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Enuironmmtui Partnership 

One of the most significant long-term trends affecting the future vitality of the petroleum. 
industry is the public's concerns about the environment, health and safety. Recognizing this 

' trend, API member companies have developed a positive, forward-looking strategy called 
STEP Strategies for Today's Environmental Partnership. This initiative aims tc) build under- 
standing and credibility with stakeholders by continually improving our industry's envi- 
ronmental, health and safety performance; documenting performance; and communicating 
with the public. 

API ENVIRONMENTAL, HEALTH AND SAFETY MISSION AND 
GUIDING PRINCIPLES 

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

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

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

*' To make safety, health and environmental consider-ations a priority in our planning, 
and our 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 and environmental hazards, 
and to recommend protective measures. 

To counsel customers, transporters and others in the safe use, transportation and dis- 

To economically develop and produce natural .re-sources and to conserve those 

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

- 

posal of our raw materials, products and waste materials. 

resources by using energy efficiently. 
c 

To commit to reduce overall emission and waste generation. 

To work with others to resolve problems created by handling and disposal of hazardous 

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 similar raw materi- 
als, petroleum products and wastes. 

substances from our operations. 
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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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EXECUTTVE SUMMARY 

Natural radioactivity occurring at trace concentrations in undergmund formations and 
in oil and gas production streams occasionally accumulates in surface equipment to exceed 
background levels. The accumulations are dominated by radium and its decay products in 

sludges and pipe scales, and by thin lead-210 deposits on interior surfaces of gas plant 
equipment. Such accumulations of naturally-occurring radioactive materials (NORM) have 
mainly been noted in recent years, and appropriate methods and alternatives for their 
disposal are not well characterized. NORM concentrations vary h m  predominantly 
background levels that require no special precautions to elevated levels that occasionally are 

similar to levels in uranium mili tailings. This report presents radiological analyses of 

disposal alternatives that will protect against elevated radiation exposures and facilitate cost- 
effective precautions that are proportionate to any hazards posed by the NORM. 

Four waste forms were considered in the safety analyses, including sludges, scales, 
production equipment, and gas-plant equipment. Sludges were characterized by relatively 
low radium contents, ranging from background to several hundred picocuries per gram 
(pcilg), and a moderate radon emanation coefficient of 22%. They also have a moderate leach 
fraction of io4. Scales were characterized by occasionally higher radium contents, ranging 
from background to several thousand pCi/g. Their radon emanation coeffiaent is typically 
low (5961, as is their leach hct ion (loJ). Production equipment contains residual deposits 
of sludges or scales with identical radiological properties. Ln options such as burial, however, 
NORM in equipment cannot be as concentrated or compacted as in the separated scales, and 
thus it has different exposure properties. Gas-plant equipment contains only the long-lived 
radon daughters dominated by lead-210, and thus has very Werent radiation, leaching, and 
exposure risk properties. Lead-210 occurs in extremely thin deposits that are plated onto the 
inside surfaces of selected gas-plant equipment. 

Analyses of twelve waste disposal alternatives indicated that many were suited to all 
four of the waste forms. Alternatives suitable for the sludges and scales included 
landspreading, landspreading with dilution, injection into inactive wells, and hydraulic 
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fracturing into unused formations. Landspreading was limited to applied surface layers less 
than &inches (20 cm) thick, and landspreading with dilution was identical except that it 

involved mixing of the applied wastes uniformly in the top 8-inch (20 cm) layer. Injection 
into deep wells below underground soumes of drinkng water (USDW) in unusable formations 
would isolate the NORM from intrusion. Hydraulic fracturing similarly involves injection 
into unusable formations in a less mobile form. Other alternatives suitable for both 

equipment and residues include burial a t  unrestricted sites, at commercial oil-field waste 
sites, at licensed NORM disposal sites, at low-level radioactive waste disposal sites, in surface 
mines, and in salt domes. These all provide for relatively large disposal volumes, and differ 
mainly in their accessibility for exposure. Two other alternatives applying only to NORM in 

equipment include plugged and abandoned wells and non-retrieval of surface pipe. 

Other disposition alternatives for equipment containing NORM include release for 
general use, release for re-use within the petroleum industry, storage in an oil-field 
equipment yard, and release for smelting. General use involves incorporation of pipe with 
NORM scales in the indoor environment. Reuse in the oii industry is a null alternative, 

leading only to delayed disposal. Storage involves worker handling and refurbishing of the 

equipment. Release for smelting involves smelter emissions and incorporation of the NORM 
into metal consumer products such as f s i n g  pans and piping. 

Each disposal alternative was analyzed in both humid and arid permeable 
geohydroiogical settings due to their differences in environmental transport of radioactivity. 
Analyses of a humid impermeable site were intermediate. Limits for radiation exposures 
were defined from exposure limit criteria developed for corresponding radiation from other, 
related sources. Radiation exposures via seven different environmental pathways were 
considered. These included radon inhalation, external gamma exposure, groundwater 
ingestion, surface water ingestion, dust inhalation, food ingestion, and skin beta exposure 
from NORM particles. Exposures via each pathway were analyzed for each disposal 
alternative using computer calculations of the radiation doSm exerted by a prescribed 

quantity of NORM in each of the waste forms. Computer d e s  used in the analyses included 
the RAETRAN code, the PATHME-EPA code, the IMPACTS-BRC code, the MICROSHIELD 
code, and the VARSKIN code. 
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Maximum NORM concentrations were computed from the radiation exposure limits 

for each of the four waste types using each disposal altemative in each geohydroiogicai 
setting. Ail seven radiation exposure pathways were considered in each analysis. The 
maximum NORM concentrations corresponded to the greatest concentrations of XORM 
nuclides that could utilize a given disposal alternative without exceeding the defined 
radiation exposure Limits via the given pathway. The maximum concentrations were defined 
in terms of radium for the scales, sludges and production equipment and lead-210 for the gas 
plant equipment because these were the nuclides dominating radiation exposures. The 
limiting exposure pathway for each disposal altemative was deñned to be the one permitting 
the greatest radiation exposure. Its corresponding maximum NORM concentration was used 
to defìne the maximum for the disposal alternative. 

Radium concentration limits for disposal range h m  29 pCi/g for shallow burial in an 
unrestricted arid site to over 100,000 pCi/g for non-retrieved well tubing, well injection, 

. hydrofracture, and salt dome disposal. Nearly all of the alternatives are suitable for most 
NORM wastes due to their generally broad range of suitable radium concentrations. Radium 

concentration limits generally resulted from the radon, gamma or groundwater ingestion 
pathways. had-210 was generally found to be significant only in the case of disposed gas 

plant equipment. Its àisposal b i t s  exceeded 100,Oûû p W g  in nearly all practical cases. 
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1. INTRODUCTION 

Natural radioactivity occuning at trace concentrations in oil and gas production 
streams occasionally accumulates as scale or sludge in tubing and in surface equipment to 

exceed background levels. Since the radioactivity is generally low and of natural origin, its 
accumulation and significance were not noted and studied until recently.’” The American 

Petroleum Institute (API) has subsequently sponsored studies to characterize accumulations 
of naturally-oocurring radioactivity in oil-field equipment, and to determine safe methods for 
their disposal. This report presents the analyses of disposal methods for naturallysccuning 
radioactive materials (NORM) from oil and gas production. It builds on results of a previous 
safety analysis of disposal methods for NORM wastes in Texas,@) including a broader range 
of petroleum industry wastes, more detailed characterization, and covering a broader range 
of disposai alternatives. 

Understanding the radiological safety of NORM waste disposal alternatives is vitai 
to waste management and disposal decisions. Priorities in these decisions are to protect 
against harmfirl radiation exposures and to accomplish the disposal in a practical manner 
proportionate to any hazards posed by the NORM. Since radiation exposures depend on both 
the quantity of NORM and on its isolation, disposal safety depends on both the waste 
characteristics and the disposal method. 

NORM concentrations vary from background levels to levels exceeding those of some 
u r a n i ~ ~ ~  mill tailings, suggesting a similarly broad range of suitable disposal alternatives. 
Disposal of wastes containing NORM clearly does not require precautions for common cases 
in which NORM occurs at background levels. When elevated occurrences are found, their 
disposal should be handled in a way that protects against significant radiation exposure. The 
disposal problem is compounded by the lack of standards for pertinent alternative disposal 
methods or for defining the precautions needed for different kinds of NORM. Although 

detailed regulations provide for disposal of radioactive wastes that clearly pose health 
risks,@*‘) there is less guidance on the disposal of wastes containing NORM with elevated 
radionuclide concentrations. As a result, some wastes containing extremely small amounts 

1-1 
                                      
                                         
                                      
                                         

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 7103-1997 scan

http://www.avadocuments.com/doc/api-publ-7103-1997-scan
http://www.avadocuments.com/doc/api-publ-7103-1997-scan


of NOEtZI are occasionally sent to elaborate disposal sites at extremely high costs, wasting 

money, manpower and resources. 

This report addresses the problem of what can be done with residues and equipment 
containing elevated NORM. It systematically identifies the maximum quantities or 

concentrations of NORM that can utilize various disposal alternatives, implemented at either 
arid or humid sites. It considers NORM that OCCUIS in sludges h m  surface equipment, in 

pipe and tube scales, in cleaned equipment containing residua scales, and on surfaces of gas 
plant equipment. The waste disposal alternatives analyzed for sludges and scales include 
landspreading, landspreading with dilution, surface pipe non-retrieval, buial at unrestricted 
sites, disposal at commercial oil-field waste sites, disposal at licensed NORM disposal sites, 
disposal at licensed low-level radioactive waste sites, burial in surface mines, placement into 
wells being plugged and abandoned, injection into inactive wells, hydraulic fracturing into 
unused formations, and injection into salt domes. Disposal alternatives analyzed for 

equipment containing NORM residues include release for general use, release for re-use 
within the petroleum industry, storage in an oil-field equipment yard, release for smelting, 
and burial with NORM scales and sludges. For each waste disposal alternative, radiation 
exposures are considered h m  radon gas inhalation, external gamma-ray exposure, 
groundwater consumption, surface water consumption, dust inhalation, and food 
consumption. Using the NORM concentration limits for each disposal alternative, NORM 
wastes can be reliably managed in the most cost-effective manner while sti l l  protecting public 
radiologicai safety. 

1.1 ORIGIN AND NATURE OF NORM 

Naturally-occurring radioactive materials are ubiquitous in the environment, and 
commonly occur in soils, water, food and air. The NORM that accumulates in surface 
petroleum production equipment is predominantly radium-226 and radium-228 and their 

progeny, which come fimm the uranium-238 and thorium-232 decay chains, respectively 
(Figure 1-1). Both uranium and thorium OCCUT naturally in underground formations and 
remain mostly in place. However their radium decay products are slightly soluble, and under 
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I -- Mosiiy Immobde. Remanng In 
Underground Fomiotionr 

-1 
W e  Gas, 5+.22% Emanoted From 

Scdr And Sudgr .  Sdubb h 
Petrokun liquids 

........................... .......................... ........................... .......................... ........................ ....................... ........................ ....................... ........................ ....................... ........................ ............................ 

hbstiy ImmoMe, Remaining in 
Undergound Formath 

Partiaiiy MobJized. OccasionaW 
AccunJotng h Scales And Sludges 

R A E - 1 0 2 9 8  

FIGURE 1-1. PRINCIPAL NUCLIDES, DECAY MODES, AND MOBILITIES OF THE 
URANIUM - 238 AND THORIUM - 232 DECAY SERIES. 
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some conditions they become mobilized by liquid phases in the formation. When brought to 

the surface with liquid production streams these nuclides may remain dissolved at  dilute 
levels, or may precipitate because of chemical changes and reduced pressure and temperature 
as the fluids are separated and processed. Since radium concentrations in the origina1 
formations are highly variable, production fluids also are highly variable and occasionally 
may exhibit elevated radioactivity. Varied formation and surface chemistries cause 
additional variations in radioactivity brought to the surface. Fluids injected into formations 
also deet the mobilization of naturai radioactivity, and s d c e  processes further vary the 
accumuiation of any radioactivity in scales, sludges, and waste products. Scales and sludges 
accumulated in surface equipment thus may vary h m  background concentrations of NORM 
to elevated levels depending on formation radioactivity and chemistry and process 
characteristics. As used in this report, the tem NORM refers only to the radionuclides of 

the uranium and thorium decay chains, ignoring naturally-occurring potassium-40 and other 
nuclides that occur naturally throughout the environment but have not been known to 
accumulate in residues from oil and gas production. 

The NORM accumulated in production eqiiipment d e s  typically contains radium 
coprecipitated in barium sulfate. Sludges are dominated by silicates or Catbonates, but also 

incorporate trace radium by coprecipitation. Typically, radium-226 is in equilibrium *th its 
decay products but radium-228 has subequilibrium decay products. Reduced concentrations 
of radium-228 daughters result h m  the occu~~ence in the tnorium-232 decay chain of two 

radium nuclides separated by the 1.9-year half-life thorium-228 (Figure 1-1). Thus radium 
mobilized h m  the formation initially becomes depleted in radium-224 (3.6 days) until more 
is generated by radium-228 decay through the thorium-228 intermediate. Long-term 
radiological concern in waste disposal is dominated by the uranium chain due to the long 
half-life (1,600 years) of radiez-226. Both are usually considered together in waste disposal 
decisions, however, since they are not distinguished by simple field measurements. 

NORM deposits also may accumulate in gas-plant equipment h m  radon-222 (radon) 
gas progeny, even though the gas is removed h m  its radium-226 parent. The more mobile 

radon gas mostiy originates in underground formations and becomes dissolved in the organic 
petroleum fractions in the gas plant. Once in surface equipment, it is partitioned mainly into 
the propane and ethane fractions by its solubility. Gas-plant deposits differ from oil 
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production scales and sludges by having very low mass, typically consisting of an invisible 

plate-out of radon daughters on the interior surfaces of pipes, valves and other gas-plant 
equipment. These deposits accumulate from radon daughters at  natural levels from the very 
large volumes of gas passing through the system. Since radon decays with a 3.8-day half-life, 
the only nuclide remaining in gas-plant equipment that af€ects its disposal is lead-210, whch 
has a 22-year haif life. Lead-210 decays by beta emission, with only Iow-intensity, low-energy 
gamma rays. It thus poses less disposal hazard than other NORM deposits in most cases. 

12 PRECEDENT FOR UNREGULATED DISPOSAL OPTIONS 

Current legislation and regulations have acknowledged the gap between background 
levels of radioactivity and levels that require regulation. On an international level, the 

. International Atomic Energy Agency has developed a method to determine de minimis levels 
for radioactive waste disposal(5' that is consistent with the methods used here. In the United 
States, the Atomic industrial Forum has sponsorid studies of de minimis disposal of nuclear 
power reactor that consider some of the same disposal alternatives and exposure 
pathways analyzed in this report. The haif-lives of the reactor wastes have similar longevity 
to the NORM nuclides considered here." in additicy . ri U.S. Low-Level Radioactive Waste 
Policy Amendments Act"' directs the Nuclear Regui~.~ry Commission (NRC) to promulgate 

regulations to exempt the disposai of waste that is "below reguiatory concern" (BRC) from 
license control, and to develop standards and procedures for considering and acting upon 
petitions for de minimis disposal. The nuclear power industry has responded to the 
congressional mandate to NRC by preparing a petition for NRC to allow disposal of wastes 
containing very low levels of radioactivity at facilities other than those licensed under 10 CFR 
61.") Proposed disposai altematives include municipal sanitary landñils and burid at the 
facility. A separate petition for NRC to ailow BRC disposal by non-utility industrial and 
institutional radioactive waste generators also is being prepared. 

In other national actions, NRC has examined the consequences of disposing of 

standard low-level radioactive waste streams in sanitary and the EnMronmental 

Protection Agency (EPA) is developing a general de minimis regulation for sanitary landfill 
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disposai as part of their low-level radioactive waste disposal rulemaking.('l' Both of these 
activities have used methods similar to those used here. The NRC and the state of Texas 

both have developed de minimis biomedical waste disposal niles for tritium (€3-3) and 

carbon-14 that define altemative concentration limits for waste treatment and 
The Texas Department of Health also has approved regulations permitting disposal of wastes 

containing only short-lived radionuclides (half-lives less than 1 year) in non-radiological 
facilities such as sanitary landfills,'"' and permitting local disposal of low-level cesium-137 
contaminated soils based on similar safety analyses.'Ia 

In the foregoing safety and disposal analyses of de minimis disposal of radioactive 
wastes, the analysis methods are sunilar to those used in this report. As shown in Figure 
1-2, radiation exposure limits first are defined, followed by conservative calculations of 

modeled radiation exposures via all possible pathways for the proposed disposal alternative. 
In the calculations the source concentration is adjusted until the calculated radiation doses 
are equal to the defined exposure limits. This procedure defines NORM nuclide concentration 
limits for each disposal alternative and for each pathway. The final nuclide concentration 
limit for each disposal alternative and geohydrologic setting is the lowest source 
concentration limit from the limiting pathway. The present methods thus estimate maximum 
disposable quantities objectively, and systematidly d e h e  the best aiternatives in the 
intermediate range between background and regulated levels. For completeness and 
consistency, NORM disposal concentrations up to iû0,ûûO pCi/gram are presented as 
calculated in the analyses, even though regulated levels overlap much of the reported range. 
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FIGURE 1-2. DETERMINATION OF NUCLIDE CONCENTRATION LIMITS 
FOR NORM DISPOSAL. 
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2. WASTE CHARACTERISTICS AFFECTING NORM DISPOSAL 

Petroleum industry wastes are divided into four categories based on different 
characteristics that af€ect radiation exposures h m  NORM. The categories include sludges 

from petroleum production equipment; scales h m  tubing, pipes, and other production 
equipment; equipment that contains residual NORM scale; and thin deposits of lead-210 on 
the inside surfaces of gas-plant equipment. The characteristics that deñne these categories 
include radionuclide inventory, mobility, and radiation emissions. The characteristics of each 
group are described in this chapter to define the basis for estimating radiation exposures for 
each waste type under each disposai option. Since waste characteristics affect exposures by 

different pathways, a Characteristic may be more important in some disposal alternatives 
than in others. 

2.1 SLUDGES 

Sludges accumulated in production equipment typically contain radium-226 and 
radium-228 concentrations ranging from background levels to several hundred picocuries per 

gram (pCi/g). Radium-226 concentrations usually are greatest. Since both radium decay 
chains exhibit similar radioactivities, they are expressed as total radium. The ratio of 

radium-226 to radium-228 is assumed to be 3. The fraction of radon emanated h m  sludges 
typically is about 22%j2' They typically have a granular consistency dominated by a bulk 
composition of silicates or carbonates. Bulk dry densities in equipment or disposed deposits 
are typically about 1.6 g/cm3, and porosities are about 0.39.'2' Radium in sludges has a 

distribution coefficient for the solidíaqueous phases of 2,500 cm3/g and lead has a distribution 
coefficient of 5,100 to 20,000 cm3/g.'2*'6' The distribution coefficient helps deñne the leach 
characteristics for groundwater exposure pathways. 
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2.2 SCALES 

Scales accumuiated in tubing, separators, and other equipment contain a broader 
range of radium-226 and radium-228 concentrations, ranging from background levels to 

several thousand pCi/g. Again, radium-226 concentrations usually are greatest, but both of 
the radium chains are expressed together as total radium. Scales exhibit a lower radon 
emanation fraction of about 596."' They OCCUT in very hard, monolithic precipitates in 
equipment with a bulk dry density between 2 and 3 g/cm3. Upon removal and disposal, 
however. they have a nominal bulk dry density of about 1.6 &m3 due to the porosity of about 
0.45 between the broken pieces of scale. Radium in scales has a distribution coefficient for 
the solidíaqueous phases of 250,000 cm3/g, which defines its leach characteristics for 
groundwater exposure pathways. 

23 PRODUCTION EQUDPMENT 

Residual NORM remaining in production equipment after cleaning usually occurs in 
scales, since these attach tightly to equipment surfaces and are insoluble. Typical scale 
thicknesses vary from less than 0.1 inch in production tubing to one inch or more in some 
water lines. Total radium concentrations and radon emanation hctions correspond to those 
for scales. Densities of disposed equipment vary due to equipment geometry, but porosities 
typically are large and densities of the NORM waste are s m d ,  due to dilution by the 
equipment mass. The voiume of scales remaining in equipment if no mechanical cleaning is 
done ranges h m  about 1 percent to 77 percent, with an average of about 6.7 percent of the 

total equipment volume. haching characteristics are similar to those for scale. 

2.4 GAS-PLANT EBUIPMENT 

Thin deposits of lead-210 deposited from radon daughters on the inside surfaces of 
gas-plant equipment differ from those of other NORM accumulations in having negligible 
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mass, being invisible, and containing only the last three nuclides of the uranium decay chain 
(Figure 1-1). Activity concentrations are expressed in units of radioactivity per unit area of 

equipment, since the deposit mass is not measurable or of interest, Occurrences range &om 

background levels to several hundred thousand disintegrations per minute in a 100 square 
centimeter area (dpd100 an2). No gaseous radon emuents are associated with these 
deposits. Leaching characteristics are dominated by the leachability of lead and polonium. 
Since they occur only in gas-plant equipment, they are usually associated with large 
equipment masses upon disposai. When removed from equipment surfaces by abrasive 
cleaning, a metal surface layer approximately 0.004 inches (0.01 an) thick is assumed to be 

removed and is part of the NORM waste material for disposal. 
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3. WASTE DISPOSAL ALTERNATIVES 

A broad range of waste disposal alternatives was analyzed to characterize safety 
precautions ranging from simple to extensive, and to provide potential flexibility in disposal 
decisions. Separate disposal alternatives were considered for solid residues and for 

equipment. The technical nature of each disposal alternative defined in this chapter provides 
a basis for radiation exposure analyses by providing the detailed scenario under which the 
disposai would occur. The scenarios include typical disposal depths, dimensions, and other 
characteristics needed to subsequently estimate radiation exposures via different pathways. 
As the disposal alternatives provide increasing isolation of the NORM, they allow higher 
concentrations of radium and lead-210 to be disposed. This is illustrated in Figure 3-1. 

3.1 DISPOSAL OF SOLID RESIDUES 

Disposal of solid sludges and scales removed from petroleum production equipment 
was considered by each of twelve different alternatives. Many of these apply only to sludges 
and scales that have been removed from equipment, including landspreading, landspreading 
with dilution, injection into inactive weh,  hydraulic fracturing into unused formations, and 
injection into salt domes. Others also accommodate sludges and scales remaining in 
equipment as well as those that have been removed. These include burial at unrestricted 
sites, disposal at commercial oil-field waste sites, disposal at licensed NORM disposal sites, 
disposal at licensed low-level radioactive waste sites, and burial in surface mines. T w o  of the 
altematives apply only to residues remaining in equipment. These are placement into wells 
being plugged and abandoned and non-retrieval of surface pipe. 
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