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DISCLAIMER 

Noticc: Thc Soil Screening Guidnncc is baxd on policics sct out h thc Prcunblc to thc F h l  Rule of thc Kational 

Federal Register 8666). 

Tllis y i h c c  document sets forllr recommended approaches bxcd on EFA's best thinking to datc with rcspco: to 
soil screening. Altcmtiw approaches for smcniry: my be found to bc morc approphtc ;It specific sitcs (c&, 
whcn: site circumstances do not march the undcrlging assumptions, conditions, and mod& of thc Ndancc), Tlic 
dccision whclhcr to USE M altcmtivc approach and 3 description of any such approach should k phccd in the 
Adminimtivc Rccord for thc sile. 

Oil and H,lz?rdous Substanccs Pollutjon Contingency Plan (KCP). which was published on March 8, 1990 (5s 

Thc policics set out in both the Soil Screening Guidance: Uscr's Guidc and thc supporling Sod ScmniXy 
Guidmcc: Tcchni~d Background Documcnt ;uc intcndcd solely 3s @klancc to thc U.S. Exnlronmcnlal Protcahn 

intcndcd, nor can thcy bc rclicd upon, to crcc11c an!, rights cnforccnblc by ;my in titigation with the United 
Sum govcmmcnt. EPA ofiCi;h mny decidc to follow the gukhncc provided in rhis documcnl, or to act at w k u c c  
with thc pidmce, bascd on un analysis of spccific sitc Cirmmsmccs. €PA also rcsmts thc right to c h g c  thc 
guidmnct at any time without public notice. 
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P R E F A C E  

This document providcs thc tccllnicnl bilckpound for thc dcvclopmcnt of rnctliodologics dcscnbcd in thc Soil 
Screenrnx Guiduncc: User's GUJU'C ~ ? ~ W J ~ R = ~ G I O  I Y), along witti ndditioml infomntion useful for soil scrccning, 
Togcthcr, thcsc documents dcfinc thc fnmcwork and mcthodolo@ for dntcloping Soil Scrccning Lc\vAs (SSLs) for 
clicmicals commonly found 31 Superfund sitcs, Thus docunicnt is ;u1 updalcd xrsioii of LIK buckground documcnl 
dcvclopcd in suppofi ofllic Dcccmbcr30, 1994, drdi  Soil Scrccnhg Gwdancc. T i c  mcftiodologics dcscnbcd in tliis 
documcnt and thc pidnncc Iuvc bccn reviscd in rcsponsc lo public comnicni niid cxtcnsivc pccr rcvicw. Tlic 
misions, dong with oihcr tcclinical aiulyscs conductcd io address thc cornmcnk, arc dcscnbcd ticrcin. 

Tlus background documcnl is prcscnlcd in fivc pans, P;m 1 dcscribcs thc soil scrccning proccss nnd iu application 
and implcmcntation 31 Supcrl'und siics. Prin 2 dcscribcs tlic rncthodoloby ~ s c d  to dewlop SSLs, including tlic 
assumptiom and theories uscd, Pun 3 providcs inf'onmtion on niorc dct:iilcd iriodcls tlwt m3y bc uscd IO dcvclop 
sitc-spccific SSLs. Pnn 4 nddrcsscs s:iinpliny, sclicrncs for iiicasuring soil con1:iminnni lcvcls during the soil 
scrccning proccss. Pan 5 providcs ~ccliical background 011 ttic dc~crnin;ition of chcnucal=spccific propcnics for 
calcubtin~; SSLs, 



This technical background documcnt w;15 prcparcd by Rcsamh Trianglc lnsntutc (Rrr) undct EPA Conrnct 68- 
W1-0021, Work Assignnicnt D2-24, for thc Officc of Emcrgcnq and Rcmcdinl Rcsponsc (OERR). U,S, 
Environnicnnl Protection Agcnq ( P A ) ,  13ninc Dim and Lorcn Hcnning of P A ,  ihc P A  Work Assignment 
M n ~ g c r s  for dtis d o n ,  midcd thc cffon and arc also princip:rl EPA authors of t,hc d m c n t  along \\.ith Shun Clark 
of EPA. Robcn 7'ruc.W~ is thc RTI Work Assignment Ludcr and principal RT1 author of the document. Crag 
Mnnn of'Emironmcn~al QulZity Mmgcmcnt, Inc. EQ), conductcd thc modcling cffon for Orc inhh t ion  pathwq 
and providcd backpound d o m i i o n  an th1 cffon. Dr, Zubnir Salecm of DA's OfIicc of Solid \Vmc conduclcd th= 
EPACMTP modcling cffon and pmidcd tlic discussion on the use of this modcl for gencnc DAF dnolopmcnr. 
Tlic audiors would like to thank dl EPA, State. public, and pccr rcvicivcrs whosc cxcful rcvicw and thoughtful 
comcnts  greatly convibutcd to thc quality of this document. Technical svppon for the f11131 documcnt produdon 
was providcd by Dr. Smio Sjddhnti of Boo~Allcn & Hamilton, 



Part 1: INTRODUCTION 

This document provides thc tcchnicd background for the Soil Scrccning Guidance. The Soil Scrccning 
Guidancc is a tool that thc US, Environmcnul Protcction Agcncy (EPA) dcvclopcd to  hclp 
.mdardizc and accclcmc the cvduatjon md clcmup of contaminated soils at sitcs on thc National 
Pnoritics List P'PL) with anticipmcd future residential land usc sccn&os. I This guidwcc provides P 

mcthodology for cnvironmcntal scicncc/cnghcc~ng profcssionals to  calcuhtc risk-bascd, site- 
spccific, soil scrccning lcvcls (SSLs), for contaminmu in soil that may bc used to identify ate= 
needing funhcr jnvcstigation at NPL sites. 

SSLs nrc n o t  national cleanup stnndnrds, SSLs alonc do not tnggcr the  nccd for rcsponsc 
actions or drfinc IIunacccptablc'I lcvcls of contaminants in soil, "Scrccning," for thc purposcs of tl4s 
guidancc, rcfers to thc process of idcnti6ing and dcfining arcas, conmmants ,  and conditiom at a 
particular sitc that do not rcquirc furthcr Fcdcnl attcntion. Gcncrally, at sitcs whcrc contaminant 
conccntmtions fall below SSLs, no furthcr attion or study is wtlrrantcd under the Comprchcnsivc 
Envhonmcntd Rcsponsc, Compcmation, and tiability Act (CERCLA). (Somc States havc dcvclopcd 
scrccnjng numbers or mcthodolo~cs that may bc morc .suingcnt than SSLs; thcrcforc fuithcr .study 
may bc warrrrntcd undcr Swtc program.) Whcrc contaminant conccnmtions equal or cscccd thc 
SSLs, further study or investigation, but not ncccssxrily clcmup, is ~ s ' m t c d .  

Thc Soil Scrccning Guidance provides ;I framework for scrccning contaminmcd soils that 
cncompasscs both simplc and more d d c d  approachcs for calculating site-spccific SSLs, and gcncnc 
SSLs for use whcrc site-specific d;Lt3 YC limrtcd. Thc So// Screening Guidc?ncc: Uscr's Gut& (US, 
EPA, 1996) focuses on thc application of thc simple sitc-spccific approach by providing a stcp-by- 
step mcthodolop to calculate sitc-spccific SSLs and plan the sampling ncccssary to apply them. 
This Tcchnicd Background Document describes thc dcvclopmmt and tcchnicd basis of the 
mcthodology presented in thc Uscr's Guidc, It includes dct3ilcd modcling approachcs for developing 
s c r c d n g  lcvels that m take into account morc complcs sjtc conditions than thc simple sitc- 
specific methodology emphasized in thc Uscr's Guidc, It also providcs gcncric SSLs for thc most 
common contaminants found ;It NPL sitcs, 

1.1 Background 

The Soil Scrccning Guidmcc is thc result of technical mdyscs and coordination ~4th numerous 
stakeholders, "hc cffort b c p n  in 1991 when the EPA Adminkbator c h q c d  the 0 6 c c  of Solid 
W m c  and Emcrgmcy Response (OSWER) with conducting 3 3 0 4 3 ~  mdy to outline options for 
accclcmhg the n t c  of clcvlups at NPL sitcs. Onc of thc spccific proposals of tho study was for 
OSWER 10 "cxamine thc mcms to dcvclop standards or guidclincs for conminatcd soils," Ovcr thc 
past 4 ycars, scvcnl drafts o f thc  p i d m c c  and thc accompanying technical background documcnt 
IIWC had widespread rcviews both within and outside EPA, In the Spring of 1995, find drafts wcrc 
relcascd for public commcnt md cxzernd scientific pcer rcvicw. Many rcvicwcrs' commcnts 
conmbutcd significantly to thc dcsclopmcnt of this flcxiblc lo01 that USCS site-spccific data in a 
methodology that can bc applied consistently across thc nation. 

1 ,  Note thnt the Supcrfilnd progrwn dcfmct "soil" M hiving a puniclc size undcr 2 rnillimctas, whilc thc RCR4 p r o g m  
ullows for particla under 9 mihctm in &.c. 

1 
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1.2 Purpose of SSLs 

In  idcntiwng and managing risks ;It sitcs, EPA considcrs a spectrum of c o n m i n m t  conccntntions. 
ne lcvcl of conccm assocmtcd ivith those conccnmtions dcpcnds on thc likclihood of cq~osurc to 
soil contamination at lcvcls of potcntial concern to human health or to ecological rcccptors. 
Figure 1 illustr;ltcs thc spectrum of soil contanhation encountcrcd at Superfund sitcs and the 
conccptud nngc of risk mmagcment. At one cnd m ltvcls of c o n t m h t i o n  tlmt clearly w w t  a 
rcsponsc action; at thc other cnd arc lcvcls that arc bclow rcguhtov concern. Appropriate clcvlup 
gods for a padcular sitc may fdl mpvhcrc within this m g c  depending on Site-specific condidons, 
Scrccnjng Icvcls idcnti@ the lowcr bound of the spectnun - levels beloti* which thcrc is no concern 
undcr CERCLA, providcd conditions usociatcd with thc SSLs rn met. 

No tunhor study Slto=specHic Response 
warranted undor closnup action clearly 

CERClA goal/level warrontod 

“Zero’’ Response V 6 j  high 
concentration 1OVbl Isvel concantrotlon 

Figure 1.. Concoptunl RImk Management Spectrum lor 
Conramlnated Soil 

Although thc application of SSLs during site investigations is not mmdatory 3t sites being ddrcssed 
by CERCLA or RCRA, EPA rccommcnds the use of SSIS as a tool to facilitate prompt identification 
of conminrmts and cxposurc mu of C O U C ~ ~ ,  EPA devclopcd thc Soil Screening CUichcc to bc 
consistent with and to cnhmcc thc currcnt Superfund invcsdgation process and ;mticipatcs its 
p h v y  use during the c a l y  Wges of a rcmcdial investigation (RI) at NPL sitcs. It docs not nplacc 
the Rcmcdid hvcstigauon/Fcasibilify Study (Iu/FS) or tisk 3sscssmen~ but usc of scrccnhg lcvcls wn 
focus thc R1 and risk assessment on u p c m  of the sitc that 3fc morc likely to be a concern under 
CERCU.  By scrccning out wcas of sites, potential chcmids of conccrn, or exposure pathways 
from furthcr invcstigation, site managers and t c c h n i d  cxpcrts CUI limit thc scopc of thc m e d i d  
investigation or nsk uscssmcnL SSL. C;LII s v c  ~CSOLKCCS by helping to detmn.int which m do not 
require oddjbond Fcdcd attention cu ly  in the process. Furthermore, data gathmd d e  thc soil ’ 

screening proccss can be used in Iatcr S u p c r h d  phases, sucb iu the baseline risk ;rsscssmcnS 
fc3sibiliry study, matability study, and rcmcdial design. This gwdmcc may dso bc appropriate for usc 
by the rcmovd p r o m  when dcmucation of soils above residcnrid riskabased numbers coinadcs 
with thc purposc and scope of thc rcmovd  ado^. EPA crcatcd the Soil Scrcming Cuidmce to be 
consistent with and to.enhancc current Superfund proccsses, 

7hc proccss prcscntcd in this guidmcc to dcvclop and apply simplc, site-spcdfc soil scrccning lcvcls 
is likely to bc most uscfd where i t  is difficult to dctcnnhc whcthcr arcas of soil arc contaminated to 
M mat that w ~ t s  further mvehgation or responsc (c,g.. tvhcthcr mas of soil at an NPL sitc 
rcquire f u d w  investigation undcr CERCLA through m RIFS). Thc scrc.CCning lcvcls hwc b c m  
dcvelopcd assuming future rcsidcntid land usc ~ u m p t i o n s  md rclatcd cxposm scenarios. Although 
some of thc modcls and mcthods prcscntcd in this gujdancc could bc modificd to address exposures 
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under othcr land uscs, EPA has  not yct standnrdizcd mumptions for thosc otlicr uscs, Using this 
p i d m c c  for sitcs whcrc rcsidcntinl land usc xwrnptions do not apply could rcsult in ovcrly 
conscmativc scrccning Icvcls. Howcvcr, EPA rccognizrs h a t  somc pnmcs rcsponsiblc for sitcs wit11 
non-rcsidcnti:d land usc might still bcncfit from using SSLs as 3 to01 to conduct conscn'ative initid 
scrccning, 

EPA crcarcd the Soil Scrccninl: Gurduncc: Uscr's Guidc (US. EPA, 1996) to bc c u y  to USC: ir 
provides B simplc stcp-by=stcp mcthodology for calculating SSLs that arc spccific to thc uscr's sitc. 
Applying sitc-specific scrrcning Ici*cls involvcs dcvcloping a conceptual sitc modcl (CSM), collecting 
a fcw c d y  obtaincd sitc-spccific soil parmctcrs (such u thc dry bulk dcnsity and pcrccnt soil 
moimrc). and sampling soil to mcasurc c o n m i n m t  lcvcls in surfacc and subswfacc soils, Often. 
much of thc information nccdcd to dcvclop thc CSM can be dcriscd from prcvious sitc investigations 
(c,g., the prclirninsry nsscssmcntjsitc inspcction [PA/SI]) arid, if propcrly planned, SSL sampling can 
be accomplishcd in onc mobiliation. 

SSLs c m  bc uscd as Prcliniinaq' Rcmudiation Goals (PRGs) providcd appropriate conditions xc mct 
(Le., conditions found at a spccific sitc arc similar to conditions assumcd in dc\lcloping the SSLS), 
The conccpt of calculating risk-bascd soil lcvcls for usc 3s PRGs (or "dnft" clcanup Icvcls) WY 
introduccd in the Risk Asscssmenl Guidance jor Sirpcrfund (RAGS), Volumc I ,  Hrrman Hcalth 
Evaluanon Munuat ( H E M ) ,  Purr B (US. EPA, 1991 b). PRGs arc risk-bLqcd values that providc a 
rcfcrcncc point for e.stablishing site-spccific cleanup Icvcls. Thc rnodcls, cquations. and assumptions 
prcscntcd in thc Soil Scrccnlng Guidmcc and dcscribcd hcrcin to addrcss inhn)ntlon cxposurcs 
supcrscdc thosc dcscribcd in RAGS HHEM. Pnn 13. for rcsidcntid soils, In nddition, this p id irncc  
prcscnts mcthodolopics to irddrcss thc  lcnching of cnntrlminnnts through soil to un 
underlying potnblc nquifcr, This p n t h w y  should bc nddrcsscd in rho devclopmcnt of 
PRGs. 

EPA cmphasizcs that SSLs arc not clcvrup standards. SSLs should not bc uscd as sitc-spccific clcmup 
ievcls unlcss o sitc-spccific ninc-critcrirr evaluation using SSLs LS PRGs for soils indicatcs that a 
sclcctcd rcmcdy achicving dic S S h  is protcctivc, compliant with appliwble or rctcvant md 
appropriate rcquircmcnts (ARARs), and appropriately balmccs thc otlicr critcna, including cost, 
PRGs ma!' thcn bc convcncd into find clcmup lcvcls bused on thc nincsritcria analysis dcsnbcd in 
thc National Contingcncy Plan mCP;  Scction 300.430 (3)(2)(A)). TIC dircctivc cntitlcd Xolc ofllrc 
Basclinc Rtsk Asscssmcnr in Supcrfjrnd Rcmcdy Sclccrron Dccrsrons (U.S. EPA, 199lc) discusscs thc 
modifiwtion of PRGs to gcncntc clcvlup Icvcls, 

Thc gcncric SSLs provided in Appendis A arc calculated from thc sunc cqunions used in thc simple 
sitc-spccific methodology, but we bucd on J numbcr of dcfault wsumpdons chosen to bc protcctivc 
of human hcdth for most six conditions. Gcncric SSLs can bc uscd in place of site-specific scrccnin6 
lcvcls; howcvct, thcy u c  cxpcctcd to bc gcncd ly  more conscn'ativc than she-spccific Icvcls. T h c  
sitc manager should wcjgh tlic cost of collccring thc data necessary to dcvclop sitc=spccific SSLs with 
thc potmtid for dcnving 3 higher SSL that provides M approprhtc lcvcl of protection. 

:.3 Scope of Soil Screening Guidance 

Thc Soil Scrccning Gidancc  inrorpontcs rcadily obwinablc sitc dab into simplc. mndardizcd 
cquadons to dcnvc site-specific scrccning lcvcls for sclcctcd contaminants and cxTosurc patliwq*:S, 
Key artributcs of the Soil Scrccning Cuidancc u c  givcn in H~ghlight 1, 
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Highlight 7: Key Attributes of the Sol1 Screening Guldoncc 

Standardized oquotlons ore presented to address human cxposute pathways In a rosidontlal 
settlng conslstont with Suporlund's concopt of "Rcosonnblo Maxlmum EXPOSU~O'' (RME). 
Source slzc (arm and depth) can be consldored on a sltc-speciflc basis using mnss=llmtt models. 

Parameters or0 identlflod for which site-spcclfic informotion is needed to dovolop slte-spcc#lc 
SSLS, 
Default values arc provided to cnlculoto generic SSLs where sltQ-speclflc inlormatton 1s not 
avtillablo, 
SSLs aro gonarally based on a 106 risk for mrclnogons, or a hclzord quotlonf of 1 for 
noncnrclnogans; SSLs for migration to ground wntor arc based on (in order of prcference): nonzero 
maxlmum contaminant levol goals (MCLGs), maximum contaminant IOVQ~S (MCLs), or tho 
aforomentioned rlskbbnsod targets, 

'I .3.7 Exposure Pathways. I n  a rcsidcntinl serting, potcntinl pathways of cxposurc to 
contaminants in soil arc US follows (SCC Figure 2): 

D i rcct i ngcst ion 
Inhulntion ol'volntilcs and fugitive dusts 
Ingestion of contaminated ground w m r  cnuscd by mipation of chemicals tlrmuph soil to an 

Ingestion of liomcgrown produec that hils bccn contaminntcd vin plant uptdic 
Migration of volntilcs into btrscments 

0 

. 
underlying potnblc aquifcr 

* Dermal absorption 
0 

0 

Thc Soil Scrccniny, Guidnncc addrcsscs cnch of 
thcsc pathways to thc grcutcst cxtcnt practical. 
Thc first thrcc pnthways - direct ingcstion, 
inhnlntion of volutilcs and fugitive dusts, and 
ingestion of potnblc ground water, arc the most 
common routcs of human cxposurc to 
contaminants in thc rcsidcntinl sctting. Thcsc 
pathways hnvc gcncrally ncccptcd methods, 
models, and assumptions that lend thcmsclvcs to 
a stnndordizcd npproach. Thc additional 
pnthways of exposure to soil contaminants, 
dermal nbsorption. plant upmkc, and migration 
of volatilcs into bnscmcnts, mny also contributc 
to thc risk to human licnlth from cxposure to 
spccific contaminants in a residential setting. 
This guidnncc addrcsscs thcsc pathways to a 

Also Addrooscd: 

Domal Absorption 

c 
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Thc Soil Screening Cuidiincc :iddresses the hurnnn cxposurc pnthways listcd previously 
nnd will  bc npproprintc for most rcsidcntiaf settings, Tlic prescncc of ndditionril p s t h w ~ y s  
o r  u n u s u n l  site condilions docs not prccludc the IISC of SSLs in :irc:is of thc site t h n t  urc 
current ly  rcsidentinl or likcly to  bc rcsidcntial in thc future. Howcvtr ,  t he  risks 
;issocir~ted with tlicsc iidditioniil pntliways or conditions (c& fish consumption. r;i;sing of 
livestock, licnvy truck traffic on unprived roads) should bc considcrcd in the  rcmcdinl 
invcstif:ition/fensibility study (RI/FS) t o  dctcrminc whetlicr SSLs iirc ndcquritcly 
protect ivc. 

An ecologic:il nsscssmcnt should rilso bc performcd 11s pap1 of  the RllFS t o  cv:rIii:itc potcn- 
tiirl risks to ccofoyicnl rcceptors. 

Thc Soil Screening Cuid;rncc should not bc used for nrcas wit11 rndio:icrivc contrirnin:ints, 

1.3.2 Exposure Assumptions. SSL!: arc risk-bucd concentrations dcrivcd from cquations 
combining csposurc assumptions with EPA tosicity data, T h c  modcls and ~,suinptions uscd to 
cdculatc SSLs iscrc dcvclopcd to bc consistcnt irit l i  Supcrfund's concept of "rcasonablc maxinium 
esposurc" ( W E )  in thc tcsidcntinl scrting. Thc Superfund program's method to  rstimatc thc RME 
for chronic cxposurcs on a sitc=spccifk b z i s  is to combinc an nvcrqc cqosurc point conccntntion 
with reasonably conscwativc vducs for intakc and duration in thc cxposurc calculations (US. EPA, 
1989b; US, EPA, 19910). Thc dcfault intake and duntion assumptions prcscntcd in US. EPA 
(1991n) wcrc choscn to rcprcscnt individuals living in a small town or othcr nontnnsicnt 
community, (Xxpowc to mcmbcrs of a morc tmsicnt  community is ;ssumcd to bc shoncr and thus 
mociatcd with lower risk.) Exposurc point conccnmtions arc cithcr mcnsutcd at the site ( c , ~ . ,  
ground watcr conccnmtions at a rcccptor wcl I) or cstimarcd using cxposurc modcls with sitc-specific 
modcl inputs. An avcngc conccntntion tcrm is uscd in  most xscssmcnts whcrc t h c  focus is on 
estimating long-tcrm, chronic csposurcs, Whcrc tlic potcntial for acutc toxicity is of conccrn, 
cxposurc cstimatcs bucd  on m & m m  conccntntions may bc morc appropnatc, 

Thc rcsulting site-spccific cstimmc of RME is thcn compmd with 3 clicmical-spccific toxicity 
critcnon such ;rs a rcfcrcncc dosc (FUD) or ;I rcfcrcncc conccntration (RK). EPA rccomrncnds using 
critcria from the lntcgratcd Risk Information Spstcm (IRIS) (US. EPA, 1995b) and Mcalth Effccts 
Asscssmcnt Summary Tables (EAST) (US, EPA, 1995d)' although valucs from othcr sourccs may 
bc uscd in appropriate cases, 

SSLs u c  conccnmrions of contaminants in soil that arc dcsigncd to bc protective of cxposurcs in a 
rcsidcntid scning. A sitc-spccific risk asscssmcnt is an cvaluation of thc fisk poscd by csposurc to 
site contaminants in various mcdia. To cdcularc SSLs. thc cqosurc cquatitions and pathway modcls 
arc run in TCVCIX to bnckcalculatc an "crcccptabfc lcvcl" of 3 contuninmt in soil carrcsponding to n 
spccific lcvcl of risk, 

1 .3 .3  R i s k  Level, For thc ingcstion, dcrmal, and inhalation pathways, tosicity critcria arc 
uscd to dcfinc m acccprablc lcvcl of contmjnation in soil, bascd on cr onc-in-cr-million (10.6) 
individual cxccss ca.nccr risk foT crucinogcns and P h m d  quoticnt (HQ) of 1 for non-cwcinogcns. 
SSLs arc backcalculatcd for migration to ground w t c r  pathways using ground wntcr conccntntion 
limits [nonzcro m;Luimum c o n m j n m t  lcvcl goals (MCLGs), maximum contunhunt lcvcls (MCLs), 
or hcdth-bascd limits O-IBLs) (10.6 canccr risk or a HQ of 1) whcrc MCLs arc not availabblc]. 

Thc potentid for additivc cffccts has not becn "built h" to thc SSLs through apportionmcnt. For 
wcinogcns, EPA believes that scning ;I 10-6 risk lcvcl for individud chcmicds m d  pathways will 
generally lead to cumulativc risks within thc risk rangc (10 '4  to 104) for thc combinations of 



chcmicals typically found at Superfund sites, For noncarcinogcns, additivc rislrs should bc considered 
only for thosc chcmicals with the s m c  tosic cndpoint or mechanism of action (SCC Section 2.1). 

1.3.4 SSL Model Assumptions. The modcls uscd to calculatc inhalation and migration 
to ground water SSLs \vex dcsigncd for USC at an cxly strrgc of sttc invcstigstion whcn sitc 
infomation may be limited. Bccausc of this constm.int. thcy incorporate a numbcr of simpli&ing 
wmmptions. 

The models assumc that the sowcc is infink. Although thc assumption is highly consentativc, 3 
finite sourcc modcl cannot bc applicd unlcss thcrc YC accmtc  data r c g d i n g  s o w c  size and volumc. 
EPA bclicvcs it to be unlikcly that such data will bc w d a b l c  from the lirnitcd subsurface sampling 
that is done to apply SSLs, Mowevcr, EPA also tccognirrs that infjnitc source modcls c3n violstc 
mass balmcc (ix,, can rclcasc morc cont;uninults than ;LIT prcscnt) for certain contaminmu and sitc 
conditions ( c , ~ . ,  small sourccs). To sddnss this problcm, this guidmco includes simplc modcls that 
pravidc a mass-bucd limit for thc inhalxion and migration to ground watcr SSLS (SCC Section 2.6). A 
sitc-spccific estimate of sourcc depth nnd ;ircu arc rcquired to cnlculntc SSLs using thcsc 
m odcls. 

Thc infmitc sourcc assumption l c d s  to scvcnl odicr simplifying assumptions. Fnctionstion of 
contaminant mass bcnvccn thc inhalation and migration t o  ground watcr pathwvap cannot be 
addrcsscd with infinitc sourcc modcls. For the migration to ground watcr pathway. an mfinitc source 
ovcrridcs adsorption in thc unsaturatcd tonc or in thc aquifcr. TIic modds dso assume that 
contamination is cvcnty distributed tlnoughout thc sourcc (ix,, homogeneous) and that no biologid 
or chcmiwl dcgndation occurs in thc soil or in thc aquifcr. Again, modcls wpablc of rrddrcsshg 
hctcrogcncirjes or degradation proccsscs rcqUirc collection of sitc-spccific data that is \vcU beyond thc 
scope of thc Soil Screening Guidance, 

Although thc Soil Sctceniag Guidvlcc cncouqcs the usc of site-specific dam IO a.lcul3tc SSLs, 
c ~ n s c r v ~ t i ~ e  dcfaulr p m c t c r s  arc provided for u5e whcrc sitc-specific data arc not a v d a b k .  lhcsc  
dcfaults arc dcscnbed in Part 2 of this documcnt. Appcndis A provides an c m p l c  sct of "~cnenc" 
SSLs for 110 chemicals that arc dcu la t cd  using these defaults, Bcwuse thy arc dcsigncd to bc 
protcctivc of most s i n  conditions across thc nation, thcy uc conscnpativc. 

A dcfh l t  0.5 acrc soufcc ;uca is uscd to d c u l a t c  the gcncnc SSLs. A 30 ;ICE sourcc skc was used in 
.rhc Dccmbcr 1994 guidmcc. EPA rcecivcd 3n ovtnvhclming numbcr of comrncnts dxit suggest that 
most contaminated soil sourccs addrcsscd undcr the Superfund program arc 0.5 scrcs or smdlcr. 
Bccrrusc of the Xinitl: sowcc ;~ssumption, gcncnc SSLs bucd on t 0.5 acre sourcc size can be 
prorcctivc of larger sourccs as well (SCC Appcndis A). Howcvcr, this hypothesis should bc &ed 
on a wsc-by-zasc basis bcforc applying thc gcncnc SSLs to sourccs I q c r  than O S  o m .  

7.4 Organization of the Document 

Part 2 of this document descxibcs the dcvclopmcnt of the simple cqudons  used to calculate SSLs. It 
deschbcs and supports thc assumptions bchind these cquntions and prcscnts zhc rcsults o f ~ a l y s t s  
conducted to dcvclop rhc SSL methodology. Some of  thc morc scnsitivc p m c t c r s  idcntificd 
for which shc-specific data YC likcly to h v c  D s igni f iwt  impact Default \dues arc provided dong 
with their SOUECS nnd limitations, 

P a t  2 prcscnts information on othcr, morc complcx rnodcls that can be used to calculate inhalation 
and migation to ground watcr SSLs whcn more cxtcnsivc sitc dam arc avvltilablc or wn bc obtained. 
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Some of thcsc models can consider 3 finite sourcc m d  fnctionation bchvcen exposurc pathways. 
They also can modcl more complcx sitc conditions than thc simple SSL cquations, inchdins ' 

conditions that an Icad to higher, . yct .. . still protcctivc, SSLs (cage, thick unsamntcd zones, biological 
and chcrnicd degradation, hycrcd soils). 

Part 4 providcs the technical background for thc dcvclopmcnt of thc soil sampling dcsign 
mcthodokqg for SSL application, It addrcsscs methods for surfbcc soil, including a test b s c d  on a 
m;rximum soil cornpositc sample and thc Chcn mmhod, which allows dccision crroxs to be controllcd. 
Part 4 dso provides simulation rcsults that measure the pcrformancc of thcsc rncthods and s m p l c  
sizc ublcs for diffmnt contaminant distributions and cornpositing schcmcs. Step-by-stcp guidmcc is 
providcd for dcvcloping smplc designs usins each mtiStid proccdurc. 

Part 5 describes the sclcction and dcvclopment of thc chcmical propcreics uscd to  c;llculatc SSLs, 
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Part 2: DEVELOPMENT OF PATHWAY-SPECIFIC 
SOIL SCREENING LEVELS 

This part of thc Technical Badground Document dcscnbcs thc mcthods used to d c u l a t c  SSLs for 
rcsidcntial csposurc pathways, along with thcir t c c h n i d  basis and limiutions usociatcd wvhh thcir 
use. Simplc, standardized cquadons havc bcen dcvclopcd for thrcc common csposurc pathw~ys at 
S u p c h d  sites: 

Ingestion of soil (Scction 22) 

Inhalation of volatilcs and fu i t i v t  dust (Scdon 2.4) 

lngcscion of conminatcd ground water wuscd by migration of cont3mimts through 
soil to an undcrl!ing ponblc aquifer (Section 2.5). 

Thc cquations wcrc dcvclopcd under thc following constmhts: 

* Thcy should be consistent with current Supcrfund risk xscssmcnt mcthodolo~es and 
guidance, 

To bc appropriatc for carly-swgc application, thcy should be simplc and easy to 
apply. 

* Thcy should allow thc usc of sitc-spccific data wtwc they arc rcadiIy mailable or can 
bc easily obtained. 

TYC proccss o f  dcvcloping a d  applying SSLs should gcnentc infomation that wn bc 
uscd and built upon as s sitc evdwtion pmgresscs. 

The equations for thc inhalation and migration to ground water pathways indud? easily obbncd site- 
specific input p m c t c r s .  Conscrvativc default values hwc bcen dcvclopcd for use whcrc sitc-specific 
data are not available. Ccncric SSLs, calculated for 210 chCmicals u . h g  these dcfault d u e s ,  arc 
prcsentcd in Appcndis A. Thc gaenc SSLs arc conscrvativc, since the default vducs ut designed to 
bc pmtcdvc at most sites m o s s  thc counay, 

Thc inhalation and mignuon to ground water pathway equations u m c  311 infinite source. AS 
pointed out by s e v c d  commcntcrs to  thc Dcccmber 1994 drift Soil Screening Guidmcc (US. EPA 
1994h), SSLs dcvclopcd using thcsc modcls may violntc mass-bdmcc for certain conPminmts and 
sitc conditions (c,g., small sources). To address this conccm, EPA has incorpontcd simplc mas-limit 
modcls for thcsc pathways assuming that thc cntirc volume of contamination either volatilkes or 
leaches over the dumuon of csposurc and that thc lcvcl of c o n m i n v l t  at thc rcccptor docs not 
cxcecd thc licslth-bascd'limit (Section 2.6), Brcnuse they require B sitespecific estimate of  
source depth, thcsc models cannot bc used tc cnlculatc gcncric SSLs. 

D m d  adsorption. consumpdon of gardcn vcgcubles gmnm in contamhated soil, and migration of 
volatilcs into basements also may contribute significantly to the nsli to human health from c?qosurc 
to soil contminults in  a rcsidcndd scning. Thcsc pathways hwc bccn incorpontcd into the Soil 
Scrccning Guidance to  thc gmatcst cstcnt pncfjcal. 
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Although mcthods for quantifItin& dermal cxposurcs arc available, thcir usc for a l e d a t i n g  SSLs is 
limited by thc m o u n t  of data awilablc on d c n d  absorption of spccific chcmicds (Scetion 2.3). 
Scrccning equations h3vr bccn dcvclopcd to cStimatc humm csposurc from thc u p d c  of soil 
contvninnnts by garden plnnts (Scction 2.7). As with dcmal absorption, the number of chemicals for 
which adcquatc empirical data on plant uptakc arc limitcd. An approach to addrcss migration of 
volatilcs into bascmcnts is  prcscntcd in Scction 2.8, and hintions of the approach u c  discussed, 

Scction 2.1 dcscibcs thc human hcalth basis of thc Soil Scrccning Guidance m d  provides thc human 
toxicity and hcalth bcnchrnarks ncccssm to calculatc SSLs, Tiic sclcction and dcvclopmcnt of thc 
chcmicd properties rcquircd to cdculatc SSLs arc described in Pm 5 of this documcnt. 

2.1 Human Health Basis 

Tablc 1 lists the rcgulatov and human hcdth bcnchrnarks ncccssaT t o  cnlculatc SSLs for 110 
chcmicals including: 

lngcstion SSLs: oral cnnccr s l o p  factors (SF,) and noncanccr rcfcrcncc doscs (RfDs) 

Inhalation SSLs: inhalatjon uni t  risk factors (UWs) and rcfcrcncc conccntrauons 
(RfCd 

Migration to ground w t c r  SSLs: drinking water szandrrrds (MCLGs and MCLs) and 
dinking water hcalth-bucd Ic\'cls (HBLS), 

Thc human hcalth bcnchrnarks in Tablc 1 were obuincd from IRIS (US, EPA, 199%) or FEAST 
(US, EPA, 1995d) unlcss othcnvisc indicatcd. MCLGs and MCLs wcrc obtahcd from U.S, EPA 
(1995,). Each of thcsc rcfcrcnccs is updatcd rcgularlp. Prior to c:llculnting SSLs, the v:~lucs in 
Table 1 should bc chcckcd rrpainst thc most rcccnt version of  these sourccs to cnsurc thnt 
they U r C  up-to-date. 

2.1.1 Additive Risk. For soil ingcstion and inlinlntion of volatilcs and fugitivc dusts, SSLs 
corrcspond IO 3 10.6 risk Icvcl for cucinogcns and a lizard quoticnt of 1 for noncarcinogcns, For 
cmcinogcns, EPA bclicvcs that sctting a 10.6 risk lcvcl for individual chcmicals and pathways 
gcncnlly will lcad to cumulativc risks within ttlc 10.4 to 10.6 ritngc for thc combinations o f  chcmiwls 
typicdly found at Supcrfund sitcs. 

W ~ ~ T C L S  thc carcinogenic risks of multiple chcmicds arc simply d d c d  :ogcthcr, thc issuc of additivc 
risk is much morc complex for noncarcinogcns bccausc of the  tlico? that a thrcshold csists for 
noncmccr cffcnc, This thrcshold tcvcl, bclow which advcrsc cffccts arc not rxpcctcd to occur. is thc 
basis for EPh's RAD and RfC. Since advcrsc rffccts me not cxpcctcd to occur at tllc RfD or RfC and 
thc SSLs wcre dcrivcd by sctting the potcntial C S ~ O S U T C  dosc cqud to the RfD or MC (i.c,, an 14Q 
cqud t o  I) ,  it is dificult to addrcss thc risk of cxposurc to muluplr: chcmicds at lcvcls wlicrc zhc 
individual chcmicals alonc would not be cxpcacd to cause my hmfd cffcct. Hoi\tvcr, problcms 
may arise whcn muluplc chcmicals producc rclrrtcd tosic cffccts, 

EPA bclicvcs, and t hc  Scicncc AdvisoF Board (SAB) agrccs (U.S, EPA, 1993c), that MQs should bc 
addcd only for thosc chcmicds with thc s m c  toxic cndpoint and/or mcchmisnl of action. 
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Additivity of thc SSLs for noncarcinogcnic chemicals is further compliwted by the fact that not all 
SSLs arc bascd on toxichy,. Some SSLs arc dctcrmined instead by ;I "ceiling Limit" conccnmtion (Cut) 
abavc which thcsc chemicals may occur as nonaqueous phase liquids flAPLs) in soil (see S c h o n  
2,4,4), rhercforc, thc potential for additive effects m u s  bc arcfully evaluated at cvcry sitc by 
considcring die total H u d  lndcs (HI) for chcmicds with RfDs or RfCs bued on the m c  cndpoint 
of tosicity (k,, has tlic samc critical cffcct xi dcfincd b>* thc Rcfcrcncc Dose h l c t h o d o l o ~ ) ,  
excluding chemicals tvith SSLs bucd on C,,,. Table 2 lists s e v c d  SSL chemicals with l"DslRfcs. 
grouping thosc cl icmids whose RfDs or REcs arc based on tosic effects in thc s a c  target organ or 
systcm. Wowcver. this tist is limitcd, and D toxicologist should bc consultcd prior to addrcssins 
addiuvc risks ;It a specific site, 

2.1.2 Apportionment and Fractionation. EPA also h a  evaluattcd the SSLS for 
noncarcinogcns in light of two rclatcd issucs: apportbnrncnt m d  f n c t i o m ~ o n .  Apportionment is 
typically uscd ;IS thc pcrccntagc of a rcgulatoF health-bascd lcvcl that is allocatcd to the 
sourcdpathway bcing rcgulatcd (c.g., 20 pcrccnt of the RfD for thc migration to ground water 
pathway). Apportioning nsk assumcs that the applied dosc from the sourcc, in this CUE 
contaminated soils, is only onc podon o f  thc total applied dose rcccivcd by thc rcccptor. In thc 
Superfund program, EPA has traditionall?* focused on qumtifl*ing cxposurcs to a rcccptor that m 
clcvly sitc-related ad hxi not included cxposurcs from other soulccs such 3s commercially avahblc  
houschold products or workplace esposurcs. Depending on thc llssumptions conccming othcr source 
contributions, tlpponionmcnt among patbays and' sourccs ;It 1 sitc may result in more 
conscrvntive rcgul3tory lcvcls (e.& lcvels that arc below an HQ of 1). Depcnding on sitc conditions, 
.this may bc appropnatc on a site-specific basis. 

In cont rx t  to apportionment, f rac t iona t ion  of risk may ]cad to less conscrvntive rcgulato~ 
lcvcls bccsusc it assumcs that somc fnction of tbc conurninant docs not reach the rcccptor due to 
parthh~ning into mother medium. For esmplc ,  if only one-fifth ofthc sourcc is assumed to bc 
available to the ground water pathway, and thc remining four-fifths is assumed to be rclcxcd to air 
or nmain in thc soil, an SSL for the migration to ground water pathwy could bc sa a1 fivc times thc 
HQ of 1 duc to thc decrease in cxposurc (sincc only one-fifth ofthc possible contaminant is avVaihblc 
to thc pEltbway). Howcvcr, thc data collected to apply SSLs gcncmlly will not support thc a i t c  
source models ncccsstvy for pd t ion ing  contuninants bctwccn pathways. 

2.1.3 Acute Exposures. The csposurc wumptions used to devclop SSLS are r c p n s c n c d v ~  
of s chronic cxposm sccnko and do not account for situations whcrc high.lcvcl e q o s 3 c s  may Icd 
to acute toxicity. For cxunplc, in somc w c s ,  children may ingest luge mounts of soil (c.g., 3 to 5 
grams) in a singlc cvcnt. This bchwior, knonn as p i y  may rcmlt in relatively high short-term 
cxposures t o  contaminant5 in soils, Such csposurcs may bc of concern for contvninvlts that 
primarily cshibit acute health cffcct~. Rcvicw of clinical reports on c0n-B addfisscd in this 
guidance suggests that acute effect!! of cynnidc md phenol may bc of concan in childrcn &biting 
pica behavior. If soils condning cyanide a d  phcnol arc present at a site, thr protcdvcncss of thc 
chronic ingestion SSLs for thcsc chcmicds should bc rcconsidcrcd. 

Although thc Soil Screening Guidmce instructs sitc m a q c r s  ta consider thc potential for acutc 
chposurcs on ;L site-spcufic bxis, thcrc arc W o  major irnpcdimcnts to descloping acutc SSLs. Fir% 
although data arc ~Unilablc on chronic cspomrcs (k, RIDS, F X s ,  cancer slopc factors), thcrc is a 
pauci? of cbta rclating thc potential for acutc cffccts for most Supcrfirnd chcmi&. Specif idy,  
thcrc is no scsllc to cvduatc the scvcrip of acute cffccts (c.g,, cyc irritation VS, dcrmatitis), no 
consensus on how to incorpontc the body's r c c o v q  mcchmisms  follow^ clcutc cqosurcs, md no 
toskity bcnchmuks to apply for short-term cxposurcs (c.g., a 743y IUD for a &tkd endpoint). 
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Table 2. SSL Chemicals with Noncarcinogenic Effects on Specific Target 

0 rg a n/S y stem 
9 
9 

A-I 

if 
Torget OrganlSystem Effect b 

3 

n Kldnoy 
ACQtOnQ 
1 ,I =Dichloroet hano 
Codmiurn 
Chlorobenzeno 
DI-n-ocryl phthnlote 
Endosulfan 
Ethylbanzone 
Fiuorant hone 
Nhrobenme 
Pyrone 
Toluene 
2,4,5=TrichlorophenoI 
Vlnyl ocetato 

Aconophthena 
Acetone 
Butyl bonql  phthalnte 
Chlorobenzene 

Endrin 
Flourant hens 
Nlfrobenzena 
Styrone 
Toluane 
2,4,5=TrichlorophanoI 

Butanol 
Cyanide (amenablo) 
2,4 Dirnethylphonol 
Endrln 

Mercury 
Styrone 
Xylenes 

Nltrobanzono 

Llvsr 

Dl-moctyi phthalote 

Central Ncrvouc Systcm 

2-Methylphenol 

Adrenal Clond 

Increased weight; nQphrOtOXklty 
Kidnoy domogo 
Slgnlflcont proteinuria 
Kidney eflaets 
Kldnay otfsds 
Glomerulonaphrosis 

' Kidnoy toxlclty 
Nephropathy 
Rend ond adrenal lesions 
Kldney ellects 
Chnnges in kidnay walghts 
Pathology 
Atlered kidney walght 

H opat of oxic ity 
Increased wolpht 
lncroasod liver-tonbody weight and her-to-bnln weight ratios 
Histopathology 
lncraosed waight: Increased SGOT and SGPT octlvlty 
Mlld histological ieslona In liver 
lncroased liver weight 
Lesions 
Llvcr etlects 
Changes in liver wolghta 
Pothology 

Hypoaetlvrty and Otnxlo 
WelgM loas, rnyolln degeilaralion 
Proatatration ond ottutlo 
Occaslonol convulslons 
N ou rot ox iclty 
Hond tremor, memory dlsturbancos 
Neurotoxicby 
Hyperactlvtty 

Adrenal lesions 

1.2,4.Trichlorobenzonc Increased adrenal wchhts: vaeuolkntion In cortox 
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Table 2: (continued) 

Target OrganiSvstam E t f o c t  I 

Circulatory System 
Antlmony 
Borlum 
franJ.1 ,PDichloroethens 
cis1 ,Z-Dlchloroathylene 
2,rGDlmothylphonol 
Fluorant hone 
Fluorene 
Nitrobonzone 
Styrene 
Zinc 

Barium 
Carbon dlsutllde 
P=Chlorophonol 
Mothoxychlor 
Phenol 

Rasplratory System 
1 .2*Dlchloropropane 
Hexachlorocyclopantadiena 
Methyl bromide 
Vinyl ncatate 

Castralntestlnsl System 
Haxachlorocyclopuntadiano 
Methyl bromide 

Immune Sy r t sm 
2,eDlchlorophenol 
&hlomanillna 

Aeproductlvo System 

Altcrod blood chemlstry and myocardial affects 
Increased blood prassura - 
lncreosed crlknline phosphotass levol 
Oecrbsssd hamatocttl and hamoglobln 
Altered blood chamlatry 
Hematologk changes 
Decrsosod RBC and hemoglobin 
Homatologlc changes 
Red blood cot1 atbets 
Decrease in arylhroqw suporoxlde diarnutose (ESOD) 

Fototoxlclty 
Fetal toxlchy ond mol~onnotlons 
Reproduetlve effectr 
Excesaivs loss at litfen 
Reducod total body weight in rats 

Hypetplaslo of the ntlsal mucosa 
Squamous me ta plas ia 
Leslons on tho olfactory splthellum of the nasal covlty 
Nosol eplthrlial lsslons 

Stomach lealons 
Eplthollal hypsrphaia of the lorcslomoch 

Altored Immune functlon 
. .  Nonneoplastic leslons at d a n k  capsule 

Sauce: US. EPA, 1 QQSb, US. €PA, lW5d. 

Second, thc inclusion of ncutc SSLs would rcquirC the dcvclopmcnt of acute exposure sccnahos that 
would bc ;rcccpt.ablc and appliwblc nationdty, Simply put, thc methodology aud data ncccssary 10 
address acute cmosurcs in a standard m u m  ualorous to that for chronic cmsu~"cs h v c  not btm 

Y 

2.1.4 Route-to-Route Extrapolation. For ;L number of the contaminants commonly found 
at Superfund sites, inhalation bcnchmxks for toxicity arc not avdablc from INS or HEAST (SCC 
Tablc 1). Given that many of thcsc chemicals exhibit systmic toxicity, EPA rccognizcs that the 
lack of such bcnchmuks could rcsult in an undcrcstimdon of risk from antuninulfs in soil through 
thc inhalation pathway. As pointed out by cornmcnfcrs to the Dcccmbcr 1994 drift Soil Scrccnhg 
Cuidmcc, ingcsdon SSLs tcnd to be highcr than inhalation SSLs for most volstilc chUniwls with both 
inhalation and hgcs t i on  bcnchmarks, This suggests that ingcdon SSLs may not bc adcqu;ltely 
protcctivc for inhalation cs~osurc to chemicals without inhalation benchmarks, 

L 

-0 
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Moivcvcr, with thc csccption of vinyl chloridc (which is gaseous at ambient tcmpcnrurcs). migratioti 
io ground water SSLs arc significantly lowcr than inhalation SSLs for volatile organic chcmicals (SCC 
thc gcncric SSLs prcscntcd in Appcndis A). Thus, at sitcs whcrc ground watcr is of conccrn. 
migration to ground wntcr SSLs gcncrdly will be protcctivc from tlic standpoint of inhalation risk. 
Howcver, if thc ground w t c r  pathway is no: of conccm at a sitc, thc usc of SSLs for soil ingestion 
may not bc adcquatcly protcctivc for thc idlalation pathway, 

To addrcss this concern, OEM cvaluatcd potcntial approaches for deriving inhalation bcnclunarks 
using routc-to-routc cmpolnt ion from oral benchmarks (c,g,, RfC,,l, from RfDonl). EPA cvdu;ltcd 3 - 
number of issucs concerning routc=to=routc cstrapolation, including: thc potcntid rcactivhy o f  
airborne tosicants (e,&, pond=of-en:r?, cffccts), thc pharmacokinctic bchavior of tosicants for 
diffcrcnt routcs of cxposurc ( c , ~ , ,  absorption by t i ic  gut vcrsus absorption by the lung), ;md tlic 
significancc of plrysicochcmical propcrtics in dctcrmining dosc (c.g., vapor prcssurc, solubility). 
During this proccss, OERR consultcd with staff in thc EPA Officc of Rcscxch and Dcvclopmcnt 
(Om) to  identify thc most appropriatc tcchniqucs for routc-to-route cstrapolation. Appcndis B 
dcscribcs this analysis and  its results, 

As p a n  of this analysis, inhalation bcnchmarks wcrc dcrivcd using simplc routc-to=routc 
extrapolation for 50 contaminants lacking inhalation bcnchmarks, A review of SSLs dcu la t cd  from 
rhcsc empola t cd  bcnclimarks indimzed that for 36 of rhc 50 contaminmu, inhdation SSLs cxcccd 
the soil satuntion conccntration (C,,,), often by scvcnl ordcrs of mrrgnitudc, Bccausc m;Lwmum 
volatilc cmjssions occur at C,,, (SCC S c d o n  2,4,4), thcsc 56 contaminmu we not likcly to  pose 
significant risks through thc inhalation pathway at my soil conccntntion and thc lack of' inhalation 
bcnchmarks is not likcly to undcrcstimatc risks. All of the 14 remaining contaninants with 
cmpolatcd inhalation SSLs below C,,, hsvc inhalation SSLs abovc gcncric SSLs for thc migration to 
ground watcr pathway (dilution nncnuation factor IDAm of 20). This s u g c s t s  that rnigntion to 
ground w m r  SSLs will be adcquatcly protcctivc of volatilc inhdaarion risks at sitcs whcrc ground 
w m r  is of conccrn, 

At sitcs where ground wntcr is not of concern (LE., whcrc ground watcr bcncath or adjacent to thc 
sitc is not ;1 pozmtial sourcc of drinking watcr), LIIC Appcndix B analysis suggcsts that for certain 
contaminants, ingcstion SSLs may not bc protcdvc of inhalation risks for contaminants lacking 
inhalation bcnchmarks, Thc analysis indicates that thc cxmpolatcd inhalation SSL vnlucs arc below 
SSL vducs bascd on dircct ingcsqion for thc following chcmicds: acctonc, bromodichloromcthmc, 
chlorodibromomcthmc, cis-l,2~ichlorocthylcnc, and truns-I ,2-dichlorocthylcnc. This supports thc 
possibility that thc SSLs bmcd on dircct ingcstion for thc listcd chcmicals may not bc adcqmtcly 
protcctivc of inhalation cxposurcs, Howcvcr, bccausc this yralysis is bascd on simplified rourc-to- 
routc extrapolation mcthods, 3 morc rigorous cvdulrtion of routc-to=routc extrapolation mcthods 
may bc wamntcd, cspccially at sitcs where ground watcr is not o f  concern. 

Based on thcsc rcsults, EPA rcachcd thc following conclusions rcgarding thc route-to-routc 
cxtrapolation of inhalation bcnchmarks for thc dcvelopmcnt of inhalation SSLs, first, it is 
rcrrsonablc to usumc that. for somc vofatik contaminants, thc lack of inhalation bcnchmnrks may 
undcrcstimm risks duc to  inhalation of volztilc contaminants at a sitc. Howcvtr, dic m~nalysis in 
Appcndrs B suggcsts that this issuc 1s only of concern for sitcs whcrc thc eqosurc  potcntid for thc 
inhalation pathway approaches that for ingestion of ground water or at sitcs whcrc the migntion to 
ground water pathway is not of conccm. 

Second, the cxtripolrrtcd inhalation SSL v;llucs arc not intcndcd to bc used as gcncnc SSLs for sitc 
' investigations; thc cxtrnpo1:itcd inhalation SSLs arc uscful in dctcrmining the potcnusl for 
inhalation risks but should not bc misustd as SSLs, Tkc cxunpolatcd inhalation bcnchmarks, used to 
csllculatc cxtnpolatcd inhalation SSLs, simply providc an cstimrrtc of thc air conccntntion (pg/m3) 
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required to  produce yl inhdcd dosc cquivdcnt to thc dosc rrccivcd \la oral adminimtion, ;urd lack 
thc scientific rigor rcquircd by EPA for routc-to-routc cstrapolation. Routc-to-route cstnpolation 
mctliods must account for a relationship bcnvccn physicochcmical propcrries, absorption and 
distribution of toxkcults, the signifiwncc of poml-of-cnny cffccts, and thc potential diffcrcnccs in 
metabolic pathtvays associated with the intensity and duntion of inhalation csposurcs. Howcvcr, 
mcthods required to develop suficicntly rigorous inhalation benchmarks have only rcccntty becn 
dcvclopcd by thc OW, EPA’s ORD h s  made awilablc a guidance documcnt that addresses mmy of 
thc issucs critical to thc dcvclopmcnt-of inhalation bcnchmuks, The documcnt, cntitlcd Mcthodc,/or 
Derivation of Inhalation Rcjbcncc C0nccnrranon.s and Application of Inhalation Dosimetry ( U S ,  
EPA, 1994d), prcscnts mcthods for applying inhalation d o s i m e p  to derive inhalation rcfcrcncc 
conccntntions and rcprcscnts the current mtesf-the-science at EPA with rcspect IO inhalation 
benchmark dcvcloprncnt. Thc fundamentals of id~dztion d o s i m c q  YC prcscntcd with respect to 
tlic tosicokinctic bchavior of contaminants and the physicochemical properties -of chemical 
contaminants. 

Thus, at sitcs whcrc thc migration to ground wvatcr pathway is not of conccm and a sitc mulagcr 
dctcrmincs that thc inlidation pa thwq~ may be significant for contarninants lacking inhalation 
benchmarks, route-to-route cmpolation ma>* bc pcrf‘omcd using EPA-approvcd nictbods on a 
casc-by-cxc basis. Chmid-spec i f ic  routc-to-route cxmpolations should bc accompanjcd by 3 
complctc discussion of thc d;tta, undetl!*inl; ;Lssumptions, and unccmintits  identified in the 
cxtnpolation proccss. E.utrapolation methods should bc consistent ~4th the EPA guiducc prcscntrd 
in Mctltods /or Dcnvation of Initalarion Rcfcrcncc Conccntrations and Applications of Inhalation 
Dosjmctq ( U S  EPA, 1904d). If a route-to-routc cxTtapolation is found nor ta bc approprhrr based 
on thc OW guidance, thc information on extrapolated SSLs may be includcd as pm of the 
uncchnty andysis of thc bwclinc risk assessment for the sitc. 

2.2 Direct Ingestion 

Calculation of SSLs for dircct ingestion of soil is based on thc mcthodology prcscntcd for mident id  
land usc in RAGS “ E M ,  P a  B (US. EPA, 1991b). Briefly, this methodology backcalculates 3 soil 
concentration lcvcl from a =get risk (for carcinogens) or hazard quotient (for noncarcinogcns). A 
number of studics have shown that inadvcncnt ingcstion of soil is common among children 6 y c m  
old and younger (Calabrcse ct d., 1989; Davis ct d,, 1990; Van Wijncn ct ai,, 1990), Thcrcforc, tbc 
approach uscs an age-adjusted soil ingestion factor that d e s  into account the difference in daily soil 
ingcdon ntes, body weights, and csposurc duntion for children from 1 to 6 !~csrs old md othcrs 
from 7 to 21 y c m  old, Ihc highcr intake n t c  of soil by childrcn and thcir lowcr body weights Id to 
a tower. or morc conscrvativc, nsk-bucd conccntntion compared t o  an sdultlonly assumption. 
RAGS KHEM, Part B uses this age-adjuStcd nppronch for both nonminogrns  and carcinogens. 

For noncarcinogcns, thc definition of an Rfl> has led to dcbatcs concerning the comparison of lcss- 
than-lifctimc cstimatcs of csposurc to thc RfD, Specifically, it is often askcd whether the 
comparison of P &ycm cqosurc, cstimatcd for children via soil ingestion, to  thc chronic RfD is 
unnccessarily consendvc .  

In thcir andysis of thc issue, thc SAB indicates thag for most chcmicds, thc approach of combining 
thc highcr 6-year exposure for childrcn tvith chronic t o d a t y  criteria is ovcrly protchvc (US, EPA, 
1993~) .  Nowcvcr, they noted that thcrc arc i n m c c s  when thc chronic IUD mq’ bc based on 
endpoints of toxicity tha~  arc spccific to children (e,g,, fluondc and nimtcs) or when the dosc- 
rcsponsc curvc is steep &e,, the dosage diffcrcncc between the no-obscrvcd-advcrsczffccts level 
WOAEL] and w adverse cffccts lcvcl is small), ~Ius, for thc purposcs of screening. OERR optcd to 
brrsc thc gcncrk S S k  for nonc;lrcinogcnic cont;unin;mts on thc morc conscrv~uvc “childhood only” 



exposure (Equation 1). Thc issuc of whcthcr to mainwin this morc conscrvotivc approach 
throughout zhc basclinc risk ;Lsscssmtnt and establishing rtmcdiation goals will dcpcnd on how zhc 
toxicofog~ of rhc chcmical relates to the issucs niscd by rhc SAB, 

Screening Lavol Equotlon lor Ingostion of Noncarcinogenic Contamlnants in 
Residontial Soil 
(Sourcc: RAGS "EM, Part B; U.S, EPA, 1991b) 

' Pnramctor/Doflnltlon (units) 
'IWQhorgot hoard  quotient (unilioss) 
BWlbody weight (kg) 
Al'lnvoraging time (yr) 
RfDo/ornl roloronco dose (mglkgd) 
EFloxposure troquoncy (dlyr) 

TMQ x BW x AT x 365dlyr  
IIRID, x 1 0 ' 6 k g / m g x E F x E D x 1 R  

(1) Screening Lcvcl (q /kg) = 

Dofau I t 
1 

15 
6 r  

chomical=spvcifle 
350 

EDlexposuro duration (yr) 
iWsoil ingestion mto (rngld) 

6 
200 

~~ 

For noncarcinogen% averaging tlme is equal to exposuro durndon. 
Unliko RAGS "EM, Pan 8, SSLs aro calculated only lor O-yoar 
childhood exposure. 

For ci-ucinogcns, both thc rnagnitudc and duration of cxposurc arc importult. Duntion is Critical 
bccausc thc toxiciry critcrh arc based on "l~fCtimc m c q c  d d y  dose.'' Thcreforc, the total dosc 
rcccived, whcthcr it bc ovcr 5 ycars or 50 ycm,  is avcngcd ovcr ii lifcrimc of 70 ycus. To bc 
protective of cx~osurcs to arrinogcns in thc residential setting, RAGS " E M ,  Part B (U.S, EPA, 
1991b) and EPA focus on cxposurcs to individuals who may livc in thc s m c  rcsidcncc for a "high- 
cnd" period of time (c,g., 30 yem). As mcntiancd above, exposure to soil is higher during childhood 
and decrcscs whh ngc. Thus, Equation 2 uses the RAGS "EM, P u t  B bmc-weighted avenge soil 
ingcstjon m c  for children and adults; the derivation of this factor is shown in Equation 3, 

Screenlng Level Equntton for Ingestion of Carcinogenic Contaminants In Resldontlal 
Sol1 
(Source: RAGS " E M ,  Part 8; W,S. EPA, 1991b) 

TR x AT x S 6 5 d / y r  
Screening Lcvel (mg / kg) 

SF, x @/mg x EF x IF,o,,,hd, 
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Equatlon 

Parameterlbefinltlon (unlts) 
TWtergat cancor risk (unitloss) 
ATlnvomging time (yr) 
SF, /oral slops fnctor (mg/kgd)-l 
EFhxposure frequency (Wr) 
IFsoiVndl /aga-odjustad soil ingestion fodor (mg-ydkgd) 

Default 
7 04 
70 

chomicnl=spccific 
350 
114 

for Age-Adjusted Sol1 Ingestion Factor, IFmoll/.dj 

Pa ram eter/Defl n i tlo n (un 1 ts) ! Default 
IF,jv,dl /ago-odjusted soil ingestion factor (mg-yr/kgd) 
IR,~~,pla Angostion mle of soil age 1.6 (mgld) 
ED,p~~/oxpasuro durntion during ages 1-6 (yr) 
IRloiuog.7~1 Angastion mto of soil age i=31 (rngd) 
EDaP;rd1 /expasure duration during ages 7.31 (yr) 
BWa,,l~/avornga body weight from ngos 7 - 6  (kg) 

774 
200 
6 

7 00 
24 
15 - 

BWW.7al /average body waight from oges 7-31 (kg) I 70 
Source: RAGS "EM, Part t3 (U.S, EPA, 1991b). 

(3) 

Bcausc of the impndubility of developing site-spccific input p m c c r s .  (c.B., soil ingestion rates, 
diemid-specific bioavdability) for dircct soil ingcstion, SSLs arc calculated using &c defaults listed 
in Equations 1.2. and 3. Appendix A lists thcsc generic SSIS for dircct ingation of soil. 

2.3 Dermal Absorption 

lncorpontion of dcrmd cxposures into the Soil Screening Guidance is limitcd by the mount of data 
waihblc ta quvltify dcrmd absorption from soil for specific chcmicds. EPA's ORD cvduatcd the 
waihblc dam on absorption of chemicals from soil in thc document Dcrmul Exposure Asscssmcnr: 
Principles and Applicarions (U.S,  EPA, 1992b). This document dso prcscnts wlculz~ons compar5.q 
thc potential dose of o chemical in soil from od roues with that h m  d c d  routcs of cspsure. 

These calculations suggest that, assuming 100 percent absorption of a chcrnid Via ingestion, 
absorption via the dcnnd mutc must bc greater than 10 percent to equal or exceed thc hgcsdon 
cxposurc. Of the 110 compounds evduatcd, av$lablc d m  arc adcquatc to show grcatcr than 10 
percent dcrmd absorption only for pentachlorophenol (Wcstcr et d,, 199;). Thtrtforc, thc 
ingcstion SSL for pcnt3chloropbcnol is adjusted to account for this additional cxposurc (i.c,, thc 
incestion SSL has bccn divided in half to account for incrcascd cmosurc via thc dermal routc), 

, 

" - - -  - - -  

Limited data suggest that d e n d  absorption of other scmivol~nlc organic chcmicds <c.g., 
bcnzo(a)pyrcnc) from soil may cxcccd 10 pcrccnr (wcstcr ct alas 1990) but EPA believes that 
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further invcstigation is nccdcd. As adcquatc dcmd absorption data arc dcvclopcd for such chcmicsls 
the ingcstion SSLs map nced to bc adjusted. EPA will provide updates on this issuc as appropriate. 

2.4 Inhalation of Volatiles and Fugitive Dusts 

EPA toxicity data indicatc that risks from csposurc to somc chcmicds via inhalation far outwigh 
the risks via ingcstion; thcrcforc, thc SSLs h r . ~  bccn dcsigncd to address this p a h n y  as well. Tltc 
modcls and assumptions used t o  calculate SSLs for inhalation of volatilcs arc updam of risk 
usessmcnt mcthods prcscntcd in KAGS HI4EM. Pm B (U,S, EPA, 1991b), RAGS WEM, Part B 
cvduated the contribution to risk from thc inhalation and ingcstion pathways simultsncously. 
Bccausc tosicin critcrh for om1 cxposurcs arc prcscntcd as administcrcd doscs (in mgkg-d) and 
cnrcris for inhalation cxposurcs arc prcscntcd as conccntnticns in air (in pFjrn”, convcrsion of air 
concentrations was rcquircd to estimate an administcrcd dosc compmblc to tlic on1 route. Mowcvcr, 
EPA’s ORD now bclicvcs that, due IO pod-of-cntn, cffccts and diffcrcnccs in absorption in the gut 
vcrsus rhc lungs, die convcrsion from concentration in air to intcrnsl dosc is not alw3ys appropriate 
and suggests cvduatting thcsc cxposurc ~OU:CS stpantcly. 

Thc modcls and assumptions uscd to calcula~c SSLs for the inhalation p z t h w q  arc presented in 
Equations 4 through 12. along whh tllc default paramctcr vducs uscd to cdculatc the gcncric SSLs 
prcscntcd in Appendix A. Pnrticular attention is givcn 20 tlic vdati l i7~tion factor (VF), satuntion 
limit (C,,J, and thc dispcrsion ponion ofthc VF and partkulatc cmission factor (PEn equations, all 
of which havc bccn rcvjscd sincc originally prcscntcd in RAGS I-II-IEM, Part B.  Tic available 
chcnicd-spccific human hcnlth bcnchmarks uscd in thcsc equations NC prcscntcd in Section 2.1. 
Part 5 prescnts the chcrnical propcrtics requircd by thcsc equations, don& with thc rationale for thcir 
sclcction and dcvcloprncnt. 

2.4.1 Screening Level Equations for Direct Inhalation. Equations 4 and 5 arc 
uscd to  cslculntc SSLs for thc inhdation of arcinogcnic and noncarcinogcnic contaminmts, 
rcspcctivcly. Each cquation ;iddrcsscs volatilc compounds and fugitive dusts scpmtcll: for dcvclopjng 
scrccning lcvcls bnscd on inhalation risk for subsurface soils and surfacc soils. 

Scparatc VF-bscd and PEF-bascd equations w r c  dcvelopcd brcausc thc SSL sampling stntcgy 
addrcsses surf‘ace and subsurf‘acc soils scpmtcly.  ldidntion rkk  from fugitivc dusts rcsulu from 
particlc cntminmcnt from the soil mrfacc; thus contaminant conccnmarions in thc surf‘acc soil 
horizon (C,E*, thc top 2 ccntimctcrs) arc of primaq conccrn for this p;lthway. Thc cntirc column of 
contaminucd soil can contributc to volatile cmissions at a site, Wowcvcr, t h e  top 2 ccnumctcrs arc 
likely to be dcplctcd of volatile conuminants at m o s  sitcs. Thus, contaminant conccntntions in 
subsurhcc soils. which arc measured using corc smplcs,  YC of p r i m q  conccm for quantifying thc 
risk from volatile emissions, 
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Screening Lovol Equation for inhalation of Carcinogenic Contaminants in Rosidontial 
Soil 

Volatilc Screening Level TR x AT x 3 6 5 d l v r  

URI: x 1*000pg/mg x EF x ED x [+I 
Pnrticulatc Scrccning Level D TR x AT x 365dIvr  

(W/W URI: x 1,000p~lmg x EF x ED x 

(4) 

~~ ~~ 

Pa rame terlDef 1 n I ti on (u n I t s )  Default 
TWtorgot ancer risk (unities) 104 
ATavomging timo (yr) 70 
URFlinhalntion unit risk factor (pg/rnJ)-I chemical-specific 
EFlexposurc frequency (dyr) 350 
ED/oxposuro duntion (yr) 30 
VFlsoilbair volotilbntion foctor (dkg) chomiml-apocific 
PEF/particulato emission factor (rnWp) 
Source: RAGS "EM, Pall B (US, EPA 1991 b), 

1.32 x 100 

Screonlng Level Equation for Inhalation of Noncarcinogenic Contaminants In 
Rosldontfol Soft 

Volatidlc Scrccninp Lcvcl THQ x AT x 365d/vr  
I 
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ParornetorlDof in1 t Ion (un Its) 
~~ 

THQOnrget hozord quotient (unitless) 
AThveraging timc (yr) 
EFlcxposu ro t roqucncy (dly r) 
EDlexposure duration (yr) 
RfClinhnlation reference concentration (mglma) 

Dofnult 
1 
30 
350 
30 

chemical-specific 
VF/soil-to-nir volatitizalion factor (m3lkg) 
PEFlparticuhto omission fador (m3/kq) (Equation 101 

chemiml-specific 
1.32 X 100 

To calculstc inhalation SSLs, thc volatilization factor and particulate cniission factor must bc 
calculated. The dcrivations of VF and PEF have bccn updatcd since RAGS “ E M ,  Part B IVLF 

publishcd and YE discusscd fully in Scctions 2.4.2 and 2.4.5, rcspcctivcly. Thc VF and PEF cquauons 
can bc brokcn into w o  scparate modcls: modcls to cstimatc thc cmissions of volatilcs and dusts, and 
3 dispersion rnodcl (rcduccd to the tcrm Q/C)  that simulatcs thc dispcrsion of contaminants in t l ~ c  
atmosph cr c . 
2.4.2 Volatilization Factor. Tfic soil-to-air VF is used t o  dcfinc thc xlationship Scnvccn dic 
conccntration of tbc contaminant in soil and the f lus of t l ic  volatilizcd contaminant to air. VF is 
cdculxcd from Equation 6 using chemical-vccific propcrtics (SCC Pcut 5 )  and either sitc-rncmrcd or 
dcfault valucs for soil moisturc, dry bulk dcnsirl;, tmd fraction of OTpniC carbon in soil. Thc Uscr’s 
Guide (US. EPA, 1996) dcscribcs how to dcvclop sitc rncmrcd valucs for thcsc panmcters. 

Dorlvatlon. of Volotllizatlon Fnctot 

(3.14 x D, x T)”’ 
VF(m3/kg) = Q / C  x x ~~“(m‘ /an‘ )  

(2 X P ,  y D,> 

where 

[(Bf0’’DD, H’ + €3’“’ W D W )/n2] 
D* am 
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Paramctcr/Dcflnltion funits) I Dctnult 
I VF/volatlllzatlon tnctor (dkg) I 

DA lapparent dltf usivity (cmVs) 
Q/C/invorso of the moan conc. at contar of 

Voxposuro lntorvnl (s) 
pddry soil bulk donslty (g/cm3) 

squoro source (g/m% pcr kglm3) 

B,/PIdlllod Soil pot~slty (4lr/&lf) 
nhotal soll poroslty (LpO,e/L&l) 

9,,,Jwntorfllled soil poroslty (Lato&,,ll) 

ps /sol1 partlclo denslty (g/cm3) 
Dl /dltlusivlty In air (emVs) 
H'/dtmansionloss Honry's low constant 
Ow ldlffuslvlty In wotor (cmVs) 
&/soll-water partltlon coetflclont (cm3lg) m & 1, 
&/soil organlc carbon.wntor partitton coaHlcfont (cm3/g) 
&/organic carbon contont of soll (g/g) 

- 
68,81 

9.5 x 108 
1 .s 
0.28 
0.43 
0.7 5 
2.65 
chomlcel-spcclf ic 
chomlal-speclllc 
chomlcal-speclfic 
chomlcaf-speclllc 
chomlcal=speclflc 
0.006 (0.6%) 

SQurec 
I 

I 

Tablo 3 (for 0Sacre source 
In Los AngeIQS, CA) 
U S  €PA (1 991 b) 
US, EPA (1991b) 

n=% 
1 -WPd 
€0, 1990 

U S .  EPA (1991 b) 
so0 Part 5 
s0e Part 5 
see Par: 5 

see Per: 5 
soe Part 5 
Carsel et ai, (1 988) 

The VF equation prcsentcd in Equation 6 is based on tlic volatilization modcl dcvclopcd by Jury et PI, 
(1984) for infinitc sourccs and is thcorcticaily consistent with the J u p  ct PI, (1990) finitc sourcc 
volatilization modcl (see Scction 3.1). This equation rcprescnts a changc in thc fundamcnul 
volotiliztltion modcl used ro dcrivc the VF cquntjon uscd in RAGS " E M ,  Part B und in the 
Dcccmbcr 1994 draft Soil Scrccning Guidmcc (U.S. EPG 199411). 

The VF equation prcscntcd in RAGS MIEM, P3rt B is based on the volatilization modcl dcvelopcd by 
Mwang and Falco (1986) for dry soils. During thc rccvaluation of RAGS WHEM, Part B, EPA 
sponsorcd a study (scc the Dcccmbcr 1994 draft Technical Background Documcnt, U.S. EPA, 1994;) 
to validntc thc VF cquntion by comparing tlic modcled rcsults with darn from (1) n bcnch-scale 
pcstkide study (Farmer nnd Lctey, 1974) and (2) n pilot-scale study mcnsuring thc mtc of loss of 
bcnzcnc, roluenc. xylcncs, and cthylbcnzcnc from soils using M isolation flux chnmber (Rndian, 
19S9). Thc results of thc study vcrificd the nccd to modify thc VF equntion in Part B to takc into 
account tlic dccrensc in thc rate of flus duc to thc effect of soil moisture contcnt on effective 
diffusivity (Dei). 

In the Dcccmbcr 1994 vcrsion of this background document (US. EPA. 194) .  thc Mwvlg and Fdco 
modd \vas modificd to uccount for the influcncc of soil moisturc on thc cffectivc diffusivity using the 
Millington and Quirk (1961) equation. Howcvcr, inconsistcncics wcre discovcrcd in thc modified 
Hwnng nnd Fnlco equations, Additionally, cvcn a correctly modified Ihnng und Falco model docs nor 
consider thc inffucnce of the liquid phase OR the locnl equilibrium pnrtitioning. Conscquently, EPA 
cvaluatcd thc Jury modcl for its ability to predict cmissions mcnsurcd in pilot-sale volatilizntion 
studies (Appendix C; EQ, 1995). The infinite source Jury modcl emission rntc predictions were 
consistently within a factor of 2 of the mission rntcs mcnsurcd in thc pilot=scrtlc volntilizntion 
studies. Bccnusc the Jury modcl prcdicts wcll thc wnilablc measured soil contaminant vol~rXzabon 
rates, climinntcs the inconsistcncics of thc modificd Hwang and Falco model, and considcrs thc 

I 

m 
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influcncc of thc liquid phase on the local equilibrium partitioning, it was sclcctcd to replace thc 
modified H~vrtng and Falco model for thc  dcrjvation of thc VF cqunion, 

Defaults. Other than initid soil conccnmtion, air-fdcd soil porosity is the most significant soil 
p m c t c r  affecting thc final stcad'-mtc flus of vohtilc contaminants from soil ( U S  EPA, 19YO) ,  
In other words, thc highcr the air-filled soil porosity, thc grcatcr thc cmission f lus  'of volaUlc 
constituents, Air=fillcd soiI porosity is calculii~cd as: 

where 

when 

Pb = d 7  soil bulk density (dcm3) 
pa - soil padclc dcnsity (g/cm3), 

Of thcsc p m c t c r s ,  wncr-filled soil porosity (0,) 11s thc most significant cffcct on air-filled soil 
porosity and hencc volatile conmjnv l t  cmjssions. Scnsitivity andyscs havc shown that soil bulk 
dcnsity (pb) has too lirnjtcd a rage for surfacc soils (Scnenlly bmvccn I .3 ;md 1.7 g/an3) to dl'cct 
rcmlts with ncvly thc significulcc of soil moisture conditions, llicrcforc, a dcfadt bulk density of 
1.50 j3lcm3, the rnodc of thc r ~ l g c  givcn for US. soils in thc Superfind Ekpomtrc Rsscssmcnt Manual 
(US. EPA, 1988). was chosen to calculate gcncric SSLs, This vduc is also coasistcnt with thc m a n  
porosity (0.43) for loam soil prcscntcd in Cmcl and PYrish (1988). 

The dcfault vduc of 8, (0.15) corresponds to an avcnge mnual soil watcr conicnt of 10 wcight 
percent. This vduc \vas chosn as 3 conscrvativc compromise bcnvecn that required to achicvc a 
monornolcmlnr layer of water on soil pyticlcs (approximatciy 2 to 5 weight percent) and that 
required to rcducc the air-fillcd porosity to =TO (approximately 29 weight pcrccnt). ln this manner, 
nonpolar or wc;rkly polar contaminants m desorbed rcadily from the soil o g m k  carbon M wstcr 
compctes for sorption sites. At thc s m c  timc, P soil moisturc contcnt of 10 pcrccnt yields 3 
rc1;ltivcly conscrvativc air-filled porosity (028 or 28 pcrccnt by volumc). A watcr-fillcd soil 
porosity (e,) of 0.15 lies about hdfivny bctwccn &c mean wilting point (0,OS) and mean field 
capacity (0,20) rcportcd for Class B soils by Cmcl ct d, (19x8). Class 13 soils arc soils with modcntc 
hydrologic chmctcristics whosc a v c q c  chanctcrjstics arc wcll rcprcscntcd by D l o m  soil type. 

'Ilc default vduc  of p, (2.65 glcm3) \vas taka from US, EPA (1988) as t h e  pwticlc density for 
most soil m i n d  material. Thc default valuc for fOc (0,006 or 0.6 pcrccnt) is the mcm vduc for thc 
top 0,3 m of Class B soils from h c l  ct d, (1988). 
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2.4.3 Dispersion Model. The bos model in RAGS “EM, Part B hx been rcplaccd with a 
Q/C t c n  derived from ;L modeling cxcrcisc using mcteorologic data from 29 locations across thc 
United Smtcs. 

Thc dispersion model used in the P u t  B guidance is based on the assumption that missions into a 
hypothetical bos will bc djsuibutcd uniformly throughout the ban To Yrivc at the volumc within 
the box, it is n c c c s q  to assign values to the Icngth, width, and hcjght of thc bas. Thc lcn,rth (LS) 
ivxi thc lcnmh of 3 side of II contaminated site nith ;L default vduc of 45 m: the width was b u c d  on 
thc windsp&d in the mixing tonc 0 with P default vduc o f  2.25 m (bucd on 3 windspccd ~€2.25 
m/s); mcl thc height was the diffision height (DEI) with a default vduc of 2 m. 

However, thc assumpdons and rnalhcmauwl treatment of Oispcrsion uscd in dic bos modcl may nor 
bc applicable to a brood m g c  of site typcs u d  mctcorology and do not utilize state-of-the-art 
techniques dcvcloped for r e g u h t o ~  dispersion modcling. EPA \vas vcv conccmcd about thc 
defensibility of thc box modcl and sought P more defensible dispersion model h t  could bc used ;IS a 
rcplnccmcnt to rhc Pyt B pidurcc and had the following ch;u;lctcriStics: 

Dispersion modcling from a ground-Ievcl m a  sourcc 

Onsitc receptor 

A long-tcrm/mnud avcragc c.xposurc point conccntnnon 

- Algorithms for calculating thc c ~ ~ o s u r c  point conccnmtion for arc3 sources of diffcrcnt 
sizes and shapes. 

To identify such J model, EPA held discussions with the EPA Office of Air Quality Planning and 
S t m d d s  (OAQPS) concerning rcccnt cffom to dcvclop II ncw algorithm for cStimating ambient air 
conccnmtions from low or ground-lcvd, nonbuopnt. sourccs of cmissions, Thc new algorithm iS 
incorpomtcd into thc industrial Sourcc Complex ModcI (1SC2) platform in both tl short-tcnn modc 
(AREA-ST) and o long-term modc (AREA-LTI. Both modcls cmploy a doubIc numcriwl intcgmnon 
ovcrthe sourcc in thc upwind a d  crosswind dircdons. Wind runncl tcsls havc shown th3t thc ncw 
algorithm pcaforms wcll with onsitc and near-field rccqtors. In addidon, subdivision of thc sourcc is 
not rcquircd for thcsc receptors, 

Beuusc thc ncw algorithm provides better conccnmnon cstimmcs for onsitc and for newfield 
rcccptors, a rcvised dispersion analysis tvw pcrfonncd for both volatile and pmkulatc mattcr 
c o n m i n m t s  (Appcnndis D; EQ, 1994). The AREA-ST modcl was run for 0.S-accrc and 30scrc 
square SOURCS with P full year of mctcorologic data for 29 U S  locations sclccted to be rcprcsmtdvc 
of the notional nngc  of macorotogic conditions (EQ, 1993). Additional modcling runs wcrc 
conducted to address a m g e  of s q u y c  m a  sourccs from 0,s to 20 acrcs in sitc (Tablc’3). Thc QlC 
vducs in Table 3 for OS- a d  3 0 - a ~ ~ ~  sources differ slightly from thc mlucs in Appendix D due to 
difficrcnccs in rounding conventions uscd in thc find model runs, 

To wlculatc site-specific SSLs, sclcct a QlC value h m  Tablc 3 that best represents a site’s skc md 
mctcorologic condition. 

To dcvclop ;I rcuonably conscmtivc dcfault Q/C for calculating gcncnc SSLs, P default sitc (hs 
Angclcs, CA) was choscn that bcst approximucd thc 90th pcrccntilc of thc 29 noxmalizcd 
conccnmtions (kg/m3 pcr g/rn:-s). Thc invcrsc of this concentration rcsults in a dcfault VF QlC 
vdue of 68.8 1 s/m=ls per kg/m3 for a OS-acrc site, 

26 



3 
1.? Tabk 3. Q/C Values by Source Area, City, and Climatic Zone 
(2 
13 Q/C (g/mLs per kg/rn3) 

0,s Acrc 1 Acrc 2 Acre 5 Acre 10 Acre 30 Acre 2 
Zonc I 

Seamo 
srzlom 

Zone II 
Fresno 
Los Angclcs 
San Francisco 

b s  Vegas 
P hoenlx 
Albuquerque 

Zone I l l  

Zone IV 
B O h  
Wlnmmucca 
&It b k o  City 
Q m r  
Donvsr 

Zone V 
BQlllatk 
Minnoapolis 
Uncoln 

Zone VI 
Litlie R C C ~  
Houston 
Atlantn 
C harledon 
Raleigh-Durham 

tone VI1 
Chicago 
Choland 
Huntington 
Harrisburg 

Zone VI11 
Ponland 
k I f t f O r d  
Phlladclphla 

Zone IX 
Miami 

82.72 
?3.44 

62.00 
68.81 
80.51 

95.55 
64.04 
84.1 8 

69.4 1 
69.23 
78,09 
100,13 
75.59 

83.39 
90.80 
81.64 

73883 
79.25 
77.08 
74.89 
77.26 

97.78 
83,22 
53.89 
81.90 

74.23 
71,35 
90.24 

72.62 
64.42 

54.37 
60.24 
78.51 

83.87 
56.07 
73,82 

60.88 
60.67 
68,47 
87.87 
66.27 

73.07 
79.68 
71.47 

64.57 
c9,47 
67.56 
65,G5 
67.75 

85.81 
73.06 
47.24 
71 $87 

65.01 
6226 
79,14 

64.38 
57.09 

48.1 6 
53.30 
69.55 

74.38 
49.59 
65.40 

53.94 
53.72 
60,136 
77.91 
58.68 

64.71 
70.64 
63.22 

57.1 0 
61.53 
59-83 
58.1 3 
60,Ol 

76,08 

41.83 
63.72 

57.52 
55,40 
70,14 

64.78 

55.66 
49.33 

47s7 
45,93 
60,03 

64.32 
42.72 
56.47 

46Sf 
46.35 
52.37 
67.34 
50-64 

55.82 
61.03 
54.47 

49.23 
53.1 1 
51.62 
50.17 
51 '78 

65.75 
55.99 
36.1 0 
55,07 

4937 
47.83 
60.59 

50.09 
44,37 

37.36 
41 -24 
53.95 

5f.90 
38.35 
50,7? 

47 ,e7 
41.65 
47.08 
60.59 
4 5 5 2  

50.1 6 
54.90 
40.89 

44.1 9 
47.74 
46,3? 
45,08 
46,51 

59.1 6 

32.43 
49.56 

4449  
43,OO 
54,50 

so,3a 

I(. 

3 
42.86 6 
37.94 

31.90 
35.1 5 
46,03 

49.56 
32.68 
43'37 

35.75 
35.55 
40.20 
51.80 
38.87 

42.79 
46.92 
41.65 

37.64 
40,76 
39.54 

39,64 
313.48 

50.60 
43.08 
27.67 
42.40 

37.88 
36.73 
46S9 

85.61 74.97 66.33 57.17 51.33 43,74 
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2.4.4 Soil Saturation Limit. Thc soil saturation conccnmtion (C,,,) corresponds to the 
contaminant concentration in soil at which thc absorptive limits of thc soil particles, the solubility 
h i t s  of the soil porc water, and saturation of soil porc air have bccn reached, Abovc this 
concentration, the soil c o n h n m t  may bc pnsent in frcc phase, k, nonaqucous phase liquids 
(HAPLs) for c o n h m n t s  that arc liquid at ambient soil tcmpcnturcs and purc solid phascs for 
compounds that are solid at mbicnt soil tcmpenmrcs. 

Derivation of t h e  Soil Saturation Limh 

Pn ra meter/Deli nit ion (u nl t s) I D Q l 3 U l t  
C,,t/soil saturation concentration (mglkg) 
S/solubility in wator (mgbwator) 
pddry soil bulk density (kgk) 
K&oil-watar partition cocfficient (Ukg) 
KJsoll orgonic carbodwater partition coeff iclcnt (vkg) 
fdfmdion organic carbon of soil (glg) 
O,Jwotor=filled soil porosity ( ~ t . r / ~ , , i l )  

H'/dirnansionloss Hcnry's tow constant 

WHenvs Inw constant (atm=mJ/mol) 
O,/air-filled soil pornshy (L,il/Lnoil) 
n/totol soil porosity (Lporr/Lnoil) 
a./soil Paniclo density (kdL) 

I 

chemical-spocific 
1.5 

tdc x f, (own'=) 
chemiw I-specific 
0.006 (0.6%) 

0.1 5 
Hx41, whore41 i s 0  

conversion factor 
chcrnicnl-specif ic 

0.28 
0.43 
2.G5 

Source ===I 
see Part 5 
U S  €PA, 7991b 

500 Port5 
Carsel et GI., 1988 
EL, 1994 
U.S. EPA, 1991b 

seo Part 5 
n -ew 
1 PdPs 
U.S. €PA, 1991 b 

Equation 9 is uscd to alculatc Clll for cxh sitc con tmhmt .  As an updatc to RAGS " E M ,  Part B, 
this cquation takes into account thc mount  of contaminant that is in the vapor phase in rhc porc 
spaces of the soil in addition to the mounx dissolved in thc soil's porc wacr and sorbed to soil 
particles* 

Chemical-specific C,, concentrations must bc comparcd with csch volatilc inhidation SSL bcc3usc a 
basic principle of thc SSL volatilization model (Henry's law) is not applicable when free-phase 
contaminants arc ptcscnt (ix., thc modcl m n o t  prcdict an accuntc VF or SSL above C,J. Thus, thc 
VF-bucd inhalation SSLs arc applicable only if the soil conccnmtion is at or below C,at. Whcn 
calculating volntilc inhalation SSLs, Cr,, d u e s  also should bc calculated using the s m c  site-spccific 
soil clranctcri.stics uscd to cdculatc SSLs (Le,, bulk dcnsity, avcrqc water contcnt and organic 
cubon content), 

At C,,, the mission flux from soil to air for I chemical rcxhcs a platcau. Volatile emissions ~ 5 l l  D o t  
incrcxc above this lcvcl no mmcr how much morc c l i c m h l  is added to thc soil. Table 3 4  shows 
thar for compounds with generic v o l d l c  inhdlation SSLs greater than Clrt. thc riSh at C,,t arc 
significantly bclow the screening risk of 1 x 10.6 and an MQ of 1. Since Cut componds to maximum 

28 



2 

7 
9 
I 

0 
r 

volatilc cmissions, thc inhdrrtion routc is not likcly to bc of concern for thosc chcmicds with SSLs 6 
cxcccding Cllt concentrations. 9 

d 
3 

Table 3-A. Risk Levels Calculated at Cant for Contaminants that  have rlrr 

S s L l n h  Values Greater than Cant 
1 

2 
Non- 

Chemical name (ug/m3)-7 (mg/m3) (mWkg) (mglkg) Risk Risk 
URF RIC V F  Cant Cnrcinogenlc Carcinogonic 

DOT 9.7E-05 I 3,OE+07 4.OE42 5,2E-0? L 

1,2=Dichlorobonzeno - 2.OE-01 1.5E+04 6.OE-t-02 I 0.2 
1,4-Dichlorobenzene I 8.0€=01 1,3E+04 2.8E+02 - 0,03 
Ethylbanzene ' I  7 ,OE+OO 5,4E*03 4.0E+02 I 0,07 
PHCH WBHC) 5.3 E-04 I f .3&06 2.OE+00 3,4E-0? I 

Styrene I 1 .OE+OO 1.3E.cO4 1.5€+03 L 0.1 
Toluene c 4.OE-01 4,OE+03 t,5E+02 - 0,4 
1,2,4-Trichlorabonzone L 2,OE-01 4.3E+04 3.2E+03 - 0.4 
1 ,l ,I-Triehloraothone c 1 .OE*OO 2,2E-03 1.2E+03 - 0.5 

Table 4 provides the physical .mic (i.c. liquid or solid) for various compounds at mbicnt soil 
tempcnnuc, When thc  inhalation SSL cxcccds C", for liquid compounds, the SSL is sct at C,b,. This 
is bcausc, for compounds that arc liquid at mbicnt  soil tcmpcnturc, concmmtions above CIIt 
indicate a poicntid for frcc liquid phasc contamination to bc prcscnt, and the possible ptcscncc of 
NAPLs, EPA bclievcs that furtlicr investigation is w m t c d  whcn frcc nonqucous phac liquids may 
bc prcscnt in soils at P sitc. 

Table 4. Physical State of Organic SSL Chemicals 

Compoundo llquid et aoll lornpor~turas Compoundm oolld at moll tomporaturas 

CAS No. Chamlcal Point CAS No. Chemical Polnt 
Meltlng Molting 

6'7-04-1 Acetone 
71 4 - 2  BenZano 

117=81=7 8la(2~othylhexyl)phthslnta 
111-444 Bis(2~chloroothyl)elher 
f5.274 Bromodichloromethone 
75.252 Bromofom 
71-364 Butonol 
195-6807 Butyl bonxyl phrhalole 
75-1 5-0 Carbon dlsunido 
56-23.5 Carbon tarraehlorido 

108-80-7 Chlorobcnzono 
124-48-1 Chlorodibromomathano 

44,8 
5.5 
-55 

.!iI.D 
-57 
8 

-3 5 
-115 
-23 

4 . 2  
=20 

- a w  

83424 Aconaphthane 
309-00-2 Aldrin 
120-12-7 Anthracene 
56-55-3 Benr( o)anthrocane 
5 0 4 2 4  Benzo(4)pyrsne 

20540-2 Benzo(b)fluoramhone 
207-0841 Banro(k)lluoranthans 
05-85-6 Benzoic acid 
86-74-8 Carbazole 
57-744 Chlordane 

1 OO-47-8 pChloroanllino 
21 13=01-8 Chrysono 

93,4 
104 
21 5 
84 

176.5 
188 
217 

f 22.4 
246.2 
100 
72.5 

258,2 
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Table 4. (continued) 

Compoundo llquld at sol1 ternpersturar Compounds rolld at 80ll temperatures 
Melt lng Me l t i ng  

t'C) ('C) 
CAS No. Chemical  Polnt  CAS No. Chamlcal  P o l n t  

9547-8 P=Chlorophonol 
84.74-2 Di-mbulyl phthalata 
9SW5O~1 1,2-Dichlorobsnrene 
75444 1,l -Dlchlorocthono. 

107-06-2 l12~Dlchloroelhana 
75-354 ll1=Dlchloroethylono 

156-59.2 cls=l,2~Dichloroathyiene 
156-60.5 trans=l,2-Dichloroathylene 
78=8796 1,2=Diehloropropane 

542-7543 1,3-Dlchloropropane 
84-652 Dlothylphthalata 

117-80-0 0i-m)ctyl phtholata 
100.41-d Ethylbenzene 
87684 Haxachloro-l,2.butadlsne 
77-474 Hexochlorocyclopentadlene 
78-69-1 Isophorone 
74433-0 Mothy1 bromide 
75-092 Methylene chloride 

98-95.3 Nltrobanxone 

7Q-3d-5 1,1,2,2=Tetrochloroethane 

100.426 SIyrone 

i n - 1  8-4 Tetrachloroethylene 
108~88.3 Toluene 
120-62-1 1,2,4=Trichlorobanzons 
71.556 l,t,l~Trichloroathane 
79~06.5 1,l ,P-Trichlorosthane 
79-0143 Trkhloroethylens 

1 Op=059 Vinyl acetoto 
'15.01.0 Vinyl chloride 

10848.3 mXylena 
95-47-6 @Xylene 

10642-3 pXylone 

9.8 
-35 

-1 U.7 
4" 
4 5 . 5  

-122.5 
4 0  

49.8 
*70 
NA 
-40,s 
-30 

44,9 
=21 
-9 

4.1 
43.Y 
45.1 

5.9 
41 

4 8  
42.3  
=949 
17 

- 3 O A  
40,6 
-84.7 
-93.2 

-1 53.7 
47,8 
=25.2 
13.2 

72-55-9 DDE 
5049-3 DDT 
53-70-3 Dlbonzo(u,h)~nthtacsna 

1 0 6 4 - 7  1.4-Dlchlomben:snu 
01-04-1 3,3~Dichlorobanzldine 

12043-2 2.4=Dichlorophonol 
60-57-1 Dieldrin 

tO5=674 2,4-D!methylphonol 
51 -28.5 2d~Dlnltraphenol 

721 -14-2 2,4-Dlnltrotoluone 
B O G 4 0 4  2,6~Dinitrotoluene 
72-20.8 Endrln 

2 0 6 4 4  Fluoranthane 
80-737 Fluorene 
7 8 4 . 8  Hoptachlor 

1024=5?-3 Heptachlor epoxide 
118-74.1 Hexochlorobon:one 

31 Q-844 a-HCH (a=OHC) 

58.89-9 rHCH (Undane) 
67$2-1 Hexachloroethane 

31945.7 (b8K) 

103-39.5 Indsno(l,2,3-ed)pyranc 
72-43-5 M0thOr)ChlOt 
95-48.? P=Mslhylphenol 

62144~7 NNitrosodi~~ptopyiarnlne 
86.30-6 #-Nltrosodlphsnyfomlne 
01=20=3 Naphthdons 
87-86=5 Ponrochlomphsnol 

108=954 Phenol 
129409 Pymno 

8001-35-2 Toxaphene 
0545-4 2,4,5-Triehlorophenol 
88-06.2 2,4,B-Trichlorophenol 

11 529.7 Endowll!an 

89 
1 0 8 s  
269.5 
52.7 

1325 
45 

175.5 
245 

115-118 
.r: 
66 

200 
107.8 
11 4.8 
95.S 
160 

231 $8 
160 

315 
1125 

1 87 
161.5 

87 
20.8 
NA 

6G.S 
80.2 
1 74 
d0,Q 
157 $2 
6540 

68 
60 
106 



When free p h s c  liquid contminants arc suspcctcd. Esrrmarrng tirc Porcnrrol for  Occurrcncc of 
DNifPL UI  Supcrfirnd Sifcs (U.S. EPA. 1 9 9 2 ~ )  providcs informatron on dctcnnjning the likclihood 
of dcnsc nonaqueous p h m  liquid (DNRPL) occurrence in the subsurfacc. Frcc-phim contuninants 
may also bc prcscnt at concentrations lower than C,,, if multiplc componcnt m i m r c s  arc prcscnt. 
T h e  DKAPL guidancc (US, EPA, 1992~)  also addrcsscs thc likclihood of frcc-phuc contaminants 
whcn multiplc contminants arc prcscnt at a sitc, 

For compounds that arc solid at mbicnt  soil rcmpcnturcs (c.g., DDT), Tablc 3-A indicatcs that the 
inhalation risks are wcll bclow tlic scrccning targets ( k ,  thcsc chemicals do not appcar to bc of 
conccrn for the inhalation pathway). Tius, ivhcn inhalation SSLs arc above C,,, for solid compounds, 
soil scrcening decisions should bc bascd on thc appropriatc SSLs for othcr pathways of conccrn at tlic 
sitc (c.E., migration to groutid watcr, ingcstionj. 

2.4 5 Particulate Emission Factor. Tlic pnrticulatc cmission factor rclattes the conccntni- 
tion of conbminatit in soil with thc conccntntion of dust particlcs in  thc i r ,  This guidmcc nddrcsscs 
dust genorotcd from opcn sourccs. which is tcrmcd "fugttivc" bccausc it is not d i sc l iqcd  into thc 
atmosphcrc in a confincd flow strrm. Otlicr sourccs of fugitivc d u s t s  that may lead to liighcr 
crnissions duc to mcchaniwl disturbmccs include unpavcd roads, tillcd agricultunt soils, and heavy 
construction operations. 

Both thc cmissions portion ud the dispcrsion portion of thc PEF equation havc been updated s h c c  
RAGS "EM.  Pan B. 

As in Part B, thc emissions pm of thc PET: equation is bmcd on thc "unlimitcd rcscrvoir" model 
from Cowhcrd ci al. (1985) dcvclopcd to cstimatc p.miculatc cmissions due to wind erosion, 7'hc 
unlimited rcscrvoir model is most scnsitivc to the thrcshold friction vclocity, which is P function of 
thc modc of thc sizc distribution of surfacc soil aggrcgatcs. This paranictcr has thc grcmcst cffcct on 
thc emissions and rcsulung conccntntion. For this rcason, o conscrvativc modc soil aggrcgatc sizc of 
500 p was sclcctcd as thc dcfault wluc for alculating gencnc SSLs, 

The modc soil aggrcgatc s i x  dctcrmincs how much wind is nccdcd bcforc dust is g c n c r u d  at a skc. A 
mode soil aggrcgattc: s i x  of 500 pm yiclds an uncorrcctcd thrcshold friction vclocity of 0.5 m/s, 
This mcvls that the windspccd must bc at lcast 0.5 mls bcforc my fugirivc dusts arc gcncntcd. 
Howcvcr. thc threshold friction vclocity should bc corrcctcd to account for tlic prcscncc of 
noncrodibic clcmcnts. In Cowherd ct  al, (1985), noncrodiblc clcmcnts YC dcscnbcd 3s 

, , , clumps of grass or stoncs (Izgcr than about 1 cm in diamctcr) on thc su f i cc  (that vd l )  consumc 
part of thc shcu svcss of thc wind which othenvisc would bc tl-ansfcrrcd to crodiblc soil. 

Cowherd ct d. dcscribc I study by h?larshJI (1971) +chat uscd wind tunncl studies to quantify the 
incrcuc in thc thrcshold friction vclocity for diffcrcnt kinds of noncrodiblc clcmcnts. Mis rcsults arc 
prcscntcd in Cowhctd ct  id. as a gnph showing thc r m  of corrected to uncorrcctcd thrcshold fiction 
vclocity vs. tc, wherc L, is ;I mc;LSurc of noncrodiblc clcmcnts vs, b u c ,  loose soil. Tlius, thc ndo of 
corrected to uncorrcctcd thrcshold fiction vclocity is dircctly rclatcd to thc mount of noncrodiblc 
clcmcnrs in surfacc soils. 

Using I ntia of corrcccd to uncorrcctcd llircshold fnctlon vcloc~t'y of 1, or no corrccl-ion. is roughly 
cquivalcnt 10 modcling "cod dust on a concrctc pad," whereas using ;L corrcction factor of 2 
corresponds to 3 windspccd of 19 m/s at P height of 10 m. This means that abaut P 4 h n p h  wind 
would be rcquircd to producc my prvticulatc cmissions. Givcn that t l ~ c  29 mctcorologic data scts uscd 
in this modcling cffort showcd few whdspccds at, or grcatcr tliu, 19 m/s, EPA fclt that it was 
ncccssary to  choose a dcftlult corrcEtion ratio b m c c n  I and 2. A valuc of 1.25 tvas sclcctcd as a 
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rcasonsblc numbcr that would bc at thc mort conscwativc cnd of h c  m ~ c ,  This eauates to P 
corrcctcd threshold friction velocity of 0.625 m/s and an equivalcnt windsiccd of 11 ,> m/s at ;I 
hcight of 7 mctcrs, 

As with the VF model, Q/C valucs arc nccdcd IO dcu la t c  thc PEF (Equation 10): use thc QC valuc in 
Table 2 that bcst rcprcscnts a site’s size and mctcorologic conditions (k. thc s m c  value uscd to 
cnlculatc thc VF; scc S c h o n  2,4.2). Cowherd ct al, (1PS5) dcscribc how to obtain sitc-spccific 
cstimaics of V, Urn, Ut, and F(x). 

Unlike volntilc contuninants, mctcorologic conditions (ix,, thc intensity and frcqucncy of wind) 
affect both thc dispersion and cmissions of puticulntc matter. For this rt;Lson. a scpmtc dchult Q/C 
vduc was dcrivcd for pm.iculatc mattcr [nom~ndly 10 pn and less (PMlo)] cmissions fortlic generic 
SSLs, Thc PEF cquatiorr was used to calculate m u d  avcngc conccntntions for each of 29 sitcs 
moss  tlic counery. To dcvclop a rcsonsbly conscnlativc dchult Q/C for d c u l ~ i n g  gcncnc SSLs. a 
dcfault sitc (Minncapolis, MN) was sclccted b a t  bcst approsimated thc 90th pcrccnulc 
conccntrntian, 

Thc result!! produccd 3 revised dcfault PEF Q/C vduc of 9O.SO dm2-s per kg/rn3 for D 0.5-acre sitc 
(scc Appendis D; EQ, 1994). Thc gcncnc PEF dcrivcd using thc dcfault values in Equdon 10 is 1.52 
?I 109 m3/kg, whic4 cornsponds to a receptor point conccnmdon of approximately 0.76 pg/mj. 
?his rcprcscnts an annual avcngc emission nte  based on wind crosion that should be cornpared with 
chronic hcalth cntcrkt; it is not approprhtc for evaluating thc potential for more x u t c  csposurts, 

Derivation of tho Partfculnte Emission Foctot 

3,600 s/h PEF(rn’/kg) = Q/C x 
0.036 x (1-v) x (v,/V,)’  x F(x) 

PEWporticulate emission foetor (m3/kg) 
QlClInverso of moan conc. ot conter of squnro source 

V/fmction of vogetntivc cover (unitloss) 
U,/meun annual windspeed (ds) 
U,/oquivalent throshold vnluo of windspeed at 7 m ( d s )  

W 6 s  per k 9 W  

F(x)/functian dependont on U,/Ut derived using 
Cowherd et RI, (1 985) (unitless) 

1.32XlOO 
90.80 

0.5 (50%) 
4.69 

11.32 

0,194 

.. 
Tablo 3 (for 0.5acre source in 
Minncopolis, MN) 
U,S, €PA, 199fb 
EQ, 1994 

US. EPA. 199fb 

US. €PA, 799fb 

- 
2.5 Migration to Ground Water 

The methodology for cdculnting SSLs for tbc migntion to ground water pathway \\+as dcvclopcd to 
idcntify chemical concentrations in soil that h w c  thc potential to contuninate ground watcr. 
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Migration of contaminants from soil to ground watcr c m  bc cnvisioncd a a nvo-.mgc proccss: ( I )  
rclcasc of contminmt  in soil I c x h ~ c  and (2) transport of thc cont,uninant through thc undctlying 
soil and aquifer to a rcccptor wcll. The SSL mcthodology considcrs both of these fatc and tnnspan  
mcchmjsms. 

T h e  mcthodology incorpontcs a standard lincar cquilibnum soillwater partition cquation to cstimatc 
contaminant rclcasc in soil lcachatc (scc Sections 23 .1  through 2.5.4) and 3 simple watcr-bal;mcc 
cquation that calculates a dilution factor to account for dilution of soil Icachatc in an aquifer (SCC 
Section L5.5). Thc dilution factor rcprcscnts thc rcduetion in soil le3chatc contaminant 
conccntntions by mixing in t l ic  aquifer, exprcsscd as thc  n t io  of Icachatc conccntntion to tlrc 
concentration in ground watcr at tlic rcccptor point (k, drinking wcrter ~ ~ l l ) ,  Bcuusc tlrc infinitc 
sourcc assumption a n  rcsult in  mass-balance vjolntions for solublc conminmts and small sourccs, 
mjss-limit models arc provided that limit the amount of contaminant migrating from soil to ground 
water to the total m o u n t  of canwinant  present in thc soufcc (see Section 2.6). 

SSLs arc b~ckcalculatcd from acccpnblc ground w t c r  conccntntions (k, nonzero MCLGs, MCLs, 
or BLs ;  set  Section 21). First, thc acccptqblc ground ~ 3 t e r  conccntnuon is multiplicd by s dilution 
factor to obtain ;I urgct  lcachaic conccntnrion. For example, if thc dilution factor is 10 and thc 
acccptablc ground water conccntntion is 0,05 m@, thc target soil Icadiatc conccntntion would be 
0,5 m d L 4  The pmjtion cquation is thcn uscd to cdculatc thc total soil conccntntion (Le., SSL) 
corresponding to this soil leachatc conccntntion. 

Thc methodology for calculating SSLs for thc migration to ground wttcr pathway was dcvclopcd 
under thc following constraints: 

Bccnusc of thc large nationwidc wi3bi l i ty  in ground water vulncrabiliry, thc 
methodology should be flcxiblc, allowing adjumcnts for site-spccific conditions if 
adequate information is avaihbk.  

To be appropriate for carly-mgc q~plication, thc mcthodology needs to bc simple, 
requiring a minimum of sitc-spccific dxa. 

The mcthodology should bc consistcnt wh-h current understanding of subsurfacc 
pr occsscs I 

The proccss of developing and applying SSLs should gcncmc information that an bc 
used and built upon as EL site cvaluzltion progrcsscs. 

Flexibility is achicvcd by using readily obtainable sitc-spccific data in  strmdardizcd equations; 
conscrvativc default input parmcters arc dso  provided for USE whcn site-spccifrc data arc not 
available, In addition, more complcx unsatuntcd zonc fatc-and-tmspon modcls have bcen idcntificd 
that can bc uscd to calculate SSLs whcn more dctailcd site-spccific information is available or can be 
ob*Aned (scc P a t  2). 'Thrsc modcls can cxtcnd thc app1ic;rbility of SSLs to subsurfam conditions ha: 
arc not adcquntcly addrcsscd by thc sirnplc cquations (c.g., deep water tablcs; clay laycrs or otIm 
unsatuntcd zunc charactcris?ics that cm altcnusic contamjnnnts bcforc thcy mch ground water), 

Thc SSL mcthodolop was dcsigncd for usc during thc cwly mgcs of a sitc cvduation whcn 
information about subsurface conditions may be limited. Bccausc of this constmint, the methodology 
is brrscd on conservativc, simplifi4ng assumptions about thc rc lcxc  and v ~ l s p o r t  of contaminants in 
the subsurfacc (SCC Highlight 2), 
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Highlight 2: Simpllfyt'ng Assumptions for tho Migration to Ground Wator Pathway - Tho source is infitlife (i& stanc$wtoto concontmtions will bo mointoined in ground wotor ovor the 
exposure poriod of intarost), 
Contaminants ore uniformly distributed throughout the tone of contamination. 
Soil contominotion axtonds from the surface to the water toblo (Lo., adsorption sites pro fillod in the 
unsaturatod rono bonaoth tho ore0 of contominotion), - There is no chomical or biological degmdation in the unsatumtod rono. 
Equilibrium soillwotor partitioning it instantaneous and lineor in tho contaminated soil. 
Tho recoptor W Q I I  is at the edge of tho source (i,e,l there is no dilution from rcchorge downgndiont of 
tho sito) and is scroond within tho plumo. 

* The aquifer is unconsolldatad and unconfined (surfidat). - Aquifer proporties are homogoneous and isotropic. 
* Thero is no attenuotion 

NAPb aro not presont at the she, 
adsorption or degrodation) of contnminonts in tho aquifer, 

Although simplified, thc SSL methodology dcsuibcd in diis section is thcorctidl>* and opentiodly 
consistcnt with the morc sophisticated investigation and modcling efforts that arc conductcd to 
develop soil clcvlup gods and clcmup lcvcls for protection of ground wELtcr ar SupcrFund sitcs. SSLs 
dcvcloped using this mcthodolog~ can be i c w c d  as cvoli~ing risk-bscd lcvcls bat can bc rcfincd s 
rnorc sitc information bccorncs wailabblc, The exly usc of the rncthodolop at 3 site will help focus 
further subsurfacc invcstigations on m3s of me conccrn with rcspcct to ground water qudiv and 
will provide information on soil chanctcnstics, aqdfcr chmctcnstic~, and chcm.ical propcttics that 
can bc built upon 3s a site cvduation propsscs. 

2.5.1 Development of SoilNYater Partition Equation. The methodology used to 
cstimm contaminant rc lcsc  in soil Icnchntc is b a r d  on thc Frcundlich equation, which 
dcvclopcd to model sorption from liquids to solids. The baic Frcundlich cqua6on applied t o  the 
soil/tvattr system is: 

K,=C S IC: 

I;, Frcundlich soillwtcr partition coeEcicnt (L'kg) 
C, = conccnmtion sorbcd on soil (mgkg) 
Cy - solution concentration (m&) 
n = Frcundlich eqoncnt (dimensionlea). 



k x ~ r n i n g  that adsorption is lincrrr with rcspcct to conccntntion (n-1)’ 3fld rcamnging to 
backcalculate rr sorbed concentnaon (C,): 

For SSL calculation, C, is thc mgct soil Icachatc concentration, 

Adjusting Sorbed Soil Concentrations t o  Total Concentrations. TO dcvclop a 
scrccning lcvcl for comparison with conminatcd soil samplcs, thc sorbed concentration dcdvcd 
nbovc (C,) must bc rclmcd to  thc total conccnmtion mcmrcd in D soil m p l c  (CJ. In D soil samplc, 
contrvninults a n  bc associated with the solid soil materials, the soil water, and thc soil air 3s follows 
( F c c n m  ct d., 1991): 

whcrc 

total conwinant mass in smplc (mg) 
contaminant mass sorbed an soil matcrids (mg) 
conun.inant m a s  i n  soil water (mg) 
contaminant mass in soil air (me). 

FuTthcnnorc, 

and 

dry soil bulk density &$L) 
smplc  volume (L) 
wmr-fillcd porosity (Lwntc,./Lloil) 
concenmtion on soil pori: air (m8/LlojJ 
air-filled soil porosity ( L b i J L i l ) a  

For contaminated soils (with conccntn;dons bclow Cl,Jr C, may bc dctcrmincd from C, and thc 
dimensionless Hcnry’s law constant (PI‘) using thc foUofi4ng relationship: 

* The llnaor nssumptlon will tend to overastlmota sorption and undarostlmata dasorptlon tor most organics at hlgher 
conconfrations (Le,, abovo 1 0 5  M lor orgonim) (Piwonl and Banerjoe, lD80). 
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Substituting into Equation 13: 

Substituting into Equation 12 and rcamnghg: 

Soil-Water Partition Equation for Migration to Ground Water Pathway: Inorganic 
Co ntam i no n t s  

e, + e," 
C, = Cw K, + I P b  

(22) 

Default 

(nonzero MCLG, MCL, 
or HBL) x 20 DAF 
chcmical=sp&fic 

0.3 (30%) 
0.1 3 
0.43 

1 ,S 
2.65 

Hx41,whars41 isa 
conversion foetor 
chcmicnl-specific 

I 
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Source 

Table 1 (nonzero MCLG, MCL); Section 
2.56 (OAF for 0.5~0cro source) 
see Part 5 
US. EPNORD 

- 

n-& 
7 - P b / P B  
US. EPA, 1991b 
US. €PA, 1991b 
US. EPA, 1991b 
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Equation 22 is uscd to  cdculatc SSLs (total soil conccntntions, C;) corresponding to soil Icachatc 
conccntrltions (C,) cqual to thc urgct contaminant soil Icachatt conccntration, The cqunion 
; L F S U ~ C S  that soil wttcr, solids, and gas arc conscrvcd during smpling. If soil gas is lost during 
sampling, 0, should bc assumcd to bc zero. Likcwisc, for inorganic contaminants csccpt mcrcuF, 
thcn is no significant vapor prcssurc and 1i'  may bc usaumcd to be zcro, 

The User's Guidc (U.S. EPA, 1996) dcscribcs how to dcvclop site-spccific cstimatcs of thc soil 
parmctcrs nccdcd to calculate SSLs. Dcfnult soil p a m c t c r  valucs for thc partition cquxion arc t l ic 
s m c  3s thosc uscd for thc VF cqutltion (see Scction 2.4,2) csccpt for avcragc watcr-filIcd soil 
porosity (Ow), A conscmtive vsluc (0.15) was uscd in the VI: equation bcmusc the modcl is most 
sccsitivc to this pruamctcr. Bccausc migration to ground water SSLs arc not particularly scnsihvc to 
soil wafcr content (scc Scction 2,5.7), B vduc t h x  is morc rl\pical of subsurface conditions (0,30) was 
uscd, This vduc is bcnvccn thc mcm ficld capacin, (0,20) of Class 0 soils (Carscl ct al,, 1988) and 
thc  aturatcd volumetric watcr content for loam (0,43). 

vmcs by chcmicnl and soil Qpc. ~ ~ C C ~ U S C  of diffcrcnt influcnccs on Kd vducs, dcrivrrtions of 
vducs for organic compounds and m c ~ d s  wcrc trcntcd scpantcly in the SSL methodology. 

2.5.2 Organic Compounds-Partition Theory. P u t  rcscarcli ha demonstmcd that, 
for hydrophobic orpnic chcmicals, soil organic rnattcr is thc dominant sorbing cornponcnt in soil 
;urd that Kd is linear with rcspcct to soil organic carbon conrat (OC) as long ;IS OC is above 3 critical 
Icvcl (Dragun. 1988). Thus, l i d  can bc normdizcd with rcspcct to soil organic carbon to LC, n 
cticmial-specific partitioning cocffrcicnt that is indcpcndcnt of soil t p c ,  as follows: 

wlicrc 

KO,= organic carbon partition cocficicnt (Lkg) 
f,, = frrrcion of organic carbon in  soil (mdmg) 

Substjruting into Equation 22: 

Soil-Water Partition Equation for Migration to Ground Wstor Pathway: Organic 
Contaminants 



ParnmotorlbofinItlon (units) 
Ct/screening lovol in soil mg/kg) 
C,J?argol loochoto concentration (mg/L) 

K&ioil organic carbon=watar partition 

f,dorgonic carbon contonl of soil (kglkg) 
Bdwatar-filled soil porosity (Lw~,,&,,i~) 
Bdaipfilled soil poroshy (L,,~+Laol~) 
nhotal soil porosity (LpadLsoii) 
pddry soil bulk density ( k g / l )  
pdsoil particle density (kg/L) 
H'/dimonsionloss Henry's low constant 

coatficiant (Ukg) 

WHanrv's law constnnt (nfm=mYmoll 

Dofault 

(nonzom MCLG, MCL 
or HBL) x 20 DAF 
chomicalmspecific 

- 

0.002 (0.2%) 
0,3 (30%) 
0.1 3 
0.43 
1.5 

2.65 
Hx41,whero41 is0  

conversion foetor 
ehdmical.specif ic 

~ _ _ _ _  

Soureo 

Tablo 1 (MCL, nonzeru MCLG); Section 
2.5-6 (DAF for II 0,Sscrc sourco) 

see Part 5 

I 

Cnrsol ct ol,, 1988 
US. EPNORD 

n - 8 ,  
1 'PdPn 

US. EPA, 1991b 
US. EPA, 1991b 
US, €PA, 1991b 

see Part 5 

Pan 5 of this documcnt ptovidcs 

Thc critical organic carbon content, focm , rcprcscnn OC below which sorption to mincnl surfaces 
bcgins to bc significmt. This lcvcl is likely to bc vwiablc and IO depend on both the propcrtics of thc 
soil md of thc chcmical sorbate (Curtis et d,* 1986). Ancmpts to qumthtivcly rclatc foc' to such 
propertics hnvc been made (scc M e w  et id,, lOYI), but ar this timc then: is no rclirrble mcthod for 
cstimating focm for spccific chcmicds and soils. Nuvcrthtlcss, rcscarch has dcmon.catcd that, for 
volatilc hdogcnatcd hydrocarbons, foc'is about 0,001, or 0,1 percent OC, for many l o w d o n  soils 
and aquifer matcrids (Piwoni and Bylcjcc, 1989; SchwJncnbach and W c d l ,  1981), 

IF soil OC is below this c r i d d  Icvcl, Equdon 24 should bc uscd with caution. This is cspccidly zruc 
if soils contain significant quantities of fintgnjncd mincnls with high sorptive propcrtics (c.8.. 
clays). If' sorption to mincnls is significmmt, Equation 24 will undcrprcdxt sorption curd ovcrprcdia 
contaminant conccntndons in soil porc tvatcr, HoweverB this foc' lcvcl is by no means thc C;LSC for 
3u soils; Abdul ct al. (1987) found thar, for c c d n  organic compounds and quifer mattcfids, sorpdon 
was lincar and could bc adcquatcly modclcd down to  f, = 0,0003 by considering & alone, 

vducs for organic chemicals and dcscnbcs thcir dcvclopmcnt. 

. 

For soils with significant inorganic and orgmic sorption (ix,, soils with foe e 0.001), thc follo\ving 
cquauon has bcrn devclopcd ( M c C x p  cr d., 1981; Kahckhoff, 19S4): 

tvhcrc 

Kio soil inorganic partition cocficicnr 
fi0 = h a i o n  of inorganic material 
f i0+Gu = 1. 

38 



Although this equation is considcrcd conccptually valid, E[,, values arc not mailablc for t hc  subject 
chcmicals, Attempts to cstimatc Kio valucs by rclttting sorption on low-carbon materials to  
propcnics such as clay-six fraction, clay mincnlogy, surfacc m a ,  or iron-oxide contcnt haw not 
revcalcd my consis-tcnt correlations, and scmiquantiativc mctliods arc probably ycars  ma^* (Piwoni 
and Bmcjcc, 1989), Ho\vcvcr, Piwoni and Bancjcc dcvclopcd the fallowing empirical correlation 
(by linear rcgrcssion. r z r  03s) that can bc uscd to csumatc Kd valucs for hydrophobic orgmic 
chcmicds from KO, for lowarbon soils: 

whc rc 

&, = octanol/watcr partition coeffcicnnt. 

The authors indicatc that this cquuon should providc a & cstimatc that is within a factor of 2 or 3 
of thc actual vduc for nonpolar sorbatcs with log LW c 3,7. niis Kd cstimatc can bc uscd in 
Equation 22 for soils with foc vducs lcss than 0,001, If sorption to inorgmics is not considcrcd for 
low-carbon soils whcrc it is significant, Equation 24 will undcrprcdict sorption and ovcrprcdict 
c o n m i n m t  concentrations in soil porc water (j,c,, it wi)l pravidc ;L conscrvative estimate). 

Thc usc of fixcd KO, valucs in Equation 24 is valid only for hydrophobic, nonionizing organic 
chcmicals. S c v c d  of d ~ c  organic chemicals of conccrn ionizc in the soil cnvjronmcnt, existing in 
both n t u t d  and ionized forms within thc nomid soil pH mgc .  Thc relative mounts ofthc ionized 
and ncutral spccics arc a function of pH. Bcwusc thc sorptivc propertics of thcsc two forms diflcr, it 
is important to considcr thc rclative mounts of the neutral and ionizcd spccics when dctcmining 
KO, valucs at ;I p u t k h r  pH. Lcc et d, (1990) dcvclopcd a thcormiully bxcd algorithm. drvclopcd 
from thcnnodynmic equilibrium equations. and dcmon.stntcd that thc cquation adcqutcly predicts 
labontory-mcrrsutcd kc valucs for pcnuchlorophcnol (PCP) md othcr ionizing organic acids ;IS a 
function of pH. 

The cquation x m u n c s  that sorbent organic carbon dctermincs thc cxtcnt of  sorption for both thc 
ionized and ncutnl spccics and prcdicts thc ovcnll sorption of a IVC& orgmic acid (I&,., ) as follows: 

whcrc 

La, &,j 
0" P (1 -,= 1 0 p r i - p ~ I  pi 
P b  acid dissociation conasant. 

- sorption cocficicnts for thc neutnl and ionitcd spccics (Ukg) 

This equation was uscd to dcvclop KO, vnlucs for ionizing organic acids LS a h d o n  of pH, as 
described in Pm 5. The Uscr's Guide (US, EPA, 1996) provides guidmcc on conducting sitc-specific 
rncsurcnicnts of soil pN for estimating vducs for ionizing organic compounds, Bcwusc P 
national disaibution of soil pH values is not available, o mcdim U,S. ground wiitcr pH (6,s) from thc 
STORET databzc (US, EPA, 19924 is uscd LF a default soil pH vduc that is rcprcsnmtivc of 
subsurfkc pH conditions, 

39  



2.5.3 inorganics (MetaIs)-Partition Theory, Equation 22 is used to estimate SSLS for 
mctds for the migration to ground water pathway, Thc dcrivation of values is much mort 
complicated for m c d s  than for organic compounds. Unlikc organic compounds, for which Kd XIIUCS 
arc Ia.rgely controlled by a singlc p a m c t c r  (soil organic carbon), & values for m c d s  arc 
significantly affectcd by ;I vancty of soil conditions, Thc most significant pmmcrcrs arc pH, 
osidation-reduction conditions, iron oxide content. soil organic matter contcnt, cation exchmgc 
capacity, and major ion chemistry. Thc numbcr of significant hflucncing p m c t c r s ,  their 
variability in the field, md differences in cspcrimciial methods rtsult in a widc m g c  of & vducs for 
individual maals rcportcd in the litcnrurc (over 5 orders of rnagnitudc). Thus, it is much more 
difficult to dcrivc generic &J values for metals than for organics. 

Tlic l& vducs used to gcncntc SSLs for Ag, Ba, Bc, Cd, Cr+J, Cu, Hg, Ni, and Zn wen: dcvclopcd 
using an equilibrium gcochcmicd spcciabon model (MINTEQ?), "he vducs for As. Cr+, Sc. and Th 
wcrc taken from empirical, pM-dcpcndent adsorption rclationships dcvclopcd by EPNORD. Menl  
& vducs for SSL application arc prcscnted in Pwt 5 ,  along with a description of their dcvclopmcnt 
and limitations. As with thc ionking orgmics, values m sclcacd 3s a function of site-specific sod 
pH, and metal Kd vducs corrcsponding to a pH of 6,8 arc used as dcfadts tvhcrc sitc-specific pH 
mcasurcmcnts m not avdablc. 

2.5.4 Assumptions for SoilNVater Partition Theory. The following assumptions 3n: 
implicit in thc SSL partitioning mcthodology. Thcsc ussumprions ond their implicarionrfur SSL 
accrtracy should be mad and understood bcforc usfng (his mcrhoddop IO calcularc SSh. 

1. There i s  no contaminant loss due to volatilization OF degrndntion. The source is 
considcrcd to bc infinite; i,c,, thcsc proccsscs do not rcducc soil Icachatc conccnations 
over timc. This is J conscrvntivc . assumption, cspccirrlly for smaller sites. 

Adsorption is linear with concentmtion, Thc mcthodology usumcs that adsorpdon 
is independent of concentration (ix., the Frcundlich cxToncnt 1). This has been 
reported to be me for v;Uious halogcnmcd hydrocarbons, p o l p u c l c x  aromatic 
hydrocarbons, bcnzcnc, and chlorinscd benzenes. In addition, this assumption k valid at 
low conccntntions ( e . ~ . ,  at lcvcls close to the MCL) for most chemicals. As 
conccnmtions hcrewc, however, thc adsorption isothcxm can dcpYt from rhc linear. 

2. 

Studies on trichlorocthmc (TCE) 3nd chlorobcnrene indicatc that d c p m  from linear 
is in thc nonconservntive direction, with adsorbed conccnmlions being lower than 
prcdictcd by o lhcar isotherm. Howcvcr, odcquatc infomation is not available to 
establish nonlinear adsorption isotherms for thc c h c m i d s  of interest. Furthmore, Siacc 
the SSLs arc derived ar rcldvcly low t q c t  soil leachatc conccnb..Jdons, dcparturcs from 
thc linear at high concentrations do not significantly influcncc the accuncy of thc 
rcsults, 

3 .  The system is nt equilibrium with respect t o  ndsorption. This ignores 
adsorptionfdcsorption kinetics by ;~ssumhg that thc soil and porc watct conccnnhons 
arc at cquilibrium lcvcls, In othcr words, the pore-water xsidcncc t h e  iS assumed to be 
longer than the timc it takes for thc systcm to reach cquilibrium conditions. 

This assumption is conrc rvn t ivc .  If cquilibrium conditions arc not met, tbc 
concentration in thc p o x  watcr will bc less than that predicted by the mcthodology. n c  
kinetics of adsorption arc not adcquatcly understood for B suficient number of chmic;lls 
and site conditions to considcr equilibrium kinetics in the mcthodology. 
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4 .  Adsorption i s  rcvcrsiblc, T h c  mahadology asssumcs that dcsorption proccsscs opcntc 
in ihc srunc way as adsorption proccsscs, sincc most of thc GC i*alucs arc mcasurcd by 
adsorption cxpcnmcnts nther than by dcsorption cspcrimcnts, In actuality. desorption 
is slowcr to somc dcgrcc tlian adsorption and, in somc w c s ,  orsmics can bc irrcvcrsibly 
bound to thc soil matrix. In  gcncnl, the significmce of this cffcct increscs with I&. 

This xw.miption is conscrvativc. SIo\vcr dcsorption r a t s  and irrc~~crsiblc sorption \vi11 
rcsult in lo\vcr pore-water conccntntions than that prcdjacd by thc mcthodolop,  Again. 
thc lcvcl of knowlcdge on dcsorption proccsscs is not suflcicnt to considcr desorption 
kinetics md degrcc of revcrsibiliy for ;dl of the subjcct chemicals. 

2.5.5 Ditution/Attenuation Factor Development, As coritaminmts in soil Icxhatc 
movc through soil and ground watcr, thcy arc subjcctcd to  physical, chcrnicd, m d  biological 
processes that tend to rcducc the cvcntual contaminant concentration at rhc rcccptor point (i,c., 
drinking water ivcll). Thcsc proccsscs include adsorption onto soil and aquifer mcdin, chemical 
transformation (c,~. ,  hydrolysis, prccipiration), biological dcgndation, and dilution duc to mising o f  
thc 1c;rchatc with ambicnt ground water. Tic reduction in concentration can be cxTrcsscd succinctly 
by 3 DAF, which is dcfincd as the ntio of contaminant conccntntion in  soil lcechatc to thc 
conccntratjon in ground watcr a1 thc rcccptor point, When calculating SSLs, ;L DAF is used to 
backcalculatc thc tvgct  soil leachate conccntration from XI ;rcccptablc ground water conccntnbon 
(c ,~ . ,  MCLG). For cxmplc,  if thc acccptablc ground waier conccnmtion is 0.05 mglt  and thc DAF 
Is  10, thc tsrrgcr Icachatc conccntntion would bc 05 m& 

T h c  SSL mcthodology nddrcsscs only onc of thcsc dilution-artcnuation proccsscs: contaminant 
dilution in ground water, A simplc equalion derivcd from a geohydrologic \vatcr-balmcc rclationship 
has bccn dcvclopcd for thc rncthodology, L! dcscribcd in thc following subscction. T h c  d o  factor 
calculatcd by this equation is rcfcrrcd to as n dilution factor rathcr than a DAF bccausc it docs not 
considcr proccsscs that attcnuatc contaminants in thc subsurface (ix., adsorption md dcgndation 
proccsscs). This simplifiing assumption  vas n c c c s s q  for scvcnl rcasons, 

First, thc infinitc sourcc assumption results in dl subsurface adsorption shcs bcing cvcntually filled 
and no longer w ~ l a b l e  to aKCnU3tC contaminants, Sccond, soil contunination cstcnds to thc watcr 
table, climinatitig ancnuation proccsscs in thc unsatuntcd zonc, Additionally, the rcccptor wcll is 
usurncd to bc at thc cdgc of thc source, minimizing thc opportunity far attenuation in the quifer. 
Finally, chemical-specific biological and chcmical dcendation rates arc not known for many of the 
SSL chemicals; wherc thcy arc awilablc thcy arc usudly based on labom!ory studics under simplificd, 
controllcd conditions, Bccausc natunl subsurface conditions such as pH, rcdox conditions, soil 
mincrdogy, and available nutrients havc bccn shown to  markcdly affect narurd clicmiwl and 
biological dcgmdation mtcs, and bccausc thc nationd variabilit?) in thesc propcrtics is significant and 
h;u not bccn charactcrizcd, EPA docs not bclicvc that it is possiblc at  this timc to incorporate thcsc 
dcgndation proccsscs into the simplc site-specific mcthodology for national application. 

If adsorption or dcgradnion proccsscs arc cxpccted to signi fictlntly artcnuatc contaminant 
conccntmtions nt n site (c,~,, for sites with dccp. water tables or soil conditions that will attcnuatc 
contaminants), tlic sitc mmngcr is cncour;rgcd to considcr t l ~ c  option of using more sophisticated 
faic and transpon modcls. Many of thcsc models CUI considcr adsorption and dcgndation pr~ccsscs  
and can model transient conditions neccssary to considcr a finitc sourcc size. Part j of this document 
prcscnts information on the sclcction m d  USC of such modcls for SSL application. 
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Thc dilution factor modcl assumes that the aquifcr is unconfincd and unconsolidated and has 
homogencous n d  isotropic propcrtics, Unconfined (surfkid) aquifers ;vc common across the 
counp ,  arc vulncnblc to conmination, ;urd can bc uscd as drinking w t c r  S O U ~ C C S  by lowl rcsidcnts. 
Dilution modct rcsults may not be applicablc to fncturcd rock or karst aquifer opts, Thc sitc 
manager should consider USC of more appropriate models to c;llculatc a dilution factor (or DAF) for 
such settings. 

In addidon, thc simplc dilution modcl docs not consider frrcilitatcd msport .  This ignorcs processes 
such as coIloidd transport, trmspotr v ia  solvcnts othcr than watcr (c.g., NAPLs), and m s i o r t  113 
dissolvcd organic mattcr (DOM), "hcsc proccsscs hwc grcatcr impact as Kow (and hcncc, GC) 
incrcscs. Howcvcr, thc tnnsport via solvents othcr than w t c r  is opcrativc only if certain sitc- 
spccific conditions arc present. Transport by DOM a d  colloids has bcen shown to bc potcnudly 
significurt under certain conditions in laboratory md field studies. Although much rcscarch is in 
progrcss on thcsc proccsscs, thc current statc of knowlcdgc is nor adcquatc to d10n~ for thcir 
considedon in SSL cdculation~. 

lf there is the potential for thc prcscncc of NAPLs in soils at the site or s i x  u t a  in question, SSLs 
should not bc uscd for this m a  (ix,, further invcsfigauon is rcquircd), The C,", cqution (Equation 9) 
prescntcd in Scction 2.44 can be uscd to cstimatc the contaminant concenmtion at which the 
prcscncc of pure-phxc NMLs may bc suspccted for contuninmu that arc liquid at soil tcmptnnuc. 
If NAPLs arc suspeacd in sitc soils, rcfcr to U S  EPA (1 992c) for additional guidvlcc on how to 
cstimatc thc potential for DNAPL occurrcncc in thc subsurface, 

Dilution Model Development. EPA cvduatcd four simple w t c r  bdmcc mOdc15 IO xlju.. 
SSLs for dilution in thc aquifer. Although written in diffcnnr terms, dl four options rcvicwcd can be 
csprcsscd as thc same simple water bdmcc equation to calculate J dilution hctor. as follows: 

Option 1 (ASTM): 

dilution fictor (1 + U, dnL} 

where 

U P  - Duty ground water vclocity (m/yr) 
d = mising zone dcpth (m) 
1 = infiltration rate (m/yr) 
L = length of source p d c l  to flow (m). 

For Dwcy velocity: 

U p 4 i  

where 

K = aquifer hydraulic conductivity (dyr) 
1 hydnulic gradient (mfm). 

a 

c 

- 

c 

Thus 
dilution f3ctor = 1 + (Ea) 



Option 2 (EPA Ground Water Forum): 

dilution factor = (Qp + QA)/Q, 

whcrc 

Q P  = pcrcolation flow m c  (mVyr) 
Q,, - nquifcr flow ratc,(rnVyr) 

For pcrcoldon flow. rate: 

whcrc 

w -  
d m 

Thus 

facility m a  (m:) = WL. 

QA * WdKi 

width of sourcc pcrpcndculw to flow (m) 
mixing zonc dcpth (m), 

dilution factor - (IA + W d W m  

= 1 4- (Kim) 

Option 3 (Summers Model): 

when 

ground water canttuninant conccnmtion (mgL> 
soil leachate concentration (mgk) 

C, = C,,/dilution factor 
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l/dilution factor Q,J(Qp + Qh) 

or 
dilution factor = (Qp + QA)/Qp (see Option 2) 

Option 4 (EPA ORD/RSKERL): 

dilution factor = (Qp - QA)/Qp R);/fit . 
whcrc 

R = recharge ntc (dyr )  = infilmtion n t c  (I, dy) 
x E d i m c c  from rcccptor wcU to ground water dividc (m) 

(Notc that thc intcmcdiatc cquation is the smc ;IS Option 2.) 

This option is o longer-tcnn optioa that is not considered further in this annalysis bcwusc v A d  x' 
vducs arc not currcntly wailable cithcr nationally or for specific sites. EPA is considering 
dcvcloping rcgional cstimatcs for thcsc p;u;unrtcrs. 

bjfution Model Input Parameters. As shown. d1 thrt~ options for 
contaminant dilution in p u n d  \voter can bc csprtsscd as thc m c  cqustion: 

Ground Water Dilution Factor 

dilution factor - 1 + (GdAL) (37) 

Poram*tor/Deflnltlon (units) 

Waquifor hydraulic condudivtty (nJyr) 
Vhydraulic gradient (dm) 
&mixing zone depth (m) 
Uinfikration rata (rdyr) 
Vsourccs length panllol to ground water flow (m) 

calculating 

Mlxing Zone Depth (d), Bcwusc of its dcpendcncc on thc othcr vsrisblcs, mixin ne dcpth is 
cstimatcd with thc mcthod uscd for thc MULTIMD modcl (Sharp-Hmscn ct de, 1990). The 
Mut7'IhilED estimation method was selected to bc consistent whh that uscd by PA'S Oficc of Solid 
Wmc for tlic EPA Compositc Modcl for Landfills (EPACML). Thc equation for cstirnxhg &'sing 
zonc dcpth (d) is as follows: 
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whcrc 

a, = VCRiCd dispcrsivity (mlm) 
v, = horizontal sccpagc vclocity (mlyr) 
n, = cffcctitpc tlquifcr porosit>* (LporJLfiluifer) 
d, aquifer dcpth (m). 

Thc first tcm, (ZO;L)OJl cstimatcs thc depth of m i s h g  duc to vcrticd dispcrsivjty (day) along thc 
length of ground wxcr  travcl, Dcfining thc point of compli;mcc with ground w a t a  .standards at ihc 
downpdicnt  cdgc of the sourcc, this tnvel distancc bccomcs the lcngth of the sourcc ptlnllcl to flow 
L. Vcrticd dispcrsiviTy an bc cstimatcd by thc follotving relationship (Gc1ha.r and Ancss, 19x1): 

a, r 0,056 at (39) 

whcrc 

aL = longitudinal dispcrsiviv a 0.1 Xr 

Xr - horizontd d i m c c  to rcccpior (m), 

Bcausc thc potcntid rcccptor is asumcd to have n wcll at thc cdgc of thc  facility, & L and 

a, - 0.0056 L (40) 

Thus 

Thc sccond tcrm, d,  { 1 - c;up[(-LI) I (Vrn,d,)]], cstimatcs thc dcptb of mixing duc to thc downward 
vclocity of infilmtirig watcr, dp,. In this cqution, thc followjng substitution may be made: 

V, = Kiln, (42) 

so 

Thus, mixing zone dcpth is d c d a t c d  as follows: 

d m da, .t- dl, 

Estlmation 01 Mlxlng Zonu Depth 
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Po rameter/Dof in it io n (u n Its) 

dmixing zone depth (m) 
Usoureo longth prallol to ground wator flow (m) 
Mnfihmtlon m!e (nJyr) 
Khquifer hydrnulic condudivity ( d y r )  
ddaquifer thickness (m) 

Xncorpontion of this cquation for 
p m c t c r s  that must bc cs6rnatcd 
hvdnulic conductivitv IK). aauifcr 

mising zonc dcpth into thc SSL dilution cquation results in fivc 
to cdculotc dilution: S O U ~ C C  lcngth (L). infilmtion rate (1). aquifer 
hvdnulic cndicnt (i). and aauifcr thiclincss Id-). Aouifcr thickness . r -  " . I. . -. , 

dso S C N C S  ;IS P limit for mixing zoic dcpth. The User's GuidE (US. EPA, 1996) dcscnbcs how to 
dcvclop sitc-spccific cstimatrrs for thcsc p m c t c r s .  Pamctcr  definitions and dcfaults uscd to 
dcvclop gcncnc SSLs arc as follows: 

Source Lcngth (L) is thc Icngtb o f thc  sourcc (;.e., m a  of contuninatcd soil) p;mllcl to 
ground w t c r  flow and dk t s  tlic flu of contuninant rclcucd in soil lcschatc (L) LS wcll as 
the dcpth of mixing in thc aquifer, The default option for this panmctcr ;LSSUIIICS J squarc, 
0,5-aerc contaminant source, This dcfault \vas chmgcd from 50 acres in rcsponsc to 
commcnts to be morc rcprcscntativc of actual contaminated soil SOUTCCS (see Sccdon 1,?,4). 
Incrcsing sourcc ~ C P  (and thcrcby m a )  may rcsult in a lowcr dilution factor. Appcndis A 
includes an mdysis of thc conservatism usocirrtcd with thc OS-serc sourcc size. 

Infiltration Rate (1). lnfiltntion rate umcs the sourcc arc3 determines thc m o u n t  of 
c o n m i n m t  (in soil 1cxh.atc) that enters thc aauifcr over timc, Thus. incrctrsinr infiltration 
~ C C T C U C S  thc'dilution factor.'Two opdons can be used to gcncntc infilmtion Gtc chmatcs 
for SSL dcuht ion.  "'he first ssumcs that infilmtion n t c  is cquivdu.int 'to rcch;up;c. This is 
pncrd ly  truc for uncontrolled conminotcd soil sitcs but would be conscndvc  for capped 
sitcs (infilmtion r c c h q c )  and nonconservativc for sitcs with M additional sourcc of 
infiltration, such 3s surfacc impoundmcnts (infdtntion > rcchqc) .  Rcchuge uZimatcs for 
this option can be obtained from Allcr ct al. (1987) by hydrogcologic s h g ,  as dcscribcd in 
Sction 2.5,6, 

The sccond option is to usc the HELP modcl to csumnc infiltration, as was done for O W s  
EPACML .md EPA's Comuositc Modcl for Lcachatc Migration with Tnnsformation 
Products (EPACMTP) modciing cfforts. me Soil Screening &dance (US, EPA, 1995~)  
providcs information on obtaining and ushg thc HELP model to cStim;rte site-spccific 
infilmtion ntcs,  

Aquifer Pnromcttrs. Aquifer p m c t c r s  needed for the dilution factor modcl include 
hydraulic conductivity (IC* m/yr), hydraulic gndicnt (i, mh), and aquifer thickncss (da, m). 
l l ic  Uscr's Guide (US, EPA, 1996) describes how to dcvclop aquifcr p m c t c r  cstimsts for 
wlculaing ;L sitc-specific dilution factor. 

2,5,6 Default Dilution-Attenuation Factor. EPA has sclcctcd o dcfadt DM of 20 to 
account for contaminant dilution and mcnuation during transport through rhc samntcd zone to  ;I 
compljmcc point (k, rcccptor wcll). At most sitcs, this adjustment w i l l  morc sccuntcly rcRcct a 
contaminant's threat to ground wmcr r c ~ o u r c c ~  than 3ssuming P DAF of 1 (i.c.* no dilution or 
attcnuation). EPA sclcctcd ;1 DAF of 20 using 3 "wcight of cvidencc" approach. This approach 
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considers results from OSW's EPACMTP modcl as wcll ;IS rcsults from applying thc SSL dilution 
model dcscribcd in Section 2.5.5 to ZOO ground water sitcs across tlic country. 

Thc dcfault DAF of 20 rcprcscnts an adjusrmcnt from thc DAF of 10 prcscnted in the Dcccmbcr 
1994 draft Soil Screening Guidancc (U.S, EPA, 19941) to reflect a change in dcfault sowcc size ftom 
30 acrcs to 0,05 acrc, A DAF of 20 is protcctivc for sourccs u p  to 0.5 acre in s i x ,  Andyscs 
prescntcd in Appcndix A indiwtc that it a n  bc protcctivc of largcr sources as wcll. Howcvcr, this 
hypothesis should bc csamincd on a cuc-bycasc basis bcforc applying a DAF of 20 to sources larger 
than 0,5 acre. 

EPACMTP Modeling Effort, Onc model considcrcd during sclcction of thc dchul t  DAF is 
dcscribcd in Background Documcnt for &PA!\* Composrrc Modci for Lcachatc Migration wrrh 
Transformation Products (U.S, EPA, 1993n), EPACMTP hu a three-dinicnsional modulc to simulatc 
ground WIID flow that cm account for mounding under watt sitcs, The modcl also has ;L h c c -  
dimcnsional trrrnsport modulc arid both linear and nonlincar adsorption in thc unsatuntcd and 
saturated zoncs and can simulatc chain dccay, tlius allowing thc sintulstion of tllc formation and thc 
fatc and tnnspon of daughtcr (tnnsformation) produm of dcgnding chemicals, The modcl CUI also 
be used 10 simulate a f i n k  sourcc s c c n ~ o .  

EPACMTP is campnscd of ttircc main jntcrconncctcd modulcs: 

An unsntunted zone f low and contaminant fatc znd mnsport module 
A saturated zonc ground water flow and contaminant fatc wd mspart  module 
A Montc Carlo dnvcr module, which gcncmtcs modcl panmctcrs ftom nationwidc 

0 

prob3bilhy dihbutions.  

Thc unsaturatcd and satuntcd zonc modulcs simulate thc migration of contminants from initid 
rc lcsc  from the soil to a downgndicnt rcccptor wcll. Mort infomation on thc EPACMTP modcl is 
provjdcd in Appendix E. 

EPA has cxicnsively verificd bath thc unsaturatcd and n tun tcd  zonc modulcs of the EPACMTP 
against athcr available andytit3J and numerical modcls to cnsurc accuncy and cfficimcy. Both the 
unsatuntcd zonc and the sntuntcd zonc modules of the EPACMTP linvc bccn rcvicwcd by the EPA 
Science Advise? B o d  and found t o  be suitablc for gcncnc applications such u thc derivation of 
nationwide DAFs. 

EPACMTP Model Inputs (SSL Application). For nationwide Montc Carlo model 
applications, thc input to thc modcl is in  thc form of probability disibutions of cach of thc modcl 
input p m c t c r s .  n t e  output from thc modcl consists of thc probability d i s ~ b u t i o n  of DAF vducs, 
rcprcsenting thc likelihood that thc DAF uiill not bc lcss than o ccrtain valuc. For in .mcc ,  a 90th 
perccntilc DAF of 10 means that thc DAF will bc 10 or highcr in at Icm 90 pcrccnt of the cxcs.  

For cach modcl input p a m c t c r ,  a probability d i ~ b u t i o n  is providcd, describing thc nationwide 
Iikclihood that thc psamctcr has a ccrt3in vduc,  "hc p a m c t c r s  arc dividcd into four main groups: 

. Sourcc-spccific p m c t c r s ,  e,&,, ;vca of the w u t c  unit, infiltration n t c  

Chcmical-spccific panmctcrs, c4., hydrolysis constants, organic carbon partition 
cocfficicnt 
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Unsaturated zonc-specific pumetcrs ,  e.;;,, depth to water ublc, soil hydnulic 
c o n d u h v i v  

Satuntcd zone-specific pumcters ,  c,g., saturated zonc thickness, ambient ground 
watcr flow ntc, location of nearest rcccptor well. 

Probability disnibutions for each p m e t c r  used in thc model have been dcntwl from nationwide 
sunicys of wastc sites, such as EPA's landfill survey (53 FR 28692). During thc Montc Carlo 
simulation, valucs for cach modcl p m c t c r  m randomly d r a m  from thcir rcspcctivc probability 
distributions. In the cdculation of the DAFs for gcncnc SSLs, sitc data from over 1,300 municipal 
landfill sitcs in OSW's Subtitlc D Lrindfill Survey wcrc used 10 dcfinc p m c t c r  rangcs and 
distributions, Each combination of randomly dnwn paramrtcr vducs rcprcscnts one out of a 
pncticdly infinitc univctsc of possible \vmc sitcs. Tlic fate and m s p o r t  modules arc csccutcd for 
thc spccific set of modcl p m c t e r s ,  yielding a corresponding DAF valuc. Tlris procedurc is repeated, 
typically on thc order of scvcnl thousand times, to cnsurc that the cntin uni\wsc of possiblc 
panmctcr combinations (wutc  sites) is adequately sunpfcd. In thc derivation of DAFs for generic 
SSLs, thc modcl simulations ~ c r c  repeated 15,000 tirncs for each scenario invcstigatcd, At thc 
conclusion of thc mdysis, a cumulative frequency distribution of DAF ~balucs was constructed a d  
plottcd. 

Figure 3. Migration to ground water pathway-EPACMTP rnodellng 
off 0 rt. 

EPA assumcd an infinite w s t c  source of fiscd m for the gcncnc SSL modeling scenuio, EPA chosc 
this relatively conscn~;ltivc zsmmption bcctlusc of limitca information on tbc nrrtiomvidc distribution 
of the volumes of contaminatred soil sourccs. For the SSL modcling sccndo, EPA pcrformcd a 
number of scnsitivity ;m;llyscs consisting of fising onc parmctcr at J time t o  dctczminc the 
p m n c r s  that have the g m t c s t  impact on DAFs. Thc rcsults of thc srnsitikity ;urJysrs indicate 
that thc climatc (net precipitation), soil types, and size of thc contaminated m a  h w c  the patest 
cffcct on thc DAFs. Thc EPA feels that thc sizc of the contuninatcd area l a d s  itself most readily to 
pncticd application to SSLs. 

To calculatc DAFs for the SSL sccnario, thc rcccptor point \\';Lc d i c n  to bc P domcdc drinking wmx 
well located on thc downpdicnt  cdgc ofthc contaminated m a .  The location of thc intakc point 
(nccptor wcll screen) was assumcd to v q  bcnvcen 15 and 300 fca below the water table (thcsc 
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values arc bascd on empirical data reflecting a national svnplc distribution of dcpth of rcsidcntial 
drinking watcr wclls). Thc localion of thc inLakc point allows for mising within the aquifcr. EPA 
bclicvcs that this is a rcuonablc mumption bccausc tlicrc will always bc somc dilution amibutcd to 
the pumping of w,tcr for rcsidcntial usc from m aquifcr, Thc Iiorizontal placement of the wcll was 
ssumcd to v q  uniformly dong thc centcr of thc downgradient cdgc of tlic sourcc within 3 width of 
onc-half of the width of the source. Dcgradation and retardation of contruninants wcrc not 
considercd in this ;mdysis, Figurc 3 is a schcmatic showing aspect., ofthc subsurface SSL conccprud 
model uscd in thc EPACMTP modcling cffon. Appendix E is rhc background documcnt prcparcd by 
EPA/OSW for this modeling cfforr. 

EDACMTP Model Results. Thc rcsults of the EPACMTP malyscs indicatc ;L DAF of about 
170 for 3 OS-acrc sourcc at t h c  90th pcrccntilc protcction lcvcl (Tablc S), I f  n 95th  pcrccntilc 
protcction levcl is uscd, ;1 DAF of 7 is protcctivc for 3 0,S-ncrc sourcc. 

Table 5.. Variation of DAF with Size of Source Area for SSL EPACMTP 
Modeling Effort 

D A F  
Aroo (acres) 8 5 t h  90 th  9 S t h  

0.02 1.42E+07 2.09€+05 946 
0,04 9,19E+05 2.83 E+04 21 1 
0.1 1 5.54E.tO4 2,74&03 44 
0.23 1.16€+04 644 1 5  
0.50 2.50E+03 170 7.0 
0,69 1.43E+03 120 4 5  
7,1 668 60 3,l 
1.6 41 7 38 2.5 
1.8 350 33 2.3 
3,4 159  18 1.7 
4,6 115 73 1,6 

11,5 41 5.5 1.2 
23 21 3 3  1.2 
30 16 3,O 1 , l  
4 6  12 2-4 7,1 
69 8,7 2.0 1.1 

Dilution Factor Modeling Effort. To gain furthcr information on thc national range and 
distribution of DAF vducs, EPA also applicd thc simple SSL wvatcr bdancc dilution modcl to  ground 
watcr sitcs included in nvo l a g c  sutvcys of hydrogcologic sjtc investigations, Thcsc wcrc h c r i c a n  
Petroleum Institutc's (APl's) hydrogcologic daubasc (HGDB) and EDA's databclsc of conditions ai 
Supcrfund sitcs contaminated with DNAPL, 

Thc HGDB contains the rcsults of 3 survcy sponsorcd by API and thc  National Water Well 
Association @ W ' A )  to dctcrminc thc national wwiability in simple hydrogcologic p m c t c r s  
(NcwcL1 et d,, 1989), l l c  survcy w u  conductcd to vdidatc EPA's usc of the EPACML modcl ;IS il 
screening tool for the land disposal of hazardous wastes, Thc suwq involvcd mote tlivl 400 ground 
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watcr profcssionals who submincd data on aquifcr chanctcrisrics from field invcnigations at ~crual 
W ~ S T C  sites and other ground watcr projccrs. Thc information was compiled in HGDB, which is 
available from API and is includcd in OASIS, 3n EPA-sponsored ground w t c r  dccision support 
systcm, Ncwcll c t  21. (1990) also present thcsc d3t;l xi- "national wcngc" conditions and b>* 
hydrogeologic scttings b m d  on thosc dcfincd by Allcr ct a]. (19S7) for thc DRASTIC modcling 
effort, Allct ct a]. (1987) dcfincd thcsc settings within the o ~ ~ r n l l  f m c w o r k  defined by Hcazh's 
ground water regions (Ncath, 1984). Thc HGDB cstimatcs of hydnulic conductivity and hydnulic 
gradient show rcasonrrblc agccmcnt with thosc in Allcr et d. (1?87), which SCNCE as another sourcc 
of cstirnstcs for thcsc pammetcrs. 

Tlic SSL dilution factor modcl (including thc ssociatcd mising zone depth modcl) rcquircs estimates 
for fivc p m e t c r s :  

d, aquifer thickness (m) 
L = lcngth of sourcc parallcl to flow (rn) 
I = infilmtion mtc (m/yt) 
K - aquifer hydnulic conductiviv (rnlw) 
i = hydnulic gndicnt (mlm). 

Dilution factors wcrc calculatcd b!, individual HGDB or DNAPL sitc to rc&n ;IS much sitc-comlstcd 
p m c t c r  information 3s possible. Thc I-IGDB conuins cstimatcs of aquifcr thiclncss (dJ, quifcr 
hydnulic conductivity (K), and aquifer hydnulic gndicnt (i) for 272 ground water sitcs. Thc aquifer 
hydnulic condudvhy cszimatcs wcrc exmincd for thcsc sites, and sitcs with rcponcd vducs less 
than  5 x 104 cm/s \ \we  culled from the databuc bccausc formations with lowcr hydnulic 
conductivity valucs x c  not likcly to be uscd as drinking watcr sources. In addition, sitcs in fncturcd 
rock or solution limcstanc srtthss wcre rcmovcd bccausc thc dilution factor modcl docs not 
adequately address such aquifcrs, This rcsultcd in 208 sitcs nmaining in the HGDB. Thc DNAFL Sitc 
database contains 92 sitc estimates of sccpagc vcloc.$' (T), which C;LT] bc related to hydnulic 
conductivity and hydraulic gradient by thc following relationship: 

when 

ne = cffective porosity. 

Effective porosity (ne) w3s assumed to bc 0,35, which is rcprcscntativc of sand and gnvcl ;rqUifcrs 
(the most prcvalcnt aquifer q p c  in the HGDB). 'Illus, for the DNAPL sitcs, 0 3 5 G  \vas substituted 
for Xi in thc dilution factor cquation. 

Estirnatcs of ttic other p m e t c r s  required for thc modcling effort EVC dcscnbcd below, Sitc-specific 
valucs \vert uscd whcrc wailablc. Bcausc the modcling cffort uses a number of sitc-spccific modcling 
results to dctcmhc a nationwide dishbution of dilution factors, qpicd vducs wcrc used to c d m a c  
pmmctcrs for sitcs without sitc-specific cstimatcs, 

Source Length (1). Thc contaminant source (Le., of soil contamination) \vas assumcd 
to bc squsc.  This assumption may bc conscrvativc for sites with their longer dimcnsions 
pcrpcndicular to ground watcr flow or nonconscrwtivc for sitcs \vhh their longer dimensions psd le l  
to ground w t c r  flow. ?he sourcc Icngth was dculatcd z the root of the sourcc ;vca for thc 
sourcc sizes in question, To covcr ;L m g c  of cont3minmcd soil soufcc arcs sizcs, ftvc sourcc s k s  
wcre modclcd: 0.5 acrc, IO o m s ,  30 acres, 60 acrcs, and 100 acrcs, 
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lnf i  ttratian ( I ) .  Infilmtion ratc cstimatcs wcrc not avnilablc in either dntabxc. 
Rcchargc cstimatcs for individual Iiydrogcolog,ic scnings from Allcr ct al, (1987) WCTC uscd u 
infiltntion cstimalcs (i,c,, it was assumed that infiltration = rcchrrrsc), Bccausc of diffcrcnccs in 
datdmsc contents, it was ncccssan to USE diffcrcnt approachcs to obt ining rccliar~c/in~ltr3tion 
cstimatcs for the I-IGDB and DNAPL s i t s  

Rate 

Thc WGDB placcs caeh of its sircs in onc of t l i c  hydrogcologic settings dcfincd by Allcr et d. (19Y7), 
A recharge cstimatc for cach HGDB sitc w;ls simply cxmctcd for thc appropriate scrting from Allcr 
ct al. Thc mcdim of thc rcchargc nngc  prcscntcd was uscd (Table 6 ) ,  

Thc DKAPL databasc docs not contain sufficient hydrogcologic information to ploec each site into 
the Allcr ct al. scnings. Instcad. cach of thc 92 DNAPL sitcs was plrrccd in onc of Heath's ground 
watcr rcgions, Thc sitcs were found to lic within fivc hydrogcologic rcgions: nonglachtcd ccntnl, 
glaciated c c n t d ,  picdrncntlbluc ridge, northeast and superior uplands, and AtlmticlGulf coastal plain, 
Rccharpc was cstimatcd for cach rcgion by avcmging tlic mcdian rcchargc mluc  from dl 
hydrogcologic scnings cxccpt for thosc with stccp slopcs, ' R c  appropriate Hcath rcgion recharge 
cstimatc w u  dim uscd for cach DNAPL S i x  in thc diluaon factor calculations. 

Aquifer Parameters, All aquifcr parmctcrs nccdcd*for thc SSL dilution rnodcl arc included 
in the HGDB, Bccausc hydraulic conducthip and grndicnt arc includcd in thc sccpagc vcloci?' 
cstimatcs in the DNAPL sitc database, only aquifer thickness was unknown for thcsc sites. Aquifer 
thickncss for all DWAPL sites was sct at 9.1 m, which is the mcdisn vduc  for +sic "national avcngc" 
condition in thc WGDB (Ncwcll ct al., 1990). 

Dllutlon Modeling Results. Table 7 prcscnts summary statistics far thc 92 DNAPL 
sitcs, thc 208 HGDB sites, and dl 300 sitcs. Onc CYI sec that the HGDB sites gcncmlly havc lowcr 
dilution factors than thc DNAPL sitcs, although dic absolutc range in valucs is grcatcr in the HGDB, 
Howcvcr, thc available information for thcsc sitcs is insuffcicnt to fully csplain thc diffcrcnccs in 
thrsc data scts, 7'hc widc rangc of dilution factors for thcsc sitcs rcflccu the nathnw'idc vanabilip in 
hydrogcologic conditions affecting this parameter. The large diffcrcncc benvtcn thc avcngc  and 
gcomcvic mcm ,statistics indicatcs a distribution skcwcd toward thc lower dilution factor values, Thc 
gcomctric mcm rcprcscnts a bcrtcr cstimatc of the ccntnl tcndcncy of such skcwcd distributions, 
Appcndix F prcscnts thc dilution modcling inputs and rcsults for thc HGDB and DSAPL sitcs, 
tabulatcd by individual sitc. 

Selection Of the DCfaUlt DAF. Thc dcfoult DAF was sclcctcd Considering thc cvidcncc of 
thc national DAF and dilution factor cstimatcs dcscnbcd abovc. A DAF of 10 was sclcacd in thc 
Dcccmbcr 1994 draft Soil Scrccning Guidnnce t o  bc protcctivc of P 30-acre sourcc sizc. Thc 
EPACMTP model rcsults showed a DAF of 3 for 30 acrcs at the 90th pcrccntilc, Thc SSL dilution 
modcl rcsults havc geomctric m c w  dilution factors for a 30-acrc sourcc of 10 and 7 for DNAPL sites 
and HGDB sitcs, rcspectivcly. In a weight of ocidcncc approach, morc weight \ v u  given to thc rcsults 
of the DNAPL sitcs bccausc thcy arc rcprescnutivc of tbc kind of sitcs to which SSLs YC likely to be 
applied, Considering thc conscrvativc assumptions in the SSL dilution factor modcl (scc Scction 
2,5.5),  and the conscnpatisrn inhcrcnt in thc soil partition mcthodology (SCC Scction 2.5,4), EPA 
bclicvcs (1) that thcsc rcsults support thc usc of a DAF of 10 for a 30-ncrc sourcc, md (2) that tllis 
DAF will protcct humm health from CS~OSUTC through this pathway at m o a  Superfund sites across 
the Nation 
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Table 6. Recharge Estimates for DNAPL Site Hydrogeologlc Regions 

Recharge (Wr) 
Ilydrogeologlc setting Alln. Max. Avg. 
NongIaclaled Central (Reglon 6) 

0.10 0.1 8 0.14 
0.10 0.1 e 0.14 
0.10 0.18 0.14 
O.'h 0.38 0 3 2  
0.18 0.25 0.22 
0.18 0.25 0.22 
0.10 0.18 0.1 4 
0.10 0.1 e 0.14 
0.10 0.1 a 0.14 
0.00 0.05 0.63 
0.W 0.05 0.03 
OumJAverage: 0.15 

0.10 0.1 0 
0.10 O.?B 
0.10 0.1 8 
0.10 0.1 8 
0.10 0.18 
0.18 0.25 
0.25 0.f8 
0 25 0-38 

0.10 o.ia 

0.18 0.25 
0.18 0.2 5 

0.25 038 
0.10 0.1 8 
0.18 0.25 
0.25 0.38 
0.10 0.18 

0.14 
0.14 
0.1 4 
0.1 4 
0.14 
0.22 
0.32 
032 
0 22 
0.22 
0.1 4 
032 
0.1 4 
0.22 
0.32 
0.1 4 
0.20 

Recharge ( d y r )  
lydro g ealog lc sellfng Min. Max. Avg. 
'iedmonU3lue Ridge (Region 8) 

A W a l  Voodair  Vageys 0.1 8 0.25 022  
Reg;kh 0.10 0.18 0.14 
Rver AmYiurn 0.18 0.25 022 
Moodah Cresfs 0.00 0.05 0.03 

0.10 0.18 0.14 SK&TplP2E.Fl 

(Reglon 9) 
0.18 0.25 
0.18 0.25 
o.ra 0.25 
0.25 0.39 
0.16 0.25 
0-18 G.25 

0.10 0.18 
0.10 0.1 a 
0.10 0.18 
0.25 0.38 
Omraw Average; 

0.25 0.38 

0.22 
0.22 
0.22 
0.32 
0.22 
0.22 
0.32 
0.14 
0.1 4 
0.14 
0.32 
0.22 

AtlanticlGull Coastal Plaln (RegIon 10) 
f l q b l a l  A p u k s  0 . 0  0.G5 0.03 

0.25 022 

0.58 0.32 
Overa'l Average: 0.24 

Un ISen;iccr.rol. Surfcial AquYer' 0.25 0.38 032 
ASur-brn v.1 Ombank Oepoc-3s 0.18 

0.25 0.38 0.32 A?imhrn H!O W~rbarik D~pcsXs' 
SiValTQ' 0.25 
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Table 7, SSL Dilution Factor Model Results: DNAPL and HGDB Sites 

Sourco arm (ncros) 
0 . 5  i o  3 0  i o 0  600 

DNAPL SltQS (92)  
Geomean 

10th porcentile 
25th percentile 
Modion 
75th porcontile 
90th percantile 

HGDB sites (208) 
Goomoan 
Average 
10th percontile 
25th poreontile 
Median 
75th pareentilo 
90th percentile 

All 300 sitas 
Geomean 
Avorngo 
10th potcantilo 
25th parcontilo 
Modian 
75th perconliio 
90th porcontilo 

AVOragQ 
34 15 1.0 

321 138 80 
3 2 1 
8 4 3 

30 13 8 
140 60 35 
336 144 84 

I6 10 ? 
95 8 029 561 

2 
3 

10 
56 

240 

20 
763 
2 
4 
15 
70 

292 

1 1 
2 1 
6 5 
30 19 

134 90 

11 8 
617 414 

1 1 
2 2 
8 5 
35 23 

144 88 

6 
44 

1 
2 
5 
20 
46 

5 
3? 1 

1 
1 
3 

12 
51 

6 
271 

1 
1 
4 

13 
49 

4 
19 
1 
1 
3 
9 
20 

3 
159 

1 
1 
2 
5 

21 

3 
116 

1 
1 
2 
6 

21 

DNAPL L DNAPL Slrs SUWCPY (EPNOERR). 
HGOB m Hydrogaologlc dotnbase (API), 

To adjust thc 30-acrc DAF for a 0.5-acrc source, EPA considcrcd thc gcomcm 0,5-acrc dilution 
factors for tlic DNAPL sites (;a), I-IGDB sitcs (16), and d1 300 sitcs (20), A default DAF of 20 was 
sclcctcd as D conscrvativc vduc for ;I 0.5-acrc sourcc six.  

This valuc also rcflccts thc mtio bctwccn 0.5-ncrc and 3 0 a r c  gcomcan and mcdian dilution factors 
calculatcd for thc HGDB sitcs (2.2 and 2-0, rcspcctivcly). Thc WGDB d m  reflect thc influcncc of 
sourcc six on actual dilution factors morc accuntcly than the DNAPL sitc data bccausc thc HGDB 
includcs site-specific estimates of aquifer thickncss, As shown in thc following scction, aquifcr 
thickncss has a strong influcncc on the cffcct of source size on thc dilution factor since it ptovidcs an 
upper limit on mixing zonc dcpth. Increasing sourcc arca increms infilmtion, which lowers thc ' 

dilution factor, but dso incrcucs mixing zone dcpth, which incrcascs the dilution factor, Fat an 
infinitely thick aquifer, thcsc cffccts tcnd to cmccl cach other, rcsulting in similar dilution factors 
far 0,5 and 30 acrcs, Thin aquifers limit mising dcpth for lmgcr sourccs; thus thc addcd infiltration 
prcdomjnatcs and lowcrs the dilution faaors for the I q m  sourcc. Sjncc the DNAPL dilution factor 
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analyscs use a fixcd aquifer depth, thcy tend to oiwx.irnatc the reduction in dilution factors hat 
result from a smaller sourcc, 

2.5.7 Sensitivity Analysis. A scnsitiviy analysis was conduacd to c m i n c  thc effects of 
sitc-spcdfic panmeters on migration to ground wier SSLs. Both the partition equation and rhc 
dilution factor modcl wcrc considcrcd in this y~aIySis, Bccausc an adequate database of national 
distributions of these pameters  was not avilablc, a nominal m g c  method vias uscd to conduct tbc 
yldysis. In this analysis, indcpcndcnrpmcters wcrc sclectcd and c3ch was taken to maximum and 
minimum vducs while kccping all other pxmctcrs at their n o m i d ,  or dcfidt, vducs. 

Ovcdl ,  SSLs we most sensitive to chmgcs in thc dilution factor, As shown in Tablc 7, tbc 10th to 
90th prrccntilc dilution factors vuy from 2 to 292 for the 300 DNAPL and HGDB sitcs. Much of 
this variability can bc attributed to the wide m g c  of aquifer hydraulic conducdvirl\l acmss the Nation. 
In con- the most sensidvc p m c t c r  in thc partition equation (foe) only affects the SSL by a 
factor of 1,s. 

Partition Equation. 7 b c  partition equation rcquircs the foIIo\\.ing sitc-spccific inputs: fnction 
organic carbon, avcngc annual soil moisturc content, and soil bulk dcnsiry. Although volumemc so3 
moisture contcnt is somcwhat dcpcndcnt on bulk density (in terms of thc porosity x d a b l c  to be 
fillcd with water), calculations wcrc conductcd to cnsurc that the p m e t c r  nngcs sclcctcd do not 
result in impossible combinations of thcsc panmctcrs, Bccausc the effects of thc soil panmeters on 
thc SSLs arc highly dcpcndcnt on. chcmical properties, thc mdysis w u  conductcd on four organic 
c h c m i d s  spanning thc m g c  o f  these propcdcs: chloroform, erichlorocthylcnc, mphthdcnc, and 
bcnzo(a)pyrcnc. 

The m g c  uscd for soil maim conditions was O,O? to 0.33 L water/L soil, ' n ~ c  lower end of this 
m g e  rcprcscnts n likcly rcsidual moisturc content valuc for sand, 3s might bc found in tbc drier 
regions of the Unitcd States. The higher value (0.43) rcprescnts full saturation conditions for a lorn 
soil, Thc m g c  of bulk dcnsity (1.25 to 1.75) \vas obtdncd from thc Pamot soils databrrsc, which 
contains bulk dcnsiry mcasutcmcnts for ovcr 20,OOr) soil scncs across thc Unitcd Smtcs. 

Establishing n m g c  for subsuffacc organic carbon content (GC) ws morc difficult In spitc of an 
cxcnsivc litcrjturc rcvicw md contacts with soil scicntists, vcw little infcmation was found on thc 
distribution of this p m c t c r  with dcpth in US. soils. The m g e  uscd W;LS 0.001 to 0.00S 6 carbon / 6 
soil. Thc Iowcr limit rcpmcnts thc critical organic carbon contcnt bclow which thc parthion 
cquation is no longer applicable. Thc uppcr limit W;IS obtained from EPA's &VhnIIlCnQl Rcscarch 
Labontory in Ada, Oklahoma, m an expen opinion. Gcncnlly. soil organic carbon content fdls off 
npidly with depth, Sincc the typical vdue uscd as an SSL dcfault for surfacc soils is 0,006, and 0.002 
is uscd for subsurfacc soils, this limitcd mngc is consistent with the other default assumpdons uscd in 
the Soil Smcning Guidulcc, 

The rcsults of thc partition equation sensitivity analysis arc shown in Tablc 8, 

For volatile chemicals, tbc modcl is somcwli3t sensitive to watcr contcnt, with up to 54 and 19 
pcrccnt change in SSLs for chloroform and mchloroethyknc, r c s p c ~ v c l y .  Tbc modcl is Iws 
scnsitivc to bulk dcnsity, with a high pcrccnt channgc of 18 for chlorofom and 14 for 
trichlorocthylcnc. Organic &on contcnt has the greatest cffca on SSLs for 311 chcmids cxccpt 
chloroform, Ai espectcd, the cffect of fbc incrcxcs with i n c w i n g  K,. The gxatcst cffcct was seen 
for bcnzo(o)pyrcnc whose SSL showed a 50 pcrccnt incrcasc at M f ,  of O.OS, An fop of 0.005 will 
increase thc bcnzo(u)p.vturc SSL by 150 pcrccnt. 
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Table 8. Sensitivity Analysts for SSL Partition Equattan 

Chloroform TrIchlo r oet h y le ne Hap hlhale ne El en zo (a) p y r e ne 

S S L  Percent SSL Percent SSL Percent SSL Percent 
Parameter asstgnmenls (mglkg) change (mglkg) change (mglkg) change (mglkg) change 

AI1 defauh paramder values 0.59 - 0.057 - - 0 - 

Bulk c!ens:Q 0.69 18 0.065 14 85 1 8 0 
Soil moisture 0.74 26 0.062 9 86 2 8 0 

a4 

Less consewalive parameter value 
Organic carbon 0.67 14 0.074 29 124 4 8  12 5 0  

Mora men.ative parameter value 
Orgark carbon 0.51 -14 0.040 -2 9 4 4  -48 4 -50 
Bulk density 0.5 t - 13 0.05 1 -10 83 -1 8 0 
Soil moisture 0.27 -51 0.046 -I  9 80 -4 8 0 

Conservatism 
Input parameters Less Nominal More 

F r i x h  org. carbon 0.003 0.002 0.001 
(s's) 
B u s  density (kg.1) I .25a 1.50 1.75b 
Average soil moisture 0-43 0.30 0.02 
(U) 
a n = 0.53; = 0.23. 
b n = 0.34; a = 0.04. 

Chemfcal-specific parameters Chloroform Trlchloroelhyleno NaphlhaIene B e n zo (a)  p y re n e 
3.98€+01 1.66E r02 2.00Et03 1.02E106 Koc 

CIY 

H' I SOE-01 4.22E-01 1.98E-02 4.63E-05 
2.w 0 . l C  203 O.OOG 

CMCL*MDAF.  
d HBL(HQ=l)r20DAF. 

& L 4  4 t4mcjL:yJl I dt.Jf3 
m 



Dilutlon Factor. Sitc-specific p m e t c r s  for the dilution factor model hcludc aquifer hydnulic 
conductiviv K), hydnulic gndicnt (i), infiltration IXC (I), aquifcr thichcss (d), and sourcc length 
pmllcl to ground w c r  flow (L), Btausc  thcy m somewhat dcpcndcnt, hydnulic conductivity and 
hydnulic gndicnt were treated together u D m y  vclocity (IC x i), Thc p m c t c r  rangcs uscd for thc 
dilution factor analysis rcprcscnt thc 10th md 90th percentile valucs taken from the HGDB and 
DNAPL site dmb;LSes, with the gcomctric mcm senling as the nominal vduc, ;IS shown in Tablc 9. 

Sourcc fcngch ws varied by assuming squm sources of 0.5 to 30 acns in sizc. Bounding c.4rnatcs 
wcrc conducted for c3ch of thcsc source sizes, 
' l l c  rtsults in Table 9 show that Duty vclodv has thc greatest cffcct on the dilution factor. with a 
range of dilution factors from 1.2 to  85 for P 30-acrc sourcc and 2.1 to 263 for P 0.5-scrc SOU~CC. 
Infilmtion ratc has thc n c s  highcst c f f c a  followed by sourcc size and aquifer thickncss. Notc that 
aquifer tlijckncss has ;1 profound effect on thc influcncc of sourcc size on the dilution factor. ?hick 
aquifcrs show no source size effect bemuse thc incrcasc in infilmtion flus fmm a larger sourcc is 
bdanced by thc incrcasc in mixing zone depth, which incrcscs dilution in the aquifer, For very &in 
aquifcrs, thc mixing zonc dcpth is limited by the aquifer thickness and thc incmscd infdmtion flux 
prcdominatcs, dccrcasing the dilution factor for l q c r  sources, 

2.6 Mass-Limit Model Development 

This scctioii dcscribcs the devclopmcnt of models to solvc the mass-balance violations inhcrcnt in 
tlic infinite sourcc models uscd to calculate SSLs for the inhalation and migration to ground watcr 
cxposurc pathways, T l v  modcls dcvclopcd arc not finitc sourcc models pcr SC, but arc dcsipcd for 
usc with rhc current infmitc source models to providc P lowcr, mus-bascd limit for SSLs for the 
migradon to ground watcr and inhalation c~yosurc pathways for vol;ltilc md l a h b l t  contuninam, 
For cach pathway, thc mass-limit model wlculatcs a soil coiiccnmtion thnt corresponds to thc 
relc;lsc of dl contaminants prcscnt within the sourcc, at a constant hcdth-bascd conccnh3tjon, ovcr 
thc duntion of csposurc. ' l lese  mass-bucd conccntration limits arc uscd as a minimum 
concentndon for cach SSL; bclow tlis conccnmtion, 3 rcccptor point conccnmion timc-avcmgcd 
ovcr thc cxposurc pcnod P a o t  cscccd thc hc;rltli-b;rscd conccntdon on which it is bzcd.  

2..6.1 Mass Balance Issues. Infinite SOWCC models uc subject to mass bdurcc violx.ions 
undcr ccmin conditions, Depending on a compound's volatiliv and solubility and thc s u c  of the 
source, modclcd volatilization or Icaching mtcs an result in 3 source being dcptetcd in a shoncr time 
than thc cxposurc duntion (or dic flux ovct ;L 30- or 70-ycu duntion would relcasc a W t c r  mass of 
contaminants than arc present). Scvcnl cornmcntcrs to  thc Dccmbet 1994 draft Soil Scrctning 
Guidance cxprcsscd conccm .that it is unrcdistic for total cmissions ovcr thc duntion of cxposurc to 
cxcced the total mass of contzminvlts in a sourcc. Using the soil s m d o n  conccnarion (C,J and 
a 5- to 10-rnctcr contaminant dcpth, one commcntor calculated that mass balance would bc vjohtcd 
by the SSL volatilization modcl for 25 percent of the SSL chcmjds. 

Short of fjnitc sourcc modcling, thc limitations of which in soil scncning arc discussed in thc d d l  , 
Tcchnicul Background Docurncnr for Soil Screening Guidrrncc (U.S. EPA, 1994i), thcrc w c n  two 
options identified for addrtssing muss-balancc violarions within the soil screening proccss: 

Shorten tbc cxposurc dunt ion to a valuc that would rcflcct m s s  . 
limitations given the volatilizdon m e  dculated using the c u m t  
mctliod 
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Table 9. Sensitivity Analysis for SSL Dilution Factor Model 

Dllutton Factor 

c 

Source area Mlxlng dapth (m) 
Po ra moto r Ratlo 01 0.5- 

nssiqnmonts 30-acre 0,S-acro acrol30-ncra 30-aero 0.5 acre 

All centmi paramotors 5,2 15 2,9 12 5,7 

Dnrcy vclocity 85 263 3.1 12 4,8 
Aquifer thickness 15 15 1 .o 40 5 , t  
Infiltration roto 39 118 3,O 12 4,8 

Loss conservative - 

More conscrvative 
Darcy voloc'hy 1.2 2.1 1,8 12 12 
Aquifer thickness 2.1 9 , l  4.3 3,O 3,O 
lnflltrat ion rato 3.2 0 .? 2.f 12 5.5 

Consorvatism 

1 np ut para moters Less Nominal More 

Darcy volocity (DV, mlyr) 442 22 0.8 

Aquifer thicknoss (do, m) 46 12 3 

Iniihmtion roto ( d v r l  0,02 0,18 0,35 

Paramotor sources 
Parcontilo DV* (mlyr) dab (m) 
1 0 t h  0.8 3,O 
25th 4 5,5 
50th 22 11 
75th 121 23 
90th 442 46 

Avaroge: 800 28 
Geomean: 22 12 

8 300 DNAPL & HGDB attea. 
!I 208 HGDB shes. 
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* Change thc volatilization mIc to a vdue corresponding to the uniform 
rclcve of the total m u s  of contuninmu over thc pcnod of czrposurc. 

The lartcr approach ws taken in thc dr.a.ft Risk-Based Corrccti\pc Action (MU) scrccning 
mcthodology dcvelopcd by the American Society for Testing and Materids (ASTM) (ASTM, 1PP4). 
As statcd on p3gc B6 ofthc IUCA gujdancc (B.6,6.6): 

In the cvcnt that thc time-avcngcd flu?c cxcccds that which would occur if a11 
chcmicds initially prcscnt in thc suficid soil zonc volatilized during'thc esposurc 
period, then the volatilization factor is dctcrmined from a mass bdmcc ~lsnunhg that 
aJ1 chcmiml initially prcscnt in the surficial soil zonc voldizcs  during the cxposurc 
period, 

This was scicctcd ovcr tlic csposurc duration option bccausc it is reasonably conscnpative for 
scrccning purposcs (obviously, more contuninant cannot possibl!, \*olatilkc from thc soil), and it 
avoided thc uncertainties usochtcd with applying the cuncnt modcls to csdmatc sourcc dcplction 
mcs. 

In summsy,  thc mass-limit approach offcrs thc following advrmtagcs: 

9 It corrects thc possible rnass-balrncc \<alation in the infinite-souxc 
SSLS. 

I t  does not rcquirc devclopmcnt of a finite socucc modcl to calculate 
SSLS, 

It is appropnate for scrccning, bchg bucd  on thc conscntauvc 
ussumprion that dl of thc contaminant prcscnt leadies or volatiIizes 
over thc period of exposure. 

It is easy to develop and implemcnt, nquinng only VCV simplc 
dgcbric equations and input p m c t c r s  that arc, with thc csccption 
of sourcc dcpth, drwdy used to cdculatc SSL.. 

Thc dcnvation of thcsc modcls is dcscnbcd below. It should be notcd that thc Amcrhm Industrid 
Health Council (AIHC) indcpcndcntly dcvelopcd identical modcls to solvc thc mass-bdmcc violation 
3s part ofthcir public commcnts on thc Soil Scrccning Gidulcc.  

2.6.2 Migration to  Ground Water Mass-Limit Model. For thc migration to ground 
water pathway, the muss of contaminant lcoehcd from a contuninant sourcc ovcr o fixcd c?iposurr 
duntion (ED) period can bc d c u l v c d  as 

whcrc 

MI 
C,,, 
1 - infilmtion mtc (miyr) 
A, = sourccarca(m~) 
ED - c.uposurc duntion (yr). 

mass of contvninvlt lcachcd (s) 
lcachstc contaminant conccnation ( m a  or dm3) 

- (47) 
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Thc tocd mass of contaminant$ prcscnt in o sourcc can bc cqrcsscd as 

MT - total mass of contaminant prcscnt Q) 
C, 
Pb 
A, sourcc arcs (m:) 
6 - sourcc dcpth (m). 

- total soil contmjnannt concentration (mgkg or g/Mg, dry basis) 
dry soil bulk dcnsity (kg/L or Mg/rnJ) 

To avoid 3 m s s  balance violation, t l ic mius of contaminant Icxhcd cannot cxcccd t l i c  tot31 mass of 
conminxi ts  prcscnt { i s , ,  M I  c m o t  excccd MT). Thcrcforc, t l ~ c  maximum possiblc con tamhnt  
mks that cll~l bc leached from a sourcc (assuming no v o l a t k d o n  or degradation) is MT and thc 
upper limit for MI is 

or 

Rerrmging to solvc for the totill soil conccnmtion (CJ concspanding to this situation (ix., 
mxcimum possiblc leaching) 

Mass=Limlt Model for Migration t o  Ground Water Pathway 

D et a u It 
Ct/scroaning level In soil (mg/kg) I 

CJtnrget soil leachato concentration (mglL) 
llinfihrntion rate (Wr) site-spccifie 
EDlexposure duration (yr) 70 
pddry soil bulk density (kglt) 13 
d&verago sourco dcpth (m) site-spoeific 

(nonzoro MCLG, MCL, or HBL) x 20 DAF 
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This soil conccnnrion (C,) represents a lowcr limit for soil scrccning Itvcls calculmd for thc 
migration to ground wncr pathway, It rcprescnts the soil concentration corresponding t o  complctc 
relcasc of soil contaminants over thc ED time pcriod at a constant soil lmchatc concentration (CJ. 
Bclow this C,, the soil Ieachmc conccnmtion avcngcd ovcr thc ED time pcriod cannot cscccd GV. 

2.6.3 Inhalation Massolimit Model. ? h ~  volatilization factor (VF) is bi~ssiwllp the ntio 
of thc total soil contaminant conccntration to the air contaminant concentration. VF CM bc 
c;llculatcd 3s 

VF - (Q/Q x ( C p l J p )  x 10.10 m%g/cm:mg (50) 

when: 

VF = volatilization hctor (mVkg) 
Q/C 
Gp - t a d  soil contaminant conccntntion ar PO (m@g or @Sg, dry basis) 
J,ivc - a v c q c  nte of contuninant flus fmm the soil to thc air (s/un%). 

Thc total m o u n t  of contaminant containcd within a f i n k  sourcc can bc when 'as 

inversc conccnmtion factor.for air dispersion (dm% per WmJ) 

M ~ ~ C f ' X P b X A , X d ,  (51 1 

ivvhcrc 

Mt - total mass of contuninant within thc sourcc (s) 
C p  = totsl soil contaminant conecnmtion at t=O (m& or g M g ,  dp basis) 
Pb = soil dry bulk denshy (k&/L Mghn3) 
A, 9 m a  of SOUTCC (mz) 
4 = depth of sourcc (m), 

If dl of the contaminant contained within EL finite sourcc is volatilir.cd ovcr a given a v c q h g  timc 
period, the avcrqc volatihtion flus wn bc dculatcd as 

J,aw M,/[(A, x 104 cmVrn2) x (T x 3.1SE7 s/,vr)] (2) 

whcre 

T = cxposurc period 07). 
L 

Substituting Equation 5 1 for Mt in Equation 52 yields 
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Substituting Equarion 54 into Equation 50 yiclds 

Mass-Limlt Modo1 l o t  inhalation of Volotllos 

VF - (Q/C> x [(T x ?,lSE7 s/!T)/(P~ x d, x 106 g/Mg)] 

L Pammotcr/Dall n I t io n (units) DorPult 1 
VFholntitizntion factor (mVkg) - 
alclinverso of mem eonc. ai centor of source (glmzs per kgIm3) Table 3 
Thxposuro intorvat (yr) 30 
pddry soil bulk density (kgL) 1.5 
ddaverage source depth (m) sitespecific 

If thc VF cnlculatcd using an infinite sourcc volaWation modcl for a givm contuninant is lcss than 
the VF calculatcd using Equzlrjon 55, thcn the assumption of an infinitc SOUTCC may be too 
conscrvativc for that specific contaminant at that sourcc. Conacqucntly, VF, as cjlculntcd in 
Equation 55, could bc conddcrcd a minimum vduc for VF. 

2.7 Plant Uptake 

Commcntors hmc niscd conccms that the jngcsfion of contminatcd producc from homcgrown 
gardens may bc a significant cxposurc pathway. EPA cvduncd cmpiricd data on plant uptakc, 
p ~ c u l u l y  thc dau pscn tcd  in thc Tcchnrcot Support Docurncnt for Land Appllcunon of Scwap 
Sludgr, often rcfcncd to as .thc “Sludgc Rule” ( U S ,  EPA, 1992d). 

EPA found h~ crnpiricsl plant upt3ke-rcsponse slopcs WCJC avdablc for sclcctcd rnctals but that 
adlablc dam wcrc insuffjcknt to cdmatc plant uptake of organics. In an cffort to obtain additional 
cmpir ia l  data, EPA has jointly funded rcscwch with thc State of California on plant uptake of 
organic conurninants, Thcsc studies support ongoing revisions to the indirect, multimedia cxposurc 
model CdTOX. 

Thc Sludgc Rule identified six meuls of conccm with cmpinctll plant uptake dam mcnic, cadmium, 
mercury, nickel, sclcnium, and zinc. Plant uptakc-rcsponsc slapcs w r c  given for scvcn plant 
categories such as p i n s  md cercsls, leafy vegetables, root vcgctabblcs, and gxdcn fruits, EPA 
cvaluatcd thc study conditions (c.g,, soil pH, application matrix) and mcthods (c,g,, gcomc~ic r n c n  
default values) uscd to calculatc thc plant upukc-rcsponsr slopcs for cach plant category md 
dctcrmined bat thc gcomctric mcm slopcs w r e  gcncrally oppropriatc for calculating SSLs for the 
soil-plm~-humm cxposurc pathway, 

Mowcvcr, thc gcomctric mean of cmpiriwl uptslkc-rcsponsc slopcs from thc Sludgc Rule must bc 
intcrprctcd with caution for scvcnl reasons. First, thc dymnics of sludgc-bound mmls may differ 
from thc dynamics of m 4 s  at contaminatcd sitcs. For c?c;lmplc, thc cmpirial dam wcrc dcnvcd 
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from P v;victy of srudics at different soil conditions using diffcrcnt forms of the metal (i.e., .dt vs. 
nonsalt). In studies where the application mstns was sludge, thc adsorption power of sludge in rhc 
prcscncc of calcium ions ma!' havc rcduccd thc mount  of mctd that is biosvailable to pl;mts and, 
tlicrcforc, plant uptakc may bc grcatcr in non-sludge-mcndcd soils, 

In addition to thcsc confounding conditions, default valucs of 0.001 WCIC assigned for plant uplakc in 
studics wherc the measured vduc was bclow 0.001, A default \'due was needed to d c u l a t c  thc 
g e o m h c  mcm upukc-rcsponsc slope valucs. Moreover, considenblc study-to-study varhbilip is 
shown in die plmt uptakc-response slope valucs (up to 2 orders of magnitude for certain plultlmctal 
combinations). rhis variability could rtsult from v q b g  soil cftanctcndcs or espcrimcnttll 
conditions, bur models have not been dcvelopcd to  rclatc chmgcs in plant u p d c  to such condi~ons, 
Thus, thc gcomcvic mea vducs rcprcscnt "typical" vducs from the ez;pcrirncnts: actual valucs at 
spccific sites could show marked variation dcpending on soil composition, chcmisa?,, md/or plant 
- tYPC* 

OEM has used thc information in the Sludgc Rulc 10 idcnti? sis m d s  (mcnic, cadmium, mercury, 
nickcl, sclcnium, a d  zinc) of potential conccrn through thc soil-plant-hmm expsurc pathwa?* for 
eonsidcntion on D sitc-specific basis, The fact that thcsc mctals have bcen idcntificd should not bc 
misintcrprctcd to mean that other contaminants arc not of potendd conccrn for this pathway, 
Othcr EPA offices arc looking at empirical dam and modcls for cstimnhng plant u p a c  of organic 
contuninants from soils and OERR will incorpontc plant uptikc of o r g ~ c s  oncc thcsc efforts arc 
rcvicwcd a d  findlizcd. 

Methods for evaluating the soil-plant-human pathway are prcscntcd in Appcndis G. Gcncrk 
scrccning lcvcls arc calculatcd based on thc uptrrkc factors (k bioconccnvjdon factors [Br]) 
prcscntcd in thc Sludgc Rulc. Gcncric plant SSLs arc compmd with gcncrk SSLs based on d i m t  
ingcstion as well 3s lcvcls of inorganics in soil that have been rcportcd to musc phytotoxiicity (Will 
and Suter, 1994), Although site-spccific factors such as soil typc, pH. p l a t  rypc, and chemkd form 
will dctcrmine the signifimcc ofthis psthwsy, thc results of our analysis suggest that thc sail-pht- 
human pathway may bc of particular conccm for sites with soils contaminated with mcnic or 
cadmium, Likewise, thc potcntial for phytotoxicity wi11 bc gmtly influcnced by site-specific fictors; 
however, thc data prescntcd by Will 3nd Sutcr (1994) suggest that, with the esccpdon of m c n k  thc 
lcvcls of inorgcurics that arc considcrcd toxic t o  plants rn well bclo\v the lcvcfs that may impact 
liman health via tlic soil-plant-human pahvay. 

2.8 Intrusion of Votatiles into Basements: Johnson and Ettlnger Model 

Concern about thc potcntial impact of contaminated soil on indoor 3ir quality pmmptcd EPA to 
consider the Johnson and Etzingcr (1991) modcl, a hcurisdc modcl for estimating thc intrusion mc 
of concuninmt vapors from soil into buildings. Thc modcl is x closed-form mdyticd solution for 
both convccrivc and diffusive tnnsport of vaporphase contaminants into cncloscd structurc5 locatcd 
above the contaminated soil. Thc modcl may bc solved for both steady-smtc (k, infinitc soutcc) or 
quasi-steady-mtc (k, finkc source) conditions, Thc modcl incorporates 3 number of key 
assumptions, including no leaching of contaminant to pound watcr, no Sinks in thc building, and well- 
mixed ;lir volumc within thc building. 

To evduatc the cffccts of using thc Johnson and Emngcr modcl on SSLs for volatile organic 
contaminants, EPA conmctcd Environmental Quality Management, lnc. (EQ), to construct a c;1sc 
csamplc to cstimatc EL high-cnd csposure point conccntmdon for residentid Imd usc (Appcndis W; 
EQ and Pcdtan, 1994). Thc c a c  cxmplc models a contuninmr SOUKC rclativcly closc or dkctl!' 
bcncath a building whcrc thc soil bcncatli t he  building is very pcnncable and thc building is 



undcrprcssurizcd. tending to pull contminants into thc basscmcnt. \Vhcrc possiblc and appropnatc. 
valucs of rnodcl variablcs wcrc ~ h c n  d i r cdy  from Johnson and Ertingcr (1991). Using both stcsdy- 
m t c  and quasi=stcady=state fomuhtions,  building air conccntntions of each of 42  volntilc SSL 
chcmicdls wcrc calculated. The invcncs of lhcsc conccntrations wcrc substitutcd into thc inhalation 
SSL cquations (Equations 4 or 5 )  3s ;In indoor vo1;ltilizntion factor C\IFIndonr) to cJcu1;lte carcinogenic 
or noncminogcnic SSLs bascd on migration of contaminants into bascmcnts (ix.. "indoor 
inhdation" SSLs). 

Results shot\~d a diffcrcncc of up to 2 ordcrs of magnitude bcnvcen thc stcadystatc and quasi-stcdy- 
sutc rcsults for thc indoor inhalation SSLs. lnfinilc sourcc indoor inlialation SSLs wcrc less than tbc 
corresponding "outdoor" inhalation SSLs by much as 3 ordcrs of magnitude for highly volnilc 
constitucnts. For low-volati l i~ constitucnts, die diffcrcncc tvas considcnbly less, with no diffcrcncc 
in thc indoor and outdoor SSLs in some cases. The EQ  stud)^ also indicated that thc most i m p o m t  
input paramctcrs affccting long-tcm building conccntration (and thus L+C SSL) arc building 
ventjlation ntc ,  distancc from the sourcc (i,c,, sourcc=buildins sepmtion),  soil pcmctlbiliy to  vapor 
flow, and source dcpth. For lowcr=pcrmcabili~ soils, thc numbcr and sizc of cracks in thc bascmcnt 
\v;llls ma\* be morc significant, although this was not a significant variable for tbc pcmcablc soils 
considcrc'd in thc study, 

EPA dccidcd agains~ using thc Johnson and Eningcr modcl to calculatc generic SSLs duc to the 
scnsitivity of thc modcl to paramctcrs that do not lcnd thcmsclvcs to standardization on a national 
basis (cog,, sourcc dcpth, thc numbcr md sizc of cracks in basement wdills). In addition, thc only 
formal validation study idcntificd by EPA compares niodcl rcsults with mensurcd radon 
concentrations from P highly pcrmcnblc soii, Although thcsc rcsults comparc favorably, it is not 
clcx how nppiicablc thcy arc to Icss pcrnmblc soils and compounds not drrcady prcscnt in soil as a 
gas (as radon is), 

Thc modcl can bc applicd on a sitc-spccific basis in conjunction with thc rcsults of a soil gas  sun^>', 
JVhcrc land USC is currcntly rcsidcntial, a sail gas sulvey cm bc uscd to mcuurc thc vapor p h c  
concentrations at thc foundation of buildings, rliercby eliminating t l i c  nrcd to modcl partitioning of 
conurninants, rnigntion from thc sourcc to thc bascrncnt, and soil pcrmcabiliv, 

For future usc sccn*os, although some sitc-specific data arc availablc, thc difficulties arc similz to 
thosc oncountcrcd with gcncric application of t hc  modcl. Prcdictions must be rnadc rcgarding thc 
distance from the sourcc to thc basement and the pcrmcability of t l ic  soil, bascmcnt floor, and walls, 
EQ's rcpan models thc pomtid impact of placing 3 s t rumrc  dircctly abovc tllc sourcc. Dcpcnding 
on thc permeability of thc surrounding soils, thc rcsults suggest that thc lcvcl of residual 
contamination would hnvc to bc c?mcmcly I O U  to allow for such 3 scenario, Distancc From thc sourcc 
can hnvc ;I d m a t i c  impnct on thc rcsults and should be considcrcd in morc d c ~ l c d  invcstigatians 
involving futurc rcsidcntid usc scenarios. 
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Part 3: MODELS FOR DETAILED ASSESSMENT 

n.c Soil Scrccning Guidance addrcsscs thc inhalation and migntion to ground iwtcr esposurc 
pathwap with simplc cquntions that rcquirc a small numbcr of cuily obtained soil panmctcrs. 
mctcorologic conditions, and hydrogcologic pametcrs ,  Thcsc equations incorpomc a numbcr of 
conscrvativc simplifying assumptions-an infinh sourcc, no k-donation benvccn pathways, no 
biologicd or chcmicd dcgradation, no adsorption-conditions that c3n bc addrcsscd with rnorc 
compliwtcd modcls. Applying such modcls will morc accuntcly dcfinc thc nsk of csposurc via the 
inhalation or thc migration to ground w t c r  pathway and, dcpcnding on sitc conditions, can I d  to 
highcr SSLs that arc still protectivc. Howcver, input dam rcquircrncnts and modcling costs makc this 
option mort  cspensivc to implement than thc SSL equations, 

This part of thc Technical Background Documcnt prcscnts information on the selection and use of  
mort complcs fatc and trms”p0rt models for calculating SSLs. Gcncrdly, thc dccision to USE thcsc 
models will involvc balancing costs: if the modcls and assumptions uscd to dcvclop simplc sitc- 
specific SSLs arc overly conscrvativc with respect to sitc conditions (c,g., a thick uns;ltuntcd mnc), 
thc additional cost ad timc required IO appl!* thcsc models may be offset by thc potcnud cost 
swings associated witb higher, bur still protectivc, SSLs. 

Scctions 5.1  and 3.2 include information on equations and modcls that can accommodcltc finitc 
contaminant sourccs and fractionate cont.iminrrnts bcovccn pathways (c.g.. VLEACH and EMSOFT) 
md predict thc subsequent impact on cithcr mbicnt air or ground water. Ho~vcvcr, whcn using ;L 

finite sourcc model, thc sitc manager should rccognizc the unccrcaintics inhcrrnt in sitc-spccific 
cstimatcs of subsurfacc contaninant distributions and use conscnpativc tstimmcs of source size and 
conccntntions to dlow for such unccrttlintics. In addition, modcl prcdiedons should bc vdidatcd 
against actual sitc conditions to the extent possible. 

3.1 In halation of Volatiles: Detailed Models 

Dcvcloping SSLs for tlic inhalation of volatilcs involves calculating a sitc-spccific volatiliza~oa 
factor (VF) and dispcrsion factor (QlC). This section providcs a brief dcscnpdon of finitc sourcc 
vo1adiz;ltion models with potential applicability to SSL dcvclopmcnt and information on sitc- 
spccific application of thc AREA-ST dispcrsion model for cszirnating the Q/C vducs ntcdcd to 
calculate both VF and PEF, It should not bc viewed as a official cndorscmcnt of thesc modcls (othcr 
volatilization models may be av3iIablc with q~p lhb i l i t y  to SSL dcvclopmcnt). 

3.1 .I Finite Source Volatilization Models. To identie suitable models for addrcssinl; a 
finitc contaminant sourcc, EPA conmctcd Envitonmcntd Quality Mmagcment, h c 4  (EQ), to 
conduct a prcl iminq evaluation of a numbcr of soil volatiliz~ion modcls, including volati1ir;ltion 
modcls dcvclopcd by H w n g  and Falco (1986), ss modificd by EQ (1992), and by Jury ct d, (1983, 
1984, and 1990) and VLEACH, a multipathway model dcvclopcd pnm;lriiy to assess csposurc 
through thc ground w t c t  pathwy. Study fisults (EQ and Pcchm, 1994) show rc~on;lblc qrccmcnt 
(within a factor of 2) bcnvcen emission predictions using thc modificd Hwmg a d  Fdco or Jury 
modcls, but consistently lower prcdictions from VLEACM. Howevcr, Shan and Stcphcns (1995) 
discovcrcd an m o r  in thc VLEACH calculation of thc a p p m n t  diffusiviv, which has bccn 
subscqucntlp corrcctcd. Thc corrcctcd VLEACH modcl, vcrsion 2.2, amcars to providc emission 
cstimatcs similar to thc Jury and the modified Hwmg and Falco modcls, The rcviscd VLEACH ( ~ 2 . 2 )  
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program is availnblc from the Ccntcr for Subsurf‘acc Modcling Support (CSMOS) at EPh’s 
En\*ironmcntal Rcscarcli LabontoT in Ada, Oklahoma (WIV”WEPA.GOV/ADA/ CSMOS,MTML), 
m d  is discussed further in Section 3 2 .  

For certain contaminant conditions, jury ct d, (1990) prcscnt a simplified cquation ( J q ’ s  Equation 
131) for cstimating thc flux of a contaminant from ;1 finitc sourcc of contaminatcd soil, T h e  
following usumptions \ w c  uscd to dcrivc this simplified flux cquation: 

porosity, and fraction organic carbon) 
0 Uniform soil propcnics (c&, homogcncous avcragc soil watcr contcnt, bulk dcnsity. 

0 lnstanmcous linear equilibrium adsorption 
0 Lincar cquilibnum liquid-vapor partitioning (Mcnry’s law) 

Uniform initial contaminant incorpontion at tl.0 - . Chemicals in a dissolvcd form only ( i s , ,  soil contaminant concentrations arc below 
C ” U )  

No boundary laycr thichcss  at ground lcvcl (no stagnant air layer) 
N o  watcr cvapontian or Icaching 
No chemical reactions, biodegradation, or photolysis 
d, >> (4D,t)Ic (mif ia t ions  of this YC discusscd below), 

Under thcsc mumpdons, thc Jury c t  31, (1990) sirnplificd finitc sourcc model is 

whcrc 
J, 111 contaminant flux at ground surface (S/crn‘-s) 
C, e uniform contminnn1 conccntntion ;\I -0 (s/cmJ) 
DA = a?pnrcnt diffisivity (cmVs) 

x = 3.14 
t - time (s) 

d, = dcpth of uniform soil contamhation at PO (m). 

and 

where 
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pw water density (s/cmj) 
Di - diffusivity in air (~n:/s) 
H' = dirncnsionless Hcnr's Isw constant 

HLC McnT's law c o n m t  (a~-m3/mol)  
D, = diffisivity in i w c r  (cmVs) 

soil-w;1tcr partition cocficicnt (cmJlg) E & fOc 
&, p soil organic w b o n  partition coefficient (crnVS) 
foe - ogmic carbon contcnt of soil Wg), 

4 1 x HLC 

To cstimatc thc avcngc contaminant flus ovcr 30 ycars, th tim- dcpcndcnt cont.minant flus 
must bc solved for various timrs nnd the results nveroyed. A simple computcr program or 
sprcadshcct can bc uscd to a l c u l ~ e  thc instantaneous flus of c o n m h m t s  at set intends and 
numcricnlly intcgntc thc results to cstimstc thc m c r q c  contaminant f l u .  Mowcvcr, thc time-stcp 
intcwal must be smd1 enough ( c . ~ , ,  lday intcnds) to cnsurc that thc cumulstivc loss through 
volatilization is less tlim tllc total initid mass. Inadcquatc timc stcps a n  lead to mas-bdmcc 
violstions. 

To sddrcss this problem, EPNORD's National Ccntcr for Environmennl Asscssmcnt has dcvclopcd 
;1 computer modeling prognm, EMSOFT, Thc computcr pmgnm provides an a \ l c q c  emission flus 
ovcr timc by using an analytical solution to thc in t cgd ,  thcrcby eliminating the problem of 
establishing adcquatc time stcps for numerid intcgnuon, In addition, thc EMSOFI' modcl m 
account for i ~ ~ t c r  convcction (ix,, Icaching), and thc impact of ;L soil& boundvy hycr on the flus 
of contaminants with low Henry's law consmts. EMSOfl  wiIl be avaihblc through EPA's National 
Ccntcr for Environmcntd Asscssmcnt (NCEA) in Washington, DC. 

Once thc avcngc contaminant flus is dculatcd, VF is calculated as: 

WllCrC 

VF volati1ir;rtion factor {rnJ/kg) 

C,, - uniform contaminant conccnmtion at PO (slcm3) 
Ph - soil dry bulk dcwiy (glcm3) 

svcngc rate of contuninant flux (g/cm%). 

Q/C - invcrsc conccntntion factor for sir dispersion (dm"-s per kg/my) 

J p  

3.7.2 Air Dispersion Models. "lie inversc concentration factor for air dispersion, Q/C, is 
used in thc dctcrmination of both VF and PEF. For ;L detailed sitc-specific assessment of the 
inhalation pathway, P sitc-spccific Q/C can be dctcrmincd using the Industrial Source Complcs Model 
platform in the short-term mode (ISCST3). Only o VCT brief ovcrvicw of thc applic3tion. 
usmptions,  and input rcquircmcnts for thc modcl as used to dctcrminc Q/C is provided in this 
scction. This modcl is thc final regulatory version of the ISCSE modd. 

The ISCm modcl FORTRAN code, esccunblc versions, m p l c  input md ourput fila, desaipdon, 
and documcnution wn bc downloaded from the "Other Modcls" sccdon of tbc Officc of Air Qudliy 
Planning and Standards (OAQPS) Support Ccntcr for RcbQlatOy Air Modcls bulletin b o d  system 
(SCRAM BBS). To acccss informaRon, a l l :  
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OAQPS SCRAM BBS 
(91 9) 54  1-5742 (24 hourdday, 7 days/wcek cxccpt Monday AM) 
1,200-9,600, 14,400 baud 
Linc Settings: 8 bits, no pariy, 1 stop bit 
Tcrmind Emulation: VTIOO or ANSI 
Systcm Opcntor: (919) 541.5384 (nornial busincss hours EST). 

I h c  user rcgistcrs in thc first call and rhcn h a  fu l l  xccss  to thc BBS, 

The ISCSm modcl will output an air conccntration (in pg/m3) wlicn thc conccntration modcl option 
is sclcctcd (c,g., CO MODELOPT DFAULT CONC rural/urb,m), 7 I c  surface arc3 of thc 
contaminated soil sourcc mun bc dctcmincd. For the ISCSE modcI, t h e  sourcc location of m m a  
sourcc is dcfincd by the coardinatcs oftlic southwst corncr of the s q w c  (e.&, SO LOCATION 
sourccnmc AREA -I/=lcngtth -*/:width height-0). For thc sourcc pnramctcr input linc, thc 
conm.in,mt's s e a  cmission n t c  (in units of dm2-s) must bc cntcrcd, Thc arc2 cmission ratc is the 
site-specific avcragc cmission flux ntc ,  as calculatcd in Equation 56, convcrtcd to units of g1rnZ-s 
(i,c,, Arcmis = J p  x 1 0 4  cmVm?). Altcmativelp. an area emission ratc o f  I g/m% can bc rrssumcd. 
A grid or circular scrics of rcccptor sitcs should bc uscd in and around thc arc3 sourcc to identifi thc 
point of maximum contaminant air  conccntration, Hourly mctcorologic dam (',MET fdcs) for the 
ncarcst city (i,c,, airport) of similar tcrrain and the prcproccssor PCRAMhlET also can bc 
d o w l o d c d  from the SCRAiM BBS, 

Thc ISCST3 modcl output conccntration is thcn uscd to cdculnc Q/C 3s 

whcrc 

(591 

QlC = invcrsc conccntntion factor for air disporsion @/mk pcr kg/rn3) 
J p  = average rntc of contarninmt flux Q/crn=-s) 
Cir  = ISC output maximum contnminmt air conccntntion {pg/rn3), 

Sotc :  If m w a  cmission n t c  of 1 g/m% is ;Issumcd, thcn ( J p  x 1 0 4  cmzlm:) = 1, and Equation 
S9 sjmplifics to simply thc invcrsc of thc maximum contaminant air conccntration (in 
kg/m3). 

Migration to Ground Water Pathway 3.2 

For thc migration t o  ground watcr pathtvq*. thc SSL cquntions assumc an infinite source, 
conmination cstcnding to thc w t c r  tnblc, and no attenuation duc to degradation or adsorption in 
the unsaturated zonc. At sitcs with small SOUTCCS, dcep watcr tablcs, confining layers in thc 
unsaturatcd zonc that can block contaminant trmsport, or contaminants that dcgradc through 
biological or chcmical mechanisms, morc complcs modcls dia~ CUI address such shc conditions CXI 
bc uscd to calcufnc higher SSLs that still will bc protcdvc of ground water qudity. T h i s  s c d o n  
providcs information on the use of such modcls in t l ic  soil saccning proccss to calculate B dilution- 
attenuation factor (Scction 3.2.1) and to csumatu contaminant rclcaqc in Icachiitc and tmsport 
through the unsaturatcd zonc (Scction 3,?.2). 
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3.2.1 Saturated Zone Models. EPA has developed Suidancc for thc sclcction and 
application of satuntcd zonc nansport and fate modcls and for intcrpreution of model ;Ippliations. 
The user is rcfcrrcd to Ground Warcr Modclrng Cornpendrum, Sccund &dirton f99J ( U S .  EPA, 
1994b) and Framcwurk for Asscsstng Ground Warcr Modeling Applicotions (US. EPA, 19944 for 
fudicr  information. 

Morc complcs saturated zonc modcls a n  bc uscd to dculatc  a dilution=attenuanon factor (DAF) 
that, unlikc the SSL dilution modcl, c 3 ~ 1  considcr attenuation in thc aquifer. Somc can h m d e  a finite 
source through ;I m s i c n t  mode that rcquircs a time-stcppcd conccnat ion from a ftnitc-source 
unsatuntcd zonc model (SCC Sccdon 3.2.2). In g c n c d ,  to cdculatc a DAF using such modcls, the 
contaminant conccnmtion at tlic watcr table under the source (C,) is sct to unity (e.g.. 1 m g L ) .  
?hc DAF is tlic reciprocal of thc prcdictcd conccntnnon nK thc rcccptor point (CRp) ;LS follo\vVs: 

3.2.2 Unsaturated Zone Models. In m cffon to provide uscful information for modcl 
application, EPA's ORD laboratories in Ado, Oklahoms, and Athcns, Gcogia ,  conducted an 
evaluation of nine unsaturated zonc fate rurd transport models (Cnscend et d,, 19P4; Nofiigtr ct d,, 
19941. Tho rcsults of this cffort rn summarized hcrc. Thc modcls rcvicwcd m onlv a subset of the 
potc&lly appropnatc modcls availnblc to thc public and YC not meant to bc con'strucd as having 
reccivcd EPA approval, Orlicr modcls also may bc appliwble to SSL dcvelopmtnt, depending on sitc- 
spcci fic ci r c u m m c e s ,  

Each of the unsaturated zone modcls sclcctcd for evaluation arc capable, to varyhg dcgrccs, of 
simulating thc tnnsport and transformation of chemicals in the subsurf3cc. Even the most uniquc site 
conditions can bc simulatcd by either o single model or n combination of rnodcls, Howcvcr, thc 
intcndcd uses and thc nquircd input panmctcrs of thcsc modcls vw. ?hc modcls cvdwtcd includc: 

RlTZ (Rcguhory and lnvestigativc Trcamcnt Zone modcl) 
VIP (Vadose zone lntcncdvc Proccss modcl) 
CMLS ( C h c m i d  Movcmcnt in hyc rcd  Soils modcl) 

0 

HYDRUS 
SUMMERS (named after author) 

MULTIMED O\I1ULTIMEDia cx~osurc ssesmcnt model) 
VLEACW (Vadose zonc UAcNing model) 
SESOIL (SEasond SOL c o m p m c n t  modcl) 
PRZM-2 (Pesticidc Root Zone Model). 

e 

. 
NTZ, VIP, CMLS, and HYDRUS wtrc cvaluatcd by Nofzigcr ct J. (1994). SUMMERS, 
MULTIMED, VLEACM, SESOIL, and PRZM-2 \vcrc evaluated by Crisccnti ct  d. (1?94), Thcst 
documents should bc consultcd for further informdon on modcl application and use, 

?hc applications, xsumptions, and input rcquircments for thc ninc modcls cvduatcd arc described in 
this sccdon. Thc modcl dcsmiptions includc rnodcl solution mcthod (i.c,, analytical, numcricd), thc 
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purposr: of thc modcl, and dcscriptions of thc mcthods uscd by thc modcl to  simulatc 
wtcr/eontminannt transpon and contaminnnt nmsfonnation. Each dcscnption is accompmicd by a 
table of rcquircd input parmctcrs.  Input pmmctcrs  discusscd include soil propcrties, chcmic;ll 
propcnics, mctcorologic data, and othcr sitc information, In addition, c c m n  input control 
p a m c t t r s  may bc rcquircd such L. tirnc stcpping, grid discrc t idon  information, and output format, 

Information on dctcrrnining gcncnl nppliubility of thc modcls to subsurface conditions is providcd, 
followed by an asscssmcnt of c x h  rnodcl's potcntid applicability to thc soil screcning process. 

RfTZ. Information an thc RITZ rnodcl was obwincd primarily from Xofzigct et al, (1994). RJm is 
a stc.?dy-statc analytical model uscd to simula~c tlx tmspon m d  fatc of chcmicals miscd with oily 
wastes (sludge) and disposcd of by land trcatmcnt. RlrZ simulates nvo layers of thc soil column with 
uniform propcnics, The soil l a y s  consist of: (1) the upper plow tone where the oily w s t c  is 
applied and (2) thc tTc;lmcnt zonc. The  bonorn of thc trcatmcnt zonc is thc water table, It is 
assumcd in thc modcl that thc oily w s t c  is complctcly miscd in and docs not rnigntc out of thc plow 
zonc, which rcprcscnts thc contaminant sourcc at 3n initial timc. RlTz also zwrnes an infinite 
source ( k ,  3 continuous flus 3t constant conccntrsios). T ic  flus of w t c r  is assumcd t o  bc constant 
with timc and dcpth and the Clapp-Hornbcrgcr constant is uscd in defining tlic soil w t c r  contcnt 
rcsulting from a spccificd rcchargc n t c ,  Sorption, vapor transport, volatilization, and biochcrnid 
dcgndation arc also considcrcd (van dcr llcijdc, 1994). PAtioning bctwccn p h w s  is i n s m t m c o u ,  
linear, md rcvcrsiblc, lnput p m c t c r s  rcquircd for thc RlTZ modcl arc prcscntcd in Tablc 10. 
Biochcrnical &gradation of thc  oil and contaminant is considcrcd to  bc a first-ordcr proccss, and 
djspcrsion in thc w t c r  phasc is ignorcd, 

Table 10. Input Parameters Required for RlTZ Model 

Soil proporties Site chnractoristics Pollutant proportias Oil  properties 
Percont organic carbon Plow zone depth Concontration in sludgo Concentration of oil in 

Bulk density 
Soturatod water content 
Satuntod hydrnulic 
conductivity 
CloppHornborgor 
constant - 

Trootment zono depth 
Rechargo rate (constant) 
Evoporotion rate 
(constant) 
Air tempernturo 
(constant) 
Rotative humidRy 
(conztant) 
Sludge application rote 
Dittusion coefficient 

Kac 
Kow 
Henry's low constant 

Dogrndotlon half-life 
(constant) 
Ditfusion coctficiont (in 
air) 

L 

L 

sludgo 
Danshy of oil 
Degradation half=life of oil 

II 

VIP, Information on thc VIP modcl \\'as obtained from Nofzigcr et  J, (1994), TIC V P  modcl is 3 
onc-dirnonsional, numerical (finite-diffcrcncc) fatc and vmsport modcl dso designed for simulating 
tfic movcmcnt of compounds in thc unsatuntcd zone resulting from land application of oily wnstcs. 
Like the RlTZ modcl, VIP considcrs d u d  soil zones (3 plani zonc and a trcsmcnt zonc) mc! considcrs 
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thc sourcc to be infinitc, VIP diffcrs from NT2 in that it solvcs thc governing differential equations 
numcncally, which allows variabiliry in thc flus of w t e r  and c h e m i d s  o w  time, Advection md 
Iiydrodynmic dispersion arc thc pnniary transport mcchvlisms for thc contaminant in water (van 
dcr Hcjjde, 1994)- Instcad of assuming insmtmeous,  linear equilibrium bcnvccn dl phases, VIP 
considcrs the partitioning rates bctwecn the air, oil, soil. water, and vapor-phase transport. 
Contaminanr rrmsforrnntion processes include hydrolysis, volatilization. and sorption. Osygcn- 
limited degndation and difhsion of thc contaminant in tbc air phases arc also considcrcd. Sorption i s  
instantaneous as dcscribcd for thc RlTZ modcl. "hc input prvsmctcrs xquircd for the VIP modcl arc 
ptcscntcd in Tablc 1 1, * 

Table I t ,  Input Parameters Required for VIP Model 

Soil Sit0 Pollutant Oil 
properties c haroctaristics pro po rtios Oxygen properties propartlos 

Porosity 

Bulk density 

Satumtod hydraulic 
conductivity 
Clopp-Hornborgor 
constant - 

L 

Plow zone depth 

treatment zono 
depth 

Maan daily 
recharge rate 
Tempctature (each 

SI ud g c a p pl icnt ion 
fate 

byor) 

Sludge density 

Applicoiion poriod 
and trequency in 
poriod 
Woight fraction 
wator in sludge 

Weight traction ail 
in wasto 

I 

Concentrution in 
sludge 
Oil-wotor panition 
coon icianta 

Airwater partition 
cootfieionto 
Soilewotsr panition 
coefficient0 
Dogrodation constant 
in oila 

Dogradntion constant 
in watop 

Dispersion coefficient 

Adsorpt ion-desorption 
mte constant (wntedoll) 

Adsorption-desorption 
rate constant 
(wat erlsoil) 
Adsorption-dosorption 
rat0 constant (wntodnir) 

Oilsir parthion 
cooff lcionto 
Walor-air partition 
coetficionta 

Oxygon hotf-sntuntion 
constant in air phase 
Oxygen half-saturation 
constont in oil phose a 
Oxygon hnl-sat urntion 
constant in water 
phoser 
Oxygon half-saturation 
constant (oil 
degradation) 
Stoichiomattic ratio of 
oxygen to pollutant 
eonsumod 
Stoichlomotric mtb  of 
oxygon to oil 
consumed 
Oxygen trnnsfor mle 
cootficient between oil 
and air phasos 
Oxygen translor roto 
cootficient botwoen 

Density of oil 

Degradation 
roto constant 
of oil 
I 

I 

- 
I 

I 

I 

- 
water and air phnsos 

Parameten raquirod for plow zona and traotmont zono. c 

CMLS. Information an CMLS was obtained from Nofzigcr et al. (1994). CMLS is an analytical 
modcl dcvclopcd ;LS a marqcmcnt  tool to describc thc fatc and transport of pesticides in laycrcd soils 
and to  cdmatc the mount of chemical at J ccrt;lin position at ;L c e h n  time. Thc modcl allo\vs 
dcsipztion of up to 20 soil l q m  with uniform soil and chmid propcrtks dcfincd for each laycr, 
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Watcr in  thc soil systcm is "pushed dicad" of ncw watcr (recharge) cnrcring the system. Thc W P ~ C T  
content is rcduecd to thc ficld capacity aftcr csch infiltntion cvcnt, and m t c r  i s  removed from the 
root zone in proportion to thc avai13blc wntcr stored in that layer (Nofzigcr ct ai., 19941, ChlLS 
assumus movcmcnt of thc chcmical in liquid phzc  only and allows a finite source, Chcmical 
partitioning bcnvccn thc soil and thc watcr is xsurncd to bc lincar, i n s m m c o u s ,  and rcvcrsiblc, 
Volatiiization is noL considered, Dispersion and diffusion of the chemicd is ignorcd and dcgndntion is 
defined xi 2 first-ordcr proccss. Thc input parmctcrs rcquircd for tlic CMLS modcl arc prescntcd in 
Tablc 12. L 

Table 12. Input Parameters Required for CMLS 
~- ~ 

Soil proportios Sit o E ha ro c to  rl s t ic s Chomical proportles 
Depth of bottom of soil layers Daily inliltration or precipitation Degradation half=life 

(each soil layor) 
Organic wrbon content Daily evapotranspiration Amount applied 
Bulk density - Dopth of npplicntion 
Snturatod water eontcnt - Date ot application 
Field capacity - Koc 
Permonont witting point - - 

HYDRUS. Information or! thc KYDRUS modcl was obtaincd from Nofzigcr et SI. (1994). 
HYDRUS is o finitc-clcmcnt model for onc=dirncnsiond solutc fatc and transport simulations, Tl ic  
boundary conditions for flow, ;IS wcll as soil and c h c m i d  propcrrics, can thcrcforc vary with time. A 
finite sourcc also c m  bc modclcd. Soil pamictcrs  arc described by thc van Gcnuchtcn p a m c t c r s .  
The modcl also considcrs root uptake and hystcrcsis in the w t c r  movcmcnt properties, Solutc 
transport ,and tmsformation incorporates molecular diffusion, I iydrodpmic  dispersion, lincar or 
nonlincar cquilibrium partitioning (sorption), and first-ordcr decay (van dcr Hcijdc, 1994). 
Volatilization is not considcrcd. The input panmctcrs rcquircd by IWDRUS arc prcscnted in 
Tablc IS, 

SUMMERS. lnfomntion on the SUMMERS modcl was obtaincd from Criscenti ct ai. (1994). 
SUMMERS is 3 anc-dimensional mn;ll!rticd modcl dial simulatcs one-dimcnsional, nondispcrsivc 
transport in a singlc Iqcr of soil from an infinite sourcc. It was devclopcd to dctcrrninc the 
contaminant concentntions in soil that would rcsult in ground watcr contamination abovc spccificd 
lcvcls for cvduating gcothcrmal cncrgy sitcs, Thc model is similar to the SSL equations in that it 
assumcs stcady-stae water movcmcnt and equilibrium panjtionjng of thc contaminant in thc 
unsatuntcd mnc  and p c d o m s  a mass-balance cdculation of' mising in ;u1 underlying aquifer, For thc 
snuratcd zonc, thc modcl assumcs 3 constant flus from thc surfacc sourcc and instantaneous, 
cornplctc mixing in thc aquifcr, Thc mixing dcpth is thcrcforc dcfincd by the thickncss of thc 
aquifcr. Tl ic modcl docs not account for valatitilization, Thc input p m c t c r s  required for SUMMERS 
arc listcd in Table 14. 
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Table 13. Input Parameters Required for HYDRUS 

Root uptake 
Sol1 proportles Sltc chotoctcristics Pollutant proportlos parameters 

Depth of soil layers Uniform or stapwiso Molecular diffusion Powor function in stress- 
raintoll intensity coefficient . response function 

Saturated water Con t D m inant Dispersivity 
coniont concentrations in soil 

Saturated hydraulic 
conductivity 
Bulk density 

Rctcnt ion 
pornmetors 

Pressure hood whoro 
transpiration is roducod by 
50% - Dowy cocff icicnt Root density as u function of 

(dissolved) depth 

(adsorbed) 
I Decay coeff icienl L 

I Freundlich isothcrm 
coeff iciont s 

Residual water - I - 
contont 

Table 14. Input Parameters Required for SUMMERS 

Parornot ors required 
Torget concontration in ground wnter Thickness of aquifer 
Volumetric infiltration rata into aquifer 
Downward porewntsr volocity 
Ground water soopoge velocity 
Void fmction 

Width of pondlsplll perpcndiculor to flow 
M a l  (background) concentration 
Equilibrium panltion cooff iciont 
D m y  velocity in aquifer 

Horizontal area of pond or spill Volumotnc ground wtitorflow rat0 

MULTIMED. Information on the MULTIMED model was obmincd from Crisccnti et d. (1?94) 
and S a l h o a  ct d, (1990). MULTIMED was dcvclopcd s a multimedia fatc and n y l ~ p o r t  model to 
simulatc contaminant migration from 3 w x t c  disposal unit. For this review, only thc fate and 
transport of pollumts from rhc soil to mign5on to ground watcr path\wy i n s  considcrcd in dcdl .  

In MULTIMED, infilmtion of wastc into thc unatumtcd or satuntcd zones can bc simuhtcd using s 
landfill module or by d h c t  infdiltntion to thc u n n r n t c d  or samntcd zancs. Flow in thc unsaturated 
zone md for thc landfill modulc is simulated by ;I onc-dimcnsional, scrniud!.tical module, Tmsport 
in the unsaturated zonc considcrs the cffccts of dispcrsion, sorption, volatilizadon, biodcgndauon, 
and first-ordcr clicmicd dcciy, The satuntcd nanspon modulc is also one-dinicnsiond, but considcrs 
thrcc-dimcnsional dispcrsion, linear adsorption, firstsrdcr dccay, and dilution due to recharge. 
Mising in thc undcrlying saruratcd zonc is bucd  on the vertical dispcrsivhy spccificd, thc lcnglh of 
the disposal facility pwdlcl to the flow direction, the thickncss of the satwatcd ZOIIC. thc ground 
wmcr vclociry, and the infiltntion ntc. ?hc satutztcd zone module can sirnulatc stmdyst3te and 
trvrsicnt ground water flow and thus can considcr a finitc s o w c  assumption through I lcachatc 
"pulse duntian." l l ic p;lrunctcrs rcquircd for thc unsatuntcd and satuntcd zonc trulsport. in 
MULTIMD arc prescntcd in Table 15. 
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Table 15. Input Parameters Required for MULTIMED 

Unsaturotod zone parameters 
Sa tun td  hydraulic Thickness of eoeh byor Roforonco lompcrnturo for air 
con duet ivity 
Porosity 
Air entry pressure hoad 
Depth of unsaturated zone 
Rosidual wator content 
Number of porous matorials 

Number of layers 
Alpha coeff iciant 

longitudinol dispersivhy 
Percont organic mattor 
Soil bulk density 
Biological decoy cooff iciont 
Acid, base, and noutnl 
hydrolysis rates 
Roforonco tempcraluro 
Normalitod distribution 
c o d  iciont 

djtiusion 
Moleculnr woight 
Infiltration rate 
Area of waste disposal unit 
Durotion of pulso 
Source docoy constant 

Initio1 concentration at londfill 
Particle dinmetor 

I van Gonuchren exponont Air dill usion cooff icient 

Rectwrgo rate Longitudinal dispersivity Organic c n h n  content 
First-ordor docny coofficient trunsverso disporsivity Well distonco from site 
Biodegradation cooff icient Vertical disporsivity Anglo off a n t o r  of well 
Aquifer thickness Tomperotura of aquifer Well verthl distance 

Saturated zone pararncters 

I Hydraulic grodient PH 

VLEACH, Information on thc VLEACH model was obrnincd from Crisccnti ct nl, (1994), 
VLEACW is a onc-dimensional, frnitc diffcrcncc model devclopcd to simulate thc mnspor t  of 
contaminants displaying lincar pahtioning behavior through thc vadose zonc to dtc water table by 
aqucous advection and diffusion, Multiple Ioycrs can be modclcd and arc cxprtsscd as polygons with 
diffcrcnt soil propcnics 3nd rccharge ratcs. Water flow is assumcd to bc steady state, Lincar 
cquilibnum partitioning is uscd to detcrminc chcmial  concentrations b m e c n  thc aqucous,  SCOW, 
and adsorbed phzcs  (sorption and volatilization), and a finite sourcc can be considcrcd, Chcmical or 
biological dcgndation is not considcrcd. T h c  input p m c r c r s  required for VLEACH MC prcscntcd in 
Table 16. 

Table 16. Jnput Parameters Required for VLEACW 

Chemlcal 
Soil ptopertios charactorlstlcs Slto properties 

Rochargo rote Dry bulk dcnshy Koc 
Total porosity Honty's law constant Contaminant concontratlons in 

Volurnotric water content Aquaous solubility Depth to ground wotor 
Fractional organic carbon Free air ditlusion codficiont Dimonsions of "polygons" 

rochnrge 
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SESOIL. Information on the SESOIL modcl was obtaincd from Crisccnti ct d. (1994), SESOIL is 
a oncdinicnsionsl, finite diffcrcncc flow and transport model dcvclopcd for evaluating the 
movement of contaninants through the vadose zone, The modcl conbins thrcc cornyoncnts: (1) 
hydrologic CVCIC, (2) scdjmcnt qclc,  and (3) pollut~nt fate cycle. The modcl estimates thc rate of 
v c r h l  sol& transport and transformation from the land surfacc to the water tablc. Up to four 
Inycrs can bc simulatcd by the model and each layer an bc subdivided into 10 compments  with 
uniform soil chmctcristics. Hydrologic data can bc included using either monthIy or annual data 
options. Solutc tmspore is simulatcd for ground water and surfacc runoff including cmdcd scdimcnt. 
Polluont fate considcrs cquilibnum partitioning to soil and air phues (sorption m d  diffusion), 
vo1;ltilization from thc surfacc laycr, fitst-ordcr chcmid  dcgndation, biodegradation, cation 
cxchmgc, hydrolysis, and metal complcxsrion and d l o ~  for a mtionq frcc phtlsc. Thc rcquircd 
input p m c t c r s  for SESOIL YC prcscntcd in Table 17 for thc monthly option. 

Table 17. Input parameters Required for  SESOIL (Monthly Option) 

Cllrnato data Soil data Chemical dato Appllcatlon data 
Moon air tcmpomture 

Mean cloud cover 
fmction@ 
Mean relative iiumiditya 
Short wave albedo 
f raetionn 
Total pracipitntion 

Mean storm duration 

Number of storm wants 

Number of lnyors ond 
su bloya rs 
Thickness of layors 

pH of each layer 
Bulk donsity 

Intrinsic permeability 

Pore 
disconnectodness 
index 
Etlcctivo porosity 

Organic carbon 
content 
Cation exehango 
cnpaeity 
Froundlich oxponent 

Silt, and, and chy 
f tact ions 
Soil toss ratio 

Salubillty in wnter 

Air diffusion eoafficiont 

Henry's law constant 
Organic carbon 
adsorption mtio 
Soil adsorption 
coefficient 
Molocular weight 

Valence 

Hydrolysis constonts 
(acid, base, neutral) 
Biodegrndation raws 
(liquid, solid) 
ligand stabillty constant 

Molos ligand per mole 
compound 
Moleculor weight of 
ligand 
Ligand mass 

Appliurtion oren 

Site btitude 

Spill indox 
Pollutant load 

Mass removed or 
tmnslormod 
lnderx at volatile 
dlff usion 

lndox of tmnupofi in 
surf~co runoff 
Ratio pollutant conc. in 
rain to solubility 
Washload m a  

Avonge s l o p  and 
s l o p  length 
Erodibility toctor 

Pnctice factor 

Mannina coefficient 
I v - - 

a SESOlt uses these parameters to caleulato evopatronsplratlon H an ovapottonspiration value Is not opecltiud. 

74 



P H Z M - 2 ,  Infomiation on PRZM-2 was obtaincd from Crisccnti et al. (1994). PRZM-2 is D 
combination of nvo modcls dcvclopcd to simulatc thc onc-dimensional rno\fcmcnt of chemicals in 
thc unsaturatcd and saturatcd zones. Thc first modcl, PRZM, is a finitc diffcrencc modcl that 
simulatcs water flow md dcnilcd pcsticidc farc and transformadon in thc unsaturatcd tone, Tllc 
sccond modcl. VADOFT, is a onc-dimcnsional frnitc clcmcnt model with rnorc dctailcd watcr 
movcrncnt simulation capabilities. fhc coupling of tllcse modcls rcsults in o dc tdcd  rcprcscntation I 

of conwinan t  transport and vansfomlation in t h c  unsaruntcd zonc. 

PRZM has bccn uscd prcdoniinantly for evaluation of pesticide Icaching in thc root zonc. PRZM USCS 
dctnilcd mctcorologic and s u r f ~ c  hydrology data for tlic hydrologic simulations. Runoff, crosion, 
plant uptakc. Icaching, dccay, foliar wshoff ,  and volatilization arc considcrcd in thc surf'acc 
hydrologic and chemical trmspon componcnts. Chemical transport and fatc in thc subsurfxc is 
simulatcd by advcction, dispcrsion, molecular diffusion, first-order chcmicd dccny, biodegradation, 
daughtcr compound progcny, and soil sorption. T i c  input paramctcrs rcquitcd for PRZM arc 
prcscntcd in Tabk 18. 

VADOFT cm bc run indcpcndcntly of PRZM and output from thc P Z M  model can bc uscd IO set 
thc boundaF conditions for VADOFT. The lowcr boundarks could also bc spcciticd as a constant 
prcssurc licad or zero vclocity . Tnnspon sirnutations considcr advcction and diffusion with sorption 
and first-ordcr dccsy, nlc input rcquircmcnts for VADOFT YC prcscnted in Tabk 19, 

Considerations for Unsaturated Zone Model Selection. T ~ C  accuracy of a model 
in 3 site-spccific application dcpcnds on simplifications and assumptions implicit in the modcl and 
thcir rcl~tionship to sitc-spccific conditions. Additional m o r  may bc introduced from assumptions 
madc when deriving input  pruamctcrs. Although cach of the nine niodcls evaluated has bccn tcstcd 
and validatcd for simulation of watcr and contaminant rnovcrncnt in thc unsaturatcd zonc, tlicy arc 
diffcrcnt in purposc and complczuty, with ccrtain modcls dcsigncd to simulate v c y  spccific sccncuios. 

A model should be sclccted to accommodntc a sitc-spccific sccnarjo as closcly ;IS possiblc. For 
csmplc ,  if conurninant volatilization is o f  conccm, thc modcl should considcr volatiliation and 
vapor p h m  rrmspon, Aftcr a model is dctcrmincd to bc appropriate for a sitc, conminant(s),  and 
conditions to bc modclcd, the site-spccific informatien availablc (or potcntially wvailablc) should bc 
comparcd to thc input rcquircmcnts for thc model to cnsurc t h a ~  adcquatc inputs can bc dcvclopcd. 

Thc unsaturated zonc models addrcsscd in this study use cithcr analytical, scmiulillyticnl, or 
numcricd solution mcthods. Analytical madcls rcprcscnt thc simplcst models, rcquinng thc lcast 
number of input paramctcrs. " h e y  usc a closcd-form solution for thc penincnt equations. In 
malytical modcls, crrttlin assumptions havc to be madc with rcspcct to thc gcomctry of the systcm 
and external stresses. For this rcson ,  thcrc arc fcw anrrlyticd flow models (van der Hcijdc, 1994), 
Analytical solutions arc common, howcvcr, for fatc and transport problems by solution o f  
convection-dispersion equations, Analytical modcls rcquitc tlrc assumption of uniform f low 
conditions, both spatially and tcmpodly .  

Scrnisn;ll~&x.l modcls approximatc camplcs 3~1aIytkal so luhns  using numerical tcchniqucs [vm dcr 
Mcijdc, 199S), Trmsicnt or steady-mtc condiuons can bc approximatcd using a scmimal)%cal 
modcl. Howcvcr, spatial varbbiliw in soil or aquifcr conditions cannot bc accommodated. 

Bumtried modcls usc approximations of pcrtirrcnt p a h l  diffcrcntid cquations usually by finite- 
diflcrcncc or finitc-clcmcnt mcthods. Thc resolution of thc a c a  and umc of simulation is dcfincd by 
thc modeler, Numerical rnodcls may bc uscd whcn simulating time-dcpcndnt s ccnkos ,  spatidly 
variablr soil conditions, and unstcady flow (van dcr Hcijdc, 1994). 
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Table 18. Input Parameters Required for PRZM 
~~~~ 

Dolly cllmato data 
Pan cvapomtion and Precipitation Windspeod Snowmelt tactor 
pnn factor 
Temperature Monthly daylight Sohr radiation Minimum evopomtion 

Erosion data 
hours oxtraction depth 

Topographic factor/soil Average duration of Reld aren Pmctico !mor 
erodiblllty rainfall 
Crop data 
Surface condition of Maximum Maximum tooting dopth Maximum conopy 
crop intorcoption storage coverago 
Maximum dry woight of - Emorgonco, mntuntion, I 

crop attar harvost 
Postlclde data 

and hntvost dntos 

Application q unnt ity Numbar of Numbor of chemicals Application dates 
opplicot Ions (3 mimum) 
(50 maximum) 

Foliar oxtraction Incorporation depth Phnt uptoke factor Foliar d a y  rotos 
coafficient 
Diffusion coefficiont in Enthalpy of &land& Hcny's law constnnt 
air vaporization 
Initio1 concentration Po renVdoug ht o r Aqueous, torbod, vopor 
levols transfom mtos decoy ntos 
Soil datn 
Compartment Runoff eurvo Core depth Numbor and thickness 
thicknessas numbers of horizons 
Soil droiruge parameter Hydrodynamic Bulk density 

disporsion 
Wilting point Percent organic Gold capacity 

cnrbon 

Initial soil water content 

- 
Soil temmrature 
Heat capacity per unit Albedo Rolloctivity of soil suriace Height of windspeed 
volumo moosuroment 
Thormal conductivity of Avgeroge monthty Initio1 horkon Snnd and day content 
horizon &nom boundary tomperntura 

tamaarnturo 
Blodogradation and irrigation parameters (not presanted) 

76 



Table 19. Input Parameters Required for VADOFT 

Pesticido data Soil data 
Numbor ot chemicals Number of soil horizons Roiative permeability vs, 

Aqueous decay rate Horizon thicknesses ,Pressure head vs. saturation 
Jnitiul concontration Satumtcd hydraulic condudivity Acsidual water phnso saturnlion 
longitudinal disporsivity Efloctivo porosity Brooks Qnd Corey n 
Rotardation coetficient Air entry prossuro hcnd van Gcnuchlon alpha 
Molocular diffusion I - 
Cone. flux at first node 
(if independent of PRZM) 

sat uration 

, lnplrt flux or head at fitst node (if independent of P X M )  

In c c n i n  ciscs, input p m c t c ~ s  to bc uscd in a modcl arc not dcfinitivcly known, Somc models 
allow somc input panmctcrs to bc cxprcsscd as probability distributions nthcr than a single valuc. 
rcfcrrcd to ;IS Monte Carlo simulations. This method can providc an cstimatc of t l ic  unccdn ty  of 
thc  modcl output ( is , ,  percent probability that P contaminant will bc grcatcr than a cemin 
conccntration at a dcpth), but rcquircs knowlcdgc of the prvmctcr distributions. Altcmativclp, I 
bounding approach can bc uscd to cstim:\tc the  cffccts of likcly pamnctcr KUI~CS on modcl rcsults 
whcrc thcrc is unccminty in input p a m c t c r  vducs. 

Model Applicability to SSLS. The unsaturated modcls evaluated herein can provide inputs 
ncccsswy for soil scrccning by calculating Icachatc conccnmtions at the wvatct table or by calculating 
infilmtion ratcs, In the 'fonncr application, thcy producc rcsults companblc to the leach test 
option, As with thc  leach test, thc leachate conccntntion from the modcl is dividcd by thc dilution 
factor to obtain an cstirnntcd ground water concentration at the rcccptar well. This rcccptor point 
concentration is thcn compared with the acccpublc ground w t c r  conccnmtion to dctcrminc if J 
site's soils cxcccd SSLs, 

Table 20 summarizes chnnctcristics and capnbilitics of the modcls cvaluatcd for this study. All nine 
of the rnodcls can cdculritc contaminant concentrations in Icachatc that has infiltntcd down to thc 
water table from thc vndosc zonc, although CMLS rcquircs 3 scpantc wlculation tb cstimatc lcacha~t 
concentration, If thcrc is rcliablc sitc data indicating significant dcgndadon in soil, scvcnl of the 
modcls can consider biological and/or chemical dcgndation proccsscs, The modcls also can address 
contaminant adsorption; thosc that c3n modcl laycrcd soils C;UI bc cspccidly uscful in s d n g s  whcrc 
low-pcrmcability clay lnycrs may attenuate contaminants through adsorption, Finally, scvcnl of the 
models can nddrcss o fh i t c  sourcc if thc s i x  of the sourcc is accur;ltely known. 

T h c  avcragc annual inf i l thon mtc ;It a site is difficult to mcxurc in thc field yct is rcquircd for 
cstimaung a dilution factor or DAF, Four of thc modcls cvduated, CMLS, EIYDRUS, SESOIL, and 
PRZM, can cdculatc infilmtion ntcs givcn cithcr daily or monthly rainfall data. 

Two models, VLEACH and SESOIL, addrcss volatilizdon from the soil surface along with lcacllatc 
emissions and thcrcforc may bc uscful for SSL dcvclopmrnt for thc volntilizdon and migration to 
ground wvatcr pathways, Thc volatile emission portion of VLEACH is discusscd in Section 3.1. 
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Table 20. Characteristics of Unsaturated Zone Models Evaluated 

MU LTI ME D I I .  I 
SUMMERS 4 
PRZM-2 

c SESOIL 
VLEACH 

Fato and Transport Processos Considered 
- 
Other 

Table 20 sddrcsscs only unatuntcd zone fatc and mspor t  modcl components, although two models 
(MULTIMED m d  SUMMERS) have satuntcd zone flow and ~ y l s p o n  c3pabbjlitic.s. The following 
tcxt highlights some of the diflercnces benvccn the models, outlhcs their advantages m d  
disadvantages, and dcscn bes sppropriatc sccn.uos for model appliC3tion. 

RITZ, R1?z was designed to modcl land treatment units and is appropriate for sites whcrc oily 
wastes arc prcscnt (it includcs sorption on an immobile oil phvc  as wcll 3s onto soil pYticlcs). 
Sorption, degndation, volatilization, and firstsrdcr decay proccsscs ;~ft considend in the subsdace 
simulations, The most significant drawback for the model is the limit on the numbcr of soil 13ycfs. 
Optimally, RlTZ wouId bc recommended for modcling chcmical migration in a uniform unsrrmntcd 
zone 3s a result of land application. Although the oil phasc can bc omirtcd for sirnulatiails of 
sccndos without oily matcrhls, thc N7Z model's focus on oily waste dcgndation in Imd m t m t n t  
units limits its utility for soil screening (SSLs arc not appliwblc whcn soils contain a scpmtc oil 

VIP. VIP also is appropriate for sites when: relcrtse of oily wwcs has occumd. Some of the 
limitations described in RT?z dso apply to thc VIP model. VIP could be uscd as a followup model to 
Rf?z since vxiablc chemical and watcr fluscs wn bc simulated. In thh a c ,  signifimt additional 

phuc). 
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input parameters arc rcquircd to simulatc trrrnsicnt parritioninl; bcnvccn the air. soil, ww, and oil 
phucs,  Likc RITZ, VIP's focus on land trcxmcnt of oily wnstc limits its application to SSLs. 

CMLS, CMLS diffcrs from IUTZ and VIP in that it allo\os dcsignation of up to 20 soil Iaycrs with 
diffcrcnt properties. It docs not considcr nonaqucous phasc liquids, dispcrsion, diffusion, or vapor 
phasc transport, but ;I finite sourcc cm be madclcd, CMLS cstimatcs thc location of the peak 
conccntntion of contaminants t h rou~h  a h y c d  soil system, A limitation of the CMLS modcl for 
SSL application is that it docs not calculatc Icachatc conccntrations, Instcad, i t  calcularcs thc m o u n t  
of chcmical at a c c d n  dcptll at 3 ccmin timc, Thc uscr must cstimatc thc conccntntion bucd  on 
the mount of cfrcrnical present and thc total flux of watcr in thc sysrcm (Nofzigcr et at,, 1994). Thc 
rnodcl is typically uscd to cstimatc thc timc for a chcmicd cntcnng t l ic unsatuntcd zonc to reach a 
c c d n  dcpth, 

HYDRUS, Likc CMLS, thc "I'DRUS modcl CM also simulstc clicmicnl movcmcnt in laycrcd soils 
md CM considcr a finite sourcc, but also includcs dispcrsion md diffusion as wcll as sorption and first- 
ordcr dccny. In addition. HYDRUS outputs thc chemical conccntration in thc soil watcr as a function 
of timc and depth along with thr mount  of chcmicd remaining in the soi1, nic modcl considers root 
zonc uptakc, but othcr models such as PRZM should be uscd if thc comprchcnsivc cffccts of plant 
uptakc arc to be considcrcd in tlic simulations. Bccausc i t  can cstimatc infiltntion from rainfdl 
contaminant conccntrations, W D R U S  may bc uscf31 in SSL applications. 

SUMMERS, Thc SUMMERS rnodcl is a rclativcl)p simplc modcl dcsigncd :o simulate leaching in 
the unsaruratcd zonc and is c s s e n ~ d l y  idcntical to thc SSL migration to ground water equations in 
xsumptions and limitations. It is appropriatc for USE as an initid scrccning modci whcrc sitc data arc 
limited and whcrc volatilintjon is not of conccm. Howcvcr, sincc menuation proccsscs such as 
biodcgradstion, first-ordcr dccay, vofatiliz;ltion, or  othcr attcnuation proccsscs (othcr dim sorption) 
arc not considcrcd, it is a quitc conscrvativc modcl. Since volatilization is not considcrcd, it cannot 
bc uscd to simulatc migration of volatile compounds to tbc atmosphcrc, Bccausc of its similsritics to 
the SSL migration to ground watcr cquations, the SUMMERS rnodcl is not suiabic for a morc dcwilcd 
mcssmcnt  of sitc conditions. 

MULTl M E D ,  MULTIMED simulatcs simplc vertical wntcr movcmcnt in thc unsaturated zonc, 
Since m initial soil conccntration cannot bc spccificd, cithcr thc soillwatcr partition cqut ion  or a 
Icaching tcst (SPLP) must bc uscd to  cstimatc soil Icachatc contaminant concentrationsa 
MULTIMED is approprirrtc for simul3ting contaminant rnigntian in soil and c3n bc uscd to model 
vadose zonc attcnuation of Icachatc concentrations dcrivcd from P partition cqunuon (SCC Scaion 
2.5, l ) .  In addition, sincc it links t l ~ c  output from the unsatuntcd zonc trmsport modulc with a 
saturated zonc modulc, it an bc uscd to dctcrminc the concentration of a contaminant in a wcll 
locatcd downgradicnt from a contaminant sourcc. MULTTMED is nppropriatc for carly-st;lgc sitc 
simulations bcausc thc input prvametcrs rcquircd YC typiully wailablc and unccminty analyses can 
be pcrformcd usins Montc Carlo simulations for those p a m c t c r s  for which rcliablc values arc not 
known, 

VLEACH. In VLEACH, biologiwl or chemicd dcgndation i s  not considcrcd. It tlicrcforc provides 
conscntativc cstimatcs of contaminant migration in soil. This modcl may be appropriatc aq M initial 
scrccning tool for sites for which thcrc is linlc information available. VLEACW can estimate volatile 
cmissions (sec Scction ; , I )  and can considcr a finitc sourcc. I t  is thcrcfore potcntidly appliablc to  
both subsurfam pathways nddrcsscd by the soil scrccning process, 
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SESOIL. SESOIL was dcsigncd as ;L scrccning tool, but it is actually more eomplcs than some of 
thc models dcscribcd. Some of thc input data would bc cumbcrsomc to obdn ,  cspccizll!b for USC ;IS an 
initial screening tool. I t  is applicablc for simulating spill sites since it dloivs considcnnon of surf'acc 
transport by erosion and runoff and can utilize dctailcd mctcorologic information to estimate 
infiltration, In thc soil zone, scvcnl frrtc and trvlspon options arc available such as metal 
complesation, hydrolysis, cation cschange, and degradation. This modcl is cspccially applicablc to 
sitcs whcrc significant subsu~facc and mctcorologic information is nvailablc. Although tlic modcl docs 
consider vo1atili;t;ltion from sudacc soils, tlic available documcnntion (Crisccnti et  d,, 1994) is not 
c l cv  rrs to whcthcr it produccs ;UI output of volrrtilc flu. to thc atmosphere. 

PRZM-2. PUM-2 is ci rclativcly detailed modcl 3s a result of the coupling of thc nvo models 
PRZM and VADOlT. Akhough PRZM is predominantly uscd as a pcsticidc Icaching model, it could 
also be uscd for simulation of transport of othcr chcmiwls. Bcausc dctailcd mctcorology and surface 
application panmctcrs can bc includcd, it is appropriate for simulation of surface spills or land 
disposal sccnanos, In addition, mccnainty analyses can bc pcrf'onncd based on Monte Carlo 
simulations. Numerous subsurface Atc and t m s p o n  options csist in PRZM. Water movcmcnt is 
somcwhat simplified in PRZM. and it may not bc applicable far low-pcrmcability soils (Cnsccnti ct 
al., 1994). Ho\vcvcr, water flow simulation is more dcwiled in the V A D O R  modulc of thc PR.ZM-2 
prognm, Thc combination of thicsc rrrogrms m d c s  PRZM-2 3 rclativcly comples modcl. This 
modcl is cspccially applicable to sitcs for which significant sjrc and meteorologic dm arc w;Lil;~blc, 
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Part 4: MEASURING CONTAMINANT CONCENTRATIONS IN SOIL 

Thc Soil Scrccning Guidmcc includcs a sampling stratcgy for implcmcnting tlrc soil scrccning proccss, 
Scction 4.1 prcscnts thc sampling approach for surfacc soils, This approach providcs 3 simple 
decision rulc bascd on comparing thc m;Luimum can tminmt  conccnmtions of composite smplcs 
wkh surfacc soil scrccning lcvcls (the Max tcst) to dctcnninc whcthcr furthcr invcstigation is nccdcd 
for CL pbuticular cxposurc arca (EA). In addition, this scnion prcscnts a morc complcs s t n t c p  (thc 
Chcn tcst) that allows the uscr to dcsign a sitc-specific qumtit;lfvc sampling . m t c p  by s a ~ y i n g  
decision m o r  limits and soil contaminant variability to  optimizc thc number of s b ~ p l c s  and 
cornposiics, Section 4.2 providcs a subsurFacc soil s.mpling stmtcgy for dcvcloping SSLs and applying 
thc scrccnhg proccdurc for thc vo la~ l i a t ion  and migration to ground water cxposurc paZh~v,?ys. 

Scction 4.3 dcscribcs thc technical dctails bchind the dcvclopmcnt of thc SSL sampling strategy, 
including a n a l ~ w s  and rcsponsc to public and pecr=rcvicw comnicnts rcccivcd on thc Dcccmbcr 1994 
draft pidancc,  

Thc sampling stntcgy for the soil scrccnhg proccss is dcsigncd to achicvc thc following objcctivcs: 

. EsirnaIc mc,m conccntrations of contaminants of conccrn for 
comparison with SSLs 

Fill in thc data gaps in thc conccptul site modcl ncccssnry to dcvclop 
ssts. 

Thc soils of intercst for thc first objectivc differ according to thc cxposurc pathtmy being iidddrcsscd. 
For thc dircct ingestion, dcrmd, ;urd fugitivc dust pathways, EPA is conccmcd about surfacc soils. 
T h c  sampling g o d  is to dctcrminc avcngc contaminant conccntrations of surf;lce soils in cxposurc 
=cas of conccm, For inhalation of volatilcs, migration to ground water and, in somc CXCS, plant 
uptakc, subsurfacc soils arc thc primary conccm. For thcsc pathways, thc avcngc contaminant 
conccnmtion through each sourcc is the p m c w  of interest. 

Thc sccond objccrivc (filling in thc dau gaps) applics primarily to thc inhalation and migration to 
ground watcr pathways. For thcsc pathways, thc sourcc arc3 and dcpth s wcll u avcngc  soil 
propcrtics within the sourcc arc nccdcd IO calculme tlic pathway-spccific SSLs, Thcrcforc, thc 
sampling mntcgy nccds to addrcss collcction of thcsc site-specific dam 

Bcc;lusc of thc diffcrcncc in objcctivcs, thc sampling mtcgies  for thc ingcsrion pathway and for the 
inhdation and migration to  ground water patliways MC addrcsscd scpnratcly, If both surfacc and 
subsurfacc soils arc a conccm, then surfacc soils should bc smplcd first bccausc the result!! of sur fkc  
soil E L I I ~ ~ S C S  may help dclincatc sourcc arcas to urgct for subsurfacc sampling, 

At some sitcs, a third sampling objcnivc may bc appropriate. As discussed in t hc  Soil Scrccning 
Guidmcc, SSLs may not bc uscful at sitcs whcrc background conmjnmt lcvcls arc abovc thc SSLs, 
Whctc sampling information suggests that background contaminant conccntrations may bc a 
conccrn, background sampling may bc n c c c s s q .  Methods for Evaluon'ng rhc Arrarnmcnr of Cleanup 
Sfandarch - Volumc 3: Rcfircncc-Bascd Srandards for Sur/ and Solld Mcdia (U.S, EPA, 1994c) 
provides funhcr infomation on sampling soils to  dctcrminc background conditions at a sitc. 
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In order t o  accuntcly rcprcscnt contaminant distributions at 3 sitc, EPA uscd the Data Quality 
Objcctivcs (DQO) praccss (Figure 4) to dewlop a sampling stntcgy that will satisfy Superfund 
p r o g m  objecdvcs. Tlic DQO proccss is a systcrnatk d m  collection p l m i n g  process dc\lclopcd by 
fPA to ensurc that thc right typc, qudiq’, and qumug of dam YC collcacd to supporr EPA decision 
making. A5 shown in Scaions 4.1.1 through 4.l.G, most of thc kcy outputs of the DQO process 
alrcadp havc bccn devclopcd as part of thc Soil Scrccning Guidance. The DQO nhvitics addrcsscd in 
this scction arc dcscnbcd in d c t d  in thc Dura Quultry Objccn’vcs for Supcrfind: Infcrrm Final  
Guidoncc (US. EPA, 1993b) and thc Guiduncc ,for rhe Dura Qualip Objccnvcs Proccss (US, P A ,  
1994~).  Refer to thcsc documents for morc information on how to complctc each DQO sctivky or 
how to dcvclop other, site-specific sampling stmtcgks, 

4.1 Sampling Surface Soils 

J, 1 Develop a Oeclslon Rule I 

Figura 4 The Data Quality 
Objectivaa process. 

A sampling m t c p  for surf‘acc soils is prcscntcd in this scction, 
organized by the stcps of tbc DQO process. Thc first five stcps 
of this proccss, from dcfining the problem through devclaping 
the basic dccision tule, arc summasked in Tablc 21, and arc 
dcscnbcd in dmail in thc first five subsections, The d h l s  of 
thc two rcmnining stcps of thc DQO proccss, specicing limits 
on dccision m o r s  and optimizing thc design, havc been 
dcvcloped scpantely for nvo alternative hypothesis tcsting 
proccdurcs (the Max tcst and the Chcn mcthod) and arc 
prescntcd in four (41.6, 4.1.7, 41.9, and 41,lO) subscctions. 
In addition, a data quality ;~~scssrncnt (DQA) follows the DQO 
process stcp for optimizing the dcsign. Thc DQA cnsurcs that 
sitc-spccific crror limits arc achjcvcd. Scdons 4.1.8 and 4.1.1 1 
describe thc DQA for thc Mas and cficn t c m ,  rc~pccth~cly.  
The technical details behind the dcvclopmcnt of tbr surfacc soil 
sampling dcsign mtcg?, arc explrrincd in S c k o n  4.3. 

4.1.1 Statc the PrcbJem, In scrccning, thc problan is 
to idcntify the contaninmu and cxposm arcas (EPLS) that do 
not posc significult risk t o  human hcdth so that futurc 
investigations can bc focused on the a a s  and contvnimts  of 
conccm at a site. 

The main sitc-spccific acdvitics involved in this fmt m p  of 
thc D O 0  urocess includc idcntifiing thc data collection 
planniig ;cam (including tcchhical experts and kcy 

stakcholdcrs) and spccifying the av~ lab lc  rcsourccs. The list of t cchn id  cspcm md snkcholdcrs 
should contain all key pcrsonncl who YC involvcd with appl>’ing the SCil  Screening CUidvlcc the 
sitc, Othcr aCtiVitics in this stcp includc dcvcloping thc conceptual sitc modcl (CSM), i d e n d ~ h g  
cxposun scun;Vios, and pnparhg a s u m m q  description of the surface soil contamination problm, 
Thc Uscr’s Guide ( U S  EPA, 1996) describes thcsc activities in with morc dctail. 

4.1.2 Identify the Decision, ne decision is to dctcminc whether thc’mcvl surface soil 
conccnvations cscccd surfacc soil scrccning IC\& for specific contmhants tvithh EAS, If so, the 
EA must bc invcstipted fudicr. If not, no furthcr adon  is n c c c s s q  under CERCLA for the spccSc 
contaminanti in the surface soils ofthosc EAs. 
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Table 21. Sampling Soil Screening DQOs tor Surface Soils 

DO0 Procasa Stope Soil Sercanlng InputdOutputs  
Statu the Problem 
Idontify scoping leom 

Devolop conceptunl altb model (CSM) 

Sit6 monogor and fochnlcal expons (e& loxicalogisla, ri8k 088e~bors, 

CSM devolopmont (descrlbed In Slap 1 of tho User's Gulde, U.S, €PA, IgDG) 
antisticlans, 0011 scientists) 

Detlno exposuro sconarlos 

SpocHy available resources 

Direct ingestion and lnhalatlon ot tugitlv'o p~nlculates In a rosldontlal sottlng; 

Sampllng and onalysis budgot, ~cheduling consfralntc, and ovollable 
dormel conlad and plant uptoko for cenaln contaminants 

portonnel 
Write brist summery of contaminatlon Summary ot tho surlnca soil contamination problorn to be Invcstlgated at the 

arablam alto 
ldentlly the Dcclalon 
ldantlfy doclaion 

ldonttfy a h e r n a h  ncrions 

Do moon sol1 concentrntlone for poniculnr contOminanti (e& contnminmta ot 

Ellminato oren from tunher study under CERCLA 
or 

potential concern) exceed approprlale scraanlng lovels? 

Pian and conduct tunher irivestiuation 

ldcntlly Inpub to the Decision 
ldonttfy Inputs 

Detlne bad8 for screonlng 

Ingoation and parliculota lnhalatlon S S b  for apeelfied contaminants 
Me~aunments of surl.?ce moll contnminant concentration 
Soil Screonlng Guldnnce 

Identlfy analytical methods 

Define tha Study Boundw~ea 
Detlna geogrnphk area3 ot field 

Doflne populutlon of intorost 

Divldo aho Into strata 

Fonslblo onolyticnl methods (both tlald and laboratory) conslstent with 
proornm-lovei requirements 

The sntlre NPL site (whlch may Include orens bayond lacillty boundarles), 
except tor any nroos whh clear evidence thot no contnmlnciflon has occurrod 

Surtnce eoile (usually the top 2 centlmatan. but mny be deeper whore 
activities could rsdlarrlbuts subsurface soil8 to the aurlnco) 

Strato may be dofinad so thot contnminant concontrntlons are Ilksly to be 
ralatlvety harnogenoous wtthln soch strntum bas& on tho C S M  and tleld 
moasuremonts 

Exposure areas (EAs) no larger than O S  ncra vach (bmed on rasidontlal land 
use) 

Tomporal constrnlnts on scheduling fleld vidts 
Potantlnl tmpodiments to snmple collodon, such 81 access, health, and 

invenlgatlon 

Doflne scale oi dcclslon mk lng  

Deflne temporal boundarles of study 
Identify proctleal constralnto 

aatcty Issues 
Dcvclop B Occlsian Rula 
Specity patomotor of interest True mean' (p) lndivlduol contamirnnl concentration In soch EA. (since the 

doformlnatlon at tho "lruo mom" would raqulre the colloctlon and analysia of 
many sornplos, the Wax Tost" use5 another sample statlztlc, tho mnxlmum 
composlte concsnrmtlon), 

ganarll SSLG It stto data aro unavailable). 

lnvostlgate the EA lunhet. I f  the "!rue mean" I8 less than rho screening 
level, than no tunher invastlohtlon of tho EA Is reuulred under CERCLA. 

Speclly seroenlng level 

Spaclty "it.,,, thon,,.' daclsion rulo 

Screenlng lavela calculated using available parameten and slto data (or 

If the True mean' EA concontratlon exceeds the scresnlng level, thon 
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4.1.3 Identify Inputs to  the Decision. This stcp of thc DQO proccss requires 
idcntifihg thc inputs to thc decision proccss, including the basis for further invcsrigation and thc 
opplicablc analytical methods. Thc inputs for dcciding whcthcr to invcstigatc furthcr arc the 
ingestion, dcrmd, and fugitive dust inhalation SSLs wlculatcd for thc sitc conminmts  as dcscrjbcd 
in Pm 2 of this documcnc and thc surface soil concentration mcasurcrncnts for those same 
contaminants, Thcrcforc, thc remaining task is to idcntif?, Contnct Labontory Prognm (CLP) 
methods and/or field mcthods for which thc quanutation limits (QLs) yt lcss tlim thc SSLs, EPA 
rccommcnds the usc of ficld methods, such as soil 83s survcys, immuno,rssays, or X-ny fluorcsccnce, 
whcrc appliwblc and appropriate 3s long as qururtitation limits arc bclow the SSLs. At IC&! 10 
pcrccnt of field smplcs should bc split and scnt to o CLP labontoy for confirmatory analysis (US, 
EPA, 1993d). 

4.1.4 Define the Study Boundaries. This stcp of thc DQO pmccss dcfincs the s;unple 
population of interest, subdivides thc site into appropriate csposurc =;IS, and specifics ternpod or 
pnctical constminu on the d m  collcction. Thc dcscriprion of tlic population of interest must 
indudc thc surfacc soil dcpth. 

Sompfing Depth. When measuring soil contamination levels at thc surfacc for the ingestion 
and inhalation pnthwnys, thc top 2 ccntimctcrs is umlly  considcred d c c  soil. ;IS dcfincd by Urban 
Sol! Lcad Abarcmcnt Projccf (US EPA 19930. Howcvcr, additional sampling bqond this dcpth 
may bc appropriate for surf'cc soils under a futurc residential usc sccnario in arcs w h m  major soil 
disturbanccs can rcasonably bc cxpcctcd IS ;I result of landscaping, gardening, or construction 
activities. In this situation, contaminvlts thar wcrc ar dcpth can bc moved to thc surface. Thus, it is 
important to bc cognizant of local rcsidmtial conmction pncticcs when dctcrmining thc depth of 
mrfacc soil sampling and to wcigh thc likclihood ofthat am bcing dcvclopcd. 

Subdividing the Site. This step involves dividing thc sitc into arcas or .mta depcnding on 
thc likclihood of contamination and identifying areas with s i d l a r  contuninant patterns. Thcsc 
divisions can be b a c d  on proccss knowlcdgc, opcnuond units. histor id  records, andlor prior 
sampling, Partitioning the site into such anas mcl swau a n  lead to a more cficicnt sampling design 
for the entire sitc. 

For csmplc,  thc sitc mmagcr may h v c  documentation that large arcas of the sitc arc unlikely to 
have bccn uscd for wwc disp0.d activities. Thcsc a r e a  would be c q x a c d  to cshibit rclativcly low 
wrkbbility and thc s ~ n p l i n g  design could involve a reIdvcly smdl number of .samples. The grc3tcst 
intensity of sampling effort would bc cz;pectcd IO focus on arcs of thc sitc when: then is grcscr 
unccminy or grcstcr variability associated with contamination patterns. Whcn rclativcly large 
vuiability in contaminant concentrations is cqcctcd, more samples arc rcquircd to dctcrminc with 
confldcncc whcthcr thc EA should bc scrccncd out or invcsbgated further. 

Initially, the sitc may bc partitioned into three types of arcas: 

1. 
2. 
3, 

Arcas that arc not likcly to bc contaminated 
Arcs that arc known to be highly contminvcd 
Arcas that arc suspcacd to bc conmimtcd and cannot bc d e d  ou t  

Arcas that are not likcly to be contaminated gcncnlly will not require W c r  investigation if this 
assumptian i s  based on historid site use information or othcr site data that arc rcasonably complctc 
and accurate. (Howcvcr, the sitc mmurogcr may also want mkc a few smplcs to  confirm this 
assumption). Thcsc may be pans of the sitc that arc within the legd boundaries of the property but 
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wcrc complctcly undisturbcd by hazardous-w~~tc-&cncratinl: octivitics, All othcr arcas nccd 
investigation, 

Ares that arc known 10 be highly connminntcd (ix,, sources) x c  targctcd for subsurfacc sampling. 
Thc information collcctcd on sourcc m a  and depth is uscd to cslculatc sitc-spccific SSLs for the 
inhalation and migration to ground w t c r  pathtvays (scc Scction 4.2 for morc hfomabon).  

Arcas that arc suspcctcd to bc contminatcd (and cannot bc ruled out for scrccning) arc thc prjrnaqr 
subjcm of the surf3cc soil invcstigeuon. If a gco.statistician is available, e g c o m t i m d  model may be 
uscd to chmctctizc thcse afcu (c&, knging modcl), I-Iowvcr, guidance for this typc of dcsign i s  
bcyond thc scopc of thc currcnt guidoncc (SCC Chapter 10 ofU.S, &PA, 1989a), 

Defining Exposure Areas. Aftcr L!C sitc has bccn partitioned into rclativcly homogcncous 
arcas, cach rcgion thhnt is targetcd for surfacc soil sampling is then subdividcd into EAs, An EA is 
dcfincc! as t h t  gcographical m a  in which an individual may bc exposcd to contamination ovcr timc, 
Bccausc rhc SSLs wcrc dcvclopcd for o rcsidential sccnario, EPA assumes the EA is a suburban 
rcsidcntial lot corrcsponding to O S  acrc. For soil screening purposcs, cach EA should bc 0,5 acrc or 
Icss. To tlic estcnt possible, EAs should bc constructcd as squarc or rcamgular areas that can bc 
subdivided into squares IO facilitate composithg and grid sampling. If thc site is cuncntly rcsidcntial, 
then thc EA should bc thc actual rcsidcntial lot size, Tic  cxposurc arcas should not bc laid out in such 
a way tliat they unncccssarily combinc arcas of high and low lcvcls of contamination, Tlic 
orientation and csact locanon of thc EA, rclativc t o  thc distribution of thc cont,minmt in thc soil, 
can lead IO instnnccs wherc sampling of tlir EA may lcsd to rcsults abovc the meanm, and othcr 
i n m c c s ,  to rcsul t~ bclow thc mew, Try to avoid straddling contaninmr "distribution units" within 
the 0.5 acrc EA. 

Thc sampliag strategy for surface soils allows invcstigmors to dctcrminc mcan soil con tminmt  
conccntntion m o s s  an 0. o f  intcrcst, An nrithmctic mcan conccnmtion for an W bcst rcprcscnts 
thc cxposurc to sitc contaminants ovcr a long pcriod of timc. For risk ;ciscssment purposcs, an 
individual is usumcd to movc randomly across an EA ovcr tirnc, spending cquivalcnt m o u n t s  of 
timc in each location, Sincc rcliablc infomation about spcciftc pancms of nonrandom activhy for 
fururc USE sccnwios is not availabbie, random c ~ o s u r c  a p p c m  t o  bc the most rczonnblc assumption 
for P rcsidcntitll csposurc sccnario. Thcrcforc, spatially avcngcd surfrrcc soil conccnmtions arc uscd 
to  cstimatc n m n  cxposurc concentrations, 

Bccausc dl the EAs within a givcn stratum should cxhibit similar contaminant conccnmuons, onc 
site-spccific sampling dcsign can be dcvclopcd for rrll EAs wkbin that StnNm. As discusscd abovc, 
somc strata may h w c  rclativcly low variability and other stmu may havc relatively high variability, 
Conscquenrly, a diffcrcnr sampling design may be neccssny for cach m t u m ,  based upon dit 
s t m - s p e c i f i c  cstimatc of t h e  contaminant variability. 

4.f  .5 Develop a Decision Rule. Ideally, thc dccision mlc for surfacc soils is: 

If thc m c m  contaminant conccntntion within an EA cxcccds the scrccning level, 
tbcn investigate tbat W further. 

This "scrccning lcvcl" is thc acrual numerical value uscd to compxc against thc sitc contamination 
dim. It may be identical to thc SSL, or it may be a rnultiplc of thc SSL (cas., 2 SSL) for a hypothesis 
test designed to achievc spccificd decision error mtcs in o spccifrcd rcgion abovc and bclow thc SSL. 
In addition, another smplc Statistic (c.g*, thc rnasimum conccntntion) may be uscd as an cstimarc 
of t h e  mcm for comparison with LIE "scrccning lcvcl," 
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4.1.6 Specify Limits on Decision Errors for the Max Test. S~nplit lg&a~\.i l lbc 
used to support ;1 dccision about whcthcr an EA requires further investigation. Because of variability 
in contuninant conccnmtions within an EA, practical cons'mints on sample sitcs, and sampling or 
mcsurcmcnt error, thc data collcctcd may bc inaccurate or nonreprescnudvc and may mislcad-thc 
dccision makcr into making an incorrcct decision. A decision error occurs when sampling data 
mislcad the dccision makcr into choosing a COURE of a d o n  that is diffcrtnt from or lcss dcsinblc 
than the coufsc of action that would have been chosen with pcrfcct information (i.c., with no 
constnints on smplc  size and no mcuxcmcnt crror). 

EPA rccognizcs that data obtained from smpl ing  and cmdysis arc ncver perfectly rcprcscnmtivc and 
accuntc, and that the costs of trying to achieve ncu-perfect result,, can outweigh thc benefits. 
Conscqucntly, EPA acknowlcdgts that uncertainty in dam must bc tolcnttd to some dcgrcc, The 
DQO proccss controls thc degree to which unccminy in data affccts the outcomes of dccisions that 
an based on those dam ?his step of thc DQO process dlows the decision rnakcr to set limits an the 
probnbilitics of making m incorrect decision. 

Thc DQO proccss udlizcs hypothcsis tests to control dccision errors. Wlicn pcrf'orming a hypothesis 
test, a prcsumcd or bucline condition, rcfcrred to 3s thc "null hypothcsis" (HJ, is cstablishcd. This 
bascline condition is prcsumcd to bc me unless thc data conclusively dcmonmte othenvisc, \vh'hich is 
called "rcjcc*jng the null hypothcsis" in favor of an altcmathc hypothesis. For the Soil Scrccnhg 
Guidance, tbc bascline condition, or I-&, is that the site nccds further investigation. 

When the hypothcsis test is pcrformcd, wo possible decision c m r s  may occur 

1 ,  Dccidc not to invcstigatc M EA furchcr (k, "\vlalk nwsy") whrn thc correct dccjsion 
(with complete and perfect infomadon) would be to *'invcsdg;Ltc mer" 

Dccide to invcstigatc furthcr whcn thc corrcct decision would bc to "walk may."  2,  

Sincc thc site is on thc NPL, sitc arcas arc prcsumcd to nccd M e r  invcstigsnon. Thcrcforc, thc 
data must provide clcar evid:ncc that it would bc ncccpmblc to "walk away," This presumption 
providcs the basis for classifyhg the nvo types of dccision crrors, Thc "incorrectly walk away'* 
dccision error is designated as thc Typc I decision cnor bccmsc onc has inconrdy rcjcctcd the 
bascline condition (null hypothcsis), Correspondingly, thc "unncccssarily invcmgatc further" 
decision error is dcsignatcd as the Type U decision error. 

To complctc the spccification of limits on decision errors, Type 1 and T-vpc LI decision error 
probability limits must bc dcfincd in relation to thc SSL. First ;I "gay rcgion" is specified with rcspcct 
t o  the mean contaminant conccntmtion within an EA. Thc gny rcgion rcprcscnts thc m g c  o f  
contuninant lcvcls ncar thc SSL, whcrc uncertainty in thc data (ix,, thc v;uiability) can make thc 
decision "too close to a l l . "  In othcr words, when thc avcragc of the data vducs is very closc to thc 
SSL, it would be too cxpcnsivc to gcnentc a dam sct of sufficient she and precision to resolvc wht 
thc corrcct determination should be. (ix., Docs the svcragc concentration fall "above" or "below" 
thc SSL?) 

The Soil Screening Guidmcc cstablishcs 3 default nngc for thc width and location of thc "gny 
rcgion": from onc-half the SSL (0.5 SSL) t o  ovo times thc SSL (2 SSL). By spcaMng thc uppcr cdge 
of thc gny  rcgion as nvicc thc SSL, it is possible that cxposurc areas with mcm values slightly higficr 
than the SSL may bc screcncd from further study. I-Io\wvcr, EPA bclicvcs that thc cs;posurc scenario 
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and assumptions used to  dcnvc SSLs arc mficicntly conservative to bc protcctivc in such u s c s .  

On the lower sidc of the gray rcgion, thc conscqucnccs of dccision crrors at onc-half rhc SSL arc 
primarily financial. ff thc lowcr cdgc of thc gray rcgion wcrc to bc moved closer to the SSL, thcn 
morc cxposurc UCL, that wcrc truly bclow the SSL tvould bc scrccncd out, but morc moncy would bc 
spcnt on sampling to makc this dctcmination, l f thc  lowcr cdgc o f  thc gny region w r c  to be rnovcd 
closer to zcro, thcn lcss moncy could bc spcnt on sampling, but fcivcr EAs that wcrc truly below the 
SSLs would bc scmncd out. Icading to unncccssarl; investigation of EA, The Supcrfund progrim 
chosc thc gny rcgion to bc onc-half to nvo times thc SSL after investigating scvcrd diffcrcnt nngcs, 
This nngc for thc g n p  ngion rcprcscnts a balance bcnwcn thc costs of collecnng and analyzing soil 
smplcs  and making incorrcn dccisions. Whilc it is dcsirablc to cstimatc csactly thc cxposurc area 
mcm, thc number of samplcs rcquircd arc much morc than project mmagcrs x c  gcncrdly willing to 
collca in J "scrccning" cffort. Although some cqosurc arcas will Iiavc contaminant canccntntions 
that are bcnvccn thc SSL and nvicc the  SSL and will bc scrccncd out, human health will Still bc 
protcctcd given thc Canscrvativc assumptions used to dcnvc thc SSLs, 

The Soil Scrccning Guidancc cstablishcs thc followiny goals for T!pc I and Type I1 dccision m o r  
rates: 

Prob ("walk away" whcn thc truc EA mcan is 2 SSL) = 0,OS 
Prob ("invcstigatc fuurthcr" whcn thc tmc EA mcan is 0,s S S t )  = 0.20, 

This mcms that thcrc should bc no more than J 5 pcrccnt chmcc that the sitc managcr will "walk 
away" from an EA whcrc tlic truc rncvl conccntntion is 2 SSL or more, In addition, tlierc should bc 
no morc than a 20 pcrccnt chance that the sitc manngcr will unncccssarily invcstigatc an EA whcn 
thc rncm is 05 SSL or lcss, 

Thcsc dccision crror limits YC g c ~ ~ c d  gods for thc soil scrccning proccss. Consistcnt with thc DQO 
proccss, thcsc goals may be adjustcd on a sitc-spccific b;Lqis by considering thc a v d a b l c  rcsourccs 
(ix,, dmc  and budget). thc irnportrulcc of scrccning surface soil rclativc to othcr potcnud csposorc 
pathwsys, conscqucnccs of potcntisi dccision crrors, and consistcncy with other rclcvmt EPA 
guidmcc and prognms. 

Tablc 22 summuitcs this stcp of the DQO proccss for thc Max tcst, specifying limits on tlrc decision 
crror ntcs,  and tlic final stcp of thr DQO proccss for the  MLX tcst, optimizing thc dcsign. Figurc 5 
illustntes thc gray rcgion for thc dccision error gods: a Typc I dccision m o r  rate of 0.05 (5  
pcrccnt) at 2 SSL and a T g c  11 dccjsion m o r  ntc of 0,20 (20 pcrccnt) at 03 SSL, 

4.1.7 Optimize the Design for the Max Test. This section ptovidcs instructions for 
dcvcloping M optimum smpling stntcgy for scrccning surfacc soils, It discusses compositing, thc 
sclcnion of sampling points for compositcd and uncompositcd surfrrcc soil sampling, and t l i c  
rccommcndcd proccdurcs for determining tlic smplc sizcs ncccsssry to xh icvc  spccificd limits on 
dccision crrors using thc Max tcst. 
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Table 22. Sampling Soil Screening D Q O s  for Surface Soik under the 
Max Test 

D O 0  Process Step. Sol I Sc rccn lna l nputalOut put. 
I 

Specify Llmlts on Decision Erron' 
Define basoline condltion (null 
hypothosis) 
Dofino the gray region" 
Define Typo I and Type I I  decision errors 

The EA nosds turther Investlgotion 

From 0.5 SSL to 2 SSL 
Typo I a r m  Do not investlgate further ("walk awoy tram") an EA whose true 
moan excoeds the scmanlng level of 2 SSL 
Typo I1 error: lnvostlpale furlher whon an EA'S true mean 1~11s below the 
screening love1 of 0.5 SSL 

ldontlfy consequences Typo I error: potential public heahh conssquenceu 
Type I 1  w o e  unnaceswty oxponditurn of resources to invastlgslo iunher 

Assign acceptable probablltttos of Type I 
and Type I 1  declslon erron 

Goals: 
Type I: 0,05 (53.) probablllty ol  not lnvastlgotlng tunher when 1rue mean" of 

Type 11: 0,20 (20%) probsblllty of investlgotlng furlhrr when 'two mean* of 
the EA is 2 SSL 

the EA Is 0,s SSL 
Deflns QNQC gods 

Optlmlxo the Ocalgn 
Detennlns how to best ostlmate True 
mean' 

Detarmlne expectod vnrlabllirj of EA 
sudaco soil contaminant concontratlons 

ClP pruclslon and bias requirements 
10% CLP analvsos tot tleld mothods 

Samplos compositad across the EA estlmute the EA mcnn (Z). Use mirnurn 
comosito conesnfratlon PS a cansorvative ostlmato at tho true EA man.  
A consofvsttvaly large expectod coettleiont 01 variation (CV) lrom prior a m  
lor the alto, field meosuromonts, or doto fmm other comparable snes and 
export judgment. A mlnirnum default CV 01 2 5  should be wed when 
Intonnation Is lnsutticlent to astlmta the CV, 
Lowost cost sampllng dosign option (Le., compodting schema and number of 
composhes) that will ochlevo acceptable dbclsion orror rates 

Design sampllng strategy by avatuoting 
cos19 and pwrlormnnco of oltarnotlvea 

Devotop plonnlng documents tor the field 
lnvestioatlon 

Sampllng and Analysia Plan (SAP) 
audlfv Assurance Pmleet Plan (OAPIP) 

Sinco tho DQO process controls tho degree to which uncertainty in data aflocts !he outcome ot declslons !hat are 
bawd on that dnta, specltylng llmlts on docidon arrors wlII allow the docldon moker to control the probihllky of making 
on incotmcr dbclsion when using the DOOs. 
The grny roglon topresents the area whero tho consequences of declslon errors are minor (and uncortdnty In sompling 
datn makes docisions too close to call). 

*' 
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Ffguro 5, Design porlormanco goal diagram. 

Notc that thc sizc, shapc, and oricntation of smpl ing  volumc (ix., "suppott") for hctcrogcnous 
mcdirr have a s$nificrult cffcct on Tcponcd mc3surcment valucs. For instance, px'tklc sizc hu 3 
v q h g  affcct on thc transport and fatc of contaminants in thc cnvironmcnt and on the potential 
rcccptors. Bccausc comparison of data from mcthods that arc bascd on diffcrcnt supports can bc 
dificult, dcfining thc sampling suppon is impomt in thc carly stages of sitc chxactcrization, This 
may bc accomplishcd through thc  DQO process with exkting kno~vlcdgc of thc sitc, contamination, 
and idcntjfmttion of thc cxposurc pathways that nccd to bc chanctcnrcd. Rcfcr to Prcparalran of 
Sal1 Sampling Protocols: Samplrng Tcchnlqucs and Srrarcgics (US. EPA, 19920 for more 
information about soil sampling support. 

Thc SAP dcvclopcd for surf'acc soils should spccif>l sampling and analytical proccdurcs 3s wcll xi thc 
dcvcloprncnt of Q N Q C  proccdurcs, To jdcntie thc approptiatc malyti~al proccdufis, thc scrccning 
lcvcls must bc known. If data YC not avrJlablc to calculatc sitc-spccific SSLs, thcn thc gencric SSLs in 
Appendix A should bc uscd, 

Compositing, Bccausc thc objrctivc of surface soil scrccning is to  cnsurc that thc mcan 
contunin:mt concentration docs not cscccd thc scrccning lcvcl, thc  physical ";lvcnghg" that occurs 
during cornpositing is consistcnt with thc intcndcd usc of thc data. Cornpositing al~ows a largcr 
nurnbcr of locations to bc smplcd while controlling mrrI>'ticd costs because sevcnl discrctc smplcs  
arc physically mixcd (Iiomogcnizcd) and onc or morc subsmplrs  arc drawn from thc m i m r c  and 
submitted for analysis, If thc individual s m p l c s  in cach compositc arc takcn across the EA, cach 
compositc rcprcscnts an cstimatc o f  thc EA mcan. 

A pnctical constraint to cornpositing in sornc situations i s  thc hctcrogcncjty of thc soil rnatns. The 
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cfficicncy and cffcctivcness of the mising proccss map bc hindered whcn soil parciclc sires vary 
widely or whcn tlic soil mams contins foreign objects. organic mancr, viscous fluids. or sticA? 
mtltcrial. Soil smplcs  should not bc cornpositcd if matris intcrfcrencc among contaminants is likely 
(cg., whcn thc prcsrncc of onc contminmt biwcs mnalytical rcsults for mothcr). 

Bcforc individual spccjmcns arc composited for chcrniwl xidysis, thc sitc manage: should consider 
homogcnizing and splitting each spccimcn, By compositing onc portion of cach spccimcn with thc 
other spccimtns and storing one portion for potcntial futurc mnallysis, thc spatial integrity of cach 
spccimcn is maintained. If thc conccnrntion of a c o n t m h v l t  in a compositc s m p l c  is high, thc 
splits of thc individual spccimcns from which it was composed can be md?*rcd discrctcly to 
dcterminc which individual spccimcn(s) liavc high conccnrntions of thc contaminant. This will 
permit the sitc msnagcr to dctcnninc which portion within an EA is conminatcd without making o 
rcpcat visit to the sitc. 

Sample Pattern. Thc Mas tcst should only bc applicd using compositc smplcs that arc 
rcprcsentativc of the cntirc EA. Howcvcr, the Chcn tcst (see Scaion 4, l .g)  can be applied with 
individual, uncompositcd smptes. Thcrc arc scvcnl options for dcxloping o sampling pancrn for 
compositing that producc smplcs that should bc rrprcscntdvc. If individual, uncompositcd m p l c s  
will bc andyrcd for contaminant conccnmtions, thc N m p l c  points e311 bc sclcctcd usins cithcr (1) 
simplc random sampling (SRS), (2) stratified SRS, or ( 5 )  sptcmatic grid sampling (squarc or 
r c m g u h  grid) with a m d o m  s h n g  point (SyGSlrs), Stcp-by-stcp proccdures for sclccting SRS 
and SyGS/rs smplcs  arc provided in Chapter 5 of the US, EPA (19893) and Chaptcr S of U S  EPA 
(1994c), If satif icd random sampling is uscd, thc smpling mtc must be the samc in cvc? scctor, or 
stmum of the EA. Hcncc, thc numbcr of sampling points assigned to o stntum must bc direct& 
proportional to the surfacc wca of thc stratum. 

Systcmatic grid sampling with 3 m d o m  starting point is generally prcfcrnd because it ensures that 
the smplc  points will bc dispcrscd across thc cntirc EA. Mowcvcr, if the boundarks of the EA ;LIC 

irregular (c.g., around thc pcnmctcr of thc sitc or thc boundarics of a .mtum \%<thin which thc EAs 
wcrc dcfincd), thc numbcr of grid smplc points that fall within thc EA dcpulds on the nndom 
s&ng point sclected. Thcrcforc, for thcsc irrcgularly shaped EAs. SRS or ,strrdficd SRS is 
rccommcndcd, Morcovcr, if a systematk trcnd of conmination is suspected m o s s  the EA (c,g., ;I 
strip of higher contamination), thcn SRS or stmtifrcd SRS is rtcommcndcd again, In this a t .  ~d 
sampling would bc likely to rcsult in cithcr over- or undcr rcprcscnution of thc strip of higher 
contaminant lcvcls. dcpcnding on thc random s~archg point. 

For compositc sampling, thc sampling pattcm used to locatc thc discrete smpIc spccimcns that fonn 
crtch compositc sample CrJ) is important. Thc compositc svnplcs should bc fomcd in a manner that 
is consistent with thc assumptions underlying thc srunplc s i x  calculations. In p h c u l u ,  acb 
cornpositc s m p l c  should providc an unbiascd cstimntc of thc m a n  contaminant conccntntion over 
thc entire EA. Onc way to construct ;L valid cornpositc of C spccimcns is to dividc thc EA into C 
scctors, or smta, of cqud arc3 and select onc point at mdom from cach scctor. If scctors (mm) 
ut of unequal sizes, thc simplc avcngc is no longer rcprcscnntivc of the EA as a wholc. 

Fivc valid sampling pattcms and composithg schmcs for selccthg N compositc smples that cach 
consist of C spccimcns arc listed bclow: 

1, Sclcct an S G  consisting of C points and cornpositc d1 spccimcns ssociatcd with thcsc points 
into a ' m p l c .  Rcpcst this process N timcs, d i s c d n g  any points that wcrc uscd in o prc\~ i~us  
smplc. 
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2,  Sclcct m S?GS/rs of C points and composite 311 spccimcns associated with t l ic points in this 
sample, Rcpcat this proccss N timcs, using a ncw randomly sclccrcd a m i n g  point each time. 

3 ,  Sclcct a singlc SyGS/rs of CxS points and usc thc systematic compositing schcmc that is 
described in Iiighlight 3 to form N composites, xi illustntcd in Figurc 6, 

4.  Sclcct n sjnglr SyGS/rs of C x S  points and usc tlic random compositing schcmc that is 
I dcscribcd in 1.lighlight 4 to form 1': compositcs. as illustntcd in Figure 7. 

5 .  Sclcct P stmificd random sampk of CxX points and use a random cornpositing schcme, as 
dcscribcd in Highlight 5 ,  to form h' compositcs, 3s illustntcd in Figurc 8, 

Mcthods 1,  2, and 5 arc thc most statistically dcfcnsiblc, with mcthod 5 uscd as thc default mcthod in 
thc Soil Scrccning Guidancc. Howcvcr, givcn thc pnctical limits o f  implementing thcsc mcthods. 
cithcr method 3 or 4 is gcncrally rccommcndcd for with rcgular boundarics (c+g., squarc or 
rectangular). As noted abovc. if the boundarks of thc EA arc irregular, SyGS/rs smpling m3y not 
rcsult in cxactly CxN ssmplc points. Thcrcforc, for EAs with irregular boundarics, mcthod 5 is 
rccommcndcd. hlternativcly, 3 combination of mcthods 2 and 5 can bc uscd for EAs that can bc 
partitioncd into C scaors of cqual arca ~ F u ~ h i c h  K h3vc rcgular boundnrics and thc rcmninhg C - 1.; 
have irrcgulv boundarics, 

Addiriondlp, composinng within sccfors to indjwtc whcthcr onc scaor  of the EA cscccds SSLs is an 
option that map also bc considcrcd, SCC Scction 43,6 for a full discussion. 

Sample Size. This scction prcscnts proccdurcs to  dctcrminc samplc sizc rcquircmcnts for thc 
M a s  test that achicve thc site-spccific dccision crror limits discussed in Section 4 , l  ,G. 7 i c  MLY tcst 
is bascd on thc masimurn conccntntion obscwcd in N compositc samplcs that cach consist of C 
individual spccimcns, Ttic individual specimens arc sclcctcd 50 that cach of thc  N compositc smplcs 
is rcprcscnativc of  the site w a wholc, ;LS discusscd abovc, Hcncc, this scctian addresses dacrmining 
thc smplc sizc pair, C and N, that nchicvcs thc sitc-specific dccision m o r  limits. Directions for 
performing thc MLX tcst in a m m c r  that is cansistcnt with DQOs cmblishcd for D site arc prcscntcd 
Inter in this section. 

Tablc 23 prcscnts thc probabilities of Typc I m o r s  at  2 SSL and Type I1 errors at 0.5 SSL (the 
boundary points of thc gray region discusscd in Scction 4.1,6) for s c v c d  samplc sizc options when 
the variability for conccntrations of individual mcuurcmcnu across the EA rmgcs from 100 pcrccnt 
to 400 prrccnt (CV = 1,O t o  4.0). Two choices for thc nurnbcr, C, of spccimcns per compositc ; ~ f c  

shown in this tablc: 4 and 6. Fcwcr than four spceirncns pcr composilc is not considcrcd sufficicnt for 
thc MLY tcst, Fcwcr than four spccimcns ~ C T  compositc docs not achicvc the dccision crror limit 
gods for the lcvcl of vannbiliy gcncd ly  cncountcrcd at CERCLA sitcs. Morc than six spccimcns 
may be morc thu can bc cffcctivcly homogcnizcd into P compositc smplc ,  

Tnc nurnbcr, N, of compositc s m p l c s  shown in Table 23 rmngcs from 4 to 9. Fcwcr than four 
smplcs  is not considcrcd suficient bccausc, considcnng dccision crror n tcs  from simulation rcsults 
(Section 4,3), the MLX icxt should be bascd on at I c m  four indcpcndcnt cstimatcs of thc EA mcm, 
More than ninc compositc samplcs p e ~  EA is generally unlikcly for scrccning s u r f ~ c  soils at 
Superfund sitcs, Howcvcr, additional s.mplc sizc options can bc dctcrmincd from thc simulation 
results rcported in Appendix 1. 
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Highlight 3: Procedure far Cumpasitlng o f  Specimens from a Grid Samplo 
Using a Systsmatlc Scheme (Figure 6) 

1, L o y  out a squaro or triangulor grid sample over tho EA, using LI random start. Stepbystep 
procoduros can be found in Chapter 5 of US. EPA (19890). Tho number of points in thc grid 
should bo equal to CXN, whero C is the dosired numbor of specimens per composite and N is tho 
dosired number of compositos. 

2. Divide tho EA into C soctors (strata) of qual mea and shapo such that oilch sector contains the 
samo number of somplu points. The number of sectors (C) should bo equal to tho number of 
specimens in cnch composito (sinca one spocimen por area will bo usad in oaeh composite) and 
the number of points within ooch sector, N, should equal the dasirod numbor of composito 
samples. 

3. Label tho points within one sector In any arbitrary fashion from 1 to N. Use the some scheme for 
oaeh of the othor sectors. 

4. Form composite number 1 by cornpositing specimans with the '1' label, form composito numbor 2 
by compositing spoclmans with tho 2' labol, etc, This lcods to N composite samples that ore 
subjocted to chemical analysis. 

I 

I 

Flguro 6. Systcmatlc (squarc grid polhte) nomplc with systcmatlc composltlng achcmo 
(6 cornpodto wnptss consisting of 4 SpcChCf?t3), 
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Highlight 4: Procedure lor Cornpositing af Spocimons from a Grid Samph Using a 
Random Scheme (Figure 7) 

1, Lay out a square or triangular grid sarnplc over the EA, using D random start, Step-by-slap 
proceduros can be found in Chaptor 5 of US, EPA (1989s). Tho numbor of points in tho grid 
should be equal to CXN, where C is tho dosired number of specimens per composite and N is 
the dosirod numbor of composites, 

2. Divide tho EA into C soctors (stmfa) of oqud area and shopo such that oach soctor contains 
tho some numbcr of sornplo points, The numbcr of sectors (C) should bo cqual to the number 
of spscimcnc, in each composite (sinco ono specimen per area will be used in each 
composite) and tho numbor of points within coch soctor, N, should equal tho dcsircd numbar 
of cornpositc samples. 

3. Use o random numbcr tabla or random numbor generator 10 cstnblish a set ot Iabcls for the N 
points within onch soclor, This is dom by first lobcling the points in a socfor in on arbitrary 
fashion {say, points A, B, C,,,,) ond associating tho first random number with point A, the 
socond with point B, etc, Then rank tho points in the sector according to the sot 01 random 
numbers and relabel coch point with its rank. Repent this proeass for each ooctor. 

4. Form composite number 1 by cornpositing spocimans with tho "I' hbel, 1orm composite 
numbor 2 by campositing spacimens with the '2' label, ete, This lends to N composito snmplos 
that are subjccted to chemical analysis, 

Figure 7. Syatamntic (nqunra grid polntn) aampla with random compoaltlng achsmo 
(G compoilta aarnploa conaiatlng 01 4 mpecimonr). 
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1, 

2. 

3, 

4. 

Highlight 5: Procedure for Compositing of Speclmens from 8 Stratified Random 
Sample Using a Random Scheme (Figure 8) 

Divido the EA into C sectors (strata) of equal moa, where C is equal to the numbor of 
spocimens to be in onch composite (since one specimen per stratum will bo usod in oilch 
composite), 

Within oach stroturn, choose N random locritions, where N is the desirod number of 
composites. Step-by-step procedures lor choosing random locations con be found in 
Choptor 5 of US. EPA (1989a). 

Use a random numbor tabla or random numbor gonetolor to eotoblish o set of tab& for tho N 
points within each sector, This is dono by first laboling tho points in n sector in on arbitrary 
fashion (say, points A, B, e,.,.) and associating tho firs! tondom numbor with point A, tho 
second with point 8, etc, Then rank !he points in tho soetor according to the sot of random 
numbers and relabel onch point with its rank Repeat this process for each sector, 

Form composito number 1 by cornpositing spocimens with the '1' label, form composito 
number 2 by cornpositing specimons with tho '2' label, atc. This leads to N composite samples 
that ore subjoctcd to chemical analysis. 

Figure 8. Stratlficd rnndom r~mple  with random cornpositing rehcme 
(6 compoalta samples conalatlng of 4 apeclmcna). 
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Table 23. Probabillty of Decislon Error at 0.5 SSL and 2 SSL Using Max Test 

CV=l.O' cv=3.5 I CV=4.0 
Sample 
Shea 

0.02 

0.02 

0.02 

0.03 

0.03 

0.05 

0.1 1 

0.06 

0.04 

0.02 

0.01 

0.0 1 

0.09 

0.11 

0.1 1 

0.12 

0.16 

0.16 

O.?3 

0-10 

0.06 

0.04 

0.02 

0.01 

0.14 

0.15 

0.21 

0.25 

0.25 

0.28 

0.19 

0.10 

0.08 

o*o 5 

0.04 

0.03 

0.19 

0.26 

0.28 

0.31 

0.36 

0.36 

c.0 1 

c.01 

C.01 

(-0 1 

c01 

c.01 

0.0 8 

0.05 

0.03 

0.01 

0.0 1 

0.01 

0.20 

0.17 

0.1 1 

0.08 

0.G5 

0.04 

0.25 

0.26 

0.3 1 

0.36 

0.42 

0.44 

0.26 

0.10 

0.1 1 

0.09 

0.07 

0.07 

0.25 

0.3 1 

0.35 

0.4 1 

0.4 I 

0.40 

4 

5 

6 

7 

8 

9 

4 

5 

6 

7 

8 

9 

\o 
v) 

0.30 

0.25 

0.16 

0.15 

0.03 

0.0 3 

0.27 

0.20 

0.12 

0.08 

0.06 

0.0 4 

<.o 1 

<.01 

<.01 

c.01 

(-01 

(-01 

c.01 

c.0 f 

0.0 1 

0.01 

0.0 1 

0.01 

0.12 

0.09 

0.04 

0.02 

0.02 

0.0 1 

0.20 

0.1 5 

0.09 

0.08 

0.04 

0.03 

0.08 

0.1 1 

0.14 

0.14 

0.15 

0.18 

0.1 7 

O.t3 

0.09 

0.06 

0.03 

0.03 

0.26 

0.22 

0.25 

0.29 

0.30 

0.34 

0.23 

0.25 

0.29 

0.37 

0.4 0 

0.39 

0.1 1 

0.06 

0.04 

0.02 

0.01 ' 0.01 

0.03 

0.04 

0. a6 

0.06 

0.06 

0.06 

0.08 

0.05 

0.03 

0.01 

0.0 1 

0.01 

0.19 

0.23 

0.25 

0.28 -- 

0.06 

0.04 

0.02 

0.02 



T i c  crror rates shown in Table 23 arc bascd on thc simulations pxscntcd in Appcndis 1. Thtsc 
simulations arc based on the followin); assumptions: 

I .  Each of the N compositc svllplcs is bascd on C specimens sclectcd to be 
representative of thc EA 3s a whoic, as spccificd above (C 0 number of scctofs or 
strata) 

2, Onc-half tht EA has conccnmtions below thc qumthtion limit (which is assumed to 
bc SSUlOO). 

3. One-hdf thc EA ha,, conccnmtions that follow a gamma distribution (scc Scction 4.3 
for additiond discussion). 

4. Each chcrnical malysSis is subjcct to 3 20 pcrccnt mcasurcmcnt cmr, 

Thc error m c s  prcscntcd in Table 22 .arc based on the above assumptions which make thcm robust 
for most potcntial di.&buuons of soil contaminant conccntndons. Dis~but ion assumptions 2 and 5 
wcrc uscd bcc~uusc they WCR found in the simulations to producc high error ntcs  rclanvc to othcr 
potcntial conurninant distributions (scc Scction’ 4 3 ) .  If thc propomon of thc site bclow thc 
qumtitation limit (QL) is less than half or if the distribution of thc concentration m e u u m c n t s  k 
somc other distribution skcwcd to the right (c,g., lognormd), nthcr than gmrna, thcn thc error mcs 
nchicvcd YC likcly 10 be no WOEC than thosc cited in Tablc 22, Although the actual contaminvlt 
distribution may be diffcrcnt from thosc cited abovc as the basis for Tablc 23, only cScnsivc 
investigations will usurrlly gcncntc sufficient data to dcterminc thc acttd distribution for a c h  EA. 

Using Tablc 22 to dctcrminc the sample 5irC pair (C and Y) nccdcd to achicvc s&factorl\’ mor  rates 
with thc MLY test requircs an a priori cstimatc of thc coefficient of variation for mcasurcmcnts of 
tlic contminmt of interest across thc EA. Thc cocfficient of variation (CV) is the ntio of thc 
standard dcvhtion of contaminant concentrations for individual, uncompasitcd specimens divided by 
tbe EA mcan conccntmtion. As discussed in Sccdon 4.1.4, thc E A s  should bc consvuctcd within 
mta cxpcctcd to have rclmivcly homogeneous concentrations so that M cstimatc of thc CV for a 
m t u m  may be applicable for all EAs in that maturn. Thc site mvlagcr should use a conscmtivdy 
large estimate of thc CV for dctermining s;unplc s i x  rcquircmcnts bcwusc addidond sampling will bc 
nccdcd if thc d m  suggcst hat the true CV is p t c r  &an that uscd to dctcrminc: thc smplc sizes. 

Potential sources of information for c.stimaung the EA or mtum mans,  varkmccs. and C V s  indude 
the following (in dcsccnding order of dcsinbiliq): 

a Data Erom a pilot snrdy conduncd at thc site 
Prior sampling data from thc sitc . Data from similar sitcs 
Professional judmcnt. 

For motc information on estimating variability, scc Section 6.3-1 of U.S. EPA (1989a). 

4.1.8 Using the DQA Process: Analyzing Max Test Data. ?his section provides 
guidance for analyzing the  data for the Mas test. 

T h e  hypothcsis test for thc MLX test is v c ~  simple to implcmcnt, which is o x  m a n  that thc ?&CY 
tcs7 is attractive as o surfacc soil screcning test. If xI, s:, .,., xN rcprcscnt conccnaation 
rncasurcments for N composite smplcs  that each consist of C spccimcns sclectcd so that each 
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composite is rrprcscntativc of thc EA as 3 wholc (as dcscribcd in Scction 4.1,7), thc Max tcst is 
implcmcntcd u follo\vs: 

If Mas (x,, s2, ..,, sN) 2 2 SSL, then invostrgatc the W further; 
If Max (x,, x:, ..,, sN) < 2 SSL, and thc data quality uscssmcnt (DQA) indicatcs that thc 
s:unple s i x  t w  ndcquarc, thcn no funhcr investigation is n c c c s s q ,  

In ;Idciition, thc stcp=by=stcp procedures prcscntcd in Highlight 6 nius: bc implcmcntcd to cnsurc that 
the sitc-spccific crror limits, x discusscd in Section 4,1& arc achicvcd. 

If thc EA mcm is bclow 2 SSL, thc DQA process m q 0  bc uscd to dctcnninc if thc m p l c  sizc ~ 3 s  
suficicntly h g c  to ju s t i e  thc dccision to not invcstigattc further. To use Table 23 t o  chcck whcthcr 
the samplc sizc is adcquatc, an csumatc of tlic CV is nccdcd for cach EA. Ilic first four stcps of 
Ili.ghlighht 6, thc DQA proccss for thc M u  tcst, prcscnt 3 process for tlrc comput;rtion of a sample 
CV for an EA bascd on tlic 'N composite s,mplcs that c x h  consist of C spccimens, 

However, thc sample CV can bc quite largc whcn a11 tlic mcasurcnicnts arc VCF small (cas., wcll bclow 
thc SSL} bccausc CV approachcs infrnify as thc EA sample mcan (Z) SPPTOIC~CS zcro, Thus, whcn 
thc compositc conccntntion vducs  for an EA arc d l  new zero, thc s m p l c  CV may bc questionable 
and thcrcforc unrcliablc for dacmining if thc original . m p k  s i x  was sufficicnt (i.c.. it could l a d  to 
funhcr sampling whcn thc EA mcm is wcll bclow 2 SSL). To protcct against unncccssary addiuond 
sampling in such CLSCS, comparc 311 composites nginst  thc cquation given in Srcp S of Highlight 6 ,  If 
thc rnksimum composite smplc conccnrrtltjon is bclow thc vduc t;ivcn by thc cquntion, tlicn thc 
sample six may bc zsurncd to bc adcquatc a id  no hrthcr DQA is n c c c s s q .  

To develop Step 5 ,  EPA dccided that if tlicrc H'CTC no cornpositing ( 0 1 )  and dl die obscnfations 
(bmcd on P samplc s i x  approprim for a CV o f  2.5) \ w c  less thm tlic SSL, thm onc a n  rcsonably 
usumc that thc EA rncm was not grcatcr than 2 SSL, Likcwisc, becausc the standard error for the 
mcan of C spccirnens, as rcprcscntcd by the cornpositc sample, is proportional to l/E. tlic 
compmblc  condition for composirc observations is that one can rcasonablp 3ssumc that t l i c  EA 
mean was not grcatcr than 2 SSL ivhcn a11 compositc obscnutions wcrc less than S S V E .  if this is 
the c u c  for CUI EA s m p l c  sct, thc  samplc sizc can bc usumcd to bc adcquntc and no funhcr DQA is 
nccdcd. Otlicrwisc (whcn at Icuc one compositc obscnlation is not this small), USC Table 23 with the 
samplc CV for thc J3 t o  dctcrminc whctlitr 3 sufficicnt numbcr of samples wcrc takcn to achieve 
DQOs. 

In addition to being simplc to implcmcnt, thc Ma.. tcst is rccommcndcd bccausc it providcs good 
control ovcr thc Typc I m o r  n t c s  at 2 SSL with small samplc sizcs. It also docs not nccd any 
assumptions rcgarding obscntations below thc QL. Morcovcr, thc Max test error mtcs 31 2 SSL arc 
fairly robust againsr altcrnathc assumptions regarding the distribution of surface soil conccntrdons 
in thc EA. 'fhc simulations in Appendix 1 show that thcsc cfior rotcs arc nthcr  .stable for lognormal 
or WcibuiS contaminant conccntntion distributions and far diffcrcnt assumptions about portions of 
thc sitc with contaminant conccntntions bclow thc QL. 
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Hlghlighr 6: Diroctions for Data Quollfy Assossmonr fur tho Max Tssr 

Lo1 xl, xp, ..., XN reprosont contaminant concentration measurements for N composito samples that 
each consist of C specimens sclcctcd so thot oach composite is roprescntativo of tho EA as o whole, 
Tho following describes the stops roquirod to onsum that tho MGX tost ochicvos tho 000s 
established for the sito. 

STEP 1 : The 3ito mnoger determines tho Typo I emr nlc to bo achievod at 2 SSL and the Type I1 
error rate to bo achieved ot 05 SSL, 11s described In Section 4.1.6. 

1 N 

1- 1 
STEP 2: Calcultrtatha sample moan R = [ 1 x,] 

STEP 3: Calculate the sample standard deviation 
1 

5 = -c  Is,-a)' i" N - 1 ,$, 

STEP 4: Calculafo the sample astimole of the coefficient of vorhtion, CV, for individual concentmtion 
moasuremonts from across tho EA. 

NOTE: This is a consorvntlon approximation ot the CV for individual measurements, 

STEP 5:  If Max (x , ,  x,, ,.., xN) < , thon no further doto quality assessment Is needod and the EA 
L 

ne& no further investigation. 

Otherwise proceed to Slop 6. 

STEP 6: Us0 the value of the snmplo CV calculated in Step 4 os tho true CV of concenlrntlons to 
dotamino which column of Table 23 is applicable for determining sample ske 
raquiroments, Using tho amr limi!s ostablishd in Stop 1, determine tho samplo sire 
requiremonts from this table. If the requirod sample sko is groater than that irnplamcnted, 
iurthor investigation of tho EA is necessary. Tho further invastigntion may consist of 
selecting o supplemental sample and ropenling the Max tost with the Inrger, combinod 
sample. 

A lirnimion of thc MLY test is that it docs not providc as good control over the Type 11 cmr  rates 
at 0,s SSL as it docs for Type I cmr rates at 2 SSL, In fact. for a fiscd numbcr, C, of spcumcns per 
composite, the Type II cmr  ratc incrcucs as thc numbcr of cornpositc mplcs ,  N, incrcses. As thc 
m p l c  sizc incrcxcs, the likcliliood of observing an unusual srrmple \Uith the m h u m  cxcccding 2 
SSL incrcacs. Howcvcr, the Type 11 error ratc can be dccrcacd by incrcsing the number of 
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spccimcns pcr compositc. This unusual pcrfomnncc af the Max tts 3s a h!~potlicsis tcsting 
ptoccdurc occurs bccausc thc rcjcction rcgjon is fixcd below 2 SSL and thus docs not dcpcnd on thc 
samplc sizc (s it docs for typical hypothcsis testing proccdurcs). 

4.1.9 Specify Limits on Decision Errors for Chcn Test. Alth~ugh thc Mas tcst is 
adequate and appropriate for sclccting a s m p l c  s i x  for sitc scrccning, therc arc other altcmatc 
nicthods o f  screcning sutfacc soils, One such altrrnate mcthod is thc Chcn t a t .  In gcncnl, thc CIicn 
tcsz diffcrs from thc Max rest in its baric assumption about sitc contamination and the purposc of 
soil sampling, Bccausc of this variation, thcsc two mcthods Iiavc diffcrcnt null hypothcscs and 
diffcrcnt decision error types. 

T ~ C X  are two formulations of thc statistical hypothcsis tcst conccrning the mc (but unknown) 
mean contminwnt concentration, p, that achicvc thc Soil Scrccning Guidmcc dccision crror ntc 
gods spccificd in Scction 4,1.6. Thcy arc: 

Tcst thc null hypothcsis, Mo: p 2 2 SSL, vcrsus the al~crnativc hypotlicsis, 
HI: p < 2 SSL, 31 t l ic  5 pcrccnt signilicmcc lcvcl using a s m p l c  sizc choscn to 
adiicvc 3 Typc I1 m o r  ratc of 20 pcrccnt at 0,5 SSL, 

Tcst the null h~*pothcsis, H ~ I :  p 6 0.5 SSL, vcrsus the oltcrnntivc hypothcsis, 
HI: p 0,s SSL, at thc 20 pcrccnt significmcc lcvcl using 1 s m p l c  sizc clioscn to 
achicvc P Typc 11 error rate of 5 pcrccnt at 2 SSL, 

1 I 

2 ,  

The first formulaxion ofthc problcm (which is commonly uscd in tlic Superfund prognm) h u  the 
advantage that thc crror n t c  that has  polcntkd public hcaltli conscqucnccs is conttollcd directly via 
the significance lcvcl of thc tcst. Thc m o r  rate that has  primarily cost canscqucnccs can bc rcduccd 
by increasing the sample sizc abovc thc minimum rcquircmunt. Howcvcr, EPA has identified o ncn' 
icst proccdurc, thc Chcn tcst (Chcn, 1993, which rcquircs thc sccond formulation but is less scnsitivc 
to xisumpptjons rcgarding thc distribution of tbc conlaminant mcxurmicnts dim tlic Lmd proccdurc 
used in thc December 1994 draft Technical Background Documcnt (SCC Scction 4,3). This scction 
providcs guidancc rcgarding application of thc Chcn tcst and is, thcrcforc, bnscd on thc sccond 
formulation of the hypothcsis tcst. 

A disadvantage of thc  second formulation is its pcrforrnmcc when thc truc EA mcm is benvccn 03 
SSL and thc SSL, I n  this casc, 3s the smplc sizc incrcascs, thc tcst indicscs thc dccision to 
invcstigalc furthcr, cvcn though thc mcm is  lcss than thc SSL, In faa, no tcst proccdurc with fcasiblc 
m p l c  sizcs pcrfoms wcll whcn thc tmc EA mcan is in thc "gny rcgion" bctwccn 0.5 SSL md 2 SSL 
(sue Scction 4,3)* Whcncvcr largc s,mplc sizcs arc fcxiblc, onc should modify thc problcm mtcmcnt 
nnd tcst the null hypothesis, Ho: 5 SSL, insrcad o f  b: p 5 0.5 SSL, One would thcn dcvclop 
appropriate DQOs for this modificd hypothesis tcst (c,g., significance lcvcl of 20 pcrccnt 3t t l ic  SSL 
and 5 prrccnt probability of dccision crror at 2 SSL). 

Whcn thc me mcan of an EA is comparcd with thc scrccning Icvcl, thcrc arc nu0 possiblc dccision 
errors that may OCCUT: (1) dccidc not to invcstigatc an EA furtllcr (i,c,, "walk away") whcn tlrc 
corrcct decision would bc to "invcstigazc f ~ r t h c ~ " ;  and (2) dccidc to invcstigatc further whcn the 
corrcct decision would bc to "walk away," For thc Chcn tcst, thc "incorrectly walk ~IIYI~" dccision 
error is dcs ign~cd  as rhc Type I1 dccision error bccausc it occurs whcn we inconcctly accept thc null 
hypothcsis. Correspondingly, thc "unncccssaril>* invcstigate funhcr" dccision m o r  is dcsIgnn3tcd u 
thc Typc I dccision crror bccausc it O C C U ~ S  whcn wc incorrcetly rcjcct the null hypothcsis. 
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As discussed in Section 4.1.6, the Soil Scrccnjng Guidmcc specifics a dcfault gny rcgion for dccizion 
crrors from 0,s SSL to 2 SSL and sets the following gods for Typc 1 md Typc I,I crror rata: 

Prob (I'invcstigate funhcr" whcn the truc EA mean is O S  SSL) 
Prob ("walk aw;?\*" whcn thc t rue EA mean is 2 SSL) f 0.05. 

0.20 - 
Table 24 summarizes this stcp of thc DQO proccss for thc Chrn tcst, spccifiing limits on thc 
dccision m o r  rates, md thc find stcp o f  thc DQO proccss, optimidng the dcsign. 

4.1.1 0 Optimize the Design Using the Chen Test. This scction indudcs guidmcc on 
developing an optimum sampling stntcgy for scrccning surface soils, Ir discusscs cornpositing, the 
sclcction of sampling points for compositcd and uncompositcd surf5cc soil smpling. and the 
rccommcndcd proccdurcs for dctcnnining thc samplc sizcs ncccssq to achicvc spccificd limits on 
dccision enon using the Chcn test. 

Notc thar the sizc, shapc, ;urd oncncdon of sampling volume (k, "support") for hctcrogcnous 
mcdio havc P significant cffcct on rcponcd mcasurcmcnt vducs. For i n m c c ,  particle size has a 
varying affcct on thc transport and fatc of c o n m i n m t s  in thc cnvirunmcnr and OD the potential 
rcccptors. Bcczlusc comparison of dam from methods that arc bnscd on diffcrcnt supports can bc 
djficule, defining tbc sampling support is important in thc culy stages of sitc hnctcrization. This 
may bc accornplishcd through thc DQO proccss with czCi&ig howlcdgc of thc site, contaminaion, 
and idcntifiation of the csposurc pathways that nccd to bc chmcrcFizcd. Rcfcr to Prcppamrron of 
Soil Sampling Prorocols: Sampling Tcchntqucs and Srrarcgrcs (US. EPA, 1992f) for more 
information about soil sampling support, 

Tl ic  SAP dcvclopcd for suflacc soils should spccifv sampling and mdytkd procedures s wcll as thc 
dcvclopmcnt of QAIQC proccdurcs. To identify the approprhtc mdyticd proccdures, b e  scrccnhg 
lcvcls must bc known. If data are not ava.hblc to cdculuc site-specific SSLs, then the gcncric SSLs in 
Appendix A should bc uszd. 

COmpodthg .  Bccausc thc objcctivc of surf'acc soil scrccning is to msurc that the mcvl  
contaminant concentration docs not cscccd thc scrccning IcvcI, thc physical "avenging" that occurs 
during cornpositing is consistent with thc intended usc of the data. Compositing allows n larger 
numbcr of locnions to bc samplcd wkilc controlling ylal!rtical costs bcausc scvcnl discrcrc mplcs  
arc physically mixcd (homogcnizcd) and onc or more subsamplcs arc dmvn from the mixmrrc and 
subrnincd for andpis. If the individual smplcs in each composite arc taken 3mss thc EA, each 
compositc rcprcscnts an cstimtc of thc EA mcm. 

A practical conma.int to cornpositing in somc sinrations is thc hercropcity of thc soil manis. l 3c  
cfficicncy and cffectivcncss of the mixing process map bc hindered when soil ptvticlc sizcs vary 
widcly or whcn thc soil mamx contains forcign objects, organic matter, viscous fluids, or Sticky 
rnatcnal. SoiI smplcs should not bc compositcd if rnatrk intcrfcrcncc among contminants is likely 
(c.g., whcn thc prcscncc of onc c o n m i n u t  biscs  malytkd rcsults for mother). 
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Table 24. Sampling Soil Screening DQOs for Surtace Soils under Chen 
Test 

DO0 Ptocsas Steps Soil Screening Inputsloutputs 

Spvclty Llmlts on bocislon Errors 
Dellne basallno condition (null 
hypoi hosle) 
Define gray region 
Define Type 1 and Type II docidon 
orrots 

Idantfly canscquancos 

Asalgn acceptahk probobllttlas 01 
Type I and Type I I  docision orrors 

EA needs no luRhsr Invssligatlon 

From 0.5 SSL to 2 SSL 
Type I mor :  lnvssrlgalo further whon an EA's true m a n  
concontration is below 0.5 SSL 
Typo II error: Do not lnvastlgote furlher ('walk nway tromu) when 
nn EA lrue mean concontrotion is above 2 SSL 
Type I orror: unnecessary oxpendlture of rosourcos l o  Investigate 
furlher 
Typo II error potontial public hbaAh consequences 

Goals: 
Type I: 0.20 (20%) probabllhy 01 lnvostigaring further when EA 
moan in 6.5 SSL 
'Type II: 0,OS (5%) probability of not investigatlng fuRher when EA 
moon is 2 SSL 

A consatvatlvely large axpocfsd coeff Icien! of vorlalion (CV) from 
prior data for the sito, ileld maosurements, or data trom other 
compmbla ahes and axpan Judgmont 
Lowest COS! sampling design option (I&, cornpositing ichemc 
and number 01 composites) that will achiave aceoptable decision 
orror rntas 

Optlmlzo tho Dcelgn 
Determino expoclod variobiltty 01 EA 
surface soil contaminont 
conconfratlons 
Design sampllng strotegy by avslunting 
costs ond parformonce of ntlcrnotivos 

Oovalop planning documents lorlho 
field invastlaation 

Ssmpllng and Analysls Plan (SAP) 
Ouallty Assurance Prolaet Plan (OAPIP\ 

Bcforc individual spccimens arc compositcd for chcmical analysis, thc sitc manager should considcr 
homogcnizing and splitting cacli spccirncn. By composinng one portion of cach spccimcn with thc 
othcr specimens and storing one portion for potentid futurc wdpsis, thc spatkd integrity of cach 
spccimcn is maintained. If thc conccnmtion in a compositc is high, thc splits of t he  individual 
spccimens of which it was composed can bc analyzed subscqucntly to determine which individual 
specimcn(s) havc high conccntnuans, This will pcrmit thc sire mmagcr to dctcrminc which portion 
within M J3 is con*minatcd without making a rcpcat visit t o  the  sitc, 

Sample Pattern. Thc Chcn test can bc npplicd using composite m p l c s  that arc rcprcscntzlthc 
of thc cntirc EA or with individual uncomposited smplcs, 

Systematic grid sampling (SyGS) gcncnlly is prcfcncd bccwsc it cnsurcs that the smplc  points will 
be disperscd across the cntirc EA. Howcver, if thc boundarks ofthc EA arc incplru (c.g., around thc 
pcrimctcr of thc sitc or thc boundarks of a stratum within which the WS wcrc defined), the number 
of grid samplc points that fall within .the EA depends on thc nndom ststing point scleetcd, 
TIicreforc, for thcsc irregularly shrrpcd EAs, SRS or stratified SRS is rccommcndcd. Morcovcr, if ;L 

systematic trcnd of conmination is suspcctcd m o s s  thc EA (e,&,, 3 strip of highcr conmimtion), 
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thcn SRS or smuficd SRS is rccommcnded again, In this CQC, @d smpling would be likely to nsult 
in cithcr over- or under represcnation of thc strip of higher contaminant Ie\ds, depending on the 
m d o m  starting point. 

For composite sampling, tbc sampling pattcrn uscd to IOCJIC the C discrctc m p l c  spucimcns &at 
fom each composite sample is irnpomt. 7lic cornpositc m p l c s  must be formcd in a rnnncr hr 
is consistent with thc assumptions undcrlying thc smple sire cdculdons. In puriculu, each 
compositc samplc must provide an unbirtscd cstimatc of thc mean contaminant conccnmrion ovcr 
thc cntirc EA, Onc way to construct a valid compositc of C specimens is to dividc thc EA into C 
sectors, or mt3, of cqud m a  and sclcct onc point at m d o m  from cach scctor. If scctots (strata) 

Valid sampling pmcrns and cornpositing schcmcs for sclccting K compositc samples that cach 
consist of C specimens include thc following: 

of u n c q d  sixs,  thc simple avcngc is no longer rcprescntative of thc EA 3s a tvholc, 

Sclcct an SRS consisting of C points a d  composite all spccimcns 3ssocixcd with 
thcse points into a ample. Rcpcat this proccss 3 times, discaFding any points k i t  
IWC used in a prcVious sample. 

Sdcct  3n SyGSlrs o f  C points and composite dl specimens associated with the points 
in this sample. Repeat this proccss N times, using J ncw mdomly sclcacd &ng 
point each time, 

Sclcct a singlc SyGSlrs of CN points and USC tlie systrmatic composiung schcmc that 
is described in Highlight 5 to forni N composites, zs illustmtcd in Figm 6,  

Sclcct a singlc SyGSlrs of CxN points and usc the mdom campositing scheme that is 
described in Mighlight 4 to form N composites, iis illustrated in Figure 7. 

Selca 3 stntificd m d o m  sample of CxX points and use J m d o m  cornpositing 
schcrnc, as described in Highlight 5 ,  to form N composites, as i l lumtcd Figure 8. 

Methods 1,2, and 5 ;VE thc most st3tistidIy dcfcnsiblc, with mcthod 5 uscd as the dcfault mcthod in 
thc Soil Screening Guidmcc. However, givcn thc pndd limits of hplcmcnting these methods, 
eithcr mcthod ? or 4 is gcnenlIy rccommcndcd for W with rcsulu boundarks (c.g., squarc or 
netangular), As noted abovc, if thc boundvies ofthc EA ut imgulsr. SyGSh sampling may not 
result in cxactl.y CxN svnplc points, Thcrcforc, for €As with irrcp1;u boundcuics, mcthod 5 is  
recommended. Altcmativcly, a combination of methods 4 and 5 an be uscd for EAs that can be 
pht ioncd into C scctors of cqud m a  of which R havc rcpular boundarks and thc rcrnahin~; C - K 
h v c  inrguhr bound&s. 

Sample Site. This section provides procedures to dctcrminc svnplc size rcquircmcnts for thc 
Chcn test that achicvc thc site-specific decision error limits discusscd in Scdon 4.1.6. ' I l c  Chen tcst 
is an uppcr-mil tcst for the mcvl  of positively skewed distributions, like thc lognormd (Chcn, 1995). 
It is bascd on the m c m  conccnmtion observed in a simple mdom sample, or c q i v d c n t  design, 
sclcctcd from 1 didbution with D long right-hand bil. 

Thc Clicn proccdurc is a hypothesis testing proccdurc that is robust among the family of right- 
skewed distributions (sce Scmion 4.3). That is, decision error rates for ;I given svnplc sizr arc 
rclativcly inscnsitivc to the particular right-skcwcd distfibuuon that gencratcd the  data. "his 
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robusmess is i m p o m t  in thc contcxt of surfacc soil scrccning bccausc thc numbcr o f  surfacc soil 
snrnplcs will usually not bc suffcicnt to dctcrminc thc distribution of thc conccntration 
mcsurcmcnts, 

Thc proccdurcs prcscntcd abovc for sclccting compositcd or uncomposihxl sirnplc random or 
systcrnatic grid samplcs can dl be used to gcncntc smplcs  for application of the Clicn tcst. T h e  
Chcn proccdurc is bxcd  on a simple random smplc ,  or one that can bc malyzcd as if it wcrc nn SRS, 
Directions for performing thc Chcn t c f l  in a manner that is consistcnt with thhe DQOs that haw bcen 
emblishcd for a sitc arc prcscntcd later, 

Tablcs 25 through 30 providc the smplc sizcs rcquircd for the Chcn tc5t pcrformcd at thc 10, 20, or 
40 pcrccnt lcvcls of significmcc (probabiliry of Typc 1 m o r  at 0.5 SSL) and achicvc, at most, a 5 or 
10 pcrccnt probability of (Type 11) m o r  at 2 SSL. The T g c  I1 error n tcs  at 2 SSL arc based on thc 
simulations prcscntcd in Appcndis I ,  Thcsc simulations arc bxcd on thc following wsumpdons: 

I ,  Each of thc h! compositc s m p l c s  is based on C spccimcns sclcctcd tu  bc 
rcprcscnrativc of the EA ;IS ;1 whole, as spccificd abovc. 

One-half thc EA h s  conccntntions bclow thc qumtintion limit (which is assumcd to 
bc SSUl 00). 

2,  

3 .  One-half thc EA has conccntntions that follow a gamma distribution. 

4 .  Mcuurcmcnu below thc QL arc rcplaced by 0.5 QL for computation of thc Chcn tcst 
statistic, 

5 ,  Ekch chcmical analysis is subject to ;I 20 pcrccnt mc;Lcurcmcnt emor, 

Distributional assumptions 2 and 3 were uscd as tlic b z i s  for tlic Typc I 1  error rates at 2 SSL (shown 
in Tables 25 through 30) bccausc they wcrc found in thc simulations to producc high error rates 
relative to o t t w  potcntid contaminant distributions. If the proportion of thc sitc bclow thc QL is 
lcss than hdf or if thc distribution of the conccntration rncmmmcnts is some othcr right-skcwcd 
di-stribution (c<g', lognomd), nthcr than gamma, thcn the Typc 11 crror mtcs nchicvcd arc likcly to 
be no worsc than thosc cited in Tablcs 25 through 30, No s m p l c  sizcs, 'N, lcss than four arc shown in 
thcsc tables (irrcspcctivc of thc numbcr of spccimcns per compositc) bcwusc consideration of the 
simulntion rcsults prcscntcd in Section 4.3 has led to a program-Icvcl dccision that at ICUT four 
scpantc mnalyscs arc rcquircd to adcquatcly chuaacrizc  thc mcm of M EA. No smplc sizcs in 
cxccss of ninc arc prescnrcd bcausc  of a program-lcvcl dccision that morc than ninc samples pcr 
cxposurc arc3 is gmcrdly unlikely for scrccning surface soils at Supcrfund sirs, Mowcvcr, additional 
m p l c  size options can bc dctcrmincd from thc simulations rcportcd in Appcndix I. 

When using Tablcs 25 through 30 to dctcrminc thc samplc sizc p ~ r  (C and N) nccdcd to  achicvc 
satisfrretory m o r  mtcs with thc Chcn tcsf investigators muct hwc  an u prrorr cstimntc ofthe CV for 
mcasircmcnts of thc contaminant of intcrcst across the EA, As previously discussed for thc MLK 
tcst, thc sitc rnmnagcr should usc EL conscrvativcly large estimmc of the CV for dctcrrnining samplc 
sizc rcquircmcnts bcwusc additiond sampling will bc rcquitcd if thc dan suggcst that the Wc CV is 
grcntcr thm that used to dctcrminc thc s.mplc sizcs. 
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Table 25. Minimum Sample Sire for Chen Test at 10 Percent Level of 
Significance to  Achieve a S Percent Chance of "Walking Away" When EA 
Mean is 2.0 SSL, Given Expected CV for Concentrations Across the EA 

Number of 
spoclmons 

par cornpositeb 

Coofficiont of vatiotlon (CV)" 

1 .o 7.5 2 . 0 '  2.5 3.0 

2 f 9 ?9 >9 >9 

3 5 9 >9 >9 

4 4 6 a >9 >9 

5 4 5 6 a >9 
6 4 4 5 I 9 

c. 

- 
aTho CV 15 the coctficient of variation for individual, uncomposited mcasuromonts across the entire EA and includes 
maasuromont error. 
bEoch comeoslto consists of polnts from a atrstHied random or systemlic grid sample acro6~ the ontlro EA. 
NOTE: Sampls slzoa aro based on 1,000 simulations that asnumo lhot each composito is roproscntativo of :he antirc 
EA, that hall the EA has concontrations bolow tho limit of dstectlon, and that hall the EA has concentrations following 
P gamma distribution (a conservative distributional assumption), 

Table 26. Minimum Sample Site for Chen Test at 20 Percent Level of 
Significance to Achieve a 5 Percent Chance of "Walking Away" When EA 
Mean is 2.0 SSL, Given Expected CV for Concentrations Across the EA 

Numbar of 
specimens 

m r  comBosltab 

Coefficlent of vnrtation (CV). 

1 . o  1 .s 2 . 0  2.5 3 .O 3 . 5  

1 9 >9 >9 >9 >9 >9 

2 5 .9 >9 >9 >9 

3 4 5 ? 9 >9 r 9  

4 4 4 6 I >9 >9 

5 4 4 4 6 8 >9 

6 4 4 4 5 8 9 

- 
w 

&The CV is the cootficlont at variation tor indlviduoi, uncomposited measuroments across the entire EA bnd includes 
measurement orrot. 
%ch composite consists ot polnts from a stra!tflad random or systamatlc grid sample acfoos the sntlra EA. 
NOTE Sample sizos ore basad on 1,000 slmulntlons that o~sumb that each compos#e Is reptesentattve of tho entiro 
EA, that half the EA has concentrations bolow the limit ot dotcctlon, and that haH the EA ha3 concantratlons lotlowing 
o gamma distribution (a conasff atlve distributlonal asaumptlon), 
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Table 27, Minimum Sample Size for Chen Test at 40 Percent Level of 
Significance to  Achieve a 5 Percent Chance of "Walking Away" When EA 
Mean is 2.0 SSL, Given Expected CV for Concentrations Across t he  EA 

Numbat of 
spoclmcns 

p o r co m pos It eb 

Coofflciont of vaiiatlon (CV)* 

1 . o  1 .5  2.0 2.5 ' 3.0 3.5 4.0 

1 5 9 >9 >9 >9 >9 >9 

2 4 4 a 9 >9 >9 >9 

3 4 4 5 >9 .9 >9 
4 4 4 4 5 8 >9 >9 

5 4 4 4 5 6 9 *9 

6 4 4 4 4 5 8 9 

- 

a l h e  CV IC the cooff iclent of varlatlon for Individual, uncomponhad monsuromcnts acfosB tha onllro EA and Includes 
measurement error. 
DEach compootte consists 01 points from a strotiflad random or systematic grid anmpla ncrom the entlro EA. 
NOTE Sample sizon~ or0 based on 1,000 simulations that ossume that each compoiho Iu tepresontativa a1 the entire 
EA, that hnlf the EA has concentrations below the limn 01 detoctlon, and that half the EA ha8 concentratJon8 following 
a gamma distributron (a conaowWlve dletributlonal assumptlon). 

Table 28. Minimum Sample Size for Chen Test at 10 Percent Level of 
Significance to Achieve a 10 Percent Chance of "Walking Away" When 
EA Mean is 2.0 SSL, Given the Expected CV for Concentrations Across 

the EA 
~~~ 

Number of Coofflctent of varlatlon ICWa .. . .  

1 * o  1 .5  2.0 2.5 3 .O  3 . 5  spoc imens 
Der coma~s l t eb  

2 6 7 >9 >9 >9 >9 

3 2 5 7 >9 >9 >9 

4 4 4 6 7 >9 >9 

5 4 4 5 6 8 >9 

6 4 4 4 5 7 9 

"The CV io tho coaffklsnt of vnrintton tor individual, uncompoollad measuremonts acrous tho entire EA and includes 
maasuromdnt orror, 
DEach compostto consists of points from o stratHiod random or systematrc grid Sample aero88 the entire EA, 
NOTE: Samplo sires are bosed on 1,000 simulstlons that assumo that anch compodlte Is reprosentstiwo of tho ontira 
EA. that halt thu EA has concantrntlons below the limh of dotedon, and that half the EA has concontrations following 
a gamma diotribution (a conssrvntiva diatributlonal ossumptlan). 
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Table 29. Minimum Sample Size for Chen Test at 20 Percent Level of 
Significance to Achieve a 10 Percent Chance of "Walking Away" When 
EA Mean is 2.0 SSL, Given Expected CV for Concentrations Across the 

EA 
I 

Number of Coofficiont of variation ICVP , -  

.L 1 .o 3 .S 2.0 2.5 3.0 3.5 4.0 
s p e d  m e n s  

bar co m oosi tab 

1 1 9 >9 >9 .9 >9 >9 

2 4 5 0 39 >9 >9 >9 

3 4 4 5 a *9 >9 >9 

4 4 4 4 5 8 .9 .9 

5 4 4 4 5 6 8 ' .9 

9 6 4 4 4 4 5 I 

- 

- 
mThe CV Is tho coetflciont 01 vndntlon for indlvidual, uncornposhed moasuromonts aeruss the entire EA and includes 
meosuremnt error. 
bEach compositu conslats of points from a atratbd random or systematic grld ample octb8s the entits EA, 
NOTE: Sample 8kes or0 based on t ,000 sirnulotions that assume that oath compostte I8 tepreasntativa of the enllm 
EA, that hat! tho EA has concentrations below the llmlt of detoctlon, and that hot! the EA hns concentratlons follOwlnQ 
a gamma distribution (a conasrvatlvo dlttrlbutlonol assumption). 

Table 30, Minimum Sample Size for Chen Test at 40 Percent Level of 
Significance to Achieve a I O  Percent Chance of "Walking Away" When 
EA Mean is 2.0 SSL, Given Expected CV for Concentrations Across the 

EA 

Number ot 
spocimons 

Der co m  os fteb 

Coefficient of variation (CV). 

1 .o 7 .a 
- ._ . . - . . . .. - I ~ 

2.0 2.5 3.0  3.5  4.0  - -  
1 4 7 9 >9 >9 .9 .9 

2 4 4 5 0 9 >9 >9 

3 4 ' .  4 4 5 7 9 >9 

>9 4 4 4 4 4 5 I 

5 4 4 4 4 5 G 8 

6 4 4 4 4 4 5 6 *. 

CI 

'Tho CV Is tho cod! l c h t  of variation for Indlvldunl, uncomposked moasuremnts acmas the ontlro €A and Includos 
mesauromont amor. 
bEoch composhe conslsts ol points from a stratitled random or systematic grld eompla across the antlra EA. 
NOTE: Sample sizes oru basad on 1,000 sirnulntions that as3ume that ench composite Is reprasantatlvs of tho entire 
EA, thot hnH tho EA has concentrations below tho limit of detection, and that hall the EA has concentrntlons tollowing 
8 garnmn distribution (a consorvatlvs dlstributlonal assumption), 
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Given an apriori cstimatc of thc  CV of conccnntion rneuurcmcnts in thc EA, thc sitc mnnagcr can 
usc Tablc 26 to determine n samplc sizc option tlin achicvcs thc dccision crror goals for surface soil 
scrccning prcscntcd in Scction 4,  I ,G ( k ,  not rnorc h n  20 pcrccnt chance of Error at 0,s SSL and 
not morc than 5 pcrccnt at 2 SSL), For cs,mplc, supposc t1iai tlic sitc mmagcr cspccts that tlic 
mxiimurn true CV for conccntmtion rnwurcmcnts in m EA is 2, Ticn Tablc 26 shows zhat sis 
cornpositc samplcs, cadi consisting of four spccimcns, will bc sufficicnt to acliicvc thc dccision m o r  
limit goals. 

4.1.1 1 Using the  DQA Process: Analyzing C h e n  Test Data. Stcp-b!t-stcp 
inmc t ions  for using thc Chcn tcst to annlyzc d m  from both discrctc rmdorn samplcs and pscudo- 
m d o m  smplcs (c,g., cornpositc samplcs constmctcd as dcscnbed prcviously) x c  providcd in 
Highlight 7. This rncthod for analyzing thc  d m  is 3 robust proccdurc for an uppcr=nilcd tcst for tfic 
mcm of n posjtivcly skcwcd distribution. As cxplaincd by Chcn (1995). this proccdurc is 3 robust 
generalization of thc familiar Studcnt's t=tcst; it funher gcncralizcs n mctliod drvclopcd by Jolinson 
(1978) for symmetric distributions. 

Thc only assumption ncccssan for valid application of the Chcn proccdurc is that drc sample bc a 
random smplc from a right=skcwcd distribution, Tiis robustness within thc broad family of right- 
skcwcd distributions is appropriatc for scrccning sudacc soil bccmsc the distribution of 
conccntrntions within ;yl EA may dcpan from Ihc common mumytion of lognormdity. 

Computation of thc Chcn tcst mtistic, as shown in  l-li-iighljght 7, rcquircs that conecntntion snlucs be 
avnilablc for all 1': individual or cornpositc samplcs mnlyzcd for tlrc contaminant of intcrcst. If M 
analytical tcst rcsult is rcponcd bclow thc quantitntion limit, it should bc uscd in thc computations. 
For rcsults bclow dctcction, subsututc one-half thc QL. 

A disadvantage of the Chcn proccdurc is that thc hypothcsis, "the EA nccds no furthcr 
investigation," must bc trcntcd Llic dtcmativc hypathcsis, ratlicr than ;IS tbc null h.vpothcsis. As n 
rcsult, thc Typc 1 crror mtc at 0.5 SSL is controllcd Vis thc significance lcvcl of thc tcst, nthcr thvl 
thc m o r  m c  at 2 SSL, which may havc public hcdth conscqucnccs. Wcncc, if the srunplc sizcs (C and 
N) arc based on 3n assurncd CV that is too small, thc dcsircd crror ntc at 2 SSL is likcly nor to bc 
achicvcd. Tlicrcforc, it is i m p o m t  to  pcrform thc d m  quality ;1ssumcc chcck specified in Stcps 6 
through X of Highlight 7 to cnsurc that thc dcsircd cnor  n t c  at 2 SSL is achieved. Morcovcr, it is 
important that thc sitc manager b x c  thc initid EA m p l c  sitcs on a conscrvativcly Iargc cstimatc 
of thc CV so that this proccss will not rcmlt in the nccd for additiond .sampling. 

4.1.1 2 Special Considerations for Multiple Contaminants, If thc surface soil 
s.mples collcctcd for an EA will bc tesrcd for multiplc contaminants, bc a w u c  that the eqxctcd CVs 
for thc diffcrcnt contaminants may not all bc idcnticnl, A conscntntivc approach is to bise thc 
samplc sizcs for all conurninants on thc lugest cqcctcd CV. 

4.7 .I 3 Quality Assurance/QuaIity Control Requirements. R C ~ ~ T ~ I C S S  of the 
sampling approach uscd, thc  Supcrfund quality u s u m c c  prognm guidancc must bc followcd to cnsurc 
that mc&wrcmcnt crror rates YC documcntcd and within acccpublc limits (U.S, EPA, 1993d). 
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Highlight 7: Diroctions for tho Chen Test Using SCmplc Random Sample Scheme 

Let XI, xp,. . . ,  XN, reprasont concontration moasurements lor N random sampling points or N pseudo- 
random sampling points (i.e., from o dotign that a n  be nmlyzed as if it wero o simple nndom sample). 
The following describes tho steps for G onesamplo test for H,: p 5 O S  SSL at the 1 OOa% signifianco 
love1 that is designed 10 achiovo D 1000% chance of incorrectly accepting H,, whon p = 2 SSL, 

' 1  
= [ x,J N STEP 7: Calculatothosamptamonn 

1-1 

STEP 2: Calculnto tho sample stnndard deviation 

STEP 3: Cnlcuhto the samplo skawnass 

STEP 4: Calculnto tho Chon test statistic, 12, os follows: 

x -0.5 SSL 
t =  '7 

STEP 5: Compare 12 to h, the lOO(1 - a) percentilo of tho stondntd normal probability distribution. 

If 12 > zu, tho null hypothesis is rejected, ond tho EA nods futthor investigntion. 

If t2 3 &,, there is insutficient ovidenco to reject tho null hypothesis. Procod to Stop 6 to 
doterminu if the somplo size is sutficiont 10 achieve D 1000% or less chonco of incorrectly 
accepting the H, whon p I 2 SSL. 
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Highlight 7: Dlroctions lor the Chon Test Using Slrnplo Random Somplo Scheme 
(continued) 

STEP 6: Lot C roprosant t h e  number of spocimons compositod to form each of t h o  N samples, 
where ench of XI, xz,.,., XN is a composhe snmplo consisting of C spccimons selodod so 
that each composite is representntive of tho EA os a wholo. (If ench of xl, x2,..,, XN is an 
individual random or psoudo-random sampling point, than C I 1 .) 

, then no funher data quality assessment is needed and the EA SSL If Max (x,, x2,..,, xN) c - R 
needs no further investigation. 

Otherwise procccd to Stcp 7. 

STEP 7: Calculate the snmplc ostimto of the coefficient of variation, CV, for individual cancontrotion 
mcasursments from across the EA. 

NOTE: This calculation ignores mansuromcnl error, which results in conservntively largo 
samplo sita requirements. 

STEP 8: Us0 lhe value of t h o  sample CV calculated in Step 7 as the true CV of concontrations in 
Tables 25 through 30 to dotermine the minimum sample size, N', necessary to achieve Q 
1000% or less chanco of incorrectly accepting Ho whon p n 2 SSL, 

If N 2 N', the EA needs no fucher investigation. 

If N N', further invostlgation of the EA is necessoy, Tho further investigation may consist 
of selecting a supplemental sample and ropoating this hypothosis testing procoduro with 
t h e  largor, combined sample, 

4.1 .? 4 Final Analysis. Aftcr citlicr t h e  Max test or thc  Clicn t e s t  tias bccn pcrfonncd for 
cach EA of intcrcst (0.5 icrc or Icss) at an NPL sitc, thc pattcrn of decisions for individual EAs (to 
"walk awa>*" or to "invcstigatc forthcr") should bc cxmincd. If some Us for which thc dccision WM 
to "walk away" arc surroundcd by Ehs for which tlic dccision was to "hwcstigatc further," it may bc 
morc efficicnt to idcntifi an area including all tlicsc EAs for further study and dcvelop B global 
invcstjgattion strxcgy* 

4.1.1 5 Reporting. The dccision proccss for sur fkc soil screening should bc rhoroughly 
documcntcd as pan of thc M/FS proccss, Th is  documenWion should include P map of the sitc 
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(showing the boundarics of the Us and the scctors, or strata, within EAs that wcrc used to sclcet 
sampling points whhin thc EAs); documcnuuon of how compositc smplcs wcrc formed and the 
numbcr of compositc smplcs that i\wc malyzed for cach EA; thc raw analytical dam; thc nsults of 
all h!pothcsis tests: a d  the rcsults of dl QA/QC ylal!*sc~. 

482 Sampling Subsurface Soils 

Subsurface soil sampling is conducted to cstimatc die mean conccntntions of contaminants in cadi 
sourcc at a site for comparison to inhalation a d  migration to ground watcr SSLs, Mc;rsuremcnts of 
soil propcmcs and cstimates of thc arc3 and dcpth of contamination in cach source yr also nccdcd 
to calculnc SSLs for thcsc pathways. Tablc 31 shows thc stcps in the DQO proccss n c c c s s q  to 
dcvclop a sampling mtcgy to mcc: these objcctivcs. Each of thcse steps is described below. 

4.2.1 State the Problem. Contaminants present in subsurfacc soils at the sitc may posc 
significant risk to human hcalth and the cnvironmcnt through the inhalation of voladlcs or by the 
rnigntior. of contaminvrts through soils to an undcrlying poLTblc aquifer. The problcm is to identie 
thc contaminants and S O U ~ C C  arcas that do not posc significant risk to human health through either 
of thcsc csposurc pathways so that futurc investigations map bc focused on arcas and contaminants 
of true conccm. 

Site-spccific activhhs in  this srcp include idcntifyhg the daa  collc&on planning team (including 
tcchnid txpcrts and kcy stakeholders) and spccif?ing the nailablc rcsourccs (Le., thc cost and timc 
avslablc for sampling), Thc list of' tcchniwl cspcm and stAcholdcrs should conuin dII kq* 
pmonncl who arc involvcd with appl!ing SSLs to thc site. Other acuvides indudc dcvcloping thc 
conccptual sitc modcl md identieing csposurc sccn;lrios, which arc fully ddrcsscd in thc Soit 
Scrccnfng Guidance: Uscr k Guidc ( U . S  EPA, 1996), 

4.2.2 Identify the Decision, Thc decision is to dctcrmiric whcthcr mean soil 
concentrations in cnch source m a  excced inhalation or migration to ground watcr SSLs for spccific 
contaninants. If so, the sowcc arc3 will be investigated furthcr, If not, no furthcr aedon will bc 
t;llicn under CERCLA. 

4.2.3 Identify Inputs to the Decision. Sitc-specific inputs to the decision include ?.he 
avcrqc conminu l t  conccrmxtions within cach sourcc m a  and thc inhalation md mignrion ground 
watcr SSLs. Calculation of thc SSLs for thc nvo pathways of conccm dso requires sitc-spccific 
mesurcmcnts of soil propcrdes (;.e., bulk density, fraction organic carbon content, pH, and so2 
tcxmrc class) and cstimatcs of the arcJ  cstcnt and depth of conmination. 

A list of fcsiblc sampling and mdytid methods should bc sscmbied dub$ this step. EPA 
rccommcnds thc USC of field mcthods whcrc applicabk and appropriatc, Vcnfj* that Conmct 
Labontor?., Program (CLP) mcthods and ficld mcthods for analyzing thc smplcs  csist and that thc 
maiytical mcthod dctcction limits or ficld rncthod dctcction limits arc appropriatc for thc site- 
spccific or gcncnc SSL. Thc Samplcr's Guidc lo rhc Conrruct LuboruroT Program (V.S. EPA, 1990) 
and rhc Uscr's Giridc 10 fhc Conrrucr taborurory Progrum (US. EPA, 1991d) contain further 
information on CLP mcthods, 
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Table 31. Soil Screening DQOs for Subsurface Soils. 

DO0 Proccas StCDO Soil Scrconlna InDutslOutDute y 

Stnto thc Problem 

3 Identity scoping toam 

Develop concoptual sit0 model (CSM) 

Slto manager and technical experts (e,g,, foxicologiste, risk ~ssessors, 

CSM dovolopment (described in Slap 1 of the User's Guldo, U S .  EPA, 1906), 

hydrogeologists, statlsticlc~ns), AIm 

Dofino oxposure sconorios 3 inhalation o! volattles nnd migratlon ot contsminanta trom soil to  potable 
ground watot (and plant uptake lor cortaln contaminants), LI 

Speclfy available resources 

Wrho brief summary of contaminallon 

Sampling and analysis budgat, schoduling constralnts, nnd available 

Summary of the subsurtoce soil contemlnation problem 10 be invesligated at 
personnel. 

problem the site. 

ldcntlfy thc DOClslOn 
ldsntlfy decision 

Identity alturnalkra actions 

Do mean soil conccn:rations tor paniculor contaminants (cap,, contaminants 

Eliminalo nren from funher aetlon or study under CERCLA 
or 

of polentlnl concorn) axcaod opproprlnls SSLs7 

Plan ond conducl lurlhcr invostigotion. 
ldentlfy Inputs to  the Decision 
id*ntliy ducislon 

Deflne bbGi6 tor screening 
IdenlHy analytical mothodo 

Volatile InRalation and mlgrntlon to ground water SSLs tor specHlod 

Measurements 01 subsurlaca dolt contominant concontration 
Soil Scrocning Guidance 
Fensible anolyticnl methods (both tleld and laboraloty) conslstant with 

contaminants 

oroaram-tow1 roauiramants. 

Speclfy the Study Boundatlea 
Dafino goographic areos of field The entlra NPL sRo (which may include oreas beyond facllhy boundaries), 

invostlgation oxcopt tor any areas with clear evidence lhnt no conternlnatlon has 
occurred, 

Define population of interest 
Define rrcnfo ot decision making 

Subdivide she Into decision units 

Subsurface solls 
Sources (areas of contlQuous soil contnmlnatlon, dollned by the areo and 

depth of contominntion or to the water table, whlchever is more shallaw). 
lndbidunl oource8 dsllneotod (nraa and depth) uulny sxlating information or 

field measuremn!s (several nearby source8 may be combined lnto P single 
sou rca). 

Define temporal boundaries o! study 
ldanllly (list) practlcol conslralnts 

Tornporn1 constraints on achsdullng field vi31ts. 
Potential impedlmonts to sample colioction, such oa nccoss, health, nnd 

s4letv Issues. 
Devolop a Docislon Rule 
SpecIty parametor ot lntarclrt 

Specily screonlng level 

Speclfy "It.,., than.... decision nrle 

Mean soil contaminant concvntratlon in a source (as represenled by dlscrela 
contominant concentrntlon8 nverbged wlthin sol1 borlngs), 

SSLs calculated uslng availahlo porsmetars and blta data (or gbnsrlc SSLs It 
slte darn aro unavollablo). 

It the mean ~ o l l  concentrrlon oxcaeds the SSL. then invaatlgote the source 
further. If the moan #oil borlng cancentrofion I5 IOSG than the SSL then no 
further invedpalion is requlred under CERCLA. 
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Table 31. (continued) 

Spaclfy Limlte on Decision Errors 
Dofine ONQC goals 

Optlmlra tho Design 
Oatsrmlns how to ostlmato mom 
concontration in 3 source 
Daline subsurface sampling strategy by 
evaluating costs and site-spociiic depth. 
condltlons 
Develop planning documcnta forthe lieid 
lnvostlpotion 

I 

CLP precinlon and biaJ requiromants 
10% CLP analyses for field methods 

For each source, the highest mean sol1 care concentration (Le,, depth. 
weighted overage ot diacretc contaminant concantrntlons within a boring). 
Numbor of soil b o h g s  por sourco area: number of sampling Intervals wllh 

U 

Sampling ond Analysis Plan (SAP) 
duality Assurance Projod Plan (QAPJP) 

Ficld mctliods will bc useful in defining thc study boundrrncs (k, arcs and depth of conmination) 
during sitc rcconnakmncc and during thc sampling cffort, For exmplc, soil gas suwcy is an idcd  
mcthod for dctcmining die cZ;tcnt of volatile contunination in thc subsurface. EPA cspects Gcld 
mcthods will bccomc morc pmdcnt and uschl bcwusc the design and opabilitics of ficld pomblc 
instrumentation are npidly cvohing. Documents on standard opcnting proccdurcs (SOPS) for field 
mcthods arc availoblc through NTIS and should bc rcfcrcnccd in soil scrccning documamtion if thcsc 
methods arc used. 

Soil p m c t c r s  ncccssary for SSL cdculation arc soil tmturc, bulk dcnsity. and soil organic arbon. 
Somc of tlicsc panmctcrs can bc mcsurcd in tlrc field, othcrs require labontory mcw.mmcnt. 
Although Iabontoly mcuurcmcnts o f  thcsc p m c t c r s  cannot bc obtained under thc Superfund 
Conmct Labontory Prognm, they arc readily availablc from soil tcsting laboratories across thc 
countv.  

Norc that thc sizc, shape, and orientation of sampling volume (i,c,* "support") for hctcrogcnous 
rncdia hwc P significant cffcct on reported mcasurcmcnt \*dues. For instulcc, p d d c  size has P 
varying dfcct on thc m s p o r t  and fate of conminx i t s  in the cnvironmcnt and on thc potcnhd 
rcccptors, Comparison of data from mcthods that arc based on different supports can be difficult. 
Dcfining thc sampling support is important in tlic early mgcs of sitc chmctcrkt ioa,  This may bc 
sccomplishcd through the DQO proccss With existing knowlcdgc of thc Sitc, contunination, and 
identification of thc cqosurc pathways that nccd to be characterized. Refcr to Prcparanon ofsoil 
Surnplfnx Protocols: Sampling Tcchnrqucs and Srmrcgieu (US. EPA, lO92f) for mom information 
about soil s ~ n p l i n g  suppon 

Soil texture. Thc soil tcsmrc class (t,g,, lo rn ,  sand. silt lorn)  is necessuy to cstimate a v c q c  soil 
moisture conditions and to  esthatc infiltration rates. A soil's tmmrc classification is dctcrminrd 
from a pmiclc sizc analysis and the US. Dcpartmcnr of Agrkulturc (USDA) soil tcxtunl trimnglc 
shown at thc top of F igm 9, ?his dassifrcation system is bucd on the USDA soil pYticlc s i x  
classification at thc bottom of Figure 9. Thc p d c l c  size malysis method in Gcc and Bsudcr (1986) 
can provide this particle size dismbution dso. Other p d c l c  size analysis mcthods may be used as 
long 3s thcy pmvidc thc same pm.iclc size brcakpoints for sandkilt (0.05 rnm) and sildclay 
(0.002 mm), Ficld methods arc an dtcrnanvc for dctcrmining soil teswnl class; cx~mplc Erom 
Bndy (1990) is also prcscnted in Figwc 9. 
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Figure 9: U.S. Department of Agriculture soil texture classification. 

100 
A 

Criteria Used with tho Field Method lor Determining Soil Texture Clesses (Source: Brady, q990) 

Crltsrlon S a n d  Sandy loam Loam Sllt lonm Clay loam Clay 

1. IndividualprPlns Yes YO8 som, Fw No No 
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do& bfokon 
3, Stability 01 wol Unslnble Slrphlty sleblo Mo6eralov Sbble vory 8tDbi. Vsry nlable 

doQ etable 
4. Sloblbly of DOOL not Daee no1 lorn W s  not lm Broken tappeeronce Thin, Mil break Vsry long, 

'fibta'whsn lorn tlsxlble 
wol sol Nmod 
brhwon rnw 
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Partlclo SIzc, mrn 
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Sourco: USDA. 
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Dry Bulk Dcnsity, Dv soil bulk dcnsiry (Pb)  is uscd to cdculsc total soil porosiv and can be 
dctcrmincd for my soil horizon by naighing 3 thin-\vallcd rube soil smplc  (c.s.. Shclb>* rube) of 
known volume and subtncting thc tubc wight to cstimmc field bulk density (ASTM D 2957). A 
moisture content dctcmination (ASTM 2216) is then made on ;I subsample of tbc tubc smplc to 
adjust field bulk dcnsity to del bulk dcnsity, The othcr mcthods (q,, ASTM D 1556, D 2167, D 
2922) arc not gcncnlly applicablc to subsurfacc soils. ASTM soil tcsring methods arc readily 
available in thc Annual Book of ASTM Standds, Volume 408, Soil and Rock; Building Stoncs, 
wliich is w&Iablc from ASTM, 100 Bur  Harbor Drive, West Conshohockcn, FA 19428. 

Organic Carbon and pH. Soil organic wrbon is mcmrcd by burning off soil carbon in a controlled- 
tcmpcnturc ovcn flclson and Sommcrs, 1932). This panmetcr is uscd to dctcxminc soil-\vatcr 
partition coeffcicnts from the orgmic carbon soil-watcr partition cocffieknt, Kocl Soil pH is uscd to 
sclcct site-specific partition cocE4enrs for mctds and ionizing organic compounds (see Pm 5) .  
This sirnplc mcmrcmcnt is madc with a pH meter in a soihatcr slwy (McLcan, 1932) and may bc 
mcasurcd in thc ficld using 3 portablc pH xcter. 

4.2.4 Define the Study Boundaries. As discussed in Section 4.1.4, atas h a t  arc known 
to be highly contuninstcd (k, sourccs) arc argctcd for subsurfacc sampling. Thc i n f o m 6 o n  
collected on sourcc ma and dcpth is used to wlculatc site-specific SSLs for the inhalation and 
mignhon to ground watcr pathways. Contuninabon is dcfincd by the lower of thc CLP p n & d  
qucmtitation limit  for cach contaminant or thc SSL. For the purposes of this guidulcc, sourec arm 
arc dcfined by am and dcpth JS contiguous zones of contunination. However, discrctc sources th3t 
arc near cach othcr may bc combined and investigated ;LS a single sourcc if site conditions warrant 

4.2.5 Develop a Decis'ion Rule. The decision nrlc for subsurface soils is: 

If thc mcm conccntntion of P contaminant within P source m a  cxcccds thc 
scscening Icvcl, then invetigatc that m a  further, 

In this m c  "scrcening Icvcl" m c m s  the SSL. As cxplsncd in Section 4.1.5, stddcs othcr thzn the 
mem (c.~,, thc maximum conccntmbon) may bc uscd a cstimstcs of thc mean in this cornpaison as 
long as they rcprcsent valid or conscrvativc cstimatcs of thc m a n ,  

4.2.6 Specify Limits on Decision Errors. EPA rccognizcs that data obtained from 
sampling and analysis CM never be pcrfcctly reprcscntativc or accurate rind that the costs of Mng 
to achicvc ncar-perfect rcsults wn ounvcigh t ! c  bcncfits. Conscqucntly, EPA acknowledges that 
unccrbiniy in data must bc tolcratcd t o  somc degrce. The DQO proccss attcmpts to control the 
dcgrcc to which unccrt;linly in data afTccts the outcomes of dccisions that arc bucd on h 

Thc m p l i n g  intensity necessary to acc~aratcly dctcxminc the m c m  conccnation of subsurfacc soil 
conmination within a sourcc with 3 spccificd Icvcl of confidcncc (c.g., 95 pertent) is impnctiwblc 
for scrccning due to cxccssive costs and difficultics with h p l c m c n ~ ~ o n .  Therefon, EPA h s  
dcvclopcd an Jtcmativc dccision rule based on avcngc concentmuons witbin individual soil cores 
t;rkcn in o sourcc: 

If the mcm conccnmtion within nny soil core &en in a sourcc cscccds thc 
scrccning levcl, thcn invcstiptc that soucc furrhcr. 

114 



For cach corc, tlic mcm corc conccntntion is dcfincd LS thc dcpthwightcd avcngc conccnrration 
within the zone of conmminntion ISCC Sccrion 4.2.7), Sincc thc soil cores arc ukcn In thc arca(s) of 
highcst conminat ion  within cach sourcc, thc highcs? avcragc corc conccntrotion among a sct of 
corc s m p l c s  S C N ~ S  xi a conscnlativc cstirnatc of thc mcm sourcc conccntntion. Bccnusc this r u l e  is 
not a statistical dccision, it IS not possiblc to statistically dcfinc limits on dccision crrors. 

Standard limits on thc prccision and bias of sampling and mal!.tical q x n t j o n s  conductcd during thc 
sampling program do apply. Thcsc arc spccificd by thc Supcrfund quality ;Lmrvlcc ~TOSIWI 
rcquircmcnts ( U S  EPA, 1Y93d), which must be follo\ticd during thc subourfacc sampling cffort, 

If ficld mcthods arc uscd, at l c x t  10 pcrccn: of frcld s m p l c s  should bc split and scnt to  a CLP 
laboratory for confinnatoqt analysis (US. EPA, 1993d), 

Although thc EPA docs not rcquirc full  CLP s m p l c  tracking and quality m u m c c l q u a l i n  control 
(QA/QC) proccdurcs for mcmrcmcn t  of soil propcrtics, routinc EPA QAlQC proccdurcs arc 
rccornmrndcd, including a Quality Assunncc Project Plan (QAPjP), chain-of-custody forms, and 
duplicatc m;llyscs. 

4.2.7 Optimize the Dcsign. Within c x h  sourcc, tlic Soil Scrccnirrs Guidance suggcs~ 
taking two to thrcc soil corcs using split spoon or Shclby tubc samplers. For cnch soil corc. samplcs 
should bcgin at thc ground surfacc and continue at approsimatcly 2-foot intcn*als until no 
conumination is cncountcrcd or to  thc water tablc, whichcvcr is shdlowcr. Subsurface snmplinp 
dcpths nnd intcn9:ils cnn be ridjustcd nt u site t o  accomniodr~tc sitc-specific inforrnntion on 
surfacc and subsurface cont:irninant distributions rind gcolopical conditions (c.g,, luge 
vadose z o n a  in thc Wcst). 

T h e  numbcr and location of subsurfacc soil sampling ( ix , ,  soil c o x )  locations should bc bxxd on 
knowlcdgc of likcly surfncc soil contamination pancms and subsurfacc conditions. This usually meam 
that core smplcs should bc ukcn dircctly bcncath arcas of high surfacc soil contaminnuon. Surface 
soils sampling cffors and ficld mcrrsurcmcnts (c.6,. soil 83s sunlcys) takcn during sitc rcconnah.ncc 
will providc infomation on sourcc arcas and high contaminant conccntntions to hclp targct 
subsurfacc sampling cfforts. Infomation in thc CSM also will ptovidc information on arcas likcl!* to 
havc tlic tiighcs~ lcvcls of contamination, Notc that there ma:' bc sourccs buricd in subsurfacc soils 
that arc not disccrniblc at thc surfacc, Infomation on past pncticcs at thc sitc includcd in the CSM 
can hclp idcnufy such arcas, Surfrrcc gcophysicd mcthods also can aid in identifying such arms (c.g,, 
mrrgnctomerry to dctcct buricd drums). 

Thc  intcnsity of h e  subsurfacc soil sampling nccdcd to implcmcnt thc soil scrccning ~ T O C C S S  
typically will not bc auffcicnt to fully charnctcrizc the cxtcnt of subsurftlcc contamination, In thcsc 
cucs,  conscrvativc assumptions should be uscd to  dcvclop hypothcscs on likcly contaminant 
distributions ( c , ~ . ,  thc assumption that soil contamination cxtcnds t o  Ihc wztcr tablc), Along with 
knowlcdgc of subsurface hydrogcology and stratigraphy, gcost;ltistics cm bc ;I uscful tool in 
developing subsurfacc contuninant distributions from limitcd data and can providc information to 
help guidc additional sampling cffotts. Howcvcr, in.srructions on t l ~ c  usc af gcomtistics is beyond the 
scapc of this Euidmcc, 

Snmplcs for measuring soil pararnctcrs should bc collcctcd wlicn taking stlmplcs for m c w n n g  
co2tminmt  concentrations, If possiblc, consider splitting single smples for contaminmt md soil 
p u m c t c r  rncuurcmcnts. Many soil testing labontorics havc provisions in placc for handling and 
tcsting contaminated smplcs, Mowcvcr, if tcsting conminatcd  smplcs is a problem, samples may 
bc takcn from clcm arcas of thc sitc x long as thcy rcprcscnt thc s m c  soil t t ~ c  and series and arc 
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taken from the s a c  dcpth as thc contaminant conccntnrion smplcs, 

Thc SAP dcvclopcd for subsurfacc soils should specie sampling and malyticd procedures as well u 
thc dcvclopmcnt of QNQC proccdurcs, To identie thc appropriate an;ll$wI proccdurts. tho 
scrccning lcvcls must be known. If data arc not svdablc to  cdculatc site-spccific SSk. thcn the 
gcneric SSLs in Appcndis A should bc used. 

Finally, soil inucstigstion for thc migation to ground WPW pathway should not bo conducted 
indcpcndcntly of ground w t c r  invcstigauons. Conminatcd ground wster may indicstc tbc prcscncc 
of P ncarby sourcc ma, with contaminants lreching fiom soil into thc squifcr. 

4.2.8 Analyzing the Data. The mean soil contaminant eonccntntion for cach soil COR 

should bc comparcd to thc SSL for the contaminant. Thc soil COR avcngc should bc obtained by 
avcnging malyscs results for thc discrctc smplcs taken dong thc cntirc soil core within the zone of 
contamination (cornpositing will prcvcnt thc evaluation of contaminant concentration trends with 
depth). 

If cxch subsurfxcc soil corc scgmcnt rtptcscnu thc same subsurhcc soil intcn#d (c,g.. 2 fcct), then 
the svcngc conccnmtion from the surf3cc to thc dcpth of contamination is thc simplc ukhrncuc 
w c n g c  of the conccntmtions meuurcd for c o x  smplcs  rcprcscnutivc of cach of the  2-foot 
scgmcnts from t t ~ c  surfkc to thc dcpth o f  contamination or to thc w t c r  nblc. Wowcvcr, if the 
intcnds arc not all of thc s m c  Icngh (cas., some x c  2 fcct whilc others are 1 foot or 6 inches), 
thcn the crtlculauon of thc avcngc concentration in thc total c o n  must account for thc diffcrcnt 
Icngtlis of the intervals. 

If ci is thc conccnmtion mcaured in P COX smplc  rcprcscnmtivc of 3 c o x  intend of length l i p  and 
thc n-th intcrvd is considcrcd to bc thc last intcnd in thc SOUTCC m a  (k, thc n-th svnplc 
rcprcsenrs the dcpth of contunination). thcn thc avcrqc concenation in thc corc from thc surfacc 
to the dcpt4 of contamination should bc cdculatcd as the following depth-wcightcd a v c ~ c  (r). 

If thc leach tcst option is used, 3 m p l c  rcprcscntinl; dic avcngc contaminrmt concentration within 
the zanc of contamination should bc fonncd for tach soil corc by combining discrctc smplcs  into a 
compositc s m p l c  for thc tcst. Ric compositcs should includc only smplcs ukcn within the zonc of 
contamination (ix,, clcm soil bclow thc lowcr limit of contamination should not be mixcd with 
contm.inatcd soil), 

As with any Supcrfund sampling cffort, d1 malytkd dm should bc rcvicwcd to c~surc that Supcrfund 
qudity 3 s s ~ c c  program rcqrurcrncnts ; ~ f c  mct (US. EPA. 1993d3, 

4.2.9 Reporting. Thc decision proccss for subsurfacc soit scrccning should bc thoroughl>* 
documcntcd, This documentation should contain as a minimum: s map of thc site shotiing the 
conminatcd soil sources and any a r c s  assumed not to bc conminatcd, thc soil core sampling 
points wittiin each sourcc, and thc soil corc sampling points that ~ t r c  compared \\<th thc SSLs; the 
dcpth and arm assumcd for cach sourcc and tlicir basis: the a v c q e  soil propertics used to wlculnc 
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SSLs for cnch source; ;I dcscription of how samplcs wcrc takcn and (if applic3blc) ho\v compositc 
samplcs were formed; the miv andyticd data: the  avcragc soil corc contaminant concentrations 
compxcd wilh Ihe SSLs for c x h  sourcc; and tlicresults of all QAIQC analyscs, 

4.3 Basis for t h e  Surface Soil Sampling Strategies: Technical Analyses 
Perf  o r rn ed 

This scction dcscribcs 3 scrics of tcchnical walyscs conducted to support tlic sampling stnicgy for 
surf3cc soils outljncd in thc  Soil Scrccning Guidancc. Scaion 4.3.1 describes thc samplc: design 
proccdurc prcscnted in thc Dcccmbcr 1994 draft guidancc (U.S, EAP, 1994h), Thc rcmainins 
sections dcscribc thc tccimical nnalyscs conducted to develop the final SSL sampling strategy. Scction 
4.3.2 dcscribes XI  alternative, nonpnramctric proccdurc diat EPA considcrcd but rcjcctcd for the 
soil scrccniriy, strmcgy, 

Section 4 3 2  dcscribcs thc simulations conductcd to support t l ~ c  sclcction of thc M a s  test and thc 
Chcn test in the final Soil Scrccning Guidancc. These simu1;ltioti rcsults also can bc uscd to dctcrminc 
s m p l c  sizcs for site conditions not adequately addressed by tlic tables in Scction 4.1. Qumtitxion 
limit and multiple comparison issues arc discusscd in Scctions 4 3 . 4  and 433, rcspcctivtly. Scction 
4 3 . 6  describcs a limited inwStigation of cornpositins smplcs  within individual EA scctors or strata, 

4.3.1 1994 Draft Guidance Sampling Strategy. The DQO-bxcd sanipling matcgy 
in thc 1994 draft Soil Scrccning Guidmcc m w n c d  B lognormal distribution for contaminant lcvels 
over M EA and dcnvcd sample s i x  detcrminations from lognormal confidcncc intcnld proccdurcs 
by C. E. L.md (1971). This scction summarizes thc rationnlc for this approach and technical issucs 
niscd by peer rcvicw, 

For thc 1994 dnf t  Soil Scrccning Guidmcc, EPA bnscd thc sur fxc  soil SSL rncthodology on the 
comparison of thc arithmetic mcan conccntntion over an EA with thc SSL, As cxplaincd in Scction 
4,1, this approach rcflccls t hc  y p c  of csposurc to soil undcr ;I fururc rcsidcntial land usc sccn,wio, A 
pcrson moving randomly across a rcsidcntial lot would bc cxpectcd to experience M avenpc  
conccntration of contaminants in soil. 

Gcncnlly spcaking. thcrc arc few nonparametric approaches to statistical infcrcncc about a mcan 
unless a syrnrnctric distribution (e,&,, noma])  is assumed, in which CUC thc mcm and mcdian are 
idcntical and  infcrcncc about the mcdian is thc snmc as infcrcnce about thc mcan. Mowcvcr, 
cnvironmcnd c o n m i n m t  conccntntion distributions ovcr ;I surfkc  m a  tcnd to bc skcwcd with 3 
long right uil. so symmctv is not plausible, In this casc thc main options for infcrcncc about rncms 
arc inhcrcndy paramcuic, ix., thcy arc bascd on an usumcd family of ptobabiliv distributions. 

In addition to bcing skcwcd with 3 long right mil, cnvironmcntal contuninant conccnrrntion d m  
must bc positivc bccausc conccntntion mcasurcmcnts cannot be ncgativc, Scvcml standard nvo- 
pammctcr probability models are nonncgativc and skcwcd to t l ic  right, including the gamma, 
lognormal, and Wcibull distributions, Thc propcrtics of tlicsc distributions arc summarized in Chaprcr 
12 of Gilbcn (1987),  

T h c  lognormal distribution is thc distribution most commonly uscd for cnvironrncntd contaminant 
data (see, c,g,, Gilbert, 1987, p a p  164), Thc lognormal family can bc c3sy to work with in somc 
respects, duc to thc work of Land (1971, 1975) on estimating confidcncc i n t c n d s  for IOgnO!TId 
partrrnaers. which YC also dcscribcd in Cilbcn ( 1  987). 
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The cquatian for estimating thc Land uppcr confidcncc limit (UL) far a lognormal mcan has the 
form 

whcrc 7 and sy arc die avcmgc and standard dcviauon of thc smplc log conccntrationr. Thc lowcr 
confidcncc limit (LL) hac a similar form, Thc factor H dcpcnds on sy .md n and is tabulmcd in Gilbcrt 
(19S7) and Land (1975);If the data mly follow a lognomal distribution, thcn thc Land confidence 
limits arc c u c t  (k, thc C O V C ~ ~ C  probability of 3 95 pcrccnt confidcncc intcnd is O.PS)a 

Thc problcm formulation uscd to dcvclop SSL DQOs in thc 1994 d n f t  Soil Scrccnins Guidance tcstcd 
thc null hypathcsis &: p 2 2 SSL vcrsus thc altcmativc hypothcsis HI: ~ 1 .  < 2 SSL, with a Type I crror 
ntc  of 0.05 (at 2 SSL), and a Type 11 m o r  ntc of 0.20 at 0,s SSL (F rcprcscnts thc truc EA man).  
That is, thc probability of incorrectly dcciding not to invcsrigatc funhtr when the truc mcm is 2 SSL 
was set not to cscccd 0.05, and the probability of incorrectly dcciding 10 invcstigatc furthcr whm thc 
truc mcan is 0.5 SSL was not 10 cscccd 0.20, 

This null hypothesis can bc tested at thc 5 pcrccnt Ievcl of significance by c;lleulating Land's uppcr 
95 pcrecnt confidcncc limit for s lognormal m a n ,  if one assumcs that thc vuc EA conccnmtions 
arc lognormdly distributed, T I C  null hypothcsis is rcjccted if the uppcr confidcncc limit fdls bclow 2 
SSL, 

Simulation studies of thc Land proccdurc wcrc uscd to obtain sample s k c  cstimatcs that achicvc thcsc 
DQOs for diffcrcnt possiblc valucs of the standard deviation of log concentrations. Additional 
simulation studics wcrc conduacd to cdculatc samplc sites and to invcstigatc t!x propcdcs of thc 
Lmd proccdurc in situations whcrc spccimas arc cornpositcd, 

All of thcst simulation studics assumed a lognormal distribution of sitc conccntntions. If thc 
undcrlying site dimibution is lognormal, thcn thc compositcs, viewcd as physiwi svcngcs, arc not 
~ognorrnd (although thcy may bc approximately lognormal). Hencc, conrcdon factors arc ncccs .y  
to apply thc Land proccdurc with compositing, if thc individual spccimcn conccntntions arc s!surncd 
Iognomd, The comction factors wcrc also dcvclopcd through sirnulauons. 7hc corrccdon factors 
arc multiplied by the smplc standud deviation, sur bcforc calculating thc confidcncc limit and 
conducting the tcst. 

Proccdurcs for estimating s m p l c  sizes and tcsting h!*pothcscs about the sitc rncu using the Land 
proccdurc, with and without compositing, arc dcscnbcd in the 19PS draft Technical Background 
Documcnt (US, EPA, 1994i). 

A pccr rcvim of thc dnft  Tcchnicd Background Document identified s c v c n l  issues of concern: 

Thc USC of ;I proccdurc relying strongly on thc xsumption of J lognormal distribution 

Qumtiotion limit issues 

- lssucs usociatcd with rnulriplc hgothcsis tests whcru multiplc contaminants ;up 
present in site soils, 
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Thc first issuc is of conccrn bccausc t l ~ c  smdl sample dzcs 3ppropri;rtc for surfacc soil scrccning will 
not provide suffcicnt data t o  validatc lhis assumption, To addrcss this issuc, EPA considcrcd scvcnl 
altcmativc approaches and performed cxtcnsivc analyses. Thcsc analyscs arc descri bcd in Scctions 
4,3,2 and 4.3.3, Scction 4.3,; dcscribcs cxtcnsivc simulation studics involving il var icp  of 
distributions that w r c  donc to comparc dic L a d .  Chcn, and Mas tcsts and to dtvclop tlic lnrtcr nvo 
;IS options for soil scrccning, 

4.3.2 Test of Proportion Exceeding a Threshold. Onc of the difficulties notcd for 
thc Land tcst, dcscribcd in Scction 4.3.1, is its strong rclimcc on an assumption of lognormality (scc 
Scction 4,3,3), Even in casts whcrc thc assumption may hold, tlicrc will nrc ly  bc sufficient 
information to tcst it, 

A second criticism of applying the Land tCSt (or mother test bascd on estimating L~IC mcan) is that 
valucs must bc substituted for valucs rcportcd as lcss than a quantitation limit (<QL), (As notcd in 
Section 4,3,4, how onc docs this substitution is of littlc rclcvtlncc if thc SSL is muclt l aqc r  than the 
QL, Mowcvcr, cvcn if 3 modcntc proportion oftl ic data valucs fall bclow thc QL md arc ccnsorcd, 
thcn thc lognormal distribution may not bc a good modcl for tlic obscnled conccnmtions.) 

A third criticism of using thc Land tcst for scrccning is its rcquircrncnt for large smplc sizes whcn 
thc contaminant vxiability m o s s  thc EA is cxpcctcd to be largc (cog.. P l q c  cocfficicnt of 
variation). Bccausc of tlicsc drawbacks to applying tlic Land proccdurc, EPA considcrcd dltcrnativc, 
nonpwmctric proccdurcs, Onc such nltcmativc that W;LC considcrcd is thc tcst dcscribcd below. 

For :L given contaminant, Ict P rcprcscnt thc proportion of a11 possiblc samplint: uni ts  across thc EA 
for which thc conccntration cxcccds 2 SSL, In csscncc, P rcprescnts thc propohion of the U with 
tmc contaminant lcvcls abovc 2 SSL, A n o n p m c r r i c  tcst involving P w u  dcvclopcd s follows. 

Lct Po bc 3 frxcd propcrtion of intctcst choscn in such 3 way that if that propodon (OT more) of Lhc 
EA has contanination lcvcls abovc 2 SSL, thcn tliat EA should be invcstigntcd fudicr. Onc way to 
obtain a rough cquivdcncc bmvccn ihc tcst for 3 mcm grcatcr than 2 SSL and a test involvhg P is to 
choosc ]-Po to corrcspond to thc pcrccntilc of thc lopormal d ihbu t ion  at which the mcm occurs, 
Onc can show dm this is cquivdcnt to choosing 

whcn 
Q = xssumed standard deviation of thc logarithms of thc concentrations 

% 

01 

assumcd cocfftcicnt of s a r h i o n  of thc contminmt  conccntmtions 
distribution funcion of ihc w d a r d  normal distribution, 

cv 
0 

HCTC, thc fixcd proponion Po will bc lcss than onc-half. Thc hypothcscs arc framed as 

&: P 2 P o  (EA nccds further invcinigatition) 

vcrsus 
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HI: P e p o  (EA docs not nccd furrhcr invcstigatron). 

Thc tcst is based on conccntntion data from P grid samplc of N points in the EA (without 
cornposiunl;). Lct p rcprcscnt thc proponion of thcsc n points with obscntd concentntions greater 
than or equal IO 2 SSL, Thc test is wried out by choosing a critical vduc, pr, to  m e t  tlic desired 
Typc I m o r  ntc,  that is. 

ntc sample size should bc choacn to satis@ the Typc 11 m o r  ntc at somc specified dtcrnativc vduc 
PI, whcrc PI c Po, For csmplc, to havc rn $0 pcrccnt powcr at Pi: 

If the s m c  type of ntionalc for choosing PO (corrcsponding to 2 SSL) is uscd to makc PI corrcspond 
to  0.5 SSL, then one would choosc 

Smplc sizcs for this test were dcvclopcd bscd on thc preceding formulation and wcrc found to be 
approsimatcly the s m c  as those rcquircd by the Land pmccdurc, though &cy tcndcd to bc slightly 
higher thm thc h d  s m p k  skcs for small u, and slightly srntrllct for luge 0, 

The major advmwgc of this tcst, in c o n t m  to thc Land proccdurc, for c m p l c ,  is its gcncnlity; 
the only assumption rcquircd is that random srunpling be used to sclect thc s m p l c  points. Its 
principal disadvantages arc: 

a Cornpositing of samples c m o t  be included (sincc thc calculation of p nquircs the 
count of the number of units with obscrvcd l c~~c l s  at or sbovc 2 SSL). 

. Tlrc test docs not deal directly with thc mcm contaminant lcvcl st thc EA, which is 
thc fondamcntd panmetcr for risk c;slculatiow. 

Bccausc the test docs nor dcpcnd dircctly on the magnitudc of thc conccnmtions, it 
is possiblc that thc test will givc mislading rcsults rcltrtivc to 3 tcst b s c d  on a mcm. 
This can occur, for cxmplc, when only P small pardon of thc EA h;ls very high 
lcvcls (Le,, P hot spot). In that a c ,  the obscrvcd p will convcrgc for increasing n to 
that proportion of thc EA that is contaminated; it would do thc s m c  if tlic 
conccnmtion lcvcls in that same portion WEE just slightly above 2 SSL. A test bucd 
on P mean for l q c  smplcs, howcvcr, is ablc to distinguish bctwecn thcsc two 
situations; by its very nxurr, a test bascd on a proportion of mcasurcmcnts cscccding 
a singlc thrcshold lcvel culnot. 

* 

For thesc reasons, t l ic  tcst dcscribcd hcrc based on thc proportion of obscrvations cxcccding 2 SSL 
tvw not sclcctcd for inclusion in thc currcnt guidmce, 
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4.3.3 Relative Performance of Land, Max, and Chen Tests. A simulation 
study \vas canductcd to compare the Land, Chcn, and Max tcsts and to dctcrminc sample sizes 
nccrssaci 10 achicvr DQOs. This scction dcscribcs thc design of thc simulation study nnd summarizcs 
its rcsults. Dct i led output from t l ic simulations is prcscntcd in Appcndis I. 

Treatment of Data Below the Quantitation Limit. Rcvicw of qumtitation limits for 
110 chcmicals sliowcd tliar for morc than 90 pcrccnt of the cliemicnls, tlic qumtitcltion limit was lcss 
dun 1 pcrccnt of the ingestion SSL. In such cascs, tlic trcxmcnt of valucs bclow tlic QL is not 
cxpcctcd to h a w  much cff'cct, ;LS long as all d m  arc used in thc analysis, with conccntrations 
assigncd to rcsults bclo\v the QL in somc rcasonsblc way, In thc simulations, thc QL was nssumcd to 
bc SSW100 and any simulcrtcd vnluc bclow thc QL \vas set cqu:il to 0.5 QL. This is a conscmtivc 
usumption based on thc cornpanson of ingestion SSLs with QLs, 

Decision Rules, For thc Land proccdurc, as discussed in Scction 43.1,  thc null  hypothcsis I-lo: 
p 2 2 SSL (whcrc p rcprcscnts thc truc mcm conccntntion for thc EA) can bc tcstcd a t  thc 5 pcrccnt 
lcvcl by calculating Land's uppcr 95 pcrccnt confidcncc limit for a lognormal mcm,  Thc nul l  
hypothcsis is tcjcctcd (i.e*, surfkc soil contaminant conccntntions arc lcss than 2 SSL), if this upper 
confidcncc limit falls bclow 2 SSL, This application of t h e  Land (1971) proccdurc. LF dcscnbcd in thc 
dn f t  1994 Guidmcc, will bc rcfcrrcd to as tbc "SSL DQOs" and tlic "original Lmd proccdurc," 

For thc Max tcst, onc dccidcs to walk away if thc maximum conccntntion obscrvcd in composite 
smiplcs taken from thc EA docs not cscccd 2 SSL. As indicatcd in Scction 4,1.6, i t  is vicwcd s 
providing a tcst of tlic original null hypothcsis, Mu: p 2 2 SSL, Thc M 3 s  tcst docs not inhcrcntly 
control cithcr typc of crror ratc ( i t . ,  its critical rcgion is always tlic rcgion bclow 2 SSL. not whcrc 
concentrations bclow 3 thrcshold thm achicvc a spccificd Typc 1 m o r  rate). Mowcver, control of 
crror mtcs for thc M a s  tcst can bc achicvcd through the DQO process by choicc of dcsign (i,c,, by 
choicc of thc numbcr K of compositc samplcs and choicc of thc numbcr C of spccimcns pcr 
cornpositc). 

Thc Chcn test rcquircs that thc null  hypothcsis h w c  thc form Ho: p. 5 /.lo, with thc oltcrnativc 
hypothcsis as HI: p > po (Clicn, 1995). Mypothcscs or DQOs o f  this form arc rcfcned to as "flipped 
hypotheses" or "flippcd DQOs" bccmsc thcy rcprcscnt thc invcrsc of thc actual hypothcsis for SSL 
dccisions. In thc simulations, thc Chcn rncthod \vas applied with po = O S  SSL at significancc Icvcls 
(Typc I m o r  ntcs)  of 0,4, 03, 0,2, 0,1, 0.05, 0,025, ;urd 0,01, In this formulation, a Typc 1 crror 
occurs if onc dccidcs incorrcaly to invcstigatc fudrcr  whcn the tmc sitc mcan, & is at or bclow 0.5 
SSL. 

Thc two formulations of tlic hypotlicscs arc cquivolcnt in  the sense that both allow achicvcnicnr of 
soil scrccning DQOs, Thm is, working with cithcr formulation, it is possible to control thc 
probability of incorrcctly dceidins to walk away whcn thc truc sitc nicm is 2 SSL and to also control 
thc probability of incorrcctly dcciding to invcstigatc fimhcr when thc true sitc mean is 0.5 SSL. 

In addition to thc original Land proccdurc, thc Clicn test, and tlic Max tcs?, the simulations dso 
includc thc h i d  tcst of the flippcd null hypothcsis Ho: p. 5 0.5 SSL at thc IO pcrccnt signifiwncc 
lcvcl. This Land tcst of thc fljppcd hypothcsis IUS includcd to invcstigatc how intcrchanging tlic null 
and dtcrnativc hypothcscs affcncd samplc sizcs for thc Land and Chcn proccdurts. 

Simulation Distributions. In the following dcsctiption of thc simulations, panmctcr 
acronyms uscd as Iabcls in thc tabtcs of rcsults arc indimtcd by capital lcncrs cncloscd in pxcnthcscs, 
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Each distribution uscd for simulation is P mixrurc of a lowcr conccntntion distribution and a higher 
conccntrxion distribution. l i e  Iowa  distribution rcprcscnts thc EA in its natural (unpollutcd) mtc, 
and thc highcr distribution rcprescnts contaminated i r e s ,  Typically, dl mcuurcmcnts of pollutvlts 
in unconuminated arc= arc bclow the QL. Accordingly. thc lowcr distribution is assumcd to bc 
complcrcly bclow thc QL, For the purposcs of this analysis, it is u n n e c c s s q  to spccifi any orhcr 
aspect of thc lowcr distribution, bccausc any mcxurcmcnt bclow the QL is set cqual IO O S  QL, 

A parmrtcr  benvecn 0 and 1, cdlcd thc mising proponion (JML\~, spccifics thc probabiliv ;rlloc;ltcd 
to tlic lowcr distribution. Tlic rcmaining probabiljv (]-MIX? is spread o w  highcr \ ~ I u c s  according 
to cithcr 3 lOgnOr~'nd, gamma, or Wcibull distribution. Thc p a m c t c r s  of thc highcr distribution arc 
choscn so that thc ovcralt mixturc has a given truc EA mcm (MU) and a given cocficicnt of 
variaion (CV), Whcrc s is thc sample .standard dcviauon, y is thc sunplc m c u ,  and C is the number 
of spccimcns per compositc s.mplc, CV is dcfincd as: 

The following parmctcr vducs wcrc uscd in thc simulabons: 

EA mcm (MU) 0.5 SSL or 2 SSL 

EA cocficicnt of va5xion (CV) - 1, 1.5, 2, 2.5. 3, 2 3 . 4 .  5 ,  or 6 (i.c.. 100 to 600 pcrccnt) 

Number of spccimcns per composite (C) = 1,2, ;,a, 5 ,  6, 8, 9, 12. or 16 

Numbcr of compositcs chemically analyzed (N) - 4, 5,  6, 7, 8, 9, 12, or 16. 

Thc truc EA mcm was set cqual to 0,s SSL or  2 SSL in order IO cstimatc the nvo c m r  rates of 
p n m q  concern. Most CVs cncountcrcd in practice probably will lic bcnvccn 1 and 2.5 (Le., 
variability bchvccn 100 and 250 pcrccnt). 7% cspccution is bascd on data from thc Hmford site 
(SCC I4;trdin and Gilbert, 1993) and thc Pi- Road site (discussed in S c h o n  4,2,6). f2A bclicvcs 
that thc most pncticd choices for the number of speeimcns per compositc will bc four and sis. In 
somc c a w ,  compositing may not bc appropriatc (the c3sc C = 1 corresponds to no compositing). 
EPA also bclicvcs that for soil scrccning, ;L pnctical number of samples chemically mdlzcd pcr EA 
lics bclow ninc, and that scncning decisions about soils in a c h  EA should not bc bucd on fcwcr thm 
four chcmid malyscs, 

For 3 given CV, rherc is a theoretical limit IO how largc tbc mixing propordon can bc. Thc \*dues of 
thc mixing proportion used in thc simulations arc shown below as a function of CV, Thc we n;llx. 
0 corresponds to an EA chmctcrizcd by a gmma. losnomal,  or Wcibull distribution. A vduc of 
MIX ncar I indicates an EA when: dl conccnations arc bclow the QL csccpt those in a small 
portion of thc EA. Ncithcr of thcsc cmcmcs implies M cstrcmc overall mcm. If MIS - 0. thc 
contaminning (highcr) distribution can haw ;L Io\\* mcm. resulting in a low o v c d l  mean. If MIX is 
near 1 (i,c,! a rclativcl~* small contamination ma),  a high ovcnll H I C ~  can bc obtaincd if thc mean 
of thc disTnbution of contaminant concentrations is high cnough. 



cv 
Values of MIX 

used In the 
simulations 

1 .o 0, 0,49 
1.5 0, 0.50 
2.0 0, 0.50, 0,75 . 
2.5 0, 0.50, 0.85 
3.0 0, OSO, OA5 
3.5 0, 0.50, 0.90 
4.0 0, 0,50, 0.90 
5,O 0, 0.50, 0.95 
6.0 0, OSO, 0.95 

Treatment of Measurement Error. Mczurcmcnt crrors wcrc xsurncd to bc normally 
distibutcd with mean 0 ( i c ,  unbiascd rncasururcmcnts) and standard deviation C Q U ~  to 20 pcrccnt of 
thc m c  vduc for each chcrnicdly analyzcd smplc, (Earlier simulations included mc;LSurcmcnt m o r  
standard dcviations of I O  pcrccnt and 25 pcrccnt. Thc diffcrcncc in  rcsults bctwccn thesc i x o  CUCS 
was nc&ligiblc.) 

Number of simulated Samples. Unique combinations of thc simulation paramctcrs 
considcrcd ( i& 2 vslucs of thc EA mcm, 10 values for tlic numbct of spccimcns pcr compositc, X 
valucs for thc number of compositc smplcs, 25 combinations of CV and MIX and 3 conmination 
modcls-lognormid, gamma, WcibulI), rcsult i n  o total of 12,000 simulation conditions. One 
thousand simulatcd random smplcs wcrc gcnctatcd for csch of thc 12,000 c s c s  obtained by vaTing 
the simulation p;lmctcts 3s described nbovc. The nvcngc number of physical smplcs simulated 
from an EA for D hypothcsis test (Le,, thc product CN) was S6, 

Thc following 10 hypothcsis t c m  wcrc applicd to cpch of thc 12 million m d o m  smplcs: 

Clicn t e n  at significtmcc lcvcls of 0,4, 0.3, 02, 0,1, 0.05, 0,023, 3nd 0,Ol 
Original Land tcst of thc ndl  h>’pothcsis Mo: 
lcvcl 

pcrccnt significance lcvcl 

2 2 SSL at the 5 pcrccnt significmcc 

. Land tcst of thc fljppcd null hypothcsis Ho: p 5 0.5 SSL at thc 10 

. Maximum t c h i ,  

Thcsc simulations involved g c n c d o n  of ;Ipproximrrtcly 650 million m d o m  numbcrs. 

simulation Results. A complctc listing of thc simulation rcsults, with 150 columns and 59 
lines pcr p q c ,  rcquircs 180 pagcs and is available from €PA on 3 3.5-inch diskcttc, 

Rcprcscnutivc results for gmma contamination dam, wi th  cight compositc s.mplcs that cad1 
consist of six spccimcns, arc shown in Tablc 32. The gamma contunination modcl is rccornmcndcd 
for dctennining smplc s i x  rcquiremcnts because it \vas consistcntly sccn to bc IC& fnvonblc. in thc 
sensc that it rcquired higher smplc  sizcs to achicvc DQOs than cithcr ofthc lognormal or Wcibull 
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models. Hcncc, samplc sizes sufficient to protect against I gamma distribution of cantuninant 
concentrations YE also protective ;IS;linsr P lognormal or Wcibull distribution, 

Table 32. Comparison of Error Rates for Max Test, Chen Test (at .20 and 
. I O  Significance Levels), and Original Land Test, Using 8 Composites of 

6 Samples Each, for Gamma Contamination Data 

MUISSL MI% MOX tart 0.20 Chan tent 0.10 Chen tart Lnnd test 

Ca6 Ne0 CVa4 

0.5 
0,5 
0.5 
20 
20 
2.0 

C t 6  NrS C V d  

03 
0 3  
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2.0 
2.0 * 
2.0 

Clc6 Nm8 CV=2 
0.5 
0.5 
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2.0 
2.0 
2.0 

Cn6 N d  C V d  
0.5 
0.5 
2.0 
2 0  
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.75 
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a00 
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,PO 

,06 
-06 
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,PO 

.24 
,25 
.23 
,OC 
.03 
.03 

.07 

.06 
,04 
.02 
,02 
-01 

.oo 
,oo 
.Of 
-01 

.1 e 
,22 
.19 
.to 
,11 
,18 

.18 
,lo 
,22 
,03 
.03 
.OO 

.22 

.1Q 

.19 

.oo 

.oo 

.oo 

,20 
.20 
,oo 
,oo 

.OB 
,t f 
to9 
. l a  
.18 
.29 

.t 0 

.to 

.ll 

.06 

.05 
,12 

.ll 
A09 
$1 0 
,OO 
.01 
.Ol 

.lo 

.12 
,oo 
,oo 

.ge 

.Be 

,oo 
.oo 
-01 

.e8 

$3 
.G4 
.98 
.oo 
,oo 
.oo 

.sf 

.m 

.01 

.oo 

.oo 

.as 

.01 
$1 2 
.02 
.oo 

MU I 1 rue EA Mean - SOB iubsectlon onlltlod ”Simulation Dtstn~uttons” In Scaton 4.3.3. 
MIX I Mklng Proponion see subsection ontilled “Slmulotion Distributions’ In Section 43.3 
C m Number of spocimens In P composlta. 
N I Numbot 01 composites analyzod. 
cv = m.coet1lciont ot variation - 

X 
whore s a somplo srondard deviation and I mean sample concantrotion 

Tablc 32 shows that thc original krnd method is unablc to control thc error rates x 0.5’ SSL for 
gmma distributions, 7his limitdon of thc Land mcthod was sccn consistently throughout the rcsults 
for all nonlognormd distributions tested, This limitation lcd to Emoval of thc Land pmccdurr from 
thc Soil Scrccning Guidancc. 
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Enrlicr simulation rrsults for gamma and Wcibull distributions did not censor results bclow thc QL and 
uscd purc unmixcd distributions. In thcsc c m s .  as thc smplc sirc S incrcascd, with all otbcr famors 
fixcd, thc Land crror ratcs at 0.5 SSL incrcascd toward I ,  Normally, thc cspccution is hat as tlic ‘ 

swuuplc size iticmscs, information incrcacs, and m o r  n tcs  dccrcxc. 

Whcn using data from a Wcibull or gamma dimibution, thc Land confidcncc in tend  cndpoints 
converge to 3 valuc that docs not cqunl ttic true site mcan, b, , and results in an incrcasc in  crror 
rates. This phcnomcnon is cnsily dcrnonstratcd, as follows. Lct S dcnotc the concentration random 
tariablc, Ict Y 
logarithms of the soil cmccntrations. Thcn, as thc smplc sizc incrcxcs, thc Land cotifidcncc 
intcwal cndpoints (UL and LL) conwrgc to 

In(X) dcnotc its l0g;lrithhm. Lct pr and by dcnorc the mean md standard dciiation of 

0: 
UL = LL = CXP (p, + F) * (67) 

I f  x’ is lognormdly distributed, this csprcssion is thc m a n  of X. If X has 3 Wcibull ar gamma 
distribution, this cxprcssian is not thc mcan of >I, This inconsisrcncy a c c o m s  for the incrcuc in 
m o r  rates with sample sizc. 

Tdblc 32 also shows rlic fimdarncnml diffcrcncc bcnvccn thc M a  ICR and thc Clicn test. For t l ic 
Max test, thc probability of m o r  in dcciding to  walk m a y  whcn thc EA mcan is 2.0 SSL is fairly 
stable, nnging from 0.01 to 0,06 across tlic diffcrcnt values oftlic CV. On thc othcr hand. thcsc 
crror ratcs v q  rnorc across thc CV vducs for thc Chcn tcst (c.g,, From 0,OO to 029 for Chcn test at 
thc 0.10 s ignif imcc Icvcl), This occurs bemuse thc Chcn test is dcsigncd to control thc othcr rypc 
of m o r  mtc (at O S  SSL). Thc Max tcst is prcscntcd in the 1995 Soil Scrccning Guidmcc (U.S. EPA, 
1 9 9 5 ~ )  bccausc of its simplicity and tlic .stability of its control o w  thc m o r  rdc at 2 SSL 

Tablc 3: shows m o r  rrrtc cstimstcs for four to nine composite smplcs  that cach consist of four, six, 
or eight spccimcns for U s  with CVs of2, 2.5, 3, or Z S ,  md usuming 3 gamma distribution. Table 
33 should bc sdcquatc for moa SSL planning purposes, I-lowcvcr, marc complete simulation results 
arc rcponcd in Appendix 1. 

Planning for CVs at least L- l q c  L! 2 is rccommcndcd bcmusc it is known tJ13t CVs grcmr  than 2 
occur in pncticc (c,g., for ovo of scvcn Us in thc Piazza Road simulations rcponcd in Scction 
4.3.6). Onc conclusion that can bc drawn from Tablc Zi3 is that compositc samplc sizcs of four arc 
oftcn insdcquatc, Funhct suppon for this conclusion is reported in the Pi- R o d  sirnulit’ . ions 
discussed in Scction 4.3.6. 

Conclusions. Thc primary conclusions from thc simds’ ,ions arc: 

For disvibutions otlrcr than lognormal, thc land  procedure is prone to dccidc to 
invcstigatc furthcr at 0.5 SSL, whcn the corrcct dccision is to  walk way .  It is 
tficrcforc unsuiablc for s u d x c  50il scrccning. 

Both thr Max test and thc Chcn tcst pcrfom xcepub ly  under a v;Uicty of 
distributional assumptions and arc patcn?hlly suiublc for surfacc soil scrccning, 



c 

c 

- 
whoro s = sampla standard devlallon and 2 m moon eample toncontratlon 
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4.3.4 Treatment of Observations Below the Limit of Quantitation, Test 
proccdurcs that arc bascd on estimating a mcm contaminant lcvcl for an EA, such 3s thc Lwd and 
Clicn proccdurcs, makc usc of cach mcasurcd conccntration vnluc. For this rcason. tlrc usc of all 
rcportcd conccntntion mcasurcmcnts in such calculations should be considcrcd rcgtlrdlcss of thcir 
niagnitudc-that is, cvcn if thr mcasurcd lcvcls fall bclow a quantitation lcvcl. Onc argument for this 
approach is that t h c  QL is itsclf an cflimntc, Anothc: is that somc value will havc 10 bc subsriturcd 
for my ccnsorcd d m  point (ix,. 3 point rcponcd s CQL), and the actual mmsurcd saluc is at lcnst 
as accurate x 3 substituted vduc. 

Thc pccr rcview of thc Dnfi Soil Scrccning Guidmcc niscd tlic followinb ' 1ssuc: * 

I f  such ccnsorcd valucs do occur in a data sct, what valucs should bc uscd? 

Tlierc is a substantial amount of litcrawrc on this subjcct and a wricty of sophisticated approachcs. 
In thc contcx: of SSLs, hotvcvcr, ;I simplc approach is rccommcndcd, Consistcnt with gcncral 
Supcrf'und guidancc, cach obscn%ion rcponed as "CQL" shall bc rcplaccd with 0.5 QL for 
cornputxjon of thc samplc mmn.  

Thc cvidcncc suggcsts :hat thc ingestion SSL gcncrdly will bc 2 ordcrs of magnitude or morc grcatcr 
than the QL for most contaminants, In tlicsc cats, thc rcsults of soil scrccning will bc inscnsirivc to 
altcmativc proccdurcs that could bc uscd IO substitute v31ucs for obscnstions rcponcd as "<QL," 
Whcn thc SSL is nor much grcmcr than thc Q L  (c,g,, SSL SO QL), thc outcomc of t h c  soil 
screening could bc affccted by thc proccdurc uscd to substitute for ''<QUI vducs,  

Thc most conscrvativc approach would bc to substitutc thc conccntration rcprcscntcd by thc QL 
itsclf for 311 obscnfations rcponcd as "<QL." In thc conlcxt of tlic SSLs, howcvcr, thc simplc 
agproach of using 0,5 QL is suggcstcd. This will bc sufiicicntly conscrvauvc given the conservative 
factors undcrlying thc SSLs, 

4.3.5 Multiple Hypothesis Testing Considerations, Tlic Soil Scrccning Guidancc 
addrcsscs thc following liypotl~csis tcsjng problcrn for cach EA: 

Mo: mcm conccntration of a givcn chcmicd 2 2 SSL 

H1: mcm conccntntion of n givcn c h c m i d  2 SSL. 
\'CBUS 

T h c  dcfu l t  KLIUC for thc probatdin, of a Typc 1 crror is a = 0,05, ivhilc thc dcfault mluc for tfrc 
powcr o f  thc test at 0,s SSL is 1 4  0,80, Thc test is applicd scpnntcly for cach chcnijal .  so that 
thcsc probabilities apply for cach individual chcmicnl. Thus, tlicrc is m 80 pcrccnt probability of 
walking awzy from an EA (h,, rcjecting 140) whcn only onc chcmical is bcing tcstcd and it? truc 
mcm lcvcl is 0.5 SSL and D 5 pcrccnt probability of walking away if its tmc mcm lcvcl is 2 SSL,. 

Howcvcr, thc Soil Scrccning Guidance docs not cx-plicirly address thc follo\ving issucs: 

What is thc compositc probability of walking awcr>+ from EA if thctc arc 
multiplc conurninmu? 

If such probabilities are unacccptablc, how should onc compcnsntc wlicn testing 
for multiplc contunin.mts within a singlc EA? 

a d  
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Tile mswtr to ttic first question cannot bc dctcmincd, in gcncral, since the concentrations of the 
various connminmmts will often be dcpcndcnt on onc another (c.s., this would be cspcctcd if they 
originated from tlic same sourcc of contamination). Thc joint probability of walking away c;m bc 
dctcmincd, howcver, if  onc makes thc  simplifiing assumption that thc contaminant cunccntdons 
for thc diffcrent Chemicals arc indcpendcnt (uncorrclatcd). In rhm casc, thc probabiliy of 1valking 
away is simply thc product of thc individual rcjcction probabilities. 

For nvo chcmids  (Chcmicd A md Clicmicd B, say), this is: 

Pr{wnlking away from U} = Pr(rcjcct Wo for C h c m i d  A} x Pr{rcjcct Ho for C h c m i d  B), 

While thcsc joint probabilities must bc rcgwdcd as approsirnarc, thcy ncvcrthclcss scrvc to illusrmlc 
t l ic  cffcn on thc m o r  m c s  whcn dealing with muluplc contaninants. 

Assume (for illustntivc purposes only) that tlic probabilitics for rcjccting the null hypothesis 
(walking w m y  from thc EA) for cach single chcmid  appew 3s follo~vs: 

Truo c o m a  ntrotk n ~ 
Probability of rojocting Ha 

0.2 SSL 0.95 
0.5 SSL 0,80 (dofatilt 1.0) 
0.7 SSL 0,60 

0,50 
0.20 

1.0 SSL 
1.5 SSL 
2.0 SSL 0.05 (dofoult a) 

Lct C(A) dcnotc thc conccntntion of Chemical A divided by thc SSL, and ler P(A) dcnotc the 
comsponding probability of rcjccting HQ. Dcfinc C(B) and P(B) similuly for Chemical B. Assumiq 
indcpcndcncc, tlic joint probabilities of rcjccting the nuU hypothesis (walking away) arc zs shown in 
Table 34. 

Table 34. Probability of "Walking Away" from an EA When Comparing 
Two Chemicals to SSLs 

Chemical A 

C(A) P ( A )  
0.2 0,95 

05 0.80 
0.7 0.GO 

1.0 0.50 

1,s 0.20 
2.0 0.05 
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C(B) t 02 C(B) o 0.5 C(8) E 0 3  C(6) = 7.0 C(B) = 1.5 C(8) = 2.0 
P(B) c.95 P(6) t .8O P(B) = .60 P(B) -50 P(B) 2 0  P(B) = $05 

0.00 0,70 Q.S7 Q .48 0,lQ 0,05 

0,76 0.66 0.48 0.40 0.1 6 0,Od 

0.9 0.48 0.36 0,30 0.1 2 0.03 
0.48 0.40 6-30 0.25 0.1 0 0.03 

0,l B 0.16 0.12 0.10 0.04 0,Ol 
0.05 0.04 0,03 0.03 0.01 <0.01 



Thcsc probabilitics dcmonstntc that rhc tcst proccdurc will tcnd to bc wry conscntatisc if multjplc 
chemicals arc involvcd-that is, a l l  of thc chcmieal conccntrations must be quitc low rclativc to 
thcir SSL in ordcr to Iiavc 3 high probability of walking away from thc EA. On the othcr liand. thcrc 
will bc a high probability that furtlicr investigation will bc callcd for if thc mcw conccntntion for 
cvcn a singlc chemical is nvicc tlic SSL, 

A potential: problcm occurs whcn tlicrc arc scvcral chcmicals undcr considcntion and whcn 311 or 
most of them havc Icvcls slightly bclow thc SSL (cas., ncar 0.5 SSL). For inst;mcc, if cach of six 
indcpcndcnt chcmiwls had kvcls at 0.5 SSL, thc probability of rcjccting thc null hypotlicsis would be 
80 pcrccnt for cach such chcmicd, but thc probability of walking away from tlie EA would bc only 
(0,80)1 = 0 2 6 .  

If thc s m c  s.mplcs arc bcing malyzcd for multiplc chcmicds, dicn thc original clioicc for thc 
number of such smplcs  idcdly sliould havc bccn bucd on tlic IVOM C L ~ C  ( i c ,  thc chcmial  cqxctcd 
IO havc the largcst variability). In  this cat, thc probability of corrcctly rejecting thc null hypothesis 
at 03 SSL for the clicmicals with lcss variability will bc highcr, The ovcnll probability o f  wdking 
away will bc Grcatcr than shown abovc if a11 or somc of tlic chcmicaIs h a l t  less variability than 
Lssumcd ;ts thc  basis for dctcrmining s m p l c  sizcs. Hcrc, thc smplc s i x  will be lngc enough for the 
probability of rcjccting thc null  h?*potlicsis at 0.5 SSL to bc grcatcr than 0,KO for thesc chcmids .  

Thc probability valucs xsumcd abovc for dcciding that no funhcr investigation is ncccssan for 
individual chcmicals, which arc thc basis for thcsc conclusions, arc cqually applicable for thc h d ,  
Chcn, and Mas t c m .  Thcy simply rcprcscnt six hppothrcicd points of thc p o w r  CUNCS for thcsc 
icsts (from 0.2 SSL to 2.0 SSL). llicrcforc, thc conclusions arc cqually applicable for cach of thc 
hypothcsis tcsting proccdurcs that havc bccn considcrcd in thc currcnt guidmcc for scrccning mrfacc 
soils. 

I f  thc surfacc soil conccntrauons arc positively corrclrrtcd, os cspcctcd whcn dcrrling with multiplc 
chcmicds, thcn it is likcly that cithcr all the chcmicals of concern havc rclativcly high 
conccnfratjons or thc?i all havc rcfativcly low concentrations, In this m e ,  thc probability of making 
thc corrcct dccision for an EA would bc grcatcr than that suggcsTcd by the abovc calculations that 
assumc indcpcndcncc of thc varjous chcmicds. 

However, thc potential problcrn of scvcnl chemicals having conccn1rations ncar O S  SSL is not 
prccludcd by asuming positivc correlations, In fact, it suggests that if thc EA avcngc for onc 
c h c m i d  is ncar 03 SSL, thcn thc avcmgc for othcrs is dso likcly to be ncw 0.5 SSL, which is 
c x a d y  thc situation tvlicrc thc probability of n o t  walking r rwy from dic EA an bccome largc 
bcwusc thcrc is a high probability that & will bc rcjcctcd for at Icwt onc of thcsc chcrnids. 

An altcrnativt: would bc to usc multiplc hypothcsis testing proccdurcs to control the avcrall m o r  
ntc for thc sct of clicmicals (ix,, tlic sct of hypothesis test..) ntlicr than thc sepantc m o r  n t c s  for 
thc individual chcmicals, Guiducc  for performing multiple hypotficsis tcsts is bcyond thc scopr of 
thc currcnt documcnt. Obtain the rrdvicc of a statiszician familiar with multiple hypothesis tcsting 
proccdurcs if thc overall crror rates for multiple c h c m i d s  is of conccrn for 3 particular sitc. Thc 
classical statistical guidancc rcgrrrding this subjcd is S/mu/runcous Srunssicuf lnfcrcncc (Millcr, 1991). 

4.3.6 Investigation of Cornpositing Within EA Sectors. If onc decides that an 
EA needs furher  invcstigntion, thcn it is natural to inquirc which portion(s) of thc  EA escccd thc 
screening level, This is a different qucstion than simply asking wlicthcr or not thc EA avcngc soil 
conccntntion cxcccds thc SSL, Conceivably, this qucstion may rcquirc additional smpling, chemical 
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andpis, and mtistical analysis. A natural question is whcthcr this additional effort can bc avoidcd by 
forming compositcs within scctors (subarcas) of thc EA. Tlic scctor with thc highcsr cstimatcd 
conccntntion would thcn bc a natud plscc IO bcgin a detailcd invcsuption, 

Thc simulations to invcstigatc thc pcrformmcc of mlcs to dccidc whcthcr further investigation is 
required, rcponcd in Section 4.2.2i make specific assumptions about the sampling dcsign. I t  is 
clssumcd r h t  S compositc samplcs arc chemically andyxd,  c x h  consisting of C spccimcns sclcctcd 
to be statistically rcprcscntative o f t h r  cntin EA. Thc key point. in addition to random sampling, is 
that compositcs must bc formed iicross scctors nthcr than within sectors, This assumption is 
n c c c s s q  to achicvc compositc smplcs that arc rcprcscnntivc of the EA mcan (ix., havc thc EA 
mcm as thcir cxpcctcd value). 

If cornpositing is limitcd to scctors, such as quadrants, then cach compositc rcpresents its scctor, 
nthcr than t l r t  cntirc EA. The simulations rcponcd in Section 4 . 3 3 ,  and sample sixs based on 
tlicm, do not apply to this typc of compositing, Tllis docs not ncc~ssaril!~ preclude coinpositing 
within scctors for both purposcs, i.c., to tcst the hypothesis abour thc EA mcm and also to indicate 
the most contaminatcd scctor. Mowcvcr, littlc is known about h c  sutistical propcrtics of this 
approach whcn applying the Mm tcst, which would dcpcnd on specifics of the actual spatial 
distribution of contaminants for a given EA. Bccausc of thc lack of cncnsivc spatial dau scts for 
conminatcd soil, thcrc is limited basis for dctcminicg what .mp lc  sizes would bc adcqumc for 
achieving dcsircd DQOs for various siccs, Howevcr, onc spatid dau sct was wailable and uscd to 
invcstiga:c die pcrformvlcc of cornpositing within sectors at one sitc, 

Piazza Road Sjmulatlons. Dan from thc Piazza Road NPL sitc wcrc uscd to invcstigatc the 
propcrtics of t c m  of thc EA mcan bwed on cornpositing within scctors, as comp;md to cornpositing 
bcnvecn sec~ors, Thc jnvcstigation of 3 singlc sitc c i o t  be uscd to vdidac a givcn procedure, but it 
may indiwtc whether funhcr investigation of thc proccdurc is worthwhile. 

Scvcn nonovcrlapping 0,3-acn EAs \vcrc dcfincd within the Pi= Road sitc. Each EA is an 8-by-12 
gnd composed of 14k14' squarcs. 'fhc data consist of P singk dioxin mcmrcmcnt of B compositc 
m p l c  from each smdl squuc, Thcsc nicasurcmcnts arc rcgardcd 3s true \iducs for thc sirnul,?tions 
rcponcd in this scnion. Mcxurcmcnt m o r  was incorporatcd in the s m c  fashion as for thc 
simulations rcpottcd in Section 4,3,3. 

Each of thc scvcn Ms was subdivided into four 4-by16 scctors, sis &-by4 SCQOTS, eight 4-by-: 
scctors, nvclvc 2-by4 scctors, and sixtccn 2-by4 scctors. Rcsults arc prcscntcd hcrc for the c x x s  of 
four, sts, and cight scctors bccausc compositcs of  m o n  than cight spccimcns at cxpcctcd to bc used 
mcly, if at dl. 

Tablc 3 prcscnts the "mc" mean and CV for cilch EA, computed from all 96 mcwurcmcnts within 
thc O.d-acrc EA, T i c  CVs m g c  from 1,0 to 2 2 ,  Notc that two of thc scvcn ms cquid or escecd 2 
at this sitc. This supports EPA's bclicf that at mmy sitcs it is prudent when planning samplc size 
requirements for scrccning, to a..sumc a CV of at least 2.5 and to corwidcr rhc possibility of C V s  as 
1 q c  as 3 or 35. 

As data on variability within Us for different sitcs and conurninant conditions XCNC over time, it 
will bc possible to basc thc choice of proccdures on J l q c r ,  morc comprchcnsive databuc, nther 
than just J singlc sitc, 

Appcndis J contains rcsults of simulations from die scven Pi= Road Us. Sampling with 
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rcplaccmcnt from each scctor was uscd, bccausc this was fclt to bc niorc consihqcnt with thc planned 
campositing. To cstimatc thc crror rates at O S  SSL and 2 SSL for cnch EA, t l ic  SSL was dcfrned so 
that thc sitc mcan first was rcgardcd as 0.5 SSL and thcn IUS rcgardcd as 2 SSL, 

Notation for Results from Piazza Road Simulations, Thc following natation is uscd 
in Appcndix J .  ?'lie dcsign varinblc (DES) indicatcs wlicthcr campositing IV;LS within scctor (DES4V 
or across scctors (DESmX). As in Scction 4,3.3,  C denotes thc numbcr of spccimcns pcr compositc, 
and Tz dcnotcs thc numbcr of compositc samplcs chcmically wdyzcd ,  Results in Appcndis J arc for 
the Chcn t c s ~  at thc 10 pcrccnt significmcc Icvcl md for thc Mas tcs?. Tic tmc m c w  and CV arc 
shown in thc hcadcr for each EA. 

6 
2 
f 
2 

Table 35. Means and CVs for Dioxin Concentrations for 7 Piazza Road 
Exposure Areas 

~~ 

E A  Mcnn of EA CV of E A  N 
1 2, l  1 ,o 96 
2 2,4 1,6 96 

. 3  5,1 1, l  96 
4 4.0 1.2 96 
5 9.3 2.0 96 
6 15,8 2.2 96 
7 2,8 1.4 96 

Results and Conclusions from Piazza Road Simulations, Although thc results 
from a singlc sitc cannot bc ;LFsumcd to apply to all sircs, tlic following otscrvations can be madc 
b:acd on thc Piazza Road simulations rcponcd in Appcndk J .  

The m o r  rntc at 0.5 SSL for thc Chcn tcst, using cornpositing across scctors 
(DES=X), is gcncrally closc to thc nominal ratc of 0.10, For compositing within 
scctors (DESeW), thc crror nte for Clicn at 0,5 SSL is g ~ n c n l l \ ~  much lowcr than thc 
nominal ntc. 

Except for plans involving only four analyscs Tr\: 4). thc  error rate at 2 SSL i s  
a l w y  bclow 0.05 for tlic Chcn tcst. For thc Max tcst, thc crror n t c  at 2 SSL 
fluctuatcd bcnvccn 0 and 16 pcrccnt, Thc crror mtc at 2 SSL is smalkr for thc Chcn 
tcst at thc 10 pcrccnt significance Icvcl than for the MLY tcst in virtually dl cases. 
Thc only nvo cxccptians to  this arc for compositing within scctor (DES=W) in EA 
No, 6 ,  

Tiis obscnwion provides further support for thc conclusion drawn from thc 
simulations rcponcd in Scction 4,3.3: plans involving only four mmnlyscs cm rcsult in 
high error n tcs  in dctcnining thc mc,m contaminant conccntntion of an EA with 
thc Max tcst, In  most a s c s  thc mor mtcs of concern to EPA (at 2 SSL) arc 0-10 or  
Iar&cr. 
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In  g c n c d ,  m o r  ratcs cstimstcd from Pi- Road simulations for compositing across 
sectors arc at lcxa as small as would bc prcdincd on tlic basis of &e simulation rcsulu 
moncd  in Section 4.3.3, 

c 

Thc simulation rcsults show that cornpositing within scctors using thc Mas test may 
bc an option for site mansscts who \\ant to ha\\* whcthet one sector of an EA is 
morc conuminatcd than thc othcr. Mowcvcr. use of rhc M m  tcst when cornpositing 
within sectors may lead thc sitc managcr to draw conclusions about the mcm 
contaminant conccntntion in that sector only, not across thc cntirc EA. 

- 
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Part 5: CHEMICAGSPECIFIC PARAMETERS 

Chemical-specific panmctcrs rcquircd for calculating soil scrccning lcvcls includc Ihc organic wrbon 
normdizcd soil-water pnnjtjon cocfficicnt for organic compounds (LC), thc soi lwitcr  panition 
cocfficicnt for inorganic constituents (I&), w t c r  solubility (S). Hcnv's law constant (MLC, H'). air 
diffusivity (Di,,), and w m r  diffusivity (D;,w), In addition, thc octanol-warcr partition cocfficicnt 
(Kow) is nccdcd to calculatc KO, valucs, This part of thc background documcnt dcscribcs thc 
collcctjon and compilation of thcsc panmctcrs for thc SSL chcmids ,  

With thc cxccption of values for air diffusi\.ity (D,,J, water djffusiviv (Dip), md ccmin KOc vducs, 
dl of thc valucs uscd in t l i c  dcvclopmcnt of SSLs can bc found in the Supcrfund Chcmical Data 
Matrix (SCDM). SCDM is a computcr codc i i a t  includcs morc than 25 datafilcs cmtaining specific 
chcmicd p u m c t c r s  uscd to calculi~tc faaor and bcnchmnrk vducs for thc H w r d  &king System 
(MRS). Bccnusc SCDM datafilcs arc rcgululy updacd, thc user should consult the most rcccnt vcrsion 
of SCDM to cnsurc that thc vducs arc up to date. 

5.1 Solubility, Henry's Law Constant, and KO, 

Chcmical-spccific valucs for solubility, HcnF's law constant (MLC), and GW w r c  obtaincd from 
SCDM. In thc sclcction of thc \ ~ ~ l u c  for SCDM, mcasurcd or Cmalytial values arc fworcd o w  
calculated values, Howcvcr, in t l ic  cvcnt that a nicxwcd vduc  is  not avaihblc, cdculatcd valucs arc 
uscd. Table 36 prcscnts thc solubility, Wcny's Iaw consmt,  and ti,, vducs akcn  from SCDM and 
uscd to wlculatc SSLs. 

HcnF's law constant ~ ~ d u c s  wcrc available for dl but nvo of tlic constituents of intcrcst. Mcnp's law 
constmu could not bc obuincd from thc SCDM datafilca for citlicr carbxolc  or morcur?,. As a 
conscqucncc, this p a m c t c r  was calculstcd according to t l ic  following cquntion: 

KLC Hcnn's law constunt (atm-mj/mol) 
VP - vapor prcsswc (am) 
M = molccu1:i.r w igh t  (dmol) 
S solubilin (mdL or gIrnj), 

Thc SSL cquations rcquirc thc dimcnsionlcss form of Hcnry's law constant, or W', which is calculatcd 
from WLC (rrm-m~/mol) by multiplying by 41 (U.S. EPA, 1991b). Thc valucs taken from SCDM for 
HLC and thc calculatcd dimcnsionlcss vducs for H' arc both prcscntcd in Tablc 36, 

5.2 Air (01,~) and Water (Dl,,,,) Diffusivities 

Fcw publishcd diffusivitics w r c  availablc for dlc su'?icct chcmicals for ak Pi,,,) and w t c r  (Oi ,w) ,  
Watcr and air diffusivitics wcre obtained from thc CKEMDAT8 model chcmical propcnics da tabut  
(DATA?WO.WKl), For chcmicals not in CISMDAT8,  diffusivitics were estirnatcd using the 
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WATER8 modcl correlations for air und wntcr diffusi\<tics, Both CHEMDAR and WATERS can be 
obtinrd from EPA's SCRAM bulletin board systcm, zi dcscnbcd in Scction Z.1.2. Tablc 57 prcscnts 
the values used to calculate SSLs. 

Table 36, Chemical-Specific Properties Used in SSL Calculations 

S H LC " 
CAS No. Compound (mglL) (atm-mVmol) (dimonsfanloss) log KO, 
83.3299 Acanopht hone 
67-64-1 Acotone 

309900-2 Aldrin 
120-12=? Anfhrocona 
56-55-3 Benz(a)nnrhroceno 
7 1 4 - 2  Benzene 

205-9992 Benro(b)fluorantheno 
207-08-9 Benzo(k)lluoranthcne 

65-85-0 Benzoic acid 
50.3298 Benzo(a)pyrens 

11 1-44-4 Bis(2-chioroethy1)cther 
11 7-81 -7 Bis(2=othylhexyl)phtholota 
75.27-4 Bromodichloromathane 
75-2592 Bromoform 
71-3693 Butanol 
85-66-7 Butyl bonzyl phtholalo 
86-74-8 Cabazolo 
75-15-0 Carbon disulfide 
56-23-5 Carbon tetrachlorido 
5W4.9 Chlordonc 

106-4798 pChloroaniline 
108-90-7 Chlorabonzene 
124-4891 Chlorodibromomothane 
67-66-3 C hlO rot 
95-57.8 2-Chlorophenol 

218-01=9 Chrysene 
72-54-8 DDD 
72-55-9 DDE 
50929.3 DOT 
53-70-3 Dibcnz(o,h)anthroceno 
84-74.2 Di=rt=butyt phthalate 
9560-1 1,2=Dichlorobenzono 
106-46-? 1,4=Dichlorobcnzone 
91-94-1 3,3=Dichlorobenridlne 

4.24E+OO 
1.00€+06 
I .aoE90t 
4.34E.02 
9,40E-03 
7,75 E+03 
1 .50E-03 
8.00E-04 
3 .SO E+03 
1,62E-03 
1,72E*04 
3.00E-01 
6.74€+03 
3.7 OGO3 
7.40€+04 
2,69€*00 
7.48€*00 
t .19E+03 
i .93€+02 
5 ,  6OE-02 
5,30 E+03 
4.72E+02 
2.COE+03 
?.92E+03 
2.20 E+04 
1.60E=03 
9,00E=02 
1.20E-01 
2,50E-02 
2.49E-03 
1.1 2€+01 
1,56E+02 
7.38E*01 
3.1 1 E+OO 

1 S5E-04 

1.7OE-Oa 
6SOE-OS 
3.35E906 
5S5 €903 
1 .I 1 E-04 
8.29 €907 
1.54E-06 
1 ,t3E906 
1,80E=05 

1,60E-03 
5,35 E-04 
8,81 E-06 
1.26E-06 
1 S3E-08 II 
3.03 E-02 
3,04E=02 
4.66E-05 
3.31 E-Oi 
3.70E43 
7.83E.04 
3.67 Em03 
3.91 E.04 
9,dSE=O5 
4.0OE-06 
2.1 0 5 0 5  
8.1 OE-06 
1.47E-08 
9.38E-10 
1.90E-03 
2,43E-03 
4.00 E909 

3.813 E*OS 

1,02E=O7 

6.36E-03 
1.59E-03 
6,9iE-03 
2.6 7503 
1,37€-04 
2.28E-01 
4.55 E-03 
3 .dOE905 
6.3 1 E-05 
4,63€-05 
7.38E-04 
4.1 8E-06 
6.56E-02 
2.1 9E.02 
3,61E904 
5 , l  7E.05 
6.26E-07 
1.24E+00 
1,25E*00 
1,99E=03 
1,36E*05 
1.52E-01 
3.21 E-02 
1 SO€-01 
f .60E902 
3.88&03 
1.64E.04 

3,32€-04 
6.03E-07 
3,85 E-08 
7.79E-02 
9.96E-02 
1.64E-07 

13.61 E-04 

75-34-3 1 ,I-Dichloroethnno 5.06E+03 5,62E-03 2.3OE-01 ... - 

154 

3.92 
=0.24 
6.50 
4 , s  

5 . i O  
2.13 
C.20 
6.20 
1.86 
6.1 1 
I .21 
7.30 
2.70 ' 

2.35 
0.85 
4,84 
3.59 
2.00 
2.73 
6.32 
1 .as 
2.86 
2 . l t  
1,92 
2.15 
5.iO 
6.10 
6.7C 
6.53 
6,69 
4.61 
3.43 
3.42 
3.51 
1 .t9 



Table 36 (continued) 
9 

5 HLC " 0 
(mgIL)  (ntm-m3/rnol) (dlmensionloss) log Kow Tj 

*I 
CAS No. Compound 
107-064 
7545-4 

156-59-2 
156-60-5 
120-83-2 
78-87-5 

542 - 75-6 
60-57-1 
84-66-2 

105-67-9 
51-28-5 

121 -1 4-2 
606.20-2 
1 l f -84.0 
11 5-29,? 
72-20-8 

100-41-4 
2064-0 

86.73-7 
76.44-8 

1024.57-3 
11 8-74.1 
87.68-3 

31 9-84-6 
31 9-85-7 
58-89-9 
77-474 
Gf-72-1 

193-394 
78-59-1 

7439-97-6 
72-43-5 
7443.9 
75-09-2 
95-48-7 
91 -20-3 
98-95-3 
86-30-6 

1,2-DichIoroethanc 
1,l -Dichloroothylono 
cisel ,2-Dichloroo:hylene 
fmns-l,2-Dichloroethylonc 
2,P~Dichlorophonol 
1,2-Diehloropropane 
1,3-Dichlaropropene 
Dieldrin 
Diet hy I p ht ha lot c 
2,4-Dimothylphenol 
2,4-Dinitrophenol 
2,4 -0 in it r o t o I u e n e 
2,6-Dinitrotoluone 
Di=n-octyl phthalnle 
Endos u Van 
Endrin 
Ethylbentcne 
FIuorant henc 
Fluorone 
Heptachlor 
Haptnchlor epoxide 
Haxzlchlorobenzone 
Hoxachloro-I ,8butadionc 
a-HCH (a43HC) 

yHCH (Lindane) 
Hoxachlorocyclopentadionc 
Haxochloroathnno 
Indeno(l12,3=cd)pyrone 
lsophorone 
Mercury 
Methoxychlor 
Mothy1 bromide 
Mathylcno chloride 
2-Methylphanol 
Naphthalone 
Nit robonrono 
N.Nitrosodiphanylomine 

FHCH (P-BHC) 

8.52 E+03 
2,25E+03 
3.5 0 E+03 
G .30 E+03 
4,50E+03 
2.80Ec03 
2,80€+03 

f .08E*03 
7.87E+03 
2,79E.c03 
2.70E+02 
1.82€+02 
2,0OE-02 
5 .  IO E.01 
2SOE=01 
1,69E*02 
2,06 Em01 
1,98E+00 
1.80€=01 
2 .OOE-OI 
6,20E+00 
3,23€+00 
2.00€+00 
2,4OE-01 
6AO E+OO 
1,80E+00 
5.00E+Ol 
2.20E.05 
1,20E+04 

1.95E-01 

c 

4.50E.02 
1,52E*04 
1,30E+04 
2,60 E+04 
3.1 O E 4 l  
2,09 E+03 
3.51 E+O1 

9.79E.04 
2,61 E n 0 2  
4.08€=03 
9,38 E.03 
3 I 1 6E-06 
2,8OE-03 
1,77E-02 
1.51 E45 
4.50E-07 
2.00 E-06 
4.43 E-07 
9.26E-08 
7 I47 € 4 7  
6,G8E-05 
1,12€-05 
7.52 €906 
7,88E-03 
1.61 E m 0 5  
6,36E=05 
1.48E+00 
9 S O  E46 
1.32E-03 
8,15E-03 
1.06E=05 
?.43 €47 
1.4OE-05 
2 , i o  E-02 
3.89 E-03 
1.6OE-06 
6-64E-06 
1,14€--02 b 
1,58E-05 
6,24€-03 
2,:9E-03 
1.20E-06 
4.83E-04 
2.4OE-05 
5.OOE-06 

4.01 E.02 
1 ,O fE+OO 
1.67E-01 
3.85E-01 
1.30E-04 
1 , I  5E-01 
7.2 6 E-0 1 
6,19E-04 
1.85E=05 
8,20 E m 0 5  
1.82E-05 
3, BO€-06 
3.06E-05 
2.f4E-03 
4.59 E904 
3.OBE-04 
3.23E-01 
6,60E-04 
2.61 E-03 
6,0fE*01 
3,90E-04 
5,41 E902 
3,34E-01 
4,35E=04 
3.05E-05 
5.74E-04 
1 , l l  E+OO 
1 SsE-01 
G ,5 t E-05 
2.72E-04 
4,6?€-0 1 
6,48E-04 
2,56€=01 

4.92E-05 
1.98E-02 
9,64E-04 
2.05E-04 

a.ga~-02 

1-47 
2.1 3 
1,86 bJ. 

1 

2.0 i  
3-08 
1,97 
2.00 
5 , 3 t  
2.50 
2 3 6  
1.55 
2.01 
1.8f  
8,06 
4.10 
5.06 
3,14 
5.12 
4.21 
6.26 
5.00 
5,89 
4.81 
3,80 
3,81 
3.73 
5,39 
4.00 
6.65 
1.70 

5.08 
1,19 
1.25 
1,99 
3.36 
1 .84 
3,16 

I 

621 -64-7 N.Nitrosodi.n-propvlamine 9,89E+03 2.25E-06 9.23E-05 1.40 
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Table 36 (continued) 

S HLC H' 
CAS No. Compound (mqlL) (atm-m3lrnoI) (dtmonsionloss) 109 KO, 

87-86-5 Pentachlorophenol 1.95€+03 2.44E-08 1.00E-06 5.09 
108.95.2 Phonol 
129-00-0 Pyreno 
100-42-5 Styrene 

127-1 8-4 Tetrachloroclhylene 
108-88.3 Toluono 

8001 45 -2  Toxaphene 
120-82-1 1,2,4-Trichlorobontene 
71-55-6 1,l '1-Trichloroethnno 
'19-00-5 1,1,2-Trichloroethane 
79-01 -6 Trichloroct hylono 
95-95-4 2,4,5-Trichlorophenol 
88-064 2,4,6-TrichlorophenoI 

108-054 Vinyl acotnta 
75-01-4 Vinyl chloride 

108-38.3 mxylena 
95-47-6 *Xylene 

7 9 - 3 4  1,1,2,2=Tctrochloroethone 

8.28E+04 
1.35E-01 
3.1 OE+02 
2,97€*03 
2.00E*02 
5,26 E+02 
7,40 €90 1 
3,00E+02 
1.33E43 
4.42E+03 
1, l  Ob03  
1.20€+03 
8.00E+02 
2,00E44 
2,76E+03 
1.61 E+02 
1 ,?8E+02 

3.97E-07 
1 .IOE-05 
2,75E-03 
3.45 E-04 
1.84 E-02 
6.64E-03 
6.00 E-06 
1.42E.03 
1 .?ZE-02 
9,13&04 
1.03E-02 
4.33E.06 
7.79E-06 
5.11 E-04 
2.7OE-02 
7.34 E-03 
5,7 9 E-03 

1.63E-OS 
4.5iE-04 
1.1 3E-01 
1 .dl E-02 
7.54E-01 
2.72E-01 
2.46E.04 
5.82E-02 
7.05E-01 
3.74E-02 
4.22E-01 
1.78E-04 
3,19€-04 
2, l  OE-02 
1.1 1 Ea00 
3.01 E-01 
2.1 3E-01 

1 .a 
5 1 1  1 

2.94 
2,39 
2-67 
2.f5 
5SO 
4.01 
2.48 
2.05 
2.71 
3,90 
3.10 
0.73 
1 .SO 
3.20 
3.13 

106-42-3 pXvlene 1.85E+02 7.66 E-03 3.1 4E-01 3.17 
CAS m Chamlcol Abstracts Servlce. 
S I Solublllty in Wator (20-25 'C). 
HLC E Hory's law conmnnt, 
H' 
K, m OctonoVwatar ponltlon coetflclrnt. 

m Dimensionless Henry's law constant (HLC [at~n-mJ/mol]~ 41) (25 'C). 

HLC wns calculated using the equatlon: HLC II vapor pressure molecular wt, I solublllty. Vapor pressure Is 6.EC3E-10 
otm and molecular walght Is 16721 g/rnol for carbazole. 

b Valuo from WATER8 model dnlPbass. 

c 
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Table 37, Air Diffusivity (DI,~) and Water Diffusivity ( D I , ~ )  Values 
for SSL Chemicals3 (25"C)a 

CAS No. Compound Di,& (cmzls) D,,w (cm2/s) 
83-32-9 Aconaphthenc 4.21 E002 769 E906 
67964-1 
309402 
120.1 2.7 
56-55-3 
71-43-2 

2 05.9 9 -2 
207908-9 

65-85-0 
50-324 

1 1 1-44-4 

75.27-4 
75-25-2 
71 -36-3 
8546.7 
86-74-8 
75-1 5.0 
5G-23-5 
57.7499 

106-47-8 
108-90-7 
124-48-1 
67-66-3 
9547.8 

21 6-01 =9 
72-54-8 
72.55-9 
50-29-3 
53-70-3 
84-74-2 
9 5-5 0-1 

106-46-7 
91 -94.1 
75-34-3 

107-06=2 
75-35.4 

156-59-2 
156.604 

1 17-81 4 

Acetone 
Aldrin 
Ant h rilco n e 
Benz(a)onthroccno 
Benzene 
Benro(b)fluoronthona 
Benzo( Qtluorant hene 
Benzoic acid 
Benzo(a)pyrene 
Bis(2=chloroethyl)ether 
Bis(2=ethylhexyl)phfholcltc 
Bromodichloromef hano 
Bromoform 
Butanol 
Butyl benzyl phthalate 
Carbazole 
Carbon disultido 
Carbon tetraeh!oride 
Chlordane 
p C  hloronniline 
Chlorobenzcno 
Chlorodibromornothone 
C h la rolo rm 
2-Chlorophenol 
Chrysone 
DDD 
DDE 
DOT 
Dibent(a, h)a nt hracona 
Di-pbutyl phthalate 
t ,2-Dichlorobcntcnc 
1,4-Dichlorobenzene 
3,3-Dichlorobentidine 
lI1-Dichloroethnno 
1,2=Dichloroathanc 
1 ,l-Oichloroethylono 
eis=1,2-Dichloroethylcne 
trans-1 ,PDichlorosthylenc 

1.24E-01 
1.32E-02 
3.24 Em02 
5,10E=02 
8.80 E.02 
2.26E-02 
2.26E-02 
5 I 36 E 4 2  
4.30E-02 
6.92E-02 
3,51€-02 
2,98E*02 
1 A9E-02 
8 I 00 E902 
1.74 E-02 b 
3,90E-02 b 
1.04 E.0 1 
7,80E*02 
1 .I 8E-02 
4.83E-02 
7.30E-02 
1,96E-02 
1.04E.01 
5,Ot Em02 
2,48E*02 
1,69€-02 b 
I A4E-02 
1.37E-02 

2.02E-02 b 
4.38 E902 
6 I 90 E-02 
6 $90 E42 
1.94E-02 
7.42E.02 
1,04€=01 
9,00€=02 
?,36E.02 
7,07E=02 

1,14€=05 
4.80E-06 
7.74E-06 
9,OOE-os 
9.80E=06 
5.56E-06 
5,56E=OG 
7.97E9M 
9,OOE-QG 
7,53E-06 
3 66E=06 
1.06E.05 
1,03€-05 
9.3 0 E906 

4,83E-06 b 
?,03E906 b 
1.00E-05 
8 8OE-O6 
4,37€906 
1 , O l  E-05 
8.70E.06 
1 .OSE-OS 
1.00E-05 
9.46E.06 
6,21 E-06 

4.7SE-06 b 
5 87E-06 
4.95 E-OS 
5,18E-06 b 

7.86E-06 
7.9 0 E.06 
7,90€-06 
6,?4€-06 
1.05E-OS 
9,9OE=06 
1,04E-05 
1.1 3E-05 
7,19€-05 

120.83.2 z,4-Dichlorophanol 3.46E-02 8.77E-06 
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Table 37 (continued) 

78437-5 1,2=0ichloropropnns 7.82E.02 
542.7506 
6047-1 
84.664 

105-67.9 
51 -20.5 

121.144 
606.204 
1 17-84-0 
1 15.29-7 
72-20-8 

10041 -4 
20644-0 

86-73? 
7644.8 

1024-57-3 
1 18-?4-1 
8748.3 

31 9-84-6 
31 9-85.? 

58-89-9 
77-47-4 
67-72-1 

193.39.5 
7a9s9=i 

7439-97-6 
7243.5, 
74.83.9 
75-09-2 
95-48.? 
91 -20-3 
90.953 
86.30-6 

621 -64-7 

108.95-2 
129-00-0 
100-495 
79-34-5 

87-86-5 

1,3=Dichloropropene 
Dieldrin 
Dlot hy lphlhalola 
Z,A=Dirna!hylp honol 
PI4-Dinitmp henol 
2,4-Dinitrotoluene 
P,fj=Dinitrotolucno 
D i - m t y l  phthalate 
Endosulfan 
Endrin 
Ethylbenrona 
Fluoronlheno 
Fluorsno 
Heptachlor 
Heptachlor epoxido 
Hoxachlorobentene 
Hexochloro-l,9butndiens 
a-HCW (wBHC) 
PHCH (p8HC) 
yHCH (Lindonc) 
Hoxachlorocyclopenladieno 
Haxr\chloroot hane 
Indeno(1,2,3-~d)pyrone 
lsophorone 
Mercury 
Mathoxy chlor 
Methyl bromido 
Methylene chlorido 
2=Mer hylphonol 
Nopht halono 
Nitrobenzono 
N.Nitrosodiphenylomino 
N.Nitrosodi=~propylamine 
Pentachlorophenol 
Phenol 
Pyrone 
Styreno 
1 ,i ,2,2-Tetrochloroolhane 

6.26E-02 
1,25€-02 ' 

2.56E-02 b 
5,84E42 
2.73E42 
2 -03 E 4  1 
3.2fE.02 
1.51 E.02 
1,15E=O2 
1.25E92 
7.50 E-02 
3.02 Em02 
3,63342 b 
1.12E-02 
1.32 E92 
5.42E-02 
5'61 E 9 2  
1.42E-02 

1,42E92 
1.61 E42 
2.50E43 
1.90E-02 
6.23E92 

3,07€92 b 
'1.56 E42 
7,28€42 
1.01 €41 
7.40 E m 0 2  
5.90E-02 
f.60E-02 
3.12E-02 b 
5.45E-02 b 
5.60 €002 
8.20 E42 
2.72E92 b 
7.10E-02 
7.10Ed2 

I . a E 9 2  

1 .OOE=OS 
4.74E-06 
6.35506 b 
8.69E.06 
9,06€=06 
7.06€=06 
'3.26E-06 
3.58E-06 
4.55E-06 
4.74E-06 
7.8OE-C?6 
635E.06 

?.WE-06 b 
5.69E-06 
4.23E-06 b 
5.91 €46  
6,16E-06 
7.34E-06 
7.34€=06 
7.34E-06 
7.21 E-06 

5,SSE-06 
6,76E-06 
6.3OE-06 b 
4.46E.06 
1 2 1  E.05 
7 .I 7E-05 
8.30 E-06 
7.50E-06 

6,35E96 b 
8.1 7E-06 b 
6.1 OE-06 
g,IOE-O6 
7.24E-06 b 
8 ,OO E-06 
7.90E-06 

6 . a o ~ a  

a . 6 0 ~ ~ 6 6  

127-1 8-4 Tetmchlorocthvlono 7.20 E-02 8.20E46 
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Table 37 (continued) 
~~ 

CAS No, Compound Di,R (cm2/s) Di,w (cm'ls) 
108.88.3 Toluene 8,70E=02 8,60 E906 
8001 -35.2 Toxopheno 1,l GE-02 4,34E=06 

120=82=1 1,2,4~Trichlorobon~ene 3.00E-02 8-2 3 E.06 
71-55.6 1 ,I ,l-Trichlorocthanc 7.80E-02 8,80 E006 
79.00-5 1,1,2=Trichloroethono ?,80E-O2 8,8 0 E m 0 6  
79-01 -6 Trichlorocthylono 7.90E.02 9,l  OE-06 
95-95-4 2,4,~-TrichlorophonoI 2.91 E m 6 2  7.03E.06 
88-06-2 2,4,6~TrichlorophcnoI 3,18E-02 6 2  5 E-06 

108-05-4 Vinyl ucetate 8.50E-02 9.20E-06 
75.01 -4 Vinyl chloride 1.06E-01 1.23E-06 
108=38-3 mXylanc 7,OO €902 7.80€=06 

95.47.6 &Xylene 8,70E=02 1.00E-05 
10642.3 pXvlene 7,69 E-02 8.44E-06 

CAS n Chornicill Abstracts S~I 'VICO. 
8 Value from CHEMDATB model dntnbaso unloss indicatcd otherwise. 
D Estimated using correlations in WATER8 modal, 

5.3 Soil Organic CatbonlWater Partition Coefficients (K,,) 

Application of SSLs for the inhalation and migration to ground water p a t h ~ a y s  rcquircs KoE valucs 
for cach organic chemical of conccm. kc ialucs arc also nccdcd for sitc-spccific c x p o s ~ c  modcling 
cffom, An initial revicw of thc litcraturc uncovcrcd significant variability in this pmmctcr ,  with 
rcponcd mcxurcd valucs for 3 compound sornctimcs v q i n g  over scvcnl ordcrs o f  m;rgnirudc. This 
variability can bc attributed to scvcml factors, including actual variability duc to diffcrcnccs in soil or 
scdimcnt propcrtics. diffcrcnccs in cxpcrimcntnl and andytical  approachcs uscd to mc;LFurc -the 
valucs, and cxpcrimrnttll or rncawrcmcnt crror, To rcsolvc this difficulty,, an cstcnsivc l i tcnturt  
rcvicw WL< conductcd to uncovcr all available rncllsurcd valucs and to idcntifi approachcs and 
information that might bc uscful in dcvcloping valid values, 

T h e  soil-watct partitioning bchwior of nonioniting and ionizing organic compounds differs bcausc 
thc parritioning of ionizing organics CNI bc significmtly influcnccd by soil pM, For this rc;Lson, 
diffcrcn? approaches wcrc rcqujrcd to cstimatc KO, v;llucs for nonionidng and ionizing orgmic 
compounds. 

5.3.1 Koc for Nonionizing Organic Compounds, As noted carlicr, thcre is 
significant variability in rcportcd KOc values and an cstcnsivc Iitcmturc scarch was conducted to 
collca all wailablc mcasurcd KO, values for thc nunionizing hydrophobic organic compounds of 
Inlcrcst. 

In  the litcramrc scxch, niisquotatjon crror was minimizcd by obtaining thc original rcfcrcnccs 
whcncvcr possible. Valucs from compilations and sccondql  rcfcrcnccs wcre uscd only whcn thc 
original rcfcrcnccs could not bc obtaincd, Redundancy of valucs wu woidcd, although in n r c  
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instvrccs it was not possiblc to dctcrminc if compilations included such valucs. cspccidly when d m  
wcrc rcponcd as "sclectcd" ~nlues .  

In certain rcfcrcnces, soil-water panition cocfficicnts (e,&., Kid or Kr) wcrc rcponcd along with thc 
organic carbon content of thc soil. In thcsc cucs, Koc \\'as computed by dividing & by ~e fncdond 
soil organic carbon contcnt (foe, 616). If thc panition cocficicnt was normalixd to  soil organic 
matter ( i s , ,  K,,,,,), it was convcncd to I;, iu follows (Dngun, 1988): 

whcrc 

1,724 = convcrsion factor from organic maRcr to orgsnic cubon (fom 1.724 foe ) 
K,,, 
f,, = faction organic matter (s/g). 

partition cacfficicnt nonndkcd to organic mmcr (Mg) 

Oncc collcctcd, GC \dues were rcviewcd, It was not possiblr to systcmaticdly cvalusltc cach SOUTCC 
for accuracy or consistcncy or to ~ a l y z c  sourccs of mriability bctwcm rcfcrcnccs bccausc of wide 
\anations in soil and scdimcnt propcrtics, cxpcrimcnal md 3nal>%cal mcthods. md the mmncr in 
which thcsc wcrc rcponcd in cach rcfcrcncc. This, and thc limited numbcr of Koc vducs for many 
compounds, prcventcd my meaningful .statistical analysis to climini~tc outliers, 

CoIlcctcd valucs wcrc qualitatively rcviewcd, howcvcr, and some ViduCS wcrc cscluded. Values 
measured for low-carbon-contcnt sorbents (ix,, for 5 0.001) arc gcncnlly beyond thc range of the 
lincar relationship bcnvccn soil orgmic carbon and & and wcrc rcjcctcd in most C;LCCS. Sornc 
rcfcrcnccs produccd consistcntly high or low values md, as 3 result, wcrc climinatcd. Valucs ~ c r c  also 
climinatcd if thcy fcll outsidc the mgc of otlier mcuurcd vducs, Thc find \*dues uscd xc prcscntcd 
in Appcndis K along with thcir rcfcrcncc sourccs, 

Summary statistics for thc mcuured KO, vducs arc prcscntcd in Tablc Thc gcorncmc mcm of 
the GP for cach nonionizing organic compound i s  uscd as tbc thc c m u d  tcndcncy ti, valuc bcausc 
it is a marc suitable cstirnatc of the ccn'tnl tendcncy of a distribution of cn\+ronmcntd nlucs with 
widc v32iability. 

Tic data contained in Table 5 8  arc summrvizcd in Tablc 59 for cach of the nonionizing ogy l i c  
compounds for \vhich mcsurcd GC vducs w*crc available. As shown, mcmrcd  valucs 311: available for 
only a subset of the SSL compounds. As a conscqucncc, an altcmativc methodology was applied to 
dctcrminc & vducs for tlic cntirc sct of nonionizing hydrophobic organic compounds of interest. 

It has  long bccn noted that a strong Iincar relationship cSists bctwccn I& and KOw (ocanol/\\b;ltcr 
partition cocficicnt) (L~mm et 31,. 1982) and that this rclntioirship can bc uscd to prcdict GC in the 
abscncc of rncxucd data, Onc such rclationship was rcponcd by Di Tor0 (1985). This relationship 
wzs sclrcted for use in calculating Koc vducs for most scmivolatilc nonionizi- organic compounds 
(Group 1 in Trrblc 39) bccausc it considcrs pmiclc intrnction and was s h o w  to be in conformity 
\ k i t h  observations for a 1-c sct ofdsorption-dcsorption data (Di Tom, 1985). Di Tom's equation is 
a follows: 

108 &c - 0,0002~ + (0,~s: x 108 kw) ( f  0) 
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For volatilc organic compounds (VOCs), Equation 70 consistcntl~ ovcrprcdiacd kc valucs wlicn 
conipxcd IO mcasurcd d:\a, For this tcxon,  2 scparatc rcgrcssion cquation was dcvclopcd using log 
KOw and mcsurcd log values for VOCs, chlorinscd bcnrcncs, and ccmin chlorinated pcsticidcs: 

log LE - 0.0784 3. (0.7919 x log &,,y) (71 1 

Equation 71 was d c ~ ~ l o p c d  from n lincar rcgrcssion calculntcd at drc 95 pcrccnt confidcncc 1c1,cl. 
Thc conclation cocfficicnt (r) was 0.99 wit! an r= of 0,97. Tic compounds and data uscd to devclop 
this cquntion arc providcd in Appcndix li. Equation 71 was uscd to cnlculatc GC vducs for VOCs, 
chlorobcnzcncs, and ccnclin chlorintrtcd pcsticidcs (;,e,, Group 2 in Tnblc 39). Log Koc valucs 
cdcuhtcd using Equations 70 m d  71 wcrc roundcd to  nvo dccimd placcs, and thc rcsulting K, valucs 
wcrc roundcd to nvo dccimd places i n  scicntific notation (ix, tlicy appcar in Tablc 39) prior to 
calculating SSLs. 

Table 38. Summary Statistics for Measured Koe Values: Nonionizing 
0 rg a n i csn 

Goomotrlc Sample 
Compound Mean Avoroqc Minlmum Maximum Slre 

4,898 5,028 3,890 6,166 Acenaphthene 
Aldrin 
Anthracene 
Bonr(a)nnthracono 
Benzonc 
Bcnzo(a)pyreno 
Bis(2-chloroet hyl)ethor 
Bi5(2-othylhexyl)3htholate 
Bromoform 
Butyl bcnzyl phthalate 
Carbon tot rochloride 
Chlordano 
Chlorobenzone 
C h lo rob rm 
DDD 
ODE 
DDT 
Dibonz(o,h)ant hracono 
1,2-Dichlorobonzona (u) 
1 ,4=Dichlorobemene (p) 
1 ,l=Dichloroothano 
1,2=Dichloroethane 

48,685 
23,493 
357 , 53f 

62 
968,774 

76 
111,123 

126 
13,746 

152 
51,310 

224 
53 

45,800 
86,405 

677,934 
1,7893 01 

379 
61 6 

53 
38 
65 

48,686 
24,362 

459,882 
66 

Ill 66,733 
76 

114,337 
126 

14,055 
158 

51,798 
260 

57 
4 5,800 
86,405 

792,158 
2,029,435 

390 
687 

54 
44 
65 

48,394 
14,500 

160,000 
31 

478,947 
76 

87,420 
12C 

11,128 
123 

44,711 

83 
28 

45,800 
86,405 

285,467 
565,014 

267 
2 73 
46 
22 
65 

48,978 
33,084 

840,000 
100 

2,130,000 
f 6  

141,254 
126 

16,981 
224 

50,804 
5 00 
81 

45,800 

1,741 ,51 6 
3,059,425 

529 
1,375 

62 
76 
65 

86,405 

~~ 1,1-Oichloroo!hvleno _. 

141 

2 
2 
9 
4 
13 
3 
1 
2 
1 
2 
3 
2 
9 
5 
1 
1 
6 
1 4  
9 
16 
2 
3 
1 



Table 38 (continued) 

x,, W 9 )  

Geo metrlc Sarnpla 
Compound Moan Avorafro hlinlmum Maximum Slzo 
rrons-l,Z=Dichloroot hylene 
1,2-Dichloropropono 
1,3=Diehlorapropono 
Dieldrin 
Oiethylpht halat o 
Di-n-butylphthalate 
Endosulfan 
Endrin 
Et hy I b cnz o no 
Fluorontheno 
Fluorone 
Hcptnchlor 
Hoxochlorobonzene 
a-HCH (a-BHC) 
PHCH (PBHC) 
yHCH (Lindano) 
Methoxychlor 
Mothyl bromide 
Mothyl chlorido 
Methylene chlorido 
Naphthalone 
Nit robonzone 
Pentochlorobonzeno 
Pyrene 
Styrene 
1 ,I ,2,2-Totrachlorocthane 
Tet rat hloroet hylens 
Tolueno 
Toxn p h e n e 
1,2,4=Trichlorabenzone 
1 ,I ,I -Trichloroothono 
1 ,'I ,P-Trichloroethnne 
Trichloroethylene 
eXylone 
mXylone 
DXvleno 

38 
47 
27 

25,566 
82 

1,5C7 
2,040 

10,811 
204 

49,096 
7,707 
9,528 
80.000 
1,762 
2,139 
1,352 

80,000 
9 
6 

10 
1,191 
119 

32,148 
67,992 

91 2 
79 
265 
140 

95,816 
1,659 

135 
75 
94 

24 1 
196 
31 1 

38 
47 
27 

25,604 
84 

1,580 
2,040 
11,422 

207 
49,433 
8,906 
10,0?0 
80,000 
1,835 
2 2 4  1 
1,4?7 

80,000 
9 
t 
10 

1,231 
141 

36,114 
70,808 

91 2 
f 9  

272 
145 

95,816 

139 
77 
97 

241 
204 

1,783 

38 
47 
2u 

23,308 
69 

1,384 
2,040 
/,t24 

7 65 
41,687 
3,989 
6,810 

80,000 
1,022 
1.1 56 
73 1 

80,000 
9 
6 
10 
830 
31 

17,381 
43,807 

912 
79 
177 
94 

95,816 
864 
1 OG 
60 
5 ?  

222 
7 58 

- -  

38 
4 i  
32 

27,399 
98 

1,775 
2,040 

15,885 
255 

54,954 
76.21 8 
13,330 
80,000 
2,891 
3 , 563 
3,249 
80,000 

9 
6 
10 

1,950 
270 

55,176 
133,590 

912 
79 
373 
247 

95,8t6 
3,125 
179 
108 
150 
258 
289 

1 
1 
3 
3 
2 
2 
1 
4 
5 
3. 
.6 
2 
1 

12 
14 
65 
1 
1 
1 
1 
20 
10 
5 

2 i  
1 
1 

15 
12 
1 
17 
5 
4 

21 
4 
3 

3 d f  . .  . -  - 31 3 260 - .  3 
See Appendlx K for sources ol moasurod vsluos. 
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i Table 39, Comparison of Measured and Calculated Koc Values 9 4 
9 

CAS No. Compound Group a Kow (Llkg) (Llkg) (Llk9)  

Calculntod Moas u red 
'? 
b 

Chemical Log Log KO, K a C  K a C  

83-339 
6'7-64.1 
309=00=2 
120-1 2-7 
56-55*3 
71.43-2 

205.9 9-2 
207.08.9 

50-32-8 
1 7 1 -44-4 
117-81.7 
75-27-4 
75-25.2 
71 -36.3 
8568-7 
86-74=8 
75-1 50 
56.23.5 
57-?4-9 

106-47-8 
108.90-7 
124=48-1 
67-66-3 

218.01.9 
72-50.8 
72-554 
50-29-3 
53-70-3 
84-74-2 
9560.1 

106-46-7 
91 -94-1 
75.34-3 

107*06=2 
75*354 

156-59.2 
156=60=5 
78-87-5 

542-75-6 

Accnaphtheno 
Acetone 
Aldrin 
Ant hracono 
8ont(a)a nlhraecne 
Bontane 
Bento(b)iluoranthano 
Benzo(k)fluormlhono 
Benzo(o)pyrone 
Bis(2-chloroet hyl)ether 
Bis(2.ct hylhoxy1)pht halato 
Brornodichloromothane 
Bromoform 
Butanol 
Butyl benzyl phtholoto 
Curbcuole 
Carbon disulfide 
Carbon tatrochlarido 
Chlordane 
p C  hlo roan; line 
Chlorobontcno 
Chlorodibrornomethano 
Chloroform 
Chrysono 
500 
DDE 
DDT 
Dibent(o, h)ant hraceno 
Di-fibutyl phthalate 
1,2=Dichlorobentene 
1,4-Dichlorobentano 
3,3=Dichlorobcnzidino 
1 ,l-Dichloroethane 
1,2-Dichlaroethona 
1 ,l-Dichloroethyleno 
cis-1 ,Z=Dichloroethylono 
trans-1 ,P-Dichloroothylone 
i ,2=Dichloroprapano 

1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
2 
2 
2 
1 
2 
2 
2 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 

3.92 
-0,24 
6.50 
4.55 
5,70 
2.13 
620 
6.20 
6,11 
1121 
t,30 
2.10 
2 3 5  
0,85 
4.84 
3.59 
2.00 
2.73 
6.32 
1 .a5 
2,86 
2.17 
1.92 
5,70 
6'1 0 
6.76 
6213 
6.69 
4.61 
3,43 
3.42 
3.51 
1,79 
1,47 
2.13 
1.86 
2.07 
1,97 
2.00 

3.85 
=0.24 
6,39 
4.47 
5,60 
1.77 
6.09 
6,09 
6,Ol 
7,19 
7.1 8 
1.74 
1,94 
0,84 
4.76 
3.53 
1.66 
2,24 
5,08 
1.82 
2.34 
1.80 
1 .GO 
5,60 
6.00 
6.65 
6,42 
6,58 
4.53 
2.79 
2.79 
2,86 
1,50 
1.24 
1 ,TI 
1.55 
1.72 
1.64 
1.66 

7.08E+03 
5.75E=01 
2,4 5 E+06 
2.9 5 E+O4 
3.98E+05 
5,89E+01 
1.23E+06 
1.23E+06 
1.02 E*06 
1.55€+01 
1.5 1 E+07 
5.50E+01 
8,7l E+O1 
6,9 2 E+OO 
5.75 &04 
3.39€+03 
4.57E*01 
1.74E*02 
1,20€+05 
6.61 E+01 
2.1 9 E+02 
6.37 E+01 
3.98E+01 
3.98E+05 
1,00E+06 
4.47 E+06 
2.63 € 4 6  
3,80E+06 
3.39 E+04 
61  ?E+C2 
6.17E+02 
7,24€+02 
3,16E+01 
1.74E.tOl 
5.89E.cOl 
3.55 E+01 
5.25 E+01 
4.37E+01 
4.57E*0 1 

4.90E+03 7 

4.87€+04 
2,3 5 E+04 
3.58E*05 
6,17E*Ol 

9,69E+05 
7,59 E+Ol 
1 , l l  E105 

1,26E+02 

1.37E+O4 
CL 

L 

2.24E+02 

5.25€+01 
L 

4.5 8 E+04 
8.64€+04 
6,?8 €+OS 
1.79€*06 
1.57E+03 
3,79E+02 
6.1 6E+02 

5.34 E+01 
3,BO E+O1 
6.50€+01 

II 

3.80E.cOl 
4,70E+01 

1,3-Dichloropropeno 2 ~ - .  2.71 E*01 
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Table 39 (continued) 

60-57-1 Dioldrin 
84.66.2 Dicthylphtholote 
16567.9 2,4~Dimetthylphanol 
121-14-2 2,4-Dinitrotolusne 
606.20-2 2,6-Dinitroroliuonc 
117-8490 Di-nscfyl phthalate 
115-29-7 End05Ulfan 

100416 Ethylbontene 
206.44.0 Fluoranthono 
86-73-7 Fluorone 
76.44-8 Heptochlor 

72.204 Endrin 

1024-5703 Hoptachlor epoxide 
1 18-74-1 Hoxachlorobcnzono 
87-68-3 Haxachloro-1 ,Z-butodicno 

37 9-84-6 wHCH (wBHC) 
31 9.85-7 PHCH (PBHC) 

58-89-9 yHCH (llndano) 
774fd Hoxachlorocyclopentodiono 
6t-72-1 Hexnchkroct hana 

78-59-1 lsophorone 
72-43.5 Mothoxychlor 
7443.9 Methyl bromide 
75-09-2 Methylone chloedo 
9548-? P=Methylphenol 
91.204 Nnphthaleno 
98995-3 Nitrobonzone 
86-304 N-Nitrosodiphonylamine 

621 -64.7 N-Nit msodl~r).propylamine 

108-95=2 Phenol 
7 29-00-0 Pyreno 
700-424 Styrene 

127.1 8 4  Tetmchloroothylene 
108-88.3 Toluene 
8001 -35-2 Toxophona 

193039.5 Indeno(l,2,3-~d)pyreno 

t 336-3603 PCBS 

79-34-5 1 ,t ,2,2-Tetrochloroeth~ne 

2 
1 
1 
1 
1 
1 

2 
2 
2 
1 
t 
1 
1 
2 
1 
2 
2 
2 
1 
2 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
1 

Calculotod Mensurod 
Chornicol LO9 Log Koc b e  &e 

CAS No, Compound Gmup a &w (L/kg) ( l /kg)  (Ukg) 
2.1 4E+04 2.55€~04 5.37 

CI 

2.50 
2.36 
2.01 
1,87 
8.06 
4.70 
5.06 
3.14 
5,12 
4.21 
6.26 
5.00 
589 
4.81 
3.80 
3.81 
3,13 
5,39 
4,OO 
6.65 
1.70 
5,08 
l , f 9  
1.25 
1.99 
3.36 
1 .84 
3.16 
1.00 
5.58 
1 .a 
5.1 7 
2.94 
239  
2.67 
2.75 
5.50 
d.01 

4.33 
2,46 
2.32 
1.98 
7.84 
7,92 
3,33 
4.09 
2.56 
5.03 
4.1 4 
6.15 
4.92 
4,74 
4 .?a 
3,09 
3.10 
3,03 
530 
325 
6.54 
1.67 
4.99 
1.02 
1.07 
1.96 
3.30 
1 .81 
3.1 1 
1.38 
5.49 
1.46 
5'02 
2.89 
1 , 9 i  
2.1 9 
2.26 
5.41 

2.88E+02 
2.09E+02 
9,55E*0 1 
6.92 E*Ol 
8,32E+07 
2,14E+03 
1.23E104 
3,63E+02 
1.07E+05 
1.38€+04 
1.4 t E+06 
8.32E+O4 
5.50 E+04 
S.37E-04 
1.29E43 
1.26E*03 
1,07€*03 
2,0OE*O5 
1.78E.cO3 
3.47E.cO6 

9.77€+04 
t ,OSE*Ol 
1.1 7 E ~ o l  
9.12E*01 
2.00 E*03 
6.46€+01 
1.29&03 
2.40 E*Ol 
3,09 E+05 
2.8 8 E*O 1 
1.05E+05 
7.76E+02 
9.33E+01 
1 .55E*O2 
7.82E.cO2 
2.57 E+05 

4.68 E+O 1 

8,22 E401 
I - 
I 

L. 

2.04&03 
'I .OaE+Od 
2.04 E+02 
4.91 €404 
7.71 E+03 
9.53 E+03 

8.00E.cO4 

1.76E~03 
2.11 E.1.03 
1.35€+03 

II 

- 

- 
9 

LL - 
8,OOE*OP 
9, OOEaOO 
1.00€+01 

1.1 9E-03 
1.1 9E+02 

I 

- - 
9 

I 

6.8OE.cO4 
9.1 2€+02 
7.90E-bOt 
2.65E-02 
1.4OE-02 
9,58 L O 4  

120-82-1 1,2.4~l'richlorobenzeno L ..-. 3.25 1.78Eh03 1.66€*03 

144 



table  39 (continued) 

Cnlculated Measured 
Chamicnl Log Log KO, KO, KO,  

CAS No, Compound Group a KOW (L/kg) (L/kg) (L/kg) 
71.55-6 1 , I  ,l-Trichlorocthcrne 2 2.48 2.04 1 ,l OE+02 1,35E+02 
79.00-5 1 ,I ,2-Trichlorooth~no 2 2.05 1.70 L O 1  E+Ol 7.50E.rO’l 
79-01-6 Trichloroathylene 2 2.71 2.22 1.66E.1.02 9,43E+01 

75-01 =4 Vinyl chloride 
108-38-3 mXyleno 2 3.20 2.61 4.07€+02 1,96E+02 
95047.6 c-Xylene 2 3.13 2.56 3.63E+02 2,41 E+02 

106-4293 pXvlcno 2 3.17 2,59 3,89€+02 3.1 7 E+02 

108=05-4 Vinyl ucetnto 1 0,75 0.72 5.25E+00 L 

2 1.50 1,27 1.86E+01 - 

Group 1: log KOc m 0,083 log KO, .c 0,00028, 
Group 2: (Vocs, chlorobcnzenos, and cannin chlorina:ed peatlcldos) log KOc I 0.7919 log KO, + 0.0784. 
Note: Calculotsd valuos roundnd irs shown lo r  subsequent SSL calculations. 

5.3.2 Koc for Ionizing Organic Compounds. Sorption modcls used to dcscribc t lx 
behavior of nonionizing hydrophobic organic compounds in thc natunl cnvironmcnt arc not 
approprintc for prcdicring thc parrjtioning o f  ionizable organic compounds. Ccrtain organic 
compounds such ;rs mincs,  carboxylic acids, and phcnols contain fundond  groups that ionizc undcr 
subsuflacc pM conditions (Schcllcnbcrg ct al., 1984). Bccauusc thc ionizcd and thc ncutnl specks of 
such compounds 11nvc diffcrcnt sorption cocffcicnts, sorption models based solcly on the 
partitioning of thc ncutn l  spccics may not accurately prcdict soil sorption undcr diffcrcnt pl.1 
conditions, 

To tlddrcss this problem, 3 rcchniquc ISU cmploycd to prcdict KO, valucs for thc 15 ionizing SSL 
orgmic compounds ovcr the pM m g c  of thc subsurfacc cnvironmcnt. Thcsc compounds include: 

Organic Acids Organic Bases 
benzoic acid Phenol pChloroanillne 
2-C hlo r o p h en 01 
2,4-DichlorophenoI 0 2,3,4,6-Tet~chlorophenol N-Nltrosodl-n=propylamlne 
2,4-Dirnethylphenol 2,4,5-Trichlorophenol 

0 2,4-Dinitrophenol 2,4,6-TrlchlorophcnoI 
2-Methylphenol 
Pentachlorophenol 

2,3,4,5~Tctraehloropheno~ N-Nltrosodlphenylamlne 

Estimation of values for thcsc chemicrds involves DVO ~ d y s c s .  First, thc cxtcnt t o  which ‘i.4 

compound ionizes undcr subsurfacc conditions must bc dctcmincd to cstimrrtc t hc  relative proportion 
of ncutnl and ionizcd spccics undcr thc conditions of conccm. Second, thc values for thc ncuml 
and ionizcd forms (Koc,n and Kos,i) must bc dctcnnined and wcightcd according to the c a n t  of 
ionization at a particular pH t o  cstimatc a pH-spccific IC,, vduc. FOT organic acids, thc ionizcd 
species is an anion (A-) with a lowcr tcndcncy to sorb to subsurfarc materids than thc neutnl spccics. 
Thcrcforc, lioc,i for organic acids is likcly to bc lcss than Ln thc cllsc of organic bmcs, the 
ionizcd spccics is positivcl>* c h q c d  (l-lB*) so that is likcly to bc p n c r  than 
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lt should bc notcd that this approach is bascd on thc assumption that the sorption of ionizing organic 
compounds to soil is sirnilv to hydrophobic organic sorption in that thc d o m h u t  sorbent is soil 
organic carbon. Sliimiru ct al. (1993) demonstrated that, for scscnl "narurd solids," 
pentachlarophcnol sorption corrclatcs more strongly with cation cschmngc capacip and clay 
contcnt tlim with or&anic carbon content. This suggests that this organic acid intcncu morc 
strongly with soil m i n e d  constituents than orgmic carbon. The estimates of KO, dcvclopcd hcrc 
map ovcrpredia contaminant mobility bccausc they ignore potential sorption to soil componcnts 
other than organic carbon, 

Extent of Ionization. The sorption potcnnal of ionized and neural species diffcrs bccausc most 
subsurface solids (k,, soil and aquifer mstc~als)  have ;I negative net surface chargc, Thcrdorc. 

. positively chargcd chcmids  have a grcmcr tcndcncy to  sorb than n c u d  forms, and n c d  spccics 
sorb more rcadil?) than ncg;~tivcly d i q e d  forms. Thus, predictions for thc total' sorption of my 
ionjzablc organic compound must consider the cxmx to which it ionizes over the m g c  of submfacc 
pM conditions of inrerest. Consistcnt with thc EPNOEficc of Solid Wnstc (EPNOSIV Hazardous 
Waste Jdcntificntion Rulc (EIWIR) proposal (U.S. EPA, 1992a), the 7.5th. SOth, and 925th 
pcrccntiles (ix., pM vducs of 4.9, 6.8, and 8.0) for 24,921 field-mcasurcd ground wafer pH values in 
thc U.S. EPA S T O W  dambuc arc dcfincd as the pH conditions of' intcrcst for SSL dcvdopmcnt 

Thc c m n t  of ionization CUI be vicwcd 3s the fnction of ncutnl spccics prcsmt that, for organic 
acids, rn be detcrmincd from thc follawhg pld-ddrpendcnt Irkitionship (Lcc et d,, 1990): 

(72) 

Onrc;J - hct ion of ncunal spccics prcscnt for organic acids (unitlcss) 
/MA] = equilibrium conccnmtion of organic acid (mom) 
[ A m ]  cquilibrium conccnmtion of anion (molL) 
pKa = acid dissociadon constant (unitlcss). 

Using Equation 68, one wn show that, in ground m t c r  systcms with pH vducs cvcccding the p€L b!* 
I .5 pM units, thc ionijng species predominates, and, in ground water systems with pH vducs that arc 
1.5 pH units lcss than the p k ,  the ncutnl species predominates. At pH valucs approsimatcly cqud 
to thc pKa, a miscd systcm of both neutral and ioniring componcnts occurs. 

Thc fnction of ncunal spccics for organic bucs is dcfincd b y  

IB-I ( .,. 10 r K v H ) ' I  

[S'l + w-I ~il.b"* - 
whcrc 

@hbuc fnction of n c u d  spccics prcscnt for organic bascs (unitlcss) 
Po] E cquiIibrium conccntra~on of ncuval orl;yric bsc (mol&) 
FrZ3-J = squilibnum concentration of ionized spccics (molL). 

As with organic acids, pH conditions dctcrminc tbc relative conccnmdons of ncurnl and ionizcd 
specics in the systcm. Howevcr, unlikc organic acids, thc neural spcdcs predominates at pH vducs 



that cxcccd thc p k ,  and thc ionizcd spccics ptcdominntcs 31 pld valucs less than t l ic pKa, For t l ic 
SSL orgmic b m s ,  ~ ’ = n i t r o s o d i - , 1 = p r o p ~ l ~ i n c  and h.’-nitrosodiplicn!ll~m~nc havc vcp* low pKa vducs 
and thc ncutrd spccics ;Lrc cxpcctcd to prevail undcr cnvironmcntd pH conditions, T i c  p h  for 
11-chloromilinc. howcvcr, is 4.0 and, at low subsurfacc pH conditions (i,c,, pH 4,9), roughly 10 
pcrccnt of thc compound \vi11 bc prcscnt ;IS tlrc 1css mobilc ionized spccics. 

Table 40 prcscnts p k  valucs and fraction ncutnf spccics prcscnt o w  the ground wstcr pH m g c  for 
the SSL ionizing organic compounds. This mblc shows that ionized spccics 3rc significant for only 
somc of thc constltucnts undcr normal subsurftlcc pH conditions, ,mnlc p h  valurs for phcnol, 2- 
mctht~lphcnol, and 2,4-dImcthylpl1cnol arc 9 3  or p a r e r ,  I-lcncc, the ncutnl spccics of t l~csc 
corniounds prcdominntcs undcr typical subsurf;icc conditions (i.c*, pl-i = 4.9 to X), and thcsc 
cornpounds will bc trcatcd as nonionizing organic compounds (SCC Scnion 5.3,1), T i c  pKa vduc  for 
2,d-dinitrophcnol is lcss than 4 and the ionitcd spccics of this compound prcdominatcs undcr 
subsurfacc conditions, Wowcver, thc pKas far 2-cliloroplicno1, 2,4-dichlorophcnol, 
2,4,5-trichlorophcnoI, 2,;1.6-trichiorophcnol, 2,3,~.~-tctr3chlorophcnol, ~,3,4,6-terr~chloraphcnol, 
pcntachlorophcnol, and bcnzoie acid fall within the m g c  of cnvitonmcntdly significant pH 
conditions, Mixed systcms consisting of both the neutral md thc ionizcd spccics will prcvail undcr 
such conditions with both spccics contributing to total sorption. 

fable 40. Degree of ionization (Fraction of Neutral Species, a) as a 
Function of pH 

Compound p Kao pH e 4.9 pH r: 6.8 pH = 8.0 
Benzoic acid 
pChloroa nilinob 
2-Chlorophenol 
2,P-Dichlorophenol 
2,4=Dimet h y I p honol 
Zl4-Dinitrophenol 
P=Mor hylphenol 
N.N~rosodiphenylnmineb 
%Nit rosodi-n-propylclmineb 
Pentachlorophenol 
Phonal 
2,3,4,5-Tetrachlorophonol 

4.1 8 
4,O 
8,40 
7.90 
10.1 0 
3.30 
9.80 
CO 

< 1  
4.80 
10,o 
6,35C 

0.1600 
0.8882 
0.9997 
0,9990 
1,0000 
0.0245 
1 .QOOO 
1,0000 
0,9999 
0.4427 
1 .oooo 
0,9657 

0,0024 
0,9984 
0.9755 
0,9264 
0.999s 
0.0003 
0,9990 
1 .oooo 
1,0000 
0.0099 
0.9994 
0,261 9 

0.0002 
0.9999 
0,7153 
0,4427 
0.9921 
0,00002 
0,9844 
1,0000 
1 .oooo 
0.0006 
0,9901 
0.021 9 

2,3,4,6-Tct rochlorophenol 5.30 0.71 53 0,0307 0,0020 
2,4,5-TrichlorophenoI 7.1 0 0,9937 0,6661 0,7118 
2,4,6-TrichforophcnoI 6.40 0,9693 0.2847 0,0245 
UKollig et PI, (1983), 
bDonotes that tho compound is on organic base. 
CL0o at at. (1991). 
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Prediction of Soil-Water Partition Coefficients, LCC et al. (1PPO) dc\dopcd a 
rclationship from thcmodynmic equilibrium considerations to prcdict thc total sorption of an 
ionizablc organic compound from thc partitioning of its ionized and ncutnl forms: 

whcrc 

GC soil organic carbon/wtcr putition cocflicicnt (L&) 
panition cocfficicnt for thc ncutnl spccics (wkg) 

U)" = fmction of ncutnl spccics prcscnt for acids or brrscs 
I&,i = panition cocf'ficicnt for the ionized spccics (I,/&), 

This rclationship dcfincs the total sorption cocfficicnt for sny ionizing compound as thc sum of the 
weightcd individual sorption cocficicnts for h c  ionized and ncunal spccics at s givcn pH. LCC ct d. 
(1 9UO) vcrificd thar this rclationship adequately predicts 13boratorymcasund KOc vslucs for 
pcntachlorophcnol, 

A litcnrurc rcvicw w3s conducted to cornpilc thc pKa and thc hbon topmcuurcd   dues of 
and &,i shown in Tablc 41. Data collcctcd during this rcsicw arc pnscntcd in RTI (I?%), dong 
with thc rcfcrcnccs rcvicwcd, Sorption cocfficicnts for both neutn l  and ionized spccics wcrc rcponcd 
for only four of thc ninc ionizablc organic compounds of interest. Sorption cocficients rcponcd for 
thc rcmaining compounds wcrc generally Eloc,,,, ;md cstimatcs of E; oc,, wm n c c c s s q  to prcdict thc 
compound's total sorption. Tlic methods for estimating Kw,i for orgmic acids and organic b s c s  arc 
discussed scpantcly in the following subscctions. 

Organic Acids. Sorption cocficicnts for both the neutral and ionized spccics have bccn rcponcd 
for nvo chlorophcnolic compounds: 2,4.6-trichIorophcnol and pcnmchlorophcnol, For 2,4.S- 
uichloroplicnol and 2,~,~,5=tctnchlorophcno1, soil-water partitioning cocfficicnt (%) data in the 
litcnture were adcquatc to dlow calculation of &c,i from K p  and soil foe (LCC ct al,, 1991), From 
thcsc measured valucs, the ratios of &,,i to Koe,n UC: 0,l (2,4.6-trichlorophcnol), 0,02 
(pcn~chlorophcnol). 0.015 (2,4,5-trichlorophcnol), and 0,05 1 (~,3,it,5-tctnchlorophenol). A nt io  
of 0,015 (1,s pcrccnt) was sclcctcd 3s a conscnpativc vduc to cszimate KOc,i for thc remaining 
plicnolic compounds, benzoic acid, and tiny1 acctatc. 

Organic Bases. No mcasurcd sorption cocffcicnts for cithcr the ncutnl or the ionizcd spccjcs 
wcrc found for thc thrcc organic bases o f  interest (N-niaosodi-n-propylullinc, 
N-niuosodiphcnylknc, and p-chloroulilinc), Gcncrdly. the sorption of ionixblc organic basts has 
nor bcen s wc11 invcstigatcd x that of thc organic acids. and then has bccn no rclauonship 
dcvclopcd bcnvccn thc sorption cocficicnts of the ncutnl and ionizcd spccics. EPA i s  currently 
initiating rcscuch on models for prcdicting die sorption of organic bases in thc subsurface, 

As notcd earlier, thc ncutn1 spccics of thc organic b z c  predominates at pH vdues cxcccding the 
pKa. For N-nitrosodi-n=prop~l;lmine ( p f i  1) and N-nitrosodiphcn!*lminc (pIi3 0), the n c u n l  
spccics is prcscnt under cnvironmcntdly significant conditions, The n c u a l  spccics constitutcs 
approximately 9C pcrccnt of the systcm for p-chloromilinc (Tablc 40). 

b 

C 

c 
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Table 41. Soil Organic CarbonlWater Partition Coefficients and pKa 
Values for Ionizing Organic Compounds 

- ~~ 

Co m pa u n d K O C , "  (Ukg) Koc,i (ukg) p K w  

Bonzoic acid 32' o s c  4,18 
2-Chlorophonol 39Bb G.0" 8.40 
2,4-Dichlorophonol 1 5gd 2 -4' 7,90 

Pontachlorophonol 1 9,9538 398' 4.80 
2,3,4,5-To~r~chlorophanol 1?,91 6' 678 6.35h 

2,4=D initrophonol o.eo 0.07 3.30 

2,3,4,6-Tt)trachlorophonol 6,190' 93c 
2,4,5-Trich Io rop honol 2,380' 3 6' 

5.30 
7.1 0 

2,4,6=TrichlorophonoI 1,070' 1 07k 6,40 
a Kollig 01 PI. (1083). 

C Estlmate based on tho ratio of K,,#&,n tor compounds lor which dn13 exist: KDC,l was aslimnled to be 0.01 5 r 

a Calculated using data (KP P 0.G2, lOc m 0,0039) con!ahod in Lea ut 01. (lSB1): ogrsas well with Boyd (1982) 

Loe et al, (1990). 
I Average of vc~lues raponcd 1ar two oquHar moterids from Schollenberg ot QI, (1 BB4). 
P Calculated uslng doto (KP a 0.26,!, m 0.0035) conralned In Leo s? al, (7991). 
h Loe at ol, (10gl). 
I Schellcnborg et al. (1884). 
1 Colculatod using data (KP = 0.14, f, n 0,0039) contained In Lao ot nl. (lBel), 
k Kukowskl (lDe9). 

Moylan ot nl. (1 992), 

Koc,na 

reponing momurad K, 120 Ukg, 

T h e  ncutnl spccics has ;L lowcr tcndcncy to sorb to subsurface matcrids than the positivcI!f charged 
ionized spccics, As 3 conscqucncc, thc dctcmination of ovcrdl sorption potcntid bucd solely on thc 
ncutral spccics for N-nitrosodi-n-propyl~ine, N-nitrosodiphcnylmmc, and p-chloroatdinc is 
conscrvattvc, and thcsc thrcc organic bucs will be trcatcd as nonioniring orgmic compounds (SCC 

Sccdon 5.3.1), 

Soil-Water Partition Coefficients for Ionizing Organic Compounds. Pamrion 
cocfficienrs for thc ncutrd and ionized spccics (GC," and Kac,i, rcspcctivcly) and pli3, vducs for nine 
ionizable organic compounds arc provided in Table 41, Thcsc pwmctcrs can bc uscd in Equation 74 
to compute KO, values for organic acids at any givcn p1-I. kc values for tach of thc ioniablc 
compounds of intcnst arc prcscntcd in Tablc 42 for pMs of 4.9, 6,8, and 8,O. Appcndis L contains 
pN-specific );ac vducs for ionizable organics ovcr this cntirc mge,  

5.4 Soil-Water Distribution Coefficients (Kd) for Inorganic Constituents 

As with organic chcmicds, dcvclopmcnt of SSLs for inorganic chcmids (k,, toZtic m d s )  rcquircs I 
soil-wa~cr partition cocfficimt (&> for cach constituent. Wowcvcr, the simple rclationship bmvccn 
soil organic carbon contcnt and sorption obscrvcd for organic chcmids docs not apply to inorganic 
constifucnts, h c  soil-wmcr di-dbution cocfficicnt &) for mmls and other inorganic compounds is 
affcetcd by numcrous gcochcmkat p;rmctcru and proccsscs, including pH; sorption to clays, organic 
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matter, iron osidcs, and other soil consrh-ucnrs; osidationlrcduction conditions; major ion chcmisuy; 
and thc chcmicd form of thc metal. Thc number of significwr iaflucncing ~ ~ K U T J C ~ C K ,  thcir 
variability in the field, and diffcrcnccs in cxpcnmcntd mcthods result in as much as sewn orders of 
magnintdc variability in measurcd metal Kd valucs reported in thc l i tentun (Table 43). This 
varhbiliv mAcs it much morc difficult to dcnvc gcncrie & values for metals thvl for organics. 

Table 42. Predicted Soil Organic CarbonlWater' Partition Coefficients 
( Kot,Ukg) as a Function of pH: Ionizing Organics 

___ ~~~ 

Compound pN E 4.0 pH = 6.8 pH r 8.0 
Bsnzolc ncid 5.5 0.6 0.5 
2=Chlorophanol . 
P,ct=Dlchlorophonol 
2,~Dlnitrophsnol 
Panrnchlorophonol 
2,3,4.5~Totrathlorophsno~ 
2,3,4.6-Tolrochlorophanol 
2,4,5-TrichlorophonoI 
2,4,6-TrlchlorophenoI 

308 
159 
0.03 
9,055 

17,304 
4,454 
2,365 
1,040 

388 
147 

0,Ol 
592 

4,742 
200 

1,597 
38 1 

286 
72 

0.01 
41 0 
458 
105 

298 
137 

Bccausc of thcir great variability and P limited number of data points, no rncmingfbl csrimatc of 
ccntrd tcndcncy Kid values for metals could bc derived from available mwurcd  values. For this 
reason, an cqujlibrium gcochcmid speciation model (MISTEQ) was sdccted ;IS the best approach 
for estimating Kid values for thc variety of cnvironmcnr;ll conditions espcctcd to be p r c s a t  at 
S u p c h d  sites. 

This approach and modcl w w  also uscd by O W  to estimate generic E;d values for m a d s  proposed 
for USC in thc HWlR proposal (U.S. EPA, 1992a). ?lie HWIR MNTEQA2 mdyses wcrc conducted 
undcr ;I variety of gcochcmid conditions and mctal conccnmtiom rcprcscnt3tivc of solid wv~stc 
landfills across the h'ation. Thc mctal values dcvelopcd for this cffort wcrc rcvietvcd for SSL 
application and wcrc uscd as prcliminw \ ~ ~ l u c s  to dcvclop the Scptcmbcr 1993 draft SSLs. 

Upon fu'urthcr rcvicw of thc HWIR MlXTEQ modcling cffort. EPA dccidcd it \vas ncccssaxy to 
conduct D scpantc MINTEQ modcling cffort to dcvclop m c d  valucs for SSL application. 
Rcxons for  is dccision include thc follo\ving: 

It  was n c c c s s q  to expand thc modelin& cffort to includc other mcnl contaminants 
likcly IO be cncountcrcd at Superfund sitcs (ix., bc~l l ium,  coppcr, and zinc). 

. W R  work incorporcltcd low, medium, and high conccnmtions of dissolved organic 
acids h t  arc prcscnt in municipal solid waste Icachatc, Tbcsc organic acids 
arc not cspcctcd to &st in high conccntnbons in port ~vatcrs undcrlying Supcrfiurd 
sitcs; thcnforc, their inclusion in thc Superfund contuninatcd soil scenario is not 
warrvltcd , 

The "IR modeling simulations for chromium (+3) tvcrc found to be in enor, 7lGs 
error has b c a  comctcd in subsequent HWIR modcling work but comctcd results 
wcrc not available at the time of p r c l i m h q  SSL dcvclopmcnt. 

e 

c 
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Table 43. Summary of Co)lected K d  Values Reported in Literature 

I 
I Ceomctr ic  

Moono 

1 4!Y 
2001 
3,39 

' 6.7g 
~ 601 

650' 
6,4h 

2.2000 

370 
1 I O '  

150' 
3001 

1 46h 

1,5001 
1,0001 

38h 

1 8501 

I -  

Moral 
Antlmony 
Arsonicv 
Arsonic (4) 
Arsonic (+5) 
Bnrium 
Borylliurn 
Cndrriurn 
Chrudum 
Chromium (+2) 
Chromium (+3) 
Chromlum (+6) 
Mercury* 
Nickel 
Selenium 
Sllver 
Thallium 
Vanadium 
Zinc 

AECL 
( l Q 9 0 ) @  

Ronqa 
45.550 

" 
c 

" 

I 

250-3,000 
2,7*17,000 
0 2 , 5 1 7  - 

" 
I 

604,700 

2.7-33,000 
i50.1,aoo 

" 
" 

0,1*100,000 

BOOB and Shorp (1983) or 
Boon ct al. flQB4W 

8 The Atomic Energy of Canada, Limited (AECL, 1 DD 

----l-- Range No. Values 
" 
I 

1,0*8.3 
1 ,Q-18 - 
c 

1.26*26,8 
I 

470-1 50,000 

1.2-1,800 

L 

I - - 
10*1,000 
I .. 

w .. 
18 
37 
" 

L 

28 

IS 

18  

I 

c 

I 

c 

" 

16 
L 

L 

0.1*8.000 I 146 

:oughtrey 01 
al. i1985)e 

Range .. 
w 

L. 

" - 
I 

32-50 
L. 

c - - 
H 

-20 
CD 

50 - 
I 

2 20 

i 
Battclla 

Range 
2.0-1 s.9 

5,86-19,4 
I .. 

530.1 6,000 
70-0,000 
14.8.507 
I .. 

1 G84,600 
16,0*3G0 
3224,280 
12,2450 
5,8-14.8 
0,4-40.0 
0,0*0,8 
50-100,O .. 

presents the distribution 01 4 voIu(~s nccording to four mojor 
soil types-sand, sit(, clay, and organic material, Their data were obtained from avollabia litaroturo. 

woro dcrivud from ovallablo lltersture and roprosanl a divorsa mlxlurb of soils, cxtrsctlng solutions, and lnboratory 
techniques. 

c Coughtroy at al, (1985) repon beg oslimios and rangen 01 moosurod ooil Kd volued tor a limltod numbor 01 metals, 
a Brrnolle Momorinl InstHutv (Banelle, 1909) repons D range In &values as a function at pH (5 to 9) and sorbent 

content (a combinotlon 01 clay, aluminum and Iron oxyhydroxidac, and organic marter eontont). The sorbent 
contont rangcs were d 0  porcent, 10 to 30 parccnt, ond >30 psreont sorbon:, Their datn wore bosod on ovnllablc 
llterot ure, 
The valenco of these metals Is not reporled in the documants. 

1 Eslimatod based on tho corralntlon bolwaen Kd ond soll4o-plant concontmtlon loctor (BJ, 
D Avorage value reponod by Eaos and Shnrp (1083). 
h Represents tho median of tho lognrithms of the obsarvod valua~s. 

b Baas et oi. (1986) present Kd values lor approximaloly 220 agricultural soils in tho pH tongs of 4.5 to 0, Their dntn 

For tlicsc rcasons, ;I MINTEQ modcling cffort \vas expanded to dcvclop D scncs of mctal-spccific 
isotfierms for scvertll of tltc mctals cxpcctcd 10 bc prcscnt in soils undcrlyhg Superfund sircs, T h e  
modcl uscd w;\s an updntcd vcrsion of MINTEQA2 obuincd from Allison Gcoscicncc Consultants, 
Inc, Model rcsulu arc rcportcd in tlic Dccembcr 1994 draft Tcchnical Background Docurncnt ( U S  
EPA, 1994i) and wcrc uscd t o  cnlcuhtc thc SSLs prcsenrcd in thc Dcccnibcr 1994 d n f t  Soil Screening 
Guidmcc (US EPA, 1994h), 
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Thc MIhTEQA2 modcl was further updatcd by Alison Gcoscicncc Consulwu, he,, in lP95 to 
include tlicrmod!namic data for silvcr, an improvcd cstimatc of w t c r  satuntior, in the vadose zonc 
(i,e,, wcltcr saturation is assumed to bc 77,7 pcrccnt uruntcd as opposed to 100 pcrccnt), and rciiscd 
chmatcs of sorbcnt mass (ix,, organic mattcr content, iron oxide content), 

I r i s  updatcd modcl, which is cqcctcd to be madc public through EPA's Environmental Rcscxch 
Labontor?, in Athcns, Gcorgia, wss uscd to rcvisc thc gcnenc & vslucs for thc EPNOSW H W R  
modcling cffort. Thc mctd I;d wlucs for SSL appliation wcrc also rcviscd. Modcl results arc 
contained In this document. Thc follo~ving sccsion dcscnbcs the imporrant assumptions and 
limitations of this modcling cffort. 

5.4.1 Modeling Scope and Approach. NCW MINTEQA2 modcling IUS W C ~ C  

conductcd to dcvclop sorption isothcnns for barium, bcnlliium, cadmium, cllromium ( ~ 3 ) .  copper, 
mcrcur?, (+.?), nickcl, silvcr, and zinc. I l c  gcncnl approadi and input i~ducs uscd for pH. iron osidc 
(FcOx) conccntntion, and background c h c m i q  w r c  unchmgcd from thc H W R  modcling cffon. 

Thc IWIR M"EQA2 analysts were conductrd under a ~ w k Q '  of grochcmicd conditions and 
meal conccntntions. Tlircc typcs of paramctcrs wcrc idcntifrcd as p;ut of thc chemical spcciation 
modeling effort: (1) parmctcrs that havc J direct first-ordcr impact on mKal speciation and arc 
ciiancterizcd by a widc nngc in cnvironmcnwl variability; (2) parmeters that have M indirect, 
gcncnlly less pronounced cffcct on meal speciation and arc chanctcrizcd bjt a rclauvcly small or 
insignificant cnvironmcntd variability; and (3) p m e t c r s  that may havc a dircct fustsrdcr impact 
on metal spcciation but ncithcr the natunl variability nor its sisnificulcc is known. 

In thc HWIR modcling cffort, p m c t c r s  of the first qpc ("mmcr wrkblcs") tvcrc limited to those 
having a signifimt cffcct on model results, including pH, conccnmtion of available amorphous iron 
oside adsorpion sitcs (k, FcOx content), conccnmtion of solid organic mmer adsorption sitcs 
(with a dcpcndcnt conccnmtion of dissolvcd natural organic mancr), and conccntntion of Icacha~c 
orguic acids cspcctcd to bc prcscnt in MSW lmchatc. High, medium, and low values wcrc assigned to 
cach of the mastcr variables to account for their natural cnvironmcntal variability, Thc SSL 
modcling cffort used this samc approach and inputs csccpt h a t  mthropogcnic orpnic acids wcrc not 
includcd in thc modcl simulations. Furthcnorc, thc SSL modcling cffort hcorpontcd a medium 
fraction of orpnic carbon (f&) that corrclntcd to tlic H W R  high conccnmtien. 

Parmctcrs of thc sccond Q ' ~ G  constimtc thc background pox-watcr chunisq, which consists of 
chcmial conshuenu commonly occumng in ground water at conccnmtions grwt cnough to dfccct 
mctd spccitrtion. 7hcsc constituents wcrc vcatcd u constans in both thc SSL and HWlR c3ort. XIC 
third rypc of p a m c t e r  was entirely omittcd from considcntion in both modclhg efforts duc 10 
poorly undcmood gcochcmistry and tbc lack of rcliablc t h c m o d p m i c  data. The most i m p o m t  
of thcsc parameters is thc oxidation-reduction (redds) potential. TO compcnsme, both modcling 
cffons incorppamcd M approach that was most pratcctivc of thc cnvironmcnr ~5th rcspcct to  the 
impact of rcdos potcntial on thc phtioning of rcdos-scnsitivc m d s  (i.c., cach m e t  ws modclcd 
in thc oxidation statc that most cnhrrnccs m d  mobility). 

For thc HWIR modcling cffort, mctd conccnmtions wcrc \ w k d  from thc rnLximum c o n m h m t  lcvel (MCL) to 1,000 times thc MCL for cach individud mc.d. This m c  approach \\r mken for 
SSL modcling, although for c c h n  metals thc conccnmtion m g c  \vas cxtcndcd to dctcrminc thc 
metal conccntration at which thc sorption isothcm dcpartcd from lincuit?,, 

Sorption isothcrms for arsenic (+3), chromium (6). sclcnium, and thdlium arc unchvlgcd from thc 
prcvious efforts and arc b s c d  on laboratory-derived pH-depcndcnt sorption rcla~onships dcvcloped 
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for I-IIVIR, Using thcsc rclationships, thc Kd distribution as a function of pH is prcscntcd for CXII of 
thcsc four mctds in Figurc IO, 

Sorption isothcns for antimony and vanadium could not bc cstininrrd using MlhTEQAZ bccausc tlic 
thcrmodynamic databases do not contain thc rcquircd reactions and mociatcd cquilibrium constants, 
Sufficient cspcrirncnml rcscarch lias not bccn conductcd to dcvclop pH-dcpcndrnt rclntionships for 
tlicsc nvo mcnls. As 3 conscqucncc, K d  mlucs for antimony and mnadium tvcrc obuincd from Bxs  
ct al, (1984) (TabIc 431, Ttesc &idvalucs art not pM-dcpcndcnt. 

5.4.2 Input Parameters. Tablc 44 lists high, mcdium, and low \ d u e s  for pH and iron osidc 
uscd for both thc HII!IR and SSL hlIh’TEQ modcling cffom. Sourccs for thcsc values arc as follows 
( U S  EPA, 19923): 

s Valucs for pH wcrc obuincd from anal>*sis of 24,921 ficld-mcsurcd pW valucs 
containcd in thc EPA STOUT database, Thc pH vnlucs of 4.9, 6,8, and 11,O 
corrcspond to thc 73th. 5W1, and 92.5th pcrccntilcs of thc distribution. 

Iron osidc contcnts wcrc bnscd on analysis of sis aquifer samplcs collcclcd over a 
widc geographic m a ,  including Florida. h’cw Jcrscy, Orcgon, Tcsw, Utah, and 
Wisconsin. 7 i c  lowvcst of thc six a n a l p s  \\‘ELF taken to be ttrc low vduc, thc avcngc 
of the six ~YL! uscd LF thc mcciium n l u c ,  and thc highcst was ukcn ;IS thc high vduc. 

Thc dcvclopmcnt of thc valucs prcscntcd in Ttlblc 44 is dcscribcd in morc dcail  in U,S ,  EPA 
( I  9923). 

Thirtccn chcmicd constituents commonly occurring in ground watcr wcrc uscd 10 dcfinc thc 
background porc-wntcr chcmistnl for I-N’IR and SSL modcling cfforts (Tablc 45). Bccausc thcsc 
constitucnts wcrc trcatcd 3s consknis, 3 single total ion conccntration, corrcspanding to Lhc mcdiw 
total m c t d  conccntintion from a probability distribution obuincd from thc STORIT databxc, II’;LS 
assigned to csch of Ihc background porc-watcr constituent!! (US, EPA, 19923). 

Although thc W I R  md the SSL MIh’TEQ modeling cffom wcrc consistcnt in tlic majority of thc 
assumptions m d  input pamctc r s  uscd, thc fmt ion  of orGmic carbon (f0J uscd for thc SSL modcling 
cffon was slightly djffcrcnt than that used for thc 14WlR modcling cffort. The for uscd for the SSL 
cffort was cqual to 0,002 616, which bcttcr rcflcctcd avcngc mbsurfacc conditions at Superfund sitcs. 
This vduc is approximncl!* cqud IO thc  high valuc of organic carbon uscd in thc H\WR modcling 
cffort, 

Tablc 44. Summary of Geochcmicsl Parameters Used in SSL MINTEQ 
Modeling Effort 

Value p H  Iron oxldo content (weight porcont) 
Low 4.9 0,Ol 

Modlum G,8 0.31 
High 8 , O  1.17 

Sourco: U S  EPA (19920) 



Flgura 10. Empirical pH-depondant adsorption rolationship: ~rsonlc (+3), thromlum 
(+6), solenium, thallium 
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Table 45. Background Pore-Water Chemistry Assumed for SSL MINTEQ 
Modeling Effortn 

Pa ra moto r Cancontration (mglL) 
Aluminum 0.2 
Bromine 

Carbonat e 
Chlorino 
Iron (+3) 

Calcium 
0-3. 
48 
187 
15 
0.2 

Magnesium 14 
Manganese (+2) 0.04 

Nitrato 1 
Phosphate 0,09 
Pomsium 2.9b 
Sodium 22 
Sulfntc 25 

(1 Median volues from STORET database a3 roponed in US, EPA (19020). 
b Median values Irom STORE" database; personal communica!lon from J. 

Allison. Allison Gaoscicnccs, 

5.4.3. Assumptions and Limitations, The SSL MIKTEQ modcling cffon incorporatcs 
scvcrd b u i c  sirnplifjing assumptions. In  addition, thc applicabilit?' and accuncy of thc niodel rcsul~s 
arc subject to  limitations, Some of thc morc significant wunrptions and limitations arc dcscnbcd 
bclow. 

The system i s  :warned tu be n t  equilibrium. This assumption is inhcrcnt in 
Ecochcrn ical aqucous speciation modcls bcctlusc thc fundmcntal cquations of mass 
action and mus balancc arc cquilibrium b m d .  l lwcforc ,  my possiblc influcncc of 
adsorption (or dcsorption) nte limits is not considcrcd. 

This assumption is conseneative. Bccausc thc modcl is bcing uscd to simulate mcul 
dcsorption from thc solid substrate, if cquilibrium conditions arc not met, thc 
dcsorption rcaction will bc incomplctc and thc mcul conccntntion in porc watcr will 
bc lcss than prcdictcd by thc modcl, 

considered duc to thc dificulty in obmining rcliablc ficld mcasurcmcnu of osidauon 
rcduction potcntiol (Ell), which arc nccdcd t o  clctcrminc P rcalistk frcqucncy 
distribution of .this par,mctcr. Funhcrmorc, thc gcochcmi.stq of redox-scnsitivc 
spccics is poorly undcrstood, Rcactions involving rcdox spccics are oftcn biologically 
mtdiatcd and thc concentrations o f  rcdox spccics arc not as likcly to rcflcct 
thcrmodyn:mic equilibrium ns oihcr inorganic constituents, 

To provide a conscrvntivc cstimatc of mctal mobility, 311 cnvironmcntdly viablc 
oxidation S U ~ C S  arc modclcd scpantcly for thc rcdox-scnsitivc mctals; thc most 
conservative WIS sclcctcd for dcfining SSL mcu1 Kd valucs. Thc rcdos-scnsitivc 

w Rcdax potcrltinl is  not  considered, Thc rcdos potential of thc systcm is not 
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constitucnts that makc up thc background chcmisal\. arc rcprcscnted onl)) by the 
asidition su tc  that most cnhanccs mcul mobility (US. EPA, 1P92a). 

Potential  sorbcnt surhccs are limitcd, Only mctal ;Idsorption 10 FeOs and solid 
organic mancr is considcrcd in thc systcm, It is rccognitcd that numcrous othcr 
n3tural sorbcnts mist (c.6.. clap and carbonate rninerds): however. thcnnodgnmic 
databscs describing mctal adsorption to thcsc surfaccs u c  nor avrrilablc and the 
potcntid for adsorption to such surfaces is not considcrcd, This assumption is 
conscrvativc and will undcrprcdict sorption for soils with significant mounb of such 
sorption sitcs. 

The rivnilnblc thcrmodynrrmic dntnbnsc is limiting. As mcd bchavior incrcscs  
in complcxip; themodyntrmic data bccomc morc m c ,  Thc lack of complctc 
thcrrnodynmlc data rcquircs simplification to thc dcfincd system, This simplification 
may bc conservotivc or nonconscwtltivc in tcrms of metal mobility. 

Mctnl compctition is not considcrcd. Modcl simulations wcn: performed for 
systems comprised of only one mcwl (i,c., t l i c  potcntd for cornpctition bcnvcen 
multiplc m c d s  for avclilablc sorbent surfacc sitcs was not considcrcd). Gcncnllp, thc 
compctition of multiple mctds for avlailablc sorption sitcs results in higher dissolvcd 
metal conccnmtions than would csist in thc abscncc of compctition. Conscqucntl>b, 
this assumption is nonconscrvntivc but is significurt only at m c d  concentmuons 
much higher than thc SSLs. 

Other assumptions and limitations zisociatcd with this modcling cffon ut discusscd in RTI (1994). 

5.4.4 Results and Discussion. MWTEQ modcl rcsults indicate that mctd mobiliv is 
most affcctcd by changes in pl-1- Bnscd on this o b s c n d o n  and bccausc iron osidc content is not 
routinely measured in sitc chuac tcrkdon efforts, pH-dcpcndcnt );dS for m c d s  wcrc dcvclopcd for 
SSL application by f i ing  iron osidc at its mcdium vduc and fraction organic &on at 0,002. For 
m c n i c  (+3), chromium (4), sclenim,  and thallium, thc a n p i r i d  pWdcpendcnt &s wcrc uscd. 

Tablc 46 shows the SSL Kd vdues at high, mcdium, and low subsurfkc pH conditions. Figurc 11 plots 
h4TKTEQ-dcrivcd metal & vducs ovcrthis pH m g c .  Figure 10 shows tbc m c  for the ~rnpir iwll)~ 
dcnved mcd &s. Thesc rcsults arc discusscd bclow by mctd trnd cornpmd \vith mc;rsurtd vducs, SCC 
R77 (1994) for more information. pld-dcpcndcnt valucs are not 3vdabIc for mumon>*, cpnidc, and 
vanadium. Thc estimated lid vducs shown in Table 46 for antimony and wnadium m rcportcd by 
BXS cf d, (1984) and thc & vduc for cyanide is obt3incd from SCDM. 

Arsenic. & valucs dcvclopcd using die empirical equation for m c n i c  (13) m g c  from 25 to 31 
LAcg for pH vducs  of 4.9 to  8.0, respectively, Thcsc vducs corrclatc f;rirly wcll v.hh thc m g c  of 
mcuurcd valucs rcportcd by Battcllc (1 989)-S,86 KO 19,4 Ukg. Thcy arc slightly abovc thc nngc 
rcponcd by B x s  and Sharp (1983) for arscnic (+3) (1.0-8,2), The estimated & vducs for m m c  
(+3) do not corrclatc n ~ l l  with thc vduc of 200 Lkg  prcscntcd by B x s  et d, (1984). OGdation mtc 
is not spccificd in Bacs ct J. (1984, and thc diffcrcncc bcnvccn rhc empiricdderivcd I;d vducs  
prcscntcd hcrc and thc vduc prcscntcd by Bacs ct  al. (1984) may reflect diffcrcnces in osidauon 
states (arstnic (+3) is thc most mobilc species), 
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Notc: Condltlons dopictad arc mcdlum iron oxidc content (0.31 wt %) 
nnd orgnnlc matter of 02 wt YO. 

Figure 11, Mctal Kd as a function of pH. 
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Table 46. Estimated Inorganic & Values for SSl  Application 

Estlmotod Kd (Ukg) 
Mota1 DH 4.9 DH = 6.8 BH = 8.0 
Ant lmonya 4.5 E*Ol 
Arsenic ( 4 ) b  
Borium 
Beryllium 
Cadmium 
Chromium (4) 
Chromium (+6)b 
Cyo n idsc 
Morcuty (+2) 
Nickel 
Selaniumb 
Silvor 
fhplliumb 
Vomdiuma 

2.5€+01 
1 .l E+01 
2.3€+01 
7,5E+OI 
1.2E+03 
3,l E+Ol 

4.OE-02 
1,6E+01 
1,8E+01 
1 ,OE-07 
4.4E+01 

2,9E+Ol 
4.1 E+O1 
7.9E+02 
7.5E+01 
7,8E+06 
1.9E+Ol 
9.9EsOO 
5.2E+Ol 
6,5E+Ol 
S,OE*OO 
6.3E-00 
7.1 E*OI 
1 .OE*03 

3.1 E107 
5,2E*Ol 
1 ,OE+05 
4.3E*03 
43E106 
1.4E+O: 

2.OEdO2 
1.9Ec03 
2.2€+00 
1.1 E+02 
9.6E+01 

Zinc 1 .SE*Ol 6.2€+01 5.3€+02 
4 Gaomatric mean measured value from Boas at al., 1984 (pH*deponbnt valuos not ovollabla), 
b Oatarminod using an empirical pH-dopendant rolntionshlp (Figuro 10). 
c SCDM m Superfund Chemical Oata hlatriix (pHdependant valuus not available), 

Barium. For ground water pH conditions. WNTEQ.cstim;rted & \dues for banum m g c  from I 1  
to 52 wkg. This m g c  comlotcs wclt with the vduc of 60 Ukg rcponcd by B ~ C S  ct d. (19SU).  
Battcllc (1PH9) rcports a range in l;d vducs from 530 to 16,000 Ukg for a pH range of 5 to 9. Thc 
model-predicted lid \~.Iucs for barium arc scvcnl ordcrs of magnitude lcss than thc rncm,tnd vslucs, 
possibly due to thc lowcr sorpdvc potential of iron osidc, used as thc modclcd sorbent, rclathc to 
clay, a sorbent prcscnt in the c q x i m c n t d  systems rcportcd by Bartcllc (1 989). 

Beryllium, Thc & vducs csimatcd for bcFllium rvlgc from 23 to 100,000 Ln;g for tht 
conditions studied. AECL (1990) repons mcdians of obscrvcd \YLIUCS for l;d ranging from 250 Lkg 
for sand to 2,000 U g  for organic mattcr. Bacs et A, ( IPW) rcporc 3 wluc of 650 Lkg. Battclle 
(1939) rcports a mge of & values from 70 ur;S for sand to 8,000 IJkg for clay. MTNTEQ rcsults 
for medium ground watcr pH (k, a vduc of 6.8) yklds a );d vtlluc of 790 m, Hence, thcrc is 
rcasonablc qrccment bcttvccn thc MWEQ-prcdictcd & valucs and vducs rcportcd in thc litcmturc. 

Cadmium. For the tlrrcc pM conditions, MISTEQ & \bducs for admium m g c  from 15 to 4,300 
wkg, with o value of 75 at o pH of 6,8. The range in cspcnmcntdly dctcnnincd & vducs for 
cadmium is as follows: 1.26 to 26.8 wkg (Bscs ct d,, 198;). 32 to SO ukg (Coughtm) et d.. IPYS), 
14.9 to 567 L k g  (Ba~tcllc, 1939), and 2,? to  17,000 Lkg (AECL, 19PO). nlus thc Mn’TEQ 
cstimntcs YC g c n c d y  d t h i n  thc m g c  of mcasurcd vducs. 

Chromium (+3). MMTEQ-cstimatcd & values for chromium (+3) r ~ l g ~  from 1,200 to 

4,500,000 Wkg. Battclle (1989) rcports a rmgc of & vducs of 168 to 5,600 wkg, ordcn of 



magnitude lower than the M h T E Q  valucs. Yliis diffcrcncc may rcficct the mc;lsurcmcnts of mised 
systcms cornpriscd of both chromium (3.3) and (+6). Vie incorporation of chromium (+6) would tend 
to lowcr thc Iid. Bccausc tlic modcl-prcdictcd valucs may ovcrprcdict sorption, thc uscr should 
cxcrcisc carc in ttrc usc of thcsc values. Valucs for chromium (+6) should be used whcrc speciation is 
miscd or unccmin. 

Chromium (+6). Chromium (+G) Kd valucs cstimatcd using tlic cmpirical pH-dcpcndcnt 
adsorption rclntionship m g c  from 31 to 14 Ukg for pH valucs of 4.9 to 8.0. Bmcllc (1989) rcpom 
a rmgc of 16.8 to 360 Lkg for c h r o ~ u m  (-6) and Bacs and S h q  (1983) rcpon a m g c  of 1 2  to 
1,800. Thc prcdincd chromium (46) Kd vducs thus gcncmlly agrcc with the lowcr cnd of tlic ransc 
of mcasurcd i ~ l u c s  and thc avcngc mcuurcd vducs (27) roponcd by Bacs and Sharp (19S3), Tlicsc 
v;llurs rcprcscnt canscnlativc cstimatcs of mobilit?, thc marc tosic of thc chromium spccics. 

Mercury (+2). MIKTEQ-esthatcd Kd valucs for nicrcuc (+2) range from 0.04 to 200 L/k& 
Thcse modcl-prcdictcd cstimatcs arc lcss than thc mcnsurcd m g c  of 322 to 5,280 wkg rcponcd by 
Battcllc (1989). This diffcrcncc may rcflcct thc limitcd thcrniod>nmic databxc with rcspect to 
mcrcury md/or that only the divalcn: osidation statc is considcrcd in thc simulation. Allison (1993) 
revicwcd the modcl rcsulls in comparison to tlic mcasurcd t*alucs rcponcd by Bartcllc (1989) and 
found rcasonablc agrccmcnt bcnvccn tlic two scts of datq givcn thc u n c c h n t y  usociatcd with 
laboratory mcnsurcmcnts and modcl precision. 

Nickel. hlI;TTEQ-csTimatcd lid vducs for nickck n n s c  from I6 to 1,900 wkg. Tiicsc valucs agrcc 
wcll with mcasurcd valucs of tlpprosimatcly 20 Llkg (mcm) and 12,2 to 650 Lkg, rcportcd by 
Coughtrcy ct al, (1985) and Baacilc (1989). rcspcctkly.  Thcsc values also agrcc wcll with t l ic s d u c  
of IS0 Wkg rcportcd by Bacs ct al. (19x4). Howcvcr, thc prcdictrd vducs nrc at tlic low cnd of thc 
m g c  rcponcd by thc AECL (1990)-60 to (1,700 Llkg. 

Selenium, Empirically dcrivcd Kid valucs for sclcnium rangc From 2.2 to 18 L/kg for pH v ~ I u c s  of 
8,O to 4.9. The rangc in cspcrimcntally dctcmiincd K d  vducs for sclcnium is as follows: lcss than 9 
Lkg (Coughtrcy ct  d,, 1985), 5.9 to 14.9 Wkg (Battcllc, 1989), and 150 to  1,800 L/kg (AECL, 
1990). Bacs c t  at. (1984) rcponcd a vduc  of 300 Wkg, Although thcy arc significantly bclow the 
valucs prcscntcd by the AECL (1990) and Bacs ct al, (19X4),  thc MMTEQ-prcdictcd Kid \ ~ l u c s  
corrclstc wcll with thc valucs rcponcd by Coughtrcy tt ala (1983) and Bnrtcllc (1989), 

Silver. Tic & vducs cstimatcd for silwr rmgc from 0.10 to 110 L/kg for thc conditions studied. 
Thc rmgc in cxpcrimcntdI>* dctcmiincd & valucs for silvcr is as follows: 2,7 to 33,000 Ukg (AECL, 
lS90), 10 to 1,000 Lkg (Bacs ct al.. 1984), 50 L/kg (Coughtrcy ct d., 1983, and 0.4 to 40 Lkg 
(Bmcllc, 1989). Thc modcl=prcdjctcd valucs a g c c  wcll with thc valucs rcponcd by Cough tq t  ct 
al, (1985) and Batrcllc (1989) but arc at thc lowcr cnd of die rangcs rcponcd by AECL (1990) and 
Bacs et nl. (1984). 

Thallium, Empirically dcrivcd Kd wlucs for thallium m g c  from 44 to 96 ukg for pH values of 
4.9 to  8,O. Gcncrdly, thcsc valucs arc about  TI ordcr of magnitude grcatcr than tliosc rcportcd by 
Battcllc (19x9)-0.0 to  0,X Lkg = but arc wcll bclow the value prcdictcd by 132s ct al. (1YSS). 

zinc. hlfi'TEQ-cstimatcd lid vducs for zinc rangc from 16 lo 530 wkg, n c s c  cstimatcd Kd vdues 
arc nithin thc rangc of mcasurcd & valucs rcportcd by thc AECL (1990) (0,l to 100,000 U g )  md 
Bucs ct al, (1984) (0,l to 8,000 L/kg)# Couglitrcy ct 51, (1985) rcportcd a Kd m l u c  for zinc of 
grcatcr than or cqud to 20 Lkg, 
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5.4.5 Analysis of Peer-Review Comments, A pecr rcvicw \vas conducted of the 
modcl assumptions and inputs uscd to cstimatc K,j valucs for SSL application. This rcvicw idcntificd 
scvcral issues of conccrn, including: 

. Tic  chargc balancc cscccds an acccpblc  margin of differcncc (S pcrccnt) in most of 
thc simul~tions. A variance in csccss of 5 pcrccm may indicatc that the modcl 
problem is not correctly clicmic3lly poised and thcrcferc the results may not bc 
chemically rncvlingful. 

outer-sphcrc adsorbing spccics and, by including thc adsorption rcactjon, sulfatc is 
Tcmovcd from thc squcous phase at pH valucs lcss than 7 and is prcventcd from 
panicipating in prccipintion rcaction 3t thcsc pH ~;llucs, 

conditions, 

. T h e  modcl should not allow sulfatc to adsorb to thc iron o i d c ,  Sulfatc is a weakly 

* Modclcd Kd values for barium and zinc could not be rcproduccd for dl studied 

A tcchnical analysis of thcsc concerns indiatcd that, dthou@ thcsc comments wcrc b s c d  on me 
obscnyttions about thc modcl rcsults, thcsc factors do not compromise thc validity of thc MNEQ 
rcsults in this application. This tcclinical malysis is prot*ided in Appendix M. 
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APPENDIX A 

Generic SSLs 

Tablc A-I prosidcs gcncric SSLs for 110 chcmicrrls. Ccnctic SSLs PTC dcrivcd using dchult  valucs in thc 
standardized cquatjons prcscntcd in Pnrt 2 of this document Tnc dcfault vaIucs (listed in Tablc A-2) 
arc conscn*ativc and arc lilccly to be protcctivc for thc majority of sitc conditions ac~oss thc nation. 

JIowcscr. the gcncrk SSLs arc not ncccssady protcciivc of 311 known I1uma.n q o s u r c  pathways, 
re;rsonablc land uscs, or ecological tlircnts, Thus, bcforc applying gcncric SSLs at ;I sitc, it is cxzrcmcly 
important to compxc the conccptud sitc modcl (SCC thc Uscr'.v Guidc) with thc assumptions bchind 
h c  SSLs to cnsurc lhat thc  sitc conditions and csposurc pathway match thosc uscd to dcvclop gcncn'c 
SSLs (scc Parts 1 and 2 and Tablc A.2). If this comparison indicatcs that thc sitc is morc complcx 
than thc  SSL sccnatio, or that tlicrc x c  significant csposurc pathways not accountcd for by thc SSLs, 
then gcncrk SSLs u c  not sufficicnt for a full cvaluation of thc sitc. A morc dchlcd site-spccific 
approach will bc ncccssary to cvduatc thc additional pathways or sitc conditions, 

Gcncnc SSLs arc prcscntcd scpantcly for major pathways of conccm in both d a c e  and subsurfacc 
soils. The first column to thc right of the chemical n m c  prcscnu lcvcls bascd on dircct ingestion of 
soil and the sccond column prcscnts lcvcls b m d  on inhalation, As discussed in the Uscr'.~ Guidc, the 
fugitivc dust pathway may bc of concern for ccmin m a d s  but docs cot appear to bc of conccm for 
organic compounds. Tlicrcforc, SSLs for thc fugitive dus t  pathway arc only prescntcd for inorganic 
compounds, Except for m c r c q ,  no SSLs for thc inhalation of volatilcs pathway arc providcd for 
inorgnnic compounds bccausc tlicsc chemicals arc not vol3tk. 

Thc uscr should notc tliat seven1 of .the gcncric SSLs for 111c inhalation of v o l a t h  pathway arc 
dctcrmincd by the soil saturation conccntr;rtion (Cnn,), which is uscd to addrcss and SCTCO) thc potcnud 
prcscncc of nonaqucous phuc liquids (NAPLs). As cxplaincd in Scdon 2'4.4, for compounds that XC 
liquid at 'mbicnt soil tcrnpcnturc, conccntmtions abovc Clrl indicate a potmbd for frcc-phase Liquid 
contaminxion to  bc prcscnt and zhc nccd for additional invcdgation. 

7?1c third column prcscnt.. gcncric SSL vducs for thc migration to ground watcr pathway dcvcloped 
using a default DAF (dilution-attenuation factor) of 20 IO account for natural proccsscs that rcducc 
contaminant conccntrations in thc subsurfacc (scc Scction ?.5,6). SSLs in Tablc A-1 arc roundcd to 
nvo significant f i p rc s  cxccpt for vducs less than 10, which ;vc roundcd to onc significant f ip rc .  Notc 
that thc 20 DAT: valucs in Tablc A-I YC not cxactly 20 dmcs thc I DAF vducs bcwusc cach SSL is 
c;llcufatcd indcpcndcntly in both thc 20 DAF and I DAF columns, with rhc final value prcscntcd 
according to thc nfotcmcntioncd rounding convcntions, 

Thc founli column contains thc gcncric SSLs for thc migntion to ground watm path~va?~ dcvclopcd 
;Issuming no dilution or attcnuation bcnucm thc SOUTCC and the reccptor well (k.. a DAF of I). Thcsc 
valucs m bc uscd at sircs whcsc littlc or no dilution or attcnuation o f  soil Icnchatc conccntntions is 
cspccted at 3 sitc ( c , ~ . ,  sites with shallow watcr tablcs, fncturcd rncdia, karst topognphy, or sourcc 
site pcntcr thm 30 acrcs), 

Gcncr;llly. if M SSL is not cxcecdcd for a pa1hway of conccm, thc uscr may climinatc the pathway or 
uc3s of thc site from further invcstigation, If morc than one C X ~ O S U T C  pathway is of conccm, thc 
lowcst SSL should bc used. 
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Table A-I. Generic SSLs' 

Organics Mluratlon to ground water,, 

Inholotion 
ingostion volott les 20 OAF 1 OAF 

CAS No. Compound h g l k g )  (mglkg) (mglkg) (mplkg) 
570 29 b 

83-32-9 Aconaphthene 0,700 - c  

67-64-1 Acetone 7,800 l.OE.cO5 d 76 0,8 
309-00.2 Aldrin 0.04 e 3 ,  0,s 0.02 * 
t20-12-7 Anthracene ' 23,000 ,c 12,000 590 
56-55-3 Befc(o)anthrocono 0.9 ,c 2 .  0,oa 

205-99-2 Bonto(b)fluoranthcns 0.9 ,c 5 0  0.2 
207-08-9 Benro(k)fluoronlhane 9 .  ,E 49 ' 2  

65-85-0 Bontoic acid 3.1 E+05 ,c 400 bd 20 bJ 

I 
?1-43=2 Benzene 22 0.8 0.03 0,002 ' 

50=32=8 Bonzo(a)pyrene 0,09 eJ ,c 8 0.4 
11 1.444 Bis(2-chlaroathyI)ather 0.6 0.2 J 0.0004 2E-05 'J 

11 7-81 -? 8ls(2.othylhc.~l)phthalnle 46 3-i,000 d 3,600 7 80 
75-27-4 Bromodichloromslhone 10 3,000 0,6 0.03 
75-25-2 Bromoform 81 53 0.8 0.00 
71 -36-3 Butonol 7,800 10,000 d 1 7 b  0.9 b 

85-68.? Butyl bonzyl phthalate 16,000 930 930 810 la 

86-74-8 C ~ r r b a x O l O  32 I C  0.6 0.03 'J 

75-1 5-0 Carbon disulfido 7,800 720 * 32 2 b  
5&23=5 Carbon tatrtrchlorido 5 .  0.3 0,Oi 0.003 
57-74-9 Chlordane 0.5 20 ' 10 0.5 

106474 pChkroanitine 310 - c  0.7 b 0.03 
1 08.90-7 Chtorobanzane 1,600 b 130 1 0.07 
124-48-1 Chlorodibromomuthnne 8 .  1,300 0.4 0.02 
67.66-3 ChtOmforKi 100 0.3 0,6 0.03 
95-57-8 2-Chlorophonol 390 53,000 4 b,l 0.2 b,/l 



Table A 4  (continued) 

542.75-6 
60=57-1 

10567-9 
51-28-5 
121 -1 4-2 
6 0 6-20- 2 
11 7-84-0 
11 5-29-7 
72-20-8 

1 00-4 7 -4 
206=44-0 
86-73.7 
76-44-8 

1024-57-3 
11 8-74-1 
87068.3 
31 9-84.6 
31 9-85-7 

58439-9 
77-474 
67-72-1 

193-39-5 
?8-59-1 

7439-9?-6 
72-43-5 
74.83-9 
75-09.2 
95-48-7 
91-20-3 
9 8-9 5-3 
8 6 30-6 
62 1 -64-7 
1336-36.3 

87-86-5 
108=95-2 
129-00-0 
100-42-5 
79-34-5 

I 84-66.2 

.I 

5 
$ 

0 rga n lcs Migration to ground w a t e 9  
*> In halation h 

lngostlon vo lati los 20 DAF 1 DAF a 

1,3- 0 ic h lor0 p ropo n o 
Dioldrin 
Diothylphthnlatc 
2,4-Dimothylphonol 
2,4-Dinit rophenol 
2,U-Dinit rotoluonc 
2 ;G- D i nitro t o I UQ n e  
Di-rroctyl phtholalc 
Endosulfan 
Endrin 
Ethylbenzene 
Fluoranthene 
Ft uorcnc 
Heptachlor 
Haptachlor epoxide 
Hoxachlorobcnzone 
Hexochloro-l,3=butndieno 
&HCH (a-BHC) 

YHCH (Lindane) 
Hoxnch1orocyclopunt;ldisne 
Hoxachlorocthone 
Jndeno('l,2,3.cd)pyrono 
lsophorone 
Mercury 
Methoxychlor 
Mothy1 bromido 
Molhylono chloride 
2-Mot hylphenol 
Nopht halene 
Nil robonzone 
N=Nitrosodipheny lamino 
N.Nitrosodi-~propylmine 
PCBS 
Pontachlorophenol 
Phenol 
Pyreno 
Styrene 
1 ,I ,2,2-Tetr~chloroethane 

PHCH (p4HC) 

d e  0.1 @ 

0,04 O 1 0  

63,000 2,000 
1,600 b ,c 

160 , e  
0.9 ,e  
0.9 e ,c 

7,600 10,000 d 
470 , c  

23 b ,c 

7,800 400 d 
3,100 
3,100 b ,c 
0.1 * 0.1 0 

0.07 5 9  
0.4 a 1 8  

B y  8 @  
0,l 0,8 
0.4 1.0 
0.5 - c  

550 10 
46 a 5s e 
0,9 ,e 

670 4,600 
23 b,l 10 b,i 
390 I , c  
110 b 10 
85 ' 13 

3,900 . ,c  

3,100 ,c 

39 92 
130 I . c  
0.09 - c  

l h  ,h 

3 OJ 
47,000 - c  

2,300 b ,c 

16,000 1,500 
3 .  0.6 @ 

0,004 a 

0,004 
470 

0.3 bAI 
9 b  

0.0008 of 
0.000f OJ 

10,000 
18 
1 
13 

4,300 
560 b 
23 
O,7 

2 
2 

0.0005 * J  

0,003 
0.009 
400 
0,5 
14 

0.5 

160 
0.2 
0.02 ' 

15 
84 

0,l bJ 
7 0  

5E-05 *+I 
, h  

0.03 1j 
100 

4,200 
4 

0,003 *A 

2 '  

0.0002 * 
0,0002 

*23 b 
0.4 

0,Ol b,fJ 

4 E-05 
3E-05 OJ 
10,000 6 

0.9 b 
0,05 
0 .7 
210 
28 
1 

0,03 
0,l 
0,l  ' 

3E-05 *J 

0,0001 
0.0005 ' 

20 
0.02 OJ 

O,7 
0.03 *J  
0.1 ' 

8 
0.01 bJ 
0,007 *a' 

0.8 b 
4 b  

0.007 bJ 
0.06 *A 

2E.06 *A 
,h 

0.601 '1' 

5 b  
210 b 

0.2 
0.0002 .J 



Table A 4  (continued) 

Organics Migration to ground water- 

In halation 
Ingestion volatiles 20 OAF 'I OAF 

CAS No. Compound h g / W  (m g/kg) f m w w  Imglkg) 
' 127-18-4 Tetrachloroethylene 12 @ 11 0.06 0.003 ' c 

I 08-8893 Toluono 16,000 650 12 0.6 
8001 -35-2 Toxaphone 0,6 O a9 0 37 2 

120.82-1 1,2,4-Trichlorobenrene 780 3,200 5 0.3 
77-55.6 1 ,l,l-Trichkrocthano , c  7,200 2 0.1 
79=00-5 1 ,I ,2-.Trichloroothanc 11 l e  0.02 0.0009 
79-07-6 Trichloroethylene 58 5 .  0.06 0.003 
9595-4 2,4,5-Trichlorophonol 7,800 b ,c 270 bJ 14 bJ 
88.06-2 2,4,6-TrichlorophenoI 58 200 e 0.2 *.fJ 0,008 4 
108=054 Vinyl aceta10 78,000 1,000 770 b 8 b  
75-01-4 Vinyl chlorida 0.3 0.03 0.07 1 0 , O O O i  f 

' 108=38=3 mXylene 1,6E+05 420 * 210 10 
95-47-6 @Xylene 1,6E*05 419 190 9 

106-42-3 pXylone 1.6E+05 460 200 70 

c 



Table A-1 (continued) 

In otgo n ics Mlgrotlon to ground waterj 
Inhalation 1 

t U g l t l V Q  F 
CAS No. Compound (mgfkg) (mglkg) (mqlkg) (mg/kg) ' 

lngost lon partlculnto 20 D A F  1 DAF La 

7440=36-0 Antimony 31 5 0.3 
7440-38.2 Arsonic 0.4 f 5 0  ' 29 1 '  
7440-39.3 Barium 5,500 6.9E+05 1,600 82 
7440-41 -7 Eoryllium 0,l 1,300 63 ' 3' 

7440-47-3 Chromium (total) 390 270 * 38 I 2 '  
16065-83-1 Chromium (111) 78,000 - c  n m Q  -0 

18540-29-9 Chromium (VI) 390 270 * 36 ' 2 '  
57.1215 Cyanide (amonnble) 1,600 - c  40 2 

7440.43-9 Cadmium 78 blm i ,800 0 a 1  0.4 ' 

7439.92-1 Lead 
7440-02-0 Nickel 
7782-49-2 Selenium 
7440-22-4 Silvot 
7440=28=0 Thallium 
7440-62-2 Vanadium 

k - ,k k 400 

390 - c  5 1  0,3 ' 
390 - c  34 bJ 2 bli 

- c  ,c 0.7 0.04 
550 6,000 300 

1,600 13,000 e 130 ? i  

7440-66-6 Zinc 23,000 ,c 12,000 b*i 620 bii 
DAF w Dllution nnd attonuation ioctor. 
a Scrooning lcvola basad on human health criteria only. 

' No loxlcby criteria avallablo lor that route oi oxposura. 

" Calculatod valuos correspond IO a cancer risk lavol of 1 In 1,000,000. ' Leva1 is at or bolow Contract Loborntory Program roquirad quantltntion limit ior Regulnr Analylical Sorvleos (RAS), 
0 Chcmical-specific p r o p e r k  or@ such that this pathway Is not 01 concern at any sol1 contamlnant concontration. 

A prclimintliy remadialion goal ot 1 mglkg has been set lor PCBG basod on Guidnnca on Romdlu! Acfions Tar SuparfundSifas 
, wfih PCB Conraminofion (US, EPA, 1990) and on EPA efforts to w n o g e  PCB contamination. ' SSL for pH of 6.8. 
1 Ingestion SSL adjustod by a factor of 0,5 to account far dormal exposure. 

Calculatod voluos correspond to n noncmxr  hazard quotient oi 1, 

soil saturation concentration ( c ~ , ) .  

A scraenlng lcvol of COO mvkg has beon sot for lead based on Revised Infarim Soil Lead Guldanco for CERCLA Slfes and 
RCRA Correc:ivo Acfion hc//it;es (U,s, €PA, 1994), 

I SSL is basod on R1D for morcurlc ehlorido (CAS No, 007487=94=?). 
m SSL is based on dietary A!D, 
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Table A-2. Generic SSLs: Default Parameters and Assumptions 

SSL aathwav 

Po romct or 
~ 

Mlgratlon to 
tnhalatlon around wotcr 

Source Choractcrlstlcs 
Cantinuous vegstntiva cover e 50 percent 
Rouphnbss height 0.5 cm for opan terrain: used to derive UI,7 

Source o m  (A) 0 0.5 ocres (2.024 d); used to detlvo L tor 
MTG 

Sourco length (L) 0 45 rn (assumes s q u m  source) 
Source depth 0 Extends to water table ( I &  no ononuotion 

0 

in unsaturated zone) 

Soil Characteristics 
Soil ~ O X 1 U t O  

Dry soil bulk denshy (pb) 
Soll porosity (n) 
Vol. sol1 woter content (0,) 

Vol. soil air content (0,) 

Soll organic cnrbon (f,) 
Soil pH 

Modo soil oggrsgnte s120 

Q 0 Loam: dollnos sol1 ehoroeteristicd 
parameters 

e e 1.5 kfi 
9 0 0.03 

0 0.1 5 (1"); 0.30 ( M E )  

e 0 0.28 (1"); 0.13 (MTG) 

0 0 6.8; usod to determlna pH-spccllic K,j 
(matals) and & (lonlzoblo organks) 

0 0,5 mm: used 10 derive Ul,? 

e 0,006 (0,G%, 1"): 0.002 (0.2 %, MTG) 

Thrcahold windsmod B 7 m (UIT) 0 1 1.32 Id$ 
-~ 

Mcteorologlcal Data 
Menn nnnual windswed (Urn) 469 d a  (Minneapolis, MN) 

Air dispersion tnctor (QC) 0 90th percentile conterminous U.S. 
Volo!llirat)on CYC e 68,81: Los Angales, CA; 0,Sscra sourco 
Fughhre pnrtlcutnte QIC 0 90.80; Minnoopolls. MN: 0.f~bocrs SOURO 

Hydrogcologlc Charactcrlstlcs 
. .  

Hydrogoologlc satling 0 Genorie (notional); sudiclol aqulter 
Oilut(on/unonustion toctar (OAF) 0 20 

0 lndlcafsa input parameters directly used in SSL squatlons, 
0 lndlcnt os parameters/ossumptions uDed to develop SSL Input parameters. 
INH I lnholotion pathway. 
MTC I Migration 10 ground wator polhway, 
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Analysis of Effects of Source Size on Generic SSLs 

A largc nurnbcr of commcntcrs on thc December 1994 Soil Scrccning Guidmcc suggcstcd that most 
conminatcd soil sourccs wcrc 0,s acrc or Icss. Bcforc changing this default assumption from 30 acrcs 
to 0.5 acrc, thc Offcc of Erncrgcncy and Rcmcdinl Rcsponsc (OERR) conducted an analysis of thc 
cffccts of changing thc ;LICD of il contminatcd soil sourcc on gcncric SSLs alculatcd for thc inhalation 

P -3 
Q 
2 
t-i 

and migration to ground water csposurc patIlntays, Viis analysis includcs: 
& - 

An acalysis of t l ic sensitivity of SSLs to 3 chmngc in sourcc a m  from 30 m c s  to 03 
icrc  

Mass-limit rnodcling rcsults showing thc dcpth of contamination for a 2O-acrc source 
that corrcsponds to a 0,5-acrc SSL. 

All cquations. wsumptions, and modcl input p a m c t c r s  uscd in this analysis arc consistent nith tliosc 
dcscribcd in Pan 2 of  this documcnr unlcs!: othcnvisc indiwtcd. Chcmical propcrtics uscd in thc 
analysis arc dcscribcd in Pan 5 of this documcnt. 

In summary, thc rcsults of this analysis indicatc that: 

"lie SSLs arc not panicularly scnsitivc to v q i n g  thc source arc3 from 30 acrcs to 03 
acrc. This rcduction in sourcc arm lowcrs SSLs for thc inhdntion pathway by about P 
factor of 2 and lowers SSLs for thc migration to ground water pathway by a factor of 
2.9 undcr Iypical h!,drogcologic conditions. 

Half-acrc SSLs calculatcd for 43 volatilc and scmivolaLiIc contaminants using ihc 
infinitc sourcc models concspond to mawlimit SSLs for a 30-acrc sourcc uniformly 
conuminatcd to a dcpth of about 1 to  21 mctcrs (dcpmding on contaminant and 
pathway); thc avcrqc dcpth is 8 mctcrs for thc inhalation pathway (21 contaminants) 
and 1 I mctcrs for thc migration to  ground waicr pathway (43 contuninants). 

Sensitivity Analysis, For thc inhalation pathway, sourcc arm affccts thc Q/C vsluc (a mcwurc 
of dispcrsion), ~vliich d i rcdy  affcas the final SSL and is not rhcmical-specific. Higher QlC vducs  
rcsult in higher S S t s ,  AF shown in Tablc 5 (Section 2.43). ~ l i c  cffcct of arc3 on the Q/C vduc is not 
scnsitivc io mctcorological conditions, with thc d o  of ;1 O,S-acrc Q/C to 3 30-acre Q/C nnging from 
1.93 to 1,96 over thc 29 conditions mnlyzcd, Dccrcuing thc sourcc area from 30 acrcs to 0.5 acrc 
will thcrcforc incrcnsc inhalation SSLs by about a factor of 2. 

For thc migration to ground watcr pathway. sourcc UCP affccts thc DAF, which also dircctly affccts 
thc f i n d  SSLs and is not chemical-specific. Thc scnsitivity analysis for the dilution factor is marc 
complicjtcd than for Q/C bccausc incrcasing sourcc arc3 (cxqmsscd as thc length of source panllcl to 
ground water flow) not only incrc;lscs infiltration to thc aquifcr, which dccrcxics thc dilubon factor, 
but also incrcLws thc mixing zonc dcpth, which tcnds to incrcLqc the dilution factor, The first cffcct 
g c n c d l y  ovcmdcs the sccond (ix,, longcr sourccs h w c  lowcr dilution factors) cxctpt for v c v  thick 
aquifcrs (scc Scction 2.5,7), 

T h c  scnsitivity analysis dcscribcd in Section 2.5,7 shows that tlic dilution modcl is most sensitive to 
thc aquifcfs Ducy vclocity (k, liydnulic conducthity x hydnulic gradient), For ;L lcss conservative 
Darcy vclocity (90th pcrccntilc), dccrcnsing tlic sourcc area from 30 acres to 0,5 ncrc incrcued the 
dilution factor by a factor of 3, l  (scc Tablc 9, Section 2.5.7), For thc conditions analyzed, dccrcxing 
thc sourcc m a  from 30 acrcs to 0.5 acrc aff'cctcd dilution factor from no incrcasc to 3 factor o f  4.3 
incrcuc. N o  incrcuc in dilution factor for a 0,5-acrc sourcc \VLS obscrvcd for thc lcss conscrvativc 

A-7 



(highcr) aquifcr thickncss (46 m). In this a s c  thc dccrcxc in misins zonc depth balmccs tlic d c c w c  
in infiltration rate for thc smaller SOU~CC. 

Mass-Limit Analys is .  Thc infinitc source assumption is onc of thc morc consen'itivc 
assumptions inhcrcnt in tlic SSL models, cspccidly for smdl sourccs, This assumption should provide 
sdcquatc protcction for sourccs with Iargcr arcas than those uscd to ~ d c u l a t c  SSLs. To ICSI this 
hypothcsis thc SSL mass-limit models (Scction 2.6) w r c  uscd to cdculatc, for 43 volaulc and 
scmivolatilc chcrniwls, tlic dcpth at which ;1 mass-limit SSL for t l 3 0 - m ~  sourcc is equal to a 0 . 5 - a ~ ~  
infinitc-source SSL, 

Tlic mass-limit modcls are siniplc mxs-bdmncr: modcls that cdcul;llc SSLs bscd  on the conscn*ativc 
assumption that thc cntirc mass of contamination in a source cithcr voladlizcs (inlidation modcl) or 
leaches (migration to ground w t c r  model) ovcr the csposurc pcriod of intcrcst. Tlicsc models wcrc 
dcvclopcd to correct tlic mass-balwcc \iolanon in thc infinitc source models for highly voIaUlc or 
soluble contaninants. 

Tnblc A 4  prcscnts tlrc results ofthis analysis, Tlicsc results dcmonstntc that O.I=acrc infinite sourcc 
SSLs arc protcctivc of uniformly conminatcd 3 0 - m ~  sourcc arcas of significant depth. For the 21 
chcmicals ryralytcd for the inhalation pathway, thcsc sourcc dcpths range up to 21 mctcrs, with m 
average: depth of S metcrs and a standard deviation of 5.7, For the migration to ground wscr  pathway, 
sourcc dcpths for 43 contaminants m g e  to 21 meters, with an w c r ~ g c  of 11 mctcrs and 2 standard 
deviation of 5 , 4  
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Table A-3,Soutce Depth where 30-acre" Mass-Limit SSLs E 0.5-acreb 4.. 

1 nf in ite-Sou rce SS t s C  

Source dopth (m) 

Acotono Na 21 G 
Chomlcal Inhalation Migration to ground w a t d  9 

Bonzonc Et1 12 
Benzoic acid NA 21 
Bis(2-chloroe:hyl)othor . 0.7 i a  

Bromoform 0.9 11 
Bmnol  NA 20 
Carbon disulfide 19 11 
Corbon tetrachloride 11 6 
Chlorobonzcne 3.5 6 
Chlorodibromomothanc NA 13 
C h lorof om a,3 14 

Bromodichlorornet hano NA 13 

2-Chlorophenol NA 4 
1,2=Dichlorobenzcne NA 3 
l14-Dichlorobenzcno NA 3 

1,2-Dichloroothona 5.6 i a  
1 ,1-Dichloroefhylcno 15 10 
cis=l,2-Dichiorocthylone NA 15 
frans=l,2-Dichloroet hylonc NA 12 
2,4-Oichlorophenol NA 8 
1 ,Z=Oichlaropropnne 6,2 14 
1,3=Dichloropropono 12 12 
2,4=Dimef hylphenol NA 7 
2,4-Dinitrophenol NA 21 
2.4-Dinitrofolueno NA 11 
2,6-Dlnitrotoluenc NA 12 
Ethylbenzene NA 4 

Methylono chloride 8.9 18 
2-Met hylphonol NA 11 
Nitrobenzene 0.5 13 
1 ,1,2,2-Tetmchloraethane 1.6 11 
Tatrochlorocthylone 8.7 7 
Toluone NA f 
1,1 ,I-Trichloroothono NA 9 
1,1,2=Trichloroothane 3,4 14 
Tric hloroa t hy le n e 6,8 7 
Vinvl acotnte 4.6 20 

1 ,l-Dichloroofhone 9.1 15 

Methyl bromido 12 17 
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Introduction 

For II numbcr of thc contaminants commonly found at Supcrfbnd sjtcs, inlialntion bcnchmarks for 
toxici? ;11c not awilablc from INS or HEAST, A5 pointcd out by cornmcntcrs to tlic Dcccmbcr 
1994 Soil Scrccning Guidtmcc, ingcstion SSLs tcnd to bc highcr than inhalation SSLs for most 
volatilc chcmicds with both inhalation and ingcstion bcnchmarks, This suggcsTs that ingc.stion SSZs 
may not bc adcquatcly protcctivc for inhalation csposurc to  clicmicals that lack inhalation 
benchmark., 

To address this conccm, thc Offkc of Emergency and Kcmcdial Rcsponsc (OERR) cvduatcd 
potential approachcs for dcrhing inhalation bcnchmarks using route-to-route cstnpolation from 
om1 bcnchmarks (casa, inhalation rcfcrcncc conccntrations [ RfCs] from oral rcfcrcncc doscs [RfDs]), 
OERR cvduatcd Agcncy initiatives conccrning route-to-routc cstrapolation, including: tlic potcntid 
rcncrivity of airbornc tosicants (e,&, portal-of-cnq cffccts), thc pharmacokinetic bchavior of 
tosicants for diffcrcnt routes of cxposurc (c,g,, absorption by thc gut vcrsus absorption by thc lung), 
m d  thc significance of physicochcrnial propcrtics in dctcmining dose (cas,, volatility, spcciarion), 
During this process, OERR consultcd with staff in the EPA Office of Rcscarch and Dcvclopmcnt 
( O W )  to idcntifi approprktc tcchniqucs and kcy tcchnicd aspccts performing routc-to-route 
cxtrapolntion. The following sections dcscribc OEIZR’s analysis of routc-to-routc cstrapolation and 
thc conclusions rcachcd rcgsrding thc USC of cstrapolatcd inhalation bcnchrn~rks to suppon 
inhalation SSLs, 

8.1 Extrapolation of Inhalation Benchmarks 

Thc first step taken in considcring routc-to-routc extrapolation of inhalation benchmarks ~ v s  to 
comparc ez;i.sCing inhalation bcnchmnrks to inhalation bcnchmarks cxzrapohtcd from om1 studies, 
This comparison i v s  important to  dctcmjnc whcthcr 3 simplc route-to-tautc cxtnpols ion could 
providc a dcfcnsiblc inhalation benchmark for chmica ls  lacking approprhtc inhalation studies. 
OERR idcntificd ninc chcmicds found in INS (Intcgntcd Risk Information System) that h i m  
vcnficd Rf’Ds and RfCs for noncwccr cffccts, including thrcc chcrnicals found in thc SSL guidmcc 
(cthylbcnzcnc, styrcnc, and tohcnc).  Rcfcrcncc conccntrations for inhalation csposurc wcrc 
cxtrapolatcd from oral rcfcrcncc doscs for  adul ts  using thc following formula: 

70 kg 
20m’ ld  

cxvapolatcdRfC (rng/m’) = RID (mgIkg-d)  x 

I t  is i m p o m t  to notc that dosimctric ;rdjurtmcnts werc not mndc to account for respiratory a c t  
dcposition cfficicncy and distribution; physical, biological, and clicmiwl factors; and othcr q c m  o f  
cxposurc (c.s., discontinuous cxposurc) that affect uptakc and clc;vmcc, Conscqucntly, this simplc 
cxrnpolation mcthod relics on the implicit assumption that thc routc of adminifintion is irrclevant 
to the dosc dclivcrcd to  a t q c t  organ, an assumpdon not supponcd by thc principles of dosirncny 
OT p h m a c o  k i n d  cs. 
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Thc limitcd data on noncarcinogcns Suggest that mort  volatdc constituents tend to have 
cstnpolatcd RfCs closcr to the RfCs dcvelopcd by EPA (k, e s ~ p o l a ~ c d  Euc withh a famar of 3 
of the RfC i n  IRIS). Thc less volatilc chcmicals (c.g,. dichlowos) trnd TO bc below thc RfCs 
dcvclopcd by EPA workgroups by 1 to 3 ordcrs of magnitude. Although this data set is insufficknt to 
disccm trcnds in c;\;tr;polatcd w s u s  INS Ws, TWO points YC rmonrrbl!* clm (1) for some volatk 
chcmicds, route-to-routc cxmpolanon rcsults in inhalation benchmarks rcsonabl>* closc to the Rf13, 
and (2) as volatility dccrcascs and/or chemical spccirrtion brcomcs i m p o m t  (c.g., hydrogen sulfidc) 
with rcspcct to cnvironmcntal chemistry and tosicology, the unccrtsinty in cxmpolatcd inhalation 
bcnchmhs is likely to incrcxc. 

For carcinogens, O E M  idcnuficd 41 chcmicds in INS for which o d  cmccr slopc factors (CSFod) 
;urd inhalation unit risk fnctors (UWs) art a\*dable, including 25 chcmicds covered under thc SSL 
guidance. Unit nsk factors for inhalation csposurc wcrc c ~ t m p o l ~ c d :  from on1 carcinogenic s lop  
facton for adults using thc follo\ving fom~ulx 

Using thc csrapolatcd URF, risk-specific air conccntnuons were cdculatcd as II lifetime wcragc 
csposm conccnmtion as shown in cquadon BS: 

wpct risk (B-3) 

URF (pg/m’)-’ ‘ 
c...uu-~polatcd air conccntmtion pg /mS = 

Not surprisingly, thc risk-based (k, 10-6) 3ir concentrations in IRIS arc thc s m c  ;IS the air 
conccnmtions cstrapolatcd from thc CSF,,,, far 30 of thc 41 wrcinogc.uk chcmids  evalurrtcd (at 
onc significnnt figure). Mistoridly, o d  ;urd inhalation slopc ftrctars have been bascd on on] studies 
for clrcmiwls for which phmacokinctk or poml-of-cntp cffccts wcrc considcrcd insi@ficmt. As 
P rcsulf mute of aposurc cxmpolabons wcrc oftcn included in the devclopmcnt of rhc csranogmic 
slopc factors. Howcvct, thc divcgcncc of cz;aapolatcd air ConccntrJriorn with risk-bascd (Le., 104) 
air conccnmtiolls in IRIS rcffccts n c w r  mcthods in usc at EPA that address p o r t z l l s f a q  &cct~, 
dosimcay, ,and pharmacokinetic behavior. For esmplc,  1 ,Z-dibromomcthmc ha an cmpolatcd 
10.6 air conccnmtion that is 2 ordcrs of magnitudc below the valuc in IRIS, This difference is 
probably artributrrblc to diffcrcnccs in: ( I )  thc endpoint for inhalation csposurt ( n d  chit?: 
carcinoma) vcrsus on1 c~~posure (squamous ccll carcinoma), andlor (2) pod-of-entry cffccts 
directly rclmed to deposition physiology and absorption of 1J-dibromomcth;mc. 

13.2 Comparison of Extrapolated lnhalntion SSLs with Generic SSLS 

Having pcrformcd z simple csmpolztion of inhalation benchmarks, the next stcp was to compuz 
thc inhalation SSLs (SSLinh) brrscd on cxmpolatcd data to thc soil saturation conccntmtions* (C,J 
,and gcncrk SSLs for soil ingc.eon (SSLing) and ground watcr ingestion (SSL,,). Tablc B-1 prcscnts 
die 50 organic chemicals in thc SSL guidvlcc that lack inhah~on benchmarks. T3e table prescnts 
on1 bcnchmarks found in INS (columns 2 and 3) and cxtmpol~cd inhalation bcnchmxks as 

”lie dcrhtion of C,, and its yi@ficuncc is dixusscd in Section 2.4.4 of Ihis Trchniud Buckgrnund Documcnt 
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dcscribcd in Equations B-1 and 13-2 (columns 4 md 5 ) .  In addition, the tablc prcscnts volatilization- 
based SSLs and SSLs based on panicul3lc cmissions dcrjvcd fTom thc cstrapolarcd tosicity vducs. For 
cach column of cstrapolatcd inhalation SSLs in  this mblc, \*alucs arc truncated 3r 1,000,000 mgks 
bcctusc thc soil conccntration cannot bc grcatcr thnn 100 pcrccnt (i,c., 1,000,000 ppni). 

B .2.1 Comparison of Extrapolated SSLs Based on Volatilization 

Thc cstrapolatcd SSL,,h fo r  volatilization (SSL,nh.v) was cdcuhtcd with Equation 4 in Scetion 2.4 
using a chcinical-spccitic volatilization factor (VF), In Tablc B-1. thc SSL,nh., valucs bascd on 
csnpolatcd inhalation bcnchmarks (column 6) arc compared with the soil saturation conccntration 
(C,a,, column 7) and gcneric migration to ground w t c r  SSLs assuming a dilution attenuation factor 
(DAF) of 20 (SSL,:,). 

As dcscribcd in Scctior. 2.4.4. Clat rcprcscnts thc conccntration at which soil pare air is smratcd with 
a clicmical and masimum volatilc emissions arc rcachcd, A comparison of thc Clll with thc 
cstrapolatcd ssL,,~,.~ ~ a l u c s  indicates that, for 36 of thc SO contaniinants, ssLinh.v cxcccds the soil 
saturntion conccntrauon, oftcn by scvcnl ordcrs of magnitudc. Bccausc maximum volatifc cmissions 
occur at Cllt, thcsc Z6 contaminants arc not likcl!~ to posc significmt risks through tlic inhalation 
pathway, and tlicrcforc thc lack of inlialation bcnchmarks is not likely to  undcrcstimtltc risk through 
tlic vola t i l i~ t ion  pathway. 

For the remaining 14 contaminmu with cstrapolatcd SSL~,,I,.,, vtrlucs bclow CIkl,  311 arc nbovc the 
gcncric SSL, values, This mslysis suggcstq that SSLs bascd on thc miEntion-to-graundwatcr patthwn>l 
arc likely to bc protcctivc of the inhalation pathwap xi wcll. Ho\vcvc:, for sitcs whcrc groundwater is 
not of concern, shc SSLs based on ingcstlon may not ncccssarily bc protcctivc of thc inhalation 
pathway, Thc analysis indicates that the cstrrpolatcd inhalation SSLs arc bclow SSLs bucd on dircct 
ingcstion for the following chcrnicals: scctonc, broniodicliloromcthanc, chlorodibromomcth;c, cis- 
1,2-dichlorocthylcnc, and rrans-l,2-dicl~lorocth~lcnc, This analysis supports thc possibi l i ty  that 
the SSLs based on dircct ingcstion for thc listcd chcrnicals may not bc adcquatcly protcctivc of 
inhalation csposurcs. I-lowcvcr, a motc rigorous cvaluation of thc routc-to-routc cstrnpolation 
mcthods uscd to dcrivc thc toxicity critcria for this analysis is w a m t c d  (rcfcr l a  scction B,3),  

8.2.2 Comparison of Extrapolated SSLs Based on Particulate Emissions 

The cstnpolatcd pnrticulatc jnhalntion SSLs (SSLhh.,) wcrc calculatcd with Equation 4 in Section 2.4 
using the particulate crnission factor (PEF) of 1.32 s 109 mWkg, Table B-1 comparcs thc SSLinh., 
vducs bascd on emapolatcd benchmarks (column 10) and gcncric SSLs b s c d  on dircct ingcstion 
(SSL,,,, Column 9). This comp;trkon indicates that thc cxtrapolatcd ssLi,h.p vducs that arc bawd on 
thc PEF arc wcll abovc thc SSLs for soil ingestion. Thus, ingestion SSLs arc likely to be protchvc of 
inhalation risks fiom fugitivc dusts from surfacc sails. 

6.3 Conclusions and Recommendations 

Bucd on thc rcsults prcscntcd in this sppundis, O E M  rcachcd scvcrrrl conclusions regarding routc- 
to-route extrapolation of inhalation bcnchmuks for thc development of gcncric inhalation SSLs, 
First, it  is rcnson;lblc to assumc t h ~  far some contaminants, the lack of inhalation bcncltmarks may 
undcrcstimatc risks duc to inhalation csposurc, Of thc 17 volatilc organics for wliicli both thc 
ingcstion and inhalation SSLs u c  based on lRlS benchmarks, dl had inhatation SSLs h a t  wcrc bclow 
thc ingestion SSLs. 3cvcrthclc~s,  gcncric SSLs for ground watcr ingestion (DAF of 20) arc Iowcr, 
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often significantly lowcr, than both c~npo ln tcd  and INS-bascd inhalation SSLs with thc csccption 
of vinyl cliloridc, which is g ~ ~ c o u s  at mbicnt tcmpcnrurcs. Thus, at sitcs whcrc ground watcr is of 
conccm, migation to ground watcr SSLs gcncd ly  \\*ill be protective from the standpoint of 
inhalation risk. Ho\vcver, if thc ground water is not of conccm at a sitc (cas.. if ground waicr below 
thc sitc is not potsblc), the use of SSLs for soil ingcstion may not be adcquatcly protcctivc of the 
i nhd  ati on p;rthwa>*. 

Second, thc cxtrrrpol:itcd SSLinh valucs arc not intended to bc uscd as gcncric SSLs for sirc 
invcstigations; thc cxtrapolntcd inbalation SSLs arc uscful in dctcrmining the potcntjd for 
inlialation risks but should not bc misuscd as SSLs, Route-to-routc cstrapolation mcthods must 
account for thc relationship bcnvccn phpsicochcmical propuhcs and absorption and distribution of 
tosicants, tlic sigtrjfrcancc of portal-of-cntry cffccts. and thc potential diffcrcnccs in metabolic 
pathways associated with thc intensity and duration of inhdtltion csposurc. Wowcvcr, mcthods 
rcquircd to gencntc sufficicntlp rigorous inhalation bcnchmarks have rcccntly k e n  dcvclopcd by the 
O W ,  A find guidance documcnt was madc av'3jI;lblc by ORD in Sovcmber of 1995 that addrcsscs 
many of thc issucs critical to the dcvclopmcnt of inhalation bcnchmuks dcschbcd abovc. Thc 
document, cntitlcd Mcthod.~ fur Dcrivation of Inhalation Rcfircncc Conccnrrcrionr and Application 
of Inhalarim Dosimetry (US, EPA. 1?94), dcscribcs the application of inhalation dosimetry to 
dcrivc inhalation tcfcrcncc conccntntions and rcprcscnts thc currcnt staclof-thc-scicncc at EPA 
with rcspcct to  inhalation bcnchmork dcvclopmrnt. The findamcntals of inhalation d o s i m q  arc 
prcscntcd with rcspcct to tosicokinctics and thc physicochcmical properties of chcmical 
contaminants. 

Tlius, at sitcs whcrc tlic migration to ground watcr pathwq* is not of conccm and a sitc manager 
dctcrmincs that the  inhalaaon pathway may bc significant for contaminants lacking inhdntlon 
bcnchmarks, routc-to-routc cstrapolation may bc pcrformcd using EPA-approvcd mcthods on a 
cast-by-csc basis. Chcmjcal-specific routc-to-route cxmpolations should bc accompanicd by o 
complete discussion of the data, underlying ssumptions, and unccrtaintics idcntificd in the 
cxTnnpolation proccss. Extrapolation mcthods should bc consistcnr with thc EPA guidmcc prcscntcd 
in Mcrhods for Dcrtvarion of lnnl~alurion Rcfcrcncc Canccnrrariuns and Applicun'on of Inhakition 
Dosimcrry, If  a routc=to-routc extrapolation is found not to bc appropriate bwcd on the ORD 
guidancc, the infomation on exmpolatcd SSLs may bc included as patc of thc uncc&nty Euldysis of 
thc basclinc risk xiscssmcnc for thc she, 
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Table 8-1. Comparison of €xlrapolated Inhalation SSLs (SSLk;L) wilh Soil Concenlrations (C,,,), and Migration to Ground Water (SSh,) 
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APPENDIX C 

Limited' Validation of the Jury Infinite Source and Jury 
Finite Source Models (EQ, 1995) 



LIMITED VALIDATION Of  THE JURY 
INFINITE SOURCE AND JURY REDUCED 

SOLUTION FINITE SOURCE MODELS FOR 

VOLATILE ORGANIC COMPOUNDS 
EM I S S I 0 NS OF SO I L-I NCO R PO RATED 

Environmental Quality Management, Inc. 
Cedar Terrace Ofice Park, Suite 250 

3325 Chapel Hit1 Boulevard 
Durham, North Carolina 27707 

Contract No. 68-030035 
Work Assignment No. 1-55 

Subcontract No. 95.5 
PN 50994 

Janine Dinan, Work Assignment Manager 

US. ENVIRONMENTAL PROTECTION AGENCY 
OFFICE OF SOLID WASTE AND EMERGENCY RESPONSE 

WASHINGTON, D.C. 20460 

c-I 



DISCLAIMER 

This project hasbeen performed under contract to E.H. Pechan & Associates, 
he. It was funded with Federal funds from the U.S. Environmental Pra:ection Agency 
under Contract No. 68-D30035. The content of this publicatlon does not necessarily 
reflect the views or policies of the US. Environmental Protectlon Agency nor does 
mention of trade names, commercial products, or organizations imply endorsement by 
the U.S. Government. 



CONTENTS 

figures 
Tables 
Acknowledgment 

7 .  , Introduction 

Project objectives 
Technical approach 

2. Revisw of the Jury Volatilization Models 

Finite source model derivation 
Infinite source model derivation 
Summary of model assumptions and limitations 

3, Model Validation 

Validation of the Jury Infinite Source Model 
Validation of the Jury Reduced Solution Finite Source Model 

4. Parametric Analysis of the Jury Volatilization Models 

Affects of soil parameters 
Affects of nonsoil parameters 

5. Conclusions 

Ref e fences 

Appendices 

A. 
B. 

Validation Data for the Jury Infinite Source Model 
Validation Data for the Jury Reduced Solution Finite Source Model 

iv 
vi 
vii 

i 

3 
3 

4 

6 
70 
11 

14 

14 
41 

46 

46 
49 

51 

5a 

A-1 
8-1 

c-3 



Numb 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

FIG U R ES 

Predicted and measured emission flux of dieldrin versus time 
G o  = 5 PPmN 

Comparison of log-transformed modeled and measured emission 

Predicted and measured emission flux of dieldrin versus time 

Comparison of log-+mnsformed modeled and measured emission 

Predicted and measured emission flux of lindane versus time 

Predicted and measured emission flux of lindane versus time 

Comparison of log-transformed modeled and measured emission 

Comparison of log-transformed modeled and measured emission 

flux of dieldrin (C, = 5 ppmw) 

G o  - 10 PPmw) 

flux of dieldrin (Go - 10 ppmw) 

P o  = 5 PPmw) 

(CO - 70 PPmw) 

flux of lindane (Co = 5 ppmw) 

flux of lindane (G = 10 ppmw) 

PaclE! 

19 

20 

21 

22 

24 

25 

26 

27 

Predicted and measured emlsslon flux of benzene (C, - 110 ppmw) 33 

Predicted and measured emission flux of toluene (C, = 880 ppmw) 34 

Predicted and measured emission flux of ethylbenzene 

Comparison of log-transformed modeled and measured emission 

(Ca - 310 ppmw) 35 

flux of benzene (G = 110 ppmw) 37 



FI G U R ES (continued) 

Number m 
Comparison of log-transformed modeled and measured emission 

Comparison of log=transformed modeled and measured emission 

Predicted and measured emission flux of triallate versus time 

Comparison 01 log-transformed modeled and measured emission 

38 
13 

flux of toluene (C, = 880 ppmw) 

flux of ethylbenrene (Go - 310 ppmw) 39 

43 

14 

15 

76 
44 flux of triallate 

c-5 



L 

TABES 

Number 

2 

3 

4 

5 

Volatilization Model Input Values for Lindane and Dieldrin 

Summary of the Ganch-Scale Validation of the Jury Infinite Source 
Model 28 

Volatilization Model Input Variables for Benzene, Toluene, and 
Ethylbenzene 

Summary of Statistical Andysis of Pilot-Scale Validation 

Volatilization Model Input Values for Triallate 

C-6 

31 

36 

42 



* ,  

ACKNOWLEDGMENT 

This reDon was prepared for the US. Environm ntal Prot ction Ag n w  by 
Environmental' Quality Management, Inc. of Durham, North Carolina under contract to 
E.H. Pechan & Associates, Inc. Ms. Annette Najjar with E.H. Pechan & Associates, Inc. 
served as the project technical monitor and Craig Mann with Environmental Quallty 
Management, Inc. managed the project and was author of the report. Janine Dinan of 
the US. Environmental Protection Agency's Toxics Integration Branch grovided overall 
project direction and served as the Work Assignment Manager, 

c-7 



I 

SECTION 1 

INTRODUCTION 

In Deecmber 1995, the U S .  Environmcn:al Protection Agency (EPA) Office of 
Solid Waste and Emergency Response published the Draft Technical Background 

Document (TSD) for Soil Screening Guidance (US,  EPA, 1994). This document 

provides the technical background behind the development of the Soil Screening 
Guidance for Superfund, and defines the Soil Screening Framework. The framework 
consists of a suite of methodologies for developing So!! Screening Levels (SSLs) ?or 
107 chemicals commonly found at Superfund sites. An SSL is defined as "a chemical 
concentration in soil below ,which there is no concern under the Comprehensive 

Environmental Response Compensation and Liability Act (CERCLA) for ingestion, 

inhalation, and migration to ground water exposure pathways ....I' (US. EPA, 1994). 
The SSL inhalation pathway considers exposure to vapor-phase contaminants 

emitted from soils. InhaIation pathway SSLS are calculated using air pathway fate and 
transport models. Currently, the models and assumptions used to calculate SSLs for 
inhalation of volatiles are updates of risk assessment methods presented in the Risk 
Assessment Guidance for Superfund (RAGS) PaflB (U.S. €PA, 1991). The RAGS>Part 

B methodology employs a reverse calculation of the concentration in soil of a given 
contaminant that would result in an acceptable risk-level in ambient air at the point of 
maximum long-term air concentration. 

Integral to the calculation of the inha!ation Fathway SSls  for volatlles, is the soil- 

c 

to-air valetilkation factor (VF) which defines the relationship between the concentration 
of contaminants in sol1 and the volatilized contaminants in air, The VF (m3/kg) is 
calculated as the inverse of the ambient air concentration at the center of a ground- 
level, nonbouyant area source of volatile emissions from soil, The equation for 
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calculating the VF consists of two parts: I) a volatlll~ation model, and 2) an air 
dispersion model. 

The volatilization model mzthematlcatly predicts volatilitation of contaminants fully 

incorporated in soils as a diffusion-controlled process. The basic assumption in the 

mathematical treatment of the movement of volatile contaminants in soils under a 
concentration gradient is the applicability of the diffusion laws. The changes in 
contaminant concentration within the soil as well as the loss of contaminant at the soil 
surface by volatilization can then be predicted by solving the diffusion equation for 

different boundary condltlons. 
As noted in the TED, Environmental Quality Management, Inc. (EQ) under a 

subcontract to E. H, Pechan conducted a preliminary evalustion of several soil 
volatilization models for the U,S, EPA Office of Emergency anc! Remedial Response 
(OERR) that might be suitable for addressing bo:h infinite and finite sources of 
emissions (EQ, 1994). me results of this study indicated that simplified analytical 
solutions are presented in Jury et at. (1984 and 1990) for both infinlte and finke 

emission sources. These analytical solutions are mathematically consistent and use a 
common theoretical approximation of :he effective diffusion coefficient in soil. Under a 
subcontract with E. H. Pechan for OERR, EQ performed a limited validation of the Jury 
lnfinlte Source emission model (Jury et al., 1984, Equation 8) and the Jury Reduced 

Solution finite source emission model (Jury et at., 7990, Equation Bl), hereinafter 
known as the Jury volatilktlon models. 

This document reports on several studles in which volatilization of contaminants 
from soils was directly measured and data were obtained necessary to calculate 
emissions of contaminan% using the Jury Infinite Source model and the Jury R e Z x e d  

Solution finite source modal. These data are then compared and analyzed by &stical 
methods to determine the relative accuracy of each model. 

c-10 



I 

1.1 PROJECT OBJECTIVES 

The primary objective of this project was to assess the relative accuracy of the 
Jury volatilization models using experimental emission flux data from previous studies 
as a reference data base. 

1.2 TECHNICAL APPROACH 

The following series of tasks comprised the technical approach for achieving the 
project objectives: 

1. 

2. 

3. 

4, 

5. 

Review the theoretical basis and development of the Jury volatilization 
models to verify the applicable model boundav conditions and variables, 
and to document model assumptions and limitations, 

Perform a literature search and survey (not to exceed nine contacts) for 
the purpose of determining the availability of acceptable emission flux data 
from expcrimen:al and field-scale measurement studies of volatile organic 
compound (VOC) emissions from soils. Acceptable data must have 
undergone proper quality assurance/quality control (OA/OC) proceduros. 

Determine if the emission flux measurement studies rcfcrred to in Task 
No. 2 also provided sutlicicnt site data as input variables to the 
vo1a:ilitation models, Again, acceptable variable input data must have 
undergone proper QA/QC procedures. 

Review, collate, and normalize emission flux measurement data and 
volatilization model variable data, and compute chemical-specific emission 
rates for comparison to respective measured emission rates. 

Perform statistical analysis of the results of Task No. 4 to establish the 
extent of correlation between measured and modeled values and perform 
parametric analysis of key model variables. 
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SECTION 2 

REVIEW OF THE JURY VOLATlllZr\TION MODELS 

The Jury Reduced Solution finite source volatilization model calculates the 

instantaneous emission flux from soil at time, t ,  as: 

1 

where 

and, 

where 

= Instantaneous emission flux, pg/cm%ay 

= Initial soil concentration (total volume), pg/cm3-soiI 

= Degradation rate constant, l/day - time, days 

= Effective diffusion coefficient, cm2/day 

= Depth from the soil surface to the boRom of contamination, cm 

I& 

a 

D,' 

5: Effective diffusion coefficient, cm2/day 

= soit volumetric air content, cm3/cm3 

= Gaseous diffusion coefficient in air, &/day 
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o 
9” 
tp Total soil porosity, unitless 

p b  

foe 

& 

- Henry’s law constant, unitless 

= Soil volumetric water content, cd/cm3 

= Liquid dlffusion.coefficient in pure water, em’/day 

= Soil dry bulk density, g/cm3 

= Soil organic carbon fraction 

= Organic carbon partition caeflicient, cm3/g. 

me model assumes no boundary layer at the soil-air interface, no water flux 
through the soil, and an isotropic soil column contaminated uniformly to some depth L 
The initial and boundary conditions for which Equation 1 is solved are: 

c - 0 ar r-0, x * L 

c - 0 at t r O ,  x - 0 
where c ancl C, are, respectively, the sail concentration and initial soil concentration 
(g/cm3 -total volume), x is the distance measured normal to the soil surface (cm), and 
t is the time (days). 

The average flux over time (JI’-) is computed by integrating the time-dependent 

flux over the sxposure interval. 

The Jury Infinite Source volatilization model calculates the instantaneous 
emission flux from sol1 at time, t, as: 
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0 

b 

where J, = Instantaneous emission flux, pg/cm'-day 

C, = Initial soil concentration (total volume), pg/crn'-soiI 

(3) 

t = Time, days 

4 = Effective diffusion coefficient, cm'/day (Equation 2), 

The model assumes no boundary layer at the soil-air in:erface, no water flux 
through the soil, and an isotropic soil column contaminated uniformly to an infinite 

depth, The boundary conditions for which Equation 3 is solved are: 

c - C , o r t  2 0, x - 
c - 0 a t  t > 0, x - 0 

The average flux over time (J,'"O) is calculated as: 

2.1 FINITE SOURCE MODEL DERIVATION 

Tho Jury Reduced Solution finite source model is derived from the methods 
presented by Maycr et al. (1974), and Carslaw and Jaeger (1959). Mayer et al. (1974) 

considcred a system where pcstieide is uniformly mixed with a layer of soil and 
volatilization occurs at the soil surface. If diffusion is the only mechanism supplying 

pesticide to the surface of an isotropic soil column, and if the diffusion coefficient, 4, is 
assumed to be constant, the general diffusion equation is: 



where C 

X 

= Soil concantration, g/m3 - total volume 

= Distance measured normal to soil surface, em ' 

4 = Effective diffusion coefficient in soil, c d / d  

t - Time, days  

If the pesticide is rapidly removed by vo1a:ilization from the soil surface and is 

maintained at a zero concentration, the initial and boundary conditions which also allow 

for diffusion across the lower boundary 3t x = L are identical to those of Equation 1. 
Recognizing the analogy between the heat :ransfer equation (Fourier's Law) an6 

the transfer of mazer under a concen:ration gradient (Fick's Law), Mayer e: at. (1914) 

employed the heat transfer equation of Carslaw and Jaeger (1959, page 62, Equation 
14) to solve the diffusion equation given these initial and boundary conditions as: 

The flux is obtained by differentiating Equation 6 with respect to x, determining ac/ax at 
x - 0, and multiplying by E+. The result is: 

Note that Equation 7 is equivalent to the Jury Reduced Solution given in Equation 1 

with the exception of the first-order degradation expression (e*). 

Jury et al. (1983 and 1990) expanded upon the work of Carslaw and Jaeger 
(1959) and Mayer et al. (1974) by developing an analytical solution for Equation 5 which 

4 

(7) 



? 

includes water flux through the soil column and a soil-air boundary layer. In addition, 
:he Jury et al. solution also includes a theoretical approximation of the effective diffusion 

coefficient (Equation 2) which was not included in Mayer e: al. (1974). Given these 
conditions, the flux equation from Jury e: al. (1983) is given as: 

L 

where C, = Soil :otal concentration 

X = Depth normal to soil surface 

, vc = Effective solute convection velocity. 

The minus sign is used because the x direction is positive downward. 

Given the initial and boundary conditions: 

C = Co att=O, 0 5 x5 L 

C 

C 

JI 
h 

= 0 at t=O,  x > L 

= 0 at t > O ,  x = 0 

= - hC& at t>O,  x = 0 

= Transport coefficient across the soil-air boundary layer of 

= vapor-phase concentration (C, = &,Q, 

where 
thickness d (h = DJd) 

C, 

The Jury et al. (1983) analytical solution for tho volatititdtion flux is: 
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a 

c J 

where H, is the transport coefficient across the boundary layer divided by the gas- 
phase partition coefkient, = h/@, & &/% + + a). 

Jury et al. (1930) explains that compounds with large values of I(., are insensitive 

to the thickness of the soil-air boundary layer (Le., as y 09). Therefore, for :he case 

where % I* 00 and in the absence of water flux (VE = 0) Equation 9 is reduced to  
Equation 1 where the approximation 

I e4 e& [XI - - - (n)"' x 

is used to expand the error function for large values of x (Carslaw and Jaeger, 1959). 
The Jury Reduced Solution given in Equation 1 Is therefore a reduced form of 

the analytical solution given in Equation 9 for the condldons of zero water flux and no 
soil-air boundary layor. As such, the Jury Reduced Solution (discounting degradation) 

lower boundaries (Equation 7). 

is equivalent to the Mayer et al: (1974) solution for diffusion across both the upper and 
c 

. 

c-IS 



2 I 3 

2.2 INFINITE SOURCE MODEL DERIVATION 

The Jury Infinite Source volatilization model (Equation 3) is derived from Mayer et 

al. (1974) Equations 3 and 4. Mayer e: al. (1974) employed the heat transfer equation 

of Carslaw and Jaeger (1959, page 97, Equation 8) to so!ve the diffusion equation given & 
2 

,L. 
? .  the boundary conditions: 1 

c - 0 or trO, x - 0 

The Mayer et at. (1974) solution for the volatilization flux is: 

Therefore, Equation 71 is the analflical solution for a finite emission source, but 
accounts only for diffusion across the upper boundary. 

The summation expression in Equation 11 decreases with increasing L and 

decreasing 4: and t. If this term is small enough to be negligible, Equation 11 reduces 
to: 



Use of Equation 12 will result in less than 1 percent error if t e L2/18.4 I& (Mayer et al., 
1974). a 

Jury et al, (1984 and 1990) gave the solution for the semi-infinke case in 
Equation 3 where 

C - Gat ts  0 , x  = o, as: 

Equation 3 is equivalent to the semi-infinite solution of Mayer et at. (7974) as given in 
Equation 12 and provides a bounding estimate of the maximum vola:llization flux but 
does not account for source depletion. As with Equation 72, use of Equation 3 on a 
finite system will result in less than 1 percent error if t < L2/lS.4 Q. For the purposes 
of calculating SSLs based on volati1ira:ion from soils, let t be set equal to the exposuro 

interval. If t > L2/18.4 I&, Equation 1 should be used to calculate the volatilization 
factor. As an alternative, an estimate of the average emisslon flux over the exposure 
interval, <J, >, can be obtained from a simple mass balance: 

(1 3) 

where C, 

L 

= Initial soil concentration (:OBI volume), gg/cd-soiI 

= Depth from soil surface to the bottom of contamination, cm 

t = Exposure interval, days. 

2.3 SUMMARY OF MODEL ASSUMPTIONS AND LIMITATIONS 

The Jury Reduced Solution finite source volatilization model is analogous to the 

mathematical solution for heat flow in a solid such that the region 0 c x e L is Initially 
at constant temperature, the region x > L Is at zero, and the surface x - 0 is 
maintalned at zero for t > 0 (Carslaw and Jaeger, 1959). As such, the model's 
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c 

c 

applicability to diffusion processes is limited to the initial and boundary conditions upon 

which the model is derived, The following represents the major model assumptions for 
these conditions: 

1. 

2, 

3. 

4, 

5. 

6. 

7, 

0. 

Can:amination is uniformly incorporated from the soil surface to depth L. 

The soil column is isotropic to an infinite depth (Le., uniform bulk density, 
soil moisture content, porosity and organic carbon fraction), 

Liquid water flux is zero through the soil column (Le., no leaching or 
evaporation). 

No soil-air boundary layer exists. 

The soil equilibrium liquid-vapor partitioning (Henry's law) is 
instantaneous. 

The soil equilibrium adsorption isotherm is instantaneous, linear, and 
reversible. 

Initial soil concentration is in dissolved form (Le., no residual-phase 
contamination). 

Diffusion occurs simultaneously across the upper boundary at x = 0 and 
the lower boundary at x = L.. 

The model is therefore limited to surface contamination extending to a known 
depth and cannot account for subsurface contamination covered by a layer of clean 

soil. Also, the model does not consider mass flow of contaminants due to water 
movement in the soil nor the  volatilization rate of nonaqueous-phase liquids (residuals). 
Finally, the model does not account for the resistance of a soil-air b o u n d q  layer for 
contaminants with low Henry's law constants. 

The Jury Infinite Source volatilization model is analogous to the mathematical 
solution for heat flow in a semi-infinite solid. me major model assumptions are t he  
same as those of the Jury Reduced Solution finite source model except that the 
contamination is assumed to be uniformly incorporated from the soil surface to an 
infinite depth, and that diffusion occurs only across the upper boundary. 
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In general, both models describe the vapor-phase diffusion of the contaminants 
to :he soil surface :o replace that lost by volati1iza:ion to the atmosphere. Each model 
predicts an exponential decay curve over time once equilibrium is achieved, In 
actuality, there is a high initial flux rate from the soil as sudace concentrations are 
depleted. The lower flux rate characteristics of the latter portion of the decay e w e  are 
thus determined by the rate at which contaminans diffuse upward. This type of 
desorption curve has been well documented in the literature. It is impocant to note that 
both models do not account for the high initial rate of volatilization before equilibrium is 

attained and will tend to underpredict emissions during this period. Finally, each model 
is most applicable to single chemical compounds fully incorporated into isotropic soils. 
Effective solubilities and activity coefficients in multicomponent systems are not 
addressed in :he determination of the effective diffusion coefficient . .  nor is the effect of 
nonlinear soil adsorption and desorption isotherms. However, because of the 

complexhies involved with theoretical solutions to these eff em, their contribution to 
model accuracy is difficult to predict, especially in multicomponent systems. 
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SECTION 3 

MODEL VALIDATION 

To achieve the project objective, EQ executed a literature search and a survey of 
professional environmental investigation/research firms as well as regulatory agencies 
to obtain experimental and field data suitable for comparing modeled emissions with 

actual emissions, The literature search uncovered several papers and bench-scale 
experimental studies concerned with the vo1a:ilization and vapor density of pesticides 

and chlorinated organics incorporated in soils (Farmer et a\., 1972, 1974, and 1980; 
Spencer and Cliath, 7969 and 1970; Spencer, 1970; and Juty et al., 1980). 

3.1 VALIDATION OF THE JURY INFINITE SOURCE MODEL 

From the literature search, one bench-scale study was found that approximated 
the boundary conditions of the Jury Infinite Source model and met the data 
requirements for this project, Farmer et al., (1972). The Farmer et al. (1972) study 
reports the experimental emissions of lindane (~,2,3,4,5,6-hexachlorocyclohexane, 
gamma isomer) and dieldrin (I ,2,3,4,10,~0=hexachloro-6,7-epo~-? ,4,4a,SI6,7,8,8a- 

octahydro-I ,4-endoI exo-5, 8dmethanonapthalene) incorporated in Gila silt loam. 
The objective of the survey of professional firms and regulatory agencies was to 

find pilot-scale or field-scale studies of volatilkation of organic compounds uslng the 
US. EPA emission isolation flux chamber. The candidate flux chamber studies must 
also have provided adequate data for inpLrt to the volatilization models. 

Flux chamber studies were chosen to provide pilot-scale or field-scale 

measurement data needed for model validation. Flux chambers have been widely used 
to measure flux rates of VOCs and inorganic gaseous pollutants from a wide variety of 
sources. the flux chamber was originally develoged by soil scientists to measure 
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biogenic emissions of inorganic gases and their use dates back at least wo decades 
(Hill et at., 1978). In the early 198O's, EPA became interested in :his technique for 
estimating emission rates from hazardous wastes and funded a series of projects :o 
develop and evaluate the flux chamber me:hod, The. initial work involved the 
development of a design and approach for measuring flux rates from land surfaces. A 

test cell was constructed and parametric tests performed to assess chamber design 
and operation (Kienbusch and Ranum, 1986 and Kienbusch et al., 1386). A series of 
field tests were performed to evaluate the method under field conditions (Radian 
Corporation, 1984 and Balfour, et at,, 1984). A user's guide was subsequently 
prepared summarizing guidance on the design, construction, and operation of the EPA 
recommended flux chamber (Keinbusch, 1985). The emission isolation flux chamber is 
presently considered the prsferred inwdepth direct measurement technique for 

emissions of VOCs from land surfacss (EPA, 1990). 
EQ contacted several environmental consulting firms as well as State and local 

agencies. In addition, the EPA data base of emission flux measurement data was 
reviewed (EPA, 1991a). Atthough several flux measurement studies were found, only 

one applicable study was identified with adequate QA/QC documentation and the  
necessary input data for the Jury Infinite Source model (Radian Corporation, 1989). 

From Farmer et a!. (1972) the influence of pesticide vapor pressure on 
volatilization was measured by comparing the volatilization from Gila silt loam of dieldrin 
with that of lhdane, Volatiiition of dieldrin and lindane was measured in a closed air- 
flow system by collecting the volatilized insecticides in ethylene glycol mps. Ten grams 
of soil were treated wkh either 5 or lOpg/g of C-14 tagged insecticide in hexane. The 

hexane was evaporated by placing the soils in a fume hood overnight Sufficient water 
was then added to bring the initial sail water content :o 70 percent. For the 
volatilization studies, the treated soil was placed in an aluminum pan 5 mm deep, 29 
mm wide, and 95 mm long. This produced 8 bulk density of 0.75 g/cd. The 

aluminum pan was then. introduced Into a 250 mL bottle which served as the 

volatilization chamber. A relative humidity of 100 percent was maintained in the 
incoming air stream to provent water evaporation from the soil surface. Air flow was 
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maintained at 8 mL/s equivalent to approximately 0.078 miles per hour. 

0.58 percent organic carbon, 
The volatilized icsecticides were trapped in 25 mL of ethylene glycol, 

Insecticides were extracted into hexane ane' anhydrous sodium sulfate was added to 
the hexane extract IO remove water, Aliquots of the dried hexane were analyzed for 
lindane and dieldrin using liquid scintillation. The extraction efficiencies for lindane and 
dieldrin were 100 and 95 percent, respectively. The concen:rations of volatilized 
compounds were checked using gas-liquid chromatograph),. All expcrjrnenrs were run 
in duplicate, 

To ensure that the initial soil concentrations of lindane and dieldrin were in 
c!issolved form, :he saturation concentration (mg/kg) of both compounds under 

experimental conditions was calculated using the procedures given in US. EPA (1994): 

The 
temperature was maintaincef a: 30OC. The soil was a Gila silt loam, which contained 

b 

(14) 

where S is the pure component solubility in water, C,,, for lindane and dieldrin were 
calculated to be 34 mg/kg and 12 mg/kg, respectively. Therefore, the initial soil 
concen:rations of I O  and 5 mg/kg were below saturation for both compounds. 

Table 1 gives the values of each variable employed to calculate the emissions of 
lindane and dieldrin using the Jury tnfinlte Source volatilization model (Equation 3). The 
potential for loss of contaminant at the lower boundary at each time-step was checked 
to see if t > L2/18.4 Q, If this condition was true at any time-step, the boundary 
conditions of the infinite source. model were violated, In such a case, emissions were 

also calculated using the finite source model of Maycr et al. (1974) as presented in 
Equation 11. The ditfercnce between the predictions of both models were compared at 
each time=step and a percent error was calculated for the infinite source model. The 

R 
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TABLE 1. VOLATILIZATION MODEL INPUT VALUES FOR LINDANE AND DIELDRIN 

VariaSle Symbol I Units 1 Value I Refercnce/equaticn 11 
Initial soil 
concentration 

mg/kg 1 5 and 10 Farmer et al. (1972) 

Soil depth L cm 1 0.5 Farmer et al. (7972) 

Soil dry bulk Pb g/cm3 0.75 Farmer et al. (1972) 
density 

Soil particle density p, g/cm3 2.65 US, EPA (1988) 

Gravimetric soil W percent 10 Farmer et at. (1972) 
moisture content 

porosity 
Total soil porosity , @ cm' /cm3 0.77 7 

porosity 
Soil organic carbon fM fraction 0.0058 Farmer e: al. (1912) 

Organic carbon %e cm3/g 1380 U.S. EPA (1994) 
partition coefficlent 
Diffusivity in air DOL cd/d 1521 US, EPA (1994) 
(lindane) 
Diffusivity in air Do' crn'/d 1080 U.S. €PA (7994) 
(Dieldrin) 
Diffusivlty in water gW c d / d  0.480 U S  EPA (1994a) 
(Lindane) 
Diff usiv'ky in water 9" c d / d  0.410 W.S. EPA (1994a) 
(Dieldrin) 
Henry's law &I unitless 1.40 € 4 4  US. EPA (7994) 
consant (Lindane) 

Henry's law t6 unitless 2.74 E-06 U.S. EPA (1994) 
constant (Dieldrin) 
Degradation rate f l  l/day 0 Default to et1rnha:e effects 
constant (Lindane of dsgradation 

Water-filled soil Q cm3 /cm3 0.075 W P b  

1 - COh /P, 1 -~ ~~ 

Air4lled soil a cin3/cm3 0.642 9 -E) 

and Dieldrin) I I I -- .. 



c 

I 

instantaneous emission flux values predicted by Equation 3 and Equation 11 (where 
ap;3licable) were plotted against the measured flux values for dieldrin and lindane a: 
both 5 and 10 ppmw, 

Figure 7 shows thc comparison of the predicted and measured values of dieldrin 

at an initial soil concentration of 5 ppmw. For o'ieldrin, the boundary conditions of the 

infinite source model were not violated until the last time-step. A best curve was fit to 

both t h e  measured and predicted values, As expected, both curves indicate an 
exponential decrease in emissions with time. 

The ratio of :he modeled emission flux to the measured emission flux was 

determined as a measure of the relative difference between the modeled and measured 
values. The natural log of this ratio was then analyzed by using a standard paired 

Student's t-test. This analysis is equivalent to assuming a lognormal distribution for the 
emission flux and analyzing the log-transformed data for differences between modeled 

and measured values. 

The data were also analyzed by using standard linear regression techniques 
(Figure 2). Again, the data were assumed to follow a lognormal distribution. A simple 
linear regression model was fit to t h e  log-transformed data and the Pearson correlation 

coefficient was determined. The Pearson cotrelation coefficient Is a measure of t h e  
strength of the linear association between the two variables. 

From a limited population of four observations, the cotrelation coefficient was 
calculated to be 0,934 with a mean ratio of modelcd-to-measured values of 0.42, The 

actual significance (p-value) of the paired Student's t-test was p = 0,0001, The lower 

and upper confidence limits were calculated to be 0.38 and 0.48, respectively. On 
avenge, this indicates rhat at the 95 percent confidence limit, the modeled emission 
flux is between 0.38 and 048 times the measured emission flux. 

Figure 3 shows the modeled and measured flux values of dieldrin at an initial soil 
concentration of 10 ppmw, while Figure 4 shows the relationship of tho log-transformed 
data and the upper and lower confidence limits. At 10 ppmw, the correlation coefficient 
was 0.974 with a mean ratio of 0.45, p-value of 0.0001, and a 95 percent confidence 
interval of 0.37 to  O,%, 
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AS can be seen from Figures 1 and 3, :he model underpredists the emissions 
during :he initial stages of t h e  experiment. This is to be expected in that  during this 
phase, contaminant is evaporating from t h e  soil sueace. The apparent discrepnney 

between measured and predicted values decreases with time as equilibrium is achieved 

and diffusion becomes the rate-limiting factor. 
For lindane, the boundary conditions of t h e  infin~e source model were violated 

after :he flrst time-step &e., t > L2/18.4 Q at 24 hours). Therefore, the Maycr et al. 
(1974) finite source model was used to derive a percent error at each succeeding time- 

step. At an initial soil concentration of 5 ppmw, the infinite source model predicted 114 

percent total mass loss of t h e  finite source model over the entire time span of the 
experiment. At a concentration of 10 ppmw, the infinite source model predicted 707 
percent total mass loss of the finite source model. 

Figures 5 and 6 show the comparison of modeled to measured values of lindane 
at initial soil concentrations of 5 and 10 ppmw, respectively. Likewise, Figures 7 and 6 
show t h e  comparisons of the log-transformed data. At an initial soil concentration of 5 
ppmw, the correlation coefficient between modeled and measured values was 0.997 

with a mean modeled=to-measured ratio of 0.81 , a p-value of 0.3281, and a 95 percent 
confidence interval of 0.46 to 1.44, At an initial soil concentration of 10 ppmw, the 
correlation coefficient was calculated to be 0.998, the mean ratio 0.73, the p-value 
0,1774, and the confidence interval 0.41 to 1.28. 

The p-values for dieldrin are considerably lower than those of lindane. This is 
due to the very narrow confidence interval around the modeled values. In the case of 
dieldrin, Equation 3 did not predict a loss of contaminant at t h e  lower boundary until the 
last time-step (Le,, t > L2/18.4 I& at 12 days). This results in a nearly perfect straight 
line when the log-transformed data are plotted, For dieldrin, therefore, Equations 3 and 
11 predict identical valucs until the last time-step. 

of the Jury Infinite Source volatilization model. In general, t h e  data support good 

6 

8 

Table 2 summarizes stdtistical analysis for the bench-scale comparative validation - 
I 

I agreement between modeled and measured values and show relatively narrow 1 

confidence intervals and high correlation coefficients. 
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TABLE 2. SUMMARY OF THE BENCH-SCALE VALIDATION OF THE JURY INFINITE 
SOURCE MODEL 

1. , 

Appendix A contains the spreadsheet calculatjons for the bench-scale validation 

of the Jury Infinite Sodrce volatilization model. 

From Radian Corporation (1989), a pilot-scale study was designed to determine 
how different treatment practices affect :he rate of loss of benzene, toluene, xylenes, 
and ethylbenzene (8TEX) from soils. The experiment celled for construction of four 
piles of loamy sand soil, each with a volume of approximately 4 cubic yards ('7900 
pounds), a surface area of 8 square meters, and a depth of 0.91 meters. Each test 
cell was lined with an impermeable membrane and the soil in each cell was sifted to 

remove particles larger than three-eighth inch in diameter. The contaminated soil for 
each pile was prepared in batches using 55-gallon drums. In the "high level" study, 
each sail batch was brought to 5 percent moisture content and 6 liters of gasoline 
added. Additional water was then added to bring the soil to 10 percent moisture by 
weight, The drums were capped and sat undisturbed overnight The drums were then 
opened the next day and shoveled into the test cell platform. Twenty-two soll batches 

were prepared for each soil pile, Each batch consisted of 360 pounds of soil and 6.0 
liters of fuel. Therefore, each soil pilo contained 7900 pounds of soil and 132 liters of 

gasoline. Each soil pile was then subjected to one of the following management 

practices: 

0 A control pile that was not moved or treated 



0 An 'aerated' or 'mechanically mixed" pile 

A sol1 pile simulating sol1 venting or vacuum extraction 
O A soil pile heated to 38OC. 

Losses due to volatilization during the mixing and transfer process and during a 
28 hour holding time in the test bed before initial sampling reduced the residual BfEX 
in soil. For the purpose of this validation study, however, these losses caused initial 
soil concentrations of benzene, toluene, and ethylbentene to be below or within a 
factor of two of their respective single component saturation concentrations. Because 

the mixed pile, vented pile, and heated pile were subject to mechanical disturbances or 
thermal treatment, only the control plle data were used in this study. 

In general, the test schedule called for collection of soil samples and air emission 
loss measurements during the first, sixth, and seventh weeks. Soil samples were 
collected randomly within specified grid areas by composite core collection :o the 
maximum depth of the pile. Emission losses were measured similarly using an 
emission isolation flux chamber as specified in Kienbusch (1985). Only data for which 

soil samples and flux chamber measurements were taken on the same day were used 
for this study. 

Analysis of BTEX in soil samples was accomplished by employing the €PA 5030 
extraction method and the EPA 8020 analytical method. The BTEX me?.hod was 
modlfied to reduce the sample hold time to one day in an effort to improve the 
accuracy of the method. Five soil samples were submitted in dupl1ca:e. The relative 
percent differences (RPD) ranged from 6.0 to 48.9 percent The average RPD for the 
five samples was 26.8 percent. In addition, EPA QC sample analysis indicated average 
percent recoveries ranging from 09 percent for m-xylene to 119 percent for toluene. 
The pooled coefficient of variation (CV) for all the GTEX analysis was 10.5 percent. 
Spiked sample recoveries (eight samples) ranged from 75 percent for m-xylene to 168 
percent for toluene. "he average spike recoveries ranged from 108 percent for 
benzene to 146 percent for toluene, Finally, both system blanks and reagent blanks 
indicated no contamination was found in the analfical system. 
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It should be noted that the standard method used for BTEX analysis was 

observed to have contributed to the variabilities in soil concentrations, The EPA 
acceplance criteria based on 95 percent confidence intetvals from laboratory studies 

are roughly 30 to 160 percent for the BTEX compounds during analysis of water 

samples. The necessary extraction step for soil samples would increase this already 
large variability. 

Analysis of vapor-phase organic compounds via the emission isolation flux 

chamber was accomplished using a gas chromatograph (GC). Gas samples were 
collected from the flux chamber in 100 mL, gas-tight syringes and analyzed by the GC 

in laboratory facilities zdjacent to the test site. During the study, a multicomponent 
standard was analyzed daily to assess the precision and daily replication of the 

analytical system. The resuks of the analysis indicated a good degree of reproducibility 

with coefficients of variation ranging from 5,1 to 16.3 percent. 
From these data, instantaneous emission fluxes were calculated for benzene, 

toluene, and ethylbenzene corresponding to each time period at which flux chamber 
measurements were made. Table 3 gives :he values of each variabte employed to 
calculate emissions of each compound using the Jury Infinite Source model and the 
Mayer et al. (1974) finite source model. Appendix A contains the spreadsheet data for 
benzene, toluene, and ethylbenzene a: initial soil concentrations of 110 ppm, 880 ppm, 
and 310 ppm, respectively. 

It should be nozed that the fraction of soil organic carbon (L) was not available 
from Radian (1989). For this reason, the default value for & of 0.006 from U.S. EPA 

(1994) was used for all calculations, 
frigures 9, 10, and 11 show the comparison of modeled and measure6 emission 

fluxes of benzene, toluene, and ethylbenzene, respcctivcly, The Radian Corporation 
study noted that the second measured value in each figure represented a data outlier, 
possibly due to the formation of a soil fissure, reducing the soil path resistance and 
increasing the emission flux. 

TaSle 4 presents the results of the statistical analysis of the comparison of 
modeled and measured values. For both benzene and ethylbenzene, measured values 
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TABLE 3. VOUTlLIZATtON MODEL INPUT VARIABLES FOR BENZENE, TOLUENE, 
AND €M”BENZENE 

Variable 

Initial soil 
concentration - benzene - toluene - ethylbenzene 

Soil depth 
Soil dry bulk density 

Soil Darticle densitv 
Gravimetric soil 
moisture content 
Water-filled soil 
porosity 

Total soil Dorositv 

Air-filled soil Dorositv 

Soil organic carbon 

Organic carbon 
partition coeficient - benzene - toluene - ethylbenzene 

Diffusivity in air - benzene - toluene - ethvlbenrene 
Xfusivity in water - benzene - toluene - ethylbenzene 

(continued) 

symbol Units Value Reference/equation 

co mg/kg Radian (1 989) 

110 
880 
31 0 

L 91 Radian (1 989) 

, P b  j g / c d  1.5 Radian (1 989) 

PI I g/cm3 2.65 U S ,  EPA (1988) 

w I Percent 1 10 I Radian (1989) 

tP cmJ/cm3 1 0.434 7 4% lP. 1 
a cm3 /cm3 0.284 @ -0 

L Fraction 0,006 U.S. €PA (1994) default -- 

ll value 

57 
131 
227 

Dg’ 1 c d / s  1 
0.0870 

I I 0.0870 I 0.0750 

C d / S  1 1 9.80 E96 
9- 

8.60 E46 1 8,64 E-06 

U.S. EPA (1994) 
US. EPA (1994) 
U.S. EPA (1994) 

US. EPA (1994) 
US. €PA (1994) 
U.S. EPA (1994) 

US. EPA (19948) 
U.S. EPA (1994a) 
US. EPA (1994a) U 
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were below the detection limits aker the fifth observation; measured values for toluene 

were below the detection limit after the seventh observation, 
Figures 12, 13, and 14 show the comparison of the log-transformed data for the 

rnoc'eled and measured emission fluxes of benzene, toluene, and ethylbenzene, 
respectively. As can be seen from Table 4, correlation cocfficients ranged from 0,982 

for benzene to 0.999 for ethylbenzene, while p-values and 95 percent confidence 

intenrals indicate a significant statistical difference between modeled and measured 

values, 
The boundary conditions of the infinite source model were violated after the first 

the-step for benzene, and after the third time-step for both toluene and ethylbenzene. 
The infinite source model predicted 134 percent, 117 percent, and 103 percent of the 
total mass loss of the finite source model for benzene, toluene, and ethylbenzene, 

respectively. 
In general, the predicted values were higher than the measured values 

throughout the time-span of the experiment for all three compounds. It is also 
interesting to note that during the initial stage of the experiment the predicted values 

were considerably higher than measured values even when contaminant loss at the soil 
surface due to evaporation was expected, Although the relative differences between 

predicted and measured values are not excessive (Le., the highest modeled-to- 
measured mean ratio is within a factor of approximately 10), they are considerably 
higher than those of the bench-scale studies. 

Any one or a combination of the following could account for the larger 
discrepancies between measured and predicted values in the pilot-scale study: 
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Figure 14. Comparlson of lag-transformed modeled and measured emlssion flux of ethylbenzene (C, = 310 ppmw). 
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1, 

2. 

3, 

4. 

5. 

6. 

Although the initial soil concentrations of the three compounds were 
below or within a factor of two of their respective single component 
saturation concentrations, they may have been greater than the 
component concentrations for which a residual-phase of gasoline existed, 
If this were the case, measured emissions may have been in par: due to 
the presence of nonaqueous-phase liquids (NAPL) whkh would have 
violated the model's assumptions of equilibrium partitioning. 

Soil mixing processes and transfer to the test bed may have resulted in 
heterogenous incorpora:ion of the contaminants, If surface con- 
centrations were reduced due to incomplete mixing, measured emissions 
would have been reduced during the initial stages of the experiment, 

Sampling and/or analytical variabilty may have resulted in under reporting 
of emission fluxes and/or over reporting of initlal soil conccntrations. 

Contaminants sorbed to the test bed liner may have acted to reduce 
emissions. 

Variability in the relative humidity of the air above the test bed may have 
induced surface water evaporation in between flux chamber samples. 
Water evaporation would have moved contaminants to the surtace by 
convection and depleted soil concentrations in between sampling events. 

The model is not as accurate for compounds with relatively high Henry's 
law cons:ants. 

From these observations, it appears more likely that the larger eiiscrepancies 

between modeled and measured emissions in the pilot=scalc study are due to 
experimental conditions, Sufficient uncertainty exists as to whether all model boundary 

conditions were maintained during the experiment. For this reason, the resulrs of the 

pilot=scale validation should be considered less reliable than those of the bench-scale 
validation, This conclusion suggests that controlled studies should be considered for 
validation of model predictions for compounds with relatively high Henry's law 
constants. 

8 
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3.2 VALIDATION OF THE JURY REDUCED SOLUTION FINITE SOURCE MODEL 

From the literature search, one bench-scale study was found that replicated the 

boundary conditions of the Jury Reduced Solution model (Equation 1). Jury et al. 
(1980) reports the emissions of the herbicide triallate [S-(2,3,3-trichIoroa~lyl) 

diisopropylthiocarbamate] incorporated in San Joaquin sandy loam, This study 
replicated the model boundary condkions in that a clean layer of soil underlayed the 
contaminated soil allowing diffusion across the lower boundary as well as the upper 
boundary. 

Volatilization of triallate was measured in a closed volatilization chamber 
(Spencer et al., 1979). The air chamber above the soil was 2 mm deep and 3 cm wide, 
matching the width of the evaporatinG surface. An average air flow rate of 1 liter per 

minute was maintained across the surface equivalent to a windspeed of 7 krn/h. 

Triallate was applied by atomizing the material in hexane onto the air-dry autoclaved 
soil. The soil was mixed and allowed to equilibrate in a vented fume hood, The soil 
was then transferred to the chamber and wetted from the bottom. To prevent water 
evaporation at the soil surface, the chamber was maintained at 100 percent relative 
humidity and 3 temperature of 2 5 O  C. 

The volatilized triallate was trapped daily on polyurethane plugs and extraced 
and analyzed as described in Grover et al. (1978). The volatilization of triallate at an 
initial soil concentration of 10 ppmw was measured over a 29 day period in the 
absence of water evaporation, Calculation of the satur&on concentration (&) 

confirmed that the initial concentration of I O  ppmw was in dissolved form. Table 5 
gives the values of each variable employed to calculate emissions of triallate using the 

Jury Reduced Solution volatilization model. 
Figure 15 shows the comparison of the predicted and measured values for 

triallate at an initial soil concentration of 10 ppmw. The data plots indicate very good 
agreement between modeled and measured values. Rgure 16 shows the comparison 
of the log-transformed data and confidence intervals. From the population of 32 
observations, the correlation coefficient was calculated to be 0.998 with a mean 



TABLE 5, VOLATILIZATION MODEL INPUT VALUES FOR TRIALLATE 

Referenca/equation 

Initial soil I co I Jury et al, (1980) II 

Gravimetric soil 

Air-filled soil 

efault to eliminate effects 
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modeled-to-measured ratio of 1.11. The p-value was calculated at 0,0001, and the 
confidence interval was 1.07 to 1.1 6, 

The degree of agreement between modeled anc! measured emission flux values 
for triallate may be due to soil adsorption studies conducted to experimentally derive 
the organic carbon partition coefficient specific to the Sari Joaquin sandy loam used in 

the experiment With experimentally derived values of &, more accurate phase 

partitioning was possible resulting in an experimental-specific value of the effective 
diffusion coefficient (Equation 2). Appendix B contains the spreadsheet calculations for 
the bench-scale validation of the Jury Reduced Solution finite Source volatiliration 
model, 
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SECTtON 4 

PARAMETRIC ANALYSIS OF THE JURY VOUTlllZATlON MODELS 

This section presents the rcsults of parametric analysis of the key variables of 
the Jury volatilization models (Equa?ions 1 and 3). The Jury volatilization models are 

applicable for the case of no boundary layer resistance at the soil-air interface and no 
water flux through the soil column. Because the models are equivalent to the Mayer et 

at. (1974) solutions to the general diffusion equation (Equation 5), the parametric 
observations of Mayer et al. (1975) and Farmer, et al, (1980) are also directly 

applicable, 
Jury et al. (1983) established the relationship between vapor and solute diffusion 

and adsorption by defining total phase concentration partitioning as it relates to the 

effective diffusion coefficient. The effective diffusion coefficient is a theoretical 

expression of the combination of soil parameters and chemical properties which govern 
the rate at which soil contaminants move to the sudacc to replace those lost by 
evaporation. As such, the  effective diffusion coefficient is the rate-limiting factor 
governing the general diffusion' equation in soils given the initial and boundary 
conditions for which the models are applicable. The remainder of this section 

discusses the key soil and nonsoil parameters used in the expression of the effective 

diffusion coefficient and the general diffusion equation. 

4.1 AFFECTS OF SOIL PARAMETERS 

In this secion, the experimental results of Farmer, et 31, (1980) are discussed as 
they relate to the effect of soil water content, soil bulk density, air-filled soil porosity, 
and temperature on diffusion in soil. 



Soil Moisture Content 

Farmer, et al. (1980) indica:es that the effect of soil moisture content on the 

volatilization flux of contaminants through soils is exponential. Increasing soil water 

content decreases the pore spaces available for vapor dtffusion and will decrease 
volatilization flux. In contrast, increasing soil wxer content has also been shown to 
increase the volatility of pesticides in soil under certain conditions (Gray, et al., 1965: 

and Spencer and Cliath, 1969 and 1970). In essence, the soil water content affects the 
contaminant adsorption capacity by competing for soil adsorption shes. Under these 
conditions; an increase in soil moisture above a certain point will tend to desorb 
Contaminants, increasing the flux dependent on the relativz water and Contaminant 

. adsorption isotherms, 

Bulk Density 

Soil compaction or bulk density also determines the porosity of soil and thus 
affects the diffusion through the soil. Experimental results from Farmer et al. (1980) 

indicate that soil bulk densty also has an exponential effect on volatilization flux through 

the soil. From previous considerations of the effect of soil water content, a higher bulk 
density will have similar effects to that of an increased soil moisture content 

Soil Air-Filled Porosity 

The effects of soil water content and soil bulk density on volatilization can be 
contributed to their effect on the air-filled porosity, which in turn is the major soil factor 
controlling volatilization. The effect of air-filled porosity is manifested in the expressioa 
of the effective diffusion coefficient. f h e  effective diffusion coefficient, however, does 

not depend only on the amount of air-filled pore space. The presence of liquld film on 
the solid surfaces not only reduces porosity, but also modifies the pore geometry 
increasing tortuosity and the length of the gas passage. The Jury et al. (1963) 

expression of the effective diffusion coefficient uses the model of Millington and Quirk 

(1961) to account for the porosity and the tortuosity of sail as a porous medium. 
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Soil Temperature 

The effect of soil temperature on the volatilization flux is multifunctional. The 
diffusion in air, Dt, is theoretically related to temperature, T, and the collision integral, 
a, in the following manner (Lyman, et at,, 1990): 

The exponential coefficient for temperature varies from 1,5 to 2 over a wide range of 
temperatures. Barr and Watts (7972) found that 1.75 gave the best values for gaseous 
diffusion. Farmer, et al. (1980) estimates the effective diffusion coetficient at 
temperature T, as : 

where D2 = Diffusion coefficient at Tt 

= Diffusion coefficient at T, D, 

T - Absolute temperature. 

A temperature increase will effect the vapor pressure function of the Henry's Law 
constant, which causes an increase in the vapor concentration gradient across the soil 
layer. In actual fact, temperature gradients will exist across the soil due primarily to 
seasonal variations. Vapor diffusion is influenced by such gradients; however, these 
effocts of fluctuating soil temperatures will tend to cancel one another over time. 

' ;. . 
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4.2 AFFECTS OF NONS011 PARAMETERS 

The nonsoil variables in the Jury volatilization models include the inklal soil 
concentration, Go, the Henry's law constant (&), the soil/watct paflition coefficient, (&) 

and the depth of contaminant incorporation (L). 

lnitfal Soil Concentration 

The effect of change in the initial soil concentration is linear: Le., an increase in 
C, of 100 percent causes an increase in the emission rate of 100 percent Probably the 

greatest degree of uncertainty in the value of is likely to be either insufficient soil 
sampling to adequately characterize slte soil concentrations, or the variability in percent 
recovery of contaminants as it applies to existing sampling and analysis methods for 
organic compounds in soils. Typically, present extraction and analysis method 
recovery variability increases the likelihood of underprediction of the emission rare (h., 
more contaminant is present in the soil than is reponed by sampling and analysis 
methods). 

Henr)/s Law Constant and Soil/Water Paflitton Coeflicient 

Jury et al. (1984) showed that a given chemical can be grouped Into three main 
categories depending on the ratio &/I(,. These categories are defined as a function of 
which phase dominates diffusion. A Category I chemical is dominated by the vapor- 
phase, a Category 111 chemical by the liquid-phase, and Category If chemicals by vapor- 
phase diffusion at low soil water content and 1iquid-domina:cd at high water content 
Desorption from the solid-phase to thc liquid-phase is 8 function of the soil/water 
partMon cocficienf while vola!illzation from the Ilquid to the vapor-phase Is a function of 
the Henry's law constant. Therefore, the interstitial vapor density, and thus emission 
flux, is directly proportional to I$, and inversely proportional to 6. Because the Jury 
volatilization models do not account for a soil-air boundary layer, the effects of and 

)6 are exponential for all three categories of chemicals. 
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Depth Of Contaminant Incorporation 

The Jury 19educed Solution finite source model accounts for diffusion across fi 
’ both the upper and lower boundaries, Therefore for chemicals with high effective I) 

diffusion coefficients, the residual soil concentration will decrease rapidly. In this 

regard, the emission flux C w e  will become asymptotic more rapidly than for the semi- L 
infinite case (Equation 3). The exponential term [I - exp (-Lz/4 kt)] in Equatlon 1 

3 
LI 

4 

3 

accounts for diffusion across the lower boundary such that the term decreases rapidly 
with time for small vaiues of L and large values of Q. 

. 

.. 5:. 
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SECTION 5 

CONCLUSIONS 

From the results of this study, it can be concluded that for the compounds 
included in the experimental data, both models showed good agreement with measured 

data given the conditions of each test, Each model demonstrated superior agreement 
with bench-scale measured values and to a lesser exten: the infinite source model with 
pilot-scale data, The results indicate high correlation coefficients across all 
experimental data with mean modeled-to-measured ratios as low as 0.3f and as high 

as 7.8. 

From a review of test conditions, it was concluded that the bench-scale studies 
better approximated ?he inttial and boundary conditions of the infinite source model. 
This is evident in the lower modeled-to-measured mean ratios and narrow 95 percent 
confidence intervals. Although the pifot-scale study data showed reasonable agreement 
with predicted values, questions remain 3s to whether the test conditions were in 
agreement with model assumptions and accurately replicated all model boundary 
conditions. Overall, each model provided reasonably accurate predictions. 

Clearly, this validation study is limited by the range of conditions simulated, the 
assumptions under which the models operate, and the initial and boundary condklons 
of each model, important limitations include: 

The duration of the experiments examined range from 7 to 36 days. 
Model performance for longer periods could not be validated, 

Both models assume no mass flow of contaminants due to water 
movemant in the soil. Mass flow due t o  capillary action or redistribution 
of contamlnarcs due to rain events may be significant if applicable to site- 
specific condition. 

I. 

2. 

I .  
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3. 

4, 

5. 

6, 

7. 

The models are valid only if the effective diffusion coefficient in soil is 
constant, This assumes isotropic soils and completely homogeneous 
incorporation of contaminants. In reality, soils are usually heterogeneous, 
with propecies that change with depth (e.g,, fraction of organic carbon, 
water content, porosky, etc.), The user will need to carefully consider the 
Characterization of soil properties before ' assigning model input 
parameters. 

The equilibrium partitioning relationships used in the models are'no longer 
valid for pure-phase chemicals or when high dissolved concentrations are 
present. Therefore, the models should not be used when these 
conditions exist 

The models do not consider the effects of a soil& boundary layer on the 
volatilization rate. For chemicals with Henry's law constants less than 
approximately 2 5  x lo6, vo1atillza:ion is highly dependent on the 
thickness of the boundary layer .(Jury et al., 7984). A boundaty layer will 
restrict volatilization if the maximum flux through the boundary layer is 
small compared to the rate at which the contaminant moves to :he 
surface. In this case, the volatilization rate is inversely proportional to the 
boundary layer thickness. 

In the case of the infinite source mod81, validation for chemicals with 
relatively high Henry's law constants requires thm the depth Of 
contamination be sufficient to prevent loss at the lower boundary over the 
duration of the experiment, Le,, 1 > (18.4 I& t)? Although this study 
Indicates that the Jury Infinite Source model exhibited a relatively small 
maximum error (i.e., 134% of the Mayer et ai. finite source model total 
mass loss for benzene), any future validation studies should maintain a 
sutricicnt depth of incorporation to prevent violation of the model 
boundary conditions. 

No experimental data could be found in the literature for validation of the 
Jury Reduced solution finite source model for compounds with high 
Henry's law consants. 

Emission rates predicted by the Jury Infinlte Source vo la t i lb th  model and the 
Jury Reduced Solution finite source volatilization model indicatcr good correlation to 
measured emission rates under controlled conditions, but predicted values for field 
conditions would be subject to error because the boundary conditions and 

environmental conditions are not as well defined as they are in the labora:ory. 
Nonetheless, results of this study indicate that both models should make reasonable 
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estimates of loss through volatilization a: the  soil surface given the boundary conditions 
c? 9 of each model, G 
3 
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APPENDIX D 

Revisions to VF and PEF Equations (EQ, 1994b) 



ENVIRONMENTAL QUALITY' MANAGEMENT, INC. 

MEMORANDUM 

TO: Ms. Janine Dinan . D A T E  July 11, 1994 

SUBJECT: Revisions to VF and PEF Equations FROM: Craig Mann &/ 
FILE: 5099-3 cc: 

Subsequent to the evaluation of the dispersion equations in the RAGS - Part 6 
performed by Environmental Quality Management, Inc, (EQ, 1993), questions have arisen 
as to the accuracy of the modeling protocol used to derive the dispersion coefficient 
(O/C) used in the volatilization factor (VF) and the particulate emission factor (PEF) 
presently employed to calculate the air pathway Soil Screening Levels (SSrS). 

EQ, 1993 used the Industrial Source Complex mooel (ISC2-ST) to derive a 
normalized concentration (kg/d per g/d-s) for a series of square and rectangular area 
sources of differing sire. 731s modeling protocol employed a source subdivision scheme 
similar to that recommended in the ISC2-ST Model User's Manual (EPA, 1992) whereby 
the source was subdivided into smaller sources closest to the center of the area. The 
center of the arm was found to represent the point of maximum annual average 
concentration for all source shapes analyted. Consecutive model runs were performed 
whereby source subdivision was increased between runs. Final source subdivision was 
reached when the model results converged within a factor of three percent or less. 

From these data, a simple linear regression was used to evaluate the nature of the 
relationship between the normalbed concentration and the size of the area. Preliminary 
plots of the data indicated that the relationship was cxponential. merefore, the 
relationship was linearized by taking the natural logarithms (In) of each variable. The 
resulting linear regression for 8 square area of 0.5 acres resulted in a normallzed 
concentration (C/O) of 0.0098 kg/d  per g/d-s; the inverse of the normallted 
concentration resulted in a dispersion coeffcient (O/C) of 101.8 g/d-s  per kg/d ,  

On May 5, 1994 a teleconference was held between representatives of the Toxics 
Integration Branch of the Office of Emergency and Remedial Rcsponss (OERR) and the 
Source Receptor Analysis Branch of the Office of Air Quality Planning Standards (OAQPS) 
to discuss the relative merits of the available area sourco algorithms as applied to near- 
field and on-site receptors exposed to ground-level nonbuoyant emissions, The 
conclusions drawn from this teleconference were :hat a new algorithm recently developed 
by OAQPS would yield more accurate results for the exposure scenario in question. 



The new algorithm is incorporated into the lSC2 model platform in both short-term 
mode (AREA-ST) and long-term mode (AREA=LT). Both models employ a double 
numerical integration over the area source in the upwind and crosswind directions as 
follows: 

where QA 

K 

V 

D 

= Area source emission rate @/d-s) 

E Units scaling coefficient * 

Vertical term 

= D ~ ~ ~ t y t e r m .  

me Integral in the lateral (is., crosswind or y) direction is solved an;$k.ally as: 

where erfc Is the complementary error function. 

The integral In the longhudinal (Le., upwind or x) direction Is solved by using a 
weighted average of successive estimates of the integral using a traperoidal 
approximation. The model uses threo separate criteria to determlne convergence of the 
upwind integral. The result of these numeriwl methods is an estimate of the full integral 
that is essentially equivalent to, but much more efficient than, the method of estimating 
the integral 8s a series of line sources, such as the method used by the Potnt, Area, Une 
(PAL 20) model, Wind tunnel tests have also shown that the new algorithm performs well 
with on-site and neat-field receptors. 
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. Because the new algorithm provides bezer concentration estimates and does not 
require source subdivision, a revised dispersion analysis was performed for both volatile 
and particulate maser con:aminants using the new algorithm. 

The first part of the analysis involved a determination of the relationship between 
concentration and source size. In addition, this part of the analysis included a 
determination of the point of maximum annual average concentration for a square area 
source. This assessment employed the AREA-ST model as acquired from the OAQPS 
Technology Transfer Network, Support Center for Regulatory Air Models (SCRAM) Bulletin 
Board. 

Meteorological data used for this analysis were 1989 hourly d3ta for the Los 
Angoles National Weather Service (NWS) surface station, upper air data were from the 
Oakland NWS station for the same year. Rural dispersion coeffcients were employed and 
all regulatory default options used, Modeling assumed flat terrain with no flagpole 
receptors; source rotation angle was set equal to zero. 

Five sourcz sizes were included in the assessment: 0.5,5,30,200, and 600 acres' 
A coarse carresian recep:or grid was employed within and extending beyond the source 
perimeter; a discrete receptor was also placed at the center of each source (xly = 0,O). 
Emisskns from each source were set equal to 1.0 g/d-s;  concentrations were calculated 
in unF5 of kg/m'. 

a Figure 1 shows the relationship between source size (acres) and annual average 
concen?ration (kg/m3) for the five source sbes modeled. In each case, the point of 
maximum concentration was located at the center of the source. As an example, 
Attachment A is the model run sheets far the 0.5 acre source, As can be seen from 
Figure 1 , the relationship between concentration and source sire is exponential. Results 
also show that the maximum concentration representing the 600 acre source is 2.9 times 
higher than that of the 0.5 acre source, 

I 

Having established that when using the AREA-ST model the point of maximum 
concentration for a square area source is the center receptor, the  second part of the 
analysis was to determine which of the 29 meteorological sites from EQ,.I993 best 
represents the average exposure and the high end exposure to volatile and particulate 
matter emissions, It was determined that the average exposure case should be 
represented by the 50th percentile site concentration, while the high end oxposure is best 
represented by the 90th percentile site concentration, 

Each of the 29 sites from EQ, 1993 were subsequently modeled at an emission 
rate of 1.0 g/r?-s with a single discrete receptor at the center of the square area source. 
Source sizes modeled were 0.5 acres and 30 acres. Hourly meteorological data for each 
site were from EQ, 1993. From the set of 29 normalized annual average concentrations, 
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the 50th percentile site was determined to be Sal: Lake City, Utah; Los Angeles, California 
(89th percentile site) was determined to be the closest approximation of the 90th 
percentile site, Table 1 shows the resulting dispersion coefficients for the two source 
sites and the percen:ile ranking of each site, 

TABLE 1, VOLATILE DISPERSION SITE RANKINGS 

I I I I I 1 

1 I I I I I 
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In order to determine the average and hlgh end sites for particulate matter 
exposures resulting from wind erosion, a normalized concentration could not be used 
because meteorologiwl conditions other than simple dispersion &e., wind velocity and 
frequency) influence emissions and therefore actual concentrations. For this reason, 

foflows: - 

. 
actual concentrations were calculated for each site using the existing PEF equation as 

-a 

where 

1 0.036 (7-v) x (U..Ne7)3 x F(x) 
3600 s/h C - (CIQ) [ 

c 

(C/QI 

V 

= Annual average PM,, concentdon, k g / d  

= Normalized annual average concentration (kg/d per 

R Fraction of continuous vegetative a v e r  

g/d-s> 

(3) 

urn 

Y.? 

I Mean annual windspeed, m/s 

= Equivalent threshold value of windspeed at 7 m, m/s 

F(x) = Windspeed distJibution function from Cowherd, 1985. 

The value of (C/Q) for each she was the normallzed concentration previously estimated 
for volatile emissions (Le., the inverse of each dispersion coefficient in Table 1). The value 
of V was set equal to 0.5, The mean annual windspeed (U,) for each site was taken from 
Weather of U.S. Cities, Second Edition, Volume 2 by J. A. Ruffner and F. E 'Bair, Gale 
Research Co,, Detrok, Michigan. The value of F(x) was edmated for each site trom 
Figure 43 or calculated from Appendix B of Cowherd 1985, as appropriate. I 

The value of k7 was calculated as follows: 

(4) 
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J 

1 

where Y.7 = Equivalent threshold value of windspeed at 7 m, m/s 

Z J  = Surface roughness height, cm (a = 0.5 cm for open terrain) 

Y = Threshold friction velocity, m/s (4 = 0.625 m/s). 

Table 2 gives the results 0: this analysis and shows the relative PM,,., 
concentrations for each site by source size and the percentile rankings. As can be seen 
from 7a51e 2, the 50th percentile site was Salt Lake City, Utah, while the 89th percentile 
site was Minneapolis, Minnesota. 

Table 3 summarizes the results of the dispersion coefficient analysis for both the 
VF and PEF equations. In addition, Table 3 also gives the default values of the PEF 
variables for both average and high end exposures. 
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TABLE 2. PEF CALCUlATlONS AND SITE RANWNGS 



. 

4 

1 PEF PEF VF 
AVCrllQC Hlph End AvcKIQC High End Avcra g e 

sit PMIO PMIO (glm24 pcr (girn2.s pcr (glm2.s pcr 
sfre (uplrn3) (uolm3) kglm3) k~Im3)  kglm3) 
0.5 Acres 0.12 0.76 78,06 90.74 78.06 

onnual cone., onnunl conc., (CYC), w), (QQ 

TABLE 3. VF AND PEF VALUES OF (Q/C)  FOR AVERAGE AND HIGH END 
EXPOSURES 

M 
HlQh End 

(Q/C) I 
(o/rnZ-s per 

kdm3) 
68.82 

30 Acres 0 2 3  1,48 40.14 

Average SItc for PMlOn Salt Lake City 
AVenQC Site for Volatiles Sol! Lake City 
High End SlW for PM10 - Mlnncapolls 
Hlgh End Sltc for Volatllcs = Los Angelcs 

Averiqc Sltc for PM10: Mom snnu~l windspccd (Urn) = 3.93 mls; F(x) 0,044, at x - 2.55. 
High End SHc for PMlO: Urn = 4,69 mk; F(x) = 0 , l W  at x 2,14, 
Where: 
Vegctntivc cover (V) = O S .  
Sudacc roughness height (20) = O S  cm. 
Threshold frlctlon velocity (Ut) = 0.625 tnfs at surloce. 
Threshold windspeed a1 7 mctcrs (Ut-3 = W0,4 x In(7OOEo) = 11,32 m/S. 

46,84 40.14, 35.1 c 

D-9 



This p a p  lcft blank on purpose. 

D-10 



AITACHMENT A 

AREA-ST MODEL RUN SHEETS FOR A O S  ACRE SQUARE AREA SOURCE 
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. . . . . . . . . . . . . . . . . . . . . . . . . C . . . . . . . . . . . . . . . . , . . . , . * . . . . . . . . . . . . . . . . . . . .  

~Modcl le  Setup for Calculatlon of Average WCentrarfon Vblucs, 

"Hodel Uses RURAL Dlrpcrsion,  

**Model Uses Regulatory DEFAULT Dptlonr: 
1. F l ~ l  PLUM Rise. 
2. Stackerlp Oovmash. 
3. Rwyancy. IMwcd Dlspcralon. 
4. Use Calm Prmcas lng  Rwtim. 
5. Mot Uae Hluolng Data Proceuing Routtm. 
6. Default U l r d  P r o f i l e  Expomntn. 
7. Default Vcrt(eaL Potont(at,TFlrpsraturP Grdlcnrs. 
8. "upper Uhndl' Valuee f o r  Svporswt Eulld{nge. 
9. NO E x p e n t l a 1  OeCdY for RURAL Mode 

"Hobcl A I I S ~ C S  Receptors on FLAT Terrafn. 

wHodcl ASSV~CI No FLAGPOLE Receptor Heights. 

-odd Calculntes PCRlCO Avcrogca C d y  

T h l r  R v l  Inc\dcs: 1 Swrcc(s); 1 SOUrCe trocpts); and 

T h e  Model Assvncr A Po:Lutmt lypc of:  PH10 

Y o d e l  Set l a  Contjnut RUNnlng After the SetUp fcst~ng. 

-cutpr: Optlons fclcctcd: 
)rodel wtpm fsblcs of PLRtOO AveraOor b-j Rcccptor 
Model Dutmtr Tobloc of Hlghcst Short Term V a t m a  

wYOTC: the Follwirtg Flagu May AgoFar f o l l o d n g  WF Valuos: e f o r  Cblm Hours 
m tar M f o s f n ~  Hours 
b for Both Ca lm and Hi6rlnp H W ~ I I  

Receptor CRLCSABLE Kyvord) 
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'- ARCAST VtRStW TESTA - AREA SWRCES-=* 1/? 8Cfc 
TtST OF ST AUCA SWRCt ALGORITH~ - MWCLIUC OPTIONS USCD! CONE R U R A l  P U T  DFAULT 

- 
m 

. .  

AREA SWRtE DATA mu 

NUMBER l%lSSlON RATE COORD (SU CORNER) RASE RELEASE X * D l M  Y-DIH ORIENT. EMISSION RATE 
I 

c 

SWRO PART. (USER UNITS x Y ELEV. HEIGHT OF AREA Of AREA OF AREA SUUR VARY 
I D  CATS. /HETER"Zl (METERS] (MCTERS) (MCTERS) ( M n C R S )  (HETCRS) (HCTERS) (DEC.) or ........*... L I L . . C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . * .  

A112 0 .10000E+O1 022.5 42.5 .O .OO 45.00 45.00 . 00 
I 

. 

a 

h 
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c 

c 

CIIWP 10 

- SWRCC ID# D E ~ l M l r r C  SWRCC CUOVPS - 
SWRCC 101 



I -0, .O, 
I -25.0,. 10. 
( =.a,. ozs,o, 
c -2S.0, z o o ,  
( 40.0, 00, 
C 50.0, -50.0, 
c *fO.O, 50.0. 
t -75.0, -0, 
c 755.0, -75.0, 

-7s.0, Z L O ,  
t *lOo.O, 00, 

voo.0, -100.0. 
( -104.0, 100.0, 

25.0, 
25.0. 

-25.0, 
50.0, 
50.0, 

*SOoO,  
75.0, 

m'T5.0, 
'100.0, 
100.0, 
'100.0, 

=bo.  

.0; 
100.0, 

btOO.0, 

m 
ms.m 
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-** AREAST VCRSlOM TCSTA *-* AREA SWRCtS.** l / z  ncre run m 
TEST Of S1 AREA SWRCE A l C O R l l W H  Om" 

*** HCoELlUG OPTIOHS USED: CONC RURAL FLAT OFAULT 

w 0 s  

rl 

5 9 c 

HL'fLOROLOGlQL DAYS 6ELCCTED FOR PROCESSING *** P 
( l = Y L S ;  O*YO) 

3 1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  
1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 t 1 1 1 1  1 1 1 1 1 1 1 1 1 1  i*I 
1 1 1 1 1 1 1 1 1 1  l l l l l t l l l l  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  * 
1 1 1 1 1 1 1 1 1 ~  1 1 t 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  l l l l l l t l l l  
l l l l l i l l l l  1 l : ~ l l l t t l  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 ~ 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  

3 1 1 1 1 1 1 1 1 ~ 1  l l l l l t l l l l  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  
1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1 1  l l l l l l l l l l  

5 1 1 1 1 1 1 1 1 ~ 1  1 1 1 1 1 1  

NOTE: HCTCOROLOGIUL OATA ACTUALLY PROCCSStD UILL ALSO DEPEND OM WAT IS INCLUDED I M  THE DATA FILII .  

4 
U L  
r" 

a F 

**- UPPCR DWUO OF FIRST THRDSlGH FIFTH WIND SPECD C4TEGORlCZ - 
t HETf RWSEC)  

1.54, 3.09, 5.14, 8.2,  io.ao, 

-* UIND PROFILE CXPOHENTS - 
STAB I l l  TY 
CATCCORY 1 2 3 r; 5 b 

UlHD SPECD WTECORY 

h .70000E*01 ,70000E41 .70000C=Ol .70000E=01 .70000E*01 .7OOOOE*01 
B .70000E*31 .70000E-01 .70000E-01 .70000E=Ot .70000E*01 .70000E*01 ' 
C .lODOOC+OO .10000E*00 .10000E+00 . lOOOOE+OO .10000E+O0 .10000E+00 
0 .15000E+OO .15000E*00 .1500OE+00 , .lSOOOE*00 .151100E+00 .15000E+OO 
E .35000E+00 .3500OE+00 .35000€+00 .3500DE+00 .fSOOOE+00 .35OOOE+OO 
F ~55000E+00 .55000E+00 .55000E+00 ~55OOOE*00 ~5500OC*OO .5500OE+OO - VERTICAL WTEHTlAL TEHPERATURE GWIENTS - 

CDEGWECS lcELVlM PCR METER) 

STAB1 L 1 f l  
UTEGORY 1 2 3 L 5 6 

YfNO SPPEO UTECORY 

* A  . O O ~ O O C + O ~  .OOOOOE*OO .00DOOE+00 .OOOOOC*bO .00000E40 .00000E40 
B .OOOOOE+OO .00000E*00 .OODOO&+OO .OOOOO&+00 .00000E+00 .00000E+00 

E .20000E=01 .ZODOOC*Ol .2000OE41 .20000E*01 .20000E*01 .20000€-01 

C *00000E+00 .OODOOE*00 ~ D O O O O ~ + O O  .00000E+00 .OODOOE+OO .00000E+OO 
0 .ooooo~+oo .OOOOOE+OO .OOOOOE+OO .OODOOE*OO .oo~ooe+oo .oooooc+oo 
F JSOOOE*Ol .35000E*Ol .35000E~01 .3500DE*01 .35000e~Uf .JSOOOE.01 

L 
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*** THE FIRST 24 HWRS Of HETEOROLOCICAL DATA ...* 

f l L E :  C:\CRAIG\a17L*89.ASC 
SURFACE 5TATlOU NO.: 23176 

YEAR: 1989 
MAHE: LOS 

FORMAT: (412.2F9.b,Fb,l, W r 7 . l )  
UPPtR AIR.S:ATJON NO.: Pt30 

NWE: OAtLAYD 
YUR: 1959 

FLW SPEED TEMP STAB MIXING HEIGHT (HI 
YEAR MONTH DAY HOUR KmOR (H/S) CK) CLASS RURAL URBAM ...*................*...................*....*.............*,....... 
89 
89 
89 

89 
89 
89 
89 
89 
89 
89 
a9 
89 
89 
89 
89 
89 
89 
89 
89 
89 
69 

89 

a9 

a9 

1 
1 
1 
7 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

, ?  
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
7 
1 

1 
2 
5 
4 
5 
6 
7 
8 
9 
10 
11 
I t  
1s 
14 
15 
16 
17 
18 
1v 
20 
21 u 
23 
24 

251.0 

1pc.O 
l U . 0  
1n.o 
2R.O 
265.0 
m . 0  
257.0 
261.0 
G.0  
56.0 
85.0 
59.0 
82.0 
74.Q 
61 .O 
87.0 

154.0 
1 4?. 0 
280.0 
252.0 
220.0 
260.0 

2a .o  
3.09 202.4 
3.09 2b2.0 
2.57 282.0 
1.63 282.0 
2.06 282.0 
f.W 280.1 
2;06 S i i 0 ; i  
2 . u  2822.0 
2.06 ta.7 ~ . w 2as .P 

SI60 287Ib 
5.60 285.9 
LOP 2&3 
1.12 284.5 
2.06 285.4 
2.57 285.4 

4 
4 
L 
4 
5 
6 
6 
5 
c 
3 
S 
3 
3 
3 
3 
c 
5 
6 
5 
6 
6 
6 
6 
7 

533.0 
sa.* 
W.1 
639.6 
675.2 
n0.7 
7UJ 
1X.P 
2m.2 
421.6 
56c.P 
m.3 
8551.6 
995.0 
m.0 
M . 0  
w2.3 
V8.8  
959.2 
S2.7 
92b.2 
909.6 
a9S.1 
876.5 

533.0 
562.6 
605.1 
639.6 
t5t.0 
15t.0 
151.0 
265.4 
507.0 
508.6 
630.2 
751 -8 
013.1 
995.0 
995 .O 
pp5 .O 
vm.1 
650.6 
m.2 

5af3 
cd6.9 
m.r 
290.0 

m.a 

- NOTES: STABILITY CLASS 1% 2.B, %E, L.0, 5.E AND 6 .F .  
mu VE~TOR IS DIRECTMN TWAU w w l  UIWD rs BLOVI~G. 

. 
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w a  COMC O? WlO I N  CILOGRAMS/CUDIC*METER 

WCTUORL: m w  ID AVERAGE C O Y  RECEPTOR (XR, YR, X L t V ,  ZfLAG) OF TYPC GRID-ID 
. . * . . . . . . . * . . . . . . . . . . . . . . . . . . I . . . . . . . . . . . . . . . . . . . . . . ~ ~ . . . . . . . . . .  

AREA1 1ST HIGHEST VALUE I s  .0115S AT ( .w, .oo, .oo, . .OO) DE 
WO HIGHCST VALUE IS .OOdZO AT C tS.00, .ao, .oo, -00) oc 
3R0 HIGHEST VACUL IS .OOf% AT t - 3 . 0 0 ,  .OD, .DO, .OD) DE 

6TH HIGHEST VALUE IS .OOZ!O AI' C *a.OO, * J . O O .  .oo, .OD) DE 

4TH HICHEST VALUE 1s .oOclC A f  I 25.00, 3 . 0 0 ,  .oo. -00) DE 
5TH HlGRER VALUC IS .002?3 AT C *25.00, 3.00, .oo, .DO) De 

- RECEPTOR TYPES: GC GRlOtART 
GP CRIDPOLR 
DC DtSCtART 
DP DISCWLR 
tl0 BWMDARY 
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of Solid Waste. The work was performed p d d l y  under Conmct No. 6S-WO10029 and 

partially under Contract No. 66-W-OOOS, subconmctcd through ICF he, This documentation 
was prepand undcr Contract No. 68-W4-0017. Tcchaical dircction on behalf of tbc Office of 
Solid Waste was provided by Dr. Z.A. Saleem. 
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a 

The EPA Composite Model for h c h t e  Migntion with Transformation Products (EPACMTP) Ir 

was applied to generate Dilution Attenuation Factors @AF) for tbc groundwatt: pathway in I+ 

1 suppoh of thc dcvclopmcnt of Soil Screening Lcvcl Guidance, The model was applied on a c j  

nationwide basis, using Monk Carlo simulation, to dctcmhe DAFs as a function of the ana 0 
ofthe contamba!?tCd sitc 31 various probabiliry icvcls, The analysis was c o n d u d  b two mgcs: 

Fim, the numbs of M o m  Carlo itcntjons required to achieve convcrgcd m l t s  was 

dctmnincd. Convcrgcncc was dcfmcd as 3 change of less than 5% in the 8Stb pcmntilc D a  
value. A numbcr of 15,000 M o m  Carlo itcntiom was d c t c d e d  to yield convcrgcacc; 

subsequent mlyscs wcrc performed using this number of iterations. Second, Monk Carlo 
analysts werc performed to dcurmine DAF vducs s a function of tbc contambated arca. The 
cffccts of different plncements of the receptor well were cvaluatcd. 
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1.0 XkTRODUC'DOX 

The -4gcncy is devclopiig estimates for threshold values of chcmical concentdom in soils at 

con-tcd sits b t  represent a level of conccnvation above which there is sufficient concern 
to wmmt further sitc-spccifc study. Thesc concamtion Ievcls arc called Soil Scrccdag 

Levels (SSrS). Tbc primyy' purpose of the SSLS is to accclentc decision making concernixlg 
coxuxa.imtCd soils. Gencdly ,  if contaminant conccomtions in soil fall below the smening 
levd and thc sitc mass specific rcsidcotial use conditions, no further mdy or action is 
w m z c d  for thar area undcr CERCLA (EPA, 1993b). 

ThC Soil Screening Lcvds have k a  dtvcloped using rcsidentijl laod usc h w  exposurr: 
assumptions and considc~g muluplc pathw3ys of cqosurc to the contamkm,  including 
m*gmtion of c o n e s  through soir to m undcrlyiog poublc aquifer. Contaminant migration 

tbrougb the wtun tcd  zone to tbc water table gcncrallf rcduccs the soil leachate conccnnation 
by a.acnuatioo proccssw such as adsorption and degndation, Groundwater transport in thc 

situated zonc further rcduccs conccntntioas through ancnution aad dilution. The a n b t  

c o x a m t i o n  xrrM.n~, at a rtccpror point in the smmd zone, e.$., a domestic clrbkhg waur 

well, i s  ihereforc gcncnlly I o w a  dun the origiaal contamin.ult concentmtion in thc soil Ic~&u. 

The rcduciron in conccntntion an be expressed succinctly in a Dilutron-Atrmuation Factor 
(DAF) dcfmtd as thc ration of original soil lcrrcbtc concentrau'on to thc rtccptor point 
conccnmtion. "he lowest possible value of DAF if thcrcforc one; a value of DAF-1 m a  
that t h e  is no dilution or atmution at all; the conccntntion at tbt mxptor pobt is the m e  

as tbat in tbc soil l acbtc ,  Hi@ values of DAF on zhe other hand correspond to D Sigh degree 

of dilution aad atmution. 

For any spccifrc site. the DPiI: dcpcnds on the intcndon of a multimdc of sitc-spccifrc factors 

and physical and bio-chemicril proccsscs, Thc D S  also dcp~ads on the mturc of the 

wnr=lmin.2nf itself; i.c., whether or not the chemical dcghdcs or sorbs. As a result, it k 
impossible to predict DAF values without the aid of o suiablc computer fate and Uanspori 
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simuhtion model that sbuktcs the migration of a canmirant through rht subsurface, md 

accounrs for the relevant meum and proccsscs tlut affect the receptor conecamtion. 

" h c  Agency has developed the EPA Cornposit Model for L,dUtc Migration With 

Txmsform3tion Products (EPACMTP; EPA, 19930, 1994) to asses, the goundwm qualiry 

impacts due to migntioa of wa~tcs from surfact wzxc sites. This model simulats the fate and 
uanspon of contamhan7s afttr tbcir r t lasc from &e laad disposal unit hto the soil, dowwuds 

to tbc water table and subsequently throua the smuatcd zone. The fate and mrt modd 

has bccn coupled IO a Monk -10 driver to @t dcu-~on of D a s  on a generic, 
nationwide basis, The EPACMTP model hu beEn applied to dctc~Zhc: DGS for the s u b d a c c  

pathw3y for fad waste site ~ S S ,  IS part of the dcvdopmcnt of Soil S- Lkvtls. This 
report dcsaibcs the opplimtion of = A m  for this purpost. 

c 

.I 

* 

i 
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2.0 GROLbDWATER MODEL 

2.1 Description of EPACMTP Model 

The composite uodcl for Lcachatc h l jpuon with I tansfomt ion  zroducts VACMTP,  

P A ,  1993a, 1994) is 3 computer model for simulahg thc subsurface fate and -OR of 
cont2min.lnts that  LIT rclmcd at or near the soil surface. A schmtic view of the coacepW 

subsurface system as simularcd by EPACMTP, is shown h Figure 1. Thc contrUninants arc 
initially rclmcd ovcr LI rcctaxlpIar s o w  am q m x n t i n g  the waste sjtc. Tbc modclcd 

subsurface systcm consists of an uns~mtcc! zone undtmath the s o m  m, and an undalyhg 
warn rablc aquifer. ContamiPants move v d d y  downwvd through the w t u n t e d  ZODC to 

tbc water table. The conunhant is assumed to be dissolved in the aqueous phasc; it mipm 
through the so2 under t!~c Mucncc of downward iPfilmdon. The xatt of i d b a t i o n  may rdcct 

the combined cffcct of prccipiution and nlcvcs b m  tbt s o m e  area. On% thc conunkmt 
cntcrs the satunrcd zone, a thrctdhcnsiolyl plume dtvelops undcr tbc combhcd Mumw of 
advcctioa with tbc ambient groundwater flow and diSpmivc mkchg. 

The EPACMTP accou3ts for thc fobllowing proccsscs df&g cont?minant fatc and w r t :  

advection, dispersion, equilibrium sorption, fmtlordcr d a y  mctions, and m h r g c  dilution 
in the satuntcd mrtt. For mnt?minants that &orm into one or moG daughter produrn, the 

made1 an account for tbc fate and mnspon of tho% nansfomtion products also. 

nc E P A C m  model consists of thrtc main modules: 

A sxumd zone flow and transport module W 

k Monk Carlo drivcr module, which gcncntcs model *ut 
panmeter values from specified probability distributions 

The assumptions of tbc uns3mtCd zone and samtc;i ZODC flow and w r t  modules an: 
dcscribcd in Section.2.2. The Montc Carlo modcling proccdurc is described in Section 2.3. 





rl 
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2.2 Fatc and Transport Simu!ation Modula 

2.2.1 Vnsatutatcd aonc 1 1 0 ~  nnd transmrt module 

Dcoils on the mathematical fornulation and solution tcchniqucs of tbc unsaruntcd zone flow 

and rnnspon modulc YE provided in thc EPACMTP bnckgouhd document (EPA, 1993a). For 
complcxncss, thc major features and a s s m p G o ~  ' below: 

ne s o h  am is 3 xtctan@u m, 

Conrvninvlts arc dkmbutcd uniformly over the source a m .  

The soil is a uniform, isotropic porous medium. 

Flow aad tnnsport in tbc uns3tuntcd zonc arc onedimensional, 
downward. 

Flow is smdy SUU, and drjvcn by a p&bd rate of iafilmtion. 

Flow is i s o t h c d  and governed by Darey's Law. 

Thc Imchte conctnmtion cntcring tbc soil is either constant (with 
a fhte or infinite duntion), or decreasing with t ime following a 
firstsrdc: dewy proces~. 

Thc cb&cal is dilutc and present i0 solution or soil solid p& 
only. 

Sorption of chcmids onto thc soil solid phasc is d&bcd by a 
linm or nodincar vrcundlich) cquilibnum isotherm, 

chcxniwl md biologicid musfomtion procts~ CUI be reprtscnttd 
by an e f l d v e ,  fmlordcr d m y  d i c i c n t .  

2.22 $ttmtcd zonc flow and tnnmort rnodulc 

Thc msatuntcd mnc modulc computes thc conaminnnt wnmmtion arriving at the water able, 

as a function of time. Multiplying this canmtia~on by the rat& O€ infidmtion through b c  
unsiau3wl zone yields the con tamimnt mzis flux crrtcrbg thc saturmd zonc, 'Ibis mass flux 

is spccifid as the sourcc boundary condition for the sarunted zone flow and tmspon. module. 
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Groundwater flow in thc stunted ZODC is simulated using 3 (quasi-) dxcdmcns ionl  stady 

mtc solution for predicting hydnulic h a d  md Duty vclociues h a constant thichss 

groundwater system subject to infilmtion and recharge along the top of be aquifer and a 

rrgional hydnulic p d i c n t  dcfmd by upslmm and downstmm h a d  b o u r n  conditions. 

In addition to modtling fully thrttldimcnsiod groundwater flow and contamhm fh and 

aanSpor& EPACMTP off' the option to perform pisi-3D modeihg. whcn this option is 
selcctcd, the model iports  either the flow component in tbe horizontal IT;II~SVVSC ( m y )  d k o ' o a  

or tbc vertjca~ (-z) dircctioa, TIC appropriati 2~ approximation is se~ecttd automtica~y in the 

code, based on thc relarive sipiifhncc of plume movement in the horizontal ~ C R C  versus 

vcnical directions. Dcnils of this procedure arc provided in the saturated zone background 
document PA, 19933). ~ b c  Switching criterion thar is impltmcnttd in the c ~ d c  will select t t ~ c  

2D a d  solution for situations with a rdativdy thin santntcd zone in which the conmninmt 
plume would occupy thc catire s3tu;lrcd tbidsess; convuscIy, the solution in which advection 
in the horizontal tran~vme dirrxtion is ignored is used in situations witb a luge stunted 

thiclcnss, in which thc cffect of v d c d  plume movement is mon imponant. 

The saruntcd ZODC 'kinsport module describes the advcctivedispEnive sanspart of dissolved 
con-ts in a three-dimmsioaal, constant thiclmess aquifer. The initial boundzn, is z a ~ .  

and the lowcr aquifer bouadvy is taken to be impcrmcablc. Nbflux coaditiorzs arc set for t he  

upspcam aquifer boundary, ContamiPrrnts enter tbc s;larntcd zone through a patch so- of 
dther commt conmuation or w m t  mass flux on thc upper aquifer boundary, nprcscnthg 
the area directly undmcath the waste site at tbc soil surfact. The sourcc may bc of a finite or 
infinitt duntion. Red~ugc of con t3m;h?nt-k infiltration warn octurs along tbc uppa aquifer 

boundary outside the p3tch source. Transporf rncchamns masidcrcd are advedoa, 

longitudhl, verticil and UUISWSC hydrodynamic dispusion, ha or nonlinear equilibrium 
adsorptior,, ftrstsrdcr d a y  and daughm p ~ h c t  fomtion, As in the unsamted func, tbe 
smmtcd zone transport module an simulate multi-spccics tmqort involving W d  decay 
reactions. The saruntcd tone mnspofc module of EPACM'" an perform either a fully Wee- 

dimensional aylsporr simulation. or provide a qu3si-3D approxim3ticm. The latter ipores 
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advection in cithcr thc horizontal tnnsversc (-y) direction, on the v c ~ c ; l l  ('z) direction, 
comhcrtt with tbc quasj-3D flow solution. In the course of 3 Montc Cy10 simulation, the 

approprim 23) approxim;rtions ;ire sclcctcd autom;rriwlly for a c h  individual Monte Carlo 

itcrztion, thus yielding an ovmll q u ~ i - 3 D  simulation. 

D 

The samntcd zone and tnnspon module is based on thc following assumptions: 

Thc aquifer is uniform and inirially Contamhnt-frCC. 

Thc flcw ficld is at steady SUE; scasond fluctuations in 
groundwater flow an: neglected. 

The sanmtcd thickness of thc aquifer remains c o m t ;  mounding 
is rcprescnted by the h a d  distribution along the top boundary of 
tbc modclcd sruntcd zone systan. 

The chankal ';s dilute and prcscnt h the solution or aquifer solid 
phasc only. 

Adsorpion onto the solid p b c  is dcscnbed by a Ihcar or 
nonlinear equilibrium isotherm. 

EPACMTP iS based on 3 numbcr of simplifying assum;ltions which makc the code task  to ltsc 
and ensurc its compumtioml efficiency. Thcsc m p t i o n s ,  however, my must 3ppIicatiOn 

, of the model to bc hpproprhtc in certain simtions. 

7hc main assumptions cmbcddcd in the fatc and transport model are summrlrizcd in thc prcviou 
d o n s  and a x  discussed in matt  detail h m .  The urn should V C ~  that the assumptions arc 

reasomblc for a given appliwkon. 



Uniform Porous Soil and Aquver M c c ? h ~  EPACMTP assums th3t the soil and aquifcr 
b&avc s Uniform porous media and that flow and transport arc described by Darcy’s law and 
thc ~dvection-dispersion equation, mpectivcly. The model dm not 3CCOUt €or the prtsenct. 

b 

of cncks, mcro-porcs, and fncrures. Where these fwwxs art pnscat, EPACMTP my 
udcrpredict the mtc of contaminant movement. 

Singlc Pilac Flow and Trarrspo)?, Tbc model assuxncs that the wtcr p k c  is the only mobile 
phase and dimgrds i n t q b s c  tnnsftr prccEssts other than reversible adsorption onto b c  solid 

p-. For example, the model docs not account for volaCliz3tion in the uns3runtd ZODC, 

which wilI End to give conservative prcdictioas for vohtilr c h d d s .  The modd a h  docs not 
account iot  the presence of a sccond liquid phsc (e.&, 03). Wbm 3 mobile o i l ’ p m  is 
prcscnt, the movrmmt 04 hydrophobic & a i &  my bc undcrprcdiMod by the mod& sincC 
signXcult mignuon nuy m r  in the oil p W  nthe tbyl in thc wxv p W .  

I 

EquZbrium Adsorpfiqn. The model m m c s  that adsorption of c o n b u  onto the soil or 
aquifer solid phsc occurs bstmta,ncously, or at lmt npidly rebtivc to thc r a ~  of con- 
movement. In addition, the: ;~dsorption pmcss is take3 to k a b l y  rcversiblc. 

Fk+Order Decoy. It is assumed that tbc rats of c o n h t  loss due to dtcay readorn is 
proponiod to tbc dissolvcd cont-7m;n’L”t conccntdon. The modd b bastd on one o v d  

decay constant and docs not cxplicidy accoullt for multiple degradation p m ,  sua as 
oxidation, hydrolysis, and biodegradation. When multiple dcwy p m  do SCUT, tht user 
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must d c t c d c  thc ovcnfl, cffcctivc dewy ntc. In ordcr to incrcasc flexibility df k c  model, i$ 

he user ma!+' h t v c t  thc model to dctcrmine the ovcnll decay cocfficicnr from chemical specific 9 

w 
I 

I- 

8 
'i hydrolysis cox~~tants plus soil and aquifer tcmperature and pM. 
C 

U 

4 
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Prescribed D e c q  Reaction Stoichwrncrv, For scenarios involving c h h c d  dewy reactions, $3 I 

t2 EPACMTP assumes th3t thc reaction stoichiometry is always ptcscribcd, and tbc spcciawn 
factors asc specified by the user as consmts (see E P A C m  Backgrad Docmm,  EPA, 

1993a). In reality, these coefficients may change as funeuons of aquifer conditions (mpm,  
pH, ctc,) and/or conccntntion levels of o'ber chemiul componcnts. 

Unifonn Soil, EPACMTP assumes tbat thc unsaruntcd zonc profile is homogeneous. The 
mcdd docs not account for the prcsc~lcc of mck and/or macropom in the soil, nor docs it 
a w u n t  for btenl soil variability. The latter condition my sififimdy affect the average 

uimpon behavior when the was= some covers a large act. 

Slead''S#c R o w  in rhc Unsafurafcd-Zonc, Flow in the unsarunted =ne is always mtcb as 
stcady sutc, With the flow nte detcrmincd by the long tern, avcngc infrmtion rat& through 

a dispasal unit, or by thc avcngc depth of pondhg in 3 surface impoundment. Considering tbc 
h c  swlc of most practical problcms, assuming sicady-sutc flow conditions in the unsaturated 
zone is momblc. 

Groundwater Mounding. The ntuntcd zonc module of EPACMTP iS dcsigncd to simulate flow 

and t r ; l ~ ~ ~ p o ~  in an unconfined aquifer. Groundwater mounding bath the sourec is 
represend only by iacrcved hcad vducs on top of thc aquifer. The satumted thickucss of the 

aquifcr remains conslant in thc model, and therefore the model mats the aquifcr as a wnfiacd 

sysum, This approach is rtasomblc ;IS long as b e  mound hcisht is d l  rclativt to tbe 

s m n t t d  thickness of the aquifcr and the t h i c l a a  of the uns;ltunttd zone. For composite 
modeling, tbt effect of mounding iS partly accounted for in tbc urnmntcd zonc module, sbct 
tbc soil is allowed to become s3runtcd. The aquifer porous mtcrial is assumed to bc uniform, 
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although thc modcl docs 3ccount for mkoaapy in the hydraulic conductivity. The lowcr aquifer 
b o u n d q  is assumed to bc hpcrmcable, 

Rim in the SarUrafcd Zone, Flow in tbe sammcd zone is a c n  to bc at w d y  state. The 
conccpt is that of rcgional flow in thc horizontal longitudinal dimdon, with v d d  disturbance 
due to recharge and infilmtion from tbc overlykg unsan~atcd zone and m site ( s o w  m). 

EPACMTP accounts for variclblc r & q e  rat# undcmath and outside tbe souxc a m .  Irk, 
however, assumed that the saturated zone has a constant thickness, which may cause bxcuracics 
in the prcdictcd groundwater flow and conwnhnt aansport in cues whm the Sdmtion ntt 

from thc waste disposal facility is high. 

m s p ~ r t  in &he Saturated Zone, Contamkmt transport i0 the smrated mne is by advection 

and dispersion. The aquifer is assumed to be Etially coxamhint frcc and conmmirmts enter 

tbc aquifcr only from tbc unsaturawcl zdnc immcdbtcly undcmath the waste site, which is 
moddcd as a rcctulplar horizontd plmc SOIVCC. EPACMTP can sbuhtc both swdy sate and 
tnasicnr uimsport in the mnmted zonc. In the fomcr asc, the conraminant mass flux amiq 
at the water wblc must bc conscm with time. In the huer wsc, tbc flux at the water table fazl 

be constant or V;LIY as a function of time. 7he mnqort module acc~un~s for equilibrium 
adsorption a d  dcwy rractions, both of which an modrlcd in the same manner as in the 

uns3mtcd xonc. Tbc adsorption and d m y  coefficients me assumed to be uniform throughout 
sm.mtcd zonc. 

23 Monte Carlo Modulc 

E P A C W  was designed to perform simulations on a lwtionwidc bask and to accoullt for 
variations of modd input p;rrameters rCnc~thg &dons in Site and hydrogcologicdl conditions. 
The fate and musport modd is tbcnforc tinkcd to P Monte Cxlo drivtr which gcncnw modd 

input panmctcr values from the probabiliry disaibution of ach p m c t e r .  The Monte Cy10 

modcIing proccdun: is dcscnbed h more detail this scction, 
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The Montc Carlo method rcquircs that for each input pamcrcr, except corntat pyynctcrs, a 

probability distribution is provided. Thc method involves the rcpatcd Senmuon of pscud0- 
random values of thc unccrwh input varhblc(s) (dnwn from thc known dihbut ion and within 

the range of any imposed bounds) and thc appliution of the model using these values to gcncnk 
a scrics of model responses (rcccptor wcll concentnuon), Thcsc rcsponscs arc then statistiully 

anafyzcd t o  yield tbc curnula~vc probability distribution of the modcl outgut. Thus, the various 
steps ipvolvcd in thc application of the Monte Carlo simulation tcfhniquc arc: 

Sdcction of rcpnscntitive cumulativc probability distribution 
functions for the dcvan t  input variabless, 

Geacntion of a pseudo-random number from thc distributions 
sclccrcd in (1). Thcsc valucs rcptcscnt a pssiblc set of values (a 
d i m i o n )  for the bput variables, 

Appliation of tbt fatc and vanspon simulation modulcs to 
computc the ouIput(s),'j.c,, downstre:m well CoaCcnmtion, 

Rcpcatcd app5&on of steps (2) and (3) for a spccificd n u m b  of 
itentiom. 

Prcscnation of tbc scrics of output (random) values gcncntcd in 
step (3). , 

Analysis of thc Montc Carlo output to dcnvc regulatory DAF 
values. 

I 
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Input Distributions 

Output Distribution 
Conccpml Monte Carlo fmcwork for deriving probability disa’bution of model 
ourput from probability distributions of hput pannetas. 
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A simplified flow c h m  that illusuatcd the linking of thc Montc Carlo module to b c  simulation 
madulcs of &e EPACMTP composirc model is prcscnred in Figure 3. The modcling input d3U 

is r a d  f i s t ,  and subscqucntly thc dcsircd m d o m  numbers arc gcncnccd. Thc gcncntcd 

random and/or derivcd prmetcr  values 3rc then usjgncd 10 thc model variables, F o l l ~ ~ h g  
this, the cont'lminnnt ~l;iflsport fate and trylsport simulation is pcrfomed, Tbc result is givcn 

in t e r n  of thc prcdictcd co~tlrninanr conccnmtion(s) in a down-stram tcctptor well, The 
gcaenuoa of mdom panmcrcr vahxs and fate and transport shulatioa k reptxrcd as myly 
times as dcsircd to determine the probability distribution of down-strcam well conccnmuons. 

23.1 N b i l i t i e  and Limitations of Monte Cwlo Mod uls 

The Monte Carlo rnodulc EPACMTP is implcmcnrcd as a flexible module bt can 
rrc~~mmodarc: 3 wide variety of input distributions. Thcsc include: c o m t ,  normal, log- 

normal, cxpoacatial, uniform, log,, uni fok ,  , Johnson SB, empirical, or dcnvcd. In addition, 
spccifrc uppcr aadlor lowcr bounds CD be provided for wch panmeter. The c m p k h l  

distribution is used wbcn thc data docs nor fit  any of the othcr probabiliry distributions. wbcn 

Zhc crnpirjd disnibution is uscd, tbc probabiliry distribution is specifid i0 tabular form as a 

list of prtnmtttr values vcrms cumuhuvc probability, from Z C ~  to OX. 

It is i m p o m t  to mlhe that rhc Montc Carlo method accounts for panmcttr varhbilIry and 
uaccmhty; it does, however, not provide a way to account or compeas3tc for prC%eS 
~ c ~ i n r y .  U thc actual flow aad muxiport processes that may occur at d i f fmt  sites, arc 
differcat from those simulated in the fate and tmspon modulc, &c r d t  of a Monk Carlo 
analysis may not accurately rcflcct thc a d  varbtion in grcrudwatcr conccnmtions. 

EPACMTP does not d'mctly account for,potcntial st3riSijcal dcpendmcics, ix., correlations 
bctwcen p m c t t r s .  Tbc probability distributions of individud p m c t t r s  arc c o n s i d e d  IO 
lx mthtidy indcpcndmnt. At the m c  h c ,  EPACMTP does incorponte a aumbcr of 
safcpards ag&~l  gcncnfrng impossible cornbhtions of modcl p m c m ,  h w n  and upper 
bounds on the panmctcrs pnvent UrrrCriliStidly Jow or bigb values fiom king gcnentcd at all. 

E-19 



Road input Ua'3 
and desired 1 modellng options 

Pedoim Simulation 

I 

;"- Check Bcunds 

1 I No 

Perfonn Simutatlon - 
Figure 3 n o w  chart of EPACMTP for Monte Cyrlo simulation. 



thac p m e t c S  ~n be specified u derived pamcters.  For instme, the ambient groundwater 6 
flow nte is determined by the regional hydraulic gradient and the aquifer hydraulic condudvity. Irr 

In the Monte Carlo analyses, the ambient groundwater now m e  is therefore calculated as the 
z 

product of conductivity and p d i c n t ,  nthcr than gcncratCd independently. A det3ilcd discussion 6 
r;: 

of the dtrhed parametm used in thc modcl is providcd in tbc P A W  User’s Guide P A ,  4’ 

1994) 0 

8 
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3.0 MODELIlrr'G PROCEDURE 

This section documcnts the modcling procedure followcd in dctcrmwg thc groundwatcr 

pathway DAF vducs for tbe Soil Screening Lcvcls. Scctjon 3,'l dtsffibes thc ovcnll approach 
for the modcling analysis; section 3.2 describcs tbc mode1 options uscd and summdxs the input 
panmetcr values. 

3.1 Modcling Approach 

Thc o v c d  modcling approach consisted of two sragcs. F h ,  3 scnsir.ivity mlysh  W;IS 

performed to d c t c d c  the optimal number of Monte Carlo rtpctitions rcquircd to achicvc a 

stable and coovcrged rcsult, and to d e t d e  which site-nlatcd panmetas have thc pates t  
hpact  on the DA.Fs, Sccondly, M o m  Carlo anrrlysts w m  pcdomed to detemhed DAF 
values as 3 function of thc sizc of thc source we for vyious sc&os of receptor wcll 

phcemcnt. 

3.1.X mcrminntian of  Montc Cn rlo R c m o n  h 'umbcr and Scnsitiitv An 3lY& 
.. 

The critrrjoa for dcwmining thc optimal n u m b  of Monk Cy10 rrpetitioas was sct to a cbylgc 

in D M  value of no more LIUII 5 pcrccnt wben the n u m b  of rrpetitions is varied, A Moatc 
Cy10 simulation comprising 20,000 repetitions was Grst madc. Thc results from this simulation 
were a n a l p ~ d  by Ulculitiag tbc 85r.h pcrccorilc DAF value obtained by synpling model output 

sequcnccs of diffcrcnt Icngth, from 2,OOO to rhc fuU 20,000 rcpctitions. Tbc modeling sup;vio 

comidcrcd in this analysis was the same as that in tbt base m c  SCC&D dkcusscd in thc nm 
section, with the sizE of thc souret a m  sct to 1Oe0M3 m'. 

' 

Thc scnsitiviy wlysis  on sitc-rchtcd modd pmmetcrs was pcrformcd by f i g  one pyarncttr 

at 3 h e ,  while remaining maid p m m  were varied according to their default, mtionwidc 
probability disaibutions as discussed in the EPACMTf) User's Guide @PA, 1993b). 
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For acb parameter, the low, medium, and high vcllucs WCR. sclectcd, comspoadhg to &c ISth, 
5Oth, and 85th percentile, rcspcetively, of that pmmctcr's probability discributiaa. AS 3 result, 

tbc scnsitiviry mlysis rdlects, in pan, the width of aeh p m c t c r ' s  probsbiliw disuibution. 
P m c t c r s  with a n m o w  range of variation will tend to bc mons the less scnsitivc pcu;laretrrs, 

and vice vcm for parameters that havc a wide nngc of vatitltiod. By conducthg the scnSiuVig 

d v s i s  s a series of Montc Carlo simulations, any panmctcr htmctions on tbe model output 
I 

arc automticalIy accounrcd for. Each of the Montc Carlo simulations yields 3 pmbabilhj' 

disnibution of artdicted nccptor well conctnmtiom, Evalutiag the disaibutioas obnintd witb 

category bcludcs tbc organic carbon partition c6cffidcat, but also paramcta such as aquifcf 

~€3, tanpcnnut and fnction orsanjc carbon. The sensitivity of tbe model KO the fim e a f ~ g ~ u  

of paramem has tXamincd, by considering a nondegndhg. non-sorb% c0n-L Uadcf 

tbcsc conditions, any p m c m  in tht second carcgoq will b v c  zero sensitivity. In addition. 
all u.rnmntEd zone panmercrs am be left out of the yralysis, shcc tbe pn=dictcd srmdy state 

con taminant conccnmtion at thc wtcr mbic will dmys be the syac as that entering tbc 

unsatuntcd zone. The only exception to this is the soil rypc p e t e r .  In tbc r&onwidc 
Montc Cy10 modding 3pproach, different soil rypcs 31t dishpisbed.  Each of tbc rhree: 

different soil types (sandy loam, silt loam or silry cby loam) has a diffcnat disuibutioo of 
infrlation mu, with the sandy loam sail typc having the highest infiltndon ram, si& clay 

loam having the lowcst, and silty lorn b v b g  intcnncdiatc ram. Tbc cffc~t of the soil rypc 
panmeter is thus htermixcd with that of infrlmuoa raw. Tablc 1 lists the bput '10w*. 

'mdium' and 'high' values for all the p m c t c r ~  examined. 
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Table 1 P m c t c r  input valucs for model sensitiviry d y s k  

3 
Psmetcr  h W  hlcdian Ni&h 

*.1 

4,8X10' 2.8 X l@ J . 3  x 106 
6,O X 104 6.4 X 10" 1.7X10' 

6.0 X 1 0" 8,OX1O3 1.5Xle' 

Snrunted Zone Pimrne!cE 
Saruntcd Thickness (m) 15.55 60.8 159.3 

Rcgional pdicat  4.3 X1D3 l . 8X10a  5,OX1O2 

Ambient groundwater velocity (dv) 53.2 404.0 2883.0 

Lunginrdhl Dispnsiviv (m) 4.2 12.7 98.5 

Transvcrsc Dispersivity (m) 0.53 1.59 12.31 

Vcrtid Dispcrsivity (m) 0.026 0,079 0.62 

Hydnulic conductivity (dyr) 1.9XlP 1.5Xle 5.5 x I@ 

Porosity 0.374 0.415 0.455- 

a 
4 
=4 
E 

-? 
A 
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3.12 ,4nalv& L w  of  

Following completion of the sensitivity amlysis discussed above, an ~11ys is  w s  performed of 
r.hc variation of DAF values with size of the con&tcd m a .  The sensitivity axulysis, results 
of whi& arc prcscntcd in Section 4.1, showcd h t  the size of thc contanhated source am & 
one of the most scnsitivc pllrarncters in the rnodd. Far tbc purpose of dcrivh$ DAF vducs for 
the groundwater pathway in detErmining soil screahg kv&, it would tburforc be approphtc 

to correlate thc DAF value to the size of the c o n m b t t d  am. 

The EPACMTP madcling analysis was designed to d c t r m h c  the size of the conmnhtcd area 
that would result in DAF valucs of 30 and 100 at the upper 85th, POth, and 9Sth pufcn~ilc of 
probabiliry, rcspcctivdy, Sbcc it iC not possiblc 10 dbcctly d e t d c  thc s o w  area that 

rc!wla in a specific D M  value, the model was otecutcd for a range of different so- 8feas. 

using a difffcrcnt but fad sourcc a m  vduc iD each Monk Carlo shuhdon. The 85&, 9oth, 

and 95th pcrcentilc DAF values wue then plarttd against s o w  -, in order to deurmktc the 

21 

value of sourcc a m  comspondmg to a spccific DAF value. 

.Table 2 sunmaxh the EPAChCP model options used in pcrfomhg tbc Simulatioas. Model 
hput panmcWs uscd arc summnzd * in Table 3. The scltncd opdom ard input parameter 

distributions and values arc c0nsis-t with tbosc uscd in the ddaulc nationwide modeling, and 

arc discussd individually h the EPACMTP User's Guide P A ,  1994). Exceptions to this 
default modcling s-0 arc diseussfd M o w .  

landfills, considcred. Ln the pnstnt modeling ;laalyses, thc source area w3s set to a diffmnt - 
but constant vduc in each simulation run. 
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Table 2 Summap of EPACMTP modeling options. 

OPTIOK Value Sclcctcd 

Simulation Typc Monte Carlo 

Number of Rcpcthions 
Nationwide Aggcgation 

15,000 
YCS 

Source Typc Continuous 

Umt.  Zone Prcscnt YCS 

Sat. Zone Model 

C o o m h n t  Dcgndatjon 

Q u ~ i - 3 D  
NO 

Contaminant Sorption No 

.I 
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Tablc 5 S u m m q  of EPACMTP input pmmetws. 

Vyicd in wcb run 
default 
dcfadt 

default 

dcfrrult 
default 

defau!t 

dchutr 

default 
Jcfault 

default 

default 

dcfauh 

&fault 
dcfwlt 
dcfrult 

d&dt 

default 
set to find vdue 

default 

default 

Not= 'Default' rcprtscntt default nationwide Monte Cprlo d o  as plutnud in P A C M T P  User's 
U t  P A ,  1994). 



1 

Ln the default nationwide modeling sccmrio, Lhc position of the nearest downgradient receptor Cj 
well in thc saturated zone is trcatcd ;LS P Monte Carlo variable, The position of tbc well is 0 ,-$ 

h 

dcfrncd by its x-, y-, and z-coordimtcs, The x-coordhtc represents tbc distance along the 
J 
L.. ambient groundwater flow direction from thc downgmdiect edge of the c o n m h t c d  3 r t ~  The 7 

y-coordinate represents the horitonul t~;u~svcrsc distance of the well from h e  plume ccnterlinc, .3 

The x-, and y-coordimtc in furn csi~l be defmcd in rcrms of an ovcnll downgradient distance, 

and an anglc off-center P A ,  1994). The z-coordinate rcprescnts thc depth of the well intake 

point below thc water table. This is illustmtcd scherxtically in Figure 4, which shows the 

rcceptor well location in both plan view and cross-sectioml view, 

..I 

Ln the default mtionwidc modcling SCC&O, the x-, and z-coordhtcs of tbc well arc dctcrmincd 

from Agency surveys oa tbc distancc of residential wells from municjpal lmdfirlls, and dnn on 
the dcpth of residential drinking waur WCUS, respectively, Thc y-coordhu value is dctermlned 

so that the well lcmriaa f d s  within the approximate ard extent of rbc contaminant plumc (sce 
Fjgurc4). . 

For the prcscat mcdcling d y s i s ,  a number of different receptor well phccment sccmrios were 

considered. These sccrufios are summ311zed ' in Table 4. 

The base u s e  scenario (sce&o 1) hvolvcd setting tbc xddistaacc of rbc receptor wdl to 25 feet 
from the edge of tbc source a m ,  Yationwidc default options wcrc used for the receptor wcll 

y- and z-coordinbtcs, The ycoordhte of the well was assipcd a uniform probability 
distribution within thc boundq of tbc plume. The depth of thc well intake point (z-cmrdimtc) 
was assumed to vary withb upper and lower bounds of 15 and 300 feet bclow the water ublc, 

reflecting a national sample dispibution of dcppths of residential drinking water wells P A ,  

1994). 

In addition 10 this base wsc S C C ~ ~ ~ O ,  a number of other well placcrnenr scc&os wcfc 

invcstigatcd also. Thcsc arc numbercd in Table 4 as S C C ~ O S  2 through 6. Scenario 2 
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Table 4 Receptor well lamtion sccn;Ltios. 

Sccnaria Xwcll YwclI Zwcll 
1 @asc Case) 25 ft from cdgc of source 

a m  
9 Nationwide Distribution 

0 ft from cdgc of sour= 

25 ft from cdgc of source 

100 fi from cdgc of 
source area 

25 ft from cdgc of sourct 

rn 

arc3 

'uta 

Monte Carlo within plume 

Monte Carla within plume 

Monk Carlo within half- 
width of s o w  arm 
MOPU: Carla within half- 
widh of source am 
M o m  Carlo within half- 
width of source 

Width of source uta + 
2sfl 

Nationwide 
Distribution 
Nationwide 
Distribution 

Nationwide 
Distribution 
N3 tionwidc 
Disrribution 
Nationwide 
Distribution 
25 fi below 
water cable 

Xwdl = Downgndicnt distance of rtecptor wcll from edge of soufec a m ,  
Ywcll = Horizontal m c r s c  distance from plume centcrlinc, 
Zwcll = Depth of wcll intake point below water table. 
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corresponds to the default, narionwidc Monte Carlo modcling sccll;rrio in which h e  x, y ,  and 

f loations of thc well are all variable. In scenarios 5 ,  4 and 5, the distance between rhc 

rcceptor well md the sourcc area is varied from zero to 100 feet. In thesc scenarios, the y- 
coordinate of the wdl urn consmincd to the ctncr;ll portion of thc plumc. h sccmrio number 
6, the x-. y-, and zcoordhtcs of the receptor well were 311 stt to constmt values. Thest 
additional s c d o s  w e n  included in the analysis in order to assess thc scnsitivhy of the model 

rcsults to the location of b e  receptor we11. 

I . .  bauifer Pmjclc S izc D imbum 

l[n the default Monte Carlo modclhg sccmno, the aquifer bydnulic conductivity. porosity, and 
bull; dtnsip ;vc determined from the m u  p d c l c  diameter, The panicle diamctcr dism%ution 
used is based on d m  compiled by Shea (1974). In the pmcnt rnbdtling m l y s s  for fad 
wstc site meas, the stme approach axid data were used. but tbc distribution w shifted 

somewhat to assign more weight to the smaIlat &de diameter interval. The rCSUlt is that 

lower values of tbc hydnulic conductiviry vducs gcncntcd, and also of thc ambient poundmter 

scepogc vclocitics, rcccivcd mon c m p k i s .  Lower slmbitnt g o u n d u ~ ~  vclkt ics  ~ U C C  tbc 

d c p  of dilution of thc kcoming con- plumc and tbcrefon m l t  in lower, i.c. more 
cotl~~wativt ,  DAF vducs: Table S summar& tbc disrribution of puticlc sizC dimctus uscd 
in both the default nationwide modcling S E C ~ O  and in the pmcnt analym. 

. 



Tnblc 5 Distribution of aquifer pnniclc diameter, 

JWionwidc Default Prcscnt A mlvsc~ 
Particle Diameter, Cumuiatjvc Pmiclc Diameter Cumulative 

(cm> Probability m) ' Probability 

3.9 lP 0,OOO 4.0 10'' 0.100 
7.8 1P 0,038 8.0 10" 0,150 
1.6 1 0 3  0.104 1.6 loy 0,200 
3.1 10-3 0.171 3 , i  10.3 0.270 
6.3 lo3 0.262 6.3 lo3 0,330 
1.25 102 0.371 1.25 10'2 0,440 
2.5 I@= 0.560 2.5 1@2 0.590 

5.0 I@ 0.792 5.0 lo'? 0,790 

1.0 10" 0.904 1.0 lo" 0.880 
2.0 1V' 

4.0 lo" 
0,944 
0.946 

2.0 1CP 
4.0 1D' 

0.910 
0.940 

8.0 10' 1 .ooo 7.5 1P - LOO0 
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4.0 RESULTS 

3 

3 
d 9  

3 
' S  

? 

d a  

This scctjon prcscnu the r c s w  of the modcling mlyscs pcrfomcd, The analysis of the 

a #  

sensitivity analysis, and thirdly the mlysis of DAF valucs as a funcuon of sourcc a m  f a r 6  
various well placcmcnt scemios. 

convcrgcncc of thc Monte Carlo simulation is presented frrst, followed by the p m c t c r - 7  x 

4.1 Convcrgcncc of Monte Carlo Simulation 

Table 6 nunmtlrks the results of this convcrgcncc analysis. It shows the variation of the 85th 
percentile DAF value with the numbcr of Montc Carlo repetitions, from 2,000 to 20,000. Thc 
varj3tions in DN: vtrlucs YC shown both IIS absolutc and rclativc d i f f m c c s .  Thc table shows 

that for this example, thc DAF genmlly incruses with the number of Monte Carlo rcpetitions. 

It sbould bc kept in mind that the results from Ciffcrent rtpetitiori numbers as prcscnted b the 

table, an not independmi of one ano!hcr. For insmcc, the fm 2OOO repetitions arc also 

korpontcd in the 5000 repetition results, which in nuxl is the 10,OOO rcpctitioa rtsult, ctc, 

The rigbtmost column of Tab!e 6 shows the percentage d i f f m c t  in DAF value betwccn 

differtat repetition n u m b .  At repetition numbers of 14,000 or less, the pcrccprrlge diffcrcnec 

varies in a somewhi incguhr manner. Howcvrr, for npctitior, numbcrs of 15,OOO or gmter, 
thc DAF rcmdncd rclatjvely constant, with increrncntal changes of D G  rmxhiug at 1% or 
less. Based upon thcsc results, a reptition number of 15,000 was sclectcd for usc in thc 

subsequent runs wjtb fncd s o w e  area. 

4.2 Parameter Sensitivity Analysis 

Resuhs of the panmeter sensitivity amlysis arc summakcd in Table 7. The par~nctcrs  art 
d c d  in this table in order of relative sensitivity. Rclativc scnsitjvity is defined for this 
purpose as the absolute diffcreacc bcrwccn the %@I" and *low" DAF at the 85th pcrtcntilc 

Icvel, divided by tfic 85th pcrccntilc DAF for the "median" case. 
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Table 6 Variation of DAF w h  number of Monte Carlo repetitions, 

~~ 

KO. of Repttitions 85tb Pcrccntiie Di ff crcnce Relative L 

DAZ Diffwcmce (70) 
37.8 

336.9 
-10.9 4.1 

c 

i. 17.3 

+5.0 

3.5.1 
354.2 10,ooo 

4-1.4 

359.2 
+28.2 +7.0 

12,000 * 387.4 
-18.3 4.7 

-0.05 

c4.9 

+0.03 

+O.U 

-0.18 

+0.75 

13,000 369.3 

14.000 369.1 
+ 18.2 

367.3 

387.4 
+ O S  

+0.6 
16,000 

17,000 388.0 
' -0.7 

18,000 387.3 
+2.9 

+2.6 - +0.67 
20,OOO 392.8 
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Table 7 Scns i thy  of model panmctcrs. 

Miltration R ~ L C  4805,4 418.8 11.6 11.4 1 

Saturated Thickncss 25.3 198.5 2096.9 10.4 2 

G.W. Vclocity 7.6 97.7 816.3 8.3 3 

sourcc Ax3 357.3 85.2 35.6 3.8 a 4 

Hydr. Conductivity 19,s 180.4 660, I 3.5 5 

G.W. Gradient 32,4 168.3 383.0 2.1 7 
Long, Dispcrsivity 382.6 1042 713.8 1 .o 8 

Vm. Disptrsivity 179.6 114.9 66.6 1 .o 9 

Porosity 41.3 49.9 79.7 0.8 10 
Rcceptor Wcll Discmce 163.9 117.9 84.5 0.7 11 

T m .  D,ispcrSiviv 156.7 256.3 1735 0.1 12 

Rcceptor Wcll Aoglc 127.3 130.8 113.6 0.1 13 

~ t n i W l  well Position 49.1 206.1 491.4 2.1 6 

Ambitnt Recharge 108.3 100.0 114.4 0.06 14 

Relative Sensitivity = I High-Law I /Median 
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The table shows that the most sensitive p m e t c r s  included the rate of Udmtioa, which iS D 

function of soil type, the sruntcd thickness of thc aquifer, the she of soufec m, the I 

groundwatcr seepage velocity, and ac vertical position of the receptor well below tbc watcr 

table, Thc last s d u v c  pameters included porosiry, dournstream distance of the rt.tecpIor w d  

in both thc R and y-directions, thc horizontal transvrr~r dispersivity, and the areal r c w e  mk, 
W 

TO inttrprct these d t s ,  it should be kept in mind that the rankings Fdlcct in part the. range 
of variation of ach panmeter in the &iu set used for thc sensitivity 3nalysis. ?be inftlmtion 
mu was a highly sensitive pruYnctcr sin=, for a given l e a a t e  concentration, it directly 3ffm 
tfic mass flux of conumhnt enuring the subsurface. The s k c  of the SOUICC arc would be 
expcctcd to bc cqunIIY scnsPivc, were it not for rhe fact that in the s&uviQ' ;rrzllysis. thc 

sourcc hd 3 much narrower nnge of &tion thm thc iafilmtion rate. The *hi@" ad 
*low* values of the source a m ,  which w u t  takm from a widonwide distribution of hcfitl  

In &e simulations performed for the scnSiti\$ity analysis, no co-t was imps& on tbc 

aquifcr saturated thickness and v a t i d  pasition of the well were both among the smitivc 

~ m m e t c r s .  with similar effects on DAF: values. Xacrcasbg citbct tbc samtcd thi-, or 
tbc fractional depth of the mcptor well M o w  the w3m table, i n c r u ~  the likelihood that the 
reccptor well will be located undcmcath tbc conam.bnt plume and synplc u n c o n d r t d  

. gmundwatcr, leading to a high DAF value. The diluuon-~ntuution facias wuc zlso s d t i v e  

to tbc groundwater velocity, and thc panmctcr~ &r de&c the p u n d w a m  vdociry, k., 

increase of DAF with increasing flow velocity reflects the greater mkhg and dilution of the 
contaminant 3s it enters the sturatcd zone in systems with hi@ p u n d w a t u  flow nu. Porosity - 
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also directly affccts the groundwater velocjty, but "3s not among thc sensitive parameters. Tkis 5 ,7 
is ;I rcflcction of the narrow range of variation assigned to d6s parameter. 

The off-center anglc which determines thc y posjuoo of thc w l l  refatjvc 10 thc plume ccnter line 
,I. 

would be expected to b v c  ~1 similar effect as the well depth, but is stcn to h v c  a much sm;lller 7 
sensitivity. This was 3 result of constmining the y-loc;ltion of the receptor well to bc always 

E 

b i d e  the approximate m a l  extcnt of tbc c o n m h m t  plume, The cffcct is that the relative 

sensitivity of the of-feentcr ~ g l ~  was much less than that of tbr venjc31 coordhtc  of thc well. 
The low relative scnshiviry of rccbargc ntc reflects thc fact that this parameter has ~ l l l  o d y  

indirect effect on plume concentrations. 

Ovcnll ,  the hlontc Car10 results wen not very sensithc to dispcrsivity and d o w n s u m  distancc 

of thc rcccptor well. Thc probable cxplmtion for these panmeters is that variations of thc 
p m c t c r s  produce opposing cffccts which tcnded to cancel ont another. Law dispcrsiviry 

values will producc a compact plume which hcrcascs the probability th3t a randody Iocatd 
rcccpror well will ljc outsidc (underneath) the plume. Nigher dispcrsivities will incrmc the 
cbancc that tbe well will inttrccpt the plume, At thc S;MC time, however, mass bdancc 
considerations dic&tc mt in this cs~se avenge c o n c c n a ~ o n s  h i d e  the plume will bc lower tbao 
in the low dispcrsiviry case. Similar rtasoning applies to the effect of rccqtor well distance, 
If the well is Imtcd near the souru ,  coacenaatioas in thc plumc will be rchtivcly high, but so 

iS the chaacc that the well docs not intrccpt the plume at all. At p u r  distances from the 
source, the Iikdihood that thc well is lowtcd inside the plume is p t n ,  but the plumc will also 

bc mn diluted. In tbe coursc of 3 full Monk Carlo simulation thcsc opposing cffccts would 

tend to ovcngc out. Thc much Iowa SCIlsitivity of uansvcfx: dispcrsiviry, aT. cornp.ucd to crL 

and 4. can be contributed to the imposed constraint that the well must always be within thc areal 

tl;ttnt of the plumc. 

Thc results of thc scnsitiviry analysis show that tbe si& chancttrisfic which lends itself bcst for 
a classsifiation system for c o m J a b g  s i ts  to DAF values is the size of the c o n t m h t c d  (or 
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source) area, In the subsequent amlyses, the DDAF vducs wcrc thmfoE dctcmincd s 3 
function of the sourcc 3 r a  size. Thcsc results are presented in the followbg section. 

I 

4.3 

Tbis section prtscnts the D M  value as 9 function of sourtc am for various well loation 
sccnarios. Tbc results for each of the S C C ~ O S  @cd arc pmcntcd in t3bulttr and gnphiul 

form, Figurc 5 shows the vxiation of tbt Sj th ,  90th. and 95th percentile D G  with source arm 

for thc b s c  a s c  scenario. The sourcc am is exprtsscd in square fcct. Thc figur dkpbys 
DAF against s o w  am in a loplog gnph, Thc p p h  shows an approxhtcly Iinm 
relaionship except that at very Iiirgc vducs of the source ma, the DAF sm~ts to lcvcl off. 
EvenmUy the DPLF npproachcs 3 value of 1.0, AS cxpcctcd. the curve for the 95tb pcrctntilt 
DAF always shows the lowst  DAF vducs, whilc tse SSth percentile shows the higbm D G s ,  
The DAF vcrsus sourcc a m  relationship for the other well phcemcnt sc&os m show in 
Fiprcs 6 through 10. The numerical rcmlts for each scenario arc e d  in Tabla Al  

through A6 in thc appendix. 

DAI: \ r a l u ~  as a Function of Source Area 

rrlspection and cornparkon of thc rcsults for each d o  bdiau &it the rthtionsbip follows 
the same gcnual sbpc in ach me,  but the mgnirudt of DPiF valucs at D givcn sourcc ;lfe3, 

can be quite different for different wcll placema &os. b 10 allow 3 d w  

comparison bcrwccn the various seemnos analyid, tht DAF +dues obuibcd for a sourcc su 
of 150,000 e (3.4 acrcs) art shown ip Table 8 as a function of the rccepror well location 
scenario. 

lnspcction of the DAF vducs shows that the default nationwide d o  for loWring the rtctpror 
w d  results in tbt bightst DAE: valucs, as c o m p d  to thc bsc c 3 ~ c  S ~ O  and tbc otha 

sccnuios. in which thc rrccptor wd loation was fad at a dntivdy close distzlncc from thc 

WSLSIC sourer, In the default nationwide modeling sceurio, the well location is assigned from 
, nationwide data on both the distance from the wastt sourcc and dcptb of the well intake pbt 

bclow the water mblt. In tbe default mtioawidc modclbg S C ~ O ,  the rcccptot well is allow& - 
to bc located up to 1 mile from the WSIC source, In the basr case ( S d o  1) the wcU is 
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Tablc 8 DAF values for waste site arc3 of 150,000 ft?. 

Modcl 
Sccmrio 85 

DAF Ptrccnrilc 
90 95 

1 (basc cast) 237.5 26.4 2,8 

2 300.1 114.7 26.8 
3 158.8 37.9 1.7 

4 132.1 16.6 1.8 
5 98.8 15.1 2.0 
6 94.7 25.3 * 4.4 
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allowcd to be located anywhere within rhc areal extent of the cantamhnt'plumc for 3 fixed x- 

distance of 25 feet. This allows the well to bc loclltcd near the fringes of the contaminant pIumc 

whcrc concentrations uc rdativcly low and DAF v3lucs arc concspondingly high. In conms, 
in Scemnos 3, 4, and 5,  thc wtll Ioauon upas commincd to be within the half-width of the 
waste sourcc. In other words, thc wdl UQS always placed in the centd portion of the 

contambrx plumc w h m  concentrations arc highest. As 3 wit, hac sc&Os show lower 

DAF values then the base ux: scc&o. The results for Scemrios 3 , 4 ,  and 5, which differ only 
h the xldistancc of the receptor wdl, sbow that phcment of rhc well at either 25 or 100 feet 
away from the w;~stc sourcc results in 85% and 90% DAF values that ;LIT aetunlly lower, i.e. 
morc co&ervativc, thrrn placcmcnt of thc wdl dkctly at the edge oft hc Waste soufc~. Tbis k 
a countcr-intuitive result, bur may bc cxplahed from the inknetion knvm distance from the 

w e  s o w c  and vcdic;ll mcnt of &c contamhmt plume below the W*ST t 3 b k  Close to the 

w3st~ source, the c0n-t conccnmtiom within the plme arc highat, but the plume a)' 
not have pcncmtcd v u y  deeply into the saturated zone (Fiprc 2). Bccmsc the v d e a l  position 
of thc WCU wlls taken S.;I m d o m  varktblc, with 3 m u m  value of up 10 300 fe t ,  the 

probabiliry hc a receptor well samples pristine groundwater undcroeath the connmhnt plume 
is higber at dose dktaaces from tbe waste a m .  Convcrsdy, as be distance from the s o m  
hcrcscs, the plume bccomcs morc dilute but also exmds dtepe- W o w  tbc wtcr nblc. Tbe 
fmal result is that the ovenll DAF my actually decrease with distaacc: from the s o m .  Tbe 
table also sbows that at thc 95% level, be IOWM DAF is obaincd in the eax where the wtll 

is located at the edge of the WE mum. This rdlects that the hjgbcst eonccnmtion values will 

be obtained only very close 10 thc Source. 

Tbc m l t s  for tht 1 s t  scenario, in which rbt x, y ,  and z 1oc;lrions of the rtceptor well w m  slll 
fad, show that fuhg rhc wdl depth at 25 feet ensuns Wit the well iS phccd WOW enough 

that it will be loccltcd inside the plume in ncarly aI1 cases, rcsultbg in low DAF values at the 

8 5 ~ h  and 90th perccntilc values. On the other hand, the wcll in this czlsc never pkctd 

immcdhtely at the plume ccnterlhc, so thx tbc highest co~~cntT3fions sampled in this S C ~ O  

we always lowu than in the other S C ~ O S ,  This is reflected in the higher D M  value ;It the 

95th pcrc~ t ik  Icvel. 



r- 
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j 
9 One of the key objcctivcs of thc present analyses was IO dctcmhc thc appropriate groundwater 

D M  value for tl waste uctl of given sk. For the base a s c  scenario, the 90th pcrccntilc DAF 9 
Q valuc is on the ordcr of 100 or higher for a waste area sizc of 1 acre (43,560 f?) and Icss, For 3 
c 
* waste a r m  of 10 3 c m  and grater, thc 90th perccntilc DAF is 10 or Icss. 
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Table A3 DAF valucs as a function of sourcc m a  for base wsc scenario ( ~ 1 2 5  ft, a 5 
4 

s y =uniform in ptumc, z-mionwide distribution). 

I 1000 
zoo0 

' 5000 
too00 
30000 
s m  
70000 
8oooO 

15oooO 
200000 
50oooO 

7 OOoooO 
2 0 0 m  
3030000 
5000000 

1.09E+ 06 3.76Ec 04 
1.86E+OS 9.63E.t.03 
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DAF v;llucs 3s a function of source am for ScccnUio 2 
distribution, y= uniform in plume, z= rutionwide distribution). 
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Table A3 DAF valucs as 3 function of source arc3 for Sccnario 3 (x=O ft, y=unifom 5 9 
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DAF values as 3 function of sourcc arc3 for Scenario 5 ( ~ 4 0 0  ft, y=unifonn g Table A5 
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Table A6 DAF values as a function of source 1uf3 for Scenario 6 ( x = 3  ft, y=sOurce 
width f 3 ft, z=25 fr>, 
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Dilution Factor Model Results: DNAPL Sites 
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Dilution Factors (T)Fs) for 208 Sites h the Hydrogeologic Database (HGDB) - NafionaI Average 
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DilotIon Factors (DFs) for 20s Sites In the Hjdrogeologlc Database (HGDD) - National Average 
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Hydrogeologic Settings for HGDB Sites 
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Hydrogeologic Settings for HGDB Sites 
Rcglon Setting 
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Hydrogeologic Settings for HGDB Sites 
Region Scttlng Rcfcronca Number 
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Background Discussion for Soil-Plant-Human Exposure Pathway 
4 .: 
(4 Introduction ,.+ 

Thc U.S,  Environmcnal Protcction Agcncy (EPA) has idcntificd tltc consumption of garden fruits 
and vcgctnblcs as 3 likcly csposurc path:vay to contaminants in rcsidcntid soils. To addrcss this 
p;Lthway within thc guidance, tlic Officc of Emcrgcncy and Rcmcdid Rcsponsc (0ER.R) evaluated 
mctbods to calcuhtc soil scrccning lcvcls (SSLs) for thc soil-plant-liman csposurc pathway. In 
paniculu, O E M  cvaluatcd algorithms and approachcs proposrd by otticr EPA offices or idcntificd in 
thc opcn litcnwc. Kcy sources of informahon included thc Tcchnrcal Support Ducmcnr lor f m d  
Application of Scwagc Sltrdgc (U,S, EPA, 19921, E.vtimarm.g Eqmwrc ro Dioxin-like Compounds 
(US. EPA, 1994), Plant Conraminatrun (Trapp and McFarlanc, I9!X), Ctrrrcnr Srudics on Himan 
fiposurc to Chcnilcn1.s wrrh Lmpltasrs on rhc Planf Rourc (Patcrson and Mxkay ,  1991). Upfakc of 
Orpnrc  Conmmtanrs 6y Plunrs (McFarlxx, 19911, and Arr-to4cuf TrunsJ’cr of Organic Vupars ro 
Plunrs (Bacci and Cdam;lri, 1991). 

Although crnpirjc31 data on plant upokc from soil (cithcr through root or 1caf wmsfcr) arc limitcd, a 
comprchcnsivc col lchon of wadable cmpincal d a u  on plant uptakc is prcscntcd in dic Tcchnicat 
Supporr Doctrmcnr for the Land Applrcurion of S c w q c  Sltrdp (US. EPA, 19921, hcrcafter rcfcrrcd 
to  s the  “Sludgc Rulc.” T h c  Sludgc Rulc presents uplakc-rcsponsc slopcs, or bioconccntntion 
fmors, for 3 numbcr of hcovy metals found in s c w ~ c  sludge, including six metals addtcsscd in the 
Sotf Scrccning Guidance ( i s , ,  arscnic. cadmium, mcrcury, nickcl, sclcnium, and zinc). Thcsc 
cmpiricd bioconccntntion factors w r c  uscd in thc dcvclopmcnt of thc gcncnc plmt SSLs prcscntcd 
in this appcndix 

Thc Sludgc Rulc docs not prcscnt upt;lkc=rcsponsc slopcs for organic chemicals bccausc of P lock of 
empirical data, Thcrcforc, gcncric plant SSLs for organic conminmmts wc not prcscntcd in this 
appcndix. Currently, EPA is cvaluating ma thc rnah l  constructs to csdrnatc plant upbkc of organic 
chemicals for scvcrd initiatives (c.g., Idmrdous Wxfc Identification Rule, Officc of Solid Wmc; 
lndircct E.xpo.rurc to Combu.hon Emissions, Officc of Rcscvch and Dcvclopment). In addidon, new 
mathcmmid rnodcls arc bccoming availablc that \ISC a fugacity-based approach to cnimatc plant 
u p a c  of o rpn ic  compounds (c.g., P M T X ,  Trapp and McFarlmc, 1995), Oncc thcsc mcthods m 
rcvicwcd and finalized, OEM may bc ablc to address thc s o i l - p l m ~ ~ h ~ ~ n ~  cxposurc pathway for 
organic contaminants. 

Thc mcthods and data uscd to wlculntc tlic gcncric plant SSLs for Euscnic, cadmium, m c r q ,  nickel, 
sclcnium, and zinc arc prcscntcd bclow. For comparative purposcs, data on thc potentid 
phytotosicity of m d s  havc also bccn included. In addition, tlic site-spccifk factors that influcncc 
the bianvailability md.uptakc of mctds by planmts arc discusscd, T ic  potentially significant cffcct of 
thcsc sitc-spccific factors on plant uptakc undcrscorcs thc nccd for sitc-spccific uscssmcnts when: 
the soil-plant-humrm pahway may bc of conccm, 

G.1 SSL Calculations from Empirical Data 

For uptrrkc of chcmimls into cdiblc plants, EPA rccommcnds a sirnplc cqudon to dctcrrninc SSLs for 
thc soil-plant-human cxposurc pathway, Thc equation is appropriate for both bcloiv6round and 
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aboveground vcgctation, provided that thc appropnax bioconccntntion factor (Br) is uscd (scc 
Section G.4). The screcning levcl cquvion for thc soil-plant-timu! pathway is givcn by: 

SSL equation for thc Soil-Plnnt-Num:in Pathway 

Cpl.”, Scrccning Lwcl (nx//kg) - - 
Br 

Pnritrnctcr/Dcfinition (units) D t f u u I t  
C,l,n,/acccptablc plant conccntra~ion (mgntg DW) 
Brlplant-soil bioconccnarrtjon factor (mg c o n m i n u t k g  
plant tissuc DW)(rnp contaninantkg soil).l 

scc Scction G,2 
chcmid-  and plant-spccific 
(SCC Scction G,2) 

It is imponant to note that the plant conccntndon is in dry w i g h t  [DW) instcad of frcsh wcight 
(FW). Conscqucntly, thc consumption mtcs for plrmts must also bc given in dry weight, For 
convcnicncc, Tablc G-1 pnscnts convcrsion factors with which to convcxt frcsh wcight 7 0  dry weight 
for s vUicty of garden fruits and vcgcublcs, For csamplc, bcwusc thc convcrsion factor for lmcc is 
0,052, 10 kg of l m c e  ficsh wcight is cquhdcnt to 0.52 lig of lcttucc dry weight. 

Scvcnl inputs to  Equation G-1 arc cithcr dcnved from othcr cqustions or identified from crnpbkd 
studics in thc litctaturc. Spccifically, thc dcrivotion and data sourccs for Cplrnl 3nd Br arc discussed 
bclow. 

G.2 Acceptable Concentration in Plant Tissue (Cptsnt) 

’ 

7 h c  3cccptablc contaminant conccntntion in plant tissues (CplrnJ in mgkg DW for fruits and 
vc&cmblcs is backcdculatcd using the following cqunon: 

Acccptnblc Plnnt Conccntration for Fruits and Vcn,ctnblcs (Cplrnr) 

I x BW 
F x CR C p h t  - 

Fn rmctcr/Dcfin i t ion (units) Default 
I/ncccptablc daily intake of c o n m i n m  (mgkpd) scc: Section G.2 

F/fm&on of fruits and vcgmblcs consumcd that arc 0,4 (see Scction G-4) 
contaminntcd (unitlcss) 
CWcomumption n t c  for f i ts  and vcgctablcs 0.01 97 (aboveground) 
(kg-plant PWd) 0.0023 (bclowground) 

(see Scction G.4) 

BWhody wight (kg) 70 
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Table G-I. Ftcsh-to-Dry Conversion Factors for 
fruits and Abovcground Vegetables 

~ 

v o  g 01 ab  I os Fruits 
Asparagus 0.070 Aupla 0.1 59 
SnaP beans 0,111 Bus hbcrry 0.1 51 
Cucumber 0.039 Cherry 0.170 
Egwlnnt 0,073 Gram 0.1 81 
Sweet pepper 0,074 Poach 0.1 31 
Squash 0.082 Pear 0.1 73 
Tomato 0.059 SI mwbery 0.1 01 
Broccoli 0.107 Plum/prune 0.540 
Brussels sprouts 0.151 
Cabbage 0,076 
Co uliflower 0.083 

~ 

Escarole 0.1 34 
Grcen onions 0,124 
L8tlUC8 0,052 
Spinach green 0.073 
Averago for vegetables 0.085 Avcraae for f wits& 0.1 5 

Sourco: Boss et nl, (1984). 
Pludprunc was omMad from tho bveroga 01 an Outlier. 

G.3 Acceptable Daily Intake ( I )  of contaminants 

For cucinogcns, the acccptablc d d y  intakc (I) in m&/kg-day is cdculatcd at thc wgct risk Icvel, 
using dcfnult assumptions for cxposurc duration, cx-posurc frcqumcy, and wcmcing timc. At thc 
t q c t  risk Icvcl, thc acccptablc daily inch of carcinogens may be calculated as foUows: 

Acceptnblc dsily intnkc for cnrcinogcns 

TR x AT x 365 d / y r  
ED x EF x CSF,,, I m  

Pir r 1 m et c rlDc fi n it i on ( u n i ts)  
7Wtargct risk lcvel (unitless) 
AT/;lvcnging timc (?GUS) 
ED/cxposurc duntion &cars) 
EF/cxposurt frcqucncy (dyr) 
CSFOml/onl m c c r  slope factor (rngkg-d)" 

Defnult 
10-6 
70 
30 
350 
chcmiwl-spccific (SCC P y t  2, Tablc I )  
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For nonarchogcns, thc acccpublc daily intake (I) in mglkg-day is dculatcd at 3 h& quotient of 
I using thc following cqution: 

Acccptnblc daily intrtkc (I) for noncarchogcns 

HQ x R.fD x AT x 26Sdlyt 
W X E F  

J =  

Ps rnmetcdDcfin i tion ( u n i t s )  Def:iult 
H Q l t ~ g ~ t  h w d  quoticnt (unitlcss) 1 
AT/aveqing bmc b c m )  30 
ED/cxposutc duntion (years) 30 
EWcsposurc frequency (d/yr) 350 
RfD/ord rcfcrcncc dose (mgkg-d) chcmicd-spccific (scc Pyt 2, Table 1) 

G.4 Contaminated Fraction (F) and Consumption Rate (CR) 

Default vducs for thc fraction of vcgcubles mumcd t~ bc contiuninatcd (F) ;uc rccommcndcd in the 
Erposurc Fbcrors Handbock (US. EPA, 1990). For home gardeners, ;I highend dietary fraction of 
0.40 is usumcd for the ingestion of contrrmimtcd fruits and vegctablcs gro\m onsitc. 

The dcfault \o;llucs for toul fruit and vcgcmblc consumpdon mtcs (CR) citcd in thc &p.wrc Facrors 
Handbook m 0,140 and 0 2  kgld fhsh wcight, rcspcctivcly. Assuming that thc homegrown fraction 
is roughly 0.25 to  0.40, EPA cstimatcd ficsh weight consumption ntcs o e  (1) 0,OXY kg/d of 
aboveground unprotcctcd fruits, (2) 0.076 kg/d of abovcground unprotceted vcgembles, and (3) 0.028 
kg/d of unprotected bclowground vqct;rbIcs (US, P A ,  1994). n t c  consumption mtcs for h i t s  and 
vcgctablcs arc convcncd to dry weight based on the clvengc frcsh-to-dry convcKion of 0.3 for 
h i t s  and 0,085 for vcgcoblcs pxscntcd in Table G-1. For w p t e c r c d  bclowground vegetables. the 
cousumption ratc (CR) is calculated by multiplying the fresh wcight consumption r;ltc (0,02S kg 
F w f d )  by tlic avcrsyc conversion factor of 0,OS.S rcsulMg in a CR of 0,0024 kg QW/d. Using this 
s a c  method, dry weight consumpdon rates of 0.0132 and 0.0065 kg DW/d were calculated f i r  
unprotected abovcground fhts and vcgetablcs, rcspcctivcly. Conscquently, tbc ovcnll consumption 
rate (CR) for abovcground, unprotected f k t s  and vcgctablcs is 0,0197 kg DW/d. 

Thc distinction bctwccn protccrcd and unprotcctcd produce rtflccts cvidcncc that. for protcctcd 
plants such as cmtdoupc and Citrus, thcrc i s  very lirttc translocation of contaminants to the cdiblc 
pm of thc plant. EPA rccognizcs That, whilc thcsc assumptions for contuninatcd fnCridn and 
consumption ntcs arc revonablc for gcncnl assessment purposcs, thcrc is likely to be wide 
variability on thc types of produce g:o\vn at home, thc pcrcenQc that is unprotccred, and othcr 

C.5 Soil-to-Plant Bioconcentration Factors (Br) 

C X ~ O S U E - E ~ ~ ~ C ~  chmct~ki~ (US, EPA, 1994). 

For m d s ,  soi1-to-plant bioconccntration factors (Br) for both abovcground md belowground p b t s  
must be idcntificd from cmpiricd studics because thc mlationskip bcnvccn soil conccup;Ldon and 
plant conccnuation has not bccn dcscribcd adcquatcl>* to provide a rnatbcmand construct for 



modcling, Table G-2 provides cmpirjcal plnnt uptake valucs for six m c d s  idcntifrcd in thc Tcchnical 
Supporr Docurncnt for  h n d  Application of Scwogc Slrrdgc (US, EPA, 1992). Bccausc of the 
variability in sitc-specific ,zsscssmcnts, bioconccntration factors that arc appropristc for t l ~ c  Q’pc of 
producc considcrcd in 3 pmicular risk wcssmcnr should bc sclcclcd. For gcncd  scrccning purposc~, 
thc gcornctrjc mcan Br vrrlucs for lcaf?’ vcgcnblcs and root vcgctabbles arc typicdly sclcctcd to  
rcprcscnt abovcground and bclowground phnts, rcapcctivcly. Tlicsc ~ a l u c s  may bc uscd to calcu13tc 
SSLs for six mctds for rhc soil-plant-human cx-pposurc pathw;ly. 

I 

G.6 Example Calculation 01 Soil-Plant-Human SSL: Cadmium 

To dcmonsttntc how thc nicthods dcscnbcd in this appendix may bc uscd to cdculatc an SSL for the 
soiI-pl~t-humm pathway, ;I samplc calculation is provide bclow for cadmium. Cadmium is  considcrcd 
;L noncarcinogen vi3 oral cxposurc and, thcrcforc, thc acccpt;lblc ddly intake (I) is catculatcd using 
Equation C-4. Using t l ic RfD for cadmium ingcstcd in food of 1.0 x 10.3 rngkp, (thc RfD is 5.0 s I O 4  
in water), Equation G-4 may bc solvcd for acccptnblc daily intakr (I)  of cadmium from 3 d ic t , q  
soucc: 

1 =  HQ x RfD x AT x 3 6 5 d / y r  
ED x EF 

1 x 1,OxlO” mglkg-d x 3 0 y  x 365d/yr 
30yrs x 350d ly r  

1 =  

The acccptablc daily intakc (I) is uscd in Equation G-2 to cstirnatc the acccptablc contaminant 
conccnmtion in plant tissuc (Cplm,), Howcvcr, Equation G-2 is dcsigncd to solvc for thc acccptablc 
plant conccntration (CPl,,,,) in crrhcr abovcground fruits and vcgcublcs or bclowground vcgctables, 
Conscqucntly, Equations G-1 and G-2 must bc combincd to mlculatc thc screening lcvcl for thc 
ingestion of both abovcgraund and bclou’ground producc. Tlicsc cqmtions arc combincd by summing 
tbc product of thc cntcgoryspccific producc intake and bioconccntratition faaors, Sincc thc dcfault 
contuninalcd fraction applics to  both catcgorics of producc, Equations G-1 and G-2 arc combincd to 
solvc for thc soil scrccning Icvcl: 

I x I3w 
F x C(CR x B r )  

Scrccnhg h v c l  (mg / kg) = 
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Tablo G-2, Summary Tablo of Empirical Biocancentratlan Factors tot Metals 
(in mg contaminant por kg plant DW I rng contaminant per kg soil) 

Bloconcentration 
toctors (Br) 

Study Goomettic 
obscrvatlont pH Range M in Max Moon Br 

Arsonic 
0.026 gnlns ond cerools I 7.5 0.026 0,026 

pot ut 00s 8 5,s - 7 5  0,002 0,24 0,004 
laoty vegetablos I 5,5 - 7,s 0.002 0,068 0,036 
legumes 7 NR -7.5 0.002 0.004 0.002 
root vegetables / NR - 7.5 0,002 0.28 0.008 
gnrdon fruits 5 NR97,S 0.002 0.006 0.002 
sweet corn 3 NR 0,002 0.002 0.002 
Cadmium 
gmins ond cereols 14 4,4 8.0 0,002 0.346 0,36 
potatoes 14 47-  8,0 0,002 0,076 0.008 
lenfy VegQtableS 71 4.6 - 8.4 0,002 14,12 0.364 
legumes '14 5.1 -?.? 0,002 0.054 0.004 
root vegotoblos 25 4'6- 8,O 0.002 1.188 0.064 

0.09 
sweet corn 12 5.1 - 7.1 0.02 0.666 0.718 
Mercury 
gnins and ceraals 1 5.3 9 7.1 0.0854 0.0854 0.0854 

c. 

m 

.". garden fruits 7 g  4.6 - 7.1 0,002 1.272 

potatoes 1 5.3 - ?,I 0.002 0.002 0.002 
leafy vegetoblos 9 5,3 ?,I 0,002 0,092 0.008 
logumes 3 5.3 - 7.1 0,002 0.002 0.002 

garden fruits 7 5.3 - 7.1 0.002 0.086 0.01 
swoet corn default NO 0,002 0.002 0,002 
Nlckel 
gnins ond ccroals 10 6.2 - 8.0 0,002 0.1 1 0.01 
potatoes 14 6.4 9 8,O 0,002 0.06 0.01 
leafy vegetables 56 5.3 - 8,O 0,002 30 0.032 
logumes I t  5.9 - f,? 0,002 I ,ooa 0.062 
root vogetables 25 5.9 - 8.0 0.002 0,232 0.008 
gordon fruits 14 5,9 - 7.3 0,002 0.1 9 0.006 
swoet corn 4 5.9 - 7.1 0.002 0,002 0.002 
Selonlum 
gmins and cereals 4 5.5 - 7.0 0.002 0.1 1 0.002 
patotoes 2 5.5 - 6.8 0,018 0.096 0.042 
b t y  vegetables ? 5.5 7.8 0.002 0.076 0.01 6 
fogumos 4 5.5 - 6.8 0,024 0.1 1 0,024 

root vcgotobles 6 5.3 - 7.1 0.002 0.086 0.014 

root vegetables 8 5.5 - 7,6 0.004 0.096 0.022 
garden fruits 8 5.5 6.8 0.008 0.078 0602 
swoot corn d efa u I t ND 0.002 0.002 0,002 



Table G-2. (continued) 

Bioconcontratlon 
factors (Br)' 

Study Geometric 
obsorvotlons pH Range Min Max Mean Br 

Zinc 

potatoes 14 4,7 - 8,O 0,Ol 0,122 0,024 
leafy vegetnblos 47 4.6 - 8.0 0.01 2 4.488 0,25 
legumes 10 5.1 ?,? 0.002 0'1 1 0.036 
toot vegctoblcs 20 4,6 - 8,O 0.902 0,412 0,044 
gardon fruits 21 46 - 7.3 0.002 0.394 0.046 
sweet corn 0 5.1 - 6.5 0.002 0,19 0.02 
NR a Not repofled 
NO NO data 

grains ond ccrools 13 5 3  - 8,O 0.016 0,368 0.1 

T h c  input par.mctcrs in Equation (3-5 corrcspond to input pumctcrs  in EquaTjons G-1 and G-2, 
with ;I connminatcd fraction (F) of 0.4, and consumption rates (CR,, and CRb,) and 
bioconccntrnjon factors (Br,L and Brb,,) spccific to cithcr aboveground or bclowground produce. 
Solving Equation G-5 for udmium using thc dcfault p m c t c r s  in Equation C-2 for F, C k c ,  and C Q E  
rcmlts in: 

I x BW 
0.4 xZ(CR,, x Brag) + (CR,, x Brby) 

ScrecrringLcvd - 
\ ,Ox 10'' m/lff-d x 70 Scrccning Lcvcl - 

0,4 x 2(0,0197 x 0.364) 4 (0.0024 x 0,064) kgsoilld 

Scrccning Lcvcl * 24 mg / kg soil 

As dcscribcd abovc, the gcomctrk mcm Br valucs for Icafy vcgcC~blcs and root vc&ct;lblcs \ w e  
sclcctcd to rcprcsent thc bioconccnmrkm factors (Br) for abovcground hits and vcgctablcs (Brad 
and bclo~~ground vcgmblcs (BrbJ, rcspccti\dy (SCC Tablc G-2). SSLs for rhc plant pathway that arc 
calculxcd using thc bioconccntntion facton for 1~3% and root vegctablcs arc considcrcd to bc 
~cnurk SSLs by OERR. During sitc-spccific xscssmcnts, OERR rccommcnds that D weighted nvcngc 
bioconccnmtion factor bc uscd to rcflcet thc q?pc of produce grown and catcn iodly ,  

G.? Generic SSLs for Selected Metals 

Table G.3 prescnts t h e  gcncric SSLs for the soilmplant-human cxposurc pathway along with the SSLs 
for dircct soil ingcstion. In addition, this tablc prcscnts plant toxicity values idcntificd in thc 
Toxtcdogicaf Benchmarks for Scrccnlng Porcnrral Conrnminants of Conccrn for  Eflccts on 
Tcrrcsrnaf Planu: 1394 Rcvlsron (Will and Sum,  1994) The phytotoxicity valucs m citlicr, (1) thc 
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cstimatcd 90th pcrccnulc of lowest obsewcd effects conccntntions (LOECs) from a d m  sct 
consisting of 10 or morc vducs. or (2) the loivcst LOEC from 3 data set with lcss than 10 nlues, 
The  tosicologicd endpoints for t hc  phytolosjcity w r c  lirnitcd to growth and yield panmctcts 
bcwusc they arc the most common cndpoints rcponcd in phytotosiuty studies and arc ccologidly 
significant in terms of plant populations. 

Table G-3. Comporlson of Conoric SSLs for Plant Pathway wlth 'the SSLs for Soil 
Ingestion and LOEC Vafuas lor Phytotoxlclty (all values In mglkg) 

Arsanlt Cadmium Morcuw Nickel Selenium Zinc 
Generic plant SSL 0.4 24 270 5400 2400 'I 0000 
Soft ingestion SSL 0,J Ta 23 1600 390 23000 
Migration to ground 29(1) a(o.4) 2(0.1) 130(;7 5(0.3) 12000(620) 
wn te r S S La 
Phytotoxlclty LOEC 10 3 0.3 30 1 SO 
1 Vsluss based on DAF of 20 (DAF of 1). 

Thc cornparim of thc gcncnc SSLs for the plant p3thway with SSLS for soil inscstion and migration 
to ground w t c r  suggcsts that this pathway may bc of conccm at sites contamin;lted with mcnic  or 
cadmiurn. For mcrcwy, nickel, and sclcnium, thc gcncn'c plant SSLs arc well above thc S S b  b s c d  on 
soil ingestion and migntion to ground w c r .  Thus, although SSLs bxcd on thcsc othcr pathways arc 
likely to be protcctivc of the soil-plant-human pahw3y, othcr data suggest that phytotosiciv is 
ljkcly IO bc thc factor limiting cqosurc through plant uptakc for thcsc metals, 

- "rbc data in Tablc G-j suggcst that, for cadmium, mercury, nkkcl, m d  sclc2lium, 
toxiciv to plants will bc obscrvcd at lcvcls wcll bclow thosc estimated to elicit advcrsc effects h 
humans. Thc phytotoxicity of arsenic, nickcl, a n d ' h  hwc bcrn wcll documented. However, dcspitc 
thc low phytotoxicity vduc for sclcnium, some authors have dcmonsmtcd that sclcnium can 
accumulate in c c d n  plants at high lcvcls (Bitton ct d,, 1930). Morcovcr, many phytotaxSv 
vducs YC based on P rcduction in yicld that may rcsult in higher lcvcls in tbc surviving producc. 
Ihus, 14th thc csccpdon o f  zinc, phytotosidty should not bc used to rulc out this cxposurc pathway 
unlcss cmpincd dam arc available that arc rclcvyrt to thc site conditions (c.8.. shilJt pH, organic 
mancr) and t!!c t y c  of crops likely to bc grown. 

$oil - Bcesusc thc majority of the plant uptake data for m d s  wcrc gcncntcd in 
sludge application studies, the cmpincd bioconccnation factors listed in Table G-2 may not bc 
appropriate for usc at all sites. For c m p l c ,  thc adsorption "powr" of sludge in the prcscncc of 
phosphates, nimpnesc, hydrous asides of iron, and Ca+= may nducc thc mount of nctd b t  iS 
bio;lvail;lblc to plants. In addition, soil pH strongly influcnccs the ability of plmnts to absorb me& 
from soil. Scvcral studics documcnt that, ;IS pH dccrescs, thc bioavdhbilip of m a y  metals 
increases. In fact, ~ricultunl pncticcs maintain a soil pH of 5,5 or grcatcr to protcct ashst  
aluminum and mangmcsc phytotoxicity. Howcvcr, 40 pcrccnt of the data cvdutltcd for thc Sludgc 
Rule wcrc from studics in which thc pH ws lcss than 6, and, as a rcsult, bioconccnmtion factors may 
bc Yeificidly skcwed, 

- Anothcr Actor that hcavily influcnccs plant u p d c  of mctals is thc 
chcmicd form of the metal. Rcscarchcrs h w c  obscrvcd that plant uptakc raws of metal salts in 
sludge tcnd to bc highcr than plant u p a c  ratcs in studics on clcmcntd mctrrls. M c d  salts do nor 
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adsorb to sludge !hc s m c  way u "mctals in nonsalt foms"  and, conscqucntl>i, they arc niorc 
b j o x d a b l e  to plants. 

T \ a c  of nroducc - T h c  bioconccntration potcntial of mctals varies with plant typc. As shown i.7 
Tablc G-2, thc range of bioconccntration factors c o w s  an ordcr of magnirudu for most mctals 
across thc scvcn catcgorics of producc, Ccnain typcs of plants arc rcsistant to somc mctals while 
thusc s,mc mctds may bc highly tosic to athcr plant spccics, Dcpcnding on thc lypc of crops grown, 
thc gcncric soil-planr-human SSLs may not reflect thc must appropriate mcasurcs of 
bioconccntration. 

R'rtarv I - The dicury habits of tlic liomc gardcncr may rcsult in an incrcusc or dccrcwc in 
csposurc. 7lic dcfault \ Y I ~ U C S  for consumption ratc (CR) nnd contminntcd fraction (F) rcprcscnt 
rcuonably conscnlativc cstimatcs for thcsc cxposurc par,mctcrs, l?owc\w, individual consumcrs 
may ingcst significantly diffcrcnt quantitics of producc and, dcpcnding on tlicir fruitfvcgctablc 
prcfcrcnccs, may rcly on crops that arc cflicicnt accumulators of mctals. 

G . 8  SSL Calculations for Organics Lacking Empirical Data 

Thc lack of plant bioconccntration data on organics prcscntcd in thc Tcchnical Sitppurf Documcnr 
{or Land Application of Scwagc Sfudgc (US. EPA, 1992) has bccn discusscd in scvcnl other sourccs. 
For cxmplc ,  thc status of cmpirjcal data on plant u p ~ c  and accumulation of organics was rcccntly 
ciducltcd for n daubasc on upt&c/~ccun~ulation, trmsIocaTion, adhcsion, and biotransformation of 
chemicals in plants (Ncllcsscn and Flctchcr, 19931, This daubasc, rcfcrrcd to IIS UTAB, is one of thc 
most comprchcnsi\*e data sourccs available on chemical proccsscs i n  plants and contains over 42,000 
rccords taken from marc than 2,100 published papcrs, T h c  authors found that, with thc csccption of 
pcsticidcs, uptakc-rcsponsc data for organic chemicals arc ov~ilnblc for roughly 25 pcrccnt of tllc 
chcmicds manitorcd by EPA, Givcn thc comprchrnsivc niturc of thc UTAB databnsc, modeling may 
be thc only altcrnativc to cvnluating tlic soil-plant-human pntliway in tlic n c u  future for many 
organic chcmicds. 

Rcccntly, scvcnl authors havc dcvclopcd modcls to prcdict thc uptake and accumulation of organic 
chcmicals in plrults ( c , ~ , ,  Manhics and Bchrcndt. 1994; McKonc, 1994; Tmpp ct al., 1994). Onc of 
the most promising modcls for usc as a nsk asscssmcnt tool is PLAN% a pccr-rcvicwcd 
partitioning modcl that dcscribcs thc dynamic uptdic from soil, or solution, and the metabolism and 
accumulation of xcnobiotic chemicals in roots, stcms, Icavcs, and fruits (Tnpp ct d,, 1994). Unlikc 
a numbcr of othcr modcls uscd to estirnatc plmt uptnkc, PLANm is not bascd on rrgrcssion 
equations that corrclatc log I&,,, wjth plant bioconccntnrion; it is a mcchmihc  modcl that accounts 
for major plan; proccsscs and rcquircs only a fcw ntll-knonin input data. Morcovcr, it was dcsigncd as 
3 risk uscssrncnt tool and has becn validated for the licrbicidc bromicil and scvcnl nitrobcnzcncs, A 
follow-on modcl ( P L A N E )  h;c; rcccnrly brcn madc available that also jncorpomtcs plant upl&c 
during m s p i n t i o n  (k, accumulation dircctly from the air). Thc rcsults on bromocil, nitmbcnzcne, 
ctc,, L% wcll ;IS ongoing validation studics suggest that tlic P U X T  modcls may bc a scicntificdly 
dcfensiblc Jrcrnsivc to the uptake-rcsponsc slopcs gcncratcd by log KOw rcgrcssions. 

G.9 Conclusions and Recommendations 

The cornpatison of gcncric plant SSLs with gcncric SSLs for soil ingcstjon and migntion to ground 
water indicate that thc soil-pl;mt-hum;m csposurc path~vay may bc of conccm for two of thc six 
mctals cvaluatcd (arscnic and cadmium). For nicrcusy, nickcl, md sclcnium, SSLs based on thc other 
pad.l~vays arc likcl>$ to bc adcquatcly protcctivc of thc soil-plant-human cxposurc pzthway, In 
addition, dam prcscntcd on thc ph~?otox.icity of thcsc metals and zinc suggcst that toxic effects in 
plmts m likclp to bc obscnlcd below lcvcls that would bc harmful to  humans, Although this pathway 
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may not be of coticcm from ;I human healtli standpoint, thcsc dam suggcst th3t metals could bc of 
psnicular conccrn for ccologicJ rcccptors, 

Currcntly, EPA is dcvcloping methods to cvduatc thc uptdc of organics into plmu. In addition to 
tlic cfforts of thc Officc of Solid Waqtc and thc Office of Rcscrueh and Dcvclopmcn: mcntioncd in 
thc Introduction, OERR has jointly fundcd rcscarch on plant uptake of organics with thc SUR of 
California. Thcsc studics support ongoing rcvisions to thc indircct, multimedia cxposurc model, 
&ITOX. Until thcsc cffons YC revicwd rrnd findizcd. OERR will continue to addrcss the potmud 
for plant uptdic of organics on a we-by-ctlsc b ;Lk  
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Evaluation of the Effect on the Draft SSLs of the 
Johnson and Ettinger Model (EQ, 1994a) 
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ENVIRONMENTAL QUALITY MANAGEMENT, INC. 

MEMORANDUM 

TO: Janine Dinan DATE: October 7, 1994 

SUBJECT: Evaluation of the Effect on the Draf: SSLs FROM: Craig S. Mann 
of the Johnson and Ettinger (1991) Model 
for the Intrusion of Contaminant Vapors 
Into Buildings 

FILE: 5099-3 cc: 

Under US. Environmental Protection Agency (EPA) Contract No. 6BWD3-0035, Task 
order No. 0.25, Environmental Quality Management, Inc. (EQ) was directed to evaluate 
the effect on the draft soil screening levels (SSLs) of employing the Johnson and Ettinger 
(1991) model for estimating the intrusion rate of contaminant vapors from soil into 
buildings. This memorandum summarizes the evaluation. 

Model Review: 

Johnson and Ettinger (1991) is a closed-form analytical solution for both convective 
and diffusive transpon of vapor-phase contaminants fully incorporated in soil into 
enclosed structures. The nondimensionalized mass balance is wr'ien as: 

= Nondimensional variables 

=.Volume fraction of phase i ,  unitless 

5: Concentration of contaminant in phase i, g / c d  

R where 

ci 

t = Time, s 

= Convection path length, em 



and, 

b 
P 

V 

G 
D"" 

P 

V *  

PR 

s* 

= Dlffusion path length, cm 

= Pressure in vapor-phase, g/cm-? - Del operator, l /cm . 
= Contaminant concentra:ion in vapor phase, g/cm3 

Effective diffusion coeffident, d / s  

Vapor viscosity, g/cm-s 

= Soil permeability to vapor itow, cr? 

= Reference indoor-outdoor pressure differential, g/cm-? 

= Formation rate of contaminant in phase i; g/cm'-s 

L 

where I+ and b are characteristic concemtlon, convection pathway length, and 
diffusion pathway length, chosen to give the dependent concentration variable and 
derivatives of q* and P* magnitudes of order unity. 

The mass balance solution includes the following assumptions: 

1. 

2. 

3. 

The soil column is isotropic within any hotuontal plane. 

The sff ective diffusion coefficient is constant within any hofitontal plane. 

Concentdon at the soll-air interface is zero (Le., boundary layer resistance 
is zero). 
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4. 

5. 

6. 

7. 

0, 

9. 

10. 

Therefore, 

L a  

No loss of contaminant occurs across the lower boundary &e., no 
h d >  

leaching). 
3 

Source degradation and transformation are not considered. 

Convective vapor flow near the building foundation is uniform. 

Contaminant vapors enter :he building primarily through openings in the 
walls and foundaiion at or below grade, 

Convective velocities decrease with increasing contaminant source-building 
disance, 

All contaminant v a p m  directly below a basement will enter the basement, 
unless the floor and walls are perfect vapor barriers, 

The building contains no other contaminant sources or sinks, and the air 
volume is well mixed. 

where , &,,dlng, and E represent the volumetric flow rate or ventllation rate of the 
building (cr? /s), contaminant concentration within the building (g/cd), and rate Of 
contaminant entry (g/s), respectively. 

Also, 

where C,a*m is the vapor-phase contaminant concentration within the soil at the source, 
and Q represents the attenuation cosfficient C6anC. is written €IS: 
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where H = Henry's law constant, unitless 

(4) 

C, 

P b  

= Soil bulk concentration, g/g 

= Soil dry t u l k  density, g/cm3 

0, = Soil water-filled porosity, unitless - ~oil-water partion coefficient, cm3/g 

= Soil air-filled porosity, unkless. 0, 

The authors derive 8 solution foro for both steady-state conditions &e., depth o? 
contamination, z - a) and for quasi-stasdystate conditions (0 < z < L]. For steady- 
state conditions Q is written as: 

where V" = Eff e&e diff uslon coefficient, c+/s 

p0 L= Area of basement, cd 
4 = Source-building separation, cm 



c 

a 

* 

c 

3 

r. 

CJ 

B 

i3 
Qoil = Volumetric flow rate of soil gas into the building, cm3/s 

.I 

6 

Lrnek = Building foundation thickness, cm 
--I 13''~' = Effective diffusion coefficient through crack, cm2/s ( ~ ' *  = VI') )I 

hrhek = Area of crack, cm2 

&lld,np = Building ventilation rate, cm3/s. 

For quasi=steady-state conditions the long=term average attenuation coefficient 
<a>  is: 

where P b  = Soil dry bulk density, g/cm3 

= Average contaminant level in soil, g/g 

= Thickness of depth over which con:aminant is distributed, em 

= Area of basement, c d  

44 

A, 

a,,,,, = Building ventilation rate, cm3/s 

C,,,f,e = Vapor-phase soil concentration at source, g/cm3 

T 

bo 

= Exposure averaging period, s 

= Source-building separation at t=D, cm 

and, 
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(7) 

The time required to deplete a finite source (tD) of depth AI-& is given as: 

If the exposure period (r} is greater than r,, fie average emission rate into the building 
e € >  is given as a simple mass balance: 

and the average building concentration (Lndmo) is: 

Evaluation 

In order to evaluate the effcets of using the model on the SSLS for volatile 
contaminants, a case example was constructed which best estjmates a reasonable high 
end exposure point concentration for residential land USB. Where possible, values of 
model variables were taken directly from Johnson and €Ringer (1991). ' 

The case example assumes that a residential dwelling with a basement is 
constructed within the area of homogeneous residual contamination such that the 
contaminant source lies directly below the basement floor at t = 0.' Therefom, the 

.I 

c 

c 
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ditfusion and convection path lengths were se: equal :o the thickness of the basement 
slab (15 cm). Soil permeability to vapor flow from the basement floor to the bottom of 
con:amina:ion was set equal to 1 .O x ID8 c d  (1 darcy) which is representative of silty to 
fine sand. Soil column-building pressure differential was set equal to 1 pascal (10 g/cnt- 
J )  as a reasonable long4erm average value (Johnson and Ettinget, 1991). Values for 
all other soil properties were set equal to those of the Generic SSLS in the July 1994 
Technical Background Document for Draft Soil Screening Level Framework (TSD). 
Building variables, i.e., basemen: area, ven:ilation rate, etc., were taken from Johnson and 
Etlinger (1 99 1 ). 

(kg/m5) were calculated for the 42 chemicals 
in the TBD for which human health benchmarks are available. Please note that the values 
of CIoUlcl and were calculated for an initial soil concentration of 1 mg/kg instead 
of 1 x 10' g/g, This was dona to facilitate reverse caiculation of the SSL in units of 
mg/kg, Therefore, these values are artificially high by a factor of 1 x 100. The Inverse 
of the value of (d/kg) was used as the indoor volatilization factor (VFndoor) and 
substituted into Equations 2 4  or 2-5 of the TBD as appropriate to calculate the resulting 
carcinogenic and noncarcinogenic inhalation SSLS. SSLs were calculated far both steady- 
Sate conditions (infinite source depth) and quasi-steadydate conditions (finite source 
depth). In each case were the exposure period exceeded the time required for source 
depletion (finite source depth), the volatilization factor was normalized to an average 
contaminant level in soil (C,) of 1 mg/kg. For quasisteady-state conditions, the depth to 
the bottom of con:amlnation was set equal to 2 meters below the basement floor. 

The value of the indoor SSL for each contaminant was compared to the respective 
SSl calculated for outdoor exposures of the same duration using the Generic SSL 
calculations found in the TBD. The outdoor SSLs were computed for a 30 acre square 
area source of emissions, 72ble 1 summarizes the results of this comparison. The 
attachment to this memorandum gives the detailed computations for this evaluation. 

In the analysis, the values for 

As can be seen from Table 1, results on a chemical-specific basis indicate a rate 
of change as high as three orders of magnkude beween the outdoor SSL and the infinite 
source indoor SSLS in the case of highly volatile contaminants, For very persistent 
contaminants, the relative ditference was considerably less, and in some cases there was 
no difference in SSL concentrations, 

This variability is due to: 1) the variability in the human health benchmarks used 
to calculate the risk-based SSls, and 2) the apparent diffusion coefficient of each 
compound, The apparent diffusion coefficient can be expressed as the etfeetive diffusion 
coefficient through soil divided by the liquid-phase partition coefficient (Jury et al., 1983). 
The apparent diffusion coefficient (DA) is given here so 3s not to be confused with the 
eff eetive diffusion coefficient (D"") from Johnson and Ettinget (1 991): 
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TABLE 1. SUMMARY OF INDOOR AND OUTDOOR INHALATION SSLS FOR VOLATILE 
CONTAMINANTS 
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= Apparent diffusion coefficient, cm2 /s 

= Air-filled soil porosity, unltless 

= Diffusivity in air, cd/s 

= Henry's law constant, unitless 

= Water-filled soil porosity, unitless 

= DHusiviq in water, c d / s  

= Total soil porosity, unitless 

= Soil dry bulk densky, g / c d  

= Soit-water panition coefficient, cm3/g. 

(12) 

With all nonchemical-specfic variables held constant, Figure 1 shows the 
exponential relationship between the apparent diffusion coefficient and the building 
concentration for quasi-steadystate conditions (finhe source). 

For nonchemical-specific variables, a sensitivky analysis was performed for soil 
permeabiltty to vapor flow (k),' soil-building pressure dMerentlal (0 P), depth of 
contaminatlon (Ab), source-building separation att = 0 (bo), crack-to-total area ratio (q), 
and building ventilation rate 

Table 2 shows the resub of the sensitivity analysis for the quasl-steadystate 
condition (finite source). As can be seen from Table 2, the effect of the buildlng 
ventilation rate is linear if the value of Cut is not included in limiting the value of the SSL 
Oepth of cantaminatlon (A&) has the greatest effect for contaminants with higher 
apparent diffusion coefficients (e& benzene, chloroform, vinyl chloride, etc.), In that as 
b& increases, the time required for source depletion (r,) also increases. Therefore, with 
greater initial contaminant mass in the soil, these compounds are emitted for a longer 
period of time thus reducing the SSL For the more persistent contaminants, an increase 
in or A P produces the greatest resub. This is to be expected as values of r, for these 
contaminants exceed the exposure duration. Table 2 also indicates that an order of 
magnkude change in values of ho and q produce same order af magnitude resub, It 
must be remembered, however, that in the case of bo, the model assumes isotropic soil 

M-9 



6 
b' 
c 

H-IO 



TABLE 2. MODEL SENSITIVITY TO NONCHEMICAL SPECIFIC VARIABLES 
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conditions from the point of building entry to the bottom Of Contamhation. As bo 
increases, Q decreases until cliff usion not convection limb the rate of contaminant vapor * 
transport. The eff ea of changes in the value of r )  decrease as values of k, decrease such 
that for very permeable soils and convection-dominated vapor transport, the effee: of 
crack site is relatively insignificant - 
Conclusions 

Use of the Johnson and Ettinger (1991) model to calculate SSLS based on indoor 
chronic exposures can have significant impam on the values of the S S k  for 
con:amjnants with high apparent diffusion coefficients. When comparing the infink8 
source indoor model to the infinite source outdoor mode! for these contaminants, values 
of the SSL differ by orders of magnitude for case example condkions. Under these 
conditions, diffusion is the limiting transport mechanisms for all but one contarninant for 
both steadystate and quasi-steady=stat e conditions. To effect case example conditions, 
the following must be true: 

1. The contaminant source must be relativety close or directly beneath the 
structure. 

2, The soil between the structure and the source must be very permeable (k, 
2 70" Cd). 

3. The structure must be underpressuked. 

4, air within the structure must be well mixed (h., v i 0  Or no SOil-ak 
boundary layer resistance). 

5, The combination of diffusion coefficient through the c,cacks, area of the 
cracks, and building underpressurization must offer no more resistance ban 
the soil column beneath the structure. 

From this evaluation, the four most important factors affecting the average tonp 
term building concentration and thus the SSL are building ventilation rate, sourwbuilding 
Separation, soil permeability to vapor flow, and source depth. If the sourm of 
contamination is relative\y deep and close to the bullding, and if the soil between the 
source and the building is very permeable, building concenttations d contaminants wtth 
relatively high apparent dmusion coefficients will increase dramatically. 

It should be noted, however, that soil permeabilky, h, is the most variable 
parameter at any glven she, and may vary by three OrcferS of magnkude across a typical, 
residential lot (Johnson and Ettinger, 1991). For this reason, the overall effective dwsion 
coefficient should be determined by integration across each soil type. O v e d  
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diffusion/convection vapor transport will therefore be limited by the soil stratum offering 
the greatest resistance to vapor flow. 
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Section 4.3.3 cont;lins il complctc description of tlic simulation ~ c t u p  and pi\amctcts. The following ;: 
notarion is uscd in tlic tobles of this appcndis. 

c 

I 

c 

C = thc number of spccimcns pcr composite 
S - the numbcr of compositc snmplcs chcmicatly analyzed 
MU 
CV 

MJX p thc proportion of thc sirc which is uncontominnicd 

a tlic assumcd truc sitc mean (m 0,s SSL or 2 SSL) 
= thc ossunicd truc \TI IUC of tlic sitc cocfficicnt of variation, (;.e. the true sitc 

standard dcvistion dividcd by thc tmc sitc mcan MU) 

Thc remaining v:irinhlcs givc thc cstimntcd probability of dcciding to invcstigatc funlicr [PDlF) for a 
givcn mctliod and simulation distribution. Thc v h b l c  namcs indicate thc mcthod of testing [Mx - 
Max tcst. C - Chcn test, 1, - Land tcst) and tlic type of probability distribution uscd to gcncrntc 
valucs for thc cont;iminatcd pan of thc EA (L lOgnOrId, G L gamma, W WcjbuJl), 

MxL, MxG, MxW 

CdOL, C40G C40W 

C30L, C30G. C30W 

C20L C20G, C2OW 

CIOL, CIOG, CIOW 

COSL, COSG, COSW 

COIL, COlC, COlW 

LfL. LfG, LflV 

LoL, LOG, LOW 

PDIF for Max rule applied to lognormal, gamma or Wcibull 

PDIF for Chcn test at tlic nominal ,40 significance lcvcl 
iipplicd to iognonnal, gamm3 or Wcibull dnu  
PDIF for Chcn tcst at thc nominnl .30 significance lcvcl 
upplicd to lognomnl, gammo or Wcibull data 
PDIF for Chcn tcst at the nominal 2 0  significmcc lcvcl 
applied to lognormal, gamma or Wcibull data 

PDIF for Chcn tcst at the nominal .10 significnncc lcvcl 
npplicd to Iopomnl, g3mmn or Wcibull data 
PDlF for Chcn f a r  af thc nominal .OS significance lcvcl 
applied to lognormal, gamma or Wcibull dnta 

PDII: for Chen test at thc nominal ,Ol significancc lcvcl 
npplicd IO lognomnl, pnmno or Wcibull data 
PDTF for Land tcst of tlic flipped nul l  hypothcsis at the 
nominal .IO significancc lc\tl applied to lognormal, gamma 
or Wcibull dam 
PDlF for Land test of the original null hypothesis nt the 
nominal ,OS significancc lcvcl :ipplkd to lognormnl, gamma 
or Wcibull data. 
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.F33 1.013 1.m 1.W 1-00 1.CO .W3 1.m .%3 
.m 1.m 1.w 1.M 1.m .pn ,931 1.m .pM 
.WS .C3? .956 .9Tp .9JZ -933 .787 -9% 1-09 

Y 

0.5 .Ci) 
0.5 -59 
0.5 -90 
2.0 .m 
2.0 .so 
2.0 .93 

i-, 
VI 

. b l 0  .37? -323 -219 -1 12 .OS9 -012 -374 -9L9 
-372 ,371 .273 -195 .032 .CC1 .OtJ -379 ,FJ? 
-428 ,112 .323 -212 .IO1 .OS8 -011 -665 .%9 
.W2 .W7 .W2 -9-X -910 ,946 .GI1 .PPI 1.M 

1.03 -475 ,470 .FN .%5 .m7 -112 .Wf 1.m 
.m .w 1 .wo .PM .PR .943 .a32 -992 1 .m 

 AS C4% C J X  C2bc C l k  CD5G Colt l f t  I& I WrV E b N  E 3 N  C 2 N  C l E v  CG5U COIV L f J  1rU 

-09% .Sir) .313 .2SS .c93 .GS3 ,W3 . I1 7 .Cto .023 - 4  IS . JC6 .2 12 .119 -050 .#? -111 .t33 
.W5 .3?6 .2Gs .193 -091 .Ot2 .dt 1 -145 ,051 .KO -397 tJG4 -203 .lCB .OS5 -015 - 1 0  -040 
.m 1.m 1.m 1.00 1.w 1.M 1.m 1.06 -999 -999 1.m 1.00 1.00 1.03 1.w 1.w 1.00 -9% 
1.M 1.W 1.M 1.m 1.W 1-09 1.00 1.03 .9eJ I 1-00 1-00 1.W 1.CG 1-00 I-CO 1.W 1.CO -597 



CpFcrdlx I. SSC S f w l a t f c n  Ztrulls: E i t f c a t d  Prctabilillts o f  I m e s t f g a t i n g  furtbrr. 

WI m i 1  I bL C4CK C 3 R  C2Sr ClR COS1 COll LfL L d  I His C4% CY& C2E ClGG COSt toft t f t  C o t  I M d  C W J  C K V  C 2 N  €IN CG5V UltU LfU C d l  

0.1 .co 
0.5 *59 
0.5 . I F  
2.0 .# 
2.0 .50 
2.0 . I 5  

.iss .379 . z i t  ,IPS . t i3  .a2 .IXB . i z t  -012 
,187 .3F1 .3Q6 .203 .I13 .v54 .O f9  .153 .121 
.Or1 .a20 .322 .207 .E$ ,4353 .01C .$52 -5% 
.a 1.m 1.M 1.09 1.00 1.m 1.00 1.w .556 
1.m 1.m 1.m 1x4 i.co 1.00 1.m 1.M .m 
1.m 1.0) 1.00 l.w .os9 .w7 .csz 1.M 1.00 

. t n  .377 .MI .IW .mi .cis1 .m .zit5 -331 
-165 .Jtd .2&? . lpO .W3 .a48 .013 .267 .C67 
-665 .US -331 .232 .lo1 ,052 -015 .953 .9tJ 
.ws 1.00 1.00 1.03 1.m 1.m 1.M 1.m .996 
1.M 1.W 1.M 1.00 1.M 1-03 .p71 1.03 1.00 
1.03 1.m 1.m 1.09 1-03 .ps3 .933 1.00 1.00 

0.5 .v3 
0.5 *59 
0.s .as 
2.0 .cb 
2.0 .53 
2.0 .a5 

2 2 7  . 4 0 3  ,315 .210 .It5 .C53 . a 5  . $25 .e26 
.ZM .393 .SO2 .221 .I21 .C49 -011 .iU -207 
.252 .357 .2?7 . lE.4 .VIS .GSO . O i l  .cdo .S9Z 
.95S 1.m l?OD 1.03 1.a 1.W 1.00 1.00 .S61 
1.43 1.00 1.w 1.w 1.m 1.m 1.00 1.m .993 
1.W 1.03 1.00 .999 .W7 .Wl .9i1 1.00 1.W 

,279 .yd .2O9 .I92 .c33 -047 .W7 -217 ,655 
,297 .f?b .291 .2M ,104 .047 .CQ7 .Ml .766 

.m 1.m 1.00 1.00 .m *ss .W? .m .w7 
,919 1.03 1.M 1.00 1.00 1.00 .Wl 1.00 1-03 
1.m 1.w 1.03 1-00 .%b .p33 *CM 1.m 1.00 

,225 .xa . t t z  .I c6 .w3 .04s -01 1 .e29 .oil I 

.2 78 .363 I 212 .2G5 . 1 M .(is 7 -01 3 .I70 1 IC 

. 2 ~  .sa .m ,192 -097 .m .air .211 .ssu 

.2b7 .b3J .SM -229 .I35 -071 ,015 .651 .557 
-93 1-03 1.09 1.m 1.00 1.00 1.m 1-01 .989 
i-03 1.m 1.w 1.00 1.m 1.w l.m 1.m 1-00 
1.Q 1.00 1.CQ 1-00 .976 -935 .9M 1-00 1-03 

Q.5 .€9 

0.5 .53 
2.0 .v1 
2.0 .s9 
2.9 .m 

d 

;3 o\ 0,s .so 
-211 .355 .2IJ .E2 .Ilb ,071 .C+Y2 -139 -070 
.3tP .353 .278 .lH .VA .CIS3 .tit.? -162 .271 
. S X  .112 .339 .224 . l lb .G38 .OiS .IC6 1.M 
.?% 1.w 1.m im r .03  I.# 1.M 1.w -551 
-977 1.w 1.m 1.M 1.M 1.w .m l.M .m1 
1-03 *w7 ,014 .WJ ,935 .Of0 .w2 .Ti 1 .cIo 
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Piazza Road Simulation Results 
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n APPENDIX J 

Piazza Road Simulation Rcsults 

Scction 4,3,6 cont:iins background infomintion on thc P i a m  Road site and iu scvcn csposurc m a s  C 
(EAs), as well as LI complctc description of thc simulation sctup and pmmetcrs, The following 
notation is used in thc mblcs of this appcndis. 

EA - cxposurc mil numbcr (from 1 io 7) 

MEAX- 

C J -  

DES * 

thc tfuc mcnn for rhc EA (an ovcragc of 96 rnctlsurcmcnts) 

ttic iruc voluc of thc cocfficicn: of variu:ion for thc EA 

indicator of ~vhcthcr cornpositing within strata (DES - W) or cornpositing 
iicross strata (DES = X) was uscd 

C = tlic numbcr of spccimcns pcr compositc 

E = the number of compositc somplcs chcmicdy nnalyzcd. 

Tlic rcmnining four v;rriiiblcs pivc thc tstimotcd m o r  ratcs at O S  SSL and 2 SSL for tllc Mas test 
(lubclkd ns MAX 0.5SSL and MAX 2,OSSL) and thc Chcn tcst at thc nominal ,IO lcvcl (labcllcd OS 
CIEK OSSSL and C I Z N  2.OSSL). 



Appcndix J. Estimated decision error r a t a  Tor Chcn t a t  at thc 0.1 Icvcl, and MLY tcsr, for 
cornpositing within sector (DES-”) or across scclor (DES-X), based on simulations from Piazza 
Rand Data, 

EA EA #i ( I  to 7). MEAN and CV denotc EA truc mcm and CV. 
M L of samples per composite. N = # of compositc snmplcs. 

- EArt MEANE21 CVnl.0 - 
DES M N 

W 4 4 

X 4 4 

W 4 6 

x 4 6 
W 4 0 
x 4 8 
W G 4 

X 6 4 

W 6 G 
X 6 6 
W 6 8 
X 6 8 
W 8 4 

X 8 4 
W 8 6 
X 8 6 
W 0 0 

X a 8 

M A X  
0,SSSL 

.01 

.oo 

.Ol 
$00 
.02 
IO0 
-00 
.oo 
,oo 
.oo 
.o 1 
,oo 
,oo 
.oo 
too 
too 
moo 
.oo 

M A X  
2,OSSL 

,03 
.12 
.01 

.04 

.oo 
,a1 
a01 
,11 

,01 
.04 
.oo 
.01 
.02 
,OQ 
.01 
.04 
.oo 
,02 

CHEN 
O.SSSL 

-02 
.I2 
.04 

.11 

.at 
,1 s 
,01 
.13 
.04 
.12 
,01 

,12 
.oo 
,12 
.02 
.I3 
a01 
. l o  

CHEN 
2.OSSL 

$00 
.oo 
.oo 
.oo 
.OO 
.OO 
,oo 
,oo 
.oo 
.oo 
.oo 
.OO 
,oo 
.oo 
.oo 
too 
.oo 
too 

DES M N 
W 4 4 
X 4 4 

W 4 6 
X 4 6 
W 4 6 
X 4 8 
W 6 4 
X 6 4 
W 6 6 
X 6 6 
W 6 8 
x C 8 
W a 4 

X 8 4 

W 8 6 
X 8 6 
W 8 8 
X 8 8 

MA% MAX 
0.5SSL 2bOSSL 

,07 .I 3 
,04 $13 
.09 .04 
,OS ,05 
.11 -02 
.O? .01 
,04 .13 
.Ol  .14 

.9S ,03 

.01 .04 

.06 .o 1 

.01 ,01 

.03 .08 
$00 .12 
.04 ,02 
.oo .bd 
.04 $00 
.oo ,02 

CHEN 
0,SSSL 

a08 
,I 1 
.05 
.11 
.OS 
.11 
.09 
.09 
.04 
.09 
.04 
.13 
,os 
6 1  0 
.04 
.10 
.04 
.12 

CHCN 
2.OSSL 

.os 

.05 

.02 
,01 
b o o  

-00 
,02 
.02 
.oo 
,oo 
.oo 
.oo 
.oo 
.01 
.oo 
*oo 
.oo 
.oo 

- 

... 
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-..-----.--EA03 MEANs5.1 CVr l  

MAX MAX 
DES M N 0.SSSL 2.OSSL 

W 4 4 .e1 .03 
X 4 4 .oo .11 

W 4 6 -02 .oo 
x 4 G $00 ,03 
w 4 8 .06 .oo 
X 4 8 ,a0 -01 

W 6 4 ,oo .02 
X 6 4 ,oo .09 
W 6 6 ,01 ,oo 
X 6 6 .a0 ,03 
W 6 e .02 -00 
X 6 8 .oo ,01 

W 8 4 ,oo I02 

x 0 4 .oo , l o  
W a 6 .01 .oo 
X a 6 .oo .03 
W 8 e ,03 ,oo 
x 8 8 .oo ,01 

-&b4 MEANd3,B CV11.2- 

Appendix J. Estimolcd dccision crror ratcs for Chcn test at thc 0.1 levcl. and M w  tcs1, for 
compositinfi within sector (DES=\\’) or across Scctof (DESmX), bnscd on sirnulutions from Pi- 
Road Data. 

EA = EA 
M = d of snmplcs per compositc. N = i of compositc snmplcs, 

( 1  to 7). MEAX and CV dcnotc EA true mean and CV, 

,I---- 

CHEN CHEN 
0 , S S S l  2.OSSL 

.03 .01 

.14 -00 

.oo .oo 
-11 $00 
.oo ,oo 
.IO ,oo 
.01 ,oo 
*12 .oo 
-00 .oo 
.11 .a0 
.oo .oo 
* l l  ,OO 
b o 1  .a0 
.14 .oo 
-00 .oo 
.12 .oo 
.oo ,oo 
.12 ,oo 

DES M N 
W 4 4 

X 4 4 
W 4 6 
X 4 6 
W 4 8 
X 4 8 
W 0 4 
X 6 4 

W 6 6 
X 6 6 
W 0 8 
X 6 8 
W 8 4 

X 8 4 
W 8 6 
X 8 6 
W 8 8 
X 0 i3 

MAX 
0,SSSL 

. O l  

.oo 
,02 
IO0 
,02 
.OD 
* O l  
.oo 
.oo 
100 
.01 
.oo 
,oo 
.oo 
,oo 
,oo 
* 00 
-00 

MAX 
2,OSSL 

.11 
,11 
.a4 

,04 
a01 

,01 
, l o  
.10 

.02 
,03 
io1 
.02 
-09 
.12 
.03 
,03 
601 
,01 

CHEN 
0.SSSL 

.07 

.10 

.06 
*I 1 
.05 
,09 
.05 
.12 

-04 
eo9 
.04 
a1 0 
-04 

.12 

.06 
-11 
.03 
,11 

CHEN 
2.OSSL 

.oo 

.oo 

.oo 

.oo 

.a0 
400 
$00 
,Ob 
.oo 
,oo 
.oo 
,oo 
$00 
.oo 
A0 
.oo 
,oo 
$00 

3-3 



Appendix J. Estimatcd dccision m o r  rates for Chcn test at thc 0.1 Icvcl, and M;LY test, for 
cornpositing within scctor (DES-W) or w o s s  scctor (DESmA?, based on simulntions from Piazza 
Road Dnta+- 

EA = U # (1 to 7). MEAN and CV denow EA mic mean and CVb 
M # cf sarnplcs per compositc, N = # of compositc samples. 

DES M N 
W 4 4 
X 4 4 

W 4 6 

X 4 6 
W 4 8 
X 4 8 
W 6 4 
X 6 4 

W 6 6 
X 6 6 
W 6 8 

W a 4 

X a 4 

W 8 6 
X 8 6 
W 8 8 
X 8 8 

X 6 a 

MAX MAX 
0 .5SSt  2.0SSL 

.22 .13 
,03 .It 
,48 $03 
,03 .06 
.?1 ,oo 
,OS ,03 
$18 ,06 
$00 -10 
,at .Ol 
-00 .02 
.76 .oo 
.oo ,01 
,19 .05 
.oo ,OB 
,45 -01 
.oo .03 
.76 .oo 
,oo .Ol 

CHEN 
0.5SSL 

*01 
.07 
,oo 
,08 
.oo 
.lo 
.oo 
,10 

$00 
,to 
.oo 
*I 1 
-00 
-12 
.oo 
,14 

,oo 
,10 

CH EN 
2.OSSL 

.12 

.02 
-00 
,oo 
.oo 
.os 
.Ot 

-00 
,oo 
.oo 
. 00 
.03 
.oo 
$00 
.oo 
.oo 
.oo 

,04 

-EAmB MEAN4 5.8 CV.22 

DES M 
W 4 

X 4 

W 4 

X 4 
W 4 

X 4 

W 6 
X 6 
W 6 
x 6 
W 6 
X 6 
W 8 
X 8 

X 8 
W 8 
X 8 

W a 

N 
4 

4 

6 
6 
0 

8 
4 
4 

6 
6 
8 
0 
4 

4 

6 

6 
8 
a 

MAX 
0.SSSL 

.18 

.O? 

.22 
,10 
.34 

,13 
.13 
.02 
.15 
,os 
.33 
.02 
.08 

.01 
a11 

.Ol 
3 1  
. O l  

MAX 
2.OSSL 

-16 
.20 
.06 

$03 
,03 
.11 
,16 
*04 
.36 
,01 
.03 
.09 
,14 
.03 
.od 
.01 
.02 

.oa 

CHEN 
0.5SSL 

.03 

.10 

.03 

.OQ 

.02 
-09 
$02 
.09 
,02 
.08 
.02 
.09 
.a0 
.09 
,01 
,09 
,O1 
. lo 

CHEN 
2.OSSL 

.21 

.19 

.07 

.O? 

.03 
,03 
.'I 1 
.09 
.03 
.02 
.01 
-01 
.07 
,03 
.01 
.Ol 
$00 
,oo 

J-4 



A- 
t' 

3 

/ 
m 

Am 

h 
m1 Appendis J. Estimated decision m o r  r a m  for Chcn tcst at tllc 0,1 Icvel, nnd Max tcst, for 

Road Dntn. 5 
'3 

i j  
WE? MEAN&,8 ~~1.4- nL 

cornpositing within scctor (DES-IV) or ocross sector (DESmX), bnscd on sirnulotions from Pi,wa 

EA - EA # ( 1  to 7), MEAS and CV dcnatc EA truc mcm and CV, 
tt of snmplcs pcr compositc, ?; 1 # of compositc snmplcs. c1 %V M 

3 
. . U P  

DES 

W 
X 
W 
X 
W 
X 
W 
X 
W 
X 
W 
X 
W 

x 
W 

x 
W 
x 

M 

4 

4 

4 

4 

4 

4 

c 
6 
6 
6 
6 
6 
8 
8 
8 
8 
8 
8 

N 

4 
4 
6 
6 
B 
8 
4 
A 

6 
6 
8 
8 
4 

A 

6 
6 
8 
8 

MAX 
0,SSSL 

.03 
$00 
,09 
$01 
a18 

-01 
,02 
.oo 
-06 
.oo 
.70 
.oo 
-01 
.oo 
* 04 
.oo 
.06 
.oo 

MAX 
2.0SSL 

.11 

.13 
-03 
.06 
a01 
.02 
.08 
.lo 
-02 
.03 
'00 
,02 
-06 
.I 0 
* O l  
.03 
800 
.07 

CHEW 
0,SSSL 

.02 

.OQ 
,02 
107 
.02 
.09 
.01 
.12 
.Ot 
.09 
,01 
.09 
.01 
.12 
,oo 
.'I 0 
.oo 
.11 

CHEN 
2.0SSL 

$00 
-00 
.oo 
.oo 
.OO 
,oo 
-00 
.oo 
,OO 
.oo 
.oo 
$00 
.oo 
.oo 
-00 
.a0 
$00 
.oo 

3-5 



APPENDIX K 

Soil Organic Carbon (Koc) I Water (KOw) Partition Coefficients 



3 
3 
L 

Boniono 
Bromolorm 
Carbon totrochlorldo 
Chlorobontano 
Chlorolorm 
Dichlorobcntanc, 1,2* (0) 
Dkhlorobontone, 114. (p) 
Dlchloroathnne, 1,l- 
Dlchloroothano, t,2= 
Dlchloroothylonct, 1 , l e  

Dichloroothylcno, tmns-12 
Dichloropropano, 1,2* 
Dloldrln 
E ndori u!hn 
Endrln 
Ethylbomeno 
Hoxachlorobonrone 
Mothy1 brornldo 
Mcthyl chlorldo 
Mcthylcno chlorlde 
Pontnchlorobonzona 
Totmchloroalhnno, 1,1222- 
fctnchloroahylone 
Toluono 
Trlchloroknzone, 1 2,4- 
Trlchlorwthnno, 1 ,I ,1- ' 

Trlchlorwathano, 1,1& 
Tric hloroothylano 
Xylene, o- 
Xylono, m . 
Xylono, p 

c 
rrl Table K-1. Values Used fbr K, I K, Corrclation .* 

Chcmlcal 

2.1 3 
2.35 
2,M 
2.86 
1.92 
3,43 
3.42 
1 . tB  
1.4? 
2.13 
2.07 
1.97 
5.37 
4.1 0 
5.06 
3.14 
5,80 
1,1g 
0.9 1 
125 
526 
239 
2.07 
275 
4,Ol 
2.48 
2.05 
2.71 
3.73 
320 
3,1? 

R Squaro 0,9742 
Adjustod R Squom 0.0733 
Standnrd Emt 0,7840 
Oboowatlonc, 31 

Colculotod 

log K, - 
1.77 
1.94 
2.24 
2 , s  
1.60 
2.79 
2.79 
1.50 
194 
1 .n 
1 .n 
1 ,G4 
4 , s  
3.33 
4.09 
256 
4.74 
1,02 
0.80 
1,07 
424 
1 .Q7 
2 1  8 
2.26 
325 
204 
1.7c 
222 
256 
2.61 
2.55 

K" - 
59 
87 

I f 4  
21 9 

40 
617 
617 
32 
17 
59 
52 
44 

21,380 
2,138 

12303 
3G3 

54,954 
10 
6 
12 

17,378 
93 

155 
182 

' 1,778 
110 

50 
166 
363 
407 
389 

Mea 

log K" 

1.79 
21 0 
2,18 
2.35 
1.72 
2,58 
279 
1.73 
1.58 
1,81 
1.58 
1-67 
4.41 
3.31 
4.03 
231 
4.90 
0,95 
0,78 
1 .oo 
4.51 
1.80 
2.42 
2,15 
3.22 
2.13 
1.88 
1.97 
2.30 
2.29 
2.49 

lrcd 

K" 
geomaon) 

61 $7 
126 

'152 
224 
52.5 
379 
61 G 
53.4 
38,O 

65 
38 

47.0 
25,546 
2,040 

10,811 
204 

80,000 
9,o 
6,O 
70 

32,148 
79.0 
265 
140 

1,659 
735 

75.0 
84.3 
241 
196 
31 1 

Residual 28 0.7a04 0.0269 
701~1 30 30.2?61 

Cocfllclonrs Sfd. Error t Stat Pmlue  Lowor 95% Uppar 95% 
Intercept 0,0?84 0.0748 ' 1.0487 0.3033 4.0746 0.2314 
X Vorlablo 1 0,7919 0.0239 33.0742 0,OOW 0.7430 0,8409 
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8 
c 
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Table K-2. Collected K, Values (Hydrophobic Organtcs) 
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17916 
17916 
17916 
17916 
17916 
17916 
17016 
l 7 G l 6  

5.0 
5.1 
5.2 
5.3 
5.4 
5.5 
5.6 
5.7 
5.8 
5.9 
6.0 
6.1 
6.2 
8.3 
6.4 
6.5 
6.8 
6.7 
6.8 
8.9 
7.0 
7.1 
72  
7.3 
7.4 
7.5 
7.6 
7.7 
7.8 
7.0 
8.0 
I 

6.35 
8.35 
6.35 
6.35 
8-35 
6.35 
6.35 
6.35 
6.35 
635 
8-35 * 

8.35 
6.35 
6.35 
6.35 
8.35 
6.35 
6.35 
6.35 
6.35 
6.35 
6.35 
6.35 
8.35 
8.35 
6.35 
8.35 
6.35 
6.35- 
0.35 
0.35 

0.9572 
0.9468 
0.9339 
0.9 182 
0.8% 1 
0.8762 
0.8490 
0.8171 
0.780 1 
0.738 1 
0.69 12 
0,8401 
g.5855 
0.5288 
0.4712 
0.4145 
0.3593 
03038 
0.28 1 9 
0.2 194 
0.1829 
0.1510 
0.1238 
0.1009 
0.08 I 8 
0.066 1 
0,0532 
0.0428 
0.0343 
0-0274 
0.02 I Q 

67 
67 
87 
67 
87 
67 
67 
67 
87 
67 
87 
67 
07 
67 
67 
87 
87 
67 
67 
87 
67 
67 
67 
67 
67 
67 
67 
67 
87 
67 
a7 

17152 
.16966 
16736 
10456 
16115 
15706 
15221 
t 4 S 1  
13991 
13241 
12404 
I1492 
10518 
9506 
8471 
7465 
8491 
5579 
4742 
3992 
3332 
2762 
2277 
1868 
1527 
1247 
1017 
03 1 
679 
656 
4543 

4 23 
4.23 
4.22 
4.22 
4.21 
4.20 
4.18 
4.1 7 
4.1 5 
4.12 
4.09 
4.06 
4.02 

3.93 
3.87 
3.81 
3.75 
3.68 
3.60 
3.52 
3.44 
3 3  
3.27 
3.18 
3.10 
3.0 I 
2!32 
283 
276  
268 

ma 

2,3,4,5=Tetrachlorophenol 

4.6 

4 2  

2 3.8 
- 3.4 

3.0 

2.6 

P 

I 

4.9 5.4 5.9 6.4 6.9 7.4 7.9 

PH 

* 



*Kc. 
6190 0.7153 93 4454 3.65 

0,6661 93 4154 3.62 
0.6131 93 3831 3-93 
0.5573 93 3493 3.54 
0.5oOo 93 3142 3.50 
0.4427 93 2792 3.45 
0.3869 93 2452 3.39 
0.3339 93 2129 3.33 
0.2847 93 1829 3.26 
0.2403 93 1 558 3.19 
0.2008 93 1317 3.12 
0.1663 93 1107 3-04 
0.1368 93 927 2.97 
0.1118 93 mi 2.09 
0.6309 93 647 281 
0.0733 93 542 2.73 

2.66 0.0594 93 455 
0.0477 93 384 2.58 
0.0383 93 327 2.51 
0.0307 93 280 2.45 
0.0245 93 242 2.38 

61 90 
6190 
6190 
6190 
6190 
6190 
61 90 
6190 
6190 
6190 
6190 
6190 
-6190 
61 90 
6190 
6190 
6190 
6190 
6190 
61 90 
61 90 
61W 
6190 
6190 
61 90 
6190 
6190 
6190 
61 90 
6590 
6190 

2,3,J,6-Tetrachl~rop~e~o~ 

.. 

U--W- -++#+ 

4.9 5.4 5.9 6.4 6.9 7.4 7.9 

PH ’ 

PH PKa 
4.9 5.30 
5.0 5.30 
5.1 5.30 
5.2 5.30 
5.3 5.30 
5.4 5.30- 
5.5 5.30 
5.6 5.30 
5.7 5.30 
5.8 5.30 
5.9 5.30 
6.0 5.30 
6.1 5.30 
6.2 5.30 
6.3 5.30 
6.4 5.30 
6.5 5.30 
6.6 5.30 
6.7 5.30 
6.0 5.30 
6.9 5-30 
7.0 5.30 
7.1 5.30 
7 2  5.30 
7.3 5.30 
7.4 5.30 
7.5 5.30 
7.6 5.30 
7.7 5.30 
7.8 5.30 
7.9 5.30 
8.0 5.30 

Appendix L Koc VaIues for Ionfrfng Organics as a Function of pH 



Appendix L. K, Values for fonizlng Organlcs as a Function of pH 

2380 
2380 
2380 
2380 
2380 
2380 
23@? 
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2380 
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2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2380 
2300 
2300 
2380 
2380 
2380 
2380 

4.9 
5.0 
5.1 
5.2 
5.3 
5.4 
6.5 
5.6 
5.7 
5.8 
5.9 
6.0 
6.1 
6.2 
6.3 
6.4 
6.5 
6.6 
8.7 
8.8 
8.9 
7.0 
7.1 
7.2 
7.3 
7.4 
7.5 
7.8 
7.7 
7.8 
7.9 
8.0 

'* . 

7.10 
7.1 0 
7,lO 
7.1 0 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.1 0 
7.1 0 
7.1 0 
7.10 
7.1 0 
7.1 0 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 
7.10 

4 

0.9937 
0.992 1 
0.9901 
0.9876 
0.9844 
0.9004 
0.9755 
0.9693 
0.9817 
0.9523 

0.9264 
0.809 1 
0.8882 
0.0632 
0.8337 
0.7992 
0.7597 
0.7 153 
0.660 1 

0.5573 
0.5CQO 
0.4 427 
0.3863 
0.3339 
0.2847 
0.2403 
0- 
0.1663 
0.1368 
0.1 116 

0.9406 

a m i  

38 
36 
36 
36 
3e 
36 
36 
36 
36 
38 
36 
38 
36 
36 
36 
38 
36 
36 
343 
38 
38 
36 
36 
36 
38 
38 
3a 
38 
38 
36 
36 
36 

2365 
2361 
2357 
2351 
2343 
2334 
2323 
2308 
2290 
2268 
224 I 
2207 
2167 
21 I6 
2059 
4990 
1909 
1817 
1713 
1597 
1473 
1342 
1208 
1074 
943 
819 
703 

. 599 
607 
426 
357 
208 

3.37 
3.37 
3.37 
3.37 
3.37 
337 

'3.37 
3.38 
3.38 
3.36 
3.35 
3.34 
3.34 
3.33 
3.31 
3.30 
3.28 
3.26 
3.23 
3.20 
3.1 7 
3.1 3 
3.08 
3.03 
297 
2.9 1 
205 
2.78 
2.70 
2.63 
2.55 
2-47 



Appendlx L. Koc Values for lonizlng Organlcs as a Functlon of pH 

I 1070 5.0 6.40 0.9617 107 1033 3.01 
1070 5.3 6.40 0.9523 107 1024 3.01 
1070 5.2 6.40 0.9406 107 1013 3.01 
1070 5.3 6-40 0.9264 107 999 3.00 
1070 5.4 6.40 0.9091 107 982 299 
1070 5.5 6.40 0.8882 107 962 2-98 
1070 5.6 6.40 0.8632 107 938 2.97 
1070 5.7 6-40 0.8337 107 910 2.96 

I 1070 5.8 6-40 0.7992 107 877 2.94 
1070 5.9 6.40 0.7597 I07 839 2-92 
1070 6.0 6.40 0.7153 107 796 2.90 
1070 6.1 6.40 0.W1 107 748 287 

2.84 1070 6.2 6.40 0.6131 107 697 

2.77 1070 6.4 6.40 0.5oOo 107 589 
1070 6.5 6.40 0.4427 107 533 2.73 
1070 6.6 6.40 0.3869 107 480 2.68 
1070 6.7 6.40 0.3333 107 429 2.63 
1070 8.8 6.40 0.2847 107 381 2.58 
1070 6.9 6.40 0.2403 107 338 2.53 

I 

I 

l r  v) 1070 63 6.40 . 0.5573 107 €344 2.81 

I 
I 

K,, PH P K ~  @ K,, K, IogK, 
1070 4.9 6.40 0.9693 107 1040 3.02 c t 

2,4,6-Trlchlorop henal 

Ef-H-h 
4.9 5.4 5.9 6.4 6.9 7.4 7.9 

PH 

: 

I 

1070 7.0 6.40 0.2008 107 300 248 
1070 7.1 6.40 0.1663 107 267 2.43 
1070 7.2 6.40- 0.1368 107 239 2.38 
1070 7.3 6.40 0.1118 107 . 215 2.33 
1070 7-4 6.40 0.0909 107 195 2.29 
1070 7.5 6.40 0.0736 107 178 2.25 
1070 7.6 6.40 0.0594 107 164 2-22 
1070 7.7 6.40 0.0377 IO7 153 2.18 
1070 7.8 6.40 0.0383 107 144 2.16 
1070 7.9 6.40 0.0307 107 137 2.14 

- 1070 a.0 6-40 0.0245 107 131 2.12 
i'Lvl?s * t.SocQ.gv) I \ffdt*; 
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APPENDIX M 

Response to Pcer-Review Comments on MJNTEQA2 Model Results 

Pccr review of thc SSL MIXTEQA:! modcl rcsults idcntificd scvcral issues of conccm, including 

The charge bnlnncc cxcccds an occcptablc margin of diffcrcnce (5  pcrccnt) in most of 
thc simulations. A variancc in cxccss of 5 pcrccnt may indicate that the model 
problem is not corrcctly clicmically poiscd and thcrcforc the results m y  not bc 
chcrnically mcaningful. 

The modcl should not aIlow sulfatc to adsorb to thc iron oxide, Sulfate is a wcakly 
outcr-sphcrc adsorbing spccics nnd by including thc adsorption renction, sulfate is 
rcmovcd from the nqucous phase at pH virlucs less thnn 7 and is prcvcnttd from 
participating in prccipiution rmction at thesc pH valucs, 

Modclcd Kd volucs for borium nnd zinc could not be reproduced for all studied conditions. 

Thc rcrnaindct of this Appendix nddrcsscs cnch of these issues, 

Charge balance in the MINTEQA2 model runs I 

Although thc chargc imbnlanccs (c.g,, 68% nt pH 8.0 cnd 54.9% PT pH 4.9) orc prcscnt especially at 
high and low pN conditions, the conclusion that thc charge imbaluncc malics rhc rnodcl rcsults not 
chcrnically mcnningf'ul is not wnnantcd, 

MRIJTEQA2 uses NO primary equations to solvc chcmicnl cquilibrium problems: the mass o d o n  
equation (also mllcd the mass l&w equation) and the mass bnlnncc cqumion. MXNTEQA2 docs not use 
thc charge bulance cquntion to obtain the mnthcmntial solution of the cquilibrium problcm. This 
docs nor mcm that the charge bnloncc cquation has no meaning in M7NTEQA2 calculations, 

The revicwcfs conccm is undcrsmndnblc, 11 is logical that nny chemical systcm whosc chnrgcsm 
not in balancc must be incornplctc or have crroncous conccntmtions for onc or more components, 
Howcvcr, thc systcms being modclcd hcrc arc not "real" systems in thc sensc that thcy physically 
cxist somcwhcrc so that mcnsurcmcnts can be made on thcm. Rnthcr, thcy arc generic, 
rcprescntntivc systems for ground watcr with vdab lc  (high, medium, low) concentrations of thosc 
parameters that most significantly impact &. 

Thc modclcd groundwolcr consists of national mcdian conccntrations of thosc major cations and 
anions that arc most likely to impact the chcmistty of thc tracc mctuf of interest by: (1) their 
compltwtion with the trace rnctal, (2) their competition with thc tr3cc mctol for sorption sitcs, 
and/or {3) their cffcct on thc ionic strcngth of the solution nnd thus, thc activity cocfficicnts of all 
specks in solution including thc trncc mcral. The settings of the thrcc componcnts of this 
rcprcscnttltivc systcm that hnvc the grwtcst impnct on thc cnlculntcd Kd for Vnhous t n c c  metals GIT 
systcmatically vnricd. Thc thrcc "mxstcr vnrinblc" componcnts arc pH, iron hydroxide sorption site 

' conccnmtion, and concentration of natural organic matter (particulate and dissolvcd). 
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No ancmpt was madc to rcconcilc chngc balnnccs at thc diffcrcnt settings of t ! ~  thrcc master 
vnrinblcs, If reconciling charge bnlancc had bccn attcmptcd, it would havc been accomplished by 
adjusting the concentrations of rclativcly inert onions and cations (C.& NOJ-, No*) us nccdcd to - 
bnlnncc the c h q c  at cquilibrium. It would bc unwise to adjust thc concentrations of mofc rcnctivc 
cornponcnts (e.&., CO$; Cn2*). To do so would bc inconsistent with thc initinl ussumption that thosc 
constituents could bc udequately represented by mcdinn conccntrntions obscrvcd in ground watcr nnd 
that variability in thc system could bc cnpturcd by varying thc thnc master components. 

Table M-1 shows the rcsult if the conccnmtions of the less rcnctivc componcnts NO39 tmd Nn* we 
ndjustcd in the hi@ and low pH model runs so as to give a charge imbalance of 6% nt equilibrium. 
Thc rcsults shown pertain to thc mcdium iron hydroxide nnd medium nntuml orgnic mmtr  s e t t b p  
for zinc at thc pH values listcd. As shown in the table, the & vnlucs computcd differ Iinlc from 
thosc prcsentcd in this report. Thc espcctcd dcgrec of error in the Kd vnlucs due to the many 
simplifications and assumptions involvcd in gencric modeling must surcly ucced the variance due to 
charge imbalance. 

bblc M-1. Kd values with and wlthout counter ions (Na* or NO3') 
added to balanco charge. 

PH 

4.9 7.61 1.51 

8.0 16,1$1 16,135 

K,,' (Ukg) No Counter Ion Added Ka' (ukg) With Ne' or NO3' Added 

1 & votuas Ohown correspond to the medium iron hydroxide, modium naturnl orgnnic manor osrtings. Counter ions 
w r o  addad to rvduca chago Imbalnnco to <5% at aqulllbrium, 

Sulfate adsorption in MINTEQA2 model tuns 

Thc pccr rcvicwcr states that sulfntc should not bc ullowcd to adsorb to the iron oxidc. Thc rc&wcr 
concludcs that by including the adsorption reactions "sulfatc is removed from thc oqucow phnsr at 
pH vnlucs less than 7 and is prcvcnrcd from participating in prtcipintion reactions ttt these pH 
VitIUcSm. 

Thc sulfate adsorption mctions on iton oxide included in the MMTEQAZ model runs wrc tnkcn 
from D dntubase of adsorption mctions that. has been shown to givc rcliablc rcsults in predicting 
sulfatc adsorption on purc phnsc iron oxidc (Dzombak, 1986). The revicwer is corrcct in that ~TCC 
sulfate conccnmtion is cnhanccd at low pH in runs without sulfatc adsorption relutivc to runs with 
sulfate adsorption, Howcvcr, for runs with low contaminant trace mcml concentrations from which 
thc SSL Ws were taken, mctal-sulfatc prccipitatcs do not form regnrdlcss of whether sulfate 
ndsorption is included or nor. Also, thc & values ovcr thc c n t k  m g c  of trocc rncfal concentrations 
modcled do not differ sigificuntly whcn sulfatc adsorption is included v c m  cxc!udcd. 

.Test tuns wcrc conducted .on barium, zinc and cadmium at various settings of thc three mmcr 
varinbles (pH, natural organic mancr (NOM) concentration, and iron oxide (FcOX? sorption site 
conccntmtion). Tablc M-2 shows the &. vnlucs for thc Iowcsi and highest mcc meml conccntmtion ,* 
for model runs with and without sulfatc adsorption. Results m shown for barium, zinc n d  admiurn 
at the indicated scttings of the mmcr varinbla. Whcrc rcsults diffct for the "with" and "without" 
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sulfate adsorption CISCS, it is most frcqucntly duc to tlic formation of ilqUCOUS complcxcs bcnvccn thc 
trilcc mctcll and sulfate that compctc with trace mcml adsorption reactions, cspccinlly at low mctal 
conccntrilt ions. 

Table M-2. Kd valuos calculatod wlth ond without sulfoto adsorptlon ronctlons. 

~ 

Metal (sottlngs) K,' (Ukg) wlth SO, adsorption Kd' (Ukg) wlthout SO, adsorptlon 

0a (MMH) 2,Ol ' 0.10 2,Ol - 0,lO 

Ba (MMM) 1.37 0.04 137 - 0.04 
Bo (LMM) 0.59 9 0,04 0,59 0,04 

0.12-0.01 Ba (LLM) 0.12 - 0.01 

Bn (LLL) 0.12 0,07 0,12 0,Ol 

Zn (MMH) 1537-8G3 1478 a0 
Zn (LMM) 1.61 0,42 1.57 - 0,41 
Zn (LML) 1 A6 - 026 1 ,a - 0225 
(WM) 0.94 - 0.01 6.91 6.01 

1 & rongo shown corrosponds IO tho Iowost ana highoir tine@ moult concuntrattonc. Macter vnrlnblo dottingo or0 
lndlcoted by o throc latter coda for onch modo1 run: the IeHmoct lonor Indlcalos pH, tho middle lettor raprosonts the 
NOM concentration, and tho rlghtmoot loner indicatas tho concantrritfon of FoOX edsorptlon 0ltu3 Icg,, HLM 
Indlcntus hish pH, low nnlural organic mottor, modium and iron OXidQ slts concontrntlon), 

Reproducing RTI results for barium and zinc 

Thc p e r  rcvicwcr had difliculty rcproducing thc Kd values computed for barium and zinc. X'IC 
rcvicwcr included two srrmplc input filcs for MINTEQn2 that lind fdcd to producc rcsults similar to 
thc SSL cdculntions. 

Thc SSL rcsults an bc rcproduccd for all metals using thc cumtnr vcrsion of  M"EQA.2  (v3,I 1) 
distributed by EPA. As indicated in the 1994 Tcchniwl Background Documcnt, n modified vcrsion 
of this model w u  ~ s c d  to calculate SSL Gs, The currcnt vcrsion can be used to cnlculute the: Same 
rcsults by pcrforming the following steps: 

1) Edit thc v3.11 componcnt dntabnsc file COMP.DBS to invcn n component to rcprcwnt 
particu1;ltc organic matter (POM), Use thc 3-digit identifying numbm 251, D charge of -2.8, and 
ct molar mass of zero. 

2) Edit thc v3.11 file TI-IER.MO.DBS to add the m a l  POM rcnctions shown in Appendix H of thc 
RTI draft tcport. Thc filc DATABASE.DOC includcd with MMTEQA2 v3.11 givcs detailed 
instructions for modibing the database filc. Aftcr all reactions IVC nddcd, del or rcname the 
current THER!!O,UNF and T Y P E 6 . W  files and execute progrim UNFRMT (included with 
v3.11) to crcnte new *,LNT files, 
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5 )  Obscrvc that thcrc wcrc two modifications to v3,I I thut make calculation of & in Ukg cnsicr in 
thc vcrsion uscd by RTI. Since those modifications arc not present in v3,I 1 itself, thc user must 
takc m e  in computing &. The proccdure is to first obtain thc c3lculatcd conccnmtion of the 
metal of intcrcst (say, barium) bound with POM from PART 3 of the outpur file. If you havc SCI 
the solid prccipiution flag to print a report each timc ;L solid precipitates or dissolves, there will 
bc ;I scries of PART 2 outputs each corrcsponding to a precipitation or dissolution evcnr. You 
must be surc that the PART 3 output from which you obtain thc mcbl-POM concentration is 
the cyuilibrium output (i,c., it occurs prior to thc PART 5 EQUILIBMTED MASS 
DISTRIBUTION with no intcrvcning PROVISIONAL MASS DISTIUBUTIOh7. After obtaining 
the metal-POM conccntntion, Iocatc the line corrcsponding to thc tmcc metal of interest, my 
barium in thc PART 5 EQUTLIBRATED MASS DISTRTBUTION section. Obtain the total sorbed 
conccntrntion valuc and to this valuc add thc conccnmtion of mctnl-POM spccics. This is 
neccsssry because v3.11 rccognizcs only componcnts with number 81 1 through SS9 11s sorption 
eomponcnts, Thc mctnLPOM concentration will not hove bccn nddcd in the sorbed column. It 
will instcod have bccn included in thc dissolved column, so subtract thc mcml-POM conccntmtion 
from thc dissolvcd total. Finally, to compute &, mkc the mtio of sorkd ovcr dissolvcd (after 
thc rrdjustmcnt for ma;ll-POM). Thc resulting & must bc divided by 3.177s k& (the mass of 
soil that onc iitcr of solution is equilibrated with) to express thc rcsult in Lkg, 

If thc nbovc thrcc stcps arc followcd, the v3.1 1 MMTEQA2 will givc thc s m c  result as in thc 1994 
Technical Buckground Documcnt provided thc dntn in thc input filc is comet. Thc two input files 
scnt dcsigncd by thc reviewer did not give c o m a  results cvcn when thcsc steps wcrc followcd bewusc 
of foulry vnlucs in thc input file. The fiics supplied by thc rcvicwcr (SSLBAJ" and SSLZNDT) 
wcrc comet in all respects mccpt two: 

1) The sitc conccntntion for the POM componcnt at the medium setting ww cntcrcd as 1.930~103 
m a .  This vnlue w u  cvidently obtained from thc table on pngc 33 of the EPA report (US EPA ' 

1992) after converting to rn& This is not &he correct valuc for this the POM componcnt. The 
conrct vnluc is 9.31~10'4 molA and is found in the table on page 3S of EPA report. 

2) Thc iron oxide ndsorbcnt is represcntcd by two sitc rypcs (components 811 and 812). The high 
population sitc has n lower u f i n i p  for thc iron oxide surfacc for metals (ucprrsscd in n smnller 
log K in thc adsorption reactions involving mctnls). For a particular metol, soy, zinc, it will bc 
noted that thcrc arc two reactions in thc dntabst of 42 iron oxide adsorption reactions (FEW- 
DLM.DBS). This thnc-digit component number nsswiatcd with the rcoction having thc smaller 
log K of the two is thc number to that must bc used for thc high population site. That is, 
component 812 should bc cntcrcd at tlic higher sitc conccnmtion and SI1 at thc lower site 
conccnmtion. The sct of sitc conccntmtions is given on pagc 44 of the EPA report. In the 
snmplc input files, component 81 1 was associated with thc high site conccntmtion and 812 with 
the lowcr. 

Aftcr correcting thcse two crrofs and observing the spccial rcquircmcnts of using of v3.11 p5 
indicated nbovc, the &l valucs obLqined using MINTEQA2 v3.11 with the pccr miewcr's files were 
virtually identical to the SSL rcsults. 
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