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Abstract 
Some types of oil and gas production and processing wastes 
contain naturally occurring radioactive materials (NORM). If 
NORM is present at concentrations above regulatory levels in 
oil field waste, the waste requires special disposal practices. 
The existing disposal options for wastes containing NORM are 
limited and costly. This paper evaluates the legality, technical 
feasibility, economics, and human health risk of disposing of 
NORM-contaminated oil field wastes in salt caverns. Cavern 
disposal of NORM waste is technically feasible and poses a very 
low human health risk. From a legal perspective, there are no 
“fatal flaws” that would prevent a state regulatory agency from 
approving cavern disposal of NO&L On the basis of the costs 
charged by caverns currently used for disposal of nonhazardous 
oil field waste (NOW), NORM waste disposal caverns could be 
cost competitive with existing NORM waste disposal methods 
when regulatory agencies approve the practice. 

Introduction 
Salt caverns have been used for several decades to store various 
hydrocarbon products. In the past few years, four facilities in 
the United States have been permitted to dispose of nonhazard- 
ous oil field wastes (NOW) in salt caverns. Several other 
disposal caverns have been permitted in Canada and in Europe. 
To date, caverns have not been used to dispose of oil field 
wastes that have been contaminated with naturally occurring 
radioactive materials (NORM). There are only a few approved 
methods for disposing of NORM wastes and only a handful of 

commercial disposal facilities that are licensed to accept NORM 
waste. This paper evaluates the legality, technical feasibility, 
economics, and human health risk of disposing of NORM- 
contaminated oil field wastes in salt caverns. 

In 1995, the U.S. Department of Energy (DOE), Oflice of 
Fossil Energy, asked Argonne National Laboratory (ANL) to 
conduct a preliminary technical and legal evaluation of dispos- 
ing of NOW into salt caverns. That study concluded that 
disposal of NOW into salt caverns is feasible and legal. If 
caverns are sited and designed well, operated carefixlly, closed 
properly, and monitored routinely, they can be a suitable means 
of disposing of NOW.’ Considering these findings and the 
increased U.S. interest in using salt caverns for NOW disposal, 
the Office of Fossil Energy asked ANL to conduct further 
research on the cost of cavern disposal compared with the cost 
of more traditional NOW disposal methods and a preliminary 
identification and investigation of the risks associated with such 
disposal. The cost shtdyz found that disposal costs at the four 
permitted disposal caverns in the United States were comparable 
to or lower than the costs of other disposal facilities in the same 
geographic area The risk stuv estimated that both cancer and 
noncancer human health risks from drinking water that had 
been contaminated by releases of cavern contents were signifi- 
cantly lower than the accepted risk thresholds. 

Since 1992, DOE has funded ANL to conduct a series of 
studies evaluating issues related to management and disposal of 
oil field wastes contaminated with NORM. Included among 
these studies were radiological dose assessments of several 
different NORM disposal  option^.^ 

In 1997, DOE asked ANL to conduct additional analyses on 
waste disposal in salt caverns; however, this time the wastes to 
be evaluated would be those types of oil field wastes that are 
contaminated by NORM. This paper summarizes ANL’s draft 
findings on NORM waste disposal in salt caverns as reported in 
Ref. 5.  Throughout the remainder of this paper, the term 
“NORM waste” is used to mean “oil field waste contaminated 
by NORM.” 

Background on Salt Caverns 
Salt deposits occur in two major forms in the United States: 
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bedded salt and salt domes. Bedded salt formations occur in 
layers interspersed with such sedimentary materials as 
anhydrite, shale, dolomite, and other more soluble salts (e.g., 
potassium chloride). Salt domes are large, nearly homogeneous 
formations of sodium chloride, although they may contain 
nonhomogeneous zones. Salt deposits occur in many parts of 
the United States; however, the occurrence of salt in quantities 
and locations that would allow for commercial mining is 
limited, States with major salt deposits are Alabama, Arizona, 
Colorado, Kansas, Louisiana, Michigan, Mississippi, Montana, 
New Mexico, New York, North Dakota, Ohio, Oklahoma, 
Pennsylvania, Texas, and Utah.' 

Since the 1940s, the petroleum industry has constructed 
many salt caverns for storing hydrocarbons. To create salt 
caverns, water that is not fully salt-saturated is injected into a 
salt stock, and the resulting brine solutiep is withdrawn. By 
controlling the rate of water injection and injecting through 
either the tubing or the tubingcasing annulus, the cavern can 
be shaped to meet the operators' needs. 

Initially, the caverns would be filled with brine. NOW or 
NORM waste would then be introduced as a slurry of waste and 
a fluid carrier (brine or fresh water). As the slurry is injected, 
the cavern acts as an oil/water/solids separator. The heavier 
solids sink to the bottom of the cavern and form a pile. Any free 
oils and hydrocarbons float to the top of the cavern because they 
are less dense than water. Clays in the slurry and dissolved 
chemical constituents from the waste can mix with the brine, 
and form a suspension above a brindwaste interfhce. Clean 
brine displaced by the incoming slurry would be removed from 
the cavern and either sold as a product or disposed of in an 
injection well. 

Once the cavern has been filled with waste, the cavern 
would be sealed and the borehole plugged with cement. Bridge 
plugs would be placed in the well bore above and below water- 
bearing intervals to isolate these intervals permanently. Sealed 
caverns are subjected to increased pressures as a result of salt 
creep and geothermal heating. These forces can cause internal 
cavern pressure to build so that it exceeds the lithostatic 
pressure of the formation. Potentially, closed caverns can leak 
or release liquid portions of the cavern contents to the surround- 
ing salt No disposal caverns have yet been closed, so no actual 
data are available to characterize postclosure cavern behavior. 
Refs. 1 and 2 provide a review of the recent literature on 
anticipated postclosure cavern behavior based on modeling and 
theories. 

Background on NORM 
Oil and gas production and processing operations sometimes 
accumulate NORM at elevated concentrations in by-product 
waste streams. The sources of most of the radioactivity are 
isotopes of Uranium-238 (U-238) and thorium-232 (Th-232) that 
are naturally present in subsurface formations from which oil 
and gas ~IE produced. The primary radionuclides of concern in 
NORM wastes are radium-226 (Ra-226) of the U-238 decay 

series and radium-228 (Ra-228) of the Th-232 decay series. 
Other radionuclides of concern include radionuclides that form 
from the decay of Ra-226 and Ra-228 such as radon-222 
(Ra-222). 

The production waste streams most likely to be contami- 
nated by elevated radium concentrations include produced 
water, scale, and sludge.' Spills or intentional releases of these 
waste streams to the ground can result in NORM-contaminated 
soils that must also be disposed of. Radium, which is slightly 
soluble, can be mobilized in the liquid phases of a formation 
and transported to the surface in the produced water stream. 
Dissolved radium either remains in solution in the produced 
water or precipitates out in scales or sludges. Conditions that 
appear to affect radium solubility and precipitation include 
water chemistry (primarily salinity), temperature, and pressure. 

NORM wntamination of scale and sludge can occur when 
dissolved radim coprecipitates with other alkaline earth 
elements such as barium, strontium, or calcium. In the case of 
scale, the radium coprecipitates, primarily with barium, to form 
hard, insoluble sulfate deposits. Scale typically forms on the 
inside of piping, filters, injection wellhead equipment, and other 
water-handling equipment, but also can form as a coating on 
produced sand grains. NORM-contaminated sludges can 
accumulate inside piping, separators, heaterltreaters, storage 
tanks, and any other equipment where produced water is 
handled. The U.S. Environmental Protection Agency 
estimates that approximately 25,000 tons of NORM-contami- 
nated scale and 225,000 tons of NORM-contaminated sludge 
are generated annually by the petroleum industry. 

Regulatory Considerations 
Currently, no federal regulations specifically address handling 
and disposal of NORM wastes. In the absence of federal 
regulations, individual states have taken responsibility for 
developing their own regulatory programs. These programs 
have been evolving rapidly over the last few years. The existing 
state regulatory progmms establish requirements for (1) NORM 
exemption standards or action levels; (2) licensing of parties 
possessing, handling, or disposing of NORM waste; (3) the 
release of NORMantamhted q -pmen t  and Ian& (4) worker 
protection; and (5 )  NORM waste disposal. Ref. 5 evaluates the 
potential for salt cavern disposal of NORM waste in five states 
that have existing or proposed NORM disposal regulations and 
that have expressed serious interest in disposal of NOW in salt 
caverns: Louisiana, Mississippi, New Mexico, Oklahoma, and 
Texas. Each of these state programs addresses the disposal of 
NORM waste into Class I1 injection wells, either directly or 
indirectIy. The regulation of underground injection of NORM 
waste is relevant to the potential disposal of NORM waste in 
salt caverns, because disposal into salt caverns is considered by 
most states to equate to underground injection into Class I1 
wells. 

A review of feded Underground Injection Control (UIC) 
regulations and NORM and UIC regulations from the five states 
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that have expressed some interest in cavern disposal indicated 
that there are no outright barriers or prohibitions against 
NORM disposal in salt caverns. hesently, however, onIy Texas 
and New Mexico are working on disposal cavern regulations, 
and no states have issued permits to allow cavern disposal of 
NORM waste. State regulatory agencies may need to revise 
their NORM waste management or UIC regulations to accom- 
modate cavern disposal. These agencies may need time to 
become comfortable with and accept the concept of NOW 
disposal in caverns before they are willing to develop regula- 
tions and issue permits regarding such. 

Existing NORM Waste Disposal Practices and Their Costs 
The largest volume oil and gas waste stream that contains 
NORM is pmducgd water. Except at offshore platforms, which 
discharge produced water to the -early all produced 
water is injected into the subsurface through injection wells. At 
this time, the radium content of produced water going to 
injection wells is not regulated Consequently, radium that stays 
in solution in the produced water stream does not present a 
significant waste management problem from a regulatory 
perspective and is not considered fiuther in this paper. 

Some operators dispose of NORM wastes at their own sites, 
although most use off-site commercial disposal facilities. pipes 
and casing with NORM contamination may be recycled as scrap 
steel if NORM IeveIs are below the action level. In the past, 
NORM was commercially managed by surface treatment 
through which NORM was bIended with nonradioactive 
materials to reduce the NORM activity below action levels and 
then spread on the land. Today, the primary method used for 
disposal of NORM wastes is underground injection. Smaller 
quantities of NORM waste are disposed of at licensed radioac- 
tive waste landfills, encapsulated in the casing of a well being 
abandoned, or are managed on lease sites through land spread- 
ing. 

It is difficult to quantify the total cost for disposing of 
NORM waste. The cost components that must be considered, in 
addition to the actual disposal @st, include analytical costs, 
transportation costs, container decontamination costs, and 
possibly permitting costs. One other cost component that 
cannot readily be quantiiied, but is important nonetheless, is the 
potential for long-term liability if the disposal site eventually 
causes environmental contamination and is subject to a 
Superfimd cleanup. 

Only four off-site commercial NORM disposal companies 
have been identified in the United States; two of these inject the 
NORM waste underground and the other two bury NORM waste 
in landfills. Identification of disposal companies by name in 
this paper does not constitute an endorsement of those compa- 
nies or provide any indication of their performance capabilities. 
The companies are included solely to provide an indication of 
the types of commercial disposal options available to operators 
in the early 1998 time frame. 

Underground Injection. Two of the four U.S. commercial 
NORM disposal companies utilize underground injection. Both 
facilities crush, mill, and slurry the incoming NORM waste 
before injecting it. Newpark Environmental Services, Inc., 
operates a NORM disposal facility at Big Hill in eastern Texas 
that receives the majority of all NORM wastes disposed of 
commercially in the United States. Newpark charges $150/bbl 
for disposal of NORM wastes through injection. This cost 
includes inspection and verification of contents as well as the 
necessary analytical costs. The cost of decontamination is $25 
for a drum and $150 for a bulk container.' Transportation costs 
are not included in these figures. Until recently, Newpark 
charged a gmduated price, depending on the level of radioactiv- 
ity in the wastes; however, following a new interpretation from 
the state regulatory agency, Newpark now charges a flat rate. 

In July 1997, Lotus, U C  opened a NORM waste disposal 
facility in western Texas near Andrews. Lotus charges $132 per 
55-gal drum and $lOO/bbl for disposal by injection. Gamma 
spectroscopy analysis costs an additional $100 per sample. 
Transportation cost is not included but is estimated to be about 
$2 per mile. * 

BPF, Inc., is developing a system that dissolves the 
radioactive component of NORM into an aqueous solution that 
can then be disposed of through underground injection. The 
residual solids no longer contain radioactivity above levels of 
regulatory concern and canbe disposed of as NOW.' As of early 
1998, the BPF process is currently at the pilot-scale stage of 
deveIopment BPF estimates that costs of the full-scale system, 
when commercially available, will be approximately $140/bbl * 20%. These costs would include an initial survey, obtaining 
the necessary permits, labor, off-site disposal costs for the 
resulting NOW solids, chemicals, and a final survey. The cost 
of an injection well is not included if the operator does not 
already have a functioning injection well.'' 

At least three companies - Apollo Services, Terralog 
Technologies, and National Injection Semices- provide NOW 
and NORM disposal at an operator's site. Wastes are ground 
up, slurried, and injected into the operator's own injection 
well." As of early 1998, Apollo is primarily disposing of 
NORM at offshore platforms. Apollo estimates that NORM 
waste disposal costs range from S 100hbl to S300hb1, depend- 
ing on the volume of NORM to be disposed of." Terralog 
estimates that it can dispose of NORM waste for $lO/bbl to 
S14hb1, plus the costs of the well and surface facilities. 
Tenalog has disposed of NORM wastes in Canada but has only 
disposed of NOW in the United States. Terralog's cost includes 
help with permitting, formation evaluation, geomechanics, and 
m~nitoring.'~ National Injection Services' cost ranges from 
$15/bbl to $150/bbl, depending on the nature of the materials to 
be disposed ofl4 The process of injecting ground and slurried 
NORM waste could potentially plug the receiving formation. 
Operators should consider the potential cost of an injection well 
workover when estimating total disposal costs for these 
companies. 
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Burial in Landfills. US Ecology operates a low-level radioac- 
tive waste disposal landfill that receives various types of 
radioactive waste, including NORM waste. Because the facility 
primarily receives radioactive wastes other than oil field wastes, 
the requirements are more stringent and costs are higher. Base 
disposal costs range tiom $500 to $550 per 55-gal drum or &om 
$66.67 to $73.33 per cubic foot, depending on the volume. 
Transportation cost is not included but is estimated to be about 
$2.10 per mile. AI1 waste generators shipping,waste to US 
Ecology must obtain a site use permit from the Washington 
Department of Ecology. Obtaining the site use permit will add 
to the total cost All shipments are subject to a minimum 
disposal charge of $2,500.’’ 

Envirocare of Utah, Inc., operates a landfill for mixed 
wastes and low-specific activity radioactive wastes that h, on 
occasion, accepted NORM waste for disposal. EnviroCare 
declined to provide a standard price for disposal but indicated 
that it set prices on a case-bycase basis. According to the 
company contact, Envirocare is competitive when bidding on 
large disposal jobs but is not competitive on small jobs because 
its overhead costs, set for all low-level radioactive waste 
disposal activities, are quite high and are constant regardless of 
the job size. For Iarge jobs, the overhead is spread over many 
drums of waste and is, therefore, low on a $/drum basis.16 

Encapsulation. Under this disposal option, an operator 
encapsulates NORMwaste either inside a section of pipe that is 
then sealed on both ends and lowered into a wellbore or directly 
in the webre.. A plug is prslced on top of the waste-containing 
zone. Ref. 17 reports on two encapsulation projects conducted 
in the offshore Gulf of Mexico. In the iirst project, NORM 
waste was placed into eight joints of casing as the pipe was 
being lowered into the hole. In the second project, 3 1 dnuns of 
NORM waste were. placed into 21 joints of casing on shore and 
sealed on both ends. The sealed joints were transported offshore 
and lowered into the well bore. In both projects, cement plugs 
were placed on top of the wastecontaining joints. Encapsula- 
tion works well for NORM waste disposal, but each well can 
handle only a relatively small volume of waste. Because of this 
restriction, the process is not widely used. No cost information 
was available for encapsulation. 

Land Spreading. The principle behind land spreading is to 
mix NORM wastes having an activity concentration higher than 
the action level with clean soil so that the resulting blend has an 
activity concentration lower than the action level. A Louisiana- 
based company operated a commercial land spreading site until 
recently, when it no longer was economical to operate. Some 
producers utilize land spreading on their lease sites to blend 
patches of high-activity NORM soils with other low-activity 
NORM soils. However, the present use of land spreading for 
disposal of NORM waste is limited. No cost information was 
available for encapsulation. 

Technical Feasibility of NORM Waste Disposal in Salt 
Caverns 
NORM waste is physically and chemically similar to NOW. Its 
primary difference from NOW is the presence of radionuclides. 
The presence of radionuclides may require additional safety 
precautions when handling the NORM waste, but the actual 
disposal process would be no different fiom NOW. NOW 
waste is currently being disposed of in four U.S. salt caverns 
and in several Canadian caverns without technical difficulties. 
There is no technical reason why these caverns or other future 
disposal caverns could not equally well accept NORM waste 
other than produced water, which primarily is disposed of by 
injection. 

Economics of NORM Waste Disposal in Salt Caverns 
Operators of the four permitted disposal caverns in Texas were 
contacted to see if they had made any cost estimates of what 
they might charge customers if they were authorized to accept 
NORM wastes. They currently charge fiom $1.95/bbl to $6/bbl 
to dispose of NOW wastes.’ To be authorized to dispose of 
NORM wastes, cavern operators would need to upgrade their 
aboveground waste-handling facilities and analytical Capabili- 
ties, among other things. Although none of the cavern opera- 
tors had even preliminary cost estimates, one cavern operator 
believed that he could realistically operate at costs below 
$150/bbl, the cost charged by the company receiving the 
majority of NORM waste in this country. He also noted that if 
regulatory agencies allow NORM disposal in caverns, competi- 
tion will drive the price lower.’* NOW disposal caverns have 
shown that they are cost competitive with other NOW disposal 
facilities in the same geographic area. Although this study does 
not constitute a formal market analysis, there are no obvious 
reasons why NORM waste disposal caverns should not be able 
to compete economically with existing off-site commercial 
NORM disposal faciIities once regulatory agencies allow the 
practice to occur. 

Risks from Disposal of NORM Waste in Salt Caverns 
ANL has previously analyzed the potential radiological doses 
associated with several disposal methods, including under- 
ground injection into Class 11 disposal Recently, 
Argonne completed an analysis of the potential human health 
risks resulting from exposure to contaminants released fiom the 
cavern in domal salt formations used for NOW disp~sal .~  The 
evaluation assumes normal operations but considers the 
possiiility of leaks in cavern seals and cavern walls during the 
postclosure phase of operation. Ref. 5 builds on these previous 
ANL studies to estimate the human health risks from disposing 
of NORM waste in salt caverns. The approach and findings 
from Ref 5 are summarized below. 

NORM waste contains the same chemical contaminants as 
NOW (those considered by Ref. 3 include arsenic, benzene, 
cadmium, and chromium) but also contains radionuclides. The 
risk from the chemical contaminants in NORM remains the 
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same as was estimated for NOW.3 Ref 5 performed a separate 
radiological risk analysis. Initially, several radionuclides were 
considered as potential contaminants of concern for the assess- 
ment. All but two of these were subsequently dropped from 
hrther consideration because of low predicted activities 
produced by a combination of their high retardation cuefficients 
and short half-lives at a time of 1,000 years in the future, the 
time frame selected for the risk analyses. The remaining 
contaminants were Ra-226 and Rn-222. 

The release scenarios considered3 included inadvertent 
inbusion by unintentionally drilling a well into a closed cavern; 
failure of the cavern seal due to increased pressure from salt 
creep and geothermal heating, release of contaminated fluid 
through cracks, leaky interbeds, or nonhomogeneous zones 
composed of higher permeability material; and partial cavern 
roof falI. Most releases would be to deep aquifers at or near the 
top of the cavern, although under two scenarios, released 
contaminants can move upward through the well casing and 
leak out into shallow aquifers. 

No disposal caverns have ever been closed, so no cavern 
failure data are available. The probability of cavern failure was 
based on “bestestimate” and estimates provided 
by a panel of experts. Averaged bestestimates for the different 
scenarios ranged h m  0.006 for partial roof fall plus cavern 
seal failure and fluid release at shallow depth, to 0.1 for partial 
roof fall plus fluid release at depth. Averaged worst-case 
estimates ranged from 0.04 for seal failure with fluid release at 
shallow depth, to 0.29 for partial roof fall plus fluid release at 
depth.’ 

Once contaminated fluids leave the cavern, they are 
expected to migrate laterally through Merent formations and 
aquifers. During the time the fluids travel fiom the point of 
release to the receptor site (assumed to be 1,000 ft laterally from 
the cavern), various physical, chemical, biological, and radio- 
logical processes occur that reduce the concentration of the 
contaminants. Fate and transport modeling were used to 
estimate the exposure point concentrations (i.e., the contami- 
nant concentrations at the r e c e p t ~  point).- 

Risk calculations were then conducted using these exposure 
point concentrations and standard assumptions regarding 
drinking water intake rates, exposure time, duration, and 
frequency. The only exposure pathway considered in the 
analysis is ingestion of groundwater, hence exposures are 
limited to only internal exposures. Exposure to internally 
deposited radioactive contaminants is expressed in terms of the 
50-year committed effective dose equivalent (CEDE). This 
concept, developed by the Intemational Commission on 
Radiological Protection (ICRp),19 represents the weighted sum 
of the dose equivalent in various organs. CEDES were con- 
verted to carcinogenic risks by using risk factors identified in 
Publication 60 of the ICRP.” The results are shown in Table 1 
(from Ref. 5).  

Estimated lifetime risks due to NORM and NOW releases 
from salt caverns are presented in Table 2 (from Ref. 5). The 

maximum estimated Iifetime risk from the radiological con- 
stituents of NORM is 8 x lo-’’; the maximum estimated lifetime 
risk from the chemical constituents of NORM (the same as for 
NOW) is 1 x IO‘. The radiological risks from NORM are 
severaI orders of magnitude lower than the chemical risks, so 
they can be considered insignificant in comparison. In all  cases, 
the estimated NORM and NOW human health risks due to 
ingesting groundwater contaminated with NOW and NORM 
releases from disposal in salt caverns are significantly below the 
target risk range (IO4 to 105 that the EPA established for 
remedial actions at National Priority List sites (40 CFR 
300.43O(e>(2)(i)(A)(2)). For bestestimate probabilities, the 
estimated risk is even lower. 

The major radiological health concern from exposure to 
NORM is induction of cancer. The EPA classifies all 
radionuclides as Group A (known) carcinogens. Radionuclides 
are also mutagenic, teratogenic, and highly toxic. However, 
because the cumulative risk of cancer is many times greater than 
the risk of genetic or teratogenic effects:’ and because there are 
so few data quantifying the relationships between dose and 
effect for noncanax effects of low doses of Ra-226, only cancer 
risks are estimated for the radiological constituents of NORM 
in Ref. 5 and this paper. The chemical constituents of NORM 
pose a noncancer as well as a cancer risk. On the other hand, 
the radiological constituents of NORM are considered to pose 
only a cancer risk. Therefore, the noncancer risk of NORM 
waste is the same as the noncancer risk attributed to NOW. 
Ref. 3 estimated worst-case noncancer risks (expressed as 
hazard quotients) for NOW rangingfrom 6 x IOs to 1 x lo-’. 
The accepted risk threshold for noncancer risks is a hazard 
quotient less than 1.0. 

This paper is subject to several caveats. First, the assess- 
ment does not address risks to workers at the cavern disposal 
site. Ref. 4 estimates radiation doses to workers involved in 
cleaning pipes,-cleaning vessels, and working in storage yards 
where NORM-contaminated equipment is cleaned prior to 
NORM waste disposal. The risk to workers is likely to be the 
same regardless of the ultimate disposal method used. Second, 
the assessment does not determine whether any health effects 
will occur in the futute; it only estimates cancer risk and 
potential for noncancer effects. Third, risks have only been 
estimated for contaminants for which toxicity values were 
available; just because there is no toxicity value does not mean 
there is no risk. 

Conclusions 
This paper provides evidence that cavern disposal of NORM 
waste is technically feasible and poses a very low human health 
risk. From a legal perspective, there are no “fatal flaws” that 
would prevent a state regulatory agency from approving cavern 
disposal of NORM. Those agencies may need to revise their 
NORM waste management or UIC regulations to accommodate 
the practice, however. 
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Cavern operators would probably charge more for NORM 
waste disposal than the $1.95/bbl to $6/bbl that they currently 
charge for NOW disposal.* Given that those companies 
handling most of the NORM waste are currently charging 
$100/bbl or more for NORM waste disposal, theie is probably 
plenty of leeway to make facility upgrades and still produce a 
profit The ability for a NORM waste disposal cavern to be cost 
competitive looks promising, assuming regulatory agencies 
approve the practice. 
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Table 1 - Exposure Point Concentrations, Committed Effective Dose Equivalents, and Carcinogenic Risks Estimated 
for Ingestion of Ra-226 in Groundwater (fiom Ref 5) 

Best-Estimate Probability Estimate 

Concentration EEective Dose Estimated 
(pCi/L) Equivalent Cancer Rid 

Release Scenario E w m - P o i n t  Committed 

Cavern seal fails, 
releases fluid at 3 x 1049 2 x  1047 i x i O =  
depth 
Cavern seal fails, 
releases fluid to shal- 5 x lo-" 3 x 10-9 2 x 1015 
low aquifer 

Release from crack 2 x 10-19 - 1 x 10-17 7 x 1024 

Worst-case Probability Estimates 

Concentration Effective Dose Estimated 
(pCi/L) Equivalent Cancer Risk 

E ~ ~ - P o i n t  Cornmined 

I 
1 1 x 10-l8 6 x 1 0 "  4 x  loa 

I 
I 

2 x 1o"O 1 x 10" 6 x 10'" 

1 x lo-" 6 x 4 x 

2 x 10-14 1 x 10-12 7 x 10-19 

2 x lo"* 1 x 10- 9 x 10" 

2 x 10-1' 2 x 10-12 g x 10-19 

1 x 10-l8 8 x 10'" 5 x ion 

2 x 10-l0 1 x lo9 8 x 10"' 
4 



, -  
s' 

Best-Case Estimate 

Cancer Risk' 
- H a z a r d  

NOW" I NOW wotientd 
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Worst-case Estimate 

Cancer Risk' 
Hazard 

NOW I NORM" aotienp 

~ ~ 

Table 2 - Estimated Cancer Risks and Hazard Quotients from NORM and NOW @om Ref. 5) 

through leaky intew 

failure + release at depth 
Rooffall + cavern seal 
failure + release at shallow 

Roof fall + cavern seal 

Release Scenario 

I X  1017 2 x  i0-n I X  10-7 3 x 1 0 1 7  5 x  10" 

1 x 10-9 9 x loL6 7 x lod 1 x lo4 8 x lo-" 

depth I I I I I 

a The =A's target range for cancer risk is loJ to lod. 

' This column refers to the risk associated with the radiological constituents of NORM. 
This column refers to the risk associated with the chemical constituents of either NOW or NORM 

The accepted risk threshold for noncancer risks is a hazard quotient less than 1.0. 

I 


