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DETERMINATION OF NATURALLY OCCURRING RADIONUCLIDES IN
SAMPLES FROM THE GAS AND OIL INDUSTRY.

Validation of AnalyticalMethods through an InterfaboratoryTest Programme

W.Al. Knaepen”,W. Bergwef, P.F.J. Imw6e” and G. Jonkers”

● Shell~ RV. “ t4do~ &dotk ~ B.V.
bnktldijk@holk@bomtdum, An8tdam Postboxaoao
RUlboxsean NlA400Hl+A8amI
NL-lm BN Amawdam Uw Nettwflands
the Netherhds

The build-up of Naturally OccurringRadmudides (NOR’s), leading to the production of various
types of Naturally Occun@ RadioactiveMatedal (NORM), & often encountered during gas and
d~udmc.q. tieti~gk ti@~Mtism~mti@tian
environmentalwaste management problem. Both the NOR% consideredto be relevant for E&P
samples ad their analytical resultsin temnsof acttvityconcentrationwere found to be strongly
dependent on the analytkd contractor laboratory selected. This is caused by the lack of
atandardked proceduresfor the andyds of E&P NORM. In anticipatkmto future, mom stringent
NORM la@slationon disposal and assodated quanthativerisk asesmwM projects, which may
~~~~titiati~ ~~tid~~k~~~q~~~,
standardised NORM analyds procedures.Therefore, the identificationof relmant NOR*Sand the
validationof their analysisin varioustypes of E&P NORM sampleshas been Investigatedat Shell
Research Amsterdam by carrying out a literature study and an (d@h) interlaboratory test
P_~, ~my. ThSCBmc8tiOnOfthe analyticalresuttshasbeen performedbya foreign
(Le. non$utch) hsttute. Only after the implementationof oorracW actions as agreed by the
P@c@@& stamlardised analytical lWthOdS for E&P NORM sam~es could be defined. The
standard&sedmethods arrtvedat are described In geneml terms in thk paper.

U4TRODUCTION

NORM (NaturallyOccuting RadioactiveMaterials) k a acronymgenerallyusedfor suMmces in which
Naturally Ooctming Radlonudides (NOR’s) show up in concemmtionsabove about 0.1 Becquerel per
gmmme @q/g). In the gas and oil industry,the term NORM k commonlyused to describethe products
and by-products in which the radioactiveprogeny of the two long4ved parent radionudides % and
‘U e&hershow up or become enriched due to productionor treating ~DuringoUand gas
~u-~tik~ny, tomtiem ~~~~tiwfim~~rti-
gas, with well-fluidsIIke natural gas liquids crude oil and water, and with solid particles.

As sum NORM wIII comdtute a radiologicalhazard, Lc. dailveringa so-oalladTENR (klmologicaily
Enhanced Natural Radiation)dose to human beings.Two pathways for exposurecan be distinguish

enhanced axfamafradiationfieldsnearand in productionand treatmentfacilitiesc.q. equipmentmay
deliver a TENR dose to (contmctor)Pensonnel,and

- inrema/ contaminationof (contractor)personnel duringmaintenanceand repairpmctices (inhalation
or ingestionof NORM) and of the public at large through unmntdkd disposal of NORM or NOR
contaminated equipment intothe environment (ingestionof NOR’s m human food chdn).
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Any TENR dose dellvered to (contractor) personnelcan be minimisedby bfinging h @ace Sta~
Operatic@ Procedures (SO%)l, whereas any TENR dose delivered to the public at large has to be
contrdkd by COR’Ipetentnstkmd auhotik regting NORM dkposd practk=. pm=~, ths~ ~ an
Increadng internationalenvironmentalconcern on the occurrence and build-up of NORM in the Non-
Nudear Industries(NNl). In the Malaysianfederatim in variousgas/oU produdng US states as well as
in the European Union (W), atrlngentguidelinesto control NORM in 011and gas production and In the
-W-w fs~k am lmplement~, or are being drafte&4 and will be implemented Into
nstiond iegidation in the fottkoming yews. Besid~ a group of intemat&nsl bodii’ has issued ‘bask
radiat&n safety amndards',wMchbltheabsence ofnatkmel radioactlvesuwance Iegldation maybe
utillsedas NORM guidance.

Thistype of legisMion eftheraddressesNNI NORM spe@celly, or includesNNI NORM. This is achkved
bydefining notlkadon, interventfonand/or dearsnceactivlty concentrationlevelsof the individualNOR’s
present. Besides, also schemes for compulsory,regular externaland internalsuweys of E&P facilities
and aqulpme~ maybe an Integralpart of thistype of legislation.Though acttvltyconcentmtkmsforms
the hem of the legislation,referencesto standardized (analytical)methods on sampling, sample ~
treatment and NOR ansiyds are ndther indudsd, nor wommendad. Tothebestof ourknowlsdgeno
such standardized methods have been Issued yet for E3LPNORM asmpl~ neither have analytical
=*rJboratories been identified who are working accodng to (quality assurance) cwtifid

-titi~~_~~dtiy_ti bp~. On~~~mtk~n
~~r**XNORMa_m~,_~m@~~ti@/d
mustry by Dutch authorized insthuteswith experienceand expertiseIn NORM anslysk showed large
mutual scatter for variousanalysesresults.In view of the great (economic) impact the use of unreliibie
working procedures might have for E&P lnd~, the lack of ~ procedures for E&P NORM
w@i~atiti~ ti~~g@~m~@m ~ti_d-k_a
screening metter& andthepotential liabilities,ttisneadless toatatethat bothaampling andanslyds
rnethod~ which both are reliable,standardizedand acceptableto the ccmpemmauthdtiesareacrkical
need.

In practice, the avakbility d adequate ard proper NORM samplingan anelyak methods would allow
7) to enable accurate demnl@on c#thestrictradiological levelson-slte,2) toquslifyandto process
@udm*d~~=@l *~~tix,3)btie~tia~
of NORMactivltyconcentmtkms invohmd,and4) tocarryoutreliable quantMNertsk~The
availability of these methods will also stre@wn thenegdating posttionof the E&P industryin
diiusdng NORM levelswith nationalauthorities.

The importance of sampling, being the first step In the analysissequence, has not been neglected nor
has It been underestimated. In fa@ poor sampling degrade al values of subsequent actMties as It
wastes thneand elforttheraby requkingrapeat samples tocordbm uncemin*Desplta tts
impot?antmtdb@ontothe mcerMdyofthe NORMresdt& thestandwdkation of NORan#ysisof
samples stemmingfrom h E&P industry(Le. K hydmcerbcn Codem@%water, scale andawdge)
has beenthesubjectof amsearchproject at ShsllResearchAmswdam Because of thehlgNyspeclfk
*m*rd*@e~W -@ti~e--titi NOR’s --
and bscauseofthe lrnpactofthe NORactivtty concentm!icn onthemeawres fouowingfrom nstbnfd
legislatkxJ atat@wdlzation d NORM analysis techniques was considered to be essenM An
interlaboratorytest programrneon NORM analyds usingpre-trested,bmgankdactud aamplesfrom
ti~-d~udon d~mhdh--x ~,htierma-ti~. ~
way in which the interlaboratorytest programmehas been conducted,has extensivelybeen describ#.
Next to a short summary, the mutts obtained will in particularbe descdbad in this paper.
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E&P NORM CHARACTERISTICS

Naturally Occurring Radionudides (NOR’s) which are omnipresent on the planet @?@l ~~-be
subdivided into cosmogonic (e.g. ‘Be, “C) and primordial (e.g. % 87Rb, 1% 1% ~. ‘U)
radionudides. While cosmogonic radkmuciiies are continuouslyformed in the outer atmos@em by
cosmic irradiation,primordial(or terresbid) mdionudides have been present ever since the et@ (lif-
time 5.5 x 109y) has been forrnsd.

Uranium (U) and Thorium ~) are spread throughoutearth’s ~ at an averageconcentrationof 4.2
and 12.5 ppm(w/w)6. The naturallyoccurringU- and Th-kotopes being‘U (naturalabumWvX 0.72%),

‘U (9928%) and % (at 100%), are radioactive.Due to Its low kotopic ahmknce, =% is rarely
emmtemd inpracticeandthereforeth isserieswill not be further bedkcussedhere.

-y:‘radioactivhy’is ako wide-spreadinthe environme~ on average 0.05 Bq[=U]/g and 0.05 Bq[

The primordialradionudides% ad ‘U, are specialradionudides,as they each are headinga series
of Successive nuclear decays (F@a. 1 and 2). Both these NOR’s decay through essentiallythe same
eieme~ all of which are radioactive.As such, these radioactivedaughters can be present in gas and
oil bearing formationsas NOR*S,where next to gas and 011aiso formationwater is prasent in varying
amounts

If a gedoglcal formation containing% and ~ has not been dkturbed (’dosed system’) for more
than l& years, ali membersof both decay serieswill have the same activityconcenhation @q/g) and
the series is said to be in secuhr equilibrium. However, as the chemical concentmtion (moie/g) is
VO@O@ to b l@f4ffetime (t~ of a radionudide, their number of atoms varies considerably.When

%a becomes mobilisedand k ‘deposited’a formation k not ‘dosed’ to radionudide migration,e.g.
somewhm outsidethe formation,the secularequilibriumwill be dkturbed. At the site of depositionthe
only way the %a concentration can stabilise or increase is by irIWXof (geo)chemical/physical
-~ P~nome~. NO iwcMh of ‘Ra via radioactivedecay of Its ancestom wUi occur as ali
radionudides above% (cf. Fig. 2) will stay dose all. In thk way at the she of deposition %a k
unsuppaled, i.e. ingrowth k not supported by radioactivedecay.

The (geo)chemicai/physical propertiesof di radium koto~ i.e. ~ %a and ‘%s are identical.
Differences between these kotopes are caused by their radiationdecay characteristicsand hence by
the assockted potential radiation hezards A NOR should live’ long enough to develop the
(9=0c~mi~ PWJefl* oft~ de- In gas and oilProduction twotypicai time scalesare impottant
a geological (say, far longer than 1,000 years) and a production time aceie (order of magnltuck days
to decades). Therefore, for processestaking place on a time scale of one day, only isotopes of thorium,
radhnn,iead, uranium,radonand poloniummay becomeunsupported.Fromconsiderationswith respect
to the formation of hydroctmbonsfromsourcerock underredudng conditions’,from considerationswith
respect to geochemical transport phenomena and from an extensiveIitemturesurve#, only a limited
number of NOR’s actually may appear unsupportedIn E&P (by-)product streams

~-y~=~=U(ati bti~e~~~m%~ti%)ti%
were only prasent in minute qumtitks (a 0.05 Bq/g), which k in agreement with trans@ phenmem
under reservoirconditions. Consequendy in E&P samplesthe NOR’s mentioned do not constMe a
radiological hazard.

Furthermore,Itwas obsenmdthat radiumisotopesactuallymarka dear separationIineforthe encounter
of NORM in gas/oU production,treatingor processingfadlftks. The most likelycause for thk separation
is a ddnct difference in geochemical properties(mobilityunder raswvoir conditions) In combination
with the effective half-lifeof ‘U and% on one hand, and that of % and %@ and their progeny

b 1% ck#v@ IwtMifeot8r@iuolido un~rrossnfoircendtbmhddimd asa M.arcembhtion 01itsPhydoalhaif4fo
(tJ andb ‘msarrro$idencoUnto’in ● Phaaa duringproductionfmmm m=tir of-n dufinernmmtion,migraion
orBmuMAon proassosintheubswfaa.

5

Full document details: API Publ 7104-1997 scan

http://www.avadocuments.com/doc/api-publ-7104-1997-scan
http://www.avadocuments.com/doc/api-publ-7104-1997-scan


on the other hand. As in the -h series In between %a and “Ra, rather long-lived (with respect to
a production time scale) and (geo)chemkaily immobile % k encountered, %a and “fb am
normaiiynot in secularequilibrium,and hencefor radidogicai assessmentstudies,productionwater and
productionwater associated deposits have to be anaiWed both for ‘Ra and %a.

For relatively dry natumi gas weiia ‘Rn forms a second d~nct sepamtion iine for the potentki
encounter of NORM. Most iikeiythe ‘Rn stemsfrom (reemmir) rock near the petfomtimVery often It
is observed that with increasing depletion of gas reservoirdue to production also inomadng ‘Rn
wmemdom are found.

Fmh W~hwdm~W M~SaWb~ti~ tie~~~-alim~ti
‘U decay series,as this radionudide can be encountered unsupported.When camiaf with the water
-t *is Iiiceiycaused by itsspecific(geo)chernicaipropert@ but ako indicationsexiststhatn%b
is transported through the gas phaselO.

Only one case of unsupported(highlyradiotoxic)21OPOin hydrocarboncondensate has been reported,
~ing the fact that one should be aware that this nadionudidemay be encountered.

From the geochemid considerationsand obsenmtionsdone during the suwey, E&P samples ehodd
beanaiyzed for NOR’saccordhgtheech ema presented intabie l. Theaetypas ofanaiysk were
requested during the intedakatmy test.

Table 1: NOR’s encountered in E&P samples

Naturai Gae ‘Rn
- Natural Gas Uquids ‘Rn, a%b, %o

1NTERLAB0RAT0R% TEST PROGRAMME

~he~~~p_m, ~~dXdd~D~~~mtiti~
expertise in NORM am has been described in detail eisewheres.The test pmgmmme Consisting
of fouratages andwasconducted overaperioci ofthree yeamlhe actuaioii andgaspmduction
samples varied from relatively simple single phase (e.g. methane gas, hydmcatbon oondenaate,
production water ati scale) to oompiex mW-phase samples (e.g. varfous sludge samples). After a
p@mtmnt steptoaohieve homogeneityandacheckvia repeataiMity measurement& theeamples
weredes@ched totheparticipants. After3-resuitswere ooiiectedand subjected tostatktioai
-matif-~~~ g~wm~~tiaa mo.ed~dtiq
exchanging anaiytid expertise,agreeing on measuresto betakenand oneampiesforthe nextstage).

Priorto the despatch, the homogeneityof each earnpiew determinedat Sheii Research Ameterdam
by repeatatMitymeasurementsusing7-spectrometry,except for0 the condensate,where radiimicai
‘OPo analysis (tide Ma) was applied, ami (lo the methane gas where the ‘Rn analysis via the ~-
sdntiiiation method (tide hfm) was used. With referenceto the estimated counting statWcs error, the
W=~W w= less tin 5% * ~% w~en= ievd (2c7),*net ti more ~ radiochemicai
technique ~%o) did show a somewhat larger repeatability.
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Except for the first stage of the testprogramme, h which resultswem compared to those obtained by
ShellResearchAmsterdam,the activityconcentrationsof y+mitthg NOR’s h the sampieswere ceftified
by the Phyeikaiiech-TechnischeBundesanstatt(PTB) in Braunschweig,Germany. However, PTB could
not certifythe a-activity concentrationof ‘Rn in methane gas and that of %0 in the other samples.
Therefore, to enabie mutuai comparisonof the aOPo results,an aiiquot of an aqueous ‘%0 standard
has been analWed by the institutesin stage four of the test programme.

ANALYSIS TECHNIQUES

The fuii radiometric analysisof E&P NORM sampies generaiiy requiresat ieast three techniques for a
compiete determinationof the activityconcentrationsof the variousNOR’S

Lucas ceii a-scintillationmethod for the determinationof ‘Rn in natural oas
The inner surface of a cylindricalLucas ceii (A 250 mL) is coated with a high#ficiency a-echtiiiator
material (e.g. zinc suiphide).Natural gas is introducedin the ceii, which wiii be light-tightconnected to
a photom@piier tube. After about two hours ‘Rn wili be in secular equilibriumwith its short-iived
PWWS pticuiatiy its -mitting daughters ‘6P0 and “PO (cf. Pig. 2). The ‘Rn mmemdon is
_~froMthe numberofdetacted sdntliiations(efiidency caiibmtionrequired)duetodecay. This
measurement technique is fas&simpieand easytooperate. AnaJyticairasuitewiiibeawdkbie atthe
same day.

Y*-* for the determinationof %e. ‘%, %a and %ainverioustvoesof E&P samd~
A y~er oondsts of a high efficiency, high energy resolution (AE/E < 0.2%), (non-)doted
=UM d~-or, which b @acedina iow backgroundradii area obtained byshieiding with (old)
bad bricks. In general E&P sarnpies can be measured as received, but in some cases sarnpie pre-
treatment (e.g. for siudgethe sampie is separated into a iiquktand soiidspsrt) is required.The sample
is pieced in a standard size, air-tight container on top of the detector and the current pukes in the
biased semi-conducting germanium detector are registered. Spa@ometer efficiency calibrations
(includingcorrectionsfor true coincidence) are performed using NORM reference materiah Both the
quick analysis (resultsafterabout two days) and the accurateanaiyde (about one month) requireexpert
imowiedgeend cannot becardedoutbyah~
- The% cmcemdmcanbe accuratelyfromthe registeredy~ intensityof its

indirectdaughter ieotopee%i -= Therefm, an air-tightsampie containerhas to flied and
stored in order to establishsecular equiiibdurnbetweenthe isotopes,which is reached after about
three to four weeks.
However, because oi the absence of ~ (so. Y+mission line at 1S5 kev), a quick and eomwhat
iess accurateanalysis can be performed in about one day by direct measurementof the 186 keV
% y-emiesion ihe.

- The iow ~-energy 46S keV iine of -b can be determined only if a sensi@e germaniumdetector
is avaiiabie. E&P NORM eampies often have a @ativdyiow acttvitymwemath and a high
density. Asaras@ @tenuationintha aarnpiewilioocur, which hastobetakan into account
during calibration of the 7—swcBaw er system. A cormdon for setf-on of ‘%b and/or
other v-photons of law energy has been made (e.g. via 74wsMWon rwwrww# or via
computed efficienciesfrom @active solidangiesl~. Comctkmfactors between l.5and2.5arenot
exceptional, p@cuiady when high Z eiernents(e.g. Be, Pb) are presenL

. Afterestablishingeecuiarequilibrium(inabout one day) with itsimmediatedaughter ‘Ac, the%
concentration can be computed from a eeiectionof the moatintense%0 +inas.

- After estabiishhg secular equilibrium(h about two days) with its indirect daughters a2Pb, a2Bi
and/or %1, the % mncentration is computed from a eeiection of their most intense @nes
present (cf. Appendbc).
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metw for the determinationof aoprj in VSriOUSkinds of E&P aamdesa-smctro
●

An a-spectrometer is an evacuated (to enhance the mean free path of a-~@ chamber, in whkh
a Wver d&c with the depodted c-emlttar ISpieced opposite an CZ-anargydlscrlrnlnativedetsotor. A fluld
(wter reduced by ewpomtion; h@rwarbon corxjensats add extracted and subsequent rsduotion by

-on) E&p -@e k sdked ~ -o, while a solid E&P samples is add digested ati the
obtainedsolution Is spiked with %0 and reducad by evapmtion. Both ‘OPo and ‘Po (h&d
calibratbn of depodtion efficiency) are depodted onto the silver disc The method is very Iabour
intensiveand requiresexpert knowledge.It has a IW damctbn lim~ while resultsmay be avdlable after
about one day.

MS on the methodsapplied, such as detectionIirntts,aocuracy,preparationand measunlngtime, are
listed In Table 2

Table 2 Characteristicsof the NORM analysismethods applied.

NORM Analysis Type of Detection AcolJraoy Preparation Measuring
Method sample material Iimltsfor each (2uat95%

NOR Conf.level) s)

0.02 Bq/g 10% 0.25 to 20 15
0.01 Bq/g 10% 0.25 to 0.5 15

Ac&ouS solutionsa-%$y- 4X10= Bq/g 10% 3 15 .
4x ltY3 Bq/g 10% 5 15

Condensates ().5x1(Y3Bq/g 10% 3 15

Iz-sdnttll. Odl Natud gas

‘Rn
0.01 Bq/L 10% 0.25 to 0.3 3t05

(m)

RESULTS AND CONCLUSIONS OP THE TEST PROGRAMME

During the intedaboratory test ~thenesd forsta@ard&ation of E&P NORM andyseson
aampies fromthe gasanddl industry,which arehighly spedfic (intanns of NOR’spreae~ required
(pretreatment teohnlques, sample oompodtkm, etc.), was deatiy demonstrated. After each stage, a
steady Improvement in the reprodudbllity and accuracy of the analyticalrssultswas shown whioh may
partly beaMributad totheopenchamcter ofexchanging analytical expnisedudngths reviewin
meetings. As sum the pwtidpation in the test programmeon NORM analysis proved to be beneficial
to all parties Involved.

M~~-~,tiN~M_~sti@ti_~~_tib
ral&ble andaccurate. Naxttolooally standwdtzed methods atseveml ~thoeeusedby$hell
R~~e~wm _~~dUeatia~ ~ti~ti~~~
beasourxf basieforbroader standmd&ationof E&P NORMana@es.

As descdbad above only three distinctanalyticalmethodsare requiredto fullychamctedze E&P NORM
sampl~ thereby yielding complete aocurate and reliableresults(hbIe 2).
a) a-sointlllat Ioncounting ushgahxasce llforthede termination of=Rninnatural~
b) Y- etry for determinationof ‘I@ a%b, % and %a (+emltting NOR’s’) in the solid

and iiqu~% NORM samples.Comparedto radiochemkal methods thistachnique Isfast precise,
accurate and yields a multl-nudkle analysis

c) add digestion of the sample spiked with ‘Po atandad, fdlwed by spontmmm depoeMon of
polonium on silver,followed by a-SDectrOW to measurethe ‘%0 conwntraUon inthe solid and
~quid NORM samples

8
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The critical parameters in the armlicetionof these methads were:
ad a)

ad b)

ad C)

the use of methane aas for countlna cell ~tciencv calibration,by purging methane gas through
a standard ‘Ra solutionin secular equilibriumwith ‘Rn. It Is essentialthat tha density of the
purging gas should correspondto that of the sampleto be measured,as the counting efficiency

laln~nqkof the cell Increaseswith the decreasing gas density Insidethe chamber .
used as purgin gas, the

d
‘Rncountin gcelleffkien cyfornaturelgaswlll betooluuvbyaome

7%. Basldes, Ra calibrationsource avdiable from manufacture~ from which ‘Rn k purged
by air, k only suttedfor thk puqmsa, if approprkte com@&nsfor purge gasdendtyaremade.
~ invkwofthe lowenergyv—emkdonfr of aOPb at 45.5
k;Vandthe heevymatrix of themajorfty of thesamples ana@ed. Asirnple andadequata
correction technique for selkbsorptkm k based on y—tmnsmMon measurementsll. This
technique only requiresthe attenuated and unattenuatedbeam intensityof a aOPb pdnt source
to correct for self4sor@on due the sample matrixat the 46.5 keV +ina.
a unfformNOR’s v-vield data set, based on recent lndght/hnmsUgationsin order to obtain
reproducible/reiiable resultsfor the complex sludgesamples.An inventoryof the NOR ‘y-yields’
applkd by the institutesto calculate activity concentration,showed that amongst them values
varying up to 30% were used. These v-yields ara often includedwith the commerciallyavailable
data-acquisitionaml data-analysissoftwarepackages,whereas more recent literaturevalues are
alsousad. Toexdude errors inras@s due tovadmion in’y-yields’, ltwasagraadto uses
uniform set of recently revised ‘7-ylald’ data’’”=’s for all 7—spmmay msutts reported (cf.
Appendix), after which a daar improvementin accuracy of the resultshas been obsewed.
a wall-calibrated +0 sDike ad ution, for the ‘%0 measurement. The accuracy of the ~~o
activityconcantmtionanalysk has been checked usinga commerciallyavdlable, aqueous ‘“Po
standard. Trends observed in the analytical resuttsproduced by the participantsdkappearad
when correctedwiththe analyticalresultsobtainedfor an aliquotof a commerdally available‘*o
standard. Therefore, It could be concludedthat the accuracy of the resultsk affected by that of
the -o standardratherthan by sampledigestionprocedureand the a-spectrometrytechniqms.

The obsenmd Improvement In accuracy duringthe four stages of the test programme were shown to
be independent of the applied instmmentationand data-analysissoftwarepacka~ The improvement
In the ~-spectrometricresultsaveraged per stags,and normalizedto PTB or Shell ResearchAmsterdam
@emnm@wk- h~um3. %ti~toam~x ~timm~~-= 10%,
a gradual ImprovementIn the resultsmaybe observedin comparisonwith each pracadingstage, which
k noteworthy, especiallyfor the complex sludge samples in Stage 3. For the ~ resultssltige 1 of
*~4, htiUdhna~tia~d &etib~~, ti_g~~~mtifigM
be inaccurate.For the complex sludge samplesd the finalStage 4, all resultsreportedare within= 10%
of those reported by PTB, except for two institutes(04 and 09).

Due to lack of standardized and (internationally)approved on-site NORM sampling techniques for
products, by-products and waste materialsfrom gas andoil productionandtmmnentIndustrks,thk
item was not included in this study. It may, however, still ba a major cause of dkcmpmms- irlthe
resultsfrom NORM analysk, and therefore Is currentiythe subject of future mseamh.

CONCLUSIONS

The oit/gas industry should be W# aware that through the b@-uP of uns-ed NOR’s,
contamination of the decay productsof ‘U and% may occur in Its@earn& (byproducts and (part
of)

.

its instaliatiom
E&P samples do generally not include the ‘parents‘=Uand- atlevek consdtutinga
radiological rkk.
Radium Is the first ‘daughter’ element encountered, ‘Ra and ‘Ra respectively.
E&P samples may contain unsupportedNOR’s,= ~ ‘Rn, aOPband ~OPo(mU-series) and ‘Ra
and “Rs ~h-series).
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Three dlstlnct NOR’s analysistechniques are required to perform a full radlometric andyds of E8LP
NORM samples
. for natural gas samples Lucas oell a-scintillationmethod (%%).

forsoildandffuid samples y-spectrometry(%a, %b, %s and -a) & u-speotrometry ~%o).

From the Intedaboratorytest programme,the fallowingitems may Introduoelarge emorsin E&P NORM
analysisresults
- Ucssoell a-@ti-~:ti_d~_@ titi_~db~&-d.
. ~h~m~tifor~~~ lncaseofa~b, and

~ eeleotion of ‘y-yield’ data for oonvwsionto other NOR apeoflk activity oonoentration%
. a~ the accuracy of the -o ‘spike’used for-o analysis,and

Finally,also the standwdisationof methodsfor E&P NORM sampling&as far as possible, is a cdtical
need. A genetfo standardisationfor E&P sampling is ourmntly the subject c# a currently ongoing
msaarch program at Shell ResearohAmsterdam.
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Appendix NOR y-~~ DATA USED, STARTINGWITH STAGE 3

series sub in sacuiar y-emitting y-photon Y-a
selias aquiiibrknnwith Isotope energy (keVj yiald (%)

% % m~ ‘AC 338.4 11.50
911.1 25.30
=.1 15.40

-h %q~m=k?o, -b
-)

238.6 43.10

%i/=11
=.0 3.34

-i 727.3 6.93

% 583.1 29.40
860.6 4.32

2614.5 3420

w =U -~w, % 63.3 3.81
92.8 5.57

-a 1001.0 0.79

67.7 0.37

=R~”,*+y =Ra 186.1 3.51
9

-b 258.8 0.55
2952 19.30
351.9 37.60
480.4 0.32

-i 389.1 0.42
609.3 46.09
665.5 1.56
719.3 0.38
768.4 4.94
-2 122
934.1 3.03

1120.3 15.10
11552 1.63
1238.1 5.79
1281.0 1.43
1377.8 4.00
1385.3 0.78
1401.5 127
1408.0 215
15092 211
1661.3 1.15
1729.6
1764.5 15.40
1847.5 212
2118.5 121
2204.0 4.99

a~b ‘%1 ~%o) a~b 46.5 4.00

X2
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Figure 1
Principaldecay scheme of ~. The chemicalsymbat (or atomk number 2) reftectsthe cheml~
properties, the ‘superscript’Isotopic number (or atomic mass) reftectathe mdiation properties.

adecay lowers the atomic number wtth 2 and atomk mass with 4.
Bdecay Increasesthe atomic numberwith 1, while the atomic mass remainsthe same.
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Thorium (Z= 90)

Actinium (Z= 89)

Radium (z= 88)
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I =TI

3.1 min I Thallium

(z= 84)

(Z= 83)

(Z= 82)

(2=81)

Figure 2
Principaldecay scheme of -h The chemical symbol (or atomk number Z) retlectsthe chemical

propertlea, the ‘superscript’Isotopic number (ar atomic mess) retlectsthe radiation propenies.
adecsy lowers the atomic number with 2 and atornk mass with 4.

il-decey Increesesthe atomic number with 1, while the atomic mass remainsthe same.
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Plgure3
Accuracv Inmrovementtrends of averaged NOR Y-spectmmatrk resultsforeach stage (S1to S4)of
the inte~ratory test programme. Resultsas well as a 10% - range are shown, relativeto the

resultsof the referenceinstitute(Le. PT8).
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DETECTING NORM CONTAMINATED TUBING DURING PULLING OPERATIONS
T. M. Williams, Texaco, Inc., EPTD

ABSTRACT

A system has been developed and field tested that can
detect NORM contaminated tubing as it & pulled from a
well. Early, automatic identification of contaminated
tubing can reduce the manpower required to manually
survey all tubing for contamination. Early detection will
also allow field pe~onnel to separate the contaminated
tubing and handle it as needed to prevent the spread of
contamination.

The system is composed of a sodium iodide detector and
an alarming rate meter that can be mounted remotely.
The alarm level is adjustable so it can be set to the
desired level for dii7erent tube sizes, installation
geometries, and background levels.

INTRODUCTION

011 well tubing contaminated with NORM (Naturally
Occurring Radioactive Material) is found in many
producing fields. To reduce the manpower requirements
needed to identify contaminated tubing, we have
developed and tested a system to identify contaminated
tubing as it is pulled from a well.

To reduce the cost of development and reduce the final
cost to users, we tested components of several
commercial instruments. We laboratory tested several
systems and selected two of them for a field test. One
of the systems selected for a field test was mounted in an
explosion proof box such as maybe required in hazardous
locations.

Field tests have been held in west Texas and near
offshore Louisiana. The field tested systems consisted of
a 3 x 3 inch sodium iodide crystal detector and an
alarming ratemeter. The systams were able to detect the
contaminated tubing above 50 @/hr.

Systems such as the ones tested can be packaged for use
in oil fields and mounted on workover rigs with the alarm
positioned near the rig operator. The systems could be
combined with an automatic marking system that would
mark any tube section that caused the system to alarm.

DISCUSSION

Several manufacturers have developed instruments to
detect various types of radiation under many conditions.
For the needs of this project, we decided a sodium iodide
crystal detector was the best detector because of its high
detection efficiency and relatively low cost. Among the
items tested were a Gate Fr&ker and an Alarming
Ratemeter coupled with three different sodium iodide
(Nat)detectors.

The systems originally tested were not designed for use
in hazardous locations or for use in bad weather. Based
on successful field tests of two of those systems, a
system designed for use in Class 1, DWision 1, Group D
hazardous locations was tested offshore Louisiana.

The system field tested in Louisiana consisted of an
enclosure that contained a shielded, 3 x 3 inch, sodium
iodide crystal detector. This enclosure was connec~ed to
an alarming rate meter by a fifty foot long cable. All
signals in the cable were “intrinsically safe” so the cable
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DETECTING NORMCONTAMINATED TUBING DURING PULLING OPERATIONS

Figure 1 Detector in Explosion Proof Enclosure

could be run in hazardous locations. The elarming rate
meter was placed in a weather tight enclosure that was
not rated for hazardous locations. With minor changes,
the entire system could be designed for operation in
hazardous locations.

The rate meter counts the gamma rays detected by the
detector and displays the count rate on an analog meter.
A 4 position switch can be adjusted to change the full
scale value. For the second field test, switches were
mounted on the outside of the enclosure to allow the:

1. Alarm level to be displayed,
2. Alarm level to be adjusted,
3. Alarm to be reset, and
4. System to be turned onloff.

There systems tested were designed to operate on
internal batterias or on standard 120 volt powar. The
batteries can power the system for over 24 hours.

Laboratory tests were performed at Texaco EPTD’s
Bellaire, Texas facility using several different instruments
to determine if it is feasible to use commercially available
instruments to c!etect NORM contaminated tubing as it is
pullad from a well. The tests indicatad it is feasible,
howevar some changes ‘-. !1 be required to optimize them
for oil field applications.

We tested saveral different sodium iodide crystal

detectors and an alarming ratemeter. The alarming
ratemeter used had a pulse output that was.connected to
a computer controlled multichannel scaler. Thus the
count rate as a function of time could be recorded for
Iatar analysis.

For the tests, a small radium calibration source was
placed inside a three inch, schedule 40, steel pipe. The
source caused a maximum dose rate of 25 m/hr at the
surfaca of the pipe. A physically small and relatively
weak source was picked as a “worst casa. ” Distributed
sources will causa a stronger detector response.

The detector of the instrument under test was placed a
measurad distance from the center line of the pipe. The
pipe was lowered and then raised passed the detector
under test. The counts in the detector were recorded.
The distance from the detector to the pipe was changed
and the test repeated.

Tests to simulate different pulling speeds were also
performed. Pulling spaed of 1000 to 5000 ft/hr ware
simulated in 1000 ft/hr increments.

Tests were performed using 2 x 2 inch and 3 x 3 inch
sodium iodde detectors. One of the 3 x 3 inch datectors
was shielded to reduce background count rate. The other
detectors were unshielded. Tests were also performed
using a one inch thick plate of aluminum to simulate the
presence of an explosion proof housing. Tht .(uminum
plate reduced the counts in the detector, but the 3 x 3
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T. M. Williams

500inch detectors were able to detect the presence of the
radioactive sourca.

The source was kept in the pipe by a cap that was
clamped onto the pipe. On some data runs, the 2 x 2
detector could not detect the radioactive source. The
instances of non detection were probably caused by the
pipe rotating into a position that placed the clamp hinge
between the source and the detector. This additional
thickness of steel would significantly reduce the
detectable counts from the source. Based on these tests,
it was determined that a 2 x 2 detector could not reliably
detect low levels of NORM contamination under typical
field conditions.

Figure 3 shows the resuits from a 3 x 3 inch detector for
three different distances between the source and detector
at 5000 ft/hr. The counts are in one second intervals.
The data from the pass when the source is nearest the
detector shows the most counts. Wkh this detector at
any of these three source to detector spacings, the
system would alarm if the alarm level was set to 1-1/3
the average background count rate.

400

300

200

sto D
_51.
---s”
---- 7“

.

100
speed woo ft/Iw

I
o 5

Tik”e (see)
15 &o

Figure 3 3 x 3 Nat Detector at 5000 ft/hr.

DHferent pulling speeds also effect the detector response.
This effect can be seen in Figure 4. The slower speeds
cause a higher response and a wider paak. This effect
will probably not be as pronounced with a distributed
source such as will be usually seen in the field because
with contamination spread over several feet of tubing, the
contaminated area would be detectable for several
seconds.

For the shielded detector, the response is similar. The
average background count rate is only about 1/4 of the
background count rate of the unshielded 3 x 3 inch
detector and about 1/2 the unshielded 2 x 2 inch detector.
The lower background makes it easier to detect low levels

200

t“

A
speed (fthd

1 —1000
t: --.2000
If$ , ----3000

—4000
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100 1

0 5 15 20
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Figure 53 x 3 Inch Unshielded Detector at Various Pulling
Speeds

I
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Figure 4 3 x 3 Nal Shielded detector results.

of NORM contamination. The results of some
measurements with a shialded detector are shown in
Figure 5. This plot shows different spacings and different
pulling speeds. The closer the detector is to the source
and the slower the pulling rate, the h~gher the response in
the detector.

As a result of tha laboratory tests, the 3 x 3 inch sodium
iodide detector was selected as the detector to be used
in the field test.

Two successful field tests of the NORM pipe detector
have been performed. The first one was in west Texas
and the second offshore Louisiana. For the west Texas
test, contaminated 2-1 /2 inch tubing was brought in from
another well.

For the field test, a 16 inch long spool piece of 6 inch
casing was installed between the BOP’S and the pipe
slips. Openings were cut in the sides of the spool piecas
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DETECTING NORM CONTAMINATED TUBING DURING PULLING OPERATIONS

to improve detection efficiency. The enclosures
containing the detectors were clamped onto the spool
piece flange. An improved method of mounting in
locations that do not require equipment to rated for
hazardous atmospheres may be to weld a “mounting
tube” onto the side of the spool piece or to mount it in
the branch of a tee. The mounting tube should have an
ID sufficient to accept the detector with some padding to
reduce detactor vibration. The end of the mounting tube
should be made of 1/4 inch or thkmer steel to keep
source attenuation to a minimum.

For the first field teat, one shielded, 3 x 3 inch, sodium
iodide crystal detector was mounted in a NEMA 12
enclosure and connected to an alarming ratemeter.
Output from the ratemeter was connectad to a
multichannel scaler data acquisition card in a portable
computer. The detector was mounted about 5 inches
from the center of the tubing.

A second shieldad 3 x 3 inch sodium iodide crystal
detector was mounted in an explosion proof box such as
may be required in hazardous areas. The detector in this
box was mounted about 7-112 inches from the center of
the tubing.

The contaminated tubing had various levels of
contamination along its length. One spot near the bottom
of the tubing measured 200 flR/hr. Other sections of the
pipe had less contamination. Figure 6 is a plot of some
field test data. The first peak shows the detector counts
as the contaminated tube was slowly pulled from the
well.

4000

1000

0 L-l
“o 20 40 eo 100

*?onds

Figure 6 Field Test Detector Response

The slow pulling rate (= 4,000 ft/hr) allows a profile of
the contamination to be easily viewed. The shape of the

peak shows that the contamination about 5 feet from the
top of the tube is about 1/3 what it is near the bottom.
If we assume that 200 @Uhr causes 3000 counts/see in
the detector and the response is Iinaar than a response of
750 counts/see will be caused by a field of 50 @/hr.
That count rate is well above the background count rate
of this detector. Thus, the alarm level could be adjusted
to detect contamination levels <50 @Vhr with little
chance of false alarm.

The second and third peaks show the tube king rapidly
Iowared into and than pulled from the well. These peaks
have the expected shapes when compared to the first
peak. The faster pulling rate (= 19,000 ft/hr) data
indicates that even though the maximum count rate was
reduced, the count rate is still significantly above
background.

A field teat of a system rated for use in hazardous
atmospheres was performed in naar offshore Louisiana in
August 1995.

The system was assembled, teated, and the background
count rate recorded. A comparison of the background
count rates on the workover barge and in the laboratory
is shown in Figure 7. The average laboratory background
rate is about 85 counts/second. The background rate on
the barge averaged about 18 countslsecond. This
raduction in count rate is expected since most
background counts are due to small amounts of
radioactive material in tha soil.

-olozox14050 solo Som loo
T- (Sl?mids)

Figure 7 Background Count Rate

For the field teat, the axplosion proof enclosure containing
the detector was installed on the bell nipple above the
BOP’S. Figure 8 shows the installation of the detector
system. The enclosure was installed as close to the
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T. M. Williams

nipple as possibla. This placed the detector about 8
inches from the center of the tubing being pulled.

The closer the detector is placed to the tubing and the
less material there is between the detector and the tubing
being pulled, the more sensitive the system will be to low
levels of radioactive contamination.

In this installation, the bell nipple was filled with brine.
The detector wouid have been more sensitive if the
detector was installed on the bell nipple above the brine.

100

80
w

1 “m
g

s 40

20

Figure 8 Response from Gas Lift Valve

This well was selected for the tests because:
1. This field has a history of NORM problems and
2. This well had produced a large amount of water

since it was last worked over.
Thus, the tubing in this well was expected to be
contaminated with NORM.

During pulling operations, the packer refused to release
from the bottom of the tubing string. Thus, the pulling
rate was limited to 2400 ft/hr to prevent significant
reduction of the hydrostatic head in the well and possibly
cause gas incursion into the well.

No NORM contamination of the tubing was detected.
However, NORM contamination was detected in the
bottom four gas lift valves. The contamination in each
valve caused a reading of less than 30 @/hr. This level
was detectable with this system even though it is lees
than 20 pFVhr above background.

The contaminated gas lift valves were detected because
I was watching the computer display during pulling

0---” ”’’-””’”’--’”””--’ ---”’””-” -’””’-1
1501a01701M 190200210z0 aouoao

Tie [seconds)

Figure 9 Response from Gas Lift Valve

operations. I am not sure this low level of contamination
would have been detected if the pulling rate had been
greater than 10000 ft/hr since an alarm level low enough
to detect this level of contamination would result in
saveral false alarms.

In most applications, if the detector can be positioned no
more than 8 inches from the tubing and there is less than
1/2 inch of steel between the detector and the tubing,
contamination levels of 50 @hr can be detected with a
properly opereting/adjusted system similar to the one
tested.

CONCLUSIONS

●

●

●

Sodium iodide crystals of 3 x 3 inch and larger can be
used with an alarming ratemeter to detect NORM
contaminated tubing. Smaller crystal detectors may be
able to detect contaminated tubhg if they are
positioned within 5 inches of the center of the tubing.

The detector can be placed inside an aluminum
explosion proof enclosure and still detect contaminated
tubing.

To increase sensitivity, the detector should be
Postiloned so the face of the detector is as close as
possible to the center of the borehole. Tests have
shown that distances of less than 8 inches are
acceptable if there is little steel between the tubing
and the detector.
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DETECTING NORM CONTAMINATED TUBING DURING PULLING OPERATIONS

4. The amount of matarial between the detector and the

●

●

tubing being pulled from the well should be kept to a
minimum to improve system sensitivity.

The response time of the ratemeter alarm circuit
should be about one second. Faster response times
will increase error rates and response timas of 3
saconds or longer may not allow low levels of
contamination to be detected at high pulling rates.

Shielding of the detector will decrease the background
count rate and thus improve the signal to noisa ratio.
That will improve the ability of a system to detect low
levels of contamination.

For installations where:
1) the pulling rates are high,
2) the detector must be placed over 8 inchas from the

center of the tubtng,
3) there is more than a 1/2 inch of steal between the

tubing and the datector, or
4) the tubing is large or casing is being pulled,

tests should be performed to determine if this system can
detect down to the regulatory limit or if a system with a
larger detector or multiple detectors would be required to
detect low levels of NORM contamination.

Tests will need to be performed in each fmld to datermina
the proper alarm level setting for detecting contaminated
tubing. Since background counting rates, tube PUiliW

rates, and installation configuration will vary from fmld to
field and rig to rig, the proper settings for each installation
must be determined. A suggested starting alarm level is
1-1 /2 times background count rate for onshore
installations and 2 times background for offshore
installations..
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HIGH DENSITY BIOLOGICAL SITE
CHARACTERIZATION SURVEYS

FOR NORM SITES

~Uknn, M.S. Blair and RR Highfill
Chemrad Tennessee Corp., 739 Emory Valley Rd., Oak Ridge, TN 37830

Abstract

A continuous (1 samplekec) walkover radiological survey was performed over 13.4
hectares of open and wood~ NORM-contaminated terrain. Data&cm a near-surfhce NaI
detector, and either a second NaI detector or a dose rate meter at one meter above the surface,
were recorded at each ssrnpling location along with the position coordinates. The position
coordinates were automatically determined each second to an accuracy of 15cmusingan
ultrasonic time-of-flight technique.

Introduction

The radiological surveys were conducted on three sites. Site A contained active and
inactive oil wells, piping runs and pipe storage areas. Site B was the location of a pipe descaling
operatio~ two oil storage tanks and an unregulated public dumping area. Site C contained three
standing storage tanks, one destroyed ~ fields in which the descaled piping was used for
fencing, fhrm buildings and ponds. The topography of these sites was generally flat with some
hills and SIOpeS.

Survey System

The radiological survey was conducted using Chernrad’s USRADSQ System interfked to
two scintillation detectors and a dose ratemeter. The scintillation detectors were Ludlum Model
44-2 Sodium Iodide (NaI) probes (2.54 cm x 2.54 cm) connected to Ludlurn Model 3 ratemeters.
The dose ratemeter was the Bicron MicroRem meter.

The USRADS System consisted of a Data Packj Stationary Receivers, a Master
Controller and a portable personal computer. The Master Controller and the computer system
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● were mounted in a utility vehicle which was positioned near the survey area. The Data Pack and
the detectors were carried by the surveyor. The Data Pack contained the interface circuitry for
the radiological survey instruments, the ultrasonic transmitter, and radio frequency (RF)
equipment to establish we-way communication with the Master Controller. A handheld
terminal was also connected to the Data Pack to allow the surveyor to remotely interact with the
computer. The surveyor also carried a two-way radio for voice communications with the
computer operator.

Independent of the USRADS Survey, an attempt was made to use a MRrential global
positioning system (GPS) to survey the same areas. This system proved to be satisfactory for
smeying open areas, but incapable of operating suitably for walkover surveys in woods or
around structures where the view of the sky was obstructed. Unfortunately, the contamkatd
locations were most often in these obstructed areas, so the use of the GPS system was
discontinued.

System Operation

Each second the Data Pack transmitted the radiological survey data from all three
detectors to the computer via the RF link. At the beginning of each one second interval, the
ultrasonic crystal mounted on the surveyor’s backpack was pulsed by the Data pack. The
Stationary Receivers measured the time taken for this pulse to reach each of them. Each
Stationary Receiver relayed a stop signal to the Master Controller via an RF tmnsmission upon
receiving the ultrasonic signal.

Through this process, the distance of the surveyor from each of the Stationary Receivers
was determined using the measured speed of sound. The computer then calculated the location
of the sumeyor relative to the Stationary Receiver locations and stored the radiological survey
data with that location. The location of the surveyor and the radiological smey data were
plotted on a grid map that was shown on the computer’s display in real time. The computer
operator performed an on-line quality assurance inspwtion that the survey was being conducted
according to the prescribed protocol, that the detectors were performing properly, and that the
findings were reasomble. Any deviations Ikom these conditions were immediately investigated
and corrected. Once proper survey covemge has been accomplish the operator has the choice
of several software routines to assist in the identification of anomalies or other items of interest.

The number of Stationary Receivers deployed depended on the size of the area to be
Surveys the topography of the site, and the presence of woods or stmctmes. up to thirteen
Stationary Receivers were used on sites as large as 100 m x 100 m. The time taken to setup the
USILIDS System and complete the sumy of these larger sites would require as much as three
hours, particularly if the site contained steep tenain or woods.

Survey Protocol

The standard survey protocol called for one Nd detector to be swung back and forth in
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tint of the smeyor while being held approximately 15 cm above the ground. The second NaI
detector and the dose ratemeter were carried approximately 1 meter above the surface.

To the extent physically possible, the surveyor walked over the site along parallel lanes
separated by 1 to 1.5 meters at a pace of approximately .75 meters/see. This typically provided
over 8,000 sample locations for each detector within a 100m x 100m area.

Areas in which elevated activity was detected were fiuther surveyed by repeating the
above protocol in a cross hatched pattern.

In addition to the walkover sumey, one minute stationary biased samples were collected
at designated locations. These were the locations of highest readings within an ~ or positions
at which manual readings had previously been taken using a Pressmized Ion Chamber (PIC) at 1
meter above the surfhce to determine the radiation dose rate. If the USRADS Survey was
donned prior to the PIC readings being made, then the USIUDS biased locations were
marked with flags so that PIC readings could subsequently be made at the same locations.

Results

The designated areas were successfully sunmyed according to the prescribed protocol,
including wooded areas and around buildings and structures. Prelim&ry &ta presentations for
each day’s work were used to perfom QA/QC on the&@ to review the survey’s progress, to
consider the significance of auy findings, and to direct the subsequent day’s activities. Daily
deliverables included color track maps showing each detector’s position and readout by color
levels each second.

Hot spots found during the suwey were later successfidly relocated using the maps
produced. Some of the surveys showed con “@mmated areas outside of areas previously
remediated. The USFUDS System produced maps defining the areas that were above release
levels.

Final deliverables included a consolidated track map showing surveyor coverage
(consolidated for an entire site) and consolidated color contour maps showing the radiation
findings as isopleths of constant intensity for each detector. The final &ta presentations,
including the final version of the daily deliverables, were delivered within two weeks following
the completion of the survey.

Examples of the deliverables are shown in Figures 1-8. Figures 1 and 2 show the color
track maps for the Nal detectors at 15 cm and 1 meter above the surface, respectively, for the
survey of OW1 Site. Figures 3 and 4 show the respective color contour maps for this area. Note
that the contamination is located on a service road adjacent to the well where it can easily be
transferred onto the wheels of vehicles.

Figures 5 and 6 show the corresponding track maps at the OW52 Site, while the color
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contour maps are shown in Figures 7 and 8. Of significance in these maps is the finding of a hot
area in the northern portion of the area surveyed. This area was on the edge of a Washom
suggesting thatpart of the contaminated soil may have eroded downhill. Also noteworthy was
the finding of a small hot spot near the middle of the surveyed area which was an isolated
concentration of activity in an otherwise clean area.

Conclusions

The USRADS Radiological Survey was highly successfid in accurately and cost
effkct.ively locating radioactive hot spots and measurin g the radiological dose rate in all terrains,
inchding WOOdSand around ~. Clean areas were also thoroughly documented.

The GPS positioning technology was shown to work satisfactorily, but with somewhat
poorer positional resolution in open areas, but did not work in wooded areas or around
Structures.
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Methods of Estimating Dose to Individuals from NORM

J. L. Alvarez, Auxier & Associates
R. Gales, Monsanto Chemical Co.

J. R. Rice, FMC Corporation

Abstract
Dose IYomNORM for occupational situations does not require methods and techniques
different &om other ionizing radiation situations. In some case additional care is necessary
since the radiations cannot be distinguished from background, except for intensity.

The regulations concerning occupational dose Ihm NORM are 10 Cl!%20 and 29 CFR
1910.% In cmier to show that no radiation protection program is required under either of
these regulations, carefid measurements with compensated instrument readings maybe
necessary, as well as, a good definition of the local background. Dosime@ devices may
be required for a radiation protection program and could be vexy useful in demonstrating
no need for a radiation protection program.

The regulations gowning occupational dose also require controlling public dose. Public
dose must be considered in a radiation protection program.

Risk calculations for occupational situations may be required under RCRA and CERCLA,
although there is no clear regulatory basis for the risk calculations. Such calculations
require attention to detail ifrisk limits are approached. Knowledge of the background is
essential and rmasurements should be made at actual work locations. Dosimetry devices
may be useful, but measurements must be well controlled

Introduction
Ionizing radiation dose to individuals in occupational situations is covered by 10 CFR 20
or 29 CFR 1910.96. Both these regulations limit dose to individuals to 5(K)0mrem/y (50
msvfi) and require a radiation protection program when it is expected that any individual
may obtain an annual dose in excess of 500 rnrem (5 rnsv). These annual doses are
summed fmm all methods of exposure at the workplace, external and internal. In general,
members of the public should not receive in excess of 100 mrem/y (1 mSv/y). Few cases
of occupational or public dose tim NORM are explicitly covered by 10 CFR 20. The
language of 29 CFR 1910.96 inccnpomte$ by reference, 10 CFR 20 for all industrial
situations not applicable under 10 (!FR 20. Therefore, industrial uses of NORM are
regulated with respect to dose to individuals under 29 CFR 1910.96. This is hardly an
undisputed interpretation.

Additional and specific regulation of some forms of NORM can be found in NESHAPS.
Based on the classification in NESHAPS of NORM as a hazardous substance, further
regulation of NORM is possible under language in RCRA and CERCLA. This
interpretation is also a source of dispute. Regulation under NESHAPS, RCRA, or
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cERCLA may depart fkom dose as a limit and use life-time risk as a limit. Depending
upon the exposure paid, a life-time risk of 104 may result in an annual dose far less than
100 mmm (1 msv).

The dose range of interes~ up to 5000 mrem/y, less than 500 mrem/y, less than 100
mmdy, m kss than a life-time risk of 104, present differing problems in individual dose
measurement. Not surprisingly, the difficulties increase with decreasing dose.

We discuss methods and problems of external dose measumme nt based on experience in
several types of facilities where NORM was encountered These cases include metal and
rare earth extraction, water treatmen~ phosphorus and phosphate extraction, lithium
extraction and processing, and a plant disposing of NORM contaminated materials, where
NORM was used in construction of the facilities. Internal dose was also a concern at most
of these facilities, but internal dose will not be covered.

Dose Esthation Methods
OccupationalDose
The occupational category under 10 CFR 20 and 29 CFR 1910.96 require measurements
toestimate doses from 0t05000mrcm/y ormemmemen ts to ensure that doses will be
less than 500 mrexn/y. These dose ranges are those of the nuclear and medical
communities and have along histmy of measurement, ‘Ike are many standard
techniques for dose rate and time estimates of dose or direct dose measurement using
dosimetry devices. Doses can also be modeled based on concentrations of radionuclides
and shape of the source. Thexe am few problems with accumcy with any of the available
techniques until limits are reache& either 5000 or 5(XI_ or some other
administrative Iimk

The accumcy problems are associated with defining background and non-linear response
of devices and instruments in the meas~ t of background and NORM. ‘l’heproblems
occur with over-response rather than under-response. TIE response problems occur
because calibrations are usually made at only a single energy rather than a spectmm of
energies typical of NORM and the devices usually have an energy dependent response,
which may preclude cmrect calibration under any chcummnce.

At typical sites of the nuclear and medical communities, only a few locations account for
the dose to workers. Dose rate measurtmmts in these cases range upward from a few to
tens of mrem/h. Standard dose rate instruments easily measure these dose rates. If the
radiation field is not 1~ but generaL exposing the worker at all or nearly all time,
then a dose rate of 0.25 mrem/h for 2000 h would constitute the annual dose Iimk A dose
rate this small m smaller strains the Aiability of standard instruments designed to read in
mrem/h. More sensitive in~ designed to read in _ are required.

Dosimetry devices are usually requinxl to measure dose when a radiation protection

IXO= is q-. Sm do*w d~=s should have few limitations in the region
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of dose fkom 5(K)to 5000 mrem/y. Two important variables must be considered, time of
exposure and storage background for the device, although non-linear energy response may
be critical in some cases. Nevertheless, most programs are straight-forward, unless dose
limits are approached. Xfthere is a possibility of exceeding dose limits, a program for
controlling dose should be used before refining the dosimetry process.

Public Dose
When there is a consideration of occupational dose, 10 CFR 20 and 29 CFR 1910.96
require consideration of public dose. The public categmy of dose for a limit of 100
mredy is, almost always, calculatd The calculation is usually conservative, based on a
Reasonable Maximum Individual. Dose can be measumd using dosimetry devices and
sensitive recording instruments at typical public locations. These measurements are
usually performed in conjunction with a calculation of dose. Measurements are acceptable
as the only method of dosimetry.

Some type of measurement is necessary for calculating dose, whether the measurement is
of dose, dose rate, or concentration of radionuclides. The Reasonable Maximum
Individual is determined at the 95 percentile of the propagated uncertainty of
measurements and time estimates. It is often necessary to reduce the uncertainties by
increasing the number of measurement locations and the measurement accumcy. Standard
techniques are usually available for making environmental measurements fm dose
calculations.

Risk Calculations
Dose measurements to support RCRA or CERCLA do not apply to occupational
situations accmding to 29 CFR 1910.96, but risk assessments for outdoor occupations on
sites where there is RCRA or CERCLA activity have been made. Workers assessed were
not involved in the RCRA or CERCLA activity. To date no consqucnces have resulted
from such risk assessments of which the authors have knowledge, since the risks were
found to be 104 or less. Considerable effort was required to obtain an accurate risk
assessmen~ Accuracy was achieved by basing the calculations on appropriate
measurements at appropriate locations.

Dosimetry
Dosimetry is an attractivemethod of measuringindividualdose since it is specific to an
individual. There is no need to perform calculations or dose rate measurements. If
additional information is necessary, such as the location where the dose was receiv~
additional measurements are necessary since the dose is specific to the individual, not the
location. Transit and storage dose must be subtracted from the total dose to obtain
individual dose. Storage dose is dose received by the dosirneter for times not worn by the
individual. Storage time usually exceeds wear time by a factor of 2 or more. Transit dose
is the dose received between the storage location and the dosimeter processing location.
Transit dose for remote processing facilities can equal the stmige dose. Storage and
transit dose can usually be obtained fmm control dosimeters. These 2 subtracted doses
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become more important as the individual dose decreases and the time to measure the dose
inmeases.

The time to measure the dose is dependent upon the accuracy and sensitivity required fm
the dose estimate. Doses that are clearly different km background can be measured in a
short time with acceptable accuracy. Doses down to 100 mrem/y can be meastnw? in a
three month exposure. Smaller doses require considerable care for the transit and storage
doses and up to a year of exposure. Figure 1 shows measurements made with A12@
dosimeters in a attempt to measure as low as 10 mrem without particular control of the
storage dose.

The figure shows measurements made at 2 dose rates, 20 and 40 pmn/h. The intercept of
the 2 lines is 12.5 mrem and is the sum of the storage and transit doses. The horizontal
line at 22 mrem is the detection limit based on 5 dosimeters at the storage location. The
results show that at the lower dose rate of 20 ~nalh over 400 h or 10 weeks of exposure
are necessary for a detectable difference fi’ombackground. The higher dose rate of 40

*W= de~ble in less ~ m h m 5 w-b. Based on this analysis, at leasG3
months would be requid to obtain acceptable accuracy at the higher dose rate (Cumie
1978).

h a test where the dosimeters were worn by individuals, the control on the wear time and
stomge dose was sufficient for a detection limit of 30 mrem or 3 times the static test.
Further tests were perfomwd for better storage control in a low background area. A
detection limit of 15 mrem was found to be achievable.

Dose Rate
Dose rate is the most popular method of estimating dose, because it is immediate and
identifies the source. The major drawback is that good estimates of the time of exposure
and the position of exposure are necessary. Fm occupational doses reportable under 10
CFR 20 and 29 CFR 1910.96, dose by a dosimetry device is usually required. Dose rate
mammment and a consawative caldation is sufficient to show that a mdiation
protection program is not required because doses are less than 500 nuwdy.

The accuracy of dose rate measurements maybe critical when limits are approached. It
may be necessay to reduce mnsexvatisrn Conservatism can be reduced by converting
over-responding instruments using an equation that converts the cahation conditions to
the NORM conditions. Additional removal ofcxmsewatism maybe gained by converting
to equivalent dose based on the geometzy of the NORM source (EPA 1993, ICRP 1987,
Zanld 1992).

Conversion of instrument response to NORM conditions requires knowledge of the
NORM dose rate at various locations for comparison to the instrument reading at the
same locations. Pressurized ionization chambers (PIC) areenergyindependent over the
range of background and NORM energies (Beck 1971). It is accepted as the standard for
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dose in air for human dose measurements. Other types of ion chambers and compensated
GM detectors may also be adequate but should be compared to a PIC under the conditions
to be measured Tissue equivalent plastic scintillation detectors can be very close to
NORM dose rate, rquiring no conversion.

The conversion of the dose rate is usually more important at the lowest dose rates.
Measurements of low dose rates are more likely to rquire conversion, not because of the
energy mixture at low dose rates, but because most low dose rate instruments are chosen
for their sensitivity. In other wads, a high response at low dose rates usually means over
mpcmse. Detection of radiation in some cases maybe more important than correctly
measuring i~ A popular instrument fa low dose ratemeasurementsis the sodium iodide
scintillation detector. The usual calibration of this instrument results in over response fa
low energies and under response for high energies. For NORM, this means over response.
Attempting to adjust the response fm certain conditions is usually not advisable, unless it
is known that use will be restricted to only those conditions.

The sodium iodide readings can be converted to PIC equivalents by comparing to a PIC
over a range of dose rates, then qmssing the sodium iodide readings against the PIC
readings. The result is

PIC = a(NaI)+ b,

PIC is the PIC quivalcn~ NsI is the sodium iodide reading, a is a constant less than 1 and
b is a constant greater than 1. The authurs have found that a is usually near 0.6 for all
locations and b is usually qual to the cosmic dose rate. The constant b is, therefore,
altitude dependent. The generality of this quation allows for easy conversion without
extensive measurements, but should always be cdirmed in critical situations.

Geometric compensation for equivalent dose may also be necesssry to eliminate
conservatism. The PIC is designed to measure dose in air, which can usually be converted
to dose in tissue at 1 cm depth by multiplying by 0.96 (Beck 1971). This conversion is not
sufficient for convtion to whole body dose fm dl energies since quivalent dose must be
calculated fm internal mgans(EPA 1993,ICRP 1987,Zankl 1992). The geometxyof the
sourcemust also be considered since the organs are differently imadiated from different
directions. Figure 2 shows the energy dependent conversion for a body standing on an
infinite planar source. For the usual energy spectmm for NOM the PIC conversion
factor for the planar source is 0.65.

Measure or Model
For annual doses down to 500 mrert#y it may be required that doses be measured using
dosimtmy devices, but that dose rates be measured at locations fm purposes of posting
and designing a radiation protection program. From 500 to below 100 mrenaly a
combination of measurement and calculation maybe possible, depending upon the
accuracy or need to demonstrate protection is adequate by conservative estimate. As
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doses become more critical, a mom exacting measurement program maybe necessary. If
occupational doses becomelimited by R- or CERCLArisk estimates,careful
measurementand exactingcalculationsmay be necessary.

Measurement for the lower dose regions may be limited by the choice of instrument or
dosimetry device. The lower the dose, the more sensitive the instrument or device,
inviting over response. Important to low dose measurements is comectly measuring the
background and the range of backgrmud It maybe impormnt to know the local
background for a given measurement rather than the general background for the ~
Figure 3 shows a proWty plot fm background in a region where NORM measurements
were made. Knowing the local background in this case can be very irnportank especially if
dose rates on the order of 10 prem/h are impmtant Obsexve fi-ornthe figure that 2
straight lines can be fitted to the ~ indicating 2 different background areas. The area
corrqxised both a volcanicflow and alluvium \

Modeling in this case must also consider this differing background. Models may only
allow an avemge backgrour@ considering all dose rates above the average to be from the
NORM source. Comnxm models also may use the highest source dose rate fm a location
rather than the average for the location. Models may also discount shielding and
mximize the time of exposure. The inherent conservatism of some models is acceptable,
as long as the doses calculated are below the imposed limits. When limits are exceeded
then a more careful evaluation of the dose is necessaxy.

When limits are exceeded in a modeled dose conservatism must be eliminated.
Conservatism is inherent in most models, but ofteIL the model can be improved by
improfig the m=mments and by performingmeasurements representative of the wmk
situation. In a case involving the auth~ risk was modeled for occupational doses at
CERC!LA sites. The first risk calculation was based on dose rates calculated from the
NORM concentration at selected locations. It was assumed that these concentrations
were representative of other locatiom

When the calculated risk easily exceeded life-time risks of Id, dose rate measumnents
were requested for the same locations whexe dose rate was calculated from the
concentrations. The dose rate measurements were performed with a GM detector without
compensation for the over-response. The dose rates measured were found to be equal to
or higher than the calculations. Since the locations used for the calculations and
measurements were not typical of occupational locations, measurements from other
locations were used to obtain average dose rates for areas of the sites. These additional
measurements were previously performed under NESHAPS and/or RCRA. These
measurements were made with an NaI scindllator,werealsonot made at occupational
locations, and did not appreciably alter the risk assessment

A series of measurements were made in occupatioti. xations and in occupational
situations (shielding) using a PIC and a tissue equivalent plastic scintillator. The majority
of the occupational time was spent in vehicles, heavy earthmoving equipmen~ or in
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equipment control rooms. Figure 4 shows the results of some of these measurements. At
each position measured, the total unshielded total shielded, and net (above background)
dose rates are shown. The net dose rate is the quantity necessary to calculate
occupational risk. Once actual, net dose rates are known, the life-time risk can be
calculated. The calculation for each occupation is perfinmed as follows:

Risk= RFx DAx WY,

where
RF= risk factor
DA= annual dose
WY= years of work.

Annual dose is

DA= ~NDRi XETi XEFi)7

where
NDR = net dose rate (average for the location)
ET= exposure time in hours per day
EF = exposure frequency in days per year.

At this point in the calculatio~ the uncertainties can be propagated for determination of a
Reasonable Maximum Individual. Often, in the name of conservatism, a Reasonable
Maximum Value is calculated for each z which greatly inflates the calculated risk. In
the CERCLA risk calculations for these sites Reasonable Maximum Values wem used, but
the use of net dose resulted in life-time risks of less than 104. Calculation of equivalent
dose, which was not done in these cases, would have further reduced the calculated risk

Conclusions
Compliance with 10 CFR 20 and 29 CFR 1910.96 can be accomplished with standard
equipment and methods for radiation protection programs. Care must be taken as limits
are approached that instrument -gs are properly compensated. When it can be shown
that no radiation protection program is required under either of these regulations, careful
measurements with compensated instrument readings may be necessary, as well as, a good
definition of the local background. Dosimetry devices maybe required for a radiation
protection program and could be very useful in demonstrating no need for a radiation
protection program. It maybe necessary to convert doses if the dosimetry devices over-
respond to NORM.

Risk calculations for occupational situations under RCRA and CERCLA require attention
to detail if limits are approached. Knowledge of the background is essential and
measurements should be made at actual work locations. Dosirnetry devices maybe usef~
but storage and transit doses must be well controlled.
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