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I One of the most significant long.term trends affecting the future vitality of the petroleum 
industry i5 the public's concerns a h u t  the environment, health and safety. Recognizing '&is 

STEP: Strategies.for Today's Environmental Partnership. This initiative aims to build under- 
standing and credibility with stakeholders by continually ïmproving our industry's envi- 
ronmental, heakh and safety performance; documenting performance; and communicating 
with the public. 

I trend, API member companies have developed a positive, forward-lookjng strategy called 
1 ,  

I .  

API ENVIRONMENTAL, HEALTH AND SAFETY MISSION AND 

"he 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.govemment, 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 responsibiliries, API members 
pledge tg manage our businesses according to the following principles using sound science 
ts, prioritize risks and to implement cost-effective management practices: 

To recognize and to respond.to community concern about our raw materials, prod- 
ucts and operations. : 
To Òperate our plants and facilities, and to handle our raw materials and products in a 

. GUIDING PRINCIPLES 

, 

. . 

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 ;ur planning, 
and our develop-ment of new products and processes. 

. 

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

9 To counsel customers, transporters and others in the safe use, transportation and dis- 
posal of our mw materials, products and waite materiais. 

. 
. 

, 

To economically deveigp and produce naturp re-solirces and to conserve those 
resources by using energy efficiently. 

To extend knowledge by conducting or supporting research on the safety, health and 
' environmental 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 handling and disposal of hazardous 
substances from 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 practices, by sharing experiences and offering assis- 
tance to others who produce, handle, use, transport or dispose of siniilar raw materi- 
als, petroleum products and wastes. 

i 

. 
.. 
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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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Excnriw Summary 

EXECUTIVESUMMARY 

The objective of the work described in this report was the preparation of a brief technical doaunent 
evaluating the concentration limit of 30 pCi/g Ra-226 in pipe scale and sludge left near the suríãce 
of remediated oil field sites and returned to unrestricted public acctss. Radiation s w c y  protocols 
used by the oil companies and the variability of radioactivity in the NORM material ensure that only 
smdi isolated arcas may contain Ra-226 at the concentration limit, while the concentration 
throughout most of the site is w d  below the limit. Analysis was based on estimates (by modding) 
of the potential transfer of radioactivity through environmental pathways and of potential exposures 
to people using the remediated site. T h e  scope of work induded an assessment of potential dose 
from radioactiviry in pipe s d e  and sludge to users of remediated pits, tank battery sites, and land 
fárms. In this assessment, an estimated distribution of radium concentration in NORM materiai, 
ranging from 30 pCi/g down to n a t d  background lcvcls (based on Octo's data 1989), was induded 
as an integral component of the pathways and exposure models. This fúndamental difference in 
waste characterization sets this assessment apart from d previous work T h e  probabilistic method 
used b r  caldating the potential doses and indoor radon concentrations is consistent with the new 
policy announced by EPA's Science Policy Council in February 1997 which recommends application 
of such methods. 

Thii assessment focussed on external gamma doses and indoor radon concentrations to which users 
of remediated oil field sites as housing developments would be potentially exposed. An empirical 
model using the large data base of measured radon concentrations in homes across the United States 

was developed to estimate the annual average radon concentration in homes built on remediated sites. 
T h e  external gamma radiation model was based on dose calculations and ficcors reponed in NCRP 
#34 (1987). Both models were assessed using probabilistic methods so that the predicted distribution 
of doses incorporated the uncertainty and variability of input parameters. Using the disuibution of 
Ra-226 concentrations in NORM material predicted by Rogers et al. (1989) and based on Otto's 

measurements (1989) (except chat all materiai above 30 pCi/g was removed), the incrementa gamma 
radiation doses to residents of homes built on remediated sites (no cover over the NORM) and total 
indoor radon concultracions were calculated to be: 

32105 - 16Junc 1997 s-1 
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Runcdiutd site 
Pit and Tank Bacrey 

Landfum 

Natuml Background* 

I n m e n d  External Gamma Dase, Indoor Ridon Concrntrahn 
mredy from Ra-226 only (tomb, pci/L 

Mcui 95* Pcrccntik Mcui 95"' Percentile 

17 70 1.4 4.6 

6.9 35 1.4 4 .O 

4.2 5.9 1.3 3.9 

Cunm? dose for tomi Ra-226 in naturai background. 

Runcdiurd Site 

Pit and Tank Bancry 

Landfarm 

The d u e s  for natural background were modeied using a Ra-226 concentration in soil of i. i pCi/g. 

Mcui 95* Percentile Mcui 95* Pcrœntiie 

110 160 6.1 21 

. 48 100 2.5 8.4 

The distributions of predicted indoor radon levels from the distribution of Ra-226 concentrations 
in remediated pits and land hm appliutions wen almost indistinguishable h m  the measured 
distribution of indoor d o n  lev& fiom nanual background Ra-226 in soil. This is lugcly a result 
of the low d o n  emanation h a i o n  for oil fieid NORM. 

The annuai artemai gamma dose rau fiom Ra-226 in NORM is higher than the corresponding dose 
rate attributable to Ra-226 in n a i d  background. However, the extreme (9Sh perccnde) dose is 
substantidy less than the 100 mrem/y limit set by the Nudeu Regdatory Commission on licenced 
ficiiities. 

For comparison, distributions of dose and indoor radon concemations were dcuiated for the 
sctnario'in which di soil at the remediated site contained Ra-226 ar 30 pCi/g. The nsults were 

These results are simikr to &e results of studies described by Rogers and Associates (1994, 1990), 
Ashiand Exploration Inc  (1994) and Awier and Associates (1994) when the differences in soura 
terms and models are taken into account. 

32105 - 16 JUIK 1997 s-2 SENES COnnJfants Limited 
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&ecutivc Summary 

A second approach to estimating dosa and indoor radon concentrations to which rcsidenrs on 
remediated oil field sites may be exposed was based on the external gamma and soii survey 
methodology used by oil companies during remediation of sites befóre release to unrestricted public 
access. The major advantage of this approach was that there was no dependence on measured or 
assumed radium concentration distributions in NORM (e.g. Otto's data). In this approach, an area 
of elevated radium concentration remaining on a remediated site was characterized based on the 
survey criteria. Using output from Microshield, it was demonstrated that gamma and soil surveys 
(3 m between grid points) using a 2x background criterion would ensure that 9 m2 was the largest 
area containing Ra-226 at a concentration of 30 pCig that would be left on a remediated site. 
Using probabilistic methods and the indoor radon method described in this report, it was determined 
that such an arca of elevated Ra-226 would result in a doubling (from 5% to 10%) of the expected 
fnction of homes that would have indoor radon concentrations in excess of 4 pCi/L compared to 
average background conditions. 

In condusion, where management praaiccs ensure that Ra-226 concentrations in soil at remediated 
sites do not exceed 30 pCi/g, it was shown that the reasonable maximum aternal gamma doses and 
indoor radon concentrations were in compliance with rcgulatory limits and guidelines. However, an 
cssentiai féature of the analysis described here was that the distribution of Ra-226 concentrations in 
oil field NORM was similar to that developed using methods from Rogers et al. (1989) using Otto's 
data (1989), except that ail materiais above 30 pCig  were atduded. Also, it was shown that external 
gamma and soii survey merhodologics used by oil companies during remediation of sites before 
rclcase to unrcstnacd public access fidicate compliance with the standards. 

~- ~~ 
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Formorá 

FOREWORD 

This document was prepared under the direction of Dr. Douglas B. Chambers, Director of 
Radioactivity and Risk Major contributors CO this work were Morley W. Davis, Ronald H. Stager, 
Syivain St-Pierre and Dr. Leo M. Lowe. 
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GLOSSARY 

CRCPD Conference of Radiation Control Program Directors 

dose throughout the document, dose from ionizing radiation refers 
to committed effective dose 

iand fann arm in which oil fidd wastes have been spread as part of 
redamation actions required by U.$. EPA 

NORM Naturally Occurring Radioactive Material 

radon emanation fiaaion the fiaaion of the radon (Rn-222) produced by Ra-226 decay 
that is available to diffuse through and escape from the matrix 
(e.g. soil) containing the Ra-226, unitless; 

radon exhalation rate the rate at which radon is mined  per unit surface area of soil, 
pCi m-z s-’ 

radon d a t i o n  rate factor the rate at which radon is emitted per unit surface arca of soil 
per unit Ra-226 concentration in the soil, pCi m-2 s” per pCi 
(Ra-226) g” 

WL Working Level - 100 pCi/L each of Rn-222 and short-lived 
progeny down to Po-214 

WLM Working Level Month - exposure to 1 WL for 170 hours 
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1.0 INTRODUCTION 

1.1 BACKGROUND 

Oil and natural gas reservoirs typically contain large quantities of saline water which arc produced 
with the oil and gas. Approximately 92% of produced water is reinjeaed for disposal or enhanced 
recovery, and the remainder may be disposed on the surface or reused for other purposes such as a 
source of irrigation water. Radioactivity concentrations in p r o d u d  water from most wells (at least 
75%) are at natural background levels, but in water from some wells, the radium (Ra-226, Ra-228) 
concentration can be as high as thousands of picoatria per liter (pCiL) usually amibutable to I o d  
high concentrations of radium in the rock formations. Occurruices of elevated levels of naturally 
occurring radioactive matcrial (NORM), particularly radium, in produced water have b e n  reported 
widùy around the world. 

At the surfáce, produced water is exposed to changing physicai and chemical environments that ofkn 
cause the radium, when it is present, to precipitate onto piping and other proacss vessels. Typicaiiy, 
the radioaaivity is found in pipe d e  near the wcll head or in sludges separated from the produced 
water. At intervais, pipe scale and sludge are removed and disposed to maintain process equipment. 
The pipe scale and tank bottoms can end up in waste pits, in seepage into soil under tank baneriu. 
or at land fàrms. 

Severai researchers have identified the radioactive species in oil field NORM and have measured their 
concentrations in pipe scale and sludge. Other charaaeristics have also been measured such as radon 
(Rn-222) emanation h a i o n ,  radon exhalation rate, leachabiiiry, etc Bascd on these data, aumata 
of potential radiation doscs to members of the public who may live on or othenvise use remcdiated 
oil field sites have been made. The results of some of thex assessments indicate that potential 
exposures and doscs may be in excess of regulatory criteria or guidelines. Those assessments were 

made using simpliFmg assumptions which tended to inmase the predicted doses over those which 
are likely to occur. Other studies indicate very lide probability that exposures will be in excess of 
regulatory criteria or guidùines. This analysis was carried out to more accurately portray the 
variability in radium concuitnaon in NORM material and to remove some of those overly- 
conservative assumptions, while remining many conservatisms in the modelling to ensure that 
predicted doscs and radon concentrations would exacd those which may actually occur. 

32105- 16Jun~1997 1-1 SENES Consultam Limited 
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T h e  objective of the work described in this report was to prepare a brief technical anaiysis of the 
radium concentration limit of 30 pCi/g in pipe scaie and sludge left near the surfacc of remediared 
oil fieid sites and returned to unrestricted public access. Anaiysis of this limit was based on 
modelling of the potentiai rransfer of radioaaivity through environmental pathways and of potentiai 
exposures to people using the remediated oil fieid site. Estimated exposures and doses were compared 
to regulatory limits and guidelines. This document may ais0 seme as the basis b r  discussion on 
limits with state regulators, for arunple concerning p u t  N of the d d i  recommendations fiom the 
Conferencc of Radiation Control Program Directors (CRCPD). 

The scope of work induded an assessment of potuitiai dose and indoor d o n  concentration from 
radioactiviry in pipe scale and sludge to users of remediated pits, rank battery sites, and land h m s .  
T h e  assessment considered existing sites and future sites that have been and will be remediated under 
the criterion that dl materid containing Ra-226 at conculmtions greater than 30 pCi/g will be 
disposed by alternate mans. Therefore, potencial dosa fiom NORM containing Ra-22G 
concentrations in excess of 30 pCiig were beyond the scope of this report. In this assessment, an 
estimated disuibution of radium concentration in waste (based on Otto’s dan 1989), ranging from 

30 pCi/g down to n a i d  background levcis, was induded as an integni component of the pathway, 
and exposure models. This fundamend difkencc in waste charaaerization sets this assersmenr 
a p m  from ail previous work The probabilistic method used b r  calculating the potential doses and 
indoor radon concentrations are consistent with the n m  policy announced by EPA’s Science Policy 
Council in February 1997 which recommends application of these methods. 

1.3 STUDY APPROACH AND CONTENTS OF THIS REPORT 

To estimate potenuai doses to members of the public and indoor radon concentrations to which they 
may be exposed, a three stage approach was used: (1) radioactive source (NORM) chanacriution; 
(2) screening asscssment of potentiai exposure pathways by deterministic methods to identify those 
pathways which contribute the largest dose; and, (3) assessment of the major contributing exposure 
pathways by probabilistic methods to estimate the potentiai dosa and indoor d o n  concentrations, 
and the variability in these estimates. 

A computerized literature search was m i e d  out to identifj. införmation that would be usehl to this 
study. Copies of potentidly useful information that were not available at SENES were requested 
fiom the American Petroleum Institute and its members, or dinaiy horn the authors. T h e  data were 

32105 - 16 JUIBC 1997 1-2 SENES Gnsulunu LiMd 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

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



reviewed and summarized in Chapter 2 and Appendix A of this report. The review focussed on the 
key parameter values such as the distribution of radium concentration in NORM, the radon 
emanation fraction, and the radon exhalation rate. 

The potential doses to users of remediared sires as a housing development would exceed potential 
doses fiom ali other forsecable uses. The largest contributors to incremental dose to residents who 
may live on the remediated oil field sites were identified by a screening assessment which included 
evaluation of the following pathways: external gamma radiation; inhalation of resuspended dust; 
ingestion of dust and dirt; ingestion of weil water, consumption of vegetables fiom a b a e d  
garden; and consumption of beef, milk, eggs and poultry meat. The pathways and dose dadations 
are described in Chapter 3 and Appendix C. Throughout this document, dose refers to committed 
effective dose unless otherwise indicated. 

External gamma radiation and exposure to radon progeny (Po-218 to Po-214) were determined to 
be the largest contributors to potential doses to residents. Exposure models and the best available 
distributions for parameter values were developed to implicitly include the uncertainty and variability 
in the input data. Potential doses from external gamma radiation and the estimated total 
concuitration of radon in indoor air were estimated by probabilistic calculations. Finally, the 
estimates of mean and extreme (95* percentile) values of dose and radon concentrations were 
compared to criteria and guidelines. The models and probabilistic dadations are described in 
Chapter 3 and Appendix D and the results are presented in Chapter 4. Thc application of these 
results to the development of criteria for disposai of oil field NORM are discussed in Chapter 4. 

A second approach to estimating doses and indoor radon Concentrations to which residents on 
remediated oil fidd sites may be exposed was made based on the external gamma and soil survey 

methodology used by oil companies during remediation of sites before release to unrestricted public 
access. The major advantage of this approach was chat there was no dependence on measured or 
assumed radium concentration distributions in NORM (eg. OUO'S dam (1989)). In this approach, 
an area of elevated radium concentration remaining on a remediated site was charaaerizcd based on 
the survey criteria. Probabd-istic calculations of the doses to residents in homes on the sicc and of 
the indoor radon concentrations were made assuming that the S i  and locations of the a x a  of 
elevated radium concentrations were distributed over ali possible values consistent with the survey 
criteria; and that the locations of the houses were distributed over all possible locations on the site. 
The distributions of expected doses and indoor radon concentrations were compared to applicable 
criteria 
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Numerous assessmenrs of potential radiation doses to members of the public using decommissioned 
oil field sites have been made in recent years. A detaiicd evaluation of thesc assessments and their 
results was beyond the scope of this report. However, a preliminary review was made of selected 
pacts of the assessments related to the remediauon of the Martha Kentucky oil fields by Ashiand 
Exploration Inc (1994) and to the assessments of oil field NORM by the US EPA (1993). The 
results of thesc assessments are discussed (Appendix E) and the condusions are presented in 
chapter 5. 

1.4 I O N  AND RADUTION DOSE CRITERU 

Regdations and recommendations regarding radon and radiation dose criteria have been issued by 
ftderd and srare regulatory agencies and by ocher expert organizations. A summary of sciccccd 
regulations and recommendations are provided in Table 1.1. 

RADON AND RADIATION DOSE 
Table 1.1 

I Rdon Criteria 

20 pCi ma s-' 

0.02 WL 

4 $ i  

2 WLM (1 o pCdL) 

5/15 pGdg 

Dscription I 
Annuai ;rvaige d o n  ahahtion rate 
from inrtivr uruiium miii d i n g s  

40 CFR 61 0 

Rdon progeny in a s t r u c t l l ~  

Rn-222 concentration in a dwciling I EPA 
( d d )  CRCPD 1996 

1 

I NCRP t116 1993 Runcdiai action Iml for NORM 

Description 

Remedid action Iml for NORM NCRPxl16 1993 
a d d i n g  d o n  

Gamma a LUC rare above natural 40 CFR 192 w r  mun inside a habitable building 

5 pGdg RI-226 above natuml 
background in top 15 an iaycr and 15 
p u g  Ra-226 in subsequent iayers 
(averaged over IO0 m2) 

Rai226 plus Ra-22û in soil averaged 
over 100 m2 (provided radon exhaìation 
rate is kst than 20 pCi md S.') 

40 CFR 192 

S w  regulations Taru, Louisiana 
and Mississippi 

10 CFR 20 1991 
(NRC) 

To control the receipt. passesion, use. 
transfir and disposai of licensed materiai 
by any NRC Licuisa 

Ra-226 or Ra-228 omantration above 
backgmund in any 15 an layer 

CRCPD Part N @A) 
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W e  Manugnnnrt R.articcr a d  Desmption of Wate 

2.0 WASTE MANAGEMENT PRACTICES AND DESCRIMION OF WASTE 

Waste management practices and the description of NORM waste summarized in this chapter arc 
based on the more detailed description in Appendix A. 

2.1 WASTE Prrs 

Typically, waste pits are constructed by excavating earth to create a shallow pit and containment 
berms. Many pics are now lined to prevent leakage of their contents to groundwater. Typically, at 
closure, berms are bulldozed over the contents of the pits, and a dean layer of day approximatcly 
6 indics thick is piaccd on top. However, there is some state-to-smtc variation in this practice. The 
contents of the pits are usuaily several feet thick (approximately 1 meter), and the arca of the site is 
approximately 1/4 acre (range from 114 to 1 acre). A typical remediated site may contain NORM 
in both scale and sludge. 

2.2 TANKBATI'ERIES 

Tank batteries are usuaily located over gravel pads, and are usually surrounded by an d e n  berm. 
Periodically, produced warer is disposed into Class II disposai d i s  ( d u a t i o n  of NORM in 
produced water is not part of this assessment) and sludge accumulated in the tank batteries may be 
disposed in a nearby waste pit. Tank battery sites are approximately 114 acre in arca. Water leaks 
and sludge spillage from the tanks into gravel and soil are the subject of t h i s  scenario. 

2.3 LAND FARMING SITES 

Biodegradable oil field wastes are dso transported to land firms where the waste is spread onto the 
surfacc and degraded by the sun and other natural fora .  Sometimes, the land is tilled to promote 
microbial and other degradation processes. Some scale and sludges containing NORM may be 
transported to land fkms after passing site radiation surveys (see Seccion 5.1). There is wide 
variability in the rate at which oil field waste is applied to land farms. Therefore, the radioactivity 
concentration in the top 15 &n (plow depth) was assumed to be distributed from O to 30 pCi/g for 
this assessment. Land h s  arc rypicaiiy of large m e n t  (greater than several acres) and were 
considered to be much greater in area than the typical house lot size used in this assessment. 

32105 - 6 JUIIC 1997 2- 1 SENES Gnsultanu Limited 
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2.4 PIPESCALE 

T h e  primary radionuclide in pipe s a i t  is Ra-226. However, at the time radium precipitates fiom 
produced water, Ra-228 may ais0 be present. The Ra-226/Ra-228 raao is usually in the range 0.4 
to 1.8, although higher values have been reported. T h e  ratio is a fiinaion of many fiaors - mainly 
the relative concentrations of Ra-226 and Ra-228 in the sediments fiom which the water originates; 
and the length of time since the s d e  was formed. The Ra-228 contribution usually becomes 
insignificant a íür  a few years as it decays with a hdf-We of 5.8 years. 

Scott et al (1994) measured radon emanation fractions ranging from 0.001 to 0.067 in 9 waste 

samples from three pipe yards neu  Martha, Kentucky. The m a n  radon emanation h a i o n  was 

dculatcd by SENES to be 0.017. 

Scott et ai (1994) measured radon exhalation from soil surfices at nine loauons at two pipe yards 
when pipa fiom the Martha, Kcntudcy oil field were dcaned. The two highest cxhaiation rates 
measured were 2.5 and 1.3 pCi m-2 s-l. The corresponding Ra-226 concentrations in soil were 
reponed to be 1014 and 48.5 pCiig. Using these daa, SENES caiculaud the radon d a t i o n  rau 
ficeors to be 0.0025 and 0.027 pCi m-2 s" per pCi/g. Scott et al (1994) ?Is0 m a s u d  the d o n  
d a t i o n  fiom soil surfioc in an unreclwncd arca neu a reclaimed waste pit at a tank battery site. 
They reponed a radon d a t i o n  rate of 7.7 pCi ma s" and a mean Ra-226 conocnartion in soil 
at 147 pCi/g ranging fiom 67.9 to 226 pCi/g over a depth of 30 cm. Using thcse data, SENES 
aiculated the radon exhalation rate factor to be 0.052 pCi m-2 s" per G i g  from tank battery waste. 

Nielson, Rogers and Pollud (1988) reponed an average radon emanation fraction of 0.10 from 
measurements on 21 pipe sale and sludge samples. 

Scott et ai (1994) measured d o n  emanation fractions in 4 waste samples fiom two tank batteries 
near Martha, Kentucky ranging from 0.002 to 0.047. The mean radon emanation h a i o n  was 

calculated by SENES to be 0.021. t 

Scott et ai (1994) measured the radon exhalation fiom the soil surficc in an unrcdaimed ara near 
a reclaimed waste pit at a unk battery site. They  ported a radon exhalation rate of 7.7 pci  me2 s" 
and a m u n  Ra-226 concentration in soil at 147 pCi/g ranging from 67.9 to 226 pCi/g over a depth 
of 30 un. Using these data, SENES calculated the radon d a t i o n  mu fiaor to be 
0.052 pCi me2 s'' per pCi/g fiom tank battery waste. 

32105 - 6 J U ~ C  1997 2-2 SENES Consultants Limited 
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Exposure Scmrios and Pathway5 

3.0 EXPOSURE SCENARIOS AND PATHWAYS 

Dose assessment requires characterization of the exposure. Doses from radium arise hiom numerous 
pathways but, depending on the parridar scenario, the contribution to tocai dose can be dominated 
by one or two pathways. 

This chapter describes the potenciai exposure pathways that were considered and describes a screening 
level assessment that indicated that gamma radiation and indoor radon are, by fir, the primary 
exposure pathways. These two exposure pathways and the methodology for estimating exposures 
fiom source term scenarios are described. 

3.1 SCREENING PATHWAYS ASSESSMENT 

The potential doses to users of remediated sites are critically dependent upon the exposure fkquency 
and duration. Therefore, the potential doses to residents living in homes built on remediated oil fieid 
sites would exceed corresponding doses fiom any other forseeable use. The largest contributors to 

the incremend dose to residents who may live on the remediated oil field sites were identified by 
a screening assessment. Pathways illustrated in Figure 3.1, were induded in the screening evaluation: 
external gamma radiation; inhalation of resuspended dust; ingestion of dust and dim ingestion of weil 
water; consumption of vegetables fiom a backyard garden; and, consumption of beef, m a ,  eggs and 
poulcry meat. 

T h e  pathways and dose caicuiations were based on models recommended by the US Nudear 
Regulatory Commission (NRC 1992). The mathemaucai models and caldations are provided in 
Appendix C. Parameter values wen also talcen from NRC (1992) and tend to overestimate the 
predicted doscs. 

The results of the screening dadations show that the external gamma dose typicaiiy comprises more 
than 80% of the tofa incremental dose (acduding radon). T h e  dose fiom consumption of wdl 
water (which was assumed to have percolated through the remediated soil) and fiom consumption 
of garden produce grown in the remediated soil, each contributed less than 10% to the incremental 
dose. Under almost all exposure scenarios, the artunai gamma pathway will contribute to and 
dominate total dose. Many residents will not have wells nor backyard gardens and these cxposure 
pathways may not aiways contribute to t o d  dose. Therefore, it was conduded that the remainder 
of the assessment would focus on a more detailed evaluation of only the artemai gamma radiation 
and radon pathways. 

32105 - 16 June 1997 3-1 
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Exposure Scenarios and Pathways 

Source terms were developed assuming that NORM exceeding 30 pCi/g was diverted prior to land 
disposal. The distribution of Ra-226 in NORM, afier material in cxccss of 30 pCi/g had been 
d u d e d ,  was derived h m  a comprehensive database of gamma radiation measurements colleaed 
fiom oil field equipment. The gamma radiation data are likely biased to overestimating the 
occurrence of NORM exceeding 30 pCi/g. However, the distribution of NORM bdow 30 pCi/g 
was assumed q u d  to the distribution beiow 30 pCi/g derived from the gamma radiation data. 

3.2.1 paneb 'ated Pig 

ñcmediated pics were modeled as infinitely thick (effectively equivalent to a 1 meter thickness) and 
were assumed to cover the entire propercy. Two sub-scenarios were considered; one where there was 
a 15 cm (6") cover over the NORM and another where no cover was present. T h e  no-cover 
scenario is conservative because most remediated sites will have cover material. 

Ra-226 concentrations in the NORM were assumed to vary according to the distribution of 
combined sludges and s d e s  described in Chapter 2 and Appendix B. The distribution characterizes 
Ra-226 concentrations in sludges and scaies where Ra-226 Icvcls higher than 30 pCi/g were arduded. 

3.2.2 Jand Farming 

The surfàce layer was assumed to be a mixture of NORM and natural soil with the proportion of 
NORM varying uniformly fiom O to 100%. The layer was assumed to be between 15 and 23 cm 
thick (6 to 9") and to cover the entire property. No cover material was assumed to be over chis 
layer. The NORM concenulfions vary according to the distribution of Ra-226 concentrations 
described in Chapter 2 and Appendix B for sludges done afier NORM >30 pCi/g has been removed. 

3.3 PATHWAY D ~ s c m o ~ s  

3.3.1 Gam ma Rad iation 

Gamma radiation is emitted from the decay progeny of Ra-226 and the dose from &is pathway 
depends on the source strength, on the duration of exposure and on the shielding (or attenuation) 
present 

32105 - 16 June 1997 3-2 SENES conuilcanu Limiccd 
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Residenuai structures provide shielding fiom the floor and walls and, hence, the indoor gamma 
radiation exposure rate is gencraily lower than the outdoor u p s u r e  m e  for a given source 
characterization. T h e  calculation of indoor acposurc rates is complex and information on scveraí 
panmeters is required; hen- it is common practice to use fiaors that are, in effect, the ratio of 
indoor exposure rate to thc outdoor exposure rate. Example d u e s  for this fictor are 0.33 and 0.70 
(NRC 1982, 1992). 

T h e  dose &o depends on the amount of ame spent on the property. People gcneraily spend a much 
higher proportion of their time on thc propeny indoors compared to outdoors and a fraction of the 

day is often spent off-site. These durations are typically about 75% of a day on-site with a fcw hours 
per we& spent outdoors. 

33.2 bdoorRado n 

Ra-226 in NORM (and soil) decays to radon-222 which is a gas that remains physically imbedded 
in the soils or is reieased (emanated) and traveis by d i h i o n  or advection through the soil. Portions 
of this radon are released to the atmosphere and into raidenriai sauct l l tw with concentrations higher 
in buildings compared to outdoors. 

3.4 hilETH0IKILOGY 

3.4.1 Cenerai ADD roach 

Estimated doses to residents and indoor radon concentrations on properties containing Ra-226 in 
NORM will vuy considerably fiom person to person and house to house for a given S C C M ~ ~ O  due 
to variations in source concentration, site-spedc properry and housing characrerisaCs, and the 
occupant’s personai habits. As a result of this variability, the assessment of the dismbution of 
p o t e n d  doses and indoor radon leveis is more informative, and more usehi, chan a single number. 

Probabilistic assessment, or Monte Carlo simulation, is a technique whereby the variation in 
parameter values of fictors that &ea &e aposures a n  be incorporated. Each probabilistic aial 
consisti of randomly selecting a parameter value(s) fiom the appropriate known (or cstimaud) 
distribution(s) and dcuiating an estimated d o n  concentration (or dose) fbr that triai. A 
distribution of estimated radon conccnrrations (or doses) is produced her repeating severai trials. 
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Ijrporurc Scrnarios and Pathways 

3.4.2 Gam ma Radiation 

The total time spent on the property and the time spent outdoors were sampled each triai. Total 
time on the site was varied from 12 to 24 hours per day following a triangular distribution having 
a m a n  value of 18 hours per day (EPA 1989). Time spent outdoors varied uniformly fiom O to G 
hours per weck (EPA 1989). 

The Ra-226 concentration in soil varied according to the dismbution of Ra-226 in NORM for the 
scenario. Ra-226 concentrations for the remediated pit senario were sampled fiom the distribution 
of mixed scales and sludges &er NORM with >30 pCi/g was excluded. Land farming concentrations 
were based on a similar distribution for sludges only. 

Shidding fiom the soil was assumed to be 80% for the scenario with 15 an of cover over the 
remediated pit. Additional shiciding for indoor txposurcs was uniformly distributed between 0.33 
and 0.70 (NRC 1982, 1992). 

The soure layer for the land firming had two types of additional variability. The thickness was 

varied uniformly between 15 and 23 an (6-9") and the mixing proportion between NORM and soils 
varied berwccn O and 100%. 

A more detailed description of the probabilistic model is provided in Appendix D. 

3.4.3 Indoor Radon 

Source characteristics and Ra-226 concentrations were modeled in a similar manner as used for the 
gamma radiation pathways. 

The relationship between Ra-226 concentrations in soil and indoor radon is complex and highly 
variable from site-to-site. An empiricai/physical model was developed to incorporate this uncercainry 
and was calibrated to measured data fiom a subset of housing in the U.S. These homes have some 
contact with the soil and indude a mixture of slab-on-grade and basement homes. A distribution 
of housing fiaors that can be interpreted as the incremental indoor radon l e d  for an incremental 
Ra-226 concentration in soil brrned the basis of the modd. 

The model induded modifying fiaors that account for the variation in emanation fraction for the 
NORM and differences in the source geometry. A more complete description of the model is 
provided in Appendix D. 

3210s - 16 ]UM 1997 3 4  SENES consulruirs Limited 
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4.0 RESULTS 

This chapter presents the predicted incremend gamma radiation doscs and total indoor radon 
concentrations for nmediated oil field properties containing NORM. These were shown to be the 
major pathways of exposure in the screening analysis described in Chapter 3. 

Predictions are presented for residential settings where the NORM is either present in a remediated 
pit or on a land farmed area. For each scenario, predicted doses and indoor radon levels a n  
presented for a hypothetical situation where the Ra-226 concentration in the NORM is uniformly 
30 pCi/g throughout, and for the more realistic xrnario where the Ra-226 concentration in the 
NORM varies fiom property to propeny according to the distribution of NORM below 30 pCilg. 

Variability in lifesryle patterns, site-specific physical chanacristics and concenmtion levels in NORM 
wen induded in the prediction of incrementai doses and indoor radon ievels through the use of 
probabilistic modeling. Therefore, the predictions also were variabk and arc presented as 
distributions. Predictions are summarized by average levels, reasonably maximum Icvels and the 
percentage of properties where the predicted lev& excecd generally accepted ìev&. 

4.1 DESCRIPTORS OF EXPOSURE 

4.1.1 & ~ ~ s n r c  Est imatq 

Gamma radiation doses are reported as incremental doses above background Ra-226 conditions. 
Negative incrementa exposures were calculated in some triais s ine  the estimated distribution of Ra- 
226 concentrations in NORM induded values that were below the 1.1 pCi/g concentration assumed 
to tic the background level. 

Indoor radon conanuations are presented as & due to the high naturai variability in background 
levels. Estimated indoor levels under the NORM scenarios are fiequendy lower than naturai 
background levels fÒr two rcaJons. First, the radon emanation fiaction for oil field NORM was 

substantially lower than the radon emanation fiaction in background soils. Sccond, a portion of the 

properria had Ra-226 concentrations in NORM that were lower than the background Ra-226 Ieveis. 

32105 - 16 June 1997 4-1 SENES consultantr Limited 
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4.13 SummawSta t i s t i q  

Four summary statistics were dcdated  fiom tach distribution of estimated cxposurcs generated using 
the probabiiiscic analyses. The fmt two stltisucs are measures of central tendency in that they 

describe average or typical values in the disuibution. T h e  arithmetic mean is devant fbr population 
exposure estimates in that it provides an estimate of the average exposure ovu ail the exposed 
population. The median value applies more to individuals since it is the value when 50% of people 
have lower cxposura and 50% have higher aposures. 

The 95& pcrcuide relata to exume individual dose in that it is the dmud dose levei that is 
excecded by only 5% of individuals exposed undu the scenario. This value is considered by many 
to be a reasonably maximal dose from probabilistic analyses (Federal Register, Vol. 57, No. 104, 
pp. 22923). 

An estimate of the number of individuais whose asposurcs (or doses) would exceed values of 
regulatory concern is induded. 

4.2 INCREMENTAL GAMMA RADUllON DOSES 

Table 4.1 shows scleacd summary statistics of the predicted incremend gamma radiation d o m  
caicuiated for the remediated pit and land firming scenarios where Ra-226 concentrations are 
distributed according to the trunated (<30 pCiis) Otto data. The table indudes summary statistics 
of the disuibution of total background doses fiom Ra-226 at 1.1 pGig in soil fór comparison. 
These values are about 4 mrun/y. For comparison purposes, total terrescrial gamma radiation lev& 
are t y p i d y  20 to 60 mrcm/y depending on the location. The estimated background doses in the 
table are lower fÒr two reasons. First, a substantial proportion of tod gamma radiation is 
attributable to thorium and potassium. Sccond, only a portion of the day is spent on the site and 
the majority of that time is indoors where the h o w  structure provides substantia shidding. 

Predicted median, or the 50"' percentile, incremend doses for the NORM sources, range between 
1.2 and 5.9 mrtdy  depending on the particular scenario, with thc highest doses occumng fÒr an 
uncovcrcd remediated pit  The distributions of incremend doses for the various scenarios are 
discussed in the fóliowing sections. 
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Table 4.1 
SUMMARY OF PREDICI'ED INCREMENïAL GAMMA RADUTION DOSES (mrcm/y) 

FOR DISTUBUTION OF NORM EQUAL TO OR BELOW 30 pCVg 

Mdian 95" Perccntik Percent over 
100 mrcdy 

I 1 S m u y  Swistics 

Distribution of Combined S a i a  3.3 
and Sludges' (wich cover) 

Without u w e r  17 

1.2 14.0 <o. 1 

5.9 70 1.1 

3 
b) 
4 

aduding any NORM greater rhui 30 pCilg, 
ru& ìaycr of mixed soil and NORM covering entire property. 
infinitciy thick NORM covering entire property below 15 cm of soil cover; 

4.2.1 Remediated Pit SccnariQ 

Figure 4.1 shows the distributions of predicted incrementa gamma radiation doses for the remediated 
pit scenario where Ra-226 concentrations are distributed according to the uuncatcd (~30 pCi/gi Otto 
data Distributions are shown fix scenarios where there is no cover material over the remediated site 
and a scenario where then is 1i5 cm (6 in) of cover. The variation arises from ehe variability in 
duration spent on the site and the shielding provided by the structure. Fifteen centimeters ( i5  an) 
of cover results in incrementa gamma radiation doscs that are about 80% lower than doses estimated 
with no cover. For either scenario, there is low probability that the inamentai gamma radiation 
dose will exceed 100 mrun/y. 

A proportion of propertics have estimated incremend gamma radiation doses that are negative values. 
This arises because the modded Ra-226 concentration in some pits is predicted to be lower than the 

1. i pCi/g background concentration. 

Table 4.2 shows sdeaed summary statistics for prediaed incremental gamma radiacion dosa for the 

32105 - 16 JUIK 1997 4-3 
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Flgüt'@ 4.1 

Distribution of Predicted Incremental Gamma Radiation Doses (mrem/y) 
From Remediated Pit Scenario 

-20 O 20 40 60 80 100 

Incremental Gamma Dose (mrem/y) 

Legend - NORM <30 pCVg (no cover) 
NORM e30 pCi/g (15 cm cover) - 

120 
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scenario where Ra-226 concenuarion throughout the NORM are at 30 pCi/g. Predicted median 
dosa range from 22 to 110 mremly wich the highest doses attributable to uncovered remediated pits. 
Doses to 5% of the people living on uncovered remediated pits were predicted to exceed 
i60 mrem/y, and doses to 58% of the people were predicted to exceed 100 mrem/y. This scenario 
is conservative in that ir assumes that no cover is present and that the remediated pit covers the entire 

P’oPerty. 

M a  

4.2.2 Land Farmiw ScenariQ 

M d u i  95* Puantik Pcrœnt over 
1 0 0  mrcmly 

Figure 4.2 shows the distribution of predicted incremental gamma radiation doses for the land 
farming scenario where Ra-226 concentrations are distributed according to the uunated (<30 &i/& 
Otto data. These incremental doses are relatively more variable than dosa for the remediated pit 
scenario because of the variability in source thickness and the mixing with native soils modeled for 
this scenario. Incrtmcntai dosa are low; however, a s m d  fraction, <0.1%, are predicted to cxcced 
100 mrem/y (Table 4.1). 

Combined Scaks and Siudgcs‘ . 22 22 31 <o. 1 
(with cover) 

Without cover I10 110 160 58 

Land Farming Exposurc 

I 1 1 I 5.3 Sludges 48 44 100 - %40tCS: 

The distribution of predicted incremend gamma doses to residents on remediated land farms to 
which was added NORM containing Ra-226 at 30 pCi/g (Table 4.2) are significantly higher than 
corresponding predicted doses to residents when the added NORM contained a distribution of Ra- 
226 concentrations truncated at 30 pCi/g (Table 4.1). When all of the NORM contained Ra-226 
at 30 pCi/g, the doses to approximately 5% of the population were predicted to exceed 100 mrem/y. 

Table 4.2 
SUMMAñY OF PREDIcrn> INCREMENTAL a h 4 A  Iiru>unON DOSES ( m d y )  

FOR NORM CONCE”ION EQUAL TO 30 pCUg 

32105 - 16 June 1997 4 4  SENES Consulcants Limited 
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Flgure 4 9  

Distribution of Predicted Incremental Gamma Radiation Doses (mremly) 
From Land Farming Scenario 

-20 O 20 40 60 80 100 120 

Incremental Gamma Dose (mredy) 

Legend - Sludges <30 pCi/g (no cover) 
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Meui Madim 95"' Pcrccntik 

4.3 INDOOR RADON EXPOSURES 

Perant over 
4 pcin 

Table 4.3 shows summary statistics of indoor radon levels predicted for the scenarios where Ra-226 
concentrations are distributed according to the uuncaced (<30 pCi/g) Otto data. Median indoor 
radon lcvcls vuy between 0.60 and 0.78 pCi& depending on the NORM scenario. The distribution 
of indoor radon icvds for U.S. homes that physically contact the soil is also summarized. It is 
interesting to note chat the median indoor radon levels fbr the scenarios are ias than the median 
background level. This is attributable to the lower radon emanaaon fraaions that have been 
measured in oil ficld NORM than in typical soil. Distributions of indoor radon level fbr individual 
scenarios are discussed in the following section. 

Dismbution of Gmbined S a i a  1.4 0.60 4.6 
and Sludges' 

Table 4.3 
SUháMARY OF INDOOR RADON (pci/L) 

FOR D I ~ ~ ~ ~ ~ U I I O N  OF NORM EQUAL TO OR BELOW 30 pWg 

5.9 

1 R u n e d i d  Pit Exposure Sanario* 1 

I 1 I 1 5.1 

I I 1 I 

Dismbuùon of Sludges' 1.4 O .78 4.0 

Natural Background Levcis 

1.1  pciig 1.3 0.8 1 3.9 4.7 

- Notes: 

3 
b) 
Cl 

infinitely thick NORM covering entire property. 
surfia layer of mixed toil and NORM covering entire property. 
arduding NORM greater than 30 pCi/g. 

Table 4.4 shows seieaed summary statistics for predicted indoor radon levcis fbr the scenarios where 
Ra-226 concentrations throughout the NORM are at 30 pCi/g. Predicted indoor radon 
concentrations were greater than for the scenarios where Ra-226 concenuations were distributed 
according to the truncated OKO data. 

32105 - 16 JUM 1997 4-5 SENES Consultanu Limited 
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Combined S& and Sludges 6.1 I 

Table 4.4 
SUMMARY OF INDOOR RADON LEVEU ( p a )  

FOR NORM CONCENTRATION EQUAL TO 30 pcdg 

2.6 21 36 I I 
si+ I 2.5 1.2 I 8.4 I 15 

43.1 &mediatcdP it ScenariQ 

Figure 4.3 shows the dsmbuuon of pndiacd indoor radon levels for the remediated pic scenario 
where the distribution of Ra-226 concentrations in NORM was based on OKO'S truncated 
(<30 pCi/g) dam. The distribution of indoor radon levels br the distribution of concentrations in 
remediated pin is aimost indisanguishable from the distribution of background indoor radon levels. 
selected summary satistics for these scenarios arc compared in Table 4.3. For both of these 
scenarios, most (95%) of the predicted indoor radon lev& were less than 4.0 pCZ (the level at 
which EPA recommends remedial aaion). 

Summary statistics for the distribution of indoor ndon concentrations prediaed in homes built on 
remediated pits in which the Ra-226 concentration in NORM was uniformly 30 pCi/g throughout 
are provided in Table 4.4. The concentrations arc higher chan h m  naturai background, and the 
indoor radon concentrations in approximately 36% of the homes were prcdiaed to c x d  4 pCi/L. 

4 3 3  &and Farmine SCW&Q 

Figure 4.4 shows the distribution of predicted indoor radon levels br the land firming scenario 

wherc the distribution of Ra-226 concentrations in NORM was based on Otto's trunated 
(~30 pCiig) dam. Table 4.3 shows summary statistics fór this scenario. Predicted ndon lev& for 
the dismbution of Ra-226 concentrations and source thickness b r  this scenario arc nariy 

32105 - 16 Juiw 1997 4-6 SENES conrukano Limited 
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Rgure 4.3 

Distribution of Predicted Indoor Radon Levels (pCiA) 
From Remediated Pit Scenario 

Legend f@ Measured U.S. Indoor Radon Levels - Predicted for Distribution of NORM e30 pCi/g 
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Flgun 4.4 

Distribution of Predicted Indoor Radon Levels @Ci/L) 
From Land Fanning Scenario 

1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

O 3  

O 2  

0.1 

0.0 
O 4 8 12 16 

Indoor Radon Level (pC¡VL) 

Legend Measured U.S. Indoor W o n  Levels - Predicted for Distribution of Sludges <30 pCi/g 
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indistinguishable &om natural background. 

Summary statistics for the distribution of indoor radon concentrations predicted in homes built on 
remediated land farms in which Ra-226 concentration in NORM was uniformly 30 pCi/g 
throughout are shown in Table 4.4. The concentrations are higher than natural background, and 
the indoor radon concentrations in approximately 15% of the homes were predicted to exceed 
4 &in. 

32105 - 16 JUW 1997 
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5.0 DISCUSSION 

5.1 PFEDICTED LEVELS 

5.1.1 @moariso n Of Predicted EXDO sures to NaturaIlv O ccurrine h o  SUrQ 

The predicted incremental gamma radiation dosa were comparable to the calculated naturai 
background dose of about 4 mremly from Ra-226. Therefore, gamma radiation dosa from Ra-226 
calculated for the oil field NORM exposure scenarios were generally greater than the calculated 
M~U.U~ background doses from Ra-226. This arises because the NORM wastes typically had higher 
Ra-226 levcls compared to natural background and the gamma radiation doses are a direa function 
of Ra-226 l ~ d .  

Predicted indoor radon levels for the remediation scenarios were similar to, or in many casa lower 
chan, the naturai background levels even though Ra-226 lcvds in the waste are usually higher than 
lcvtls in ~ t ~ a l  soils. This pattern arises because the higher Ra-226 concentrations in the waste were 
counteracted by the rdatively low emanation fiaaion in oil field NORM compared to the emanation 
h a i o n  in rypical soils. Thus the radon flux from oil field NORM was only about 10% to 20% 
of the radon flux fiom natural soils with the same Ra-226 concentration. 

Predicted doses and indoor radon lcvels were higher when ail the NORM was modelled to have 
30 pGdg concentration. 

5.1.2 Comnaris on to R d a t o r v  - G uidelines for Remediated Pit Scenarios 

The distribution of predicted indoor radon levels for the distribution of Ra-226 concentrations in 
remediated pits was nearly indistinguishable from the distribution of indoor radon Icvtls amiburable 
to ~4 background. in both cases, the radon concentration in approximatdy 6% of the houses 
exceeded 4 pCi/L - the levei at which EPA recommends that remedial action be &en. Gamma 
radiation doses were som+[ higher than background but the elevation was dependent on the 
amount of cover material. Regardless, the NRC limit of 100 mrun/y to members of the public near 
licensed ficiiities is rarely exceeded for che distribution of Ra-226 concentration in remediated pics. 

5.13 CornDarison to Gui 'deline Values fÓr the Land Farmine Scenario 

The distribution of indoor radon levels for the land farming scenario with the distribution of Ra-226 

32105 - 16 JUM 1997 5- 1 SENES connitants Limited 
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concenation is nearly indistinguishable fiom the distribution of background lev&. Approximately 
the same percentage of homes had levels exceeding the EPA guideline of 4.0 p C i i  (remedial action 
recommended) fbr this scenario as in background homes. Gamma radiation doses were slightly 
higher than background but the predicted incremental doses were well below the 100 mrcm/y 
guideline. 

5 3  SENSITMTY 

Incremend gamma radiation doses were most sensitive to the Ra-226 concentration in the source 
iayw and the amount of cover m a d .  Variability in duration spent indoors and outdoors on the 
property were of less significance. 

Predicted indoor radon levels were most sensitive to house-to-house variations in the reiationship 
between radon flux h m  the soil and the indoor radon lcvùs. 

5.3 UNCERTAINTY 

Two assumptions that were used in the anaiysis tend to overpredict the incremend gamma radiation 
doses and indoor d o n  levcis. First, the NORM was assumed to cover the entire property. While 
chiis may have been reasonable for the land h i n g  scenario, remediated pits may cover oniy a 
portion of the prop- duc to their gcneraily smaller size and, hence, the size of the source term may 
have ban overestimated. Second, ail radium in the wastes was assumed to have been Ra-226. This 
results in overprediction of doses from NORM, cspeciaiiy in reantly deposited matcriai which may 
contain subswtiai amounts of h -228  that decays relatively rapidly and, hence, represents less of a 
h d t h  risk. 

Prcdiacd indoor radon lev& were highly dependent on the radon emanation firaion and limited 
infórmation on this pammaer was found in the literature. The range of emanation fiacrions for oil 
field NORM used in thii study were fiom 0.02 to 0.06 which is about ten times lower than die 
d u e  for naturai soils and the w i d  value for uranium tailings. Radon difftsion coefficients in the 
NORM were assumed to be similar to the radon d i h i o n  coefficient for soil but also l ide 
information was bund on this parameter. 

Subsrand unartainty existed in the distribution of Ra-226 activity in oil field NORM. Many 
direa measurements of Ra-226 have been colleaed and these measurements have demonstrated the 
high variability in concentrations with a few locations and types of NORM exhibiting levcis 

32105 - 16 Junt i997 5-2 SENFS consulWitt Limited 
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Discursion 

exceeding 1,000 pCi/g while other sites have Ra-226 levels that may be lower than 1 pCi/g. 
Unfortunately, the distribution of, or wen the average, Ra-226 level and NORM volumes in the U.S. 
can not be derived from these spot measurements. The OKO data provided the most comprehensive 
and consistent radiological characterization of oil field NORM. 

The distribution of Ra-226 concentrations in sludges and scales was derived by EPA (1993) fiom 
surficial gamma radiation measurements collected fiom a survey that was not statistically designed 
for this purpose (Otto 1989). Assumptions were required regarding ihe relationship between the 
Ra-226 concentration, the volumes for various types of NORM and the overall represenmtivencss of 
the data. A survey, using a standard statistical sampling design, would provide a better 
charaaerization of the distribution of Ra-226 Itvels in oil field NORM. 

5.4 COMPARISON TO PREDICTED DOSES FROM OTHER ASSESSMENTS 

Other assessments of potential dose to users of remediated oil field sites have been carried out. 
Predicted dosa vary over a wide range mainly because of differences among the assessments with 
respect to: 1) the radionuclide concentrations and characteristics in NORM materiai used as the 
source; 2) exposure scenarios (home on the remediated site with no cover, home on a site with 
NORM buried at depth, etc). A brief summary of selected assessments is provided in Appendix E. 

Many oil companies have prepared NORM guidance manuais (Grice 1997) within the ftunework 
of standard operating procedures which specify equipment and land survey protocols, soil sampling 
procedures, engineering and administrative controls, standard work practices, and other procedures 
to ensure that appropriate control of oil field NORM is maintained at ail times. The s w c y  
procedures provide two levels of control: 1) the identification of NORM; and 2) the disposition 
of NORM in QLCCSS of stau regulatory or internai corporate criceria Thcse controls are in plaa 
during norma operations, and during remedial activities in preparation for the release of sites f9r 
unratriacd access. 

Surveying during operations ensures that NORM materials containing radium concentrations in 
excess of 30 G i g  WU be identified in processing equipment, at tank bactery sites an¿ in waste pits. 
This facilitates proper disposal of the affetted materiai. During remediation, gamma surveys (and 
soil sampling if necessary) are carricd out on dl sites CO be released to unratriacd access. For 
example, Tcxaco performs a survey by delineating the arca into a grid with a spacing no greater than 

~~ 
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10 meters. In arcas with known NORM materiais or arcas exhibiting scattered devatcd levels, the 
grid spacing does not exceed 3 meters. Measurements arc taken at a distance of one meter above the 
ground. Background radiation lwels are determined off-sie, and all NORM materiah which 
generate radiation readings in ex- of twice the background level receive fiircher investigation. Soil 
sunpies are taken in arcas of elevared gamma readings and where the average reading of twice the 

background (or higher) encompasses an arca equal to or gruta than 100 m2. Soil aras identified 
as being above 30 pCi/g, (some state rules require 5 pCi/g as the screening criterion), ace removed 
for disposal at a licensed NORM disposal ficility or are disposed of using a sate  approved disposai 
praaicc, such as underground injeaion. 

Chevron ais0 uses a combination of gamma surveys and measurements of aajvity wncenmtions in 
NORM to ensure that the Ra-226 concentration in materials left in remediated sites does not exceed 
30 pCi/g. Their methods are specified in standard operating proCCdures and spccifi. the placement 
of radiation metcrs within approximately one inch of NORM matcrial. Any mareds  which generate 
radiation levels in excess of 50 pFUh are disposed to licensed NORM disposal ficiiitits or by using 
another state approved disposal practice. 

Through the use of gamma sunrcy and soil sampling protocols specified in standard operating 
procedures for rcmediaang sites containing NORM, oil companies ensure that the maximum 
concentration of Ra-226 remaining wen in isolated small aras wiii not exceed 30 pCiig, and that 

die average of the site WU be significandy less chan thii value. 

5.6 Limitation on Indoor Radon by NORM Surveg Procedures 

To determine the impliations for indoor radon levels in houses built on remediated sites containing 
a small area of NORM at 30 pCi/g, a probabdistic assessment was carried out. First, the upper limit 
on the diameter of an ara containing Ra-226 at 30 pCi/g that would meet the gamma survey criteria 
used by the oil companies (described in the pmrious section) was estimated using probablitic 
methods. Second, the indoor radon level in homes built on the arca dctenninqi to be the upper 
limit (in the first step) was. predicted using the models and probabilistic methods described in 
previous sections. 

Table 5.1 shows summary sra~¡~rics on the probability that indoor radon levels a c e d  4.0 pCUL br 
various sizes of 30 pCi/g NORM covered by a 36 m2 house. For the remediared pit scenario, an 
arca of NORM ranging fiom 2 m by 2 m to 2.5 by 2.5 m was predicted to result in a 10% chana 

that the indoor radon level will a d  4.0 pCi/L. The corresponding size for the land fuming 
scenario is 4 m by 4 m. 

32105 - 16 J u ~  1997 5 4  SENES Consultants Limited 
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2.5 

3.0 

Dismuion 

11.8 6.4 

15.7 7.3 

PERCENTAGE OF HOMES EXCEEDING 
4.0 pCuL As A FUNC'IïON OF AREA AT 30 pCúg 

5.0 

6.0 

I t I 4.7 I 4.7 0.0 I 

30.4 12.2 

37 14.9 i 

o. 5 5.1 4.8 

1.5 7.1 5 3  

2.0 9 .o 5.6 

1 -  ~ -~ 9.5 ~ II I 4.0 I 22.7 

- Note Home is 36 m2 and a>mpkccly covers the NORM. 

The probability of detecting NORM at 30 pCi/g using the established fidd protocols depends on 

the arca and the local background gamma aposure rate. NCRP (1987) repom that actunal gamma 

radiation exposure rates across the U.S. can be divided into three groups with mean values of 3. 6 

and 12 píUh corresponding to coastal, nonaastal and a few devatcd regions. The upper limits of 

external gamma radiation in each of these arcas corresponds to 5 , lO and 15 pWh, rcspeaivdy. The 
upper limits were used to evaluate the probabiiity that indoor radon concentrations would exceed 

4 pCi/L in a home consmacd on a site containing a small area of NORM at 30 pCi/g Ra-226. 
Table 5.2 shows probabilities for a 3 m x 3 m grid and measurement of gamma aposure rata at a 

height of 1 m. T h e  table provides a range of background aposure rata and detection probabilities 
for various s i w  of NORM. Incremental aposure rates were d d a t e d  using MiuoShield (Grove 

1995) and indudcd random loauons of the NORM matcrial. T h e  table shows that areas of 
30 pCi/g material between 2.5 and 4.0 m on a side can be detected with more than 95% probability 
depending on the local background exposure rate. 

32105 - 16 June 1997 5-5 SENES consultanfs Limired 
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Discussion 

Table 5.2 

PROBABILITY OF DEIECTING A SINGLE HOT SPOT AT 30 pCUg 
BY GAMMA MEASUREMENT ON A 3 m GRID SPACING 
USING A CRITERION OF TWO TIMES BACKGROUND 

I Background pWh 

I I 15 I 20 II Sidcof=Sq-pm I 5 10 

3.5 1 .o0 1 .o0 1 .o0 0.81 

4.0 1 .o0 1 .o0 1 .o0 1 .o0 

4.5 1 .o0 1 .o0 1 .o0 1 .o0 

5.0 1 .o0 1 .o0 

The most conservative assumption that houses completely cover the NORM arca was used in the 

above calculations. Therefore, it was conduded that arcas of NORM which could result in indoor 
radon levels exceeding 4 pCX in 10% of houses located diredy over them can be detected wich 

high probability using the established protocols. It is likdy that some of the houses may be 
positioned so that ody part, or none of the NORM is covered; therefore the actual percentage of 
homes exceeding 4.0 pCiL will be lower than 10%. 

5.7 Condusioas 

Although the studies were not statistically designed fbr the p u p s e ,  the concentrations of Ra-226 in 
oil field NORM have been shown to be predominantly distributed at levcls comparable to natural 
background in soil and relatively s m d  quantitics of oil field NORM contain Ra-226 up to 30 pCi/g 
and higher using method fiom Rogers et ai. (1989) and data fiorn Otto (1989). Experiments have 
also shown that radon emanation fractions fiom oil field NORM ue significantly lower than from 
Ra-226 in normal soils. 

32105 - 16 JUIX 1997 5-6 SENES CoMultUiu Limited 
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In this report, it was demonstrated by screening analysis that external gamma doses and exposure to 
indoor radon are the major exposure pathways to residents on remediated oil field sites released to 
unratriacd public access. 

Potential incremental doses from Ra-226 to residents and tota indoor radon concenuarions in houses 
built on remediated oil fidd sites were estimated by more detailed modding. All NORM containing 
Ra-226 concentrations >30 pCi/g was excluded, and the distributions of Ra-226 concentrations below 
30 pCi/g were set equal to the distributions developed using methods from Rogers et al. (1989) and 
data from Otto (1989). Model parameter values were assigned dismbutions representing natural 
uncertaincy and variability, and the models were catdated probabdisridy. The predicted 
incremental gamma dose rata fiom Ra-226 (95th perccntiie was approximately 70 mrem/y) were less 
than 100 mrem/y, the limit on doses to members of the public set by the NRC on emissions from 
licensed ficilities. The t o d  indoor radon concentrations in houses built on remediated sites were 
predicted to be aimost indistinguishable from the corresponding concentrations attributable to natural 
background Ra-226 in soil. Tod indoor radon concentrations were predicted to exceed 4.6 pCilL 
in only 5% of the houses built on remediated sius compared to >3.9 pCiL in 5% of the houses 
from natural background. These values are esscntiaily comparable to the criterion of 4 pCi/L at 
which EPA recommends remedid action. However, an essentiai féature of the analyses described 
here was that the distribution of Ra-226 concentrations in oil fidd NORM was similar to that 
deveiopai using methods by Rogers et ai. (1989) and data fiom Otto (1989) accept that Ra-226 
concenuarions above 30 pCi/g were excluded. 

Finally, it was shown that cxremai gamma and soil survey methodologies used by oil companies 
during remcdiation of oil field sites bcfóre release to unrestricted public acccss facilitate compliana 
with the gamma dose and radon standard described above. 
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APPENDIXA: CHARACTERISTICS OF OIL FIELD NORM AND MANAGEMENT 
PRACTICES 

This Appendix briefly introduces oil field naturally occurring radioactive materiais (NORM) and 
subsequently focuses on the radiological characterization of three categories of oil field NORM 
wastes, na mel^ scales, sludges and produced waters. In parcicular, the radiological characteristics of 
oil field NORM-hing scaies, sludges and produccd water were estimated on the basis of the most 
rdevant available information from the literature, mking into account, to the extent possible, the large 
uncertainties associated with these characteristics. In this regard, it is important to emphasize that 
this assessment was limited by the lack of representativeness of the existing information for 
characterizing US. wide oil field NORM wastes, which in turn reflects the wide geographical 
distribution of NORM and the wide variation of NORM concentrations at oil production fields. 

The disposal of mixed NORM wastes in oil field waste sites can lead to "bulk" radiological 
charactcristics that differ from those of each individuai NORM waste This is addrcssed in Chapter 
4.0 for the three categories of oil field waste disposal sites considered in this assessment, nameiy: 
waste pits, tank batsenes, and ¡and firming a r a .  

Al INTRODUCTION TO OIL FIEU) NORM 

Connate water from underground geological formations contains various levels of NORM from the 
natural uranium P W )  and natural thorium m) series. During oil production, mainly the radium 
('-%a, =Ra and ='Ra) and radon isotopes of the natural uranium and thorium series dissolve in 
formation water and are transported to the surfàce with the produced water waste sueam''). This is 
because radium isotopes are slightly soluble whereas other NORM isotopes are relatively insoluble. 
(Smith 1992 p.12, Snavely 1989 ~ . 7 ) ( ~ ) .  Snavcly (1989 p.7 and 13) also indicates that radium 
isotopes alone comprise probably over 90% of the total radioactivity of produced water when radon 
(Yb, a radioactive gas) is arduded, and about GO% of the t o d  radioactivity when radon is 
indudd.  However, in some cases radon concentrations in water grearly exceed radium 
concentrations. 

Over the long term, the presence of long-lived =Ra with a 1,602 years half-life is particularly 
important, whereas with a 5.8 year half-life is of less concern. In the absence of % (as for 
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oil field NORM), =Ra controls the production of =‘Ra with a 3.6 day half-lifé. 

When dissolved radium is brought to the surfice, it may either remain in solution in produced water, 
or, under proper conditions, coprecipitate with barium, strontium, or calcium to fórm either hard 
sulfite s a l t s  or more granular silicate and carbonate sludges. (Coprccipitation can be initiated by 
chun id  changes and reduced pressure and temperature as the fluids are separated and processed). 
Radium dissolution and precipitation depend on the formation water salinity, pH, temperature, and 
prcssun (Smith 1992 p.2). i 

NORM s a l e  deposits an found in ail cypcs of water handling equipmcnc e.g. piping, filters, and 
the components of brine dispodinjeaion weh. NORM siudgc accumulares inside piping7 
separators, hcater/trcaters, storage tanks, and other quipmcnt used to handle produccd water (Smith 
1992 p.2). 

Bascd on a number of NORM b a c r i z l a o n  surveys, radium concentrations tend to be highest 
closest to the wd h a d  and in more d i n e  waters, and NORM tends to be more prevaluir at older 
produaion w d s  bec;iuse water produaion usually increases with the age of the wd (Smith 1992 
p.2). 

Geographical arcas when the highest manai gamma exposure lcvels from NoRh4ancaminatcd oil 
production equipment wen reponed in the most comprehensive survey conducted to date in the 
United States are: the Gulf Coast region fiom Florida to Texas (including Alabama, Mississippi, and 
Alabama), nonhastcm Texas, southeastun Illinois, and southern Kansas. However, oil produaion 
fields with above-background acposure levcls were found in each of the 20 Starts surveyed (Otto 

1989 p.1 and 15). A more reant survey also reported high NORM concentrations in Michigan 
(Smith 1992 p.2). 

Quantitative esrimtcs of the radiological characteristics of oil field NORM wastes (ix. scaie, sludge 
and produced water) are discussed in the remainder of &is chapter. 

One of the most comprehensive inbrmation sources for NORM in oil field produced water is the 
Snavdy (1989) report Unless othenivise noted, the data presented Mow were derived fiom that 

report. 
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k2.1 Concentration 

=R8 No. of =Ra 
@=LI Wdlt @cm 

10 to 1620 10 75 to 240 

3 to 1560 75 - 

1.3 to 437 10 204 to 575 
0.1 to 1580 18 19 to 1507 

O to 930 405 Om928 

4 to 584 42 18 to 568 

Selected NORM concentrations in produced water for various U.S. regions summarized by Snaveiy 
(p.7, 29-30, Appendix 1: p.79) are listed in the following table: 

1 

No. of 46 O f  Weh 
Weh Ovcr 50 pCilL 

4 50 

- 65 

6 70 
14 78 

405 

42 I 

Okìahoma 

T a u  Panhandk 

Oil weiis 

Offihore IA' 

Data €¡om Hamilton et aï. (1991 p.18). 

On this basis, produced water contained 0.1 to 1620 pCi/L of and 19 to 1507 pCiL of 
=Ra. Furthermore, 50 to 78% of oil and gas wells exceeded 50 pCi/L. Data for Gulf Coast gas 
wells also indicated an upper value for total radium ?Ra and =Ra) of 2,801 pCi/L (Snavely 
p.7,29, Appendix 1: p.79). However, Smith (1992 p.2) reported that "a recent NORM survey 
conducted in Michigan indicates that NORM concentrations may be much higher than these 
reported ranges suggest". Radium concentrations up to 29,000 pCiL were measured in this 
survey of produced water. However, such high concentrations were not reported to be a common 
occurrence. 

Snavely's (Appendix 1: p.54) more detailed information on the distribution of =Ra in brines from 
75 Panhandle gas welk (Texas) that ranged from 3 to 1560 pCi/L (second row of the data in the 
previous table) was: 

~ ~ ~~ 
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less than 10 
~~ ~~ 

10 to 50 

50 to 100 

19 

9 

I morethan6ûO I 5 I 
The following statistics were estimated from this distribution when mid-values were assumed for 
each range: a mean of 199 pCi/L f 62 pCi/L (twice the standard error on the mean i.e. at a 95% 
confidence level), individual readings ranged from 3 to 1560 pCi/L, 46.7% of the individual 
readings &e. 35/75) were below 100 pCi/L, and the distribution standard deviation was 269 
pci/L. 

The U.S. EPA (1993 p.3-21) reported for fdtered and unfiltered produced water a range of 16 
to 195 pCi/L for p6Ra and a range of 170 to 570 pCiíL for =Ra. 

in comparison with the above radium concentrations for produced water, Snavely (p.21) reported 
O to 81 pCi/L of =Ra and 0.3 to 32 pCi/L of =Ra for potable ground water. 

A range of -Ra ratios from abut  0.4 to 1.8 was reported by Snavely (p.31, Appendix 1: 
p.70-71) based on measurements made in brines at 41 Gulf Coast wells. He also reported (p. 31) 
that there was no consistent reiationship between the levels of za6Ra and =Ra in produced waters 
since it depends on the ratio of in the source rock (or underground geological 
fonnation). 

Shell (1993, Attachment 2, p.2) indicated that "freshly" produced scale tends to have a smali 
-Ra ratio, whereas scale that has remained in flow lines or vessels for 10-20 years (a 
common situation) has a high ratio. Reference made by Shell (1993, Attachment 2, p.2) to 
Louisiana data on radium in produced water discharges supported a ratio equal to or less than 
one. 
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In summary, average concentrations of t26Ra in produced water of 199 f 62 pCi/L with a 
Z26Ra/USRa ratios ranging from 0.4 to 1.8 were suggested on the basis of the above information. 

A.2.2 Distribution Coefficient íKd 

Based on Snavely (p.49), radium in the environment behaves much like the other alkaline earth 
elements barium, strontium and calcium. These elements form insoluble sulfates, are strongly 
absorbed by clays, and tend to concentrate in hard tissues (bone) when metabolized. In 
discharges to streams, radium partitions to sediments but depends on ionic strength of the water 
and nature of the sediments. Q for sedimentlwater interactions with radium range from less 
than 10 to over 1,500 Lkg. Fine clays, have very high absorption capacities for radium. Very 
little radium may be absorbed by sediments if waters are saline and sediments are mostly sand. 

Humus in soil is also reported (p.49) to have a strong affinity for radium: humus in peat almost 
completely immobilizes radium from migration. K$ range from 1,500 to 2500 L/kg for peat 
and from 150 to 200 u k g  for sand. 

A.23 Leaching 

Based on Snavely (p.49), the penetration rate of radium through sediments, below the top 10 cm 
where bioturbation takes place, is normally controlled by a Fick's diffusion coefficient of about 
10% cm%. When fresh water is the infiltrating medium, about 1,000 years are required for 10% 
of the surface concentration of radium to diffuse one foot. Similarly, a 10% concentration front 
would require 2,740 years for radium to diffuse to a depth of 60 cm (p.57). Other references 
mentioned in the report (p.57-58) indicate the Fick's diffusion coefficient to be 5.8 x 10" to 1.1 
x 10" cm2/s and that 0.1% of radium would be leached from initial concentrations of 1,!500 to 
5,000 pCi/g over a 5 year period. The report (p.58 and Appendix 2:p.45-47) also refers to a site 
in Russia where radium from oil field produced water at 8,000 pCi/L discharged for 30 years has 
penetrated to only a 30 cm depth in soil. This site was studied 20 years after the discharge 
ceased and the surface was found to contain about 2,000 pCUg of =Ra. , 

Snavely concluding comments (p.8) about the leaching potential of radium state that 
"Radium-containing produced waters discharged at the surface are not a threat to contaminate 
potable aquvers with radium The infiltration rate of radium through soi& and sediments is only 
about 1 ft per thousanà years. Radium is not mobile in potable water aquifers because of the 
high absorption capacity of rock for radium in fresh waters". 
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A3.4 &cl iment Absomtion of =Ra from Produced Water 

Snavely (p.5 1-52) reported the results of an experiment where dried sediment samples comprised 
of silt, sand, and clay were stirred with fresh aliquots of produced water containing 90,000 m g L  
of total dissolved solid (TDS) and 180 pCi/L of *a. Sediment samples were found to absorb 
a total of 1.35 pCi/g. This result would correspond to an absorption of 7.5 pCi/g in sediments 
for water containing 1,OOO Kin. with the same TDS level (90,OOO mg/L). This calculation 
assumes that no precipitates are present in the water. la the presence of precipitates a portion 
of the radium would be removed from water. Mineral solids carried from the reservoir rock 
would contain less radium than precipitates with clay absorbing the most and sand absorbing the 
least. The salinity, or TDS, of produced water can be from brackish (5,000 mgL)  to saturated 
(300,000 mg(L) (p. 11). 

Distribution of =Ra in Crude Oil 

Using the above result and assuming the highest % found in crude oil of 0.034 pCi/g, 25 ppm 
of suspended solids and 25 ppm of suspended oil; the report (p.51-53) indicates'that the radium 
distribution in crude oil is 99.98, 0.001 and 0.02% for the water, oil and solid phases, 
respectively. 

A 3  PIPESCALE 

A3.1 Conce ntration 

In general, radium concentration in most scale ranges from background levels to several thousand 
pCi/g (Smith 1992 p.14, RAE 1990 p.2-2). 

The two following NORM scale-related characterization studies are amongst the most relevant 
infomation sources from the literature: 

Wilson and Scott (1992 p.681-685) - Characterization of NORM piping scale at 
a retired petroleum pipe-reaming field in southern Louisiana. The test field area 
was 15.2 m x 15.2 m where the majority of the scale was discarded. 

Rood and Kendrik (1996 p.139-144) - The analysis of 20 scale-bearing pipes. 

Wilson and Scott (1992) reported =Ra concentrations ranged from 143.1 to 1,681 pCiíg in the 
upper 7.6 cm layer of soil, and from 6.8 to 1,675 pCi/g in the next 5 cm layer. Rood and 
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Kendrik (1996) reported 2a”Ra concentrations ranged from 400 to 2,760 pCVg with a mean of 
1,670 pCi/g and standard deviation of 870 pCi/g. The samples were supplied by oil companies 
as examples of NORM scale and were not intended to represent the distribution of radioactivity 
concentrations over all oil field scales. 

With respect to the ratio of scale, many authors have reported a value of about 3 (e.g, 
Nielson et ai. 1988 p.383, U.S. EPA 1993 p.3-1, RAE 1990 p.3). In comparison to the ratio of 
0.4 to 1.8 given eariier for produced water, the higher ratio in scale is likely attributable to lower 
levels of =Ra in aged scale. However, ”fresh” scale should have a similar ratio to that in 
produced water. 

In summary, the above disiribution of =ña in scale with =wFZa ratios ranging from 0.4 to 
3 were recommended. This range of ratios should account for the presence of both fresh and 
aged scale. 

A.3.2 Gamma Emmure Rate 

The Wilson and Scott (1992) study on pipe scale NORM at a retired petroleum pipe-reaming 
field presented in Section A3.1.1 also provided information on gamma exposure rates from the 
test field where pipe scales had been disposed. Measurements taken over a 7.3 cm thick surface 
at 0.3 m above ground were plotted on a graph and had a slope of about 1.07 piUh per pCi/g of 
=Raß). The report indicated that these measurements were about half of those predicted by a 
simplified formula (with a 2.4 pRh per pCi/g of =Ra slope) at 1 m above ground for an infinite 
slab 45 cm thick. Non-uniform radium concentrations and non-infinite source thickness are 
mentioned as an explanation for the difference observed. It should be noted that the influence 
of =Ra levels on these results was not discussed. Overall, gamma measurements at the site 
averaged at 250 with a peak at 1,800 p.Rh and a background at 9 piUh. 

For comparison, the U.S. NCRP (1991 p.69) recommends 1.83 pRh per pCi/g of a8v and 
2.48 pith per pCi/g of for estimating the gamma exposure rate at 1 m above a semi-infinite 
source with uniform concentrations in radioactive equilibrium. This is comparable with the Scott 
and Wilson (1992) results since most gamma emitters are associated with =Ra and and 
their progeny. 

O’ A ambioo w u  mde to ihe griph a d  published io rhc o f i d  journal of the Hulth Physics SaBay (HPS ApilI993: Vd.64. No.4, 
p.443). CmvauW Istar from d=i/k%h IO pRh = 3.85. Cimvasioo f w r  from pcik%s IO pRh = 13.M. 
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%.O1 

78.8 

62.23 

A.33 Rad0 n Emanation Fraction 

~~ ~ ~ 

0.33 0.01 7Z758 

0.00 0.00 OD 

o21 0.005 296333 

The most relevant information on radon emanation fractions from NORM scale were reported 
by Rood and Kendrik (1996). For the 20 samples of scale analyzed, the following statistics were 
estimated: a mean of 0.04 f 0.005 (twice the standard error on the mean Le. at a 958 confidence 
level), individual readings ranged from 0.02 to 0.06, and the distribution standard deviation was 
0.01. On the other hand, Scott and Wilson (1992) reported a radon emanation fraction of 0.0067 
for one sample of scaie. The scaie matrix in which radium is trapped explained the low fractions 
obtained in comparison to those for soil (Le. an emanation fraction of about 0.2). 

A.3.4 Rad0 n Flux 

No specific information was found on radon exhalation rate (radioactivity emission rate per unit 
area per unit time) from pipe scale alone. Only radon release rates from the extremities of scale- 
bearing pipe sections were reporîed. However, these data provided only limited information for 
assessing dose associated with the disposal of pipe scale. 

A.3.5 mching 

Spcd3c information on leach tests performed on three scale samples were reported by Wilson 
and Scott (1992). The results of this study are reproduced below. SENES derived the equivalent 
"k,," values on the basis that 1,600 mL solution was used to perfonn the leach tests. 

These results appeared consistent with the distribution coefficient for the solid/aqueous phases 
Of radium in scales Of 250,OoO ~ m ' / s  reported in RAE (1990 p.2-2). 

Based on these results, the report concluded that "radium sulfote, like barium suljiie is dificult 
to dissolve. Even in more acidic environments, this scale will not dissociate." 

The potential for leaching radium from scale is limited by the potential for dissolving the barium 
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suifate matrix into which radium is incorporated. Shell (1993, Attachment 3, p.6) reported a 
distribution coefficient for barium sulfate of about 390,000 cm3/g. A simple approach for 
estimating the leach rate for scale using the distribution coefficient for barium sulfate was given 
in RAE (1990 p.4-9). 

A.3.6 Other Characteristics 

RAE (1990 p.2-2) reported buik dry density for very hard scale between 2 to 3 g/cm’. Upon 
removal and disposal, a nominal buik dry density of about 1.6 g/cm3 is reported due to the 
porosity of 0.45 between the broken pieces of scale. Shell (1993, Attachment 3, p.6 and 10) 
indicated that a much lower porosity value should be used for loose scale: not much higher than 
0.26. 

A.4 SLUDGE 

A.4.1 Concentration 

In general, radium concentrations in sludge in production equipment ranged from background 
levels to several hundred picocuries per gram (pCi/g), although recent Michigan measurements 
include one sludge sample with 6,600 pCi/g (Smith 1992 p.14, RAE 1990 p.2-2). 

As for scale, a range of 0.4 to 3 was recommended for the 226Ra/238Ra ratio of NORM sludge. 

A.43 Gamma ExDosure Rate 

No specifk infomation was found on gamma exposure rate from sludge alone. 

A.43 Rad0 n Emana tion Fraction 

RAE (1990 p.2-1) indicated a typical radon emanation fraction for sludge of 0.22. (The basis 
for this value was not clear.) This is similar to typical values for soil. 

A.4.4 Radon Exhalation Ra@ 

No specific information was found on radon exhalation rate from sludge alone. 
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A.45 Leachiqg 

RAE (1990 p.2-2) indicated a distribution coefficient for the solid/aqueous phases of radium in 
sludge of 2,500 cm3/g and of lead in sludge of 5,100 to 20,000 cm3/g. 

A.4.6 Other Characteristics 

RAE (1990 p.2-2) reported that typical bulk dry densities in equipment or disposed deposits were 
about 1.6 gkm3 and porosities were about 0.39. 

A S  WASTEPITDISPOSAL 

Based on the summary statistics presented in the U.S. EPA (1993) report on NORM oil field 
waste pits in Louisiana, the Louisiana Department of Naturai Resources @NR) appeared to have 
the most comprehensive infomation on this subject. Unless otherwise mentioned, the data 
presented below came from this report. 

According to U.S. EPA (1993 p.2-6), waste pits have traditionally been the primary disposal 
method for NORM-contaminakd scaies, sludges, and some produced water residues. Two types 
of disposaï pits for sludges and scaies were mentioned in the report, namely: bum pits and brine 
pits. Burn pits were described as earthen pits used for storing temporarily and burning 
periodically non-hazardous oil field waste (excluding produced water) collected from îanks and 
other facilities. Brine pits were described as produced water pits that are lined, or earthen pits 
used for storing produced’water and other non-hazardous oil field wastes, hydrocarbon storage 
brine, or mining water. 

The following discussions only address brine pits since they represent the large majority of waste 
pits; U.S. EPA (1993 p.2-8) reported 5,853 brine pits and 435 burn pits for a total of 6388 pits 
in Louisiana. 

A.5.1 Dimemiom 

Statistics on brine pit dimensions (US. EPA p.2-9)are given in Table Al. A much higher mean 
volume than the median volume (about a factor 10) indicated that the pit volume distribution is 
highly skewed by a small number of very large pits. Indeed, Shell (1993 p.11) suggested that 
there were probably less than 10 pits in Louisiana that exceed about 1,420 m3 (or 50,000 ff). 
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Max 

Mean Volume 

Median Volume 

Table A.l 
BRINE Prr DIMENSIONS 

Brine Pit 
(m3)(') 

2,124 3 708 30 

540 2 270 18.5 

55 2 27 6 

Estimated Dimensions (see text below) 

depth (m) area (m') diameter (m) 

Min I 4 I 1 I 4 I 2.2 

One reference (Greer and Landres 1995 p.253-260) reported a former in-situ remediation situation 
in Louisiana at a larger pit than the maximal pit volume (over three times larger) given in the 
US. EPA report. The pit was located in a shallow estuary environment and had been receiving 
waste from production facilities over 30 years. The pit dimensions were approximately 70 m in 
diameter (or 3,848 m2) and 2 to 3 m deep, with a nominal volume of approximately 7,200 m3. 

On this basis, a waste pit depth of 1 to 3 m appeared reasonable. The brine pit areas and 
diameters shown in Table A.l were estimated by assuming circular pits with the deepest deph 
for larger pits (3 m), intermediate depth (2 m) for mean and median pits, and the lowest depth 
for mail pits (1 m). The resulting pit areas are: all less than 1/5 of an acre (about 810 m2 = 
4,049 m2/5), on average less than 1/15 of an acre (or 270 m2), and over 50% of them are les.. 
than 1/150 of an acre (or 27 m2) given the skewed pit volume distribution. Only the extreme pit 
case mentioned earlier approached a size of one acre. 

For comparison, circular brine pits shown in the Ashland report (1993, Attachment 2-a to 2-0 
were about 3 to 12 m diameters (or 7 to 113 m2), and thus, were consistent with the equivalent 
diameter size of median pits (Le. 6 m). 

in summary, circular waste pit areas ranging from 4 to 708 m2 (less than 1/5 of an acre) with a 
depth ranging from 1 to 3 m were suggested. For an average waste pit, circular areas ranging 
from 27 to 270 m2 with a 2 m depth were suggested. 
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Appendix A: C b m  of Oil-Fï& NORM a d  MaMgment Prda 

AS2 Radioloeical C haracteristics 

o Concentration 

Concentrations of % in mixed scales and sludges disposed at waste pits were estimated by 
pro-rating the distributions (with and without a 30 pCi/g cut-off) obtained in Section A.3.1 and 
A4.1 to the total volume of waste generated by a reference 10 well facility over a 30 year period 
taking into account the difference between the scale and sludge densities (about 2.5 and 1.6 t/m3 
for scale and sludge, respectively). 

Based on the U.S. EPA (1993 p.2-8) report, only 1 of the 10 pits were above 30 pCi/g, 5 were 
above 15 pCi/g, and all 10 pits were above 5 pCi/g. Statistics on radium concentrations for the 
10 representative disposal pits were: a median of 19.2 pCi/g, a mean of 20.7 pCi/g, and a 
standard deviation of 10.6 pCi/g. 

Greer and Landres (1995 p.253-260) reported in their analysis of an old large pit that %a 
concentrations were found in layers from 0.25 to 1.5 m in thickness and on the pit levee and 
bem. %a levels ranged from about 5 pCi/g to over 500 pCi/g. *Ra levels were negligible. 

e Gamma Exposure Rate 

Greer and Landres (1995 p.253-20) reported that gross gamma measurements at the pit surface 
ranged from 12 to over 400 @/h. The pit and surrounding marsh were submerged under 0.2 to 

1 m of water except for a narrow protective berm around the pit. 

A.6 TANKBATI'ERIES 

The most relevant information sources found on tank batteries all related to the NORM 
characterization of unreclaimed and reclaimed tank batteries at the Ashland Exploration ïnc. 
(Ashland) Martha oil field in Lawrence and Johnson counties, Kentucky. Three of these studies 
were: 

o Ashland (1993) - A proposed NORM reclamation program for the Martha site. 

Scott and Hebert (1993) - A NORM characterization study of @reviously) reclaimed tank o 

batteries in support of Ashland (1993). This paper is enclosed in Ashland (1993 
Attachment 3). 
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Appordix A.- C b a r d t i c s  of Oil-FuU NORM and Managrment R.Lzrriccr 

0 Hebert et al. (1995) - A paper presented in the Journal of the Health Physics Society on 
the Same results that were reported in Scott and Hebert (1993, but excluding the dose 
estimations. (Not addressed below.) 

Based on Ashland (1993): crude oil production activities by various companies (including 
Ashiand) at the Martha oil field began more than 70 years ago. The site included a totai of 71 
tank battery sites distributed over an area of approximately 6,610 acres (3.7 km * 7.3 km). Each 
battery site typically included brine pits, flowlines, roads, and the tank battery itself. 

Of the 71 battery sites, 43 had been reclaimed and the remaining 28 were in various stages of 
demobilization and reclamation (p.3). Urnclaimed tank batteries were those sites where 
production pits had not yet been closed. Production pits typically contained, tank bottoms (basic 
sediments), a surface skim of hydrocarbons and in some cases NORM. These sites may also 
have included isolated NORM-containing discharge areas (p.4). 

Reclaimed tank batteries were those sites where production pits had been closed under the 
requirements of the U.S. Administrative Order (which did not appear to address NORM). Some 
remaining areas that were also NORM-impacted at some of these sites include: tilled, discharge 
or drainage areas. Reclaimed battery site may have included a land farming area (indicated as 
"land spread" in the report maps) in place of the tank battery itself. 

Ashland (p.7) defmed "NORM-impacted" in its proposed NORM reclamation program for the 
Martha site in terms of a standard for release of land for unrestricted use. This standard is: "no 
more than 30 pCüg of Ra-226 in the top 15 centimeters (cm) of soil averaged over 100 square 
meters". An exposure rate of 55 pEUh at 1 m above ground was mentioned as a guideline for 
on-site verification. This guideline was expanded for readings greater than 250 p.Rh to at least 
one foot below surface for flowlines (p.5). 

Other reclamation issues mentioned in the report related to flowline and well sites (p.5-7). 
Flowlines were used for various purposes including flow of: oil, brine and gas from production 
wells to tank battery sites; fresh water from the water supply wells to the injection plant and on 
the injection web ,  and the natural gas from the tank battery sites to a compressor station and 
on to wells used for repressurizing (p.5). 

A.6.1 Dimensiom 

Based on the Ashland report map (1993 Attachment i), the Martha site was about 6,610 acres 
(12,000 ft * 24,000 ft) in size. Each tank banery site was about one acre (or 4,049 m2) in size. 

~ 
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App& A: C b a r e  of Oii-FÙU NORM a d  Mawgnnntt Prrrrtirrz 

Tank battery sites had rectangular shapes and ranged from about 53 to 594 m2. Based on the 
maps provided in the report, a mean size for the five tank batteries is about 337 f 180 m2 (two 
times the error on the mean at a 95% confidence level). As discussed earlier, circular brine pits 
were about 3 to 12 m in diameter (or about 7 to 113 m2). Typically, there were about two brine 
pits per tank bauery site. 

A.ó.2 Rad iological C haracteristig 

Asiùand (1993) 

Based on this report ail 71 tank battery sites had been charactebd in terms of area extent of 
NORM distribution using a gamma (p.Rh) survey meter. 

A general statement in the report indicated that NORM at the Martha oil field was typically 
"conjined to smaU isolated areas with the minimis activity levels by nuclear standards". Areas 
where NORM levels were significantly above background were reported to have a very limited 
areal extent (usuaily less than one square yard) and typicaliy located at the production pits 
associated with the tank battery site (p.2-3). Similarly, the report indicated that NORM-impacted 
areas "are confincd to the immediate vicinity of wtreclaimed production pits or discharge p in t s  
where scule may have accumulated" and that other areas with above background NORM, "are 
typically limited to the tank battery site proper, aruì except for the tilled (reclaimed areas), 
confuzed to the loo fe w t  'ncheq of soil" (p.5). 

Fig 2-a and 2-b (report Attachment) represented two urnclaimed tank battery sites where the 
highest readings (confined to a very mail area within each tank battery) were obtained (p.3-4). 

Fig 2 4  and 2-d (report Attachment) represented two reclaimed tank batteries where the highest 
readmgs (confined to a very small area within each tank battery) were obtained (p.4). 

Fig. 2 e  (unreciaimed site) and 2-f (reclaimed site), were representative of those tank battery sites 
that have mail areas slightly above background. 

Other reclamation issues identified in the report included. flowlines and well sites. 

The detailed radiological study (gamma surveys, % in soil, radon flw, radon emanation 
coefficient, and dose estimation) of Scott and Hebert (1993) was referred to in the report. ("he 
results from this study are addressed further below.) 
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Pathways where deposition was most likely to occur were associated with the primary oil 
production stream: the equipment associated with production well, production flowlines, 
separators, tanks and the tank battery site itself which included discharge and drainage areas, and 
production pits. Unlikely pathways were those that followed the freshwater and gas reinjection 
streams and pathways secondary to production since up to 90% of the NORM was removed from 
the produced water stream by Co-precipitation (p.13-14). This precipitate was highly insoluble. 
It was either deposited as a scale on the production equipment, settied out in the tank bottom or 
discharged into the environment. The report referred to two studies that confirmed the very 
limited migration potential of NORM from the precipitate (p.14). (These studies were discussed 
in Section A.2) 

Gross alpha levels measured in 70 residential underground drinking water sources in the Martha 
area ranged from O to 25 p C i i  with only 4 sources above 5 pCi.  % levels measured in a 
portion of the 45 aquifer monitoring wells ranged from O to 77 pCi/L with only 4 wells above 
5 pCi/L (p.16). 

e Scott and Hebert (1993) 

A detailed radiological study (gamma surveys, 226Ra and in soil, radon flux, radon 
emanation coefficient, and dose estimation) were conducted in 1992 for six previously remediated 
tank bamry sites at the Martha oii field. These sites were chosen across the production field to 
accurately represent the average radon flux by selecting two high, two moderate, and two low 
gamma activity tank batteries based on previous gamma surveys (p.1-2). 

Based on the daîa summary presented in the report: 

Average gamma exposure rates ranged from 35 to 83 p.Rh (min=25, max=185, 
and average background at 14), 

Average radon exhalation rates ranged from 0.8 to 5.7 pCi m-2 s1 (mind.5, 
max=12.6, and average background at 1.6), 

Average radon emanation fractions ranged from 0.028 to 0.063 (mind.024, 
max9.062, background at 0.32), 

Average t26Ra concentrations ranged from 14.4 to 62.4, 13.3 to 75.3, and 7.4 to 
85.6 pCi/g for soil depths of O to 5 ,  15 to 30, and 30 to 51 cm. Soil 
concentrations in all samples (for all three depth ranges) ranged from 1.7 to 
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Apptndu: A: Cbmacmimb of Oil-FÙU NORM a d  Managenunt f i d e s  

189.3 pCVg of %a and from 0.4 to 21.1 pCVg of =Ra. Average background 
concentrations of =Ra and PdRa were 2.5 and 1.2, respectively. 

Two main observations were drawn from these results. Firstly, the radon emanation fractions 
were much lower than those expected for typical soil or sludge. indeed, they are very simiìar 
to the radon emanation fractions reported by Rood and Kendrik (1992) for scale. Perhaps, 
Aslands (1993 p.2) statement that typicai soils in the region of the Martha oil field have a high 
clay content can explain this. if this were to be ihe reason, the application of this result on a 
US. wide basis would be questionable. Secondly, the presence of radium in all layers appears 
to contradict Asiand's statement (p.5) that NORM-impacted areas in the tank battery site proper 
were typicaily confined to the JOD fe w inchq of soil" (except for the tilled of reclaimed areas). 
Aiternatively, a plow depth of 51 cm appeared quite high for a tilled area. 
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APPENDIX B: DERIVATION OF THE DISTRIBUTIONS OF h-226 
CONCENTRATIONS IN OIGFIELD NORM 

The radium concentrations in NORM arising from gas processing and oil production ficilities vary 

signifìcantiy among types of cquipments and among well fields. NORM has been measured at 
individuai sita but a systematic and scientific survey of NORM concentrations at U.S. facilities has 
not been conducted. Hence, neither the mean radium conantrations or the variability, or 
distribution, of these concentrations is well known. 

This appendix describes the procedure used to estimate the distribution of radium concentrations in 
runediated pits and at land farms fiom a survey of gamma radiation levels measured on gas 
processing and oil production equipment. T h e  procedure, in aìi likùihood, overestimated the Ra-226 
concentrations due to a bias to high radioactivity in the gamma radiation data set. 

Gamma Rad iation Dag 

Gamma exposure rata at the external surfices of petroleum equipment containing NORM were 
collected during a survey conducted by the American Petroleum Institute (Otto 1989). The broad 
purpose of the survey was to idcntifj. the geographic areas and typa of equipment with higher 
gamma radiation exposure rata arising fiom the presence of NORM wastes. 

High variability was obvious with over 50% of the gamma radiation measurements indicating no 
difference fiom background but some measurements were subsmntiaiiy devatcd above background 
measurements. There were significant differences in gamma radiation levels between the rypes of 
equipment and between various geographical locations. 

T h e  author assessed the dan as d e  most comprebmiue a d  consistent sct of NORM data avaibbùfi  
p t r o h m  operatiom but then stated the following caveats: 

.., much of tbc &U LUIIS coi&d at sites abibiting s o m  dcgrn of rdoacíiviíy. Heme, the dali i s  not 
typical of a rand04 cbom site anà Kndr to mesrimate tbe mrtgnitudc of NORM ocmweme. 

.... here is no scimnjâc basis fi #trapokzting h e  results to unsurveyed arcas ofpmolnrm pr’odurtiongat 
processing. The number of obmations fiom gas procming and prodrrcing cquìpmcnt may not be 
proportional to the d amount of operational equipment in kc, arca. 
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App& B: Dm'vazim of Tbe Diztnbrrtions of Ra-226 Concenttation in Oi/-$eU NORM 

For the purposes of this review, the Otto data were acquired fiom NI for further statistical analysis. 
T h e  database conmined external gamma radiation exposure rates, background gamma radiation 
exposure rates, and the net gamma radiation aposure rates. T h e  data dso indude state, county, a 
code for the company, equipment type, and fidity typc (gas proassing or producing) for each 
observation. 

Although the original OKO dam show gamma radiation measurements to one decimai place, the data 
provide by API were rounded to the nearest e. Furchermore, dam for Taras were not avaiiabie 
for indusion in this report. In general, the Taras gamma radiation levels exhibited substantial 
variability, but were on average, lower than gamma radiation levcis measured in the rest of the 

country. As a result, statistics of gamma radiation exposure reported by Om, could not be cxady 
reproduced. 

envation o f Radiu m Concentranon fiom Gamma Rad iation Mmsuremenp . .  

Radium and its decay products emit gamma radiation chat can be easily measured with hand-hcid 
equipment. Gamma radiation lcvds are highly correlated with radium concentrations when radium 
(induding its decay products) is the predominant gamma emitting radionuclide present but the 
corrdation, or rehionship, depends on geometry and shidding fictors br different equipment types. 

A method for estimating radium concentrations fiom these gamma radution measurements was 

presented by the EPA (19931). Equipment types containing NORM suitable for downhole exposure 
were identified (Table 2-1; EPA 19931). In addition, physical dimensions were provided b r  the 
equipment size, mll thickness, and the thickness of sa le  or Sludge inside the equipment. ( ï h e  
Louisiana NORM report did not dearly identify the basis for these data.) Estimates of the volume 
of NORM fiom each rypc of equipment for the 30 year life of a 10 well producing fidity were 

shown. 

Bascd on the definition of equipment containing s a l e  and sludge, a merge with gamma exposure 
raus h r  those typa of equipment was conduced. The EPA =port (Table 3-1; EPA 19931) shows 

the matching of equipment classification with the Otto report (1989). Two points require 
discussion; firstly, production f idi ty  equipment dassificauons in Otto's report (1989) indude both 
gas and oil producing ficilitics. The table in EPAS report (19331) assumes that aii these 
measurements are representative of oil weil measurements. Secondly, gamma exposure raus of more 
than one equipment type in EPA's report (1993a) are represented by Otto's equipment categoria. 
For example, Oao's category 'Flowlines to indude all lines and elbows' has been usai to characterize 
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Appendix B: Dmiation of The Distríhtions of Ra-226 Concrntration in Oil-Jcki NORM 

exposures in the two categories of 'Oil Line Piping' and 'Oil Line Valves' in EPA's report (1993a). 

The distributions of radium concentrations in each type of equipment were estimated fiom the 
gamma exposures for each equipment type using Equation 3-1 (EPA 1993a). This equation uses the 
typical dimensions of equipment and scale (or sludge) thickness that were reported in an earlier table 
(Table 2-1, EPA 1993a) and reproduced in section 3.1 (Table 3-4, EPA 1993a). Factors for 
correlation parameters and density for NORM wastes were induded in the latter table. 

T h e  radium has been assumed to be all Ra-226 although a significant fiaction ( possibly more than 
50%) may be Ra-228 espcciaily for newly brmed NORM wastcs. Ra-228 decays datively rapidly 
(a haif-life of 5.8 years) so that within 30 years most of this radionudide has decayed. The 
assumption that all radium is Ra-226 is conservative with respect to dose in that it overestimates the 
dose from NORM wastes &er the Ra-228 has decayed. 

Ra-226 fix. total radium) concentfations were calculated for each measurement in the Otto data base 
using equation 3.1 from the EPA report, the fiaors fiom table 3.1 from the same report and the 
incremend gamma radiation leveis. Table B.1 shows a summary of the gamma radiation 
measurements and estimated radium concentrations by equipment type. It is obvious that radium 
concentrations in scales are typícaily much higher than the radium concentrations in scales. For a 

typicai pit containing the s u i e s  and sludges from a produaion ficiiity, the scaie contributes mom 
than 90% of the radium activity but only about 10% of the volume. 

VariabilíE 

T h e  radium concentrations in NORM are known to vary substantially beween production facilities 
and it follows that the radium concentration in waste pits will vary between pits. The Otto d i u  
docs not provide gamma radiation data for each equipment type at the production facility levei; 
therefore, a hypothctid disuibution of NORM has been generated. 

Gamma radiation measurements were relatively fiequent for oil stock tanks and this equipment type 
has been chosen as a basis fbr estimating NORM concentrations. Tank boctoms are similar from 

facility to tâcility and gamma d i a a o n  measurements are l a s  susceptible to geometric and thickness 
variations. The bllowing assumptions have been used to estimate the concentrations in individuai 
remediated pits and land h m  applications: 

i) concentrations in NORM from stock tanks at a given facility are proportional to the 
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concentrations in NORM fiom the other types of equipment at the given facility. 
county Icvcl mean concentrations for stock ranks are equal to the mean of the 
individual estimates. 
radium concentrations for stock tanks at individual production ficilities are 
lognormally distributed about the county mean fbr stock tanks. 

ii) 

iii) 

Mean and median radium concentrations were calculated by state, county and equipment rype and 
the correlation in county medians levels for the equipment types was determined. Statistically 
significuit positive correlations were present for most combinations of equipment rypcs indicating 
chat when radium concentrations arc high in one equipment cype then the radium concentrations 
in other equipment types tend to be high as well. T h e  empirical data are consistent with the 
assumption that radium concentrations in NORM fiom oil stock tanks are proporcional to 

concuitrations in other types of equipment. 

Table B.2 shows the ntio becweui radium conctntrations in various equipment typa to the 
concentration in sludges fiom oil s t d  tanks. Ratios were calculated at the county levei if there were 

more chan 4 measurements f9r each equipmcnr: type- The o v d  ratio was weighted by the number 
of measurements in each county. 

A d u e  of 0.5 CiR/h was assigned if the measured increment from the Otto database was O pWh 
A dismbution of concentrations of ail stock tank sludges for each county was constructed by selecting 
the 5*, 15*, 25" and so on up to 95* percentile of the hypotheticai distribution of radium 
concentration in the stock tank siudga br the county. The hypothetical distribution was lognormal 
with a geometric standard deviation equal to the median measured vaiue and an assumed gcometnc 

standard deviation equal to 3.0. Concentrations for other equipment types were estimated by 
multiplying the stock rank concentration by the nuos in Table B.2. 

Reme d d  Pit Comms ition . .  

The distribution of Ra-226 qwxamations were dcvdopcd for the following two scenarios: 

i) 
i¡) 

d l  sludges and d e s  from a ficiiity were placed in the pit (All NORM); and 
only sludges and s a l e s  wich Ra-226 levels lower than 30 pCi/g fiom the fidky arc 

placed in the pit (<30 pCi/g),. 

32105 - 16 JUIU 1997 BA SENES consulfints Limited 
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Appendix B: Derivation of The Distribations of Rrr-226 Concentration in 0iI-jek-i NORM 

Scaies were t y p i d y  not included in e30 pCi/g pits due to concentrations predicted as above 
30 pCilg for many ficilities. For some ficilities, the modelled concentrations of ail sludges and scales 

exceeded the 30 pCi/g threshold and, hence, there would be no volume, activity or mass of NORM 
for that ficiiiry. 

The mass of NORM for each equipment type was calculated by multiplying the volume of NORM 
by the specific density (ix. 2.6 for scale and 1.6 for sludges). The radium activity from each 
equipment typc was estimated by multiplying the radium concentration by the estimated mass. The 
pit composition and volume were determined by adding &e activities and masses for each equipment 
we NORM that met the scenario criteria. For example, only those activities and masses for 
equipment NORM lower than 30 pCi/g were added for the <30 pCi/g scenario. Ail activities and 
masses were added for the Ail NORM Scenario. 

The mean conccntration in the remediated pits was calculated by dividing the tom1 radium activity 
in the pit by the mass of NORM selected for the pit. Pit volumes were set q u a i  to the sum of 
volumes of NORM selected for the pit. 

The rotai volume of NORM for each county was assumed to be proportionai to the number of 
gamma radiation measurements (summed over ail equipment wes) reported for that county in the 
Otto data. Volumes for each theoretical pit were s d e d  by the relative number of gamma radiation 
measurements for the county. 

Figure B. 1 shows the NVO distributions of Ra-226 concentration in remediated pits. The distribution 
based on di NORM is highly skewed with a more than 50% of the pits estimated to contain 
40 pCi/g or more. This differs subsmntiaüy from the distribution of concentrations when NORM 
greater than 30 pCi/g are exduded. The median value for these pits is icss than 5 pCi/g. 

Land Farm NORM 

Land farm NORM are assumed to arise only fiom sludges and two distributions were developed: 

i) 
ii) 

a mixture of ail sludges horn a facility; 
a mixture of sludges with NORM 730 pCilg exduded. 

The procedure was similar to Che remediated pit characterization. 

32105 - 1 6 J u t ~  1997 B-5 SENES Consultants Limited 

                                      
                                         
                                      
                                         

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 7L05-ENGL 1797 0732270 Ob020b4 317 

App& B: Dm*vm*m of Tbe Dimibsrtions of Ra-226 Concentration in Oii-ficU NORM 
~~ ~~~~ ~ ~~ 

Figure B.2 shows the distributions of Ra-226 concentrations for the rank h m  scenario. 
Concentrations for the mixture of aii NORM are substantially lower than for the mixture of scales 
and sludges in the remediatcd pit scenario. The median level is about 5 pCi/g for the sludge 
compared to the 40 pCi/g median value prediacd for the mixture of sludges and scales. Regardless, 
the predicted concentrations can be high with 10% of the NORM conmining SO pCi/g or more. 

Concentrations arc lower in the disrribution of NORM aftcr that NORM greater than 30 pCig have 
been removed. 

32105 - 16 JUIK 1997 B-6 
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Appmdrx B: Dctivation of Ra-226 Concentration in Od-fiki NORM Wartc 

Table B.2 

TYPES TO THE CONCENTRATION IN SLUDGES FROM OIL STOCK TANKS 
RATIO OF RA-226 CONCENTRATION IN VARIOUS EQUIPMENT 

Eaubment Twe 

Oil Line-Piping 
Oil Line-Valves 
Manifold Piping 
HadcrdManifold 
Injection W d  Tubing 
Water Lines 
Produnion Wd Tubing 
Meters, Scram, Filters 
TcsdProduction Separators 
Free Warer Knockouts 
Gun Barrd (Wash Tanks) 
Heater Treaters 
Sump Pics 
Water Storage Tanks 

- Ratio 

183.0 
105.0 
47.8 
29.0 
23.9 
13.6 
36.4 
11.0 
10.9 
13.9 
3.6 
5.0 
4.0 
1.6 

32105 - 16 JUN 1997 SENES conntltants Limited 
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Flgure 6.1 

Distribution of Mean Ra-226 Levels @Cils) 
in Mixtures of Scales and Sludges from Individual Production Facilities 

O 10 20 30 40 50 

M e a n  Ra-226 Level (pCi/g) 

Excluding Equipment NORM with >30 pCVg 
Legend - Ali Equipment NORM 

Based on distribution of county means for stock water tanks 
In Ottos daia and proportioning to other waste types 
County volumes proportional to total number of measurements 
d : \ 3 2 î O 5 ~ ~ \ g o o d \ ~ \ ~  - 10 June lSQ? 
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Flgure B.2 

Distribution of Mean Ra-226 Levels (pcilg) 
in Mixtures of Sludges from Individual Production Facilites 

Based on distribution of county means f o r  stock water tanks 
In Ottos data and proportioning to other waste types 
County volumes proportional to total number of measurementc 
d:\32105\priogS\Qood\nguiee\ottommr.ao - 10 JuM 1897 
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APPENDIX C 

SCREENING PATHWAYS MODELS AND CALCULATIONS 
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Apprndu: C: Screening Patbwq Mo&h and Calculations 

APPENDIXC: SCREENING PATHWAYS MODELS AND CALCULATIONS 

Screening levd caldations of potential dose to residents living on remediated sites were made by 
deterministic methods to identifj. those pathways which connibutcd the largest dose to the total. 
The mathematical modds used to estimate doses fiom dust inhaíation, dust ingestion, externa 
gamma radiation, well-water ingestion, and ingestion of locaily grown vegetables, h i t  and animal 
producc arc dcsaibed. The iast section shows printouts of the spreadsheet dadation, parameter 
values and rcsuin. 

Inhnbtioa Pathway Model 

T h e  annual committed effective dose (DJ from inhalation of radionudide i was caiculated using the 
following modd: 

whcrc: 
C d  = airborne concentration of dust, pg/m3; 
ci = concentration of radionudide i in dust, pCi/g, 
io4 = units conversion fictor, g/pg 
I, - - inhaìation rate, m3/h; 
E, - - exposure Ume, My; and 
DCFE = committed effeccive dose equivaient factor (inhalation) radionudide i, 

prcm/pCi. 

Dust Ingestion Pathway Model 

The annual committed effeccive dose (Di) from ingestion of radionudide i was calculated using the 

foilowing modd: 

t e  

24 
D@ = I~ x 10-3 x ci x - x DCF@ 

wherc: 
1, - - ingestion rate of dust, mg/d; 
10-3 = conversion fictor, g/mg; and 

32105 - 6 JUIX 1997 c-i SENES Conniltams Limited 
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Appntduc C: Screening Pathways Modclr and Chkations 

DCF, = committed effective dose equivalent fictor (ingestion) radionudide i, 
prem/pCi. 

Extcrnd Gamma P d w a y  Model 

The annuai effective dose (DJ fiom external gamma radiation was calculated using the fbllowing 
modei: 

D 11 . = Ci X DCF, X C, X te (C.3) 

UmcrC: 
cc - - dose conversion coefñaent, rcm/rad (air); and 
DCF, = absorbed (air) dose rate fiaor, jmd (air) /h per pCiig.  

Wd-water Ingestion Model 

The annuai committed effèctive dose (D,) fiom ingestion of well-water was caldata i  using the 
following model: 

z soiî/water distribution coefficient, L/g; 
- - conversion fictor, mrcm/prern; and 
- - well-water ingestion rate, L/d. 

L o d  Vegetable and Fruit Model 

T h e  annual committed effective dose (D$) fiom consumption of vcgeables and h i t ,  j, (lafi. 
vcgeubla, other vegetables, h i t  and grain) containing radionudide i was dcuiated using the 
following model: 

32105 - 6 JUIX 1997 c-2 
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A p p d ù  E Screening Pathays Mo&h and Clrlculationr 

where: 

Tji = 

Lj = dry/wet fraction for vegetable j, g(d) i g(w); 

fdj = 
103 = units conversion fiaor, g/kg. 

soil-to-vegemble j uansfer fiaor for radionudide i, g soil (d) / g veg (d); 

Ijf - - consumption rate of vegetable j, kg veg (w)/y; 
h a i o n  of diet of vegetable j that is I o d ,  u n i d a ;  and 

L o d  Animal Produce Model 

The annual committed effective dose (D,J fiom consumption of animai produce, k, (beef, milk, 
pouiuy, and eggs) containing radionudide i in animai feed j (fiesh forage, stored hay and grain) was 

calculated using the following model: 

= concentration of radionudide i in animal producc k fiom consumption of 
feed j, Bq/g 
feed j ingestion rate by animai k, icg/d; 
fccd-to-animai producc k uansfer faaor for radionudide i, dkg; 
concenuauon of radionudide i in animai produce k fiom consumption of 

water ingestion rate by animal k, Ud; 
annuai consumption rate of animai produce k by humans, kg/r, and 
fraction of animai producc k that is local, unitia.  

- - 
= 

= 

=ta, Bq/g 
- - 
= 

- - 

The screening dose calculations were completed for an assumed Ra-226 concentration of 1 pCi/g. 
The parameter values, references and results are shown on printouts of the spreadsheets which arc 
induded at the end of t h i s  appendix. 

Table C.1 summark the smening dose assessment for 1 pCi/g Ra-226 in equilibrium with its 

32105 - 6 JUIU 1997 c-3 
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Apprndtu C- Scrcrnìng Patbwqs Mo&h a d  Cahkztions 

decay products. T h e  external gamma radiation dose, 7.25 mrem/y, dominates the doses for these 

pathways and accounts for 84% of the t o d  dose. The next largest contribution is 0.63 mrem/y for 
the wdl water pathway. 

32105 - 6 June 1997 c-4 SENES CoriEuhuits Limited 
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App& E Smening P a t h q s  MorifL anti C&tions 

Table C.1 

SUMMARY OF SCREENING LEVEL DOSES FOR 
1 pCi/g R2-226 CONCENTRATION IN SOIL 

32105 - 6 J U ~ C  1997 
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321 05screeningS 

321 OSscrecningP 5-DCC-96 

SCREENING DOSE CALCULATIONS 

Psrimeter units name Ra-226 -210 -210 suurceorequaiion 

conccnuation in soil pcdg 1 1 1 assumption 

ktenuû Gamma Radiation Model 

extemal dose factor. IIlpd/h per 1 Irrpdm D f x  158 
absorduidosefoeffectivedosc mnhd ObCd 0.7 
hours per weck exposed Wwk hpwk 126 
week per year exposed WIY WPY 52 

NCRP R 4  p. 69 1987 
NCRP b4 p.68 1987 
NRC "REGICR-55 12 p. 637 1992 
NRC NuRujlcR-5512 p. 637 1992 

7.25 '&*Dfx*abcd*bpwk*wpy/ loo0 annual effective dose -Y Dxg 

~halauoII Dose Model 

airbomedustcaiœntrwon p#m3 d c  m 70 70 NRC "REGICR-55 1 2 p. 6.37 I 9 9 2  
average inbalatim rate m3m dir 1.2 1.2 IS NRC "REGICR-5512 p. 6.37 1992 
inhalation dose factors W p C i  Minh 35 21 16 '=43*1W27 

annual effective dosc mrrm/y Dinh 1.94u12 1.14E-02 8.77E-03 ' I C n * a d c * d i f h p w k * w p y * ~ ( l ~ *  loo( 
ICRP 71. du lb  Slow typc. h i m  dost factors 

3.95E-02 
pgcstion of dust and rdl modd 

dust and soil ingestiai rate mgld dsir 50 50 U) NRC NUREGlCR-5512 p. 6.37 1992 
ingestion dose factors lurnilpci Ming 1.04 259 4.44 I C R P 6 7 , r d U l t ~ f a c t a s  

0.01 0.04 0.06 ' & * d u r + ( h p a r W 2 4 ) * t * ~ r n ~ ( l ~ l ~ )  aunual effœtiw dose &Y Ding 
l.lOE-01 

Veü water i n g d o n  

radium distribution cocfficicnt Ug Radc 2 5  20 7.3 Rogmctrl(1990).Shepprd&Tbibuilt(1990) 
waur ingcstim nte Ud wingr 2 2 2 NRC "REGI=-5.512 p. 637 1992 

annual effective dosc mmn/y DinpRa 0.226 0.071 0.332 '-wingP(hpwk/24)*~py+CrP+Ming/(RulcL100( 
0.630 

mrcmEy 
Exteml Gomma Dose Rau 723 
Inhalation of dust 0.04 
Ingestion of soil uid dust 0.1 I 
Consumption of well waur 0.63 
Consumption of g h  producc 053 
Cansumption of fann producc 0.04 

859 

Pemnt 
8439 
0.46 
1.28 
733 
6.12 
0.42 

100.00 

Page 1 

                                      
                                         
                                      
                                         

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 7105-ENGL 1997 œ 0732270  Ob02077 T75 œ 
321 05screening2 

32 1 05scming2 5-DCC-96 

SCREENING DOSE CALCULATIONS (2) 

Parameter units name Rp-226 W210 Po-210 mrceorequatloa 

BGETATION 
LEAFYVEGETABLES 
drylwct fraction g(d)/g(w) dwflveg 
soil-plant musfer (dryídry) g soiUg vcg sptlvcg 

plant conc'th Bq'g(wt) Clvcg 

OTHER VEGETABLES 
drylwet fraction g(dYgW dwfoveg 
soil-pht naasfa (dryídry) g soiüg n g  sptoveg 

plant m c ' t h  Bq/g(wt) Coveg 

FRUIT 
dryíwct fraction g(d)/g(w) dwff 
soil-plant transfer (dryídry) g soiVg vcg sptf 

plant conc'th Bq/g(wt) Cf 

ingestion dose factors CUmJpCi Ming 

annual cfftctiw dose mmnly Ding 

1 1 1 

0.200 om 0.200 
750E-02 5.80E-03 25OEN3 
150E-02 1.16E-03 S.00E-04 

o z  o z  0.25 
3.2ûE-03 320E-03 9.00M3 
8.00E44 8.0OE-04 2.25E-03 

0.180 0.180 0.180 
6. IOE-03 9.00E-03 4.00E-04 
1.1 OE43 1.62E-û3 7.20E-05 

0.910 0.910 0.910 
1.20E-03 4.70E-03 4.00E-04 
1.09E-03 4.28E-03 3.64E.04 

11 11 11 
51 51 51 
46 46 46 
69 69 69 

o25 0.25 0.25 
83 106 37 

1.04 259 4.44 

0.09 0.27 0.17 

assumption 

NRC "UREC2CR-55 12 p. 6.28 1992 
NRC NUREUCR-5512 p. 6.26 1W 
'-Cn*sptivcg*dwflvcg 

NRC NUREG/CR-5512 p. 6.28 1992 
NRC NUREGíCR-5512 p. 6.26 1992 
'-Cra*sptovcg*dwfowg 

NRC "REUCR-5512 p. 6.28 1992 
NRC "REGICR-5512 p. 6.26 1992 
'-Cn*sptPdwff 

NRC NUREG/CR-S512 p. 6.28 1992 
NRC "REG/--5512 p. 6.26 1992 
'&*sp~dwfg 

NRC NUREG/CR-5512 p. 6.24 1992 
NRC NUREGICR-5512 p. 6.24 1992 
NRC NuREG/CR-55 12 p. 6.24 1992 
NRC NUREG/CR-SSIZ p. 6.24 1992 
NRC NUREG/CR-SSlZ p. 6.38 1992 
'-(Clvcg*Crlvcg+Coveg*clwcg 

'+CfLCfi+Cg.Crg)*Fdfg* inil 
'4.28* 1 00R7 

Page 1 
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321 OSscreening3 

32105snccning3 5-DCC-96 

ScREE"G DOSE CALCULATIONS (3) 

Parameter untts name Ra-226 -210 Po-210 source ore quo^¡^^ 

RANSFER TO VEGETATION 
FRESH FûRAGE 
dxy/wet flactim g(dYg(w) dwff 
~oii-plani transfer (dxyídry) g soiVg(d) v( sptff 

plant m c ' t h  pciig(w) cff 

plant mcih pci/g(w) 

RANSFERTOEGGS 
Fresh forage - daily intake rate kg(w)/d 
Stored p i n  - daily intake =te kg(w)/d 
Fresh f m g c  - drily intakt 
Slored gnin - douy intnk~ 

C i d  
C i d  

fecd-tocggs onnsfer factor mg 
conoairniiai in eggs p C i g  

ffdirò 
zhdirb 
sgdirb 
ffdib 
shdib 
sgdib 
fw 
cb 

ffdimi 
SMiim 
sgdim 
ffdm 
shdim 
sgdim 
fmtf 
cm 

ffdirp 

ffdip 
sgdyp 

SgdiP 
ftpf 
cp 

ffdirc 
sgdire 
ffdic 
sgdie 
fluf 
ce 

0.220 0.220 O 2 2 0  
750E-02 5.80M3 250E-03 
1.6SE-02 1.28E-03 Sj0E-W 

om 0.220 0.220 
750E-02 5.80E-03 250E-03 
1.6- 1.28E-03 55OE-W 

0.910 0.910 0.910 
1.îOE-03 4.70E-03 4.ooEo4 
1.09E-03 4.28E-03 3.64E-04 

27 27 27 
14 14 14 
3 3 3 

4.46E+02 3.45E41 1.49E41 
231E+02 1.79E4I 7.70E40 
3.28E+OO 1.2SE41 1.09E+OO 
2.00E-04 3.OOE-04 3.OOE-W 
1.36E-01 1.9SE-02 7.09E-03 

36 36 36 
29 29 29 
2 2 2 

5.94E+02 4.59E41 1.98E41 
4.79E+02 3.7OE41 1.60E41 
2.18E*Oo 855E40 7.28E-01 
450E-04 250E-04 3JOE-W 
4.84E-01 2.29342 1.28E-02 

0.13 0.13 0.13 
0.09 0.09 0.09 

215E+OO 1.66E-01 7.15E-02 
9.83E-02 3.85E-01 338E-02 
3.OOE-02 2.00E-01 9.00E-01 
6.73E-02 l.lOE-O1 9.38E-02 

0.13 0.13 0.13 
0.09 0.09 0.09 

ZlSE+OO 1.66E-01 7.15E-02 
9.83E-02 3.85E-01 3.28E-02 
2.00E-05 8.OOE-01 7.OOEIoo 
4.49E-05 4.41E-01 730E-01 

NRC NUREG/CR-SS 12 p. 6.28 1992 
NRC NUREGXR-5512 p. 6.26 1992 
'ICra*sptfPdwff 

NRC NUREG/CR-S512 p. 6.28 1992 
NRC NUREG/CR-U 1 2 p. 6.26 1992 
'Icn*sptsh*dwfsh 

NRC MJREGICR-5512 p. 6.28 1992 
NRC NUREGICR-5512 p. 6.26 1992 
'dh-dwfg 

NRC NUREGICR-U12 p. 6.19 1992 
NRCNuRuiIcR-5512 p. 6.19 1992 
NRC"RFnCR-5512 p. 6.19 1992 
'..Cn.ffdirb*lCKM 
'4SIl*SMirb.lO00 
'-Cg*sgdirb*iO00 
NRC NuREG/CR-5512 p. 6.30 1992 
'-(ffdib+shdib+sgdib)*ftbtf 

NRC NuREG/(=R-5512 p. 6.19 1992 
NRC NUREGlCR-5512 p. 6.19 1992 
NRC NURujlcR-5512 p. 6.19 1992 
'-Cn.ffdirm* 1 O00 
'Icsti*shdinn* 1 O00 
iCg*sgdinn*1000 
NRC NUREG/CR-M 12 p. 6.30 1992 
'-(ffdimtshdim+sgdim)*fmtf 

NXC NUREGICR-5512 p. 6.19 1992 
NRC NUREGlCR-5512 p. 6.19 1992 
'-CffWdirp* I O00 
'-Cg*sgdirp* 1 o00 

i(ffdip+sgdip)*ftptf 
NRC NUREGICRJ5I 2 p. 6.30 1992 

NRC NuREG/cR-5512 p. 6.19 1992 
NRC NUREG/=-5512 p. 6.19 1992 
'-Cn.ffdk*1000 
'-Cg+sgdk*lO00 
NRC NUREG/--55 12 p. 630 1992 
'-(ffdie+sgdie)*îÌctf 
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XANSFER FROM SURFACE WATER TO LIVESTOCK 
soil/watcr distribution coeff. 
Concen~tion in water 
To Beef 
water ingestion rate 
concentration in beef 
To Milk 
water ingestion rate 
caiccniration in milk 
To Pod@ 

concentration in poultry 
To eggs 
water ingestion rate 
concentration in eggs 

water ingestion tate 

Ug swdc 
pci/L cw 

2.5 20.0 7.3 
4.OOE-01 S.0ûE-02 1.37E-01 

Rogen et al 1990. Sheppard and Thibault I990 
'Icralswdc 

Ud Win@ 

p c i g  cbw 
S.OOE+Ol 5.00€+01 5.00E41 
4.00E-03 7JOE-04 2.OSE-03 

NRC NUREGXR-5512 p. 6.19 1992 
'-cw*wingfb*flbtf 

Ud wingrm 
p C i g  Cmw 

NRC NUREG/CRJS I2 p. 6. I9 1992 
'Sw*wingtm*ftmtf 

0.30 0.30 0.30 
3.60E-03 3.00E-03 3.70E-02 

"RC NuREG/CR-55 I 2 p. 6. I9 1992 
%w*wingrp*fiptf 

Ud wingrc 
pc% 

0.30 0.30 O30 
2.4OE-06 120E-02 2.88E-01 

NRC NUREG/CRJ5 12 p. 6.19 1992 
'-CW*wiagrr*ftetf 

IUMAN CONSUMPTION 
ingestion dosc factors 
Fraction of diet from produce 

W p C i  Ming 
Fdfp 

1.04 259 4.44 
0.25 0.25 0.25 

'-1.201 m 7  
NRC "REG/CR-5512 p. 6.38 1992 

annual beef consumption 
Activity from beef 
Effective dose from beef 

59 59 59 
2.06 0.30 0.13 
214 0.78 0.60 

NRC NlREG/CR-5512 p. 6.38 1992 
'-(Cb+Cbw)*Crb*Fdfp 
'-Arù*Ming 

annual miik consumption 
Activity from milk 
Effective dosc from milii 

100 100 100 
12.36 O59 O39 
12.82 153  1.74 

NRC NUREGICR-5512 p. 6.38 1992 
'-(Cm+Cmw)*Cnn *Fdfp 
'-Arm*Mmg 

NRC NUREG/CR-S512 p. 6.38 1992 
'iCp+Cpw)*Crp*Fdfp 
'-Arp*ûñng 

annual poultry consumption 
Activity from poultry 
Effective dosc from poulmy 

W Y  crp 
P Y  Aip 
-Y 

9 9 9 
0.16 0.25 0.29 
0.17 0.66 i31 

annual egg consumption 
Activity from eggs 
Effective dosc from eggs 

10 IO IO 
l.18E-04 1.13E+00 2.54E+OO 
1.23E-M 293  11.31 

NRC NLJREGCR-5512 p, 6.38 I992 
'-(cHCew)*Crc*Fdfp 
'-An*Dfing 

Tola1 activity ingested pCüy Taip 

Ding Total aunual effective dose &y 

i458  228 3.36 '-Arb+Ann+Arp+Ar~ 

15.12 5.90 14.95 
35.98 

'-DflmgCTpip 
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EXTERNAL GAMMA AND RADON PATHWAYS - 
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APPENDIX D: EXERNAL GAMMA AND RADON PATHWAYS - PROBABILISTIC 
METHOD 

Thii appendix describes the pathways modds and probabilistic methods used to predia the 
distribution of incremental gamma radiation doses and indoor radon levels for the NORM scenarios. 
Pathways mod& were based on a residentid exposure scenario where a house was built and the 
occupants spent time indoors and outdoors on the property. Probabilistic modding has been utilized 
due to the high variability in source concentrations and the variation in iifcstyle and physical aspects 
from property to property that influence doses or indoor radon levels arising from the NORM. The 
models indude variability in source concentration and source geometry as weil as the duration of 
time spent indoors and outdoors. The variability in indoor radon was modelled using an empirical 
estimate of the home-to-home variability in annual average indoor radon levcis. 

SOURCE ChARAC'TERIZATION 

Ra-226 concentrations in the NORM vary fiom propew to propcrcy depending on the Ra-226 
concentrations in sludges and scaies. There concentrations vary considerably fiom fidity to fidity 
with background, or lower, concentrations at many wells. The probabilistic assament randomly 
selects Ra-226 concentrations fiom this distribution and, thereby, refleas the variation in 
concentrations from property to property. Thii provides a distribution of concentrations and an 
arguably more d i s t i c  representation of the average concentration than the selection of an arbitrary 
value for characterizing the concentrations, 

Distributions of Ra-226 concentration in NORM were devdoped based on a previous survey of 
contact gamma radiation levels on oil-field equipment and a relationship between gamma radiation 
levels and Ra-226 concentration. NORM concentrations were devciopcd to represent the 
concentration in disposed NORM &er arduding the proportion of NORM with concentrations 
exceeding 30 pCiíg. This approach models the current management practices. As described in the 
main tact and Appendix B, &e distributions of RI-226 concentrations in N O W  were not based 
on smcistiaily sound dara but were taken from the results of studies designed for other purposts. 
The results were used here for illustration only. 

Thex distributions were sampled for input values of the NORM concentrations and then source 
concentrations were derived fiom the randomly selected NORM concentrations. Hypothetical, or 
rcference, scenarios were considered where the NORM concentration was cxacriy equaî to 30 pCi/g. 

~ 

32105 - 16 JUIX 1997 D- 1 SENES conniiturts Limited 
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App& D: Ertmral Gamma and Rrrdon Pathzys - hbabilimc M d d  

Jbmediated Pit ScenariQ 

T h e  Ra-226 concentrations for the remediated pit scenario were randomiy selected from the 

distribution of mixed d e s  and sludges not including NORM with concentrations greater than 
30 pCi/g. This distribution was estimated, in Chapter 2 and Appendix B, using Otto's surface 
gamma radiation áata and an empirical relationship bctwan gamma radiation level and Ra-226 
concentration in the NORM. 

T h e  distribution of Ra-226 was not moddied by a probability distribution but, rather, was expressed 
as a file of csamatcd Ra-226 concentrations and the estimated percentage of the t o d  number of U.S. 
remediated pits with that concentration. Remediated pit concentrations, CNom were randomly 
selected from this distribution with probability proportional to the perantage of remediated pits with 
that concentration. 

Sincc there was no mixing of NORM with other matcriai in the remediated pit scenario, the 
randomly d e a d  Ra-226 concentration, C' was equivalent to the source layer concentration, 
C,, uscd in the probabilistic models. 

U d  Famine - Sce nariq 

The source layer fin the land k i n g  scenario was assumed to be a mixture of NORM material and 
native soils; therefore, determining the Ra-226 concentration in thc source was a w o  part proctss. 
First, the concentration in the waste was selected and, second, the proportion of waste matcriai to 

native soil was selected. 

Waste concencrations were sampled from the distribution of mixed sludges not including those 

sludges with RI-226 concentrations acceding 30 pCiig. This distribution was not summarized by 
a probability distribution but was aprcssed, similu to die remediated pit distribution, as a file of Ra- 
226 concentrations and associated percentage of properties. T h e  NORM concentration, C,, was 

randomly selected fiom the &tribution. 

The source layer was considered to have varying mass proportion between the NORM and MUVC 

soil with the NORM material constituting beween O and 100% of the layer. For each probabilistic 
triai, a propomon was randomly selected from a uniform distribution ranging tiom O to 10%. T h e  
source c o n c e n d o n  was then d d a t e d  fiom the mixture of NORM and native soil according to 

the bllowing formuia: 

32105 - 1 6 J u n ~  1997 D-2 SENES GnaJtantr Limited 
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Apprnduc D: Ewtrrnal Gamma an¿ M n  P a h a y s  - Probabilistic Method 

where: 
C,, was the Ra-226 concentration (pCi/g) in the source layer; 
PNOw was the mass proponion of NORM in the source layer; 
CN- was the Ra-226 concentration (pCi/g) in the NORM; and, 

C, was the Ra-226 conmuauon (&i/@ in background soil and was assumed to be a 
constant d u e  of 1.1 pCi/g. 

The f9rxnuia was simply a weighted average of Ra-226 concentrations in the NORM and native soil. 

GAMMA WLATION MODELLING 

The objective of Che gamma radiation model was to estimate incremend doses arising fiom gamma 
radiation for various NORM scenarios. 

Model Deve IoDmenC 

The model caidatcd the incremend Ra-226 concentration in the source layer and multipled this 
by a haor relating the cxposure rate in air (pR/h) to the Ra-226 concentration in the source if the 
source were an infinite haif-plane. This outdoor exposure rau was modified by a geometry factor 
that refieas the effects of shielding by cover material or reflects the finite thickness of the source 
layer. 

Incremental indoor gamma radiation exposure rates that were attributable to the source were lower 
than outdoor gamma radiation exposure rates since the building materiais act as shield against the 

gamma radiation emitted from the source layer. An exact calculation of this shielding was 

madiematically complicated for any single house and the shielding provided by the house varies 
considerably fiom house-to-house depending on the building materiais used and the physical 
dimensions of the housc Most risk assessments use fiaors that reiate indoor exposure rate to 
outdoor expsure, Example values were 0.33 and 0.70 (NRC 1992, NRC 1982). 

Annual exposure rates depend on the time s p a t  on the property and, since outdoor exposure rates 
were different than indoor raies, the breakdown between outdoor and indoor duration on the site 
was imporcant Typically, people spend about 75% of the day on the property with most of the time 

~ 

32105- 16Jun~1997 
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Apptnliix D: Extrnral Gamma and ha¿m P a h a y s  - l+obabìüstic Metbod 

spent indoors; however, there was variability in both the on-site and indoor durations (EPA 1989). 

probabilistic Mode 1 

The fbflowing equation was tht probabilistic model fór predicting gamma radiation exposure rates: 

1.82 

TLbd 

365 

was the annual incremental exposure race ( m y )  from gamma radiation; 
is the Ra-226 concentration (pCi/g) in the source layu; 
is the Ra-226 concentration (&i@ in background soil that would have been 
occupied by the source iayer if it were not then; 
is the f i a o r  relating arposure rate in p W h  to soil concentration in pCi/g in 
a semi-infinice plan (NCRP 1993) 
is a geometry fictor that modifies the exposure rate based on the thickness of 
the source iaycr and the amount of cover materiai; 
is duration (h/week) spent outdoors on the propeq 
is the number of days in a week and was used to convert hours p u  weck to 
hours per day 
is a geomcay fiaor that modifies the indoor exposure rate based on the 
shielding provided by the wails and the floor; 
is the t o d  duration (h/day) spent on the propercy 
is the number of days in a ycu and was used to convert daily exposure rata 
to annual rates. 

Incremcnd doses were caicuiad by converting units between the annual incremental exposure rate 
in iiR/r and the incremental dose rate in mremly according to the following equation. 

-Duamma = O d ~ ~ ~ u r e ~  x 0.001 

whcrC: 

4- is the inaemcntai gamma radiation dose (mnmly); 
O. 6 is the conversion fictor (mrem per mR) between exposure and &ctive dost; 
e o = t r , ,  is the inaemcntai gamma radiation exposure rate (pRly); and, 

D4 
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Appntduc D: Extrrnal Gamma and Rahn Pathways - Probabilistic Method 

o. O01 is the conversion factor from pR to m R  

SamDlinP Distributions 

Each probabilistic trial was comprised of selecting a value for each parameter in the model. Some of 
the parameters were constants while other parameters were variable and were fiom different 
distributions depending on the scenario. 

i> 

ii) 

iií) 

iv) 

The Ra-226 conccnuation in the sourcc layer, C,, depended on the NORM 
scenario and was sampled from the previously described distributions for the 
remediated pit and land farming scenarios. The background soil concentration, Cw, 
was treated as a constant parameter With a value of 1.1 pCi/g. 

The geometry fictor for outdoor exposure rate, F,, was dependent on the scenario 
and, for the land firming scenario, was variable depending on the thickness of the 
source layer. For the remediated pit scenario, a constant valut of 1.0 was selected for 
the no cover scenario and a constant value of 0.2 was selected for the 15 un cover 

scenario. These dues were taken fiom a published figure showing the proportion 
of totai gamma radiation as a function of depth (NCRP 1984). The source layer 
in the land h i n g  scenario was assumed to have a thickness varying between 15 and 
23 cm (6 CO 9"). The geometry factor varies approximately linear from 0.8 to 0.93 
over th is  depth and, hence, the geometry fiaor was sampled fiom a uniform 
distribution between those values. 

The cime spent outdoors, T- was distributed uniformly becween O and 6 h/weck 
based on pubiished data (EPA 1991) and did not depend on the scenario. T o d  time 
spent on the property, Td was also variable and did not depend on the scenario. 
A triangular distribution ranging between 12 and 24 h/day with a mode of 18 hours 
per day was the sampling distribution for this parameter (EPA 199 1). 

The shielding provided by the house, G,, was also considered variable but the 

distribution did not depend on the scenario. A uniform distribution between 0.33 
and 0.70 was chosen for this parameter (NRC 1992, NRC 1982). 

Table D.1 summarizes the sampling distributions for modelling incremental gamma radiation doses. 

Table D.1 

32105 - 16 JUJU 1997 D-5 SENES Consulfuits Limircd 
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Parameter 

cw 

Gad 

Appedx D: Extollrrl Gamma and &dim Pathways - fiobabilimr Methad 

Scenario 

Remediated Pit Land Farming 

Combined S d e s  and Sludgcs' Combined Sludges' (variable) 
(variable) Mixed with Naturai Soil 

1.1 (constant) 1.1 (constant) 

PARAMETER VALUE DISITUBLITIONS FOR MODELLING INCREMENTAL 
GAMMA RADIATION DOSES 

1 Uniform (0.80, 0.93) 

~ I Uniform (O, 6) 

1.0 (constant) for no cover 
0.2 (constant) for i5  cm soil cover I 

I Uniform (0.33,0.70) I Uniform (0.33, 0.70) I G- I 
I T- I Uniform (O, 6) 

I Triangular (12, 18, 24) I I Td I Triangular (12, 18,24) 

N_ote: 
' Predicted source conccnuation &er arduding NORM with Fb-226 concentrations 

e x d i n g  30 pCdg 

INDOOR RADON MODELLING 

The objective of the indoor radon model was to estimate the distributions of annual average indoor 
radon gas concentrations in homes on remediated pits or land Earming sites. Predictions of indoor 
radon contributions are difficult br individual homes. The physical (or scientific) rciationship 
between soil radium concentration and the incremend indoor radon level arising fiom the Ra-226 
in the soil is complex. S c v d  theoretical modcis have been developed but predictions of radon levels 
in individual homes arc difficult due to the íarge number of parameters required for these models and 
the uncertainties associated with selecting appropriate parameter values. Furthermore, there was a 

high variation in the paramcccr values fiom home to home; therefore, it was difficult to develop 
defensible distributions of ail the parameter d u c s  rquired for the physical (or scientific) models that 
predict indoor radon lev&. T h e  selected methodology incorporated a simplified (or conceptual) 
physiai model and used unpiricd data derived fiom a nationwide survey of radon in homes carried 
out by the EPA. 

32105 - 16 JUW 1997 D-G SENES Gmltants Limited 
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Appnrdix D: k d  Gamma and Radon P a h a y s  - Probabilistic Mrthod 

Model DeveloDmenf 

The sources of indoor radon can be conceptuaiizcd as follows: 

i) 

i;) 
iii) 
iv) 

from soil gas (from soura material, fiom natural soil or both) directly entering the 

from outdoor air entering the strumre; 
from building materials used in the structure; and, 
exhalation from water containing radon. 

StniCtUrC; 

T h e  following formula represents this conceptual partitioning among the sources: 

Building m a t e d  and water exhalation sources of indoor radon can be significant in a fiw individual 
homes; however, they were assumed negligible for thii study s ina  &esc sources are typically small 
compared to contribution from soil gas and outdoor air entering the stmart. 

T h e  annual average background concentration of radon in outdoor air (w was reportcd by 
Hopper (1992) to have an average value of 0.39 pCi/L, ranging from 0.16 to 0.59 pCiL at sites 
across the 50 States. 

The annual average concentration of radon measured in homes to which the ground-contact 
population of the US was arposed was reported by EPA (1992). EPA defines the groundantact 
population as residents of ail single-family units, accept those that were 100 percent open underneath 
(such as unskirted mobile homes), and residences above the first fìoor in multi-family units. T h e  
results of die EPA survey indude many types of home construction (cg. slab-on-grade, basement, 
etc) and varying climates and lifesryles. 

EPA demonstrated that the distribution of radon concentrations could be approximated by using a 
lognormal distribution with a geometric mean value of 0.77 pCi/L and a geometric standard 
deviation of 2.92. ï h i s  model predicts that 6.18 and 0.83 % of the population would be exposed 
to radon concentrations in excess of 4 and 10 pCi/L. respectively. These predictions compared well 
to the observed data in which 6.85 and 0.75 % of the population were aposcd to concentrations 
in excess of 4 and 10 pCi/L, respectively. 

32105 - 16 J u ~  1997 D-7 SENES c o d c a n 0  Limited 
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A p e  D: Extrntrzl Gamma and Radon Pathays - hobabiìiszìc MmSad 
~~ ~~ ~ ~ 

The indoor radon contribution from soil gas was related to physicd charaauistics of the soil, 
primarily, Ra-226 concentration, the radon emanation fiaor, and the diffusive charaaeristics. Myrick 
er J. (1983) measured Ra-226 concentrations in surface soils ar 327 locations across 33 states and 
reported a m a n  value of 1.1 pCi/g with a standard deviation of 0.48 pCiig, ranging fiom 0.23 to 
4.2 pCi/g. The radon emanation fiaction from radium in soil has a mean d u e  of 0.2 (NCRP 1987). 
Radon diffusion coeffcients vary fiom soil to soil with generally higher diñùsion coefficients in 
coarser and d v r  soils than in finer and wetter soils. 

The distribution of contribution to indoor radon level from soil gas has been determined by 
estimating die lognormal distribution that was equal to the EPA's distribution of indoor radon level 
when a mean outdoor radon lml of 0.39 p C i  was added. The estimated geometric mean was 

0.408 pCi/L for the contribution of soil gas to indoor radon levels and the gcomemc standard 
deviation was 3.837 which indicates a high variability among homes. This empirid distribution of 
the indoor radon levei contribution fiom soil gas was based on n a d  conditions and was modified 
by the Ra-226 concentration in NORM, emanation fractions, and source characrerisaa. 

The bllowing equation was the probabilistic model for predicting indoor radon levels b r  the waste 

scenarios: 

Where: 
was the indoor radon level (pCi/L); 
was &e Ra-226 concentdon (pCi/g) in the source layer, 
was the radon emanation fiaction (unit less) for the source material; 
was the geometry correction fiaor (unit icss) h r  a finite source thickness and 
was equal to the proportion of radon flux entering the residmtiai structure if 
the source layer were infinite in thickness and spatiai extent; and, 

32105 - 16 JUIK 1997 D-8 SENES Gnsulunrs Limited 
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App& D: EaernaI Gamma and Rrrdon Pathways - Probabihtic Mcthaá 

is the housing f iaor  (pCi/L) that describes the distribution of indoor radon 
lcvels for actual conditions (indudes variations in soil difhsion coefficients, 
residential construction type, cracks, air changes, and meterological 
conditions); and 
is the outdoor radon lcvel (pCi/L). R%ll&R 

The first line of the equation models the indoor radon contribution fiom the source layer and 
modifia the natural indoor radon level by the Ra-226 concentration in the source, the radon 
emanation finor in the source, and the geometry of the source relative to the waste (e.g. thickness 
of the layer and amount of cover material). The second line of the equation models the indoor 
radon from n a d  soil that covers, or lies below, the source layer. Factors for Ra-226 concentration 
and emanation hc t ion  were not required for this component because the housing finor (indoor 
radon lcvcls from natural soils) was based on the distribution of naturai soils. The third line models 
the outdoor air contribution to indoor radon concentration. 

Samdine Distributions 

Puuneter d u c s  were probabilistically sampled during each nial; however, the sampling distribution 
may be dependent on the waste scenario according to the following: 

i> 

ii) 

iii) 

The Ra-226 conanuation, C’ depends on the NORM scenario and was sampled 
fiom h e  previously described distributions for the remediated pit and land firming 
scenarios. 

The radon emanation fraction, €,.- was dependent on the NORM scenario. The 
sampling distribution was uniform from 0.02 to 0.06 for the remediated pit but was 

a weighted average of the emanation for natural soil and wastes in the landfirming 
scenario. 

The geometry correction finor, F,, depended on the scenario. A constant vaiue 
of unity was sdeaed for the remediated pit scenario based on the assumption of 
infinite thickness. The geometry factor for the land firming scenario was sampled 
from a uniform distribution between 0.133 and 0.816 in order to reflea the finite 
thickness of the source layer. T h e  fictors were calculated based on the range of fluxes 
for dif€erent soil typa and thickness of the source layer. For the background 
reference scenario, a constant d u c  of O was assigned. 

32105 - 16 JUIK 1997 D-9 SENES Consultants Limited 

                                      
                                         
                                      
                                         

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 7105-ENGL 1777 0732270 Ob02090 407 

Parameter 

c- 

AD& D: Extcnral Gamma and Radon Pa#swsvz - R.obabilistic M d o d  

SCrnuio 

Remediated Pit Land Farming Background 

Mixed Scales and S l d g c j  M a d  Siudgcs (variable) d a  
(wide) or 30 Fig (aonstant) or 30 p i g  (connuit) 

iv) The housing kctor, Hbe was independent of the waste scenario since it was 

assumed that the house responds in the same way to the radon arising fiom the 

NORM layer as it responds to the radon arising fiom the natural soil. Parameter 
values were sdeaed from the previously described distribution. 

E, 

F- 

v) The outdoor radon, h- was independent of the NORM scenario and has been 
assigned a constant value of 0.39 ci. The areal exccnt of the waste sites was 

relatively small and the minor influence of radon d e d  fiom local soils on natural 
background concentrations of radon in outdoor air has been ignored. 

Unibrm (0.02, 0.06) U n i f m  (0.02.O.06)~ nia 

o (aonsmt) 1 (consant) Uniform (0.133, 0.816) 

Table D.2 summarizes the sampling distributions for each waste scenario. 

HLir*I 

R%l& 

Table D 3  
PARAMEERVALLJE DISIWBUXIONS FOR MODELLING INDOOR RADON LEVELS 

. Ln (0.408, 3.837) Ln (0.408, 3.837) Li (0.408,3.837) 

0.39 (aonsunt) 0.39 (constant) 0.39 (constant) 

Predicted mura concentration aftcr excluding NORM with Ra-226 amanuations aacding 
30 pCi/g. 
modified for ¡andfarming scrnuio to reflect mirturc of NORM and naturd soils. b 

nia not applicabie. 

32105 - 16 JUIK 1997 D-1 O SENES Contulunu Limited 
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A p p d i x  E: BncfRevicw of Sekcrtd AsscxmKntr 

APPENDIXE: BRIEF REVIEW OF SELECïED ASSEQMENTS 

A listing of seleaed assessments is given in Table E.l and the results of some of them arc 

summarized in Table E.2. 

El ASSESSMEN"S ON OIL FIELD NORM IN MARTHA, KE"üCKY 

In 1993, Ashland Exploration Inc prepared a remedial plan for their oil field at Martha, Kentu+ 
and submitted a proposal to the Commonwealth of Kcnnidcy on remediation criteria which included 
a supporting pathways assessment (Scott and Hebcrr 1993). Rogers and Associates (1994) prepared 
a pathways assessment for the Sate. Following discussions with the state authorities, Ashland 
submitted a revised proposal for remediation criteria and supported it with a pathways assessment 
(Auxier 1994) that included a review of the Rogers and Associates report (1994). 

Scott and Hebert (1993) prepared an assessment of the p o u n d  incremental exposures to residents 
living on remediated oil-field sites at Martha, Kentucky using dam collected at the site and pathways 
models. To support the proposed remediation criterion. they charactcrized the radiation source as 
a 6 inch layer containing Ra-226 at a concentration of 30 pCiig. They estimated the annual doses 

from external gamma radiation in the range 0.7 to 100 mrcm/y depending on the home construction 
w e  (basement, 6 inch concrete slab, 4 inch concrete slab, crawl space). The annual doses fiom 
radon progeny were caiculatcd to be in the range 0.1 to 9 mredy  (depending on home conscruaion 
type) using the RESRAD4 modù. The RESRAD model described by the nfercncc made by Scott 
and Hebcrc doa  not include radon progeny pathways. The authors of &i nporc did not have acccss 
to the RESRAD4 modei and could not assess the reasons for the low values of dose that were 
calculated. 

Rogers and Associaces (1994) also prepared an assessment of the potential incremental exposures to 

residents living on remediattd oil-field sites at Martha, Kentucky. ï h c y  characterized the radiation 
source as an 18 inch layer containing Ra-226 at a concentration of 30 $i/%. Their estimates of dose 
rate fiom exterd gamma radiation and of radon conccnuauon in indoor air were 260 mrem/y and 
2 pCi/L, rcspeaively. A d e r  and Associates (1994) commented that Rogcrs and Associates had 
overestimated the dose fiom-external gamma radiation, and that the correct estimate of annual dose 
from external gamma radiation fiom an even thicker source than used by Rogers and Assoaates (i.e. 
infinitely thick) was 82 mredy. ALlxier and Associates also argued that the prediaed indoor radon 
gas concentration would be e2 pCiL due to the low radon emanation fractions measured at Martha, 
Kentucky. 

32105 - 16 June 1997 E- 1 
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In this assessment, SENES calculated the potential annual dose fiom actemai gamma radiation and 
the predicted indoor radon gas concentration in homes built on remediated oil-field sites. At a 
Ra-226 conanmtion (infinite depth) of 30 pCi/g, the predicted annual dose rate from acremal 
gamma radiation had a mean value of i 10 mrem/y and the 95th percentile was 160 mrem/y if there 
were no cova material. The corresponding predicted concentrations of totai indoor radon had mean 
and 95th percentile vaiues of 6.1 and 21 pCi/L, respectively. 

SENES ais0 caiadated the potential annual dose and the predicted indoor radon gas concentration 
where the RI-226 concentration was distributed from O to 30 pCi/g with a mean value of 5.5 pCi/g. 
The fórm of the distribution was developed from the data analysed by Otto (1989) and by Rogers 
and Associates ( I  989). The predicted annuai dose fiom external gamma radiation had a mean d u e  
of 17 mrem/y and the 95th percentile dose rate was 70 mremly. The corresponding predicted 
concentrations of indoor radon had mean and 95th perccntiie dues of 1.4 and 4.6 pCi/L, 
rcspeaivdy. 

The predicted annual dose rate fiom external gamma radiation and the radon conccnmaon in indoor 
air are comparable to the vaiues prediacd by A d e r  and Associates (1 994) and Rogers and Associates 
(1994). The dfirences among the prediacd values are attributable to the difirent models or 
diarent parameter ducs that were dected. 

E2 bessmcnts o n Oil-field NO RM bv EP A 

In 1993, EPA released for peer m i m  a drafi assessment of potential doses from disposai of oil-field 
NORM to members of the public in Louisiana (19931). SENES (1993) prepared a critiai review 
of this document for NI. Also in 1993, EPA released another drafc of its D i f i e  NORM document 
which indudcd a seaion on potential doses fiom oil-field NORM (1993b). 

EPA (13939) predicted that residents living in a home built in Louisiana on land previously uscd for 
land h i n g  would receive 220 m n d y  (p. 10-21) fiom cxternai gamma radiation, and they would 
be exposed to an annual average indoor d o n  gas concentration of 2 pCi/L (p. 10-19). These 
vaiucs were prcdiacd by EPA on the basis that the Ra-226 and Ra-228 concentrations in the 8 inch 
thick layer of NORM t o d e d  15 pCi/g (p. 10-6) assuming dilution during land farming. 

EPA (1993b) predicted that residents living in a home built on a remediated oil-fidd pit would 
receive 1200 mrun/y fiom external gamma radiation and they would be asposed to an annual average 
indoor radon gas concentration of 72 pCi/L. SENES back calculated this value by dividing the risk 

~ ~~ 
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from one year of cxposure (3.1 x lo3) predicred by EPA by the risk fictor (4.3 x lo4 per pCi/m3) 
reported by EPA. These doses were predicted by EPA on the basis char the Ra-226 and Ra-228 
concentrations in the waste were 90 and 30 pCi/g, respectively. 

1997 

1994 

The vaiucs predicted by EPA in both of the assessments described above are higher than the 
corresponding vaiues prediaed by SENES in this assessment. EPAs overestimate of gamma radiation 
dose is amibutable to their use of modcis that overestimate dose as described by Auxier and 
Associates (1994) and SENES (1993a and b). 

generic sludge and rak 

oil field NORM Mutha Kentucky 

Table E.l 
LIST OF SELECTED DOSE ASSESSMENTS OF OIL Fim NORM 

1993 

1994 

1993 

19?? 

YeU 

oil field NORM Mutha, Kcntucky 

Rcview of EPAS Louisiana NORM 

Louisiana NORM - oillgas 

Louisiana oil fields 

I 

1994 

I ~ 

1996 

1995 

1992 

1991 

1990 

1988 I 

Author 

SENES (this study for NI) 

L i e r  and Arrociatcs (for Ashland 
Expioration Inc.) 

ñogm an¿ A c s o a ~  (for 
Gmmonwulth of Kentucky) 

Scott and Heben (for Ashiand 
Exploration Inc) 

SENES (for MI) 

US EPA 

Scott 

Bcrnhudt 

Smith and Blunt (Argonne 
National Lab) 

Smith (ANUEAIS-7) 

Mikr  

Baird ? Rogen and Associata 
RAE883712-2 

Rogers and Associares 

32105 - ~ ~ J U I K  1997 E-3 SENES Consultants Limited 
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Appnzdu: E.- Bnrf him of S e & d  Assessments 

Table E.2 
COMPARISON OF RESULTS OF SELECTED DOSE ASSESSMENTS 

Auxitr & ActoCiata, 19% 
for Ashiand (Kentucky) 

Generic Oil-Field NORM 
(&is d y  30 p a @  

Generic Oil-Field NORM 
(this Rudy e30 pCi@ 

~~ 

NORM Thicknets r 
00 82 

00 110 
160 

o0 17 
70 

6" 

Natural Bdground 
(&i d y  1.1 pciigl 

0.7- lo0 

00 4 3  
5.9 

I Rogas &Associata, 1994 I br Kentucky 
18"? 260? 

pcin I 
I O. i -9 (mrun/y> 

I 2 

I c2 

6.1 (man) 
21 (W pcrœntiie) 

l 1.4 (mean) 
4.6 (95" pcrœntik) 

1.3 (man) 
3.9 (95& puctntik) 

32105 - 16 JUIIC 1997 E4 SENES c o d t a n t s  Limited 
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