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STD. AP I/Pk T R O  P U B L  

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 
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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. 
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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. 

32105 - 16 J U ~ C  1997 3-3 

~~ 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

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

Full document details: API Publ 7105-1997 scan

http://www.avadocuments.com/doc/api-publ-7105-1997-scan
http://www.avadocuments.com/doc/api-publ-7105-1997-scan


~ 

S T D - A P I / P E T R O  PUBL 7205-ENGL L777 = 0732270  übD2012 O82 

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. 
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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. 
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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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Mtui 

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) 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

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

Full document details: API Publ 7105-1997 scan

http://www.avadocuments.com/doc/api-publ-7105-1997-scan
http://www.avadocuments.com/doc/api-publ-7105-1997-scan


~ ~ 

STD.API/PETRO PUBL 7 1 O S - E N G L  1777 W 0 7 3 2 2 7 0  Ob02018 437 

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 
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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 
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O 2  

0.1 

0.0 
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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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