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EXECUTIVESUMMARY

This report containsa descriptionof the resultsfrom the analysisof

the sensitivityof estimatedpublic healthrisks to changes in model param-

eters relatingto the contaminantsource releases,contaminanttransports,and

human exposurescontaminantsfrom six waste sites. Estimatedpublic health

risks associatedwith these and other sites at U.S. Departmentof Energy (DOE)

. compoundswere reported in a p_lot study done by the Oak Ridge National Labora-

tory (ORNL)for the DOE (ORNL 1992).

The objectiveof the sensitivityanalysiswas to identifythe subset of

model input parameterswhose variationsaccountedfor the majority of the

variationin the computedpublic health risk values. All environmentalmodel-

ing in this study and the pilot study done by ORNL (1992)was based on the

MultimediaEnvironmentalPollutantAssessmentSystem (Whelanet al. 1992).

The resultsof the sensitivityanalysisfor the atmosphericcase indi-

cate that the most influentialvariableswere emissionrate and, to a lesser

extent, populationsize. For groundwatercases, there was no consistentorder-

ing of the influentialvariables. Dependingon the case considered,some

influentialvariablesincludethe following: equilibriumpartitioncoeffi-

cient (Kd),size of population,pore water velocity,constituentinventory,

contaminantflux rate from source,and thicknessof saturatedzone. For the

overlandtransportcase, the regressionmodel fit was not adequatefor a reli-

able identificationof the influentialvariables.
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1.0 INTRODUCTION

This report describesthe resultsfrom the analysisof the sensitivity

of public health risks to changesin model parametersrelatingto the contami-

nant source releases,contaminanttransports,and human exposuresfrom six

• waste sites. Estimatedpublic health risks associatedwith these and other

sites at U.S. Departmentof Energy (DOE)compoundswere reported in a pilot

, study done by the Oak Ridge National Laboratory(ORNL)for the DOE (ORNL

1992).

The objectiveof the sensitivityanalysiswas to identifythe subset of

model input parameterswhose variationsaccountedfor the majority of the

variationin the computedpublic health risk values. All aspectsof environ-

mental modeling in this study and the pilot study done by ORNL (1992)were

done using the MultimediaEnvironmentalPollutantAssessmentSystem (MEPAS)

(Whelanet al. 1992).

Six sites from the DOE pilot study were selectedfor examination. These

sites (primarycases in Table I) were chosen based on

° the requirementto select sites from the low, medium, and high-risk
categories

. the objectivethat the modeled pathwaysin these sites represent
the majority of the dominantenvironmentalpathwaysassociatedwith
DOE sites

° the extent to which the modeled scenarioscontainedinput param-
c,ters that were among those that were typicallyinfluentialas
identifiedin an earlier sensitivitystudy using the MEPAS system
done in support of the DOE EnvironmentalSurvey (Doctoret al.
1990).

The last of the above considerationswas used to provide a confirmation

that the resultsof Doctor et al. (1990)apply to these sites as well as

• strengthenthe case for a generalizedinterpretationof the resultsof that

earlierstudy.

Within each of the six sites selectedfor study,the major contaminants

and pathwayswere identifiedbased on their contributionsto the overallsite

populationrisk as calculatedin the DOE pilot study. In additionto the six

principalcases, three specialstudy scenarioswere analyzed. The special
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TABLE i. ReceptorConstituentPathwaysSensitivityStudy Cases

Independent

Study Case/Site Pathways(s) . Inputs{a/ Constituent

PrimaryCases:

1. Oak RidgeWAG6 (WasteArea Groundwaterto ClinchRiver B3 Strontium-90
Grouping) Irrigation

2. ArgonneANL570HoldingPond Overlandto IllinoisRiver 49 Arsenic

3. HanfordNRDWL (Non-Radioactive Groundwaterto Well, Richland 20 Benzene
DangerousWaste) " i

4. LawrenceLivermoreLLNL Site Groundwaterto Well, Ranger 32 Trichlorethylene
300 Pit 6

5. FernaldOU1 Groundwaterto Well SW Ohio 68 Uranium-238
Water Company

6. FernaldOU4 Air emissions,Inhalation 11(b) Radon-222with decay
products

SpecialStudy Cases:

7. Two Constituentsat Hanford Groundwaterto Well, Richland 23 Benzene
NRDWL MethyleneChloride

8. SIX Constituentsat Hanford Groundwaterto Well, Richland 23 Benzene
NRDWL MethyleneChloride

CarbonTetrachloride
Chloroform

Trichloroethylene
Tetrachloroethylene

9. Population-Distanceat Fernald Air emissions,Inhalation 21(c) Radon-222with decay
OU4 products

(a) Numberof model parameters(inputs)considered.
(b) Nine inputsplus 2 factorsfor 576 wind and 160 populationinputs.
(c) Nine inputs,a wind data factor,and 10 factorsfor 10 sets of populationinputs.

cases for the HanfordSite involvedconsideringadditionalsignificantcon-

taminantsand the specialFernaldcase involvedfurther inquiryinto the sen-

sitive populationsfor that study. All of these cases are listed in Table I.

A completedescriptionof each of the cases is given in ORNL (1992). Thus

there was one modelingscenario for each of the six sites selectedby ORNL

from the DOE study; these scenarioscomprisedfive waterbornetransportcases

and one airbornetransportcase. Among the waterbornescenarios,one involves

overlandflow to a river, three are based on groundwatertransportto a well,

and the remainingone involvesgroundwatertransportto surfacewater.

As indicated,the MEPAS system was used for all environmentalmodeling;

this modeling consistedof computingcontaminantreleases(where unknown),
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modeling contaminanttransportto the human receptorlocation,and computing

potentialhuman exposuresto the contaminantsand their correspondingcarcino-

genic risks to the total exposedpopulations. These populationrisks, also

referredto as the number of health effects,were based on (average)chronic

exposuresover a 70-yearlifetime. Becausethe MEPAS system computesfuture

. exposuresup to 10,000years (in 70-year segments)into the future,the time-

discountingoption was selectedto downweightthe populationrisks that occur

. in the distantfuture. The reader is referredto Whelan et al. (Ig8g)or

Whelan et al. (1992)for furtherinformationabout the MEPAS system.

This report was preparedby PacificNorthwestLaboratory(PNL).(a)

(a) PacificNorthwestLaboratoryis operatedfor the U.S. Departmentof
Energy by BattelleMemorial Institute.
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2.0 APPROACHOF_SENSITIVITYANALYSIS

The steps involvedin performingthe sensitivityanalysiswere as

follows:

° Select a statisticaldistributionfor each input variable (model
parameter)to be varied.

• Randomly generatea series of values for each input via the Latin
• hypercubesamplingalgorithm(Imanet al. 1980).

° Performa series of completeMEPAS runs, each run being based on a
single realizationof the randomlygeneratedset of model parame-
ters. These repeatedruns produced a correspondingseriesof model
output values (time-discountednumber of health effects).

° Fit a multiple linear regressionresponsesurfacethat relates
variationin the model output (time-discountednumber of health
effects)to model input variations. This responsesurface is a
surrog_tefor the MEPAS model; the partialregressioncoefficients
obtainedprovidea quantitativemeasureof the output responsesto
changes in each of the input variables. The partialR-Squareval-
ues for the coefficientsare used to identifythe influentialmodel
inputs (e.g.,those inputswhose variationsaccountfor the major-
ity of the model output variability).

Normal distributionwas used for each of the inputs,althoughfor some

parametersthis distributionwas truncatedfrom below to ensure that realiza-

tions would be non-negative. Becausethe objectiveof the sensitivityanaly-

sis is to identifythe set of influentialinput variables,the distributions

of these inputswere constructedto exhibitconservativelyhigh, yet feasible,

ranges of variabilityso that model output responsesat all influentialinput

values would be induced.

The independent(input)variablesin this study are the user-definable

MEPAS model parametersfor source,transport,and exposurecalculationsasso-

ciated with each scenario. Site conceptualizationinputs in MEPAS were not

consideredto be stochastic(i.e.,controlparametersreflectingthe choice of

source configurations,pathways,etc., were not varied). The number of inde-

pendent inputsconsideredfor each study case is listed in Table I. The sen-

sitivityanalysisdescribedabove was very similar in approachto that of

Doctor et al. (1990).
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For the atomospherictransportcases, the inputsthat involveda large

table of values,subsetsof valueswithin the table were varied as a block.

The distance-relatedsubgroupsof the populationtable were jointlyvaried,

and for the wind-dispersiontable, the frequencyof conditionsin the signifi-

cant sectors(contributing90% of the total computed risk) were also jointly

varied. Becausethe MEPAS model normalizesthe frequenciesin the wind dis-

persiontable, this procedureresulted in a lesser change in the frequencies

in the selectedsectorsalong with a correspondingopposite change in fre-

quenciesof the remainingsectors.

The form of the regressionresponsesurfaceused in this studywas the

multiple linearmodel with no interactionterms. Several regressionmodels

were recursivelyfitted betweenthe output (time-discountednumber of health

effects)and subsetsof the varied inputsto determinethe "best" subsetof

inputs to representthe output responserelation. Typically,the selected

subsetmodel "explains"nearly the same amount of variationin the output as

the full model does, but containsfewer parameters. This approachis consis-

tent with the goal of this sensitivityanalysis,which is the identification

of the subset of environmentalmodel inputswhose changes cause significant

change in the modelingresult (e.g.,the number of time-discountedhealth

effects).

Commonlyavailablesubsettingalgorithmsare forward selection,backward

elimination,all possibleregressions,and stepwise selection(Draperet al.

1981). The stepwiseapproachwas taken in this study,having been used by

Doctor et al. (1990)and recommendedby Draper et al. (1981),using the Sta-

tisticalAnalysisSystem (SAS)Software.(a) The stepwisealgorithmrecur-

sivelyadds and removes variablesfrom a set accordingto their statistical

significanceuntil I) the model improvementfrom adding anothervariableis

negligible,and 2) the loss of model performancefrom deleting a variableis

high. After the optimal set of variableswas determined,we used the (sequen-

tially)partialR-Squarefor the variablesas the basis for doing the sensi-

tivity rankingof the inputs. This partialR-Squareis defined as the model

(a) SAS. 1991. StatisticalAnalysisSystemSoftware. Cary,
North Carolina.
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R-Squarefor the variable added to subsetminus the model R-Squarefor the

variablesalreadyin subset. The partialR-Square value representsthe incre-

mental contributionto model fit from adding a given variable to the existing

subsetof variables. The partial R-Squarefor that variablewill generally

depend on which variablesare already in the selectedsubset;thus we use the

• term "partiallysequential"(whichoriginallywas used with respect to the

regressionsums-of-squares[Draperet al. 1981]) to characterizethis measure

. of regressionmodel fit.

In all scenarios,each input was generatedfrom the normal distribution,

and there were zero pairwisecorrelationsbetweenall inputs. In general, the

inventories,initialconcentrations,fluxes,distributioncoefficients(Kd),

and hydraulicconductivitieswere given +/- 50% ranges;populationsranged

between+/- 10% and 40% dependingon the pathway; and all other inputsranged

from +/- 10% to +/- 30% (all percentageswith respectto the average [base

case] value). As indicated,these rangeswere made conservativelywide so

that any input rangesproducinglocal nonlinearitywould be discovered.

Becausethe normal distributionhas no finite range, upper and lower

truncationswere imposedat respectivedist_ncesof 2 standarddeviations

above and below the mean. However,becausethe base case values of Kdswere

zero for contaminantsin the Oak Ridge WAG 6 and FernaldOUt scenarios,the

distributionsassignedto these model parameterswere normal with zero means,

the lower truncationsalso at zero, and the upper truncationsat 2 standard

deviationsabove zero.

The rangesof the input variablesshouldbe wider in a sensitivity

analysis than an uncertaintyanalysis. To identifyall sensitivities,the

output is assessedover the entire feasible space of the inputs,while an

• uncertaintyanalysis is intendedto quantifythe output variabilityin

response to inputsbeing varied in their believedranges.
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3.0 RESULTS

This sectiondescribesthe resultsof fitting responsesurfaceapproxi-

mations to the MEPAS model for each of the cases. The results for each case

are presentedin a table as an orderedlistingof the most influentialinput

variablesbased on their relativecontributionsto model output along with the

statisticalmeasures of their contributions. Each case has been analyzed in

. detail to validate the indicatedimportancesof the model inputs.

The resultsgiven below supportthe objectiveof identifyingmodel-

sensitiveinput variables,ratherthan determiningthe actual uncertaintyof

the output. Thus the rangesof outputsprovided are for informationalpur-

poses only.

Because of the complexnatureof the waterbornepathways,the inputs

that are identifiedas influentialvariablesare highly case specific. Doctor

et al. (1990) show that the importanceof parameterswill vary greatlywith

constituent,transport,and exposureproperties. It is quite possible for the

output to be positivelyrelatedto an input variable in one case and nega-

tively so in anothercase. For example,factorssuch as decay or degradation

of a constituentand time-discountingof effectscan counterthe increasein

concentrationthat occurs with a decreasein pore-watervelocity,so the

resultsfor a highly radioactivecontaminantwould expectedlydiffer in this

way from a scenariowith a stable or non-degradingcontaminant.

The resultsfor the six primarycases are given in Tables 2 through4

and 7 throughg. The resultsfor the specialstudy cases are given in

Tables 5, 6, and 10. All tables includeboth the sensitivityanalysisresults

and a descriptionof the statisticalsdistributionsof all variedmodel

- inputs;for example,Table 2a containsthe resultsfrom a sensitivityanalysis

of the inputsfor the Oak Ridge WAG 6 resultsand Table 2b providesan identi-

ficationand statisticaldescriptionof all inputs that were varied for that

case.

In the resultstables,influentialinput variables(as identifiedin the

stepwiseselectionprocedure)are ranked in terms of their partial R-Square

(largestfirst). The first column has MEPAS variablenames and the last
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column expandeddescriptionswith referencesto appropriatesections in the

documentof Droppoet al. (1989). The column labeled "ParameterEstimate"

containsthe estimatedregressioncoefficientsfor the listed variables.

These coefficientsrepresentthe estimatedchange in healtheffects from unit

changes in inputsand thus indicatewhetherthe relationshipsare positive or

negative. The full model R-Square for each case is given at the bottom of the

tables.

3.1 OAK RIDGE WAG 6

The Oak Ridge WAG 6 scenario involvedreleasesof strontium-90from the

waste area grouping into groundwater,subsequenttransportfrom groundwater

into ClinchRiver, and use of contaminatedriver water for irrigation. The

sensitivityanalysisresults for this case are given in Table 2. The initial

sensitivityruns for Oak Ridge WAG 6 had lower total model R-Squarevalues

(beingabout 0.44). Additionaltest runs showed that the nonlinearityof the

influenceof the subsurfaceKd (WASUBKD)for near-zerovalues results in a low

model R-Squarefor relativelysmall rangesof this input variable.

Experimentallyit was determinedthat for Kd a standarddeviationof 0.05
in a normal distributionwith a mean of 0.0 truncatedon the left resulted in

an acceptablefull model R-Squarevalue. This range for the variableKd also

resulted in it having an importanceon the same order as other input varia-

bles. Table 2 containsthe resultsfor the Oak Ridge WAG 6 case using the

limitedrange of values for the subsurfaceKd. The analysishas a full model

R-Squareof 0.80 and identifiesseven input variableshaving a partial

R-Squaregreaterthan 0.01.

The subsurfaceKd for strontium-90has a base case value of zero. In

terms of the transportof this particularconstituentto off-sitereceptors,a .

zero Kd is the most conservativevalue of Kd, indicatingthat there is no

adsorptionof the contaminantonto the porousmedium and, therefore,all of

the contaminantis in solute form and availablefor transport. Furthermore,

for a fixed level of pore water velocity,a zero value for Kd results in the

greatestcontaminantvelocityand thus the earliestexposureat the receptor;
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TABLE 2a. Summaryof StepwiseRegressionProcedurefor the SensitivityAnalysisof PopulationHealth
Effects - Oak Ridge WAG 6 Groundwaterto SurfaceWater Case

Partial Parameter
Name R-Square Estimate Description

WZPVELOC 0.268 2.5j Pore-WaterVelocity (SZ), lyr #I

WASUBKD 0.]44 -3.37E-0] 2.7a Subsurfaceadsorptioncoefficients,lyr #I, STRONTIUM-gO

WASURFKD 0.]]7 -2.80E-03 2.7b Surfaceadsorptioncoefficients,STRONTIUM-90

WWDISCHG 0.]]2 -6.90E-06 2.6e Average annualdischargeat each receptorlocation,rcptr #I

WSCONC 0.0855 2.]k Contaminantconcentration,STRONTIUM-g0

WZDIST 0.0203 -9.36E-05 2.5m Travel distance in saturatedzone to receptors,lyr #], rcptr #]

EWIRRATE 0.0130 4.2i Irrigationrate, rcptr #I

WZLDISP 0.00660 2.5n Longitudinaldispersivity,lyr #], rcptr #]

WCRAIN 0.00590 2.8g Mean monthlyprecipitation

WZTOTPOR 0.00380 2.5h Total porosityof SZ, lyr #]

WCRAIN 0.00340 2.8g Mean monthlyprecipitation

WCTEMP 0.003]0 -1.71E-04 2.8f Mean monthly temperature

WWDEPTH 0.00310 -3.22E-04 2.6b River depth

WCRAIN 0.00250 2.8g Mean monthlyprecipitation

WCRAIN 0.00280 2.8g Mean monthlyprecipitation

WCRAIN 0.00250 2.8g Mean monthlyprecipitation

WCTEMP 0.00240 2.8f Mean monthly temperature

WZPERPOR 0.00200 2.5z Percentof.totalporositysubstitutedfor effectiveporosity,
lyr #I



TABLE 2a. (contd)

Partial Parameter

Name R-Square Estimate Description

WZBULKD 0.00200 -7.13E-03

WCRAIN 0.00160 2.8g Mean monthlyprecipitation

WCTEMP 0.00140 2.8f Mean monthly temperature

EWPRODOV 0.00120 4.2f Other vegetableproduction,rcptr #I

WCPRENUM 0.00110 -1.26E-03 2.8j Mean number days where precipitation>0.01

Model R-Square: O.B05



TABLE 2b. Summaryof Input Variablesfor SensitivityAnalysisof PopulationHealth Effects- Oak Ridge
WAG 6 Groundwaterto SurfaceWater Case

Dist. Range
Name Type +/- 2*SD Mean SD Description

WSINVENT Normal 50.0 1.55E+04 2.1j Const_tueatinventories,STRONTIUM-gO

EWPRODLV Normal ZO.O 1.40E+04 4.Ze Leafy vegetableproduction,rcptr #1

EWPRODOV Normal 19.9 4.03E+04 4.2f Other vegetableproduction,rcptr #1

EWPRODMT Normal 20.2 3.41E+03 4.2g Meat production,rcptr #I

EWPRODMK Normal 19.9 5.18E+04 4.2h Milk production,rcptr #1

EWIRRATE Normal 20.0 1.00E+01 4.2i Irrigationrate, rcptr #I

WSMOISTC Normal 14.9 2°80E+00 2.1g Moisturecontent associatedwith rankingunit

WSBULKD Normal 14.7 1.45E-01 2.1h Bulk density of top soil at rankingunit

WSCONC Normal 49.B 2.BSE+04 2.1k Contaminantconcentration,STRONTIUM-gO

WTVEGCOV Normal 6.29 5.00E+O0 Z.Zh % vegetativecover

WTAVAILW Normal 10.2 4.90E-01 2.2i Top soil water capacity

WZTOTPOR Normal 15.1 3.68E+00 2.5h Total porosityof SZ, lyr #I

WZPERPOR Normal 14.9 2.75E+00 2.5z Percentof total porositysubstitutedfor
effectiveporosity,lyr #I

WZPVELOC Normal 49.9 5.75E-03 2.5j Pore-WaterVelocity (SZ), lyr #I

WZTHICK Normal 30.1 3.00E+O0 2.5k Thicknessof SZ, lyr #I

WZBULKD Normal 15.0 1.47E-01 2.5l Bulk density of SZ, lyr #1

WZDIST Normal 10.0 3.75E+01 2.5m Travel distance in saturatedzone to
receptors,lyr #I, rcptr #I

WZLDISP Normal 50.3 I.BgE+01 2.5n Longitudinaldispersivity,lyr #I, rcptr #I

WZTDISP Normal 49.9 3.75E+00 2.5o Transversedispersivity,lyr #1, rcptr #1



TABLE 2b. (contd)

Dist. Range
Name Type +/- 2*SD Mean SD Description

WZVDISP Normal 49.9 2.18E-02 2.5p Verticaldispersivity,lyr #I, rcptr #I

WWVELOC Normal 29.9 1.20E-01 2.6a River flow velocity

WWDEPTH Normal 49.8 4.00E+O0 2.6b River depth

WWWIDTH Normal 29.9 5.70E+0! 2.6c River width

WWDIST Normal 9.98 4.00E+02 2.6d Distanceto closestreceptor

WWDISCHG Normal 49.9 1.20E+03 2.6e Averageannual dischargeat each receptor
location,rcptr #I

WASUBKD Normal (a) 5.00E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #1,
STRONTIUM-gO

WASURFKD Normal 50.1 3.10E.00 2.7b Surfaceadsorptioncoefficients,STRONTIUM-90

WCTEMP Normal 20.0 3.70E+00 2.8f Mean monthlytemperaturefor Jan

WCRAIN Normal 20.0 5.00E-01 2.8g Mean monthly precipitationfor Jan

WCPRENUM Normal g.gg 6.30E-0! 2.8j Mean number days where precipitation>0.01
for Jan

WCTEMP Normal 20.0 4.00E+O0 2.8f Mean monthlytemperaturefor Feb

WCRAIN Normal 19.9 5_00E-01 2.8g Mean monthlyprecipitationfor Feb

WCPRENUM Normal 9.97 5.70E-01 2.8j Mean number days where precip,tation>0.01
for Feb

WCTEMP Normal 20.2 4.80E+00 2.8f Mean monthly temperaturefor Mar

WCRAIN Normal 20.0 6.00E-01 2.8g Mean monthlyprecipitationfor Mar

WCPRENUM Normal 10.0 6.40E-01 2.Bj Mean number days where precipitation>0.01
for Mar

WCTEMP Normal 20.3 5.80E+00 2.8f Mean monthly temperaturefor Apr

WCRAIN Normal Ig.g 4.00E-O] 2.8g Mean monthly precipitationfor Apr



TABLE 2b. (contd)

Dist. Range
Name Type +/- 2*SD Mean SD Description

WCPRENUM Normal 9.97 5.45E-01 2.8j Mean number days where precipitation>0.01
for Apr

WCTEMP Normal 20.1 6.60E+00 2.8f Mean monthly temperaturefor May

WCRAIN Normal 20.0 4.00E-01 2.8g Mean monthly precipitationfor May

WCPRENUM Normal 9.97 5.40E-01 2.8j Mean number days where precipitation>0.01
for May

WCTEMP Normal 20.0 7.30E+00 2.8f Mean month7y temperaturefor Jun

WCRAIN Normal 19.9 4.00E-01 2.8g Mean monthlyprecipitationfor Jun

WCPRENUM Normal g.g9 5.20E-01 2.8j Mean number days where precipitation>0.01
for Jun

-_ WCTEMP Normal 20.0 7.70E+00 2.8f Mean monthlytemperaturefor Jul

WCRAIN Normal 20.0 5.00E-01 2.8g Mean monthlyprecipitationfor Jul

WCPRENUM Normal 10.0 6.00E-01 2.8j Mean numberdays where precipitation>0.01
for Jul

WCTEMP Normal 20.0 7.60E+00 2.8f Mean monthlytemperaturefor Aug

WCRAIN Normal 20.0 4.00E-OI 2.8g Mean monthlY precipitationfor Aug

WCPRENUM Normal I0.0 5.15E-01 2.8j Mean number days where precipitation>0.01
for Aug

WCTEMP Normal 20.0 7.00E+O0 2.8f Mean monthlytemperaturefor Sep

WCRAIN Normal 20.0 4.00E-01 2.8g Mean monthlyprecipitationfor Sep

WCPRENUM Normal 9.99 4.10E-01 2.8j Mean number days where precipitation>0.01
for Sep

WCTEMP Normal 20.0 5.80E+00 2.8f Mean monthly temperaturefor Oct

WCRAIN Normal 20.0 3.00E-01 2.Bg Mean monthly precipitationfor Oct



TABLE 2b. (contd)

Dist. Range
Name Type +/- 2*SD Mean SD Description

WCPRENUf4Normal 9.9B 3.95E-01 2.8j Mean number days where precipitation>0.01
for Oct

WCTEMP Normal 19.9 4.70E+00 2.8f Mean monthly temperaturefor Nov

WCRAIN Normal 20.0 5.00E-01 2.8g Mean monthly precipitationfor Nov

WCPRENUM Normal 10.0 5.00E-O! 2.8j Mean numberclayswhere precipitation>0.01
for Nov

WCTEMP Normal 20.0 4.00E+00 2.8f Mean monthly temperaturefor Dec

WCRAIN Normal 20.] 6.00E-O] 2.8g Mean monthlyprecipitationfor Dec

WCPRENUM Normal 9.97 ].09E+O] 5.45E-01 2.Bj Mean number days where precipitation>0.01
for Dec

(a} Since distributionis either truncatedand/or not symmetric+/- interpretationmay not apply.



contaminantvelocity in groundwateris v/(1+PKd/n), where v, p, and n, respec-

tively,are pore water velocity,bulk density,and effectiveporosityin the

saturatedzone.

The most importantvariable for Oak Ridge WAG 6 is WZPVELOC (pore water

velocityin the saturatedzone) having a partialR-Squareof 0.27. The second

• mos_ influentialvariablewas WASUBKD (the Kd in the saturatedzone), with a

partialR-Squareof 0.14. Next, WASURFKD (Kd in the unsaturatedzone) and

WWDISCHG (annualdischargeof the river [volumetricflux] at the receptor

location),having respectiveR-Squarevalues of 0.12 and 0.]I. Note that the

regressioncoefficientfor WZPVELOCwas positive. With other factorsheld

constant,one would expect that decreasingWZPVELOCwould result in an

increase in health effects (becauseof decreaseddilution attendinga decrease

in pore water velocity). However,it has been verifiedthat the positive

coefficientthat was obtainedreflectsthe dominanceof the impactof both the

radioactivedecay and the time discountingof health effects (due to a later

arrivalof the contaminantat the receptorwhen pore water velocity is

reduced) over the impactof this reductionin dilution. For the results shown

in Table 2, the range of computedhealth effectsvaried from 5.5E-4 to 1.8E-1.

3.2 _ANL570 HOLDINGPOND

The ArgonneANL 570 scenarioinvolvedreleaseof arsenicfrom a holding

pond with subsequentoverlandtransportof that contaminantto the Illinois

River, inducingwater recreationalexposuresand exposurefrom ingestionof

contaminatedfish. Table 3 containsthe resultsof the sensitivityanalysis

for this case. The analysis identified10 variablesas influential;however,

the full model R-Squarewas only 0.2483. The low model R-Square indicates

that much of the variabilityis "unexplained"by the analysis. Changingthe

major variablescauses a "switching"(on-off)of overlandtransport,thereby

producinga non-continuousresponse in the health effectsand a consequently

low R-Square. Becausethe model R-Squarewas low, the resultsfor this sce-

nario are not useful for intrepretingmodel sensitivities.

The influentialvariablesidentifiedsuch as a temperatureon a freezing

transition month and the SCS curve number are consistentwith the overland

3.9



TABLE 3a. Summaryof StepwiseRegressionProcedurefor the SensitivityAnalysisof PopulationHealth
Effects- ANL 570 Holding Pond OverlandFlow Case

Partial Parameter
Name R-Square Estimate Description

WCTEMP 0.0805 8.20E-06 2.8f Mean monthlytemperaturefor Mar

WTSCSCN O.06g] 7.10E-06 2.2j SCS curve number

WSCONC 0.0258 3.77E+01 2.1k Contaminantconcentration,ARSENIC

WCRAIN O.OI7g g.37E-04 2.8g Mean monthlyprecipitationfor Jan
O

WCTEMP 0.0147 -3.47E-05 2.8f Mean monthlytemperaturefor Nov

WCTEMP 0.0105 2.21E-05 2.8f Mean monthlytemperaturefor May

WCPRENUM 0.0090 -I.73E-04 2.8j Mean number days where precipitation>0.01 for Apr

WSINVENT 0.0087 2.46E-06 2.1j Constituentinventories,ARSENIC

WWDISCHG 0.0064 -3.00E-Og 2.6e Average annual dischargeat each receptorlocation,
rcptr #I

WOPRECIP 0.0056 1.65E-04 2.3b Precipitationfrequencydistribution

Model R-Square= 0.2483



TABLE 3b. Summaryof Input Variablesfor SensitivityAnalysisof PopulationHealth Effects- ANL 570
HoldingPond Overland Flow Case

Dist. Range
Name Type +/- 2*SD Mean Description

WSINVENT Normal 50.1 4.19E+01 2.1j Constituentinventories,ARSENIC

EWPOPREC Normal 40.1 1.11E+05 4.20 Populationinvolvedin recreationaltype, rcptr #I

WSMOISTC Normal 14.9 1.55E+00 2.1g Moisturecontent assaciatedwith rankingunit

WSBULKD Normal 15.0 1.00E-01 2.1h Bulk densityof top soil at rankingunit

WSCONC Normal 49.9 5.00E-06 2.1k Contaminantconcentration,ARSENIC

WTVEGCOV Normal 9.98 4.00E+O0 2.2h % vegetativecover

WTAVAILW Normal g.g6 1.00E-02 2.2i Top soil water capacity

;_ WOSTORMI Normal 49.8 5.00E-01 2.3a Index for storm type

WOPRECIP Normal 49.8 5.50E-01 2.3b Precipitationfrequencydistribution

WOKFACTR Normal 50.0 9.25E-02 2.3d Soil-erodibilityfactor

WOCFACTR Normal 49.8 3.50E-02 2.3e Vegetative-coverfactor

WOPFACTR Normal 50.1 2.50E-01 2.3f Land managementpractice factor

WORIVLEN Normal 14.9 3./5E-01 2.3j Length of river adjacentto rankingunit

WWVELOC Normal 30.0 2.25E-0] 2.6a River flow velocity

WWDEPTH Normal 50.1 7.50E-01 2.6b River depth

WWWIDTH Norma] 30.0 3.00E+01 2.6c River width

WWDIST Normal 10.1 2.65E+02 2.6d Distanceto closestreceptor

WWDISCHG Normal 49.7 2.66E+03 2.6e Averageannual dischargeat each receptorlocation,
rcptr #I

WASURFKD Normal 49.9 4.85E+00 2.7b Surface adsorptioncoefficients,ARSENIC

WCTEMP Normal 19.9 2.10E+00 2.8f Mean monthlytemperaturefor Jan



TABLE 3b. (contd)

Dist. Range
Name Type +/- 2*SD Mean Description

WCRAIN Normal 20.0 1.60E-01 2.8g Mean monthlyprecipitationfor Jan

WCPRENUM Normal 9.97 5.50E-01 2.Bj Mean number days where precipitation>0.01 for Jan

WCTEMP Normal 20.0 2.60E+00 2.8f Mean monthlytemperaturefor Feb

WCRAIN Normal 19.7 1.30E-01 2.8g Mean monthlyprecipitationfor Feb

WCPRENUM Normal 9.97 5.00E-01 2.8j Mean numberdays where precipitation>0.01 for Feb

WCTEMP Normal 20.0 3.60E+00 2.8f Mean monthly temperaturefor Mar

WCRAIN Normal 20.1 2.60E-01 2.8g Mean monthlyprecipitationfor Mar

WCPRENUM Normal 9.9B 6.50E-01 2.Bj Mean number days where precipitation>0.01 for Mar

WCTEMP Normal 20.0 4.gOE+O0 2.8f Mean monthlytemperaturefor Apt

WCRAIN Normal 19.9 3.65E-01 2.8g Mean monthlyprecipitationfor Apr

WCPRENUM Normal 10.0 6.50E-01 2.8j Mean number days where precipitation>0.01 for Apr

WCTEMP Normal 19.9 5.gOE+O0 2.8f Mean monthly temperaturefor May

WCRAIN Normal 19.9 3.15E-01 2.8g Mean monthly precipitationfor May

WCPRENUM Normal 10.1 5.50E-01 2.8j Mean number days where precipitation>0.01 for May

WCPRENUM Normal 9.98 5.00E-01 2.8j Mean numberdays where precipitation>0.01 for Jun

WCPRENUM Normal 10.0 5.00E-01 2.Bj Mean number days where precipitation>0.01 for Jul

WCPRENUM Normal 10.1 4.50E-01 2.8j Mean number days where precipitation>0.01 for Aug

WCTEMP Normal 19.9 6.50E+00 2.8f Mean monthly temperaturefor Sep

WCRAIN Normal 19.9 3.35E-01 2.8g Mean monthlyprecipitationfor Sep

WCPRENUM Normal 10.0 5.00E-01 2.8j Mean number days where precipitation>0.01 for Sep

WCTEMP Normal 20.0 5.40E+00 2.8f Mean monthly temperaturefor Oct

WCRAIN Normal 20.1 2.30E-01 2.8g Mean monthly precipitationfor Oct

WCPRENUM Normal 9.98 4.50E-01 2.8j Mean number days where precipitation>0.01 for Oct



TABLE3b. (contd)

Dist. Range
Name Type......+/- 2*SD Mean Description

WCTEMP Normal !9.9 4.00E+O0 2.Bf Mean monthlytemperaturefor Nov

WCRAIN Normal 19_9 2.05E-01 2.8g Mean monthlyprecipitationfor Nov

WCTEMP Normal 20.0 2.80E+00 2.8f Mean monthlytemperaturefor Dec

WCRAIN Normal 20.0 2.10E-01 2.8g Mean monthlyprecipitationfor Dec

WCPRENUM Normal 10.0 6.00E-01 2.8j Mean number days where precipitation>0.0] for Dec

WTSCSCN Discrete 12.2 O.OOE+O0 2.2j SCS curve number

(ao

(aJ



flow model formulation. This switchingbehaviorwas also noted with similar

resultsby Doctor et al. (1990). The numberof health effectsvaried discon-

tinuouslyfrom 5.6E-12to 1.0E-8.

3.3 HANFORDNRDWL SITE CASES

The HanfordNRDWL case and specialstudy cases involverelease (of one

or more of the constituentsidentifiedin Table I) from a landfill into the

unsaturatedzone, subsequentleachinginto grou_ndwater,and groundwatertrans-

port to a residentialreceptorwell. Table 4 containsthe sensitivityanaly-

sis resultsfor the HanfordNRDWL Site prir_arycase, whereinonly benzenewas

considered. The analysis identified17 inIFluentialvariableswith a full

model R-Squareof 0.81. The most influentialvariableswere WSFLUXSTR(con-

taminantflux rate),WSLEACHV (wasteliquid infiltrationrate), and EGPOPDRW

(size of populationdrinkingcontaminatedleater'at the receptorwell}, having

respectivepartialR-Squaresof 0.21, 0.16, and 0.13. Becausethe lower

limits on the distributionsof the kd parameters(WASUBKD)for both the

unsaturatedand saturatedzones were small (about0.05 ml/g), the impactsof

varying them were not significant.

The health effectsfrom benzenevaried from 1.8E-4 to 1.9E-2. This

intervalincludesthe base case value of 4.4E-3 health effects. In the base

case run, the total healtheffects from all constituentswas 8.3E-3 with vir-

tually all of the additionalpopulationrisk coming from methylenechloride,

carbon tetrachloride,chloroform,trichloroethylene,and tetrachloroethylene,

which contribute2.gE-3,4.5E-4, 2.5E-4,2.4E-4,and 8.9E-5, respectively.

The specialstudy analysisfor the combinedeffectsof benzeneand meth-

ylene chloride (Table 5) showedthat includingmethylenechloridereducedthe

relative importanceof the benzeneflux rate considerably. Otherwise,the

general order of importanceof inputswas not changed. An additionalanalysis

includingfour additionalcontaminants(carbontetrachloride,chloroform,tri-

chloroethylene,and tetrachloroethylene)resultedin roughlythe same ordering

of influentialvariables(Table6). The relativeinfluenceof the thickness

of the unsaturatedzone (WP-THICK)increasedwhen all of the six major con-

taminantswere consideredbecausethis par_Lmeteris common to the transportof

3.14



TABLE 4a. Summaryof StepwiseRegressionProcedurefor the SensitivityAnalysis of PopulationHealth
Effectsfor HanfordNRDWL GroundwaterTransportCase

Partial Parameter
Name R-Square Estimate Description

WSFLUXSTR 0.211 2.1o Contaminantf!ux rate, flux #I, BENZENE

WSLEACHV 0.155 2.1f Waste Liquid InfiltrationRate

EGPOPDRW 0.129 4.]a Populationdrinkingcontaminatedgroundwater,rcptr #1

WZTHICK 0.095I -2.12E-05 2.5k Thicknessof SZ, lyr #2

WZTDISP 0.0865 -1.83E-06 2.50 Transversedispersivity,lyr #2, rcptr #I

WZDIST 0.0259 -1.13E-07 2.5m Travel distance in saturatedzone to receptors,lyr _2, rcptr #I

WZTOTPOR 0.0201 -1.14E-04 2.5h Total porosityof SZ, lyr #Z

WPTHICK 0.018i -7.24E-06 2.4h Thicknessof PSZ, lyr #!

WASUBKD 0.0188 -2.27E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #1, BENZENE

WZPERPOR 0.0170 -3.68E-05 2.5z Percentof total porositysubstitutedfor effectiveporosity,
lyr #2

WASUBKD 0.0141 -I.66E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #2, BENZENE

WZLDISP 0.00870 2.5n Longitudinaldispersivity,lyr #2, rcptr #I

WPBULKD 0.00300 -9.44E-04 2.4i Bulk densityof PSZ, lyr #I

WZPVELOC 0.00270 -2.10E-04 2.5j Pore-WaterVelocity (SZ), lyr #2

WZBULKD 0.00250 -7.66E-04 2.51 Bulk densityof SZ, lyr #2

WPCONDUC 0.00200 -2.50E-07 2.4m Saturatedhydraulicconductivityof PSZ, lyr #I

WPLDISP 0.00150 -I.12E-04 2.41 Longitudinaldispersivityof PSZ, lyr #I

Model R-Square"



TABLE 4b. Summaryof Input Variablesfor SnesitivityAnalysisof PopulationHealth Effectsfor Hanford
NRDWL GroundwaterTransportCase

Dist. Range
Name Type +/- 2*SD Mean Description

EGPOPDRW Normal 39.9 1.70E+03 4.1a Populationdrinkingcontaminatedgroundwater,rcptr #I

WSLEACHV Normal 50.0 5.00E-03 2.1f Waste Liquid InfiltrationRate

WSFLUXSTR 49.9 8.68E+05 2.]0 Contaminantflux rate, flux #], BENZENE

WPTHICK Normal 30.3 4.20E+01 2.4h Thicknessof PSZ, lyr #1

WPBULKD Normal ]5.2 1.25E-01 2.4i Bulk densityof PSZ, lyr #1

WPTOTPOR Normal 15.0 2.85E+00 2.4j Total porosityof PSZ, lyr #I

WPFIELDC Normal 15.2 6.BBE-01 2.4k Field capacityof PSZ, lyr #I

w WPLDISP Normal 49.8 7.00E-01 2.41 Longitudinaldispersivityof PSZ, lyr #I '

WPCONDUC Normal 49.8 3.50E+02 2.4m Saturatedhydraulicconductivityof PSZ, lyr #1

WZTOTPOR Normal 15.0 1.95E+00 2.5h Total porosityof SZ, lyr #2

WZPERPOR Normal 15.1 7.30E+00 2.5z Percentof total porosity substitutedfor effpctive
porosity,lyr #2 T

WZPVELOC Normal 50.1 5.00E-01 2.5j Pore-WaterVelocity (SZ), lyr #2

WZTHICK Normal 29.9 3.00E+O] 2.5k Thicknessof SZ, lyr #2

WZBULKD Normal ]5.2 1.25E-01 2.51 Bulk densityof SZ, lyr #2

WZDIST Normal 9.97 3.15E+03 2.5m Travel distance in saturatedzone to receptors,lyr #2,
rcptr #I

WZLDISP Normal 50.3 1.59E+03 2.5n Longitudinaldispersivity,lyr #2, rcptr #1

WZTDISP Normal 50.1 3.20E+02 2.50 Transversedispersivity,lyr #2, rcptr #I



TABLE4b. (contd)

Dist. Range
Name Type +/- 2*SD Mean Description

WZVDISP Normal 49.8 1.83E+00 2.5p Verticaldispersivity,lyr #2, rcptr #1

WASUBKD Normal 49.5 ].25E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #I, BENZENE

WASUBKD Normal 49.4 1.25E-02 2.la Subsurfaceadsorptioncoefficients,lyr #2, BENZENE



TABLE 5a. Summary of StepwiseRegressionProcedurefor the SensitivityAnalysisof PopulationHealth
Effects-Hanford NRDWL GroundwaterTransportCase - SpecialStudy (2 Constituents)

Partial Parameter
Name R-Square Estimate Description

EGPOPDRW 0.]84 4.1a Populationdrinking contaminatedgroundwater,rcptr #1

WSLEACHV 0.127 2.1f Waste Liquid InfiltrationRate

WZTHICK 0.115 -3.33E-05 2.5k Thicknessof SZ, lyr #2

WZTDISP 0.113 -3.09E-06 2.50 Transversedispersivity,lyr #2, rcptr #1

WSFLUXSTR 0.112 2.1o Contaminantflux rate, flux #I, BENZENE

WSFLUXSTR 0.0611 2.1o Contaminantflux rate, flux #I, METHYLENECHLORIDE

WZDIST 0.0280 -I.55E-07 2.5m Travel distance in saturatedzone to receptors,lyr #2, rcptr #I

WPTHICK 0.0244 -I.]0E-05 2.4h Thicknessof PSZ, lyr #I

WZTOTPOR 0.0162 -I.ggE-04 2.5h Total porosityof SZ, lyr #2

WZPERPOR 0.0143 -6.g4E-05 2.5z Percentof total porositysubstitutedfor effectiveporosity,
lyr #2

WASUBKD 0.00940 -2.30E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #I, BENZENE

WASUBKD 0.00730 -2.0]E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #2, BENZENE

WZLDISP 0.00500 _.Sn Longitudinaldispersivity,lyr #2, rcptr #I

WZPVELOC 0.00440 -3.93E-04 2.5j Pore-WaterVelocity (SZ), lyr #2

WPLDISP 0.00390 -2.65E-04 2.41 Longitudinaldispersivityof PSZ, lyr #!

WPTOTPOR 0.00250 2.4j Total porosityof PSZ, lyr #I

WPBULKD 0.00]20 -8.16E-04 2.4i Bulk densityof PSZ, lyr #I

Model R-Square"



TABLE 5b. Summaryof InputVariablesfor SensitivityAnalysisof PopulationHealth Effects- Hartford
NRDWL GroundwaterTransportCase - SpecialStudy (2 Constituents}

Dist. Range
Name Type +/- 2*SD Mean Description

EGPOPDRW Normal 39.9 1.70E+03 4.1a Populationdrinkingcontaminatedgroundwater,rcptr #I

WSLEACHV Normal 50.0 5.00E-03 2.1f Waste Liquid InfiltrationRate

WSFLUXSTR 49.9 8.67E+05 2.1o Contaminantflux rate, flux #I, BENZENE

WSFLUXSTR 50.6 1.21E+06 2.1o Contaminantflux rate, flux #I, METHYLENECHLORIDE

WPTHICK Normal 29.9 4.20E+01 2.4h Thicknessof PSZ, lyr #I

WPBULKD Normal 15.2 1.25E-01 2.4i Bulk densityof PSZ, lyr #I

WPTOTPOR Normal 14.9 2.85E+00 2.4j Total porosityof PSZ, lyr #1

WPFIELDC Normal 15.2 6.88E-01 2.4k Field capacityof PSZ, ]yr #I

WPLDISP Normal 49.8 7.00E-Of 2.4] Longitudinaldispersivityof PSZ, lyr #1

WPCONDUC Normal 50.0 3.50E+02 2.4m Saturatedhydraulicconductivityof PSZ, lyr #I

WZTOTPOR Normal ]5.0 I.gSE+O0 2.5h Total porosityof SZ, lyr #2

WZPERPOR Normal ]o.g 7.30E+00 2.5z Percentof total porosity substitutedfor effective
porosity,lyr #2

WZPVELOC Normal 49.8 5.00E-01 2.5j Pore-WaterVelocity (SZ), lyr #2

WZTHICK Normal 30.0 3.00E+01 2.5k Thicknessof SZ, lyr #2

WZBULKD Normal 15.3 1.25E-01 2.51 Bulk densityof SZ, lyr #2

WZDIST Normal 9.96 3.15E+03 2.5m Travel distance in saturatedzone to receptors,lyr #2,
rcptr #I

WZLDISP Normal 50.2 1.59E+03 2.5n Longitudinaldispersivity,lyr #2, rcptr #1

WZTDISP Normal 49.9 3.20E+02 2.50 Transversedispersivity,lyr #2, rcptr #I

WZVDISP Normal 49.8 1.83E+00 2.5p Verticaldispersivity,lyr #2 rcptr #I



TABLE5b. (contd)

Dist. Range i
Name Type +/- 2*SD Mean Description

WASUBKD Normal 49.4 1.25E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #], BENZENE

WASUBKD Normal 4g.9 1.34E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #I, METHYLENE
CHLORIDE

WASUBKD Normal 49.4 1.25E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #2, BENZENE

WASUBKD Normal 49.9 1.34E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #2, METHYLENE
CHLORIDE



TABLE 6a. Summaryof StepwiseRegressionProcedurefor the SensitivityAnalysis of PopulationHealth
Effects-Hanford NRDWL GroundwaterTransportCase - SpecialStudy (6 Constituents)

Partial Parameter

Name R-Square Estimate Description

EGPOPDRW 0.19g 4.1a Populationdrinkingcontaminatedgroundwater,rcptr #I

WZTHICK 0.14g -4.04E-05 2.5k Thicknessof SZ, lyr #2

WSLEACHV 0.142 2.If Waste Liquid InfiltrationRate

WZTDISP 0.0953 -2.77E-06 2.50 Transversedispersivity,lyr #2, rcptr #I

WSFLUXSTR 0.0803 2.1o Contaminantflux rate, flux #1, BENZENE .

WPTHICK 0.0437 -I.41E-05 2.4h Thicknessof PSZ, lyr #I

WSFLUXSTR 0.0380 2.1o Contaminantflux rate, flux #12 METHYLENECHLORIDE

WZDIST 0.0307 -1.85E-0/ 2.5m Travel distance in saturatedzone to receptors,lyr #2,
rcptr #I

WZTOTPOR 0.0203 -2.52E-04 2.5h Total porosityof SZ, lyr #2

WZLDISP 0.0186 2.5n Longitudinaldispersivity,lyr #2, rcptr #!

WZPERPOR 0.0140 -7.65E-05 2.5z Percentof total porositysubstitutedfor effective
porosity,lyr #2

WASUBKD 0.00690 -I.70E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #1, BENZ_NE

WPLDISP 0.00660 -3.25E-04 2.41 Longitudinaldispersivityof PSZ, lyr #I

WASUBKD 0.00450 -I.3gE-02 2.7a Subsurfaceadsorptioncoefficients,lyr #2, BENZENE

WPCONDUC 0.00410 -5.45E-07 2.4m Saturatedhydraulicconductivityof PSZ, lyr #1

WSFLUXSTR 0.00220 2.1o Contaminantflux rate, flux #1, CARBON TETRACHLORIDE

WPBULKD 0.00130 -I.04E-03 2.4i Bulk densityof PSZ, lyr #1

WASUBKD 0.00130 -6.g7E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #2, CARBON
TETRACHLORIDE

WASUBKD 0.00110 2.7a Subsurfaceadsorptioncoefficients,lyr #2, CHLOROFORM



TABLE6a. (contd)

Partial Parameter

Name R-Square Estimate Description

WASUBKD 0.000700 -I.49E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #I,
TETRACHLOROETHYLENE

WASUBKD 0.000600 -4.96E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #I, CARBON
TETRACHLORIDE

WPTOTPOR 0.000700 2.4j Total porosityof PSZ, lyr #I

Model 0.862
R-Square



TABLE6b. Summaryof Input Variables for Sensitivity Analysis of Population Health Effects - Hanford
NRDWLGroundwater Transport Case - Special Study (6 Constituents)

Dist. Range

Name Type +/- 2*SD Mean Description

EGPOPDRW Normal 39.9 1.72E+03 4.1a Populationdrinkingcontaminatedgroundwater,rcptr #1

WSLEACHV Normal 50.0 5.00E-03 2.1f Waste Liquid InfiltrationRate

WSFLUXSTR 49.9 8.67E+05 2.1o Contaminantflux rate, flux #1, BENZENE

WSFLUXSTR 50.6 1.21E+06 2.1o Contaminantflux rate, flux #I, METHYLENECHLORIDE

WSFLUXSTR 49.9 2.35E+04 2.1o Contaminantflux rate, flux #1, CARBON TETRACHLORIDE

WSFLUXSTR 49.9 1.22E+04 2.1o Contaminantflux rate, flux #I, CHLOROFORM

WSFLUXSTR 49.8 5.12E+04 2.1o Contaminantflux rate, flux #I, TETRACHLOROETHYLENE
k,

WSFLUXS_R 49.8 1.5BE+05 2.1o Contaminantflux rate, flux #I, TRICHLOROETHYLENE

WPTHICK Normal 29.9 4.20E+01 2.4h Thicknessof PSZ, ]yr #I

WPBULKD Normal 15.0 1.23E-01 2.4i Bulk densityof PSZ, lyr #I

WPTOTPOR Normal 15.0 2.85E+00 2.4j Total porosityof PSZ, lyr #I

WPFIELDC Normal 15.0 6.75E-01 2.4k Field capacityof PSZ, lyr #1

WPLDISP Normal 49.8 7.00E-01 2.4l Longitudinaldispersivityof PSZ, lyr #1

WPCONDUC Normal 49.9 3.50E+02 2.4m Saturatedhydraulicconductivityof PSZ, lyr #1

WZTOTPOR Normal 15.0 1.95E.00 2.5h Total porosityof SZ, lyr #2

WZPERPOR Normal 10.0 4.81E+00 2.5z Percentof total porositysubstitutedfor effective
porosity,lyr #2

WZPVELOC Normal 50.1 5.00E-O] 2.5j Pore-WaterVelocity (SZ), lyr #2

WZTHICK Normal 30.0 3.00E+O] 2.5k Thicknessof SZ, lyr #2

WZBULKD Normal 15.0 1.23E-01 2.51 Bulk densityof SZ, lyr #2



TABLE6b. (contd)

Dist. Range
Name Type +/- 2*SD Mean Description

WZDIST Normal g.g7 3.17E+03 2.5m Travel distance in saturatedzone to receptors,lyr #2,
rcptr #I

WZLDISP Normal 49.9 1.58E+03 2.5n Longitudinaldispersivity,lyr #2, rcptr #I

WZTDISP Normal 49.8 3.17E+02 2.50 Transversedispersivity,Iyr #2, rcptr #I ,

WZVDISP Normal 49.9 1.84E+00 2.5p Verticaldispersivity,lyr #2, rcptr #]

WASUBKD Normal 49.9 1.26E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #I, BENZENE

WASUBKD Normal 4g.g 1.34E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #I, METHYLENE
CHLORIDE

WASUBKD Normal 49.9 1.67E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #I, CARBON
TETRACHLORIDE

WASUBKD Normal 50.1 4.71E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #I, CHLOROFORM

WASUBKD Normal 49.9 5.52E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #I,
TETRACHLOROETHYLENE

WASUBKD Normal 50.0 I.gIE-02 2.7a Subsurfaceadsorptioncoefficients,lyr #1,
TRICHLOROETHYLENE

WASUBKD Normal 49.9 1.26E-02 2./a Subsurfaceadsorptioncoefficients,|yr #2, BENZENE

WASUBKD Normal 50.0 1.34E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #2, METHYLENE
CHLORIDE

WASUBKD Normal 49.9 1.67E-02 2.7a Subsurfaceadsorptioncoefficients,lyr #2, CARBON
TETRACHLORIDE

WASUBKD Normal 49.9 4.71E-03 2.7a Subsurfaceadsorptioncoefficients,lyr #2, CHLOROFORM

WASUBKD Normal 50.4 5.52E-02 2.7a Subsurfaceadsorptioncoefficients,)yr #2,
TE_RACHLOROE_HYLENE

WASUBKD Normal 49.9 I.gIE-O2 2.7a Subsurfaceadsorptioncoefficients,lyr #2,
TRICHLOROETHYLENE

i
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all of these contaminants. The ranges of health effects of the two-

contaminant and six-contaminant special study cases were 4.4E-4 to 2.9E-2 and

1.8E-3to 7.4E-2,respectively.

. 3.4 LLNL_SITE300PIT. .

• The LawrenceLivermoreLLNL Site 300 Pit 6 case involvedreleaseof tri-

chloroethylenefrom waste Pit 6 into the unsaturatedzone, with subsequent

• percolationin groundwater,and transportto the Rangerwell. Table 7 con-

tains the sensitivityanalysis resultsfor this case. The analysisresulted

identified17 influentialvariableswith a full model R-Square of 0.75. The

waste liquid infiltrationrate (WSLEACH)has by far the most influentialvari-

able, having a partialR-Squareof 0.37. Nine additionalvariableshave

R-Squarevalues greaterthan 0.01. The range of health effects is 2.9E-7 to

2.8E-4,which covers the base case of 2.3E-5.

3.5 FERNALDOU-

The FernaldOU-] case involvesrelease of uranium-238from severalwaste

pits in the operatingunit OU-I into the unsaturatedzone, with subsequent

leaching into groundwater,and transportto a residentialuse receptorwell

operatedby the SouthwestOhio Water Company. Table 8 containsthe sensitiv-

ity analysisresultsfor this case. The analysisidentified26 influential

variableswith a full model R-Squareof 0.65. The largestpartialR-Square

values were those correspondingto the uranium-238Kd parametersfor both

unsaturatedlayers (WASUBKD)with partialR-Square values of 0.29 and 0.12.

The next largestpartialR-Squarewas for the constituentinventory

(WSINVENT). Eight additionalvariableshave R-Squarevalues greater than

. 0.01. The range of healtheffectswas 2.IE-]Oto 4.7. The upper end of this

range is influencedby the lower limit on Kd being the base case value of 0.0.

The range is skewed downwardfrom the base case value of 1.62. health effects.

3.6 FERNALDOU-4

The FernaldOU-4 case involvedcomputingreleasesof radon-222from an

effluent stack, atmospherictransportto the surroundingpopulation,and

evaluatingexposuresand populationrisk associatedwith outdoorinhalationof

3.25
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TABLE 7a. Summaryof StepwiseRegressionProcedurefor the SensitivityAnalysis of PopulationHealth
Effects- LLNL Site 300 Pit 6 Case

Partial Parameter
Name R-Square Estimate Description

WSLEACHV 0.3685 +6.12E-02 2.1f Waste Liquid InfiltrationRate

WASUBKD 0.0846 -4.02E-05 2.7a Subsurfaceadsorptioncoefficients,lyr #I, TRICHLOROETHYLENE

WS_LU_S_R 0.0661 +I.9BE-06 2.1o Contaminantflux rate, flux #I, TRICHLOROETHYLENE

WASUBKD 0.04/7 -3.98E-05 2.7a Subsurfaceadsorptioncoefficients,]yr #2, TRICHLOROETHYLENE

EGPOPDRW 0.0306 +4.01E-09 4.1a Populationdrinkingcontaminatedgroundwater,rcptr #1

WZVDISP 0.0261 -3.49E-05 2.5p Verticaldispersivity,lyr #3, rcptr #1

WPCONDUC 0.0244 +2.75E-02 2.4m Saturatedhydraulicconductivityof PSZ, lyr #2

WZTDISP 0.0236 -I.64E-06 2.5o Transversedispersivity,lyr #3, rcptr #I

WPTHICK 0.0203 -2.08E-06 2.4h Thicknessof PSZ, lyr #2

WPTHICK 0.0174 -I.46E-06 2.4h Thicknessof PSZ, lyr #I

WPLDISP 0.0093 -6.25E-05 2.41 Longitudinaldispersivityof PSZ, lyr #! ,

WPBULKD 0.0087 -4.44E-05 2.4i Bulk densityof PSZ, Iyr #2

WPBULKD 0.0072 -4.64E-05 2.4i Bulk densityof PSZ, lyr #1

WASUBKD 0.0039 -1.80E-05 2.7a Subsurfaceadsorptioncoefficients,lyr #3, TRICHLOROETHYLENE

WPTOTPOR 0.0030 +I.00E-06 2.4j Total porosityof PSZ, lyr #I

WZTOTPOR 0.0026 -I.17E-06 2.5h Total porosityof SZ, lyr #3

WZPERPOR 0.0022 -6.17E-07 2.5z Percentof total porosity substitutedfor effectiveporosity,
ly

Model R-Square= 0.7462



• i

TABLE 7b. Summaryof Input Variablesfor SensitivityAnalysisof PopulationHealth Effects - LLNL Site
300 Pit 6 Case

Dist. Range
Name Type +/- 2*SD Mean Description

WSINVENT Normal 49.9 4.05E+02 2.Ij Constituentinventories,TRICHLOROETHYLENE

EGPOPDRW Normal 40.0 2.16E+03 4.1a Populationdrinkingcontaminatedgroundwater,rcptr
#I

WSLENGTH Normal 10.0 9.50E+00 2.1d Lengthof Site

WSWIDTH Normal 10.2 9.50E+00 2.Ie Width of Site

WSLEACHV Normal 49.9 5.00E-04 2.1f Waste Liquid InfiltrationRate

WSFLUXSTR 4g.g 6.75E+00 2.1o Contaminantflux rate, flux #I, TRICHLOROETHYLENE

WTVEGCOV Normal 9.96 2.50E+00 2 2h % vegetativecover;_
"_ WTAVAILW Normal 14.9 1.43E-01 2.2i Top soil water capacity

WPTHICK Normal 29.9 4.50E+00 2.4h Thicknessof PSZ, lyr #I

WPBULKD NGrmal 15.1 1.05E-01 2.4i Bulk densityof PSZ, ]yr #I

WPTOTPOR Normal 14.9 2.80E+00 2.4j Total porosityof PSZ, lyr #I

WPFIELDC Normal 14.9 1.30E+O0 2.4k Field capacityof PSZ, lyr #I

WPLDISP Normal 49.8 7.50E-02 2.41 Longitudinaldispersivityof PSZ, lyr #1

WPCONDUC Normal 49.g 1.00E-03 2.4m Saturatedhydraulicconductivityof PSZ, lyr #I

WPTHICK Normal 30.1 3.75E+00 2.4h Thicknessof PSZ, lyr #2

WPBULKD Normal 15.1 1.05E-OI 2.4i Bulk densityof PSZ, lyr #2

WPTOTPOR Normal 15.2 3.23E+00 2.4j Total porosityof PSZ, lyr #2

WPFIELDC Normal 15.0 2.55E+00 2.4k Field capacityof PSZ_ lyr #2

WPLDISP Normal 49.9 6.25E-02 2.41 Longitudinaldispersivityof PSZ, lyr #2

WPCONDUC Normal 49.8 2.50E-04 2.4m Saturatedhydrau]icconductivityof PSZ, lyr #2



TABLE 7a. (contd)

Dist. Range
Name Typp +/- 2*SD Mean Description

WZTOTPOR Normal 15.0 2.25E+00 2.5h Total porosityof SZ, lyr #3

WZPERPOR Normal 14.9 4.13E+00 2.5z Percentof total porositysubstitutedfor effective
porosity,lyr #3

WZPVELOC Normal 49.9 6.75E-02 2.5j Pore-WaterVelocity (SZ), lyr #3

WZTHICK Normal 29.9 7.50E+00 2.5k Thicknessof SZ, lyr #3

WZBULKD Normal 15.1 1.05E-01 2.51 Bulk densityof SZ, lyr #3

WZDIST Normal 10.2 4.88E+01 2.5m Traveldistance in saturatedzone to receptors,lyr
#3, rcptr #I

WZLDISP Normal 50.0 2.38E+01 2.in Longitudinaldispersivity,lyr #3, rcptr #I

WZTDISP Normal 49.9 4.75E+00 2.50 Transversedispersivity,lyr #3, rcptr #I

WZVDISP Normal 50.0 2.75E-01 2.5p Verticaldispersivity,lyr #3, rcptr #I

WASUBKD Normal 49.9 3.47E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #1,
TRICHLOROETHYLENE

WASUBKD Normal 50.0 3.47E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #2,
TRICHLOROETHYLENE

WASUBKD Normal 49.8 1.97E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #3,
TRICHLOROETHYLENE



TABLE8a. Summaryof Stepwise Regression Procedure for the Sensitivity Analysis of Population Health
Effects - Fernald OU ] Groundwater to Surface Water Case

Partial Parameter

Name R-Square Estimate Description

WASUBKD 0.286 -9.48E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #2, URANIUM-238

WASUBKD 0.]18 -5.64E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #l, URANIUM-238

WSINVENT 0.0506 2.lj Constituentinventories,URANIUM-238

WZPVELOC 0.0318 -4.gOE-02 2.5j Pore-WaterVelocity (SZ), lyr #3

WPTHICK 0.0270 -2.5gE-02 2.4h Thicknessof PSZ, lyr #2

EGPOPDRW 0.0]78 4.la Populationdrinkingcontaminatedgroundwater,rcptr #I

WZVDISP 0.0157 -].ggE-OI 2.5p Verticaldispersivity,lyr #3, rcptr #I

WPTHICK 0.0112 -6.7gE-03 2.4h Thicknessof PSZ, lyr #1

WZPERPOR 0.0121 -g.66E-03 2.5z Percentof total porositysubstitutedfor effectiveporosity,
lyr #3

WZTDISP 0.0118 -g.65E-04 2.50 Transversedispersivity,lyr #3, rcptr #]

WCRAIN 0.0]06 2.8g Mean monthly precipitationfor Mar

WASUBKD 0.00940 -I.BIE-Oi 2.7a Subsurfaceadsorptioncoefficients,lyr #3, URANIUM-238

WCTEMP 0.00540 -g.33E-03 2.Bf Mean monthly temperaturefor Feb

WCPRENUM 0.00500 2.8j Mean number days where precipitation>O.Ol for Sep

WCRAIN 0.00430 2.8g Mean monthlyprecipitationfor Oct

WPBULKD 0.004]0 -2.5BE-Of 2.4i Bulk densityof PSZ, lyr #2

WPTOTPOR 0.00400 2.4j Total porosityof PSZ, lyr #2

WCTEMP 0.00380 -6.27E-03 2.8f Mean monthly temperaturefor Mar

WCRAIN 0.00360 -8.36E-02 2.8g Mean monthly precipitationfor Aug

WSMOISTC 0.00240 2.lg Moisturecontent associatedwith rankingunit



TABLE8a. (contd)

Partial Parameter

Name R-Square Estimate Description

WTVEGCOV 0.00240 2.2h % vegetativecover

WCTEMP 0.00250 -4.61E-03 2.8f Mean monthlytemperaturefor Apr

WCRAIN 0.00220 2.8g Mean monthlyprecipitationfor Apr

WCRAIN 0.00250 -6.00E-02 2.8g Mean monthlyprecipitationfor May

WZTOTPOR 0.00200 -6.44E-03 2.5h Total porosityof SZ, lyr #3

WPFIELDC 0.00160 2.4k Field capacityof PSZ, lyr #I

Model R-Square:

• i



TABLE 8b. Summaryof Input Variablesfor SensitivityAnalysisof PopulationHealth Effects-
FernaldOU I Groundwaterto SurfaceWater Case

Dist. Range
Name Type +/- 2*SD Mean Description

WSINVENT Normal 49.8 6.85E+02 2.1j Constituentinventories,URANIUM-238

EGPOPDRW Normal 40.0 2.60E+0! 4.]a Populationdrinkingcontaminatedgroundwater,rcptr #I

WSMOISTC Normal 15.0 2.06E+00 2.1g Moisturecontentassociatedwith rankingunit

WSBULKD Normal 15.1 1.05E-01 2.1h Bulk densityof top soil at rankingunit

WSCONC Normal 49.9 g.68E+02 2.1k Contaminantconcentration,URANIUM-238

WTVEGCOV Normal 50.2 1.50E+01 2.2h % vegetativecover

WTAVAILW Normal 15.0 1.50E-02 2.2i Top soil water capacity

WPTHICK Normal 30.0 6.00E+O0 2.4h Thicknessof PSZ, lyr #I

WPBULKD Normal 15.1 1.05E-01 2.4i Bulk densityof PSZ, lyr #1

WPTOTPOR Normal 15.0 3.53E+00 2.4j Total porosityof PSZ, lyr #I

WPFIELDC Normal 14.9 2.55E+00 2.4k Field capacityof PSZ, lyr #I

WPLDISP Normal 49.9 1.00E-01 2.41 Longitudinaldispersivityof PSZ, lyr #I

WPCONDUC Normal 49.9 1.23E-01 2.4m Saturatedhydraulicconductivityof PSZ, lyr #I

WPTHICK Normal 30.2 3.00E+O0 2.4h Thicknessof PSZ, lyr #2

WPBULKD Normal 15.2 1.25E-01 2.4i Bulk densityof PSZ, lyr #2

WPTOTPOR Normal 15.1 2.85E+00 2.4j Total porosityof PSZ, lyr #2

WPFIELDC Normal 15.2 6.88E-01 2.4k Field capacityof PSZ, lyr #2

WPLDISP Normal 49.8 5.00E-02 2.41 Longitudinaldispersivityof PSZ, lyr #2

WPCONDUC Normal 49.9 B.75E+01 2.4m Saturatedhydraulicconductivityof PSZ, lyr #2

WZTOTPOR Normal 15.0 2.85E+00 2.5h Total porosityof SZ, lyr #3



TABLE8b. (contd)

Dist. Range
Name TYpe +/- 2*SD Mean Description

WZPERPOR Normal 15.0 4.95E+00 2.5z Percentof total porositysubstitutedfor effective
porosity,lyr #3

WZPVELOC Normal 50.0 1.30E+00 2.5j Pore-WaterVelocity (SZ), lyr #3

WZTHICK Normal 30.0 2.25E+0! 2.5k Thicknessof SZ, lyr #3

WZBULKD Normal 15.3 1.25E-01 2.51 Bulk densityof SZ, lyr #3

WZDIST Normal 9.99 5.25E+02 2.5m Travel distance in saturatedzone to receptors,lyr #3,
rcptr #1

WZLDISP Normal 50.4 2.64E+02 2.5n Longitudinaldispersivity,lyr #3, rcptr #I

WZTDISP Normal 50.0 5.25E+01 2.5o Transversedispersivity,lyr #3, rcptr #I

WZVDISP Normal 49.9 3.05E-01 2.5p Verticaldispersivity,lyr #3, rcptr #I
W

WASUBKD Normal (a) 5.00E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #1, URANIUM-238

WASUBKD Normal (a) 5.00E-O! 2.7a Subsurfaceadsorptioncoefficients,lyr #2, URANIUM-238

WASUBKD Normal (a) 5.00E-01 2.7a Subsurfaceadsorptioncoefficients,lyr #3, URANIUM-238

WASURFKD Normal (a) 5.00E-O! 2.7b Surfaceadsorptioncoefficients,URANIUM-238

WCTEMP Normal 20.0 2.70E+00 2.8f Mean monthlytemperaturefor Jan

WCRAIN Normal 20.0 2.60E-01 2.8g Mean monthlyprecipitationfor Jan

WCPRENUM Normal 10.0 6.50E-01 2.8j Mean number days where precipitation>0.01 for Jan

WCTEMP Normal 20.1 3.00E+O0 2.8f Mean monthlytemperatureforFeb

WCRAIN Normal 20.0 2.04E-01 2.8g Mean monthly precipitationfor Feb

WCPRENUM Normal 10.0 5.40E-01 2.8j Mean numberdays where precipitation>0.01 for Feb

WCTEMP Normal 19.9 4.00E+O0 2.8f Mean monthly temperaturefor Mar

WCRAIN Normal 20.0 3.10E-01 2.8g Mean monthlyprecipitationfor Mar

WCPRENUM Normal 10.0 6.50E-01 2.8j Mean number days where precipitation>0.01 for Mar



TABLE8b. (contd)

Dist. Range
Name Type +/- 2*SD Mean Description

WCTEMP Normal 20.2 5.20E+00 2.Bf Mean monthlytemperaturefor Apr

WCRAIN Normal 20.0 3.40E-01 2.8g Mean monthlyprecipitationfor Apr

WCPRENUM Normal 9.99 6.40E-01 2.8j Mean numberdays where precipitation>0.01 for Apr

WCTEMP Normal 19.9 6.20E+00 2.8f Mean monthly temperaturefor May

WCRAIN Normal 20.0 3.70E-01 2.8g Mean monthly precipitationfor May

WCPRENUM Normal lO.O 6.05E-01 2.8j Mean number days where precipitation>O.Ol for May

WCTEMP Normal 20.0 7.10E+O0 2.8f Mean monthlytemperaturefor Jun

WCRAIN Normal 20.0 3.80E-01 2.8g Mean monthlyprecipitationfor Jun

WCPRENUM Normal 10.1 5.20E-01 2.8j Mean number days where precipitation>0.01 for Jun

WCTEMP Normal 20.0 7.SOE+O0 2.8f Mean monthlytemperaturefor Jul

WCRAIN Normal 20.0 3.40E-01 2.8g Mean monthlyprecipitationfor Jul

WCPRENUM Normal g.98 5.05E-01 2.8j Mean numberdays where precipitation>0.0] for Jul

WCTEMP Normal 20.0 7.30E+00 2.8f Mean monthly temperaturefor Aug

WCRAIN Normal 20.1 3.10E-01 2.8g Mean monthly precipitationfor Aug

WCPRENUM Normal 10.0 4.75E-01 2.8j Mean number days where precipitation>0.01 for Aug

WCTEMP Normal 19.9 6.60E+00 2.Bf Mean monthlytemperaturefor Sep

WCRAIN Normal 20.0 2.40E-01 2.8g Mean monthlyprecipitationfor Sep

WCPRENUM Normal 9.96 4.05E-01 2.8j Mean number days where precipitation>O.Ol for Sep

WCTEMP Normal 19.9 5.50E+00 2.8f Mean monthly temperaturefor Oct

WCRAIN Normal 20.0 2.00E-Of 2.8g Mean monthly precipitationfor Oct

WCPRENUM Normal 9.98 4.35E-01 2.8j Mean numberdays where precipitation>0.01 for Oct

WCTEMP Normal 20.0 4.20E+00 2.8f Mean monthly temperaturefor Nov

WCRAIN Normal 20.0 2.60E-01 2.8g Mean monthlyprecipitationfor Nov



TABLE 8b. (contd)

Dist. Range
Name Type +/- 2*SD Mean Description

WCPRENUM Normal 10.0 5.65E-01 2.8j Mean numberdays where precipitation>0.01 for Nov

WCTEMP Normal 20.0 3.20E+00 2.8f Mean monthly temperaturefor Dec

WCRAIN Normal 20.0 2.50E-01 2.8g Mean monthlyprecipitationfor Dec

WCPRENUM Normal 9.96 6.05E-01 2.8j Mean number days where precipitation>0.01 for Dec

(a) Since distributionis either truncatedand/or not symmetric+/- interpretationmay not apply.

L_
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this contaminant. Although there were other potentialexposure routes in this

scenario,the inhalationroute was the primarycontributorto the population

risk. As in the DOE pilot study, radon-222was modeled as a nondepositing

gas. This assumptionwas also used in the earlier EnvironmentalSurvey runs

for this particularcase (Doctoret al. 1990).

" Table 9 containsthe resultsfor the FernaldOU-4 case. The full model

R-Squarewas o.g8. The most influentialvariablewas emission rate

• (AEEMRATE). The secondmost importantvariable,EAPOPMUL,was used to adjust

the populationin the most populoussector of the exposureregion. The vari-

able EAJFDMULwas less influential. This variablewas used as a multiplierof

the most influentialelements in the joint frequencytable of wind data that

describe local transportand dispersionclimatology. The remainingvariables

having partialR-Squarevalues in excess of 0.01 were anemometerheight,

AJANEMHT (usedto describeverticalwind field),and the buildingheight,

AEHBUILD (used to define the initialdispersionfor a release into a building

wake). The range of computedhealth effectswas 1.49 to 2.56 coveringthe

base value of 2.0.

A specialstudy case was examinedto determinewhich populationdis-

tances (in the most populatedsector)were most influential. The general

populationin a sector is divided in terms of distance from the source

release,each populationcategory being within a distinctrange of distance

from the release. Whereas, for the primaryOU-4 case, one multiplierwas used

to vary the whole populationin the sector,the specialstudy case was devel-

oped to identifythe influentialpopulationcategoriesin that sector.

To accomplishthis objective,a populationmultiplier for each of ten

differentdownwinddistancerangeswere independentlyvaried. The resultsfor

" this case are given in Table 10. The full model R-Square is slightlylower

(0.97)than for the primarycase wherein the entire population in the sector

is varied as a block. Although the populationgroup that is locatedbetween

10 and 20 miles from the site was the most influential,the resultsindicate

that the risk outputs for FernaldOU4 are not as sensitiveto independent

changes in the individualpopulationgroups as they are to a simultaneous

increaseor decrease in the overallpopulation.
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TABLE 9a. Summaryof StepwiseRegressionProcedurefor the SensitivityAnalysisof PopulationHealth
Effects- FernaldOU 4 Air EmissionsCase

Name Pattial Parameter
R-Square Estimate Description

AEEMRATE 0.754 +2.09E-07 3.4g Emissionrate, RADON-222+D(MOCK)

EAPOPMUL 0.138 +1.38E-02 O.Oz PopulationMultiplierfor .Pop file for distanceof
0-I miles

EAJFDMUL 0.0364 +4.42E-03 O.Oz Multiplierfor the Joint Frequencydistributiondata

AJANEMHT 0.0361 +I.41E-01 3.2b Joint frequencydata anemometerheight

AEHBUILD 0.0113 -4.94E-02 3.4f Structureheight o

Model R-Square= 0.976

i • 8 • •
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TABLE 9b. Summaryof Input Variablesfor SensitivityAnalysisof PopulationHealth Effects-
FernaldOU 4 Air EmissionsCase

Dist. Range
Name Type +/- 2*SD Mean Description

ACMIXAM Normal 9.98 2.50E+01 3.1a Morningmixing height

ACMIXPM Normal 9.93 7.25E+01 3.1b Afternoonmixing height

ACNUMTS Normal 9.97 2.15E+00 3.1f # of thunderstormsper year

ACPRENUM Normal 10.1 6.50E+00 3.1m Number of precipitationdays per year

"_ ACRAIN Normal 10.0 2.05E+00 3.11 Annual precipitation

AJANEMHT Normal 9.98 3.00E-OI 3.2b Joint frequencydata anemometerheight

AJRLEN Normal 9.96 5.00E-OI 3.2c Joint frequencydata roughnesslength

AEHBUILD Normal 9.94 4.60E-01 3.4f Structureheight

AEEMRATE Normal 19.9 9.53E+05 3.49 Emissionrate, RADON-222+D(MOCK)

EAPOPMUL Normal IO.O 5.00E+O0 O.Oz PopulationMultiplierfor .Pop file for distance of 0-I
miles

EAJFDMUL Normal 19.9 1.00E+OI O.Oz Multiplierfor the Joint Frequencydistributiondata



TABLElOa. Summaryof Stepwise Regression Procedure for the Sensitivity Analysis of Population Health
Effects - Fernald OU4 Special Study Case

Partial Parameter
Name R-Square Estimate Description

AEEMRATE 0.446 1.96E-07 3.4g Emissionrate, RADON-ZZ2+D(MOCK)

EAJFDMUL 0.394 4.54E-03 0.Oz Multiplierfor the Joint Frequencydistributiondata

AJANEMHT 0.0610 1.42E-01 3.2b Joint frequencydata anemometerheight

AEHBUILD 0.0299 -5.55E-02 3.4f Structureheight

EAPOPMUL 0.0142 3.14E-03 O.Oz PopulationMultiplierfor .Pop file for distanceof
10-20 milesco

EAPOPMUL 0.00990 3.02E-03 O.Oz PopulationMultiplierfor .Popfile for distanceof
5-]0 miles

EAPOPMUL 0.00750 2.36E-03 O.Oz PopulationMultiplierfor .Pop file for distanceof
40-50 miIes

AJRLEN 0.00220 -I.26E-02 3.2c Joint frequencydata roughnesslength

EAPOPMUL 0.00]30 1.05E-03 O.Oz PopulationMultiplierfor .Pop file for distanceof 2-3 miles

EAPOPMUL 0.00100 I.OIE-03 0.0z PopulationMultiplierfor .Pop file for distanceof
20-30 miles

Model R-Square= 0.968



TABLE lOb. Sumary of Input Variablesfor SensitivityAnalysisof PopulationHealth Effects -
FernaldOU 4 SpecialStudy Case

Dist. Range
Name TYpe . +/- 2*SD Mean Description

ACMIXAM Normal 9.98 2.50E+01 3.1a Morningmixing height

ACMIXPM Normal 9.93 7.25E+01 3.1b Afternoonmixing height

ACNUMTS Normal 9.97 2.15E+00 3.1f # of thunderstormsper year

ACPRENUM Normal I0.I 6.50E+00 3.]m Numberof precipitationdays per year

ACRAIN Normal I0.0 2.05E+00 3.11 Annual precipitation

AJANEMHT Normal 9.98 3.00E-01 3.2b Joint frequencydata anemometerheight

AJRLEN Normal 9.96 5.00E-01 3.2c Joint frequencydata roughnesslength

AEHBUILD Normal 9 94 4.60E-01 3 4f Structureheight
" .

AEEMRATE Normal 10.2 4.88E+05 3.4g Emissionrate, RADON-222+D(MOCK)

EAPOPMUL Normal IO.O 5.00E+O0 O.Oz PopulationMultiplierfor .Popfile for distance
of 0-1 miles

EAPOPMUL Normal 9.97 5.00E+O00.Oz PopulationMultiplierfor .Popfile for distance
of I-2 miles

EAPOPMUL Normal I0.0 5.00E+O0 O.Oz PopulationMultiplierfor .Pop file for distance
of 2-3 miles

EAPOPMUL Normal 9.96 5.00E+O0 O.Oz PopulationMultiplierfor .Pop file for distance
of 3-4 miles

EAPOPMUL Normal g.gg 5.00E+O0 O.Oz PopulationMultiplierfor .Pop file for distance
of 4-5 miles

EAPOPMUL Normal 10.0 5.00E+O0 O.Oz PopulationMultiplierfor .Popfile for distance
of 5-10 miles

EAPOPMUL Normal I0.0 5.00E+O0 O.Oz PopulationMultiplierfor .Pop file for distance
of 10-20 miles



TABLE10b. (contd)

Dist. Range
Name Type +/- 2*SD Mean Description

EAPOPMUL Normal 10.0 5.00E+00 0.0z PopulationMultiplierfor .Pop file for distance
of 20-30 miles

EAPOPMUL Normal g.gg 5.00E+O0 O.Oz PopulationMultiplierfor .Pop file for distance
of 30-40 miles

EAPOPMUL Normal 9.98 5.00E+00 0.0z PopulationMultiplierfor .Popfile for distance
of 40-50 miIes

EAJFDMUL Normal 39.9 2.00E+01 O.Oz Multiplierfor the Joint Frequencydistribution
data

0



4.0 NONLINEARITYOF OUTPUT.AND STABILITYOF RESULTS

4.1 NONLINEARIT_

Becausethe number of health effectsassociatedwith a single population

group, exposure route,contaminant,exposure location,and time period is not

a linear additivefunctionof the (varied)input parameters (seeWhelan et al.

1987 for equationsdescribinghazardpotentialindex, contaminatedmedia con-

" centrations,etc.), the output "responsesurface" is, therefore,curvilinear.

For some groundwatercases, this generalcurvilinearfeaturecan be augmented

by a significantnonlinearityof the (average)exposureconcentrationin small

values of dispersivities,intermediateor small values of Kd coefficients

(e.g.,O.l and 5 L/kg), and small aquiferthicknesses(e.g.,less than com-

puted mixing depth). The output can respondalmost explosivelyto decreases

in either dispersivitiesor mixing depth; however, becauseof the monotonic

nature of the nonlinearitiesin these input parameters,their effectson the

output are accountedfor (qualitatively)in the least-squaresestimationof a

planar surfaceand their effects are thus detected in the stepwisevariable

selectionprocess.

The partitioncoefficient,Kd, only appearswithin the retardationfactor

(viz. Rf= (n + b Kd )/ne, Rf, b, n, and ne, respectively,retardationfactor,

bulk density (g/ml),total porosity,and effectiveporosity). Therefore,

becausechanges in I/Rfhave roughlythe same effect as changes in longitudi-

nal and transversedispersivitieson the instantaneousconcentration(see

equations5.31 and 5.32 of Whelan et al. 1987), only intermediateand larger

Kd values would cause I/Rfto decrease significantly,with increasinglylarge

kd values having a diminishingeffect on I/Rf. The LLNL Site 300 case results

. reflect considerablesensitivityto changesin Kd parametersfor trichlorethy-

lene in both the unsaturatedand saturatedzones, each having a base case

value of 1.39 ml/g. Similarly,for the FernaldOU I case, the most influen-

tial inputswere Kd parametersfor uranium-238in the unsaturatedand satu-

rated zones, each rangingfrom 0 to I ml/g.

The above discussionrelatingto Kd assumesthat the degradationor

radioactivedecay of the contaminantis negligiblewithin any given series of

two or three consecutive70-year periods. If the rate of decay is extremely
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high, as with strontium-90,then it would be expected that even a slight

change in Rfwould significantlyimpact the numberof healtheffects, because

changes in Rf induce changesin the contaminantvelocity. With negligible

decay rates the averageconcentrationof a contaminantat a receptorwell is

only sensitiveto large values of Rf. The effect of such a high decay rate is

illustratedin the resultsof the WAG6 case; wherein, strontium-g0is the only

contaminantand the base value for Kd is 3.6E-2 ml/g.

For the Hanford NRDWL cases, the foregoingand its implicationsfor the

output responsecan be learnedby examiningFigure 1, which plots the (empiri-

cal) cumulativedistributionfunctions(CDF) for the primaryand special study

cases. These CDFs derived from 500 runs of each case. Becausethe six-

constituentcase considersmore significantcontaminantsthan the other spe-

cial study (consideringtwo constituents),one would expectthat if the

J
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Number of Health Effects
( symbols 1,2,ancl 6 ind_cale cases with number of contaminanls)

FIGURE I. CumulativeDistributionFunctions(CDF) for HanfordCases
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outputwas linear in the inputs,the miniumum and maximum number of health

effectsto be greater for the six-constituentrun than the correspondingmini-

mum and maximumoutput values from the two-constituentrun, Accordingly,the

endpointvaluesfor the two-constituentcase would be expected to exceed those

of the primaryNRDWL case (one constituent). Whereas,this outcome appliesto

the lower end of the distributions,the maximumvalue for the six-contaminant

case was lowest (I.8E-2health effects),being about equal to that of the pri-

mary case, and the maximumoutput for the two-contaminantrun exceeded the

other maxima by about 60% (2.7E-2health effects). The inputsyielding the

maximum for each of the cases were examined. By reducingsaturatedzone

thickness(WZTHICK)and saturatedzone transversedispersion (WZTDISP)to the

correspondinglevels found in the two-constituentcase, the six-constituent

output increasedto about 3.6E-2. Althoughfor distributionswith finite sup-

port, the minima and maxima are slower in their convergencesthan less extreme

quantiles,it is apparentthat this "jumping"of the maximum is largely

attributableto the nonlinearnature of the output with respectto transverse

dispersivityand depth of aquifer,which producesfeaturescharacteristicof

an extremevalue distribution.

After considerationof all of the groundwater-relatedcases, it is

apparentthat the significanceof input parametersnot only dependson their

base-case(e.g.,mean) values,but also on the valuesof other input parame-

ters for the same run. Thus a completeunderstandingof the degree of influ-

ence of an input parameterwould be more easilyobtained by consideringthe

interaction,within the environmentalmodel, betweenthat input and other

innuts. This interactioncan be quantifiedby addingto the regressionmodel

additional"cross-product"terms betweenparameterswith interactivepotential

(see Draper et al. 1981). Becausethe partialR-Square valuesrelatingto the

coefficientsof these interactionterms would not be expectedto be as high as

those for the "main effects,"the results for the interactionterms should be

examinedcarefully.

4.2 STABILITYOF REGRESSIONRESULTSFOR THE HANFORDNRDWL CASE

Becausefor the Hanfordcases there was some potentialfor instability

of the (outlier-sensitive)least-squaresregressionresults,ten additional
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seriesof 500 runs were made for the six-contaminantcase to assess the extent

of this instability. A stepwiseselectionof the influentialinputswas made

after each series of runs, and after the completionof all the series,the

sample distributionsof the partialR-Squareswere obtained• Using notched

boxplots,these 10-sampledistributionsof the partialR-Squaresfor the sig-

nificantregressioncoefficientsare summarizedin Figure2. The interpreta-

tion of the notchedboxplotis as follows: the middle horizontalline within

the box is the samplemedian, the lower and upper horizontallines denote the

25th and 75th percentiles,respectively,and the lengthof the "whisker"is

the minimumof 1.5 times the lengthof the box or the distancebetweenthe end

of the box and the lowestor highestdata value. Extremedata values are

identifiedwith an asterisk. The width of the notch is an approximate95%

confidenceintervalon the median and a box having "ears,"at the top (bottom)

o

o

o

0 w _ _ _ 0 w _

FIGURE 2. Distributions of Partial R-Squares from Regressing on
I0 IndependentSites
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indicatesthat the upper (lower)confidencelimit is more distantfrom the

median than is the 75th (25th)percentile. By doing pairwisecomparisonsof

notchs betweenboxes (declaringinsignificancefor overlappingnotches),

informaltests between the medianscan be made, each being approximately

equivalentto tests on differencesof medians, but with a higher false-reject

. error rate on equal mediansthan the rate associatedwith a more formal test.

Note that in all cases, the populationsize (EGPOPDRW)had the highest

partial R-Squarevalues,and the confidenceintervalfor the median partial

R-Square is "shrunk"to the estimatedmedian value. This result is expected

because, holdingall other inputsconstant,the relationshipbetweenthe num-

ber of healtheffects and populationsize is linear. Often the orderingof

the leach rate (WSLEACHV)and the saturatedzone thickness(WZTHICK)was

interchanged,as was the orderingof the benzene flux (WSFLUXSTRB)and the

saturatedzone transversedispersivity(WZTDISP). Some of the remainingsig-

nificant input parametersexhibitedsimilarexchangesof ordering of

R-squares. The input variablesidentifiedin Figure 2 representthe largest

list of influentialparameterswhere, for display purposes,an influential

variable was one having a partialR-Squaregreaterthan 0.01. For some run

resultsthe smallestcoefficientsfrom anotherrun were eliminatedduring the

stepwiseprocess.

The foregoingresultsfor the HanfordNRDWL six-contaminantindicate

that, for this case, while 1) 500 iterationsare not sufficientto stabilize

the exact ordering of the influentialvariables,2) the majorityof the influ-

ential variablescan be identified,and their generalorderingof importance

can be characterizedin 500 iterations.

4.3 STABILITYOF UPPER PERCENTILESFOR THE HANFORDNRDWL CASE

Using the output resultsobtainedfrom doing the ten series of 500 runs,

samplingdistributionsof the gOth and 95th through 100th percentileswere

assessed. These distributionswere obtainedby repeated (100 times) random

selectionof a seriesof 500 resultsfrom the total series of 5000, and tabu-

lating each of the above statistics. Assumingthat samplingfrom the overall
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series of 5000 is approximatelyequal to samplingfrom the underlyingdistri-

bution,samplingwas done with replacementfor each individualresult. Fig-

ure 3 illustratesthe smootheddistributionsof the 500-samplequantiles.

Note that the variabilityof these quantilesincreaseswith percentage,the

maximum (100thpercentile)being the most variable. The relativevariabili-

ties of these statistics(expressedin terms of 4 standarddeviationsdivided

by the sample mean) range from 0.13 for the gOth percentileto over 0.5 for

the 9gth and 100th percentiles.

There are methods for diagnosingthe influenceon least-squaresregres-

sion coefficientsof both extremeoutput and input values (Hockinget al.

1983). Although these methodswere not employedin this analysis,both the

considerablevariabilityof the uppermostquantilesand the apparentnonlinear

response of the output with selectedchanges in transversedispersivityand

aquifer thicknessprovideevidencethat this nonlinearityis the cause of the

instabilityof the partialR-Squaresthat is seen in Figure2 for these

inputs.

Based upon the above results,the conclusionsfor the Hanfordcases are

I) the instabilitiesin the partialR-Squarevalues for transversedispersiv-

ity and aquiferthicknessare attributableto the occasionalnonlinear

responsesin the output to changesin these inputs,and 2) for a series of

500 runs, these nonlinearresponsesinduce a considerabledegree of uncer-

tainty in the 90% and higherquantiles.
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5.0 .CONCLUSIONS

In general,the resultsof any sensitivityanalysiswill be dependenton

the values and ranges of the input variablesand which type of model is used

to fit to the output data (e.g.,a curvilinearsurfacecould have been used in

• lieu of a planar one). Therefore,we emphasizethat the sensitivityresults

given above shouldbe interpretedwithin the context of the input base case

. values ranges used and the plane regressionmodel used for representingthe

output response.

Also, the assessmentof sensitivityof the model is based entirelyon

the input values• Becausemodel input-outputlinkagesare actuallybeing

assessed rather than logicalor physicalrelationships,it is possibleto

overstateor understatethe actual (physical)sensitivityof the output to a

given input. This is an artifactof the model being used.

The resultsdepend on the relativemagnitudeof ranges assumedfor each

variable. The rangeswere selectedfor each parameterto representa maximum

feasiblerange of expectedvariationso that the importancewould reflect

model sensitivityover a range representingthe maximum normal resolutionof

that parameter. For most input parameters,the ranges used in this sensitiv-

ity study will be adequatefor determiningthe importantparametersover the

range of valuesencounteredfor the sites examined.

The sensitivityof the number of health effectsto variousparameters is

known to vary widely from situationto situation. Often this variationoccurs

with differentmagnitudesof the parameter. The results from this study rep-

resent only the importantvariablesfor the average sensitivityassociated

with a particularsituationbased on assumedranges of variationof input val-

" ues• Differentparameterscan become importantas the situationchanges

(i.e.,differentsite) or as the ranges for input values change.

Because the influenceof one input is often dependentupon the values of

other inputs,for models having a significantlygood fit (havinga full model

R-Square above about 0.8), interactionterms betweenparametershaving syner-

gistic potentialshould be includedin sensitivityanalyses,so observed sen-

sitivitiescan be verified and that their causes can be explained.
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For scenariosinvolvingoverlandtransport,the resultsfrom both this

study and from those of Doctor et al. (1990) indicatethat the standardmulti-

ple linear regressionmodel does poorly in describingthe output responseto

changes in the inputs. This inadequacyof model fit is felt to be largely

attributableto the step functionalresponse,under a set of conditions,of

health effectsto changes in variables(such as averagemonthly temperature)

above or below some thresholdvalue. For future sensitivitystudies,a con-

siderationshould be made to modify the multiple linearmodel to reflectsuch

discretechanges in the output. The regressionmodel could includeindicator

or "dummy"variablesthat change the interceptof the regressionmodel under

conditionsthat producethe "jumps"in the output,thus improvingboth the

"explainability"of the model and the interpretationof the resultsfor the

remainingcontinuousvariables.

From this and other studies,it is known that for cases involving

groundwatertransport,significantnonlinearchangesin the number of health

effectscan be inducedby I) changesin Kd values near zero for highly radio-

active contaminantsor changesin largerKd values for all other contaminants,

and 2) changes in dispersivitiesand aquiferthickness. From this study,we

note that in such cases, the statisticaldistributionof the output can be

similarto an extreme-valuedistributionin that large values can infrequently

be producedwhich are severalstandarddeviationsfrom the mean. These large

values cause some instabilityin the orderingof importanceof the sensitive

variables.

For future sensitivityanalysisinvolvingoverlandtransport,we recom-

mend that the regressionmodel be modifiedto incorporatediscrete jumps in

the output.

For future sensitivityanalysesof groundwatercases,we recommend

° the K_, dispersivity,and aquiferthicknessparametersshouldbe
consideredas possible independentvariablesin all cases involving
groundwatertransport

° interactionterms betweenvariableswith potentialsynergisms
should be consideredin the regressionmodel to supportthe valida-
tion of influentialvariables.
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