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EXECUTIVE SUMMARY

This repofi describes a study of radon (Rn) emanationfrom pipe scale and soil

samples contaminatedwith naturallyoccurringradioactivematerial (NORM). Samples

were collectedat petroleum productionsites in Oklahoma, Michigan, Kentucky,and

Illinois. For comparison,data are also presentedfrom preliminarystudiesconductedat

sites in Texas and Wyoming. All samples collectedwere analyzed for their Rn .

emanation fraction,defined as the fractionof ‘Rn producedthat enters the

interconnectedpore space within“amedium contaminatedw“th‘GRa before the ‘Rn

undergoes radioactivedecay. This measure representsone of the important

parameters that determine the overall Rn activityflux from any solid medium. The goal

of this projectwas to determine whether Rn emanationfrom pipe scale and soil is similar

to emanationfrom uranium mill tailings.

Pipe scale samples were collected at four of the sites, and consistedprimarilyof

barite scale where radium (Ra) atoms replaced barium (Ba) withinthe crystal lattice of

the scale. Scale from sites in Texas and Oklahoma were removedfrom the interiorsof

pipe that had become cloggedwith barite scale. In contrast,NORM-contaminated scale

from the site in Michiganwas in the form of a thin baritedepositon the surface of the

pipe casing. Scale from a site in Kentuckywas collectedfrom a pipe cleaning facility.

Soil samples were collectedfrom areas exhibitingelevated surface gamma

exposure rates indicatingthe presence of NORM, and consistedof the upper 15 cm soil

depth. The uniformityof NORM contaminationwithinthe sample was not determined,

and in some cases may have been restrictedto small fragmentsof barite scale in the

soil. All pipe scale and soil samples were analyzed for ‘GRa concentrationas part of the

methodfor determining‘Rn emanation fraction. For comparison,these same

parameters are reportedfor 11 uraniummilltailingssamples providedfrom a site in

Utah.

Although‘GRa concentrationsfrom pipe scale samples were similar to those

found in uraniummill tailings, ‘Rn emanationfrom pipe scale was generally lower in

pipe scale. This is likely due to physicaldifferencesbetween the two media and to the

method by whichthe Ra is deposited in the material. Radon emanation from soilswas

extremelyvariable owing not only to d“tierencesin physicaland chemical soil properties,

but also to the means by which NORM has entered the soil. Although additional

emanation measurements from other sites are needed, the data collectedat these three

v

_ —. . .. . ....<.+ .,. ’,,.. - .,,-.,+.. , ., ..<. ~< .,., ,. ’—- -—7-———



---- —— ..-—--- ..-. .. . .. .

sites indicatethat regulationsintendedto protect human health from ‘Rn inhalation

shouldconsiderthe type and propertiesof the medium inwhich the NORM is contained,

rather than relyingstrictlyon concentrationsof the parent ‘sRa.
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1. INTRODUCTION

Most minerals in the earth’s crustcontainsmall, but measurable concentrations

of naturallyoccurringradioact”wematerials (NORM), and the geochemical propefi”es

associatedwith petro!eumformation can often result in locallyelevated concentrationsof

‘U and ‘Th withinsource rocks (Snavely, 1989). Isotopesof Ra and Rn are key

componentsof boththe ‘U and -h decay series (Figure 1). Under cettain physical

and chemical conditions,brines or formationwaters presentwithinthe petroleum

producinggeologicformationmay leach Ra from clays. Althoughthe initialproductionof

oil and gas from a reservoiris typically“dry”,as the natural pressurewithinthe

petroleumbearingformationfalls, the formationwater may be increasinglyproduced

along withthe oil and gas (Smith 1987). Radium may be among the dissolved

constituentsin these producedwaters, and isotopesof Ra are estimatedto mmprise

over 90% of the total radioact”m”ty(excluding‘Rn) found therein (Snavely, 1989; EPA,

1991). In contrast,onlytrace amounts of ‘U, ‘1%, %h, 2’OPb,2’OPo,and other

NORM radionuclidesare typicallytransportedto the sutface in producedwater because

of the lower solubilitiesof these elements.

As producedwaters are broughtto the surface, decreases in temperature and

pressure allow solutesto precipitate(Smith, 1987). This can result in the formationof

hard, extremely insolublescale depositson the interiorsurfaces of piping,on casing

materials, and on otherproductionequipment. In the case of piping,these depositsmay

eventually restrictflow sufficientlyto require replacement of the scaled pipe segments

(e.g. Raabe, 1996; Bemhardt et al., 1996). If elevated concentrationsof Ra are

dissolvedin the producedwaters, the Ra may co-precipitatealong w“thBa and Ca as

complexsulfatesor carbonates (EPA, 1991). Total Ra concentrationsin produced

waters and pipe scale are dependent on diverse factors, includingthe amount of Ra

present in the subsurfaceformation,formationwater chemistry,the extra~”onand “

treatment processesemployed duringproduction,and the age of production. The

formationof these hard scales is also related to factorssuch as flow rate, reservoir

deliverytime, and geologicstructure(Bassignaniet al., 1991). Details of the

characteristicsof scale formationin well pipes are discussedby Wilson and Scott

(1992).
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The concentrationsof Ra found in barite scales can vary from backgroundlevels

up to several thousand pCtig (Baird et al., 1990). However, the U.S. Environmental

ProtectionAgency (EPA) has reportedconcentrationsas highas 410,000 pCi/g (EPA,

1993). Sutveys of oil and gas wells sampled in Oklahoma, Texas and Louisiana

indicatedthat from 50% to 75% of the facilities had producedwater containing‘sRa

concentrationsof over 50 pCi L-’ (Snavely, 1989), and the EPA has estimatedthat as

many as one-thirdof all domestic oil and gas wells producesome Ra-contaminated

scale (EPA, 1991). Byway of contrast,a study conducted in Italy involving544 facilities,

indicatedthat scale formationwas small, W-thquantityof scale producedrarely “

exceeding 10 kg per plant per year (Bassignaniet al., 1991).

In a study involvingover 36,000 external gamma measurementsat American.

Petroleum Institute(API) member facilities in 20 states and three offshoreareas, a total

of 14.9% of the leases examined were found to have efiemal gamma readingsabove

backgroundwith a maximum reading of 3.5 mR”h-’(Otto, 1989). As with most NORM

surveys conductedto date, however, this did not providea statisticalrepresentationof “

the industrybecause many of the wells investigatedwere knownto be associatedwith

elevated radioactivity.Al~houghthe presence of elevated NORM concentrationsin

petroleum reservoirsand in oil and gas productionand processingfacilitieshas been

recognizedsince the early 1930s (EPA, 1991), concerns have been recentlyexpressed

regardingthe potentialfor radiationexposure from uncontrolledreleases of NORM to the

public. However, large uncertaintiesremain in estimates of the extent and potential

ramificationsof NORM contaminationin the petroleum industry.

The focus of health concerns related to NORM associated w“thpetroleum

productioninvolvesthe generation and release of chemically inert Rn gas. Radioactive

decay of ‘GRa (fromthe uraniumdecay series) results in formationof *Rn (3.82 d half

life). Decay of ‘Ra originatingfrom the thorium decay series also yieldsan isotopeof

radon (nRn), but one with a much shorter half life (55s) Because of the shorthatf life

of ‘ORn, this isotopedoes not pose as serious a problemfrom a transpottand exposure

standpoint.

Radon present in pore space of the material maybe transportedto the

surroundingatmospherevia advectionor diffusion. The risksassociatedwiththe

handlingand disposalof materials contaminatedw.th ‘sRa are mostlydue to ‘Rn

progeny, the inhalationof which has been associated w“than increased riskof lung

cancer (NAS, 1988). The risksassociated with the handlingand disposalof NORM
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contaminatedmaterial are dependent on the overall rate at which Rn is released from

the material matrix.

The term radon emanation fraction is commonlydefined as that fractionof the

total Rn contained in a material that is released from the material and free to migrate

from the material in the gas phase. The physicalpropertiesof the Ra-bearing material

largely determine the Rn emanation fractionassociated w“ththe material. These

physicalpropertiesinclude:(1) the distributionof Ra w-thinthe material; (2) whether the

material is massive or granula~ (3) the type and magnitudeof poros”~of the material;

(4) the moisturecontentof the material;and (5) the effective Rn diffusioncoefficientin

the material. These various propertiescan interact in complexways that are often

counterintuitive.Additionalinformationon emanation mechanisms is available

elsewhere (Tanner, 1980). ‘

To date, several states includingTexas, Louisiana,and Mississippihave

implementedNORM regulationsthat focus on the oil and gas industry(Cameron, 1996),

and many otherstates are consideringimplementationof such regulations. Smith et al. .

(1998) identifiedfiie general categories of NORM regulationby states (1) development

of NORM exemptionstandardsor ad-on levels; (2) license requirementsfor parties

possessinghandling,or disposingof NORM; (3) release of NORM-contaminated

equipmentand land; (4) worker protection;and (5) disposalof NORM wastes. Action

levels for managingpetro!eumindustrywastes as NORM wastes vary between states,

rangingfrom 5 to 30 pCi g-’ of total Ra (zGRa plus‘8Ra). Several states have

establisheddual action levels distinguishedby the Rn emanation rate of the NORM-

contaminatedwaste. In these states, the action level is typically5 pCi g“’total Ra if the

Rn emanation rate is in excess of 20 pCi m-2s-’ and 30 pCi g-’ total Ra if the Rn

emanation rate is below20 pCi m-2s-’.

Although‘Rn is the primaryconcernfrom a publichealth standpoint

regulationsto date have generallybeen based on act”tityconcentrationsof Ra in the

contaminatedmaterial. However, the relationshipbetween ‘Rn concentrationand

radiationdose to humans is highlyvariable, depending in part on the ‘Rn emanation

fraction. Because of the complexway that the physicalpropertiesof the scale materials

may interact,directmeasurement of the emanation fractionare needed to better

estimate the exposurepotentialof oil field NORM.

In general, state regulationsfor the release of NORM-contaminated lands are

derivedfrom standardsdeveloped pursuantto the Uranium MillTailings Radiation

3
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ControlAct of 1978 (Title 42; United States Code 7901, et seq.). These generally allow
-.

for the release of landsfor unrestricteduse providedthe total Ra concentrationin the

upper 15 cm of soil is # 5 pCtig, as averaged over 100 m2. Several states have

establishedtwo release standards based on the Rn emanation rate of the NORM

remainingin the soil: if the Rn emanation rate is above 20 pCi m2s-’, the release

standard is 5 pCi g-’ of total Ra, and if the Rn emanation rate is belowthat level, the

release standard is 30 pCi g-’ (Smith et al., 1998).

The objectivesof this investigationwere to determine ‘Rn emanationfraction

of Ra-containingbarite scale and soils found at petroleumexplorationand production

sites over a wide geographicarea.



2. MATERIALS AND METHODS,

2.1 Sample Collection Sites: Pipe scale and/or soilsamples were collectedat sites

in Oklahoma, Michigan, Kentucky,and Illinoisin additionto those collectedduringearlier

studiesfrom sites in Texas (Rood et al., 1998) and Wyoming (White et al., 1999).

Specific locationsof samplingsites are not disclosedat the request of some of the site

operators and/or land owners. Several of these sites were sampled in collaborationw-th

Dr; James Otton of the U.S. Geological Survey, who was conductinga related study.

Oklahoma - Ten pipe scale and ten sutface soilsamples were collectedat a

variety of sites withinthe same productionarea in northernOklahoma. Three

backgroundsoilsamples were also collectedfrom an uncontaminatedsite. A total of ten

miscellaneoussamples were also collectedat these sites, consistingof residualsolid

material from a rustedstorage tank, and material collectedfrom the sutiace of a dirt road

that indicatedNORM contamination. The ten pipe scale samples were collectedfrom

scale depositsthat were cloggingthree abandoned, rustedout pipes. Soil samples were

collectedfrom two differentsites se~arated by approximatelyfive miles.

Michigan - In Michigan,eight pipe scale and nine soilsamples were collected

from two sites separated by approximately 10 miles. In comparisonwithsamples

collectedfrom othersites, the pipe scale samples mllected in Michiganwere somewhat

unique in that they were in the form of thin depositsfoundon the outsideof pipe casing.

Unlike the clay loam soilscollectedat other sites, soil samples from Michiganwere “

extremely sandy, suggestingpotentiallydifferentphysicalcharacteristicsthat may

influence Rn emanation. Three backgroundsoil samples were also collectedat thissite.

Kentucky - Samples in Kentuckywere collectedfrom sites in two dtierent

productionfields separated by a distance of over 100 miles. These includedten pipe

scale samples and a total of 16 surface soil samples of varying characteristics. In this

case, pipe scale samples were collectedfrom a pipe cleaningfacility,which resultedin

samples of finer particlesize than those collectedat othersites. Three sediment

samp!es and three backgroundsoilsamples were also collectedfrom one of the sites.

5
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Illinois - A total of ten soil samples were collectedfrom a former productionsite

in southern Illinois. No pipe scale was available at this site, and cleanup effortshad

reduced the contaminationlevels substantiallyin comparisonwith conditionsfound at

the site in 1995 and 1996 by Dr. James Otton of the U.S. Geological Survey and his

colleagues.

Texas - In a preliminarystudyconductedin 1992, a total of 20 pipe scale

samples were collectedfrom a facility in Texas (Rood et al., 1998). No soil samples

were collected at this site.

Wyoming - A separate studywas conductedin 1997 to characterize the

National Petroleum Resetve Number 3 at Teapot Dome, Wyoming for NORM

contamination. Radon emanation measurements were conductedon 14 soil and

sediment samples collectedat this site (White el al., 1999).

2.2 Sample Collection: Specifictechniquesfor collectingsamples dtiered slightly

between sites. No effortwas made to collectstatisticallyrandomsamples because the

assumptionwas made that ‘Rn emanation fraction was not dependent on the

“concentrationof parent ‘GRa. Rather, we concentratedon samplingsoils that were

highlycontaminatedto facilitate laboratoryanalysis, and on pipe scale that was not so

contaminated as to present problemsin meeting shippingregulations.

Pipe scale - In general, pipe scale was collectedwherever and by whatever

means possible. At the sites in Oklahoma and Texas, a sledge hammer was used to

dislodgescale from the interiorof pipe segments cloggedwith contaminatedscale. in

Michigan, a few pipe casingswere foundwith thin depositsof NORM-contaminated

scale on the exteriorsurfaces. This scale was sampled by peeling the scale from the

casing. At the Kentuckypipe cleaningsite, scale was collectedfrom 55-gallon drums of

scale resultingfrom the cleaningoperation. As such, itwas impossibleto associate a

given sample with a single pipe for scale collected in Kentucky. The differingtechniques

resulted in differentphysicalcharacteristicsof the pipe scale samples, dependingon the

site of origin. Each sample was placed in a 1 L nalgene bottle.
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Soil - Soil samples were collectedusinga post hole digger or trenchingtool at

locationswhere gamma surveys indicatedthe presence of elevated NORM levels.

Surface gamma exposure rates were measured and recordedat each sampling location.

Surface soil samples includedthe top 15 cm of soil. Care was taken to collecta core of

uniformdiameter to a depth of 15 cm. This material was placed in a plastictray,

homogenized, and a subsamplewas placed in a 1 L nalgene bottle. All sample

collectionmaterials were cleaned betieen samples to prevent sample cross

contamination. At the Wyoming site, some “subsurface”soil samples were collectedfor

depth characterizationpurposesfrom the second 15 cm depth usingthe same holes.

Sediment samples were collectedin bothWyoming and Kentuckyusinga shovel.

2.3 Sample Analysis: All samples were analyzed for ‘GRa concentrationand *Rn

emanation fraction. These analyses were conducted by Energy LaboratoriesInc. of

Casper, Wyoming vJththe exceptionof the samples collectedfrom the site in Texas,

which were analyzed usingsimilartechniquesby the Radon Laboratoryof the

Department of Energy Grand JunctionProject Office usinga slightlydfierent technique.

The general methodologyemployed in the measurement of ‘Rn emanation

fraction involvedthe flushingof all free gaseous ‘Rn from an aliquotof the 1 L sample

and the subsequentmeasurement of the ingrowthof the emanatingfrad.on of the total

aRn in the sample by gamma spectroscopy. Spectral gamma measurements of the

0.352 MeV peak from 2’4Pband the 0.609 MeV and 1.764 MeV peaks from 2’4Biwere

obtained at two differenttimes duringthe ingrowthperiod. The emanation fractionwas

determined based on the theoreticalingrowthcurve. Fig. 1 showsthe theoreticalaRn

ingrowthcurve. The sample activitiesat times tj and & (/1and /2) are describedby

Equations 1 and 2 below.

1,= 10-1-N(l-e-*l) (1)

I,= 10+ N(l–e-fi’ ) (2)

Where /,= activityat time tf
/2= activityat time t2
/0= bound‘Rn activityat time to

A/= free, or emanatingaRn activityat radioactiveequilibrium
2= ‘Rn decay constant(s-’)

7
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These two equationscan be”solvedsimultaneouslyfor the unknownquantities/0

and N. SubstitutingA for ( l-e-~~l) and B for ( l-e-~~) simplifiesthe equations. The

solutionsare g-wenin Equations3 and 4, and the emanation fraction Fis computedfrom

Equation5.

~_(I* -12)
A-B ‘

12A–I, B
l.= A B

F
N=—

N+IO
1

(3)

(4)

(5)

It is not necessary to determine the actual sample activities (/7and /2)at times fl

and t2, as the net count rates (Cl and Cz.) observed at tj and tzare propo~”onalto the

activities(/1and /2)througha calibrationconstant,which cancels out when the final ratio

is taken in Equation5. Thus Cl and C2 maybe substitutedfor /1and /2.

The ‘Rn emanation frati”on of most granular materials is dependent uponthe

grain size (surface to volume ratio) as ~ell as the moisturecontent of the sample (Cone’

et al. 1981, Tanner 1980). Because of this concern, the samples prepared for Rn

emanation fractionmeasurement were not crushedor othe~”se further reduced in size

beyondthat which occurredduringthe field sampling untilthe emanation fraction

measurementswere completed. It was believecithat the method of obtainingthe scale

samples used in this investigationwouldproduce a grain size distributionrepresentative

of scale materials removedfrom tubingand pipe by the “rattling”process commonly

used in the past. The emanation fractionsreportedhere are not intended to be

representativeof those belongingto scale materials removed by the under-reaming

process,which is the process currentlyused at most pipe cleaning facilities.

The initialRn emanation measurements for samples collectedat the site in

Texas were conductedby the U.S. Department of Energy Radon Laboratoryin Grand

Junction,Colorado. Their procedurecalled for representative 0.4 L aliquotsof the 1 L

scale samples to be obtainedby the cone-and-quarter method. Each aliquotwas placed

as a thin layer in a flushingchamber constructedfrom a 70 cm lengthof 4-inch PVC

pipe. A small laboratoryair pump was used to draw conditionedair throughthe flushing

chambers at a flow rate of approximately1 L rein-’. Previous experience with uranium

mill tailingsmaterials indicatedthat usingroom air for flushingresults in significantdrying

8



of the sample. In order to avoid this problem,a humid~ng system was employedto

conditionthe air stream drawn intothe flushingchamber to 98% relative humidity,and

maintain it at the same temperature as the flushingchamber. By maintainingthe air

stream close to the saturationmoisturecontent, it was anticipatedthat the intergranular

moisturewould remain constant in the sample.

Weight gains were, however, observed in all of the samples followingremoval

from the flushingchambers. The increases were probablythe resultof ironoxide

minerals taking up hydrationwaters from the saturated atmosphere. There is no

questionthat the measurement process affected the moisturecontent of the samples,

relative to the “as-collected”condition. It can be argued, however, that the saturatedair

of the measurement conditionclosely approximatesthe moistureconditionsthat exist in

mostsoils. ,

The spectral gamma measurements were obtainedwith a high purity,planer

germanium detectorused with a personal computerbased multichannelanalyzer. Two

spectra were collectedfor each sample at two differenttimes, (tf, tz)duringthe ingrowth

period. Samples were countedfor 1500s. Net peak areas were obtainedfor three

differentregionsof interestcomprisedof the 0.352,0.609, and 1.764 MeV linesfor each

count. The sum of the net peak areas from these three regionsof interestare

proportionalto the sample act-tity at times tl and t2. Substitutionof these values into

Equations3,4, and 5 yields the ‘Rn emanationfraction.

The same 0.4 L aliquotused in the emanation fractionmeasurements was used

as the startingsample material for the ‘Ra and ‘Ra analyses. The 0.4 L aliquats

were firstdried at 110” C and then crushedto a sieve size of 80 mesh and thoroughly

blended. A 100 g aliquotwas then extracted and placed in a metal container:sealed

and allowedto sit 21 days for Rn progeny ingrowth(Figure 2). Each sample was

countedon a highpuritygermaniumdetector (HPGE) usingthe 0.609 MeV 2’4Bi

photopeakfor ‘GRa and 2.614 MeV -I photopeakfor ‘Ra. Samples were corrected

for densitydifferencesbetween the sample matrixand the calibrationstandards.

All samples collectedsubsequentto those collected in Texas were analyzed for

aRa concentrationand ‘Rn emanation by Energy LaboratoriesInc. of Casper,

Wyoming usinga slightlydifferentprocedure. As m“ththe Texas samples, no crushing

or grinding of the samples was performedpriorto measuring‘Rn emanation.

However, all samples were oven dried and the moisturecontentwas measured and

recordedpriorto analysis. We found it necessary to dry these samples because the

9
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sediment samples and some soil samples were saturated, making them difficultto work

with in the laboratory. Furthermore,some degree of dryingwas expected of all samples

between collectionand analysis. It was therefore determinedthat all samples were to be

oven dried priorto measuring‘Rn emanation so as to providea consistentsample

analysis protocolfor all remainingsamples.

10
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3. RESULTS AND DISCUSSION

Summaries of the ‘GRa mncentration and ‘Rn emanation fractiondata for all

sites are providedin Tables 1 (pipe scale) and 2 (soil). For comparisonpurposes,data

from the analysis of 11 uraniummilltailingssamples using identicalanalytical

techniquesis also providedbothtables. More comprehensive data summariesfor each

site are providedin AppendixA, includingother analytical resultssuch as concentrations

of ‘Ra and 4K and the countingerrors (precision)associated w“theach sample.

3.1 Pipe Scale - Elevated concen~ationsof aRa were found in all pipe scale

samples collectedin Oklahoma, Michigan,Kentucky,and Texas. This was expected,

because only pipes exhibitingelevated gamma exposure readingswere sampled.

Mean ‘GRa concentrationswere lower in scale from the site in Michigan (416 pCi g-1)

than samples from the other four sites. This difference could be due to a lower Ra/t3a

ratio in Michiganformationwaters. Alternat”wely,the lower concentrationsfound in

Michiganscale may be the resultof slightlydtierent scale formationprocessesat this

site resultingin the formationof scale on the exteriorsurfaces of the casing material, or

to a lower concentrationof the source ‘Ra. Radium concentrationsin the 11 mill

tailingssamples analyzed averaged 424 pCi g-’, or about what was found in the

Michiganpipe scale samples.

Table 1. Data summary for *Rn emanationfraction and ‘GRa
concentrationin pipe scale samples collectedfrom four sites (mean *
1 standard deviation).

STATE n ‘Ra ‘Rn Emanation
Concentration Fraction

(pci g-’)

Oklahoma 10 “ 2056 * 780 0.087 & 0.013

Mic~gan 8 416 * 246 0.138 * 0.020

Kentucky #2 10 1915*288 0.137 & 0.097

Texas 20 1674 * 870 0.037 * 0.011

Uranium Mill 11 424 & 45.3 0.153 & 0.019
Tailings

11
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As shown in Table 1, mean aRn emanation fractionfor scale ranged from less

than four percent in Texas to almost 14 percent in Michiganand Kentucky. Emanation

fractionsfor the 11 uranium milltailingssamples analyzed averaged over 15%, although

the range was less than that found in the pipe scale data sets (Figure 3). Mean ‘Rn

emanation fractionsfrom each of the four pipe scale sample sets were significantly

differentthan that of the uraniummill tailingssamples analyzed (ps 0.01).

Based on the concentrationsreportedfor the pipe scale samples used in this

study,disposalof scaled pipes would be regulated in those states that have enacted

NORM regulations.However, Rn emanation fractionsaveraged less for these samples

than for mill tailings, especiallyfor the sites in Texas and Oklahoma. This is

considerablybelow the publishedrange for uranium milltailingsof 0.1 to 0.3 (Rogers et

al., 1984).

The variabilitybetween sites of ‘Rn emanation fractionfor pipe scale maybe

the resultof differentsample collectionmethods. Scale from Texas was collectedfrom

pipes that were recentlytaken out of service. The scale samples from these pipes was

collectedin fairly large “chunks”as removed from the pipe. These samples showed the

lowestmean emanation fraction. Oklahoma scale samples were also from pipe clogged

with barite scale, but in this case the pipes sampled were found on the groundsurface

and were partiallyrustedthrough. As stated above, the Michiganscale samples were

collectedfrom a fine barite depositon the external sutface of caQingpipe. Finally, the

Kentuckyscale was collectedfrom a drum of NC)RMscale waste at a pipe cleaning

facility. It is likely that much of the variabilityobserved between sites was simplydue to

the dtierences in the mean particlesize of the sample.

We should reiterate that the samples collected in Texas were analyzed usinga

somewhat differentanalytical techniquefrom that appliedto samples collected

elsewhere. For the Texas samples, an effortwas made to maintainthe moisturecontent

of each sample as it was when it was collected. In contrast,samples collectedat all

othersites were first dried before analysis. This difference in analytical techniquescould

partiallyexplain the lower emanationfractionsobservedfor samples from the Texas site.

3.2 Soil - Concentrationsof ‘Ra in soils collectedduringthis studywere generally

less than those found in pipe scale, but substantialvariabilitywas observed both

between and withinsamplingsites (Table 2, Figure 4). All soilsamples collectedwere
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substantiallyhigher ‘sRa concentrationsthan local backgroundsoils,whichwere

generally inagreement with publishedranges for naturalsoilsof from about 0.5 to 2.0

pCi g-’ (Klement Jr., 1982).

Table 2. Data summary for surface sol samples for six sites (mean * 1
standard deviation.) Backgroundsoil samples designatedas “Bkg”.

STATE n

Oklahoma

Oklahoma
(Bkg)

Michigan

Michigan
(Bkg)

Kentucky #1

Kentucky #1
(Bkg)

Kentucky #2

Illinois

Wyoming*

10

3

9

3

11

3

6

10

14

‘Ra Concentration
(pCi g-l)

335 * 750

1.8 * 0.78

‘Rn Emanation
Fraction

0.207 * 0.101

0.258 * 0.042

191 * 170

<0.1

0.130* 0.079

0.036 & 0.048

368 & 577

<0.1

0.133 * 0.089

0.072 * 0.062

62.2 & 44.5

9.06 * 7.09

6.97 * 4.67

0.148 * 0.054

0.092 & 0.099

0.104 * 0.045

Uranium Mill 11 424 & 45.3 0.153 * 0.019
Tailings

* Includessurface soil, subsurfacesoil, and sediment samples

13
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Mean *Rn emanationfractionfor contaminatedsoilsamples rangedfrom nine

percent in Illinoisto 21 percent in Oklahoma (Table 2). Contraryto what was observed

with pipe scale, ‘Rn emanation values for soilssampled as part of this effortshowed

substantialoverlap with those of uraniummill tailings,althoughemanationfrom the data

sets from each site were statisticallydifferentfrom mill tailings(ps 0.01).



Differences in mean emanationfraction between sites in pipe scale samples may

be due to differentanalytical techniquesfor the samples collected in Texas in

comparisonwith the other sites. However, all soil samples reported here were subjectto

identicalsample collectionand analytical techniques. The variabilityobserved in the soil

data was more likelydue to d“fierencesin the manner in which the NORM-contaminated

materialwas deposited in the soil. Some samples may have contained large particlesof

barite scale, while other soils may have become contaminatedfrom producedwaters

dischargeddirectlyto the groundsurface. In order for a Rn atom to be released from a

material in which it is contained, it mustfirst be transportedto the sutface of that

material. In granular materials, such as uranium mill tailings,the surface of interest is

the grain surface, and as a practicalmatter the grain is usuallybounded by a void or

pore space in the bulk material.

An importantmechanismfor the transportof Rn atoms is the so-called direct

recoilmechanism. When a ‘GRa atom decays by the emissionof a 5.3 MeV alpha

particle,approximately86 keV of energy is impartedto the parent nucleus. This recoil

energy drives the newlyformed Rn atom in the oppositedirectionas the alpha particle.

As the Rn atom travels along its recoilpath, it continuesto lose energy until it finally

stops. The distancetraveled is dependent upon the material throughwhich it travels.

For mineralswith commondensitiesthis range is 20-70 nm (Tanner 1980). If the

medium is water the range is approximately0.1 pm, whereas in air the range is about 60

#m (Tanner 1980). Thus, if the parent Ra atom is locatedsubstantiallygreater than 70

nm from the grainsurface, recoilof the Rn atom will not result in its escape from the

grain, and it will not contributeto the emanated fraction. If, on the other hand, the

originalRa atom liesvJthinthe recoil range of the grain boundary,and the recoilpath

terminatesw-thinthe pore volume, then the atom is free to migrate away as gaseous Rn.

Another possibilityfor the recoilpath is for it to crossthe grain boundary,but

terminate in an adjacent grain. In traveling intothe adjacent grain, the atom produced

an ionizationdamage trail. Because of the ionizationdamage, the Rn atom is able to

diffuseback out of the grain much more readily than if there were no damage. This is

referredto as the indirect-recoilmechanism.

Because the surface area to volume ratio is dependent upon grain size, the size

and distributionof grainsw-thingranularmaterials can have a large impact on the Rn

emanationfraction. The distributionof the Ra may also play a significantrole in

determiningthe emanationfraction. For many types of uraniumores deposited in

14



sandstone, the uranium,and consequentlythe Ra is located in a relativelythin coatingof

secondaty minerals on’the elasticgrains.This is one reason for the relatively high

emanation fractionsexhibitedby many uraniummilltailings.

In contrastto granular materials, NORM pipe scales are commonlydepositedas

a massive form of the scale minerals, typicallybarite. Althoughthese scale deposits

exhibitsome porosity(at crystal boundariesand as fracture porosity),it is significantly

lower than for a granularmaterial such as uraniummill tailings. Additionally,the Ra

distributiontends to be more uniform throughout the bulkvolume of the scale, which

significantlyreducesthe fractionof parent Ra atoms that are withinthe recoil range of

pore features or surfaces of the scale material. Thus estimates of Rn emanation

fractionsfor NORM scale materials are relativelylow. Nielson et al. (1988) and Baird et

al. (1990) estimate approximately5% for emanationfractionsfor scale materials. In

contrast,estimates for the emanation fractionof NORM contaminatedsludges are four

to five times higherbecause their physicalpropertiesmore closelyapproximate a

granular material than the massive scales.

The ‘Rn emanation fractionspresented here likely representmore appropriate

values to use in an assessment of NORM-contaminated scale and soils. However,

these data are of limitedscope in that they representonly a few selected location. More

measurements from a vJde variety of locationsand operatingconditionsare needed to

develop distributionsof emanation fractions,that are appropriatefor a fisk assessment

of NORM-contaminated scale material or soils.
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4. CONCLUSIONS

These data show that while Ra concentrationsin pipe scale maybe similar to

those observed in uranium mill tailingsand other materials regulatedfor their ‘Rn

release potential,the ‘Rn emanation fractionfor pipe scale is generally lower than for

typical mill tailings. This difference is likelydue primarilyto the less porousstructureof

pipe scale which serves to restrictthe rate at which ‘Rn is released from the material.

Furthermore, the ‘Rn flux rates measured from whole pipes in the Texas portionof this

study indicate that release from undisturbedpipe comparable to those from a few square .

meters of uncontaminatedsoil (Rood et al., 1998).

As for soils and other NORM-contaminated media, the use of mill tailingsvalues

for estimating Rn release maybe more reasonable than for pipe scale. Overall, the

current study suggeststhat Rn release is dependent to a large degree on the physical

characteristicsof the medium containingthe NORM radionuclides. This impliesa lower

o potentialfor release of ‘Rn from barite scales contaminatedwith ‘~a than for other

materials currentlyregulated for their Ra content. These differencesshouldbe

consideredwhen determiningwaste disposaloptionsfor various NORM-contaminated

media.
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Figurel. Simplifieddecay series for ‘GRaand ZGRa showinghalflives anddecay
productsimportantto analysisby gamma spectroscopy.

FI=IF=IIFWF=%
1600Y 3.82d 3.11m 26.8III 19.9m

EP-Ew-lzY-EP-E+-
5.75y 6.1h 1.91y 3.66d 5S.6S

-+EP+WEWEI’

150ms 10.64h 2S m 3.053

1, rn-.

L:
...........

10 : ;

/at!,,.,.:! l.!.,,,,,,l !t,,,,,, !l!,, t,,,,!
05 ‘IO 15 20 25 30 35 L

Time in Days

Figure 2. Theoretical radon ingrowth curve defining 10,11,and 12.
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APPENDIX 1

SUMMARY OF ANALYTICAL DATA BY SITE
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Table A-1. Radium concentration and ‘Rn emanation fraction data for pipe scale
samples collected from 20 injection pipes at a site in Texas (Rood et al., 1998).

Sample Sample ‘“Ra ‘bRa -a ‘i”Ra “UK ‘(”” ‘“- - “
Number Type Cone. Count Cone. Count

(pCi/g) Error* (pCi/g) Errofl

PFO02SCOOIPipe scale

PFO02SCO02 Pipe scale

PFO02SCO03 Pipe scale

PFO02SCO04 Pipe scale

PFO02SCO05 Pipe scale

PFO02SCO06 Pipe scale

PFO02SCO07 Pipe scale

PFO02SCO08 Pipe scale

PFO02SCO09 Pipe scale

PFO02SCOI0 Pipe scale

PFO02SCOI1 Pipe scale

PFO02SCO12 Pipe scale

PFO02SCOI3 Pipe scale

PFO02SCO14 Pipe scale

PFO02SCOI5 Pipe scale

PFO02SCO16 Pipe scale

PFO02SCO17 Pipe scale

PFO02SCOI8 Pipe scale

PFO02SCO19 Pipe scale

PFO02SC020 Pipe scale

MEAN

STD

..— .
(pCi/g) ““

895

2150

1978

1941

2156

398

425

2748

1042

2322

2224

2629

717

2338

2762

707

2437

658

2257

592

1669

865

89

206

197

180

198

37

41

269

102

216

211

249

66

217

27~

65

231

61

212

55

159

83

—.
(pCi/g)

1508

2955

2992

2789

2999

513

534

4064

1623

3619

3818

4039

1313

3605

4050

1295

3974

1364

3359

1503

2596

1249

152

290

302

268

285

49

53

404

162

347

372

393

125

346

409

123

387

130

325

143

253

123

27

Cone.
(pcilg)

149

305

229

274

306

<10.9

60

311

158

331

321

315

c14.2

333

323

<16.3

<28.5

143

320

139

251

90

“-K —Kn - urymg
Count Emanation Loss
Error
(pcilg)

41

72

54

60

77

NIA

22

73

34

63

54

103

N/A

69

55

NIA

N/A

32

66

35

57

21

Fraction

0.063

0.040

0.027

0.026

0.030

0.054

0.052

0.030

0.032

0.020

0.039

0.027

0.037

0.031

0.038

0.035

0.030

0.034

0.033

0.057

0.037

0.011

(%)

6.7

10.7

5.5

5.3

20.7

9

9.4

4.9

6.2

5

5.8

4.1

7.3

5.5

5.2

8.8

4.2

6.5

4.6

6.5

7.1

3.7
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Table A-2. Radium concentration and ‘Rn emanation fraction data for pipe scale samples collected
from soil and sediment samples collected at the NPR-3 site in central Wyoming (White et al., 1999).

Sample Sample ‘bRa ~ ““ Ra ‘“Ra 4°K 4UK ‘Rn emanation
Number Type Cone. Count Cone. Count Cone. Count

(pCi g-l) Error (pCi g-l) Error (pCi g-’) Error

TD-21-003

TD-21-004

TD-21-006

TD-21 -014

TD-21-020

TD-21-023

TD-21 -029

TD-21-038

TD-21-039

TD-21-047

TD-21-048

TD-21-058

TD-02-059

TD-02-067

Surface soil

Subsurfacesoil

Surface soil

Subsurface soil

Surface soil

Surface soil

Surface soil

Subsurfacesoil

Surface soii

Surface soil

Subsurfacesoil

Surface soil

Sediment

Sediment

MEAN

STD

2.3

1.8

6.2

4.9

8.3

10.5

6.4

3.8

6.5

19.9

4.1

10.8

3.4

8.7

6.97

4.68

(pci g-’)

0.3

0.3

0.5

0.5

0.5

0.7

0.2

0.4

0.5

0.9

0.4

0.6

0.3

0.7

0.48

0.19

(pci g-’) ‘- -- (pci g-’)

2.1

1.9

4.3

3.0

3.3

4.5

3.2

2.0

4.6

5.5

2.0

<o.8

<o.8

3.7

3.34

1.21

0.6

0.5

1.7

1.3

0.7

0.8

0.5

0.4

1.9

1.1

0.4

0.8

0.89

0.50

18.3

20.9

21.5

20.3

16.3

17.8

18.5

19.8

19.5

16.2

22.2

19.1

13.4

24.3

19.2

2.76

2.1

2.4

2.3

2.2

2.5

2.1

2.7

2.2

2.3

2.0

2.4

2.2

1.6 -

2.7

2.26

0.28

fraction

o.107

0.165

0.142

0.061

0.087

0.143

0.131

0.042

0.110

0.056

0.077

0.069

0.078

0.194

0.104

0.045

Note In this study, ‘Rn emanation measurementswere made on a random subset of all samples. No
backgroundsamples were selected duringthis process.
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Table, A-3. Radium concentrationand ‘Rn emanation fraction data for soil, pipe scale, and
other miscellaneous samt)les collected from sites in Oklahoma.
Sample Sample ‘i;Ra ‘“Ra ““Ra ‘i”Ra ‘K ‘K ~ Percent
Number Type ‘ Cone.

(pci/g)

OKOISS surface soil 363
OK02SS surface soil 7.3
OK03SS surface soil 0.7
OK04SS surface soil 14.9
OK05SS surface soil 34
OK06SS surface soil 280
OK07SS surface soil 150
0K08SS surface soil 2440
OK09SS surface soil 35.6
OKI 0SS surface soil 20.8

MEAN 335
STD 751

OKI 1BS bkg soil 2.7
0K12BS bkg soil 1.4
OK13BS bkg soil 1.3

MEAN 1.8
STD 0.78

OK’14PS pipe scale 1540
0K15PS pipe scale 1560
OK16PS pipe scale 1780
0K17PS pipe scale 1800
OKI 8PS pipe scale 1970
OKI 9PS pipe scale 1650
0K20PS pipe scale 1460
0K21 PS pipe scale 1800
0tC22PS pipe scale 3670
0K23PS pipe scale 3330

MEAN 2056
STD 780

0K24TD tank dis. 710
0K25TD tank dis. ~895
01C26TD tank dis. 46.1
0K27TD tank dis. 38.9
OK28TD tank dis. 119

MEAN 362
STD 409

0K29RF road fill 28.8
0K30SL sludge 52.8

0K31SL sludge 42.6
I 0K32TB tank botms. 1780

0K33RF road fill 2830
MEAN 947

STD 1294

Count
Error

(pci/g)
0.4
0.5
0.2
2.9
1.4
7.8
4.6
58
1.3
1.1
7.8
17.8

0.3
0.2
0.2

0.23
0.06

37.2
37.3
43.2
46

46.8
40.2
37.7
43.7
87

79.1
49.8
18.0

17.4
22.8
1.9
1.8
3.3
9.4
9.9

1.3
2.4
2.1

42.2
67.2
23.0

Cone. Count
(pCi/g) Error

<0.1
<().I
1.9

<0.1
<().1
<1.0
<0. I
<1.0
<().1
<().I

1.3
2

1.3
1.5
0.4

<1.0
<().1
<().I
<().I
<0.1
<0.1
<0.I
12.1
<1.0
<1.0

26.3
36.5
3:2

<().I
7.7
18.4
15.7

<0.q
10.3
4.6
<1.0
<1.0

(pci/g)

0.3

0.3
0.3
0.3
0.3
0

3.5

3.3
7

1.2

1.9
3.4
2.6

1.9
0.4

Cone.
(pci/g)

<0.1
<().1
17.3
<().1
15.3
<().1
26.1
<().I
20.5
18.2
19.5
4.1

<().1
<().1
<().1

<().‘1
<0.1
<0.1
<0.1
<().1
<0.1
<().1
15.5
<().1
<0.1

<t).I
<().1
<0.1
<0.1
<().1

<().1
<0.I

<0.1
<().1
<0.1

Count
Error

(pci/g)

2.2

2.4

9.1

2.5
2.3
3.7
3.0

—

—

—
—
—

2.2
—

—

—
._

—
—

—
—
—

Emanation
Fraction

0.139
0.144
0.441
0.249
0.218
0.160
0.223
0.070
0.260
0.268
0.217
0.101

0.306
0.240
0.230
0.259
0.042

0.086
0.080
0.076
0.103
0.095
0.079
0.084
0.065
0.101
0.103
0.087
0.013

0.078
0.099
0.113
0.158
0.106
0.111
0.029

0.168
0.159

0.231
0.107
0.132
0.1’59

Moisture

4.7
2.3
8.8
4.3
4.6
9.8
9

8.4
3.4
5.6
6.1
2.7

13.6 ‘
10.2
10.9
11.6
1.8

6.3
3

10.7
5.3
5.3
8.6
9.1
5.5
2.8
4.2
6.08
2.63

4.9
6.4
8.7
6.8
10.2
7.4
2.1

16.5
7.7

9.2
10.2
12

11.1
3.4—.— 30.2 0.047
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Table A-4. Radium concentration and ‘Rn emanation fraction data for soil and pipe scale
samples collected from sites in Michigan.

Samde Samrde ‘bRa ‘Ra Ra Ra K K~Rn Percent
Number Type Cone.

(pCi/g)

MIOISS Soil 397

M102SS Soil 150

MI03SS Soil 32

MI04SS Soil 185

MI05SS Soil 93

MI06SS

M121MS

M122MS

M123MS

MlllSC

MI12SC

M113SC

MI14SC

M115SC

MI16SC

MI17SC

M118SC

M131BS

M132BS

M133BS

Soil

Soil “

Soil

Soil

MEAN

STD

Pipe scale

Pipe scale

Pipe scale

Pipe scale

Pipe scale

Pipe scale

Pipe scale

Pipe scale

MEAN

STD

Bkg soil

Bkg soil

Bkg soil

MEAN

STD

65.

545

96

155

191

170

631

603

282

171

477

803

174

188

416

246

<().I

<().q

<().q

<0. I

NA

Count Cone. Count Cone. Count
Error (pCi/g) Error (pCi/g) Error

(pCi/g) (pci/g)(pCi/g)

10.4

4.4

1.2

5.7

3.1

2.1

13.8

4.2

4.4

16.0

15.9

8.4

5.3

49.5.

19.7

5.4

5.8

<().I

<0.1

<().1

<0.I

<().I

<().I

7.7

3.6

<0.1

93.0

83.8

36.6

36.4

69.2

112

44.6

50.5

<().1

<().1

<().I

2.3

1.4

5.2

7.1

2.3

2.3

5.3

5.7

5.2

4.8

9.2

<().1

15.3

31.-t

19.4

21.2

<().1

23.0

40.5

<0.I

<0.1

<0.I

<0.1

<().1

<0.1

<0.1

<().1

16.4

15.3

12.1

3.7

1.9

10.5

6.2

2.2

6.0

15.0

2.0

1.9

1.9

Emanation

0.00

0.07

0.02

0.21

0.15

0.19

0.20

0.17

0.16

0.10

0.08

0.15

0.14

0.10

0.12

0.17

0.13

0.15

0.14

0.14

0.02

0.09

0.02

0.00

0.04

0.05

Moisture

2.4

2.3

3.2

2.0

2.6

2.1

1.3

1.5

3.1

0.9

0.8

0.5

1.0

1.0

1.0

0.9

1.0

1.9

1.7

2.0
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Table A-5. Radium concentration and ‘Rn emanation fraction data for soil and sediment
samples collected from the first site sampled in Kentucky.

Sample~=”Ra ““Ra Ra K K~nt Rn
Number Type Cone.

(pcilg)
Count
Error

(pci/g)

8.7

Cone.
(pctig)

Count
Error

(pci/g)

3.3

0.4

2.6

0.9

7.5

7.8

1.4

1.0

12.1

4.1

4.1

0.4

Cone.
(pci/g)

<0.q

8.2

17.8

22.9

22.8

11.6

<().I

<0.1

46.1

25.8

<0.q

<0.j

<().1

<().1

Count Emanation
Error Fraction

(pci/g)

0.036

2.4 0.161

2.3 0.207

4.3 0.099

4.6 0.108

1.9 0.210

0.053

0.077

16.5 0.249

8.4 0.000

0.259

0.133

0.089

Moisture

27.8

19.2

15.6

19.4

18.8

7.0

23.8

20.7

10.9

25.4

20.8

19.0

16.0

19.5’

18.2

1.9

29.2

31.8

39.0

33.3

5.1

1KYOISS Soil

1KY02SS Soil

1KY03SS Soil

1KY04SS Soil

1KY05SS Soil

1KY06SS Soil

1KY07SS Soil

1KY08SS Soil

1KY09SS Soil

1WI 0SS Soil

1KY27SS Soil

MEAN

STD

313 3.3

28 1.2 <().1

22

66

57

1.2

2.4

3.8

7.7

3.92.3

28

933

1908

1.4

24.8

47.0

<().1

94.7

7.8

250 6.9 9.3

88 2.9 4.2

355 10.7 -68.4

368

577

10.0

14.1

22.5

34.1

1WI IBS Bkg soil

1KY12BS Bkg soil

1KYl 3BS Bkg soil

MEAN

STD

<().1

<().1

<().I

<().1

<().1

<().1

0.000

0.103

0.112

0.072

0.062

—

1KY24SE Sediment

1KY25SE Sediment

1KY26SE Sediment

MEAN

STD

4.7

1.7

20.3

8.9

10.0

0.5

0.3

1.3

0.7

0.5

1.6

<().1

<0.1

6 1.9 0.153

<().1 0.074

6.8 2.3 0.034

6.4 2.1 0.087

.0.6 0.3 0.061

31

,., .-<-. —----T?T.w ,. ,,>,, ,..0 . ,-Tm7-- ,. ,. ,,,, .. :w~.mk - r.,., . . ..-. . .. . , .
.,. .

%. ,
. ._. _— . .

,.



Table A-6. Radium concentration and ‘2Rn emanation fraction data for soil and sediment
samples collected from the second site sampled in Kentucky.

~ SamDle Ra Ra Ra ‘imRa ““K~ ~ Percent
Number Type

2KY14SC Pipe scale

2KYI 5SC Pipe scale

2KY16SC Pipe scale

2KY17SC Pipe scale

2KY18SC Pipe scale

21W19SC Pipe scale

2KY20SC Pipe scale

2KY21SC Pipe scale

2KY22SC Pipe scale

2KY23SC Pipe scale

MEAN

STD

Cone.
(pcilg)

1596

1485

1979

2000

1711

2206

1873

2209

1729

2361

1915

288

2KY28SS Soil 112

2KY29SS Soil 92

2KY30SS Soil 101

MEAN 102

STD 10

2KY31SS Release 14
soil

21CY32SS Release 38
soil

2KY33SS Release 16
soil

MEAN 23

STD 13

Count Cone.
Error (pCi/g)

(pci/g)

38

36

47

49

42

53

46

54

43

57

47

7

3.7

3.4

3.2

3.4

0.3

0.9

1.8

1

1.2

0.5

42.9

45.9

55.0

48.1

38.5

58.1

48.6

42.9

45.0

57.3

48.2

6.6

<().I

3.7

<c).I

<0.1

5.8

<0.1

Count
Error

(pctig)

3.33

5.49

7.75

6.96

2.21

3.90

5.39

3.58

6.32

2.84

4.78

1.87

0.88

2.21

Cone. Count Emanation
(pCi/g) Error

<0.q

<().1

<().1

<().1

<().1

<().1

<().1

<().1

<().I

<().q

40.6

53.9

46.9

47.1

6.7

22.5

27.8

24.9

25.1

2.7

(pctig)

10

13.2

8

10.4

2.6

2.7

3.1

2.9

2.9

0.2

Fraction

0.228

0.264

0.040

0.283

0.039

0.198

0.083

0.086

0.117

0.034

0.137

0.097

0.155

0.133

0.196

0.161

0.032

0.198

0.052

0.153

0.134

0.075

Moisture

1.7

2.8

1.6

1.5

0.2

2.4

1.5

2.7

1.5

1.6

1.8

0.7

14.1

15.1

15.0

14.7

0.6

12.5

14.6

15.0

14.0

1.3
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Table A-8. Radium concentration and” Rn emanation fractiondata for soil samples
collected from a site in Illinois.
Sample Sample ““Ra “bRa ““Ra ‘i”Ra ‘K K~ Percent
Number Type Cone. Count

(pCi/g) Error
(pctig)

ILOISS Soil 1.6 0.3

IL02SS Soil 1.8 0.3

IL03SS Soil 1.3 0.3

“IL04SS Soil 8.5 0.6

IL05SS Soil 20.2 1.4

IL06SS Soil 14.9 1.1

IL07SS Soil 7.8 0.6

IL08SS Soil 14.4 0.9

IL09SS Soil 3.2 0.3

ILI 0SS Soil 16.9 0.9

MEAN 9.06 0.7

STD 7.09 0.4

Cone.
(pci/g)

1.52

<().I

1.23

<0.I

3.14

4.22

2.79

2.89

<().1

4.56

2.91

1.24

Count
Error

(pci/g)

0.29

0.3

0.39

0.44

0.39

0.34

1.13

0.47

0.30

Cone. Count
(pCtig) Error

(pci/g)

10.4 2.2

16.7 2.2

12.3 2.4

11.9 2.5

19.5 2.8

18.1 2.6

18.1 2.5

17.8 2.5

13.9 2.2

16.9 2.3

15.6 2.4

3.2 0.2

Emanation Moisture
Fraction

0.000 10.1

0.162 4.1

0.000 12.0

0.260 10.2

0.127 15.8

0.083 18.7

0.053 15.8

0.234 8.9

0.000 9.9

0.005 10.6

0.092 11.6

0.099 4.2

Mean radon emanation fraction is for the 6 sam~les for which detection limits were
exceeded (i.e. zero values were ignored). .
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Table A-8. Radium concentration and = Rn emanation fraction data for uranium mill
tailings provided from a site in Utah.
SAMPLE Ra Ra Ra Ra~ K Rn Percent
I.D. No.

UT-MT-01

UT-MT-02

UT-MT-03

UT-MT-04

UT-MT-05

UT-MT-06

UT-MT-07

UT-MT-08

UT-MT-09

UT-MT-1 O

UT-MT-1 1

MEAN

STD

Cone.
(pcilg)

452.

522

409

388

420

397

402

461

422

443

349

424

45.3

Count
Error

(pcdg)

12.6

14.3

11.6

11.4

11.6

11.0

11.2

12.5

11.8

12.3

10.1

12

1.1

Cone.
(pctig)

4.1

< ().1()

< ().1()

<0.10

<0.10

< ().10

4.4

<0.10

<0.10

<0.10

<0.10

Count
Error

(pCi/g)

1.5

1.4

Cone.
(pci/g)

< ().1()

< ().1()

< ().1()

< ().10

< ().1()

<0.10

<0.10

<0.10

< ().10

< ().10

<0.10

Count
Error

(pcvg)

Emanation
Fraction

Moisture

0.1235

0.1826

0.1303

0.1555

0.1367

0.1664

0.1666

0.1569

0.1638

0.1638

0.1338

0.1527

0.0187

8.70

6.46

7.74

8.01

7.17

6.01

6.00

4.89

8.73

8.26

6.08

7.10

1.29
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