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Disposal of NORM-Contaminated
Oil Field Wastes in Salt Caverns

John A. Veil, Karen P. Smith, David Tomasko, Deborah Elcock,
Deborah L. Blunt, and Gustavious P. Williams

Executive Summary

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
nonhazardous oil field wastes (NOW) in salt caverns. Several other disposal caverns have been
permitted in Canada and in Europe for similar wastes. 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
report evaluates the feasibility, legality, economics, and human health risk of disposing of
NORM-contaminated oil field wastes in salt caverns.

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), which are naturally present in
subsurface formations from which oil and gas are 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 @n-222). The production waste
streams most likely to be contaminated by elevated radium concentrations include produced
water, scale, and sludge. Spills or intentional releases of these wastes to the ground can result in
NORM-contaminated soils that must also be disposed of.

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 programs 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 NORM-contaminated equipment and land; (4) worker
protection; and (5) NORM waste disposal. This study 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. These
states are Louisiana, Mississippi, New Mexico, Oklahoma, and Texas. Each of these state
programs addresses the disposal of NORM waste into Class II injection wells, either directly or
indirectly. The regulation of underground injection of NORM waste is relevant to the potential
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disposal of NORM waste in salt caverns, because disposal into salt caverns is considered by most
states to equate to underground injection into Class II wells. A review of federal regulations and
regulations from the five states listed above indicated that there are no outright prohibitions
against NORM disposal in salt caverns or other Class 11wells, except for Louisiana, which
prohibits disposal of radioactive wastes or other radioactive materials in salt domes. Presently,
however, only Texas and New Mexico are working on disposal cavern regulations, and no states
have issued permits to allow cavern disposal of NORM waste.

Most NORM-contaminated produced water is disposed on-site through injection wells
and is not the primary focus of this report. Other types of NORM waste are presently disposed
of both on oil production sites and at off-site commercial disposal facilities. A majority of these
NORM wastes are disposed of through underground injection, a significant portion of which
presently takes place at a commercial injection facility located in eastern Texas. Several
companies offer the service of coming to an operator’s site, grinding the NORM waste into a fine
particle size, slurrying the waste, and injecting it into the operator’s own dkposal well. One
company is developing a process in which the radionuclides are dissolved out of the NORM
wastes, thereby leaving NOW and a contaminated liquid stream that is injected into the
operator’s own injection well. Smaller quantities of NORM are disposed of through burial in
landfills, encapsulation inside the casing of wells that are being plugged and abandoned, or land
spreading.

It appears that disposal of NORM waste in salt caverns is technically feasible because the
NORM waste is physically and chemically similar to NOW, which is already being disposed of
in salt caverns. Its primary difference from NOW is the presence of radionuclides in NORM.
The presence of radionuciides may require additional safety precautions when handIing the
NORM waste, but the actual disposal would be no different from NOW.

It is difficult to quanti& the total cost for disposing of NORM waste. The cost
components that must be considered, in addition to the actual disposal cost, include analytical
costs, transportation costs, container decontamination costs, and possibly permitting costs. One
other cost component that cannot readily be quantified, but is important nonetheless, is the
potential for long-term liability if the disposal site eventually causes environmental
contamination and is subject to a Superfi.mdcleanup. Current NORM waste disposal costs range
from $15/bbl to $420/bbl. The costs presented in this study reflect the information provided by
disposal companies to the authors in early 1998 and may not reflect actual total disposal costs. It
is also difficult to compare cost figures from one disposal company with those of another
company because the companies do not always include the same types of services in their quoted
prices.

Operators of the four permitted disposal caverns in Texas were contacted to see if they
had made any estimates of what they might charge customers if they were authorized to accept
NORM wastes. They currently charge fi-om$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
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aboveground waste handling facilities and analytical capabilities, among other things. Although
none of the cavern operators had even preliminary cost estimates, one 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, competition would drive the price lower (Moore 1998). NOW
disposal caverns have proven cost-competitive with other NOW disposal facilities in the same
geographic area. This study does not constitute a formal market analysis, and the costs to
upgrade a cavern disposal operation for NOW to one that disposes of NORM waste have not
been quantified. Nevertheless, there is a reasonable chance that NORM waste disposal caverns
would be able to compete economically with existing off-site commercial NORM disposal
facilities once regulatory agencies allow the practice to occur.

Argonne National Laboratory (Argonne) has previously analyzed the potential
radiological doses associated with several disposal methods, including underground injection
into Class II disposal wells (Smith et al. 1996). Recently, Argonne completed an analysis of the
potential human health risks resulting from exposure to contaminants released from the caverns
in domal salt formations used for NOW disposal (Tomasko et al. 1997). The evaluation assumes
normal operations but considers the possibility of leaks in cavern seals and cavern walls during
the post-closure phase of operation. The current study builds on the previous Argonne work in
NORM risk assessment and salt cavern disposal and follows the Tomasko et al. (1997)
methodology to the extent possible. NORM waste contains the same chemical contaminants as
NOW but also contains radionuclides. The risk fi-omthe chemical contaminants in NORM
remains the same as the risk estimated for NOW (Tomasko et al. 1997). In this study, a separate
radiological risk analysis was performed. Initially, several radionuclides were considered as
potential contaminants of concern for the assessment. All but two of these were subsequently
dropped from further consideration because of low predicted activities produced by a
combination of their high retardation coefficients 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 considered in both the NOW analysis and this study included
inadvertent intrusion by unintentionally drilling a well into a closed cavern; failure of the cavern
seal because of 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 fall. Most releases would be to deep
aquifers at or near the top of the cavern, although under two scenarios, released contaminants
could move upward through the well casing and leak into shallow aquifers. To be consistent
with Tomasko et al. (1997), the probability of cavern failure was based on “best-estimate” and
“worst-case” estimates provided by a panel of experts. Averaged best-estimates for the different
scenarios ranged from 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. To provide an even more conservative estimate, we used the
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true worst-case condition — the 100’%Probability of Release case — under which all caverns
release fluids during the 1,000-year period of concern.

Once contaminated fluids leave the cavern, they are expected to migrate laterally through
different formations and aquifers. During the time the fluids travel from the point of release to
the receptor site (assumed to be 1,000 ft laterally from the cavern at either the depth of the cavern
[1,000 ft] or a shallow depth [50 II]), various physical, chemical, biological, and radiological
processes occur that reduce the concentration of the contaminants. Fate and transport modeling
was used to estimate the contaminant concentrations at the receptor point (exposure point
concentrations).

Risk calculations were then conducted on the basis of the exposure point concentrations
and standard assumptions regarding drinking water intake rates, exposure time, duration, and
frequency. The risk was estimated for persons who, during the next 1,000 years, drink
groundwater taken from a well at the receptor site. The estimated worst-case cancer risks from
the chemical contaminants of NORM waste are very low (1 x 10-*to 2 x 10-17),and even under
the extremely conservative 100?40Probability of Release case, the highest chemical contaminant
risk is 2 x 10-7. The excess cancer risks estimated for the radiological cont~inants are orders of
magnitude loweq even for the 100°/0Probability of Release case, risks are 1 x 10-13to 3 x 10-22,
and, consequently, are dwarfed by the risks from the chemical contaminants.

The risk calculations are intended to estimate the risk over the 1,000 years following
cavern sealing. It is unlikely that an abandoned cavern would begin leaking immediately.
Leakage, if it occurred, would most likely begin many years after the cavern was sealed. The
fate and transport models, however, estimate the concentration of contaminants at a time 1,000
years after the release of contaminants, not afier cavern sealing. Therefore, the risk estimates are
effectively measuring the risk over a period of time longer than 1,000 years. This procedure
provides an additional measure of conservatism to the risk estimates.

The size of the hypothetical cavern used in these risk calculations (one million ft3) is, for
the sake of consistency, the same as was used in Tomasko et al. (1997). The hypothetical cavern
is somewhat smaller than the existing disposal caverns in Texas. The volume of fluid potentially
released from the cavern is proportional to the volume of the cavern that is filled with fluid;
therefore, larger caverns would release proportionately more fluid. Because actual cavern
volumes are on the same order of magnitude as the hypothetical cavern, the fluid volumes
released and the estimated risks from the actual caverns are expected to be on the same order of
magnitude as those calculated here, which remain lower than accepted risk thresholds.

The use of the results of thk report include a number of caveats. First, the assessment
does not address risks to workers at the cavern disposal site. Smith et al. (1996) estimate
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,
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the assessment does not determine whether any health effects will occur in the fiture; 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.

The approach used in this study is subject to several uncertainties that could affect the
results. These uncertainties include an extrapolation from high levels to low levels of radiation
exposure, the necessity to model exposure data because no cavern exposure data exist, and the
difficulty in distinguishing background concentrations of radionuclides from introduced
concentrations.
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1. Introduction

In 1995, the U.S. Department of Energy (DOE), OffIce of Fossil Energy, asked Argonne
National Laboratory (Argonne) to conduct a preliminary technical and legal evaluation of
disposing of nonhazardous oil field waste (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 carefully, closed properly, and monitored routinely, they can be a suitable means of
disposing of NOW (Veil et al. 1996). Considering these findings and the increased U.S. interest
in using salt caverns for NOW disposal, the Office of Fossil Energy asked Argonne to conduct
fbrther research on the cost of cavern disposal compared with the cost of more traditional NOW
disposal methods and on preliminary identification and investigation of the risks associated with
such disposal. The cost study (Veil 1997) 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 study (Tomasko et al. 1997) estimated that both
cancer and noncancer human health risks from drinking water that had been contaminated by
releases of cavern contents were significantly lower than the accepted risk thresholds.

Since 1992, DOE has tided Argonne to conduct a series of studies evaluating issues
related to management and disposal of oil field wastes contaminated with naturally occurring
radioactive material (NORM). Included among these studies were radiological dose assessments
of several different NORM disposal options (Smith et al. 1996).

In 1997, DOE asked Argonne to conduct additional analyses on waste disposal in salt
caverns, except that this time the wastes to be evaluated would be those types of oil field wastes
that are contaminated by NORM. This report describes these analyses. Throughout the
remainder of this report, the term “NORM waste” is used to mean “oil field waste contaminated
by NORM”.

The remainder of this report consists of eight sections. Section 2 provides background on
the development, use, and closure of salt caverns that maybe used for disposal of NORM waste.
Section 3 describes specific hydrogeologic conditions of locations where salt caverns are most
likeIy to be used for oil field disposal. Section 4 provides background information on NC?RM
occurrence and chemistry and existing NORM waste management practices. Chapter 5 assesses
the feasibility of disposing of NORM waste in salt caverns. Chapter 6 outlines the state and
federal regulations that affect cavern disposal of NORM waste. Chapter 7 summarizes the costs
associated with disposing of NORM wastes. Chapter 8 describes the analysis used to assess the
risks associated with cavern disposal of NORM waste. Finally, Section 9 summarizes the results
of the analyses.
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2. Background on Salt Caverns

2.1 U.S. Salt Formations

Salt deposits occur in two major forms in the United States: bedded salt and salt domes.
Although salt deposits occur in many parts of the United States, the occurrence of salt in
quantities and locations that would promote commercial development is limited. Figure 1 (from
Veil et al. 1996) shows the location of the major U.S. subsurface salt deposits. In 16 states salt
occurs in sufllcient quantity to be mined by either excavation or solution mining or to be
recovered through solar evaporation. These states with major salt deposits are Alabama,
Arizon~ Colorado, Kansas, Louisiana, Michigan, Mississippi, Montana, New Mexico, New
York, North Dakota, Ohio, Oklahoma, Pennsylvani~ Texas, and Utah (Veil et al. 1996),

Bedded salt formations occur in layers interspersed with such sedimentary materials as
anhydrite, shale, dolomite, and other more soluble salts (e.g., potassium chloride). These
materials have varying degrees of permeability, but all are generally low (Freeze and Cherry
1979). The bedded salt deposits are tabular and can contain significant quantities of impurities.

Salt domes are large, nearly homogeneous formations of sodium chloride, although they
may contain nonhomogeneous zones. Pfeifle et al. (1995) report that the typical anhydrite
(CaSO,) content of Gulf Coast salt domes averages less than 5%. Salt domes were created by
geological processes that spanned millions of years (Chilingarian et al. 1989). Approximately
30 million years ago, salt buried by more dense materials flowed to form pillows. Because of its
lower density, salt flowed upward to form diapirs (domes or anticlinal folds whose overlying
rocks have been ruptured by the squeezing up of the more plastic salt core) and pierced overlying
units.

As the salt passed upward through the overlying sediments, long, finger-like projections
developed. The depth of the intruded salt (sedimentary piercements) can be greater than 10,000
ft (Whiting 1981), and the top width of the salt domes ranges from about 0.5 to 2.5 miles
(Chilingarian et al. 1989). If the intruded salt contacted undersaturated water, dissolution. would
occur. Through a complex interaction of dissolution, recrystallization, hydration of anhydrite to
form gypsum, sulfate reduction, cementation, etc., a caprock was often formed. Although
caprocks are common in the vicinity of salt domes, they are not always present (Lirm 1997).

At the top of the caprock, a region of limestone frequently developed. Tb.is limestone
may have been formed by a number of processes, including reduction of the calcium-sulfate
caprock and precipitation from calcium-sulfate-rich water (Werner 1986).
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2.2 Creation of Salt Caverns

To create salt caverns, water that is not filly salt-saturated is injected into a salt stock,
and the resulting brine solution is withdrawn. This method is referred to as solution mining
(Testa 1994). The development and shape of the salt cavern can be controlled by the method
used for construction. In the direct circulation method, flesh water is injected through a tubing
string from the surface, and brine is withdrawn through an annular space between the tubing and
final casing. In the reverse circulation method, fresh water enters through the cumulus, and brine
is removed through the tubing string. A combination of these two methods, or other more
complicated methods, can be used to obtain a desired cavern shape. The American Petroleum
Institute (API) provides illustrations and more details on these methods (API 1994). Figures 2
and 3, taken from Veil et al. (1996), provide general schematic drawings of salt caverns used for
waste disposal for caverns in domal salt and bedded salt, respectively. These figures are not
drawn to scale or intended to show detailed construction features.

The petroleum industry has constructed many salt caverns for storing hydrocarbons.
Several organizations have developed standards and guidance for designing and operating
hydrocarbon storage salt caverns (CSA 1993; API 1994; IOGCC 1995). Readers desiring more
details on design, location, and construction of salt caverns are referred to these reports.

2.3 Uses of Salt Formations and Salt Caverns

As salt intruded the Cenozoic sediments along the Gulf Coast, various minerals were
often precipitated in the vicinity of the caprock. Along with the minerals, oil was frequently
trapped under the edge of the caprock. Because of the high probability of finding oil and other
valuable minerals, salt domes have been extensively explored and mined for more than 100
years. Starting in the late 1800s, salt domes were commercially mined for salt by various
leaching techniques. The shapes of the resulting caverns were often irregular because of the
techniques applied, but a number of caverns, such as West Hackberry Cavern 11, are nearly
symmetrical (Tomasko 1985).

,.
Salt caverns are used for storing hydrocarbons. The earliest cavern storage in salt domes

for liquefied petroleum gas (LPG) started in 1951; LPG storage in bedded salt started somewhat
sooner, in the early 1940s (Querio 1980). Some of the liquified products stored include propane,
butane, ethane, fuel oil, gas, and crude oil. Private industry in the United States operates a large
number of caverns for storing liquid petroleum products, petrochemicals, and natural gas.

DOE acquired the rights to some existing caverns for the Early Storage Reserve (ESR) of
the Strategic Petroleum Reserve (SPR). The ESR was designed to store 250 million barrels of
oil, about two-thirds of which were to be placed in solution-mined caverns and one-third in a
conventional rock salt mine. Acquisitions for the ESR were made about 1977. The SPR now
has a capacity of 680 million barrels, and the rock salt mine has been removed from the program
(Diamond 1997).
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2.4 Waste Disposal in Caverns

Use of salt caverns for waste disposal in the United States has been limited. A summary
of current waste disposal practices, exclusive of NORM wastes, is given in Veil et al. (1996),
along with a discussion on using caverns for waste disposal in Canada, the United Kingdom,
Germany, the Netherlands, and Mexico. In the United States, the Railroad Commission of Texas
has issued six permits for disposal of NOW in salt caverns; four of these are operational. None
of the six Texas facilities are authorized to dispose of NORM wastes in their caverns. NORM
wastes are not approved for cavern disposal in Canada or the United Kingdom. To the authors’
knowledge, NORM wastes are not being disposed of in salt caverns anywhere in the world at this
time.

2.5 Disposal Cavern Operation

Initially, the caverns would be filled with brine. Wastes would then be introduced as a
slurry of waste and a fluid carrier (brine or fresh water). ‘Three scenarios are possible for
introducing the waste material: (1) the waste can be pumped down tubing to the bottom of the
cavern and the displaced brine can be withdrawn through an annulus; (2) the waste can be
pumped down an armulus and the displaced brine can be withdrawn through the tubing; and
(3) the waste can be injected through one well and the brine withdrawn from another well.

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. hy free oils and hydrocarbons float to
the top of the cavern because they are less dense than water. An organic blanket could be
injected into the cavern to prevent additional leaching of the cavern’s roof by water that is not
fidly saturated with salt. Clays in the slurry and dissolved chemical constituents from the waste
can mix with the brine, forming a suspension above a brine/waste interface. Clean brine
displaced by the incoming slurry would be removed fi-omthe cavern and either sold as a product
or disposed of in an injection well.

Early in the life of the disposal cavern, clean brine is withdrawn fiom,hundreds of feet
above the surface of the waste pile or interface. As the cavern fills, the brine becomes dirtier”
(i.e., it will have a higher clay, oil, and dissolved waste constituent content). This dirty brine can
produce operational difficulties (e.g., clogging of pumps) and additional expenses (Veil et al.
1996). The cavern is considered to be “full” of waste when return of disposed material with the
displaced fluid becomes a problem. When the cavern is fill, the operator seals the cavern.

2.6 Post-Closure Cavern Behavior

Once the cavern had been filled with waste, the cavern would be sealed and the borehole
plugged with cement. Plugs would be placed in the well bore above and below water-bearing
intervals to isolate these intervals permanently.
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A waste-filled cavern that has been sealed is subject to a number of complex physical
processes: reduction in cavern volume caused by salt creep (the process by which salt
surrounding the cavern flows into the cavern space as a pseudofluid [Bishop 1986; Freeze et al.
1995]); convective mixing in the upper, brine-filled portion of the cavern; differential settling
and compaction of solids; chemical reaction and compaction of the waste material; and an
increase in pressure produced by the combined effects of salt creep and the addition of sensible
heat (heat derived from the geothemml gradient vertically across the cavern — approximately
13°F per 1,000 fi at a depth of 1,000 ft [Tomasko 1985]).

During a transient period of several years after closure of a cavern filled with brine,
pressure can exceed the lithostatic value @ressure in surrounding salt) because of thermal
expansion of the brine. The amount of overpressurization is a function of cavern size (Berest
and Brouard 1995). Similarly, cavern pressure can exceed the Iithostatic value after a longer
time period when, due to salt creep, brine pressure will balance average lithostatic pressure,
resulting in a slight excess of brine pressure at the top of the cavern (Langer et al. 1984; Wanner
1986). This overpressurization occurs because lithostatic pressure increases linearly with depth,
whereas brine pressure is constant within the cavern.

The presence of a small quantity of gas in the sealed cavern can mitigate the effects of
pressure buildup because the gas drastically increases the cavern compressibility (Berest
et al. 1997). Tomasko et al. (1997) discuss several ways in which gases could potentially be
produced in a sealed disposal cavern, including bacterial degradation of the waste, corrosion, and
natural releases horn the salt formation itself (e.g., carbon dioxide, hydrogen sulfide, hydrogen,
methane, etc.), but conclude that significant gas production is unlikely.

A recent study of the behavior of brine-filled, sealed caverns suggests that the
permeability of the material surrounding the cavern can also influence pressure buildup (Wanner
and Paar 1997). Because of a very slow pressure increase within a sealed salt cavern, the
pressure at the top of the cavern would only exceed the Iithostatic value after a long time (on the
order of thousands of years for a 1,000-ft-tall cavern). Because the rock salt formation could
become permeable if the fluid pressure exceeded the stress in the salt, small leakage rates of
fluids from the top of the cavern are predicted. This leakage would compensate for the
overpressurization at the top of the cavern and return the system to an equilibrium condition.

Although the pressurization of sealed caverns containing liquids or dry granular wastes is
currently under investigation (e.g., Langer et al. 1984; Wanner 1986; Berest and Brouard 1995;
Wanner and Paar 1997; Berest et al. 1997), little research has been directed at predicting pressure
behavior in caverns containing a combination of NORM and NOW. Cavern behavior is
expected to be similar to that discussed above, with the exception that the compressibility of the
wastes may alter the time scale and magnitude of the system response. More study of actual
waste disposal caverns would help to clarify this issue.
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3. Hydrogeology

Most salt formations of interest for NOW and NORM waste disposal occur along the
Gulf Coast in Texas and Louisiana, the Permian Basin of New Mexico, and in other states, such
as Kansas and Michigan, that have salt domes. The following subsections discuss
hydrogeological conditions for the Gulf Coast, the western Texas panhandle, and New Mexico.
A composite of these areas is then used as the basis for the generic risk analysis described in
Section 8. This information is particularly useful in calculating the fate and transport of
contaminants that are released from caverns.

3.1 Gulf Coast Hydrogeology

Salt domes along the Gulf Coast of the United States are located in the Coastal Plain
Physiographic Province (Back et al. 1988). This province is underlain by a gulfward thickening
wedge of unconsolidated to semiconsolidated sedimentary rocks (sand, silt, and clay derived
from erosion of nearby continental upland areas). These sediments overlie consolidated rocks of
Mesozoic Age and range in thickness from a few feet near their landward limit to more than
30,000 fi in southern Louisiana.

As part of the Gulf Coast Regional Aquifer-System Analysis (GCC RASA) program, the
depth to groundwater was evaluated for a 230,000-square-mile study area that included coastal
regions in Texas, Louisiana, Mississippi, and Florida (Williams and Williamson 1989). On the
basis of data from 6,825 wells, the depth to the water table ranges from Oto 74 ft, with a median
value of 20 ft. This shallow groundwater system is composed primarily of sands interbedded
with deposits of silt and clay. Where the silts and clay have been eroded and the aquifer is in
communication with the atmosphere, the aquifer is unconfined. Conf3ned to semiconfined
conditions exist where low-permeability clays and silt overlay the more permeable sands (Hanor
1993). Beneath the shallow groundwater system are other sequences of clays and silts,
interspersed with beds of sand. The sand areas constitute other potential aquifers that are
predominantly coniined (Capuano and Jan 1996).

Recharge to the shallow groundwater system is derived from precipitation. The majority
of recharge occurs in areas where the clay and silt layers are absent. Discharge of this aquifer
occurs to surface waters, underlying deeper aquifers, and pumping wells.

3.2 Texas and New Mexico Hydrogeology

Bedded salt occurs in the Texas panhandle area and West Texas, as well as in central and
southeastern New Mexico. These bedded salts are located, for the most part, in deep formations
(the top of salt occurs at a depth of 500 to 2,000 ft below the land surface, and the salt is about
1,000 to 3,000 ft thick). Although most of these bedded salts occur below 1,000 ft, some in West
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Texas can be much shallower (e.g., one of the West Texas disposal caverns starts at a depth of
about 700 ft [Hickerson 1995]).

Overlying the bedded salt layers are the Ogallala fluvial aquifer, which is composed of
stream and river deposits, and the Dockum aquifer, which is composed of fluvial and lacustrine
(lake) deposits (Bassett and Bentley 1982). These aquifers make up a shallow, freshwater system
that is used for domestic, municipal, industrial, and agricultural purposes. The combined
thickness of these two aquifers can be as great as 2,300 ft (Bair et al. 1985). The Ogalkda is the
shallower of the two aquifers and occurs at a depth ranging between 20 and 400 ft (Wood aud
Sanford 1995). It ranges from Oto 800 ft thick (Seni 1980), and it underlies about 134,000
square miles of land from Nebraska to New Mexico (Back et al. 1988). Its principal composition
is sand and gravel. Groundwater velocity in this aquifer is estimated to be about 100 ft/year.

The Dockurn aquifer lies below the Ogallala aquifer. Locally, its depth is variable; it can
outcrop at the surface or occur as deep as 800 R below the ground. It is typically composed of a
sandstone and conglomerate unit (fluvial) overlying a fine silt and clay unit (lacustrine). The
thick Permian evaporite-bearing unit beneath the Dockum is an aquitard and a barrier to vertical
groundwater flow. Depth to bedded salt ranges from about 500 to 2,000 I?. The uppermost
extensive salt is the Salado Formation. Where this unit has been dissolved, various older
formations (e.g., Seven Rivers, Grayburg, San Andres, and Castile) contain the uppermost salt
units. In some areas, salt has been completely removed. At the depth of the salt, the velocity of
groundwater is estimated to be about 10 R/year.

Bedded salts are being developed for low-level nuclear waste disposal at the Waste
Isolation Pilot Plant (WIPP) in New Mexico. This facility has been constructed and will shortly
begin operation. It is located at a depth of 2,150 fl below the ground surface in the Salado
Formation (DOE 1990). The Ogallala and Dockum aquifers are absent in this area of New
Mexico, and the shallowest groundwater of consequence occurs in the Culebra Dolomite of the
Rustler Formation at a depth of about 750 ft.

Recharge to the shallow groundwater system in the semiarid Texas/New Mexico
environment is derived from precipitation. Wood and Sanford (1995) estimate the annual
recharge to be 11+2 rnm/yr. Recharge is small because of high potential evaporation, plant
transpiration, limited precipitation, and runoff. In the past, discharge was to springs; other,
deeper, groundwater systems; and pumps. Because of heavy pumping, most of the discharge
springs are now dry, and the only discharge is to deeper aquifers.

In general, water quality in Texas and New Mexico decreases with depth. For example,
the Rustler Formation water quality is generally poor; total dissolved solids range from 286 mg/L
in Ward County to 157,000 mg/L in Winkler County. Chloride concentrations can be as high as
89,700 mg/L in Winkler County, Texas (Richey et al. 1985). Because of this poor water quality,
water for public water supply, irrigation, industry, livestock, and rural domestic use is often
obtained from overlying aquifers, such as the Santa Rosa Sandstone Formation in the Dockurn
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and from the Cenozoic alluvium in the Delaware basin (including the Ogallala aquifer, if
present). In the Texas panhandle area, similar observations have been made regarding
groundwater quality (Bair 1987); i.e., total dissolved solids and the concentration of brine
increase with depth.
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4. Regulatory Considerations

This section evaluates the major state and federal environmental requirements as they
apply to disposal of NORM wastes in salt caverns. No attempt is made to encompass all types of
permits, licenses, or approvals that must be obtained by an operator, including zoning approvals,
mineral rights, and construction, safety, and fire code requirements.

4.1 Hazardous Waste Status of NOW and NORM Waste

The most important distinction between oil field wastes and many other types of
industrial wastes is that the former are exempted from the hazardous waste requirements of the
Resource Conservation and Recovery Act (RCIL4). On July 6, 1988, the U.S. Environmental
Protection Agency (EPA) issued a regulatory determination that exempted any wastes arising
from the exploration, development, and production of crude oil, natural gas, and geothermal
energy from regulation as hazardous wastes under RCRA Subtitle C (53 FR 25477). On March
22, 1993, the EPA clarified the 1988 determination and exempted many other wastes that were
uniquely associated with exploration and production operations horn RCRA Subtitle C
requirements (58 FR 15284). Given the federal exemption horn RCIL4 for oil field wastes, the
waste management requirements faced by most operators will be state requirements.

The difference between NOW and NORM waste is the presence in the latter of
radionuclides above a state-specified action level. The presence of those radionuclides does not
change the waste’s exempt status under RCIL4 as long as the waste itself, exclusive of the
radiological components, is an exempt waste. Therefore, most oil field NORM waste is not
hazardous waste.

The term “nonhazardous oil field waste” should not be interpreted to mean that no
hazardous substances are found in oil field wastes. At least two oil- and gas-producing states,
California and Louisiana, do not follow the blanket RCRA exemption for exploration and
production wastes and associated wastes. In these states, each batch of waste is tested for
specified parameters to determine. whether the waste is hazardous. Those wastes found to be
hazardous must be managed at a hazardous waste management facility, which typically is much
more expensive than management of a NOW disposal facility.

4.2 Summary of NORM Regulations

No existing 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. Many states have promulgated NORM regulations, and many others are
reviewing the magnitude of NORM issues within their borders and the need for specific
regulations.
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The existing state regulatory programs establish requirements for (1) a NORM exemption
standard or action level; (2) licensing of parties possessing, handling, or disposing of NORM
waste; (3) the release of NORM-contaminated equipment and land; (4) worker protection, and
(5) NORM waste disposal. The action level defining when waste must be managed as NORM
varies horn state to stite. In general, state action levels range from 5 to 30 picocuries per gram
@Ci/g) of total radium (i.e., radium-226 ~a-226] plus radium-228 ~a-228]). Several states
have established two action levels, depending upon the radon emanation ratel of the waste. In
these states, the action level is 5 pCi/g total radium if the radon emanation rate exceeds 20 pCi
per square meter per second @Ci/m2/s) and 30 pCi/g total radium if the radon emanation rate is
below that level. A picocurie (pCi) is equal to 10-]2curies2.

Most state regulations currently approve the following disposal methods for waste
exceeding the NORM action levels: (1) burial at either a licensed NORM waste or low-level
radioactive waste disposal facility, (2) downhole disposal via encapsulation inside the casing of a
plugged and abandoned well, and (3) underground injection into substiace formations via a
permitted Class 11well. A few states also allow NORM waste to be disposed of via land
spreading, provided that specific criteria are met. The State of Michigan also allows NORM
waste containing up to 50 pCi/g radium to be disposed of in landfills that are permitted to accept
only nonhazardous wastes (MDEQ 1996).

Downhole encapsulation and underground injection of NORM waste typically are
approved on a case-by-case basis only and, in the case of underground injection, may require a
modification to the existing Class II permit. In Texas, two commercial facilities have been
permitted to receive and dispose of NORM waste via underground injection.

This report evaluates the regulatory aspects of salt cavern disposal of NORM waste in
five states: Louisiana, Mississippi, New Mexico, Oklahoma, and Texas. Each of these states,
except Oklahoma, has already enacted NORM regulatory programs and has expressed serious
interest in disposal of NOW in salt caverns. Oklahoma currently is considering a draft set of
NORM regulations. None of the NORM regulations promulgated or proposed in these five states
specifically address the disposal of NORM waste in salt caverns. Each of these state programs,

‘however, addresses the disposal of NORM waste into Class II injection wells, either directly or
indirectly. 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 be equivalent to underground injection into Class II wells (Veil et al. 1996).

1The ~adon emanationrateisthefractionofradonatomsthatescapethegrainmaterialcontainingthe
parentnuchdemtothegaseous,porousspacebetweenthegram.

2A conventionalunit,thecurie (Ci) is defined as the quantity of a given radionuclide in which 3.7 x 10’0
atoms undergo nuclear transformations each second. One Ci is roughly equal to the decay rate of one gram of

Ra-226.
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4.2.1 Louisiana

In Louisiana the NORM regulations promulgated by the Louisiana Department of
Environmental Quality (LDEQ) are contained in the Louisiana Administrative Code (LAC), Title
33, Part XV, Chapter 14, “Regulation and Licensing of Naturally Occurring Radioactive
Material.” The agency responsible for implementation of these regulations is the LDEQ Office
of Air Quality and Radiation Protection, Radiation Protection Division. Under Section
1404(A)(1) of these regulations, waste containing 25 pCi/g Ra-226 or Ra-228 above background
must be managed as NORM waste.

In Section 1412(B), the regulations identifi several forms of disposal as acceptable for
NORM waste. Underground injection of NORM waste is not specifically identified in the
regulations as an approved disposal option. However, Section 1412(B)(2) states that disposal of
NORM waste by alternate methods is allowed, provided approval in writing is obtained from the
Radiation Protection Division. Under this provision, underground injection may be allowed on a
case-by-case basis in Class II injection wells. In addition, Sections 1412(B)(3) and (4) establish
special provisions for the disposal of regulated NORM wastes at commercial NOW disposal
facilities, including commercial Class II injection wells, regulated by the Louisiana Department
of Natural Resources (LDNR.). In Louisiana, Class II injection wells are regulated and permitted
by the LDNR Office of Conservation in accordance with Statewide’ Order No. 29-B (LAC
43:X1X).

Under this regulatory scenario, the disposal of NORM into either a commercial or .
noncommercial Class II well would require a specific license from the LDEQ and a Class 11
permit from the LDNR. To date, however, there has been only one instance in which NORM
wastes have been disposed of in a noncommercial Class II well, and there have been no permitted
disposals of NORM into a commercial Class II well (Talbot 1998).

With respect to the injection of NORM into salt caverns in Louisiana, the regulatory
scenario is complicated by the existence of a statute specifically restricting the disposal of
radioactive material into salt domes (Louisiana Revised Statute 30:2 117). Part B of this statute
states that” ...no salt dome within the jurisdiction of the state of Louisiana shall be utilized as a
temporary or permanent disposal site for radioactive waste or other radioactive material of any
nature by any person.” This statute, originally enacted in 1979, probably was not written with
consideration to NORM disposal issues; however, NORM disposal in salt caverns probably
would not be allowed in Louisiana without amendment to this statute.

4.2.2 Mississippi

In Mississippi, petroleum industry NORM waste is regulated by two agencies. The
Department of Health has promulgated general NORM regulations under Part 801, Section N, of
the Regulations for Control of Radiation in Mississippi. Under Section 801.N.4(a)(l), waste
containing greater than 5 pCi/g Ra-226 or Ra-228 above background must be managed as
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NORM waste. The Mississippi State Oil and Gas Board has promulgated two rules specific to
the disposal and control of petroleum industry wastes exceeding the Department of Health’s
action level defining NORM waste. Rule 68 of the Oil and Gas Board Statewide Rules and
Regulations specifically addresses the disposal of NORM waste in wells that are about to be
plugged and abandoned. Rule 69 establishes regulations for the control of NORM to ensure that
radiation exposures to workers and the general public are mitilzed.

In Rule 68, Section IV.D, underground injection of NORM waste into a well about to be
plugged and abandoned is identified as an allowable disposal method, provided specific
limitations are met and approval is obtained from the Oil and Gas Board. Limitations contained
in Section V of this rule address minimum depth below the base of the lowest underground
source of drinking water, pressure test requirements, plugging requirements, and required well
marker information. Any well in which NORM waste is injected must be permitted as a Class II
injection well under Rule 63 of the Statewide Rules and Regulations, even though the well will
subsequently be plugged and abandoned and not used again for underground injection.

Currently, there are no rules or regulations in Mississippi specifically addressing the
disposal of NORM waste into active Class II injection wells. Section N. 12(a) of the Health
Department regulations lists several general standards for NORM waste disposal that are
unrelated to underground injection. However, this section also provides for the disposal of
NORM waste by alternate methods, provided approval is obtained horn the Health Department.
This language allows the state flexibility in addressing NORM waste disposal options such as
underground injection into Class II wells. Because Class 11wells are regulated by the State Oil
and Gas Board under Rule 63, it is likely that the Oil and Gas Board would be the agency
responsible”for allowing or disallowing the disposal of NORM waste in Class 11wells. This form
of disposal could require modifications to Rule 63, or the promulgation of a new rule; however,
to date, the Oil and Gas Board has not considered this issue (Ford 1998).

4.2.3 New Mexico

In New Mexico, the regulation of NORM waste has been divided between two agencies.
The New Mexico Environment Department (NMED) regulates the possession, use, disposal,
transfer, and storage of NORM waste under Title 20 of the New Mexico Adrnkistrative Code
(NMAC), Chapter 3, Part I, Subpart 14. The New Mexico Oil Conservation Division (OCD)
regulates the disposal of petroleum industry NORM waste under Title 19 NMAC, Chapter 15,
Part I, Rule 714. Under Section 1403(A) of the NMED regulations, waste containing greater
than 30 pCi/g Ra-226 above background must be managed as NORM waste.

Under Section 1407(B) of the NMED regulations, the disposal of NORM waste by deep-
well injection is allowed, provided that a general license is obtained from the NMED and
applicable rules established by the OCD are complied with. The OCD regulations specific to
underground injection of NORM waste are contained in Rule 714, Section E. This section states
that underground injection of NORM waste will be permitted in Class 11wells on a case-by-case
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basis, provided that such injection is performed in a manner that is protective of the environment,
public health, and fresh waters, and is in compliance with the OCD rules pertaining to injection.
Despite these provisions, to date, the underground injection of regulated NORM waste has not
occurred in New Mexico because there has been some disagreement between the OCD and the
Rocky Mountain Low-Level Radioactive Waste Board (RMLLRWB) regarding which agency
had regulatory authority over the management of NORM waste (Anderson 1998). On June 1,
1998, the RMLLRWB amended its Rule 1 to exclude from its authority the “placement or
injection of oil and gas NORM in oil and gas wells in accordance with any applicable state
regulations, as long as the oil and gas NORM is produced within the region and the wells are
owned or operated by the person(s) who produced the oil and gas NORM.” This amendment
should allow fiture disposal of NORM via injection into Class II wells in New Mexico under the
OCD rules in some cases.

A rule-making process is currently underway to address the development of regulations
for the disposal in salt caverns of exploration and production waste not suitable for injection in
Class 11wells (e.g., sludges, tank bottoms, and other solid waste). Any proposals for the disposal
of regulated NORM into salt caverns would go through a similar public, rule-making process.
Such a process, however, could be quite controversial because salt cavern disposal of NORM
waste could be construed to be related to the DOE’s proposed WIPP near Ca.rlsbad, New Mexico,
which has been the target of significant levels of opposition within the state (Anderson 1998).

4.2.4 Oklahoma

The Oklahoma Department of Environmental Quality has drafted a set of NORM
regulations that, if promulgated, will be contained in Title 252, Chapter 400, Subchapter 19 of
the Oklahoma Administrative Code. Under Part 3 of these proposed rules, materials containing
greater than 30 pCi/g of Ra-226 or Ra-228 will need to be managed as NORM wastes. Under
Part 11, owners and operators of Class I and Class 11injection wells who are authorized under a
general NORM permit will be allowed to dispose of NORM waste in these injection wells,
provided the owner is in compliance with all applicable underground injection control rules and
permit conditions, and that the sludges and scales to be injected are in the form of a pumpable
slurry in which the entrained solids are so fine grained that they will not plug the injection
formation.

In Oklahoma, Class II injection wells are regulated and permitted by the Oklahoma
Corporation Commission (OCC) under Section 165 of the Oklahoma Administrative Code,
Chapter 10, Subchapter 5 (165 :10-5-1 through 15). Currently, these rules do not address
injection of materials containing NORM. Rules promulgated by the Department of
Environmental Quality regarding the disposal of regulated NORM in Class 11wells wouId need
to be integrated with existing OCC Class II regulations and permit requirements; this probably
would require a formal rule-making process (Fiddler 1998).
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4.2.5 Texas

In Texas, the regulation of NORM waste has been divided among agencies. The Texas
Department of Health regulates the possession, use, transfer, and storage of NORM waste under
Part 46 of the Texas Regulations for Control of Radiation. The Texas Natural Resources
Conservation Commission has jurisdiction over the disposal of non-oil-and-gas NORM wastes.
The Railroad Commission of Texas (TRC) regulates the disposal of oil and gas waste
contaminated with NORM under Title 16, Part I, Chapter 3, Rule 94 of the Texas Administrative
Code (TAC). Under Section 46.4(a)(l)(i)(b), wastes containing concentrations less than or equal
to 30 pCi/g Ra-226 or Ra-228 are exempt from the NORM regulations, provided that the radon
emanation rate is less than 20 pCi/m2/s. If the radon emanation rate exceeds this limit, the wastes
are exempt only if the radium concentrations are less than or equal to 5 pCi/g.

Under 16 TAC 1.3.94(f), the regulation states that oil and gas NORM waste maybe. .
disposed of via injection if a permit is obtained. The TRC will issue a permit provided the
applicant demonstrates that the disposal will be conducted in a manner that is protective of public
health, safety, and the environment. The permit will speci~ necessary construction and
operating requirements. Currently, underground injection of NORM waste is occurring in Texas
at two commercial facilities owned by NewPark Environmental Services, Inc. and Lotus LLC.
To date, there has been only one instance of noncommercial injection of regulated NORM waste
in Class II wells in Texas (Ginn 1998).

4.3 Salt Caverns and the Underground Injection Control Program

Veil et al. (1996) contains a detailed discussion of the Safe Drinking Water Act’s
(SDWA’S) Underground Injection Control (UIC) program and how it relates to cavern disposal.
The key elements are summarized below.

4.3.1 Federal UIC Requirements

Unlike most other methods for disposing of nonhazardous oil field waste, injection wells
are subject to the requirements of the UIC program (see EPA regulations at 40 CFR 144-146).
EPA’s, regulations define a well as a bored, drilled, or driven shaft, or a dug hole, whose depth is
greater that the largest surface dimension. An injection well means a well into which fluids are
being injected. All injection wells are assigned to one of five classes. Class II wells inject fluids
that are brought to the surface in connection with natural gas storage operations or conventional
oil or natural gtis production. Injection wells for disposing of produced water are Class II wells.
Likewise, salt caverns for disposing of NOW and NORM waste and the wells leading from the
surface to the caverns are Class 11wells. Throughout this report, the term “salt cavern” includes
not only the actual cavern (injection zone portion) but also the wells used to inject materials into
the caverns.
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Most types of NOW are brought to the surface with oil and gas production. However, it
is not possible to claim that the primary types of NORM waste (i.e., sludge, scale, and
contaminated soil) are brought to the stiace in their final form., AIthough the chernical and
radiological constituents of these wastes come from the subsurface, the wastes themselves are not
formed until the fluids are at the surface. There has been some uncertainty among state
regulatory agencies as to whether these wastes are eligible for injection into Class II wells. In
February 1996, the Ground Water Protection Council asked the EPA to clarifi that all exempted
oil field wastes can be injected into Class II wells. In June 1996, the EPA responded to the
request in a Ietter from Robert Blanco, Acting Director of EPA’s Ground Water Protection
Division (Bkmco 1996). The letter does not provide further guidance, but rather concludes that
the EPA trusts the judgement of states that administer their own UIC programs as to whether a
particular waste meets the criteria for Class II fluids.

States seeking authority to administer the UIC program may obtain primacy in &o ways.
Under Section 1422 of the SDWA, states must demonstrate that their regulations are at least as
stringent as those adopted by the EPA. To provide greater flexibility than what is allowed under
the Section 1422 requirements for states administering Class II programs, Congress added
Section 1425 to the SDWA, which requires states seeking delegation to have an underground
injection program that meets the requirements of Section 1421(b)(l)(A)-(D) and that would be
effective enough to prevent any underground injection that would endanger drinking water
sources.

4.3.2 State UIC Requirements

Many of the oil- and gas-producing states have obtained the authority to administer the
UIC program. Veil et al. (1996) summarize state UIC regulations and report on contacts with
regulatory agencies in 11 oil-producing states where salt caverns exist to determine whether the
state had any regulations that either authorized or prohibited cavern disposal. Of those states,
only Texas had authorized any NOW disposal caverns, four of which are in operation. Texas has
initiated a rule-making process for the development of regulations addressing the injection of
NOW into salt caverns. This process has been sidetracked by two issues regarding the injection
well rules —notice requirements and financial security requirements. When those two issues
have been resolved, the state will move forward with the salt cavern disposal rules. New Mexico
is presently developing NOW cavern disposal regulations. No other states are presently working
on NOW or NORM cavern disposal regulations, although Louisiana and Mississippi have
previously expressed serious interest in cavern disposal for NOW.

4.4 Regulatory Barriers

A review of federal UIC regulations and NORM and UIC regulations from the five states
that have expressed some interest in cavern disposal indicated that there are no outright barriers
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or prohibitions against NORM disposal in salt caverns, except for Louisian~ which prohibits
disposal of radioactive wastes or other radioactive materials in salt domes. Presently, however,
only 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 accommodate cavern disposal.
These agencies may need time to tier investigate the concept of NOW disposal in caverns
before they are willing to develop regulations and issue permits authorizing NORM waste
disposal in caverns.
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5. Background on NORM

5.1 NORM Occurrence and Chemistry

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) naturally present in subsurface
formations from which oil and gas are produced. The primary radionuclides of concern in
NORM wastes are Ra-226 of the U-238 decay series, and 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; these decay progeny are shown in Figures 4 and 5, which depict the decay chains for U-
238 and Th-232, respectively.

The production waste streams most likely to be contaminated by elevated radium
concentrations include produced water, scale, and sludge (Smith et al. 1996). 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 sIudges.
Conditions that appear to affect radium volubility and precipitation include water chemistry
(jxima,rily salinity), temperature, and pressure.

.NORM contamination of scale and sludge can occur when dissolved radium
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. In the
case of sludge, radium can be present in several forms. R can coprecipitate with silicates and
carbonates that form in the sludge, or it can be present in pieces of barium sulfate scale that
become incorporated into the sludge. NORM-contaminated sludges can accumulate inside
piping, separators, heaterhreaters, storage tanks, and any other equipment where produced water
is handled. The EPA estimates that approximately 25,000 tons of NOKM-contaminated scale
and 225,000 tons of NORM-contaminated sludge are generated annually by the petroleum
industry (EPA 1993).

In addition to their radioactive characteristics, NORM wastes also have physical and
chemical characteristics typical of NOW. Tomasko et al (1997) assumed that a typical NOW
stream going to a disposal cavern consists of accumulated heavy hydrocarbons, paraffins,
inorganic solids, and heavy emulsions.
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5.2 NORM Management Practices

The presence of NORM in oil and gas wastes has been recognized since the 1930s.
NORM was not recognized as a waste management issue, however, until the mid-1980s, when
the industry and regulators realized that NORM occurrence was more widespread than originally
thought and that activity levels could be high. The petroleum industry adopted methods for
managing and disposing of NORM-contaminated wastes that are more restrictive than past
practices and are likely to provide greater isolation of the radioactivity. Simultaneously, state
agencies have promulgated NORM regulations that establish new, more restrictive standards for
the management and disposal of NORM wastes. These actions have served to limit the number
of available disposal options for NORM wastes, thereby increasing waste management costs.

The largest volume oil and gas waste stream that contains NORM is produced water.
Except at offshore platforms, which discharge produced water to the ocean, nearly 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 I%rtherin this study.

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 levels are below background concentrations. In the past, NORM was
commercially managed by surface treatment, through which NORM was blended with
nonradioactive materials to reduce the NORM activity below action levels and to 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 radioactive waste landfills,
encapsulated in the casing of a well being abandoned, or managed on lease sites through land
spreading.

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 the following sections does
not constitute an endorsement of those companies 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 fk.me.

5.2.1 Underground Injection

NORM-contaminated scales, sludges, and other solid wastes have also been disposed of
through underground injection wells. McArthur et al. (1995) report on a NORM waste injection
project in the North Slope Alaska oil field developed by two major producing companies.
Approximately 100 tons of NORM solids were cleaned from 3,000 oil production pipes and
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casing. The resulting solids were processed to a particle size of less than 80 micrometers @m),
slurried with 10,000 bbl of water, and then injected into a Class II injection well.

Two of the four U.S. commercial NORM disposal companies utilize underground
injection. Newpark Environmental Services, Inc., operates a NORM disposal facility near
Winnie in eastern Texas that receives the majority of all NORM wastes disposed of
commercially in the United States. In July 1997, Lotus, LLC opened a NORM disposal facility
in western Texas near Andrews. Both facilities crush, mill, and slurry the incoming NORM
waste before injecting it.

DOE has fi.mded BPF, Inc., to develop a mobile NORM treatment system. The BPF
process 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 can be disposed of as NOW (Capone et al. 1997). As of
summer 1998, the BPF process is at the pilot-scale stage of development.

Other disposal contractors (e.g., Apollo Services and National Injection Services) will
come to an operator’s site and process NORM wastes so that they can be injected through the
operator’s own injection well. The process consists of grinding and milling the waste to a small
particle size, slurrying the waste to facilitate pumping, and injecting to formations at fracture
pressure (Sipple-Srinivasan et al. 1997). Apollo Services and National Injection Services are
primarily disposing of drilling wastes at offshore platforms, but can also accommodate NORM ,,
wastes.

5.2.2 Landfill Disposal

The other off-site commercial NORM waste disposal option in the United States is burial
in landfills. US Ecology operates a low-level radioactive waste landfill on DOE’s Hanford site
in southeastern Washington State. The landfill is primarily designed to handle radioactive
wastes other than oil field wastes, but oil field NORM waste is accepted. Because of its location
remote from most oil-producing areas and the higher costs associated with general low-level
radioactive waste management requirements, US Ecology receives relatively little NORM waste.
For example, in 1997, US Ecology received less than 500 ft3of NORM wastes.

Envirocare of Utah, Inc., also operates a landfill for mixed wastes and low-specific
activity radioactive wastes in Clive, Utah, that has accepted NORM waste for disposal.

5.2.3 Encapsulation and Downhole Disposal

Under the encapsulation and downhole disposal option, an operator encapsulates NORM
waste either inside a section of pipe that is then sealed on both ends and lowered into a wellbore
or directly in the wellbore. A plug is placed on top of the waste-containing zone. Scaife et al.
(1994) report on two encapsulation projects conducted in the offshore Gulf of Mexico. In the
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first project, NORM waste was placed into eight joints of casing as the pipe was being lowered
into the hole. In the second project, 31 drums 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 waste-
containing joints.

Encapsulation 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.

5.2.4 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. Sanifill/Campbell Wells operated a
commercial land spreading site until recently, when it no longer was economical to operate.
Some producers utilize land spreading on their lease site to blend patches of high-activity NORM
soils with low-activity NORM soils. However, the present use of land spreading for disposal of
NORM waste is limited.
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6. Technical Feasibility of NORM Waste Disposal in Salt Caverns

The main purpose of this report is to evaluate various aspects of NORM waste disposal in
salt caverns. The first question to answer is whether cavern disposal is technically feasible for
NORM waste (exclusive of produced water, which is disposed of primarily through injection
wells) given the current state of technology. The answer is clearly yes. NORM waste is
physically and chemically similar to NOW. Its primary difference fi-omNOW is the presence of
radionuclides. The presence of radionuclides may require additional safety precautions when
handling the NORM waste, but the actual disposal would be no different from 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 accept NORM waste equally weI1.
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7.

7.1

Cost of NORM Waste Disposal

Elements of Cost

The total cost of NORM waste disposal comprises several cost components. In addition
to the disposal cost, operators must consider costs associated with transportation, physical
inspection, radionuclide and chemical analysis, and container decontamination. Given the
limited number of off-site commercial disposal sites available, transportation costs from remote
locations can represent a significant component of total cost. Operators must consider all cost
components before selecting a disposal option. To the extent possible, it will be indicated
whether the cost figures presented in this chapter reflect just the cost of disposal or also include
other costs.

In addition to direct costs, there are other important potential costs, such as long-term
liability under the Superfund law. Remediation costs, if the disposal activity results in
environmental contamination, can be substantial. The EPA estimates the average cost for
cleaning up a Superfi.md site is approximately $30 million in 1994 dollars (60 FR 20330, April
25, 1995). Long-term liability costs are not quantified here because they represent a future
potential cost, not an actual current cost. Liability insurance rates paid by operators include the
insurer’s perception of long-term liability fi-omall phases of the operator’s business, including
waste disposal. The incremental insurance costs associated with NORM waste disposal were not
identified in this study.

7.2 Historical NORM Waste Disposal Costs

The API surveyed the U.S. oil and gas industry in 1992 to learn how NORM waste was
disposed of, how much it cost for disposal, and what volume of NORM required disposal (API
1996). The results of that survey indicated that disposal costs varied greatly, depending on the
specific activity of the NORM, the number of drums being disposed of, and the disposal option
selected. Disposal costs fi-omAPI (1996) are sumnywized in Table 1. The costs ranged from
$49 to $3,333 per 55-gal drum, with an average of $544 per drum (equivalent to $415 per 42-gal
bbl). For some of the disposal options, various additional costs are identified, including
radiological dnalysis ($100 – $500 per sample), chemical analysis ($250 – $500 per sample),
transportation ($6 -$40 per drum), “pretreatment washing volume reduction” ($10 – $25 per
drum), permitting and manifesting, administrative costs, and non-NORM waste disposal costs.

7.3 Current NORM Waste Disposal Costs

The costs presented in the previous section are costs that operators faced in 1992. Some
of the disposal options available in 1992 are no longer available, particularly the commercial
surface treatment facility in Louisiana. That facility is currently going through closure because
the operation is no longer profitable.
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Ingeneral, NO~waste ~sposdcosts havedecreased between l992mdl998. The
following sections provide current information on the cost of off-site commercial disposal
companies and other companies that provide disposal services at an operator’s site using an
existing injection well. These costs are summarized in Table 2. Cost information was collected
directly from disposal companies and from oil and gas operators.

7.3.1 Costs for Off-site Commercial Disposal of NORM Waste

The costs presented below are those reported to the authors in early 1998. They are
included in this report for comparative purposes at one point in time. There is no guarantee that
these costs reflect the actual costs that would be charged to customers or that these companies
still charge the same fees. Most commercial disposal companies will negotiate more favorable
rates than those described below for customers with large volumes of waste.

Newpark Environmental Services, Inc., charges $196.50 per 55-gal drumor$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 (Sammons 1998). Transportation costs are not included in these
figures.

Lotus LLC began accepting NORM waste in 1997. Lotus charges $132 per 55-gal drum
and $100/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 $3 per loaded mile
for a full 72-bbl roll off box (Kelly 1998).

US Ecology operates a low-level radioactive waste disposal landfill that receives various
types of radioactive waste, includlng 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 from $500 to $550 per 55-gal drum or from $66.67 to $73.33
per cubic foot, depending on the volume. The State of Washington does not recognize the
RCIU exemption from hazardous waste status for exploration and production wastes.
Therefore, each waste stream must be analyzed for hazardous waste characteristics and
radionuclides. Transportation cost is not included but is estimated to be about $2.10 per mile
based on a full truck load. All 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 (White
1998).

Envirocare of Utah, Inc. operates a landfill for mixed wastes and low-specific activity
radioactive wastes that has, 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-by-case
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
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radioactive waste disposal activities, is quite high and is constant regardless of the job size. For
large jobs, the overhead is spread over many drums of waste and is therefore low on a cost per
drum basis (Rafati 1998).

7.3.2 Costs for On-site Commercial Disposal of NORM Waste

The four companies discussed in this section process and dispose of NORM waste on-
site. All four companies use the operator’s injection well to dispose of the NORM wastes.

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 can be
disposed of as NOW. The process is currently at the pilot stage of development. BPF estimates
that costs of the full-scale system, when commercially available, will be approximately $140/bbI
+ 20’%0.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 fimctioning injection well
(Bush 1998).

At least two companies, Apollo Services and National Injection Services, provide NOW
and NORM disposal at an operator’s site. Wastes are ground up, slurried, and injected into the
operator’s own injection well. 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.

As of early 1998, Apollo was primarily disposing of NORM at offshore platforms.
Apollo estimates that NORM waste disposal costs range from $100/bbl to $300/bbl, depending
on the volume of NORM to be disposed of (Reddoch 1998).

National Injection Services disposes of NOW and NORM through on-site injection.
National’s cost ranges from $ 15/bbl to $150/bbl, depending on the nature of the materials to be
disposed of (Page and Guidry 1998).

7.4 Actual Disposal Practices and Costs

To provide another perspective on NORM waste disposal, several major U.S. oil and gas
producers were asked how they dispose of their NORM wastes. Contact persons at these
companies agreed to provide information under the condition that their companies not be
identified by name. Therefore, companies are identified as Company A, Company B, etc.

Company A disposes of about 600 bbl/year of NORM waste from offshore and the
eastern United States. at a commercial injection well facility. The cost for disposal and
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decontamination of containers is $150/bbl, and the cost for lab analyses, transportation, and
handling added another $30/bbl.

Company B used to operate its own offshore injection well for disposing of offshore
NORM waste but now sends all of its NORM wastes to a commercial injection well facility.
Disposal costs range from $ 125/bbl to $200/bbl. The typical cost rate for a 15-barrel cuttings
box is$150/bbl. Company B does some analytical work before shipping at a cost of $ 100/test.
Transportation costs are estimated to be $25/bbl.

Company C sends much of its NORM waste to a commercial injection well facility. In
the past, Company C operated annular injection wells offshore for NORM disposal. Disposal
costs at these wells ranged from $500/bbl for “trouble-free” projects to more than $2,000/bbl for
“trouble-plagued” projects. As less expensive commercial alternatives became available,
Company C opted for off-site commercial disposal. Company C needs to dispose of a large
volume of NO12M-contaminated soils from remediation projects and recently opted to develop
its own onshore injection well to handle these wastes. Cost figures are not yet available, but the
contact person noted that capital and operating costs are high. In order to make the process cost
effective on a $/bbl basis, the project needs to handle a large volume of wastes.

Company D also sends most of its NORM waste to a commercial injection well facility.
During lease abandonment, Company D sometimes blends patches of NORM-contaminated soils
with clean soils to reduce the aggregate NORM activity below levels of regulatory concern. In
other cases, large volumes of NORM-contaminated soils are excavated and sent off-site for ~
disposal. Company D did not provide specific cost figures but indicated that it had received a
significant discount from the disposal company’s standard rates for one particularly large project.

Two companies operating in Alaska utilize different NORM disposal methods. Company
E ships all its Alaskan NORM waste to the Newpark facility in Texas, whereas Company F
grinds and slurries NORM waste and injects it into the company’s own injection well. No cost
information is available for these projects.

One disposal option that was not mentioned by any of the companies is encapsulation in
pipes and casing’and downhole disposal during plugging and abandonment. This practice is
probably occurring, but the costs tend to be higher than other options (see Table 1). If a
company has NORM waste at the same location where it is plugging and abandoning multiple
wells, this option may be cost effective.

7.5 Prospects for Cost-Effective NORM Waste Disposal in Salt Caverns

The preceding sections describe the range of costs for disposal of NORM waste. The
majority of all NORM wastes sent off-site for disposal are presently going to Newpark’s facility.
Newpark’s disposal cost is about $150/bbl. The Lotus facility charges about $100/bbl. These
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are the cost targets that a salt cavern disposal facility would need to meet or beat to be cost
competitive.

Long-term liability costs are an important consideration for major operators. Under the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA),
companies that dispose of wastes into sites that later become Superfimd sites have joint and
several liability. This means that a company that contributes only a small portion of a disposal
site’s waste volume can potentially be held liable for a large portion of the remediation costs if
some or all of the other waste contributors are out of business or are otherwise unable to pay.
Given that background, prudent companies that have historically disposed of waste at a particular
disposal site will think twice before extending their potential liability to new disposal sites, even
if the new disposal sites are less costly. Any new disposal cavern company will have to
overcome not only long-term liability concerns of potential customers, but also the customers’
lack of familiarity with a new disposal technology.

One way to win customers is to offer lower costs. Operators of the four permitted
disposal caverns in Texas were contacted to see whether they had made any cost estimates of
what they might charge customers if they were authorized to accept NORM wastes. They
currently charge fi-om$1.95/bbl to $6/bbl for NOW wastes. To be authorized to dispose of
NORM wastes, cavern operators would need to upgrade their aboveground waste handling
facilities and analytical capabilities, among other tlkgs. Although none of the cavern operators
had even preliminary cost estimates, one cavern operator felt that it could realistically operate at
costs below $150/bbl, Newpark’s cost. He also noted that if regulatory agencies allow NORM
disposal in caverns, competition will drive the price lower (Moore 1998).

NOW disposal caverns have shown that they are cost competitive with other NOW
disposal facilities in the same geographic area (Veil 1997). This study does not constitute a
formal market analysis, and the costs to upgrade a cavern disposal operation for NOW to one that
disposes of NORM waste have not been quantified. Nevertheless, there is a reasonable chance
that NORM waste disposal caverns would be able to compete economically with existing off-site
commercial NORM disposal facilities once regulatory agencies allow the practice to occur.
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8. Risks from Disposal of NORM Waste in Salt Caverns

Tomasko et al. (1997) provide a detailed description of me assumptions and calculations
used to estimate the human health risk of NOW disposed of in salt caverns. To the extent
possible, the risk estimates in this report for disposing of NORM waste in salt caverns follow the
same set of assumptions and calculations. NORM waste still has similar chemical properties to
NOW, but also has radioactive properties that may increase the risk. The risk calculations for
NOW are not repeated in detail here; NORM risk calculations are described.

8.1 Contaminants of Potential Concern

Contaminants of potential concern at a site are those that may be hazardous to human
health and./or the environment under current or fiture site conditions. Identi@ing the
contaminants of potential concern helps focus the risk assessment on those contaminants that
may be of potential significance to human health. This study does not address potential
ecological risks. However, they are likely to be low, because undermost release scenarios,
cavern fluids are released to groundwater not surface water.

As the risk assessment is conducted, it maybe determined that the risks associated with
some potential contaminants are insignificant and can be dropped from further consideration.
For example, the susceptibility of some potential contaminants to transport through
environmental media may be insufficient to allow them to come in contact with humans. In such
cases, the contaminant need not be considered further in the risk assessment.

Tomasko et al. (1997) identified contaminants of potential concern in NOW on the basis
of itiormation presented in EPA’s 1987 Report to Congress (EPA 1987) and a later draft
pertaining to Selected Associated Wastes (EPA 1994). The chemical contaminants in the NOW
include benzene, lead, arsenic, cadmium, chromium, and boron. After further evaluation of the
physical and chemical properties of lead and boron that would serve to minimize their
availability to be transported, Tomasko et al. (1997) dropped these two contaminants iiom
fhrther consideration.

The primary radioactive contaminants of potential concern in NORM include Ra-226,
Ra-228, and their decay progeny (see Figures 4 and 5, respectively). Ra-226 is brought to the
surface in the dissolved phase, and then it precipitates out into scale or sludge. Ra-226 has a
half-life of 1,600 years and decays directly to Rn-222 (half-life of 3.8 days) through alpha and
gamma emission. Rn-222 and its first four decay progeny have relatively short half-lives and
will reach secular equilibrium with the Ra-226 parent in approximately one month. The

3 Secular e uilibrium refers to the stable relationship established in nature between a radioactive element
that has a long half-l?fe and a decay product that has a much shorter half-life. For example, Ra-226 has a half-hfe of
about 1,600 years. As this element decays and emits radiation, R13-222,which has a half-life of about 3.8 days, is
produced. Over time (after seven progeny half-lives), an equilibrium is established between the concentration of

31



remaining radioactive progeny — lead-21 O(Pb-210), bismuth-210 (Bi-210), and polonium-210
(Po-21O) — will eventually reach secular equilibrium with Ra-226 after approximately 150 years
because of the longer half-life of Pb-210 (22 years).

Ra-228 has a half-life of 5.8 years. The first progeny of Ra-228 is actinium-228
(Ac-228), which has a short (6.1 hours) half-life, thus yielding rapid ingrowth to secular
equilibrium (approximately two days). The Ac-228 isotope decays by beta and gamma emission
to Th-228, which has a half-life of 1.9 years. The Th-228 radioactive progeny all have much
shorter half-lives than the Th-228 parent, thus resulting in secular equilibrium within one month.
Similarly, Th-228 will reach transient equilibrium with the original Ra-228 isotope after
approximately five years.

8.2 Contaminant Concentrations at the Time of the Release

In the event of a release, some of the brine overlying the waste would leave the cavern.
This brine would contain dissolved contaminants of potential concern. No data are avaiIable to
show the chemical or radiological characteristics of the cavern brine at the time of release,
because no disposal cavern has yet been closed. For the radiological contaminants, the total
radium activity in the cavern is assumed to be 2,000 pCi/L in order to be consistent with previous
studies (e.g., Smith et al. 1996). A cavern approved for NORM disposal may very well also be
authorized to accept NOW; in such a case, the total cavern contents would only contain a small
proportion of NORM. As a consewative measure, however, this study assumes that the entire
cavern contents would be NORM waste and that any brine released from the cavern would
contain 2,000pCi/L of radium. Although definitive data describing the concentration ratio of Ra-
226 to Ra-228 is not available, a ratio of 3:1 was used in this study based on Smith et al. (1996).
Under these conditions, the Ra-226 activity would be 1,500 pCi/L, and the Ra-228 activity would
be 500 pCi/L. In addition, the initial activity of any short-lived progeny was obtained by
assuming that the daughters are in secular equilibrium (i.e., their activities would be the same as
those of the parents).

8.3 Fate and Transport for Contaminants of Potential Concern

This study analyzes the health risk to humans at a receptor site. That receptor site is
assumed to be a drinking water well located 1,000 fi from the cavern in a horizontal direction.
For completeness, two well completion depths are considered: (a) a shallow completion in a
surficial aquifer (at a depth of 50 ft) and (b) a well completed at the depth of the salt cavern
(1,000 ft). For the postulated release scenarios described in Section 8.4.1, brine containing NOW
and NORM waste would be discharged from the cavern and enter the surrounding rock or
aquifer. The brine and its contaminants would then be transported laterally to the location of the

these two elements such that the activity of each element is equal.
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receptor well, where they would be pumped to the ground stiace. Because of low-permeability
layers, no significant vertical migration would occur for releases at the depth of the cavern.

Groundwater flow velocities are typically very slow, so that the time for transport of the
contaminants to the receptor site is many years. The chemical and radiological characteristics of
the brine after it has reached the receptor site would be different from those at the time of the
release because physical, chemical, biological, and radiological processes would modi~ the
brine during the long transit to the receptor site. One example of this that was used by Tomasko
et al. (1997) is the retardation coefficient. As a contaminant plume moves away from the cavern
release site, some tiction of each contaminant adsorbs onto solid surfaces and effectively retards
the velocity of that contaminant’s movement. The higher the retardation coefficient, the slower
the contaminant migrates.

For radionuclides, initial activities would be reduced overtime by radioactive decay, in
addition to retardation. Because of large retardation coefllcients and/or short half-lives, all of
the potential radiological contaminants of concern mentioned in Section 8.1, except for Ra-226
and its decay progeny Rn-222, have been eliminated from the risk analysis. These contaminants
of concern are the same as those discussed by Smith et al. (1996) for substuface disposal.
Details on the fate and transport of Ra-226 and Rn-222 are provided below.

The interaction of radium with geological materials and soils is highly variable.
Distribution coefficients (mass of solute sorbed on solid surfaces per solid mass divided by the
mass of solute per volume of solute [Freeze and Cherry 1979]) range fi-omabout 50 mL/g to
about 1,000 mL/g (Sheppard et al. 1984). Within the pH range of 4 to 8, radium does not readily
form chemical complexes and readily coprecipitates with barium sulfate, carbonates, and ferric
hydroxides. To produce conservative results, this study assumed a distribution coefficient of 50
mL/g. Assuming a bulk density of 1.7 g/cm3 and a porosity of 0.1 for the rock through which the
released fluids would travel, [to be compatible with Tomasko et al. (1997)], the retardation
coefficient for radium would be about 850. Sorption of radium onto a solid surface produces a
retardation of radium’s transport velocity in groundwate~ that is, the velocity of the center of
mass of a contaminant plume of radium will move at a retarded velocity of V/R, where V is the
velocity of groundwater and R is a retardation coefficient. For this value of retardation, the
velocity of the center of the mass of radium would be 850 times less than that of the groundwater
(Freeze and Cherry 1979). In 1,000 years, radium would travel about 12 fl considering a
groundwater velocity of 10 ft/year.

The radioactive decay of Ra-226 produces Rn-222 along the flow path between the point
of release and the receptor site. Under saturated groundwater conditions, Rn-222 will be in the
aqueous phase. If exposed to air, Rn-222 will leave the liquid phase and become a gas
(Graves 1989). Because Rn-222 is a noble gas, it will have an inert behavior while in
groundwater (Tanner 1964; Sanford et al. 1996) and its distribution coefficient will be essentially
zero. It will not undergo significant retardation, and its center of mass will move at about the
velocity of the groundwater. Its retardation coefficient is therefore assumed to be 1.0. Even
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though Rn-222 will move much faster than its parent (Ra-226), as it moves away from the Ra-
226 parent, its short half-life quickly reduces its concentration, and high concentrations of radon
will occur only in the immediate vicinity of the parent.

8.4 Exposure Assessment

This section provides information needed to estimate the intake of NORM contaminants
that increase human health risks. In this study, exposed individuals are expected to be those
drinking groundwater contaminated by releases of NORM constituents from salt caverns
containing NORM wastes. The exposure pathway would consist of release from the cavern (or
casing or seal), transport through groundwater, and human exposure through ingestion of the
contaminated groundwater. Potential exposure from inhalation of Rn-222 and its decay products
from groundwater use inside a house was also evaluated. This section describes the scenarios
and mechanisms that could lead to human exposure to NORM constituents and estimates
radiological doses and human health risk to a potential receptor.

Once the cavern was fi.dlof waste, it would be sealed and abandoned. At the time of
sealing, the cavern would be mostly filled with solids and semisolids that were not fidly
compacted. Brine would remain between the top of the cavern and the top of the waste mass,
The pressure in the cavern would increase because of the combined effects of the addition of
sensible heat from the surrounding salt and salt creep. Under these conditions, any breach of the
cavern integrity would result in a release of some of the brine that contains soluble chemical and
radiological contaminants from the waste. The solid wastes, however, would remain in the
cavern.

When risks to the public from disposing of NORM waste in caverns are being assessed,
potential release modes must be determined. Currently, little information exists on accidents for
cavern disposal systems because there are only a few disposal caverns in operation and they have
been operating for only a few years. However, what little accident information exists from
disposal and storage caverns indicates that the caverns are safe and that the only accidents that
have occurred were associated with surface facilities. Because insufficient itiormation exists to”
quanti~ release probabilities for cavern disposal, results from the LPG storage industry and the
SPR are used in this study as a basis for identi~ing potential release scenarios.

Although LPG industries and the SPR have a long history of safe operations, a
statistically meaningful database for risk analysis is absent. To overcome this difficulty, a
subjective, semiquantitative methodology was developed by Radian Corporation to evaluate risks
for the LPG industry (Radian Corporation 1995). This methodology, developed by a panel of
experts in the field of salt-cavern conversion for LPG storage, was based on a modified-Delphi
approach (Brown and Helmer 1964) in which variability of the estimated parameters is reduced
through group interaction. The Radian study identified 22 accident scenarios that could lead to
releases to the environment. These accident scenarios can be grouped into three general
categories:
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(1) cavern development and conversion, (2) cavern filling, and (3) post-closure releases. For this
NORM waste disposal study, impacts were analyzed only for post-closure releases. Impacts
from the fwst two scenarios are better addressed in a second tier assessment, in which site-
specific information would be used and more detailed design parameters would be defined.

Five release scenarios, based on the Radian findings, are discussed in this section:
(1) inadvertent intrusion, which could produce a release of cavern fluid to the ground surface;
(2) failure of the cavern seal, which could release contaminated fluid to the groundwater (the
release could be either at the depth of the cavern or at more shallow depths); (3) release of
contaminated fluid through cavern cracks; (4) release of contaminated fluid through leaky
interbeds or nonhomogeneous zones of higher permeability material; and (5) a partial cavern roof
fall, which could release contaminated fluid to deep or shallow groundwater, depending on the
condition of the cavern seal. A discussion of each scenario is provided below.

8.4.1 Cavern Release Scenarios

8.4.1.1 Inadvertent Intrusion

In the inadvertent intrusion scenario, an exploratory well for oil or minerals penetrates a
hypothetical waste disposal cavern that has a volume of one million ft3 (about 7.5 million gal)4.
If the cavern contains 750,000 ft3of waste when fill, approximately 2 million gal of brine lies
above the waste. Groundwater wells probably would not reach the cavern because drinking or
irrigation water could be obtained at shallower depths, and groundwater at the depth of the
cavern would probably not be potable because of brine. Tomasko et al. (1997) estimate that a
maxim~ of about 2,000 gal of contaminated fluid would flow from the cavern toward the
surface. This value is about O.10/0of the fluid present in the cavern. In addition to brine and
dissolved waste constituents, drilling muds and other associated fluids would also flow toward
the surface.

If the blowout-protection system of the well ftiled, fluids from the cavern could spill onto
the ground surface and form a pool in the vicinity of the well pad or be discharged into a lined
pond. If the discharge occurred directly to the ground and the local topography was depressed, a
small surface pond would form. If the pond had a radius of 25 ft, the depth of the spill would be
about 1 in. without considering evaporative losses. For a spill this small, fluids from the cavern
would not reach the underlying unconfked aquifer that occurs at a median depth of 20 ft, but
would form a contaminated zone in the unsaturated soil. If the porosity of the soil was 0.3

4 This volume was selected to be consistent with Tomasko et al. (1997). The actual disposal caverns in
Texas are somewhat larger, but are of the same order of magnitude. Hydrocarbon storage caverns, such as those
used in the SPR, are much larger. For example, the only Texas disposal cavern located in domal salt has a volume of
about 18 million gal. The volume of fluids likely to escape from larger caverns would be proportionately larger
than those calculated here, but are estimated to be of the same order of magnitude.
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(Freeze and Cherry 1979), a mass-conservation calculation shows that the penetration depth of
the fluids fi-omthe cavern would be less than 6 in. Mobilization of contaminants out of the
contaminated zone could then occur by leaching. However, remediation activities at the site
(e.g., removal of contaminated soil) would occur before the contaminants could dissolve and be
transported by advection and dispersion to the water table.

This scenario is unlikely to occur, however. When issuing underground injection permits,
agencies typically request an area of review that identifies active and inactive wells within a
certain radius of the proposed well. Disposal caverns should be identified during the area of
review. If an inadvertent intrusion still occurs, it would last for a short time and the pond water
would be very unappetizing (i.e., the water would have a very high turbidity because of the
drilling mud, it would be very salty [saturated brine], it would be oily because of the presence of
organic materials, and it would probably have an unpleasant odor). Because the volume of
released fluid for thk scenario would be small, the effects would be of very short duration, the
liquid would not be potable, and such a spill would be quickly remediated, this scenario was
eliminated fi-omfurther analysis.

8.4.1.2 Release through the Cavern Seal

For this scenario, the pressure in the cavern is assumed to become sufficiently high that
the cavern seal fails because of a crack in the plug, dissolution of salt around the seal, or by some
other means. Contaminated fluid then moves up the wellbore toward the ground as the pressure
in the cavern is reduced to the hydrostatic value. The wellbore would have cement plugs
installed during cavern closure and abandonment. With time, the well casing might deteriorate
because of the presence of brine in the vicinity of the caprock or the top of the cavern if a
caprock was not present. For anticipated conditions, the well casing would corrode and fail near
the top of the cavern first. With additional time, the well casing would fail at shallower depths.

If the cavern had an initial brine volume of 1,000,000 ft3and it was filled to three-
c+arters capacity with NOW and NORM, about 250,000 ft3of free brine and 750,000 ft3of waste
would be present. Tomasko et al. (1997) report that if the cavern failed at a pressure equal to the
lithostatic value (approximately 1,500 psi for a cavern located at a depth of 1,500 ft), a maximum
of only about O.l% of the free liquid (about 2,000 gal) would exit the cavern because of the
effects of compressibility (Streeter 1961), assuming the wellbore was free of liquid and at
atmospheric pressure. If the well bore contained water, or if the released volume was greater
than the volume of the wellbore up to the location of the deepest plug, less than O.l% of the fluid
would escape from the cavern. For conservative results, this study assumes that the fhll 0.1‘/o
volume would be released.

Flow of the released fluid would be greatly restricted in the wellbore at the locations of
the cement plugs. Flow through the cement plugs would resemble flow through a porous
medium having a low hydraulic conductivity (about 1 x 10-8to 1 x 10-5cm/s); we conservatively
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assumed that the hydraulic conductivity would be similar to that of cemented sandstone
(hh.idment 1993). If the cavern fluid moved up the borehole at a rate equal to the saturated
hydraulic conductivity of the cement (Freeze and Cherry 1979), it would have a velocity of
between 3 x 10-5and 3 x 10-2fVd. For a cavern at a depth of 1,500 ft, fluid would not reach the
surface for about 140 years if the well casing remained intact and evapotranspiration did not
deplete the volume of fi-eeliquid near the ground surface.

While moving up the borehole, fluid from the cavern could also move laterally into
adjoining formations if the well casing had failed. Because the casing would probably be made
of ordinary steel, there is a high probability that it would fail when exposed to groundwater
containing brine over a time period ranging into the thousands of years. Two possible cases are
considered under this scenario: (1) the casing fails at the depth of the cavern (at or near the
cavern roof) and contaminated fluid is released to a deep aquifer and (2) the casing fails at a
shallow depth and releases’fluid to a near-surface aquifer. The released fluid is then transported
horizontally to the receptor site. Because of hydrogeological differences between the aquifers
considered, these scenarios are discussed separately below.

For a deep casing failure, fluid moving up the wellbore would move into the deep aquifer
and be transported laterally. The presence of low-permeability beds at shallower depths would
prevent vertical transport of the contaminated fluid to overlying aquifers and the ground surface.
If the wellbore had a diameter of 2 fi and the ambient groundwater velocity was 10 IVyr,
contaminated water would enter the surrounding porous medium for a period of about 0.2 year.

The extent and magnitude of contamination created by this type of release would depend
on the hydrological properties of the material in the vicinity of the failed casing, the volume of
fluid that was released, the duration of the discharge, and the transport properties of the
contaminants. In the vicinity of the cavern, hydrological properties are unlikely to favor rapid
transport of the contaminants. For example, the groundwater velocity at depth is estimated on
the basis of engineering judgment to be less than 10 i3/yr. Because of adsorption and subsequent
retardation, contaminants (particularly metals and ~a-226) would be transported at even lower
velocities.

Data needed to conduct a risk assessment include not only the extent of contamination
created by the release, but also the concentration of the contaminant. In general, the downstream
concentrations of contaminants depend on the length of time that the cavern acts as a source of
contaminated fluid. For either a release at the depth of the cavern or to a shallow aquifer, the
cavern is assumed, through engineering judgement, to repressurize to conditions in the wellbore
within one day, a conservative assumption. Fluid released during the repressurization would
then be swept into adjacent aquifers by moving groundwater (1Oft/yr at the depth of the cavern
or 100 ft/yr for a shallow release). Under these conditions, a 2-ft wellbore would act as a source
of contamination for 0.2 and 0.02 years at the depth of the cavern and in a shallow aquifer,
respectively. After the system depressurized, salt creep would once again occur, and the pressure
in the cavern would increase, particularly if the point of failure self-heals. Because of this
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repressurization, the seal might again fail, and the process would then repeat itself as a series of
short, pulsed releases. Because the time between releases would be long (repressurization is a
slow process), the pulses of contamination would not interact with each other along the flow
path.

After release, the contaminants would be transported in the direction of lower hydraulic
head (pressure) and would undergo sorption (loss of material to particle stiaces), dispersion
(reduction in concentration produced by nonuniform fluid velocities), degradation (decrease in
concentration produced by chemical or biological interactions), and radioactive decay.
Calculations for radionuclide concentrations at the receptor site were performed with a one-
dimensional analytical solution (Tomasko 1991; 1994) that incorporates advection, dispersion,
sorption, and radioactive decay of the parent radionuclides. Progeny product activity was
estimated by assuming secular equilibrium.

For transport calculations, the groundwater velocity was assumed to be 10 ft/yr and
dispersion was assumed to be scale dependent; dispersivity was set equal to one-tenth of the
travel distance (Lallemand-Barres and Peaudecerf 1978). Contaminant concentrations in the
groundwater were evaluated at the receptor site at a time of 1,000 years in the fiture, a typical
value for risk analyses. A compilation of contaminant concentrations for these conditions is
given in Table 3. The 1,000-year value was selected for consistency with risk analyses
performed for the NOW material. The risk calculations are intended to estimate the risk over the
1,000 years following cavern sealing. It is unlikely that an abandoned cavern would begin
leaking immediately after being sealed. Leakage, if it occurred, would most likely begin many
years after the cavern was sealed. The fate and transport models, however, estimate the
concentration of contaminants at a time 1,000 years after the release of contaminants, not after
cavern sealing. Therefore, the risk estimates are effectively measuring the risk over a period of
time longer than 1,000 years. This provides an additional measure of conservatism to the risk
estimates. Because NORM is not considered to be a low-level waste (DOE Order 5820.2A -
DOE 1988), more stringent calculations, such as evaluating the maximum concentration withk
10,000 years (NRC 1981), is not required.

For the second alternative, the cavern seal is again assumed to fail; however, the well-
bore casing at depth is assumed to be intact. Contaminated fluid would then flow up the well-
bore and exit the casing at a failure point adjacent to a shallow groundwater aquifer, such as the
Dockum or the Ogallala. The initial concentration of the contaminants entering the system
would be the same as for the scenarios discussed above, and there would be no substantial
dilution. The duration of the source term would be 10 times less than that used at depth because
of the higher groundwater velocity in the shallow groundwater system (100 11/yr). For a release
to shallow groundwater, the radionuclide activities would be larger than those discussed above
for releases to deep aquifers because of shorter travel time and fewer half-life decays (Table 2).
In spite of the higher velocity and shorter travel time for a shallow groundwater release, the
radionuclide concentrations at the receptor site 1,000 years after the release would all be much
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less than the proposed or final EPA maximum contaminant levels (MCLS). The final MCL for
combined
Ra-226 and Ra-228 is 5 pCi/L (40 CFR 141.15). The EPA’s proposed MCLS for Ra-226 and Ra-
228 are 20 pCi/L and for radon is 300 pCi/L (July 18,1991 Federal Register, 56 FR 33050).

8.4.1.3 Release of Contaminated Fluid through Cracks’

During pressurization of the cavern because of the combined effects of thermal heating
and salt creep, cracks might develop that would release fluid into the surrounding material,
thereby reducing the pressure in the cavern. The volume of fluid released would be a fhnction of
the pressure in the cavern, the volume of the cracks, and the crack pressure. If the pressure in the
cracks was atmospheric, the volume of fluid released would be the same as that discussed under
the previous scenario (2,000 gal). However, the actual volume released could be much less if the
cracks were at the local hydrostatic or lithostatic pressure. For conservative results, the volume
of released fluid is assumed to be 2,000 gal.

Cracks could self-heal after fluid release because of addhional salt creep. With
repressurization of the cavern, the cracks could once again open and produce a series of short
contaminant pulses (probably on the order of hours to days in duration). These pulses would not
interact with one another because of the time needed to repressurize the cavern to a value that
approaches or exceeds the local lithostatic value. Because of gradients in the Iithostatic pressure,
cracks would open in a vertically upward direction (Diamond 1997). With time, the
contaminated fluid in the cracks could reach a deep underground aquifer and be transported
laterally to the location of a potential receptor (assumed to be 1,000 ft away born the point of
release).

The contaminant concentrations at the location of the receptor 1,000 years after the
release into the underground aquifer would be the same as those presented above for failure of
the cavern seal with a subsequent pulsed release at the depth of the cavern. The resulting
contaminant concentrations would all be much less than their associated MCLS.

8.4.1.4 Release of Contaminated Fluid through Leaky Interbeds or Nonhomogeneous Zones

For this scenario, the cavern is assumed to have a leaky interbed or heterogeneity that
allows communication with the outside environment. As the cavern pressure rose because of
thermal effects and salt creep, fluid would be discharged into the interbed, where it would be
laterally transported under existing hydraulic gradients. Fluid velocity in the interbed is assumed
to be 10 ft/yr. In this way, the entire fluid volume of the cavern would eventually be discharged
into surrounding material.

Assuming a cavern height of 1,750 il (top of cavern at a depth of 1,500 ft plus 250 ft of
free brine), Tomasko et al. (1997) calculated that it would take about 14,000 years to discharge
the cavern fluid to the interbed for a steady-state volumetric creep rate of -0.007%/yr based on
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typical salt parameters and a cavern depth of 1,500 ft. For 2 million gal of free brine in the
cavern, the steady-state leak rate would, therefore, be about 150 gal/yr.

The leaking brine would mix with in-situ water and be transported down gradient.
Because of this mixing, the contaminant concentrations would be reduced by dilution. For a
cavern with a diameter of 100 ft, an interbed thickness of 20 ft, and a groundwater velocity of
10 ft/yr, the dilution factor would be 1,000 (Tomasko 1991; Tomasko et al. 1997).

Table 2 lists the contaminant concentrations at the receptor site for this scenario at a time
of 1,000 years after the cavern has begun to leak. All of the concentrations are very small
compared with their MCLS.

8.4.1.5 Partial Cavern Roof Fall

Loss of cavern integrity through a partial roof fall coupled with failure of the cavern seal
could produce impacts similar to those described in Section 8.4.1.2. Under these conditions, the
cavern would discharge fluid in a series of short pulses separated by periods of low to no
discharge when the pressure in the cavern was increasing because of salt creep. If a partial roof
fall occurred without failure of the cavern seal, contaminated fluid would be released in a series
of short pulses. A partial roof fidl coupled with a release through leaky interbeds or non-
homogeneous zones of higher permeability material would be manifested as a long, slow release.
Contaminant concentrations for these various scenarios are given in Table 3.

8.4.2 Probabilities of Occurrence

Another factor that is needed in pefiorming a risk assessment, in addition to the
concentrations of the contaminants of concern, is the probability that a given scenario would
occur. Because there is no operational history for disposing of NOW in salt caverns, the
probabilities of occurrence for the release scenarios described above are uncertain. Under the
most optimistic conditions, no releases would ever occur, and the associated probabilities of
occurrence would be zero. For the most pessimistic conditions, releases would always occur and
the probabilities of occurrence would be 1.0.

To reduce the uncertainty in the range of the probabilities of occurrence, Tomasko et al.
(1997) distributed a questionnaire to experts in the field of salt disposal. The panel of experts
was asked to provide both a “best-estimate” and a “worst-case” estimate of the probability of
occurrence for ‘eachof the release scenarios. In the context of this questiomaire and study, best
estimate did not refer to the “best-case” or the best or least risky case, but rather it referred to the
probability of occurrence that was most likely in the best judgment of the expert. Similarly,
“worst-case” referred to the least likely probability of occurrence in the best judgment of the
expert, rather than to the most risky case.
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The estimates received from the expert panel were aggregated to form consensus values
for each of the probabilities of occurrence. Table 4 lists the best-estimate and worst-case
aggregated probabilities of occurrence (and their ranges) for the release scenarios previously
discussed (Tomasko et al. 1997). For all cases, the highest probabilities of occurrence were for a
partial fhll of the roof (O.10 and 0.29, respectively). The lowest probabilities of occurrence were
for: (a) a partial roof fall with a cavern seal failure and release to a shallow aquifer (0.006 and
0.051, respectively), and (b) a cavern seal failure with subsequent release to a shallow aquifer
(0.012 and 0.040, respectively).

To provide an even more conservative estimate, we additionally calculated the true worst
case condition by assuming that all caverns would have releases during the 1,000-year period of
concern (i.e., probability = 10OO/O).This situation is shown on Figures 4, 5, and 6 as the 10OOA
Probability of Release case.

8.4.3 Exposure Point Concentrations

Section 8.4.1 provides estimates of concentrations at the receptor site (1,000 i? laterally
from the point of release), assuming NORM constituents are released from the salt cavern.
Section 8,4.2 provides best- and worst-case estimates of the probabilities that each of these
release scenarios would occur. The exposure point concentration used in estimating risk is the
product of the expected concentration, assuming release occurs, and the estimated probability of
occurrence. Table 5 summarizes the exposure point concentrations for Ra-226 for each scenario,
assuming best- and worst-case probabilities of occurrence. Exposure to Rn-222 in indoor air
could also occur following volatilization during showering. A worst-case bounding estimate of
potential risk associated with the inhalation pathway was evaluated on the basis of the worst-case
scenario (i.e., 100°/0Probability of Release case, roof fall and cavern seal failure and release at
shallow depth). The estimated Rn-222 exposure point concentration in groundwater for this
scenario is 4 x10-9pCi/L. It was estimated that the activity concentration of Rn-222 in indoor air
following volatilization from groundwater would be 0.01YO of the initial concentration in the
groundwater (i.e., 4 x 10-13pCi/L) (Milvy and Cothem 1990). The exposure point concentration,
which for inhalation is expressed in units of working level (WL), is equivalent to 1 x 10-*5WL
(assuming an equilibrium factor of 0.267).

8.4.4 Estimation of Radiological Doses and Carcinogenic Risks

Radiation exposure pathways can be separated into external and internal components.
External exposure, which occurs when the radioactive material is outside of the body, is a
concern primarily only for gamma radiation because it can easily penetrate tissue and reach
internal organs. Internal exposure occurs when the radioactive material is taken into the body
through inhalation or ingestion. For internal exposures, alpha and beta particles constitute the
dominant concern because their energy is almost completely absorbed in cells and because of
their potential for causing biological harm. For this study, the only exposure pathway considered
is ingestion of groundwater, hence exposures are limited to internal exposures.
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Exposure to internally deposited radioactive contaminants is expressed in terms of the
50-year committed effective dose equivalent (CEDE). This concept, developed by the
International Commission on Radiologic@ Protection (ICRP 1977), represents the weighted sum
of the dose equivalent in various organs. The CEDE incorporates consideration of the
radiosensitivity of different organs, the biological effectiveness of different types of radiation,
and the variable retention time in the body for different radionuclides. The unit of dose
equivalent is the rem (or mrem, 10-3rem). A rem measures the ability of a specific type of
radiation to damage biological tissue.

The metabolic behavior of radium in the body is similar to that of calcium. Thus, a
fraction of ingested radium is deposited in bone, where it can remain over a long period. Chronic
intake of radium can result in very high concentrations in the bone and cause ionization of
cellular components in bone and the subsequent mutation of affected cells. For this study,
CEDES for Ra-226 were calculated by using the appropriate dose conversion factor (DCF)
provided in Federal Guidance Report 11 (EPA 1988), and the following equation:

CEDE = Ci XIi~~XEF XED XDCF.
mg>

where:

CEDE =
Ci =
Iing=

EF =
ED =

committed effective dose equivalent (rnrem),
exposure point concentrationlactivity (pCi/L),
ingestion rate (L/day) - assumed to be 2 L/day,
exposure frequency (d/yr) - assumed to be 350 d/yr,
exposure duration (yr) - assumed to be ’70yr, ~d .

DCF, = ingestion dose conversion factor for Ra-226 (1.3 x 10-3mrern/pCi).
mg

The resulting CEDES are shown in Table 5. The highest estimated CEDE is
1 x 10-8mrem. For comparison purposes, Americans receive an average dose of 360 @em per
year (or roughly 36 billion times as much) from natural radiation.

Doses resulting from inhalation of radon were calculated as follows:

WLM=CWI XIi~~XETXEFXED/CF,

where:

WLM =
cw~=
Ii~~ =

ET =

CF =

working level month(s),
exposure point concentration (WL),
inhalation rate (m3/h) - assumed to be 0.83 m3/h,
exposure time (h/d) - assumed to be one 10-minute shower per day (O.17 h/d),
conversion factor for inhalation (204 m3/mo) - the product of the inhalation

rate (1.2 m3/h) and the number of working hours in 1 month (170 h/me).
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The maximum upper-bound estimate of dose to a resident from inhalation of indoor radon
is 2 x 10-]4WLM.

The major radiological health concern horn exposure to NORM is induction of cancer.
The EPA classifies all radionuclides as Group A (known) carcinogens. Radionuclides are also
mutagenic (can cause genetic mutations), teratogenic (can cause birth defects), and highly toxic.
However, because the cumulative risk of cancer is many times greater than the risk of genetic or
teratogenic effects (EPA 1989) and because there are so few data quantifying the relationships
between dose and effect for noncancer effects of low doses of Ra-226, only cancer risks are
estimated in this report.

The development of radiation-induced cancer is a stochastic process and is considered to
have no threshold dose ( i.e., the probability of occurrence, not the severity of effect, increases
with dose, and there is no dose level below which the risk is zero). The relationship between
radiation dose and development of cancer is well characterized for high doses of most types of
radiation, but for low doses it is not well defined. Low levels of radiation exposure may present
a health risk but it is dlfflcult to establish a direct cause-and-effect relationship because of the
lack of data and the presence of compounding environmental stresses. Therefore, the risk from
low levels of radiological exposure must be extrapolated from data for increased rates of cancers
observed at higher doses. For this assessment, radiation doses associated with ingestion were
converted to carcinogenic risks by using risk factors given in ICRP Publication 60 (ICRP 1991).
The ICRP risk factors for the public are 5 x 10-7.permrem for the increased probability of fatal
cancer over a lifetime, and 6 x 10-7per rnrem for the increased probability of cancer incidence
over a lifetime. The estimated dose from inhalation of Rn-222 and its decay products (in units
of WLM) was converted to risk using a risk factor of 3.5 x 104 per WLM recommended in the
BEIR IV study (National Research Council 1988).

The risk levels from Ra-226 calculated on the basis of these assumptions are shown in
Table 5. The highest estimated cancer risk due to NORM released from salt caverns is 1 x 10-*3
for the 100% Probability of Release case for the failure pathway that assumes roof falls, cavern
seal failures, and contaminant release at shallow depth. The lowest estimated risk, 7 x 10-24,is
for the best-estimate probability for the failure pathway in which fluid is released fi-oma crack.

The risk from exposure to indoor RI-I-222is insignificant (i.e., orders of magnitude lower)
in comparison with the risk estimated for ingestion of groundwater. The maximum risk from
inhalation of Rn-222 was estimated to be 6 x 10-]8for the “worst-case scenario (compared with the
maximum risk fi-omRa-226 ingestion, 1 x 10-’3). The cancer risks presented in Table 5 for
ingestion of Ra-226 in groundwater are representative of the cumulative lifetime risk resulting
from all radionuclides and pathways because the incremental risk fi-ominhalation of Rn-222 is
negligible. Estimated lifetime risks due to NORM and NOW releases from salt caverns are
presented in Table 6. The maximum estimated lifetime risk from NORM is 1 x 10-13;the
maximum estimated lifetime risk from NOW is 2 x 10-7. These maximum risks occur for the
100V0Probability of Release case; the best-case and worst-case estimate scenarios have even
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lower risks. The risks from Ra-226 are several orders of magnitude lower than NOW, and 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 (104 to 10-6)that the
EPA established for remedial actions at National Priority List sites (40 CFR
300.430(e)(2)(i)(A)(2)).

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. Tomasko et al. (1997) estimated worst-case noncancer risks (expressed as hazard
quotients) for NOW ranging from 6 x 10-5to 1 x 10-7. The accepted risk threshold for noncancer
risks is a hazard quotient of less than 1.0.

8.5 Uncertainties

The approach outlined in the previous sections is subject to several uncertainties that
could affect the results. However, because the estimated risks are so low, it is doubtful that
resolving the uncertainties would cause the risks to increase so much that they would become
significant. Uncertainties that could affect the results include the following:

● Extrapolationfiom high levels to low levels of radiation exposure. The estimated risks
presented in this study are based on the assumption that no lower threshold exists for
radiation carcinogenesis, so health effects increase linearly with radiation dose. Such
extrapolation of data from studies of human populations exposed to high levels of
radiation to much lower doses is a major source of uncertainty in determining the risk of
cancer flom exposure to low levels of ionizing radiation.

● Modeled exposure data. Because no waste disposal caverns have been used for NORM
wastes, and no cavern used for NOW has been closed, no actual data exist for use in the
analysis. Although the authors believe the models and assumptions used in this study are
appropriate, there are no data to veri~ their accuracy.

● E’ect ofBackgrozmd. It is difficult to distinguish background concentrations of
radionuclides from introduced concentrations.

8.6 Sensitivity of Risks to Operating Procedures and Regulatory Structures

The risk estimates calculated above indicate that the potential for human health risks
associated with disposal of NORM waste in salt caverns is very low. These risks were estimated
assuming normal operating conditions and standard operating procedures for cavern closure.
Any relaxation in design, monitoring, or operating practices could increase these risks.
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Although the risks associated with spills, accidents, and equipment leaks during normal
operations were not evaluated in this study, it is likely that contaminants released during such
occurrences would present greater risks than those derived horn the cavern itself. Consequently,
care should be taken to ensure that operating practices continue to be monitored in a way that
minimizes the occurrence of surface accidents.
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9. Findings and Conclusions

NORM conta.rnination is found in some oil field produced water, pipe scale, and sludge.
Spills or releases of these materials have contaminated soil at some sites. The majority of
NORM waste is currently being disposed of through underground injection, particularly at one
commercial disposal facility in Texas. NORM waste is also disposed of through burial in
landfills, encapsulation inside the casing of wells being plugged and abandoned, and land
spreading. Several companies are now or soon will be disposing of NORM on an operator’s site
by treatment and disposal through the operator’s injection well. This report evaluates the
technical feasibility, legality, economics, and human health risk of an alternative NORM waste
disposal option — disposal in salt caverns. The major findings and conclusions of the report
follow.

9.1 Technical Feasibility

NORM waste is physically and chemically simikr to nonhazardous oil field waste
(NOW). Its primary difference from NOW is the presence of radionuclides in NORM waste.
The presence of radionuclides may require additional stiety precautions when handling the
NORM waste, but the actual disposal process would be no different from that for NOW. NOW
waste is currently being disposed of without difficulties in four U.S. salt caverns and in several
Canadian caverns. 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 is
disposed of primarily by injection.

9.2 Legality

No existing 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. Salt caverns used for disposal of oil field wastes are considered to be Class II
,injection wells under most state regulations. A review of federal UIC regulations and NORM
and UIC regulation’ from the five states that have expressed some interest in cavern disposal
indicated that there are no outright prohibitions against NORM disposal in salt caverns, except
for Louisiana, which prohibits disposal of radioactive wastes or other radioactive materials in salt
domes. Presently, however, only Texas and New Mexico are working on disposal cavern
regulations, and no states have issued permits to allow cavern disposal of NORM waste.

9.3 Economics

Current NORM waste disposal costs range from $15/bbl to $420/bbl. These costs reflect
the information provided by disposal companies to the authors in early 1998 and may not reflect
actual total disposal costs. It is also difficult to compare cost figures from one disposal company
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to another because the companies do not always include the same types of services in their
quoted prices.

None of the existing Texas NOW disposal cavern operators have made even preliminary
estimates of what they would charge to dispose of NORM waste if the regulatory agency gave
them approval to do so. NOW disposal caverns have proven cost competitive with other NOW
disposal facilities in the same geographic area. This study does not constitute a formal market
analysis, and the costs to upgrade a cavern disposal operation for NOW to one that disposes of
NORM waste have not been quantified. Nevertheless, there is a reasonable chance that NORM
waste disposal cavern companies would be able to install the additional waste handling
equipment and implement expanded monitoring and worker safety procedures and still compete
economically with existing off-site commercial NORM disposal facilities once regulatory
agencies allow the practice to occur.

9.4 Hu’man Health Risk

Caverns are located deep below the earth’s surface. The process of filling caverns with
waste is performed at low pressure and should not cause cavern fhilure. Following cavern
plugging and closure, internal cavern pressure could increase from salt creep and geothermal
heating to a point at which leaks or releases might occur. Even if such releases did occur, the
likelihood that contaminants would migrate off-site to a potential human health receptor site (a
drinking water well) is small. On the basis of assumptions that were developed for a generic
cavern and generic NORM wastes, the estimated worst-case human health risks from the
chemical contaminants of NORM waste are very low (excess cancer risks of between 1 x 10-8
and
2 x 10-17),and the hazard quotients (referring to noncancer health effects) for NOW are between
6 x 10-’ and 1 x 10-7. These values are identical to the risks estimated by Tomasko et al. (1997).
Even under the extremely conservative 100% Probability of Release case, the highest risk from
the chemical contaminants of NORM waste is 2 x 10-7.Normally, risk managers consider risks of
less than 1 x 10-6and hazard quotients of less than 1.0 to be acceptable. The excess cancer risks
estimated for the radiological contaminants are orders of magnitude lower; even for the 100°/0
Probability of Release Case, risks are estimated at 1 x 10-13to 3 x 10-22and, consequently, are
dwarfed by the risks from the chemical contaminants. No noncancer health risks were estimated
for radionuclides.

The risk calculations are intended to estimate the risk over the 1,000 years following
cavern sealing. It is unlikely that an abandoned cavern would begin leaking immediately.
Leakage, if it occurred, would most likely begin many years after the cavern was sealed. The
fate and transport models, however, estimate the concentration of contaminants at a time 1,000
years after their release, not after cavern sealing. Therefore, the risk estimates are effectively
measuring the risk over a period of time longer than 1,000 years. This provides an additional
measure of conservatism to the risk estimates.
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The size of the hypothetical cavern used in these risk calculations is somewhat smaller
than the existing disposal caverns in Texas. The volume of fluid released from the cavern would
be proportional to the total volume of the cavern; therefore, larger caverns would release
proportionately more fluid. Because actual cavern volumes are on the same order of magnitude
as the hypothetical cavern, the estimated risks from the actual caverns are expected to be on the
same order of magnitude as those calculated here, which remain lower than accepted risk
thresholds.

9.5 Conclusions

This report provides evidence that cavern disposal of NORM waste poses a very low
human health risk and is most likely technically feasible. From a legal perspective, there are no
“fatal flaws” that would prevent a state regulatory agency from approving cavern disposal of
NORM, except for Louisiana, ‘whichprohibits disposal of radioactive wastes or other radioactive .
materials in salt domes. Agencies in the other states may need to revise their NORM waste
management or UIC regulations to accommodate the practice, however, and Louisiana would
additionally need to modi~ its statute.

Cavern operators would probably charge more for NORM waste disposal than the
$1.95bbl 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, there 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 1-1992 NORM Disposal Costs (from API 1996)

Disposal Cost per 55-gal Drum

Disposal Low Average High Additional Costs
Method

Landfill - $395 $515 $730 None
Washington

LandfW - Utah $300 $500 $700 Radiological analysis, physical
properties check transportation,
waste profile, decontamination of
vehicle

Surface $100 $210 $325 Radiological and chemical analysis,
treatment - physical properties check,
Louisiana transportation, waste profile, packing

Injection - Texas $49 $206 $1,000 Radiological and chemical analysis,
physical properties check,
transportation, waste profile, packing

Recycling steel - No cost - steel purchase price pays for transportation costs
China

Encapsulation in $792 $1,081 $3,333 None
pipes and
disposal in
abandoned wells

Injection into $151 $916 $2,300 None
private wells
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Table 2-1998 Commercial Disposal Costs for NORM

~

Newpark Environmental

Lotus LLC I Injection

BPF, Inc. Treatment/injection

Apollo ”Services Injection

National Injection Services Injection

Off-site $100

Off-site $380-$420

Off-site Variable - no costs
provided

On-site $140’

On-site $100-$300

On-site $15-$150

‘ BPF is not in commercial operation as of surnrner 1998. The costs presented here are projected
costs for commercial-scale operation.
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Table 3- Summary Ttableof NORM Activities for Release Scenarios

Activity
Concentration at
1,000 yr @Ci/L)

Initial after Contaminant
Activity Migrates Away

Release Contaminant Retardation Concentration from Cavern
(pCi/L)

Cavern seal fails, Ra-226 850 1,500 8.1 X 10-18
releases fluid at depth

Rn-222 1 1,500 8.1 X 10-18

Cavern seal fails, Ra-226 “ 850 1,500 4.1 x 10-9
releaSes fluid to shallow
aquifer Rn-222 1 1,500 4.1 x 10-9

Release fi-omcrack Ra-226 850 1,500 8.1 X 10-18

Rn-222 1 1,500 8.1 X 10-18

Release from leaky Ra-226 850 1,500 1.5 x 10-13

interbed
Rn-222 1 1,500 1.5 x 10-13

Roof fall + release at Ra-226 850 1,500 8.1 X 10-18

depth through crack
Rn-222 1 1,500 8.1 X 10-18

Roof fall + release at Ra-226 850 1,500 1.5 x 10-13
depth through leaky
interbed Rn-222 1 1,500 1.5 x 10-13

Roof fall + cavern seal Ra-226 850 1,500 8.1 X 10-18

failure + release at depth ~ 222
1 1,500 8.1 X 10-18

Roof fall + cavern seal Ra-226 850 1,500 4.1 x 10-9

failure + release at
shallow depth Rn-222 1 1,500 4.1 x 10-9
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Table 4- Probabilities of Occurrence for Specified Release Scenarios

100%
Probability

No. of Best-Case Worst-Case of Release
Release Scenario Response Estimate’ Range Estimateb Range Casec

s

Cavernseal fails, 5 0.031 0.0005to 0.12 0.002 to 1.0
releases fluid at 0.1 0.25
depth

Cavern seal fails, 5 0.012 0.0001to 0.040 0.001 to 1.0
releases fluid to 0.05 0.10
shallow aquifer

Release from 5 0.022 0.0001to 0.120 0.001 to 1.0
crack 0.10 0.35

Leaky interbeds 5 0.022 0.0001to 0.120 0.001 to 1.0
release fluid at 0.10 0.35
depth

Roof fall + release 5 0.100 10-6to 0.50 0.290 10-5to 1.0 1.0
at depth through
crack

Roof fall + release 5 0.062 Sxlo-sto 0.163 Zxlo-sto 1 .()

at depth through 0.2 0.35
leaky interbed

Roof fall + cavern 5 0.062 5xlo-6to 0.163 Zxlo-sto 1 .()

seal failure + 0.2 0.35
release at depth

Roof fall + cavern 5 0.006 lxl@to 0.051 lxlo-cto 1.()

seal failure + 0.02 0.10
release at shallow

depth

a Most likely probability of the release scenario occurring as estimated by an expert panel.
~Least likely probability of the release scenario occurring as estimated by an expert panel.
c Probability that the release scenario will occur at every cavern during the 1,000-yr period of concern
(the true worst-case circumstance).

62



Table 5- Exposure Point Concentrations, Committed Effective Dose Equivalents, and Carcinogenic Risks Estimated
for Ingestion of Ra-226 in Groundwated

Best-Ct

:posure-point
oncentration

(pCi/L)

;imates

Estimated
;ancer Risk

1 x 10”23

2 x 1O-I5

7 x 1(3-24

Worst-Ca!

3xposure-point
Concentration

(pCi/L)

mates

Estimated
;ancer Risl

4 x 10-23

Probability E

Committed
;ffective Dose
Equivalent

2 x 10-17

3 x 10-$”

1 x 10-IT

Probability E

Committed
;ffective Dose

Equivalent

100% Probability of Release Case

Exposure-point Committed
Concentration Effective DOSI

(pCi/L) Equivalent

8 X lo_18 5 X 104’5

4 x 10-9 2 x ]()-7

8 X 1018 5 x 10-16

Estimated
;ancer Risk

3 x 10-22

1 x 1(-)-13E
Release Scenario

Cavern seal fails,
releases fluid at
de th

Cavern seal fails,
releases fluid to
shallow a uifer

1 x l(j-lg3 x 10-19

5 x lo-ii 2 x 1o-1o (j X Io]s

4 x 10-232 x 10-19 1 x IO-IS 3 x 10-22Release from crack

3 x 10-15 2 x 1(-P 2X lo-id 1 x 10-12

2 x 10-18 1 x 10-16

2 x 10-14 2 x 10-12

] X ]()-18 8 x 1O-I7

7 x 10-19

9 x 10-23

9 x 10-19

1 x 10-II 5 x 1O-I$’

3 x 10-22

F
Roof fall + release at
depth through crack

Roof fall + release at
depth through leaky
interbed

Roof fall + cavern
seal failure + release
at depth

Roof fall + cavern
seal failure + release
at shallow depth

8 X 10-19 8 X 10-18

2 x 1(P

5 X 1046

1 x *()-II”9 x 10-IS 4 x 10-1’3

2.x 10“23

5 x 10J’3

5 x IO-19 3 x IO-IT 5 x 1()-23 5 X IO-16 3 x 10-22

2 x 10-II 9 x 10-16 2 x 1o-1o

I

1 x 10-’2 4 x 10-9 I 2 x 10-7 1 x 10-13

a Risks presented in this table are solely from the radiological constituents OfNORM and do not include any risks fromthechemicalconstituentsofNORM.



Table 6- Estimated Cancer Risks and Hazard Quotients from NORM and NOW

!

I

Best-Case Estimate Worst-Case Estimate 100’%Probability of Release Case

Cancer Risk Hazard Cancer Risk Hazard Cancer Risk Hazard

Release Scenario
NOWa NORMb

Quotient Nowa Nomb Quotient Nomb Quotient
NOWa

Caverf3sealfails,releases
.

fluidatdepth j X ]()-18 ] x ]()-23 7 x 108 2 x lo-l? 4 x 10-23 3 x 10-7 2 x 10-16 3 x 1@ 2 X 1(3-6

Cavern seal fails, releases
fluid to shallow aquifer 3 x 10”$’ 2 x 10-IS ] x 10-5 9 x 10”9 (jX 10-15 5 x 10”5 2 x 10-7 1 x 1(P3 1 x 10-3

Release from crack 4 x 10-IS 7 x 1(P 5 x 10-8 2 x 10”17 4 x 10-23 3 x 107 ‘ 2 X 1(3-16 3 x 1()-22 2 x 10”6

Release from leaky
interbed 3 x IO-16 1 x 10-19 2X log 1 x 1045 7 x 10-19 1 x 10-7 ] x 10”14 5 X IO-IS (jX 10-7

Roof fall + release at depth
through crack 2 x 10-17 3 x 10-23 2 x 10-7 5 x 1O-I7 9 x 1o-z3 (jX 10-7 2 x lo-lb 3 x 1()-22 2 X 1(3-6

Roof fall + release at depth
:hrough leaky interbed 7 x 10-(6 4 x 10-19 5 x 10-8 2 x 10-15 9 x lo+” 1 x 10-7 1 x 10-M 5 x 10-18 (jX 107

Roof fall + cavern seal
!ailure + release at depth 1 x 1O-I7 2 x IO-23 1 x 10”7 3 x lo-l? 5 x 10-23 4 x 10-7 2 x 10-16 3 x 1@ 2.x 10-6

Roof fall + cavern seal
:ailure + release at shallow I x 10-9 9 x 1(P 7 X 10-6 1 x 10-8 8 X 10-15 (jX 10-5 2 x 10-7 1 x 10-13 1 x 10-3

iepth

‘ This is the risk from the chemical constituents of NORM waste. It is exactly the same as the risk from NOW as reported in Tomasko et al. (1997).
bThis is the risk from the radiological constituents of NORM waste.


