dvanta.g1 that inany metabolism functions 
(such as c•Lode and oia:ygen lntake) are bctt corTelaced to weight by a power 
close to 1;vo-thirda. The only 1tudie-1 c.omp.at'·i.ng t·he ve.i ghc and su'f'face ·.area 
unit, involve and.cancer dnags, wh.ich find the sud.ace n :u. units superior 
(lfS.C, l 980a), 

Table VIU-2 gives • s.ec of ,1•.1euge .:h-arAce:eeistics for 
humans and s.evctu.l species that .are u:seful 'in calcula.t i.ng equivalent toxicity 
test doses &nd oth• C' intertpecies compat"isons. 

(2) Nature and e:xtent of ("esponse1 At. nominal.ly equiva­
lent exposures, different spec i es may respond dif:ferently ,in both natu·re a..nd 
degt'ee. The oCc-urrence of some types of effects in humans is difficult to 
predict conf idently from valid r·esults reported in the .Li terature. Foi- e.x•m­
ple~ common table ~.it caused subscancial teratogenic •fieccs vhen injected i n 
a .La.rge dose (2.,500 m:g:/k·g) under: the skin of· lllice i.n the Ut.h d·ay of ge,c.-tion 
(Nishimura and K.iyAJ11oto, L969). The e.ffect of corresponding dosu on humans 
is unknown, but. no evldenc.e. Hi.Sta fo-r e.ffecc, at normal u.lt consumption 
rates. I..n contrast, c.b.alidomide i-1 no~ te-ratogenic in r-acs, but is in rab­
bits, monkeys, and bUJUJ'l:a .Ac IDOderaca doses (Wilson, 19'71)~ Th.e effec t 
identificatiOn problea it not dhcussed furthe.r here., but some of the methods 
used fo~ ide.ntification are also used to e1t::icnat1 dose- response relationships 
and are 4ddressed subsequently. 

l:fwu.n.s are ,kno~ frOtD clinic.al observat ions, controlled 
e.xperiatent.ation, a.ad •1>ideaiolo1ic.a.i studi e,, to h.ave many bu-t not all of the 
t'espona•s of typieal labor-atoq ,ni.Jna.ls to exposures to a gr"at many chemical 
substance,. The clinic&l obtervationa u.sually give information on eespon..se at 
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TABLE VUl-2 

USEFUi. FACTORS FOR INTERSPECIES COHPARISON 

Weight Surfae;e Area Food/We i ght llate</1/elg~t Res pi tl~ i oo l, i f.el i 111c 
Species .(kg) •t/kg c.,21 __ kg/ia2 F , • _ {!l!!Y~L r~ct lB,!!:_ FncLion R~Le 

tfouse 0.030 0.340 0. 0102 2.94, O. IJ o. 11 0. 04 sso 

Hamster 0. 125 0.212 0.0265 4. 72 0 . I 2 0.68 'JJO 

Rat 0.35 0.150 0. 05 25 6.67 0. 05 0.078 0.24 91.0 

Guinea pig 0.40 O. l 14 0.0575 7 .0, 0 . 026 0. 34 0.07 730 
< .., 

Ra.bbH 0.049 0.081 1.6 2,000 H 2.00 0.084 0. 168 11.9 ... 
I .. • Cat J .00 0.013 0.220 13.6 O. OJO (l. 097 LS 5,100 

Honkey 4.00 0.067 0 .167 l5.0 O.Ot.2 0 . 13 I. 3 5 , 500 

Dog 12.0 0.046 0.555 21 . 6 0. 029 0. 025 1.5 5 ,500 

Human 7'0.0 0.026 1.800 39 0 .028 0. 030 20 25,600 

Sources : Durk!,n. (1982); EPA ( •1980a) ( 1983); and HRJ e4lc"l•~ions, 'fh.c.• latter. ,a.ssu111es 
2/3 ,.2 = 0.106 (wl i n kg) . 

• Wet weight. of feed consumed ea.ch day J .Lvided l>y body weight. 
b 
C 

DrJnkj.ng- w.aler con.su,-ed e.a.ch da-y di vlJcd by b,edy weight . 
Cubic meters of ai,r 'per d~y . 



high. exposut'e,, ~ui; li t t le if any. qu3ntitacive informat i on on dose-ce.sponJe 
f unction at moder•ce .ind \ ow doses . 

ihe experimen~~ necessary to obta in h\ltllan daca Are usual l y 
precluded by etbical considerations ao d le-ga l redtdc-cio!'l.s. Results of some 
epidemiolog·ical studies are. a va.i lable fi:ncludins , oc<;upac ional, envi ronme.ntal, 
and consu.."'!ler exposures) on the effects of some cfiemic.1.ls on .human s , but the;e 
art oft.en diffiC\llt to Lnterp r"et .beca.u.se 0 £ con£oundlng factou (e.g., mbc­
ture.$ ) a.nd data gap.,. S1,ich scudie, u,u• t.Ly begin af-ter the ad'!erse ef!eeu 
hat l>een not ed and long a -fc,er ·t ~e coi:icanc has dis_persed; chetefor e . tev , if 
any, douge data a.te. available-. Occ.u,pa~ional bu.lth effec.t scudies ffl4.Y e.ven 
i nclud.e good dat• on to;dcan.t hvels .in the. vicinity of liolOdt sc:.nions, but 
actUa l •xposuces ma y be uneerr:4in t:iec.ause of wide variance in vo t"I( _p"t.act:i"ce;s 
and hum.1n bebavi ot:. aovever, in chose cases \ihera human data .ire 4v;1,i.table-, 
th•Y. shoul d be used to determine dqse- res _ponse. funcc'ton1. or .at least to 
verify cha t hum.an, also incur the e f fe,cts of concern ob, erved i n -,n i m.il s. 

Crouch and '.ililson (l979); Cr'.wn-p l!:t al. C198SJ ; -Clayson 
(1985·); Hare and f"ishbein 0 985 ) ; and Withey 0985) ha'lt ~ecently discussed 
tt)e possibitici~s and d.i!Hcu.lt ies of i..oter-i·peci.e., extnpol.st ions. The. uniq_ue 
suscept ibili t y of the mouse Liver' co ca·rc inogenic response co chemtca.ll th.at 
d.o not h.t-ve ac;t~vity ln oc,her mou1e ocg-an.s or tn rat s or 0th.er test :sp·ecies 
ha.s been weU docw:aentt:d (Ped-era. 198 5). Tn general, extrapol'acion to humans 
can be made most <!onf ident Ly f ,:-om o-ther primates, then ( in· .app·r-oximete orde.r ) 
from t.he large"r te.t t IIL&mlDah. rodents: • . fowl .., plants, •nd microorgan.i sms. Otl 
the other hand, u utensive data. base ha, been d~veLoped in the last ci.-o 
decades o,n the mutagenicity in b.acteria of man-y chemicals believed to be muca­
genic and carc.i,nog~t1.ie in humans (M,e,, et al ., 1962i ~at a t · al., 1973 . Th1fse 
and other in vic~o shore-term tests ~ere recently revieved (Hol lstei n et al., 
1979) ; they are also noted t\lbsequencly in the s t:ibsecdon "Othe r Predict ive 
Mecilods. ' 1 

[n the absence of informa.c"ion co t he c:Ont rary . an assump­
t i on is usually aiade at • first Apprcht i mation cha, t h.e response in humans and 
in test anima.l.1 is the ·J4me ,at equ i.valeot do tes. This assumpt ion c:ould Leid, 
t o suba ta.l'ltial ov·e:-ce.st im'a.cl!:!i. of llwnao ri.Jk ln many o.ases, but l\\ight lead• tO 
under'ettirutet in others . 

d. €xtrapolat i on..s c·o mlxtlJres of' chemica l s : ~AZ.&T"dou.s wastes 
pose a tpeci·d probl em i n beal'th effeca assessment becau$e c·hey usu.ally con­
t a..in n,or• than one toxic chemical. Thus. the usual si tuation invo lves e.xpo­
sure to sever-.1 cbemic• l s mor·e or les.s tlmu.ltaneously . .Alt!IOst alt the avail­
able he&lth. effects df.ta, however I ate from experimental St1"dies of e.xp,osure 
t o • single, C"elative.-ly pure. che.11icat, Thus , one mu.st coos id·e.r ho'f to e1ti­
matc the affects of mixt:uras by using dat.& for- single chemica l exposur-es, 

A fev rece.nt studie.1 consider the p.rob lc11 of mixtures in s·ome 
deu.iL The M•tional llese:•rCh Coune.i t (NAS / Ntt.C, 1980a) ,ccempte'd to asse.ss 
the hai:ards of e:x-posure t o IINldple Ctb.Ulical• in a raarine e.nvt r orun.9:nt. ln a 
later report (llac/NAS, 1982), the Council published • symposium on the state 
of the art l'n •••e.stM:nt of 1111111:.i,G..h~c•l cont&m.i"na~ion-, vtd.cb p1:ovide, • good. 
sWIIMry of th.e. U.aited know-ledge of cnetbod1 for study of 1imultaneous expo­
su.ru . 
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The E.PA I s Envir-001:1ental Cr.i t et';ia and Aues,menc Office (£CAO) 
in Cincinnati has been cteve l oping a mult i ohemica l he.atd t d tk asses;-sment meth-­
odology Which can be used in conducting sit e-sp11,c iii c: rlsk assessments on 
hatai-dous VJStt di-spos-~ l fadtit i es. P-rp0eedi ngs o f an £CAO worksbClp held Ln 
Ci.ncin.naci, Ohio, i.n 19s·2. are a.vailablO ( £?A, i984a1 , a·s are d!'af t proceed­
i ngs from a .second workshop he l d the-re in l.98l { EPA, l98J). fn ! 986 EPA pub­
l ished gu~delines for ris~ aa$,$S~ent of e~emi~al mixtures ( E~ A. 1986a). 

Ca_lle • ~ al. ( und.a_ted) of the Oak 8.-id_ge Nati.and LAb.oratac-y 
considered health effects ass~t$mencs o1 the co~plex ~i xcu~et in sy n ftie1s 1 and 
eecon:xnend that .such mixtures be tref,t~d. as if che,y wece , i.ngte che.mica{s 
( i.e •• be tes_ted and. eval uated a.s , ucb). The U.S. Depart men t of Energy' s 
l:t.ealth and £n1J-ironment.al ai,lc. Analysis Program conducted a •..1orkshoi, on risks 
from mixcu.re-s of c hellli cals. A swm.ary of ibe vo-r~thop (COE, t 983) conc l uded 
that t h.e relat ive pocenc_y qf · • ·,u·b-s.tance iq, various an i mal s ystem~ was useful 
tn estimating hwnan d.sk. !-t r.ecormnended the. use o f mul tipl e.- ,hor·t-c.erm tests 
of ~.any chemica l s and mixtures to estlmace the i r relative potencies as carc i n­
ogen.s, in lieu of conducting the II.Ot'4 L*e.ngt hy and costly t ong•term. t ests 
neee.ssary co determine potenci e., o f each d..irectly. 

Ch-d .St cnsen ,tt1d Chen 0985) 'h_ive derived and tested pre li1t1i n3r­
ity n.oninceract iye ·m:ulti·p1e toxicity cnodel s f oe- quantal -response o f O·C"gan h ms 
to t wo toxicants, us i ng probi t, Logi c and we i b~l l trart3format ion 1 fOr the co l ­
er.anCe distribut°Lon.s Of 4-ach. Only the nonnorrn.a.lly d.lstribut ed Weibul l model 
gave an a.ccepta.bh fit to expecime.ntal d1.ca. 

For even the • im,~lest mixEure ( on.Ly t<>o ahtmicalsl , there af• 
t.b.r:ee possi ble cue..s: add i.t.iVit-y, synerJism, and antagoni sm. In add i tivity. 
t he eff.eccs of the cwo chemicals ar-e separace and noninteracdng, 1·0 tl:\e 
ob.1.ervod effect• at'e the Ju.in of ~b.e i.ndivid.uat effects ( re-sponse add ition ) or 
che e ffect o f ch.e net dose (dose addition ) . where t.he latc«'t is .1 we i ghted sltltl 
bued on ea.ch s ubst.ance ' s relative potency. In synergism, t he chemi c-al s 
interacc ,o ch.at the total effect is greater than t he s um ·o ( the .individual 
effects. Several ty.pe..s of t ynergistfc inCet'actiOff't haVe been welt -documented. 
A simple case is tPe ine-reated penet-ration of body membn1nes (skin, stomach 
tining, place.nt•) by S0tN c.01r:ic cheioic,1.l.s Vh1n cer:·tai n other e:h.emical·s are 
present. A number of chemi:eah that are not themse l ves ne.ces.sarily aa-rcino·­
gens 111ay act a;s promtets• and t.ocrut.e the cac-cinoge.nicity of other sub­
itanc.t:1. One of the lllOtt nocor.i oua pr·omoceN ts tobacco smoke, 'lhicb is 
highly synergistic vith other- lung trriftictt , such •s asbc:stc;,s fibers, a-s vell 
a.a b•ing carcinogenic by i.cset f. tn a.nt.agOnis,111, th.e co111.bined effect is less 
than t..be ,wn of the individual effect,. Thii phenomenon · is often sought in 
the developme.nt of antidotes and 0th.et· ch.tt.apy again9t toxia ~ffects . \ilith 

* Cancec pro11ocers are tomet i a:ies refe«ed to a.s epigenet i c agent s . Sub-
stances vbi ch cause irt-.everaible changes them.selv,., , t heceby initiating a 
carcinogen i c proeeu <ini c~.1,tou) . are ofte.n reier:red to as genotoxic 
aaencs. Some author,c ie, J:ieve protested that t..he use of chis terminology 
stiould be limited to dis-cinguHhing mode, of action, a.nd shou ld not be 
used t;o clas•ifj chemical ! , since · • g i veo che.eniaa.l ruy act at d m,cs by 
eithet' mechanism. 
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both nonadditi-.:-e cas.es, t.he para~etec ot interes.t is t he degree .of in.ce·:t"ac­
t i on; t his may be a con,cint or ~ay b~ a function of dose. 

[f lnteractions e.xht. the he.alth effe1"t5 of sequentia l .and 
s i mu.l taneOu$ t xpo sur"es a,::e l i ke.t y t o d if'f-e"t'. (n .addition . d.iff-erent pernruta.­
t i ons 9f seq_1.1antia.L e x.po.sure may hi.ave diffe.rent 1ffeccs. Fu't'th.er . the 
c-e-spon·s e. v•.rianee may 64 .g·reace r bet'-!een individuals fo r exposu:-e to n:ii.&tu-res 
t han for exp~ture to a s i ngle che.atical. 

In t.he .ibtte:nce of specific s tudi es , One cannot pl!'edict vh ich 
ca.se wi U apply to a a l ven i:iix tu't'e. The common pra.c.t i«;e, there£qr-e, t~ ~o 
assume the effects (or do•e..s ) of different chemi<lals to be. additive. Th l's i s 
the simplest case, s i nee e, t imate s of the degree. of interact ion ar·e not 
requlred, and i s also the medi an c ase among the three (i.e., neithe r best nor 
•.rors t case). Thu•, ~nlett sp•c if i c t -nfonnat ion is' available, d ie e f f.ec t ( or­
dose ) of e ach chem,ical is i.a11.1aJ.ly considered separ·a ti;ly , and the estimated 
adv~-rs'- e.f.fects a r e .aaare.g:aced _.t che tad. tt is possible t hat one o.r a f ew· 
components wil l be suffieieac l y pGcenc: •nd in s uch high .c·oncentratio'.ns tha t it 
o·r the.y domi nate the ob,erved «dver,e effects. tf 10·. c·l)e ri.tk ettima cion ~afl 
i gnore the less potent chemic.als v fthouc affect.ing le t validi t y •~a·nificancly 
(i . e .• ~ithout affecting t tie uncertainty level ). 

I n the rare cases. wheTe i t i s known t ha.t ·ther.e are interac­
tion, , and chat• interact ions baye been quanti fied , c;b.i., knowl edge c~o b~ 
i.ncorporat«-.d into ch« risk est.imatibo. tl the d.a.t.a allow, th.e doses 0£ the~ 
v«riout interacting. c.h,l!ffl.i.0a l1 should. be: combined i.o·to a sing l e. " e f f.ec tive 
dose" ~nd \Ued •• th• dOs• va.riable i n c..be usual methodology . 

2 . Ma.themadcal ecxt -rapo lac i.on models: To~i•ao lo~ ical ext r-apo lat ion 
models can b• divided into three major c h -s ses and severa l s Ubclasses. Ha che­
matica l models for elttrapol ating {or lnte.r-pOlating) respon..se (or r isk) acTosS 
dos•ge, and particularl_y from high to tow dose have received tbe. mosc a tten­
t lori (rom t'e gulator,; c-onse.nsut do.e s nOc u.is t on th&it' reli.al>l l l ty ac very 
l o1,1 dos.e.. Tox icok.ine tic {or pMnta.coltinetic) mode.LS art: potentia lly more 
v,e:ru.tile ( e.g., •pplicable acros s dose. , route, s,pe.c te.s , etc . >t they .are 
l imi t ed in u-se by the i r -.1~cificity ana dat• req4irE!ments . 'fhe t hi-rd class is 
a collection o( approech.e, t~t may. be use fu.l vtien deca needed in ,other· 
approa.ches are in.adequate; t.he.y ini&ht be use.d for qU4,ntitative asse.u .ment, but 
would probably be limited by the det a t>a,e c.,o a qualit a t ive out'put. 

• · Difficult i e s in 111odeling: Madelina of many biolog ical 
effects is dif.ficult, but ette11pts co en_ode l carc:inoa·enesis m.a.them4cical l y have 
pToved to be exee.ptioa.ally so . Efforts to appl y ~t.h.ern.e.tical expf'essions to 
toxicologic.al dose-reslJonse rel-atio~sbips. began i n. the 19:30' s vith the w-ork of 
Caddum and Bliss On acu.t:e qu.anta.l res.pons~ da ta (Bro,w:n , 1985}. the nov 
familiar p~obic model ( see. below ) be.c..- a .stan.da'rd to·o l in. esc.imatlni t.05 0 5 . 
th• d.iscove-ry that i oui..z.-ing r adia.tion could cause canetr hd i n the L.940s and 
19501 to extensive research on doa•--r•apon•• functions for low dose predie­
tion.t (NRC/NAS, 1972). Th• \"4ttilts of this t.t0rk. tu, h.id g-reat innue:nce on 
atti tudes covard1 e11es,in1 aad lll&QaaJns t~• ritks not only of radiation , but 
a lto of ch.emical c:arcinoatnt ('lfllC/MAS. 1980b; Woodh-e.ad et •1.., 1985 )'. Many 
siodels for e.xtrapolat.iou to lov dote f or urcinogens {and other t-ox i cantt) 
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have 1ome basis in e.ady theor--y of r.adi.ation effe:c:·ts . Recent di,cu.uion.s hllve 
noted the substantial <lifferencu <•• Well .t•• the s i ruit&dcie,:) i n carcino­
genesis by rad.iat ion a.nd cbemic.als . bocb in mo lec.Y Lar m.ech.t.n is.ms { Bot"g, 1-9·85) 
And in cellular -or an.i..N.l modal~ (Fey, 1985 }. 

the mechanis~s of c·u·cino,giUlesis h4ve been difficult to etu~i­
date and chis difficulty eccouncs for 'tbe. sugiest ion and evalua.ti6n o f many 
inct"4.&singLy comple.x models over tb.e past 30 years ( Wh..ittemoce and K-el LeJ°, 
L978; OTA, 1981; OST.P, 1985; 8rown, 1985; 30t"g, 1985; a:nd Fry, 1985), Current 
con,er.su·.s is that at le.a,c th:ree major phases oco.u:r i.n the development of c:.an­
c:er·: ini c i•t iont p-romotion or expression.; and progrea!l.ion. A given ch.e111icat 
iuy be an initiator. a pr6moter, or a complete carcinbgen. 

An initiator appears to ca.use a ra.pi d,. lrre-ver•si ble heritable 
change in a target ONA cnolecule or ct!t l in a target org.an. Th:\\ reaction 
,1ppe.1rs to be first order ki.net~c-a.lly without t.'.h-reshotd.. the ch..a.nge c.an lie 
la:te.nt (even long: after t.ti'e ahe:mical baa been t U i.i n.tted) unc.it pro-motion 
occurs, u.nless the ce l l dies or ia ·de•croyed by bod i ly safet,y m:ecb.anisms. 
Promotion is lest wf:U understood, .ihd m.ay "have multiple font1is or: stages 
involving po.uibly bocb dl-rect and indir«ct mech.1.nisms. A promot·er {Of whlch 
there ,ue ffl.tnY-"} app-ear, to att-e'I:' the d.ifferentiation c ~pabil i ty of an 
i.niti&ted cell.. possibl y throua.b .adduct format.ion, amp li fication of damaged oc 
normal ge.nes, or .activation of t"-epre.s,ed genes. A pt'omotar 's effects art! 
!lu.sceptible to bodily repair mechanisms, a.nd. the p-romoter 111\u;t be present on 
an extended ba~is (repeated· or chronic e1posuye) to result ln tWl>On. (Tumot'I 
may ~egress if e:ii:·posure e.nd,). Ctll s that bave been i_oitiate-d/promottd may 
still d'ie o-r be constrained by th.e t'i.u\l.e', cell sys.tcm. tn t:be progression 
st-age the cell appal'ently undergoes suffici•nt &•nomic ch.angl! (e.g., pe-rhapi 
th.rough chromosomal transloc,tion,) that it largely e~capes control by the 
surrounding tissue and proliferaces unre-5Crai.ned.. Pr-<>moter·s may at times be 
t"equiri!:d to maintain pr·o:gresfion, siri'"ce tumors will oacasionally regress vhen 
ex.po~ure to a ·given carcinogen is st.o-pped. 

In. addi tion t.o u.ncerc-.int.iu about tht mechanisms of a g i ven 
cat'cinogen, the subjec:t organ.ism is --alto fnvatiably be l ng subj.icted to Nn}' 
och'.et'" ~ncei--relace,it •sent 1,. inc lud i.ng i.ni C"i,..tO'C''I or pr-omotCt'J ( pos,:i, bl 1 
coc.arC-inoJe:ns) and .tlso .antic.arc inogens. A&Ns 0983) has described .a pletho-ra 
of n&tural mutagens an.d c.a:rcinoaent in t .h.e nonnal diec-. ~ny of these chem­
icals •cc tbrougb _gene.r.a.tiOn of o•ygen radicals ~hich ffl4Y p.lay .t deg_el'tet'.at ive 
roll in cancer, heart di,e.ue, &.n4 agiO:g. the intake of these agent, is com­
pounded by the lifetime esposute to oatu,aUy occurd.ng radioisotope, and 
intense co,.11i.c ca;ys. the diet •lso contain, c;h.e• ic,aL, belie-v-e-d to act a, 
anticar-c.inoien.s. 

Con.sid~r-ations of the i.1ncer-tainty io. the e-ffec.t.ive d'ose of the 
c.a.rcinogen, coupled with uncertainty in t.he carcinogenesi, and bodily t'l!'p-airt 
as puti•Lly swmaari:ed in £isuce viII-J, revul Why epideai.iOlogical and 

* The commoo atiiao acid1 (au.ch f' t:rytopb&n, l eu.eine, and is;oleucine), 
pre1e.0t in p't'oteins_, 1a.ccharin, and t..b• sod.iw:11 sale. or ascorbic acid 
(Vitamin C) h.t.ve ~ll been fou.Gd to a.cc aa p·romoters. 
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coxicologlc.al studie:s o£~en yield dose- r11:sponse data. tllac: a.re difficult t o 
interpret 1.1-ich ge..nera.l matheJl'latical (nod=el .s. 

b. Cose-response ~xtc.110ohtion cnodelf! Mathematical extra-
polation from high dose leve1.tt to lov do1.e l evels is usually requ i red to 
e~timate human health risk. Typical LaboTatory toxicity s tudies involve LO co 
LOO an l ma.L, per dose level because of togisti"cal limitat ions. Tho senslt i vi.cy 
of che test· i, •richm.etic.ally l imit ed to an e.ffe:cc of l to 10% inctde.nce i n 
t est aniiq!s do,ed •t levels higb enougR to p~oduce ~n obse.tvable effect, .and 
cancer r-ksks below L:Z canno-t be measur1!d ln animalis with any usefu l degree of 
e.ccuracy (Crump, 1981b: C_a.it'ns , 1979).* However. most ri.sk assessments 
r:equire the eva.luat i on of effe.ctf ~it.h l101ote·r incidenc.e. such its l to 10 in a 
million (i.e., Lo-s or 10-6 ). The.refor e, a:n extrapo~4tion to the expected 
very Low level exposure is required.. Fo-r this t·ea,on both th.e respon.s.e (risk) 
and dose are usually placed on Logarithl»ic scale. 

A var iety of 1»0dels i :s ~Yailable to inake exc-r4polacions, al ­
though in modeling research heavy emph .• u is ha-1 bee:n .pl.aced on two arceas: 
acute lethal doses and carcinogf.oed!. Host of che.se model s were. developed 
over 20 y·ears ago. Th-e models and their bio l og ic.al :at ionales are d..iscuued 
in se•1et.al reJcrencea (food Sa.hey Council, 1980; NRC/ UAS, 1980b; Altshule r, 
1981) Munro a.bd iCrewski, L981&, 1981b; Kr·evski •nd Van Ry-z.in, 198 1; 8ichmond 
et a l. , 1981; T4rdiff and Jaffe, 1982.; Park and Snee, 1984.; 8icki :s and 
'KrefJski, l 98S; Crump, 1981., L~85a, 1985b; and Brown. 1985) . Kr&"!tki. and Brown 
(1981) a l-so provide • bibUog-:raphy of the ca.rcinogen ic:: r i sk a.uessment 
L iter&ture. 

Although. not always e.xpritssly stated, m:ost of tbe CDOdt:h ha ve 
vat"ianu to allow elitainati-on of bac~g-round C'attt (i.e .. , t.he presence of 
adve.rse e;I·feQts in undosed control anima l s). Thus, v~t is u:&ually e.alcu l.ated 
is the additional ris-k re-sul t ing ft-·om expo,,ne over the normal Or:' background 
effect l e.vel. In addition, tht!e-sb.o ld dos-e:s, if known. cou.ld be i ocorpi;irated 
in most of the models, although this ls not done frequently. · 

In ge.neral, all mathematical mod@l s uswnt: t hat t·he pc-obabi. li. cy 
of re,pOnse (p) at a give.n do•• (d) i.t • fu.ncdon Qf tb.e dose 

P(d) • -f(d) 

but differ to t 'he func-cion.al t't:l•tion,hip. Four subcla·,1se, of such mo.deh are 
ditc::usse\:f belov ~d then briefly evalu&ted. 

( 1) 
·function i, tine.at' over 

Simple algebraic: models: 
the e:nt ir·e nnae of doses 

In th.e .sJ.mplesc case , the 

.. The EDoa study. the lar;e·st animal sc-udy to d•te, was designed to estim,.te 
with precision the dos•g.e of a very potent ca:rcinoae.n th.at VQiJ.ld produce 
an inc-r'ease i.n tumor incid.enc;e. of 1:%. It used over 24,000 mice (C.inu, 
1979). 

VlII•'.30 



P(d) • a•d 

whH·-e the c:ons c.anc., •• i.s th• s lope of the dose-re..s"p0n$11!. tine . 

The Llneat +el.adot1$hip ca.n be modified to inc.lude· e:.i ther 
or both a ba.ck.ground inc \<d.ence P(d0,) and t hre,hol-d dose (dt ) . 

Lin.eat: models P(d) • P(dp) • ad 

P~d) • a('d -d.,) 

P(d), • P(d
0

) + 4(d-d
0

) 

~h.ero t he effect ive or exee.ss* probabilit y, ?-e.(d) is: 

Th.is method of cor-recting: tho response for bae~g-r-ound is 
satisfactory for !Mny· pur-posu, p.a'f't LcJJla-cl y if Ct.he baelccground i nc i dence i-s· 
tro.alt. 8e-tte._-r eompari·sons ca.o bt Nd.• betveen r:.••ponse pcobabil.it i •es or risks 
foun·d i n d i ff1i:e.nc studie,. vhit1'.e di.fferi.ng (.and· somedmes high) badc.g,round 
ttveL1- ui.st , by eonvtrting the re1poa1e1 11iove b1c1<1rolllld in ueh dat.a nt ~• 
new- 0 1:0 1.0 sc.alu. A £ot1Wla, knovn •• Ab'bott's qoc:ar-ection, expresses .th• 
risk as: 

P(d) - P(d ) 

R(cf) • I - P(d )o 
0 

A straight Una can be fit to a dat·a tee by r:,gr:e-ss i.on 
analysis and used for predict ive purpose~, including extrapolation ~o esc imate 
tb.e threshold dose , or back.ground incidence. te"" data set • a·ce l i rie.ar- over the 
entire ranae., however, and mo,r-e comple.x functions required consi.der:.a t ion. f'or 
ex.-m1>L,, the fou.r models belov- llave been teated on t he effects of ionizing 
radiation (NRO/NAS, 1980b; GAO, 1981): 

Square Ra.ot Ho.del P(d) • Pfd0 ) • + ad:, 

Quadc-acic Hodel P(d) • P(d0 ) ., a2d2 

Cubic: Hodel P(d) • P(d0 ) • aldl 

Li:nu.r Qu.adr-atic Hodel P(d) • P(d0 ) + .fd + a;id 2 ' 

* In t.he 1.iterature., P(d) - P(d.Q.) i• var,.i0u•l1 called the added, addi.tiqnal . 
increaaed and •xcess probabrlity (or risk). 
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The linear no-thtesho l d model gave .a reasonably good fit 
t .o some da-ta sets involving ~ancer incidence following radiation. _pac ticul ,arly 
for so-cal led higti---U:T radiation* such as alpha particles (hel Lum nuclei ), 
pt"otons ind f.,,s,c n.eutcons and cosmic t'ay-s (he.a·Vy nu<ilai). but a poo:rer fit for 
tow-t.£T radi;1.tion be•t• r4ys (eleott'ons), ga:.m:na r ay.s, and X--cay, • .:t~ n-.ue dat·A 
i n many cues w-u·e based on epidem.iologio.a t studies fotlo·vi ng high dose, m-ul­
dp t e type, ..,._ho le bod.y, radiati:on· (e.·. g., atomic bocnb sgrviVO('S at Hiroshi ma 
and Naga.saki). Land (198S.) recently C'evie.ved thit difficult ies in e.x.cr.apolac­
ing cance-r risk~ frota such. large.-sc.ile ud i a tion exposuce . 

The N-.tdon•l aesearc!h Counc.ii 's Oo.mmit t.ee on the Bio­
logiul 6ffeccs o( Ion i:ing R.1di1ticns h.·1A1Je. conside r-ed these efhct• at le.ngth 
(the so-ca lle.d BEIR Committee r:eports: NRC/ NAS. 1972 , l97'7b. 1979, 1980). 
The 1972 8E1R. t"eport used the linea-r mo.de £ to estimat e cance.r i nduc'tion at toe., 
dotes of radiation, and this model became the ba.s i s of current rad iation 
~rocection standard•. 1n !980, however, the BE.IR Committee members could not 
te&c:h conaensut: most me,nbcts now bet.ievE!d t.hat a.lthougb. t he liaea-r 110del wa.s 
s•titfaccoi-y foi;- high- LET cadiat iQn, the line•.t"-quadratic n,odel .., .. , btst !or 
predicting to.., LST tow dose risks. One dissenting opinion (that of the com­
i:iitte« chaicman) favored ~he linear :nodel f'or all radi at ion, 1-1hite ;1.nother 
opi n ion favored I ptir-e quadratic mo.de! be:cause the l i near model over esti.fl\ated 
risks it low dose LET, but might undere s-tim.at e neutr:on ha.:aC'di . 

Tb..e•e delibe-rat iona are i mpo·rtant to che pr-esent nudy c f 
C'itkt from c.hel'llical carcinogens. Altbovgh chemical carc:inog.en.s &t'e very low 
•nergy tovrcet compare.d to ionidna rad i ac.ion or even to ult"r4.vio let light, 
the concept. th'at tMe dot:e-t"upon;e C'"elationsh.ip £oc chemic•l c:arc:i.ndgtiij 
should be lineat, at Lean . .tt lov doses, becaaie videly 4ecept;ed for re.gulatoi:y 
pl.lrposes. to fact, a ''l ine.ar i nterpo lac-ton mode 1,. developed b-y Hoel et. al., 
1975 {se-e belov), and br i efly adopted by che• EPA i n 197& for c.irciilogen risk 
atseu1111nc , drev hea·vily on the LLnur model endouement i n t.he l912 BEtR 
report. Whi le man models Coc- extrapolac:ions of chemical risks are more 
strongly bated on tox icolog ical theory and exper~ence th.an the.se simple alge­
braic models, .iU the mo.deli cu.rrently f avoi-ed for lov dose cardnoge.nesis 
prediction inco.-porate ne-ar ti :iea.i: i ty at 101.1 dote wi ch no thre..sho ld . On the 
other h&nd·, the \(inetics ol met.aboU-e procenes other than those direct·ly 
involved in c.arcinogene.sis ca.n probabi.¥ c .-use devi,1tion f rom Linea.r.ity a t l oW' 
dose. I-n f ·act, Do l l and Peto (1978) obse!'Ve·d that ,a quadrat i c dose-response 
relationship provided a better fit for dat.a on l ung cancer and smoking t.han 
did a linear model. 

(2) Tolerance distribution modeli: This class of ~odel1 
i s b4.1•d on the dete-rmininic view tb&-c fer a toxic -su·bstance e a ch. individual 

* LET. (linear energy- tf'anafe-r) refer, to the amount of e.net'gy an ioniz ing 
p~rticle give, vp per uni t length of tr•ck in r e ~eivi ng material • 

..._. Ul tra.violet · rays are eueni:ially noni ,onizini i n biological medi a, but can 
c l e.ava molecules into reactive free t'&d.ic,l s that ini t iate cancer . 
Ultraviolet rays a.re pa-rticularly as.soc.lated vit.h skin cance-rs. Cosmic 
ray1 eon.ca.in a bro1.d aittur-e of ele:et:rona, ca.es·ona, proton•, a.nd beavie-r 
p.a:tticlea. 
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has a tole-ranee l~vel '-'bic.h., if exceeded, at-.,ays causes the e ffect, ill'td on the 
a ~-sumpcion th.at a d.i.stdb1.1;ti on of t 0 Uer4nces ex.i sl;S' in the test population. 
Di f.f.e re.nt distt'l·bution-10 lead to t.be probit a,;,d logis tic l'tl'odels . 'll' Tol en.nee 
distri..bud.on models suggest assumpt ion o,f :. t'he-eshot d dose,. fat" each test s·ub­
j ec: t, but do not pceclude vanishlngly small ~hr es~ol ds f or s~ec ific ,ubjeccs. 

Probi c model -the basic probi t:~ model es sU11Ses • com.at 
di~t~i buo ion of avmics. For t oxico l ogical dose-re$ponse appiications, a tqg­
norm4 l di s trib1.1tion of i ndividu.al to l ierance..s , i s a.s..sumed . The· model i s some.­
t i mes i;:aUed the pr obit log .. dos-e., log-'pr.obit alld. log-normal models , -~s "~ll a.s 
t .he probit model. The eq1.1at ion fo r pr~ babili~y of response versus dose i s: 

vhere 

a • 5• Loi d 

P(d ) • (Zw)-I / >· f -u> 

• T du --
P(d) • probability of ~tfect •c. do,e d 

u • .log x . where x i, t,he: v•t'iat -e of. t:he c la:ssi.ca l bell-sh.aped 
no·Tinal distr-ibution., and 

o • parameter to 'oe· e9t i rmated, and 
8 • parantete-r t o be e1t i.111at:ed (called the !lope of the probit 

Lin~), where 8 > O. 

Origin.Uy deve loped l n dru.g develor,iment rese•rc:b to flt 
resaareh d•t~ for acute expo1u.r•• • the probi t model i• ve ry u$e fu1 in obta i n­
ing the L0_,, 0 by i n.terpola.t i on, t ince: ic can be applied 1o1itb only one dose 
level plus a. control group. The model. i s not high1.y fteJCib le i n fi tt i ng data, 
but ttle tog-probi t ll'tOdel .ad.eq1J.&tely f it i;he observed data f or both liver and 
Q,ladde..r cancer, i.n the E001 s tud.y (f'af'ffler et al., 1980). 

The probi.t n:iodel c:u.rve i t convex. i.n t.he lO to SO% response 
range, b\l.t the response approachet : e-ro· rapidly at lov dose. I t i •s inherently 
~ontheeshold, but i.1 conca.,._ i.o extc-apolat ion to very l.ow dose on a tog-log 
sc: .. te. le a.,l.11ost always yield• toveC' estimate., o( r i:.sk. a,;; low d.o.s, t,han do 
other model , . 

Mantel and 8t"y&n ( 196!) adaptad t.tie p't'obic cnodel co esti­
mate " safe. doses" of carcinogens. Ia "thiS- met.hod, the pac-amec.er a was not 
estimated froa t he data_, but wa.s set a-rbitrari. Lr to un.ity ( pretwned to be a 
conservative proce.du't"e). Other paraaeteis are then vat"ied co sive an uppe r 
99'% confidence level on th.• ri.1k: at a given ~do.se... Tt\t ••fe do9e is t.he.n 
defined as the dose «xpected at th• 991 confi~tnce level c.o 1ive no more th.an 

• Tba Weibull .nodel i• .soeeciA-u g.rou-ptd wi th th••• pJOdtl1, but is bcet~e r 
clatsified. vith 1Hc.b.a.n.i11ti c 110d•l• a , vill be ••en ia Sec·t ion 8"2 • .a.3 • 

..,.. Probit i1 an_ .1.cronym £or c.h• term p't"obability wait. The probi"t scale u 
bated Otl deviations froa cbe mean of ao'l"llal di,t:i:ibutioo _; the scale is 
•djutted to .avoi d ne3ative ouaber.t. 
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an assigned very low c-esponse, such ,as 10-~ The U.S . Food and. Drug 
Adm.in~scr.a tion adopted. tle l!)g-probit model !or • d me around 197Q i n sup·port 
of it-s t"etulat.ion of carcinogens. This pro~edure 1.as S-u:bsequentl y impt'oved 
(H..utte:l et al., 1975). and ,;,,·as sp·ec.i fie:d by EPA i,n 1-976 a s one of t wo models 
(tke other being t.he one-hit model) in i t s Lnterim guide Lines for ass.e..s.sing 
health risks of suspected ca:rc t nogens. re has bee:i critici~ed , h.o\Jeve·r-, on 
the theoretica l sr-ounds. ch•c. i t ruied out tineac-ity ac. low do~e. ( a f eature 
viewed .as e.s sencial by Peto, 197,4 ) , gave a p·op'?' fit to clata beca,use of its 
cone-a ve curv•c.-ure> 3nd -eventually underestimated ri.·sk.s ·when extrapolated to 
very low dose..s (Crump and M.sscer ,ua, 1979 •). In particular, i t was not suf­
ficiently "c.on.:.seevatbre." In addition, cne versib"t\ of the pi-obit mo<t.4!.-l ch.at 
inco-r-pot"ated a bac:k.ground btvel o f Clan·e12·r im-pl.ied t hat the -mechanisms of back-­
ground and dose- i nduced tumors 'l.'i&r t independent (Crump et al., 1976; Cr'ump, 
i9 77 and 1979 ; Hattley and Sielken, 1977 : and S•hburg. l 979). This model i s 
no longer hi·ghly regarded for r-egul.ac l on o f c:.arc:inogens by c.he FDA or EPA , buc. 
the ~antel-St'yan concept of extr:apo l.ning uppet' conf-idence limits h•s been 
used wich other dose---r•sponse models. 

tn addition. H.attis ( L-98-7) notes t h-at probit risk a ssess­
lMnt formut as used for chlorine gas releases by different groups di ffered by 
ovee, f actor ol (0 ln the LD~0 for humans, Yhi ch then (because 0£ t he h i ghly 
non li near nature of thls function) led to .t bil lton- f"o t d di f fe t'enee i n popula­
tion mortality ris-k i n the region o·f the r=ote conse:v4ti<1e LDso· 

Logiscic: model-The i.log.i t" -mode.L (devel oped about 1944) 
1.i.ae• the log .logi stic dis-cribut,ion rather th.an the log normal distribution o f 
the log-probi t model; otherwise. the models are similar, a.nd the logit yi e l ds a 
1tgrnoi.d-1haped curv• .-1,0. The equa tion i s : 

l-lhere 8 > O 

P( d) • --~-~
1
---­-(., • 8• l og d ) 

L • • 

In lo" dose exu·apolations·. chit model c.a.n btt linear- (8 • l), sublioear ('s > 
1 ) or s upralinear ( 8 < l ) . The logic. model ,n,ually ,give s ri:sk e..stimates at 
lo:w dose somewhat h.i:gl\:er than t ho-1e of t 'h• probit model . :rh.e log it model i s 
used in mathematic.al 010dels of q ny gro1.1ch pr-oce1set. but has not been applied 
as mu.ch as some Of the other models in "!health rbsltr. a.ue:ume.nt of c.hem.ica h. 
l ? coa.tra.st,, the mu.lt i pl •e l ogh tic: mddel o f Truet t et al. (1967) has. become 
the doaiha.ot model for analysi s of cardiov,scular di , ease. The equ~t i on i s: 

R • ---y----'l'=-------
1 • e -<Bo • 8 1X1 

1.1here a it the risk. of developing a particuhr cardiova.s cul a:r ·disea ie ove-r: 
time, the as are eoa,tant•a, and t·b e 15. are. the Tav levels of fuch tisk factors 
u age, btood preuure, chole..scerol l e·vel, etc. 
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(3) Stochast:ic m~hanlstic models: l:fodel.s i n this class 
all assume a degree 9£ r~ndomness in e.ven.ts 1ea'd ing to t'i!sponse, but also have 
some bas i s in toxicologica l theory. Thes e mOdel s atl a·ssume tha~ a ce--rtain 
number of re3ct ion~, events , or " hiits" (a ceT"m used in rad i ation carci.n.o­
genes i s theory ) .are ne.cessacy bet'l.le..en molecuJ.e, (or fragments of molecul es ) of 
a t ox.i c substance and a. cei.l or molecule v i tbin a. ce ll · of the ,._,ictim to pro­
duce the eff ect. Oce should note t .h&t i n t..he origi na l develo pment of all 
the.se mode ls, re!lpon"Se ,-,,as comfidered as a function of t i me, but most are no!J 
more familiar i.n the i r dichot.omous do se-r.e"Sponse fonns. 

One-h.it a"t1.d l inear extra ot"ation cnodclt--The one- hl c mode l 
of carcinogenes i s w.a, pt'cpose by fve-r-son ~nd Adey t"n 1'95Z {NRC. 1977a). tt 
assumes that a tingle bi olog icall.y effective dos e r eacc inc \lit-h o·ne L"ecept ot' 
sit e with.in a cell is. adeqi;iate to cau.se , t.r'&n-Sition to a cancer ~ell, ~ich 
cbe:n mu..,Ltipt.ie, a c ~ rate t~dep,eride.n.t of the i n~ti..at i.ng i:lose until a tllmot' i s 
det ectab le. A "'hit" c an be con, idere-d to be one or more of a va·dety of po1-­
sible fundament• l biolog,ic4_l e yenc.s, vichin • sp~cified intet'val of ti.me, 
includ ing, in the extr eme the N:.tctf o.n (?f • sing.le toxicant molecule with chg 
ONA of a si:ngl~ cell i.n tba organ.ism.. IE the number of hits in the. interval 
fol l ovs a genera l i;ed homogeneous Po ~.5.son prot;e.9.~ • tbe.n the. equat ion for the 
probability of r-es pon$e f-or an individua l i s: 

P(d) • l - e •Bd , 

8d • u9ect1d RUfflber of hies at doted, (8 > Ol 

This is the one-hit model, sometimes called the ,impl e exponent i a l lllOdel. ·At 
very lot1 doses, the ce·h.tionthi p be<!)llflet : 

Sack.ground r esponse 
1110de.ls by as 1um1na: 
retponse to the t est 
g'en.er·al : 

P(d:) : 8d 

l ev•h can be ta.le-en into •ccount i.n this .and most o th-e-r 
chat the_y ac-e e.itct\er i ndef'endE!nt o r additive co t...be 

.substance ' (Hoel, 1980). The calcul a f.ioo• d i Her,"' buc i n 

P(d) • l - • -(IO + 1!4). 

,. If ·the "esponse co s tinrblus i s a.st1wud to be independ~nt 1Jf the b.ackground , 
Abbott 1 s coCTection i, used. If the ,c-icnulus is assumed to have.• me--ch­
anisa similar to that cau..iiog tb.• back..g"C"olind, t ·hen it is added to an 
u:sume4 effeceive background do•-•• Extra risk calculate.d a t low dose by 
the two ••~hods can differ by sever al o~de~, of 1111,gnitudt. 
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~here. ca ceflecc, the back;round. 
corporates a. thr~shol.d can ats.o be 

A ver:si.on of the one.·-h_it 
wri.tten (t,RC/NAS 1977a): 

P(d) • l•~-&(d-d t) ~hete de is the threshold dose. 

IXIOdel t hat 1n-

UnfOrc-unaceJ..y , the o~ie-hit model o ften is called the 
line·ar modal.. In f'.ai:t • t.he. l.i.ne fitte.d• t<> dose-response d&ca vith this model 
is dighcly c9n~ave_, ale.hough i 7s extrapo l ation to LO'-' d·oses becomes ne.arl y 
l inear. 81.cause the model hU only one p.aratuttcer, tc ·is not flexible in fit­
ting thl cypi.cal sigmoid-sh.ape of ·a rich data Jt!t. The pa.umeter can , how­
eve..r, be obtained if ool :, a s ~.ngle positive respqn1e dose point is available 
by l.lt i ng the ori'gin of the dos..e-respon·se gta;i,h (or b.ack.g~ound) a-s a second 
po Lnt . [n pr:acc ice , if the fi t of the cu.i:-ve tq t.he fu.l l data set .ls unsac is­
f actor"Y ( e.g., by the. ch.i-squart ttatistic test ), hfgh dose dat a poinc.s .ore. 
dropped sucC!es si ve ly l.lC'lt il a fi. t resu.1 t$, even. i£ only one posit i v.e point. 
remains. the s lope of ctie c.urve belo~ the l ovest data po.int • nd an assumpt.ion 
of lineat'.ity can be used ..,\ ch a nonin·terce-pt log-log sCale ·co esd mate ·ri.sks 
at very tov do,e!I or a ,.vii-tu.ally s4fe dose" (VSO) .wl\ere t~e C"isk. vas say 
< Lo-, (Crump ec al •• 1977). i .e., a de. minimi.S risk. Confidenc-e l imits ot 
the line a l so ca:.t\ be ext;-..apolated . The cho ice of cOofidenca 1 lrnt ts is arbi­
trary bl.lt 99%, 951. or pos-sibty 68% at"e common. Because of its desira'ble fe·a ­
tures, intensive effoC"tS ~«re ma.de duri ng the 1970'~ to justl f y chis model and 
use it in regul ~tlons of ~ar~inogen.s. 

The U.S. Fo6d and Drug Admini st ration adopted il version of 
ch.it model in 1971 to ns.ake conservative es·tim.aces of ri.ak at l ow dose • FDA 
,hotc ,Q \.1-11 \in,1r "~r,pq~4~ioq 9£ ' th~ upp~T 99; confidence l imits. tolloV­
ins tbe 8.£IR committee's 1912 conclusion th.&c radiacion-i.nduced cance.r vas a 
linear function (N8.C/NAS, 1972) and Peco" , i.nsi 1tence- th.at the dose-response. 
cu-rve must b~ linear ..,ith. poa f tive tlo·pe as it •ppro,ches .zero dose (Peto. 
l974), a tfadon._l 9.·e:seacch Council Coinmiti:ee endorsed linear' extrapolation for 
carcinogens (NRCIN'.AS, 1975), · Numerous publicat i ons contended var iously that 
the One-hie cnode:l i.toU con.s i sc.enc wit.h bi o l ogical ,iss.um:ptions, that any accept­
able model mutt be 1.inear ac lov dose fo\"' .a1.l di.t"eccly acting ca.rc l nogens, 
si..nce they vould add to ba.ckgTOl.lnd inciclence, and that l inea t' ext-r·ap-olati on 
should be rude using upper c.9nfidence limits (H:oe·l e;: al., \975; Crump et al ., 
1.976, 1977). Several pap.ers disct.tsti:d p~eferred mec.hods of u.sing l ow dost 
data points for ince-rpolacioo or Littea"t" extr.apo'\ ati on (Hoel et Al • 1 1'975; 
Caylor an.d Kodell, 1980); Alc: shuhr, l98U). The D.S. lnterJgency Regulatory 
Lia ison Croup, following i.cs FDA ,nembe'r's, reconneJ1ded l.inea.r e.x.trapolati.on 
from the lovest potitive d•ta point (ta.LC. 1979). The EPA adopted the on~-bit 
ri,odel or its line.er exc:r.apolatl on vari•tion for a time (1976-1979) as~ basis 
£Or esti.macio1 heel th r'lsk..s 0£ expected carcinogens (EPA, 1976), in sec ting 
water quality criteria (EPA, 1979), in r-agulating ptutic.id1t ( NRC/NAS, 1980)' 
and £or gene.rally escimatlng VSDs for carcinogens. 

the app?'-opriaten~ss of this one-bit model as a basit of 
res~l.a.ti.on v~• in.c:ttasin1ly; disputed, h.ovever. Questioned were i ts bi.Olog.ic:al 
b<1sis (p•rtlcularly after the BEtR com.ittde subnitl.lted a. l i near--q_uadratic 
fo,t' t.he line.er model fOr predicting ca.nc,e-r fr~• ioni.:.ing radiation, NRC/NAS. 
1979, 1980b), the tozicological in,sCabili1:y of lorclose data points that leads 
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to :Statistical inst·ability of the tow- dose extrapolation,~ and the confl ice 
betvee.n some predicti!li re:spons e_ levels: -.nd those determined in ep'idea,iological 
.stU:dies. White some authors ,su.g.geste:d that the. model might-, -wic_h s<un.e: d.ata 
sec.,, actually unde·re.s.timate l ow dose risks , others i n.s.istt d t"hat the high 
risks u.su.all·y es't l.mated prod,uced unnecessarily adverse s.od.e:tal l m-pact-s wh.en 
t rans l a ted into regulation..s (see ·for example Cohen, 1981) . ri Most ttoubling, 
perhaps, was the problem of j ustify-ins: u.se of only- the Lovt1 t d.a.t.a point, and 
disregarding more reproducible midr.a.ogc pointa vh•n the mode L provided a.n 
un1atit,fac.tot"y fit to the dat a. set ., :u frequenc: l y oc.curs (V,1n Rytin, 1980). 
'-ihea the. one-bi t model va1 applied to the t'esu.l tS of the ED01 , study (see 
Figut"e VtU- 2) • a ·sat'i.1f-ac:c.0·ey fie cou.ld ':)e obtained for on l y tht: lowest th-c-«t 
dat.a poincs fot" c.he l i ver tumors ., and. the fit to -the bl adder tuipOt' d.aca vu 
not as good as th.$t obtdned with the Weibull ll)Odel ( Cadborg, 198lc ; OTA, 
1981). Because of the substantial credibility and practica l p1.oble:ms vich the 
one·h.it 111odel • the EPA 1 , Car:cin•oge:n Assessment Group -teplaee.d l t vith che 
mul ti-sta'ge mod.el in it-s water quality ·~riteria development (EPI\. 1980•, 
L980b, 1980c) and in ath« t'.isk a.s.ses-Slllents. 

The one-hit model c;.a.n be l!'egarded as a 1.p.eci.al cas.e of t:ke 
mutt i-bi t. mul t i .scage, and W.eil;>u.l l models {s.ee below) c.hat t't·s ut t s vhe.n appro­
priate parameter- 11aLueS ac-e used-. in each (e.g., ul\ity foi- k• in the multistage. 
O•r fo r m in the \oleibu ll) . 'Therefore. th4He 111odels are mQ.t'e flexibl e i..n fit· 
ting da.C.a than. the one-hit a.nd better- ;tu£t,ed fo.r t"egulatot"y use. 

Rai and Van !ly1d,n U98S) b3ve. applied the. one.-hit model co 
t et'atoloaic.aL data, although thi"s t"esponse i ,___ Often •c:on1.ider-ed c.o, e.llthibit a 
tltre,nold ef fect. 

Multi-bi t rM>del-'fll.i, model (fit:st. pr:opo,sed by Cornfield 
i n 1954) aUQJl')eS th.at seve.-rd events or "hits11 must occu'C' to· cause response 
and that th11,y fol lov a I~ disc.ribution func:don. the aquation i.-s: 

11he.re· 

~(dl • r!k) 
d 

f • 

-

-au • -du, 
u 

r(k) • tbe guma fu.oct ioo, f tk-le.•u du .. 
u • v•ria.ble o.f IJ&IIIII& function, 

k • number of bitl (but not necessarily. an intege~). 

* The upper 99% or 951 c.onfidenc:-. limi t is more stabl e fot" .a given d.a,ta set 
for such mod.els, even if tb.e model 's ba.sis is d.isputtd • 

... 8ecausti of th• po.or fit that the o-ne--hit model prov-idet to good d.ata -sets, 
i.t i., not .tu~rising that i t c·a.n u.t1d•r•aciute as ve.ll -as overesti11;1.ce 
dslu. 
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Thi$ mode l, fr~quenc.l y cal l ed the Camma Mu1 t i--hit model, 
can also be, considu:ed a toleca.nce d i stri bution model. b-"t vas de.r ived from 
consider-ation·s very ,im.H•r co those of th.e mulc ist.a,ge c:iodel. tt can be 
de-rived as a .s.p-~cial case of the mulc ~sc.age. ll)Odel (Cnamp,, 1985a) and cone.a.ins 
t"b.e One-hie model as • speciAl c•se. R.ai and Van Ry::in have develQped its ~,e 
(Van !iyz:in, 1980) . The mulci-b.i:t model i.s much ll)Ote flu:ibh i n fitt ing data 
secs than the one-hit .mode.t, but ~equ.ir:es c:n.ic:.h MOt'e data to define the param­
eters. In fitting dat·a., the mulci- h.i t cese!ftbltt a blend of che probic model 
at h.igh dose and the logic mc-del ac low dose. A computer prog-ram. --Mt,alt i 80, 
\:la• d&veloped by Rai .and Van R.yz.in 0980) f or model fi.tti.ng. Ra t and Van 
Ryz:ia ( l-981) disczussed applic•ability of a ienerali::.ed multi-hit mod.e l foi- l ow 
do1e extrapolations, 

ta 19l8 the Foo·d S·afecy Counci l (1978) and ~i and Van 
R:y:in 0981) sug.gestcd u;1e. Clf the multi-hit -model for to~ d·ose exr:-rapolaci.on 
of cancer d1lu. Crump .and H,Htii:nnan ( 11.9.J.9} a-ontended that mu.lei-hit models 
cb,c 4f't. linur at LO\l dote are neces·1arily curved do~watd a t high dose-s, 
that confidence Limi t1 base.cl on it ca.n be either supralinear ( k < 1) or sub­
linear ( k > t> , •nd tha.t Lover" c:.on.fidcnce li.mics on VS0a f rom the 1110det with 
k • 1 can. d.if.fer subst.an.thlLy from VS0:1 ca l c1.:1Lat ed by othe:r- 1ati.sfa~tortly 
fitt ed cu·rvu on seve·ral d•·t a: ,e-u -. 8eeaUAe the. odgi.n.i.l vt: ts ioo of the ft)Qdel 
aHumes complete in,depend.~nce of bac.kgl'-0"1nd i.nc.idence :. i t y ie lds with S(IIH 

data Jets confounded utimates of b-ackgr-o..aod, -and e.v·en of re,-ponsa a t moder­
ately lo"' dose.~ Ha:Seman et a.l (1981) have r't•1iewed the praccic.al problems in 
uting cbe multi -hit model. In gene~~l, the 11Ulti-hit model do•s not appear to 
be vieVed. fa.voi-ably as the primary b.ati.1 of c•nCe-r r.i tk ea'trapolatlon, 

Hult.i$tage. model-the 11u.\ti.1cage model., first proposed i.n 
1953 and detcribe-d· by Annicage and ·Do·tl (1961). a.ftet· whom it i s often na.med . 
Ls b-&sed on conti:derac i:ons sin:ii 1.ar t o t.hose, !)f the n:ruL t t-hi c: model. Th t 1 
model a s swnes that cance r beg-i.n:a in a single. 0el l ( or ce.11 1 i.ne), but only 
after l t h:a, undergone • nu1t1bec of i:andom biological events or st.ages. (Note: 
ln the. mult i-hi e, the events 11:Nlt occur in some nonrandom sequence.) The 
stagt!:s are independent; the t t l!Mt spent in. e.a ab -stage 111 exponentially distrib­
uted; the effects tt some sc•a•• ar• additive. w'ith background e f fec t ,; 1-nd the 
age-specific rate of occu.~-renee of eac.h: event is linearly related to dose. 
the multist.tge vat aoc de.rived on the b:asis of stages of initiation, p-como­
tion, etc., a, aov i denti!ie-d, did not consider the pou.ibitity of repair 
111ecb.aoism or tumor regresa i on and d.id not. d.i.ning1,1l'-sh between benign and 
malign.ant .tumors. 

The aenerali:ed Clll.lltiacage mddet, a~ deYelope.d by C~wnp et 
at. (1976, 1977), Cues, and CcWlp {1976, 1978), and Cue:u et al. 0977), 
assume, th.at ba.ck..-round c.arcino1,e.ne,i.s i-a preuot, .and tha t expo.su·re to a nev 
c.arc inogen • Ctl additive ly. The prob-&btl ity of r:-elJJOnae, P( d) from continuous 
lifetime expo1u.r• at dose.. d., h given b_y the equation: 

* •A ve-rsion in '-'hic.h background. is addi t ive is ••:a• ntially equiva lent to the 
multi1ta3• model. 
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vhere k " an inte~e.C" , nomioa lly ~he n.wribec of stages in the prd.cess, and 

The equation is obtained in e ssence* biy r eplacing the sing l e parameter 0£ .. t..he 
on•-hit model by a polynomial t the one=-bi t is a sped a l case obta ined by set­
ting k" 1. l f the bacl!,ground i nct idence LS .:ero, then 80 • 0 a..nd t'.be equ~.tioo 
a t lo" dose is: 

A thre,hold vers ion o f che maltistage oan also be obtained by rtplacing d with 
d-dt, vhlre ~t Ls the threshold dose. 

. Numerou.9 publications 1n the l a.Ce 1970 1·s supported the 
mu.ltlst.a·ge cnodels' biol·ogic.al and ntt:istical bases , demons.crated h.OY ma,:i mu.m 
Lik~lihood ostb111tes of ri•k could l>e cal culated •nd desci;ibtd 111Ctho4• of 
us ing confidence limit -s to estimate vi:.rtbally safe do-Ses (VSOs). Se•: C("Ufflp 
e t al., 1976, 1977 ; Cutss and Crwnp, 1976., 1978; Guess. e-t al., 1977 ; K.tctley 
and Siel lc.efl, 1911 ; NRC/NAS, 1977a; Brovn, 1978~ Cu,ess a.rid .Crump, l 978l Pe to , 
1978; Crump and Masterman. 1979; and. Crump, 1979. Of particular Lncece:,c; w.e re 
arguments basing a demand for l ow dose_ linear i ty on the assume.d add itivity 0-'f 
respoilse from t h.e &dmini·nered dos-e and a postu lated e ffective baCkground 
dose. A further devel opm.ent w,u the use of upper 951 c~nfidence li,nit,s to 
give more stable estiaiates of r isk a.bove backg-round than 1Jec« obt•ined for 
tifLEa. The lov-do•e Unearicy hypothes•is:fMlr \las j t.i,ci:fted boch. on the basis of 
background addi.ti:vi.'ty and by refe r ence co the t-hen-held BEIR commi.ttee view on 
radiat ion •nd cancer (NRC/NAS, 1972). 

The wlcist~ge model is very flexib le in fitting d,ca secs 
becau•• o'f" t he polynomial fu:ncti:On of dote. r.n fac.t , the gen~.ral in0del ii 10 

fl exibl• ctac i t d0e1 not yield ju.st a sinal.e sol:ucion when fined to a d.at.a 
sec; 1eve~&l 10Lution1 c an be obtained, the nwaber depending On the number of 
c•nn.a used. in cha potynomi~l. Different solutions, h.ow•ver, can give sub­
stantially different estimates of dslt at very low doses, a.nd thus a high 
d.eg,r-ee of u.ocu·taincy in e•trapolatt1d ritlu (O..r l borg, 1981b'). In. ·order to 

·• The mult i1t ·a1e model e l-so can b·e ·derived from the probit 1110del (Altshuler, 
l981) • 

..,. the '"hypothesis" l\.a• Ml!A cer.tae.d a dogma by SOM (J:lar·tley and Sil!lk.en, 
1977 ). 
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avoid thi s probl em, the numb-er of t ermS- 'P6"t'ffl.i'tted is. a.rbi tr.a·C' ily l i ntited*· co 
the number of non~e.ro dose tevels in the da t a ,ec. ?hi s convention s lightly 
veaken, the biologic a l ba,is of the tnodel; the n.w:a.be r of sta.ges of c.anc&r fo r 
a g i ve..n carc inogen ia nor.iina.l ly di ctatcd ~Y: the oxpednienta L design. ( For 
,ome do1 t a sets , onl y t ~o oi- three patar.ttte i-s ;u•e needed co ach.-ieve a .sati'sf.sc­
t ory f i t}. 1n ;t.ddition, the 1.inu.C' b.ypo chesi. s is sa tisfied only if 8 1 > 0 . 
Toer-efo-re, •n ,1rlti trary de ci s ion i s us\!-a l lt !ll4de t.h.tc I positive 8 1 parameter 
mu.st be i~cluded i n th-e r egTe..s~ion analys is, a l~hough sat i sfactory fits can be 
obt4ined at t i mes ~ithout i t (Cue.ss and Crump, U78). Because of these con­
ven~ion.5, hoYe,ver, a possi!i, i li ty us ual.Ly r ema ins tha t a hetter .. fictio.g solu­
t ion ves un.identified---one that would have 'g i ven a d ifferent est i mate of low­
dose dsk for reg-ula:tory con s ide.rations. 

Carlborg h.a,s evaluate:d the multistage. model on the basis 
of theory and exper imental results, and discus sed several "dehct!I" in thf!: 
application a.s a :nod·el fo't' aarcinOgenesis {Cadborg, 1981b) . Siel kfln (l98 5-c) 
(ouod that fo r f-0-rma l dehyde carcinoma dat a , a f i ve-st age multistago mode l gave 
a ~uc~ be tter fi t t o che da ta than did a three-stage version vith the conv&n­
t ional res'crictions (see above), 1.nd. also g,ive 1ub.c.anc.ially Lowe.r esti.maces 
of 'dtk at Low dose• (being s imitar to chose of the t..,eibul l m9del) . rn con­
uasc . the 95% upp-e:- confi dence U m-it of the five-sc age model .at Lov dos.e ...,as 
substant i.4Uy hi 3her th.an th1c limit fct" a;he. \lelbull j:;ec4us e of di f.f.e r ences i n 
the model £,,mi l ~.e.s an4, their upper confidsenc..e: l i mi t procedu·res . l n.terestingly 
enough., the 95% lowec- c;onfide.nce l imi t curve for the five-stage model fell so 
f a ~ belo-v th,e IQXiflrl.lm \ikelihood ut.imate tb.a~ i t indi~,11,ced the possibility of 
qu.it.e riegative ri.sks ,&t lov dos es . Thi..s e ffect was mini,mal with t.!-...e Weibull . 

Crwnp et 41 . , d.es,;ribe • reg:re,s si,on pro,cedure. for cqmpuc­
in_g tl:ie maxi.mwn likelihood polynomi;a l !-unct i on .frOl'l a d•t a set. Ref erTe.d to 
u a ''global maxim:i.za~ion9' procedure , i t can be pe·rformed eff icient ly vith the 
compute r progr.am CLOBAL ( crump e t .al • • J911 ; C.rWllp • nd '"'.Jtson. L980: Crump , 
l98 Lb) , acco•si bl e thrOugh the. Nat ional [ns.t i tuce·s of Health , Bethes da , HO. 
lib.enev•r t-ht niultiatage ·mod.et doecs not £it the data .suf~ ic,ien.t l y welt, data at 
d ie highest dos.e a·re d&letad , a.nd the. mod-e.1 is refitted to the. r est of -tb.e 
dat a . Thi s i s contintad undt an a.cce'pcable.· fit to .cha da t a i s obtained 
( i.e., the chi- square s·t a t i st ic'·). Ct.OBAL al to rea.di l y computes the extra r i s~ 
over backiround. coqfide.ace li.mits on tht! rhk, and the vittual l.y safe doses 
at apecif{ed .lov r is~ . 

Des·pite i -tt ftui bi lity, the con,..·entiona.l mult istage cn.oclel 
doe, not giv~ a satisf•cto~y fi e t o da~a ••ts to ~ltich the do,e-r e~pons e func­
tion ri ses steeply, then pl atuu1 (i.e., strOngl y concave).* In addit lon 1 a 
£e.v data. sets ,r-e knovn f.or W'hiCh the fi ttf:d ltllil.ltistage curve is concave •t 
IDOder,ate. to l ow dosu....... tn excra pol;at ion to very low 4ose, tile nrulti s ta.ge 

* The 8-f ar• also conscra..i.ned to nonnegative va lu.es so that onl y m.onotonlc. 
relationships result • 

..,.. Cheaical1 giving 1uch data s.e ts .incl ude DDT, DES , e-chyl ene dibt01ftide, and 
Vinyl chloride (C«rlborg, 1981b) . 

~Examples include 2-AAP, NTA, and heX4chloroben~ene (Krevski and V~n Ry~in, 
1981), 
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model .1nd le , upper confi:dence li.t!lic bec.ome e.ss'!ntia.L ly Linear. Wlch mos·t 
adequate monoton4c dat,1 sets it gi ,,es es-tim~ted ci s.ks h.igbec than those of the 
probit , loti.t, mu l ti-bit, and W'eibu.Ll models, a.nd often nearly as h igh a s 
those of the one•b.i c model. 

Cibb .and Chen ( 1986) recent ly prop!)sed a v•dat ton or the 
cnu.l::iStage 11t0del i:hat eou-ld addre"s;s mult-iplicat.i'{'e carcinogenic effects 4$ 

v'el l a• the convention•Lly auumea additive. effects. 

Lineari%ed =iulti.s~agit mode.1-to th~ "line ar.i~ed11 mulc i­
sc.age model (l;t"llnlp, 1981•, l98Lb5. -cht: li,near term (8 1 ) in the pOlynom.iai 
function -i.s replaced by i t s upper 95-'t con.fidence li111iit , q*, and the non l inear 
term, d 2 ,d3 eta . , ar-e dt'opped ·enc-i-ret:, (be-cause at tow dose thii!'y approach zero 
£aster t han d doe s) . The be,c e ,ctmatet of 8 1 , ~ 2 , 8 3 etc., ~re n~ver used in 
the linearized ver,ion. 

Crt.itn9 ,nd w,c-son (· £980) ca lculaced the upper 95l con£ L­
dence limits of riSk by both the linearized mul~i$taga ~odel and the one-hie 
model for 90 sets of data., an4 com'P.a..r·ed then for Pu-r'poses of dev:eloping ~a cer" 
qua lit·y cdceria . The. model s coinC:iiied for the 16 tees h,1v(ng only cvo do.se 
gr-oups , gave iden tical .fits and extrapolated r i sks £or 28 set.s. gave neglig­
ibl e differe~ces for 28 other sec s. The mu l t i stage gave ri s ks 1/2 as l arge Ln 
17 set.s, and gave d skt Lt.st th.an one-·Hft.h as large in one case . Th.at the 
multistage mode:l gav.e "'ppe-r confidence. U .mit r-isk estimat~s ia such good 
agreement vich thoH ·by SPA.'s thon-appro.ve d one-hit ll'IOdel t,faS persuasive. 
That i t aho h.ad .e bettir biologi.eal b&.1 i 1 io. m.an'y opinion,. gave a b ,..cter fie 
co ""P"-ril!l4ota l data , and avo ided some of the u,eui vt conservaclsm o°f the 
oft-criticized one-hit :nodd, wat i.r'C'es isctble. EPA sub.tticuted the 1.lne.u·­
iz:ed mu.ltis t1.3e model fo·r the one-h1c model in its water quality c r iter i a 
{EPA, l980e), and tubseq_u.entLy de,crib•cl· this method. a s the basis of its can­
cer risk. ,u tessmenc, (Anderton et al • • 198) ; EP·A, 1986a). 

3boVe backg-roUnd 
cion 8.2.a.l) as: 

·tn c:he 1 i.ne.ariu:d mutdscage 
i o.ci·dence P(d0•) a.t dote d 

P(d) - P{d ) 
i{ d) • -,--...,..,...,,--0-

l - P(d
0

) 

mod411. che "e~tea11 d ·t k~ R( d ) 
is defined (~s in Sob sec-

Computation for ti.he tin.ea:rized tlN..ltis.tag·e a'IOdel art made 
u.1io.g ch• CLOBAL progr am of Cr-wnp ao..d Wats·on (1979) a s updated.. The muh:i­
stage model i• H r i c fitted to the data, u.siog a nwn.ber of tenu l the po,ly­
nom.ial 1qu.al to the numbe,T of dosed group:. to th.e study b~idt c.he control. 
aroup. Th• fit of the model co th• d a t a can be tesc~d if desiT.ed by the chi­
square 1tacis~ic, 

* The symbol used for chis extra -risk veriet among SPA (loc..umen,t, end aho 
a1110ng li terature publ ications. vith A(d), Pc(d) and o~her1 in use. 

VIII-4'1 



(x1 - N/il' 
N. P. (L - P.} 
' . ' 

·where N1 i s t~ iumbe,t' of a.nim.;ils in the i t:h dose trou.p. x: ~s the number of 
animals £n :be it dose group ~ith a tumo~ response. Piis che probabi l ity of a 
c-esp'onse in the 'i th dose grou_p estiJMttd! by Iicung the multistage l!)Odel to 
the dat.a, and h is the. number of. r •emain i ng gto1.1ps. The fit i? deten'llined to 
be un4cceptable whenever xi ls Large r than th,e cumul.-c\ve 99? point of t~e 
chi-square distribution vi::h f degr4:!tt of f't'eedom .. -.,ner,e f •equa l , the number 
of dose grou-ps minus the nWJ:tber of non.tero multhqtge coefficients. tf the 
f.irt is unacceptable, dat.a a.t the bighesc. dose are- de.feted aod the lltOdel ii 
refitted to the rest of the Uta·. this i, continued unt i l an acceptable Ot 
co cb.e data is obtained. A iit \fill alw.ay.s be o·bcained for the towa •.c: dotted. 1 

g-routi, eve.a if the response appe:at:s anoma.lously high compared to hi.ghe·r dosed 
groups. 

The "-PPlt' 95:t confidience t.im..i.t of the bit&t &St \in.ate. q 1 
value is calc.ulactd by re=n&Ximi~ing tt;e l og-likelihood function (L,) f or q 1 • 

The v-alue of q 1 is inctt·tt ·eG to A val.ue _q~ such that t.bt! mi¥i:num v•lue of the 
log likelihood function- Lt ncis·fie..s the equ.ation: 

2(L0 • L 1 ) • 2.70554 

where. 2. 70S5~ i, th.e c;:WDUlat ive 90% po inc of thl cl!;.i-!quare di,Jtribution 'With. 
QP.t 4'8"fl:IJ 0£ freedom, vblcp corr~s.pohd·• 1:0 a one--sided 951 upper limit. 

At very low dose, the upplr confidence Limit on the extra 
risk is always l inear with t..he line.tri.z:ed I\W,del, at1d q~ will always be pos­
itive. the extra risk is tllen e;f's•ntially e-q,ual co the product of , q ~ an.~ 
dose: 8.(d.) - qfd.,. the lo..,er 95.% confiden~ limit on t,t\e do.se produc.iog a 
given ri sk can be c.alc.ulaced fi-om the.- upper 95% v4Lue for- q:. A. "virtua lly 
s.af1 dose" can be defined as c.he dose fo'l" which t-he ex.c.ra risk is not 1t1ore 
than so~• predecenained ,.mal l nwqber. 

B(d) • LO-• or LO-• 

The q~ values obt&ine.d fro111. ,animal studies must be con­
verted. to human e.qui val.e.nt. values, vhic;h EPA' s Carcinogen Assessment Croup 
aave the symbol ¾ (And.ersc;nt et al., 1983). The interspecies conversion is 
mad.e on t.,l\e basis- of surf•ce .are.a r-•tios (as discuu-ed in Section A) u·sing the 
app-ro::r\m&ce f _ormul, 

* (70 )l/3 B •q • ·-b I w • 
whera w _ it the ve..ight of. the teat .animal in kiLogramt. 
called lh c.he "u,ppe:r bound •lope," "upp,et' bound pote.ncy, 11 
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"p.otency factor11 o f t he car-cu1ogen. The convec_!.~-d qi at:"4! wt'i. t"ten as ~: in 
some £PA publications but ·not in ochers, and q ~ is sometime$ used £or t.he 
converted val 1.1es al so. C:AC lta.s publ.i:shed values for Sh and :vso.s foe over $0 
ca r cinogen..s ( Ande.rson !!_t a L , l98); EPA, 1984.d). ln adCHtion. CAC h4J devel­
oped a " potency indt:x" fo i- t hese cac-cinogens by nwldplyi.ng the molecul ar 
"ei ght of each by ic s Bh . and a lso .an "order 0£ m.agn.icude index" by taking tbe 
logadthm (bas e LO) of the p,0ceney -tndex and rounding to the ne.a-rest who l e 
oumber (EPA, 198.4d} . 

Note that the aonfidenQe limit s in t he lin~ariu-d ffl'-llci ­
nage. are. s·tatisd.cally cc;,rrect only i~ the model used to compute t he limi t s 
is an a.ccurate r epr-e.S·entatioa of th.e u:nded_ying dose-re..sponse func:.c ion; they 
do not provide any oe.asure. of the extent to which the rdodcl is co-rrect cc 
i ncorTecc. In f,cc, the ose of t.he upper confidence: lim.ic i'n t.he trtUlt. istage 
model can result in a nonzero estitllate of d;k for data seu that do not show 
c•rcinogenic i t y (Whittemore, 1980) . 7 The Chairltlan of EPA't Ca~c~noge.n Asse~s­
ment Croui, recently noted ch.a.t • ove rall., a feeling 1?a:i sts that the b i ologic-al 
foundation is fl imsy fo~ EPA' s cut'T.ent meth.od of lov level dsk es·tim4tion 
based on the tineari::.ed multistage roodel (Albert, 1986}. 

~eibul l lllOde l : The Weibull model has been widel y u sed i n 
it s t i me t o t wtt0r f onn ( see b~ Low), bo.t: because of uoc.ert ai nty c>ver £ t s phys i­
ologi c.al basi.s , le vas not serio,.u:ly con-sider'ed unti l recently for ext r apo l a­
t i on of ri.sks, to low dose . It v_, first pro.posed i...n 19H by fishe·r and 
Bollom.an (Btown, 198$ ) on t he basis o,f a .mech.anisc:ic nnatcteellul ar t:beoty of 
unc:t:r: & tumor aris.es feocn • clone of eel.ls, e.ach o·f vh.icb hat uo.de:rgone • 
t t ngle cel lular ch•nge, In l966, Pike ,ugge•t•d the Weibull di1tribution fo~ 
analysis of c:arcinoienuii experiments invoL~'ing continuou·, exposures, and in 
1971 Doll considet'ed its ··implication.s a~ a model for care i nogei:iesis . The 
tnode"l adequately aesc.ribed t.tie- observed age di.stribu clon of Nny mice and 
human c.ancers • .ac:eording to Peto .ind Lee (1973} , "ho impro'1ed pt-ec-edure·s for 
est iNt i ng the pat'3mtcers Of the model. 

A familial:" t i.me-i,ndcpendent f orm o f the Weibull model**' 1.s 
U~t'essed by t h.e eq·uation 

P( d) : I - .-<o • ad"') 

* A uaeful measun of the i.l.ncert.aincy of lov dose estimate-I 11i gbt be obtained 
by a.a.Leu.lacing l>ts t a st:iin.atu .and uppe.r-- and lower coofid4!:nee limic:-s wi,th 
tvo or mora reasonable l'IOdels. 

tt A general .form of th.• Vti'bult d•htr-ibution f~··: 

where t ~, the time after do1i.og starts, v i s tumor grovth time, and k ii 
& nt111ber of discrete cbang•s l•a&ing to twDOr-t. 
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,;,rl\e·re P(d) Ls the probability of r 1ueponis:e at do-s-e d 3.nd o, 8, m are parame tet's 
c.o be es t iffl4.t.ed (8,m > 0). Al pha (a ) Ls determined by th~ backg-round tumo,r 
i nc i dence; 8, <1 scal.e par.J(!leter 1 depend-s on t he un i ts cf dose.~ m, a sh.ape 
para.owne·r~ Ls usu~lly in the range l GO 5 (not necessar ily an.. inceged, 
at cno~gt\ a !ew- !1at ~ sets a·re lplo~-n with m of o.S er l e ss . Al t ernat i vely , 

P(d): l 

if the backjTound inc i dence i s negl ~gible. (a : OJ or i.f one vis hes co expresi 
th.e extra p·r;,obabili:ty ovu· b4ck,round.... Tb.e. t<el a ti9n.ship at the tow end of t he 
dos~ range i s Linear if m :s 1, coqvex (·subline a r) if' p:i > l , ~nd concave 
( -su-pral inearl if m < 1 , as in a f ew ,ca se.s where tl\e c:.Utve rises rapidly aod 
tben plateaus. t At vecy: l ow dose,., che extra ri$k over beckground is 
R(d ), : Sdm.. The virtually ,afe dose ( VSD) corre-s.pond i.tlg co ,t one in a million 
r isk over b4ckgcound i t •iven by: 

vso • (1~-•) l/m 

When m • l, the VSD voul d be the u.me... 4s: d1~t aalculat!:d by the one-hit 
mod,el. 

The Weibull thus contain, the low dose for-m of the on11-h.it 
model · ~• a !l;P'Cia.l cfse , and it 10111etJme• described a-s a generali-u.c i on of it 
('Van R.y.dn, 1980). Th• Weibull can a lso b• de..r ived a s a varia.t i on of both the 
multistage and iwlti.hit iit0del, (Cr.ump. 1985.a). Chrisi:ensen and Chen Ci98S) 
have suggested a 1i,ech.a.ni.1tic:..probabili,.ciC:. ba's is for the Weibull c:nodel. . 
Hence, .it is b-ette:r cta.uifi,d 1.1ith cb.e ,oe,ch.J,ni..stic mode ls ( B•rown, 1985) than 
..,itb the tol erance d i str i bution ~odel s , as i t some ti.m.es is (Munro ~nd Ktevski , 
19811 Kre...,ski and V.an Ry-z. i n, 198 i; Park a.nd Snee , 1984 i 110-cd.u et .a l . , 
1~84) . ... 

most data secs. 
tued wi th j ust a 
tb.r,ee parameters 

the Weibull model is very flexible •nd easily .Ei.tted to 
A Linear qeighted lea.It square.. e-eg-rusion progr,¥D can be 

sm:all Calculator in a tri a l and etror met.hod to determine t he 
in c.he Weibull model. One tu.ch pc-03r4m vhich handles up to 

* Su p-r•li ne.ar behavior ;appe--ar:t to be ob1e"t'v•d fflOSt often whe.n the chemical 
nf.--9 lov acute. coxicit:y or • 1ub1t-.1.n.C.i.al difference ex_ists between admin­
ister-ed doae. and e.f.fec.ti.ve dose bec.•u.ae of oietabolic or- behavioral 
,£f ece s . Examp les are DDT , tricbl or oe thylene, •nd vinyl ehloride 
( Carlborg, 1981a; EPA, 1985a) , 

.... The iite ibull Ls some tiua terrr>ed the Weibull Mult i h i t Hodel (Van Ryz.in, 
1980 ) ari~ also th• ExtrtJN Va...Lue Model ( Krewski and v't.n Ryt:.in, 1981; · Rowe 
6t ·al ., 1983) b•c•u.•• of ,im.ilal'itit:~ to thtt extreme value distribution , 

• 
i~•·• r(x> • l - •-• • 
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nine d·a t a p·oincs wa..s en.a.de. ava il a bl e by che Fo9d Safe t y Council £n l 980. Non­
l i nur ~igh ted h ast squ.ac-1u r eg·ru:sion c:olftput er p·r og-ram.s ..,ere al so ln us e ,it 
that c i rae to eatimate t he p.a:r.am.eteT--s d i rect l y, and a non l i n•ac maxi mum l i k.eli­
ho9d me--tbod pr ogum vas avai lable ft-om l(r1wski .at t he Direct-orate of Ht,a lt.h 
and Wel fa t'e . Can.ad -a (Food ·Saf ety Coun ci l, 1980). si.,,ri. l ar programs have been 
devel.oped by Crump and Kowe and p.er h.a.p,t by ot her-,,. (Cr ump •nd Howe , 198.S ). 

Secau$e the exponent. of the d'ose (m) is allowed t o take 
f ractional values (rather than being gonstr,ined to i~tegers as in the m~t ti­
st,ce) , an e.xc:ellent fie can u.sually be obtained i f the observed data ~bit 
a. conventional ,pre.ad and s~pe. The standac-d f onn. of the .Jeibull genet"alty 
can give a good fi t co d·at• thac exhibit thresh.ol d-like appearance (e.g., tho 
EI>01 bladder dat-a.) , or it c an be modified t6 ac.commodate a threshold dose. 
Overall, i .n aurve fi tting the We i b-Y.ll combines t .he better f eatY.re·s of mec:h­
anistic mode.Ls such as the- mult fstage and mulci h i t ..,i th t hot-e o f tl\e t oler ance 
di s tribution modeh such a s t"he P.rObit. and l ogic . 

C,1rlbo rg (1981.a·) i pplied t."he Weibu ll rr.odel co 31 c:ance-r 
data tec.s f or l-5 chemi 1al s (plus a st1Udy i'n whi ch proce;in a.nd calori•o i ntakes 
we-re v.tried) . • Kt ret,-orted ieneraU.y sat i s ·f,e:c:tor-y fits for t.lie !Jeibu...l l to 
these data (27 ·set, ) , and noted ch,t ·none· yi·elded a hesc 'fie c O-nespondin3 to 
the one-hi t s peci,al ca.se q .~., m = LO ) . The Food S~f~ty C1Junc i l (1980} .and 
t ·cevsiti and Van Ryz i n Cl98 l ) compared t.he ·fi t and low d'pse. e..xcrapolatia n prop­
ert ies of severa.L ·mod·eL.s t lncl-uding the We.ibu.Ll) co data set-s fot'" 14 aub­
t t ancu, the cesponse being cancer in nine cases and o t"her than a~nce r i n l i ve 
c.ase1. The multihit, multistage, and Weibull modeh all gave fits con-s i S­
tently superi or to t~t of the one•llit model , uhich f~•qu,ntl y gave qu i te 
i.ri:adeq_u.ace fi e s . The multistage .model, a; u.sually constra i ned. dl d not ai ve 
qui te a-t good a fi t in s eneral -as r:·he mu.ltihic O?' Weibull, t he We l buU bei ng 
th.e choice 9£ displ-aying the d.ac:·a g.raphic:ally. Cadbor:g H 98lc) t ested t.hree 
vers i ons of t.be Weibull rncdel ( varying do :ui:, d me: co tumor,, and dY.1:'at.ion Of• 
exposure} ag·ains t data from che £D01 n1.idy ·and (ou~d . i -ood f i e, l.n all cases 
for both liver and bladdec- tu.moc-.s. Chrhtense.n (1984 ) found t.he. Weibull to 
have considerable ·pr,011i se i n •an&l y.ti s of aquati•c toxicol ogy , and Chri:.St e.nsen 
and Chen ( 19'851 have found i t promi t i ag i n pred'i c:t ·ing t he combined toxi c i ty o f 
two or more chemicals. 

The l.o~dote exiti:-apoJ.ation cha racteri st i cs of the We i b\11. t 
are generally s i ll:ilar to chose of t he flNltibit model. Thi! extrap-ol a tion i s 
nea'f'ly tirieu• , and the risks calculated at v~ low dose are usu.ally to-wer­
tb.an t.bose of t.be mul t1st.1s• 1110del aad neu the middl e of chose for: a l l the 
coaaon model s (Krevtki and Va.n Ryiin., 1981). For a few d.a·t::a Sets, hoWeve.r , 
the Weibull gave higher e1t.i11ace1 of d t k th.en t.b.e mu.ltistag• model. a l though 
not. u hi gh •• the one-hit model ( £8A., 1985a). £:xt.ra-polat•d ri sks wi t h. the 
Weibull .appear t o be more. sensitive co low dose d.ata points th4n those ex­
trapolated by the IIN-ltis.~•ge (£FA, 1985a; 8r01ffl, 1985). 

Van Ryzin and llai (1987) inti-oduceci .. va-riJtion of t .he 
Weibull model vhich inc:orpot'ate s ch• concept of the effectiv'e d.ose. the 

* Carl.borg (1981a) used the computer program SHDP3R for ,eu.rve-fittinc. 
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.administered dose is 
gtve an equat ion ~ith 

tr.ansformed by M.ic.haeHs-H.entor .nooline~r 
four pa.r'a.meters, 

[ ( d )B'] 
- 8 l • 

8 :t l + 9 d 
P{d;B) • t - • • J 

kinet.ic.s co 

. .,here d is cbe adn:iini,cen!d dose" and 9 1 _. 9 2 _, and 83 a--rct all > O. el .and 9_, 
are ~he s&me. respect;: ivel y. a, ttu1: o and c:n in th• We i bull* a.nd ·a,1 is a pcoduc.c 
of the Weibull 8 •nd a c:onsta.nt rai.sed 'to the m pover. Sllbstituting thei,-e 
giveJ ~he fot'llli 

where a I and a 1 are constants rel1ted t o the maxiarum rate of chan1e and the 
Michaelis-Mentor constant, wit·h a 1 > - -1/11, whe?"e H is. the maximum dose 
a.~hainistered in a study·. A one-hit versiGn of the mod:e.L results if &1 • l .and 
a-. • O, and ,,ariant:s of th~ f'IUltihit ,1nd 111.ult.is,tage models res·ult. tf 8.3 i-s a 
pos itive i nteger > l . · The authol"s appli,ed the one-hit version o,f tbeir oon­
tinear ki netics !TJoOdel ~o d.ata sets for. vinyl chloride. ODt, and saccharin 
wtueh shoved concave, lineaT, and c-oove..x: ,dose--re...sponse curves. respective l y. 
-r~, fh ,vis beuer- th•n f.oe th• convent tonal ,one-hh, a.nd the model tJ.t.S j1.1dged 
to be. "re.a·sonabJ.y ,1dequ•te" [o?" the,e c·he-ee c..arcino_gens. The model gave. a.. 
virtually s.a.f0e. dose . for ,acchadn i.nte-ffllediate b.e0ttJeen those c.alcul.ated by the 
conv~ncional one~hit and Weibull mode.ls, these authors did not apply the 
kinetie,-adjusted We.ibull to these d.at• •••ts. 

As no.ted in, the ope.nt~g pac;a.gr.aph, ceser-v.~cion, abo-.&t tho 
biologie:.al basis of the Weibull model ·foe- cancer ( i. .e .•• c.he multicellular 
hy,pothe,i,} has lim~ted its application in l ow dose. ex.tt,apol ation of dsks. 
8tacause of its other duirf.ble £.~ .,:un:-t, s trong lnterest bas developed tt­
c:.tntly in ree•,aluating i'ts- foun.d•tions. C&tlbocg (1981.a, L98lb) has noted Ln 
fitting the W.eibull to 2.1 da~• s~ts that ·thie th.a·p-e parameter. m. cend·s co h.ave 
v«l1.1es dt«t can be e.xpress e:d as a fract:ion, 1/ 2 , whttre [ it •n odd pos tci ve 
integer, i.e.,~ typically has such value~ as t/2, 3/2, 7/ 2, etc. The phy, io-
1.ogic&l. i:mpllcacion.s of ch.is observations are uncertain, but toxi cokilletic 
factors may be involved. In addition, CarlbO-rg {19-Sh, 1981b) notes that the 
ex·te.nded (time..-tQ-tuJllor- ) ij,eibull model c:,an b.e used dir·ec.~ly t o derive a 1.967 
empirica l observ4tion by Druckrey that the dose mu.iti_plied by the median t ime­
co-c.wnor C'4-ised to .a power t• a c:on1ta.J1t,...., i .e., 

d x t ~ • .ccnscant 

* 81 g:oyerns tba shape of the curve in t.he low dose C'.ange in the Jame vay as. 
min the Weibul l • 

..,. &ece.nt: r:esults indica.te that Druclc.r·e.y 1 , rule l\olds for ge.notoxic 
carcinogen,, 1 uch •• N-nitro•amio••, but not for the nongenotoxic 
earcil'logens-, Dieldrin, • · ebloritr&te-d pe1ticide (Pereira, 198.5). 
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C.1.dbo·rg also noted th.at the extended nrul tiuag~- Medel coul:d not be used i..n 
the gener•l e ase to dttive Otuc\<rey's ·ru:119. 

¢.hr ist easen 1.0d Chen 0985) rect..ntly found chat certain 
mechaniltt.ic. asswnpc i of\s about c·he r-eacdon of coxicant 111olecutes 1o1ith k•y 
receptors oJ! the. organism. and probabi i. i.tt i.c '--sswnp~ions regarding the conce·n­
tr:ati .ao of blocke.d receptor, at a.ny t i me 1.ed dit'ectl_y to the We.ibUll ,nodet. 
the sha-pe par4meter, en, can be in.tecprtttd as 1:he average n~b•r of tox ica.nt 
molecules p-e r recept or. These autJ\ors suf31tte.d their conceptual mode-l 
~rticula-rly for cases whe·re response occurred :q,inly in , singl.e orgari si.te 
io t.he. organism (i . e . , .sites with vu l ner~b.fe ke.y ~eceptors), and conclude·d' 
chat the p&rameters of thl! Wei1:Hall model a re not Simple re'sul t's of f i t.ting a 
curve to data, but ha~e cbt.caica l-toxic ~logica1 sig~ificance.. 

Altet:na.t.tv-e biological r1.tiona.les occur co the pt'estt.ot 
authoi- thac may pro.vi.de .a.n ia<l'pl:'oved theoretica.L basis EOr appl ylns this model 
to LOw dose c.anccr extrapola.tioo4 rot:' 4,:a,npte, i.n pla.ce of the mvlti-cetlula.r 
llypoth.e.sis, t he Weibull may be applic:a ble to mul d pLe events ,.,ic,hin a eel~. 
such a, attack., by the carcinOgin 11:10LecuLes on m.ult1ple chrom.<tso.11:1es, on multi­
ple: 1en.es, on mu.Ldpl-e nucleotides .-Lo-tfg a ONA ttr•nd, Ot' on 1:1ultipl'e pa.'rt-s: of 
.a cell Onclu.din3 oembune..,)4 The. ~e-ibu.ll discdbution may be- .app l i c a.bl e. to 
sicuations where multiple agent! interac-c in the ume (or ne4rt,y) cells to 
caiue cancer-the -agent s pouibly including c-4,rcinogeM natutally occurring tn 
fcfods, cr•3ce envi roruaent~l con.ta.min4nts. nat u:ral r"adi.ation pt'oduc ts•, and 
vi r uses, in 1ddi ti:on t6 t he t •est car.c:inogen . MAn'y carcino~ens are known co 
f ot'III adducts with DNA, the st~e ng~h bf the adduc t r efh c c i ng t he potenC!Y.• 
,&j,.p.cji,~g qccuTs ~~ 'four Ji~tf pri..ma.r7\ly (g"§nine 1 cytosine, adenine, and 
tbym:i.n·e) , but. diHere.nt carciooga,ns prefer diffe re:nt situ. S1;1c·h consi.det'a­
tions may fit comfortably .into a Weibull MOdel, tog.ether with 0th.er i nce-r ­
actions such as IINlti~le ~n&~• effectt 1.nd cell kill i ng. 

Timrto-eCfect .:nod.els.: Because of the L;steoc-y per'iods 
observed for cancer, c·he nra-to-appe.aranc·e of tumors ma11 be ·an important 
considera tion in dev.~Lop i,ng u ,gul'.&tioru for ca:tcinogens . The original ver­
• i oni. of several of the cofflllon d·o.se--uct~apol:,1don tllOdels i.nc·orporaced tim·e-t6-
e ffect a.a wel l a.s dos6. the1e include variations of the probi.t (log-normal 
and log-time.), log-logistic, SUIM 11tulci,hit, mul tisca1e, •nd Weibull, and al so 
other s such at the gener-a l product, Ha~tley-Siel ken a ftd O&ffer-Crump-Hasterman 
tl\Odels (Da.ffe-r et al., 1980; Krev• ki et al. 1983; C.rump and Hove , 198'4; Crump ., 
1985bi Bicki1 .ind Kr•~•ki, 1985; and Sielken, 198$) . One example of an equa­
tion for 1ucl't a 1aicl'.del is s'hovn bel ow tor one f ona '6£ th:e We.ibu l l aiode 1.: 

P(d,<) • t -

vh.et"e t _. time {e.g. 1 age), 

k. • ·peramete:r to be: eniuted, and 

s, m. • paramet.ers to ~ estiaaced a.• in tbe ti.•e-independent Wei:butl 

VUl -47 



1hi.s model wa..s found_ to fit very welt the djta from the .ED01 study (Kodell. e.t 
al., 1980), a• did a v•_r i ation th.at i nclu.d~d· a factor for du~t ion of e..-posure 
(Carl bor-g, 198 l e). Van Ryzin (198l) found chat the t~o-paramecer fo~m of the 
Wei bu ll. lfith c.icrie-co-twnor did not fit che £:00 L data as well 4s did the 
Ha~t l ey-Slelke.n mode l {noc did t~e one-hit Or exc retoe value models). Salzburg 
( 1981) repOt"ted :goc,d flt 0£ the theee-paramecer 1.-le.ibuU to the E001 bladder 
d•ta aod for a modif i•d ~•ibul l to the liver .dat~. 

the l1ootgav1'a:r---V.enz.on-1Cnudson {'HVK) t)IO-$t~g.e IQ.th~ti-ca l 
model (Moot.3.avk.ar and Ve:nr:c,n, 1919; 'Mo<ilta-vka.r a.n,d Knud son, t981) i s wel l 
r-eg.acded foe- cancc'l': t'isk asSesssment. l e. has a biolog ical basi s in cellular 
dynamics .and crantform.at.io~s and i..nCOt'pO,r.atiot'I oi time-co-tumor. The equation 
has the £0-rm 

I{ ·) ft
0
x(,·Je[(<,2-s1 )(t-s) Id• - .. , .. 

wb'ere I(c} is the cancer incidence •.t time t, X{3) is c.lle oum~r of suscepti­
ble cells at any ti.me (aSSlJ.ll)ed tc be dec.arm.ini.s-t.ic; and ~o.~). u 1 and i.a1 are 
rates of_ cell changt: in reachina the f£,r•5t eve.nt and full malignancy, respec­
tively, and G and 8 ar• cel.l fc,tm.ad,on Jn·d death ra·tes , re.-,pective l y. 

tho-rslund et al. (1987) a.nd Chen -at a.L ( 1988) have _pt'o­
po1ed dose- •nd ti~-deP,~nd~t and age-sp~cifiG cancer cisk funct ions based on 
t ,h.e KVK 1110del. HOolgavk.ar ~d De.wa.nji (1988} caution that the de'rivation of 
Tkor.sb.,nd et aL Colltain• an appco:sicnac ion th.at roay be adequa~e for hW!l4o 
c,.ncer incidence rate.a, but i• Wll i k.cly to b«- valid 't9r. anit!L&l e.rper\inents 
vith very hi4h cu.iaor rat••• 

Sielken (1987) h.as- described an Individualized Response 
Hodel (IRM} that incor-po~ates much of t-he av.a i.t.ab1.e ph.)'.$ ioLogical and pharma­
c.ologi ca.l infonMt ion on cancef' and i., ,1,n exten,ion of the KVK two-stl\i-e 
model. Sielk«.n, Inc., of Bryan, Tex.as, offer, a computer prog·ram, GEN.t 
(o:per . .tble on IBH.-co11pat-ible p.enorul comp~c·ers vich math co-pi:ocessors) for 
using the taM. 

While IOlfA a\Athor-ities belie.-vt chat time-t·o-t:ffecc models 
should c:ec:eive hh:h pt'iority i n c-eaulatOll:'y d~libec-adons, ·ochers have doubted 
that they wiU b'e of si,a nif.ican.t value- it1 the near te.t'm bec4use ,o few studies 
desct'ibed in the Literature to d4c~ --h,ave obtained ~hue data. 

(5) £valua.cion of doee-r.espo.nse ex:tr.apolati<in fl'IQdels: 
Th• 1.erits of the va-riou..1 models fot lo'-' dose ertrapolations of q.uantal d'ata 
b•ve been e:stensively di•c:us.-ed. Questions remain about which if any should 
be used as a basis for regulatory decii.•ions, part iculat"ly for carci.nogen,s 
(Kr"f."ak.i artd Va.n lty-d.n_, 1981; Clayson ec al .• _, 1983; Crump, 198.Sa_. 1985b; and 
OSTP, 1985) . The £:nviton.men.ca.1 Protection Agency and its Ca·rcinogen Assess­
mane Croup have stated tha.t no single mathematical. mo4el is r~cogni::ed as the 
most appropriate for lov-doae e.x.cr&l)Ola.t.ion '(£.£>A, 1986a·; Ander.son· et a l ., 
1983), as also has the OJfice of Science and Technology Policy (OSTf, 1985). 
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A major problem is that the uncertainty in.creases as one 
moves away front th• e.x.-pe.rimeatal dosa•ge c-a.nge to to"ler and lover doses in cbe 
utrapolacions. The problem is suggested ~abematically in tigure V[lI-4. The 
divet"genc:t .arises fron, w,certainty over ,.,nether the model is applicable at 
very Low doses, and ~ l so from stat i stic.al uncertainty in applying a model to a 
particular dn:.a sec, The ~,c_ t ik.e.ly estimate at •,e~ Low doses becomes 
inc.reasin1ly unstable ,.,lth a small Change in the response at exp.erimental 
doses. Tbe use of the. upper confidcnc:e lim.iu fot: t.he multistage: or linear­
i zed nrultist1;ge reduces the instabil it,y problem i n ••t.lmating IM..1.imwn ritks 
and virtually Sffe do.s.es.. One m1,L-St keep in cnind. ho-wtve.:r, i:;ha t thts is a. 
model-based conf idence l fm.ic. The Upper and lower con.fide.nee llmics p( risk 
are those bounded by a straight l ine extrapol~tion from the lowest data point 
(·or ict toxicology-based statistical upper limi-t) to the background leve l and 
by .. thre.shold dose. 

A ucond problem, as already indicated, is that the 1sev­
er--al =odell (none o.f vhieh ar:e based on biochemical i:itechanisms of coxic: i ty) 
est.imat.ed subsunci&Uy different risks at tov dotes. Figure Vt II-5 (.a.da.pted 
from Munro and Krewski, l.98la., l98lb .) iUustr-ates the rang._ one usually: gee, 
when the c:ollll!On model• a.re used to ex-trapolat t d-a-ta for carcinoge.ns. Sug:ge:s­
doas have be cn.td.e (see. fo-c •x:ampl•.., Food Saftty Coundl, 1980) that uccrapo­
htions be ma.de 1.1ith r.,or• than one· of the! fl.exible models, and that che 
re.sulting estimates of vie-tu.ally s.afe dot.I.I be c:onsidei--ed i.n decisi _on ma~ing. 

A third problem is that vhile coenpu·cer p'l"og-rams have been 
dev~loped to fit most of the various models to data sets and to makt eztrapo­
lations , scatter in the original da•ta ca.o. prevel\t attaining a -satisf.acto-ry fie 
(1!.g:., ch..i tqua'l't: s cacitt,ic cue). IC\ thi.•5 c:ue, the sc:andard. proc:edute is to 
drop the data point at highest dose and ritat·tempc thl fit. 1f f.i t is still 
unsatisfactory, the next highest do se point it dr-opped and so on until a fit 
Ls achieved. For data vith much lo"' end -scatter, th.i t proc-eciure ~n re_,$u lt in 
discarding midrange data polnc., tha.t ih.ou.ld be the cno1t r:el iable. a.nd i n the 
vo-r.st case. one could end up ~ith onl y thl! l01.1est. usua l ty lease- rel i:able 
point.• 

A fourth problem it: that many o{ the d.at.t in the Liter.a· 
tUre for toxic substances (includlng a great IM.ny of thote frequently found in 
fluardou..s ~a-.cet) \lere d•veloped a t a clme 1,1hen to·x.ico.logica l :standard• s were 
lest dem.a..nding, Not u.ncoanonly, only t<JO d.ose gfoups plut a control group 
wett studied in anial cue,. For c.arbon tetrach..lOride, a iaaJor i.ndu:ndal 
chemical for -...ny decades, the best ava~ labl e dose-response data for car-¢ino­
genicity sh9ws tvo do5e groups; the big.best dose gave 96.5% r•sponse• the tow 
dose 100%, &n.d t.b.e. aonc:rols (7 .1%) (NCI. 19l7) ....... · The ne.xib1e t11U.ttistage 

_., Int erestingly enough, Brow (1985) found that for the good data sets for 
bladde.r and live..r cane.er in tb.e E'D0 1 study. dropping the l owest da,ta 
points had negligible. effect on tb.e extrapolated VSD1 (10 I r i sk.) by 
eit:her the mu.ltist.age or probit model's. The effect on. th.e best estimates 
w«s not reported. 

-... this exua.ple: ls atypical of NCI test resu1tt.. In fact. 100% cancer 
r up·o1ue at c:olerat•-d doset is unu.1u..al. 
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l!IOdel c an b·e easily fit ~o· the data, but:. the systematic uncecta.inty at Low 
dost! extrapolation is i nbeC'ently very high. .. 

[n su.cnm.ary, 1t14th.emat ic.al mode ls have bl!en used extensively 
for C!lt.tmacing ea.nee:- d s k.s .,c i ov doses~ t.hey have be.en -.ise.d Cotithe-r i n the 
focm of ·m.ax i.in-u.ni l.i ke.Lihood· est imates, uppe't" 95% confi<!ence limi ts, o r VSO 
cstiOlates} f-or regul acor-y pur.pOSf!.$. ~ctuuutic:al models h.ave suffic iently 
,e.riou, proble!II.S , however, th.at sev«a.l alt e't'naci.ve -, co the use of ca , ing'le 
model. ~ve been suggested. Some authod c;i.et suggested axt rapo l at i-on along a 
f i t ted ~odet to, say, a 1% risk, and chen l inear e xc e4 polation at Lowe~ dose~. 
Oc.hers sugg_ested 10-1 to io· .. d sk. as che swicc.h po i nt (Van Ryzin . 1980 ). 
Other autb.o·e i tie-s have: endorsed cepordng some combination of but judgment 
point estimate.s and ma.ximUJft plausib le risk est i mate or best eistimates 1,1it'h 
both u-pper and lower confid•nee. limi.ts (P.1.rk. .a.nd Snee, 1984 ) , a:nd still ocher-s 
have suggested taking into a:c'Co\l.nt the best e,timates calcu l acttd by thre.e o r 
four mode..L$ (Food Safety CoW\cil, 1980}. 

If tu.themacical e-xt rapob1-tion is 1,1sed, t he t110del(-s.) 
se lec ted .should. mae.t at l eas e c.hree c--rit e e ia: U) i t should be e~p3ble of 
fitting observed do s,e-re..spo.nse data for a •wide. ran__g111 of c:hemi c:.a ls if i t i-s 
expected t o h.ave much t;'ed.ibility 1n extrapolations bel o\l en~ observed do·se 
range ; (2 ) it shoul d be in a.g-reement vich (or .at l e.ast not in d i·sagreemE!nt 
vit h) our under·.s.tanding of the rnech.anit1'lu1 of i:arcin.ogene.sis; and (3) it sho.uld 
be u~efu.L with. the .klnd of data. tett likely to 1>e av•il4ble for chemic.al, 
t ypically found i.n h.a.urd~us wa,ces, The•e criterie a-ppe.ae to rule out use o,f 
the Mantel-Bryan and one:-hit tnodeh.. The cnod·el1 of choice. seem c l early to be 
the nrult i,.tage and the lleibaLL, Bo,h h&vs good flcaiblli ty in being fit to 
•diverse data sec.s, and u.sual l)' bee-OM ess-ential t y Li.near in lov dose ext"t"apo­
l acion. The mult ina.ge has be&n 1.1ell. regarded bec.ause of i ts rat ionale, 
utility, and 0 conservativenes..s.'' Cts llneari..:ed vers i on g i ves linear upper 
confidence limits on ri s.k in eactra,polatio11. On t he other hand, opinions have 
been fb x.pre ssed t.hat the m~ttist.ige modelJ escl~ce dsk.s ch.a t are too high at 
l ow do·,_. C.Q serve at che pdm4.ry batis of regulation (particularl y vhen sub­
st.anti.ac:ing obstt-\rations on hwuns .a.c-e. t acking.). The fact th.at tbe . l ineari~.ed 
mult is tai e model aives nearly the same eS tiiqtu of l ow do~e risk u the dis­
c-arded one-h.it model is a cause of subs tantia l conc:e£n. The \lei.bull mod.el has 
be.c.ome inc't'ea singly wel l -regarde-d of lat,e botb on theoretica l and pracci.cal 
grou.nd.S .. t t u.sual.ly g ives estimates o·f t-h.k. near the middle of thOH foe a ll 
of tb.e colllion modefs ( i.e., usually lowe1r than that of the mu.le i .stage) . On 
t.bis basi s , t.he \ileibull aould be considered u..seful i n making best estimates of 
l<>w dose risk to compleme.nt c.Onfidence limit e stimates by th.e lineac iied 
n,ultht-age: and a t.h.reshold model. 

viewpoint, 
c. Toxicok i'he.cic (pharmac ok.inet ic: ) models: From a biologica l 

t oxicokiaetic• models a r:e t.be be::.St models, ale.hough their use ha..s 

• E'harmacokine-tics, a tt·rm intro.dUced i -n th• pharmaceutical Litera.tur tt, is 
often used aho in chemical risk •-•••••mane, bl.tt to1ricokinetices .i t the 
beo.ad.e.r ter11.. tn dis.c iplinary cl.a1:1ifi.c.aciont-. co,cicotogy is placed in 
th.e bioloaical sciences -and pt\aiiaacotogy ia the isedic.al and heal th 
services fiel d, 



sub stant ia l 1 i mit a t i onA. 
he.ns i ve concept• than the 
sutisect io~s. 

This class a f ~9dels ~bodies moce bai ic and comp~c­
l i xed macherna:-cic a l models <iis cussed. i n ch.e preceding-

Cornfiel d ( 1977) noted that the pcob i t ~ and logic cn..odet s gen­
erally· gave simllar res ul t s co to:x. i.coki net i c mode ls in t.he ,5, to 95% r-espon.se 
range, a.od deve~oped a meth6d of estimating p•umec:ers, parti -c:u l arl y the doses 
satura,ting ID!;!tabol ic mech.an.i sms . R.4mu!y a.nd Cehr- i.ng U 981) described methods 
for .applying ph.armacok.i.netic princ i pl e, to i mprove dsk auessments and noted 
pat"t.iau.Larly the need t •o estimate- tl."ue retai ned dose. i n ,a·nimal subject.s and 
ex-posed .humans~ ~i t.he.y . Cl 98S) recent: Ly,· t-evi.ew-ed the ph.ann.acok.inet ic d i ff er­
e..nces bE!tvee.n -s pecies. and Soel (198SJ reviewed the• incor.po'ration of pharmaco­
kineti cs into low.-dose e-xtrapolat i ons. PApers in WoodheJd e.t al . (1.985) dis­
c uu many biological me«;han.i.s-.ms and e,rtrJpolat i ons. Ch.andler ( 19-85) .has 
c ompared biochemioal mechanistiC models with o,ther models proP,osed f'o·r. quant i­
tative 't'isl,. asse~sme.nt , and urged. greac e-r use .o,f t b~ focme·t". 

Tcnc i colt.i rie.cic mode l • requi re .t. good, du l of i.nfo·r:mati-on ,bout 
the absot'e tion. di~trib~ i o•n. s ·tor,age., llhttaboLism • .and ex.ct'etion o·f • chemical 
in the organi sm. ineludina tbe concentr-at i.on of the chemica l oi:- its toxic 
metabotitet a., .a f uncdgn of t i me i n ~he '-':trious bo4y c-omp,.rt.men.t·s rel evant to 
the e f f e.ct produc:ed (e.g. , conc.entr.ac. ion i.n the blood. t i.ver. bi le, adi p·ose 
t i ssue,, u!' i tie·, and the UIC'get organ.). Tbls information is analyz.ed math11:­
matic•lly in a ,er.i4-5 of kinet.ic equ.atic,ns (first order. ~inetics usual l y c.a.n 
be assumed) , and t hen ,an appropriate Gl4the111&tical expression it d4!.veloped fo-~ 
the do,e-response funet i on in the tesc species. 

Accurate e.xCral)Olati.dnS .afrO.S~ expoiuTe r6ute-i Utu.tlly cAn be 
made vi~b thes_e mod-eh, .an.d they can b~ combi.ned ~itb other iitodel:1 t o;- \ow­
dose e.xtrapolatiOns. Accurate. e.xt·r-apolac i ons ac--r-oss s peei e.t· c an be rude vith 
toxicoltinetic model's if .su.ffieienc data at"e avai.labl e fof' any cr i ti.c al differ­
ences (e.g., iuetaboli,m. p.athways and rate s) for t h.e second species. Unfo c­
cu.nately, t he u,e of to~i cokinetic models i's ·sever-ely limited by the l ac~ o f 
dat-a . Ia particu.l u : , 111os.t data on hbfflln.s h.,ave been col t,ected on cbemicalt o f 
ph.atcn..ceutieal interest t"&tl\e't' t 'ha.n on e.nvci.ro.nm.ental cont~mi.nants. 

d. Other pred i c:tive raethods: Severa l other a.pp-roac:he.$ are 
av.t.i l abh co hel p predic:e t h'e ttind and degree of ad.verse health eHecu of a 
c:hemic.al . I.a genera.l , these m.e-tho.d s would·. i,e ff.109-~ useful whe:n th• ava i lable 
t oxicity data 1>4•• i 1 inadequate cO p•rmit ute of• to:x.iaokinetic model or one 
of the bettet" l.ow dote e.xtrapol a1C ion methods deseribed above. Thet.e 
•P.trro.achet vary 1ub-.cand<1l ly i..n q.ua1.it•c; i ve and qu~ti.tative c.ha·c&ctcri ttic.,. 
and io tb• unc.ectainty of the Tesults tbe.y 7ie}..d... They could bt utef-ul in 
some cases {pos,ibly in combin.ation w-i-t.h each other a.n.d With l ow-c{ose extrapo;­
tatian !)lethods') in •·s s e . .s,ing risk.s of hai:ardout va1te disposal. a.nd are 
tb.erefore swnma·rlled bel ov.. Apprc>.ach•• incl uded are: Potency indices; 
e.xt'i:-•pol.a,tion fr:0111 nonc-hron,ic d.a:ta; comp•rhon wi e-h cogn•te C!hemic.als.; ,.._,. o f 
short-term ari.cro'b'ioloaical ,and b i oc:hcuai.c.al tesc:s-; U$e of AOis and tLVt; and 
nOnpa-r1UH:trl..c method.·••-
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(l'} ?otencv ind i.c;es : Several at.1.tho·rit ies have suggested 
that an i nd~x of ~ancer pot ency. ba ~ed on dose- response resul~ s in the exper­
imental range, should be used as ~ b~s i s o f ~egu l ation i n place of any o f t he 
pr-oposed mat hematic.al n')Ode ls for- extqtpola~i ng risks t o ve'r'y low doses. 
Severa_l a-pproaciles t'O developi ng such lndic.e~ have been propo sed . s<Hr.e of 
whi ch t ncorpor-ate mache:matl c al t,t"e.ttments. See foe exainple : Htsetson and 
Russel (19,77); c,o-,ch and Wilson ( L97,9, 1982); Nl!C (1 980d }; Squi,e (1981); OTA 
(l981): CU.y,on ec: al. H 98 3); and P.trk and Snee 0984). 

An approach by hto 'ec- .al. (1 984 ) i s of pa r ticu lar t nce~ 
e.-.t bocause of ic:1 .simplicity, 41\d becaua;a a dat a base of pocenc: ie s devel oped 
..,i th it for 770 cottrpound..s tetced t n 2·,94,4 ~hronic. animal bioasuys "'-'as pub-
1 t st\ed concUTrenc Ly and ~ubs~quently by ·Gold et al. ( 198t.; 1986 ) • Thei r 
index. c.he t umorigen ic dose. rate or T'Dlo is ~uuLog<fus to t he LDt,.o for acute 
toxic effects. The TD.so (in mg/k.g[ da-y) i s the. adml n1st.e-re.d d,ose g iv-ing 56% 
l ncrea.s.e in t umors. l n the test s'ubjeccs oaer ,1 st .a.ndard Li£ec i me of e:,;posu-re. 
C•ylor and Chen (l986) used this data ba.se to comp.a.Te r elative carcinogen i c 
potencies in c.he most common l y u,ed test 41.'limals. Mean rati os of ,nean minimum 
1 D50, fo r rat.s:mice •.tf!'re 1 :1.22 and 1:1.13 by diet aiid gavage, re19ec tive:ly, 
and 1:.1.t.8 for ti.ver t umors by diec. Kin.imwn T010.s \o'ere gene:ral l y st ill 
higher for hamste'f's tha..11 for mict 1 but generally ..,i thln a f-..ccor of 100 for 
all three rodents. 

1nh•l,1t l on dat·.a iave the poorest agre~inent beu,ee.n c:acs 
and :nic:e. Ames •t at. ( 1986) uted LD10s co c:ompare and rank the pot ,t ibte 
b.azard s O·f 36 naturally occurring a.nd ma..n-m.t.cfe c•rcinojens to Wlt.ich bum.ans .ar e 
exposed a lmo,c dai l y. l'h.e ranking tuggested th.at the natural substances co~l d 
be 0£ greater carc'i.noge.nic h•~ard t.han s uc·h environmental cont aminant ·s as 
pes.tic ide residues or vacec pollucaoc,. Portie--r- and Hoel '( 1987) d isc.u.ssed 
several. pocentia·l sot.trce--t of ,e!!"rQr in e s·t imac i ng t.050s , .and s uggest that use 
o f t wnor incidence t""ace in.steed o·f tWl'lot' much rate w-ou..Ld i mpac t this pocen<: y 
index. 

E"PA ' t Carcinogen Assessment Cc-ou.p develbp~d a ~u i te dif­
h-re.nt appr-oach t o pote.flcy i ndic-e s • a, repor.tttd in recent i'stues o f t he ser ies 
of hedth ass«umenc docu~ents on spec_i_fic: ch.ensicals , published by the Offic e 
of Ke.al th and &nvi.i:onment.a l AS ses~m.ent (t. .. & • • SPA, l 98.i.c). CAC ' s potency is. 
ba-,e-d on a. ll'Llthltna.tical eatrapolat ion racher than di rect ly on the obse'C"Vf!d 
dat.a. The slope o f the uppei- confide.nee t i n1it iS fi.nt calc uL~te.d by applying 
th• l inut"it:•d mul cisc:.age mode l to the daira., as described by Anderson_ et .al. 
<198~.) . The slope i:t then multipl i ed by Che mol JculiJr ~eight o f ~he chemical 
to com-puce the potency "index, wtHc.h ca.n be Teported either d·irectly or as an 
ocd•r of 111&1nitude i ndex:. For Mny appl i cation5, the slope· v-alue may b1e of 
grutar u.se d..irea_t·l y tba.n the index .. 

CAC has also pu.bt i:s b.ed upper bound "unit risk" est i lft4tes 
for a number of ai r poUuta.nt-s of c oncern to EPA, ,a,h•r• the unit risk is de­
fined a..s excess l'ifecime ri·sk. foi- a. 70 k.g p ei-son fro11 bra-aching l rig/ ml of the 
chemical ovei- a 70 year tifetiM (Anderson et at.i 1983 ) . The ~del us•d to 
~bt.a.in th~•• indices of carcinogenic poten~y va5 not stated in the publ i cation 
but was eithe-r t he one-·hic or line.a-rited .multistage. 



While .Potency indices l n general oan be 11aluable t n com­
paring c.he relac.ive c.arci.nog,enici.ties of a La-rge number of chemicals . c.h.ey 
have noc bHn sb.o.wn to date to be helpful in predicting respOI.Ue ac ve:ry low 
env.lronmental ex_posures for a give n ahemiea.l. They do not appear to be: suf­
ficlonc.ly developed at present c.·o bl! useful as dose-re .$--po.nse funcic.ions· in 
predicting th~ nwnb·er of cases of a,dverse e.f.hcts in a give.n poj)ulado.n .at a 
predicted environr.ie..ncal «xposure. They cou.ld be useful, ho""ever. i n ,ome c om­
pancive ri•k a.sse.sscnents '"'herein tht: a lternative "'a.see dispo.s..il technolog'ie.s 
prod\lc.ed difft:renc carcinogen, . P.ocooey tndices have t\Qt been V-led to date 
fo~ regula tory purposes . and it •ppears u.nl i ~ely they wil l be until a defini~ 
tion h,u b-ee.n accepted for- • ' ,afe" i ndex .for iome $tand.ard l"eference 
carcinoge.n.. 

(2) Extrapolations from non0h.r-0ntc o.r ocheC" data: The 
resr;,o.nse of an orga.nism to a c:.hemical at one ~'-vel of esposuce sqmadlftel ca\' 
be inferred from epidemiological or animal data ac another level of expo#ure. 
the. uncerta.intr will vaey with c·he nacut:e of the chenai cal and the response. 

In S-OM cate _. th• .nata:re oJ the_ resp.on:tes ma,y be 1i11\ilar, 
and information on metabolism , a.cc:.1J.0Nlation. Mc., can be cot,s.idered in. ex.­
tt'apOlat ing effects· betveen. differenc in.t.en!litits and du:-ati.on.s of expo.sure. 
Extrapolation 0£ ,ubchronlc exposure data co chron ic:. response wi l t most often 
bt:. of ~•• U1 h.a~ardous vaste disposal a.sseumenc. Dourton and Stara (1983) 
proposed that chronic NOELS, }lQA&LS, or LOA£t.S c~ul d be e.sc ; maced horn their 
aubc:hronic counu1-rpart.t by div idinii by a f •ctor . Related extr:apolati.on 
~t.hod, have been used to estimate upper riU. limits o'f $0l'ne end points. 
~larie 0 181) meaiured the [mediate decreue in re3pi rato,ry race <• mu,ure 
ot irri tation) •s a £unctipn of dose. Of Lnhale.d ga:1es and v.apo~s,, and cal cu­
lated the RD50 (dose which halv4d th.• rt11pira~.oi:-y rate), ,\:lthouin tbe RD·sos 
vari ed by over Hye orders of magnitude , 3% of ttit ~ 50 w~_, a good estimatoc 
of the TLV for permissib le occUpac l onal axposu't"e for hum.an9' , Similat"ly, 
lCenag4 ( 1982 ) cal~ulat.ed- the. r.at io , of acute co chronic toxicity of toxicants 
for varioU5 aq:uatiC. sp~cies. Acute. LC.so Clllf!dian lethal concentr,1.ti-On ) divided 
by the muimum accep.table conc·entrat"ion. l a chronic NOEL) gave. a. range of over 
five orders of m.e.gnitude, but mo·tt ra.tiot ~-~t'e ~•ss than ?.00 (i.e • ., e]!:pOsures 
of about 1% of th.e: LC 50 posed a ·relatively lOY nsk). 

In other c.ases th• nature of the respon~e may be differe.nt 
under e.rposure conditions aubsta.nthlly diff,e'r-ent fr.om cno·,e \lsed tn available 
nu4ies. Prediction of ca.t:c:inogeni.c re:•pon,e is p.artic:iularl y d:if.f.icult, but 
11i.ght be- pouible. Ztise et al.., (198i) f-owtd ,.n e11p irical t"et•t'ions h.ip 
betveen the acute to•ic-itie-s (LD10,) of many cheJ1ical1 aa~ their carcino­
genicities fol.loving chronic: exposures. Although a biolo-g ical rationale was 
not sugge-tced for suc:h a relationship, they propos•d. that it could be used to 
make p-teli11in.ary 4!ltti111.1tes of the c•rcittoge.n.lc pot~nc;:y of an un-scud~ed ohenti­
ca1 , a.nd to _give 1n ide• of th, un.C:ertai.nt:y of the: t:.stirnace. Such. a rela­
tionship seems· qu..ite re•sonabie• if the chemical kills ce-Ils in rough propo-r­
tion to dote, and i .f the primary target. ca_Us ar• c.apabLe of ra_pld renewal 
( i •••, i-apid call pi-oliferation is .;:Sso~tated wi t'h cancer). In the future, 
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theoretical advanc.e1 -and e.x.perimencal d:aa. b.aseS- may pennic other co~Telad.on, 
of bio logical ef!ecc,.i 

(J } Co-m ·arison with. oo nace cbcmic.a ls: The t'esults of 
cht'ot1ic tests on cognate ·cs.urti1ar chem1ca.t ; can .some times be used tb est i mate 
the slope or t he· dote-response curve. and then compa.-rable Jubch.ronic ·upos-ure 
data fr-om the ·tl.\b jeet and cogn•tce a.ompouods c aa be used to l ocate a point on 
the curve . Scandat'd m:eth.od.s are not yet. avai la.b l e. b1.tt cwo a pproadies &a ve 
btuU). de:i:cd.bed : the. quanti t·ative structu.re-acc1vay t'el~tionship ·(QSA8.) 
appt'Oach . and t.he protot.Y'pe rel at ive pot:enc.y app,•oach. Tthe Litet"atu·t'I? is 
sdU ifladequ.1tetr developed and incegrac ed , bYt a recent review provldes ~ 
good bibl iogr4phy (!I.RC, t 982). 

qsAR .apot"oach: I£ suf ficient cognates can b• found, QSAR 
can be used. th•· ba.s i.c concept \-s to calculate regf'es.sion f!q1.1.ation t for equi­
effecti.ve. doses o'f various ehemic•h a..s a funct ion of paruietei'$ of chemical 
scr1.tc.tu·re . One chen est i mates the c·oTrespond.ing dose for the cqmpound of 
i.nterts t.. F'or calculating ij.slts, it is assumed t'h . .at the dose- response cu-rves 
of the •ubjeC:t C:h$mical •nd a well-studied oog.rtate a.re pa·i-.tUel; the doses of 
cb.e cog~ate a.re adj us ced by the t:'~ t io of tile equi- e.f f ecc i ,..e doses (i.e. , by 
retaciye potency), and e.ff~cts are calculated . 'there are tt.ia types of QSAR. 
differing in the kind of $Cruccural pa-raa:eters used for the regces tion. 

the H..ansch method~ a.a older ~nd ll)Ort: con-:rnon l y used 
approac.h, is b•sed on phys ic.al organic ahem.iscry (Lym.an et. al., 1982). th.e 
p•rameters ina·y be the uaual free -.ne:rgy-rel:.ated tenet (Hammet: t ! s o canst.ant, 
Taft. ' s sceric. Con'St.int, e ~c. ). ne.vl1 de?' i~e.d f cee enecgy-rel ated t e.ffll.s ( such 
as Hansch' s • forr lipO:phi lic:icy) . or ocher p.trame.t~rs tl\-llt hav~ been suggested 
(e.g., certa in ch·tol'Jl.atographi.c af•, vhich are prot)Ortioiial cow, s o.me quancwn 
mach.a.nical patao,eter~·, or infrared scret·c:h.ing frequencies ).. Vad ·ous co~bina­
ti:ons o f t;he para•·ters to thEt first or 5ec0nc;l power are correlated until one 
finds che simplett r-egi:e,ssiori equa tion vith a gooa corie.la·tiOn coefficient. 
This !2'1tt'hod r equi res • cl~te -;.hemi-c~l cel-a t ionshi p "mong the toxicancs being 
cons idered: fo"C insc...ance, a·ansch', origin.al study co'nsL4ere-d the ef feces of 
va·t'iou.s s ubstitutions on the rihgs of a series of phenoxyacecic acids on cheit" 
eff ~c•c i es •• pl•nt growth stimut•nts. 

The Free-Wilson method., a. recent development, may be use­
ful i n c:ases ",he1:e the stru.ct;u.t'al diver, i<t"y is ~oo gre1rt for t .he Ka..nsch meth­
od. In i t the r-egres"sion cenis aTe • serie'S of .. r-b-itr-uy pat'ameters, one per 
structural feature, having t.he value one if t.be fe ature is pr.esent, a.nd 1:8t"O 
if it i., absent. Thi.a rutb.od requ.irea <•• vell a, a.lL01,1a) lllOi:e coa:nat e com­
pound• for equally good sUi.tab"ilit:,'. of fit. this method h.as be en generalized 
rec.•nt ly ( NllC, 1982 ), 

Protoc.ypt rela.tive etocency appro.ach: U • sufficient 
number of cogn-ace cocipourids with 1i11ila.r bi'o l o&ica.1 clat.a au. not available in 

* No rc.f«rtnc·es vet• found that 1uue1t11d that tox1.c·1ty eobld be related to 
odors of cbemica ls {V.in Ce.M-rt and Lette:nbrei jet , l 972; Weight. t 982). 
Some cor~elation1 likely exist, but ~h• subject i~ COIIIPl&x. . 
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order to prepare- a T"e..1:son,a.~lt: QS~,, the alte-:-nat,ive h to us-e a method cequiit­
i.ng fe'-'er cognaces or procotypes, such as the rel4;th,e poteflcy approach. 
Us ing this ~echcd, one dcce.t'tllines a chemi C:at cl.us OC' • series of classes eaeb 
containing the in.adequately studied :subjecc chemicat ar.d one or more rela­
tively ,.,.ell.-scudied prococ.ypt chem.icaLs f(fr which. clu•onic test data .-~f!. ,1v.ail­
able . r£ co-mpar4ble acute Ct.SC d,aca are a.vai lab le , , one ca-n u·se the- r elative 
p<Jtencies of the subj ect: a.-nd prot<Jtype( s) to enimate the chronic to.xici ty of 
th• aubject chemical •. 

the. inhe.rent pr-o!b leat.9 ·of this .apptoach are tha.t the 
auumpti:ons .ue even great.er tban with QSAR (hence·, th.e uneet"caint ies are 
g-r-eatet'). and that often· c:ht. most studied compounds .are the moac poc.enti t.he 
d--s.k. e;timatu a-ce. l ikely , but not certain, to be t.oo high. The appl icat ion 
of this met~od to d,k a ssessa1enc is very r;ecent· and tu defined. One of ttie 
fe1' studies of chis type has been of synfuels emission products b·y Hea tcb· 
Scie.ntis·ts at 0.ak Ridge National L..abor-atory (Dudney et al., 1981; Calle 
et al., undated ). 

(4) Shot't"'term m:i.c-robioassay test s: A -1ide variet"y of 
mia-robioassay and bi.oehen:iic.aL te•ts hla..s been developed and are bein.s used to 
study certa in biologi:eal effect,. Thoic eo!M'H>D d1tnominacOrs &-Tl? tl\e Use of 
cultures of mammal ian eel ls t un.iceUulu· Ot'3ani1m, (.bac:te"'('i .t. yeast , etc.) , Ot' 

vir;1u1es.., u -sually vit.b in vitro tecM'iques. They often 1.a.Je i mucagenic e.nd, 
point, i.e •• ind·uc.tion of an inhe.rit•1ble eh,4nge in the -ie~m pl.uin of the- ce·st 
specimen,. Holhtoin et •l. (19?9) have reviewed the sub ject. Some of the 
nMtte colbon ce,cs are oot.!:d below. 

ih• A.IN• c.ett. u..s•• Ln vi. cro c:-ulcures of several 11Ntated 
strains -' of Salmonella tlj)hitnuriun,, all of Whid1 Coe.quire hhcidine for tr.o"fth' 
(A,,es It a.L., 1-9621 1973 ; !'iaroo a.nd Ames, 198J) . Aliquots of a bac.terial ·11us­
penJi.on are incubated. in_ a h.i-sd:alne-deficient rnediwn. wi•ch the teSt chetn.l ... 
caLi somt: plate, alto c.oncain a port.ion of homogeniz.ed rat. liver which . ..,ill 
111etaboli:e s<>ai• chemicals in a manner -re,embl ing t.ha t in the \mole an i mal. so 
that the niutage:nicic.y of ro.etal>olitas of the ce.sc ·,ubttanee c:a.l'\ b-e- itud'ied. 
The number ·of obter-vable eotoniea will be equa-L to the numhe:r of bacteria_ 
vhich c-evort (mut&-te. back) t:> ch• original form_. l.lhich dou not requ1r-e 
external hisc.idine. 

Many vari4nts ,of che Ames tesc are available, partiCulatly 
the use, of different te.st species., A conmen vadant is the "bos--t.-mediacad 
astay11 Lo which a suitaf;,le bacterial .su.speniiori is i n·cubated io the peritone.al 
cavi cy of a IDOuse Or T·&c , wi-th the toxicant i;iven t'o the whole: animal. Th\LI, 
the bacteria ..re. exposed to the toxicant and wba.tever m,etabolites are ci.reu­
l ati.ng in the blood of the host :rode.at. Mannalian cells also may bt •g--rof.lfl i n 
eulture, exposed •ta • toxia..nt, and ex.a11ined for muta·ge.nic: e.ffect1 ... althoua.P 
detennination of an end point may be difficult. 

A rel.ated p-rQce:du-:r:e is cytog~necics testing, 1.1hich Li 
usu.ally done on aniul ,_ already being tffted in an ordinaey tox-i.cicy , ·cudy, 
?ia,-ue 1.at1pl•• a-re t ••ken (blood fo.- "1\i·t• ·cells du·r.i.ng ch•• ·c-e-.st; bon·e mart'ow 
and kidney at cer,1ination) and ~a,..,, i..n c:e·ll cu.lt.ur.e.. \flien t.h.e cultu.res are 
rapidly d.ividin&, c-he cells a.re kille.d and the chromosomes in t-he nuclei of 
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activel r. di viding c;:eHs ar:e. e.x4ll\l.ned r.iic ro,copic.t'Lly for abnormali t i es such .as 
breaks, gaps, t.risomies (tripl ed ra~b.e.r than paired), malionna.r.ions , etc. 

Substanc,ial uncert a·inc-y i s i nherent in using st\or t-c:crm 
microbioa,ss 4y resul ts· to u.sess human r-i s '5,s tci ex20,ut'e tc>·- a chPiul. The­
d.ose-re-s pon,se -rel.atiqnship may· be mu,ch d ifh.rent--sotr1e. 1 i nea-r reladonships 
for mutageri_it!i t.y in v i t.ro are oot i n. vi_vo because of the body '• defenses-or a 
mammal ma:y not r e spond in tbe $ame way. In ·addition . mutagen., aee nQt aeces­
~ari Ly caeai.noge:ns. 

( 5 ) Use ,of A.Ots . TtVs. and (ttiOJ..s : .ACC.f!,Pt .tbl e expqsure 
l e wel s have been .set for many chem1e.al1 on the basi , of coxic.o l ogical results 
and huinan experience. The U.S. Food and O'r'ug Administration ha s long escab­
U abed Acceptable Oa il•y tntal<.es ( ·AO!s) of ~e_rt:a i n cont8f0,in .. nt~ i n foods, 
dr-ug.;, artd cosmetic s . The Aniet'ic•n Conference of Governmental I ndus trial 
Hyg i enists and the Occupa.do·nal Saf•HY .and H~aith Admi ni s.tracion ha ve adopted 
Tbr·ethold Limit Ya lve, (TL.Vs) fo r I L.a.rge numbe.r of c hemica l s for oontroUln_g 
inh.a.l.atio·n e xposu-c-e i n the 1.1orkc,laoe. The EPA h·as pub l ishe·d Recomn.onded M.a·xi­
ffrWll C.Ooce.Dt ration Li.mi ~s (8.MCLs ) fo ,: many chemical ~on.tam inanc:...s i n -w-ater .. 

The cla.s.sioa l .ne.tho.d of esti ma tin~ an ADI i nvolve$ identi ­
£,-i.ng from dose-response data -a "No •Ob.se.rved (.\d.verse) E!fect Level" (NOE!. or 
NOAU), i.e., a dose level a t -wbicb no (adverse) affects have bic.n observed i n 
appropriate studie~ . That doie is then diviGed by a safety factor su~h as to, 
100 , or LOCO (dep~ding on t h e na ture and q.uali ty of the d.ata ,ivailJOl.e) to 
produce .a.n ADI. * Ri.ilu Of adven• effect• ar• a s s umed to be negligibl e £or 
daily e..xpos,ues at or belov th• ADI, even for susceptible person.s . One s houl d 
note, ho~e ver , that NO£Lt and ~OAELs can vary uith the specte1 cested. numbe~ 
of ce.,t animals • .and c~uc ,conditions., itncludin,g close l ev-e-ls , dura.d,on, .an.d 
•f£ec:t1 look.ed for. Ceneratly, AOl1 ttave b1t:on ottabllshed f9r ~hemical s 
believed co be Sy$t:emic cox icanc,~ buc no~ for cuclnogen, . 

TLVs are based on a ~uniiar rat i on.a.l e ·excepc ~hat the y are 
estimated to be negligi bl e-e·ffect do.se, foe healt,hy 1o10-r:\ters exposed 40 h-r/ week 
to .the substance. du.r ing the l68 hr week. TI.,Vs hav~ been established both. for 
sy·su.111.ic toxicancs and carc inogens by Che: ACGl H. As a fir"5,t ~pr ox.imati on, a 
publiihed tLV aould be multiplied by 40/168 (0.24) to c a l culate ,an approx i mate 
(time.-~eighted average) s~fe continuous exposure. The derived numbe~ is pos­
s ibly Leu accurate ia. e~tabli-shing an upper risk l imi t th.an is the AOC 
bee.a.use o f the unce-rcai.nt-y of c;onverting from inte .emittent to continuous expo­
sure. 1n addition, workers are. ·gene.r ally h.ealtbier, and the-refore probabl y 
l ess 1uscdt)tible to man.y adver.se effects t.ban i·s the. general population . ADI, . 
•t•- tOtMtimaa calculat.ed• .fr.Ora a_ TLV (witb appropria~e a.sswnptions and aoqver­
t ioo of unit a)• but vould then have ~imil·ar 'uncertaintd,es. RMCts a.re based on 
I rationale t ,imil.a.r to di.os.• for AOt a.ad I'LVs (£~A·, l985b). I>ourson, and Stara 

* Th:e s•fety factor it unfortu:n.acely 1.ome.ti1Mt al-so referred to as an un­
<lert aint:y f•cto-r . Mote that an e s,t.a.bltsbea ADI mi:&ht be.. sub.$equ'i!.ntly 
i..nc.re.ued a s 1110Te relh.b).e data beccme avail.abl e tha.t pe-rmit ·a dec:re.a,a 
in the. safety (actor used . CQnversely, an A.DI mi-gbt b& decreued i f da ta 
on a new re~ponse become • vail«ble. 
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Cl983) ·and Dour-son (1983) ha Ve r:evie\oled the ADI a pprOac.h, a.nd More.au and 
Anders on (1~80) and NRC (1980.) b-.ive di scussed i ts use in ris~ manage.<n.ent. The 
need for better meth.ods of e-sta1bli-sb.Lng r:el.ia.ble .and de.hnsibLe AD!s has been 
di s a ussed recentl y- by OnAmp U 984b) a.md Oouuon et a l. (1985). and :ilter.tlative 
methods have been suggested to impc-ove th~ process. 

·AOts .and TtVs. a.re of quite limited use i.n qu.a.nt i tad.ve 
r-itk- assessment,. They n ace only that an ~£f eet i s unliitel y- ~o oc:cu.r- at 9r 
be.Lav• _sc,aced e.xpo-sure level. If ~Cl i\DI .o r TV/ has not been esttbli shed f or 
a ch•m.ical _. but r esults of .a g.ood. q_ual~ty c.hTonia_ ~s tudy a,c-e available.. t~r. 
s how a. c.le.a:r NOA.EL, then the c:onct:pt might be extended·. Con5'l.d·e.-ra:bl e ,care 
mu.st be taken, Roiwever:, sinc·e d ,e th reshold a.sswnption i:·s gene.rally ..:not 
,1Uo11ed foir caT"ci noge.nes is . 'Fhe A'Ol says noch.ing about th.e- degr ee of r espon,e 
.at higher dose-s . Resporises a-c e_.--p.o,uc-ei in the observed range can be e..sci­
matt:d direc t l y from the d4ta, b\l.t tho st betv;e-en the LOAEL o r NOAE:L and tRe ADI 
c.nn.o.c. be. ea:sily estimated , The r i-slt My actually st.ill be neg ligible at 
ex.posures cnucb g-reate~ t·han t'he ADt. The ujot' limitation in the use .o'f 
ei.th.ec- of .the-.se proe:edures is that expo:,:u-ces .-ay be gr-tater ch-an the tst i mac.ed 
ADI or n.v so that actual ·c-esponses ( or t.'is,1u) eannot be direc.cl y predi.c c.cd. 

Dourson (1983) hat proposed a modified approach to t.he 
identification oC an ADI th4t 11\ay be u aeful in extrapolating the dose-response 
data for cherei cals believed to h..ave .a chr:esbold. F'irst, using dose-response 
da.t-a (convu·ted if neceuary to hutnarr 111quivalents) and an approp·c-iate. reg·res­
si,on procedu-re, c.alcul•t• • dos«-resp.onse function. Nex:t, ca.lculace the dose 
estimated t o prod\l.Ct a 10% response (dlo) and its lower confide nce l imit. the 
ahoii::e 6£ dOse e.x.crapohtion model it t:elatively unimpo·irta.nt, since chi! common 
mode.Lis prod.uce euentially the s.rn.e curv• in che 10 to 90% c-~1ponse region. 
Then, cdculate • modified ADt at the lover aon£idence limit (of d 10 ) divided 
by the approptiace safety f.actot'-. Next , to ucicnat e effects £rom a given 
exposure, u.se one of three di.ffenn~ functions, depending on ~hat the dose 
15. If the dose i s the m.odi f i ed ADI or l ttt, che cs t i 1Uted t""es-ponse is 
-zero. tf t he dose i s d to or greater, r.he doH ts ~hat estimated ~y tbe dose­
response function . Se.t ween these c•.J'o points (modified ADI of O a nd d 1.0 of 
0.10) , the esti:ute is the point on the strai ght line of the log dose-response 
plot connecting t-he two points . One tim.itat~on on the use of the method in 
the present application is tb.a.t tf actual exposure..s ·a.re marginally above the 
mod.if i ed. ADI, the uncu•·tainty in the irisk is very high. l£ che actual expo­
sures are below the threshold, all effect s a.r e zero, and comP,arlson s b.etween 
~aste Oll.tlagement technologies are reduced to a nonhealth basis such as cost. 

(6) Noopara.met.ric methods: If data are eoo limit ed co 
pennit parametric methods of asaesaiog health. effec;:ts, rank.-o·rde-.r (nonpara­
metric) methods m.a_y stiLL be- pottible. Some gros s variat1.u have betn use.d by 
t.h• Office of Technology A••••••nt fot c.lasai.fying waste -lnc.o h.a%a·td cate­
gories (OTA, 1983). A reviev of more refined tMthods i& appended i n C~lle et 
al. (1.1nd•ttd•). One of e:he option• (nwnb•r 4) considered by OtA (198l), con­
tista of the developm,1nc and~• of•~ overal l ba~ar d classif i cation system as 
a tool ( or guiding ~he regul•tory process on h•urdou• vas t e::,. 

An approach used in c_ne Toxic Integration .Program (£.PA 
1981), \l&S ap-pl ied to ex-po1ure.s specific to 4i chemic.ah associated vith 
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ctrtain lndustries. the ~ethod ~as &1so appLled :o anotner 4eray of chemical s 
for che i ron a..nd stff l i ndi:.scr-y (Clement Asso:c.i~ce·s. l-982). A di fferen·t 
appro~ch, mor e gene.ral Ln sc:-op.t and c:oa.rs ei: in c1as.s ific.acion, i .s be i ng- used 
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rx. ESTP.iATIO~ AND SUMMATION Of ADV~SE tl!PACTS 
ON EX!'OSED ?OPULATIONS 

The objectives ot soe:l'e risk a$HUicent-s may be met" by dete:c-mi ning a 
g i vi,:n heal cti ri s'k co· the iqo1c. ,1posed inct~ vi dual (a. g. , Li fetimlt cancer ri. sk-) . 
For many other a$1 e,umenu. ho~e:ir~t' • .and partieu1.al'"l.y for comparLion of 
a lternative tech.nologles, 411 esti~at io(I of the tot.al :a,dverse tm;,acts can bt: 
e stenti•l. Aft~r the populationls) likely· to be t.Je.p'osed have be.en identif.ied 
and the environmental dose( !i) h.a..ve been estimated (as· descr i, bed in Chap­
ter- VU}t then dose-response relationships deveto.ped from dl.e 1ite .. nture 'b.i.u 
( as described l n Chapt&r Vtu•) art: u,e.d to p~ed-ict the ad.ver~e impicts in t .he 
exposed population(s). Yere "exposed populations" \l,SU.{lLLy re{et's pr.imarily to 
humans, but can al.so i ncl·ude ocher org~;.sms o'r ,nonl.ivlng valui.s that c-Ould be 
affected by the envirorunancal r:ontamio.acioo. Es-timac i,on o-f human health 
e£fects is discussed s epa:rateL y below since .. t!\e,¥ were of 2ri~ry conc1·rn in 
this study. and more quantitadve methods h;1ve been developed for them . than 
£o·r many .soc,ioeconon:ric a.nd ecol ogical icne.acc·s. 

A. Human Health [rop·ac-c.s 

The ezposed hum.an popul.&tion Could. i nclude membe.r$ of the general 
public &nd indiv.idu-.els exposed occupational l y in activiti.es dire·ccly rel.Iced 
to haurdgus waste d i sposal. Conceptually, the methocls of predicting adverse 
health e.ffect1 are mucb the. u.me. £or both aroups oi- for ~ubgroups within 
either.. The follo~ing discussion focu.sea. pd!Df.rily ·on publiC! health effects 
t'&sulting fro.m tnvoiuncary, ofcu, unide.n.cl£i.ed. exp1uures, a.nd n.oces health 
efhcc, from occ.up&tiQ-n&l exposute.s onl'y bTie:1.y.• In • cQmpre.bendve. assess­
ment he•lth risk, vould be inte.grated over .all subgTOUPI• A decision male.er 
'-'01,1,ld likely be concerned ..,ith risk! frOIJI average exposure.s for a gr-oup amt 
dso vith r-i.sM for th-e mot"" e:cpose!l in.dividu.ah ~-ithin , grou;p. 

l. ·Public he.a-itb effects: The bea leh impact a.ntly,is ltNllt con-
sider affects in the •xposed gent:t'aL population and in. any espl!cially sensi­
tive expo11d subpopulations. 

a. Ceneral population:. The population at risk can contain 
e.1posure subgroupa tb.tc differ in nature or deg~ee of e~pqs.u~e 1 e .g., becaust 
they live at dif.ferenc to~t,iot11 relt.cive. co· the pollution .source o·r utlliz:e 
different water supplies. Iin addition~ the pop~l1.tion can also cooc-aia sub­
poeula.t.ioo• that u·e pa.rticu.la·rly sensitive ~«;«use_ of' a.ce, stz, general 
health, genetic defic•i&ncy-, etc •• i..e., they have b.igh_ to,i:lcolO&ical eesponae 
at a given expo.sure to the pol lut&nts. 

All aignifi.cant exposure subgroup.I 1;-e fir•t i den-tifil-d and 
quantified. All significant espec:iallY sensi~iv• subgroups d,o are i.diutti­
fit:-d and t£ possible quantified. 1f the dist·ribud,.oiis of the. two su·bgroups 
are substa..ntia.lly dilferent, and 1.£ d·ata •r• av•ilabte, it ft\&Y be dts i. utile to 

* Occupational exposures aee g«n•~•lly l>ett•~ l'40nitor•d• 



divide the tot .a l ?Of'U-~at.ion int.9 d ts~ret.e ,e.xposu-re /s ens i tivity subpopul atlon1 
before proce11di ng wi th the analtsi-&. ?ro'b« tH.r more ite.i\uentl y, t.he i...ni t i a l 
analys i s must be Glade pi-im.1,ri l y oo t.he ba.si.J of dte t,ugesc -exposure. gt:oups. 
a.ad. the sensi ti ve sub-groups are the..n considered les$ q_u.-.nc.i tati..,e l.y , as de­
scribed i n t he next subsect i on. 

tn making the bealch tHecits eSti.m.ac ton, an avec-age erwir.on­
~.enca L dose for the ! ndividu.a.ls in uch exposure group i s identifLed foT each 
c'h.emical of c;:oncet:"n. A t'isll. faccor ( R) (probabilit.y of advet""se effectl at 
thi, dose (d) !, then extracted from the dose..,t'esp6nse t"et.a-cion·ship foe the 
chemical, u.1Lng either a graphic.al or mathemat i cal pcest:ntati'on of c.h~ c,ei.a­
tionship as appropriate. thi.s is cbe. aVtt"a-&4e ·ri:sk f.tctor £.or iodi.vidu.s.l s 
ex.posed at that l e-vel . The risk factor i. s then ouldpl..ied by· the number of 
individ-ualt {N) in the. exposure groups to c:atcu.Lite the nwn.ber of ca.,e.1 of ~he 
e£ f ec c fot' chat group.·~ { f c:'he're are ~L ct pte exposure g:r-ou..ps, tbM a t' i sk 
Cactot' it i-de.ntified ac che dose level for ea·c.h grov,p.'frO' The rlsk factor­
subpopulaci.on products. are then Summed aer·OIJ' all ·expo'su.re groups to ,es.timate 
the total number Of ca..se, for- th.at partieul.a:r effecc-: 

(;there; 

n 
or P-ced $.cced c·ota:l cas.es 2 t R.L • Nt 

RL J.re the ~tsk faccors at. itb. do.se (di) .• and 

NL are n.umbert of people exposed at di . 

A slightly di~ferent v&rs i on of this c alculation has been uied 
by the EPA Carcinogen Assessment Croup ( CAC) !>ased on a vu·iation of the 
mul ti,nage model for e.ancer (or ocher appropriate heal t h e ffect ~ ) . Th.e 
-e.~tr·apolated p-t'Oba·blti cy-~ose line- iS u,uined to appl:'oach linearity a t vltr-y 
low d,oses (Le., in the pl"Obabitit'y (p) range atound 10-'), so th.ac th.e slope 
i5 oea·r-ly a con..sc.ant (k.) .-H-tt- Auwning lin.~.arity, • 

* A -c:evie'5fer cODD,enc:ed th.at th.e product 8qN 1 i.s the expected value of r-isk. 
•nd i.s of.ten tte:actd. in the lite:r.rcurt as & de.fini't.i.on of ris.k. r.a.ther 
than using probabiltty as risk or a rhk f,ac.to'C' • 

..,.. A revie:w.er b4a noted th.at simple. application of r .i:.slit .factors co a give.n 
popula.tion• ob,curet th.e s-igniHcaoc diffe'C'el\ce l:'n impact on per-so,;i-al/ 
social. values betc.teon fatalities tb.a;t ate prompt (e.g., v1h.icular acci­
itents) and t..ho1e tb.at are delayed (i.e., l atent effeat..s). 

~CAC actually use-1 the tlope (K) of the "lineari.i.ect" upper 95% confidence 
limit t"atb.er thap. c:he. best e;scirute of d '1k. The. l atter l 9 used here.in 
for rea~ons described in Chapter I. 

t: A re.viever. ha_. noted th.at many reseat'chtrs bel:ie.v-e. cbe a#Slffl1)tioJt of 
linaarity is overly "con1ervativ·e0 ln view of gTdving evidence 0£ gT-e&ter 
effectiveness of biological i-epaii: me~i11U at vary 1.ow do.$es, i.e . , 
the 1lope isay a9_p-roach zero. 
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p = ~ d o·< It = £ 
d 

The. nwnbec of ca,u:i of c.ince:- i 11 an exposure &rou11 is che.n ca'\.culated by 
multiplying t.he indiv·idlUll dos-e (acto t", ·~, by the dose, uh1aiLy .as a con­
centration (C) and by ctue .nomber of i ndividualt in the gt'-Oup. 'the total 
number of cancer c,ase-S can che.n be estimated sonte:wt\at lftO-rf! u siLy than above, 
since the s'U.11%134tio.n reac-i-.ange.s co: 

n 
Pt'edicted toe-al ca.ses • k t 

l 
C.N. 

l l 

If the do1e-re.,,ponse relation.ship vas in1 ttt~.s of e.xtra c ases above background 
the predicted number will :aho be for ex:t.u c'ases. 

the simplest c,ue fo r- anal ysis i s that of .a population uni· 
fot'ml y e.zl)osed to a fixed l evel of a s.i:ngle a.bea:iical ch.at p t"oduces one health: 
effect . for axample, a ha~ardous vas,te ditpoul s ite may contaminate the 
drinking wat er ;up.ply' foi- .t am.all city ;,,ich a. che.mlc..1.L >Jh.ic>h c.a·n cao.se. nervous 
sysc,em effects u.pon t)i:-ol onged expo.sure.. The case bec.ome., fflOre com:ple:x as 
cnultipie expostt--re cond.itions, _mul tipl e: chemicals~ or multiple health efhc:ts 
4nd mu Lt i ple' s·ubpop.-ulation:t must be cons ide·C"ltd. 

{_f the chemical of concern under a given e.xp,Osa-re cond-i t i on 
produces multiple e!fec.ts, th'ese mu.st all be cot1siderea: cal cu.late eac·h effect 
with the .appropt'l•t• ris,k .facto'f's and subpopulations. Note , how«vec- , thac- one 
or tYo effect., may predOiilriaC6 so tha t tbt !)t .her-i ean bt: negl e..ct-ed in the 
a..nd.ys i. s· .wi thout... affecting i tt valid.tty t i.tnificant.l y. Th• dec i",~9n ·critecia 
ca.nno t be. sLmply stated: decis iOnt will requ·tce p-rofe-sstOnal: j udgment and 
c.ons- ideu .. t t oa of avai l able rt:soutces 1--nd time. !f the. chemiaal under dif"­
farent c-ou.tes of exposure pi-.odu.ce., th£ same effect but different t"esponse 
rac•s, s imply s.u.m the e.atimated effeQts of eac h. exposure for each 
subpop1.1lation. 

If the chemical und.er diffe~ent l evel s. of expo9uTe has mut c ipl e 
e.ffeccs, then e.~ch of t.hese combi n..t.tioos shoul d be c ons:ideced separately fol" 
each subpopulatio:n. If fDUltiple ch.emic.alt c.tiac cau.se diff'.e.renc effects {as 
"'1.th mixed hazardous -t.Ja•te.1) a.rt pre,e.nt , th..e 1ffecc of each on each subpopu­
lat ion may be required. the 1f(ecc, of sbiii.lat chemic.al!! may be 1ubstantially . ' 
tittila:t. however, vl:tich 1.iarpLifie, the aDalyd.,. SimitJ,rly, one effect 11!4.Y be 
of gre.ate,t rooocern beeau.te 0£ t t·s a.aturl or bec:.ause of the 11·v1L of exposure 
c.o the cheatical causioa it-, and the ana.lylis iS HmplifiGd. 

'.the. b-.lancing of disi&-r·• ·te ef;fec-tt ·fr-0111 alte'f'nativt technol­
ogies is ultimately a pare o.f the l"'i sk: asaO.lgement pt"oces·s, Out che- r i sk 
usessment c.&l'I be extende.d at times to he l p put this proverbial ·

0
apples and 

oranges" problem in u a.e.fu.l context. For e.xa.m,ple, the number .of cues of aach 
type of e.f:fect 'rctulti:ng from t ach option can be t'abul,1ted .fol" compa-ris,on; the 
t9tal nutDber of proj!!,cC.ed fatalities of ~.ach ean btl com¥.3red; o1.nd the total 
.nwabeT of individu.els affe.ct-ed nonfatally cu be Compared. In some case.s tb.e 
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dectsion makers Cliihc ntque.s t that 3-l l pt'o jected. i?ffectf be moneti2.ed and 
aggregated for e ach opt i on for st ill another basts of compat'ison. 

b. $.ensidve ~ubpopu!ationst tf the exposed popul ation c-0n­
tains subgt'OUp$ that di·Eiet g-~eatly i n ch.a.racteci s tics t ... then t-hese .must ,L,o 
be considered. pa-rticuLarly' ' if they may have a big.her cuponsl!: «c-e (Le., 
they m.t.Y ba mofe ,u,ce~tible) . Canerally, tb2 5eog~apnical i o0at ion of fixed 
structures (e .g. , hospitals. schools, nurs ing homes, rec--re.3ciona l 4reas, :af'ld 
pri~ace wells) vi thin the area is suffic i ent co i dent i fy .many • p~cific l.oca· 
tions whez:-e the geneu,l popula tion densities can be mod ified for che 
s \lbpopul..ac.ion. 

I.f t eTatogenic e ffec ts a r e poss i bl e from the e.xposut'es, then 
pregnant f.e.maLes ara ah,ay, I. -subpOp\1-tat ion of concern . [n chis c ase a. s t an­
dard bi r th t.ace. (cun·encty lS.9 li V"e bi-rtht per l.000 pOtJ~.Lati'.on in the USA) 
can be appli ed co the e..xpo,ed _gene-C"al populet:ion to etdm;ate the nWDbet of 

cases . 

A sample vocksheet fo-r 1ut:veying the p.oct:atial health ieffecc.s 
on a nu.atbcer .of s ubpoput aci.,o·ns Ls give.n in figure lX•L the wo·rk.sheec 
addresses heal th ef.fec.ts f rom foul" expoture route.s ( inhalat ion. de-inking 
wacer, det""~l-_, a,nd food_) a;nd. all.ovs. r-ank ing o f e.f fec.ts at low, me.diwn~ a nd 
h.lgh, wh•r~ "lov" 1JOuld be above a de ml niml. t1 le~d and "hig.h'

1 
might be 

a1.si,gne.d "' a fatal effect by ·the analyst. Decec-mina.t ion of the expoture of 
the si,ec.i.a. l subpopulations may be cons iderably more i mprecise than that of -che 
g~erally exposed population; chis improcisioa would r esul t i n • correspond"' 
ingJ.y gt'eatet" level of unca-rt.dnty in the estien.t:ed he.alth effec c-s. 

2. Occu·pacional heal th effects: "The method of esticq.ation ol 
.a,c:.t·ual hea.Ltb elfect s ln expo1;ed work.er, i s conceptua lly the same as Eot" 
e.s ·t ima ting publlc health effects, exce.pt that the pla-ces and cond i. t i--ons of 
e.xposurtt are different and the nu.mbe.r of vorke.rs to be oon.tdeYe'd \\li.L l usual ly 
be relatively small . Si.i,i tar:ly. s uDpopulations of" e.xpoud workers could be 
analyzed separate Ly as above if de·s i red i.n a e-igorous t r-eatinen.c . 

AsfffSme:rtt of occu-pati.onal health risks i.n & qu.ancitative m,.nner can 
re-quite .subi6tantial ef'fort to de.velop site- .and. ~r\c,-station ... specific 
scenati oa to eatim.a~• the e.xj)osu.res incun:ed by mab.y d..if:fere.at kinds of 
workers engaged i n the various a.ct iv-1.1:iet :involved in treatment. ,co-rage, 
disposal, or tnn•porc..at i on of the haz.at'd,!)1,1.S -wuce..s and in cor-rec.tiv-e actions 
or cleanup opera.dons ~n ca-Se .of acci._dents , spill.1, fires, or l e.ale.age. to 
natural 'of4ters. A rigorous com~riso.n of occup.-tional risks ~cros s al-tet"n._­
t i ve d.iJ1posal tech.nol.ogi es s hou..Ld al so inc l ude "orkers invol ved in oonsc.ruc.­
tion or maiatt.naace act ivi ties wtique to an)' of the al-ternatives. Specific 
auu.mpci.ons might be. re.quire.d regatding the k:inds and effic.ienc i es o'f pcotec­
tive clothing and ~quiprH.ll& ut.ili:ed by the variQU·• fJOrkers and other vorker 
practic••· the effort ,ax..pe.nded aould be. high for ~ eac·h h,uar:dous ••Ut9t-e. 

Hore q,1.1-Alitative but Lett cost.ly ts cimate..s of ocaupat.i:on4 l ridk-9 may 
be satisfactory for deci s ion.s W'h•t't envit"onment.al a.ontamination is t.h.e JMj or 
c.oncert1 . ·F-or e:uraple, the t.reatment , storast-, di:spo1al, C•ra.n• port at i on , and 
~orT"I.C::ti ve action sce.nario,· for eac'h va•t• ,t:ream can be evalu.a.ced to eatinsaee 
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the average number of workers exposed. The like ly routes and re lative level1 
of exposure cu be conSid.cre:d for e.ach, •nd t.he rd•tive tot.a l ocou.pac.ion 
r-i skt of atu.rnative disposal cttcMoloai~u th,cn c•.n be estimated. these 
ruults are con1idt:i'ed atong with the re.lacive public bealth. ci1k1 and any 
other factors used in reaching cbe de ci1ioo. 

8. £colo5ical and Other Eavi ronmental Iapac ~s 

Ecological, other envirorune.ntal ~nd .aocioeconom-ie values might lncur 
•dveuc effects w.a.de-r so.me tec hnological alternati ves, poss ibly are.acer ttlan 
pocentlal health effecu. Only bde f note ca n be made here for address ins 
1colo1ic-.l and soci o1cono.111ic effects. A (utthec brief review l s given Ln 
Appendix C, but a further discu1sion of ea.v i roMMntal ,nd otbt.r i..pacts h 
beyond c.be tcopl o f this repo r t. 

Cooccpc.u,Ur, the a9pro.ach outlined for quanticac.ively estiiutin1 
health Ulpacts on hwn.ans could be applied to other 1pecL••• Practica lly, 
~vet, coatpre.be.nsive quantific.ation of such impacts vil.l b• inha.sible in 
most cases. T'ht va riety of domestic ..niMls .and crops, vH dl ile and ecO'"' 
fY,ltUIJ a..rt often s i.mpl.y too ~-r•at and t hl'l data base i.s u1ually i ncomplete. 
l n a fev ca~es, con.siderable data .may be avail a ble for quantitative est i rution 
o( veU -docwnenttd effects at glvt.n exposu·res, e.g., crop d•u.ge !ro• certa in 
air pollutants; tensitlvity of an e.ndanae·r•d bird to peuis1;ent organics. 

Qualitative co~parisona of predicted environaen~al i ~pacts can often 
be cade IIIOre 111iLy, 1nd can be • cost--ef fectivt a id co the compilation of 
qua.nt\tative inform.don or di-reedy to d.eciti.on eaJt..in1. Qu1,liu,tive consid­
eration of the impacts on seLt~ted fauna or flora in v•rious ecolog i c a l niche1 
could be of value in coapa ri~s specific ha%etdou1 va.ste di.spo,al •lternative,. 
For expple, the potential effects on fish dll-'fflltr·eaa fro• • ba~•rdout v.aste 
di sposal landf i l l could be compared ~ith potentia l effects on shrt ~p bed s Ohr 
fac ilitiet for tran1porcin1 w-a•te.s to an off--shore "tnc.inerator . hrtic.u.Lar 
attention l!Nst be given to vhethe'r any critical habitats for endantei'ad 
s pecies are lncl~d•d in the region• where. the hazardou1 va1te would be 
ere.aced , cra.n.sported. or di1posed under any of the cechnologic~l a lternatives. 

Socio1conoaic effects of alternativ• c holces are MOnecized for 
• ISt'•&•tioa and coai,ari son far a,re tba. are bwu.n health and e,cological 
eff1ct1. Th• proc•dure• I.lied have generic acctptance. although a.n.a.lytct .. y 
differ oa. tome t ec.Miqwtt and a11wapt ions. Su~tt..at ial differences can occur 
becweu parde1-at-iacue:1t in a11igning aoaecary vaha•• to so.. effects, 10 
that qu.a-Utative cora-pa.ri1on1 iuy be of help alto to tht dedtion cwkeu, vho 
ultiutely must balance di1pa.riti11 bttw-e-e~ effecc, 0£ differut kinds and in 
r-e.c:oncilins the bet tb&t th.e co1u/r'i11ts u.d tht be.flt.fits usually have dif­
f erent. recipientt. Consi1tency i n met.hod and in presentation of re1u.lt1 
( ioclu.d.ing uncart.aintiu) [or d l of the technological opt i ons ls e.uc.nt ial 
for i nfonNd dec i sion rnak.inl$· 
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X. A11AtYS!S Of IJNCERT~Ill'TIES IN USK ASSESSMENT Of 
HAZARDOUS ~ASTE MANAGEMENT 

Deciding between alternative ch6ices: of action rcq_uit"es' <;:ons f:de·ra­
tioo, not only of the anticipated benefits and cos.ts of each alternative, but 
aLso o f how confident one is in tbt: b-aitt etti:na.ces o'f 1:hese benefits an'd 
Go.sts . 'In the reg·utacion of cechnofogy_. a dec i s i on mallet" i s p3t'"t icu larly con­
cu·ned that actua-1 hea lth., envi.ronme.ntat • Ot' monetary cos t 's may prove co be 
ut\Upee:tedly high (i.e., d.s·ks ate Und,erest,im.«ced) or tha·t the benefit.I 
(particularly r:tduction• in risk) NY be much lower than a nticipatod. An 
ana.lysi:1 of the unctttaLnties i n such e.,t ~mace.s i..s therefore hlghly de:1ir­
ab le. A s tatemant of ch• deg-ree of .con_f idence the an.al ys ts ba vt! in e,st im.a..tes 
of the potential heal~h and environmen~at effects and the costs of alce rnacive 
batardout wa.si:e managtffl.Cnt pt'actices should be an important to.p!Jt ln co the 
decision making process. 

Concern ov«ir unc.et"taint)' enters into the aeciiion maki ng proce·ss in 
at leu.t t'-'O vay,: C.a) • sswring th.at t h.e anticipated benefits of an action 
.-re 1c:hi eved. wh.a.t at'e the ch.a.nee, that cb.ey vi t l be more than off set by u.n­
~xpected intet'nali ze.d and a.xct:tnaliied c.o·s·tt1 i. .e •• what are the c is\u'?; .i.nd 
( b) a s ,uming that one has aue·ued. these d s lc..s. llov- r ·e ~ lab l e a,c-e the methods 
and data used? Th.at is, h.011 a.pplii:able, rept'oduci.b le , and defendbt« i.s the 
uncertainty a.nalysi t of the cisk estinsates? This chapter presents an overv iew 
of uncerta.int-y analysi s, discusses sources of ·uncerta int._y in a11a lyzin1 t'is k.9. 
froa h.aZa:rdbus waste,, and ·descd.bcs th.e a.pproac;hes to a.g:gregating ·ar:id compar­
i ng uncet'~ainties. Th.a pr1tentation focus.es on t.he Uncerta.incie.,: in health. 
risks . fhe re90Urces availabl• for this s tudy did not patlllt investigation 6£ 
method..5 for the. •nalyais of uocer.tainc.ies in es.cimatu of environmental 
effect~, costs a.nd benefit, or of dsk- co,c-be.llefit .an.a.lysi.s qf .mitigation 
actions . Such analyHtt could be required. in many a~ecuitl i:iecisions. Unoer­
t.airrt ies in es t imates of cost* er-e seen mare commonly· t 'f\.an those of be.ne.fics. 

A. Overviev of Unee-rt•incy Analysis 

l. Terioinology : The term• "uac&T"tain., and 11uncer ta.inty'1 have sub-
sta.nt ial\y di,ffe:rent connotation• i.n d i£ fet'an.t popular and pt'of essiooal 
u.u:s. The r-oot word 11oertain" 'indicates a 1ubjf.'lcc is of fixed .specific char­
acter; an eve.nt I s occurre.nce is &Siu.r ed in mind or a ction; or an b 1sue. i s 
indisputably decided . 11Uncertain" allov-s a fe-w additional shade, of mean.­
ing: a subject is not clearly identified •n4 defined; an event', occu.rreGce 
i t doubtful, indeterminate_. or variable in time; or an issue i5 still to be 
proved, a-i-gued, or dee.idea. "Cetcaint y" indi cates a q_uality or sta•te of being 
certain, especi•ll-y on ch.• basis of obj,ective evide.oce. "Unce,rtai..nc_y" nOc 

• The initi.al ~ngineering cost estimates i.n hazat"dO\,\J: waste manage1n1:nt u·e 
typicaUy stated co be· .t30%. to i50'.%, comp• red to the unctr taint-ie's in 
health .risk ettinaate• typi•cal.ly of. ~t lease. .a f ev orders ot raag:nitu.de. 
Final costs migh~ be an ordar or magnitude higher than i..niti&l est\lUces 
itl case• of ®1,1•...,.l public or Tegulacory c.once.m. 
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onl y indicates a qua ll ty or s t a t.4 o f being unc ertain , but can also imply a 
statement concerniog. the 4u.aiity Ot' quanc; i.ty ·of suppot"ting obj ective evi dence. 

[t ls in t h i s last are:a t h.at uu .. g& differs :no$t greatl y in the 
statist i cal, bi -o l ?giaal , social, ph.ys.ical, and eng i neerit1,g ,cie.nces l ir- bus i ­
nes s economi,o.s; i n -pO l icy. ,, leg·i s lad ve , and reg~ l a tory act idos; and in 
j udicial procet:tdi_ngs. Us.age may dif i er aiaong those describing e.xperimencal OE" 
historiaal f ac t ual data, chose describing most LU<~l y futur e a,vcots , and those 
descr1bing the fucure a s a spectrum of ~~ enarios e r pr obabili ty aiscributions 
o f po~s ·i ble fu t tLre o-.1~eomes. Some. ~uthors dtsct"i be uneer~• i ncy i n quite 
q1,1al itat f ve cer!lls, m4ny cjescribe i t in stat i s t i cal ttr:ms , a.nd s ome use uncer­
t.ti n.cy synonomously f or 0 t"is·k}1* l n this study the fo llowi n& defini tions are 
11-sed. 

• 
0 Uacert..ai.nt.y,11 is a stateme:nc o f t.be deg-t ee co whi ch a system, 
process, o't" m.easurement, o r th• eompOnents ch,ereo't .are clearly 
ide.n.tified or defined, or t.he. li ltelihood that an event vi l l 
ACtUAl l y occuc.~ 

• 
11Uncer-tainty analytis" i s a pcocedure for a·ttempt ing co 
quat?,t.Lf:_y chi t natement o f· uncer't.ainc;y. ln parti aular, \,il'e want 
co quanci f y t he uneerca i nit.y a-ssociat ed· 1.1ittJ_ f'!:5ttima t eS of the 
oum.ber of cases o.l spec t.f ied adverse human h~al t h e tfe-cts f or" 
t he a l te.rn•Cive wast~ management scen~rios. 

2. ,\pproacbes to unc.er-tainty analysis: the c- isk a s sessment pro­
ce..s, c.ontains several eleme.nc·s and va-ri.es from appl i cat ion co a pplic a tion. 
Alulysi• of. the overall rrsk general l y r;equiret t lle aitalysis oi each or sev• 
era! .subsets of a s.eque:oce Of events. · The uncert a i nty i s 'thus compounde-d by a 
cascad'ing and propagation of the u.ncercal nties at t he suba.nal yS i s l e vel . Sotoe 
of the u:ncet:tain.ties may be of sev:et".al Ott"det:s. of inagnitud• s; som, unct ;rtai n­
ties ""-Y Seem_ to dominate the deC!isiont and tit t le hope m.ay ex ist fo r i:e:duc i ng­
ttey uncertaincie.s by improved data. the probl em can thus be come £at more di f ­
ficult t han cex.t bo~k examplu of d•ci s ion mak i ng unde.r uncei-c a i ncy where 
c.h.oic·e, are mol"t t ymmec.dcal. The anal )'til of u.ncer-cai nty Illa)' r-equire even 
g--t"Uc:e-r det.a.il •t ueh e;le~n c i n the ti ,1;<; astes.smen-t proee-ss thon does Cll-3king 
po.i nc: u tir11tiF,e-S of. the risk. i,tse lf . 

Cox and 84.y,bu~t ( 1981) sut:ve.yed and C!qmpar,d m,ethods of uncet"t4inty 
an•lyses for use in probabilistic risk asse.ss.ment., and lden.cified five 
:uthem.atic&l . mathods: · analyti•c•l techtriques; Monte Carlo simul ations; 
r-e.spon.se s-ur:fae:e approacties; di.ffeY-ential sen-titiyity approaches; and eval u­
ation of confidence int·erval;. £acb meth.od has i ts advant•ges and dis­
advantages·, acc;ording to those aut.ho:rs. Yesely 4J'.2d Rasmuson ( 1-984) state th.at 
in nu.clear probablli stlc risk a a se.ssme.nt.s .on~e needs to di EE,rentiat1; between 
uncertainties of two maj or types: (l} p:hysical variability; ,nd (2} lack. 6£ 

* The term "u..ncert..ainty f.u;tor" hu al:so been used ,ynonomcusly: f or 11 saf'et'y 
factor" { u ·e for example Dours.on and Stara, 1983). 

ff' A comp-.titon of subjectiv• probability theoey v.s . statistical fre.que.tu:y 
theory it beyond the vruent di•cut.1ion. 
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X. A!IALtS!S OF llllCEIITAIN'.IEES IN 315K ASSESSME11T OF 
l!J\ZARDOUS WASTE IIAHAGEl1£NT 

Oeci.di ng bet\leen alternat ive choices of action requir-es considera­
tion, not only, of t.ht: a.nti..cipaced b.enefit1 and costs of each alter-nati ve. bu.t 
also of hov co.nfidenc one .is i.n t..he best estimates of t.hese benefits and 
c o.sea. In the regi;il.ui.on of technotogy . a ,decision m:a:ker is pa!'ti,cuLarty con­
ce.nit-d chat ac t ual llea l th, anvir-oome.nt•.a.l.. Ol'" ll)QOeta ry costs may. prov,e co be 
unupeetedly high (i.e., dtks a,:e undere.sdmated) or that the i,·e:nef-its 
(partict.i,larly c-eductions i.:i r -is ~ ) may be much tower- t han anticipated, ,\n 

analysi, of the uncertaint.Le.t. in such enimate, i.s therefore highly de$i r­
able. A statement of the degree of confiaence the ana ly$tS have in est imates 
o.f the- pocenti.al h.ealt..h and enviC-"OnG'lent-a t e.ffects and the cotts of alternative 
baz.ardou, w-aste management practice:1 should be an i.mportant i n.put into the 
clecisioq. n:sa~i n,g proe,us. 

Concern over uncertainty enteTs Lato the decision !Ba.king process tn 
at l east t...,o vay1: (a) a.tswning tba.t the ant i cipated benefi ts 9f .10 :ice-ion 
a.re achieved, vhat ate the chances thac th.e-y -.,i, U be more tfian offset by un ... 
expecte.d internatixed an·d exter-naliz.ed coses? i,e., whac are the t' i sks?; and 
(b) ,assuming th•t one h.1111 assessed these ti sits. ho.w re l i able .at:e- the methods 
and daca used? Tb.at is, ho"' -ap-pltcablie, reproduci'bla, arid dtf'ensi'ble i.:;; the 
uncertainty andysis of th• r i sk e.stimaces•? This chapter preiseots a.n overview 
of uncert.a.inty· anal y·sis • d iscusses .sou.r-cu of uncerta i nty in ana l y~i.ng risks 
from haz.ardo~, wastes, and de,crib-es the •ppro•c~es co aggregating and compar­
i ng uncertaint.ies. ·The pretenta.tioo f ,ocu,se, on c.be ut\C4f't·a_inci.es in heal th 
i:-i-,:Ct. Th.ere.source.., available Eoc this 9t·udy did not pend.t i.nv-esc£'gadon of 
.method.s for the analysis of 1.1,nc&rc•aint i e.t -in estimates of envi.l:'ontnent4l 
effec.ts, cosc .t and b-e.ne.fits or of risk-cost-bene.fit analys·is o.E' mitigedon 
act i ons. Such a naly ses could be required tn 1t1a.ny ac;tUal de·c-i s ioo,. Oncer ­
tainde$ i.n es·cldla.tu of co,ct are seen mo·re comi.onty t-han cb.oc,.e of benefits . 

A. Overview of Uncer tainty Ana.1zs i s 

1. Terminology: 'The terms nuncectain'1 and "uncertainty" have s:ub-
s t ant.i•lty d.ifferent connotations in di,ff•rent popular and professional 
uses . The coot word 1tcet-t.a.in11 in'd:ic~te s a 1ubj'ect i, of fixed specific char­
acter; an event 1 1 occurrence is •~-suted in 111ind or act.ion; or .an .issue is 
indispu.tt.abL,y decided. ''Uhce·rtain11 ~lloll, • few ad(jici.onal shade• of mean­
ing: a subject it not cl•arly· ident.if.ied and c:lef•ined; an eve.nt 's occu.rr1nc• 
it doubc.fu~, iqd.etttna-inac·e, or variable in tlmet or en issue is st:i.lt to be 
pt'oved, argue.d, or decided. "Cer-taincy''' indlc.ate:S a qualify Or· su.te of bei.hg 
certaic., e:apeci.ally on t he b•-sit of ofbjee·tive evide:nce. "Uncertainty." not 

• The ini tial engineering cost e stiN tes in h•z.ardou• watte iuaageme.nt are. 
typically st.ate.d to be ±.30.1'. to "!~OX, compared co the u.nceccai.ati·es io 
health risk estimates. typica l ly o f at l•• •t a few order, of magnitude . 
FinAl coses might be an orde~ or a,,gnitud1 higher than ini tial eftimates 
in eau• of unuaual public or t egulacory concet'tl. 
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only ind i c a tes a quality or s t .ate of bein& uncertain_, but can also imply • 
st3tement conce•mini the qual i t y ,or q_uantity of supporting objei:tive: evide.nce. 

Ic is i n t h.is last .Jt'!.a that uuge differ:s mo.st great l y in the 
, catist i cal , Qial ogi.ea l , ,so_cid, phys ical . • .nd engineering sc:ieoce s ; Ln bu.s i ­
nets economi c3: i n rnti cy , 'Legisla t i ve , 1,n·d re.gulat.or-y actions~ and i n 
judi cial proceedi ngs. Usage m•y dii.fe·r am.o~ns those describi ng •xpe:r imenc.s l ot 
hi:acodcal factual data, those descri bing mon Li.'kely f-u-cure events . and chose 
de9 cr-i bing th.e futu~t as a speccrwn of sa~nar\09 or probabi l ity 4 i stributions 
of poss ibl e future oucco:nes. Sorr:e. a\l tho rs desc·dbe uncerta:incy i n quite 
qualita.tive t erf'IJs, m.any de.s~c-r..i be i c i n st.a tistioal tet'ms, a.nd sOm.e use un·c1tc--­
t.ainty synonomouily £.or "dsk.11❖ l .n t.hi.s st:u.dy the followi ng de.fini t i ons ,HI!! 
used. 

• t•uncertaini;y•• i s a statement of the degree. co whi ch. a system~ 
process, or me..asuremen·t, or:' t·he components thereof a:re c le:arl y. 
i dentifted or- defined, or the l.i keliho.od that an event will 
a~tually occur."Nr 

• 
11

Uncectai:1ty .1na.ly~is" 1:11 ,1 procedure for at~empting t o 
quant i fy this stacJ~~nt of tUncerta inty. In pacticula r , ~e WGnt 
t o qu,antHy the i.anc~r taint y .associated. with estiaia t e.s- of che 
number of cases o f" s pea if iied 4d'Jerst. bu.man hulth effec·t s for 
the al.tern.ac,ve was-~e: m.ana-geme.nt s.cenario..s·. 

2. Approaches t o unc.ertaincy a1\a.ly..s-is: The risk u ·ses srn.ent pro-
cess conta inl!J s-ev«C".._l e l ements and va~iet fr.om a·ppLlc.acion to .appl.ic.ac:ion. 
~alysi1 of the ovetill d . .slt gf:nltr.aUy r-e•quires the analysis of e.ec:-h o·f sev­
eral subsets o·f a seql.l•oce. 9f evei;,ts. T)le Y-ncert ainty i, thus ·compow,ded b·y a 
cascading and prop•gatiod of th• uncertainties at the suban·a.l ys i.s leve l. So.me 
of the uncertaintie s m.iy be 0£ several ol"de.r·:s of magnitude,; some uncercain­
ci e~ may seem' co dominate the dectsion: and Littla hope rtlay cxis~ for reducing 
'key uncen.t i nt ies by i..:eprove.d daca . The probl a.m can thus be'"ome hr inor:e dif­
ficu lt tlun textbook e xamples of deci .s i.on making under unce-rtaincy \.lhet'e 
choi<1es .are cnore. sy,mietricaL The an.al y:ais of unce-rca i nty 111ay requ i re even 
g--reater deta i l a t e.ach element in the r isk a.ueumen.t. proces; than ciOes rr.aking 
point est i mates of the dsk ~tse l f. · 

Co• 1,ncl. 8aybutt (1.981) surveyed 4.nd compared method• o·f uneeccainty· 
an•lyu11 for use 1..0 pro)ubilistic risk. •s-ses.s11.e.nt , ~d i dentified five 
matl\eina:t ical methods; analytical techniAJ,1es; Nonce C.ar1o- .si.mul«t iont; 
respon,e surface ap,proae:he..,; di.f-ferf;!:nti.a.l .te.nsitivic-y approache:Si and e.valu­
acion of confidence i.ntervalt. Each mat.hod has itt adv&n.t.aget -and dis­
advantages. according to those aucho~s. Vesely ilnd Raamyson (l984) scate that 
in. nuclur probabilistic risk auess~nu on~ n~edt to diffe"nci-ate betgoee.n 
uncertaindet of t vo major c-ypes; (l) physical variabi lity; and (2) lack <if 

• The terlJI "uncertainty factoC"" has also ·been us-ed 1:ynonomoualy f o-r 11sa.fety 
h ctor" (see for •x.ample Qourson and Stara, 1.98.JL 

,.... A compa.riao-n of tubjeci:.ive proba,bility th.eory vs . tt•tistica.1 (requency 
theoi-y is btcyoad th• present discu·stiOn. 
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knowledge.. !o contras·t. Fie?"""ing et a.l., 198'-, di,tinfuhhed two m.ajo'l" cy-pes 
of ur1cer tai.nty a s ''a.n.alogy" and "csscade. lf In addition , thet>e is uncertainty 
over what has, in the past, been t-rue• e-egu·-d i ng, cause-ef"fe.ct cel.adon,h ips vs. 
•..1hat changing rel ations ..,ill occul" ln the futur-e. fol"ecasti.n3 enethods and 
e st imation methodo logy can differ. 

Several approaches t o the an.a L-y,ii of uncert3 inty con be identi­
fi.P.d. These a.pp-roa ches are used t.o varying deg?"ees i·n d i ff eren.t fields of 
anal yd,, but th~y a..re not cnut1Ulty e!xcbaiv·e and 1110-re than one .a.pproach can 
be used in• given analy~ is. the t ype of approacb that is used and ~he level 
at vhi.1;:h \c is .applied v ilL be l i mited by the completeness in abil ity to 
ident·i fy al.l of the cauSal fac·tott i iopoc-ta.tit to oucc·Ooe, and by thtt qual'\tity 
and quality o f data. It will a.h o cte-peJ:1~ on tl\e dme and resource, av4il.1b te 
for <:Om-piling a.nd eval ua t ing- tb.e i nfor·ucion.. A partiial li 9't of .tppr-oaches i s 
shown i n ! abte X-1 i n generally inc t"-e4~ inii ·order of data .,n'd t i me req'u.i. re­
ment!&; the list is in.tended. to be illu.str4tive., n-o t necessari ly comp let e 
(La1'less, 1984). these approac:he9 .tl!"e discussed bri e f l y belov 1 folto~ed. by 
several considerations th&t may· .affect the choice .of .!pp·roa ch ..in .a specific 
application. 

TABLE X-1 

SOHE APPROACHES 10 1/NCEllTAIHTY ANALYSIS 

Approa.ch 

Qualitative discu.s,ion 

Sensitivit·y ( p&rt.metric:) ~n.alysis 

Statistical analftis 
( 111aay kind• ) 

Propagat ion or cascading of 
e-rror, aod ys i s 

. 
tnfonaacion Requireme.ncs 

Useful v~en causal understanding, data, 
ti~ to compile i nformat i on, perform 
deta..i led an.alyse9 , o-r seek expert 
judpent is limited. 

R·equire9 apl)ropriate c-toss Section of 
technical expert s ; t'.equire-.s tecb.niques 
f or e l ic i t ing and combining tl\eir 
opinions based on subj ecti•;e evahia­
t i o·n of bot.h di.rect and indirec t data. 
on eause-effent r elat ionSKip,. 

Ma.tPe.ma:tiGal (or e.q,eri rrient.aU IQOdel 
o f rslat ion1hips; reasonable est~mac es 
o f Likely variance in key data/ 
tnfoC'Ntion sources . 

&x·teas ive erp-erime.ntal or his tori-c-al 
data or results ; formal stati-sti<:al 
met'hod.1. 

Mathematical formul ation of problem 
-ui...ty,is; me.a.sure or est i matt:- of un­
eert.tinty of each dat.a cOmpooent. 
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o. Quali. c-a.dv.!! di_scus-si.on: A q_ual i t ac. i ve aP,-pro ach can be 
:l pf ul Ln e-v·al\la dna u.nc.erta.i.nty, parti cularl y U data o f adequ..ate qualit,y 
·e lil':'lited or i f time i.s unavailable to co,opile. i ~f o..-mation , p•rform t' i gorous_ 
~lys es, Qr S!!ek e.xper~ judgm~nt . Qual itat i ve j udgments ffl.4Y also be ba~,d on 
1nti der~bl e amounc of dat.a that are indicat ive o f cau,e...-e ffect i-elac.ionshi ps 
>t qua.nci.c1tive ty and scLentifica.l ly demonstrab'lie i n • t"i.gorou.s sen-se.. 

A systematic idtHHi ficatio~ ar.d d t -scuu i on of po-ssible cause, 
; ei:-Tors and uncertcaint i e..s bel p tQ t acabL i.sh the J1e.neral framewor\l ( La':"lt ss , 
18"2) . ,\ ca..bula.r outli.n~ and qualitat i ve d i sc-union of component u.ncerta1n­
.es may be of conside rable •..-al'-'•• Rough utimates of t b,e C'el ative unc~.r t a i n­
.es of variqus factor~ may po~-i t a rank ord~ring of fa c t ors; identiftcat lon 
: key f a c toT,, or a fi es t ap_pt oximac ion of the t'e lat i ve r i. sk o f a. l t·e rn at i ve 
?els.ions, tiering and WU.son (1983) h.ave examine.d ~be potent i a l for est i mac­
;g risks by ,ina-Log.y. Lawle, s et al. (1984a, 1986> ha.vu ~nv,e:sti gated semi­
la-0-t itac i ve appeo,1ches co compa..ring ri sks and t he LC" uncer-u i nc,i es. 

b . Expert judgment analySis: tf data. .ae-e substantially de..f i -
let\t ot' the aoa lysis is not ame.o_ab le to for:~ 1. mathemati-c.al meth9ds, unc;er 
ti nty ~y be ev.~Luaced by s olici t t ng expert opi n i on re.~arding e i thl!r an 
,solute value or the uncertainty of ,cated v4 l ue.s . This solic i tac- io.n c an 
:~ l iz:e- informal c!)ntaccs, a f(?r:Da.l .1urv1,y i nstC'WJ'lent, or ao approach with 
:edback, such a.s the Delphi. Sttve ral se e ps that c:ould be u.sed in t .he 4!xpert 
Jdgment approach c.o unc.erta i nty .ia.aly-t- i.s lq dsk assessmen.t aTe. sumcnar i %ed 
!lov: 

* Auemblc P&J'.l«ls of expe.rt., in t,.,,ey area9 of probl em a.t1.aly-
1i.1 , Th-1-#1 ptocl.1 JbQ~!.4 ~v11 p.pertis• i.n s • veral 
applicabl e- ,1r,e•s, .such, a s: pollutant 1ou--rce:.a ; envi r on­
ment-a~ transport an4 f1te,; expo sure-to-doce convecsioru; 
dose-respon.se analys i s; microbi ology; gen.et ies; enzyme 
chemi st·ry; and e.pi.demio logy . A.t le-ast fi ve p,ane Lis tJ pe.i:­
ana may bit needed to get a cep re,ent.ac i ve umpliog on 
some. i s su•i• 

Obtai n exp~rt~' best est i~t•s and op i nions of uncertainty 
on i.asues of concern, such as: .avail.able d.ata; absol\lte 
aj\d/ 01: a.s swud ~•Lu••; m•thod.s of ana L ys is ; c al culat.ed- or 
deri ved rttul t t . 

* Pl ot d i sttibi.ltion.s of opinions for e.ach .1rea/p•nel 

• Feedback results t.o panell scs; reque5c second opinion 

* Summe.rize unae-rt.·_4 incy 40aly.sis 

Sel ection of a suitable cro-sa-sec.c ion of unbiased, c redi bte. 
anel i~ts may be diffic.ult for: some topi.<t are:a s . Ther, are o.o "in·.stant 
xperts" and many potential ·panelis t s euy have. al.ready taken oppos ing , 
trongty polariz.ed o-r even controversial position• on a wbject. Al e:erna­
ively, the upert1 may h.-.-ve dmU~r bac:kg-roua.cll c:hat yield naTTow perspe c­
i ves of the uncertainty or they may have low credibility becau, e of pravioua 
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eveni;s. The ana lyst n:tu.sc. be avare:. of such poss i bilities and. i.f n1!ces.u.ry, 
note them a~propr i ately in the as sessment re~ort. A sensitivity analysis over 
a vidaT Ta.tl&e. of conclusions tna:y be helpful. 

Monce Caf"lo s~mul.atioa •pptoac:he-s to 1,tS ing expeec--tst i lflated 
costs in envi ronoent:~l arus has bee!l described {Codd.ard, 1.981. 198.3; Kl.ea 
(198.3) . Publ.icacions we:-e not found that illu.strated t.he appli c.l)tion of t he 
te.chnique to e:nvironmei,.t-al h.e.alt.h risks, vhere the uncerta-incy of variables 
may be. orders of mag~,[tude grea,ter ch.an in cost or engineering re liability 
applicat ions. the gene-ral value and l~mitac.icns of using expert j udgment. i n. 
risk asse.s·s.ment have !>een discuu.e.-d by" ffafflOnd et al. ( l 984) and Horgan et a-l. 
C.984) . 

Q. Sen·sitivicy (paT'atnetric;) ana.lysis: Thi s ciethod is espe-
cial ly useful in g!l-ini,ng .a better understanding of bo1o1 i.nporta.n.t the range o( 
unce.rtai.nty is co the decision re_gardi.ng different causal sc:e.na.rios eoatdbuc­
i-ng to the unaertai..-,cy. Se.n,itivity: analysis can be 1truc.tured .u e.i th1?.t an 
e:xped,menc:al or hypoc:htti,ea.l syscem of c:·au.s-al reladon1, of ten ut ina "athe­
,udeal l:lOdeL,. The -reh,tive re,pon1i•1enets of an ob.served or d'erived resul c 
to eha(ig~• i n variout itipuc.s o.r as~utnptions it: d~tet;"Jnin.~d by t1yscemat ical t.cy 
•.1at""ying these inputs or a.n~ptioqs i:n turn .ind r epeating t .he c.alcula·tion or 
analysis. The variation of i nputs preferabl.y i s .statistically d~signed_, and 
the analys i .s o( results pre.Ee-rably includes statist--iea..l techni(\\lel such a,$ 
analysiSi of 'J'&T'unce. 

An ex:pe:riaien·tal design sbould be -u11&d co tpecify "ho..,. the 
various input pa-rameters are to be• va:rie-d. the diuign should 1.1sually be of • 
factorial natu.re, vary~ng several puame~er-1. simultan•oU.sly. Cf the nurnber qf 
i npu.t parameters is lA.rge., an incomplete design., suc.:h at a Lat tn square mi.g.ht 
be e.arploy,d. Anal.y-sis· of variance, m.acehed co ,cfar du-ign c-hos,:n, woul d be 
used to a.ssess the '5en.sitivit.y of ch.e ~del to ~aeh input p4:ratnetee (factor 
main effect.) ot:' combina tion (interaction). En general, che computAt.ions· (loul d 
be. perf.ormed on a computer, .iith cal~lation Of the mode l pedormed at eacb 
des.ign poi:nc a.nd .. nort;d for u•• Ln the finat._y1i.s of varia.nce prog-ram. Uslng 
even a micro- (ot pertonal.) co~puter ~o~ld en.able th~ Qalc~lati~ns to be p•r­
fonncd i n a ralacivel y shot:'t t:i.M ant,e,_, the mode l -i s e-xtrem.ely complex. The 
ma. j ot o£forc would be in sectlng up the design and in programming. 

tn nonu:perimental 1 tt.tdie, .scenario constmu:tion i• 1om1tim-es 
used. co etta.bUsh .t .self .. con,iste.at .set 0£ r-el.aced parametric: valu.es f or 
anaJ._y1i1. Kodel l ng, and s.iim.,.Lation an.e.l yse, (e.g . • Monte Carlo) 111ay soq1et L~s 
be r-eaaf'd&d at fot"llls of p1r-uiecr~c a:n-al.ysi.s for add.reu.tng uncertainty,. but 
th.es• •« really -1ub1ta.ntiaJ •nd. ,oved.4ppiog cla,sses .of techniquet ,used p-ri­
uriLy for pi-edictive purpote.s ,(the.y· may ,lso be 1Hed for detcriptive pl;lr­
potet). 

In sorae situ.ation.s the e.xpe.·rimencal de.sign approach is not 
fusible. This may result because the DWllb9r of C:.011;binaticns of f.ac:-tors ls so 
large that e_ven incomplete designs 11-0ul-d be i.mp·uct.icaL Altern.ati-vel y, i t 
raay be th.at many of' the combination• c.alhd fot' tn an ex-p,eriment·al design are 
not r-eali.stic or cou.ld not occur i-n pra.ctice bei:.use of 4ep•ndencie.s among the 
in-put paramete.rs. In these titU.ation..s an dcerna-cive approach. may be the ute 
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of Monce Carlo simulat.ion . The relations6ips of · the p11.L"".smeters are spec ifi ed. 
t ogether with distributions of the.;;e. a..nd(!m number gene·rator-s are used to 
select the com.bi.nations of pa·rameters to De used in the ca.lcul at i ooa. Again, 
a e¢mputer is utiliz.ed. Programming effort 1Jil1.. be more exten:slve , a.nd 
detctiption of the appropriate input. parameter rel a tionshi ps and di s t t'ibut l ons 
v-iU requ.it-1 tUtlndive vo dt. 

Vuety and Rasmuson 09a4) sta te that uneei-taincy analys is goe.s 
beyond sens icivit-y an41:l.y, i.s in ·ch.,1c probabiltt.ies or confi,.denets are 3ssi g.ne'd 
to different S-izes of chen__ges that ean occ_ur . 

d. St·atistical ana l ys i s: Sta.tis tic.al analysh is a broad 
collect ion of t echn iques rather than a single approach. [f extensive experi­
mental or his-tCl rical daca .ir·e availabl~, Va,_rious rigorous sta tiSti:cal analyses 
can be u.aed to quant i fy '9tudy parametet:'s 4nd to -estimate unc.ertaint i e:S i n 
cht:se q'uantificati'ons. Statist i cal a.nal y:sis is part icularly useful in evalu­
at ing ,randbi. errors aniortg values in_ set s of cl-at.a . Fenn.al '9t :aci:stic.a·L methods 
and test• c.an. be applied ta det ermine d·e·viation.s, pt"!)babi li cy distri bution.s, 
conf ide.nce l l'mit t, goCdne.59 of fi t to th.e6ry, etc. St at i s t ica.l techniques arl! 
ofte-n combined ,.,\th spec-Hie mo·dels and simula.tio.n ·methods to analyze u.ncf:r­
tainty . Sicn.tl.arly, application of h ·yesian scatist.i cs may be he l p·ful in 
combining e.xper!. Judgment ,vich limi tfd ob\ttvadonaL d,ta c·o e•timate unce-C"­
taincy. An extensive literature i s av&ilable. 

Qne may identify three m.ai-n types o{ e«o·c- that occur: in 
stacistioal a.naly-.si.s. The one mos.t commonL_y du~t vi•t h i s random v.ariation. 
Often this is the result of c•kiril .a c--.andom or prot>•bi. Lity uinple of .a. popu ... 
l ac i oo. A second source of error might bt termed systemat i c data bias. This 
aris•t if the data are not a c-andom or known probabilL~y sample, but eather a 
ulect&d or nonrepresent·at..i've subset. This may be c:ai.a.sed by incomp l ete ct" 
inappropri·ate sampling frame •and by non~esponse or inappropriate U.ca gac.her-­
lag ceehniq\les. 'A c.hird type of- e·rror is lllOdel bias. Thii ar ises bec3use 411 
mathern.et i cal or --sta c.is·tic.,l fflOdels· -are simpl ifications and a pp~ox.imations. 
Di f£et'ent mode"'ls '-ifiU give d.ifferenc. res.ult.s and, ia the .1bsence of knowledge 
about vhic.h model is the bett•in• tl'epre.lientati·on of t he sicuation, thi s will add 
to uncer~a.int y. 

St4cisc. ic.al a.nalyt·i s c.an give good •sci.maces o f cha satapling 
•.1ari:.abilit--y in t·he dat..a. The c-eaultt ge.rHra l l y dep~nd strongl y on the model s 
at•umed. Co1'.11pariSOn ·of resultt attu.m:ing differe.at st·a cistiaal models i.n a 
Hnsicivity anal y.sis c.a.n indi"c:e 1:ha rot:iutc.n•u o·f the r-e nslts to the model 
••tu.mpt.ion~. Hoveve-r, the pos-siblc erroc--i that ;trite fro11 using· an incon:ei:t 
or inc.011plete model are difficult to addrats by st.ati5tical es t imation. 
F-urther, if t.btrre are bia1e., in the a.at&, these cuy also be difficult to 
••tillLate quantitatively. 

e. Prop.aga.~ion or c.atcading of errors: If a cesul c is being 
derlved frOm a series of ••furefttent, or -sour«• of data. the uncertainty in 
e.ach ·naea;sur-t:meo.c o r data point is first csd111&c.-ed. Th• ove r-all unce-rtaint~r ia 
che derivwd r e tult. can then be. calculated by --appT.Opriate adthntetic or geo­
rae·tric combinati on,. The process is o,rariou.sly call-ed the prop.agaclon of 
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er-ror-.s Ot' cascading of errors method.~ Con.sideeable lit et"ature Ls av.aitable 
on e-rror a..nal;n,is. 

t:JO c.ues may exi.n :: the variabl es may be either i ndependent 
or dependent. Analyses with sub,stant.ial ince_rdependenQe among variabl es are 
more difficul t. Dependence tUY operate to either. increas e or reduce ~be e rroc 
i·n the final result. The v.1.rianee (v.a:r ) of the sum of t w9 va riables , x and y, 
ls given by t he equ~t ion 

var (x • y) ~ var(x) • va~(y) • 2 tQvar( x ,y) 

~here the covariance of x and y (covar (x,y)) may be posit i ve or o«gac iv• . If 
x and y aTe i ndependent, cbe cov4r~ance is :ero. The eovarlance may be ~ero 
v ithou·c x .and y b-e.ing nece5sar·it y independent. 

U one swu J v·ariabl es, the va,ri a.nce of the sum becomes 

var(,;+y•~) ~ va r (x) + var(y) • va.r (:) • 2 cov ( xy ) • 2 cov{x%')· .. 2 cov( y~) 

Complex ity i ac.uas~..s npi dly ~-S the c11,1~ber of va.ria blu: i nc.r.t!las.es.. Tn gen­
eral, the stJm has n2 term,.....,.. 

n 
v,.r( t x. ) 2 t 

i= t L i 2 l 
t cov(x. t X.), t.1her1· 

j ~l L J 
cov{~ • • x.) = var(x . ) 

' ' 1 

3 . Consi deration, ,£'fecti.g5=,;;ho ice of ap2-eoa-fill: The cho ice of-
approach to uncert.aint.y analr,.si :s in a given appU eu.i on will dep~nd on one or 
more of .5 eve-ral characteri.stics of the probl~ at hand. Some commonly con­
s idered charact·e.ri s tic s are indi cated in T:a:bl e X-2. 

8. Sources of Uncerta int y 

Th• anal ysis of unc«rta i n.c_y of th• risk e t cima.tes of a lternative 
r eg-ulato cy chtc i tiona i nvol vl ng ba-u;rdous !Mt-tri~ l• ,:nu.t-t eonside-r both s y, ­
tem.adc e-r-ror1 and r andom errors. The forme.r may be mor e impo rtant than the 
tat cer in c-i sk a..stfissme.nt I ince.. 1-y1 cem.a t ic errors l nt r o"duc:e uni di r.e c t ional 
bi a ••• th.ac do not tend to cance l 1a.c:h other a.t: l n the case of bidirectional 
rando,co e~rort. Systematic source, of uncertaint i et inc lude: 

• Second oe-der subj ective pc-obabi li cy esti:u.te..s, based on uncerta inty 5.ur­
rounding th.e first o-rde.r e.scim.ate. of, a prob.ability density function, &t"e 
omit ted her e. 

Ho .A c-eviewer commente d. th.at becau'.se c.he ca ac.ad i og o f en-ors l uds to an 
inc.rea,singly 1ilider ·ra.nge Of u.ncertai.hty, use of a Monte C,tc'lo simul ation 
th.at iategr a t,s the cascading probability den.sity f\lnctions will provide 
an aggregac.e p .d.£ . that expOH:S the t.hin0et1 of long ta ils cTeat e-d by 
cha inceg-rat.ion. Thin tails \latMlly represent de 111i nicni s risk that. c.an 
be i gnored. 
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TABLE X-2 

CONSI DERATIONS AFFECTING CHOICE Of APPROACH 
to UlfCERTAlNTY AHALYStS 

• t n.form,.t~Qt'i .ini;i Oata ~·eede-d fo r t?r-oductive Appl icat ion, e. g . , quo.H ey , 
quan,t ity, difficulty of co11.ecc1on ,. Le.vel o1 de,tail re-qu,ire·d 

• Most Ap·plicable .Range of B;.sk, e.g., low pi-obabi.Ucy events of greater 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

•ignific..nca than d:e mini.mis l'.'isk 

Mon Applic,1ble Range of Unc:e-rtaint)' 

Levels of 0isa3gttg.1tion and Aggregacion Desired or Permit ted . 

Abi l i ty co Handle Complex tncec-actioos oi ai sk c~mpo~e.ncs 

Pt'~di ct_ive Va.lue v i ch lnc-re.a,ing t.lme eo-c--izon·s 

Hodes Ava i lable £or Expressing Resulc5 to Expert~ and Laypersons 

C"ted i bi. l ity / De fen-.si bit ity 

Appl..icabilit"y to lisk Management Conc-e-rns 

Ability to Address Eff•cts of Co rT'ecc. i ve Actions and Reve:•uibi.lit"y 

~bili ty to Appr • i te Value of Additiona l Infornie.tion 

Abi lit y t o Id.entify Rese,1'rc.h Needs 

Di:ff i culc.y- of Bounding 1;htl An.alysis 

Ability to Compl e~eat Other Mee.hods 

Likelihood Utility of Appro•ch Wil l Se ImprOved 

X-8 



A-tsump tions made tn st:rucrturing. the problem so i t can. be ·ana­
l yted 

Limi t a t ion$ to cb~ acc~ssibility, quali ty , a.nd quantity o f the 
avalla ble dat a, and in the compa_ra~ility o f da ta f or the 
alternat i ves b~ing ass~ss@d 

• Applicability of avail able methods and mode.ls foi:- peC'fo r-m.ing 
the ri~k a•$e ssment 

• Applic.abil ity o f m.ethadt Coe accounting fo r te.mpo 'r al dispaC"­
itie.s, qu.anttfication and d.is.coundna oe nonmone.ti~e(l values, 
and va l ue. system dfffe rEµtce.s 

• Rel i a bili ty of i nt erpolation and extrapolation techoiques Y#ed 

• All owance for correctb.re .1cti<10s 

The souree~ of uncertai nty in usess1ng the ri$k• of h&tardous ~oste 
t torage, trC-Atment, and disposal are nutaerous, Uncerta inty arises from most 
of cha a.~tivicies o f the aue_ssmf!n_t , thue soui:ces may be c .. te-gorized into 
seve.n broa d functi onal a·re.u (factors.) that reflect major .acdvitles in a 
compr ehtn•ive comparative ri.sk auessm•nc . Ea.c'.h factot" i. s c:om9ose4 o f ,-e.veral 
s u.btac.cors o·t' va-ri.tbles. Some of thes• ai-• di.teuued below. A c hecklist '-'•s 
provided in Chaptef' IV. 

l. Scenat"io definition and a licabilit : 8es-ult s of the C'isk. 
a.ssessment wi lt inevitably e af fected ~Y the way the particul ~i:- s·canado i.s 
structured fo-r anal.ysLs. Most problems .1.n dec ision making can be ,educed to a 
fo·r.:nat Of alternative scenarios. thl! u.noe-r..ca:~nt'y auociattd vith appl!fi('lg the 
results wi ll be a r e fl ection of the detail built i.nto the scenario. which. .may 
r ange from quite simpl e t o qui t e deca.i t ed. The fe...,er and mote simi lar- the 
numbe.r of scenarios, probably the smaller th.e r.ela.t ive u.nce:rca,i.nt y across 
sc._-narios. Like-vise., the. .sma.l ler Ue range of eff'ecu considet'ed, the ,sma.J,ler 
and more homogeneous the populat lo·n (or tnVironmel'\Cal va lues) at dsk, and the 
more clearl y defined .the Jcience and ce.o.hnology , c,eterit oaribu.s, the less the 
uncertai nty·. Final ly, the more nearly a soenarlo addreiues t"t4 l Wor(d po lf.cy 
questions, the more value the unc:er t.a.inty aoal yJis sho1.1l d have i n making deci­
sions . While cb.e various condition• cha.t a re deftned in deyelopi.ng a Scenar io 
are o f ten subaequ.ently calr:en at fix.a va.luet a.nit t xch1ded from t he. anal ys-i. i, 
o~• should not Eorg--..c them i.n t1:te final •ssusm.e.nc because t-bey may h.ave 
gYeatty th&ped the outco•• 

2. Pol lu.tcnt release: th.i~ term. relers co the tource s~rength of 
the pollutan-t; th.at i s , n i'nclude.s information on th• probabil ity • nd magni ­
tude of rele.ate of aiven potlutent s to the e.nyironment ovet time. The Ce.rm 
cove-c,s seveC"al factof's that are sCru-rce.s o f' -unoertainty. Theie inc l ude: 
aeneral eh.t.racteri s:tics ·and quantiti es o-f vas·ce beit1g treact-d and disposed; 
knov l1dge of ttie chqic&l 1ronstituef\'t·.s of the wasct:; knowledge of the pror 
•tties of the cons·t:i tue.nt.s , P.•.r-c( cularly chote aff.-cting f"e lease to the 
envi,roM1ent ; ge·osr•phi'cal, geologicail, and me.ct-orological settings of the 
treatment and .disposal site; perloTIUDce of th• treatme nt di sposal t ec hnologyi 
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tlnd i de.nci.cy. qunticy • .and t'ate of ha.:n·dous macei-i.al i-elused to e:iiyf.r-on­
m.e.ntal media o(E-~ i te. These release (actors may incl ude several subfactors, 
such ,11, : time co fai l ure of a liner, volume of le.4chat ·e 1 and quanti ty of con­
stituent te.ac.hed for a landfill; de$truction and r~moval et.ficienc.y fOt' a 
p1,:-dcula'I:' chemical in an incine.ra.ti;n•; .ad frequency a nd magnitu.de of aeci­
dental spilt, i.n tririspo·rting hu4rdous. was.-tes. Analysis of only the air 
emis~ions from • cre a,c.me.nc, sc.orage, .e.n.d d.isposa l facility s.till requires con-
514er,1tion of many uncertainties ('f'fa-11.a.ce et al., 1987) . 

l. Environmental transoort and fate: the quantity and rate of 
ha-z.a:t"dou, constituents moving through c.he air, gater, or soil from the point 
of t"elease co human t"eceptor-s dep~nd on seivet'·~l factor, th.at may be -.ources. of 
u.ncerta.int'y-. thete incrlude-: appllcabilicy and co11tplec1ness of envi ronmental 
ll)()riicodng data; applicability of model, ch.at -dtmul-ace movem.enc c.hrough the 
media; decomposition, degradation, ot scabili%at i on pro~esses th&t reader the 
connitue.nt harmles-s or in:mobile; and tendenc.y of the constituent to bio­
accwnulate in the ftor~ &nd fauna or to bio-ma.nify in food chaine. The mot"e 
camplet,e the data base .tnd the m.ore ve·r iHe.d the model s, Che smaller the 
uncert.ain.ty. 

t.. Exposure pc-ed'.ictio() ! th.i s involves estim.ac.ion of t.he ca.nge. in 
space and time that the p-0Uut40t · interacts ~ic.h enviroru:n:ental receptors ( as 
determined by analy.sis of pollut.Jnt r~lease and environmental transport) and 
the number of r ecepcors ac those points (as determined by' data on populat ion 
distc:ibution and· lifestyles) . A source of uncertainty in many exposure 
a.su uments is the :range of exposure!! c:~t may exist for e•..-en a n-arrovly 
defined pop.ulac ion. £.x-pcu1ure1 are not necessarily the same as a knovn toxi­
cological dose, ttence, auW11pc,iona. annt be made co convt<t cha pctcilcttd 
expotu.re. co a dose. These ••.tumpc.io.nt require conaidarati<>n of rouce:1-. cheiia­
ic4l 40.d phrcsical foi:ms, ma.xian&al or avei:age concentr-ations, aJ'\d Et'equeocies 
and durat,ioils of e·x-posures. Atl of these .u·e subject to uncercdnty. 

S. He,alth effecc.s dat• and ffl9d!!1 4vaihbH i ey: An i.tnPO'(""tant 
uncertainty factor is the quantity and quality of t-he data describ i ng c.lle 
health or environmenta l effects of the ~Onsdcue.n~s of concei-n .under- known, 
controUed ~ondltions o·f ~xpo,~e. A ce laced facco-r- is the availabi li ty and 
suitability of m'odel , fot' m.ck.ing the necessary ex-cra.polations oc the develop­
mane of a model that ..,ill be 3,pp,Hcable.. This factor contains many ..,idely 
ditcus .sed. un·cer-taintie s .. a's.so.cia.tea with ecxu·apolations acroas douge ceg-i me.n, 
species, and other faCtors . Pi-edict.ion# of health efhcts can -require coosid·­
eracioo of abaorpt~oo, ~tabolism. excreti~n and other tqxicokineti~ pro­
cesse-s. Ideally, the Uceratu:re will contain dose-·re.sponse data for exposures 
approximating or e-xtrapola table to t.hose. occurring environmenta.lly , but le-ss 
desira·bte alt.e..r..~tive approacb&s for utilizing i,oC!omple,te data se_ts may be 
required . Pt'oblemj of uncertainty tn data sec.s &nd in applica.'bility of avail­
able. models wet"e discuued at .:tome \engch. tr. Cb.apter VUI. .the mo·re complete 
c..he data base, genera ll.y, the. tlM.ller the unCl!!'ta.irtty. 'th~ mo-r.e verified or 
defetl·5ible the model s . the tmaller the u.ncert-ainty. 

6. Health impact estlmation and summatiOn1 £.stimation of a given 
h.e•lt.h eff.ect *or an expo,ed i'ndividu..al r•qu.ire.s a Jll\lltiplicatioo of a g1.ve.n 
predicted uvironmenc.al expotu.re level times a dose-response factor fo-r that 
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level . The ef-fect mu.st then be. integ·rat.ed over all persons expo.ted at that 
Level and at all other levels. Hence. u.ncer:t.a.inties •ex.i:st over t.he numbers of 
person., i n e.a.ch e.xpos-ure g1"0up and ch.e.. leNds of the ir e.xposu-re.s.. I.n a,ddi­
don. all espe~ia.l ly sensi.dve s ubpopu1.ations mu.st be i dentified and ,s.tsessed. 
F'uether, if the c:!'lemi ~L of conc ern hat: nrultip·le effects .at different levels, 
t.he.Je must be integr:sced. ,1c.r9ss the ~cire exposed popul.at ion, aga•in- ..,{th 0on­
sideration u necessu·y of sens·i tive s-ubpo-pulations. In general I the more 
homogeneou,s t..he population and. exposures. and the fewer the k.inds or health 
e ffects, the less the un~ertai nty. 

C. ~gg~egation of Uncertai nties 

The • •t ia•ted rlsk to hu'.ma.n heal th or eac~ waste management disposaL 
s,:enari.o wi. l1. depend on che an.aL-y-si s •of ri sk.-re lated t e'nlls o-r factors fot' a ach 
of a. nutnber of l'lt.nc.s. the \Jncercainty i n the overell ris k e·s tima te of e.a~h 
c:an be derived. i n theory. from an .tppropri·ate combination of the u.nce r t.iin­
tie-s of the identifi.ed vari.ables acco:rd ing to the principles of error anal y­
sis. Th• appropl"iace aianner of combi.nin.J ~he uncertaintie, de.pends on the 
relationships among the variables . 

Arichmetic..a.L ,13gre:gation: 1.£ the. .ocCucrertce 0£ any of a numb,er of 
events r~sults -in t"i sk or ex i stence of a.ny fac.cor or vadabl.e poses a r i sk, 
c.hen their risk terms are addit ive.; Le:., the cocal riSk. ( RT) is a s i mple. sUlll* 
of ch.-e dsks (R.i) of tl\e tepa:race eve.net or variaOles. That is, 

••• R 
n 

the uneert.a.inty can be Stated in two '-'8Y3. tf the sources of pos­
sibl e errors are independent and one l ees ai be the standard devia t ions asso­
ciated wit.h Ri, then the coca! a.ta.nda1"'d error is given by an .e<4uac i on for sum­
mina. the standard devia.t.ions at folLovs: 

This relacionship does not depend on ch• £om of the probablli ty diac--r ibutioni 
fol' the events o-r variables. so long aa th.ey have f.inite. .variances. tf the 
co~potite enor is approximately no'f1181Ly distri~uted, then multiplying a by 1 
factoc a.i. lovs one to exp-resa c.be u.ocertaioty .as a con£ idence. intet'val, i .. e., 
to- h·at 68% confidence limi•ts, :t2o h.Lt 9S·%: eoof"idence l.intits, !lo hat 99% con­
fidence limi ts, etc. 

* If ci\e events are not aau.t:uULy excLu.sive, th.en t.he 1i.m-ple sum .must be 
adju,ted fo·r this fact, i ••• • a, (A or B·) • R. (A) + R (a) - a (A and B), 
where a • probabil.it,y of ef£11-ct i;n • given ti.ma interva l. 
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The t"tUldatd e rroe i s oct c.he o·nly •;1ay of e.xpcossit1g an expie:ccie:d oc 
ave.rage e"t"ror. A -key conce:pc is che dhcincti.on between .an u:pe.cted or aver­
age e"t"f'or in. a set of stat'is·t.ic.d data ..\nd an -1c tua l et":-or in predlc-ting .s 
futu t"e event. Eo-r example , if a ris k a.nalyst est imates tha t a given accid ent 
-would. lead c-o a. s ,pi ll oi hazardous was.te. of size x , but s.ubsequent l y an actual 
a~ddent gave a spill o f size s then the actual ·abs o l ute. error e of the esti­
mate was 

At th• ~ime of mak ing the t stirn.att, howeyer, both sand e were unkno"'". Th~ 
.inalytt Qight ,.calculate i:na.ny .:-eu:ona.ble valu.es of s co est Lma ce an average 
error, i.e., exprets ~he ave~age enor as a function of, 

Ave le i sf l~~•I df(s) 

The sc~ndard deviat ion i$ an a ver-agtng process. 

Another- cons i.derac ioo_ in aggregat i~g uncerta int ies i nyol ,ves the 
0 11o·rst t:ase." sc1.nado, \/h i ch a·C'iset from concern th.a.at eve.nts or variables "'i l l 
c~mbine in a ~•Y th&c produces a near max imum cacher t h.an aveC'a ge error, i.e . , 
the possible errou •rt. 1-trongly bi as ed in one d i recti on. The tota·l error is 
then the tlJ.ll of thl a.baolute value, of t.he component er-roes. Although such 
combinecions • re highly •nllk,ely, thty at"e possible. The ~•g•latory deei9ion 
make r is ire.quent l y "faced "ith the d..iHicult choice of wheth.ei: or not to con­
sider such combinat i on.s and , if s o , hou. In pcactice, the iuue is resolved 
on a case-by-case ba s is . This copic ts di SC:t.lH-ed f\n:ther in the- next section. 

Ceometd-cal agg-r-egacion! If a.ll of scv4·eal e:venc.s i n a seda.s mu,c 
occur si.multa..naous ly OT in s eque.nce for t qc,il a.dver·se. effects to occur. then 
the d.sl< factors" a·re IIUltiplic:ative a ccording to the principles uied in pi:'opa­
g•c i on or c.a,c:ading ol error, analysis ( a s 4.i1cuued in Section A. 2.d) ; Le. , 
the overall ri•k is a product of the. s&pa'l'.1.C'e ri , k. h .etot's . 

ln u1essing th• -ri .sk of hazal:°dou.s w.uc.e managen.ent cec:hnologies. 
the overall. ri-slt Ca ) c.a..n be mathe16aticra.ll y scru.cc-ured 4s ,1 pt'oduct of a H rias 
of d5k-reh,ted f acto'C's (F), -eac:.b. represe nt,i ng one- of t he se.v.er-al ma jor f.ac­
tOt's di,cu.,:sed in Section a. the magnicude of the rjsk• can then be c:alc:u­
l ated from the esd lllated value·, of. tb:e f.1.c tor-s, a s sWJ1i ng ch.et e1·ch is fX)ti.tive 
and all ar:e probabilis t icall y i'ndependenc. . * 'The re:L,,.cionsbip iqy be s t at ed 
a s a s imple product or as a loga cit.haaic sum: 

• This is an absol ute rather t hao relative riik betueen alt e r natives • 
.,. If th.a factor s are not independent, chen the ntul tipllca tion of prob•.bil­

ities is con.d.it.io.na.1, Le., i n a•ne.-.al. P(r;-P2) • P(,F 1 )P(F1/F 1); i.f ~\ 
.tnd F 2 a re independent, c-hu P( f [°'F' 2) a P( F 1 }P( F1:} - I n the absence of 
independence, c.b:e factor5 are vie~•d • • c:ondicioa.a.l probab ilities. 
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or lo.g R • log f' 1 • l~g Fz • ••• log Fn 

The seveeal fac tors may in turn depend on one or mo:re ocher sub­
fac t ors th•t reflect the v.a.d a bles (v). If all the variables v-ic.h..in a £.actor 
a.re essential, t h-e factor i.J. a pr-oduct of tl\e absolute value.s of the vari­
.ables, e.ach V"at'iable being po,iti.,e- and i ndependen t. In general. how•ver, all 
of the varh,bles '-fill not be esHntia.l. For e:xampltt , a f act:or , Fi covld be of 
the fOt'm av 1v1 + bvJ. The contribution of ~L L the v~ri ables to the r i,k ~u.5t 
the'°' b._ calcu.lat-ed by a combination of additive and ffll.ll d plicat ive- opera,cion.s. 
The .tna..ly.s;.s thel"e.fore becomes proble,i-1pe:c:ific a.t thit point. 

!f the uncertainty i n each F i term above i s e.xpressed as a vari ­
a.nce,• then the uncer t ainty tn log a c.an btt expre_s~ed as the swn of tbe u.ncer­
c·aint i et of the component fa.ctorJ, lf the. Fi factors ace independent , then 
the equation is: 

or 

..,here 

If 

var ( log R) • u• 
l 

• Uj ·• ... u• n 

u• • Va r ( log f . ) I l 

the F. 
l 

are not indep~nd.cnc, tben 

var Clog l) • ~ ~ cov( log F-i, log 
l J 

F. ) 
J 

• t va~ (log F.) • 2t t cov( Log F , , log F. ) 
l. l i<j l J 

Lit tle can be ta. id it1 general about the effect of the cova.r i a.nee terms; they 
~y be posit i ve or negat ive .. 

Si nce Loa 8. i ., a ,ua of n term.,, eaeh. of whi•ch is based on an esti­
mated va.lua, the er,:-or in ch• •sci.mate of' l.9g R .vil.l gent!ral Ly be ap.proxi ­
m.ately nocrully di~tribuced. T~i• fol l ows from a ve~s ion of the c•ntral limit 
cheor~ (e ... g. ,. if t.~e estimates of tog a a,,;e ~ndepe.nde.nt vith finite variances 
and the number of terma is large). The uncerta i ncy may be 4:X-t,ce.ssed l f 
desh··ed &I a ra..nge or confidence interval by t.he expression 

1og ll ± t /var ( log R) 

• Variance, the tqu.are of t.he stand.a-fd deviation, may be u.sed i.£ bi.as is 
absent; & =can square e~ror Ls ~~cd if bias is present . 

X-13 



wl·uire t i s a ·1alue from a probabil ity d?.$tribuci.on t able corres·pcnding t o the 
degree of conf idenct: desi red.-z I£ l og .R is .tppro·xi mately normal, c.he t dis­
tribution is app·ropriace. 

Alternac i-.iely. the e,;p-rossion can be ~ i t t en 

log R ± tU 

t.rhe-re U i,. ·a total un<:!ercaintj' factor, U = /var (log R} 

Substituting in the l og R equation abOve and converting baGk to the 
ds.k sc:a.le by tak ing anti-logs yie1ds .- re.tac.ionshaip shot1ing tha esti mated risk 
and i ts upper (Ru ) and low.er (R1 ) limit$ (i .e .• its uncertainty r ~nge): 

• IR•anti log 

R-hnt i. t og; 

It I 

I, I 

/var ( l og a) • R·•anci l og I t ( U 

I var (log R) • R/ ant ilog lt l U 

vhere. ltl is the a bsolute value of t. Con.vert ing to base L.O' logo.ri·thms y-ield.s 

R.i ak range 

Bue frqm 4bove, Ul z U} + U} + 

so that. 

, • • Ul • 

Risk range a R•!o±ltl (Uf. Uj. ••. u , 11 2 • C• for c ~ O; - fort < O) 

Note that pa.rJ.meter t is ac tually a decision Plt"a.m.ete r, -reflecting 
the degTeo of conf•ide.nce chat a deci..aion maker vould want in the dat a and 
i.nfonution av,ailable...... For 1om• dec:ii'ions, a value of t of ·tl tn.ay be ade­
quate, wh•rus for oth.ers, .additional analyg;es, sampl in&, or other- resaarc.b_ 
may be required co IN.et a disire to set c a .13 {99.31 c.onfidenc:e limh i.) . the 
val1:,1e tpec if'ied for t tberefoe"e C"efltcts r·isk a·ver~ion or acceptance le.vela. 

* t is related to the confide.nee interval . tf the estimate·s of Log R hfiVt a 
normal distribution, the..n t • t.1.96 would give the 95% confidence levei 
and t • %1 would g iv& a confidence i nte'C'Val of 68.3% (i .e., one sundard 
deviation) • 

..,.. If the confidence. coefficient i s hel.d coost.anc , I.ti varie..s with tb.e di1-
tribucion (i .~. , not'Nl or various nonnormal diatr-ibutions ) . Al tema-
t.i-ve.ly, if ltl it fh:ed, the coe.fficie:nt varie.t b1. d t s.criQu.tion . 
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t).eci s ion, i.nvo l vi.ng i::he cot:1pa ri.sons of altern.at i ves are r-etatively 
i.nu:nsici·,e to the value of ltl a.u l goed.. 'That i.s, ii one is co-ffiparing the 
risks of four a-lternati.ve hazacdou., vasts disposal techno l ,og i es to t' a given 
was te:, one woul d va.ot to use t ~t!- !!!!!! va l ue of ·c Ln the·an4 l )'sis of e.ach, ~ut 
the conipadson ean tht1t1 be "'4de .aboi.Jt u 1.1ell wi th ,u uncertaint y -ranges 
r eflecdng 6a.X c onfidence H mi t s ( t = ±1) 4s wi th .allr°e.flect ing 9S-.%. limitt 
( t = !2), or 99% Limits (t. ..,. ~). In f•ct, the use. of higher confidence 
int·ervels ma-y merely i ncrease t.he ove~lap of ,.ri:s·k ranges for the. altern.acives. 
:u depicted in Fiaufe X-1, with u.ncel:'tain ef f ect on dac i sion Nklng, 'lil' As a 
convenient fir-st 11.ppro.ximat i on therefore lcl can b-e. t.1SlfuHy asS,umed to be 
unity ( t = i , -1) . The relationship above becomes: 

. :(U 2 • U! • .•• u•)112 
Ruk. range • R.• 10 1 n 

'Ote composite worst c ase. s cenario u a (1,1rt her considet'at-ion lo 
mul ciplicative agg-regation of uncett a incie.s a., i t i. s ( see 4bove) in u ·ithmetic 
agg.rega ti:on. In geometri·eal a.gg-regat.ion, however~ c..he need co consider suc:b 
worst case. combinations in r,egul.a.tor-y decision mak.i.n& mar be substant.ially 
reduced. F°or eaample. if five event.s !!lust occur in se·quen<:a or cogecb.er for'° 
an adver ,e effect to occur, one need not control the risk f ac tor fo~ each at~ 
pt'·oba.bi li.ty of one Ln a million (lO- ri) or even 0.1% (lO-l) i :i ocde:r to assure 
rtUson&'ole pUbli.c s.afety . Such stringent controls woul d reduce the ove-rall 
t'isks to eid:.remely Low levels {one in 103'0 and one in LO IS, respectiue-l yT:r) _, 
but vould prot>.tbty be qu,J.c·e costly. If one \#anted t o control the overall 
probability at , tay, lO"" T, then each i ndi.vidu.al ri sk ,f.ac·t or would need to be 
conccolied .it .t.n ,average ptobabitity ol 10"' 1•\ or ab<>ut one i.n 2.S. 1£ one 
then \i.fanted t.o all,ow an e:a::tr'a margin of. s afety-•s.ay coi-responding: to an extt'4 
Ot'der of IMgDitude on the ovar~ll pro bability (i.e., 10-a). one woul d control 
the l nd.ividua.l ri sk factors at a bout one in 40 , 

O. Relative Uncerta,inty and Risk 

ln actual applic.atlon, tht ab,ol.tate iugnit:u.des of t.b@ uncerc-.a i nty of 
some vad&bles may be unknO'Wl\, In .addition. t:he a·ggregated risks .ac r os~ a 
scenario ruy be very high. In 1ocne ca ses t hese may not be i ntra·ctable 
problems. For ex.ample , if one i s cooipal"ing ,cenarios both. of w-Rich contain 
the Rigb,l y uncertain va-riable io the Sl#le vay, or contain many (bu t not. all) 
of the same va::riables, c.-h•n a c.alc1al atio·n o-f the re l a tiv& m.agni tude of the 
uncertaint:ies and th~ r itk:s uy be helpful (e.g., in ran.k i ng of r"isks of 
altern•tive va.ete management •thod.5. In tome ca~5es a lso , the- sensich·ity 
an•lysis m.ay ~how ch.ac oae ritk factor do•inates che ra..nge of escimated risk, 
so that uncert<1.ioties in $OCH other £.ac tors will not sig.n-if i ca.at ly in£1ue.oce 

* A re,vie wer noted that because of c.h..e high u.nc.ttrtaint•ies vith M:acdous 
wesce dispoaal and tb..i's increasing overlap between •.lternatives, a sens i ­
tivity analrs it of c.be more utrerH ( bu.t sdll credible) adve-l"se u sump­
tio.n, uy be Dare. useful tlla.Dt an ub.ausciv• effort to q~ntif-y aU 
u.neertainties • 

.,.. Calculated fro111 (1-/106)5 • one in 1010, or Lo-10. 
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the deei.,ion·. Tabl e. :<-3 is an example of aggregaci:o.n o f total, comparati ve, 
and relative ~certJinti~s in si~e-~pec.iflc health risk. a.ssessme.at of four 
disposal a1terna.t i ·,es fol' mercury-contoUf!-i"ated brine mi.,,d s fc:_om cb.lor""a.lkali 
manufacci.,,re (Lawless ~t al., l98~b) . 

E. Use of Surrosaces ln Comgara tive Risk As se_ssm.ent 

A ?redic:cton of the nw;:ibeT o f cases of cancer or at.her adve rse 
health or- enyirorun.e.nc.al e tfectt cha t \IOu-ld cesult on s global , national or 
site-s pecific LOcal basi, £rota acti vi.c it.s involving a e:hemical is generally 
dilficult co .make q1Untitatively and a.cc:onipanied by s.ub!fta.nt i.al . uncertain .. 
ties. Covernlf!enu l .a·gencie, have che-refore. fTeque.ncly used sur-ro8ace indica­
tors f or r ·eg:ulatory purp0-se1 that .1~e often less difficult co de'lelop and more 
easi ly defended. The 1urrogates \Wied vary witb the chemi ca l t ecb.no l ogy 
invol ved .uid the re1ulatory sett ing, but examplat Lnciude: 

• Risk to t..be average oc most e:xp-osed re,ident, worker, or con­
s-ume.r on a partial (.or whole tif,EStioe ) b.i,S.is u 3 5urrog1ce for 
total effect. 

• Intri ns ic c,ox.ic:ic:y chatacteristics .u a surrogate for- risk. 

• 

• 

Chemic.al clau is occaaionally· a. s urroga,te for toxicity. 

E:a:posu-ce •• a su-r-rog•ce fo-r- risk • 

Po9ulat ion potentially exposed as a suttogate for actual eapo­
sure. 

• £nv i ronmencal transpotc and t ace charac teristic~ as a 1ucrogate 
f'ot' expo su.re. includif!8 ~obilic:y , envi r·onmtn·tal persisce.nc:e in 
air, water .and e·arc.h, •nd bioaccumi,.l &c. ion factot'S. 

• Release or e-scape to t.he. e.nvi.romnent a s a su.rrogate for e..xpo­
!lure ~hrough environ.mer.ital routes. 

• PToduction, distribut i on and u-se patterns a.5 5u.rroga.ce.s for 
·release to the envi'ronment . 

Moat of the'fe surrogates have. found use at time.-s for reg:uLation of 
certain aspects of specific chemicals,.. but thlµ r val ue msy be 1t10,t use.ful in 
comparative. aua.umencs , sYc:.h as c.hose consi.de~red l.n the present :s t udy of 
h•.zardou1 va•t• 11&0.agesnent. For exaaple. in !IOGlie caseiil, a.ltetnaac ive \f'au:e 
mana..gU1enc option 111&y pose risk.I to the. s.ame. population• by th• ~ chemic.al. 
Coaipadson of che r ela.d:ve e.rait•iO.tl :ratcts GUP.t yiel d sufficient i.nfo(ffl&tion 
to r"le out one option. In ocher ca• es cbe relati ve siies of the popu l4tions 
likely to be at d 1k. might be c-ritiu1 . Ln still other ca ses th.e relative 
toxicities of chemicals ch.at eni.gQt be rele•.ted· nsay di Her suffic.ie.ntly to be 
the basis of I c.hoic:.e. Note that d,cision• b~sed on surrogate indiGators can 
be reconsidered l atttt on a c1te·-by-u1e basi, if pref erred , or if time and 
resources lave pe,rmitted CGmprehensi,ve eo111p.aretive r-i slc a.sses-sme.nts of th.e 
alttrrnetive teehn:olog:ies, reaul&tion1 qr standards. 
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The voluminou, Litet'at uC'e t'eLacing to dsk.-t'e.l.ated decision making 
and d s k management under unc f: rt.iinty is c:h.au.ctet"iz.ed by uide variation in 
tennlno t ogy and. at ti.mes , ser ious seme.n~lc ~nconsisteocies . This situat ion 
reflec t s the i mpe-ecision of cu-rrent usage of d.sk U :nns and the •1.:1.ri4nce 
bet'.leen discipl l ne..,, sc tent i f i c committees ., • geneiet , and even betveen dif­
feT"e-nt pa.res of a single government a:gency. i ncludi.ng the Environmental 
Protection Agency { E-PA) . Thi..s .appendi x· provides: (a) an h£stot"iUl perspe.c­
tive on r isk assessme.nt. tet"tff.inology; (b) exce~ts on ri!lk a.s$essi:nenc requi re­
rae.nct under acu; ( c) u, eful definitions of terms appe.aeing i n chis c-eporc • .r 

l. IHstot"ical Perspective 

I nterest tn con5idering and coping vith risks originated many 
centuries ago in maritim.e and l ife insurance applicat i ons and i.n games of 
chan<!e; it expanded t':tpid.l y a ftel" the development of p-robabi li ty theory o1bout 
200 yea-rs ago (C:ovel1o a nd Mumpower , 19SS). Applicac fons were -subsequently 
a,.ade in public. bealth, business economic·$• en-s i neerlng , and other fiel ds ~h.ere 
scatisdcal d.at,a ..,ere g·.athe·nd. Parc ic.ul.nly pe"t"tinenc to the present .study 
"'ere studi es conearne.d with the bwr.ao heal t h- i op.acts of i onizing radiation 
Cz-rays, u\ t"cavi.o lec rad i a.tl'on, rad i o-i sotope$, etc. ) . Pro l:>abil is c ic a.naly~i..l 
m.echodS h.ave l:>een studied extensively in 5-upport of nuclear- pot..'er , de fense , 
and a ero,9,pace development dut'ing the past three decades-- a period in vhieh 
efforts co assess the h.u,lch effec:·ts of chemicals have becoMe i.ncre.u ing,ly 
inunse. !n the United St.at.e t , Hveral government aa;enei.es have spu-n-e.d tJ\e 
d«velopme.nt and appliucion of •Hthodologies for a·ssessin_g the ds-le;s of chem­
icals: first, the Food and 0f"l.l8 Admini;5tr.ati'On 4ncl; then othe'C"S such as the 
Environmental ?roceetion .Agency, the Nac.ional in-stieutes of Hulth~ c.fle 
Nuclear Reg\ilatOry Commis sion, and the. Nac i onal Sc i ence foundation. 

'the need. to es timate cechn~log1•retated risks a.nd co cegulace them 
appropc-iatP.ly have been c:..he subjeecs of counc le..ss stud i es. Colffllittets o f the 
Nati,onal Re.searc h Council (National Academy of Sciences} alone have published 
nwnerou!l scud i e s on the n gulation of c!ler:iicds i n the Last deca de. Some have 
focused on principles for evaluating or- mak ing decisions on env ironmental 
chemica.l1 (ltAS/NRC, 197S; NRC·, 1975). Ochers h..111e foe.uied on pest icides (NRC, 
1971b; H'RC, 1980a), ddnking '-'&te.-r ( N8.C1 1977c, 1980b), food additives (NRC, 
1979)', or related ca.n.ce.r-cauaing agehts (NR.C, 1980c). Three commi ttees 
f~used on tht proces~ and practice of decision ma.k ing tn the EPA (NRC, l977a) 
•nd in govei-runeot agencies in ge:neTal (NRC. !982; MR.C, 1983 ) . The Office of 
T•ctmology Attess:ment ·•lso bas ·reviewed methods for assessing envi r oru,enta.l 
health l'i-1ks Cot.A, 1979, 1981, 1984) . Th.e Off i ce of Science and Technology 
Polie:y published • l •n1,thy review of the s cience and principle..s associated 
~i t h as,es .. i ng chemical carcinogens (OSTP, 1985). In addition, dozens of 
books have been publi.shed b•sed on sympasi.a •nd conferences «bout r i sk (.s.ee 
reference, •nd related publications at end of thi s appendix), 

...., £.l>A -recently u-pdated and expanded ics 11Ctossary of Environmflntal Terms 0 

(&PA, 1988 ) after most of ~he work of tais study was completed. 
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The terms "risk an.a l:y.s.is" and ''risk a~su1tment" a.~e soa,ecimes used 
i nterchangeabl y and sometlm-,e 1 not. 1-c-co-rding to di ~c iona.ry de_fin i tionJ, 
Ua.n.alysi~" (fr-cm ' co dis1<1 l •1e ' ) Lmpl.Ues sep•cation of a vhole into i 't s com­
p<1nenc pa rti-. foUowed by idenc i fication and quan.ci fic.a t ion of t he pai;t S. 
" As-s·e-tsment'' (meaning 't-o .as.s ilt tJw offi ce o f j udg!!') imp lies appl".aiSa l , 
va l uac ion, j udgmen t, .and a summi ng up. The j o~rnal of i;he Sociecy fo.r Ris k 
Analyst, uses the t erms i ncei;oh4ngeabl y, 

'Ri sk tnalysi1' evolved f?"Om the At omic Energy Cormnission 1 s stud i es 
of pocent ia l fa i lur.e. :nodes in nudear po\.'et' plants and th.e..i :- contequene@!s 
(OSAEC, 1957 a.nd, USN!lO. 1974) •nd the Dt!part.ment of Defe-n,s.e I s efforc,1 in the 
l950 's and 1960

1

1 to reduce ,cost over runs on m.t joc systemt ~µch a.s c·he C-)A 
~nd F-LU planes (CRS, l972) . 'th.e A£C U-Hd the c.e rm ' erob.a.bl list i c:: risk 
analysis• (PRA) i n c:onnecdon Vic.h hig~y nu.me.ricaL e ffo.ct s co quant ity 
ri sks. t,iore r.ec:ently, however. PRA is often defined as a.s·susment . 

Ot~ay a.nd Pahner ( 1976) defined dsk as,e ssm~nc: as h,a.ving cvo com­
ponents, t'lsk esc L!1u1.t-ion and r i sk eval-U4.t ion . Kate, ( 1978) considered it to 
have three e..lerceq1:_s,. i.dencificacion, ttsdmation. and ev3L1u.cioa, \o'hi.Le Ro~ 
(1977) cleflned i.ts C!JO C!ompocenc.s as r i s•ic. decerm.ination (inc l ud i ng idtancifiC-d­
cion and est imation) and ri sk evaluation (tncludlng 4ve rs ion ~ nd a cceptanc~). 
Pore.er et al. ( l 98D) l!quaced d -sk ••~res sq,.enc w'·lth. d sk-benefi t; a.n-aLys i .s 4nd 
utilized Ot:.,ay a.~d Pahner ' s structural descript ion·. Conrad ( 1980b ). C:reer­
\lootcen (1980.) • and also a group o,f Internaciona l Atoaii.C! Energy Agency 
res:earehers ( ,ul l ina f ord et a l. , 1982) def lned the ri s k a.ssei smen.t •process a s 
having th.t e e mai n elements: risk anal..r·,it ( i.e.• est imation); t'is.k eva l ua-
t i on; •nd risk m.anagemenc. The U.S. Nu, Le.1r &egU-latory G.olllftitsion now 
descri b.l!.s its probabilistic r itk. as .s-e,1.men.c procedure .is co·mp<)sed of sysce.ms 
anatysis a.od eont ai nment .analys is , each of 1.1hich bad several cdlftp·one.nt steps 
( USIIRC, l984). 

In contrat-t , Hoss and Lubin (1981) and a ceC!eni; Nat iona l Re s .ear-ch 
Counc il coffl..ittee chaic-ed by Ra if fa (NBC, t982 f con.s i der·ed · risk .anal7si.s t o be 
composed of cvo a.spec t s: ri.sk a,se.ssment and risk eyalua·t -ion . Pea-r oe ( L-98l) 
cons i dered d ,sk. analysi , to be a ~pe•cial case of co,H-benef i t analysis. 
Moghis.si (1984) defined r isk anaLy.si s to i nclude both ri sk a ssessment and risk 
ma.n-1ae.1ne.nc. 

S.nvirolU!lflntd riSk.s o·f c-hemicals w«te specifical l y revieved by 
Conway and coa.u.tho-rs (Com.,:ay, 198'2') . Conv.ay de•fi.ned risk a·uessment to 
i nclude the ev.alu..tion <If the ,c,ienti fic: data col l ect.eel and e-za.mit1ed du.ring an 
a.a..lysit s tep and evaluation of the soci...11 , ~onomic. and political facco·rs 
(includ.lng b• ne.ficia.l e.f.fe.ct•.s) conside rl!d in i"e&ching dec;is i cns on prohibi­
t i on, CO.tltrol,. or IU.Jlage.m•nt of chemicalls in the envi·roue.nt. 

A stu.dy gT,Oup of the loya l So-eiety (1983) also divi,dt d risk a.s-se.,s ­
ment i.nto risk 11iti..m«tion •nd risk ev•luation. Esti.nation Was tubd ivided into 
three s tep,: identifica.tion. o.f outc:affWlS; estimation of iqgnitu.df! o f t be 
associated conHquences: .a;nd e s ·t i 111ation of cbe. pc-obabiti ties of these ou.c ­
~omes. Risk. e-valuat-ion vas defined ais c.he complex process of determining 
si1oiflc.-1nce· or value of th.e identified: haz&td.l and estimated tisk.s to those 
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concerned ~ i th or aflected by t he dec i siqn.• Evaluation i nc l uded the ,cudy of 
trade-offs bet~een perceivtd ri sks ifld be.a•fits. Risk iunasemeot vas d efined 
as the ai.aking of deci 1ion1 concerning r i sk and t hei r i eplvnt.ntat i on, but va1 
applied al so to the -.,hat e c:ompllx pt'ocest: o,f estimation. evaluation, judgina 
tccepubiltty of ri1k.s, develop i ng deci.d i on scratesi ••. cakiaa •ccou.nt of 
publ ic opia ion on r i tkt ..nd co,cs of concro l 1 1 ru~i cg decisi ons and i.aipleffte..nt-
i ng risk r11ulat i on1 and ocher controls. · 

Davi es 0 984 ) , i n a publica tion by the Che11i c•l Hanuh.ctu.-rers Asso­
a iit i on, defined chree dsk terms: assusment, runagement., and control. 
Assesament • •ans the procest of decerminl~ the adverse contequences that cuy 
r-e.sul t fro• the t.ase of • techootog:y or tome other act.ion, i.e •• uti.madon of 
the probability of a hazard ruc•ri•t hi.ngl det•rminacion o! the types of 
h•za rd po1ed; and esti aation of che number of peopl e (or tbi ngi ) likel y to be 
exposed and the. number likely co s1;1ffe-r adver.se con1equ1.nc.es. Ri sk asses,­
mentt uu·e vie.wed •• useful for ucabtisb i ng pri.odties foe- r t 1ta._t'c.h. fo -r 
l nionaing the p~blic, and for r•aul acory considerationt. l i tk unagein,ent vat 
defined to tncompats a ll acciviti•s involved ln • Ctua lly doing something about 
a. riak, i · ••, docidina t.rb.echer or not co cake •ct!on1 de.cidi.ng t.1hi ch a ccion1 
t o c akti i.apll!Mntin1 selected. action,; ...cd tvalu.ati..oa t.hei r ef fects. Rit\c. 
contro l vat defi-ned •• the overall proc:·•.s• for dtaUng wich r--hk -- priori t y 
sectLng, atstument, ar.d Nna.gutnc. Cn the ,_.. publ i uc i.on, Park and Snee 
( 1984) dttcdbed dtk a1se:ss1Nnt 11 cons i st i ng of haurd idtntificat.ion, 
hazard e.v, l uacion, and risk evaluation. The.y also equated risk .man.egei:ient 
wi th regulatory response (lnctudlng evalu..atio.n o[ benefitt of t he cheaic.a l 
v-ers"-1 the risks, costs, and a.lt•rnat ives) . vhil1 Smith (1984) dRtc-ribed citk 
1n&nag&Not fflQt'I t1,1.ccinetly •• "the control of ••posu.rl to level• wheel per­
ceived ri.tkt a.ct ,ccrpublt." 

The- Office of Science and Technology Policy, i..a Lts rtvi.e" of t he 
fra~1v0Mr. for naulad ng c acciaoaus (OSTP, 198S ) . c:on.sider-ed ''risk" to be 
coo901tt11 o f tvo aspects, hA:ard (the toxici,y of the 1ubst ance) and exposure 
(cha amount o! t he 1ubttaoc1 that people come i.n co.nu.ct vi ch) : the "risk'' ln 
qu.anti. c.a.cive d1k aueuaant it- e.st i aated by coupling ch• resu l ts o f the 
ha.z_ard and e.xpo,ur1 •u1umenu. (The phra..set "beiar:d avalu•tion," 11 the 
sourca ol hua rd, 11 "hat':.ard d.ata," Mtd "toxicity dat.•" a_re also u s.ed in the 
tu.t.) 

4 report cofflissioned by the U.S. food and Drug Admin i scrati.on by 
one lfatioo.al l11e.u:ch Cout1cil cCHaittee (chaired by sc~.itones) (NRC, 198J), 
alto addre,1ed ceminology. l'hit comnlttee had aa one objective to ••~•ss the 
111e-rita of 1epat'atina th• analytic fun.ct..ioa1 of developioa risll ass1uae.att 
fro.a the r11ula.tory fu.nctioaa of u.kina policy d1clsion1. The report ha• been 
favorably received by tome ocher aoverNlleot agencie5• Locludins the EPA (EPA, 
l984a-1984d) &11d <l>a Offic_a of Sciellca and Technology Policy (OSTP, 198S ) , bu< 
its terainology va.1 not wequivocall7 aceepced by • pr •at igioµ~ Task Force on 
Hea.lch Riak Auesamenc of the U.S. Departmant of H•a..ltb and Kum.an Services 
(USDIUIS. 1986) or by nu:.1N:rou.s at.her au.Chor"9. The report detcribed r-itk 
•u111me:nc ,., "the. c.ha r acterizat lon of the potential advert• health effect.s of 

- llacards vere de•cribcd at sit~aciona ehat could lead to hArm or damage. 



human expbsure to envi ronmental ha:ards" a.nd. also as "the u,e of the factual 
bue to define. t-he h~ltb effects of exposure. o f individU#h or popul•tions to 
ha:.a·rdous matei-iah and .sit~dons. Risk as.sessm.enc w» said to i nclude 
several el ements: 

• Descript ions of the potend a.J adverse h.ealth efhcts ba sed on 
an evaluation of resul t s of epidemio logic , chemical, coxi co• 
l ogical, and envi ronmer.aul ~csea r cb . 

• Extrapolation from those resll.lt s to pt"edicc the. type and esti­
mate c.he u.tent of heal th effects tn human-s under given cond i ­
t ions of exposu-re. 

• Judgoent,s •.s cO cht nwrtber and ch.aracc,er-ittics of perso-ns ex· 
posed a t v•rio~s tnttn• it ies a.nd dur-ation~. 

• Swmary· judgi:nent.s on clie exi stence and overall i:14gnitude oi the. 
public he4lth probl.e111. 

Risk ass·e..ssme-nt va.s said to i nclude. some or- all of. the fo llo1o1ing 
four steps: 

• 

• 

• 

• 

liazar-d ide:ntifica~iOI"!: 
t im1lar ch,emical i.s o·r­
healtb eff ecc.s. 

The determination of ,.,het.her a pa.r­
Lt not c ausaUy l inked co pa'C'ticu lar 

~ ••-wt.tponse aue-.ssment: The" deterq"i nat ion of the rel~tion 
bec1o1e,en the Mgn i tude of ex905ure and the probabi lity of occur·-­
r enee of the haa.Lth effects i n question. 

Exp-osure ,usessmenc: lhe d:eter-minat:ion of the extent of human· 
expo,ure be£ ore. Or a.f t.er- appl i_c.s don of regu La toi:--y cont to ls . 

Risk c haracterization: The de..,cri ption of the nature and ofcan 
the Ngnicude of huma,n risk., inc:ludin_g acc«ndanc uncertainty. 
( The text describes chis- ~1 4n estiffl4tion seep.) 

The N&C coffllllittee used the te.rm "risk management" t o de.secibe tho 
process of eval u,:dng alt1 rnat~ve regulatory act i on-, - or of veighing p·olicy 
alt ernative, - and setccdng among tniem. the selection proce.,, r-equiees the 
t.18e of value j udgments on the 1,ccepta,bil i cy of risk a.nd t he re4•soa.ableness of 
tht cos ts of control. I t included i~cegrating che r e sult s of r isk assessme.nc 
vich engineering data and vith social, economic, a.nd p0litiaal conae.rns to 
r e.a.ch a d\19cis ioa.• ( The. comLittee also de fined • term "r-isk a.ssess.ment pol icy" 
as cons i•ting of cha analytic ch.oice:s tha t mu-tt be made in a r,islr. assessnse.nt, 
based oo both sciencifio and po l icy con-1ider&t i ons.) Thi s report, b ne should 
note, focuu:d primarily on 111anaging the ii sk a1·su,menc proce·s·s, not on manag­
ing ritks; i t says very l i t tle of the l att er. 

* Thit ~iav •••~• co ~elegate to the ris~ management phate a l l aspect s of the 
i dentificat i on and acie.ntific quantification of value~ tl>be conside~ed. 



I~ cOnc ras t , tho DliHS task force (USDHHS, 1986) describ~d four major 
~ampor.ent step~ of r i sk aue~ smont as: 

• 

• 

• 

• 

H.u:.ird i dl!·nc ifieac.ion : 
,ubstance/conditlon may 

The qualitative indication 
ad~ersely affea~ human health. 

ch.at a 

Ha.:.a·rd char.t'cter-i.ution: The qualitatb,e and quantita t i ve_ 
e,..4lu.11tion of the nature o.f t he ad•,erse effect s, includi ng 
thei e express. ion as functions. o'f t he amount of e,c,posur:e ( dose } . 

E~posure eha~acteri:at ion: 
eva luation of c·he deg·ree of 

The q_Ya.litaC:ive a.nd quantitative 
human e~pos~r • likely t o occur. 

Risk detenitinat i on: The inte-g:ration of these steps· into a $d­
e.ncific det-erminatlon of tt?e Lev.el of C'is~ 4$ a b.a-$is fo t' 
policy considerat ion. 

The Tisk force noted conc~ptual differences between i t s steps and those of t he 
NRC (Stal l one,) commitcet: 

• The OHHS ha~a.l"d iditnclficacion. .step ts the 
ti,..e or quant i c-at i ve dete"'1inatior. of a 
eath.ec t"h..ao a cau.ul dettmlinatioo of eisk: 

object i v~ qualita­
~otential ha~atd 1 

The DHEiS ha:-ard characterization embn.ces dose-responu assess­
me.nt, but also i nclude s c.he dttten:ninat i on of· differences in 
risk across subpopulation,s as "ell &s efforts co cb.aracteri:e 
by .a liJ\icaJ or pharmaco.kinec ~• •cudiu the action of t he 
hazard. 

The DHHS d,k determinat ion r4nges i n fl-3 tu re from a binary 
(risk/no t'-isli.} conc l usion to a f.ot'ffl&l, qu.andtacive, mu lti ­
di mens ion.al eonch.ision complete with sensit ivity test ing and 
det•ile.d c h,nac·terizatlon of uncertdnty. 

The Task Forc:e (elt it s n,odel was a more. ste.p-wi se appc-oach that "make i t 
necessary to consider- the re•ulc~ of individual research Studies undergi rding 
risk .determinations as important contr-ibuto-rs to r .hk aufl:ssment more f Ully 
a.nd cnore d.irec.tly than do Che tfRC c-ommict.ee an.d oc.h.er groups, ~hich have in 
general chosen to note s i ~ply that re,earc.h precede9 ritk. a1ses1ment and pro­
vides tb.e scien't ific ba:sis for: this activ-ity.11 'The T4sk. Forc.e al.so notod cyp­
lcaL kind• of ln:fot"llWlt;ion used io t h••• co11pon._nc9, as s ·een in Tabl e A-1. 

Finall y, a bill introduced in the U.S. Cong-r~s~ to enact 4 "Risk 
Auessme.nt •nd De11on1c ra·cioti. Act 0£ 198.s•• (call ed c.be. uaicter BlU'') adopted 
the terminol ogy of the NRC report, bu.t a ll. so cite.d a ne-ed for better "c:ompa-ra­
tive t"L,, asseume..n.t •" whlch was def-i necl as "a procedure in wb..ich the assess­
men·t of th.e d1k.1 ,uso·ciated vitb one cOutse of action and the asses S111ent o( 
t"isk.s auociated vitb. a.1.te.rnative cour-s•s of action are C!Ompared end c on­
tt'asted vith each oc.be.r and vith the kiadt of risk.s people. nonq.l l-y face i n 
their. i ndivi dual lives " (U . S. Coogre..ss, 1985). The cenits "comparative risk 
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TABLE A-1 

IN!'OaMATION USED TN ASSESSING HEALl'.ll RIS.~S ACCORO!NC 
TO usoaas TASK FORCE ON HEALIH RISK ASSESSMENT 

(USOHHS, 1986) 

l. Ha..z:a't'd Identi flcation 

•. Human dat.a 
Monitorina and •u rvei l laoce (including vi tal statistics 

- £pidemiologic ~cudies 
- Clinic.al studies 

b. Milbal dat a 
Co In vitro test., 
d. Nolecula..r struccurt--activ i ty relationships 

2. Huard Cbat"acte-rh,a.tion 
a. ijwnan studies 

- £pidemio logic studies 
- Clinical studies 

b. Min,al studies 
- H-intmaL effe:ct-s detenn.ir:union 

Oose~e,pon1e (l)C)deling 
Special. iuu.es, includ ing ine,e riq:,ecie-, conveo,ion .and high co 
low dose ext~apolacion 

c . eharma:cokinetic studies. (iricl udin1 p.hytiotogic rationale} 

J. Exposure Characc•ritat ion 
a .. De!!log'ea.phic infonr,-ac i ·on 
b . Ecolog ic an•lyses 
c. Monitoring and JurvQillance syscems 

- An.iql 
- Hwnan 

d. Biologic monit;:oring of hi·gh-risk individuals 
a. tr-ans port modeling (:n.athtltla~ica l•) 
f. Integrated exposur e assessments 

- Over time 
- Over hazard (syne~gy) 

6. Ritk Determination 
A. Hatheila·t i c.a l 

Unic and population ei,k escirna~et 
- Threshold de...term.in.acion ·(e.3., 1a..f1cy factQr •pproacht 

no-ob•erved-effect l evel) 
- Stati1itical characcerizat.ion of ®cert-ainty 

b. For:ma:l decision •tJ•l ys'is 
c. Incer-Tisk com-pa-rison_, 
d . QU4.litative - panel review~ 
e. Qu.al i tati~• - i.nfordla..l scie.atific advice 
f. aisk~benefit analysit 
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asseu-menc11 .and "'compari11,tive risk--c~ut•benefit scudy11 were used ov~r a deu:de 
,1go by ~tes (1975) and the Atomic E.ner_gy Coimni:ssion (USAEC, l974). respec.­
cively. 

Table 1 1- 1 i.n the text of c.he -c,epocc sum:arizes 111any oC the defini­
tions a.od ciiscitu:tion.s io the te-rn,inology in tl\e d$k a,uumenc fiet d. 
L.awl e:u et .a\. (l9i4) recently revie""e.d the terml n0Lo1y u..sed i n the ri.1k 
a·ssessmenc an, and propo.,-e.d an excen,:iv,e ,ec of deiini tions believed co be 
consistent inte-rn1.lly and with the be,~ of cur-i-e.nc u·s:113.e. 

2. Ri,k As,e,smenc Under RCRA 

The ~e,ource Conservation and Recovery Act o( 1976 (as amended 
t.hrqua;l;I Novembet' l98A) i,.s t u, specific about · c-he ne~d to det e.cmine ch·e 
reesonableness o f cis1u or to p-et'form risk a-ssessmen.ts than are some other 
envi-ronment.a,1 -and c..on~wner protection l aw,, such a.s the Toxic Substanc~s 
Control Ace, t.he rederal Insecticide f'un:gicide. a.nd Rodenticide Ace, and the 
Cooawne:- Product Safety Act. Ne_verc.hetess the RC8A lan.gu.a·ge cle.,uly i.mpliet 
that risks wi l l need to b.e Stud i ed in some c.ue,s. 

for example, RCRA definu haz.a-edous wute i1s. "a solid o.r comb i n.adon 
of solid Yastes vh tch, bec,1use oE its qua.ndty, concentration or physic-a l , 
chemical or infecti..ov.s ch-ar.actedsci..cs tn.ay: Ca) cause- or signiHcan.tly cor.­
t!'ibu.ce to tn incruse in mo~talicy or to .u, increase in sedovs ir·revers i bl e 
or inc:apa.citating t'evers ible illness; Ot" (b,) post a sl.lbscant i al present or 
potent.id h•z.a-ed* to hum.an he.atth or the env'itonmenc~ vhen ~mproperl y treate.d, 
stored, tr-ansporu:d, disposed of, or othet:"vise mismanaged.;' 

Sec. 3013 of RC!L\, '"Monicorj.ng;, Analysi-s, .and Tetc i n_g," :1dd r-esses 
the issue of risk. ind i rectly. Ct .st.sees that upon rec.t:iving i nformation that 
the presence or re l '-ase of h.az4rdous W-49-te at 4 cr-.eacmen.c:, s cor-age, or d.is ­
p-01-&l facility (TSDt) may pre-sent a subst.antial h .. n.at'd co hU!n4n hea.lth or che 
t=nviron.ment, the £:PA Ad.min.ist:-atOr can require that the owner/operator of the 
site conduce MOnitoring_, totting and an;alysis co .d.ete.rmine the oatu t"e_ and 
extent of such hazard. 

Sec. 3019, 11Ex,po·1ure. [nfor:iu.tiOl'I and Health Asses.sme.nts" ( added in 
tb.e L984 amendments), ll'l&kt li!Olt directly co r'isk.. assessment. needs. 'Health 
Assessments' are defined to "include pre.liminary assessments of the potential 
risk to human ht:a.l.th posed by lndividu.al s ites a.nd fac il ,ities subject to t.his 
section, based On such factoi-s at the nacure and e.x:tent of contam.inaciotl, the 
existence of pote!'lti.al for path\f'ays of huma.o u-po9ure ( inc; luding ground or 
su..r£ace lilater con.tamin.acion, a ir •mision1,. --aad food c.b.ain <10ntamination), the 
size and potential su.scepc.ibility of the community with.in the like ly pathways 
of exposure , the com.part-Son of· u:pecte.d bwi:i.an uposure le.vels to the -short­
te.rm and long-term health effecc.s auociat•d t.1ith idt.ntified contaminants and 

• RCU doe• not define 'hazard.' but •• ~sed bete to define 'h.az~rdous ~a, ce' 
it appea~..s to be. essentially synonomou.s: with con-ven~iQn.al de£i.nition1 of 
1 risk.• 



any ,t,vailable i-ecomm . .ended e;1tposure O!" to Leu.nee limits for such. c,ontaminanu, 
and the compa rison of exiscin_g rDO.i-bidity a.nd mortality d~u on diseases that 
may be auoc i ated -.rith. the ob.s·enred levels o f exposure." The definlt•ion con·­
tlnues: "The Assessment $hall i..ni:lude •n tvaluacion of the risks to the 
potential ly a.ffec.t1!d popULllt i on ft'Om al l souC"ces of .such contaminants;, includ­
tng known ~oint O.t' oor.poi:nc sourc:es other than ch.e .s ice or facil lt y in ques­
tionw A puc--po.se of .such pret1':1inacy as$essments .shall be to heLp deter-mine 
~hetheT fuli-scale health or epidem i ,ologicaL studies and medical eval uations 
of 4t..Xp.osed popu Lac i ons shal l be unde-rcaken. 11 

This section provides thac is·sua.nce of piermits. for operation of a 
land.f i ll or s-Urfa.cte: icnpoundme.nt shall be dep-ende.ot upon sut,miuion by the 
ovrier/ope-rator of Ctt'tain inf'orm.tdon -related to the poce:n~ial for e-xposure. o f 
the public to the haU,t'dOu-s waste con·stituents. Thit subcnission shal l inc lude 
infor"ffl.ation on potential releases, environmental ;,athway,, and nature .ind 
magnitude of human u:potu.t'"&, thi s se.cdon also provides chat the Administ?",t­
tor Of' st.aces \i'it.h •uthod~ed 9.C2.A prog~a.11,t shalt make t his i.nfonnation avai l ­
able to the ·Agency for Toxie Substances •nd Disease 8.e-_gi s t ey (.as established 
by t.he Compu.he.ns i ve Envi r-opmental R'eJ>pon,e, C.ompen-sat ion and Liabll it y Act of 
1980). I t further pro·v·ides that che Admini strator (oi- said states) may 
request th.at ~gency to conduct a h.ealch asses•~-nt of any landfill or surface 
i.m_poundment t f (.in t he Adoini.tt rato,r' s judgm:ent} i.c '"poses a substantial 
potential ri:sl< co hu.ma.n health, dut: c.o th.e. uistence of re:lea.se.s o( haz.at'dOus 
constituents., the magni,tude of contaJDin.ation . with haurd-ou, constituent, 1,1h1e:h 
may be the t"l!:su.Lc of a release, or ch.e magnitude of t..he population. e)C"p<t~ed co 
such -relea.Je or contamination.*' Fina.Uy thit section pt'ovide , that: priodty 
ln <onducting ~•altll usessme.nts .shall be giv.en "to tho1e facilities o, lieu 
for which: thet'e i, ddcUfDented ev i deoce of release of hazJrdous aonstituepts; 
the potent ial rbk to human health appean bighesc·; Jnd exi.s.ti.ng health data 
atf" dee.med inadequate to a.sse.ss the po t ential ris.k. to bum.an health ." 

1. U1eful Defini.tions 

A set of definitions of te rms· used i.n th.it t'is.k a.s'Se.ssmen~ arid health 
effects fiel d.s are presented here for the conv•nionce of the re•der. 

Haza"('"d-A source of a cb.reac or danger, often Urlplr.ing ~jor natut;-al 
or pian-ma.de (especi.ally cechnolo_g-iaa.L) d•na1rs, o-r dangers involving sub,t.a.n­
cial •1.ements of cl\&nce or accide.nt; uy refer to speci:fic subscanees, 
objects, or ,.C:'civities that have chcar-acta·ri1tics (such a s iahe,renc co:xi.c. 
energetic• or gravication,1 aseects) th&t c~u•• them t~ ~ considered source,. 
of danger; some.times used (poputarly) as ,1 1y:nonym fot' "danger" or 11 rislit." 

Probability-The po,sibilicy, likelihood, or frequency that an 
activity, event, or outc~me vi 1,.1 occ:iur w A mea.su~e of c.h4.~ce. Clau iea t 9r: 
objflctive prob4bility ls dl!.Hned •S cbe c-atio of th.e numbe-r of times a gi\{on 
O1.1:c.come occurs to the total nu.mber of pot.Ii ble ou.t0on:n!s. Sub jec,t i ve p.robabi l-­
icy derives from a vie" of pr'o~abiUcy ,O .. rational degree of canfid~nc:e .or 
belie·£: su,bjective weights •re a.ss~gned (according to certain t .he-oretical 
principles) to tossibl• ou.taomes of an action, so t..ha~ 40. operationally 
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• 

meanin.gful analysis can t;e perfonned. A statement o f pl'obabilicy is v,a,lue­
neucral. I t cl.oes not imply th.at a s>t3ted coniequence ls beneficial Or' 
adverse; tha-t i s determined by c.h~ individual ~vdu,1tor. 

Risk--(:iou.n ) i.s an expres_sicn of the u11cer--t.a in po-tentid o f incur­
r' i ng. • specified .idvet"se c onsequence (e . g:., de.aC:h } du.ri113 some stated measure 
of intu·•,al (e.g •• y~• ts, mi llion miles, b~dr-e.d skydives, etc.). All expres­
s ions of- ris~ are condi t i on4l . R'isk may be usefuHy expressed either quanti­
tatively or qualitati vely: 

• 

• 

A q~n c.i tat t .... e: , tatt.m1nt o,f the pi:ob.abi l i. t y of occ u,-renct of ,1 

defined a..dvet-s• e 'fhcc, t>-ased on subsca.ntia1 amounts of the 
re.qui red kinds of infot"mation «nd dat.a. A sca:te!llent of Msk a ·s 
3 probabi l.iq• has l'!'e.an i.ris ~qnl y· it one states the units of 
measure «ad the cond i t i ons applicable. 

A quaJ.i.u1ti ve ttatemAent of the l i kelihood or po·ssibi Ll ty of 
occur?'ence of' one- or: C'IOt'e identi'·fi.ed advet'se effecc.3, based on 
pare.id or mini mal inf 9~ac.ion or- h.istori c.:, l per-s pElccive. 

a i sk combines the concept's of ifut,ue chance, the 1095 .of something 
of ·,alue, and ~ ~c1q.dJrdhed me·asu..remeat. p;,r~meter ( such .t s time or- ot.her­
numirrical measure}. rt i nvolves a statement Of this chance in t he absence 0£ 
com·plet e i.ofomta.1.t i on, in qualitative or quantitative c et'm.t (f r equently as a 
probability). Popular ,u1.ag• col'!Wlonly refe rs co the "lo&t side:'* 0£ a simple 
wager or bu$inest ventut"e. 

Exposure to risk--An act ot condition of being exposed or open to a 
givep th!'et.t f .rom a g i ven 100-r-ce <•·&•, pathogenic: orga.ni•ms, toxic chemi.e.als, 
r-"dl a.tion, safe ty ba-z~rds, ot econorAlc changes) that cou l d uu:se adver.se: con­
sequences. 

Exposure to pol httancs-Exposure oecurs at cbe polnt in space: and 
t i.me at which the tox i c tubstan.ce is p·resent at the interface be t we-en the 
environment and a bi Ql ogi cal organit~. 

ExpQ-sure as,se s,sm,ent-Thi s tet"nl Lack.s a wi de ly acc:epted def ini.doc, . 
It is often used i::o de.scribe diller~nt .sets of activ i ties by re,earchers wi th 
diff·erent vievpoints. S-o-me. research.er, conside'r- expOsu·re ass e1-sme.nt to begin 
vith c.he-..11ical analy9is of t.he contanrinanc.s i n. the ai~. water, fo,;,d, surf-,ice.s, 
etc •• vh.icb. p,eople actually inhale, t ng~t, tOu.Qh, etc. s·y \tnOwing concentra­
tions Mid .assuming the daily voLu.me: of air bre.athe.d., tapWater c·oosumed, etc. 1 

th.e exposure r.ate and expottn:-e dos• o.ver .a gf'l•n durat1oD can be estimated fer 
ueb e:a~posed individual. The exposure aa-S-eaitn.4:nt is usually ' completed b)" 
quantifying the kno~ Ot' at.awned ·populati:on at risk.. Other researchers place 
g.tcai:er erApbasi..s on analyzing or :diode:Uog the. tr-ansport and inte..ractions of 
che.fllic.al 1ub1tance·s £ r oll the point at wh.ich the.y enter tb·e e.nvir-oninent through 
air, vate-r, land, a.nd ecosys teJ11s unt.il they reach receptor pop-u1acions, i.•• • 
they qu.a.ncif.y th• conceocratiOM of toxicant1 at the points in space and time 
vh.ere they intercept populatlons, and they pre<l.ict th~ extents of exposures 
that re1ult. Still. ocher -ruea-rcb.e.ra rury be-gin the e%Jl·osure assessment v.ith 
qu.alit.ative· and qua.ntit&tive •nalts•• cif tht!: e..ntry of contaminants into the 
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en•Ji,c-onment, t .e . , ~ ch an a s 5es,mer,t of the. source,. Hushon and Cl et":nan 
0 981) divided e·xposure a'.sses$ment into five. seeps: chemi.::.a.l description; 
tqa.C erials b4 l ance; p.sth1-1ays of env-i ro-nmental re l ease; popul at ion prof i 1 e5: and 
"a, s essment'' i n ..,hick the envi c-onmen t a l concent-rati on.$ .and popul atioo pro f i Les 
.at"Q combined t o give e:x_;tosure pr·ofiles. In one Of fice of t echno logy Asses$­
meot report, tb.e scope of e.x-,::,0$Ut'4 assess.n:ent vas e.xt~nde_d to i nclud·e &bsot"p­
cion within the o·rg-a.ni'stll and ce:ansp<J t't to the site of coxic ,.ctivity (OTA, 
l 984). 

Risk a.stimatlon-A quant ificaciCn co1t1portant oi the r isk 4-sse:s.srne.nt 
proctts s in vfi i.ch one est i matt s the prob~bi li ~i:es_ o f occ.urrenc.e of explicit 
a dv~rse consequences and the extent of the consequence,. The astimate ~ may be 
made by fot'mal a.n.iLysi, of an exi.st iO"g: ~a.ta base in Ot"dt'r to miniml ze subjec­
t i vity or by ] udgm.ental a.cia ly, i.s bas.ed on «.xperiance. percept i o.n, and intui­
t i on. 

Ri sk· determination-A ·pat"t: o f the risk e.stimati.on process . fre­
quent.Ly iroplies 4 pi:-oactive co llect·ion of txperimencal Ot' Statis tical data 
that c.an be 1.i.sed to increase the con fide.ne e of e~t~m,1ced risk f acto-cs. (h 
may , ac- times , re.fe.r to a process o:f analyi:iag c-isk fac tor dau to r~ach a 
consensus for dec ision purposes, e.g. 1 judicial decisions.) 

Rhk ev-alu.ac i on--The compl.,ex proc:t.u o-f assianing in<iividual and 
societal v,tLu.es to ident ified possible advec-se consequences of a prop-ou:d 
act i on or dcchion. An individll.41 may '!!valuate risks eithe-r consalousl y or 
subconac ious l y depend-ing on the si tt,J,at ioo. Di£ f e-renc i ndi vidua Ls may val ue 
t!'ie tame possible con.n.q1anc;1 quite di.ffer·e.nc~y, dcpencllng on t heir personal 
value 1ystems, and. .a given h:'ldividu.al may assign diff,ere.nt values at different 
time, a..s bis or bet' v.a.lues c"han-ge. Soc:i&ty in.ay e v-aluate c-isks formally or 
inf'ortMLly . Oifferll!.l\t se8ment 1 vich:i.n • s oc·iety· 0!" d ifferent soc;.leties may 
value che same consequence quit e d if-fer:--ent~y. and soc i ec.al "alue s dso cha~nge 
over t i me and generations. The accu1racy of the :r-i11;it ev.s l t.1ation step is fr1!:­
quencly a "'-j ot point of content ion in tlt-e rl.sk a·sses , :nent and dec \ sion mak.ing 
processes. Con.sequences may be di~Jided i nto values tb.a-t ..are o·t' ·can be i::ead ily 
mcne-thed ( e.g., economic Los.ses) and value:~ th.at u•u.a,Uy at"e not mQnetio!:ed 
except under cer t ain demanding condici ont (e.g., avards !or per sonal i njury, 
Lou of life, or enviroruaenc-al damage in cite settlemEfnt of loga.l s.u i t.s) . 

Risk. analys i s-A. general te'l'lll ttlat includes such'. activities as risk 
estiqt ion and ev«lu.td.on (p«rticu tarly t.hos e aspect s re.dtidble to macb~t­
i ca.L ex·pret.sion) pff't•ini ng to the adverse consequence of , proposed action. 
Ri sk analysis dou not include ~xt.el,'lsive cons.iderat iori.s of t he anticipat ed 
benefits, except the bc.nefic of ri.s:k ttduccion. Noter however, t-hat s• ~e 
a uthors use the tenu ri sk .a.oa..l-y5i !I aDd rt.-k S.s-Se:ument synonymous ly . 

Ri sk assessment-The broad process of identifying, char~cteri:ing, 
quantifying , .n.d evelu.at ing che risk, cost , and benefi t facto·rs t ha·t a.re a s so­
ciated vicb a propose.d action or contemplat ed. dec ision. I t usually i.11plies .an 
e.f.for t to de-tet'm.ioe the balance of lc.nol.Pt'L and en i Nted be.nef its, costs 

I 
and 

risks, in vhich careful attention ha_, b-eon gi ven to pocent.iaffy external eoits 
and i nequitable aociet.al ritk.t, · So t.~t a s.ocfally accept•ble decisi9n can be 
reached. Note, however, tlac some autbo·rs and some aoverrunenca.l group• bave 



used thh term i n a. tnO't' ft restricted se.·nse ( see c- i sli!; analysis) .JJld ha,ve pt"o­
po'seii va-d:ous definitions o f qualit a tive, ·quantitative , and pr-obabi l istic risk 
a$ aessme.nt. 

C.c>rno·a-raci. ve risk assessment-A s ys.c em.a c i c: . mul c idimons tonal pt'ocess 
for objectivel y o r·gan.utng, anal y·ung, f.va lua ti.ng, .and placing t n penpec:cive 
i nfo rmat ion about the dj\u, coses. and be,nef i.ts of technological a lterna tives 
(p-arti.c:ulart.y to hwnan fiea!ch, u iec·y, and the. e.nv-i.ronme.nt>, as a.n aid to 
public po l icy deci1ion ll'lakin§ i.n the 11:!1&.n.agemenc of d.sks under uneeru.i.ncy. 
Comp.ar..a.cive d s.k a1ses1me.nt is Leu mac.hetll4tic.a Lly or i ented th.an s.ome rel.aced 
aetlvid,e., (e.g., risk. e.sdmadon from cox ichy and ex.pQ..St..C't d,.aca) .ind te.ss 
me'"ch;lnist ic th..1n Some ochets of ten &·re (e.g., benefit-con ana l)'sis ),. Tt 
emph,Hizes iden.t.iHcation and eva lua tlon of teide-o ft's rat;her" than optimi ~a­
tion of a si:ngle -.,atue. 

Risk mana5eme.nt-:--A range of iod.i,v~dua.L and soc ial actions t aken to 
avoid , m.inimi~e, reduce, limit, or othtcvi1e ~ontrol the deg~ee of e~poture to 
C' i sk situations or cbe ug:nitude o.f adv;erse c.onsf!que·nc.es . l t includes a.c 
t lme:s aec icn1 desi gned to ma.ximi:e bcnef.ic1 a t a given level o f ds-k. Ri sk 
ma.nageme.nc approache.s i.ncl ude dsk avet-si.oo steps, social eonc r-ols. beha~i o·t 
modif i coc ioas-. engineeri ng controls, ..ad111irtiscca tive contrc.11 (such a ·s required 
vor-k. practices. personal protec i:ion, cdbeation .and tc'a ini.ng , medic a l '"rvei.L­
lance, and re~ord keeping}t and cisk dl•cribucion. 

Uli.c-erta i n•ty-A :scate.ment of c~t. degt""ee co 1.1hi.c.h a t yscem , proc;os.s, 
Ot' mu.surenierit, or the componen.ts thtt'4'0f a-i-e clea-c-ly ide.ndf..ied oc de.fin,ed. 
O"r" that an eve.n t is be lieve'd S\lrt to occu,. 

Uncertainty analys.is-A proced ur~ for •ttempting t,Q .quantify a 
na.t·e.roonc of unctrta.inty, -e.g.t quantific;a.tion of the uncert.si..nty associated 
uich an esdruu.1 ot the riu.mber of oas es of a spec i .fi c adverse human he31.th 
effec.t; £or a gl.ven was te mana.gement p.ractioe. 

Unc:et t.ainty f.actor-•A mea.sure of the ,unce.rta.i.nty r-ange as:so~ iat ~d; 
with a poi.ne tisk esdmiata . Th• ter-m h a.s ,tso been u-'ed synonomous l y for 
safec.y factor ( a risk m.ana-gem.e.nt eoncepc). 

Dose-A me.a.sure of the amou.nt of te-s t. subs tance c .r- r,d"iant energy ,1 

test sub·jeet i.s gi ve n. The dose may be 9tated in t.e-rms of veight o•r conce.n­
t r-ation in • med.Lum of th.e substance. .Administe:red dose i s the amount c.he 
subj'ec.t receive,. Effec.ti·ve dose \lsu.al fy 11;eans the concli?nc-ration at t.he 
target site, but is sometimes ~•ed to m•a~ a tht'"eshold dose, i . e., t ~e minimum 
dose: cequh-ed to ·produce a •~cifi.ed tetponse-. £.nviron111e.ntal do1e i s the 
·ai:aou.nc of an envicorune.nc..a l pollut.ant. th.at accu.a l Ly contacts or enters the 
organism th.rough bodily mem.bT1,n.es and pqr.-t•h: intact or broken ski n, eye-s, 
nose, and o,outh. !t i:s analogous to the. administered dose. in a .contro lled 
co:idc·otogic:al study. 

_Carcinogeni city-The prope.rty of c.a1.i1 i,ng tho fonnation of tumors, 
n.~v gtowch.s of tissue .serying ~o u.sef,.lL f unction. l n some u<1ages the term 
c•rcinogenicicy i$ cestr-ic·ted to ~ liatt.nt tumots (those witb a potential for 
tUll i mited g-rov'ch by ex.pans ion or 'oy cne:tas•tasit, i.e., tend ia_g <)ut ''daught ers" 
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to ;row i n othe~ loca ~ions). ~ith the tem oncoge.n1ctty used for al l tumo rs. 
The potentia l for cwnor e Kpan sion (malignancy or nohmalign3ncy) is of ten di f­
ficult to determine i n ,1niiul stud i e.s and conc lusi ons dit'e Jomedmes contro-­
ve?'si.al. Tlierefo-re t he ter11'l c a ra i nogen i'city i, .oft en used i n the unrestcict"ed 
sense unLeJ~ 5pecificatly Limited. 

Terat05enici ty-The p~ope~:y of causing physic:al defects in I devel­
oping embryo of an unDorn off spring. Th.es~ dei ec c s (s~L it pal a te and ha re lip 
are among the 11,0ee c.ornmon ones in humans ) are not i nhedtabl~. (Note t.hac 
muta,eni~ity r efers to inhet"it.ab le de.fee.t s . ) Teratog,nic chemica l s usually 
exhi bit the ir e fh:c t s follow-ing ex.pos-uc:e of the f~m.a.Le during a spec.ific sta.ge 
in early pregnancy . 

Embryoletba.licv-- -!he. .proper t·y o f causing the deatb of a de.vclopi.ng 
embryo. tt ~Y result f rom seve re t e?'a togenicity, f rom muta~en icity, or f rom 
, n adverse. effect on th• Ir.Other-. Regardleu of the aau.se, the resu lt is a 
nonviable mother-embryo re l a tionshi p fo l tow-ed by t he resor-ption o f che embryo. 

Dermatotoxi city-Rt:fers t O• toxl.c: eHt:cts. no-r:mally visible lesions, 
on the sk.in . They may c"es.,.lt f rom. l ocal al)pltu.tion (SU.ch as a rash. .Er6m con­
tacting· p-oison ivy} o·r f rorri ingestion. inhal.tcion. o r Qth~r iotake folloved by 
dist r ibut ion ~hcOugWout t he body by t he b tood. 

Hepatot-oxicity-•Refers to t oxic. ef fects on the liver. They may bt 
physi cal tesi;on.s; de.cecced by micro.scop ic exminat iOn of tive·r t iu-u1, but ac-e 
-more oocmn.only bioch.em.ica l l es i ons, detected by the abnormal ~oncencration of 
one or more ch.eco.ic.a-Ls i.n body, fluids ~bloo-d or ~rin~) or titl~C--1, Jai,ndi,;;c, 1 
yel towhh piglft4:nt a.t ion of th.e skin, other ti ssues, aild body £1.uid.s , ts an 
ex.creme, re.a.dily visib l e example of " bi'och•mica1 Lesion. 

physical 
urine. 

Ne-phrotox ici ty-Ref-ers to 1;o ~ic effects on the kidney . The·y m.ay be 
Lesions or- fu.b.c tionat lesion.,, and are. detectable b}' ana l ys is of the 

Neuro toxicitY-Reie u to c ox ic ef.fects on the r,iervOus tissue, 
i ncluding ·both the centt"at nervous sys tem (-br.t{n a nd apinal c.ord) and the 
p·eriphe-ral nec-vous iyscem. Neurocoxic. ef.fec·u vary "'idely. Some are c-l!~dily 
obt e--rv,abl e, e.g~, tremocs Ctrllmbling , shiv-eri.n-g , sh4king) or convulsionll. 
Others such as •bnor.114l reflexes or ~oordi nac i on di f ficul1; ies require ttsting 
for thei( detection (e.,., in•bility co va.lk a str•igbt line or to t oucb one ' s 
finge rtip t o nose with the. eye, c losed , both elements of a " field sobd.et:, 
te.st " for the. neurotoxic e ffect., oi u:hanol). 
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APPENOIX a 

DEVEI.OPNEIIT Of SCEN·A!UOS 'fOR COHPA,RATIVY. RISK ASSESSME~T 
Qf . HAZAI\OQUS 'WASTI; IWIAC.:NfJiT 

• 
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The development 40d use of rea-lhtic -1eena:ios ea,n enhance studies of the 
potential conseqoences of alternative d-cistons and accton·s . In a t"ecenc com­
para.d.ve dsk .t.uess:nent of h.a'tatd-0us 1,,1a-tce man.a--gement sc:-4cegies•, Midw~u 
Rue.arch tnsti.tute deve t op.e.d .. nd used dee.riled scenarios in the analysis of 
.a:ttet'native ~n.agemenc .appr:0.3,ehes for selected w:utes. I The scenarios were 
i nt,ended co be a.t. repc-ieseru;adve ,u poss ible of the range of e..xist i ng prac­
cice.s involving chese wa s cu. Devetopm.e.nt of che sce.nar.ios gave mJny insights 
into th·e scenado con.scrucc-ion process. Th-is a.ppendix pre sen.ts gu idelines 
that aan be applied to t.h~ deve lopment of ,cenarios for other vastes and was~• 
ma.rt.age:.m-ent practices for comparative risk assessment,. 

Sefot'e scenarios can b.c devtloptd, ont o, n:i;ore specific ha%.a.rdous va.s-~es 
mu.tt be s-elecced for .analysis. Different s·e.l ecdo:, mechanisms and criteria 
~an be adopted, depe.nding on the goals· and ma~ageoenc plan for each study . 
W.ast•t m..ay be , elected co be repre,entati11e of 1everal. di-.,erse. £.actors, 
inc h 1dtng: source.s; q1UJ1tit i es; cherni:c:alJ phytica t, and biological proper­
d et: and wast• N.n•gernenc pi-actices, [n .some cases , h,i.gh prior ity may be 
pla~ed on selecting a 1Ja:1te th.at is re·pct$entative of a s pecific class of 
waste:,. 01." on tht a va il1ibi tit y of d•ta. ;\l te.t'1'1.4t i. ve l y, a screening process 
may be. appli•d to many o t al l Ltsced hu~-at"dous '-'&Stes to identify those. to be 
sub jected co du.ailed analyses. A Ust of cand idate hUardou:s w-astes, desi.g­
nated by _,ou,:-ce industry. pt'ocess. or oc.hec descdptors , can be screened 
acaoTding to the de1ired cr i teria, and on.e or more waste9 can then be selected 
for assessment. 

A.uW'Ding th.at the haz.ardou.·• vane has been 1elt:ct·ed. the peoceu for 
d.evetopmeot of .sceaatiot can b• des<:,rib-•d. in £iv• .'.Steps: 

l. Charaeterize exitting ~&$te SO\llttes 

2. Select ,.,a.see 4"!a.nagemen t a.leer-natives foe a-,,.atuati.on 

3. Select model ~aste source and 4ispo~al si te~ 

4. Define va1c1 generation scenaclo 

5. Define- waste di ,pos:.a: l scen,dos: 

Each of these step-s is discu.u .ed belov, and il l 1.1streted in part with 
ex.a~ples from the earlie-r study. I 

l. CllA!IAC'TnlZ.t: 6XISTINC WASTE CENEl!AnOH souacE.S 

tbit ltlp t'equires the collection, .review, and eval uation of 
on the techno•cono~ic aspect& of the wute gener4tioo $OU.Tee. 

i nfonnation 
T.his may 

Kidv«st Reie.arch Innicute, ''Comparison of Risks an.d Co-sts of Hazardou.s 
Waste Altem.ttives: Methods Oevelopnse.nt .&nd Pilot Studies," Dn£ t final 
aeport pre-par•d unde-r EPA Con.tract No. 689-0l--!,S58, Subcontract 
lfo. 130.lSS, Nover:ober 19, t984. 



inelude informat i on on: the indu.s~r-y or ocher source chat gener.1tes the 
wa.St;'tU tb.e Location$ of the so.u-rce1•; che prod.ucts and pt'oceues that y i e l d 
..,uces: the qu..ant.it:y and form of -.,aste gene-rated; and the treatment a.nd d ls­
po.s.t:L practices in use. This in.fo rmation pr ovid·es the basi,.-, fot' developing 
co,1'l'posite., model. o r repres:encaci-.,e cii~posal fac il i ties fo.c comp.ac-ative d$k 
a,susment. 

tnfof'J1'14cion for this s ·tep will be obt~ined from seveTaL SOU-rce,, includ­
i ng : EPA docum.ent-s ( e.g •• hazacdous ,..aste list -i ng doc"':neocs. 3nd any perti­
nen t indus £-ry/waste a sse,ssment r e pocu); i ndlJ.ati:'Y and tt>ade sources ( e.g •• 
delist.ing ,:equ·ests; personal contact.s); ;sn.d the publi she.d lit eratur.e (e.g .. , 
tha Kirk-Othoie-r Ene:,c l opedi.a of Chemical Tec-hnolog;y.; t rad~ a .s:soci a ti.on 
repor-c:s; t rade journ.4.l s . ~tc.). The characte~ ization should address •c t ease 
the £01lo1.1ing speci He factors. 

l. 1 Source tocat.lons 

the nwnber a:,d Loc:..adoqs of domest,ic sit.es at which the des i gna•ted waste 
iJ generated art determined first. These are often the tices for !fl&-OUfactur­
tng one C't' more prod1.tcts f ot" Yhia.h. t he w·ute is a by-produce. F"or i nduscrial 
tou:rces of the ,.,aste, c:har.1c-t erize th.e quantity of product llla,nufactured by 
lndus cry , company, and site. table 8-1 illustrates the n.a tut"e- and l evel Of 
deta il g i ven in ,1 st1.1dy o.f ca,:bon tetr:achl or-ide pt'Oduct:ion wastes. ' Note if 
th.e distribution of pla.1'1.t eapacities is fa·i.r:iy norma·l or highly skewed -•ince 
t hi s vi tl be an important considera.cton in defining a model plant. ijote also 
t he phys~a.al characttri scie-s of th• :Si tes of the s e •ources for use i n site 
,~L,~t i on for t he i:oodel tource. Reee.nt or proposed cha.ngts (e.g,, ment ioned 
in the tT"ade litl!ratul'e or othe't" lftfit°lc,.et an4lyses) of the number or l oc.ation of 
ezi,sting sites shoul d alto be consii:l,ered in te lect.i.on o·f aode l sites. 
pl'oducts, or processes. 

1.2 Source P::-oce.ues. 

Id,nti fy the proce.uu in use e c ctte sites -.,he.r.e. t he was tes are .gener­
ated. }lote the range of p~oeeu para.met:en in use. in the i ndustry and impaC:t-s: 
that th.ese may _have on gener'at i on of vaste . Ident ify point sources of -.,a.s·te 
ge.ner.at.ed or re.l eaite-d wi ch in t he m.anu.facturing process. Collect Lnfol'lnatl.on 
on the How of m.ace.r:i al, in the prda<ess and wa·stt st re.a.ms. One or more ffla.t.e­
rial..s flow diagc-ams typical of the i.nduttry pt'oces,es vill b-e use fi.11. Fi g­
"'"• 8-l iltu1crates such a diagram foT chlor-alk.ati manufacture u5 tng me~cu,:y 
c:ell electrolys i s, in which INl'Cury-conta.mi n.ated brine n:ruds ar:e the haz.a,:dous 
v•tt•e to be. disposed. ' Note a.n_y pretl'e•tmen..ts of raw iuatedlll s , unusual 
early-ttaae proces.sing st•P• or recycl iog steps that uy be u..sed by some 
industry membe~s to 1:'edu.cc or CDOdify the waste tba.t .it generated . Note also 
any repo·t'ted ~-re.nds i n th• pl'ocesu:s ~e.d by the i.nd'astr-y that coul d substal'l­
ti.ally a.ffect the quantit y or: n•tut:e of t.he waste. AU of tb..is in'formacion 
vi'll be important in defining a. aiodel. TJ&.Ste generation seenado. 

1.J W•ste Q~nti t i e..s and Composition• 

Ch4.racteriz.e the b.a.z.ardous .wast,e9. being genetr.ited at e ach kind of poi nt 
source by quantity and composit.ion. Identify the quA.Dtitie s botb in r elat ive 
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Com:pao~ 

Dow Chemical ·usA 
Pj ttsbur-g, Gal.i,focnia 

Plaque11int!. Louia,Lana 

E. J . du Pont de Neaour• 
ud Company, loc .. 

Cocpus Christi, T~~a• 

tCP Chemic.ah & Pias·tJe.fi, Inc. 
Houndsville1 Weat Vicgioi a 

Stauffer Chentical Co11pa.ny 
Le Hoyne, Ahba.11.11 

Vulcan Hatetl~la Company 
Ge i sma-r, Lou.ts iana 

Wi chit.a, Kansas 
• 

Tot•! 

TABLE B• l 

ILl,USTRATIVE ANAI.YSJS i•o IDllNTlf'Y WASTE SOURCES: 
CARBON 'fi:'i'i[)(c11LOR Inf. PRODU()TION WASTES 

1 'J83 N11meJ) late 
C:JJl3Ci Ly 1 

HT (IO~ lb) 

36,288 ( 80) 

56, )00 ( 125) 

136 , oa-o ooo l 

4-,536 ( 10) 

95,256 (210) 

40,824 ( 90)· 

27,216 ( 60) 

396,900 {87S) 

Type of Pc-ocess 
or Co1•rotJu..:1. 

Chlorin,i•Lion of 111Hl1anc ; 
petcbJoroethylCJ1c coproduct 

Chloriu.aliou of lllCLhane 

Pc rchloroethyle-ne coptoduct 

Chl or:inauon of 11elhane 

C.hlorih1aion or carbot1 J.buU1de 

ChlorilliSt:ioo of ethylene; , 
perchlbroHhytcue coprodut;L 

Chlod1HtLion of ethy l ene, 
pt:rch I oroc.L hy I enc coprodu·ct. 

Source: ·Referen~ 1 . 

• Hajor waste constituenls by type of process : 

Wa~lc: Co11 s\. i Lllt:Ul ~ 
11rnt.1i (;'t(td lu 

_ _.:;11::,0.::ll'!Y_ tu1~. 

A 

A. 

II 

~ 

C 

ll 

I} 

A. ChJot.ioation of methant: He,xac hlo roct ha-ne. he.xach.lo.c·obutaUlene, s>trchloroethylene, carhou tft_ra­
chlodde . 

8 . Chlor Lnoiysis of hydrocarbon ! ecdstoak$ t He.xachloroe t li.utc I hcxachlorobutad leoe, 1>erclt..l oroelhy l ene, 
hexach lo robenzene, carbon tetr~c h J oclde .. 

C. Chlorination of carbon disu l fide: This process would be waste- free tr J'.)r'OlH!dy 01,eraling; oLherwise , 
sulfur m.onocbloride and cotboo l t:ttticlil ori.dc wou lJ be pi;cse,1t. 

0. Cklo r I 111ttlun of clhy I ene: lle,cach Io roct,haoc, percJ1 I oroet.hy I coe, he)t.ach Io r()butadJ cnti, hexacl1 I oi:o1Jenzcoe 
1 

r11rbon t,!lr.u:l~loridi~ . 
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Weak Brine Rocyclc 

10- 20 ppm llo 

Pu,lllcollon Cl1emlcolu 
No2C03, NoOII, flhH Aid 

NaCl .. ~--'-- -- Row 
Soll Sowe• 8,lno Sot. Brl11<> Purllled M.:rcu,y Cell Produch P,oduct ,_.,.. 

Sorurolo, • I Cl Ill • I flectroly1h , ____ ...,. Purlflco1Jon 1--
pr no 01 et ur ne U I r Uni 

n h 1--- -•~ . h _., 

lniolulilu P,oclphore, f Ml1cellonoou1 
-10 ppm Ho & fl her Solid, I Mer<ury- · Recovered 

'---~-·~---' wo,101 r 
-•o ppm llo I Conlolnlno Muwr 

I , Wculcl 

I ,Cell, f'uro•, 
I 5pllh, ere,) 

f.L--- IRccycle <...----~----' ----'- 1 Dhpo1ol 
Oawalulno Sytlanu 'i:iquid-----------1 ' 
flhcr or GrovUy 
Oroln/SeUllno ,-.. Wa1le Walat l NaHS --i T reatmenl '-• Walle Water 

Brine Mud I Planl Dhch<>roe 
RCRA 1(071 I 
200ppm llo ._ ____________ Sludge, 

. · RCRA I( 106 
O.S- IS% HoS 

Dhpo,al Dhpo1al 

Source: Reference. l. 

~·Jgure Ii- I - 'ryp ica I lh°.Jut! thu.l Ocncr at· i oll :rnd 'rreaLcrie.nt Process in Chlor- Alta•l i Hatn1facLure 

Cl2 

112 
NoOII 



cem~ (e.g., tons per kiloton o f pr oduct manufactured) tnd in t bsolute terms 
(e.g •• con-s per year- at each site), because this i nfo('moci. on will be u$e£ul i n 
d1tfining a model plaot . Note both the aver4ge and the ra:nge of the amou1;1c o f 
wan·e. Identif.y the range. of vat"iati-on bo th -within and ac-t"oss site,s , if pos­
si bi.e . The va.s te must be chacact er i zed in tenns of the chemical constituent 
or prope-rtie..s that caU"ud the \ilaStf: t o be classified as tiaiardou.s. Rec:ord the 
conce~tration of the ide~t ified hazardous constituenc(s) in t he vase, and its 
properties . Record the phy.si.c:al form ,lfld properda.s o t the ~-;ute (t: .g • • 
solid, liquid, or slurry; volad,Lity),. N.ote .also o thet" c-On$titue.ncs that may 
il..ffect th!!' e.n•.,i ronmencal rele.ase., tf'ansport, Qr i,rpa.cts of the con.sd.cuenc{s) 
of primu·y concern. Char-acteriz.e bo th 4,ve:-age compo9icion .1.nd the vad.ation 
acros.s sites and pr-oc.ess var- i ables . This i nformat i on wi ll be needed in defin­
lng a model was-te. 

1.4 Wute Pretre•tment·s 

Applicabl e. p,retn~..atment pt'oces·ses nru:st be characterized. ihese processes 
can be a.n internal step in the manufacturing operation or a subsequent step i n 
p·reparatioo for tt"a..t'lsport, storag~. Or disposal. Such. pt"ocesses m.ay include 
the u~.e of addidve,. f iltC'ation, centdfu gation, gTavity se.ttll ng , e.tc. Note 
the effects that such c c-ea cn,e~ts t\ave on the ~aste quant ity. pro.perties. or 
aomposiuon. Thi.s tniortn.atlon will aho b~ useful in defining a mode l was ti,. 
that i s as representative as possib-ie o f the indu-stcy Ot' other soucc•• 

2. SELECT WASTE MAl!ACO!eITT' ALTE\INAT!VES FOR EVALUATION 

Several ,va1·te manage.menc pr act i'ce.s (or va.ri.a,t ions) generally can· be 
identifi ed for each haza.t'dou-s '-'&S te. f'eOffl thes e ·. s e1ec·t t'-'O or more: of the 
fflO·st viablt! a lternatives (thf'te to five uy bi': opdmun) for the comparative 
a.ueument. Prac t ices ~ho.1,1.ld be ldentifi.ed on the ba.•is thac indivi.dually 
they are t"eal i st ic for the subject ,.,as ces and th.at collective ly they tnc: l ude a 
substant ial range of e~is:ting or pr-op-o,,ed •pptoachet. No~ll'y al l of the 
selected d t etnatives vould meet the ~equie..e111encs o f c un·e:nc c t !Ot"thco112ing 
env i-ron.me.ntal r e.g1,1lations, although one that illus·tr.ates current practice 
provide-s • useful bas.eli.ae case for c;:omparison, even if it doe.s not meet i;;he 
scanda-rd9. 

Sel ected prac;:ice., u1u..tlly vould involve. c:hange.s in treacmen.t , storage. 
transportation, Or dit.poul cti:chnologie., , and aould . include variation in the 
pretr.ea.tment: or pC"o-c.eJt· puc:c,ic:es (e.g .. , to minimi•ze cont ,-min-ation of the 
\18.ste wit_h haz,1rdous constituenct or reduce c.he qu.antity of waste g_ener&ted). 
A partial list- of possible ·c1c.hnolog.ie.1 is shown ill Table e-2. Viable 
alcern.1.tives must be technically feasible, c;:Ompatib t e with the waste co be 
dispo.tttd., defensible under stated r-tgul a.cory asswn-ption.s, and economic.ally 
worthy of an.alysis under thos• aaswn-ptio.ns. The alternative most likely. to be 
lea• t coatl'y wbi l e meeting expecc.ed re-gul a t 'i ons should f,;,e• included if i t c.an 
be identified. Specific properci e• of t.he duiignaced vastes must b-e consid­
ered so th.at the assessment compares r-eali.sti.c 1ce.na·rios (e.g., incineration 
would pr-obably be uclud•d for-• vaste th:-ac contai ned bi&h conce.nt cations of a 
v:olatile toxic etemut ..tuch a s mercury or a Csen-Lc ). 
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TABLE 8• 2 

lLWSTRATIVE I/ASTE tlANACEMEN'r 't£CIINOLOGlh'S f'OR COlll'ARA1'1V£ RISK ASStSSIIEN1'5 ====~======~===· = - . . 

Pretre,atme'.nt. 
Landfill on-site o.r ·o.ff-:;; .. ile 
Special design landfills 
Dewa-ter waste and landfill on-s ile o, off-s·ite 
Aqueous solvent extraotion, treat11enu. o{ exLtact I aJld laodfil I. of n..o-s i duc o.n- :Htc 
St•biluatlon ind llllldfi.11 on•slle or oif-sit;; 
$ntf:ace disposal :i,11poun~1¥1e-nt on•site 
lnci'neraLi.on on-s ite, ofl-slte , or a1!:-sea 
Solvent extcac-tion 1 inci"neratiou o-f extract, and resi~ue landfill on-Sit, 
Re.eye•~ to proces_s 
Use aS Ceedst.o.ck for ni.anu..Cacturc of o t-t,e-r pr oduus 
Proce.ss change:S to alter quli lity o-r- ~uantily of -w,nitt? 

Sourc_e : Hlll. 



EJch of the select ed ~a,ce mana gemenc practices shou l d be identifi e d ~itb 
a corwen t enc. desci:-i pt.i •,e d 't le. . One of the practic.es usuall y shou l d be de-s i.g­
nated &s the ba.u.ltne. Dis posa l in a aCllA-ap.proYed landfil l may be a gene~­
ally. U$efu.l base c a se . 

l . S£!.ECT ~ODEL WASTE SOURCE AIID DISPOSAL SITES 

No-w chat the ,el ected hau.edous 1,14s ce, i ta so1.,1-rce , and selec ted 111an:age­
men.c practice, niave been tdent ified &ftd characterized. the next: seep i , to 
choose one o ·r more spe.c ific geographic sice{s) fot' ,t model sout'ce of: Tab le 8-2 
thl!' W"Utt (e .g . ,. a model plant, an a-bandaned dis·po.sa l s ite , Ot' a contaminated 
arCa ). the sel ect ed sit.e ( s ) may be chosen to reflect clo se l y t.he locations of 
one o r more ex.istin_g site.:s·. Altetnati'•1e.ly , i c might b'e chosen to be as repre­
sentative as possible of most of (or a s·ubset of) a ll t -he existing sites, or 
it may bt selected by oc_her stated crit eria.. t'or wast es t.hat are. generated 
a'.nd dispos ed at onl.y one or a few s i 111il.a.r · sites , the selected mode-l si t e can 
reflect r eality ve-ry closel y. 1n fact , many W&:Stes are kno"'° t o go to f ewe_r 
than 10 tltest -th.en a.ll. ce.-al. sites could be analy~·ed, i.f desired. The -waste-s 
th-at go c.o many s ites can be grouped sometimes in .s uch a way that only a few 
highly representa tive mode l sit es are needed.. fo r o ther wastes, howe ver, s ub­
st~ncial tit@ d iver sity e:xists ~nd t he select ion process wil l be more diffi· 
cu lt . tn genetal, chit seep vitl requ i te several action-s: 

* Identify geogr.aphic.al areas as pot ential l oca.ttons (e.g., ,tate and 
county or ci ty) f or the model production-va_tte ge,n:era tion and ctis­
posat facilities. Nor~al ly thes e vould be re pruenca•tive of t he 
industry or !IOUt"e:e , Ol' of SJpti!!elfie v1_s.~e f!l&nagement problems. 
Candidate. loca t i ons must be compati ble vil;h the waste- 11\&n.a:gernent 
practices seleczted fo-r assesS-ff'.e.n t . Different v:asc,e. m.anagement pr.ac­
cices may require different di~posal iite., (e .g., 1.tndfill ve.,:.-su$ 
incinet'ation a·t s ea) . 

Rev iew and Gharactet'laze quant i t.y 4nd quality o.f i nfo rmation 4r\d data 
available for these r~pre::senc.acive gener4l locations. Note lnfo rma­
tion and da.ta o n env:irorunen.t .al pa:ra.mete:e-s (e.g,, tempecatuce: rain­
Eal 1 ; e.vapo-ration; vi nd s pe-ed and direct i.on ( range and ~verage): 
soil and s ubsur face -sc-ructu.re and poros·ity; groundva ter depth , 
dire ction of flow, ~od. velocity of fl ow. Not.~ popul ation and Land 
use distd.bution1 (including •cological upects) at r epresentative 
genera l site.a. Identify potai.blt specific s i:c.es i n each area th.at 
are _rep-resentative of the induatt;t O'l' sourct. Compare availability 
of informat i on &nd data for a l.tema tive si t es. Sites fo'l' 'fhich 
available d-.ta are i nadequa,c.e fllaY be el ,i..mi.nated, unleu other co·n­
sidera tions &'r'e overridlng. r'ot' t1t.ucple , one may \lish not t o 
eliminate the n,ost repr-e.1.en·tacive: site. In ·such cases , spec i al 
eff ort s may be eequired t o gach•r or estimate necessary data. 

= Select ti ce(s) aceotding c:o the criteria p-reviously stat~d for the 
study. [n general, one could ••lact sit~s which best cotnbine t ep~e­
sentat iveness of the indu.stry and adequacy of data ba ses f or the 
envi ronmental tr-.n.sport and popul at ion at ri~k. 
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Develop detalhd 1.ntormat i on on th.e meceol'o Loaical and h-ydr ogeo­
l o·g i cal ccinditions at e.ach g enerat ion sitit and at sites i nvolved in 
tre.atff!ent, c r-anspO~ta tion. sta,i-age., or dispos.al a·ctivitie.s . 
Table 8-3 i Llt.r.stC'at,u tb.e kdnd of infor;tt:lcion developfl:d for a study 
of tlle dispoHL of c arbon tet:-ach l oride pc"oduction wastes. 1 

De ve lop population dit.tribution dat a and i nf o-m.ation Eoc al l de­
tected sites for .subsequent use i n devel oping det.a.i led. vasto gene·r-­
ation and d is posal ,eenacios. 

•• DEFINE WAST£ CEIIER.\TION SCENAR-I O 

B.ased on th8 infomacion ,used 010 sel e c t the b.a,z,,rdous v,u te and infor­
mation an its source in Step 1 , d·evel op a scen4 ~io fo'C' • model vasce 101Jree at 
Che s it~(s) selected above. The sae.nar-io s hou ld s p,cify the fflanufact.ut'ing 
process and production levelt (thi .s voul d noc appl y i n clean-up of an 
abandor.e-d haz:a.rdous ...,a,ce s.iuJ . An overa..ll materitl s flow. d;3grui ·shou.ld be 
prepared thac qlf4ntHie.,s tht. input s and outputs (as shown previ ously in Fig­
ure 8-1 for c.hlor-alkali tn4nufaC'ture) . Waste gener-a t ion parameters ·should be 
def;ined; they may bt: defined to be as C"epre~entat i ve a-s possibl e of the i ndus­
try (e., . , a·,.•e:-a:ge value,) ot co illustrat e specific -s i tuat ions. The quantity 
and c om:po1i.tion of the waste sh.oul:d be ,c,a t ed. Point s·ource-s o f wast e- genera­
tion vi.thin .a.n i n.du:iti-i,1-L proc:.e-t.s sliould b,e identi fied. Any pretreatments 
uu:d for t he wa-stes should be noted. 

An U lu,<r1~••• o{ ~ , g~Qg;4plli~•\ 1c, 1ing and 1p11 i•l r101a, ion1hi p1 for 
t·he va·tt e gener.ation. and dis.pOsal ~i'ce.s vill be h.etpfu! . Fi gut'e. 8-2 sho11s a 
hy_pothetical , e.tting for a model ch.lor-alitali phnt . 1 

Tht: t i me period over ..,h-icb 
u ptici t ly sta te-d for analysis .¼ 
able for most va,ce, . but longer 
a.sseuments (e.-g •• only 6 montbs 
contaminated soil ) .l 

t he. waste ts generated and dis-posed must be 
A 20 .. year generat ion period may· be re.as on­

or shorter peridds may be prefe rable in some 
vas appropr i ate for the clea.o-up of di9x in-

S. OEFINE WASTE DISPOSAL SC£NAllI6S 

B,ued on the selection of t.1asce managemen t practice, in Step 2, model 
sout'ce and dispou.L si t e s i n Step J . and the deta·iled '-'4St e ge ner.a.tton sce­
nario de.fined i.n Step 4, detailed seen.ados •~• deve·Loped for the tre*tment, 
stoi-age , transpo-rt.4.t ion , and dis-po,_.!. of t'he va s ·tes as appropc-iate for each 
altern.ative .-asce management practic:e. These scenirios must be re.alittic, 
like th.e \las.te gen,erat ion sce:na::rios, and representa.tive of existing or pro­
posed practices, so that the t'esult s of the subseque·nc assessment may be 

* A ti.me period wil.l aho have to be -selected over w-hicb poat-d.isposal 
effect s will be ana.lyze-d in the overa ll compar-aci·v~ ris k asse-ssment. 
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TABLE Jl•3 

ILLUSTRAT!Vt PHYSICAL CHARACT!:RfZATTON OF wro DISPOSAL Sl l't 
FOR C~14 PRODµC T.lQ~ IIASTES 

Pl ant Loca.tion 

Southe rn Te.xas, Brazoria County , 
northwest of Freeport, l atitude 
28°58' IJ""N; longitude 95°2:3 ' 20"W ; 
near t.be Brazos Ri ver . 

Tecrain 

Flat ij0t$t.al pl.ii.a 

Soil 

Notwood silt loam soil ; ~ ( it Loa~ 
averages 0.3: s l ope (0 to ll 
caoge); i$ well c;lrai.oed i ta·cely 
Uooded; has slow surface runo ff: 
and lllOderu.e permeability { l .S t .o 
5. l qo/ b.o) 

Sourc:e: Ada-pted Lco.m R¢Jecence 1. 

13-0 •cm ($2 in.) 

Ne_t Evapot-ra,ospir3.t..il>n 

)0 ,2 COi (~ in.. ) 

Kydro,geolo-gy 

Beneath s .urface silt .soil is the 
BeaU.11ont claY.j 53 m thick at ~he sit e; 
pe rmea-bill c.y a·sswned to be lO 7 cm/sec . 
8~-i1.ea·1:.b t he Be.t.LWOnt ctay is the uppec 
un.it of the Chicot. -.1qul fer; cons.ist.s o f 
in,terco·nnected soa.ds; thickness at the 
site t s- 14 m. Grou.ndwat.ec .it the -site 
i.5 under ,r-tesian c-onditions ; therefote . 
water level in a ~ell is 13.7 m ( 45 ft) 
be:.l ow ~atµm {ground a,utface) . 
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unbiased. and a s broadly appt icable as poss. i-ble. 
va Ste s hould be cons istent in terms oi. durati on 
q.iantities of vaste generated and disposed. 

AH scenarios for a given 
(e .g., 20 years each) and 

ln£ormat~on for the Yaste disposal scenar iOj Ny be obtained f r'lm sev~u.l 
·sou·r:ce.s, including : miotmum r e qui re.rn.ents of tx i scing t'egulacions; documenta­
tion. supplied by -.,,,uce ,our·c:e. industry; ieanufac:curers of technology in u.se or­
avai l able foe '-'ii.Ste. di sposal; hydrogeo l ogical d#tA for t'epre-Sentati.ve disposal 
sites i and eng ineerins j udgment . All p-ar-.ii:iecers of the wa.sce· disposal pr-ac­
t. ices ,houl'd be defined e..xpl ici.cty . A numbet' of such p·at"a.tnetet's for the 
landfi ll of ::arboa te·trachloride produetion waste.s are sho1.IT\ in Tt·bl e 8-4. 1 

Qua.tlt idet of chemi cals or addi tives mi,ced with the wast~ and er,.uipme.nt f or 
miiing the w•ste should be l dantifi«d. lD•ding/ unloading pract i ces, transfer 
or cr.a.nspor t i.ng equipment a t .all ,cages i, and vehicle. rou..tu .and distanC!eS 
shou ld be specified. A ~tethls now d.iag-ra.m of cha disposal process is 
helpful, and can •lso indicac• pointt of potential :•lea•e of c~ncaminants t o 
th~ anviroqme.nt. figure 8-J provides a ,.ample flov diagram f-0r carbon tetra­
c hl.ori.de pr6-duc.t ion waste dia po.u.l tn an of f-site landfill. 1 Techniqu~fs 
incorporated in eac•h alternat ive to monitor or c:ontro l losses to the env t r on­
menc should be stat ed and ch,racterized. 

aeme.d 'ial or corrective -action pl a.ne t ,e.3. 1 spill cleanup; pumping of con­
tamina.ted _groundwate r) ffl&y tie stated a s paJ"t of the dis-posal scenario, or per­
h•pt mre clul'Ly •• a sepat"ate .su.btcena'tio . Scenario~ for correcti ve action 
·m:utt be developed ~here. dee111ed appropriate fo·r e ach. 1:1a..st e roanaJeme·nt sce..nat'io. 
Corrective action scenarios may giv• partic~t,r at~ention to the rett'ieval of 
conu.m.inat.ed groundwater. a.nd ihould incl1;1de conside?'-at ion of response tc such 
problem.s as spil.ls co su-rface vater•~ ,\uunspcions aonceTI'l.ing the tempot'a.l 
atpects o [ correct i ve: act ion thould bt:- st,1ted explicitly . theu: may i nclude 
future effectiveness of l eak .deteiction, .availa,b le t echnologie:3, and ,ociecal 
requir-eme.nts. Conect .ive groundwatec- retr-iev4l action might not be compte-c,e ty 
e f fective; the ana lyi t might vith to make ~n explicit assumpt ion t~at reflect s 
t.his possibility. (An • •tumpci.On of l-00% e f.fect i veness cnay reduce esc:imaced 
adve.t"s e h.ealth tffects t o ~ero for 4l1 wast e management .alte:m,atives, and 
therefore r educt the c:o~p&srative an4lysis t o a aons i der4t ion cf coses aLone .) 
Th• utl of a range of effectiveness may alto b• con1idet'ed a s pat"t o-f t l\e: 
uncert4incy analysis. 

SUMMAS.Y AHO CO.KM£HT: The performance of valid comp&rative risk atse$s-
111ents foi:- technology-related de.ci.sions rla!quirt:s the development of rea l isti..c 
scen,rios f or &lternative. approache-s. The fiv1-1ce·p proce.ss desct"i bed above 
should be a useful approach for davelopcM:nt of 1ce.n.a:rios fo-r hazardous waste 
Nn•a~nt decision~. 

Requit"uie.nc.:, of ti.tne, effOt"t , and da~a are. tubtt&nt.ia l for development of 
the most ut eful scenarios. For many decJsion, , tim.e 3,nd resources may 
preclude 4 comprehensive a.ssessment o f a..lt1rn:acive, , or d.-:t a timi t'a t ion-s may 
limi t the cost effectiveness of highly det ai led tssessme.nts. Elements of the 
present. guidelines st ill should ht:lp in de.vetoptna ·a systematic; analys is. In 
s01De c·••••• th• appropriate deci..ston may be cle.a:r· after a leda corvprehen.sive 
••••uMnt of lu1 detailed scenarios cb,an desc-rlbed herei n. ·tn c:ates in 
which such a preliminary analysis does no't point clearly to a. dec.ition , it may 
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TAJII.£ 8-4 

fLL•.STRATIVE 0£S[Gll OF LAl!DflLL 111TH A Sll!GLE S\"NT!(ETIC LI NER 

Landfil l feat.u.-ce Oe$Crtption 

Size of landfil l 1, 742 m• by 3.7 m deep 

Cont~inment .s ystem Geotext .ile 
0.30 m sand layer 
36 mi l Hypalon l iner 
0 . 15 m sand layec 

Synthet ic l iner permeabili ty t x 10-iz cm/S~c 

"Leach.a tc co Uccti.oo :and Or-a.ioase tiles ( spaced IS . 2.5 m apart ) 
cemoval system Grav~l 

SWllp and pump 
Main pip~ 

.Leak. detec:t ion system ?foqe 

Final covec 0.61 m v.egetated l~yer 
Geo textile 

Gcou.odw&ter monit oring 

Reco,.,eey we Us 

Recovery pump\ag rates. 

Soucce: Referenc~ 1 . 

0.30 m sand la1.er 
20 mt:). synthetic liner 
0.61 m clay layer 
Slope= 3'.l: 

Tbree wel.ls IZ2 m do.,n•gradient spaced (22 m 
apa~c aod one wel l 122 m up-gradient 

ihree wells( 12.2 m dolo7ll•gr3dteot spoced 122 m 
aparc, fu lly peoetn,t i ng tbe satunc.ed· zone, 
c ased . screened t he wi dth of tl1e w~ter bear• 
in.s stratum·, and grave l packed. 

76, 379. and 757 L/isin a:ss.uro.ed for eacb well 
to determine contaminant ~ecovery effi ~ieocy 
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1,2 Ml/Dar 

fugJth,e 
fffllulon1 
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G,ovnctwo;•, 
t..oc:hote 
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• 

Source: Reft;rencc l. 

Truck I T,a~rt 

Fvgillv• 
Emiuiont 
( Neglig;bl• l 

., I londllll 

' 
100 Mllei 

t..oko9• Gtoul'ld'#Gler 
(-0,02%) L.ac-;h'oi• 

( ~ loot. l 

Fi-guc-., B- l - Pot etl L i a 1 Sbu r ces of Envi ro1u11.enta I R1.d e a.se from O I s posa l ~r 
Carbon TeLrachloride Producti on Wustes ln Oft~Site Landf i ll 



stilt idencify cleo1dy ~her-e. add-i tiond key data should be obtained for a 
subsequent det4 U.ed .tiue.unwmt, or m.ay identify key or additional decision 
factors thac tbe deeisloo maker, ~ay wish co con,ide~ tn ~eaChlng a ~onclus lon. 
Economies of scale sho~l d be reasonab l y expected ,u •ddidonaL ic:cnacics a.ce 
developed fo-r 4Uenments of a given •as.te o-r for .many cyp tc:al va-SCt!S, be:cau&e 
of the increasing data base and t xperience gained. 
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APPE'.Nl)rX C 

ECOL-OCICAL AlfD SO.CIOEOONO!IIC IMPACT ASSESS~ENT 
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Alterr:adve h.a2:,1rdou~ waste man..a·gement app.r <>acbes can h.ave nuMet"Ou$ 
and dif fering ecologieal. economic:, •nd 'Social con.sequences -that should bf! 
eva l u.aced in .a c:ompr-ehe.n.,tve !'isk auessment. the human he.alch dlS."-S v~t'e tbe 
primary c:oncer-n of the pre,ent study, and. only br ie-f attent ion cou.Ld be given 
to a r ev i ev and inc-or-po r-a t ion o,£ these o-t..he r i1t1p.ac:t s . Only • shot"t survey of 
the l iteu.cure on such .asseument was po.s.-ibl.e on our study ~nd was not 
updated during later t'evision:1 of this i:'epcnt. Hany t"eferences are noted , 
however, \illlic:h the reader m.a.y find use.fu.l .. 

The terdl " impact .u,eume.nt" covers severa.1 kinds of a.t1a1yset- "it!i 
di f f erent focal interest,. Thete a.naly1e.., gener-ally in.votva attempts to m.a~e 
fo~l and defensible appr,a,isalt of the potentia l consequences of a proposed 
project, progratn, acc:ion, or dedtio~, parc-~cularty the advet"$ll imp•ct , .. 
fami liar e.x.a.mples ioc l u.d• envi.f'Onme.ntal, socia l, economic:. eoerg.y, regulatory 
a.nd polit ic,al impact aut.s·sments . At , min.imum., potential environment.al a :ici. 
socioecondmic co-ns •ciuencet e.an be {denti£ied qual.itat.iv-ely~ ranking oc: e sdm.a­
tion of tbe p0cendal me;nhudes of adverse impact, c an be U-dtful fo r some 
decis ions. Kore detailed, q_U.tntified and! c-arefully dociJ.m..4.nted a.n.atyse, cou l d 
be -r•quired for ot'her decisions. 

Comprehe.nsi'.le as-sessmimc, of ecologica l or socioec-onomi<: impacts c an 
r-equit'e ·r-esources and effort, of ti.cnil.r Ot' gt'e&ter magnitude than needed for 
health risk estimation. F'Ot' ex.ample, a pr""ocedure deve l oped by the U.S .. Ceo·­
logiaal Survey for e.valuatin:g env i conmen.cal imp.act s of prop.osed aonstrue.t ion 
or development projtccs provided a Ntrix conta ining 8,800 e l ements that could 
be considered (USCS, l9J1). A 1ubna.ntia-L rev-iev• •nd evaluation of the Nth­
odotogies ~sed for SYCh u.aeumencs vou1d- require chapter~ compac-able in 
L.ength to th&t on hu.lth r i sk a,-1e.s1me.nEs, .and Ls beyond the scop:e: 0£ this 
s tudy. 

1. Ecolo$i.cal Jmpacc Ass essment 

The 1969 U.S. National Environmental Policy Act requic-es the pl:'ep­
aration of e.nvi.ronme.ntal imp.act statements (tlSs) on proposed governme.nt­
relat ed projects. tISs i.nit1ally tended co M t'a th.tr tl te- specific a nd 
emphasized t.he physical a.nd ecological e.nvironaiental pa-ca.meters, but h te·C" 
lncluded or gave increased attention to ,ocioeconomic impacts. tnvironmental 
impacts aue.• smeot a oov Ofce.n include for dec.i s ion option, or , 1.cernatives the 
social, economic and aesthetic impacts of tecMologies or pol t uta."cs on com­
llNJUtiet, structures, artvoi-tts , and vis..c.u. Socioecononaic -tmpaccs are di.s­
cus1ed in the oext section. 

A ~ide range of ttchnique1 •~• uaed in the det«r~in.tcion o~ esti1114-
cion of the rid.a of •nvironment·al daJUge by e.x iating o-r proposed technol­
ogies. Th&se 1H·tPod1 draw <in • sub11tantial body of' i.nfonn.a tion in the 
pbytical • biol ogl eal., toaieologi eal, chCc1Jtic.at, e.a rth, wate r ee..,ources , and 
meteorotogieal scienc,s. Sp~c.i:fic <1ppc-o•c.bes can range from counting or 
e.st imatina populations of 111·riou1 ,peciu on vu•iou.s ·ranges und·er changing 
conditions t.o •ooitoring and modeling the fate a.nd effect of p-ollut..ants and 
contaminants entaring t~e envjronment in various quantities and a t given 
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po.in cs. They can c-equit-e estim.ad.ng che b;ioa ccu.mula.tion of persiHenc chern­
i•c-,L~ in cer-ru c.d3L or aqu4..t.ic o.riani:111)• at the. bottom ot" the food c:.b.ain, and· 
estimating cl:i,e acoumu.l..1tion of long-li.v•d gases in the upper .1cmospt\ere: thac 
may a.f_fect the. earth 's i.nftu.x: of ultravioU:lt r-.idiat i on or Les ch:e!"mal bahnce. 

Asses sments of tile ec·oiogl-cd effects of pollutants dHfer in an 
important vay from assessments of their h.wnan _ health effects: in the Latter 
t ,h.~ ana.ly-st attempts to interpret data for sever, ! species in terms of che. one 
( i .e., man) while. in the former th.e analyst must e.xtr.apolate data for a few 
s;,eci.es to many (perhaps bup.dr.ed.s o-f,) specie:s. One muse . .also 11ccempt to 
eval uate the potenti.a.l synerg-ist.ic e-ffects of a. wide as·so.rtmenc of .multiple. 
insults to the envi .ronment. Delayed, pro·longed, and irreversi bl e effects po.Se 
i,_speci.ally difficult cb.alleoges. H:ence enVironmenta.L ~sse.ssments may, at. 
tt~es, require 1'.lnlc..h more data thao a health efftcts asse~~meot, yet provide an 
answer that is (DO~« tenuous or at lea~ c less quanci~acive, 

Hany type-s of iffJpacc, on nonhuman species a.re lm:portant. These' 
in.e lude disturbance:s of local eco,y,tem,, disNptions 9n a reg iona,1, , 
national, or incern.tt i ona l scAle, im,p•ct s on recreation.at. s~ort, or cormner­
cial fishing, .and d.amage.s to ,1gricultural -and forest crops. One particularly 
d·ifficult risk aues-smen.t pr:gblem is th·at. Of trying. to pl.ice values on Little­
known endangered species (e.g., the sm&L L snail d)if'ter fish. in 1'enne.sSee.). An 
even more dif{icuit ,oei,tAL probl em hes been trying to det~rmine the degree 
of technologiclll C!Onc-rol that should be sough.t when tbe ince..nsit.y of the 
effect on the non.tu.1.man population ·is quite uncert.S.in (but possibly la-r,ge), 
while t.h.e c;o,sts of imp1.e.men~ing the controls are certain..ly quite larg~. 

Methods used in speci'fic environmental impact aasessm.entt vitl 
depend on th.e tech.nologices considered and the en-vtronmenu.l values th4t may be 
threacened. Cancer (1977, 1982) , K-.1.t.e• (1978), and Whyte and Burt-on (1980) 
discussed en~ironmenta.l ris~ &tse••~•pt tn genetaL. PQrter et al. (1980) dis­
eus .ud methodologies for impact .1naLysit in genera l i.ncludilll environmental 
tropact stateme..nts,. Portctt and Rossini ( 198.0) reviei,;,ed th.e meth0dology fOr EIA 
tn the context of integ~aced impact asse..ssment. 8~rn~house et .al. (1982) and 
Barnthouse and Suter ( 1984) examined several methOdo{ogies for environroental 
t'isk a.nalyti1. Conway ( 1980) pres~ted mati,y pap~rs f ocusing on a..na l ys ia of 
enviC'onaien.cal risks of che.mic,ls. Cairns et al .• 0978) fpcused on the efhcts 
of chemic.a.ls On aq~tic life, ,,,hiLe 'Ward (19-78)' described theory a.nd methods 
for bi.ologica.l enviroa11ental i mpact as ses,ment~. Ott (1978) desc·dbe:d tbt 
theory and use of envitonmeDtal i~dice,. vhile Canter and Yfll (1979) and Rau 
and w·ootell (1980) published ha.ndb9ok..s helpful \-n -perf.orming env-i.--ronmencal 
i.m-p.1cc an.al ya~. Stit't' et .it. ( 1977), Hous.C (·1977), and many others examined 
tb.e environmental i'Atpaet of ~e·rg:y sources. EPA has ·recent.Ly publi:ih--td w1,t.e.r 
qu&~ity CJ"~teria f'or ,-qu.1,-tic Life ~EPA, 1.985). A user'• ~ual for ecol9gical 
risk au_essme.nt of synfuels teC:bnologie.t vas C'ecent-ly pUblish.ed (B1Tnthot.is~ 
aad Suter, 1986). £PA 1 

• r11:cenc gU ide c:o the risk. ti teretu.re (.EPA, 19.8?) 
contains a section on ecological risk asSe.s.smnt that lnclude-s references to 
repo-rts on met.hodolog:ies). -

For assess ment• of ha:a.rdout was·te iaan.aaement. a u'.sef'ul approach 
will Likely b.ave 5C:ep, in comion vitb. thos.e u.ed in assessing risks to human 
heal.th: (1) develop dac:a oa releate, c·ransport, and fate of chemicals 
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i 'nvolved; ('2) ident ify species and .po pul ations or ottier Values like.l;r to be a t 
risk; and '(3) usess, i mpacts on e.~posed popu~ati:ons or othe-r val ues. Thu.s 
info~cion oo t.he c-h.emicals pr"e,en't .-na released from che \la.ste and their­
gerieral physical, c.he.mieal, and bioJ.ogic;&l propert i es ll$uapy pr ovides the 
starting po.inc in both envt ronmental i nd bc.1lth e ffec t s a ssessments . 1n 10·111e 
c ases, hovever, ce-ri:a ln 'C'-Ouc.es of r ele;15e •nd t r-anSpo.r-t may be tesi kn.port.ant 
sources of- ha.rJniul ex:po·1ui-e:1 !oc- natural. popul ?,t i ons c:ban fo.r humans , e .g ., 
relaa se to de•p gtoundv1cecs . On the otaar hand, c~rtain activities may have 
subnand.al impact .on envit-orunental val ues t'hat po~e: Little, i.f a.ny , d,:1k. to 
human health, e.g . , disruption of_ b,reedling ar4!,u for a spec:iei ecol.Ogicd l y 
tsse.ntii l in t he food chai n of the ai-e:& OT: of an an eod.nge « 'd species . lfence 
infoemation about the tenut-ri.al and .aq~dc ec.ology of .s part i «;ular TS'Df' 
slce is a, essential a t i.nfottN.don ·on re:le.as-e and tr.snspo~t routes i n a c:om­
preheris i ve e:nvi ront11enu l imp.ace 

0

40essmenc. 

foput and output data from. tht rele.4se and trartspor-t modeling. runs 
of the health ri s k a.ssu•Mnt vill bt: ·Ji:milarty u.se.f u l i n the e.nvironmetltal 
asse..ss.ment . Site cha.~acte'rittics such a s top9ir.e:phy·, de·pc.tl. to g:roundwac ar, 
so il type , ve.getativ• c-over, and aitt1Ance to the ne-arest bod·y of v.acer ai-e 
ex..ai:npl ts of il".I.J?.UC t~for1Mdon th.at wilt have b~en compiled. t he t ran sport 
mode ling da t a ate then COl'Abi.necl wi th i.nfomation on t he natural populations 
preSe.r'lt and biological effects data (e.a. , fish toxicity and mammali,an, bto­
c:onc:•ncc.ad.on, btodegradad9n, and eff e.c;:.lts on mic:ro ftora and microfauna) co 
deV"elop a qualitative OT' quantl-u t ive est imate Of pi-ojeGted i111pact 1. · 

computerized models havt. bee.n developod th.at eontai.h modul e, to help 
usess chi! envicorilnental ri1lu a.uoc:i.tted. vith v&ri·ou• \l&S'te management prac­
ticu. Ont t u inpla i s tht RCllJ\ Risi< Cott Malysi, Model, aho 11:nown as <he 
vaste ... ~nvi'ronmenc-cech·no109y or ·wET mode l . This model ieparately estimates 
the risks poted by the release of waste s t rea!JI con•,citu.encs to -,.qu,tic: a nd t o 
terrestrial ecot oii~al •ystem1 (I Cf, 1984). It systematically incor~o,:ates 
aCotoitic:icy data , Q:JOS t ly obca·ined from single tpe·ct e:s tes ca, into 4 schame 
th.at provides a me.asute of adveu.e ecological .eUec:cs, !:)r' .. ecorisk." The 
effects of the h,na.rdou1 poUu.unts are scote:d a nd stated separately for 
aq'-14tic and t-erritstria-l ecosystem•• 

2. Socioeconomic: I mpacc Asse.ume.nt s 

Pot.ent i a.l iod.oecob.omic impa.c·c.~ are i rnpOr t ant cons ide rat ions i n. 
regul . .atory decision• of hazardous vute dl&nag~::nent alternative~ . !he £PA has 
lona r-ecoani.ied the oeed co analyse :Stach lt11pacts {'taylo-r, 1981.). Sodo­
economic a.spec·c.1 can include: cost s t o th• -regulated indusc·ry; eco·aomic arid 
:10~~al i mpacts 0£ tit~ tl&:a.tdou1 wane m.nagdl!flt practice:.s on t he affected 
c:olflDIIUlic;Y or region:; c o11p..ra tive r itk-co·,t-beoefit ba la.nQe of the options ; 
1009-tange cechoological outlook; pd.bl ic p.ercepcion . of the t'isks and ·regu-
1.acory opt'ions; and comparative d.i.ffic:ulcy ~n i mpl ementing. di fferent ~egu­
latory opc:ions.. Tfi.« 1ocioec:oh.01111ic l m,paccs can be as influentit.l in decis i on 
raa\ting. a.t ch,•s, a s health i:atpactt ; particularly when health r i sks ·are 
uncert.ain or itrongl.y q_u.e1tioo•d. 
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An extens ive lite'!'atu.re exist •s on. .appt'oacbes and method~ f-or a.ue.ss­
in, soc i,oeconom.ic imp.tees . These 4;ppco4ches often have featUt'88 lo cotrtnon, 
•hile having diffe~ent focal points and terminology, and many elaments of the 
methods de'l'eloped can be use ful spe•ci.fic.ally i.n haza·rdous waste decisions 
(Taylor, l98 1. ). A d~c..a.il ed .uvi ew and ev3l1.iati.on ·of" thi.s ll tei-a t\lt't: is b.iyond 
the sc.op-e of thi s repot't. but a brief overview ,.,ith reft?rene•es may be utefut 
for many r eade rs. Capsule- suprnar i.es • 'r'e g i ven belQw for t-hr ee of the beet.er 
knO~ approaches : ectinomic, .social, .and tec"'hno logy a,·susment.s , Note that 
t echnology assessment, a·s ft"equent.ly defined , i.nc:Ludes botn economic: and 
social e·ffects among otbe-r:s. Also, soc ia.l e-f'-fect s ar-e o·fce.n a second order 
effect of ec:onomlc Laipact1. Thes• intie r relatldnsh.ips should be noted . 

a . E'con.omic im0a.cts: Tvo 1ri.1jot" tfpes of economi.c an&lyses ar--e 
u.sed: cho-$e- which £ocu.. on cosu co t.!he t"tiul4ted ind\1.#try , .a.nd those looking 
brQadly at ec:onotrr1 re lated i111-pacts on socie~y. tnc:tudin.g cr.ansnadon.a l i mpacts 
where appropri ate, 

Costs to the re5u.l ated l ndu.scry - this type of an•lys i , u.su.aliy 
produces quantitative lstim;,ce, Ot tht' ·cos.c, oi a gi ven "technoLOgicaL at te"'t"na ­
t i ve t o th.at coopa.C'itons c.a.n be tn4de e-i t hecr v i t b present pra;ct.ice, or wi t h one 
Of' moee oc.he, cech.nol og\c:al a lt ernat i ve s . Typica Uy e:ngi.r:tee ring cosc-s a·re 
estim'1.ted for hci 1 ide..s and e·quipmer.ic, and for' aanual ope!"ating ·and main­
ten•nc e needs . Othe r costs often wilt be inc l uded, s.uch as expeoses i.o devel­
c,ping and submitt ing dat -a for ne""'e,n,ary pennies or for meeting !J)Onito·dng 
require.m.e~c, of a ragulat i on . 

The costs of •ltern~ci ve cechnoto1ies e~n be compared in 
several w.ay.1. A simple approad, is t o co!'l'lpa e:e total capi ca l and annual oper­
adng codes over a given period of use.. Another approach c·omJ)at'es un it cOsts . 
i .e., cbe tota l annual ope.cat iag co.st pee- annual un i t output. Stnce c·he costs 
a.t' t! incurred over tiM, ch·e pt·esenc values· of the co t,a l costs ( which t aites 
into account the ti.me value- of 11oney) can be a better bas is of comp.acisOn. 
Uncertaint ies m.a.y be reduced if the pe,riods .9f use ai-e i.dencic ... t . The compar­
ison. of the present value, of tbt 'Cot:.al cos t s •can nitl b'e mis l eading, since 
technologies have different life c:yc:,l ,u. For ex·airip le , two technologies wit.b 
identical capital a.nd ao.oual op•rating cQsts vi11 have diff,erent present 
values fo"'t" the i-r cotca if they h.av-e: d'i f'"fe r ent time patterns . The annu.al 
revenue r •q.uireme.nc also c.an be compu:ted, i.e., fuDd~ t"equired to offst:t the 
total annual. coses of the technol ogy ('including interest a.nd u x eff ec:t s-). 
The cos ts of' the ·a:lternative techn.olbgies are then compared on the bast, of 
their an.nu.al reveaue requir.e~nt s u1ing the s.ame an.nu.al race of r eturn a nd 
capltal rtec:ov.,-ry £actor for both. e.ttiinates. 

Societal ecoooatl.c i11pact, - ec:onomic costs to society of a 
pro-posed action are more difficult to quantify th.an at'e co..;ts t o t·he r e-gtJlated 
industry . &cono111ic benefits a-re at least- a.a difficult to e s t imate, but ofteo 
have been of les, con.cern t h.a..n potential economic cose s in most environment a l 
deci t i on makins, Particularly diffic~lt to e1tii:atc agrte.ablY are the i mp-Ot'­
t•nt secondar.y aqd tertiary econo11.ic be.nefics co society. 

Tvo sub•ets of societal ec:onooiic: aaalyau u·e aegulaco.ry l11pac:t 
Analysis (9.IA) and Energy I.nrpaet Attalysit. ID.te.t"ett i.n aIA.s see.nu fr-om tbt: 
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1981 Pru ide!'ttial E:xe.cutive Order 122.()1, vhich dic.ect ·s government regulatory 
agencies to pc,epate 4n RIA fqr every major r egul atory r:ule . 8 t"i e fly , the 
order requ ires that an .agency cslculate t.ht? costs and be.ne-fit:s of t"'h.• proposctd 
·re~uta t:i.oo. and compaie them: vith the coses and benefits of ocher- approaches to 
ens QC"e tj\p.t ~h,e pt'qpc;,sed appr:oach ma..xlmi ·z.ecs no~ .so.c..ia l be.ne.fi ts. Al though 
E.0. L229 l provides so~e gui dance, co~sider ab l e discussion has ensued over ho~ 
c.o ide.ntiiy and compute these cos.ts and bE!ne.fi.tt:, and pardeul.trly ove r ho.., to 
cake r i sks co hUffl4n health into a~count. Interest i n energy impac.ts developed 
because of the dramatic price c ius in oii during the 1970s whii:h ai fectfld 
bUdgets in the go,vernme.at 4ad p·dvate sector- .and ~he ll.S. l;Jalaoce of tr.ad.e . 
fn.eray i mpacts a c-e not QU-tttnt l)' a signific.a.nc h .otor i n. c b.oosing bet..,.tt1.n 
ha.::• t"dous w8ste manage.11'14!.nt alternatives, but could. be a-ga in in the future. 

'the. methods ute:d tn econorn·ic impact have been primarily those 
of cost-benef it_ analysis , ?hil t th,ose u$ed fot" eoonocnl c risk anatys i-s have 
ranged from those d1.v1l.ope-d f-or personal financia l plt11noing co corpoi:-•t:e 
ventut"e deci.sion1 , i.nve.s.tme.nt portfolio management an.d inter-nation,1 1 loan, , to 
naQe bu.t. a f ew. Hon of th.ei e method3 relY, 00 .a body of h i.~tot"ical statisc i ­
uL data. bu t of.ten use. .soci etal and t t<hno·econo11ic fo r ecas ts of trends and 
diicontinuitie-s, a nd .numer.ous speci.all'z;e.d t echniques , T.he risk ~nalys i .s 
cnechods u.sed in the .field of insunnee .are of spe.d aL interes t, since these 
must consider life, medical costs. and e.nvi conmen t al r isks. An e.xtens i ve 
l i.. terature exi s·t s o.n cost-bane.fit and co,c-ef f ect i yeness an.:i:l yse.s in a r~ s\t 
• -sse.ssment pe.rspec tive. ( Page. and Ricci, 1985 ). 

a. Social i mpact a..s,eui:ient: !Soctal i mp1,ct as s essment ( s!A) deve l­
oped by analogy ~ith e.nvicotunental i mpact a•te11.meat • nd be c.ause of the vie~ 
th.at many gov~ffltbe..nt program, .and COtl).Or.ac.e .activi t i es vere having adve.rse 
effect• on soci•,;y and the qua1ic1 of' tifue. Social ri-sk , sses.sm.ent has a l ess 
deve\.oped body of q,,uanti t ative methodo lo,gy, at this point , than economic, 
env.ironment; al, or ~ealth as,.s.essmei;i;t~. The subject area o f soc i a l i.tQpacta 
tends to be ve..ry broad: i t ra.nges from l ocal deinographics to t.he ttchno:1oc.i al 
i rifra.structure and to our. tc-aditions. I.t touche.s the fiel.ds of s-oci.ology, 
economic_s, psycholo,g,y, public hea.lth, e8ca.tion, poli t ic.al ,cit.nee. t'~Ltgion, 
and pl:i.ilo·.soph)' . l t i nvolvaes basic cultu_ral and individ..ra l question, of et.hie, 
and v alues; a given social aonseq!,le.ne:e may ~e con.sidend quite .idverse by 
some.., bu·t .strongly desi rable ~y other-'• The. detet'fflinacion of dir-ecdon an.d 
rat-e of change of the social "quali ty of l i'fe" i s at times much mcn:c di.ffic:ult 
th4ll in e.c~nomic or health ( and pe~haps in envi-ronme.ntal) areas. Ke.nee one 
ten~.s to be IIU.nb less concern..e.d vita small r l sks ln the soeiaL i mpact areas* 
t.ha.n in economics or health. Considerable inc et:e-st bu g-ro\lO. i.n re.cent year-a , 
however. to improve our Nthod.s f o r sod.~l accounting and to i dent i fy and. u,e 
a ,ec of ''soci.al in.dicato:t"1" foll' pr-ediccive and atte.$SIMDt puc-poses (Jobntton. 
1978). One of the ·simplest .and nso.sc use-fu L me•ns of visual tz.ing .a. w-ide un,ge 
of potend..al or bypothecic&l toci-al peob1em .. is thtougb the devel.opcnent of 
to~lled "liltelihood-duirability" pto-tt which a r-ray esti.m.ate.s tor the 

* However, note tb&_t vh.t,t might ._ppear £0 be 111:mal l" to ,.qci ety-ac-larae may 
appur to be important to i ndividuals or s,pecial interes~ g·roups. Det e.r­
ea.ination of de mini:m.is r isk can be quite conu·over-si.al in such. c,,es. 
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likelihood: of the. pt'0bt em occuTring against the de.s i nb ili.ty 0l" undesit'abil i cy 
of possible c onsequences, assumin& th~t the probl em did. i n f~ct , occut'. 

A 1ub:1ta.nt i al lit erature is devetoping on the pce-pata-t·ion , c:.ontent, 
and uses of Sl As. Se e -: finstetbusn a.nd Wolf .(1977 ) , Te,tet' -c1nd Myl(-es 
0981) , Soder.st_rom (19'8 1), 1.lolf 0981), and Leistritz et at.. (!982) . Ri s k 
assessment a.speects· of the cechnol ogy-:socicty int 4li:face have been discussed by 
1e:vt:C"al auth.ors in Conrad ,( L980). by ijynne 0 983 ) , a.nd by ·many othe.c-s. A 
Harris (1980) o_pinion poll o.f t otieta l perC'e ptton of U!chnolog i cal : y· t""e.late d 
risk i.s of considerable intef'e.st, u ;ace the: . studies by SloYic and co-~o.r\<.er.s 
(He f i schhof-f and r eferences t.he re i n (1981}, Ccc«.n (1980). and Ytek and 
Stallen (1980 , 1981). Lav,l.e.ss (1977) desert.bed 100 case . .s of socia.l .Shocks 
fcQID cli v·e.ne te.chnologies, including sever•l th.at in.votved ha:.ardo-us chemical s 
ot vatte,. EPA', Tecenc _guid.e to the ri,1t literature dot s no t include a sec­
tion on 1ocioeeono~ia risk assessment~ but does cont4io sect lon3 on cor.-porace 
risk auet sment and l ega l asp.~cts of f'i$-k. ,sse.s .scn~nc 1 :nanagemen.t. , and com­
municat ion (EPA, 1987). 

c. Te.chnatogy a .uess1De.nt: Tec.hnology ~ssessme.nt is • syst:e.'!'14ti c 
and l tet''a t i ve antic i·p,coey ttudy of =:he broad ca.nge Of con.seque.nces for" so­
c i ety of t echnol -og i cal change. and pf alte:rnat i ve uebnology polici es. It 
~mphasiz:es ide.ntifica..cion .tnd 1,nalysi s ot those policies tor techno l og ic a l 
development that at"e ,consistent with n.tion.tl goa.l s;r, and g i ve, pal'"tic ular 
a.tte.ntion to t hose consequences that N)' be uni n·tend1d. 1 i ndirect , or delayed. 
The ttirusc of technology assessment i :s , therefore, not exchtsivel y on techno­
logical c.omp-et.itiv~nes.s, but C'&~h.er on the cnanageiit4nt of technology in t he. 
p.ublic incerasCI by gove~nt ffld Pti.v4ce seC:tor partie.s. Technology as,sess­
ment d'tawS an f.ech.nlqut;S· and method~ Ee:om sc,'Veral research &C'eu such as 
t:echnologiaa.l and ,oci•l foC'ec-asti-fl&, '1-(!de l.ing, sy:tcein. .ina l ytis and poli cy, 
analysis , but i t i s not a sundardi..ted step-by-,cep mechodolo,g-y. Peicti ­
ti<i:ners tend to structure a oethodology appropt> i ate f or t.he pat"ticuLar tech­
nology and da t.a, base. ThJ product of a tecbnolo~y ass.essment i,s a systetfl!lt. i c 
ocgani-z:a.cion of vb.at is known (and ""h.ac ne-ed·s co be itno1J11.) about a new oir 
gr:ovi.og technology, i ts potentia l c.onseque.nces for the- envi ronment, human 
health and social institutions , and t b e probable effects o f alctrnac i ve policy 
decisions pert.a i n i ng co i c, developatenc or con'tcol. In short a "TA" i s a 
technosocial impact tt.tceuot chat 11hou.Ld secve a t a platfoct:r1 for d'Lscu.:ssion 
and dec i s ion making concerning allo.c.ati~n of rese.u·ch cesourc•s, de.velopina 
regulatory 1-trategiet or le-gislacive pol.l c ies, and sett i ng pdorit ie,. ~e 
ai,.o: lietman (1973} , Ana:ttt"OOg a.nd Haman (1977). Kard no· et al. 0978). 1.nd 
Porter et ~L. (L980). 

* A revi,eve:r b.as noted th&t vhUe national goalS &re of concern to T.A. 
distributive justice concepts are also important at international , 
?"egioo.al, .and toe~ int~rest group- levels . [ndeed, na t i onal go&.lt 4r:e 
often UL-de.fined and complu. in thei,r itltcrrel&tion,h.ip, because of 
nwnaro-u• r·ele'lant trade-off conc4!pt•• 
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