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' Envìrannmtal Purtnmbip 

One of the most significant long-tem trends affecting the future vitality of the petroleum 
indus0 is the public's concerns about the environment, health and safety. Recognizing this 
trend, API member companies have developed a positive, forward-looking strategy called 
STEP: Strategies for Today's Environmental Partnership. This initiative aims to build under- 
standing and credibility with stakeholders by continually improving our industry's envi- 
ronmental, health and safety pehormance; documenting performance; and communicating 
with the public. 

AP1 ENVIRONMENTAL, HEALTH AND SAFETY MISSION AND 
GUIDING PRINCIPLES 

The members of the American Petroleum Institute are dedicated to continuous efforts to 
improve the compatibility of our operations with the environment while economically devel- 
oping energy resources and supplying high quality products and services to consumers. We 
recognize our responsibility to work with the public, the government, and others to develop 
and to use natural resources in an environmentally sound manner while protecting the health 
and safety of our employees and the public. To meet these responsibilities, #PI members 
pledge to manage our businesses according to the following principles using sound science 
to prioritize risks and to implement cost-effective management practices: 

To recognize and to respond to community concerns about our raw materials, prod- 
ucts and operations. 

To operate our plants and facilities, and to handle our raw materials and products in a 
manner that protects the environment, and the safety and health of our employees and 
the public. 

To make safety, health and environmental consider-ations a priority in our planning, 
' and our developmtnt of new products and processes. 

To advise promptly, appropriate officiais, employ-ees, customers and the public of 
information on significant industry-related safety, health and environmental hazards, 
and to recommend protective measures. 

\ 

To counsel customers, transporters &d others in the safe use, transporntion and dis- 
posal of ow raw materials, products and waste materials. 

To economically develop. and produce natural re-sources and to conserve those 
resources by using energy efficiently. 

To extenä knowledge by conducting or supporting research on the safety, health and 
envirkmental effects of our raw materials, products, processes and waste materials. 

To commit to reduce overall emission and waste generation. 

To work with others to resolve problems created by handiing and disposal of hazardous 
substances ftom our operations, 

To participate with government and others in creating responsible laws, regulations 
and standards to safeguard the community, workplace and environment. 

To promote these principles and pkctices by sharing experiences and offering assis- 
tance to others who produce, handle, use, transport or dispose of similar raw materi- 
als, petroleum products and wastes. 

' 

. .  
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FOREWORD 

API publications may be used by anyone desiring to do so. Every effort has been made by 
the Institute to assure the accuracy and reliability of the data contained in them; however, the 
Institute makes no representation, warranty, or guarantee in connection with this publication 
and hereby expressly disclaims any liability or responsibility for loss or damage resulting 
from its use or for the violation of any federal, state, or municipal regulation with which this 
publication may conflict. 

Suggested revisions are invited and should be submitted to the director of the Manufactur- 
ing, Distribution and Marketing Department, American Petroleum Institute, 1220 L Street, 
N.W., Washington, D.C. 20005. 
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DETERMINATION OF NATURALLY OCCURRING RADIONUCLIDES IN 
SAMPLES FROM THE GAS AND OIL INDUSTRY. 

Vaiidatlon of Analytical Methods through an Interlaboratory Test Programme 

W.A.1. Knaepen', W. Bergwed, P.F.J. Lancûe.. and G. Jonkers' 

SUMMARY 

The buUd-up of Naturaiiy Occurring Radionudides (NOR's), leading to the production of various 
types of Naturally Occurring Radioactive Material (NORM), is often encountered duting gas and 
cil production c.q. treatment This gives rise to increased health hazards to personnel and to an 
environmentai waste management problem Both the NOR's considered to be relevant for E&P 
samples EUICI their analytical resub in terms of adhrfty concentration were found to be strongly 
dependent on the analytical contrador laboratory seleded. This k caused by the iack of 
standardized procedures for the analysis of €&P NORM. in antidpation to Mure, more stringent 
NORM legislation on disposal and associated quantitative risk assessment projects. which may 
become endorsed by national authorities, the gas and 00 industty is helped by qualfty assured, 
standardised NORM anaiysis procedures. Therefore, the identification of relevant NOR's and the 
validation of their analysis in various types of E&P NORM samples has been Investigated at Shell 
Research Amsterdam by w m n g  out 8 literature study and an (dutch) Interfaboratory test 
programme, respecthrely. The certffication of the analytical results has been perfomed by a foreign 
(I.C. non-ûutch) institute. Only after the implementation of corrective actions as agreed by the 
participants, standardtsed amiytkA methods for E8P NORM samples could be defined. The 
standardised methods arrived at are described in general t e m  in this paper. 

INTRODUCTION 

NORM (Naturally Occurring Radloacthre Materiais ) k a acronym generally used for substances In which 
Naturally Occurring RadionudMes (NOR's) show up in concentrations above about 0.1 Becquerel per 
gramme (Bq/g). In the gas and OU industry, the term NORM is commonly used to describe the products 
and by-products in which the radioactive progeny of the Wo long-lbed parent radionudides, % and 
=U either show up or become enriched due to production or treating processes. During OU and gas 
production process this progeny may, to some extent. be brought to the surface tagether with natural 
gas, with well-fluids like naturai gas liquids. crude on and Wer, and with solid particies. 

As such, NORM will constitute a radidoglcal hazard, 1.c. delivering 8 so-called TENR (Techndogically 
Enhanced Natural Radiation) dose to human beings. Two path ways for exposure can be distinguished: 
- enhanced exfen& radiation fields near and in production and treatment faciiities c.q. equipment may 

deliver a TENR dose to (contractor) personnel, and - intemal contamination of (contractor) persmnel during maintenance and repair practices (inhalation 
or ingestion of NORM) and of the public at large through uncontrdled disposai of NORM or NOR 
contaminated equipment into the environment (ingestion of NOR's via human food chain). 

3 Previous gage is blank 
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Any TENR dose delivered to (contractor) personnel can be minimised by bringing in piace Standard 
Operational Procedures (SOP'S)', whereas any TENR dose delivered to the public at large has to be 
controlled by competent national authorities regulating NORM disposai practices. Presently, there is an 
Increasing international environmental concern on the occurrence and buUd-up of NORM in the Non- 
Nudear Industries ("I). In the Malaysian federation, in various gas/oii producing US states as well as 
in the European Union (EU), stringent gutdelines to control NORM in OU and gas produdion and in the 
ptocessing/tmting facflities are implement#, or are being drafted3.' and will be Implemented Into 
national legislation In the forthcoming years. Besides. a group of international bodiesa has issued 'bask 
radhtion safety standards', which in the absence of nationai radioactive substance IegWon may be 
utüised as NORM guidance. 

This îype of ieglslatlon ehher addresses NNI NORM speciAcally, or indudes NNI NORM. This is achieved 
by defining notitication, intervention and/or clearance activity concentration levels of the individual NOR's 
present. Besides, also schemes for compulsory, regular extemal and intemal surveys of E&P facUiües 
and equipment, may be an integral part of this type of IegMation. Though acthrtty concentrations forms 
the heart of the legislation, references to standardized (anaiyticai) methods on sampling, sample pre- 
treatment and NOR analysis are neither included, nor recwnmer#ied. To the best of our knowledge no 
such sîandardked methods have been Issued yet for E&P NORM samples, neither have analytical 
contractor laboratories been identified who are working according to (quality assurance) certified 
procedu= 

The need for scandardlration has been dearly experienced In practice. On mera i  accasîons It has been 
obsenred that resutts from E&P NORM anaiysis on pre-treated, homogenised samples from the -/oil 
industry by Dutch authorized lnstltutes Wtth experience and expertise in NORM analysis, showed large 
mutual scatter for mrious analyses mutts. In view of the great (economic) impact the use of unie(iable 
working procedures might have for E&P industty; the lack of certified procedures for E&P NORM 
sampling and anaiysk; the strongly growing awareness of the need for standardisation in environmental 
screening matters, and the potentiai liabflities, ä is needless to state that both sampling and analysis 
methods,whichbothare~iable,aandardizedandacceptabletothecompetentauthorities,area~~ 
need. 

In pracllce, the availability cd adequate and proper NORM sampling an analysts methods would allcrw: 
7) to enable accurate determination ofthe strict radldoglcal levels on-site, 2) to qualify and to process 
production facility parts as weil BS sscondary stteams and waste, 3) to enable mprüng to authorities 
of NORM aethrttyconcentraüons involved, and 4) to carry out reliable quantftatlve risk assessments. The 
avaflabüky of these methods Wal also strengthen the negotiating position of the E&P indnrtry in 
discussing NORM levels with national authorities. 

The importance of sampiing, being the first step in the analysis sequence, has not been neglected nor 
has It been underestimated. In fact, poor sampling degrade all values of subsequent activities as it 
wastes tlme and effort thereby tequldng repeat samples to confirm uncertain rBsults. Despite its 
important contribution to the uncertainîy of the NORM rBsutts, the standadt;rasiOn of NOR analysis of 
samples stemming from the E&P industry v-e. hydrocarbon umdensate, water, scale and sludge) 
has been the subject of a research project at Shell Research Amsterdam, Because ofthe highly spedftc 
characterafthesesampletypeswtthrespecttothesamplecomposrtionandtheNOR'spresenttherehi, 
and because of the Impact of the NOR acthrtty concentration on the measures fdiowing from nationai 
legislation. standardization of NORM analysis techniques was considered to be essential. An 
interlaboratory test programme on NORM analys& using pre-treat&, homogenised actual samples from 
the gas and oil production and treatment facUities has been set up, in order to achieve this goal. The 
way in which the interlaboratory test programme has been conducted, has extensively been described'. 
Nex! to a short summary, the resuits obtained will in particular be described in this paper. 
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E&P NORM CHARACTERISTICS 

Naturally Occurring Radionudides (NOR's) which are omnipresent on the planet eartft, can be 
subdivided into cosmogenic (e.g. 'Be, "C) and primordial (e.g. "I( "Rb, '%, '%, T h ,  
radionudides. WhUe cosmogenic radionudides are continuously formed in the outer atmosphere by 
cosmic hdbtion, primordial (or terrestrial) radionudides have been present ever since the e¿?#? ( lb  
time 5.5 x i o 9  y) has been formed. 

Uranium (u) and Thorium (Th) are spread throughout W s  crust, at an average conantratton of 4.2 
and 12.5 ppm(w/w)'. The naturally occurring U- and Th-isotopes being =U (naturai abundance: 0.7296), 
=U (99s) and w2Th (m lûû%), are tadioadive. Due to its low isotopic abundance, =U Is m a y  
encomered in practice and therefore this series Wu1 not be further be discussed here. Co uenüy, 
'radioactivtty' is also wide-spread in the environment, on average 0.05 Bq[psU]/g and 0.05 B a ] / g -  

The primordiai radionudides T h  and =U, are special radionuclides, as they each are heading a series 
of successive nudear decays (Figs. 1 and 2). Both these NOR's decay through essentially the same 
dements, ail of which are radioactive. As such, these radioactive daughters can be present in gas and 
oil bearing fomiations as NOR's, where next to gas and OU also fomtion water is present in varying 
amowits. 

if a gedagicai formation contalning p"ni and =U has no? been disairbed ('dosed system') for more 
than lo6 years, ail members of both decay series wül have the same acthrfty concentration (Bq/g) and 
the series k said to be in secuiar equilibrium. However, as the chemical concentration (mde/g) is 
proportional to the haif-life time (tJ of a radionudide, their number of &oms varies consideMy. When 
8 formation is not 'dose# to radionudide migration, ag. %a becomes mobülsed and is 'deposited' 
somewhere outside the formation, the secular equilibrium wiii be disturbed. At the site of deposition the 
only way the =Ra concentration can srablise or increase is by infiux of (geo)chemical/physical 
transport phenomena. No ingrowth of =Ra via radioadive decay of its ancestors Wo1 occur as ali 
radionudides above =Ra (cf. Fig. 2) Wi stay dose ?J. In this way at the site of deposition =Ra is 
unsuppo~eâ. i.c. Ingrowth is not supported by radioactive decay. 

The (geo)chernicai/physicai properties of ail radium isotopes, Lc. p6Ra, =Ra and % are identicai. 
Differences beniveen these isatopes are caused by their radiatfon decay characteristics and hence by 
the associated potenthi radiatlon hazards. A NOR should Ihre' long enough to deveiop the 
(gea)chemical properties ofthe dement In gas anâ OU production Wo typical time scales are important, 
a geological (say, far longer than 1,ooO years) and a pmducfion time scale (order of magnitude: days 
to decades). Therefore, for processes taking piace on a time scale of one day, only isotopes of thorium, 
radium, lead, uranium, radon and pdonium may become unsupported. From considerations with respect 
to the formation of hydrocarbons from source rock under reducing conditions7, from considerations with 
respect to geochemical transport phenomena' and from an extenstve Ilterature S U T V ~ ~ ,  oniy a limited 
number of NOR's actuaiiy may appear unsupported in E&P (by-)praduct streams. 

~ h e  survey showed that both =U (and tts immediate daughters: phi, p4u anci %) and % 
were only present in minute quantities (U 0.05 Bq/g), which is in agreement with trans- phenomena 
under reservoir condttions. Consequentiy in E&P samples the NOR's mentioned do not CMISmLRB a 
radiologicai hazard. 

Fwthermore, t was observed that radium isotopes actuaiiy mark a dear separation line forthe encounter 
of NORM in gas/oü production, treating or processing faciifües. The most Ifkeíy cause for this separation 
is a distinct difierence in geochemicai properîies (mobiiity under reservoir conditions) in combination 
with the effectiveb haff-life of =U and T h  on one hand, and that of and =Ra and their progeny 

The obctiva htiH4Hs of a radionudide under resemir conditiona b dsfinßd 88 8 UWcombiMtion of its physical haH4b 
(Q Md its 'mom foaldew the '  in 8 phase during produdon from th6 rewvoir Or oven during maiuration, migration 
or accumutation processas in   IO wbsurfaœ. 
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on the other hand. As in the senes in behiveen %a and 224Ra, rather long-ihred (Wmi resm to 
a production time scaie) and (geo)chemidly immobile p?h is encountered, =Ra and %a are 
normally not in secular equiiibrium, and hence for radiological assessment studies, produdon water and 
production water associated deposits have to be analyzed both for %a and "Ra 

For relathrely dry natural gas wells, =Rn forms a second distinct separation line for the potenthl 
encounter of NORM. Most likely the =Rn stems from (reservoir) rock near the perforatlonVery often tt 
Is observed that with Increasing depletion of gas reservoir due to production also increasing =Rn 
concentrations are found. 

From the survey it was also observed that also noPb may mark an independent separation line in the 
=U decay series, as this radionudide can be encountered unsupported. When carried with the water 
phase, this is Ukeiy caused by Its specmc (geo)chemical properties, but ais0 Indications exists that ='Pb 
is transported through the gas phase''. 

Only one case of unsupported (highly radiotoxic) 21OPo in hydrocarbon condensate has been reported, 
notwlthstandlng the fact that one should be aware that thîs radionudide may be encountered. 

From aie geochemlcai considerations and obsenmtlons done during the su~yey, E&P samples should 
be analyzed for NORs according the scheme presented in W e  1. These types of analysis were 
requested during the interlaboratory test. 

Table 1: NORs encountered in E&P samples 

none I none 
Natural Gas =Rn - Natural Gas Liquids I pZRn, noPb, n*o 
CNde on I I none 
Production water 
-hardscale - medium hard to Saft d e  - scrapings - sludge 

INTERLABORATORY E S T  PROGRAMME 

The interlaboratory test programme, with participation of eleven Dutch insütutes that are known to have 
expertise in NORM anaiysk, hac been described in detaü elsewhere5. The test programme consisting 
of four stages and was conbucted wer a period of three yeats The actuai OB and gas production 
samples varied from reiathrdy simple single phase (e.g. methane gas, hydrocarbon condensate, 
production water and d e )  to complex multi-phase samples (e.g. various sludge samples). After a 
pretreatment step to achieve homogenetty and a check Vta repeatabUity measurements, the samples 
were despatched to the partidpants After 3 months results were cdlected and subjected to srattstcai 
evaluation and feedback was given to the insthutes via a review meeting (Le. discusston of the tesults, 
exchanging snaiyticai expertise, agreeing on measures to be taken and on samples for the next stage). 

Prior to the despatch, the homogeneity of each sample was determined at Shell Research Amsterdam 
by repeatability measurements using 7-spectrometry, except for (i) the condensate, where radiochernid 

analysis (vide infra) was applied, and (10 the methane gas where the =Rn analysis via the Q- 

scintülation method (vide infra) was used. WIth reference to the esthated counting statistics error, the 
repeatabUity was less than 5% at 95% confidence level (24, while, the more laborious radiochemical 
technique ("'Po) did show a somewhat larger repeatabiiity. 
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Except for the first stage of the test programme, in which muits were compared to those obtained by 
Shell Research Amsterdam, the acttVity concentrations of r-emltting NOR's in the samples were certtfied 
by the Physikalisch-Technische Bundesanstait (PT6) in 5raunschweíg, Germany. However, PTB could 
not certify the a-activity concentration of =Rn in methane gas and that of in the other samples. 
Therefore, to enable rnutuai cornpanson of the n o ~ o  results, an aîiquot of an aqueous n o ~ o  standard 
has been analyzed by the institutes in stage four of the test programme. 

ANALYSIS TECHNIQUES 

The MI radiometric analysis of E&P NORM sampies generally requires at least three techniques for a 
compiete determination of the acthmy concentrations of the various NOR's: 

Lucas cell a-scintillation method for the detemination of =Rn in natural aas 
The inner surface of a cylindrical Lucas ceil ( 2  250 mL) is coated with a high-efficiency ar-scinüllator 
material (e.g. rinc sulphide). Naturai gas is introduced in the ceil, which wilt be IigM-tigM connected to 
a photomultiplier tube. After about two hours =Fin will be in secular equilibrium with its short-I'ied 
progeny, particularly its a-emitting daughters (cf. Fig. 2). The =Rn concentration ts 
computed from the number of detected scinüiiations (efficiency calibration required) due to odecay. This 
measurement technique is fast, simple and easy to operate. Mytical resuits Mi be available at the 
same day. 

and 

J-SWCtTO metrv for the detemination of =Ra. n?b. =Ra and ='Ra in vatious tvues of E&P samdes 
A r-spectrometer consists of a high efficiency, high energy resdution (=/E O a ) ,  (non-)doted 
germanium detector, whlch is placed in a low background radaon area obtained by shielding with (dd) 
lead bricks. In general E&P sampies can be measured as received, but in some cases sampie pre 
treatment (e.g. for sludge the sample is separated into a Ifquid and &ids part) is required. The sampie 
is placed in a standard size, air-tight container on top of the detector and the current puises in the 
biased semiconducting germanium detector are registered. Spectrometer efficiency calibrations 
(indudtng corrections for true coincidence) are performed using NORM reference materials. Both the 
quick analysis (resuits after about Wo days) and the accurate analysis (about one month) require expert 
knowledge and can not be carried out by a iayman. 
-  he PbRa concentration can be cornged acwrateiyfrom üw registered r-emission intensity of tts 

indirect daughter isotopes n'Bi and Pb. Therefore, an air-tlght sampie container has to filled and 
stored in order to establish secular equilibrium between the îsotopes, which is reached after about 
three to four weeks. 
However, because of the absence of =U (ao. r-emission ifne at i85 kev), a quick and somewhat 
less accurate analysis can be performed in about one day by direct measurement of the 186 keV 
mm 7-emission line. 
The low renergy 46.5 keV line of -b can be determined oniy il a sensitive germanium detecm 
is avaüable. E&P NORM samples often have a redativdy law activity concentration and a high 
denstty. As a result, r-attenuation in the sampie Wo1 occur, which has to be taken into account 
during caiibratfon of the r-spectrometer system. A conectlon for seff9bsorption OF noPb and/or 
other y-photons of low energy has been made (e.g. via y-transmission measurement'' or via 
computed efficiencies from effectbe solid angles'2). Correction factors between i .5 and 25 are not 
exceptional, particularly when high 2 dements (e-g. Ba. Pb) am present. 
After establishing secuiar equilibrium (in abut one day) with its immediate daughter =AC, the % 
concentration can be computed from a seiection of the most intense =AC r-îines. 
After establishing secular equilibrium (in about two days) with Its indirect daughters n2Pb, =*Bi 
and/or 9, the p4Ra concentration is computed from a seiection of their most intense +ines 
present (cf. Appendix). 

- 

- 
- 
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ar-swctromettv for the determination of 
An a-spectrometer is an evacuated (to enhance the mean free path of a-partides) chamber, in which 
a silver disc with the deposited rremitter is placed opposite an o*nergy discriminathre detector. A fluid 
(water reduced by evaporation; h p h a t h o n  condensate acid extracted and subsequent reduction by 
evaporation) E&P sampie is spiked with =Po, whUe a s d W  E&P sampies is acid digested and the 
obtained solution is spiked with =Po and reúuced by evaporation Both and =Po (intemai 
calibration of deposition efficiency) are deposited onto the diver disc. The method is very labour 
intensive and requires expert knowledge. It has a low detedion limit, while resuits may be a\raUable after 
about one day. 

in various kinds of E&P samdes . 

Details on the methods applied, such as detection limits, accuracy, preparation and measuting Ume, are 
listed in Table 2: 

Table 2: Characteristics of the NORM analysis methods applied. 

NORMMysis Typeof Detection 
Method sampie materhl limits for each 

NOR 

0.02 Bq/g 
0.01 Bq/g 

-CY 
(24 at 95% 
cod. levei) 

i096 
10% 

Prepration 
time 

Doum) 
.o25 to 2 0  
0.25 to 0.5 

1 Measuring 
time o 
15 
15 

a-spectrometry Aqueous soiutions 4x10“ Bq/g 1096 3 15 . 
nopo wid 4xlO-’Bq/g 10% 5 15 

Condensates ObxíO-’ Bq/g lû% 3 15 

a-sclntíii.ceil N a t ~ d g a s  0.01 Bq/i 1096 O 2 5  to0.3 3 to5  
=Rn 

RESULTS AND CONCWSIONS OF THE TEST PROGRAMME 

During the interlaboratory test programme, the need for standardization of E&P NORM analyses on 
samples from the gas and On industry, which are highly specific (in t e m  of NOR’s present, required 
(pre)treatment techniques, sample composition, etc.), was deariy demonstrated. After each stage, a 
steady improvement in the reproducibility and accuracy of the anaiyticai resuits was s h m  which may 
partly be attributed to the open character of exchanging analytical expertise during the d e w  in 
meetings. As such, the participation in the test programme on NORM analysis pruved to be benefidal 
to all parties invohred. 

With few exceptions oniy, the NORM analyses methods usad at the Dutch inst#rites wem proven to be 
reliable and accurate. Next to locally standardized methuds at severai instftutes, those used by Shell 
Research Amsterdam were proven to be reliable and acunate thrwghout the test, and were found to 
be a sound basis for broader standardization of E8tP NORM analyses 

As described above oniythree distinct analytical methods are required to Miy charaderite E&P NORM 
samples, thereby yielding complete accurate and reliable resuits (ïabie 2). 
a) a-scintillation counting using a Locas cell for the determination of =Rn in natural gas 
b) .r-sDectromety for determidon of %a, noPb, =Ra and 224Ra C7-emttting NOR’s’) in the solid 

and IiquM E&P NORM samples. Compared to radiochemical methods, this technique k fast, precise. 
accurate and yields a mufti-nudide analysis 

c) acid digestion of the sample spiked with =Po standard, foliowed by spontaneous deposition of 
polonium on Saver, followed by Q-SW omg! to measure the concemation in the SOIM and 
liquid NORM samples 
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The criticai parameters in the application of these methods were: 
ad a) the use of methane Q ~ S  for countlno cell efïiciencv calibration, by purging methane gas through 

a standard =Ra sdution in secular equilibrium wfth =Rn. It is essential that the density of the 
purging gas should correspond to that of the sample to be measured, as the counting efficiency 
of the cell increases with the decreasing gas density inside the ~hamber'~. In case nltrogen k 
used as purgin gas, the =Rn counting ceil efficiency for natural gas Mi be to0 low by Some 
7%. Besides, 'Ra calibration source avaüabie from manufacturers, from which %n k purged 
by air, is only suited for this purpose, if appropriate wnections for purge gas density are made. 

ad b) an accurate correction for sdf-absomtion, in dew of the low energy yt3mWon of n?b at 46.5 
keV and the heavy matrix of the majority of the sampies analyzed. A simple and adequate 
correction technique for self-absorption is based on 7-transmission measurements". This 
technique oniy requires the attenuated and wiattenuated beam intensity of a n"Pb point source 
to correct for self-absorption due the sampie matrix at the 46.5 keV y-line. 
a uniform NOR's w i e l d  data set, based on recent lnsight/investigations in order to obtain 
reproducibie/reiiable resuits for the campiex sludge sampies. An inventory of the NOR 'y-yields' 
applied by the institutes to calculate activity concentration, showed that amongst them values 
varying up to 30% were used. These y-yieids are often included with the COmmerCially avaflabie 
ckta-acquisiüon and datamalysis software packages, whereas more recent literature values are 
also useci. To exdude errors in resuits due to variation in 'y-yields', It was agreed to use a 
uniform set of recently revised 'y-yield' for ali 7-speccrometry resuits reported (cf. 
Appendix), aíter which a dear improvement in accuracy of the mutts has been observed. 

ad c) a weil-caiibmted 208eo mike solution, for the noPo measurement. The accuracy of the 
actMty concentration anaiysis has been checked using a commercially avaãabie, aqueous 
standard. Trends observed in the analyticai res& produced by the partîcipants disappeared 
when corrected with the a m c a i  mutts obtained for an aiiquot of a CornrnerCIaliy avaüable 
standard. Therefore, it could be wndudeâ that the accuracy of the resuits is affected by that of 
the =Po standard rather than by sampie digestion procedure and the a-spectmmetry techniques. 

The obsemd improvement in accuracy during the four stages of the test programme were shown to 
be independent of the applied instrumentation and dataanalysis saftware packages The improvement 
in the y-spectrometric resuits averaged per stag& and normalized to PTB or Shell Research Amsterdam 
reference values is shown in Figure 3. with reference to a range set by the average PTB resut! f lo%, 
a gradual improvement In the results may be observed in comparison with each preceding stage. which 
Is noteworthy, especially for the complex siudge samples in Stage 3. For the =Ra TBsufts sludge 1 of 
Stage 4, h should be noted that a general trend has been observed, indicating that the K B  resutt might 
be inaccunite. For the compiex sludge sampies of the finai Stage 4, all results repotted are within t 10% 
of those reported by PTB, except for two institutes (04 and os). 
Due to lack of standardized and (internationally) approved on-site NORM sampling techniques for 
products, by-products and waste materiais from gas and oü produdion and treatment industries, this 
item was not indudeâ in this study. tt may, however, Mi be a major cause of discrepancies In the 
resuits from NORM analysis, and therefore is currently the subject of future tesearch. 

CONCLUSIONS 

The On/gas Industry shordd be well aware that through the build-up of unsupported NOR's, 
contamination of the decay products of =U and rj2nt may occur in tts streams, @y)pducts anci (patt 
of) its instaiiations; - E&P samples do generally not include the 'parents' =U and % at leveis constituting a 

radidogicai risk. - Radium is the first 'daughter' element encountered, =Ra and %a respectively. 
- E&P samples may contain unsupported NORs, %a, *Rn, nDPb and PU-series) and =Ra 

and p4Ra (232Th-ceries). 

9 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~ 

STD.API/PETRO PUBL 71O' i -ENGL 1 7 7 7  U 0732270 ObD178b 4b7 S 

Three distinct NOR's analysis techniques are required to períorm a hill radiomettic analysis of E&P 
NORM samples: 
- for natural gas samples: Lucas cell a-scintillation method (rnRn). 
- for solid and fiuid samples: y-spectrometry ma, =?b, %a and v a )  & a-spectrometry f%). 

From the Interlaboratory test programme, the following items may introduce large errors in E&P NORM 
analysis results: - Lucas call a-sclnüilation method: the choice of the purge gas for the efficiency calibration of the cell. - Yapectrometrlr . the correction technique UsBd for seif-absorption conedion in case of n%b, and 

the selection of 'y-yieid' data for conversion to other NOR speciïic acthrity concenftatlons; - or-spectrometry. . the accuracy of the +o 'spike' used for n?o analysis, and 

In view of the importance of the Rndings to ail institutes as a ñrst step to standardisation, the resuits of 
the intertaboratory test programme on NORM analysis have been published hi a joint mrdti-institute CO- 
authorships. AS such, these NORM analysis methods Wal not be prescribed in a strict manner to the 
operating companies, but the various attention points therein which may lead to erroneous resutts have 
dearly been indicated. 

Finally, also the standardisation of methods for E&P NORM sampling is, as far as possible, is a crl'timl 
need. A generic standardisation for E W  sampling is wrrentiy the subject of a currently ongoing 
research program at Shell Research Amsterdm 
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NOR y-YIELD DATA USED, STARTING WITH STAGE 3 

in secular 
series 

y-photon 
enew (km 

338.4 
911.1 
969.1 

yemitting 
isotope 

=Ac 

238.6 
300.0 

43.10 
3.34 

727.3 

583.1 
860.6 

261 4.5 

29.40 
4.32 
3420 

63.3 
928 

3.81 
5.57 

-~ 

1001.0 

67.7 0.37 

3.51 186.1 

258.8 
2952 
351.9 
480.4 

0.55 
19.30 
37.60 
0.32 

369.1 
m . 3  
665.5 
719.9 
768.4 
8062 
934.1 

1120.3 
11552 
1238.1 
1281.0 

1385.3 
1401.5 
1408.0 
15092 
1661.3 
1729.6 
17645 
1847.5 
21 18.5 
2204.0 

i3n.a 

0.42 
46.09 
1.56 
0.38 
4.94 
1.22 
3.03 

15.10 
1 .63 
5.79 
1.43 
4.00 
0.78 
127 
215 
21 1 
1.15 
292 

15.40 
212 
121 
4.99 

"Vb 46.5 4.00 
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U ' 210Bj 

Uranium (Z = 92) 

Proactinium (Z  = 91) 

Thorium (2 = 90) 

214 Po 2'8 Po 
160 us \ 3.1 min 

214 ~i a a ß \  

Radium 

206 Pb 
Stable 

(Z = 88) 

20 min )t 

214 Pb 
27 min 

i I , 

22 Y 

L Y  7 . 7 ~ 1 0 ~  Y 

U 

t pl 
a 

t 
Radon (2 = 86) 

( Rn also called Radon) 

Polonium 

Bismuth 

Lead 

(2 = 

(2 = 

(Z = 

Figure 1 
Principal decay scheme of 9. The chemical symbol (or atomic number 2) reflects the chemical 
properties, the 'superscript' isotopic number (or atomic mass) reflects the radiation properties. 

adecay lowers the atomic number with 2 and atomic mass with 4. 
edecay increases the atomic number with 1, whüe the atomic mass remains the same. ' 
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0.3 cis 

U ' 212 Bi 
60.6 min \ 

Thorium (2 = 90) 

I 

Polonium (2 = 84) 2'6 Po 
0.15 s 

a 
Bismuth (2 = 83) 

Actinium (Z = 89) 

Radium (Z = 88) 

a 
Pb 212pb Lead (Z = 82) Stable \ t(3656) 10.6 h 

i 

Radon (Z=86) 
(220 Rn also called Thoron) 

ß, 
Ti 

3.1 min 
rl 

a a 

Thallium (Z = 81) 

3.7 d 5.8 y 

U 

t 

Figure 2 
Principal decay scheme of vh. The chemical symbol (Or aîomlc number z) reftects the chemical 

properties, the 'superscript' isotopic number (or atomlc mass) mñects the radiation properties. 
udecay lowers the atomic number with 2 and atOmlc mass with 4. 

edecay Increases the atomlc number wlth 1, WhOe the atomlc mass remains the 8 a m ~ .  
' 
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lnr tliu to 

* 

0,s 

O 

In-tltutr 

nrtlo 
z? 

Inrtltutr 

. _  
Inrtltutr 

Figure 3 
Accuracy improvement trends of averaged NOR y-spectrometric resuits for each stage (Si to S4) of 
the interfabratory test programme. Results as well as a 10% error range are shown, reiative to the 

resuits of the reference Instttute (Le. PTB). 
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DETECTING NORM CONTAMINATED TUBING DURING PULLING OPERATIONS 
T. M. Williams, Texaco, Inc., EPTD 

ABS7RACT 

A system has been developed and field tested that can 
detect NORM contaminated tubing 8s it Is pulled from a 
welt. E8r)y, automatic identification of contaminated 
tubing can reduce the manpower required to manu8lly 
survey ail tubing for contamination. Early detection wití 
also allow field personnel to separate the contaminated 
tubing 8nd handle it as needed to prevent the spread of 
contamination. 

The system is composed of a sodium iodide detector and 
an 818ming rate meter that can be mounted remotely. 
The alarm level is adjustable so it can be set to the 
desired level for different tube sizes, installation 
geometries, and background levels. 

INTRODUCTION 

Oil 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 
commerciaf 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 may be 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 systems were able to detect the 
contaminated tubing above 50 pRihr. 

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 i ts high 
detection efficiency and relatively low cost. Among the 
items tested were a Gate Frisker and an Alarming 
Ratemeter coupled with three different sodium iodide 
(NaIl 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 I, Division 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 connected to 
an alarming rate meter by a fifty foot long cable. All 
signals in the ceble were “intrinsically safe“ so the cable 

17 Previous page is blank 
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Figure 1 Detector in Explosion Proof Enclosure 

could be run in hazardous locations. The alarming 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 batteries or on standard 120 volt power. 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 cfetect NORM contaminated tubing as it is 
pulled from a well. The tests indicated it is feasible, 
however some changes 1.. :!I be required to omimize them 
for oil field applications. 

We tested several different sodium iodide crystal 

Figure 2 Ratemeter and Enclosure 

detectors and an alarming ratemeter. The alarming 
ratemeter used had a pulse output that wasconnected to 
a computer controlled multichannel scaler. Thus the 
count rate as a function of time could be recorded for 
later 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 */hi at the 
surface of the pipe. A physically small and relatively 
weak source was picked as a aworst case." Distributed 
sources will cause a stronger detector response. 

The detector of the instrument under test was placed a 
measured 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 speed of loo0 to 5000 ft/hr were 
simulated in 1 o00 ft/hr increments. 

Tests were performed using 2 x 2  inch and 3 x 3  inch 
sodium iodide detectors. One of the 3 x 3 inch detectors 
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 sirnulate the 
presence of an explosion proof housing. Thc :<uminum 
plate reduced the counts in the detector, but the 3 x 3 
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U 
C 
O 

tn u 2 0 0 -  

inch detectors were able to detect the presence of the 
radioactive source. 

S to D speed(ft/hr) 
E 4 . 5 "  2000 

I '  
I '  
I '  

I '  - - -  5" 2000 ---- 7" 5000 
-9.5" 5000 

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 B 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 results 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. With 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 

U 

O 

u" 300 r c 
C 

6 200 

1 O0 
speed xxx) ft/hr 

5 10 
Time (sec) 

15 20 
9oBuJ 

Figure 3 3 x 3 Na1 Detector at 5000 ft/hr. 

Different 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 peak. 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 

1 

O 
C 
O 
U 
o) 
v) m Y 

c 
3 
O o 

500 

400 

300 

200 

-1000 ' - - -2000 
-4000 ' 
-+-.-5000 

, 

5 inch detector to pipe center 
100 . 

O 5 10 15 20 
Time (sec) S U B U  

Figure 5 3 x 3 Inch Unshielded Detector at  Various Pulling 
Speeds 

O 5 10 
Time (sec) 

15 

Figure 4 3 x 3 Na1 Shielded detector results. 

of NORM contamination. The results of some 
measurements with a shielded 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 higher the response in 
the detector. 

As a result of the 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 pieces 
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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 detector vibration. The end of the mounting tube 
should be made of 1/4 inch or thinner steel to keep 
source attenuation to a minimum. 

For the first field test, 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 connected 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 shielded 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 7-1/2 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 pR/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. 

Ca$ 
O 20 40 60 80 100 120 

Seconds 

Figure 6 Field Test Detector Response 

The slow pulling rate i= 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 pRlhr causes 3000 counts/sec in 
the detector and the response is linear then a response of 
750 counts/sec will be caused by a field of 50 pR/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 s50 pR/hr with little 
chance of false alarm. 

The second and third peaks show the tube being rapidly 
lowered into and then pulled from the well. These peaks 
have the expected shapes when compared to the first 
peak. The faster pulling rate (e 19,0OOft/hr) data 
indicates that even though the maximum count rate was 
reduced, the count rate is s t i l l  significantly above 
background. 

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

The system was assembled, tested, 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 counts/second. This 
reduction in count rate is expected since most 
background counts are due to small amounts of 
radioactive material in the soil. 

Tim (#tonds) 

Figure 7 Background Count Rate 

D 

For the field test, the explosion 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 dose to the 
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nipple as possible. 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 would have been more sensitive if the 
detector was installed on the bell nipple above the brine. 

O 
150 160 170 180 I90 200 210 220 230 240 250 

Time (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 1 O 0 0 0  ftlhr since an alarm level low enough 
to detect this level of contamination would result in 
several false alarms. 

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 h/hr to prevent significant 
reduction of the hydrostatic head in the well end 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 pR/hr. This level 
was detectable with this system even though it is less 
than 20 pWhr above background. 

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

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

CONCLUSIONS 

Sodium iodide crystals of 3 x 3 inch 8nd larger can be 
used with an alarming ratemeter to detect NORM 
contaminated tubing. Smaller crystal detectors may be 
able to detect contaminated tubing 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 
positioned 80 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 

0 .  The amount of material 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 times of 3 
seconds 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 noise 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 inches from the 

31 there is more than a 'i12 inch of steel between the 

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. 

center of the tubing, 

tubing and the detector, or 

. 

Tests will need to be performed in each field to determine 
the proper alam level setting for detecting contaminated 
tubing. Since background counting rates, tube pulling 
rates. and installation configuration will vary from field 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 RADIOLOGICAL SITE 
CHARACTERIZATION SURVEYS 

FOR NORM SITES 

C-, M.S. Blair and RR Highfill 
C h e d  Tennessee Corp., 739 Emory Valley Rd., Oak Ridge, TN 37830 

Abstract 

A continuous (1 sample/sec) walkover radiological survey was performed over 13.4 
hectares of open and wooded, NORM-cuntaminated terrain. Data from a near-surface NaI 
detector, and either a second Naí detector or a dose rate meter at one meter above the surface, 
were recorded at each sampling location along with the position coordinates. The position 
coordinates were automatically determined each second to an accuracy of 15 cm using an 
ultrasonic time-of-fight 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 descaîing 
operation, two oil storage tanks and an unreguiated public dumping area. Site C contained three 
standing storage tanks, one destroyed tank, fields in which the descaled piping was used for 
fencing, farm buildings and ponds. The topography of these sites was generally flat with some 
hills and slopes. 

Survey System 

The radiological survey was conducted using Chemrad’s USRADS* System in t t z r fd  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 Ludlum Model 3 ratemeters. 
The dose ratemeter was the Bicron MicroRem meter. 

The USRADS System consisted of a Data Pack, 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 two-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 canied a two-way radio for voice communications with the 
computer operator. 

Independent of the USRADS Survey, an attempt was made to use a differential global 
positioning system (GPS) to survey the same areas. This system proved to be satisfactory for 
surveying open areas, but incapable of operating suitably for wailcover surveys in woods or 
around structures where the view of the sky was obstructed. Unfortunately, the contaminated 
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 fiom aii three 
detectors to the computer via the RF link. At the beginning of each one second intexval, the 
ultrasonic crystal mounted on the surveyor’s backpack was pulsed by the Data Pack. The . 
Stationary Receivers measured the time taken for this puise to reach each of them. Each 
Stationary Receiver relayed a stop signai to the Master Controller via an RF transmission upon 
receiving the ultrasonic signal. 

Through this process, the distance of the surveyor fiom each of the Stationary Receivers 
was determined using the measured speed of sound. The computer then calculated the location 
of the surveyor relative to the Stationary Receiver locations and stored the radiological survey 
data with that location. The location of the surveyor and the radiological survey data were 
plotted on a grid map that was shown on the computer’s display in reai time. The computer 
operator performed an on-line quality assurance inspection that the survey was being conducted 
according to the prescribed protocol, that the detectors were performing properly, and that the 
findings were reasonable. Any deviations fkom these conditions were immediately investigated 
and corrected. ûnce proper survey coverage has been accomplished, 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 
surveyed, the topography of the site, and the presence of woods or structures. Up to thirteen 
Statiomy Receivers were used on sites as ìarge as I O0 m x 1 O0 m. The time taken to setup the 
USRADS System and complete the survey of these larger sites would require as much as three 
hours, particularly if the site contained steep terrain or woods. 

Survey Protocol 

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

To the extent physically possible, the surveyor walked over the site dong parallel lanes 
separated by 1 to 1.5 meters at a pace of approximately .75 metedsec. This îypically provided 
over 8,000 sample locations for each detector within a 1 OOm x 1 O h  area. 

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

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

Results 
1 The designated areas were successfully surveyed according to the prescribed protocol, 

including wooded areas and around buildings and structures. Preliminary data presentations for 
each day’s work were used to perform QNQC on the data, to review the survey’s progress, to 
consider the significance of any 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 survey were later successfully relocated using the maps 
produced. Some of the surveys showed contaminated areas outside of areas previously 
remediated. The USRADS 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 ñnai data presentations, 
including the final version of the daiiy 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 NaI detectors at 15 cm and 1 meter above the sufice, 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 weil where it can easily be 
transferred onto the wheels of vehicles. 

Figures 5 and 6 show the corresponding track maps at îhe 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 washout, 
suggesting that part 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 U S W S  Radiological Survey was highly successful in accurately and cost 
effectively locating radioactive hot spots and measuring the radiological dose rate in all terrains, 
including woods and around structures. Clean areas were also thoroughly documented. 

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

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

J. R. Rice, FMC Corporation 

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

The reguiations concerning Occupational dose from NORM are 10 CFR 20 and 29 CFR 
1910.96 in order to show that no radiation protection program is required under either of 
these reguiations, carefúi measurtments with compensatsú instrument readings may bc 
necessary, as well as, a good defínition of the local background Dosimetry devices may 
be requited for a radiation protection program and could be very useful in demonstrating 
no need for a radiation protection program. 

The regulations governing occupational dose also quire  conmiîing public dose. Pubiic 
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 if risk limits approached. Knowledge of the background is 
essentiai and measurements should be made at actual work locations. Dosimetry devices 
may be useful, but measurements must be well controïied. 

introduction 
Ionizing radiation dose to individuais in occupationai situations is covered by 10 CFR 20 
or 29 CFR 1910.96. Both these regulasions iimit dose to individuals to 5000 mredy (50 
mSv/y) and require a radiation protecrion program when it is expected that any individual 
may obtain an annual dose in excess of 500 mrem (5 mSv). These annual doses are 
summed from ali methods of exposure at the work place, cxtemal and internal. in general, 
members of the public should not receive in excess of 100 mredy (1 rnSv/y). Few cases 
of Occupational or public dose from NORM are expiicitìy covered by 10 CFR 20. The 
language of 29 CFR 1910.96 incorporates, by refmnce, 10 CFR 20 for a l l  industrial 
situations not applicable under 10 CFR 20. Therefore, industriai uses of NORM are 
regulated with respect to dose to individuais under 29 CFR 1910.96. This is hardly an 
undisputed interpretation. 

Additional and specific regulation of some farms of NORM can be found in NESHAPs. 
Based on the classification in NESWs of NORM as a hazardous substance, further 
regdation 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 from dose as a limit and use life-time nsk as a limit. Depending 
upon the exposure period, a life-time risk of lo4 may result in an annual dose far less than 
100 mrem (1 mSv). 

The dose range of interest, up to 5000 m y ,  less than 500 mxedy, less than 100 
mrem/y, or less than a life-time risk of lo", present differing problems in individual dose 
measmment. Not surprisingly, the difficulties increase with decreasing dose. 

We discuss methods and problems of external dose measurement based on experience in 
several types of facilities where NORM was encountered. These cases include metal and 
rare earth extraction, water treatment, phosphorus and phosphate extraction, lithium 
extraction and processing, and a plant disposing of NORM contaminated materiais, where 
NORM was used in construction of the faciiities. Internal dose was also a concem at most 
of these facilities, but inteniai dose will not be covered. 

Dose Estimation Methods 
Occupational Dose 
The Occupational category under 10 CFR 20 and 29 CFR 1910.96 require measurements 
to estimate doses from O to 5000 mem/y or measurements to ensm that doses will be 
less than 500 mredy. These dose ranges are those afthe nuclear and medical 
communities and have a long histay of measurement. ïñm m 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 radionuciides 
and shape of the source. T h a  arc few problems with accuracy with any of the available 
techniques until limits are mìched, either 5ooo or 500 mredy or some other 
administfativeiimit. 

The accuracy problems are asLssociateá with defining background and non-linear response 
of devices and instruments in the measurement of background and NORM. The problems 
occur with over-response rather than under-response. The response pmblems occur 
because calibrations are usuaily made at only a single energy rather than a spectnun of 
energies typical of NORM and the devices usuaiiy have an energy dependent mponse, 
which may preclude ccnTect caiibration under any Circumstance. 

At typicai sites of the nuclear and medicaí communities, only a few locations 8ccouIlt for 
the dose to workers. Dose rate measuremtnts 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 localizad, but genemí, exposing the worker at all or nearly ail time, 
then a dose rate of O Z  mredh for 2000 h would constitute the annual dose limit. A dose 
rate this smaii or smaller strains the reiiabiiity of standard instruments designed to read in 
me&. More sensitive inseumcnts, designed to read in pre& are required. 

Dosimetry devices are usually required to measure dose when a radiation protection 
program is required. Standard dosimetry devices shouìd have few limitations in the region 
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of dose &om 500 to Soo0 m e d 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. If there is a possibility of exceeding dose limits, a program for 
controlling dose should be used before refining the dosimetry process. 

Public Dose 
When thme is a consideration of occupational dose, 10 CFR 20 and 29 CFR 1910.96 
r q u h  consideration of public dose. The public category of dose for a limit of 100 
m r d y  is, almost always, calculated. The calculation is u s d y  conservative, based on a 
Reasonable Maximum Individual. Dose can be m e a s d  using dosimetry devices and 
sensitive recoding instruments at typicai public locations. These measurements are 
usually perfomeà in conjunction with a calculation of dose. Measurements are acceptable 
as the only method of dosimetry. 

Some type of measurement is necessary for calcuiating 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 accuracy. Standard 
techniques are usually available for making enVimnmental measurements for dose 
calculations. 

Risk Calculations 
Dose measurements to support RCRA or CERCLA do not apply to occupational 
situations according to 29 CFR 1910.96, but risk assessments for outdoor occupations on 
sites where there is RCRA or CEFKLA activity have been made. Workers assessed were 
not involved in the RCRA or CERCLA activity. To da& no consequences have resuited 
from such risk assessments of which the authors have knowledge, since the risks were 
found to be 10'' or less. Considerable effort was requirtd to obtain an accurate risk 
assessment. Accuracy was achieved by basing the caiculations on approPnate 
measurements at appmpriate Iclcarions. 

Dosimetry 
Dosimetry is an amactive method of measuring individual dose since it is specific to an 
individual. There is no need to perform calcuiations or dose rate measurements. If 
additional information is necessary, such as the location where the dose was received, 
additional measurements are necessary since the dose is specinc to the inàividuai, not the 
location. Transit and storage dose must be subtracted fim the total dose to obtain 
individual dose. Storage dose is dose received by the dosimeter 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 storage dose. Storage and 
transit dose can usually be obtained from control dosimeters. These 2 subtracted doses 
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become marc important as the individual dose decreases and the time to measure the dose 
increases. 

The time to measure the dose is dependent upon the accuracy and sensitivity required for 
the dose estimate. Doses that are clearly Werent from backwund can be measured in a 
short time with acceptable accuracy. Doses down to 100 m r e d y  can be measured 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 AizG 
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 p m / 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 dosimetem at the storage location. The 
results show that at the lower dose rate of 20 penrrlh over 400 h or 10 weeks of exposure 
arc necessary for a detectable difference from background. The higher dose rate of 40 
cueril/h was detectable in less than 200 h or 5 weeks. Based on this analysis, at least, 3 
months would be required to obtain acceptable accuracy at the higher dose rate (Cunie 
1978). 

In a test where the dosimeters were wom by individuais, the control on the wear time and 
storage dose was sufficient for a detection limit of 30 m m  or 3 times the static test. 
Further tests were perfmed 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 
identiñes the source. The major drawback is that good estimates of the time of exposure 
and the position of exposure arc ntctssaty. For occupational doses reportable under 10 
CFR 20 and 29 CFR 1910.96, dose by a dosimetry device is usuaiiy required. Dose rate 
measurement and a consenative calculation is sufficient to show that a radiation 
protection program is not required because doses are less than 500 mredy. 

The accuracy of dose rate measurements may be aiticai when limits are approached It 
may be necessary to reduce conservatism. Conservatism can be reduced by converting 
over-responding instruments using an equation that converts the calibration conditions to 
the NORM conditions. Additional movai of consmatism may be gained by converting 
to equivalent dose based on the geomeq of the NORM source (EPA 1993, ICRP 1987, 
zankl1992). 

Conversion of instrument response to NORM conditions quires knowledge of the 
NORM dose rate at various locations for comparison to the instrument reading at the 
same locations. Pressurized ionization chambers (PIC) are energy independent 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 compareú to a PIC under the conditions 
to be measured. Tissue equivalent plastic scintillation detectors can be very close to 
NORM dose rate, requiring no conversion. 

'Iñe conversion of the dose rate is usually more important at the lowest dose rates. 
Measurements of low dose rates are mote likely to require 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 words, a high response at low dose rates usuaiiy means over 
response. Detection of radiation in some cases may be mare important than cofiectly 
measuring it. A popular instrument for low dose rate measurements is the sodim iodide 
scintillation detector. The usual calibration of this instrument results in over response for 
low energies and under response for high energies. For NORM, this means over response. 
Attempting to adjust the response for 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 regressing the sodium iodide readings against the PIC 
mdings. The result is 

PXC=a(NaI)+b, 

PIC is the PIC equivalent, Naï is the sodium iodide nabing, a is a constant less than 1 and 
b is a constant greater than 1. The authors have found that a is usually near 0.6 for all 
locations and b is usually equal to the cosmic dose me. The constant b is, therefore, 
altitude dependent. The generaiity of this equation allows for easy conversion without 
extensive measurements, but should always be confinned in miticai situations. 

Geometxic compensation for quivalent dose rnay also be necessary to eiiminate 
conservatism. The PIC is designed to measm dose in air, which can usually be converted 
to dose in tissue at 1 cm depth by multiplying by 0.96 (Beck 197 1). This conversion is not 
sufficient for conversion to whole M y  dose for a i l  energies since equivalent dose must be 
calculated for internal urgans(EPA 1993, ICRP 1987, Zanki 1992). The geometry of the 
source must also be considered since the organs are differently in-adiated from different 
directions. Figure 2 shows the energy dependent conversion for a body stanäing on an 
infinite planar source. For the usual energy spectnmi for NORM, the PIC conversion 
factur for the planar source is 0.65. 

Measure or Model 
For annuai doses down to 500 mmdy it may be required that doses be measured using 
dosimetry devices, but that dose rates be measured at locations for purposes of posting 
and designing a radiation protection program. From 500 to below 100 mrem/y a 
combination of measurement and cablation may be possible, depending upon the 
accuracy or need to demonstrate pmtion is adequate by conservative estimate. As 
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doses become more Critical, a more exacting measurement program may be necessary. If 
occupational doses become limited by RCRA or CERCLA risk estimates, careful 
measurement and exacting calculations may be necessary. 

Measurement for the lower dose regions may be litnited by the choice of instrument or 
dosimetry device. The lower the dose, the moxe sensitive the instrument or device, 
inviting over response. impoxtant to low dose measurements is correctly measuring the 
background and the range of background. It may be important to know the local 
background for a given measurement rathm than the g e n d  background for the area. 
Figure 3 shows a probability plot for backgmumi in a region when NORM measurements 
were made. Knowing the local background in this case can be very imprtant, especiaily if 
dose rates on the order of 10 per& are important. Observe h m  the figure that 2 
straight lines can be fitted to the data, indicating 2 different background m. The area 
comprised both a volcanic flow and alluvium. I 

Modeling in this case must also consider this d i f f ~ g  background. Models may only 
allow an average background, considcxing all dose rates above the average to be from the 
NORM source. Common models atso may use the highest source dose rate for a location 
rather than the average for the location. Models may also discount shielding and 
II1Iwmizc 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 necessary. 

When limits are exceeded in a modelai doSc, ConScNatism must be eliminated. 
Conservatism is inherent in most models, but often, the model can be improved by 
improving the measmments and by performing measurements representative of the work 
situation. In a case involving the authors, risk was modeled for occupational doses at 
CERCLA sites. The first risk eaicdation was based on dose rates caiculateù k m  the 
NORM concentration at selected locations. It was assumed that these concentrations 
were representative of other locatioxs 

When the calculated risk easily exctcdcd life-time risks of lo4, dose rate measurements 
were requested for the same locations where 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 we= found to be equal to 
or higher than the calculations. Sincc 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 perfomd under NESHAPs and/or RCRA. These 
measurements were made with an NaI scintillata, were also not made at occupational 
locations, and did not appreciably aiter the risk assessment. 

A series of measurements were made in occupation& i xations and in occupational 
situations (shielding) using a PIC and a tissue q u i d e n t  piastic scintülator. The majority 
of the occupational time was spent in vehicles, heavy earth moving equipment, OT 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 
caiculated. The calculation for each occupation is performed as follows: 

Risk = ñ F x  DA x WY, 

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

Annual dose is 

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

At this point in the calculation, 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 term, which greatly infiates the calculated risk. In 
the CERCLA risk calculations for these sites Reasonable Maximum Values were used, but 
the use of net dose resulted in life-time risks of less than lo". Calculation of equivalent 
dose, which was not done in these cases. would have further reduced the calculated risk. 

Condusions 
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 readings are properly compensated. When it can be shown 
that no radiation protection program is requireù under either of these regulations, careful 
measurements with compensated instnunent readings may be necessary, as well as, a good 
definition of the local background. Dosimetry devices may be requireù for a radiation 
protection pmgram and could be very useful in cbmonstrating no need for a radiation 
protection program. It may be 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. Dosimetxy devices may be useful, 
but storage and transit doses must be well controlled. 
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EVALUATION OF NORM SITE RELEASE CRITERIA 

1.0 INTRODUCTION 

NORM regulations contain differing criteria for use in the evaluation of remediated sites for 
release for unrestricted use. Au regulations require sample collection and analysis to establish the 
radium 226 and 228 specific activity. The regdatory exempt level may be 5 or 30 picolilgram of 
radium 226 andor 228 and may also include the requirement to measure") the radon emanation 
rate. This paper records the results of the site dose rate survey tabuiated with the specific activity 
and radon emanation rates for a number of specific locations on a NORM contaminated site 
during and after remediation. One data set for radon emanation was collected before remediation 
and the others &er clean up had been completed. In evexy case, the radon emanation rate was 
less than 2 picociísquare meter/second regardess of the radium 226 and 228 concentration. The 
highest radon emanation rate of 1.8 pCilm*/S was measured at a location where the radium 226 
concentration was 113 pcigram. The extremely low radon emanation rates measured í?om this 
oilfield NORM remediation project strongly suggest that the use of radon emanation as a 
regulatory criteria for site release for unresîricted use could be discontinued and removed from 
NORM regulations applicable to oiiíield NORM. 

2.0 NORM REGULATIONS FOR SITE RELEASE FOR UNRIESTIUCTED USE 

The project site clearance criteria foiiowing remediation was based on the foiíowing : 

TABLE 1 

TEXAS PART 46 NORM REGULATIONS SECTION 46.4 EXEMPTIONS 

(i) (a) 30 picocuries per gram or less of technologically enhanced radium 226 or radium 228 in 
soil, averaged over any 100 square meters and averaged over the first 15 centimeters of 
soil beiow the surface, provided the radon e m t i o n  rate is less than 20 picocuries per 
meter squared per second, 

(b) 30 picoluies per gram or less of technologically enhanced radium 226 or radium 228 in 
media other than soil, provided the radon emanation rate is less than 20 piCoCuries per 
square meter per second; or 

(ii) (a) 5 picolufies per gram or less of technologically enhanced radium 226 or radium 228 in 
so& averaged over any 100 square meters and over the first 15 centimeters of soil below 
the surf'ace, in which the radon emanation rate is 20 picocuries per square meter per 
second. 
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(b) 5 picocuries per gram or less of technologicaiiy enhanced radium 226 or radium 228 m 
media other than soil, in which the radon emanation rate is 20 picduries per square meter 
per second. 

3.0 SlTE SURVEY SAMPLE COLLECTION ANALYSB AND RELEASE CRITERIA 
DEVELOPMENT 

Saedfic Activity 

The entire site was surveyed using a ten (10) by ten (10) yard grid. All Hot Spots over twice 
background were identified and resurveyed using a three (3) by three (3) yard grid and where 
requhed some smaiier areas were resurveyed Using a one (1) by one (1) yard grid. The initial site 
background was measured at 4.5 to 5.2 microRh and the criteria for Hot Spots at 9 to 10.5 
lYliCXORh 

Some s i q  four samples were collected covering depth iayes from O to 6,6 to 12 and 12 to 18 
inches over the full range of Hot Spot dose rates (10.5 to 1700) microRh measured during the 
site survey. Eleven Hot Spot soil samples were selected covering the range of dose rates h m  a 
background of 6.0 microiUh to 800 microRh and radiochemidy ana lpd  to determine the 
depth of the contamination and evaluate the if there was a relationship between the dose .rate and 
the site xelease crimia of 5 picoluties /gram of radium 226 and 228. 

TABLE 2 

Summary Of The Location Dose Rate, Sample Dase Rate, and Specific Activity > 5 pCVg 

Location Dose Rate Sample Dose Rate Depth Specific Activity 
mimm Inicrom inches pCYg Radium 

226 228 
800 4.4 0-6 686 169 
24 8.2 0-6 8.8 6.5 
14 4.6 0-6 5.2 0.8 
8.2 4.6 0-6 9.0 1.5 

OTHER READING WITB SPECIFIC AcllVl" e 5 pCVg 

40 
20 
18 
12 
12 

11.5 
7.2 

3.7 6-12 
160.0 0-6 
5.8 0-6 
5.0 12-18 
4.8 12-18 
4.6 0-6 
5.2 0-6 

226 
1.1 
2.6 
3.6 
1.7 
3.4 
3.0 
0.9 

228 
0.5 
0.9 
1.1 
0.5 
0.7 
2.5 

4 . 2  

I 
l 

50 
i . .  
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Based on these resuits, the dose rate for site release purposes was raised from isvice the local 
background of 10.5 up to the 14 microh levei. Site remediation was initiated using this site 
screening dose rate with the objective of removing the minimm NORM contaminated rnatexiai to 
leave the site with each composite sample having a concentration of less than 5 picocuries/ gram 
of radium 226 or 228 to meet the exemption (i) (a) above. 

Examples of the Soil Sample Log showing the radiochemical summary results are shown in 
Appendix 1. The specific activities measured in these samples found that there was virhially no 
relationship between the dose rate and radium 226 or 228 concentrations. However, the site 
contamination was determined to be deeper than expected. 

Radon Emana üon Rate Measure ment and Anaivsi~ 

Measmment of radon 222 followed the Method 115 contained in 40 CFR Part 61, Appendix B 
and the EPA document 520/5-85-029, padon Flux Measwments on w r  and Rovste r . .  

pites Near T w a  and Mul- 

This method involves the sorbing of radon onto activated w b o n  granules mounted inside 10-inch 
diameter canisters. For the sample to be vaiid, the site must have been Ecee of rain for twenty four 
hours and have no standing water. In addition, there must be no rain during the collection perioá. 

Five sample caps each containing 180 grams of granuiated activated &bon are evenly placed 
within a 100 square meter area and sealed to the ground using the local soil heaped up round the 
caps. They are left in place for twenty four hours to adsorb the radon and the time of collection, 
grid location and surface dose rate were recorded. Following coliection of the five caps, the 
carbon was consolidated into one sampie for radiochemical analysis. Soil samples from under each 
cap were collected and composited into one sample which was split with one split being sent for 
gamma spectrum analysis and the other archived. 

This radon measurement method assumes that 1Oû% of the radon is sorbed onto the carbon which 
is then analyzed for the bismuth 214 content at an energy level of 609 kev using a high resolution 
gamma spectrometer. The muits of the dose rates, specific activities, and radon emanation rates 
for sixteen locations are illustrated in figure 1 and detailed in Appendix 2 

ONOC for Laboratorv AnalvsEs: 

Calibration for the radon flux measurements was done in accordance with the E A  procedures 
cited above. Radium 226 standards ( from two different sources) were spiked into measured 
quantities of graphite granuìes, dried, transferred and sealed in Markelii beakers and then allowed 
to sit for two weeks while the radon ingrowth occurred. These standards were then used to 
determine the efficiency of the germaniun detector ( about 1% &dent) based on the geometry 
of the system. In addition to using traceable standards from Merent sources, biank samples of the 
activated charcoal granules were taken each time to ensure the activated carbon did not sorb 
radon h m  errant sources. The spread sheet aigonihm used to calculate the radon emanation rate 
was checked using raw data from the EPA. 
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Quality control protocols for the radium 226 and radium 228 measurements are routine and 
rigorous. Blanks, standards (from multiple sources) were used to calibrate and monitor the 
performance of the system. Energy calibrations are performed on a daily basis and efficiency 
calibrations are performed on a periodic basis to check the accuracy of the analytical system. 
Reference standards were also analyzed on a periodic basis to ensure that the results are within 
the statistical uncertainty established for the project. 

4.0 NORM SAMPLING METHODOLOGY 

AU areas defined as hot sots were excavated and then field screened for dose rate levels 
(microRh) and sampled for specific activity (picocuries /gram).The mated  screened and 
determined to contain low dose rate levels were also sampled for speciñc activity. Selected 
excavated areas were sampled for radon flux @Ci/m2/s). Specific activity levels and radon flux 
were sampled using the foflowhg methodology. 

Soil Samdes 

Nme sixteen ounce samples were taken from each 100 square yards and cornposited into one buk 
sample of i44 ounces. Two 16 ounce samples of soil were then taken from this composite. One 
was archived and the other sent for radiochemical analysis for s p d c  activity:Some 3200 
samples were collected and cornposited into 355 samples which formed the sample population. 

NOTE: Not all samples coilected were sent for laboratory analysis. A sub sample, 
of the total sample population was selected using a random number 
generator, with a sufñcient sample size selected to statisticatiy represent the 
sample set to within 2 standard deviations of the sample mean and a 
maximum error dowed to be 0.25 pCi/g of radium 226. 

Radon Samdes 

Sixteen radon samples were taken at excavated areas throughout the yard to represent the radon 
flux. Five ten inch diameter heavy plastic caps each containing 180 grams of charcoal were evedy 
placed within a 10 yard by 10 yard square. The charcoal was ailowed to adsorb the radon for 
twenty four hours with the times carefidly recorded. The five 180 gram samples were then 
cornposited into one 900 gram sample and sent to the laboratory for analysis. The sampling 
condition requiring dry weather for twenty four hours prior to collection and during the colledon 
period limited the number of samples taken during this project. To check for the possibie 
adsorption of radon onto the plastic caps and the possible reduction in the measured radon 
emanation rate two additional sets of caps were made up í?om aluminum pie dishes. The matching 
radon measurements 5 m  the same location are samples 15 (Plastic) and 16 (Metal) for the ñrst 
location 17 (plastic) -A 18 (Metal) from the second location in Appendix 2 and figure 1. The 
radon emanation rates were ail low and in general agreement with previous studies.@) 
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5.0 SAMPLE ANALYSIS RESULTS, CONCLUSION, AND RECOMMENDATIONS 

The sample locations, dose rate, soil specific activity and radon flux results are aven in 
Appendix 2 and shown in Figure 1. For NORM concentrations of 30 pCi/gram of radium 
226 spread over one square meter and 15 centimeters depth assuming 100% collection of 
all radon 222 on the granulated carbon then the caiculated maximum emanation rate will 
be 14pCi/m/S 2 (3) . 

Soil SamDles Conclusions 

1. The soil samples anaiyzed confirmed that the site had been remediated to the 5 pCi/g 
radium 226 and 228 level set for the project. 

2. Soil samples measuring over the target release level were recleaned to meet the 5 pCi/g 
radium 226 limit for the project.. 

Radon Samoles Conclusions 

1. All radon samples were less than 2 pCim2/S. 

2. For NORM on this site with a radium 226 concentration of 113 pCi/g the measured radon 
emanation rate was 1.8 pCi/m2/S. 

3. The plastic caps gave higher radon emanation rates than the metal caps hence it appears 
that from the resuits of this study they do not adsorb the radon and that their use for 
holding the activated charcod is acceptable. 

4. There is a need for more radon sampling in association with oilfieid NORM site 
remediation to fùrther document the usefulness of radon emanation rate measurement as a 
regulatory criteria for site release for unrestricted use. 

1. NORM site remediation projects should continue to coiiect radon emanation data to 
expand the developing data base contained in this paper. 

2.  The use of radon emanation rates as a reguiatory criteria for oiifïeld NORM site release 
for unrestricted use should be reviewed and based on the results of thk paper removed 
fiom the NORM regulations. 
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APPENDIX 1 
NORM SITE SURVEY 
SOIL SAMPLE LOG 

Sample 
Dose Rate 

Location 
Dose Rate 

Specific 
Activity 
Ra226 

Specific 
Activity 
Ra228 

Location on Grid 
0-1 8/0-19 

piüh pWh Depth in inches (pCi/s) (pCi/s) 
40.0 4.2 6 

0-1 8/0- 1 9 40.0 3.7 12  1 .I 0.5 
0-51/E-51 800.0 4.4 6 686.0 169.0 
0-51 /E-51 800.0 5.2 1 2  
0-51/E-51 I 800.0 

E-1 1/E-10 18.0 
E-1 l /E-10 I 18.0 

57 

5.0 18  
5.8 6 3.6 1.1 
4.2 1 2  

N-24/N-25 20.0 1 160.0 6 2.6 0.9 
N-24/N-25 20.0 
L-31 /L-30 24.0 

- _  
85.0 1 2  
8.2 6 8.8 6.5 

L-3 1 /L-30 
L-3 1 /L-30 

E-3/F-3 
E-3/F-3 

L-23/L-24 
L-23/L-24 

24.0 4.7 12 
24.0 4.5 18  
11.5 4.6 6 3.0 1.5 
11.5 4.4 1 2  
8.2 4.6 6 9.0 1.5 
8.2 4.8 1 2  
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RADIOACTIVE LEAD: AN UNDERESTIMATED NORM ISSUE? 

FA Hartog, WAL Knaepen and O. Jonkers 

Shell Research B.V. 
Konin~ijke~Shell-Labotatorium, Amstedam 
P.O. Box 38ooo 
NL-1030 BN Amsterdam 
the Netherlands 

SUMMARY 

The encounter of Naturally Occurring Radioadive Material (NORM) is of increasing concern íor 
the oii and gas industry, not only because of radiological safety aspects, but also from an 
environmentai point of view. Attention with resped to NORM in the E&P indusby has been focused 
mainiy on radium and its progeny, as encountered In scales and in duâges. With the commOniy 
used measuring tools, a from a radidogical safety point of view important nudMe: noPb can &y 
be overlooked. noPb in OEl and gas producing w @Wing íadities may originate from three 
different transpott mechanisms: as a daughter of =Ra transported wlth the aqueous phase; as 
a daughter of =Rn, transported in the gas phase or as 'unsupported' mopby which is. as shown 
by stable isotope anaiysis, carried )rom the subsurface to the facüttles with ( W e )  lead isatopes 
from thet brine/ground water in the gas phase or together Wtai hydrocarbon condensate. This 
'unsupported' noPb, with specific a M e s  of about 1,ûûû Bq/g, cm be incorpotated in massive. 
metalk (lead) lumps or in specific lead compounds, such as ¡aurionite. 

INTRODUCTION 

The presence of radioactive materials In the non-nudear industry, when originating from the primorâhl 
decay series of =U, =U or %, frequently abbreviated by the acronym NORM (Naturally Occurring 
Radioadive Materials), is generally established by the observation of (penetrating) r-mdiation. The main 
y-emitting daughter nudides from the =U, =U or pzih series are respecthres, and n4Pb; =Ra 
and =Ac, m2 Pb and pen. Due to the low naturai abundance of (0.28%). members of this series 
are only occasionaily encountered in E&P NORM. 

The attention of the OU and gas producing and treating industry wfth respect to the presence of NORM 
has been focused mainly on radium containing carbonate, sulphate- or silicate-des in equipment and 
in soiid and liquid waste streams. A schematic outfine of a production train, showing the piaces where 
NORM contamfnants are commoniy encountered, is given in Figure 1. 

it is common, that the absence of (extemai) y-radiation, In combination wkh tRe absence of 2pRn, is 
used as an indication for the absence of NOR's (Naturally OccUning Radionudides) in products. by- 
products, waste streams and Installations or equipment. 

Particuiatiy in naturai gas produdion and treating industries however, two important @oth from a 
radiation protection point of view as well as from environmental considerations) might then be 
overlooked: the isotope noPb emitting low energy 7-photons and its orrmttüng daughter nudide 
Both radionudides have been observed to occur as unsupporteda nudides (Le., without their ancestors) 
in natural gas products and in treating installations and these nudides may, when unnoticed, impose 
a serious health threat. 
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! 

Whereas it k generally agreed, that the radium isotopes are transported with the brine phase (formdon 
or production water) and that unsupported radon is transported from the reservoir to the surface wkh 
the gas phase, in the literature thus far imie or no references have been found regarding occurrence and 
transport mechanism of unsupported lead or pdonium. 

NATURAL DECAY SERIES In the OIL and GAS INDUSTRY 

The nudides from the naturai decay series in 'dosed' systems (h. under conditions where radionudides 
are not transported away from their &e of deposhion and remain present, undisturbed by leaching or 
evapwation/emanatlon pracesses for long periods of time compared to the haif4ve of aie parent 
nudide) are present in acthrtty (but NOT mass) concentrations equal to the activity concentration (in 
Bq/g) of the parent nudlde. Under these secular equilibrium conditionsb, the activity concentration of 
the radionudides decreases with the half-life of the parent isotopes =U or % The decay of the 
hidhridual daughter nudides is compensated (or supported) by the continuous supply from its parent 
nudide. 

In 'open' systems, where evaporation or leaching processes can r e m  radionudides at different rates, 
no secular equülbiium exists In reducing environments, as found in dl and gas fields, uranium and 
thorium are present In immobüe chemical forms, whereas radium can easSy bebansported with diloride 
rich brines. Once 8.g. radium isotopes are leached from their Itthological origin, they are no ronger 
supported by their ancestors and may, under dosed system condttions develop their 'own' decay sub 
series 

In the on and gas industry, the 'complete' =U or PzTh decay sedes has oniy been observed in reservoir 
material (like cuttings or siand fractions) and In streams, which contain these materials (8.g. in driiling 
mud and certain siudge fractions). ïñe concentrations of =U or p2ni and their progeny in the 
padma from these fradions is wtthin the same range as found in the cotresponding reservoir 
material. 

The four subseries which consakne the NORM in the oil and gas industry, are shown in Figures 2 and 
3. 'Parent' nudides in E&P NORM are: - =Ra (be tt in secular equilibrium with ='Ra and Its short iwed daughters OP not): - p6Ra in secular equilibrium with ttS progeny up to "'Pb - =Rn, In secular equilibrium with its progeny up to noPb and, as described In this paper, 
- nwb, in secular equilibrium with 
- as an unsupported radionudide. 

-210 IN NORM 

As indicated in the previws section. noPb in equipment, products, by-products and waste sh.eamsfrom 
the oil and gas producing and treating hidustiy cm have different origins 

Lead, Supported by Radium and its Detection 

Many observations of NORM in E&P operations have confirmed the presence of % =ña and ='Ra 
and their progeny in scales, sludges, deposits and (aqueous) waste streams it is noteworthy that 
enhanced concentrations of either =U or p2Th @rents of the main natural decay series) and their 
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daughters up to the radium isotopes have not been detected in NORM products from oll and gas 
expioration and production. 

It is generally believed that this borderline, which separates the radium isotopes from their ancestry, 
originates from the specific geochemical properties of radium (/.e., mobility under reservoir condMOns). 
The drhring force for the transport of radium from the reservoir to (sub)surface structures appears to be 
the (forced) mavement of production water. Radium containing NORM produds generallyare observed 
at installation parts and In waste product streams where also calcium, barium or strontium deposlb are 
found and in which radium is Co-precipitated in dicates. in sulphate or in carbonate sat&. Since p6Ra 
is the parerit of =Rn, which in its tum decays Into n+b which ultimately forms in radium 
containing scales generaiiy all isotopes from the =U or % decay series below the radium ¡sotopes 
are also present, whether in secular equilibrium with each other or not. =Ra supported noPb acthrity 
concentrations of up to 1,ooO Bq/g have been reported. 

The presence of this type of NORM contamination in E&P instaihtions can generally be established by 
an extemai (y-)radhtion survey. Especially the =Ra daughter n'Bi, the %a daughter =Ac and the 
=%a daughter 20& are 'haW y=emitters, which easiiy penetrate the steei wails of vesseis 8nd tubing. 
Whether installations are in production or not, the extemal 7-radfation from the short-lived radium 
daughters d y  decreases with the half-life of the parent radium isotopes. 

bad ,  Supported by Radon and its Detection 

A second, less known, form of NORM can be found speciFicaiîy in natural gas treating instailation paits, 
¡.c., in fractionators and in NGL storage tanks. The noMe gas *Rn, wìth a boning point of 6 1  -8 'C. has 
such a partitioning coefficient that it tends to be concentrated in the liquid phase. Especially in C, and 
C, fractionators concentration factors of more than i ,o00 have been observed. Upon decay of =Rn very 
thin (almost invisible) layers of "OPb can be formed at !he inner surface of gas transpott lines, treating- 
or storage instaîlations, wlth activity concentrations up to 1,oOO Bq/g. This isdope k the grandparent 
of the radiotoxic cr-emttter inhalation or ingestion ofnoPb/noPo, during inspection or maintenance, 
might easily lead to efíective doses in BXCBSS of the recommended ICRP dose limits. 

Especially in instahtion parts where the mean residence time of =Rn is long enough to allow a 
(significant) fraction to decay and where, by enrichment, its concentration k incieesed, very thin noPb 
deposits might be foned. The presence of these deposrts can be established wemaiiy from the 
increased .radiation levels from the short-lived noPb ancestor this radiation quicldy disappears 
once the supply from %n is stopped (e.g. when the vessei is vented). The radioactive lead deposits 
remain present: the 7-radiation from noPb however is too weak to be measured extemaîiy (E, = 47 keV, 
4%; E, 

The observation of extemal y-radiation from NORM surveys durin operations, Mi provide adequate 
warning signais to the radiation safety adviser for the presence ofaoPbf'oPo. The implementation of 
adequate Standard Operation Procedures for inspection or maintemince aethrfiies will be suffident to 
prevent unintended exposure of the worldorce. 

= 61 kek haif4fe 22 years). 

Unsupported Lead 

Recently, tt has been observed that noPb can also be present in gas ptocesslng/treating faciiities as an 
unsuworted radionudide, Le., in amounts which are much higher than can be explained from the =Rn 
concentrations in !he gas which is treated or processed in the facWesc. The extemal Warning' radiation 
from n4Bi which can be detected in NOL processing units, is lacking and Unintentional exposure might 
easily take piace. 
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This type of unsupported noPb/noPo has been observed in two morphologies: - as yet unidentified chemical forms in hydrocarbon condensate and in sludges, but also in -pings 
from dean (to the naked eye) tubing and even on spheres used for pipe cleaning purposes ("pip') 
with acthrfty concentrations in the oder of 10 Bq[noPb]/g and 
as part of massive 'mstaliic' lumps (sizes of up to sevemi cenümetres), consisting of either elemental 
lead or distinct lead compoundsd, such as laurionite (Pb[OHJU) with activity concentrations of Circa 
1,ooO Bq[noPb]/g. 

'On &e' detedon of unsupported noPb/noPo, wtth rigid expiosion proof monitors, is unfortunately nat 
possible. In the case of the nearfy invisible füms, the weak 7-radi;áion is readiiy absorbed by the steel 
walls. Even In the caw of Alms with relathrely high surface activity, extemal radiation detection is not 
pocslble, because of the lack of mass (thus of total acthrity in the field of view of the monitor). in the 
case of masshe lumps, seifabcarMion of the y-radiation Wni very much obscure the pidure. The use 
of very senshe 7- or B-radiation monitors generaily is prohibited at E&P treating and production sites 

- 

because of safety reasons 

ORIGIN OF 'UNSUPPORTED' LEAD COMPOUNDS 

Whereas the origin of noPb In radium containing scales is presumably the transport vla the brine phase 
and n?b In NGL installations Is formed as a decay product from the gas phase, tktranspOrt 
mectranism and the origin of unsupported lead are not well understood. In order to get a better 
understanding of unsupported lead in these depostts, lead stable isotope artaiysk have been carried out. 

Lead stable isotope composition 

Four stabîe lead Isotopes are found In nature: -Pb, =Pb, p7Pb and =Pb'. The last three h t o p  are 
commorûy denoted as 'radiogenic lead', since they are the (stable) end members of the =U, u and 
p2Th decay series. *b, which has not been formed irem a naturally occurring radbactive parent 
nudide, is considered non-radiogenic. 

Table 1: Stable Isad isotope composition (% m/m) of 'lead' and 'burionite" samples. 

Samde 

NBS-981 

'Laudonite' 

Rehthre 
Enrichment 

'Lead' 1.352 25268 21.185 w196 

Relative -5.16% +4.65% 4.09% -051% 
Enrichment 

The isotopic cornposhion of any lead containing sample (liquid or soikl. rock, mineral, sand or d e m )  
may be modified both by decay of U and Th present in the sampie, as well as by the mkbig with Pb 
having different Isotope cornposttiom As a result. the isotopic compositions of Pb in rocks and ore 

fhr kkntity of utose compounds has bean dstsrrninod by okmntai .nalyrss mchniqri.s, in cambinstion with Xiay 
dffnction and IRqwameopy. h the pmgnpho below. timso two wcHictamPlei, Wl be denobd 8s kad'md 
'luiriwiwe'. 
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Ref. Description 1 6P6Pb(om) 6m7Pb(oroo) bmPb(om) 

Launonite sample 108.4 13.3 65.0 

Lead sample 103.6 11.6 51.4 

2 Galena (various sources) -2.8 - -194.7 -8.5 - 44.0 -38.2 - -7û.3 
2,6 Galena (radiogenic lead) 142.3 - 316.6 122 - 60.0 75.1 - 1029 

10 Average earth crust 104.1 8.8 520 

7 01 field brines (h4ississlppl) 90.4 - 108.8 7 2  - 11.1 49.9 - 552 

8 Oil field brines & scales (Texas) 115.0 9.7 57.5 

9.11 Oü field brines & scales (Chekken) 112.6 1 7.Q 62.4 
d 

deposits display com@W PattemS of variation that reflect their geologic histories. 

Both 'unsupported lead' samges (''lead" and 'iaurionite') are (significantly) enriched in radiogenic lead 
PPb) from the 238U series, whereas no enrichment In =Pb (from the 232Th sedes) is observed. These 
resuits (see Table 1) are in agreement with the radiochemical anaiysis, where also only =U progeny is 
detected. 

8 

8 

GeologicaI age and origin of 'lead" and 'iaurionite' samples 

The ¡sotope ratios 206Pb/204Pb, mPb/204Pb and =Pb/=Pb in minerals are indicative for the geologid 
origin of the deposit2 and they also can be used to caicuiate its age3. Comparison with published Isotope 
ratios' indicate that both samples are deposits of very recent origin (O Ga, within the accuracy of the 
applied mudel). 

When the isotope ratios of these samples are compared with published data of lead minerals'6.' and 
with those of (recent) oil field brines", a remarkable simUarlty beniveen the isotopic composttion of these 
sampies and On field brines from Mississippi, Texas, Alabama and the Chdeken Peninsula and with the 
specified average crustal lead Isotope ratios" is observed. This is shown In Table 2, where the relative 
variations in lead stable isotope cornposttion are, in analogy with the conventions for oxygen, carbon 
and hydrogen M e  isotope abundances, expressed as: 

W o n  sea oil field scales 128.4 - 134.8 9.0 - 18.7 61.2 - 72.7 

Redsea brinesdes 105.3 12.2 49.0 i 

where 2ox = 206,207 or 208 and the lead isotope ratîas from NBS - 981 are used as standard. 

Table 2: Stable W o p e  ratios of some common minerals, oil ñeíd brines and oil field lead deposits. 

The presence of (non-mdioadhre, :Lad in oii- and gas field deposits has been mentioned in the Itterature. 
Several papers deal with a phenomenologlcai descriptton, whereas few publications suggest possible 
mechanisms. 

From the brines of the Mississippi Raleigh dl field metallic lead and zinc åeposits have been formed. 
The lead isotope ratios of these deposits are similar to those of the brines from the same oil fields; noPb 
specific activities have not been determined, neither Is the occurrence of radioactive isotopes in the 
deposits mentioned. The amount of base metals produced for the entire Raleigh field - Mississippi (two 

63 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



square mûes) belween 1966 and 1971 can be estimated at 85 tons of lead and 372 tons of 
observations have been described by Lebedev". 

Similar 

it Is generally agreed that basinal brines, and oll-fidd brines in particular, are favoured ore-fodng 
sduti~ns'~. 01 field brines are responsible for the formation of the rich lead - zinc deposits fn the cem 
Misslsslppi Saft Dome basin'3. Macqueen and Indicated that the geological development of a 
lead - zinc deposit is doseiy assoctated with the process of petroleum gemt ion from organk matter 
in the surrounding regions. It has been suggested that a genetic relation (and thus a signiíicanttranspoit 
of sulphur and - presumably - metals) exists beniveen the sulphur isotopes In the organic matter and the 
lead - zinc sulphate. Also mercury (and zinc) deposits appear to be of the same origin as the petroleum 
in a California clnnabar deposit'5. High mercury concentrations have been detected In the crude oils and 
ass0ciated gases from wells near this mercury rich deposft (up to 20 ppm), which indicates the existence 
of a SigMkant mercurytransport from the cinnabar to the OU and gas phase, but the mechanism d thls 
transport is yet unclear. 

Turm" reported an average concentration of 1 pg/m3 (STP) lead In naturai gases from Germany; lead 
concentrations in resenroir rock varied from 0.2 - 54.0 ppm He supposed ?hat rdatlvdy vdatüe heavy 
metals (such as mercury, lead, aiallium, bismuth and cadmium) or their (organonmaliic) compounds 
or co-ordination complexes dafuse from the rock matrk Into aie reservoir gases. This process can be 
8timuiatd by pressure decreases in the resewoir, as caused by e.g. production from the reservoir. 

Formation of 'laudonite' 

Laurlonite is stabie at (subsurface) conditions; it decomposes (at 1 atm) at its melting point of 415 K into 
PbCI,PbO and water; At higher pressures, decomposrtion is obsenred at 490 K or ab0ve'l7. In the 
Ilterature, several routes to natural laurionite have been published: 
- it can be formed by the reduction of gatem (PbS) under hydrothenmi condrti~ns'~. Metallic lead, 

which is supposed to be an intermediate in this reaction, reacts with chloride ions in a basic 
(aqueous) environment. 
It has also been ~eported'~ as a lead corrosion product, deposited on buried lead pipes and on 
Roman artefacts, found in the Mediterranean The proposed mechanism requires an oxidiing 
environment. 
the p a u  hydrolysis of chioride complexes of lead, has also been found to produce hurionite; 
precipitates wiih amongst others this compound were identified on the casings of boreholes in the 
W e k e n  anticlinea. 
in a recent study on the formation of lead minerais Edwards et shcrwed that under nafural 
saline condiüons, seawater foraample, where apprrWrmat8 chloride concentrations are 0.5 M, and 
tfie pH Is about 8, th8 pfefemd phase to c ~ l i s e  would be laUriontte or its dimorph 
pm-iaurionire. In the literature at least 9 other references with supporting evidence for this 
statement have been published. 

- 

- 

- 

Formation of 'leab 

The mechanisms proposed by Lebedev" and EdwardP could also be responsible for the fomEation of 
the lead d e m  from the '01 field brine'. Either direcîiy or by exchange or adsorption p-, 
a n  be incorporated in the compound. Supporting evidence however is not avañable yet 

Based on lead stable Isotope evidence, it appears that the brine phase gays a key mie in the formation 
of the radioactive lead deposits. It Is believed, that the lead from the brine acts as a 'carrier' for n%b. 
Miheher lead k actually transported with the brine or whether lead (compounds) from aie brine are 
transported in the vapour phase, has not been confirmed yet 
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CONCLUSIONS 

n?b as NORM in the gas and oil Industry can have three different origins: 
- supported by =Ra; 
- supported by 222Rn or 
- unsupported. 
The first two types can be easily detected in operating system by the penetrating 7-radWon from Its 
ancestor n4Bf; the Wer type cannot be detected straightforward in the field. 

The only reliaMe method to obtain infomation on the presence of unsupported "*b/n*o in 
equipment, product- or waste streams in gas treating instaiiations, is the representative sampling and 
subsequent anaiysts by weil equipped, experienced radidogical labwatories. in view of forthcoming (or 
exrsting) laboor hygiene and environmentai legislation, national authorities will require regular sutveys 
on the radiological situation of E&P instaliations, on products and on waste streams. Since the European 
Unionz exempt Iimlts for n?b/noPo Mi (most likely) be in the order of 10 Bq/g, robust and verified 
protocols for sampling and anaiysis, which have been accepted by the competent authorities. 

Unfortunately, no standard methods for NORM sampling in the E&P industry have been published and 
neither have suttable anaiyücai procedures, for the determination of n*b/n"Po in the matrices (various 
types of scale, deposits, sludges, hydrocarbon condensate, naturai gas) encountered in gas and 00 
processing and treating, been described. 

Currently, at Shell Research Amsterdam' standardised sampling protocols are being Investigated: 
standardised analytical procedures have been developed and have been discussed In our previous 
contrlbutiofi. 

The origin of radioactive lead campomcis in equipment, products and waste streams from the gas and 
dl industry appears to be the brine pase, the lead from which acts as a carrier for ='Pb. It is hoped to 
report in the near Mure in more detali on transport of NORM from the subsurface to equipment and 
products, by-products and waste stream When this basic knowledge has been gathered, it &odd be 
possible to invent, in a more efficient manner, means to teduce - or even prevent -the build up of NORM 
in the E&P industry. 
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REGULATORY ISSUES AND ACTIVITIES 
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Development of a Comprehensive NORM Program 
Steve Woods, Steve Abemathy, Halliburton Energy Services; Peter Johnson, CORPEX Technologies, inc. 

Abstract 
Naturally occurring radioactive material (NORM) is found in 
some equipment and materials in the oil and gas industry. To 
help limit liabilities for NORM, operating companies must 
develop and implement a comprehensive NORM program. If a 
company cannot implement the required program internally, it 
must consider the outsourcing requirements necessary to estab- 
lish a program. The five-step process (Fig. 1, Page 2) discussed 
in this paper will enable operators and service companies to 

Determine their employees current level of competence 
conceming NORM 
Determine what components in a NORM program are weak 
or lacking 
Determine which components of a NORM program will be 
outsourced, fully developed, or enhanced 

Step 1 of this process is to secure management commitment. 
Management must (1) recognize the current or potential NORM 
liability, (2) be committed to developing a comprehensive 
NORM program, and (3) support the program by providing 
necessary resources. Once management commitment is ob- 
tained, Step 2 is to establish a NORM policy. The policy must 
define NORM and explain the required actions if NORM is 
discovered or expected. 

Once a policy is established, Step 3 is to evaluate all 
facilities for current or potential NORM liabilities. Personnel 
must also be evaluated to detemine their level of competence 
regarding NORM. Such evaluations will help the company 
determine the level of training that is needed or already avail- 
able. During facility screenings, the company can determine the 

depth of the potential NORM Lability and evaluate the need for 
other expertise. 

After personnel have been evaluated and the facilities have 
been screened, Step 4 is to detemhe which activities should be 
kept in-house or outsourced based on capabilities, expertise, and 
potential liability. 

Step 5,  the find step, is to develop the working components 
of the NORM program based on the knowledge gained in Step 
4. Fig. 2, Page 3 shows the basic elements of a NORM program. 
in most cases, a comprehensive NORM program consists of the 
following items: 

Surveys-standard survey meter specifications, types of 
surveys, standard procedures for conducting surveys, docu- 
mentation of surveys, identification and analysis of radic- 
active samples 
Training-awareness, surveyor, maintenance, and waste 
management 
Personnel monitoring (external and internal) 
Licensing-registration, general and specific 
Audit-internal andior external 
Operating and emergency procedures 
Waste management-remediation, storage, and disposal 

Introduction 
Although NORM was considered a potential problem in Canada 
as early as 1904, it did not become a regulatory issue in the 
United States until 1986. That year, a highly pubiicized incident 
demonsirated that the public had been exposed to a great deai of 
oilfield equipment that had varying degrees of NORM contami- 
nation.' Since that time, several states, most notably Louisiana, 
Mississippi, and Texas, have established rules and regulations 
regarding NORM. 

As agencral rule. any process that extracts raw minerals and 
processes them to remove impurities can concentrate NORM; 
this concentrateü or altered NORM is commonly referred to as 
techologicaily enhanced naturai radioactive ("EM) mate- 
rial: 

The purpose of this paper is to provide information that will 
serve asa general guide to anyone who is evaluating or establish- 
ing a NORM radiation protection program. 

References at the end of the paper. 
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DEVELOPMENT OF A COMPREHENSIVE NORM PROGRAM 

Evaluation of 

liabilities 
management 
commitment. 

I I 
. .  

Fig. I-NORM program evaluation. 

Samples 
Screen all 
facilities. Surveys 

Evaluate need -Reliabit¡ 
for other in-house/ 

outsource 
actMties. 

1 

I 1 

-Sampling Disposal 

Discussion-The Five Steps 
Step 1: Obtain Management C-ommitment. Before managc- 
ment can justify expending resources, they must understand the 
potential for liability regarding NORM. Preliminary screening 
may have to be conducted to identify the liability that exists. 
Once management provides their commitment, a NORM poiicy 
can be established 

A NORM policy specifies personnel protection quipment 
(“PE) and identifies equipment and facility- protection practices. 
if these guidelines are already established in other company 
policies, they should be cross-referenced in  the NORM policy. 
The policy should also include emergency contact information 
so that equipment, facility. and personnel contamination can be 
reported on a 24-hour basis. 

Step2: EstablishingaNORMPoiicy. AcomprehensiveNORM 
policy defines NORM and discusses where it is encountered. 
Such a policy would establish limits for equipment, facilities, 
and personnel. These limits must reflect either local regulai-v 
requirements or a company standard that meets the minin ..n 
regulatory limit to be encountered. 

Step 3: Evaiuation of Facilities. The best way for a company 
to detect NORM is to conduct thorough equipment and faciiity 
surveys.3 Figs. 3 through 6, Pages 5 and 6, provide a detailed 
description of the facility evaluation process. ranging from 
NORM detection to the logistics of interstate transportation of 
NORM-contaminated equipment The survey and analysis equip 
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Components for 
NORM program 

(as rwrededi 
I J 

I 

1 i I 

I 

A- --- 
Fig. 2-Possible components of a NORM progmm. 

ment necessary for a NORM program will vary based on the 
operations that are kept in-house and those that are outsourced. 
The personnel conducting these surveys should be adequately 
trained and should use compatible survey equipment to estab- 
lish consistent survey results. In facilities having naturai gas 
feedstocks, these surveys are best perfoxmed during ongoing 
operations. Under such circumstances, the survey equipment 
can be used to detect penetrating radiation found in the feed- 
stocks but not in the residual contamination. 

Screening Process. During screening, the depth of the 
potential NORM problem in a facility can be identified by 

gammameasurements 
alpha and beta measurements 
sample analysis 

Gilunm<rmeasztrements. The typical survey instrument uses 
a sodium iodide crystal and the meterreaás out in microroentgen 
per hour. Surveys are easier to conduct if the N d  probe is 
separate from the meter. This method is acceptable for checking 
facilities, since it indicates if there is a problem with NORM 
caused by most common scales. 

Alpha and Beta measurements. The typical survey instru- 
ment uses a thin-window pancake probe with a meter that reads 
out in counts per minute (cpm). This type of instrument can also 
be used to check equipment and facilities. It must be used in 
screening if a facility has a NORM problem resulting from lead- 
210 and its decay products, since there would be no gamma to 
detect. Equipment recently removed from service or equipment 
that is opened for repair or cieaning can be checked at the surface 
to detect this type of nonpenetrating radiation. If wipes will be 
analyzed, a scaler or multichannel analyzer will be necessary. 

Some NORM programs incoprate a detector that consists 
of a pFUhr and cpm dial face, a sodium iodide detector, and a 
pancake detector. This system allows the user to monitor alpha, 
beta, and gamma with one meter, eliminating the need for 

additional meters. calibrations, and maintenance. Air samplers 
and other PPE may also be required. 

Smple  Analysis. if  elevated levels are found during screen- 
ing with the meters, samples must be obtained and analyzed to 
determine the radionuclide and the activity. Most companies do 
not have the necessary equipment to analyze samples; therefore, 
sample analysis is usually outsourced to a qualified laboratory. 

Once the presence of NORM is verified, every aspect of the 
business must be thoroughly evaluated to determine at what 
point NORM is encountered and what processes tend to concen- 
trate it. The two primary areas to consider are employee expo- 
sure (Fig. 3) and environmentai contamination (Fig. 4). Evalu- 
ators must determine if employees could ingest or inhale NORM 
at the areas in which NORM is found? They must ais0 determine 
whether the NORM is contained so that it does not escape to 
surrounding environments (Figs. 5 and 6).3 

Step 4: Determine Level of Personnel Competence and 
Equipment Capabiiities. As previously stated, personnel ac- 
tively involved in the NORM program must have the proper 
survey equipment and be adequately trained to operate it. They 
must also be familiar with handling samples and should be 
supplied with all necessary personal protective equipment (PE). 
If routine maintenance will involve NORM contact, all affected 
employees will require special training and equipment. 

Depending on the NORM liability (or potential liability) 
and the company's knowledge of the NORM situation at their 
locations, a company may choose to outsource their NORM 
program until it would be more cost-effective to provide in- 
house training and equipment. 

Step 5: Operational Requirements. Step 5 focuses on the 
operational requirements of a working NORM program includ- 
ing organization, staffing, equipment requirements, operating 
procedures, NORM radiation protection personnel functions, 
and other necessary components to a NORM raâiation protec- 
tion program. 

Organizotion. Ifit does not aiready exist, aradiation safety 
committee should be established. Depending on the size and 
organization of a company, this committee should at least 
include a representative of senior management, an HSE repre- 
sentative, the personnel responsible for NORM radiation pro- 
tection, and other necessary operational personnel. The primary 
objective of this committee is to develop and maintain an 
effective NORM radiation protection program? 

Unless an organization is unusually large, its HSE program 
probably lacks personnel qualified in radiation protection. if 
expertise does not exist, additional training may be required to 
qualify staff members for the regulatory requirements necessary 
to establish a radiation safety officer (RSO). 

The RSO supervises the daily operation of the NORM 
program to ensure that employees, visitors, contractors, the 
facilities, and the public are protected from NORM above 
regulatory limits. Depending on the extent of the NORM pro- 
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DEVELOPMENT OF A COMPREHENSIVE NORM PROGRAM 

I I 

Fig. 3-Employee exposure. Fig. 4-Environmental contamination. 

Fig. 5-Faciliq and equipment contomination. 

76 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



STD-APIIPETRO PUBL 7104-ENGL 1 7 9 7  0 7 3 2 2 9 0  Ob01850 172 W 

S. WOODS, S. ABERNATHY, P. JOHNSON 

I 
l r n  

l m  

Fig- 6-Logistics of moving NORM-contaminated materiaìs 
between facilities covered by different regulations. 

gram, the routine responsibilities of the RSO include licensing, 
inventory control, NORM decontamination, radiation and con- 
tamination surveys, waste removal, storage, processing and 
possible disposal, equipment calibrations, personnel monitor- 
ing (external and internai). training, routine auditing and inspec- 
t ions as required, regulatory review, recordkeeping, and other 
regulatory requîrements.4 

The number of personnel required to properly administer a 
NORM program will vary depending on the number of facilities, 
the extent of NORM liabilities as established in Step 3, the 
complexity of operations, and the operations that were kept in- 
house and not outsourced. 

A radiation safety manuai must be developed to clarify the 
policies and procedures of the company’s NORM program. This 
manual should detail management’s commitment to ALARA 
(as low as reasonably achievable) manàates and should provide 
details as to who is or needs to be RACI (responsible, account- 
able, consulted, informed). Separate sections should provide 
information about training, personnel monitoring and exposure 
evaluation, personnel protective equipment requirements, re- 
stricted and unrestricted area operationai policies, radiation 
survey and evaluation programs, surface contamination and 
evaluation programs, contamination control programs, NORM 
sampling programs, labeling and posting programs, inventory 
and control of NORM-contaminated equipment, the service and 
maintenance of NORM-contaminated equipment, NORM-gen- 
erated waste management programs, NORM packaging and 
transporntion programs, NORM records management programs, 
and NORM incident and emergency response procedures. 

Standard operating procedures (SOPs) for all operations 
must also be written. These detailed SOPs should include 
decontamination of equipment and facilities, decontamination 
of land, encapsulation, processing, storage, and disposal infor- 
mation. 

Functions. b o n g  other minor responsibilities, the func- 
tions of theNORM RSO includelicensing, training, remediation 
and decontamination review, personnel monitoring, bioassay, 
surveys, sampling, inventory control, disposal, meter caiibra- 
tions audits, and emergency response. 

Licensing may include general and possibly specific li- 
censes depending on the state and the degree to which the 
NORM program will be established. Licensure will require 
some type of regulatory approval, and all the requirements are 
usually established in some type of regulatory guide. 

The NORM RSO should either conduct training programs 
or coordinate the training for maintenance personnel and others 
on an as-needed basis. Additionally, the RSO should establish 
and monitor some type of NORM awareness program for all 
employees. With the possible exception of awareness programs, 
most NORM training programs will require regulatory a p  
proval. Companies should be cautious about providing in-house 
training on radiation protection for workers when no regulatory 
requirements are set. Such a situation could result in iegai action 
if key components of the training program are found to be 
subsequently left out of the training. 

Personnel monitoring is required for persons who could 
potentially receive over lû% ofthe permissible limit for external 
radiation? This requirement can be met with the use of ther- 
moluminescent dosimeters m s ) ,  which are usually exchanged 
with a regulatory-approved vendor on a quarterly basis. De- 
pending on the regulatory requirements and the type of work 
being conducted, bioassay may be required of some workers. 
External and internal personnel monitoring requires a great deal 
of paperwork. in 1993, a major regulatory change required 
licensees to sum the “total effective dose equivalent” of extemal 
and internal doses. 

Routine facility, site, and equipment surveys must be con- 
ducted, documented and maintained. Contaminated equipment 
that is kept in service must be inventoried and tracked so that it 
can be decontaminated before servicing. if decontamination is 
not practical, service personnel should be notified of the con- 
tamination so that they can take the proper precautions. 

The survey frequency will be dictated by regulatory require- 
ments or company policy. While workers could be trained to 
conduct some routine surveys. the NORM RSO should conduct 
routine surveys and special surveys, such as air sampling and 
final-release surveys. Additionally, the M O  should collect and 
analyze environmental samples to establish an ongoing database 
of sampling data. This database will help establish baselines on 
new facilities and clearance for old facilities. 

The RSO ensures and verifies that ail survey meters. air 
samplers, and other equipment are CaIibrated as required by 
regulation. The M O  also coordinates waste disposal and emer- 
gency response. These issues, however, are beyond the scope of 
this presentation. 
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DEVELOPMENT OF A COMPREHENSIVE NORM PROGRAM 

Conclusion 
All major components of an organization will have a role in 
developing and implementing a comprehensive NORM pro- 
gram. Therefore, a NORM task force should be comprised of not 
only health and safety representatives but also representatives 
from management, research and engineering, and operations. 
Each different group brings different skills, process knowledge, 
and expertise that are essential to providing a safe, efficient 
NORM program. Such a program should incorporate all the 
main ideas discussed in this paper. When properly implemented 
among all parts of an organization, a NORM program provides 
the stability and means for accurate, reproducible data, worker 
and facility prokction, and environmental protection. 
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Effective Removal of NORM Scale in the Rycroft Field 
W. G. F. Ford, L. L. Gadeken, and T. J. Callahan, Halliburton Energy Services; D. Jackson, Pan Canadian Petroleum 
Limited 

Abstract 
A recent field case history is presented that demonstrates how 
solvent was used to effectively remove BaSO, scale that was 
contaminated with nanually occming radioactive material 
(NORM). A compositional water analysis was used to pinpoint 
the source of the scale and deposition tendencies. Field labora- 
tory data were used to specify the treating schedule, including 
volumes and contact time. The treated well was an injector for 
a waterflood project. Injection rate and wellhead pressure pro- 
files from January 1994 to June 1995 demonstrate the removal 
of scale as a result of the solvent operation. Re- and post- 
treatment gamma ray spectroscopy logging data document the 
effectiveness of scale removal. As a result of this research, 
operators can now mitigate NORM problems and in favorable 
circumstances, eliminate the need for costly NORM disposal. 

Introduction 
Scale is a solid mineral deposit usually formed from produced 
salt water.' Because water constantly dissolves and deposits 
solids, scale is an endless problem in the petroleum industry. 
Scale occurs in primary production weiis, secondary wells, 
injection wells, disposal wells, and pipeiines that connect wells 
to tank batteries. Wherever water production occurs, a potential 
for scale formation exists. 

Scale can be caused by any one or a combination of several 
factors, including pressure changes, temperanire changes, im- 
purities, additives, variation of flow rates, changes in pH, fluid 
expansion, gas evaporation, and mixing of incompatible waters. 
The mixing of incompatible waters causes the minerals in 

solution to form an insoluble precipitate, which then deposits in 
the wellbore or the well pump. Scale can develop almost 
immediately, or it can build up over several months before 
becoming noticeable. For example, calcium carbonate develops 
quickly but is relatively easy to treat. In contrast, BaSO, is 
typically slower to form, but it is more difficult to treat. 

The effects these scales have on a weil depends largely on 
their location and the amount of scale deposited in the system. 
Scales can restrict and completely choke production in the 
tubing, in the flowlines, at the surface, or in the perforations. 
Scales can also deposit in fractures and formations that are 
distant from the wellbore. 

The deposition of inorganic scale in producing wells is an 
expensive problem in the oil industry. Stuck downhole pumps, 
plugged perforations and tubing strings, choked flowlines, 
frozen valves, equipment damage, and downtime during main- 
tenance ail contribute to economic loss. Scale restricts produc- 
tion and causes inefficiency and failure of production equip 
ment. As fields mature and require waterflood operations, the 
scale problems have an increased effect on well profitability. 
Because radioactive materiais are often incorporated into scale 
as it forms, scale disposal usually requires special procedures 
and can be costly to accomplish. 

Barium Sulfate 
Barium sulfate (BaSO,) is highly insoluble (2 mgL in water), 
and usually cannot be economically dissolved by a chemical 
agent. In most cases, the only way to remove precipitated BaSO, 
is by mechanical scraping orreaming, which is troublesome and 
costly. 

Factors for BaSO, precipitation include lower tempera- 
tures, dilution of brine content, dilution of carbonate content, 
and mixing of incompatible waters. The commingling of pro- 
ducing zones is the leading cause of BaSO, scale problems in the 
oil field. Because BaSO, is more soluble at higher temperatures 
and pressures, it is routinely encountered in waters from deeper 
and hotter oil wells. Water produced from deep, hot wells also 
tends to have elevated brine and carbonate content, both of 
which increase the solubility of the BaSO,. As deep well fluids 
are produced, the subsequent drop in temperature and pressure 
resuits in the precipitation of BaSO,. Produced brine fluids are 

References at the end of the paper. 
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typically reinjected as a means of disposal. Often, the brines are 
mixed with waters from other zones. If t h i s  water is fresh, the 
reduced salinity of the mixed water reduces BaSO, solubility, 
and scale forms. 

BaSO, and strontium sulfate are often deposited together 
because barium and strontium have similar chemical properties. 
Iron is another common coprecipitate. Because of these con- 
taminants, BaSO, scale deposits occur in a variety of colors and 
shapes. 

NORM in Scale 
Sources of NORM. NORM is common in everyday life; it is in 
the ground, the air, and in the body. The average person is 
exposed to about 100 to 300 millirems of radiation per year; haif 
of this radiation is from natural sources. 

Ail natural elements heavier than bismuth mi) are un- 
stable. Radioactive isotopes can be grouped into a sequence of 
decays, so that members in each such chain constitute a radio- 
active family or series. The natural radioactive substances found 
in earth formations include three families: 

uranium 
thorium 

o actinium 

Uranium PgU) is the parent of the uranium series. After 14 
transformations, uranium reaches a stable lead isotope (206Pb). 
This series, which includes radium P6Ra) and its daughter 
products, is of the most concern to the petroleum industry. 

Thorium (mni) is the parent of the thorium series withmPb 
as its stable end-product. Its daughters includeP*Ra, which is of 
lesser concern in oil and gas operations. 

The actinium series is headed by T J ,  but its members are 
not found in amounts of concern in petroleum activities. The 
only other naturally radioactive element is potassium ('OK). 

Those working in certain oil and gas operations need to keep 
in mind that the isotopeZ6Ra is the radioactive contaminant that 
occurs in some scales (usually barite). It has a half-life of 1,620 
years and obviously will not decay perceptibly in the timeframe 
of typical oilfield operations. It decays to the noble gas radon 
?Ra), which has a half-life of about 92 hours. Gaseous radio- 
active radon can be hazardous in some circumstances, but it is 
trapped in the crystal lattice in scales such as barite. Its daugh- 
ters,214Bi and Z*4Pb, give rise to practically all the gamma 
radiation from NORM-contaminated scale? 

Regulation of NORM. Radioactive materials are categorized 
by the amount of radiation they are likely to produce. NORM 
scale is categorized as a potential hazard. 

In the oil industry, NORM occurs in the scale that clogs 
pipes and equipment and in the sludge from the bottom of oil 
storage tanks. Although health risks from the low levels of 
radiation in NORM are thought to be minimal, disposal of 
NORM wastes can create greater hazards. For instance, the 

radioactivity from oilfield scale is usually very low from pipe to 
pipe, but the total radiation level increases when all the pipe 
scale at one site is gathered in one place. 

Since the introduction of regulations conceming NORMS, 
disposal of oilfield scale, particularly BaSO,, has become in- 
creasingly troublesome and expensive. 

As of July 1994, the only site available for NORM waste 
disposai in the United States was in Utah at a cost of $300 to $500 
per drum. The Environmental Protection Agency @PA) has 
allowed some operators to pump NORM materials underground 
in suitable hazardous waste disposal wells. 

NORM scaie is regulated by individual states under Subtitle 
D of the Resource Conservation and Recovery Act (RCRA) as 
a solid waste under the drilling fluids exclusion. Texas and 
Louisiana implemented their own regulations. In Louisiana, 
equipment and piping can be used without restriction if the 
maximum radiation exposure level does not exceed 25 
mkroremshour, according to Implementatìon Manual for 
Manugement of NORM in L o u i s h .  The maximum contact 
reading for Texas is 50 microremslhour, according to Texas 
Reguiations for Control of Radiation, Pan 46. Several other 
states follow the Texas regulation. Most oil- and gas-producing 
nations have established NORM contamination standards and 
procedures since the material was recognized as a problem in the 
North Sea in 1981.3 

Well and Completion Data 
The well treated in this study was completed in  October 1984. 
The elevation used as a reference point was the kelly bushing 
(KB) at 642.90 m. The well had a total depth of 1445.0 m with 
a plugged-back total depth of 1429.0m. A219-mm. 35.7-kgIm. 
J-55 surface casing was landed at 21 4 m. The production casing, 
140-mm. 20.8-kg/m, K-55, was landed at 1441.0 rn and ce- 
mented. The perforated intemal was 1369.0 to 1372.0 m. This 
zone was perforated on October 1 1,1984 with a 1M-mm casing 
gun. The perforated interval contained 13 shots per meter. The 
well was converted to an injector on November 12, 1985. 
Tubing used in the well consisted of 73-mm, 9.67-kg/m, J-55, 
EUE, TK-99 internal coating. Setting depth of the total string 
was 1366.45 m. 

A gelled acid wash and squeeze with 1.4 m3 of 15% HCI and 
4 m3 of gelled 28% HCI was performmi in October 1984. A 
nitrogen squeeze was perfonned at 500 to 900scfhin at 23 MPa 
on December 21,1985. Five solvent treatments were performed 
on the well between May 27,1988 and June 16,1992. An acid 
wash and squeeze were performed on July 26, 1993. A static 
bottomhole pressure of 10 985 kPa and a static bottomhole 
temperature of 53°C were measured on November 8,1985. The 
estimated relative density of the water was 1.019 and the 
estimated relative density of the gas was 0.660. 
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carbonate ( ~ 0 3 1  

Bicarbonates (HC4) 

Chlorides (CI) 

Sulfate (SO,) 

Strontium (Cr) 
Barium (Ba) 
Calcium (Ca) 

Magnesium (Mg) 

Iran (Fe) 

Total Dscdved Solids (ros) 

Sodium (Nafb 

W. G. F. FORD, L. L. GADEKEN, T. J. CALLAHAN, D. JACKSON 

~ 

O 
740 

21 200 

12 020 

50 

1 

1260 

224 

13 400 

1 

39 loo 

- 

Table 1-Analysis of Produced Wate? 

Specific Gravity 

Resistivity 0.20 

I ion maiî I 

Water Anaiysis and Scaling Tendencies 
Scale formation was thought to be the cause for decline of 
injection rate in the well. The assumption was made that the 
mixing of incompatible waters was the reason for scale forma- 
tion. The produced water and source water were analyzed, and 
the scaling tendencies of the individual waters and both waters 
mixed in various ratios were calculated over a range of appli- 
cable temperatures. 

Water Anaiysis. Tables 1 and 2 show complete analyses of the 
produced water and the source water. The produced water was 
high in sulfate while the source water was high in barium. These 
results suggest that BaSO, scale couid form if the two waters 
were mixed. 

Sealing Tendencies. Scaling tendencies for both the produced 
water and the source water were calculated witha scalemeasure- 
ment computer program (program 1). This scale program caicu- 
lated the tendency of the water to form Calcium carbonate 
(CaCO,), calciumsulfate(CaS0,). BaSO,, andstrontiurnsulfate 
(SrSO,) scales at 24". 38", 52", and 66°C. Results are shown in 
Tables 3 and 4, Page 4, 

The program indicated that the produced water had a strong 
tendency to form CaCO, scale at 24" to 66°C. a slight tendency 
to form BaSO, scale at 24" to 52"C, and a slight tendency to form 
SrSO, scale at 38" to 66°C. 

%ample analyzed according to API RP for analysis of Oilfieid 
Waters, July 1981. 
betermined by ionic balance. Resistivity has units of ohm/m2/m I 

The source water showed a moderate tendency to form 
CaCO, scale at 24" to 66°C and a slight tendency to form BaSO, 
scale at 24" to 52°C. 

Another scale measurement program (Program 2) was used 
to caicuiate the W i n g  tendency of two waters mixed together 
at various ratios at a single temperature. Caco,, MO,, BaSO,, 
and SrSO, tendencies were calculated at 24°C. Program 2 was 
run at 24" and 53°C. Various ratios of the produced water and 
source water at 24°C showed a moderate to strong tendency to 
form calcium carbonate scale and slight to strong tendency to 
form BaSO, scale. Identical results were produced when Fro- 
gram 2 was run at 53°C. Results are displayed inTables 5 and 
6, Page 5. Whenever the produced water and the source water 
were mixed together, &CO, or BaSO, scale was more likely 
to fom. 

Compositional and Analytical Tests of Scale 
As stated previously, the injection rate had slowly declined in 
the water injection weil. This decline was most likeiy the result 
of scale buildup caused by the mixing of incompatible waters. 
Before an effective scale removal procedure could be imple- 
mented, more information about the scale was required. 

Compositional Analysis. After a scale sample was obtained 
fromthe well, X-ray diffraction (XRD) techniques were used for 
mineral identification. The analysis indicated that BaSO, was 
the only crystalline mineral present. 
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Table H a l i n g  Tendency in Source Water 
(Program 1) 

r I 

EFFECTIVE REMOVAL OF NORM SCALE IN THE RYCROFT FIELD 

NOM Calcium Sulfate 
calcium Cartionate Moderate 
Barium sulfate Slight 
Strontium Sulfate NOM 

Table 3- Scaling Tendency In Produced Water 
(Program 1) 

O 
103 
1 
O 

I Type of Scale Sealing Tendency I 

calcium sulfate 
Calcium carbonate 
Barium sulfate 
Strontium Sulfate 

I I 

24°C I 

None O 
Moderate 1 82 

Slight 1 
NOM O 

calcium Sulfate 

calcium sulfate 
calcium Carbonate 
mum sulfate 

Next, a scanning electron microscope (SEM) with an X-ray 
energy spectrometer (XES) was used to determine the elemental 
composition of the sample. Barium (Ba) was the predominant 
element with lesser amounts of sulfur (S). Trace quantities of 
iron (Fe), calcium (Ca), strontium (Sr), and aluminum (AI) were 
also detected. Results are displayed in Figure 1. 

None O 

NOWl O 

218 Moderate 

Scale Sdubility. For gravimetric solubility tests, 0.7g of the 
scale was combined with 100 mL of a specific fluid system. The 
samples were then placed in a constant-temperature water bath 
at 60°C for 60 hours. The samples were removed h m  the bath 
at the end of the test period and the remaining scales were dried 
in a vacuum oven and weighed. The percentages of solubility are 
listed inTable 7. Maximum solubility of the scale was obtained 
with a fluid system consisting of 30% water and 70% BaSO, 
scale solvent. As predicted, the scale showed no solubility in 
15% HCl and 12% HC1-3% HF. 

Treatment and Verification History 
Summary of Treatment Decisions. BaSO, scaling had con- 
sistently decreased injectivity and increased costs to support 
the waterflood. Difficulty in maintaining injection had re- 
sulted in increased gadoil ratios, which jeopardized the pool's 
operation. The injection well had received a total of eight 
treatments in the last 10 years. Conventional mechanical 
removal of the BaSO, scale would result in radioactive mate- 

I Ib)Mbbl I I Type of Scale I Scaling Tendency 

Calcium suhië 1 None I O 
1 52 Calciumcarbonate I Moderate 

Barium Sulfate I Slight I 1 
stiontiumsuffate I NOM O 

S2"C 

I ~trontiumsuiiate I NOM I O 1 

rial being circulated back to the surface. Pretreatment gamma 
ray spectroscopy logging determined the location and amount 
ofBaSO, scale. Pretreatment laboratory testing determined the 
concentration and contact time required for the BaSO, scale 
solvent treatment, The injection rate before the treatment was 
less than12 m3/day at 16,050 kPa wellhead pressure. 

Pre- and P ~ t - T r e a t m a t  G- Ray S ~ ~ C ~ ~ O S C O P Y  Ma- 
suremcnts. Re- and post-treatment measurements were per- 
formed with a wireïine gamma ray spectroscopy instrument to 
verify the scale treatment resuits. The gamma ray analysis log 
(Figure 2, Page 6) shows a track of gamma ray data on either 
side of the depth track. The track on the left side of the figure 
shows an openhole gamma ray log obtained before the well was 
cased. This data was corrected to cased-hole conditions and used 
to subtract the natural background from the gamma ray signai 
caused by the scaie in this well. Note that the perforated interval 
at 1369 to 1372 m is immediately below an organic-rich shale, 
where the relatively high gamma ray signal is the result of 
uranium. This uranium was discovered during earlier gamma 
ray spectroscopy measurements in this field. 

A bridge plug was set at 1364 m. After the treatment, the 
bridge plug was removed and the well was cleaned up. A post- 
treatment gamma ray spectroscopy log was then run. The right 
side of the gamma ray track in Figure 2 shows the NORM 
gamma ray signals before and after the well was treated. 
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Fig. I-Elementril analysis from X-ray energy spectrometer (XES). 
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EFFECTIVE REMOVAL OF NORM SCALE IN M E  RYCROFT FIELD 

Fig. 2-Gamma my analysis log. 

containing two gelled temporary bridging agent diverter stages 
followed the solvent soak. This sequence was consistent with 
what had been done in the past. The well was placed back on 
injection to evaluate the treatment. 

The BaSO, scale dissolved across the perforations and near 
the wellbore, resulting in an injection rate of 221 m3/&y at 
15.9OO kPa wellhead pressure, far exceeding the target injection 
rate of 60 m3/day. 

The scale solvent was bullheaded and overdisplaced, leav- 
ing all the radioactive material downhole. The gadoil ratio in the 
pool decreased to an acceptable level. An injection rate of 221 
m3/&y using previous technology would have required an 
additional three wells. AFEi costs per well are projected at 
a4oo.OOO for a total economic value of $1.2 million. Additional 
savingsmay be realized as the treatment frequency is monitored. 
NORM scaie handing and disposai costs are aisoeiiminatcú. An 
injection rate profile from Janua~y, 1994 to June, 1995 is shown 
in Figure 3. 

~ ~ ~ J u y & p t N w ~ - w ~  
u = 

-w-w The gray NORM curve is the result of the scale present 
before treatment. The black NORM curve represents the scale 
remaining after treatment. The gray shading shows the reiative 
amount of scale removed within the depth-of-investigation of 
this gamma ray survey technique (0.2 to 0.3 m beyond the 
wellbore). The dashed curve on the right side of this track shows 
the relative amount of scaie removed or redistributed. The gray 
shading indicates that 20 to 50% of the scale was removed in the 
interval from 1357 to 1383 m surrounding the perforations. 
Near the bottom of the weil, as much as 80% of the scale seems 
to have disappeared. Some redistribution of the scale materials 
may also have occurred since the post-treatment NORM curve 
is greater than the pretreatment NORM curve for two intervals 
below 1386 m. Therefore, the gamma my spectroscopy data 
clearly indicate that this scale removal treatment was quite 
successful. 

Fig. 3-Well injector 8ummary. 

Conclusions 
A scale solvent can be effectively used to remove NORM- 
contaminated BaSO, scale. 
The source of the scale and deposition tendencies were 
pinpointed through compositional water analysis. 
Scale identification and field laboratory data were used to 
specify the treatment schedule, including volumes and 
contact time. 
Preueatment and post-treatment gamma ray spectroscopy 
logging data documented the effectiveness of scale re- 
moval. 
Operators now are able to mitigate NORM scale problems 
and can eliminate the costly disposai of these materials. 

Pumping Procedures and Injection Results 
The treatment schedule consisted of spotting 3.5 m3 of amixture 
consisting of 30% water and 70% BaSO, scale solvent into the 
worksmng. Mamx rates and pressures were used to squeeze 3.0 
m3 of the mixture into the formation. The mixture was allowed 
to contact the BaSO, scale for60 hours as previously determined 
by laboratory testing. A 5.0-m3 15% HCI matrix acid treatment 
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Technical Profile of the Envirocare of Utah 
NORM Disposal Operation 

Envirocare of Utah, hc. was issued its radioactive materials license in 1988 as the 

nation’s first disposai facility for Naturally-Occurring Radioactive Material (NORM). 

The technical distinctions of the Envirocare operation are not widely known in the oil and 

gas production industry, and are key to evaluating the facility for potentiaî NORM 

disposai needs. in addition, the Environmental Protection Agency is close to 

promulgating federai reguiations for the control of NORM. These regdations may limit 

or eliminaîe NORM management by down-hole disposal, land-fatming and dilution. The 

factors described below demomimte that Envinmue is able to provide an alternative for 

the safe and practical removal of this signinwit Radium exposure source from the public, 

as well as providing necessary security for fbîure corporate liabiliîy issues. 

1) Naturalìy Suitable Site 

The Envirocare site is the most suitable possible for radioactive materials 

disposal. The facility is located in the Oreat Basin West Desert approximately 80 miles 

west of Salt Lake City, Utah and 40 miles distant from the nearest population center. In 

1976, the Department of Energy @OE) began eight years of technical study at the site to 

demonstrate that its hydrogeologic qualities and isolated location would provide a safe 

burial place for such materials. 4.8 inches of annual precipitation, 60 inches of annual 

evaporation, less than 10% humidity, and deep, poor quality groundwater are some of the 

characteristics that make the site so safe. Based on the conclusions of eight years of 
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federal study, a favorable Environmental Impact Statement was issued for the site in July 

1984. Building on the DOE'S work, Envirocare obtained its radioactive matexids license 

in February 1988 for the nation's fht NORM disposal fhciiity. In almost two decades of 

activity at the site, there has never been a measurable release of radioactive materials. 

2) License 

Envirocare's license allows acceptance of materiais contaminated with the 

standard oilfield isotopes of Radium-226 up to 2,000 pCi/g and Radium-228 up to 1,800 

pCi/g. These limits are applicable to the maximUm average activity in îhe waste and 

assume daughter products to be present in equiíibrium. Soils, scale, tubdan, concrete, 

PPE, and other materials are ali acceptable for disposai. in addition, waste materiais da 

not n e c e d y  need to be containerized for shipment, and can be delivered by truck, 

intermodal containers or railcars. This can provide significant packaging savings during 

remediation. The facility was designed and constructed for large volume operations and 

can accommodate shipping campaigns h m  50 árums to 50,000 cubic yards. 

All waste streams are carefully profiled and analyzed to ensure acceptability prior 

to shipment. 

3) CeiiDesign 

Envirocare does not employ trench-and-fill operations. The Envhcare disposal 

cells are constructed entireiy above-grade and pattemed &er a DOE 1,000 year closure 

design. Over such long time periods, small void spaces in the embankment could 
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compromise the integrity of even the most carefully engineered cell cap. For this reason 

all NORM wastes shipped to Envirocare are emptied fkom the contaher pnor to disposal. 

Void spaces are eliminated through specific soil compaction and debris placement 

procedures. Materials are placed in 12” lifts and compacted to greater than 90% of 

Optimum Density. Compaction of every 1 3  is tested at several locations using ASTM 

procedures before the next lift is placed. NORM materiais from different generators are 

not commingled, and occupy an individual map location in the embankment. 

Once a ceil bas reacheú its design height, a compacted clay radon barrier is 

constructed over the disposed materiaIs. This barrier is seven feet thick and serves a dual 

purpose. First, the cap’s design requires a pemeabfity of less than 1 x 1 Od cm/sec for . 

the lower six feet, and 5 x lo-’ d s e c  for the top 12 inches. This relatively impermeable 

barrier is also sloped, shedding precipitation off the cell. The Department of Energy has 

studied the effectiveness of engineered ciay caps, concluding that >99% of infiítrating 

water is diverted off the embankment when properly designed caps are used. This study 

indicates that a facility uîiíizing a sloped, erosion-resistant cap in conjunction with a 

sorptive clay foundation provides a lo4 dose reduction over standard trench-and-fill 

operations (DOELLW-207, Use of E n g i n d  Soils and Wer Site Modifications for 

LLRW Disposal). Also, designs utilipng natural materials combined with an arid site 

provide severai orders of magnitude greater protection than concrete and other synthetic 

liner systems which decompose reiatively quickiy. 

I 
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in addition, as the name implies, the bamier prevents the radon gas from being 

released to the open air. The design retards radon migration within the clay matrix long 

enough for the gas to decay to a particulate (Rn-222 haif-He @3.8 days). This is a 

signincant consideration given that EPA’s concern with radium stems largely from radon 

emanation. The radon barrier is ptecteá fiom erosion and weathering through a series 

of aggregate filter zones and large diameter rock placed to a depth of 24 inches. 

Importanty, this disposai method provides a high degree of conîrol over the 

materiais even several years after initial disposal. Unlike down-hole disposai, the 

disposal envimunent is easily accessed, monitored and its geotechnical properties are 

thoroughly charactenzed In the unlikely event that contamination off-site does occur, it 

will be detected at a very early stage, and remeùies are practical, proven and easily 

implemented. 

Conclusion 

Envirocm has safely accepted and disposed over 15 miliion cubic feet of NORM 

materials from dozens of public and private entities. The suitable M~UA qualities of the 

site combined with carefully engineered disposai cells will ensure the integrity of ail 

materials disposed at En-, deguarding public heaith and safety as well as long- 

temi corporate liabiliîy issues for generators. 
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Modeling of NORM Injection in a Layered 
Geologic System 

G.P. Williams, KP. Smith and D .L.Blunt, Argonne National 
Laboratory 

C.L. Tebes, University of Illinois ChampaigdLJrban 

Abstract 
Subsurface injection and encapsulation of NORIM contaminated 

materials were modeled to estimate contamination levels in a near- 
d a c e  a q d e r .  By assuming instantaneous leaching of encapsulated 
materials, a conservative assumption, a single model was used for both 
disposal options. 

A model was developed for injecting 100,000 barrels of 2,000 pciBL . 
NORM into a layered geologic system over a short period. The NORM 
was assumed to be released at depths h m  300 to 10,000 feet below the 
ground surface. Subsequent transport of the radionuclides in the 
subsurface was simulated for a 100,000 year period. Radionuclide levels 
were monitored at receptors located 0.0,0.2,0.5,1.0,5.0,10.0, and 20.0 
miles down-gradient of the release bore. Depth of NORM release, 
regional groundwater gradient, receptor well pumping, and material 
conductivity were investigated to determine effects on measured 
radionuclide levels. This modeling effort found that even with 
conservative assumptions, calculated radionuclide levels were below 
those of regulatory concern at the  receptor locations . 

This study indicates that subsurface disposal of limited volumes 
of NORM contaminated waste, either by injection or encapsulation, 
constitute redisticaIly safe methods €or dispo& Modeling of actual sites 
using site-speciñc parameters, rather than conservative assumptions, 
should yield groundwater con taminant levels lower than those presented 
here. 

Work supported by the U.S. Department of Energy, Assistant Secretary 
for Policy, under contract W-31-109-Eng-38 
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Introduction 

"he presence of naturally 0mmiu.g radioactive materials (NORM) 
in oil and gas production and processing wastes has been recognized 
since the 1930's. However, concern about the possible associated health 
risks did not arise until the mid-1980's when the industry and regulators 
realized that NORM occurrence was more widespread than originally 
thought and that activity levels could be quite high. Although it is widely 
acknowledged that both workers and the general public may be at risk of 
radiation exposure resulting fkom NORM contamination, the magnitude 
of that risk and the resultant need to regulate NORM have been debated. 
This study of subsurface disposal methods adds new information to the 
debate surrounding NORM regulation by modeiing the physical processes 
of subsurface disposal and using this data to estimate activity levels in 
near-surface aquSers from various fdure scenarios. 

In the past few gears, the petroleum industry has adopted methods 
for managing and disposing of NORIM-contaminated wastes and 
equipment that are more restiictive than past practices and are likely t o  
provide greater isolation of radioactivity. Currently acceptable 
subsdace NORM disposal methods include downhole encapsulation 
inside a plugged and abandoned well by license only, and underground 
injection into a subsurface formation by license only. 

The scope of this study covers both downhole encapsulation and 
underground injection. Both activities were modeled using similar 
assumptioIIis and settings. A three-dun * ensional model, SWIFT II (i), was 
employed to model casing failures that might occur at different depths 
during injection and the subsequent transport of radionuclides to 
downgradient receptor locations. 

Underground injection was modeled by assuming a generic 
geologic setting of inter-layered sandstone and shale deposits. A 
conservative set of input parameters was used. Separate model runs 
were made assuming that during injection, a casing failure caused the 
entire volume of NORM-contaminated waste to be injected into each 
geologic layer in turn, including a drinking water aquifer. Radionuclide 
concentrations were calculated at a number of receptor locations in the 
drinking water aquifer ranging h m  O to 20 miles downgradient fkom the 
injection site. Additional calculations were made assuming two domestic 
wells pumping simultaneously at a rate of 14,400 gallons per day, 0.2 and 
0.5 miles h m  the injection site, respectively. This rate was chosen as a 
reasonable rate for a domestic well in a sandstone aquifer. 

i10 
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The estimates used to model underground injection were 
conservative for most parameters. The results suggest that deep 
underground injection of s l h e s  with total volumes less than 100,000 
barrels result in low activity levels in the groundwater (below the federal 
regulatory limit for radium in drinlring water of 20 pcilL). Even injection 
directly into the drinking water aquifer does not result in appreciable 
concentrations of Ra-226 or Rn-222 at receptor locations as dose as 0.2 
miles away. 

Ifinstantaneous radium dissolution is assumed to be the leaching 
model, the model mns for underground injection effectively model 
downhole encapsulation as well. If more realistic leaching times are 
assumed, it can be predicted that radionuclide concentrations resulting 
h m  casing fdures at downhole encapsulation sites wil l  be lower at all 
receptor locations than those calculated for underground injection of the 
slurry. 

Input parameters were carefully selected based on reviews of 
previous, related risk assessments; relevant published data; and 
discussions with other risk assessment researchers and representatives 
of federal and state regulatoxy agencies, industry, and academia. 
Sensitivity analyses of some of the key input parameters were conducted 
to assess their impact on predicted doses. Parameters chosen for the 
sensitivity analyses include those for which a set of definitive values 
could not be chosen due to variability in possible conditions (e.g., 
groundwater gradient or hydraulic conductivie) and those for which 
definitive data have not been collected but are thought to be quite 
variable (e.g., source term concentration or volume). 

Description of Scenarios and Pathways 

The subsurface disposal options investigated here are 
underground injection and downhole encapsulation. Underground 
injection is accomplished by injecting a slurry of NORM-contaminated 
wastes into a deep, subsdace formation. In this study, it was assumed 
that the uijection zone was isolated vertically h m  a usable, groundwater 
aquifer by relatively impermeable, confining formations such as shales. 
Downhole encapsulation entails placing NORM-contaminated scale, 
sludge, tubing, and other small pieces of equipment (e.g., valves, fílters, 
screens) inside the casing of a well that is to be plugged and abandoned. 
f i r  the material is in place, the wellbore is sealed with cement or grout 
to isolate the contaminated material. It was assumed that the depth of 
encapsulation is similar to the depth of injection and that one or more 
confining units isolate that depth from the groundwater aquifer. 
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To understand the risks associated with subsurface disposai 
options, radium concentrations resulting &om the underground injection 
and downhole encapsulation of NORM-contaminated wastes were 
estimated at several Merent receptor locations. In addition, a number 
of possible casing failure scenarios also were simulated. Consemative 
assumptions were made in running the models, thereby resulting in 
higher calculated contaminant concentrations at the receptor locations 
than would be expected using more realistic parameters. 

The simulated underground injection fdu re  scenarios assumed 
casing failures in each of the geologic layers during the injection process. 
Each failure was assumed to release the entire volume of contaminated 
slurry into the geologic layer in which the failure occurred. Because it is 
unlikely that the entire volume of contaminated slurry would be injected 
before a casing failure was discovered, this assumption is conservative. 

To model downhole encapsulation, it was assumed that the bore 
containing the encapsulated material was breached and that, upon 
failure, the radium dissolved instantaneously and moved horizontally 
into a geologic layer or vertically upwards along the wellbore and into a 
geologic layer. It was also assumed that the entire volume of 
contamination moved into a single geologic formation. By mskirig. these 
conservative assumptions, it was possible to use the model runs for 
underground injection to represent the failure scenarios for downhole 
encapsulation. If more realistic leaching times were used, it can be 
predicted that radionuclide concentrations in the d a c e  aquifer 
resulting h m  casing fáilure would be lower at all receptor locations than 
those calculated for underground injection. Therefore, ail scenarios 
simulated in this study are considered to represent both underground 
injection and downhole disposal activities and no distinction is made 
between these two options in the rest of this discussion. 

For the general public, the exposure pathway related to subsurface 
disposal of NORM-contaminated wastes is groundwater contact or 
ingestion. In this study, it was assumed that the groundwater was 
extracted &om a near sudace aquifer by a pumping well located at 
muious distances h m  the disposal welì. Calculated activity levels were 
compared to dnnking water standards. 

Methods 

A groundwaterfiow and con taminant transport model was used to 
model underground injection of NORM. The model assumed a generic 
geologic setting with conservative estimates of required parameters. For 
each scenario, radium concentrations were calculated at a number of 
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receptor locations in a near surface aquifer. In addition, the s e h t i d t y  
of the model to pumping wells, regional groundwater gradients, hydraulic 
conductivities, mesh size, and radium concentration levels was explored. 

The SWIFT II model (1) was chosen for this assessment because it 
is three-dimensional, it calculates radionuclide transport with decay, and 
daughter products, and has been widely reviewed and validated. The 
SWIFT II code was originally developed to d y z e  coupled hydrologic, 
t h e d ,  densty, dual-porosity, and solute transport processes in porous 
media. Singlephase Darcy flow in the horizontal, vertical, or  fidl three- 
dimensional spaœ is evaluated by the íinitedBerence method. The code 
has capabilities for siionulating continuous and discontinuous layers, 
timedependent and constant sources and sinks, and both transient and 
steady-state groundwater flow. Under conditions of constant fluid 
density (dilute solutions), SWIFT II solves partial differential equations 
for hydraulic head and con taminant transport. These equations are 
coupled by the velocity term. 

SWIFT II was conñgured to model the advective and dispersive 
transport of Ra-226 and its ñrst daughter product, Rn-222, for each 
casing failure. "he model, calculated radionuclide ratios in units of 
grams of Ra-226 per gram of fluid. These ratios of RA-226 were assumed 
to be the same as W g  concentrations. 

Assumptions and input Parameters 

Geology 

A series of inter-layered sandstone and shale formations were 
modeled as a generic site for subsurface disposal. This sequence is not 
representative of any particular area, but rather was used to obtain an 
understanding of the transport mechanisms that could effect NORM 
iq-jection. The stratigraphy modeled comists of a top, 1,800-feet (R) thick, 
sandstone layer considered to be the source of groundwater at the 
receptor locations, underlain by alternating shale and sandstone layers, 
each 1,600 R thick. The total stratigraphic sequence consists of three 
sandstone and three shale layers. The layers were tilted with a slope of 
0.01. The regional groundwater gradient was also assumed to be 0.01. 
This gradient is large, but gives conservative estimates for travel times 
and concentrations in the model. 
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Properties 

The sandstone hydraulic conductivity was assumed to be 1 x 10" 
feet per day (füday) and the shale hydraulic conductivity was assumed 
to be 1 x lo6 Wday (2). Porosity for the sandstone and the shale were 
assumed to be 0.2 and 0.1, respectively. Longitudinal (a,,) and transverse 
(aT) dispersivities were set to 1,000 ft and 100 fi, respectively. These 
values are comparable to  those suggested by Gelhar for sites of this size 
(i.e., 2 miles) (2). 

The W o n  coefficients for both Ra-226 and Rn-22 were assumed 
to  be 1.02 x 10" @/day in sandstone and 2.29 x lo6 e/day in shale. 
These coefficients are based on the diffusion of radium in pure water and 
modified to give an effective diaision coefficient according to  the 
equation (2): 

where D> is the effective *ion coefficient, D is the difiFusion 
coefficient in water at 25"C, and n is the porosity. The half-life for Ra-226 
is 1,622 years and for Rn-222 is 3.825 days (3). 

Dispersion was modeled as (2): 

DL = aLv + Dd 
D, = aTv + Dd 

For these simulations, it was assumed that the radionuclide transport 
was not retarded, a conservative assumption. 

Numerical Implementation 

The conceptual site modeled was 10 miles (mi) wide, 22 mi long 
and 10,000 R deep. The mesh used for the numerical simulation is shown 
in Figure 1. Because the model was symmetric about the X axis, only 
W t h e  conceptual site was discretized in the numerical model. Through 
this use of symmetry, computational needs were reduced. 

BothXboundaries were modeled as constant head boundaries with 
pressures equal to  hydrostatic values. The Y and 2 boundaries were 
modeled as no-flow boundaries. A groundwater gradient was induced by 
tilting the model to produce both a stratigraphic and groundwater slope 
of 0.01. 
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The source location for the NORM injection was located on the Y 
= 1 boundary, to exploit symmetry, and approximately 2 mi Com the X 
boundary. This location prevents the X boundary eom influencing 
upgradient diffusion and transport of the radionuclides. The mesh is 
finer near the source as shown in Figure 1, giving better resolution in 
this area. This aides numerical stability and provides a more accurate 
solution. 

Source Term 

To calculate the source term, it was assumed that 100,000 barrels 
of NORM with a radium concentration of 2,000 pCi/L was injected over 
a period of four days. The total Ra-226 in this slurry was calculated to be 
approximately 7.0 x lo5  pounds, injected at a rate of 0.875 x iOdlb/day. 
Again numerically, one-halfthe total amount was used because of model 
symmetry. In addition to the Ra-226 term, a 4.305 x lo6 lb/day water 
source term accounted for the 100,000 barrels of fluid injected. Again, it 
is one-half the total amount  due to the symmetry of the model. 

Casing Failure and Receptor Locations 

Casing failures were simulated at three different depths within the 
top sandstone layer or aquifer one shallow (300 fi), one at the mid-point 
(900 ft), and one near the bottom of the layer (1500 fi). Failures were 
simulated in the center of each of the underlying geologic layers, at 
depths of 2,600 R (shale), 4,200 R (sandstone), 5,800 ft (shale), 9,000 R 
(sandstone), and 10,600 R (shale). Casing failure was simulated by 
injecting the entire Ra-226 source amount over a four-day period at each 
node point. No attempt was made to determine the well types or  
pressures needed to obtain these injection rates. Thus, it was not 
determined if this injection scenario is feasible or even possible. 
Assuming this scenario is infeasible, feasible solutions would require a 
longer time period to inject the slurry, resulting in more dilution and 
more spreading of the plume, gim lower maximum concentrations 
calculated at the receptors. This assumption provides conservative 
estimates. 

Receptor points were located 2.0 mi upgradient fkom the injection 
point (-2.0 mi), ai the injection point (0.0 mi), and at points located 0.2, 
0.5, 1.0, 2.0, 5.0, 10.0, 15.0, and 20.0 mi downgradient of the injection 
site. All of the receptor points were located at a depth of 300 fi within the 
surface aquifer. Concentrations of both Ra-226 and Rn-222 were 
calculated at these sites over time. The upgradient receptor was used to  
evaluate the effects of diffusion in the model. 
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The model was run first to calculate the Ra-226 and Rn-222 
concentrations at each of the receptor points described above. Then the 
model was run to calculate these same concentrations at each of the 
receptor points, assuming that t w o  pumping, municipal wells were 
located at the 0.2-mi and 0.5-mi receptor points. These wells were 
assumed to pump simultaneously at 14,400 gdday for the entire 
100,000-year time h e  of the model. Table 1 identifies all of the 
receptor points modeled by distance from the iqjection well, failure 
scenario, and calculated concentrations of RA-226. 

Results 

Table 1 lists the concentrations of Ra-226 calculated at each 
receptor point for a number of failure scenarios. A worst-case scenario 
was simulated for each receptor point in which casing failure occurred at 
a depth of 300 R in the surface aquifér, at the same depth as the receptor 
points. A more realistic, but still conservative, base case scenario was 
also simulated for each of the receptors in which casing failure occurred 
at a depth of 1500 fi, still within the near d a c e  aquifer. The results of 
the worst-case and b a s m e  scenarios are discussed below. Because all . 

of the other failure scenarios &e., scenarios in which fdu re  within or 
below the fìrst shale layer) resulted in extremely low predicted 
concentrations (at least four orders of magnitude below the base case 
scenario concentrations) they are not discussed further in this paper. 

The calculated Rn-222 concentrations for all scenarios were at 
least four orders of magnitude below those calculated for Ra-226. 
Because these Concentrations are considered to be insignificant, they are 
not discussed in detall in this paper. 

Due to the low calculated activity levels of RA-226, rather than 
computing dose or risk values, the calculated Ra-226 levels are compared 
to drinking water standards. As shown by Table 1, ail scenarios, except 
a release at the same level as the receptor (0.2pWg), result in levels 
lower than the drinking water standards of 20 pCi /L .  

Worst-Case Scenario 

The worst-case scenaxio assumed that casing failure occurred at a 
depth of 300 fi. For this scenario, the maro'mnm calculated concentration 
observed at the 0.2-mi receptor, was 1.3pWg Ra-226, occurring 
approximately 700 years after failure. The model was unable to predict 
radionuclide concentrations at the receptor point located at the injection 
well (i.e., the 0.0-mi receptor) because the receptor point and the failure 
point were the same. (When the casing failure depth was set at 900 fi, 

P i 6  
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just 300 fi below the receptor point, the maximum predicted 
concentration at the 0.0-mi receptor was 0.25 pCi/g Ra-226, 
approximately 500 years after failure.) 

BaseGase Scenario 

The base-case scenario for this study assumed a casing failure at 
a depth of 1500 R, near the bottom of the surface aquifer. For this 
scenario, the model predicted a maximum concentration of 0.015 pWg 
Ra-226 at a depth of 300 R at the site of the injection well (0.0 mi), 
approximately 1,800 years after failure. The maximum value calculated 
for this scenario, obsemed at the receptor located 0.2 mi downgradient, 
was 0.017 pWg Ra-226 occurring 3,600 years after failure. The predicted 
concentration at the 0.2-mi receptor is higher than the concentration 
predicted at the 0.0-mi receptor because contaminant transport occurs in 
a predominantly horizontal direction. 

Sensitivity Analyses 

Under the base case scenario, when pumping wells were located at 
the 0.2-mi and 0.5-mi receptor points, the model predicted a maximum 
concentration of 0.049pWg Ra-226 at the 0.0-mí receptor, approximately 
600 years after Mure. The maximum values calculated at the pumping 
wells located at 0.2 and 0.5 mi were 0.002 p W g  Ra-226,600 years after 
failure and 0.012 p W g  Ra-226,1,800 years after failure, respectively. 
The effect of installing pumping wells at these two locations was to 
increase the vertical component of the contaminant migration, resulting 
in increased values at the 0.0-mi receptor, and to increase dispersion of 
the contaminant plume, resulting in lower values at the downgradient 
receptors. In addition, the instauation of pumping weils decreased 
k v a l  times of the maximum concentration values at all receptors. The 
installed wells were pumped at a rate of 14,400 gdday for the entire 
100,000 year time h e  of the simulation. 

Sensitivity Calculations were performed for regional groundwater 
gradient and hydraulic conductivity. Both were raised and lowered one 
order of magnitude above and below the assumed value used for the 
model. For these sensitivity calculations, only the base case scenario, 
failure at 1500 feet, was modeled. 

Lowering the regional groundwater gradient or the hydraulic 
conductivity slightly lowered the calculated radionuclide concentrations 
at all of the receptors while increasing the arrivd tirne. Raising the 
hydraulic conductivities of the sandstone and the shale by one order of 
magnitude, to 1 x 10' and 1 x 10' feevday, respectively, resulted in a 
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maximum predicted concentration, observed at the 0.2-mi receptor, of 
0.058pCilg Ra-226, approximately 100 years aRet failure. Increasing the 
regional groundwater gradient to 0.1 resulted in a maximum 
concentration, observed at the 0.2-mi receptor, of 0.043 pCVg Ra-226, 
approximately 200 years after fhilure. 

The sensitivity of the model to the mesh size used was also 
explored. The mesh spacing was reduced by a factor of two, resulting in 
a spacing of approximately 250 ft near the injection well. Using this 
mesh, the closest receptor beyond the 0.0-mi receptor was located at 0.1 
mi downgradient. For this sensitivity analysis, two failure scenarios 
were considered: 1) the base-case scenario of failure in the d a c e  aquifer 
at 1500 R; and 2) the base-case scenario with the addition of two 
pumping wells located at 0.1 and 0.25 miles downgradient &om the 
injection well, pumping at 14,400 @day. With the higher resolution 
mesh and the base case scenario, the model predicted maximum 
concentrations, observed at the 0.1-mi receptor, of 0.013 pcilg Ra-226. 
For the base case scenario with pumping wells, the model predicted 
maximum concentrations, observed at the 0.0-mi receptor, of 0.039 pcilg 
Ra-226. 

The ef€ect of higher contaminant concentration levels in the slurry 
If' the con taminant 

concentration was increased h m  2,000 pCi/L to 4,000 pCi/L Ra-226, the 
maximum concentration, observed at the 0.2-mi receptor, was 0.036 pWg 
Ra-226, approximately 2,300 years after failure. This is approximately 
two times the calculated concentration for the basecase. 

was also investigated in the base-case scenario. 

Conclusions 

Predictably, the highest concentrations of Ra-226 calculated for the 
receptor points correspond to injection of the sl- directly into the 
drinking water aqirifer. Using the assumed set of input parameters, in 
the worstrcase scenario (i.e., casing failure at 300 fi), the maximum 
calculated concentration, observed at the 0.2-mi receptor point, was 1.3 
p W g  Ra-226. When the failure point is lowered to a depth of 900 R (stiii 
within the aquifer) and radium concentrations are calculated for a 
receptor point located at a depth of 300 fi directly above the failure point 
&e., the 0.0-mi receptor), the value is 0.25 p W g  Ra-226. Casing failure 
at a depth of 1,500 R, still within the aquifer, resulted in a maximum 
concentration of 0.017 pWg, well below drinking water standards of 0.2 
Pew. 

All values calculated for injection into geologic units below the 
asuifer were at least five orders of magnitude below the highest observed 
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value of 1.3 p W g .  Calculated Rn-222 concentrations were h i m c a n t ,  
at least four orders of magnitude below those calculated for Ra-226. 

Raising the hydraulic conductivities for the sandstones and shales 
by one order of magnitude increased the predicted Ra-226 concentrations 
slightly and lowered the arrival times of the maximum concentrations at 
the receptor points. Increasing the groundwater gradient by one order of 
magnitude had a similar effect. Reducing the mesh size by a factor of two 
had a negligible effect on the predicted results. Doubling the radium 
concentration level in the slurry effectively doubled the observed 
maximum concentrations at the receptors and had small effects on arrival 
times. 

The assumptions made in modeling the subsurface disposal options 
are conservative for most input parameters. The results suggest that 
subsurface disposal of NORM-contaminated wastes in volumes less than 
100,000 barrels result in very low levels of Ra-226 in the groundwater, 
well below the 20 pCi/L (0.2 pWg) regulatory limit for Ra-226 in drinking 
water. Using assumptions that more closely reflect realistic conditions 
would only result in lower predicted con taminant concentrations. The 
low levels of contamination calculated in this study indicate that health 
r isks to the general public related to subsurface disposal of limited 
volumes of NORM are negligible. 
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Detail of Profile View 
Plan View 

1- Iniection Bore 

Profile View 

Flgute 1 Mesh Used in t he  SWIFT II Model. Shown is the  geologic layering, mesh 
discretization, injection bore, and examples of receptor locations. 
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Controlling Barium SuIfate Scale Deposition by Inhibitor Squeeze at the Guerra 
Well in South Texas: A Case Study 
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Abstract 

Formation of barium sulfate and calcium carbonate scale deposits in downhole 
tubing is a major problem for gas production in the Guerra weil in South Texas. Rior to 
December 1993, mechanical removal of barite scales from production tubing was done on 
this well every twenty days. In late 1993, the Brine Chemistry Research Consortium, 
sponsored by the Gas Research Institute (GRl), at Rice University and Water Research 
institute conducted a systematic laboratory and field study and an inhibitor squeeze 
treatment was recommended. The well was squeezed with bis-hexamethylene triamine 
ternethylene phosphonic acid (BHTMP) in December 1993. After the squeeze, the 
barium sulfate scale problem WS eliminated, but the weil stili produd light calcium 
carbonate scale in the production tubing near the paforations and required minimal 
chipping every thrtc months. The well continues to produce since the squeeze tremem 
and has been monitored continually. By squeeze treatmen% the operator's estimation of 
over $80,oOO/yr savings has been realized. An integrated study is presented in this paper, 
including analysis of brine samples, scale prediction, laboratory evaluation of inhibitors, 
simulation of inhibitor squeeze, long-term monitoring of field inhibitor return and brine 
chemistry. 

Keywords: Barium suifate, calcium carbonate, NORM scales, scale inhibitors, Squeeze 
treatment 

i25 
Previous page is blank 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



S T D - A P I / P E T R O  PUBL 7104-ENGL 1 9 7 7  0 7 3 2 2 9 0  0 6 0 3 8 9 4  4LLi H 

Introduction 

The Guerra weli, located in South Texas, produces 8.5 MMSCFD natural gas, 50 
BOD, and 120 BW/D. The reservoir of the gas weil is relatively deep (at approximately 
14,000 ft). The bottom hole temperature is typicaìly about 340°F and the reservoir 
pressure is about 6997 psi. The reservoir formation is composed of caicite (20 to a%), 
quartz (25 to 30%), feldspar (20%), and clay minerais (10 to 35%). Among the clay 
minerals, illite is typically 80% and chlorite is about 20%. The porosity is about 18%. 
The permeabiIity varies from 0.01 to 0.05 mDarcy and it is a fracnne-stimulated 
reservoir. The content of carbon dioxide in the gas phase is about 0.5%. 

Prior to December 1993, two types of water-formed scale deposits, barium suifate 
and calcium carbonate, were encountered in the production system (mainly in downhole 
tubing). Hard scale deposits of barium sulfate pose a severe operational problem to 
production opmation since they can. not be easily removed once deposited and am often 
associated with naturally-occurring radioactive materials (NORM) (1). Before the 
squeeze treatment, discussed in this paper, barium suifate and calcium carbonate scales 
had to be removed by chipping. The muai  cost is estimated to be $87,000 for broaching 
and chipping. 

Sponsored by GR& the Brine Che- Consortium at Rice University and Water 
Research Institute conducted an integrated study of the scaling conäition of the weii and 
designed a treatment pian to control barium sulfate scaling. This paper summarizes the 
laboratory design and field implementation of inhibitor squeeze treatments in the Gucmi 
weii. First, brine analysis and scaling tendency arc described. Next, laboratory tests of 
scale inhibitors a~ presented. Finally, the field squeeze and results are shown. 

Brine Chemistry and W i n g  Tendency 

Brine samples were taken from the gas weil in the weli head and analyzed in the 
laboratory. The chemical composition of the brine and other information concerning the 
well listed in Table 1. The chemical analysis is perfommi at room temperature and 
pressure. The concentration of cations was analyzed using inductively coupled plasma 
spectrometry, while the chloride and carbonate dkalinity wcn determined by titration. 
The concentration of sulfate was determined by turbidimetric method and found to be 
very small  (e 5 mg/i). 

The scaling tendency of the brine in terms of sahxarion index (S i )  under various 
production conäitions was calculated based on EQPllZR program (2) which is a 
computer program for speciation and calculation of saturation index of brines with 
respect to common water-formed scale deposits, such as calcite, gypsum, anhydrite, 
celestite, and barite, based on Pitzer equations. "he sahnation index is defined as the 
logarithm of the ratio of the ionic activity product over the thermodynamic solubility 
product 
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Table 1. Chemical composition of the Guerra brine. 

Species 

Na+ 1987 1.8 864.4 

caz+ 6500.0 162.2 
Sr2+ 700.0 8.0 
Ba2+ 550.0 4.0 
Fe (totai) 12.0 0.2 

Mg2+ 54.0 2.2 

43000.0 1228.6 
4 . 0  d.052 

Ac mew 28 1 .O 4.6 
1s 0 1.42 
pH (meas.) at Surface 7.10 

0.5 96 CO~CS> in the gas phase 

The saturation index calculated is presented in Table 2. It can be concluded that 
serious scaling of caicium carbonate will occur (SI gnatcr than 1) when the memoir 
pressure drops, which is proven by the occurrence of calcium carbonate scales in the 
tubing near the penorations where pressure drops greatly. h the case of barium suifate, 
decrease of pressure to atmospheric pressure oniy creates an SI of 0.03 (near 
equifibrium), but the cooling of brines can product scales of barium sulfate (SI up to 1.2 
if the brine was cooled down to room ttmperature). Clearly, the analysis or the 
interpretation made needs further work. 

Table 2. calculated saturation index (SI) for the Guerra brine with respect to 
common water-formed scale deposits. 

Parameters Locations 
Tubing Well Head Surface 

T (OF) 236 
P (psi) 6997 

PH (CW 5.34 
SI (calcite) -0.27 
SI (barite) -023 
SI (celestite) -1.60 
SI (anhydrite) -2.05 

236 
397 

236 
14.7 

77 
14.7 

6.7 1 7.94 7.91 
121 2.24 1.94 
0.0 1 0.03 1.17 
- 1.37 -1.35 - 1.70 - 1.75 - 1.72 -2.70 
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Inhibitor Evaluation and Squeeze simulation 

A series of commercially available scale inhibitors were tested in the laboratory 
for their efficiency against the scaling of barium sulfate. Both static and dynamic tests 
were conducted. 

The static testing of inhibitor efficiency was based on the measurement of the 
nucleation induction period of barium suifate in the presence of inhibitors (3), that is, the 
relative prolongation of nucleation induction period in the presence of different scale 
inhibitors at the same concentration in mg/l. The static test results in the ranking of scale 
inhibitors according to their efficiency in delaying the nucleation. 

The dynamic testing of scale inhibitor was performed in a h i g h - t e m m  and 
high-pressure fiow-through apparatus which simulates the production system in the 
laboratory (4). The dynamic test results in an effectiveness ranking of the scale inhibitors 
by the minimal effective dose for each inhibitor. 

Common commercial d e  inhibitors have been tested These inhibitors include 
i-hyàroxyethyiidene-1,ldiphosphonic acid (HEDP), nitdotrimethylene phosphonic acid 
("IMP), hexamethylene diamine tetramethylene phosphonic acid (HDTMP), àiethylene 
triamine pentamethylene phosphonic acid (D'TPMP), bis-hexamethylene triamine 
teíramethylene phosphonic acid (BHTUP), polyacxylates (PAA, molecular weight from 
loo0 to 7000), phosphinopolycarboxylatcs (PPPC, molecuiar weight from 1900 to 3800), 
and sul fo~ted polyacrylic acid (SPA, molecular weight of 3500). Based on both tests, 
BHTMP was found to be effective and suptrior to other scaie inhibitors and thus 
recommended for squeeze treatment usc. 

Simuiation of the squeeze process was made in the laboratory in order to obtain 
information concerning the mention and ~~leasc of the inhibitor BHTMP into and from 
the Guerra core material. The inhibitor BHTMP was pumped into apacked column 
consisting of synthetic materiais with sirnilat mineralogical composition as the formation 
rock and was shut in for two days. Then, the column was tumeü around and a synthetic 
brine was pumpeâ through the column from the opposite ciireclion, to simulate injection 
and return flow. The concentration of B H "  was continuously monitored for over 60 
pore volumes. The flow rate was 10 mi/min. The resuits of inhibitor return are presented 
in Fig. 1. 

concentrations (5% and 0.5% BHTMP). The inhibitor concentration remains over 1 mgli 
for over 100 pore volumes wig. 1A) and the percentage of inhibitors returned is less than 
30% (Fig. 1B). 

Two sets of simulation were performed, using two Merent  injection 

Inhibitor Squeeze Design 

Based on information from the laboratory evaluation of inhibitors and column 
simulation of inhibitor squeeze under simulated field conditions, a chemical inhibitor 
squeeze treatment was designed and recommended for the Guerra gas well. The squeeze 
fomula includes five phases, which are Listed in Table 3. 
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Table 3. Design and recommendation of an inhibitor squeeze treatment. 

Phase Process Volume Additives 
@bu Composition Concentration 

1 (prefiush)* 25 HCl 0.5% 

2 Pill 270 BHTMP 3537 mgfi 

3 Overflush 250 Filtered field brine 

4 Shut-in 48 hours 

5 Production 

* For this squeeze no acid prcflush was used, because acid had been used two days earlier 
to aid in removing existing scale. Normally, an acid preflush wodd be recomended. 

The preflush solution (0.5% hydrochloric acid with a corrosion inhibitor) was 
used for cleaning the production tubing by removing calcium carbonate scale deposits. . 

The squeeze piii consists of the inhibitor (bis-hexamethylene triamine teaamethylene 
phosphonic acid, BHTMP in acid form) in the filtered produced water. The overfiush 
was used to push the inbibitor piU further into the reservoir formation and the shut-in 
period of two days was necessary for the fixation of the inhibitor into the formation rock 
through the reaction of inhibitor acid with the formation rock 

Inhibitor Return and Economic Impact 

The inhibitor squeeze was done on December 21,1993. After the two-day shut- 
in, the weil was back into production on December 23. Long-term monitoring of the 
inhibitor return has been p e z f o d  since the squeeze. 

The concentration of the inhibitor retunied as a function of the volume of brines 
produced cumulatively since the squeeze is psented in Fig. 2. The inhibitor 
concentration remained above 1 mg/l for the initial 20,000 bbl of brine produced 
(approximately 167 days) and maintained around 0.5 mgîl for over 50,000 bbl of brine 
produced (about 417 days) (Fig. 2A). The amount of inhibitor returned, as of this 
writing (15 months), is less than 20% of the total amount of the inhibitor squeezed (Fig. 
SB). 

Aftcr the squeeze, the Gutrra well producd gas and oil with few problems due to 
scale formation for about 18 months. During this period, the weil was periodicaily tested 
for downhole scale. Recently, the gas production fell off due to blockage by scale 
formation. Scale samples were obtained and found to be barium sulfate. A new squeeze 
treatment is planned, which includes a mixed inhibitor treatment for both calcium 
carbonate and barium sulfate. 
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The cost savings for the chemical squeeze are estimated by the operator to be 
$78,500 per year. In addition, 24 days of more production per year has been realized. 

Summary 

The scaling problem of barium sulfate in downhole tubing in the Guerra gas well 
in South Texas was eliminated by inhibitor squeeze with bis-hexamethylene triamine 
tetramethylene phosphonic acid (BHTMP). The squeeze has lasted for 18 months. Cost 
savings are estimated to be more than $80,000 per year by the operator. However, light 
scaling of calcium carbonate sti l l  extists and chipping is requhd every 90 days. The 
following conclusions can be drawed from this case study: 

1) BHTMP is an efficient inhibitor for the inhibition of barium sulfate scaling, 
especially in high calcium brines. 

2) Inhibitor squeeze treatment is an effective and economic method for controlling 
scale deposition in downhole conditions in the gadoil production system. 

3) In the inhibitor squeeze treatment, blends of inhibitors may be needed instead 
of a single inhibitor to control the formation of mixed minerals, such as barium sulfate 
and calcium carbonate. Such combinations arc presently being tested 
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Figure 1. The squeeze simulation =suit of BHTMP in synthetic con matenais. The open 
circles represents data fmm squeezing 0.5% inhibitor acid, while the solid diamonds 
rcpmcnt data from squeezing 5.0% inhibitor acid. 

A: the retuni concentration of the inhibitor. 
B: the inhibitor retum percentage. 
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F i m  2. The return of inhibitor BHTMP as a function brine flow back in the Gucrra well 
aftcr the squeeze. 
A: The concentration of BHMTP in flowback brines. 
3: The percentage of BHTMP in flowback brines. 
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A Laboratory and Field Study of the Mitigation of NORM Scale 
in the Gulf Coast Region of the United States 
Dr. John E. Oddo, Dr. Xiliang (Steve) Zlm, Wata Research Institute, Inc., Mr. Jage Gama, Gas Research Institute, Dr. 
Shiliang He, Profesor Mason B. Tomson, Rice UniverSty 

Some oil fieid scales have the potential to contain regdated ieveis of natumïîy occuning xadioactive materials (NORM). The 
most common NORM containing scaie is BaSO4, ur barite. This paper presents the results of a Gas Research Institute 
sponsored study that investigates the causes of NORM scale formation and mitigatiion mbniques employed in the fieid. 

chemical threshold scale inhibitcm are generally employed to inhibiî scale fannation in production systems. Laboratmy 
work using a GRI patented inhibitor evaluation apparatus has produced results that can be used to determine the most 
effective inhibitor for a specific field application. The matrix of ionic strength and temperatrires and the most effective 
inhibitors are discussed in the paper. In addition,anew method to evaluate inhibitors has been determined which is based on 
the deiayed nucleation times of scale crystals in the presence of scale inhibitom This method is faster than flow through 
(tuk blocking) inhibitor evaluations and has been found to correiate weïi with flow ttrrough results. Although flow through 
testing is stili recommended far definitive evaluations, the new method is recommended as a screening procebure. 

Two NORM fields have been stuäied in the Gulf Coast Region. in these fields, thee muses of NORM scale have been 
identified. Trearment procedures can vary äewding on the type of NORM scale encountered to realize optimum results. 
Field treament techniqnes employed in the two fields studied 8te summand * inthepapea. 

Inhibitor squeeze procedures have been stuäied in the laboratmy and m the field. A squeeze simulation apparabus was 
constructed to research inhiitor squeeze practices in the faboratory. Results from ti& work resuited in successfui inbibitor 
squeeze applications m the field. The inhibitor squeeze apparatus and the field results axe discussed in the paper. Squeeze 
life has been extended from an average of two to six months to two to three years œ more as aresnlt of this work. 

I" 
Mineral scales are deposits produced in field 

production facilities due to temperature and pressure 
changes or commingling processes during &e gas and oil 
recovery processes. Scale deposition in producing wells 
and associated facilities negatively impacts rates of 
production and is expensive to treat and remediate, 
regardless of the environmental reguiations involved. The 
most common NORM containing d e  is tarium sulfate, or 
barite." 2. Although the radionuciides responsible for 
NORM in barium sulfate scales are radium-226 and 
radium-228, these radionuciides do not prccipiurte directly, 
but are co-precipitated in the barium suifate scale causing 
the scaie tc --e radioactive as in the following equation: 

Bai+ + &+ +SOq2- =s Ba(RaPO4 (bante =lid) 

The concentration of radium in the barite solid is always far 
less than the concentmion of barium. 

The concentration of radium in the flowing brine is 
not high enough to be .regulated, but when 

concentrated in scale deposits radiation levels can be in 
excess of reguiated limits. Unlike most other common 
scaies, no easy economic method exists to chemically 
m o v e  barium sulfate fmm field equipment. Furthexmore, 
the scale often fonns near or at the bottom of a we& nie 
scale is usually ranowxi by mechanical means. This resuits 
in lost production, damaged or ruined equipment and 
downtime. In adäition, the recovery of soiid NORM scale 
materials leads to storage problems of the regulated 
material. Barium sulfate scale occu~s during gas and oil 
production m many piaces thrwghout the world and in the 
United States including tht Michigan Basin, the Gulf 
Coast, Oklahoma and Alaska to name afew. 

Tbough radium in d e  decays to radon gas. thm is no 
build-up of radon in conjunction with NORM scales due to 
the 1620 year half-life of radium-228 combined with the 
relatively short time since the scale formation. 
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r 
Chemical Scale inhibitors are commonly used to pvent  or 
inhibit scale formation in productiOn systems!* These 
chemicals inhibit aystai growth and are generally effective 
at less than 10 - 20 ms/i in the produced water. It is 
extremely important to evaluate scale inhibitors for field 
use under conditions similar to those that will be 
encountered in the field. Inhibitor performance is 
dependent on temperaúue, overaii water chemistry and the 
ratioofbaiun to sulfate in the caseofbarium sulfate scale. 
An inhibitor that perfoxms well under a ccrtain set of 
circUmstances m y  not perform as expected under a 

effective inhibitors to use before weighing semndzq issues 
such as cost per pound. 

An inhibitor squeeze is performed by pushing scale 
inhibitor into a producing formation and ñxhg the inhibitor 
in the formation. When the well is flowing, inhibitor is 
produced along with the formation water. Evaluating 
inhi i im is even more important with respect to a squeeze 
since the life of the squeeze may be determined by the 
effectiveness of the inhibitor. That is, if two inhibitors 
ntmn at the same conccnmion with one being effective 
and the other not, the well with the less effective scale 
inhibitor will need to be treated much more often. This 
difference can be weeks or months instead of years of 
successfulimpcrfanancehonesqueeze. 

Inhibitos were evaluated in the iaõoratory using a 

pending on the inhibitor evaluation apparatus.6 scale 
inhibitors should not be evaluated using so-called open 
beaker tests. niese tests yield inaccunue and often costly 
results due to inherent problems associated with the 
technique? 

Previous work suggested that the 
phosphinopolycarboxyiate-29 scale inhibitor was most 
effective for barium scale inhibitions* However, this 
inhibitor is known to be incompatible with many medium - 
high calcium brines. Further tests have been perfmed 
using simulated brines of varying water chemistries at 
different temperatures to identify scale inhibitors that wiii 

work is in progress, available results suggest other 
inhibitors are more effective under different conditions. 
ìnhibitas have been evaluated using the waterchemishies 
outlined in Table 1. Results of the evaluations are shown in 
TL=,rle 2. The results of the inhibitor evaluations are 
presented as the minimum effective dose (MED) to inhibit 
scale under the conditions of the evaiaim. During the 
dynamic tests, scale must be 10096 inhibited, therefore. 
m e n t  inhibition is not applicable. Concentrations are "as 
product" of the concentrated material that is normally 
obtained from the manufacturer. None of the products wem 
neutraüzed or diluted before the evaluations. 

Although much more testing remains to be done f a  the 
inhibitors and for other inhibitors not shown, some 
conclusions can be drawn from the data. BHMDTMP 

different set of conditions. It is important to find the most 

dynamic flow-through simulation system. A GRI patent is 

pesfannwellunderthesevarymgcon~tio~ Althoughaus 

(bishexamethylenediaminetem (methylene phosphonic) 
acid and BHMTPMP (bishexamethylenetriamine- 
penta(methy1ene phosphonic) acid may have applications 
over a wide range of conditions. 

"he phosphonate evaluated at 7 9  F does not perfm 
well. niis is consistent with the obsmations ofothexs, and 
with d t s  from our own laboratory that phosphonates are 
not as effective at tan- below approximateiy 1200 
E Note the effectivenss of the PPPC-29 material in the 
0.5 M ionic sircngth water consistent with previouSly 
reported nsults.9 nie  ovemii resuits of these evaiuations 
a~ also &nt with the resuits of He. lo, At lower 
temperatnres, phosphate esters8 and tripolyphosphate (He, 
pcrsoaal Commpmication) arc also effective and may bave 
costadvanrages. 

Over one bunched and eighty water samples have been 
obtained from wells and faalitics in tht Gulf Coast region. 
These waters have been analyzed for scde forming 
components incluäing barium and sutfatt. The scale 

using satnration index tqnations developed by the 
autbrs.12 NORM scale in the GuîfCoastregim has îhrec 

i) A high sanaation index and resultant scaie 
formation can also be generated simply by the 
temperature and pressure changes exerted on a 
fcsGNon water that is at equilibrium with barium 
s u l f a h e a t r e s e r v o i r d t i ~  
2) ScaEecan fomi due to the inmduction of sulfate int0 
a rcscNop containing barium by seawater flooding 
and: 
3)NORM scale can also farm by the cammingling 
Watershm different zontsœwcb what one -Is 
relatively high in barium and the Other relatively high 
m sulfate. 

f ~ g c e n d c n c i e s o f t h e p r o d u c e d w a t e r s w e r e d e ~  

pimary- - O f f o m l a h E  

Ail three of these causative factors have been observed in 
the field and 8 ~ e  discussed below. 

Field A - OtTshor~ Golf of Mexico 

Field A is an offshcm gas and oii field in the Gulf of 
Mexico. The field has been seawater flooded to maintain 
produciion levels. Produced water and byctrocarbons m 
piped onshore for processing. Production data, niniatinn 
readmgs and water samples were c o U W  in the fieid on 
se~eral axasimsl3 sixty-seven water samples f r ~ n  weiis 
and smface faciiities were obtained fruin îhis fsld. Only 
one weilkad was identified as concenhatiog NORM in 
scale. In addition, oniy one of the SInface facilities was 
found to be contaminaied witb NORM. Water transfer 
pipes and vessels beyond the individual platform sites are 
contaminated with NORM scale. The scale has been 

Tbe produced waters from the welis are typicaiiy 
characterized by being either reiatively high in barium œ 

&USHI û~ k i ~ m  sutfate by X-ray spectroscapy. 
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sulfate, although some weh  are relatively equal in their 
banm and sulfate concentrations. Barium suifate scale is  
predicted'* in the weil where NORM readings above 
backpund were detected and in two surface facilities. 
However, barium sulfate scale was not predicted nor found 
in any of the other welk Figure 1 shows the suifate vs. 
chloride concentrations of the produced waters. The 
dramatic in- in the sulfate concentrations near 2û,ûûû 
mgil chioride demonstrates the seawater breakthrough in 
these wells. (Seawater suifate and chioride concen~ons 
are about 2700 mg/i and 19375 mg/l, tespectivcly.) ?he 
higher suifate concentrations noted at about 95,000 mgíi 
chloride are due to production from a high sulfate low 
barium zone. Figure 2 is a plot of the óarium vs. suifate 
concentra!íons of the waters of Field A showing that an 
increace in one variable essentially drives the other variable 
to a very low or non-detectabie level due to the low 
solubility of barium suifate. üniike other barium d a t e  
scaling locations, such as the North Sea, barium sulfate 
scale in this field does not farm in the pioduction wells as a 
result of past seawater flooding. Ihis may be ansuit of the 
much smaiier flow rates enwuu- in the field (z 500 - 
loo0 BFPD). 

The primary causative factor for the formation of 
NORM scale in Field Ais the unnmingiing of watersat !he 
surface from the different wells and p W m  in the field. 
'Ihe produced water is transported an-sbe m pipehesand 
these pipelines are the most contaminated with NORM 
d e .  The pipeiine begins at the furthest point fmn shore 
and continues toward shore with the highest NORM scale 
readings being in the pipihe just after tbe kiiity ciosest 
to shore. Scale does not form in the wells from the past 
seawater flooäing nor as a result of changes in tempaanin 
and pressures associated with production (except for one 
weli). 

Current plans for this field involve surface treatment 
with a phosphate ester scale inhibitm. niis is reasonable 
based on the lower cost of phosphate esters, as opposed to 
phosphonates, and the relatively ¡ow temperatures 
encountereü in the subsea flowlines. Phosphate esters have 
been found to be effective barium sulfate scale inhibitcm m 
previous studies8, as weil as by others. 

Based on the study of this field and others, the 
commingiing of waters from different weih or zones, with 
or without seawater flooding is the prevalent cause of 
NORM scale deposition in the Guif Coast. Incipient scale 
in a weil as a result of production changes in temperatwe 
and pressure may be less prevalent, but does occur as in 
Field B below. 

Field B - Atchafalaya River Marsh Arta 

Field B is an example of wells that produce scale ia the 
weil tubukm and in the surface fadities bue oniy to the 
temperature and pressure changes associated with 
production. The field has been visited severai times to 
coilect water samples and radiation NORM scale 
has been found in the wellheads. the production tubulars 

and in the surface faciiities. The NORM scale has been 
identifted as barium sulfate. AU of the wells wil l  d e  
NORM materials if the temperature is cool enough. (The 
solubility of barium suìfate decreases as the temperature 

The welis produce into flowlines that carry fluids to 
central facilities where the hydrocarbans am separated from 
the water. nie waters are then commingled and injected 
into a disposal well. No NORM materjais have been 
identified m the disposai well system. 

Seved wells are predicted to form calcium carbonate 
scale. niese w e h  which d e  caicium carbonate generally 
do not scale extensively with barium sulfate at the 
wellhead However, these wells will scale barium suifate 
and willpmìpime specificaliy at chokes and bends or any 
points of turbulence. in addition, these we& may scale 
Mum sulfate downhole at points of turbulence, such as, 
gas lift vaives. Aìthough some wells may be supersatumted 
with caicium carbonate at the wellhead it should be noted 
that calcium carbonate may be undersaturated or only 
slightly sating in some wells downhole due to the 
increased downhole pressure and may therefore scale 
M u m  suifate. Ibe tubing was puiled m a treated weil for 
repkment due to cam>sion faiiure. Figme 3 is a plot of 
the radiarion counts of the pulled tubing YS. depth in the 
well. The dark diamonds on the figure are the locations of 
the gas lift vaives in the weii. The gas lift vaivcs were 
notably scaled upon inspection. It can be obsezved from 
figure 3 that the turbulence caused by the gas lift valves 
was the cause of the barium suifate NORM scale 
depo9tiai. 

AU of the weih in this field except for the pulled well 
are being treated with a combination scaie inhibitor to 
m n t  the deposition of calcium carbonate scale at high 
temperame and barium sulfate scales at reîatively lower 
tempemum. nie scaie inhibitor is being injected into the 
gas lift systems of the weih until a decision is made to 
squeeze tite weih with scale inhiõh. The two inhibitors 
being used are ATMP (aminotrimethyiene phosphonic acid) 
and BHMDTMP (b ishexamethylene-  
hiaminetetra(mtthy1ene phosphoric) acid). This procedure 
has inhibited scaie above the lowest gas Mt Valve, although 
there is still some scale deposition below the gas lift valves 
in two of the wells. The pulled well was squeezed in late 
1994 to prevent future scale deposition. The tubing was 
pulled again on March 20,1995 and was found to be scale 
free. However, due to mlated production problems, the 
well was completed m a diffmnt zone. This new zone may 
be squeezed depending on the water analyses and the 
ccaling tendency of the new zone. Water samples have 
beai collected from this zone. 
The squeeze parometers used were: 

h f i a s h  - 15 barrels of produced water with -tant 
andsodiumbisulfite. 
Inhibitor pill - 80 barrels of 1.6% AThfP for calcium 
carbonate inhibition and 1.6% BHMDTMP for barium 
sulfate inhibition in produced water With sodium 
bisulfite. 

derreases, unlike calcium carbonad*) 
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ouerfhish - 147 barrels of psoduced water with sodium 
bisulfite. 

"his squeeze is expected to last two - three years, but the 
infiuence of the turbulence caused by the gas lift vaives 
makes this somewhat uncertain. 

CONCLUSIONS 
1. Barium sulfate scale inhibitors vary dramalicaliy in 

pafonnance depenähg on tem-, wata chemistry 
and barim:sUlfate ratios. 

2. R e m  work indicates that al lower temperatures 
(below about 1200 F). phosphate esters and 
poiycarboxylates may be more effective than 
phosphoaate scale inhibitom forbanum sulfate. 

3. At higher temperatPres, BHMDTMP and B " P W  
appr  to ban a wide range of appíicaîion and are more 
effective îhan ather scale inhibitor, both in temis of cost 
and pezformance. 

4. Three causes of NORM d e  deposition have been 
identinedintheGulfCoastRegion: 
1) Ahigh Saturation indexand resultant d e  farmation 

can also be generated simply by the tcrnperatuiie and 
pressure cñanges exerted on a resewox water that is 
at equiiibrim with barium splfate at reservoir 
conditions. 

2) Scale can form due to the introduction of sulfate into 
ansenroircontauun ' '  gbariumbyseawatcrfkioding 
and; 

3) NORM scaie can also farm by the commingling of 
watetshm different zonesorweïiswhereoneuwe 
is rtiativcly high in barium and the othcr mlativcly 
high in sulfate. 

5. The most prevalent cause of NORM scaie fomiation is 
the commingling of produced waters from different 
wells or prodaction zones, with or without seawater 
flaoding. 

6. Based on the w& scale in the production tubing due to 
past seawater flooding may not be as smrc a problem 
in the Gulf Coast as m dher areas, cg., the North Sea. 

7. Incipient scale occurring in a well due to the 
temperahue/pessure changes exerted on the tesCrvoir 
brine during produced water may not be as pvaient, 
but does occur. 

8. NORM scale deposition can be inhibited in the field 
with scale inhibitors currently available. However, it is 
cssentiai to perfom scale inhibitor evaluations to find 
the most effective scaie ïnhibitoratconditioas simiiar to 
t h e  gicwntcrui in the fieid. 
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1 Table 1. The chemistties of the four waters used in the chemlcal Inhibitor evaluations. Thb work IS In I 

Component 
275,385,500,615 Ba 200 135,175,220.260' 225,320,420,500 

Ca 7000 518 1500 3000 
1 O00 400 500 500 

25 08 88 1 O0 
Mg 
HC03 
CI 135000 15880 51 WO 85000 
so4 250 135,175,220,260 225,320,420,500 275,385,500,615 
Ionic Strength (M) 4.03 0.5 1.5 2.5 

, TDS 221 O00 27000 84000 140000 
Inhbitors are being evaluated at four different temperatures with a constant saturation index of 2.3. Therefore, 

the concentrations of barium and sulfate had to be increased at each temperature to maintain a constant 
,supersaturation due to the increased solubility. The pressure is 150 psi. 
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Table 2. The mlnîmum effective dose (MED) of scale Inhlbltor required to Inhlblt scale under the 
âeslgnated condttlons. mls work Is In progress, and more Inhibttors are beîng evaluated. Th18 work 

should not be Interpreted as presentlng the most effective known Inhlbttors at the lnälcated conditions. 
All MED concentrations are as proâuct. 

Water ' A 
Concentmtbn ( m m  
B C D - ~ - 

Inhlbltor 
remrature 75 F 
~ ~H-M-DTMp ~ 

PPPC-29 
PPPC-30 
Phosphate Ester 
DTPMP 
BHMTPMP 
DETHMP 

BHMDTMP 
PPPC-29 
PPPC-30 
Phosphate Ester 
DTPMP 
BHMTPMP 
DETHMP 

enperature 175 F 
BHMDTMP 
PPPC-29 
PPPC-30 
Phosphate Ester 
DTPMP 
BHMTPMP 
DETHMP 

'emperaîure 225 F 
BHMDTMP 
ATMP 
PPPC-29 
PPPC-30 

rempetmm 125 F 

Phosphate Ester 
DTPMP 
BHMTPMP 
DETHMP 

3.2 
8.8 

>20' 

0.8 
1 .o 
1 .o 
0.5 
1 .o 
0.5 
0.5 

0.5 
0.5 
1 .o 
1.5 
0.5 
0.5 
0.5 

0.8 
1.8 
2.3 
1 .o 
3.5 
0.8 
1 .o 
0.5 

18 
3.5 
1 -5 

0.5 
10 

15 

0.5 
O .5 
0.8 
0.5 
1 .o 
0.5 
0.5 

O .5 
1.3 
1.8 
0.5 
1.3 
0.5 
0.5 

1 .o 
1.5 
2.5 
1.3 
1.5 
O .8 
2 

5 

>25 
24.5 
15 

>25 
4 

>25 

1.5 
0.5 
0.5 
2.3 
2.0 
O .8 
2.3 

0.5 
2.5 
4.0 
2.5 
5.5 
O .7 
3.5 

5.5 

22.5 
10.5 

2 5  

>25 

>2s 

12 

20 

>25 
>25 

19 
>25 

15 
>25 

Incompatible with the brine before inhibition. 
IHMDTMP - bishexamethylenediaminetetra(mthylene phosphonic) acid; PPPC-29 - phosphino-polymtmxyiate- 
9; PPPC-30 - phosphinopolycarboxylate-30; DTPMP - diethyienetMminepenta-(m6thykne phosphonic) acid; 
IHMTPMP - bishexamethylenetnaminepenta(methylene phosphonic) acid; DETHMP - 
~proplethylenetetraaminehexa(methvlene phosphonid acid; ATMP - ammatnmethvlene DhOSDhonk acid. 
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Figure 1. A plot of the sulfate vs. chloride concentrations 
showing the increase in sulfate at chloride concentrations near 
that of seawater (19,375 mgh). This is probably due to water 
breakthrough from past seawater flooding in Field A. 
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Figure 2. The concentrations of barium and suifiate in the 
produced waters from Field A illustrating when one 
variable is high, the other is low. 
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Figure 3. The radiation readings in weil 5 from Field B vs 
depth. The dark diamonds are the locations of the gas lift 
vaives in the weil. 
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Control of NORM at Eugene Island 341-A 

P. J. Shuler, Chevron Petroleum Technology Company, 
D. A. Baudoin, Chevron, U.S.A., and 
D. J. Weintritt, Weintritt Consulting 

ABSTRACT 

A field study at Eugene Island 341-A, an offshore production platform in 
the Gulf of Mexico, was conducted to develop strategies for the cost-effective 
prevention of NORM (Natwaily Occurring Radioactive Materiais) deposits. 

The specific objectives of this study were to: 

- Determine the root cause for the NORM deposits at this facility, utilizing 
different diagnostic techniques. 
Consider ail engineering options that are designed to prevent NORM from 
forming. 
Determine the most cost-effective engineering solution. 

- 

- 

An overall objective was to generalize the diagnostics and control 
methods developed for Eugene Island 341-A to other oil and gas production 
facilities, especially to platforms located in the Gulf of Mexico. 

This study determined that the NORM deposits found at Eugene Island 
341-A stem from commingiing incompatible produced waters at the surface. 
Wells completed in Sand Block A have a water containing a relatively high 
concentration of barium, while those formation brines in Sand Blocks B and C 
are high in sulfate. When these waters mix at the start of the fluid treatment 
facilities on the platform, barium sulfate forms. Radium that is present in the 
produced brines Co-precipitates with the barium, thereby creating a radioactive 
barium sulfate scale deposit (NORM). 
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The barium sulfate deposits (and hence NORM) can be prevented by 
maintaining improvements in the current chemical scale inhibition program. 
Keys to an effective prevention program are the continual, reliable injection of 
an appropriate scale inhibitor chemical at an effective dosage, and ahead of the 
point where scaling conditions begin. 

INTRODUCTION 

Study ObjectivedStrategy 

This study is a part of a larger research program to develop and test con- 
cepts for preventing NORM deposits. The premise behind this study is that it is 
usually more cost-effective to have a proactive versus a reactive NORM 
strategy. That is, it is better to implement measures to prevent NORM 
deposits, versus allowing these radioactive solids to form and then coping with 
the disposal costs. 

NORM solids in oil field operations typically are caused by the incorpo- 
ration of a smali amount of radium present in the water into common scale 
deposits, especially barium suifate. Thus, a strategy to avoid creating NORM 
deposits is to prevent the precipitation of the common, dominant scale. This has 
the benefit of preventing îhe dominant scale, which itself can be an operational 
problems, as we11 as avoid a NORM deposit.lV2 

We used a wide variety of diagnostic methods to determine the causes 
for NORM deposits at Eugene Island 341-A. This provides us a wide body of 
evidence to identify the problems at this facility, plus this study provides an 
opportunity to determine the value of using these diagnostic methods in a real 
field situation. We also consider several options to prevent NORM at Eugene 
Island 341-A, and recommend an improved scale inhibition program as the best 
control measure. 

Another outcome from this effort was to generalize the Eugene Island 
341-A study approach into a NORM prevention guidebook. This manual takes 
the user through a systematic process to identi@ the causes and feasible 
engineering solutions to a NORM problem. It also helps the user to select the 
most cost-effective control option. 

Historicai NORM Problem 

There has been a history of scale and NORM clean outs at the facility. 
The most recent clean out occurred in June of 1993. All of the vessels contained 
a mixture of formation sand and radioactive barium sulfate (NORM). 
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It is diffícult to accurately estimate the total cost of the NORM problem at 
Eugene Island 341-A. There is some incremental cost in the vessel clean out 
procedures to isolate and drum NORM contaminated sand and scale. Once 
contained, the estimated disposai cost for a single drum of NORM contaminated 
solids can be several hundred dollars. Between 30 and 50 drums of NORM 
contaminated solids resulted from the June 1993 clean-out. Additionai (and 
hard to quanti@) costs include administrative efforts to tag and track the NORM 
waste, storage costs, and future environmental liability. 

BACKGROUND - RECENT AND CURRENT OPERATIONS 

FielcüGeologic Information 

Eugene Island 341-A is located approximately 75 miles offshore in the 
Gulf of Mexico. Production began at this platform in 1982. 

It is a complexly faulted, salt-cored anticlinal closure. The field is 
divided into numerous, separate sand bodies by small (100-200) faults. The 
field is primarily an oil producer with three main productive sands. The focus of 
this study is on the 6 oil wells completed in the 7400' Sand (A-I, A-2, A-3, A-8, 
A-10, and A-13) because these produce ail of the water. 

Based on limited data, the 7400' Sand is thought to be fairly 
mineralogically consistent throughout the field. It is typically an unlithified, fine 
to very fine grained, sub-angular to angular, moderately weil sorted, immature, 
feldspathic quartz sand. Other than occasional calcareous cements, the sand 
shows almost no diagenetic alteration to its mineralogical make up. 

Production comes from three different sand Blocks: A, B, and C in the 
7400' Sand. As we describe later, a key to the NORM problem is understanding 
the differences in water chemistry for these formation waters. The water 
chemistry is nearly the same for Sand Block B and C wells, but differs 
considerably from those wells completed in Sand Block A. 

Facilities Information 

Figure 1 is a schematic showing the main path of the produced water in 
the topsides facilities. Five of the wells enter via the high pressure (HP) header 
(approximately 900 psi). Note that fluids produced from the Block B/C wells (A- 
2, A-3, and A-8) enter the HP header first, then commingle with production from 
Block A wells (A-I and A-13). Weil A-10 (from Block A) is produced into the 
low pressure (LP) header (approximately 150 psi). 

145 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



The two-phase separators only remove gas; oil and water are sent fiom 
the separators to the Chemelecttic treater to produce s a i s  quality oil. In recent 
operations the intermediate pressure (IP) buik separator sometimes is bypassed, 
fluids then go directly from the HP tolhe LP bulk separator. 

The buk of the produd water exits the Chemelectric and is treated 
further (Sump Surge, then the Tridair) to reduce the oil concentration to'a level 
acceptable for ocean discharge. The Tridair is a three-stage flotation ceil device 
that promotes the gravity separation of dispersed oil drops and floats them to the 
top of the vessel. The oil-rich froth is skimmed off and recycled to the 
Chemelectric, and the cleaned water is discharged overboard. The Tridair is 
being replaced with a more modem oil removal unit in 1995. Process 
temperatures are in the range of 100°F to 150°F. 

Production Information 

Figure 2 presents the water production data for the oil wells at Eugene 
Island 341-A. We show the rates for various groupings of wells because of their 
common water chemistries and the manner.in which these brines commingle. 
Water from Wells A-2, A-3, and A-8 from Blocks B/C mix in the HP header 
with production from Sand BlockA Wells A-1 and A-13. Fluids from the 
remaining oil well, A-10 (currently shut in), enters via the LP header and mixes 
with the fluids from the other wells in the LP buik separator. 

Water production from Sand Block A wells (55 to 75% of the total) has 
been greater than that from BlocksB/C, both in the HP header and at the LP 
separator. As discussed later (Calculated Scaling Tendencies), this mixing 
ratio is important in determining the probability of barium suifateNoRh4 depo- 
sition at a given location in the facilities. 

RecentKurrent Chemical Treatment Program 

Scale Inhibitor Products 

Three 'different scale inhibitors have been used during the course of this 
study: 

1. Inhibitor A, a phosphonate - prior to June 1993 to mid- 1993. 
2. Inhibitor B, a polymer - mid-1993-January 1994 
3. Inhibitor C, a phosphate ester -January 1994- present 

InhibitorA was selected initially because of its very good water 
compatibility, especially its tolerance to high calcium produced waters. Unfortu- 
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nately, this excellent calcium tolerance also makes Inhibitor A a rehtiveiy poor 
s d e  inhibitor, and increases its cost per gaiion. 

Based upon scaie coupon data (detailed in a later section) and good 
experiences with InhibitorB elsewhere, we switched to B in mid-1993. This 
inhibitor performed quite well through November of 1993. Thereafter, the build- 
up on the scale coupon indicated it was no longer effective. Tests by the service 
company in January 1994 indicate the inhibitor B was no longer compatible with 
the produced water chemistry. This might be related to well workovers begun in 
December 1993. This disruption in normal operations created fluctuations in 
individual well rates and thus fluctuations in the water chemistry of the mixed 
streams. 

Inhibitor C was tried next in this field evaluation. Field performance 
indicated it is compatible with the current produced water chemistry and at first 
had mediocre success in preventing barium sulfate. Further adjustments to 
improve the reliabiIity of chemical injection of product C have made this 
application a success. 

Laboratory measurements of scaie inhibitor performance in synthetic 
Eugene Isiand 341-A brine show the relative effectiveness to be Inhibitor C = 
Inhibitor B > Inhibitor A. 

Scale Inhibitor Application 

Just as, or even more important, than the selection of scaie inhibitor 
product and its proper dosage, is the successful application of the inhibitor into 
the water. So far, scale inhibitor has been delivered via a chemical pump at the 
topsides facility; there have been no down hole treatments. 

A key point is that scale will form if the chemical injection pump is out 
of service (zero dosage), no matter how good the inhibitor is. Scale will form 
during periods of no chemical iniection; once the chemical pump stops, the 
inhibitor concentration in the system rapidly goes to zero. This is an important 
consideration at Eugene Island 341-A because there have been episodes of 
intermittent performance by the chemical pumps (pump failures, clogged valves, 
etc.) Closer monitoring to verify there is uniform chemical injection has 
improved this inhibition program. 

At one time, inhibitor injection was into the wellhead at A-13. This has 
the decided advantage of Dlacing the chemical into the water before scaling 
conditions bepins at this facility. Scale inhibitors are less effective if added after 
substantial precipitation starts. A disadvantagc of this location was that inhibitor 
injection was disrupted because that particular well went down occasionally. The 
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injection is now at three points (A-1, A-3, and A-8 welllieads) for haeased 
reiïabiiity. 

DIAGNOSTICS TO DETERMIINE THE CAUSES OF NORM 

As detailed below, the several pieces of evidence we collected all point 
to cornminPlin9 of incomuatible uroduced waters tomides as the root cause 
of NORM at Eugene Island 341-A. 

Water Chemistry 

Table 1 summarizes water analyses from several points in the facility. 
Observations from these data are: 

The Block A water is high in barium and total salinity. 
The Block B/C water is high in suifate and very high in totai salinity. 
The water chemistry in the separators, Sump Surge, and Tridair all are 
consistent with the expected mixture of BlockA and B/C waters (5575% 
Block A type brine). 
Radium measurements suggest NORM fonns after brines commingle, not 
down hole. 

The large variations in sulfate, barium, and totai dissolved solids ( ’ IDS)  
indicate differential transport and flow into srnail fault blocks with the 7400‘ 
Sand. It is postulated that water and hydrocarbons are being brought up major 
faults from a greater depth, recharging the reservoirs and causing anomalies in 
physical properties around the fault. For example, water analyses show the TDS 
(total dissolved solids) and sulfate concentrations are higher near the fault; i.e. 
for B Sand Wells A-3 and A-8. Conversely, A Sand wells (A-I, A-10, and A- 
13) have high barium and lower TDS. 

Table 2 shows the measured dissolved radium concentrations in samples 
collected in January 1994. The radium levels are about the same in both 3lock A 
and Block €3 waters (total of 500-600 picoluriediiter). This is a relatively high 
radioactivity, but not untypicaí for Gulf of Mexico produced waters. if radium is 
indeed inherent to the 7400‘ Sand, we can not focus on a single “high radium” 
weii for special treatment. That is, we expect about the same, relatively high 
dissolved radium concentration in the produced water from any well (hm any 
block) completed in this sand. 

One other observation is that the total radium levels are lower in the 
separators, etc., than the well head samples. This suggests active loss ( N O M  
deposition) when we sampled for radium in January 1994 during a down period 
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for tbe inhibitor pumps. As a follow-up, we filtered and re-analyzed some of 
these same samples later. The well head samples (A-1, A-3, and A-8) had about 
the same radium concentrations; this suggests that ail of the radium at the well 
heads are in a soluble form. In contrast, the filtered Sump Surge sample shows 
even lower radium concentrations, indicating simi ficant radium is associated 
with the solids in this vessel. 

Calculated Scaling Tendencies 

Figure 3 shows the calculated barium sulfate scaiing tendencies for 
hypothetical mixtures of brines produced from Block A and B/C. These calcula- 
tions indicate: 

. There is no scaling tendency for individual weil brines. 

. The scaling tendency is significant for any mixture of Block A and Block B/C 
brines, including the expected mixing ratio of 55-75% Block A water. 

- The theoretical maximum (uninhibited) deposition rate is 15-20mg/i; for a 
platform total production of 4000 BWPD this translates to 21-28 Ib barium 
sulfate scaldday. 

Conciusions from scaling tendencv calculations are: 

- Scale deposition will begin once Block A and Block B/C waters mix (starting 
in the HP header) if there is no effective scale inhibitor present. 

. Positive barium sulfate scaling conditions will continue through the remainder 
of the water treatment system (from the separators to water discharge). 

. The barium sulfate scale tendency is positive for sump pile water (has 
1800 mgA sulfate) added occasionally to the Sump Surge Tank (has moderate 
barium concentration). The volume of high sulfate water has decreased signifi- 
cantly with the installation of an enclosed tank to replace the sump pile. 

The topsides scaling tendency for barium sulfate here is moderate 
(typically Saturation Index (SI) is O 1); a regime where the scale is likely to ad- 
here to surfaces (sand grains, pipe walls, etc.). By definition, SI < O means the 
water is undersaturated and will not form scale. O < SI < 1 is a moderate scaling 
tendency, and SI > I is a high scaling tendency.3 

Other calculations indicate that there is little or no positive scaling 
tendency with respect to calcium carbonate. In contrast, the calculated tendency 
to form iron oxides is extremely high if there is any available oxygen. 
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Radioactivity (ScintiIlation) Surveys 

Figure4 shows the resuits of scintiïiation meter readings taken 
throughout the topsides facility in January 1994. Si@icant observations: 

in ail cases the radioactivity readings are very low at the well heads. 

produced water enters and mixes with the Block B/C produced fiuids. 

accumulation of NORM contaminated solids. 

. High readings (first NORM deposits) begin in the HP header after BlockA 

- The separators show high readings in the vessel bottom, suggesting a settled 

- There are consistently high readings all around the Tridair water clarifier. 

Collected SoliddAnalyses 

Separator Solids 

Solids collected from the vessels during the clean out operation in June 
i993 were analyzed via X-ray diffraction ouu>) and scanning electron micro- 
scope (SEM). important findings are: 

a The solids in the vessels were mostly saná/sludge with some barium sulfate 

- The barium sulfate scale is associated more with the larger sized particles. 
- The scale largely is present as a growtb on formation particles. That is, the 

produced sand acts as a nucleating site for the radioactive barium sulfate scale. 

(NORM). 

Figure5 shows SEM photographs illustrating the growth pattern of 
NORM scale on individual sand grains. 

Pipe ScaleEridair Solids 

Eugene Island 341-A has a history of scale build-up in the overboard 
line. Previous analyses indicate it is predominantly iron oxide. The most likely 
explanation for its formation is that oxygen (air intrusion at the Tridair, at hatch 
covers and plastic pipe joints, or elsewhere) combines with'the dissolved iron 
and precipitates as iron oxide. This scale problem can be reduced by locating and 
fixing these air intrusion locations. 

A pipe scale sample removed in January 1994 was unusual because it 
was not predominantly iron compounds, but rather half of it was radioactive 
barium sulfate. This was during a period of ineffective scale inhibition (when 
InhibitorB was not compatible with produced water and when chemical 
injection was off). 
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S d e  Coupons 

Table 3 summarizes data from a scale coupon located on a recirculation 
line at the Tridair. These data show: 

+ Moderate scale build-up in early 1993 - when injected inhibitor A. Measured 
deposition was several hundred mg/sq. inJyr. The target rate is under 
100 mg/sq. inJyr. 

- Reduced or no scale build-up from July-November 1993 - when injected 
Inhibitor B. 

- Scale accumulation in December 1993-January 1994 - when Inhibitor B no 
longer was compatible with the produced water chemistry. 

- A short period in January of extremely high deposition rate when no chemicd 
injection was possible. The 15,644mg/sq. inJyr rate illustrates how high 
uncontrolled scaling can be here. 

- Much reduced, but moderate, scale build-up in late Januq-February 1994 - 
after starting Inhibitor C. 

- Reduced or no scale accumulation after improved reliability of chemical 
injection. 

Treatment continues with Inhibitor C. Closer monitoring of its 
effectiveness has been instituted, such as more frequent inspection of scale 
coupons. 

X-Ray of Piping 

X-rays of platform facilities are performed routinely to determine 
changes in pipe wall thickness (corrosion). We wanted to determine if this 
method would have any value as a measure of scale accumulation in a facility. 

There was a routine, scheduled X-ray survey done at Eugene Island 341- 
A in February 1994 for purposes of monitoring corrosion. Several extra X-rays 
also were taken at suspected points of NORM pipeline accumulation. These X- 
rays showed accumulations of O. 15 to 0.5 inches of scale in the HP header, water 
dump line of the HP separator, and a line at the Tridair water clarifier. This 
appears to be a useful, nonintnisive monitoring method to identi@ scale 
deposits. Another advantage of this approach is that these data can be collected 
at littie incremental cost if done in conjunction with planned, routine surveys for 
corrosion monitoring. 
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POSSIBLE NORM CONTROL OPTIONS 

Scale Inhibition Program 

This is the recommended choice. It should be possible to prevent 
N.0RM accumulation for a scale inhibitor cost of Sl0,ûûû to $20,ûûû/year at 
Eugene Island 34 1-A (assumes water production remains at approximately 
4,000 bbl/day). To be completely successful, the scale inhibition program must 
maintain recent improvements: 

. reliability for scale inhibitor injection of nearly 100%. 
- chemical injection point ahead of where NORM starts in the Hp header. 
- increased monitoring (frequent coupon checks, rechecks of inhibitor 

compatibility and effectiveness, frequent radioactivity surveys, etc.). 

Avoid Mixing Incompatible Waters 

Process Waters Separately 

Conceptually, if you could process production from Sand BlockA and 
B/C separately, these incompatible waters would never mix and hence no 
NORM would form. It is unlikely this is a practical option for Eugene Island 
34 1-A. This approach may be easier to implement in the design of new facilities 
if this problem is anticipated. 

Shut in Some Wells or Recomplete in Different Zone 

If production from either the 7400 Sand BIockA or B/C were stopped, 
mixing incompatible brines at the surface would be eliminated. This is not a 
practical option unless oil production fell to an uneconomic point for all of the 
wells in one sand block. 

One could shut in such wells completely, or recomplete the wells at a 
different horizon where the formation water is compatible with the remaining 
producing wells. 

Sand Control 

Reducing the amount of sand produced will reduce the cost of the 
NORM problem. This will decrease the volume of contaminated solids, if the 
scale inhibitor fails to prevent NORM deposition on the produced sand. 
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Remove NORM Chemically 

This is not a practical option for remeüiating topsides contamination 
such as exists at Eugene Island 341-A. There are commercial products available 
that have a limited capability to dissolve barium sulfate (and hence NORM). 
These dissolvers are slow acting and expensive. They are not intended to be a p  
plied as an agent to remove large amounts of barium sulfate such as required to 
decontaminate whole vessels. They have been cost-effective in some down hole 
stimulations where removing only a small amount of scale in the perforations 
and near wellbore area significantly increased prod~ction.~ 

Take No Action 

Scaling rates and the accumulation of NORM would be very high in the 
absence of any control program. The annualized cost to remove and dispose of 
NORM, plus the other negative impacts of scale deposition make this a poor 
al tern at ive. 

NORM CONTROL GUIDEBOOK- GENERALIZING 
THE PROCESS 

We generalized the process used in the Eugene Island 341-A NORM 
study and created a manual called the NORM Control Guidebook for our 
operating companies. Figure 6 shows the overall process flow diagram from this 
manual. It includes worksheets and exampies to lead the user through the steps 
of diagnostics, selection of control measures, and a rough economic evaluation 
for a specific site. 

CONCLUSIONS 

1. 

2. 

3. 

NORM at Eugene Island 341-A stems from mixing incompatible produced 
waters at the surface (some high in barium, some high in sulfate). The 
resulting barium sulfate scale is made radioactive (becomes NORM) by CO- 

precipitating radium from the produced water into the deposit. 

Radioactive barium sulfate (NORM) can be largely prevented at Eugene 
Island 341-A by injecting a scale inhibitor in the surface facilities. A totally 
effective scale inhibition program requires maintainhg improvements in the 
reliability of injecting the chemical inhibitor. 

The different diagnostics used in this study (e-g., water chemistry, production 
data, study of the facility layout, scale coupons, radioactivity surveys, and X- 
Ray) all provided useful information at a low cost and required littie time. 
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These same techniques may be applied to diagnose and monitor NORM 
problems at any production facility. 

4. A possible aggravating source of NORM has been oil and water occasionally 
pumped fiom the sump pile to the Sump Surge Tank. This sump pile water 
has a high sulfate conceniration and is incompatible with the water in the 
Sump Surge Tank ( s ip ikant  barium content). The recent replacement of 
the sump pile with an enclosed tank will decrease the volume of that 
incompatible water source. 
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Figure 1. Eugene Island Surface Facility - Main Flow of Water 
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Figure 2 Water Production from Eugene Island 34 I -A 
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Figure 3. Calculated Scaiing Tendency and Capacity for Barium Sulfate for Mixtures of 

Block A and Block B Waters 
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a. Textual views showing barium sutfate (BS) 
crystals nucleating on produced sand. 

b. Higher magnification showing fanshaped 
duster of barium sulfate (as) nucleating on a 
detrital grain (DG). Note the individual euhedral 
rhombic crystals ( a m ) .  

Figure 5. SEM Photos of Soiids I'roiii lnrcrmcdiate Prcssurc Bulk Scpararor 

I -.- I 

No 

Figure 6. NORM Control Flowchart 
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A COMPARISON OF NORM SCALE DISSOLVERS 
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ABSTRACT 

in laboratory tests, a variety of commercially-available solvents have been compared for 
selective dissolution of NORM (naturally-occurring radioactive material) from geothermal scale 
deposits. These scales consist primarily of silicates contaminated with radium-226 and 
radium228 that Co-precipitate with barium sulfate. The dissolvers compared in this study 
generally consist of high-pH chelating agents. Although the dissolvers perform optimally 
above boiling temperature, economic field application is best achieved at lower temperature 
conditions. A solvent that consistently performed well in the laboratory studies is composed of 
the chelate, diethylenetriaminepentaacetate, DTPA, and an oxalate scale converter. This 
product was successfully field tested in a geothermal brine injection well. The removal of 
NORM contaminated geothermal scale from piping and wells is extremely costly compared to 
the cost of deposition control by commercially-available scale inhibitors. 
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INTRODUCTION 

Many processes that obtain resources from the earth, for example, oil, geothermal and mining 
production, result in the co-production of aqueous liquids. These liquids may become 
supersaturated in rapidly precipitating minerals. Alkaline earth salts, such as duUm,  
strontium and barium sulfate, are frequently found in significant concentrations in produced 
fluids. During fluid handling, especially where fluid temperatures are reduced, these salts 
precipitate as scales. The scales may be radioactive, containing low levels of naturally- 
occumng radium, thorium and lead. 

Geothermal fluids contain thermal energy in vast amounts that can be utilized to 
produce electrical power. in one process for producing electrical power, naturally pressurized, 
hot geothermal brine is recovered from deep wells and suddenly depressurized or fiashed. 
Flashing cools the brine while reducing its pressure, converting some of the brine to steam 
used to power steam turbine generators. Cooled geothermal brine is typically reinjected to 
replenish the aquifer and maintain reservoir pressure. 

Geothermal brines are ofien saturated or nearly saturated in many salts and minerals. 
This is especially true at the Salton Sea geothermal field located in extreme southeastern 
California. As geothermal brines are flashed, the salts and minerals may become 
supersaturated by concentrative and temperature effects. Some minerals, particularly 
silicates, form small, poorly-crystalline particles that precipitate very slowly. Other minerals, 
particularly sulfates and sulfides, precipitate relatively rapidly as crystalline minerals in brine- 
handling equipment. Barium sulfate (barite) presents an annoying problem in many 
geothermal systems since it begins to precipitate from cooling brine at temperatures as high as 
160°C. 

Some geothermal scale deposits exhibit radioactivity associated with lead sulfide 
(galena), calcium fluoride (fluorite) and barite (Gallup and Featherstone, 1995a). 
Radioisotopes detected in geothermal scale deposits include radium-226, radium-228, 
actinium-227, lead-214, bismuth-214 and thonum232. Processes to inhibit NORM deposition 
from geothermal operations have recently been developed (Gallup and Featherstone, i 993a, 
1994, 1995b). However, when inhibition methods are ineffective, NORM-laden scales may 
require chemical (D'Muhala, 1987; Paul and Fieler, 1992; Fielder, 1994) or mechanical 
removal. The objective of the present study was to evaluate scale dissolution agents to 
remove existing NORM scale from brine-handling equipment and reinjection wells. 

NORM DEPOSITION & INHIBITION 

Geothermal fluids produced from wells at the Salton Sea geothermal field are processed 
through a series of vessels to gather steam and inhibit silica scaling (see Figure 1). In a typical 
Salton Sea resource production facility, brines are sequentially flashed in the wellhead 
separator (WHS), standard pressure crystallizer (SPC), low pressure crystallizer (LPC) and 
atmospheric flash tank (AFT). Brine is then processed in a series of clarifiers to inhibit iron 
silicate scaling by forming a non-adhering sludge before traversing kilometer-long injection 
pipelines to off set injection wells. These hyper-saline brines exhibit total dissolved solids 
concentrations (TDS) ranging from 15 to 30 wt. %, and are further concentrated in the series of 
flashing steps. These brines, produced from the reservoir at temperatures ranging from 230 to 
330°C, consist primarily of dissolved sodium, potassium and calcium chloride salts. The brines 
produced from the Salton Sea geothermal reservoir also contain many heavy metals, barium, 
sulfate, and fluoride. The primary dissolved gases in the brines include carbon dioxide, 
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ammonia and hydrogen sulfide. Table 1 presents a representative analysis of Salton Sea 
geothermal brine. 

Iron silicate scales begin to precipitate from Salton Sea brine below about 200°C at the 
WHS and farther downstream (Gallup and Reiff, 1991). Near wellheads and wellhead 
separators, minor amounts of radioactive galena, PbS, may deposit as mixtures with iron 
silicate. Barium sulfate is predicted to reach saturation in Salton Sea hyper-saline brine at 
about 160°C using a proprietary UNOCAL scale prediction model. Barite, Baso4, and fluorite, 
CaF2, exhibit prograde solubility, so as Salton Sea brine decreases in temperature upon 
flashing through the crystalluers and AFT' to an injection temperature of about 105"C, barite 
and fluorite appear in sludges and scales downstream of the LPC (see Figure 1). Downstream 
of the LPC, a copper arsenide scale, Cu&s, also co-deposits with BaS0, and CaF2. 

As discussed above, traces of radium-226, radium-226, potassium-40, throrium-232 
and other decay series nuclides are present in Salton Sea brines. The radium nuclides in 
brine are present in concentrations approaching about 4 BqL, where I becquerel (Bq) is 
equivalent to 27 picocuries (pCi). Upon operation of geothermal power plants at the Salton 
Sea field, it was discovered that scale deposits produced in the brine manipulation process 
contained low levels of radioactive material. Scintillation counter and gamma spectroscopic 
specific nuclide activity analyses detected various nuclides and emission of small amounts of 
alpha, beta and gamma radiation. Precautions were taken during handling of the scale to 
insure the safety of personnel exposed. Radium, exhibiting chemistry similar to barium, m 
deposits with barite to yield NORM-laden scale and sludge: 

In Reaction 1, the limiting reagent in Salton Sea brine is sulfate. Concentrations of the radium 
nuclides, Ra-226 and Ra-228, in scale are similar and range from about 3 - 9 Bq/g, each. 
Scales deposited from Salton Sea geothermal brines often exceed the NORM limit of -0.2 
Bq/g established by the states of Louisiana and Mississippi (Gray, 1990). The presence of 
NORM in Salton Sea geothermal deposits is analogous to situations encountered in the 
petroleum industry, where barite scales containing low concentrations of radium are deposited 
from oil-field brines (Smith, 1987; Waldrum, 1988; Gray, 1993). 

An investigation designed to solve the problem of NORM deposition and disposal at the 
Salton Sea field was consequently undertaken. Using a systematic and scientific approach, 
the sources of radioactivity in the sludge and scale deposits (primarily radium) were 
determined by nuclide analysis. The chemistry and processes responsible for NORM 
deposition were elucidated by studying barite deposition from the brine. Brine and scale 
analyses confirmed that radium-substituted barite was deposited from brine dOwrtStfe8m of the 
HPC at temperatures c 160OC. Radium concentrations generally correlated with barite 
concentrations in scale deposits (Rogers and Lund, 1992). In Salton Sea geothermal scales, 
radium appears to deposit as radium sulfate with barite (see Reaction 1), thorium as a fluoride 
with fluorite, and lead as the sulfide. 

Processes to inhibit NORM and unwanted Baso4 and CaF2 deposits from Salton Sea 
geothermal brines were investigated. These studies led to the development of patented 
processes to inhibit silicate, barite, fluorite and NORM deposition from Salton Sea brines, vide 
supra (Gallup and Featherstone, 1993b). The deposition inhibition processes were designed 
to return dissolved radium in brine to the geothermal resefvoir via normal brine injection 
disposal methods. Although NORM, barite and fiuonte scale deposition are successfully 
inhibited at Salton Sea resource production facilities by step-wke injection of 2 - 4 mgkg of an 
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alkylaminophosphonate threshold inhibitor into brine, traces of NORM scales are deposited 
downstream of the LPC. Furthermore, NORM, barite and fluorite scales deposit in the injection 
formation, thereby slowly reducing brine disposal capacity, Methods to predict and inhibit 
NORM deposition from oil-field brines have recently been described and are consistent With 
our studies of geothermal systems (Oddo and Tomson, 1994). The present study was 
undertaken to determine the efficacy of scale dissolvers to remove NORM scale deposits in 
piping that are not completely inhibited in the patented scale control process and to stimulate 
injection wells by removing skin damage. 

NORM DISSOLUTION - LABORATORY STUDIES 

Experimental. Three different types of NORM scales were examined in the laboratory studies - 
(1) iron silicate containing -30 wt. % Baso4 and 9.3 Bqlg of radium-226; (2) barite/fiuorite 
containing 7.4 Bqíg of radium-226; and (3) copper arsenide containing -15 wt. % Baso4 and 
3.7 Bq/g of radium226 (see Table 2). Twenty grams of respective scale, as 8 - 10 mesh 
chips, were placed into a Teflon@iined, stainless steel reaction vessel together with 100 mL of 
the respective scale solvent. Commercially-available dissolvers were applied in 'as received" 
condition. The mixtures were heated to desired temperatures for 48 hours with stimng. Upon 
completion of the reactions, the reaction vessel was rapidiy cooled and the resultant mixtures 
were discharged and filtered. Filtrates were analyzed for metals, and unreacted scales were 
washed with distilled water to remove entrained solvent, dried overnight at 100°C and re- 
weighed. Scales were analyzed by gamma spectroscopy for specific activities of the 
radionuclides at Controls for Environmental Pollution, Santa Fe, NM. 

Dissolution in Waters. Scale retrieved from a Salton Sea resource production facility was 
examined for leachability of NORM by water. In laboratory tests, scale chips containing up to 
16 Bq/g of radium-226 were leached for 30 days with distilled water (simulated rain water) and 
Salton Sea water (simulated worst-case groundwater) at ambient temperature. NORM, barite 
and fluorite were found to be completely insoluble in these leaching experiments. 
Groundwaters sampled around the Salton Sea geothermal facilities, where scale has been 
mechanically removed from piping by hydroblasting, show no nuclide concentrations (< 0.04 
Bq/L) above natural background. These site assessment studies are consistent with the 
laboratory results that demonstrate NORM in the geothermal scale is insoluble in rain water 
and groundwater. 

Scale Solvents. Attempts to leach NORM, barite and fluorite from scales with a variety of 
chemical solvents were partially successful. Tables 3 - 5 and Figure 2 show the results of 
scale dissolution tests performed in the laboratory. Water, acid and base were generally 
ineffective in dissolving NORM, as Ra-226, from the scales. Dissolver By a solution of 25 wt. % 
tetrasodium-ethylenediaminetetraacetic acid, Na4EDTA, was quite effective in dissolving scale 
and reducing resultant Ra-226 concentrations. Commercially-available barium sulfate scale 
dissolvers, Dissolvers E - K, used primarily in the petroleum industry (chelants, surfactants, 
sequestrants and converters in basic solution) dissolved and leached widely varying amounts 
of NORM from scale under rather rigorous reaction conditions. These tests indicate that 
dissolution of the three different scale types was best achieved above boiling temperature for 
up to 48 hours with stirring. Unfortunately, chemical cleaning of NORM scale in kilometer-long 
piping above boiling temperature with circulation and for extended periods in the field, is not 
particulariy practiçal. Mechanical cleaning followed by disposal in a NORM disposal facility or 
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a deep well is more cost effective than high temperature dissolution. In WmmerCiaI practice, 
solvents would probably need to be applied below boiling temperature and spent materials 
would preferably be disposed in the geothermal reservoir (Gardiner, 1994). 

Of the commercially-available dissolvers examined in this study, Dissolvers E, F, G and 
K, generally dissolved more scale and decreased Ra-226 concentrations better than 
Dissolvers H - J. Due to the proprietary nature of the commercial dissolvers, it is difficult to 
ascertain dissolution effectiveness as a function of composition. It appears that products 
containing blends of chelates, such as EDTA and DTPA, and possibly scale converters and 
surfactants, performed best in these tests. Strong sodium-EDTA solution prepared in the 
laboratory, Dissolver B, yielded results similar to several of the more effective commetcially- 
available products. The scale dissolvers and nitric acid, Discolver D,’leached significant iron 
and copper from Scale #3, while caustic solution, Dissolver C, tended to leach silica from each 
of the scales. Chelating agents also reduced thorium concentrations by up to about 25% in 
the scales (data not shown). 

Solvent F, consisting of both a chelate and scale converter, generally performed better 
than the other solvents. Chelating agents, such as EDTA and DTPA, are known to form strong 
complexes with both alkaline earth and heavy metals that result in mineral solubilization 
(Laitinen and Hams, 1975). For example, EDTA complexes with barium in barite: 

(2) Baso4 + EDTA + BaEDTA” + SO,‘- 

Scale converters, such as carbonates and oxalates, are utilized in metathesis reactions to alter 
sulfate minerals. Sulfates are often converted to their corresponding carbonate or carboxylate 
forms that are more readily coordinated by the chelates: 

Baso4 + Nazco3 + Bac& + Na2S04 (3) 

FIELD TESTING OF SCALE SOLVENT F TO CLEAN AND STIMULATE AN INJECTION 
WELL 

Solvent F was selected for demonstration testing at a resource production facility due to its 
relatively successful effectiveness in dissolving barite/fluorite/NORM scale in the laboratory 
dissolution tests, and due to it’s relatively low cost. Over the course of two years of operation, 
an injection well at the Salton Sea field suffered skin and formation damage as a result of iron 
silicate, copper arsenide and barite/NORM scaling. Formation damage by barite/NORM was 
confirmed by electron microprobe analysis of sidewall cores. It was estimated that the cost to 
mechanically clean the well and perform a re-dnll would exceed $250,000. 

The chemical supplier and a senrice company designed the coiled tubing, well 
stimulation treatment with Solvent F so as not to exceed a cost of $250,000. The injection well 
was first logged with a sinker bar, pressure/temperature/spinner and caliper. After an injection 
capacity test, the well was removed from service and flushed with 2400 m3 (22 wellbore 
volumes) of pH modified steam condensate to minimize solvent contact with hyper-saline 
brine. (The solvent was shown to be incompatible with the brine in field jar tests.) The “as- 
received” solvent was diluted by 50% with steam condensate to facilitate injection through a 
coiled tubing ng into the bottom of the ’open hole” section of the well at a depth of 2500 m. 
Approximately 0.4 wellbore volumes of diluted Solvent F was placed into the well over a period 
of about two hours to allow dissolution of scale in the wellbore and near-wellbore formation. 
Upon standing for 48 hours, the well regained temperature and was backflowed to a holding 
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tank. Solvent returns were poor due to migration of chemical away from the wellbore through 
fractures deep in the injection formation beiow 2500 m, and displacement by brine from a 
nearby communicative injection well. 

The well was again flushed with condensate to push the solvent deeper into the 
formation. The well was placed back into service for disposal of spent injection brine. 
Although the solvent apparently did not dissolve significant scale in the wellbore based on 
logging analyses, injection capacity improved. It is believed that the solvent dissolved 
significant scale in the permeable fractures over time and at the bottom hole temperature of > 
100°C. The treated injection well successfully disposed of brine for many months after Solvent 
F treatment before requiring a mechanical cleanout. 

CONCLUSIONS 

Scale deposition from geothermal brines may include NORM as radium, thorium and lead. 
Commercially-avaiiable scale solvents were compared in taboratory dissolution tests with 
geothermal deposits containing radium -deposited with barite. Distifled water, Salton Sea 
water, acids and bases dissolved very little barite or NORM. Scale solvents consisting of 
chelating agents and scale converterdsurfactants dissolved significant amounts of scale and 
reduced NORM concentrations. The most efficient scale dissolver identified in the laboratory 
study successfully treated a geothermal injection well containing NORM scale resulting in an 
increase in brine disposal capacity. Scale dissolver treatment of geothermal wells appears to 
be cost competitive with mechanical methods. On the other hand, mechanical scale removal 
methods appear to be more cost effective in surface piping applications. 

Minimization of NORM scales is best accomplished with inhibitors. However, when 
NORM deposits are formed, the results of this study indicate that they can be removed from 
piping and wells by scale dissolvers. The chelate-based dissolvers examined in this study are 
effective in solubilizing radium and thorium, especially at higher temperatures. Lead scales 
were not examined in this study, but the fact that the dissolvers solubilized other heavy metals, 
such as copper and iron, infers that they will be effective in chemically dissolving radioactive 
lead components from scale deposits. 
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Mineral Mode, wi% 

BaSû4 

TABLE 2 

31.3 29.1 15 

Analyses of Scales Used in Laboratory Studies 

I I  I I 

CaF2 

cu3As 

Fe0 

Si02, hydrated 

3.2 61 1.2 

co.1 co.1 52.8 

9.2 2.4 11.7 

54.6 7.1 17 

Total 

Radionuclide, Bqig 

K-40 

98.3 99.1 97.7 

1 1.8 0.9 

Ra-226 

Ra-228 

Th-232 

172 

9.3 7.4 3.7 

9 Not Analyzed Not Analyzed 

2.4 2.7 1.9 
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TABLE 4 

C 

D 

E 

F 

G 

H 

I 

J 

Scale #2 Dissolution Results 

Scale DissolutionlRa-226 Reduction, % 
I 

314 311 25% NaOH <l/<l 

614 51<1 25% "03 

High pH Chelate (EDTA?) with Surfactant 16/17 22133 32/45 

K5DTPAJOxalate 1 ORO 1 0168 71/75 

30 wt% Solution of Blended Sequestrants 1611 O 27/33 44139 

519 

8/22 

7/21 

Chelate Blend; citric and carbazic acids? 

Chelate Blend; citric and carbazic acids? 

Chelate Blend; citric and carbazic acids? 

I I I I I 

K Cheiate Blend with Surfactants 16/53 

> 

A Distilled Water (Control) <1/4 e l k 1  314 

B 25% Na4EDTA I 811 1 3111 O 41/6 
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TABLE 3 

A Distilled Water (Control) 4 1 4  *il4 2.114 

B 25% Na4EDTA 14/21 22/20 28/33 

C 25% NaOH 914 1 7/7 3415 

D 25% "03 1514 2012 

I E I High pH Chelate (EDTA?) with Surfactant I 1 611 7 I 22/33 I 32/45 
I I 

26/52 F KSDTPNOxalate 16/31 14/29 

G 30 wt% Solution of Blended Sequectrants 13/12 1711 4 1711 9 

H Chelate Blend; citric and carbazic acids? 014 

I Chelate Blend; citric and carbazic acids? 4/3 

J Chelate Blend; citric and carbaric acids? 7/6 

K Chelate Blend with Surfactant 12/17 
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TABLE 5 

A Distilled Water (Control) <lkl c1/<1 <ilcl 

B 25% Na4EDTA 2011 5 32/30 35/50 

5/2 SI1 1114 C 25% NaOH 

5116 5614 , D  25% "03 

E High pH Chelate (EDTA?) with Surfactant 29/14 18/28 30141 

F KSDTPNOxalate 16/31 26/30 42/86 

G 30 wt% Solution of Blended Sequestrants 2311 7 1 711 4 39/40 

H 

I 

2016 

1 3/2 

Chelate Blend; citric and carbazic acids? 

Chelate Blend; citric and carbazic acids? 

J Chelate Blend; citric and carbazic acids? 1 011 .5 

K Chelate Blend with Surfactant 13/25 

J 

Scale #3 Dissolution Resutts 

Scale Dissolution/Ra-226 Reduction, % 
I 

L 75 
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FIGURE 2 

Ra-226 DISSOLUTiON BY SCALE 
DISSOLVERS 

DISSOLVER I J K  
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Remediation of Normally Occurring Radioactive Material (N.O.R.M.): A Field 
Trial 
J.D. Orum, AMBAR Laboratories, D. Baudoin, AMBAR eboratories, O. Bnscoe, AMBAR, Inc. 

Absîracî 
This paper describes a case history where 200 barrels of 
NORM contaminated sands and sludges were remediated to 
below regdatory ï i t s  and subsequently disposed as Non- 
hazardous Oilfield Waste (N.O.W.). The material treated 
initially registered as high as 180 pCi/gram of Radium 2î6. 
U p  completion ofthe mediation process, ail materials were 
redud to below 30 pCi/gram with some samples registering 
as low as 3 pCi/gram ( ò a c w .  'Ihe lower levels of 
radiation registered were a direct result oftmating time. As a 
result of this process, no by-products were generated which iall 
under NORM regulated levels. 'Ihe resulting Qta n.Mn this 

by appiicairle remediation of NORM waste were stmmmed 
regdatory agencies and foimd to be an amptable method of 
remediation. 

. *  

Introduction 
NaairatIy Occurring Radioactive Material (N.OKM.) has 
become a Significant issue for Regulaîo~~ Agencies and 
petroleum companies over the recent years. NORM w3l 
become an increasingly high visibility environmental issue, as 
it can be aheaith threat to both workers and potentially tothe 
surrounding communities if not properly haded. Reguiazions 
have started in seved states with federal agencies such as U.S. 
Environmental Protection Agency (EPA) to follow with 
additional regulations during the next few years. NORM is 
prevalent îbroughout the environment. It exists m soil, water, 
piants, petroleum, coal, lignite, phosphate, geothexmal waste, 
waste water, humans and animals. Since humans Can't smell, 
touch, see or feel NORM, a potentia! health threat could go 
undetected. NORM can only be detected and measured with 
speciai í n s t r u m e n ~ l u m  Model 3 radiation detector). The 
radioactivity of NORM is due to the 'decay' pn>cess of specific 
atoms called radionuciides. 'Ibis decay process yields 
radioactive particles, aipha and beta particles along with 
gamma radiation. This NORM radiation can be damaghg to 
humans both on a long tem and short term basis, if the 
radiation is concentrated (contingent upon dose rate and 

exposure). 
The NORM radionuciides are uranium, potassium, d u m ,  

and fadon. This Mis under the category of Technology 
Enhanced N d  Radioactive Material (TENR). "R is 
usedtodescribeNORMwasteresul~gfromVanousindusuiai 
activities that aiter or conceritrate NORM. Our primary 
inîercst is oiifield related NORM. This being concemated due 
to scale buildup in well production tubing with often times 
considerable radioactive matenal. îüe  asso&edproduction 
brine wiîh gas or oïi Cu-precipitates these radioactive marerials 
dong with MO,, M O ,  et ai. lñe primary concern is Ra 
226 which has a áaif-lift of 1,602 years. 
Radium 226 produces a radiation field, aipha, beta particles 

andgammaradiation. Gammaradiationwilleasilypmetrate 
the human body causing potential damage. Aiphaand beta 
particies do not penetrate but can be washed 6rom the skin. 
However, inhaMion of the aipha and beta panicis (or the 
airborne Ran6 particle) causes great mcem. niese pa~Wi?s 
accumulating in the nspiratory tract which of€crs iitîìe 
resiscaace to radiation damage are focus of ngulatory 
efforts. Equally as important as Radium 226 is its gaseous 
daughter element, Radon 222 which can build up in confiaed 
spaces. 
Radium 226 concentrations in the oilfielá has been 

measured as high as 40,000 pCi/gram When NORM is foimd 
it typically runs 155 pCi/gram. Estimstes far the oilfield 
suggests 0.63 miilion metric tons of NORM are gmerated per 
year, a conservative estimate'. lhe  Nuclear Regulatory 
Commission established under the Atomic Eacrgy Act to 
aâdrecs our atomic energy induSay &es not regulate 
radioauive material below 2,000 pCügram. It is acknowiedged 
that heaith risks exist below 2,000 pCi/gram, thus states have 
filled the void most notably Louisiana (Louisiana Dcpammt 
of Enviromentai Quaiity - LADEQ). The LADEQ estabüsheú 
a limit of 5 pCi/gram oaboratory activity level) for Ra 226 
above background averaged over first 15 cm of soil. 'Ibis has 
now been changed to 25 micro Roentgendhow (exposure 
levei) or twice the background reading whichever is lower, to 
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facifitate field surveys (Ludlum Radiation Meter) as &ilgram 
can only be measured in the laboratory. The distinction 
between NORM and Non-bazardous Oilfield Waste (NOW) is 
set at 30 pCilgram with NOW being less than the 30 pCi/gram. 
This d u e  is important as it is the value for proper disposai ia 
Loiilstaaa 'Ihe LADEQ has estimated over 20,000 NORM 
sites in Louisiana The €PA regulation for Radium 226 in 
Drbking Water is 5 $fite$ which although not a direct 
concern aids in quantification2 (ïabie i). 
Radon 222 has a short haif-life of 3.8 days but leaves 

radioactive lead (Pb 210) with a half life of 22 years. As 
Radon gas can be produced with methane (CH4) a Pb 210 
iayer wiU often be left in piping and equipment. However, 
Radon's prinary health concern is due to it gaseous, intrusive 
nature accumdating in houses and ground water. The EPA 
recommends less than 4 pCi/íiter on an annual basis for 
confined spaces and 300 pCfiter for drinking wate9 (Table i). 
As stated &er our primary concern is NORM m the 

oilfield caused by scaics and their subsequent removal and 
disposal. NORM scales are cc+prccipitated Ra 226 with 
Barium, calcium and other Group II a h l i n e  earth elements as 
suifatesand carbonates. niisscaie adherestowell production 
tubing and srirface equipment creating a NORM co11ceIltl;Lton. 
To better iirsderstand the nmediation process used m this 
paper, CUI ovcTview of existing disposai techniques is in order. 
The disposal options are as foilows: 

. .  

Minimiation. The NORM mateiai is removed from tubing 
and vessels since the nguiated material is usuaily 
approximately 30% of the actuai volume. VanouS proceaunS 
are used to cC)ncentrate the NORM matenal. This ia turn 
raises the radiation readings. ï h e  ahematin for disposal of 
this coneen- NORM is government approved b u d  sites 
in Utah or Washingion. ?his is quite expensive and ative with 
liability issues. 

Encripsulrtion. 'Lhe concentrated NORM material couid be 
enclosed in a hardened chemiml plug and placed in a plug and 
abandoned weil. The 1600 year half-life of Ra U6 and 50 
year life of the well casing makes this not a w e n t  
solution to the disposal problem. 'Ibis is l e s  expensive than 
other altcrnaîives and is used by petroleum companies but has 
associated liability issues. 

Slurry 8nd Downhole Injection. The NORM materiah are 
finely ground and blended with a Mscous fluid. This s l q  is 
injected into the wellbore. Ibe  liability issues are significant 
with this approach as water aquifers are vulnerable if the 
materialmigram. 

Land Firming. 'Ibis uses specifically state approved land 
areas and low levels of radiation. (less than 30 pCi/gram). 
This is accomplished through surface dilution of the 

contarmnated mazeriai with non-contaminatsd material to 
achieve an activity levei less than 5 pCi/gm. lñe  liability 
issue does not escape this appmch. 

?he remediation process used ia this field trial utilized 
dissolution chemistries and solids handling equipment. 
Conceptually this process rook the NORM maîerhi mixed it 
with a proprietary chemistry. ?his chmktry dissolved the 
scaiecontainiagtheraäioactivespeciesusuailyRa226(along 
with Ba, Caand other aïkabc earth metais) leaving behind 
NOW soiids. ?ne iiquid wodd then be injected into class II 
sait water injection weU(s) and the non-radidve miids 
(NOW) would go to a licensed NOW íkdity. 'Ihe liabitity 
issues are non-existmt with this dissoiuton process. ' 

Theory 
Tbe nmediatioa (or dissoluton) process consisted of two 
scparateauddistinctparts. ïhefirstpartbeingtheckmisaies 
used to dissolve the radioactive species i&. Ra 226 leaving 
solidsand iiquid that can b e d y  disposedas NOW wastes. 
niesecOnapartbei t h c e q L l i ~ t a n d ~ .  

?ne fhsî part or dissolution process employed unique 
proprietary chelation chennisaies. nie most common oilfield 
scale dissolution chcmkaies are the inorganic aci& such as 
Hy~~c(HcL)9ndHydroauoncon;)todissolvc oiiñeld 

common knowledge that certain d e s  most notably Baso, is 
not acid soluble and is in faa quite msOluble. NORM diaiag 
its formation c+pmipitates Ra 226 with Baso, qui r ing 
removal by means other thanacid. AdissUlution process using 
v a r i ~ ~ ~ w a s u s e d ~ ~ y .  

To 
i m d e r s t a n d c h ~ ~ O & ~ n a d s t o m r d c r s t a n d t h C ~ 3 I l d  
behavior of metal ions such as Ca", Ba", Ra" (Group II 
aikaiim tarth eluneots). ?he mctal ions (Ca", Ba", Ra") 
d ò i t  a positive charge when a mctaïiic COmpMmd is 
~ l v c d m w a t e r .  -metal ionssarropladthanselveswith 
negative ions. 'Ihe number of negative ions that SllïzDUpd or 
coadime with the metal ions is usually 4 or 6. The centers 
of coordinati 'on or rcauive sim are respansi'ble for various 
reactions including chelation). 

III all aqueoiis solution which is nomially tite ase, these 
d v e  or coordination sitesare occupied by watamoledes. 
However, when chelants are present which more srrongly 
compete for these siter than water molecules the resuiting ion 
takes on new projenies. One of these being increased 
so lub i i  Fi. 1). nius a formal defìuition of chelation is an 
equilibrium reaction between a metal ion and a compiexing 
agent, characterized by the famation of more than one bond 
benveenthemetalandamoi6;~eof~complexingagent and 
resulting in the fannation ofaring smctm incorporating the 
metai ion45. 

scales such caco, (caicite) d CaMgCo, (dolomite). It is 

A kief overvjew of chelation thcory is needed. 

Process 
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The second part of the remediation process being the 
equipment and procedures used with the dissolution 
chemistries: 

Equipment Overview (Fi. 2). The equipment was comprised 
of a 'closed loop system' into which NORM materiai was 
placed using water to make a 'slurry' of the NORM sands & 
sludge. This 'slurry'. was pumped over a 'solids W e r ' .  The 
shaker physically separated the slurry by allowing the fluids 
(water) to percolate through the screens while the solids were 
conveyed across the shaker and deposited into a loading 
hopper. From here the solids were conveyed via an auger to 
the Dissolution Tank ('DT") containing preheated Dissolution 
chemistries. (Dissoiution chemistries were preheated in 'Heater 
Tank' to 185.8. ï h i s  was mixed and circulated until 
radioactive scale was removed from the solids. At this point 
the contents were run over a 'process W e r '  which separated 
the solids and liquids as NOW wastes. ?he fluids returned to 
the hearer tank and the solids were deposited into containers 
for shipment to disposal. 

Procedure overview. prior to processing a container(s> of 
NORM material, a Radiation Safety ûffker @SO) conducted 
extensive safety precautions for workers and the work area in 
order to depict how this was done a typicai stepbystep 
procedure is given: 

* Baseiine radiological survey conducted at job site prior to 
start-up 
* Radiation Safety Officer -0) ensured proper worker 
training and safety equipment present. 
* RSO marks off job site! as 'Caution: Radioactive Material, 
Restricted Area 
* Frior to each day processing, RSO completed 'Radiation 
Work Pennit'. 

& radiation levels, area postings, emergency procedures, & 
respiratory protection. 
* Personnel exiting received foot and hand frisk. At end of 
day workers perform whole body fhsk. 

No equipment was removed h m  m a  that showed twice 
background readings. 
* Twice daily radiation and contamination surveys were 
posted at Restricted Area boundary. (micro Roentge nlhr... 
Ludium meter readings). 
* During the Dissolution process air sampling was performed 
by RSO in Restricted Area and in the worker's breathing zone. 

A representative sample of each batch of NORM matenal 
was taken before and after the dissolution process. These 
samples went to a 3rd party radiological iaû approved by the 
National Bureau of Standards for radio anaiyses Cpcdgram 
readings). Tbus as each batch of NORM m a t e d  was 
processed, attention to 'safety' was paramount. The 

* 

state regulatory agency approval obtained 

This incluáed work activities, work assignments, contamimi on 

determination as to when a NORM batch was processed was 
by meter readmgs of less than 20 micro R o e n t g e h  for a I 
liter sample. Again the samples were sent to a 3rd party 
radiological lab to confirm the ies  than 30 pCi/gram value to 
be classified as NOW waste6". 

Data and Results 
The fourteen baches (200 barrels) of NORM materiai were 
processed over a twelve day time hune. Ihe data in micro 
Roentgenslhr per 1 liter (Ludiutn 3 meter) samples reflect 
significant reductions in raäiation readings (Fig. 3). The 
percent reductions mgeá fiom 75% to 85% over aii fourteen 
batches. 

Radiological iab analysis @cigram) connnned the micro 
Roentgens/hr per 1 iiter data as muid be expected (Fig. 4). 
Ail pCi/giam determinations were significantiy reduced fiom 
the onginal samples by 75% to 95%. 

n e  exposure times for each of the fourteen batches ranged 
from I .O to 3 .O hours in the "Dissolution Tank". From the 
hdíum 3 radiation meter readings (micro Roentgens/hr), this 
proved to be adequate to achieve the desired 20 micro 
Roentgen5.r reading. 

Ail but 2 batches were less than the 30 pCi/gmm levei to be 
classified as NOW waste. These 2 batches iabeieã gW16 and 
gb24, gave the highest initiai readings of 128 and 147 
pCi/gram, respectiveiy (Fig. 4). These two batches were 
blended with batches , gbb3 and bgg7. This is an accepted 
procedure, repackaging, so as to achieve less than 30 pCi&am 
necessary for NOW waste ciassification. An increase in 
dissolution time úom 2 hours to 4 hours wodd certainiy have 
yielded these batches as NOW waste. 

Canelusions 
As fieid opemions progress with this Dissolution Remediation 
Aocess, a better correlation of dissolution time and radiation 
reduction will ensue. The variablcsõf scale type, amounts, 
and amorphous components all affect this process. Empirical 
obsemtions along with more in-depth lab work will allow us 
to quantify these vanables. This field t x i d  showed the 

* Radioactive scale can be removed fiom sand using this 
Drssolution Process 
* NORM solids can be disposed as NOW wastes via this 
Dissolution process 

following: 
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Nomenclature 

pCi/gram = picoCuriepergram 
URmour = microRoentgensperhour 
pCiniter = picoCurieperiiter 
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Radionuclide pa4 
Contaminant (pCUiiter) 

i 226 I 
Radium 5 

Radium 5 

Uranium 5 

Radon 300 

a a  

(nanimi) 

222 

15 1 1 Gross alpha emitters 

Gross beta emitters 30 

Radioactive cesium 10 

Radioactive cesium 10 

134 

137 

Radioactive iodine 20 

Radioactive strontium 10 

Radioactive strontium 10 

89 

90 

i Tritium 1,200 i 
2 

Table I. Practical Quantitation Levels (PQL) for radionuclide contaminants. 
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1 

". . 

4H.O 

WPPm CLIELdfE 

Figure 1: Reaction of Aqueous Copper Ions with Ethylenediamine 

184 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



API J.O. O m ,  D. Baudoin, O. Erisow 

Figure 2: Dissolution Remediation Process / Equipment Overview 
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Computer Aided Prediction of N O W  Associated Scale 

AJ. Gerbino, SJ. Sanders, and M. Mal, OU Systems, Inc. 108 American Rd., Moms Plains, 
NJ. 07095. J. P. Gamez, Gas Research Institute, 8600 West Bryn Mawr Ave., Chicago, IL. 60631 

Presented to the 1995 AFVGRI Conference on Naturalty Occurring Radioactive Material. 

Summary. When predicting the formation 
and growth of NORM (Naturally OccUmng 
Radioactive Material) scale using chemical 
simulation models, severai items must be 
known to a high degree of accuracy. These 
include: 1) the mathematical expressions 
used to calculate NORM Co-precipitation; 2) 
the activity coefficient values of the M O ,  
and BaSO, species in the solid solutions; 3) 
the activity coefficient values of the aqueous 
solutes, often at high ionic strengths, 
pressures, and temperatures: and 4) the 
vaiues of the standard state thermodynamic 
properties at the specified temperatures and 
pressures. 

In this paper, the underlying theory used to 
generate vaiues for these parameters, the 
chemical model used to calculate the co- 
precipitation of Ra in Baso,, and the 
application of chemical models to scale 
problems is discussed. 

Introduction 

Computer-based, chemical simulition models 
are valuable tools in predicting a variety of 
chemical conditions, such as solubility, 
corrosion, reaction yields, and in some 

cases, reaction rates. Chemical simulation 
models are especially useful when the 
chemical process in question is either 
difficult to determine experimentally, or 
requires si@icant laboratory costs. 

The quantification of NORM scaling in oil 
and gas associaîed brine production systems 
is an example of a task that can be assisted 
by chemical simulation models. This is 
because, NORM scale, which exists in a 
variety of brines is time consuming to 
reproduce experimentaily, and the handling 
of radioactive material in laboratories is 
regulated by the government. 

NORM in its literid sense, includes the 
complete list of radioactive isotopes that are 
found in scales and sludges associated with 
energy production. The origin of the 
radioactive isotopes in producing formations 
has been discussed elsewhere (Gray, 1993; 
Smith, 1987), and the occurrence of NORM 
scale in production equipment has been 
re rted (Odd0 et ai., 1992). Radim (G atomic weight=226) represents the 
most common of the NORM components, 
partly due to its long radioactive half-life 
(1600 y). Thus, in NORM scale, radium is 
the principal component investigated. 
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Radium concentrations in the brine are 
exceedingly low. For example, they have 
been observed in north Texas brines at 
concentrations between 1.12 and 4.65 
molal (moleskg H20), (Langmuir and 
Melchior, 1985). As a result, pure RaSO, is 
extremely difficult to form. For example, 
the reported solubility product constant of 
Raso, (Ksp, $, is 10'037 (Smith and 
Martel, 1976)). & an aqueous concentraîion 
of loi2 M, the SO, concentration required to 
precipitate Raso, wouid necessarily be 
above or 42.7 M. 
By comparison, barium concentrations in 
brines are often between 106 and lu3 M, 
and although its solubility- is only slightly 
higher than Raso, ( ~ s p ~ ~ = î @ ~ - % ) ,  
sulfate concentrations required to precipitate 
barite are between lo3 to lob M. 

Formation of NORM scale occurs when Ra 
substitutes for Ba in barite scale, producing 
a Co-precipitated (Ba,Ra)SO, scale. The 
ability of Ra to substitute is due to similarity 
in ionic radius and coordination of the two 
elements (Langmuir and Riese, 1985). The 
amount of substitution is often small, due to 
the higher abundance of barium in solution 
versus raäium. 

Church (1977), observed RaíBa contents in 
modem marine barites of 2.4x1Uio g Ra/g 
Ba, or one atom Ra per 7.14 trillion atoms 
of Ba. When this value is converted to 
radiation units, one kilogram of equivalent 
barite scale would produce 1.886~10~ 
disintegrations per second (dps) each 
producing one unit of y-radiation. 

As an example, the mass of barite (4.45 sg) 
in a 1 ft section of 3 inch LD. pipe with one 
inch scale, is 13.75 kg. From this mass, 
2.5925~10' dps occur. If a 70 kg individual 
is handling this section of pipe, the 
maximum radiation dosage absorbed 
(assuming contact with the full area of pipe 
and 100% body absorbance of y-radiation), 
would be: 

2592121007 ydecays * 026MeV 
S Y* 

* 1.6xIO'*J * l@yr& kg 
MeV J 
1m 1 
Y& 7 w  

*-*- 

P m  
s hour 

=1.%10 +- - -5547- - 

where 0.26 (MeV& decay) is the energy of 
the yray photon (Handbook of Chemisy 
and Physics, 1979. pg. B-QlO), and 1.6~10' 
(J/Mev), (FM and 1 (+=O 
arc conversion factors. As a comparison, 
Odd0 et al. (1992), reported NORM dosages 
ranging between 50- 4ooo cnem/hr at fifteen 
locations along a production system in the 
Antrim Play, Michigan. Ten readings were 
between 150 and loo0 pnznhr. Smith 
(1987) reported surface dose rates of 12,000 
pm/hr on external scale deposits of 
production tubulars. 

"he extent to which Ra Co-precipitation 
occurs, and the abiiity of scientists to predict 
and prevent its formation, depends upon how 
weli we understand the chemical 
mechanisms and how well we can model the 
proCCS. 

in the current study, development of the 
equations necessary to predict the formation 
of NORM scale is presented. The general 
solubility theory, and how it is modified to 
include radium Co-precipitation is shown. 
Following this, &termination of the 
parameters and variables needed to calculate 
radium Co-precipitation is discussed. The 
mathematical model is then used to predict 
precipitation of NORM scale under 
laboratory and field conditions. The final 
section of this paper presents an application 
of the model in NORM remediation. 
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MODEL DEVELOPMENT 

When developing a reaction for a new 
chemical simulation or adding one to a 
current program, the fmt step in the process 
is to develop the mathematical relationship. 
in this section, the development of the CO- 
precipitation model which describes NORM 
scaling is presented. 

The co-precipitation of (Ra,Ba)SO,, is 
described by the following stoichiometric 
reaction: 

BaSO,(barite)+Ra +2 

(2) 
RaSO,(barite)+Ba 2+ 

where the Raso, solid species exists within 
the BaSO, (barite) crystal structure. This 
phenomenon is commonly referred to as a 
solid-solution reaction. The energy to form 
RaSO, in a Barite crystal differs from the 
reaction energy forming pure Raso,. From 
this energy, the abundance of radium in the 
barite lattice can be calculated. This is 
determined through the following series of 
equations. 

Energy is released when pure BaSO, and 
RaSO, precipitate independently, according 
to the reactions: 

M *+(aq> +SO:-(q) c.MSû, (barite) 

kd AGro(M=Barium) = -13.6- 
mole 

mole 

(3) 
AGr0(M=Radih)=-14.16- kcrrl 

where AG," is the Standard Free Energy of 
the precipitation IIXC~~ORS, and MSO, 
(barite) is the BaSO, and RaSO, precipitate 
which forms within a barite lattice. From 
this, the solubility of Radium and Barium is 
caiculated 

(4) 

where Izp is the soiubility product constant 
for the reaction, and the bracketed terms are 
the activities of the aqueous and solid 
species. 

The activity of the aqueous species is further 
defined (generalized for barium): 

where MBa+ is the concentration of the Ba2+ 
species (moiediiter) and yBe+ is the activity 
coefficient of the Ba+2 species in solution. 
The latter term takes into consideration the 
effects of the brine composition on the 
species. 

The activity of the solid species can also be 
redefined 

where X,,, is the BaSO, mole fraction 
of the crystal (Xm,=l for pure barite) and 

(a) is the activity coefficient of the 
BaSO, solid species (&.p,. (a) =1 when 
X-,, =1, Le., in pure bante). 

The equíiibrium (Mass Action) expression 
for equation (2) is written and expanded 
using equations (4), (5), and (6): 
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on the left hand side, we produce the 
"Berthelot-Nernst" or "Henderson-Kracek" 
Distribution Law (Mchtyre, 1963). 

and 

where K is the equilibrium distribution 
constant of radium in barite. In the 
exponential term, the numerator represents 
the energy released (absorbed) by the 
reaction, R is the universal gas constant 
(1.987 calímol K), and T is tempemure 
(Kelvin). 

The experimentally measured quantities (e.g. 
concentrations and mole fraction) in equation 
(7) can be separated from the computer 
generated quantities (e.g. constants) to 
produce: 

Defining D as the distribution coefficient, 
and setting it equal to the calculated values 

Modeling the kft-Hand-Side of Equation 
(9). 

ûnce the generalized model has been 
developed, the procedure in which each 
constant (or parameter) in the model is 
calculated must be addressed. in the cunent 
model, terms on the left hand si& of 
equation (9) are the constants to be 
determined. 

Deîennincrtion of K The calculaîed values 
of K can be determined from equation (ti), 
once the values of AGOr have been obtained. 
The vaiues in equation (8) that are used to 
calculate AG", are provided in Table 1. A 
value of AGo + ,=-325,563 cai/mol, 
taken from H s e t  al. (1978), was 
chosen because it was consistent with the 
solubility measurements of Blount (1978), 
and with the values of AGo*+ and 
AGofsosz- (Shock and Helgcson, 1988) . 
The value for AG",--, was calculated 
using &e Linear Fke Energy correlation 
developed by Sverjensky and Moiling 
(1992). In this approach, the effect of the 
barite lattice on Raso, pncipitation is 
considered. A value of AGOfuwl=- 
326,290 calho1 was calculated. 

B d  upon these values, K=2.56 at 25°C 
and 1 atm. 

Since the values provided in Table 1 vary 
with temperature and pressure, the 
simulation model must also include a set of 
equations to account for this. The equations 
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suggested are the Helgeson Equations of 
State, because they cover a wide range of 
temperatures and pressures (Rafd et ai., 
1 994). 

Detemination of solid activity coecients 
(Aww and Am&. The value of ham, 
is detennined using Regular Solution Theory 
( G m l s  and Christ, pp. 44-47), in which the 
value of La is curve fitted to experimental 
data using a one parameter regular solution 
equation: 

where B is a constant, independent of 
composition, and calculated from a curve 
fitting procedure. The empirid value 
obtained for B is 210 caVmol, and is used to 
calculate both hw and Aslsa. Thus, for 
example, at XB,,=0.95 or,,=O.05), 

(70°C)= 1.32 and 
(70°C)=1 .ûû1. 

The ratio of the two activities coefficients in 
equation (9) can be reananged to produce: 

~BUSO,((mnps) 

-*(l 45.89 -2*x-4@4 

=10 = 
which is now only a function of XBlsM,. 

Determination of aqueous activity 
roeficients (y-+, yu J. calculation of ym+ 
and yu+ involves a rigorous mathematicai 
derivation which is beyond the scope of this 
text. There are severai mathematical models 
available to calculate aqueous activity 
coefficients, and most chemical simulation 
programs incorporate one or more of the 
models. However only a few are accurate at 
the ionic strength observed in produced 

brines. Therefore, when selecting a 
chemicai simulation program, one should be 
awm of the range of temperahires, pressures 
and ionic strengths over which the model is 
accurate. 

The mathematical models which provide 
ym+ and ym+ values over a broad range of 
chemical conditions include, the Bromley, 
Pitzer, and Chen activity coefficient models. 
The derivation of these models and their 
perfomance in various ionic solutions can 
be found elsewhere (Zemaitis et al., 1986, 
Chapter IV). In this work, the Bromley- 
Zemaitis model supplemented with the 
Meissner family of curves, is used to 
calculate yW+ and ym+ (Rafal and Sanders, 
1995). This treatment has led to a predictive 
model with broad appiication over the range 
CI'& to 3ûû°C, p=O to 1 Kbar, and ionic 
strength4 to 30 molal). 

Modeling the Right Hand side of Equation 
(9). 

In order to predict the formation of NORM 
containing barite scale, two of the variables 
on the right-hand sick of equation (9) must 
be known explicitly. When no analytical 
data is available, a hypothetical case or 
scenario can be run. 

Detemination of X,, anù X,, (Mole 
fractions of SaSO, and RaSO, in the scale). 
The mole fraction of Bao, and Raso, has 
the following relationship: 

&so*(7&t#) + XB.So,@.N, = 1 (13) 

Experimentally, X,,, and X,, can be 
obtained by digestion of the scale and 
measuring Ba, Sr, Ra (cations), and SO, 
(anions). Aiternatively, the amount of 
radium in the solid can be quantified by 
measuring the amount of radioactivity in a 
known mass of soIid. 

If X,, and Xww are to be computed, then 
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concentrations of barium and radium in 
solution must be determined experimentally 
or entered as hypothetical vaiues. 

Determination of Ba and Ra solUrion 
concentrations (MBo curd MRO). The values of 
MBa and MRi are determined either 
experimentally or computed from known 
mole fraction values Or,, and Xma). 
When total barium and radium 
concentrations are obtained experimentally, 
Ba+2 and Ra'2 concentrations can be back- 
calculated using the mass balance equations. 

(14) 
Ba(total)=Ba 2+(aq)+ BaOH-(q) 

and 

where the left hand side represents the 
measured concentration of barium and 
radium in solution, and the right hand si& 
represents the concentration of each barium 
and radium containing species in the 
solution. The two above equations can be 
rearranged and combined ' with the 
equilibrium equations for each species to 
solve for the concentration of free Ba+2 and 
Ra+2 in solution. This is done by rewriting 
equation (14) and (i5) as: 

where a,,, and &+ represent the fraction 
of total barium and radium that is in the Ba2+ 
and Ra2+ species. The values of %+ and 
%+ are calculated by the chemical 
simulation program. 

Equation (9) can now be rearranged to 
produce rhe final form for caiculating co- 
precipitation. 

In this final form, either X,,-) or the 
measured barium and radium conCentrations 
must be known. The remaining vaiues are 
calculated by the computer, provided the 
appropriate mathematical expressions are 
incorporated into the computer p r o g r a m .  

Selection of a Chemical Simdation 
Software 

A variety of pubiic and private computer 
codes are available to the user. Each code 
may vary in the way the constants (e.g. K 
and are calculated. in the current work, 
the program ESP1 was used. This program 
incorporates the theoretical modeis and 
equations discussed above, and incorporates 
the Co-precipitation reaction into the 
solubility calculations. 

Comparing the Preàicted Values of 
Constants to Experimental Data 

Before NORM scale predictions can be 
performed, the chemical simulation model 
must first be evaluated with experimentai 
data. In the following scctiou, the current 
model is evaluated with respect to how 
accurately it predicts values of the constants 
on the left hand side of equation (9), and 
also simple solubility experiments. This tasks 
helps to increase the users confidence in the 

' ESP is a trademark of OLI 
Systems, hc. Moms Plains, NJ 07950. 
(201)539-4996 
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simulation tool. 

Activity coefficient carlc-ns. The 
accuracy of activity coefficient calculations 
is important in predicting NORM scale 
formation and solubility. Thus, it is 
important that when using a computer 
model, that the software selected contains 
the equations necessary to calculate these 
values accurately. 

Figure 1 is a plot of the simulated and 
reported mean activity coefficients for BaCI, 
in water over five ranges of salinities. It can 
be seen the current chemical simulation 
program using the Bromiey-Zematis model 
discussed above, produces good prediction of 
the data throughout the concentration range. 

Currently, experimentai data for radium is 
not available, and therefore the activity 
coefficient values must be estimated. 
However, interaction parameters for Fb2+ are 
assumed to be the same as for Ca2+ (cf. 
Langmuir and Melchior, 1985 used the same 
assumption while using the Pitzer mehod to 
calculate activity coefficients), and so 
reasonable estimation values are available. 

Solubility YS temperature values. As 
mentioned previously, the values in Table 1, 
and therefore Kip and K vary with 
temperature and pressure. Figure 2 is a plot 
of the temperature dependent solubility 
product constant (pi&= -log&)) for RaSO, 
(Langmuir and Melchior, 1985) and BaSO,. 
Also plotted is the computer simulation of 

these values. It can be seen that without 
corrections for temperature and pressure, the 
value used in the calculations may be off by 
a factor of 10 or more. In this simulation, 
good agreement exists between the 
calculated and predicted values, especially at 
higher temperatures. 

The ability to accurately predict the 
solubility of BaSO, under various 

temperatures, pressures, and ionic strtngths, 
is paramount to NORM calculation, since 
barite is the primary scale formed. Figure 
3 is a plot of the solubility of barite at 
varying temperatures, pressures and ionic 
strength. The solubiiity varies considerably, 
as would be expected from the plots in 
Figures I and 2. 

M O ,  solubility data. As with BaSO,, the 
simulation model was compared to reported 
solubility data for Raso, (Nikitin and 
Tolmatscheff, 1933). These results are 
shown in Figure 4. The experiments were 
performed at 20°C and O molal ionic 
strength, and were considered the most 
careful and thorough study of RaSO, 
solubility in aqueous solutions (Langmuir 
and Riese, 1985). It can be seen that good 
prediction was obtained over the range of 
the experimental date 

Prediction of Pubhhed NORM Co- 
precipitation data 

Reliable data on the BaSO.,-RaSO, co- 
precipitation is sparse, and only a handful 
of references were observed in the chemical 
abstracts between the years 1914 and 1995. 
The experiments carried out by Doemer and 
Hoskins (1925) were selected to evaluate the 
performance of the chemical model. 

Results of the simulation are presented in 
Table 2, along with data from the 
referenced work. The first column in Table 
2 identifies the experimental results 
extracted. The experiments carried out by 
these authors varied by the method of 
precipitation. The first five experiments 
(identified as Table IV-A) represented a 
rapid precipitation reaction with no agitation. 
The second four (identified as Table IV-B) 
represented a slow precipitation reaction at 
elevated temperatures (not provided) and 
rapid agitation. The last diree (Table N-C) 
represented precipitation by evaporation. 
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As seen in the table, them is good agreement 
between the experimental and simulated 
results in column sets 1,2, and 3, despite the 
variations in precipitation method, solution 
chemistry, and reaction temperature. 

The last set of columns reprtsents the 
fraction of NORM in the barite, and are 
plotted in Figure 5. These value are directly 
related to the radioactivity of a given mass 
of solid. The total error ranged between 2.7 
and 33.7 %, with an average of 10.8 96. 
This means that a fairly accurate prediction 
of the scale radioactivity can be made from 
the simulation. 

Prediction of NORM scale in 
production tubing 

Simulation of NORM scaling is presented in 
Figures 6 through 8. In this simulation, the 
well depth was 14,000 ft, the bottom hole 
pressute was 700 atm, and bottom hole 
temperature was 150°C. Also, the well 
tempcramre and pressure was assumed to 
increase linearly with de th. The simulated 

1x104 M total barium, and was in 
equilibrium with barite at the formation 
depth (14,000 ft). 

brine contained 1x10 9 M total radium, 

Figure 6 is a plot of the total barium and 
radium concentration as a function of depth. 
The concentration of barium and radium 
dropped continuously as the brine flowed up 
the pipe. Nearly 96% of the barium and 80 
96 radium were calculated to precipitate out 
on the tubing. Figure 7 is a plot of the 
simulated mass of scale produced in each 
section of pipe per 1,ûûû barrels of brine 
produced. In this simulation, there was one 
major area of scaling. This occulltd at the 
bottom of the well, between 12,ooO-14,ûûû 
ft. 

conditions. This variation is illustrated in 
Figure 8, where the relative radiation dosage 
of the scale was plotted against tubing depth. 
It can be seen that the scale at the surface 
was nearly five times as radioactive as the 
d e  in the bottom of the pipe. 

Simulation of NORM Scale 
Dissolvers 

Chemical simulation programs can also be 
used as a tool in place of laboraîory work to 
study approaches in removing NORM. in 
this simulation, the predicted efficiency of 
NORM scale dissolvers was calculated. 

Figure 9 is a plot of the simulated 
performance of various scale dissolvers. in 
this plot 234 giì of NORM containing barite 
was dissolved with various fomulations of 
d e  dissolvers avaiiable to the industry 
(Paul and Fielder, 1992; Paul, 1994). To 
this solution, additions of K&O, and 
N%CO, were simulated. in some 
simulations, 1 mole of EDTA 
(ethylenediamine tetraacetic acid), DTPA 
(diethylenehamine pentaacetic acid), and 
oxalic acid were addeá 

The percentage of the sulfate scale that was 
dissolved or converted to carbonate varied 
with the type and concentration of dissolver 
used. It can be seen that K2C0, was the 
most effective in dissolving the scale. What 
this plot does not show, however is the 
equilibrium concentration of total aqueous 
barium, which can affect the rate of 
conversion. This is shown in Figure 10, 
where the total aqueous barium is plotted 
against the addition of total carbonate. It 
can be seen that although the conversion 
with K2C03 was complete, the aqueous 
concentration of barium was very small. 

The ratio of SaSO,, and M O ,  mass also 
varied with depth, suggesting that the 
radioactivity of the scale will vary with 
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Conclusions 

A unique chemical simulation program has 
been developed which combines predictive 
models of an aqueous solution and a solid 
solution (Co-precipitation) to represent the 
Co-precipitation of Ra in barite. Such a tool 
can be effective in predicting the fate anti 
processing of NORM and other related 
d e s .  

In any p r o w  however, to mawniZe the 
benefits h m  computer models, the range of 
their accuracy must first be obtained prior to 
calculation. This helps to increase the 
confidence of the calculatëd results. 

Limitations to chemical simulations must be 
understood, both chemically and physically. 
This is extremely important when the 
conditions of the process to be simulated are 
not precisely hom. For instance, efforts to 
predict scaling in production systems at.e 
iimiteà because of unknown pressure and 
temperature effects of gas lift valves, 
submersible pumps, rod pumps and other 
production equipment. Consequently, scale 
prediction may be constrained because of 
limited knowledge of the physical system, 
rather than the chemicai model. 

if the accuracy range and external limitations 
are know in advance, then maximum utility 
can be obtained from this cost effective and 
time saving tool. 
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TabIe 1. Standard Sîak partial mold thermodynamic properties used in this study. 

~ 

so V0 CPO Species Fomuia AG"f 
Name caiimole Wmole K cm3/m01e d m o l e  K 

BaSO, -325,563' 3 1 .6b 52. lû' 33.80-3.43~161~ 
RaSO, -32629W 33.P 55.35* 19.06+0.01784*T 

barite 

Ra2+ -134,2W 13.6 lo.@ -14.4' 
Ba2+ -134,036 2.3' 12.6d -12.3' 
so42- -177,930 4.5 72-04 -64.38 

~ 

Helgeson et al. (1978); b* Wagmafi et al. (1982); Sverjensky and Molling (1992); 
Predicted.from the. cornlation among bante isostructural family of soiids, using the method of 
Zhang et al. (1990); Estimated from the trend among alkaline eatth sulfates Tolmach, 
(1995), '- Shock and Helgeson (1988) 
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Figure 1. Plot of the sMulated and repormi mean activity coefficient for Baa2 at 25". 
Experimental data was obtained from Lobo (1989), Tables 6c and 6g OD pages 84 and 87. 
The points represent the reported data, the lines represent the simulation rcsuits. 
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Fignre 2. plot of lhe simuiatcä and reported tcmpcrahire dependent solubility product 
constant (pKsp) for RaSO, and BaSO, between 20 and 15OOC . The reported pKsp values for 
Raso, were obtained using the equation provided by Langmuir and Riese (1985). pKsp 
values for BaSO, w m  obtained from Blount (1977). The pomts represent the reported da& 
the lines represent the simulation d t s .  
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Figure 3. Plot of barite solubility as a function.of NaCi concentration and temperature at 
7262 PSI. Data was obtained from Blount (1978). The points represent the reportai data, the 
lines represent the simulation results 
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Fïgure 4. Plot of the simulated and rem solubiiity of RaSO, in wazcr as a function of 
N+SO, addition. Experimental data wen obtained by Nikitin and Toirnatscheff, 1933 (as 
reported by Langmuir and Riese, 1985) at 20°C and O molal ionic strength. 
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Figure 5. Plot of the observed and s ~ u l a t e d  M a  ratio in co-precipitated barite. These 
simulations 8 f e  significant in that they determint the radioactivity of the solid. Data was 
obtained form Daemer and Hoskuis (1925). 
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Figure 6. Simulation of NORM scaling m a promiCtian tubing. The total barium and radium 
concentration ixí üie brine is plotted against depth, m order to simulate the decrease in 
concentraîion during brine production and NORM scahg. In this simulation, the well depth 
is 14,000 ft, the BHP is 700 atm, and the BHT is 150OC. Also, temperame and pressure are 
assumed to increase iincariy with depth, and scaling is assumed to occur immediately when 
the system is Suptrsaturated. 
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9.76 ppb 

16.18ppb 20.10ppû 25*10 ppb 31.37 ppb 

Figure 7. Simufation of NORM scaling in production tubing. Plot of the mass of NORM 
scale formed in the tubing as a function of depth. The mass of scaie formed is based on 
loo0 bbl brine produced, and upon constant quiîibxium in the brine (is. no supersaturation). 
In this simulation, significant of scaling occurred at 12,000 to 14,000 ft. The numb above 
the columns represent the molar concentraiion of Raso, in the BaSO, scaie. 
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Figare 8. Simulation of NORM scaiing in production tubing. Plot of the relative 
radioactivity of the scale fomd in each section of pipe. The most radioactive scale was 
calculated to occur at the surface and was nearly five times more radioactive than the scale 
that formai at the bottom hole. 
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Figure 9.. Plot of the percentage of NORM barite dissolved as a function of scale dissolver 
concentration. "he effects of carbonate salt and chelating agent used are shown. 
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Figure 10. Aqueous concentration of barium as a function of scale dissolver concentration. 
The addition of chelaut @y increases the concentration of barium in solution. 
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Mr. Dan Caudle 
Sound Environnent Solutions 
11111 Katy Freeway, Suite 1004 
Houston, TX 77479 

Mr. Gary Cook 
Marathon Oil Conpany 
7400 So. Broaduay 
Littleton, CO 80122 

Hr. Richard D. Culp 
Trust EnviromntaL Services 
2227 U. Lindsey St.. Ste.1500 
Norman, OK 73069 

Mr. 'Glen Adams 
American Exploration Co. 
1331 Lamar, Suite 900 
Houston, TX no10 

Mr. Joseph L. Alvarez 
Awier & Associates 
10680 Stonemeadow Drive 
Parker, CO 80134 

nr. Vladimir Babich 
OXY USA Inc. 
P.O. Box 26100 
Oklahoma City, OK 73126-0100 

Mr. Kris M. Bansal 
Conoco Inc. . 
P.O. Box 2197; DU 1008 
Houston, TX 77252 

nr. S. K. ûiggs 
Shell Offshore, Inc. 
1750 Youngs Road 
Morgan City, LA 70380 

Mr. Thomas Carduell 
Texas Department of Health 
2801 Gregg Lane 
Hanor, TX 78653 

Ur. David Clark 
Exxon company, USA 
P.O. Box 1600, HL #14 
Midland, TX 79702-1600 

Mr. Leu Cook 
Chevron Research & Tech. Co. 
1003 U. Cutting Blvd. 
Richmond, CA 94804 

Ms. Tana Daughtrey-Kramer 
Chevron U.S.A. Production Co. 
1301 HcKinney Street 
Houston, TX 77010-3029 

Ms. Linda 5. Akchin 
Kean, Miller, Hauthorne et al 
P. O. Box 3513 
Baton Rouge. LA 70821 

Hr. Donald E. Anderson 
Shell Uestern EgP Inc. 
P.O. Box 1950 
Hobbs, NM 88241 

nr. nansour S. Bader 
Oklahoma State University 
423 Eng. North 
School of Chemical Engineer 
Stilluater, OK 74078 

Mr. VilLiam Benzet 
Marathon Oil Conpany 

Littleton, CO 80160 
P.O. BOX 3128 

nr. Leodis Broun 
Shell Offshore, Inc. 
1750 ïoungs Road 
Neu Orleans, LA 70389 

Hr. Jimny D. CarLile 
Conoco, Inc. 
10 Desta Drive 
Suite 1OOU 
Uidland, TX 79705 

Mr. Walter Cofer 
Florida Ofc. of Radiation Ctrl 
1317 Uinewood Boulevard 
Tallahassee, FL 32399-0700 

Mr. Joe Cross 
Phi 1 1  ips Petrole4 Conpany 
132 Pi 
Bartlesville, OK 7&004 

Mr. Hartley H. Downs 
Baker Performance Chemicais 
3920 Essex Lane 
Houston, TX 77027 
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Mr. Ganiu G. Alabi 
Geological Suruey of Alabama 
420 Hackberry Lane 
Tuscaloosa, AL 35486 

I 

Mr. Ron J. Buchanan 
Hal 1 ihrton Cœnpany 
P.O. Box 1431 
Duncan, OK 73533 

Mr. Mickey Carter 
Phillips Petroleun Company 
6330 West Loop s. 
Bellaire, TX 77401 

Mr. Joseph Clemens 
Unocal 
14141 Southwest Freeway 
Houston, TX 77478 

Mr. John Garland , 

BPF, Inc. 
1555 Valuood Parkway, #lo0 
Carrollton, TX 75006 

Ms. Penny Goodstein 
ARCO Alaska, Inc. 
9200 Buddy Werner 

Anchorage, AK 99516 

Mr. Mark Henry 
Arkansas Department of Health 
4815 Uest Markham, MS 30 
Little Rock, AR 72205-3867 

nr. Otto  anp pa 
Phillips Petroleun Company 
P. O. Box 866 
Sweeny, TX 77480 

W. James Marchese 
ünoca 1 
P. O. Box 2212 
Sante Fe Springs, CA 90670 

Mr..Robert B. Ballard 
Tuboscope Vetco Int'l, Inc. 
P.O. Box 808 
2835 Holmes Road 
Houston, TX 77001-0808 

Ur. Mark Buteau 
LLPE 
100 Asma Blvd., Suite 300 
Lafayette, LA 70508 

Mr. Onesimo Castillo 
Pool Company (Texas) Inc. 
P. O. Box 9198 
Corpus Christi, TX 78469 

Mr. Uerlin F. Ellison 
Pool Company 
10375 Richmond Avenue 
Houston; TX 77042 

M r .  Paul 1. Gayer 
KN Energy 
P.O. Box 281304 
Lakewood, CO 80228 

H s .  Linda Guthrie 
Kerr-HcGee Corporation 
123 Robert S. Kerr 
Oklahoma City, OK 73102 

Hr. Joey M .  Holmes 
Ward Lake Energy 
685 East H-32 
Gaylord, MI 49735 

Mr. Rick Kelley 
Arkansas Department of Health 
4815 W. Markha, MS 30 
Little Rock, AR 72205-3862 

ilr. Charles S. McCouan, I I I  
Kean, Hiller, Hauthront et al 
P. O. Box 3513 
Baton Rouge, LA 70821 

Mr. Jack E. Braun 
Union Pacific Resources 
Rt. 3, BOX 19 
Carthage, TX 75633 

Mr. Larry Canpbetl 
Transwestern Pipeline Conpeny 
6381 North Main Street 
Roswell. NM 88201 

Mr. Cory H. Chance 
Philip Enviromiental 
4000 Monroe Road 
Farmington, NM 87402 

Ms. Carole Fleming 
Chevron Petroleun Technology 
2202 Oil Center Court 
Houston, TX no73 

Mr. Albert L. George 
Sidewinder P m p ,  ïnc. 
P.O. Box 31268 
Lafayette, iA 70593 

Ms. Bonnie J. Hebert 
Canpbell Wells/Ssnifill 
3639 Ambassador Caffery Pkwy. 
Suite 400 
Lafayette, LA 70508 

Ur. Scott L. Jenkins 
Ashland Petroleun Company 
P.O. Box 391 
Ashland, KY 41114 

Mr. Jim Kubalik 
ARCO 
515 South.Flower, R o m  AP 4179 
Los Angeles, CA 90071 

Ms. Lynn HcKay 
Schmel tzer, Aptaker & Shepard 
2600 VA Ave, NU, Suite 1000 
Washington, DC 20037 
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nr. Craig U. Melancon 
LLBE 
909 Poydras Street 
Neu Orleans, LA 70112 

Mr. Larry Price 
LLBE 
909 Poydras St. 
Neu Orieans, LA 70112 

Mr. Marlin Robinson 
BPF, Inc. 
1555 Valuood Parkuay, Ste. 1DO 
Carrollton, TX 75006 

Ms. Lynn F. Sadler 
Chevron Pipe Line C-ny 
1400 Uoodloch Forest Drive 
The Uoodlands, TX 77380 

Xr. George Tucker 
Amoco E & P 
501 Vest Lake Park Boulevard 
Houston, TX ?7253-3092 

nr. Patrick N. Uarren 
Goldrus Enviromìental Services 
Qne Post oak Circle 
Housotn, TX ï7024-7001 

Ur. Steve Mods 

Halliburton Energy Services 
P.O. Drawer 1431 
Duncan, OK 73536-0103 

nr. Dave niseuicz 
NGPL 
P. O. Box 3399 
Joliet, IL 60634 

Mr. Jerry Rajtar 
iiM inst. of Mining B Tech. 
Campus Station 
Socorro, NM 87801 

Ms. Kathy n. Roh1 
Shell Canada Limited 
4004th Avenue, SU 
Calgary, Alberta, CN TZP2H5 

MS. Melanie J .  Stright 
i4 i nera 1s Management Servi ce 
381 Elden Street 
Herndon, VA 22070 

nr. David Vicini 
NGPL 
P. o. Box 3399 
Joliet, IL 60434 

nr. Ed Uheeler 
BPF, Inc. 
555 Valwood Parkuay, Suite 100 
Carrollton, TX 75006 

nr. Edward Zarytkieuicz 
Tidelands Oil Production Co. 
301 E. . loan Blvd. 
Long Besch, CA 90802 

Mr. Leo F. Nichols 
Northern Natural Gas 
7055 Vista 
U. Des Moines, IA 50266 

Mr. D. Randall Ray 
Baker Performance Chemicals 
3920 Essex Lane 
Houston, TX no27 

Mr. Michael Rudel 
Chanpion Technologies 
3130 FH 521 
Fresno, TX 77545 

Mr. Leon B. Taranto 
Schmeltzer, Aptaker 8 Shepard 
2600 VA Avenue, NU Suite 1000 
Uashington, DC 20037 

Ms. Peggy Uaisanen 
ARCO Permian 
P.O. Box 1610 
Midland, TX ?Y702 

Mr. Scott Whiteleu 
Texas Brine Corporation 
4800 San Felipe Street 
Houston, TX mi9 

A - 5  

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



STD.API/PETRO PUBL 7104-ENGL 1 9 9 7  0732290 O b O 1 q 7 q  o q q  

Hs. Julia A. Dulan 
FINA, Inc. 
P.O. Box 2159 
Dallas, TX 75221 

Ur. Joe Falgont 
UNOCAL 
P. O. Box 39200 
Lafayette, LA 70593-9200 

Mr. Larry L. Gedeken 
Hal 1 iburton Energy Services 
P.O. Box 42800 
Houston, TX 77242 

Us. Uonice P. iìonzalez 
Texas Department of Health 
1100 Vest 49th Street 
Bureau of Radiation Control 
Austin,'TX 78756 

Ur. Uichael L. Green 
Union Carbide Corporation 
P. O. Box 8361 
Bldg. 740-1101 
So. Charleston, UV 25303 

Ur. G.H. Hardy 
Shell Offshore, Inc. 
701 Poydras Street 
Neu Orleans, LA 70139 

Mr. Dan Janik 
Amoco 
P. O. 60x 3092 
Houston, TX m53-3092 

Hr. Bill Lemons 
Core Laboratories 
8210 Uosley Road 
Houston, TX 77075 

Hr. David Miller 
S.A.I.C. 

301 Laboratory Road 
Oak Ridge, TN 37831 

nr. H. Paul Estey 
H. P. Consulting 
1310 Ridgeley Drive 
Houston, TX 77055 

Mr. Bobby Fletcher 
BPF, Inc. 
1555 Valuood Pkny, Suite 100 
Carrollton, TX 75006 

Dr. Darre11 L. Gallup 
Unoca 1 Corprat ion 
3576 Unocat PLace 
Santa Rosa, CA 95403 

Mr. Ecmnd Gorka 
Saudi Aramo 
P. O. Box 10856 
Dhahran, SA 31311 

Hr. Kevin J. trice, CIH 
Texaco E & P Inc 
P.O. Box 1404, #3150A 
Houston, TX i7251 

Ur. Uel Hebert 
Neupark Resources, Inc. 

Bridge City, TX 77611-0485 
P. O. BOX 485. 

Hr. Joseph U. Kirk 
Unichem 
8701 Neu Trails Drive 
lhe Uoodlands, TX 77381 

Hr. Stephen A. Marinello, Ph.D 
Newpark Resources, Inc. 
P. O. Box 6411 
Metairie, LA 70009 

Hs. Ann S. Uilliken 
Groundwater Services, lnc. 
5252 Uestchester 
Suite 270 
Houston, TX 77005 

Ur. Robert J. Faircloth 
Shell, Bellaire Tech. Center 
3737 Bellaire Blvd. 
Houston, TX 77025 

Dr. Uilliam G. Ford 
Halliburton Energy Services 
P.O. Box 1431 
Duncan, OK 73533 

Hr. Chip Gill 
Vastar Resources, Inc. 
15375 Memorial Drive 
Houston, TX 77079 

Mr. Frank Gray 
Texaco E & P Inc. 
Box 3109 
Midland, TX 79702 

Mr. Roger Hadley 
Texaco 
P. O. Box 46510 
Denver, CO 80111 

Ur. Darren Jackson 
Parkanadian Petroleun Ltd. 
9715 - 115 Street 
Grande Prairie 
Alberta, 18V554 
Canada 
Hr. Kurt U. Kriter 
Amerada Hess Corporation 
500 Dallas 
Second Floor 
Houston, TX 77002 

Us. Rosemary Martinez 
Amoco Corporation 
580 UestLake Park Boulevard 
Houston, TX 77079-0707 

Hs. Kathryn L. Hinter 
Chevron USA Production Co. 
1301 McKinney St., Rm. 1640 
P. O .  60x 1635 
Houston, TX 77251 
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Mr. G u y  A. Mirro 
Grouth Energy Services, Inc. 
2401 Fountainvieu Drive 
Suite 910 
Houston, TX no57 

Dr. Charles Patton 
BPF, 1%. 
1555 Valwood Parkway 
Suite 10 
Carrollton, TX 75006 

Nr. Al Rafati 
Envirocare o f  Utah, inc. 
46 West Broadway 
Salt Lake City, UT 8.4101 

Mr. Richard V. Rivera 
She1 1 Developnent Congany 
3333 South Highuay 6 
Houston, TX 77082 

Mr. Ed Schicktanz 
Conoco Inc. 
P.O. Box 2197 
Houston, TX m52 

nr. Curtis Sitz 
Champi on Technologies 
3130 FM 521 
Fresno, TX 77545 

Ms. Kimberly A. Teueleit 
Amco Corporation 
501 UestLake Park Boulevard 
Rom 5146 
Houston, TX 77079 

Ur. James J. Ueisman, Jr. 
Enserch Exploration Carpany 
6688 N. Central Expressway 
Suite 1000 
Dallas, TX 75206 

Hr. Charles U i hrley 
AL Inaste EnviromntaL Servcs. 
822 Perdido Street 
Suite 402 
Neu Orleans, LA 70112 

Mr. Jack D. Ouen 
Seagull Energy Corporation 
1001 Fannin 
Suite 1700 
Houston, TX 77002 

Mr. Jackie Paul 
Dou Chemical 
P. O. Box 150 
B-3502W . 
Piaquemine, LA 70765 

Mr. Jeffrey S. Ralston 
Exxon Company U.S.A. 
800 Bell 
Room 1485 
Houston, TX 77002 

Mr. Ferdinand Rock 
Foster Uheeier Environmental 
8101 North High Street 
Suite 260, Northwoods I I  
Colunbus, OH 43235 

Hr. Philip Shaver 
Texas Department o f  Health 
1100 U. 49th Street 
Austin, TX 78756-3189 

Mr. Les Skoski 
Foster Wheeler Enviromiental 
?290 Uall Street, Uest 
P. O. Box 661 
Lyndhurst, NJ 07071-0661 

Mr. Lance S. Tolson 
Texaco inc. 
4601 DTC Boulevard 
Denver, CO 80237 

Rr. Thomas H. Williams 
Texaco EPTD 
P. O. Box 770070 
Houston, TX m15-O070 

Ur.  Zhihe Zhang 
Groundnater Services, Inc. 
5252 Uestchester 
Suite 270 
Houston, TX i7005 

Mr. Richard S. Pabst 
Texaco Inc. 
600 Poydrac Street 
Neu Orleans, LA 70130 

Mr. Mark A. Price 
Shell Offshore, Inc. 
P.O. Box 61933 
New Orleans, LA 70161 

Ms. Robin Rasberry 
Meridian O i l  

400 N. Sam Houston Parkway E. 
Suite 1200 
Houston, TX 77060 

Mr. Steve Roper 
Chevron, U.S.A. 
P. O. Drauer C 
Heidelberg, MS 39439 

Mr. Doug Shutt 
Illinois Dep Natural Resources 
524 South Second Street 
Springfield, IL 62701-1787 

Mr. Michael J. Smith 
JenCorp - Aerojet 
34975 U. 12 Mile Road 
P. O. Box 9067 
Farmington H i  1 Is, MI 48333-9067 

Mr. Lance C. Vinson 
Pennzoil Cunpany 
P.O. Box 2967 
Houston, TX 77252-2967 

Mr. Cedric Wimberley 
Alluaste Enviromental Servcs. 
9743 Highway 90 East 
Morgan City, U 70380 

Mr. Steve Zrake 
Ashland Exploration, Inc, 
14701 St. Mary's Lane 
sui te 200 
Houston, TX 77079 
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Hr. Ray Britt 
BP Exploration 

Houston, TX m10-4587 
P.O. BOX 4587 

Mr. Virgil Dover, Jr. 
Off-Land Production Conpany 
P.O. Box 53431 
Lafayette, LA 70505 

Hr. Allen Green 
Tuachtman Snyder & Thornton 
3105 NU Freeway, Suite 700 
Houston, TX 77040 

Mr. Dale Halsey 
Ueatherford U.S., Inc. 
3355 U. Alabama, Suite 300 
Houston, TX i7098 

Hs. Rosemary Martinez 
Amoco Corporation 
P.O. Box 3092 
Houston, TX m53-3092 

Hr. Richard A. Hueller 
NGC/Trident NGL 
13430 Northwest Freeuay 
Houston, TX 77040 

Hr. Jim Shirazi 
Texas Energy & Enviromental 
4300 North Lincoln 
#250 
Oklahoma City, OK 73105 

Ms. Debbie Carvi11 
Sound Enviromental 
11111 Katy Freeway, #lo04 
Houston, TX 77'079 

Hr. Jim Farmer 
Tuachtman Snyder H Thornton 
13105 NU Freeuay, Suite 700 
Houston, TX 77040 

Ur. Tony Gunn . 
Marine Drilling 
One Sugar Creek Center Blvd. 
#600 
Sugar Land, TX i7478 

Mr. Ralph Johnson 
Schmeltrer, Aptaker 8 Shepard 
2600 Virginia Avenue, N.U. 
Suite 1000 
Uashington, DC 20037 

Hr. Paul Hattingly 
Aristech Chemical Corporation 
P.O. Box 600 
Pasadena, TX mol 

Ur. Otin A. Nelson 
Tuboscope Vetco Int'l. Inc. 
2835 Holmes Road 
Houston, TX 77001 

Ms. Karen Singletary 
Union Pacific Resources Co. 
801 Cherry Street 
Ft. Uorth, TX 76102 

Mr. Uike Cook 
Union Pacific Resources Co. 
801 Cherry Street 
Ft. Uorth, TX 76102 

Hr. Russ Goble 
centron Corporation 
2524 Tangley 
Houston, TX no05 

Hr. Alan Custin 
Marine Drilling 
One Sugar Creek Center 6 1 4 .  
#&o0 
Sugar Land, TX i7478 

Hr. Bill Kendrick 
Enron Operations corporation 
P.O. Box 1188 (3AC3148) 
Houston, TX m51-1188 

Mr. Ray HcCloskey 
R. D. HcCloskey, Inc. 
2644 Time Boulevard 
#236E 
Houston, TX 77005 

Hr. Nicholas Winet 
Tuachtman Snyder & Thornton 
13105 NU Freeuay, Suite 700 
Houston, TX 77OCO' 

Hr. Michael Uaym 
Pool Conpany 
10375 Richmond Avenue 
Houston, TX 77042 
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M r .  Jim Evans 
Gas Research I n s t i t u t e  
8600 Uest Bryn Mawr Avenue 
Chicago, IL 60631-3562 

Mr.  Ray D. Par is  
Oregon Health D i v i s i o n  
800 N.E. Oregon Street  
Portland, OR 97732 

M r .  Jorge Gamez 
Gas Research I n s t i t u t e  
8600 Uest Bryn Maur Avenue 
Ch i cago, I L  60631 -3562 

Mr. Pat r ick  J. Shuler 
Chevron Petroleun Technology 
P. O. Box 646 
La Habra, CA 90633 

Hr. Evan Krasts 
ICF Kaiser In te rna t iona l  
9300 Lee Highway 
Fairfax, VA 22031-1207 

!ir. R. L. Su l l i van  
S u l l i v a n  8 Associates 
1701 Gateway 
Sui t e  355 
Richardson, TX KO80 
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APPENDIX B 

CONFERENCE AGENDA 
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October 16, 1995 

PROGRAM 

Naturaiiy Occurring Radioactive Material Conference 
October 17-18, 1995 
Adam's Mark Hotel 

Houston, Texas 

Conference Registration 3:W p.m. - 7:30 p.m. 

October 17, 1995 

Measurement and Survey Technical Session 8:30 a.m. - 11:45 a.m. 
Dr. John O&, Water Research Institute, he. 
Each presmm'on lasts appraximarely 25 minutes, with rime for quesrionr. 

PAPERNO. 'I?TIIE&AUTñOR 

1 Determination of NaturaUy Occuning Radionuclides in Samples from the 
oil and Gas industry 
Dr. G. Jonkem, Shell - Amsterdam 

2 Detecting NORM Contaminated îbbing During Pulling operations 
Mr. îñomas M. Williamr, Texaco ìnc. 

Break 

3 

9:45 a.m. - 1O:ûû a.m. 

High Density Radiologid Site Characterization Surveys for NORM Sites 
Mr. C. R Flynn, Chemrad Tennessee Coq.  

Methods for Estimating Dose to ïndivìciuais b m  NORM 
Dr. J. L. AIwuer, IT Corp. 

~valuatioa of ~~ttrnat ivt  site &iase criteria 
Mr. A i m  McAdaur, central Environmental, Inc. 

Radioactive Lead: An Underestimated NORM Issue? 
Dr. G. J o a n ,  Shell - Amsterdam 
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Lunch 12:OO p.m. - 1:ûO p.m. 

Keynote Speaker: Mr. George WuUrer, Vice President of Health, 
Environmental & Safety, U n d  

Regulatory Issues and Activities Technical Session 1:15 p.m. - 2:30 p.m. 
Chainnan: Mr. Kevin Gdce, Texaco 

PAPER NO. 

7 

8 

9 

Break 

TITLF, & AUTHOR 

Development of a Comprehensive NORM Program 
Mr. Steve E. Woods, Haíüburton Eaergy Services 

Potential Impact of Emironmental Regulations on the Oil and Gas 
ExploIaîion and Production Industry 
Ms. Jeanene Newviue, Chevron 

2:30 p.m. - 2:45 p.m. 

PANEL DISCUSSION* 

Regulatory Issues Panel 2:45 p.m. - 5:Oo p.m. 
Focus on Proposed and promulgated state and federal NORM rek;lations and their impact on 
the oil and gas industry. 
' T h i s  discussion is designed for audience quesîions and participation. 

Panel Moderator/Fsicilitator: Mr. Kevin Grice, Texam 

Pane1 Members: 
Mr. Edgar D. Baiky, Chief, Radiologic Health Branch, California Department of 
Health Services 

. . .  Mr. Mike Brode&k, Euvironxnental Program Art 
Environmental Quality, Radiation Management Section 

tor, Oklahoma Department of 

Ms. Qndy carmuloll, Admrntstrato . .  r, Standardbtion'Branch, Texas Heaith Department 

Mr. Wendall Gmîker, Office of Ekzardous Maten'ials Technology, Research and 
'on, U.S. Department of 'Ransportation, Washington, D.C. Special hjecis Adrmntstratr 

Mr. RìcharàLewis, Supkvisor, Mississippi Oil and Gas Board 

. .  
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Mr. Ray D. Paris, Chairman, Conference of Radiation Control Prom Directors, 
Inc., NORM Commission; Manager, Radiation Control Section, State Health Division, 
Dept. of Human Resources, Portland, OR 

Mr. A Z h  Richardron, Deputy Director, office of Radiation and Indoor Air, U.S. 
Environmentai Protection Agency 

Ms. Leslie Savage, Assistant Director, Waste Management Envhnmenraï Services 
Section, Oil and Gas Division, Texas Railroad Commission 

kr. Wîiüarn Spell, Aàminhator, Radiation Protection Division, Louisiana Dept. of 
Euvirorimental QuaJity 

October 18, 1995 II 

NOKM Management and Disposal Technid Session 8:ûû a.m. - 9:30 a.m. 
Chairman: Dr. Lou Cook, Chevron 
Each presman*on lasrs approxime& 25 minweS wìth zìm for questions. 

PAFERNO. TITIiE8zAUTHOR 

10 Ef€ective Removal of NORM Scale m the Rymft Field 
Mr. WEam G. F. Ford, Haiiiburton Energy Services 

11 Technical Profile of the Envirocam of Utah NORM Disposal Operation 
Mr. Kevin C. F&rJ Eavimcare of Utah, hc. 

~ 12 NORM Disposal Cost Study 
Mr. Almt McAnhu, Central EawDnmental, hc. 

13 Modehg and Dose Assessment of NORM injection in a byered Geologic 
System 
Dr. G. P. WE-, kgonne National Laboratory 

Break 9:30 a.m. - 9:45 a.m. 

PANEL DECUSSIONS 

Lega1 Issues Panel 
To address legai concerns in dealing with NORM issues and pOtentiai liabity. 

9:45 a.m. - 11:45 am. 

discussion is designcd for audiencc questionS and Participation. 
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Panel ModeratorlFacXtator: Mr. Ed Pickel, Shell U.S.A. 

Panel Members: 
Mr. Thomas M. McNamara, Partner, Liskow & Lewis, P.C. 

Mr. DavidL. Manindale, Partner, Gibbes, Graves, Mullins, Ferris, Hartman & 
Harlow 

Ms. Sum K. Chner, Aüomey, Kan,  W e n ,  Xawthome, D ' b o n d ,  McCowan & 
JalTIliìll 

Mr. Richard Pubsf, Texam bgai Dept., Texaco E&P, hc. 

Lunch 12:ûû p.m. - -1:ûû p.m. 

NORM Scale Prediction and Control Technical Session 
Chairman: Dr. Mason Tomon, Rice University 

1:15 p.m. - 5:OO p.m. 

PAPER NO. TITLE & AUTHOR 

14 Conmiling Barium Sulfate Scale Deposition by Inhibitor Squeeze in a 
Southern Texas Gas Well 
Mr. M à c k l  J. McKìm'e, Texam, hc. 

15 A Mxmîc~ry and Field Study of the Mitigation of NORM Scale in the Gulf 
Coast Region of the United States 
Dr. John O&, WRI 

16 Diagnosis and Prevention of NORM at Eugene Island 341-A 
Dr. P. J.  shuler, Chevron, U.S.A. 

Break 2:30 p.m. - 2:45 p.m. 

17 A Comparison of NORM Scale Dissolvers 
Mr. D w e l l  L. GdZup, Unocal Coq. 

18 Remediaîion of Normafly Occumng Radioactive Maîerial (NORM) 
Mr. Jim Orum, M A R  Technical hboratofies 

19 Computer Sïmuiaîion of Scales with NORM 
Dr. A. J. Genbino, OU Systems, Inc. 

Closing Remarks 
Dr. Tomon 
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Additional copies available from API Publications and Distribu- 
tion: (202) 682-8375 

Informatian about API Publications, Programs and Services is 
av-ailable on the World Wide Web at: httpY/wwv.api.org , 

American . 1220 L Street, Northwest 
- Petroleum Washington, D.C. 20005-4070 

Order No. G71041 Institute 202-682-8000 
.III 
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