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Risk Analyses for Disposing Nonhazardous
Oil Field Wastes in Salt Caverns

D. Tomasko, D. Elcock, J. Veil, and D. Caudle

Executive Summary

Salt caverns have been used for several decades to store vgdmsahbormproducts. In
thepast fewyears, four facilities in the United States have h@mitted to dipose
nonhazardous oil field wastes in salt caverns. Several otlpeisdiscaverns have beparmitted
in Canada and in Eupe. This r@ort evaluates thpossibility that adverse human health effects
(carcin@enic and noncarcimgenic) could result from gosure to contaminants released from the
caverns in domal salt formations used for nonhazardous oil field wagtsalis The evaluation
assumes normalperations but considers tipessibility of leaks in cavern seals and cavern walls
during the post-closurghase of peration. In this assessment, severgisteere followed to
identify possible human health risks. At the broadest level, these istdude identifing a
reasonable set of contaminantgpos$sible concern, idengiing how humans could be pased to
these contaminants, assegdine toxicities of these contaminants, estingthreir intakes, and
characterizig their associated human health risks.

The contaminants of concern for the assessment are benzene, cadmium, arsenic, and
chromium. These were selected as geonmponents of oil field waste and haga likelihood to
remain in solution for a lapenowgh time to reach a human reter.

Post-closure releases of fluids from the caverns can be classified under the épllowin
scenarios for thpresent stugt inadvertent intrusionyunintentionaly drilling a new well into a
closed cavern; failure of the cavern seal due to incrgassdure from salt crpeandgeothermal
heatirg; release of contaminated fluid thghucracks, leak interbeds, or nonhongeneous zones
conmposed of hgher permeabiliy material; angartial cavern roof fall. Most releases would be to
dee aguifers at or near the poof the cavern, alth@h under several scenarios, released
contaminants can moveward throgh the well casig and leak out into shallowqgaifers.

For the inadvertent intrusion scenarip,ta 2,000gallons @al) of contaminated fluids
would movequickly to the surface where, if not containgdtbe drilling blowoutprevention
system, would most likglform apool on theground surface. These materials would not
penetrate ver far into theground and could be reagitleaned p. Because the volume of
released fluid for this scenario would be small, the effects would beyskert duration, the
liquid would not bepotable, and such gifl would be quickly remediated, the scenario was
eliminated from further angses.



In most of the other scenarios, the relgaeséern would be to have tipeessure build p
in the cavern to a level that causes seal failure or cracks. A small amount of contaminated fluids
(assumed to be 2,0@@l) would be released and the internal cayeessure would decrease. The
cracks or leaks could self-heal after the release because of additional galiviide
repressurization of the cavern, the cracks or leaks could @aie gen,producirg a series of
short contaminamulses probabl/ on the order of hours to yi&in duration). Under the
remainirg scenarios, releases woulddradual and log-term seps throwgh cracks, leak
interbeds, or other nonhomeneous zones ceuosed of hgherpermeabiliy material.

Not evey closed cavern is @ected to undegpo releases, so some measure of the
probability of failure must be incgorated into the angses. Because parience with digosal
caverns is limited and tgdhave not been inperation for vey mary years, virtualy no
information exists about the accident or release rates frgpasdiscaverns. In order to estimate
the ramge of theprobabilities of occurrence,questionnaire was distributed topexts in the field
of salt caverns. Theanel of eperts was asked farovide both a “best-estimate” and a “worst-
case” estimate of th@obability of occurrence for each of the release scenarios. The estimates
from each egert were averged. Averged best-estimates for the different scenariogedrirom
0.006 forpartial roof fallplus cavern seal failure and fluid release at shalloptidi® 0.1 for
partial roof fallplus fluid release at gith. Averagged worst-case estimates gad from 0.04 for
seal failure with fluid release at shallowptleto 0.29 forpartial roof fallplus fluid release at
depth.

Once contaminated fluids leave the caverny tre eyected to nygrate lateralf and
vertically through different formations andyaifers. Durirg the time the fluids travel from the
point of release to the reg@r site (assumed to be 1,000 ft latgrétbm the cavern) various
physical, chemical, and biodcal processes occur that reduce the concentration of the
contaminants. Fate and trangt modelirg was used estimate the contaminant concentrations at
the recetor point (exposurepoint concentrations).

Risk calculations were conducted wgthe exosurepoint concentrations, assumed
drinking water intake rates, and standard aggions reggarding exposure time, duration, and
frequeng. Based on assyions that were deveped for ageneric cavern angeneric oil field
wastes, the estimated human health risks for worst-case conditionsyal@wégxcess cancer
risks of between 1.1 x f0 and 2.0 x*10 ) and hazard indices (rgfeanmoncancer health
effects) of between 6 x 0 and 1.0 X’10 . Norgalkk manaers consider risks of 1 x £0 and
less and hazard indices of less than 1 to beptaigle. For best-estimate conditions, the excess
cancer risks were calculated to be between 1.3% 10 and 3:#x 10 and the hazard indices were
between 1.4 x 10 and 1.9 x40 .

Caveats rgarding the use of the results of thigpoet include the followig. First, the
assessment does not address risks to workers at the capesabste. Such risks would be
comparable to or less than worker risks associated witindtarbon cavern staga gperations.
Second, the assessment does not determine whethkealth effects will occur in the future; it
only estimates cancer risk apdtential for noncarcingenic effects. Third, risks have gribeen
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estimated for contaminants for which toxycitalues were availabl@yst because there is no
toxicity value does not mean there is no risk. Fnalie assessment is limited to human health
effectsproduced l nonradioactive contamination; it does not addresgdhsible ecolgical

risks associated with salt cavernmtisal, nor does it estimate risks associated with NORM that
may be included in oil field wastes.



1. Introduction

In 1996, the U.S. Dmrtment of Enagy (DOE), Office of Fossil Enegly, asked Agonne
National Laboratgr (ANL) to conduct greliminaly technical and Igal evaluation of disosing
of nonhazardous oil field wastes (NOW) into salt caverns. The conclusions of tlyatostseld
on preliminalty research, were that gssal of oil field wastes into salt caverns is feasible and
legal. If caverns are sited and dgeed well, perated carefuj, closedproperly, and monitored
routinely, they can be a suitable means forgising of oil field waste (Veil et al. 1996).
Considerig these findigs and the increased U.S. interest in gsialt caverns for nonhazardous
oil field waste diposal, the Office of Fossil Engy asked ANL to conduct preliminaty
identification and inveggation of the risks associated with suchpdsal.

The purpose of this rport is to evaluate thpossibility that adverse human health effects
(carcingenic and noncarcimgenic) could result from gosure to contaminants released from the
caverns in domal salt formations used for nonhazardous oil field wagtsalisThe evaluation
assumes normalperations but considers tipessibility of leaks in cavern seals and cavern walls
during the post-closurgphase of peration. It does not consider the risks associated with
emissions from surfacejeipment @eratirg at the site, nor does it consider the risks associated
with surface oil leaks or othega@ipment-relatedlls or accidents.

The stug focuses ompossible log-term risks to human health. It does not address
potential ecolgical effects, althogh such effects could result. Also, risks associated with
naturally occurrirg radioactive materials (NORM) are not addressed. frelgminaly assessment
estimates risks associated withptisal in a sigle generic cavern ogl No attenpt has been
made to address tipessibly or likelihood that several caverns yrae located in relativglclose
proximity and that more than one cavern could be a source of contaminatigivén aecetor.
Also, no attempt has been made to evaluate possible inpacts of gnemistic effects of mulple
contaminants on a gte recetor.

Because the histprof salt cavern use for solid wastemtisal is vey limited, no ready
available data could be accessed for thisystuak a result, data from similaperations and
professionajudgment were used to dev@lthe possible release mechanisms assumed in this
hypothetical,generic analsis. The validi of the results would be enhanced if real data could be
used. As data agenerated on the use apalst-closure perations of salt caverns used for solid
waste diposal, thg should be incqrorated to pdate this stug

In this assessment, severalpstavere followed to identfpossible human health risks. At
the broadest level, thesegeanclude identifing a reasonable set of contaminantpassible
concern, identifing how humans could be pased to these contaminants, assesia toxicities
of these contaminants, estimafitheir intakes, and characterigitheir associated human health
risks. The risk assessment methodgland techrgues used in this pert are based in Ige part
on two documents. The first document is a tragmranual that was devgled for a risk
assessment workspagponsored i DOE (DOE 1996). The second is the Risk Assessment
Guidance for Sperfund (U.S. Environmental Protectioryéng/ [EPA] 1989).
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The remainder of this pert consists of nine sections. Sectiopr@vides bacground on
the develpment, use, and closure of salt caverns that loeaused for digsal of nonhazardous
oil field wastes angossible cavern release scenarios. Section 3 identifies contaminants of
potential concern that could cause harm to human health. Sections 4, Jrandé
information for assesgypotential eyosurepathweys that the contaminants of concern could
take to reach humamopulations. Pecifically, Section 4 describes fate and tg@ors mechanisms
of the contaminants of concern; Section 5 descripesifec hydrogeolagic conditions of locations
where salt caverns are most likéb be used for oil field dmsal (Gulf Coast, Texas, and New
Mexico); and Section 6 describpstential release modes that could cause contaminants to leak
from the cavern and be trggmsted to areas where humpopulations ma be eyosed. Section 6
also estimatepossible concentrations of the contaminants to which humans coulgdsedx
under various release scenarios. Section 7 describes theytokittibse contaminants that could
come in contact with humangiyen the fate and trapsrt mechanisms identified in Section 5
combined with thg@otential exosurepathweys described in Section 6. Section 8 estimates the
potential intakes of those contaminanyshumans and characterizes the risks to which those
humans mw be sulpected on the basis of the intake of the contaminantpg@tieatial for harm),
their toxicities, and the release asgtions. Section 9 addresses the sensjtivitthe estimated
risks to geratirg procedures angotential rgulatory structures, and Section 10 summarizes the
results of the angses.



2. Salt Cavern Background

The following section discusses the giris and develpment of salt caverns in the United
States, waste ¢osal in caverns, seafirand abandongsalt caverns, and scenarios under which
cavern contents could leave the cavern.

2.1 Origins and Development

As discussed in Veil et al. (1996), subsurface sglbsiés occur in two njar forms in the
United States: bedded salt and salt domes. Adfnsalt d@osits occur in manparts of the
United States, the occurrence of salguantities and locations that woyddbomote commercial
develgpment is limited. There are 16 states in which salt occurs in suffopimnitity to be mined
by either excavation or solution migjror to be recovered thrgh solar evporation. States
having mgor salt dgosits are Alabama, Arizona, Colorado, Kansas, Louisiana, déohi
Mississppi, Montana, New Mexico, New York, North Dakota, Ohio, Oklahoma, Rdwasia,
Texas, and Utah. Of these states, those with the ngo#ficant salt miniig are Kansas,
Louisiana, Michgan, New Mexico, New York, Ohio, and Texas (Veil et al. 1996).

Bedded salt formations occur iry&s interpersed with such sedimenyamnaterials as
antydrite, shale, dolomite, and other more soluble salgs, (mtassium chloride). These
materials have vging degrees ofpermeabiliyy, but all aregeneraly low (Freeze and Chetr
1979). The bedded saltmhesits are tabular and can contaigndicant quantities of inpurities.

Salt domes are lge, nealy homayeneous formations of sodium chloride, altlothey
may contain nonhomgeneous zones. Pfeifle et al. (1995)am that the ypical anlydrite
(CasQ) content of Gulf Coast salt domes agesdess than 5%. These domes were cregted b
geolagical processes thapanned millions offears (Chiligarian et al. 1989). About 30 million
years go, salt buried ¥ more dense materials flowed to fopilows. Because of its lower
densiy, salt flowed pward to form digirs (domes or anticlinal folds whose owenlg rocks have
been rptured ty the gueezimg-up of the moreplastic salt core) angiercing overlying units.

As the salpassed p throwgh the ovenying sediments, logy finger-like projections
develgped. The dpth of the intruded salt (sedimengaiercements) can bgreater than 10,000 ft
(Whiting 1981a), and the powidth of the salt domes rges from about 0.5 to 2.5 miles
(Chilingarian et al. 1989). If the intruded salt contacted undersaturated water, dissolution would
occur. Throgh a conplex interaction of dissolution, regstallization, lydration of andrite to
form gypsum, sulfate reduction, cementation, etc.,@azk was often formed. Althgh
cgorocks are common in the vicigibf salt domes, thedo not alwgs exist there (Linn 1997).

At the t of the carock, a rgion of limestone frguently develged. This limestone nya
have been formedylba number oprocesses, includgireduction of the calcium-sulfateack,
andprecipitation from calcium-sulfate-rich water (Werner 1986).



As the salt intruded the Cenozoic sedimentsgtbe Gulf Coast, various minerals were
oftenprecipitated in the vicini of the ca@rock. Alorg with the minerals, oil was fgeently
trapped under the eg of the cprock. Because of thedh probability of finding oil and other
valuable minerals, salt domes have been exteysexplored and mined for more than 19@ars.

Startirg in the late 1800s, salt domes were commeycralhed for salt  using various
leachirg techngues. The shzes of the resultimcaverns were often irgalar because of the
techngues gplied, but a number of caverns, such as West Hackl@avern 11, are negrl
symmetrical (Tomasko 1985).

Salt caverns are used for st@rimydrocarbons. The earliest cavern sgeran salt domes
for liquified petroleumgas (LPG) started in 1951; LPG stgean bedded salt started somewhat
sooner, in the earl1940s (Querio 1980). Some of thguified products stored includaropane,
butane, ethane, fuel odas, and crude oil.

DOE aquired the mghts to some existqicaverns for the EarlStoraye Reserve (ESR) of
the Stratgic Petroleum Reserve (SPR). The ESR wagdesdito store 250 million barrels of oil
of which about two thirds were to Ipaced in solution-mined caverns and one third in a
conventional rock salt mine. Auaisitions for the ESR were made about 1977. SPR now has a
cgpacity of 680 million barrels, and the rock salt mine has been removed fraorotiram (SMRI
1997).

Private indusy in the United Statesperates a lage number of caverns for stogitiquid
petroleumproducts petrochemicals, and naturgds. Eurpean countries have also used salt
caverns as containment sites for theassl of drilling muds and cuttigs from deg oil andgas
wells (Testa 1994).

Nearly all salt caverns in the SPR are 2,000 ft tall and have a cavern roof that iptt a de
of about 2,000 ft. The diameters of the caverng gegatly, but a ypical value is about 300 ft
(Biringer 1984). The distance between caverns is variable, ppicaltsgaration distance from
center-to-center is more than 600 ft (WHgtit®81b). Volumetricayl, SPR caverns are @, and
each cavern contains about 10 million barrels (420 miiadlons) of crude oil. Private sector
caverns argeneraly smaller than the SPR caverns and have various sizgesslaad deths
(Hickerson 1995).

To create salt caverns, water that is notyfalllt-saturated is jacted into a salt stock and
the resultiig brine solution is withdrawn. This method is referred to as solution gnffesta
1994). The devejament and shae of the salt cavern can be controllgdtibe method used for
construction. In the direct circulation method, fresh waterjéctad throgh a tubimg string from
the surface, and brine is withdrawn thgbwan annularace between the tulgrand final casig.
In the reverse circulation method, fresh water enters ghrthe annulus, and brine is removed
through the tubimg string. A combination of these two methods, or other morepticated
methods, can be used to obtain the desired cavepe.sfijne American Petroleum Institute
(API) provides illustrations and more details on these methods (API 1994).
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2.2 Waste Disposal in Caverns

Use of salt caverns for waste piisal in the United States has been limited. A summar
of current diposalpractices iggiven in Veil et al. (1996) alanwith a discussion on ugircaverns
for waste diposal in Canada, the United Kydom, Germay, the Netherlands, and Mexico.

In this stug, we consider the dmesal of nonhazardous oil field wastes in salt caverns. As
discussed in Section 3, the jmiaty of material diposed of would be tank bottom wastes (waste
material from washig tanks, heater tanks, and stock tanks). This solid ogesilike waste
consists of accumulated heawdrocarbonsparaffins, inoganic solids, and hegnemulsions
(EPA 1994b). Pysically, the waste consists gbproximately 50% water, 15% cla 10% scale,

10% corrosiorproducts, 10% oil, and 5% sand. Igesific gravity rarges from about 1.5 to 2.0.
The principal contaminants of concern in the waste include benzene, lead, arsenic, cadmium,
chromium, and boron (see Section 3).

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 scenaripessible for
introducirg the waste material: (1) the waste campbeped down tubig to the bottom of the
cavern and the diaced brine can be withdrawn thgiuan annulus; (2) the waste can be
pumped down an annulus and theplgeed brine can be withdrawn thghuthe tubirg; and (3)
the waste can bejected throgh one well and the brine withdrawn from another well. The first
scenario is the most likelmethod because of associated costs and ease of use (Veil et al. 1996).

As the slury is injected, the cavern acts as an oil/water/soligars¢or. The heavier
solids sink to the bottom of the cavern and forpil@ Any free oils and ydrocarbons float to
the t@ of the cavern, because yhare less dense than water. Agaoic blanket could be
injected into the cavern fwevent additional leachgof the cavern's roofybwater that is not
fully saturated with salt. Gfa in the slury can mix with the brine, formga sugension above a
brine/waste interface. Clean brinepgéced ly the incomimg slurry would be removed from the
cavern and either sold ag®@duct or diposed of in an ifection well.

Early in the life of the diposal cavern, clean brine is withdrawn from hundreds of feet
above the surface of the wasgtke or interface. As the cavern fills, the brine becomes dirtier (i.e.,
it will have a hgher clay and oil content). This dytbrine carproduce @erational difficulties
(eg., cloggng of pumps) and additional eenses (Veil et al. 1996). The cavern is considered to
be “full” of waste when digosed material begreturned with the diaced fluid becomes a
problem. When the cavern is full, thpevator seals the cavern.

2.3 Post-Closure Cavern Behavior

Once the cavern has been filled with waste, the cavern would be sealed and the borehole
plugged with cement. Brige plugs would beplaced in the well bore above and below water-
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bearirg intervals to isolate these interv@isrmanentl. Thisprocedure is often used in the oil and
gas industy to abandon wells.

A waste-filled cavern that has been sealed igestibo a number of coptex physical
processes: reduction in cavern volume caugesklt crep (theprocess lp which salt surroundon
the cavern flows into the caverpase as @seudo-fluid [Bishp 1986, Freeze et al. 1995]);
convective mixig in the ypper, brine-filledportion of the cavern; differential settfjrand
compaction of solids; chemical reaction and gamction of the waste material; and an increase in
pressureproduced ly the combined effects of salt cpeand the addition of sensible heat (heat
derived from theyeothermabradient verticaly across the cavern —pproximately 13" Fper
1,000 ft at a deth of 1,000 ft [Tomasko 1985]);

During a transienperiod of severayears after closure of a cavern filled with brine,
pressure can exceed the lithostatic vafjwegsure in surroundsalt) because of thermal
expansion of the brine. The amount of oypeessurization is a function of cavern size (Berest
and Brouard 1995). Similgrl cavernpressure can exceed the lithostatic value after geloime
period when, due to salt cygebrinepressure will balance avega lithostaticpressure, resultonin
a slght excess of brinpressure at the poof the cavern (Lager et al. 1984; Wallner 1986). This
occurs because lithostapoessure increases lineasith depth, while brinepressure is constant
within the cavern.

Thepresence of a smajuantity of gas in the sealed cavern can gate the effects of
pressure buildp because thgas drasticall increases the cavern cprassibility or decreases the
cavern stiffness (Berest et al. 1997a). Gases carodeced in a sealed gissal cavern in a
number of was, includirg bacterial dgradation of the waste, corrosion, and natural releases from
the salt formation itself (g., carbon dioxide, ydrogen sulfide, gdrogen, methane, etc.).

Bacterial dgradation of oganic material in the waste cganerate sucbases as carbon dioxide,
hydrogen sulfide, and methane. However, for several reasons, bacterial action wadderate

a laige quantity of gas. For exaple, because marbacteria have a limited tolerance for salt,
conditions in the cavern would not be conducive for bactgroaith and reroduction (Stanier et

al. 1963; and Pogate 1965). Even if the bacteria could survive in brine, there are other natural
curbs on their actiwt For aerobic bacteria, thepglly of oxygen would be limited (ol 8 parts

per million [ppm] of oxygen are in the fresh water that is in contact with air 4C}5 For

anaerobic conditions, bacteria copldduce lydrogen sulfidegas if the waste contains sulfate.
The hydrogen sulfideproduced would, however, be water soluble and would dissolve in the brine.
As thepressure in the cavern increased with time, the solylofithe tydrogen sulfide would also
increase and minimize fregasproduction.

Metal conponents of the waste material could corrode genterate yidrogengas,
egecially at lowpH conditions (acid environment). Suplocesses are common causes for
equipment failures in oil andasproduction gstems. In a waste cavept would be controlled
by thepartial pressure of carbon dioxide. Ambient carbon dioxide levels in the cavern would not
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support a sgnificant corrosion rate, and/tirogengas would not bgenerated. The oplother
source of acid in oil field waste would bgesit acid from well stimulations (Bragid992). If the
pH of such wastes is pgbsted to six or abovarior to digosal, no gnificantgasproduction
would occur. Because tlpeincipal waste material for this styds tank bottom material and not
spent acids, little acid would qgresent and thproduction of lydrogengas would be ngligible.

Gasproduction in caverns is also controllegffiyessure effects. As thpeessure in a
cavern builds p, thegasproduction rates would fall corrpsndingly. Thisprocess would limit
the volume of ap gasegroduced.

A recent stug of the behavior of brine-filled, sealed cavernggasts that theermeabiliy
of the material surroundithe cavern can also influenpeessure buildp (Wallner and Paar
1997). Because of a weslow pressure increase within a sealed salt cavermpréssure at the
top of the cavern would oylexceed the lithostatic value after addaime (on the order of
thousands ofears for a 1,000-ft tall cavern). Because the rock salt formation becomes
permeable if the fluigressure exceeds the stress in the salt, smalldeaktes of fluids from the
top of the cavern arpredicted. This lealge would conpensate for the ovpressurization at the
top of the cavern and return thgssem to an guilibrium condition.

Details on theressurization of a sealed cavern that is filled with NOW are cuyrentl
unavailable, althogh the behavior is gected to be similar to that discussed above with the
exception that the compressibility of the wastes nyaalter the time scale and gratude of the
system reponse. More studof actual waste dmosal caverns would heto clarify this issue.

2.4 Cavern Release Scenarios

In assessigprisks to thepublic from diposing of NOW in cavernspotential release modes
must be determined. At tlpeesent time, there is little information on accidents for cavern
disposal ystems because there areyoalfew digposal caverns ingeration and thghave not
been geratirg for vetry mary years. However, what little accident information exists from
disposal and stoge caverns indicates that the caverns are safe and that ytecoidents that
have occurred were associated with surface facilities. Because insufficient information exists for
guantifying releaseprobabilities for cavern dmosal, results from theduid petroleumgas (LPG)
storgye industy and the Stratgc Petroleum Reserve (SPR) are used in thisysiisch basis for
identifying potential release scenarios.

Although LPG industries and the SPR have albistory of safe erations, a statisticall
meanimgful data base for risk angdis is absent. To overcome this diffigtila sulpective,
semguantitative methodolyy was develped by Radian Cqgporation to evaluate risks for the
LPG industy (Radian Cqgooration 1995). This methoddy, develped by apanel of exerts in
the field of salt-cavern conversion for LPG sg@awas based on a modified-Pplel approach
(Brown and Helmer 1964) in which variabyliof the estimategarameters are reduced thgbu
group interaction.
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The Radian studidentified 22 accident scenarios that could lead to releases to the
environment. These accident scenarios cagrdngoed into threegeneral catgories: (1) cavern
develgpment and conversion, (2) cavern fitlirand (3)post-closure releases. In this stud
impacts were angked for ony the last of the accident scenarios identifiabt-closure releases.
Impacts from the first two scenarios are better addressed in a second tier assessment, in which
site-pecific information would be used and more detailedghgsarameters would be defined.

Post-closure releases can be classified under the fotiaxaiieories for thepresent
study: inadvertent intrusion; failure of the cavern seal; release of contaminated fluidithrou
cracks, leak interbeds, or nonhongeneous zones c@uosed of hijherpermeabiliy material; and
partial cavern roof fall.
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3. Contaminants of Potential Concern

In a standard risk assessment, the firgs seollectirg and evaluatig data. One result of
the data collection exercise is the identification of contaminargstehtial concern.
Contaminants opotential concern at a site are those thag behazardous to human health
and/or the environment under current or future site conditions. Seleotitaminants of
potential concern hp$ focus the risk assessment on those contaminants thdtenadipotential
significance to human health.

It is important to select contaminantspdtential concern for several reasons. If all
possible contaminants were considered, the risks associated with gatacalirirg contaminants
could drive the assessment. For eglaphigh baclground levels oparticular contaminants, such
as maganese, could obscure risks related to oil field wastes. Also, the level of effort and the cost
of anal/sis increase with the number of contaminantsdevaluated. Probaphundreds of
contaminants associated with nonhazardous oil field wastes could be identibeaklidg on the
types of crude that wegoduced, theyfpes of drilling muds used, and tlgeochemisty of the
formation from which the oils were extracted.

As the risk assessment is conducted, ¥ i@ determined that the risks associated with
somepotential contaminants are igsificant and can be dpped from further consideration. For
exanple, the abiliy of somepotential contaminants to be trmosted mg be insufficient to allow
them to come in contact with humans. In such cases, the contaminant would not be considered
further in the risk assessment.

The term nonhazardous oil-field waste should not bepresrd to mean that no
hazardous substances are found in oil-field wastes. In 1988, EPA made a determination that
exenpted wastes from the pboration, develpment, andgoroduction of crude oil, naturgas, and
geothermal engyy from regulation as hazardous under Subtitle C of the Resource Conservation
and Recover Act (RCRA). In 1993, EPA added maather wastes that were goely
associated with gtoration andoroduction @erations to those alrep@éxenpted from RCRA
Subtitle C rguirements. Thus, exgaghwastes include drillig fluids, produced water, and other
wastes associated with thepboration, develpment, omproduction of crude oil, naturghs, or
geothermal engry. However, even thah a waste is exepted from Subtitle C muirements, it
may still contain hazardous contaminants. In igutatory determination, EPA concluded that
the wastes exepted from rgulation under Subtitle C could be better controlled tghou
improvements to existgstate and Federalgelatory programs.

The current stuglis apreliminary, generic risk assessment; collegfitheprimary data
needed to identfcontaminants gbotential concern is lyend its intended sge. Rather, results
of the anafsispresented in EPA’s 1987 Rert to Comgress (EPA 1987) and a later draft
pertainirg to Selected Associated Wastes (EPA 1994b) were used to ydsoritaminants of
potential concern.
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As described in its R®rt to Comgress, EPA used waste saling and anajlsis data to
characterize drillig wastes angroduced water foquantitative risk modeligq Limited available
dataprohibited the EPA from devgbing separate waste-stream characterizations for various
geaographic zones; as a result, one set of waste characteristics was ugg@semethe nation.

The maor factors EPA used in seleagicontaminants of concern were (1) median and maximum
concentrations in the waste galas, (2) freueng of detection in the waste sales, (3) mobiliy

in groundwater, and (4) concentrations at which human health effgatgjatoxicity, or

resource dange start to occur. YBusirg this screenig process, EPA selected several chemicals
considered likgl to dominate risk estimates. These chemicals included arsenic, benzene, boron,
cadmium, and chromium (V1).

The 1987 Rport to Comgress focusegrimarily on produced water and drillgpmuds.
Because the EPA estimated that these fyed of waste constituted over 98% of the industr
waste stream in 1988, the EPAgha evaluatig the relative hazard®sed ly various associated
waste streams, includirtank bottoms, oyl debris, workover fluidgproduced sand, and
emulsions. It found that tank bottom gades exceeded the RCRA toxigitharacteristics for
benzene and lead. On the basis of these two EPA studies, the contaminants of concern for salt
cavern diposal are arsenic, benzene, boron, cadmium, chromium, and lead.

Because these contaminantsyrbehave differenyl in the environment than in the
laboratoy, an evaluation of the fate and trpog mechanisms for each contaminantrissented
in Section 4. On the basis of that evaluation, combined with a consideration piltbgelolagic
conditions in areas where cavernpdisal is likel to occur (Section 5) and an assessment of
potential release modes andpesurepathways (Section 6), a subset of the contaminants listed
above that have the abylito produce human health risks was identified. Because risk is a
function not ony of theprobability of exposure, but also of theotential for harm due to the
chemical, the toxicit of these contaminants must also be assessed. Section 7 addresses the
toxicity of this subset of contaminants, and in Section 8, the risks associated poishirexto
releases of those contaminants consideredetans to humans are estimated.
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4. Fate and Transport for Contaminants of Potential Concern

In this section, the fate and trgost of the contaminants @btential concern for salt
cavern diposal is described. pgcific information isprovided for benzene, lead, arsenic,
cadmium, chromium, and boron. This information is used in estigxadintaminant
concentrations at the location of a ngtoe for risk assessment.

4.1 Benzene

Benzene (¢ K ) is the most portant aromatic ydrocarbon in this stydbecause of its
physical properties. Benzene is unsaturated and reacts toyattdgen and other elements to its
ring of six carbon atoms.

Benzene, also known as annulene, carbon oil, and cplaih@a is a clear, colorless to
light yellow, watey liquid with an aromatic agasoline-like odor. Benzene has a dgnlgss than
that of water (0.87685/cm®) (Macky et al. 1992).

Benzene is a Class A carcgen that has an EPA maximum contaminant level (MCL) of
0.005 ny/L (EPA 1994a). Itis soluble in water (1.7§Q at 20 C for fresh water) and readil
volatilizes (chages from the queous to thgasphase) with a dimensionless HgisrLaw
constant of 0.2199 (Mogbmery 1991; Mongomery and Welkom 1991). The Heys Law
constangives the ratio of a copound's saturated par concentration to its concentration in the
associated djuid phase and is an index pértitioning between dissolved amghseougphases
(Hern and Melancon 1987). For benzene, the effective half-life for volatilization is about
4.8 hours (Morgomery 1991; Mongomery and Welkom 1991). In saline water, the solupitit
benzene decreases (Stumm andddorl981).

In water, benzene has a distribution coefficient (mass of solute sorbed on solid surfaces
per solid mass dividedylthe mass of solutger volume of solute [Freeze and Chet879]), K;,
of 0.62 mLg (Lyman et al. 1992). Sption of benzene onto a solid surfggeduces a
retardation of benzene's trgost velociy in groundwater; that is, the velogiof the center of
mass of a contaminaplume of benzene, V , will move at a retarded velooitV/R, where V is
the velociy of groundwater and R is a retardation coefficient. Retardation coefficients can be
estimated ¥ usirg the following relationshp (Freeze and Cherr1979):

PpKy
0]

R=1+

(1)

wherep, is the bulk densytof the matrix material, and is itsporosity (Freeze and Cherr
1979). For a bulk dengibf 1.7g/cm® and gporosity of 0.1 (ipical values for this styd[Freeze
and Chery 1979]), the retardation coefficient for benzene is about 10.
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Under aerobic conditions, benzene has an effective ¢piadation half-life of about
10 days; for anaerobic conditions, its half-life is abowtears (Howard et al. 1991). Ifgosed to
air and sunfjht, benzene undgoesphoto-oxidation, with an effective half-life of 5-16yda
however, it does notpparently undego hydrolysis (i.e., it does not react with water to form
another corpound [Macky et al. 1992)).

As the above data show, benzene iy #aluble in water, and once irgpoundwater
system, it is vey mobile. Because of biogedation and volatilization, however, it would have a
somewhat limited rage of travel in an @uifer. When biodgrading, benzene would be mineralized
to form water (H O) and carbon dioxide (€O ). Possible transformatamtucts include cis-
benzenglycol acconpanied ly partial delydrogenation yielding catechol, or cis,cis-muconic acid
anda-hydroxymuconic semialdefde (Mongomer and Welkom 1991). Because little
information is available on the toxigibr fate and traq®rt of these intermediafoducts, and
their behavior can be sit@exific, conplete biodgradation of the deggproducts of benzene is
assumed for this styd

4.2 Lead

Lead isgeneraly found in the divalent form and tends to form relagviakoluble
compounds with such common anions gsltoxide and sulfate. An insoluljpeecipitate can also
form with sulfide, which can bpresent under reduayconditions. Lead can also form insoluble
conplexes with carbonate aH values hyher than 5.4 (Adriano 1986). In theesence of clgs,
lead is vey immobile. An @proximate K, for lead is 900 mb/(Baes and Shprl983; Baes et al.
1984). B usirg Equation 1 with a bulk densitof 1.7g/cm® and gorosity of 0.1, the retardation
coefficient for lead would exceed 15,000. The maximum recommended concentration of lead in
drinking water is 0.015 gL (EPA 1994a).

Because of its low solubiyif large distribution coefficient, and wetarge retardation
coefficient, further angkes of lead-associated risks arepresented in this styd

4.3 Arsenic

Arsenicgeneraly forms insoluble comlexes, ypically reactirg with hydrous oxide
coatirgs and various anions. For exalm the solubiliy of pentavalent arsenic sulfide (A5 S ) is
0.000136g/L in cold, fresh water (CRC 1968). In brine, the solupitit arsenic would be less
(Stumm and Magan 1981). Arsenic reagliadsorbs onto cie, iron or maganese coounds,
or aluminum corplexes. Arsenic can also be immobilizedfbrming conplexes or chelates with
iron or calcium (Callahan et al. 1979). The distribution coefficient for trivalent arsgoitee
for agricultural soils and chararges from about 1- 8 my/ for pentavalent arsenic, the igis
approximatel 2 - 18 mLg (Baes and Shprl983). For this styd a K, of 10 mLg§ was
assumed. Busing Equation 1 with a bulk densitof 1.7g/cm® and gorosity of 0.1, the
retardation coefficient for arsenic would be about 170 (rounded to 200). The MCL for arsenic is
0.05 ny/L (EPA 1994a).
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Because of the low solubyitand lage distribution coefficient of arsenic, its concentration
and mobiliy in groundwater would be verdow.

4.4 Cadmium

Cadmium can exist as soluble or insoluljecses or can be immobilized Isoiption onto
clays or iron oxides. Cadmium forms soluble gbexes and insolublprecipitates with
carbonates andydroxide ions, and it can also exist as tlgdrated ion (Baker and Amacher
1982). Under acidic conditions, cadmium can be relatinebile, with its mobiliy decreasig as
increasiiyg pH and ion exchage cgacity increase (Lu et al. 1975). In soil that containy elad
iron hydroxides, cadmium has a low mobljland commorny coprecipitates with iron and
marganese fdroxides.

The solubiliyy of cadmium iggeneraly low; however, the solubilitof cadmium chloride is
about 14@Qy/L in cold, fresh water, and that of cadmiugdioxide is about 0.0002§L (CRC
1968). In brine, this solubilitwould be less (Stumm and Myan 1981). The K values for
cadmium in soil and clararge from about 1.3 to 27 mg{Baes and Shprl983). For this styd
a K, value of 3 mLg was used. Busirg Equation 1 with a bulk densitof 1.7g/cm® and a
porosity of 0.1, the retardation coefficient for cadmium would be about 50. Cadmium has an
MCL of 0.005 ng/L (EPA 1994a).

Because of thpresence of iron in the tank bottom wastes, cadmium ig/ltegdrecipitate
out as a jdroxide. Given the low solubilitof cadmium ldroxide and its moderate rate of
soiption, the mobiliy of cadmium ingroundwater would be low.

4.5 Chromium

The predominant form of chromium likglto occur in the vicinyt of a failed salt cavern
would be insoluble, trivalent chromate (Cg O ) (ATSDR 1989). Soluble chrageagraly forms
precipitates, with hexavalent chromium ungdeing anion ads@tion and reduction, and trivalent
chromium undegoing adsoption, hydrolysis, and chelation (Reisenauer 1982). Wléarese and
iron oxides can affect chromium adgtion. Adsoption of all chromium pecies can occur in
substrates in thpH rarge of 6 to 7.5, makimthe chromium faigt immobile. Adsoption of the
hexavalent form can decrease with incregpid, while adsoption of the morgoredominant
trivalent form can increase with increagipH, probably as a result of cation exchgen(Adriano
1986). In thepresence of @anic matter, hexavalent chromium is converted to the more insoluble
trivalent form. The ®drated form of trivalent chromium sulfate [Cr ($9 ) ] has a solyhuolt
about 12@y/L in cold, fresh water (CRC 1968). Brine conditions would q@eted to reduce
this solubiliy. The K, values morted for soil and chararge from about 1.2 - 1,800 mdyfor the
hexavalent form and 470 - 150,000 mldr the trivalent form (Baes and Spar983). A K,
value of 30 mLg was assumed for this studBy usirg Equation 1 with a bulk densitof 1.7
g/cm® and gorosity of 0.1, the retardation coefficient for chromium would be about 500. Total
chromium has an MCL of 0.1gfL (EPA 1994a).
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Because of low solubilitand hgh distribution coefficients, both trivalent and hexavalent
forms of chromium are @ected to have low concentrations and mobilitiegroundwater. The
mobility of the hexavalent form, however, ispexted to bgreater than that of the trivalent form.

4.6 Boron

Boron is a nonvolatile metalloid that occurs in combination with most of the other
elements. Boron reaglihydrolyzes in water to form the electricatheutral, weak monobasic acid
H,BO; and the monovalent ion B(OH) (ATSDR 1990). Altgbumost boron copounds are
highly soluble in water (Rai et al. 1986), boronyntee precipitated with aluminum, silicon, or iron
in the form of fairy insoluble lydroxyborate comounds on the surfaces of minerals. In elemental
form, boron is insoluble in water (Windholz et al. 1983). The gtisor of boron mg not be
reversible in some media. This irreversigilihay be the result of solighase formation on
mineral surfaces. Little information is available on boromptsam; however, for clgs, K, ma be
as hgh as 20 mLg, with a rage for soils of 0 to 10 mig/(Sheppard et al. 1984). For this styd
a K, value of 8 mlg was assumed. yBusirg Equation 1 and values for bulk densif 1.7g/cm®
and forporosity of 0.1, the retardation coefficient for boron would be about 150. As of 1994, the
EPA did not have gndefined drinkig water standards for boron, altlgbuits lifetime health
advisoy is 0.6 ng/L for a 70-lg adult (EPA 1994a).

It is likely that boron woulgbrecipitate to form insoluble ydroxyborate corpounds on
mineral surfaces because of the iron and silicon content of the tank bottopmneoitof the
wastes. Because of tipsecipitation, further angises of boron-associated risks are presented
in this stug.
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5. Hydrogeology

As discussed in Section 2, thejoraty of salt formations of interest for waste gbsal
occur alog the Gulf Coast and in Texas and New Mexico, algmoother states, such as Kansas
and Michgan, could also be consideredpa$ential candidate states for NOW gbsal in salt
caverns. The followig sections discussydrogeolagical conditions for the Gulf Coast, the
western Texapanhandle, and New Mexico. A cposite of these areas is then used fgereric
analsis of digposing of NOW in a lypothetical salt cavern in domal salt. Additional spessfic
calculations are recommended for future studies in other states and bedded salt formations.

5.1 Gulf Coast Hydrogeology

Salt caverns algnthe Gulf Coast of the United States are located in the Coastal Plain
Physiographic Province (Back et al. 1988). Thgsovince is underlainypagulfward thickenimy
wedge of unconsolidated to semiconsolidated sedimgmtaks (sand, silt, and clalerived from
erosion of neafpcontinental pland areas). These sediments overlie consolidated rocks of
Mesozoic Age and rage in thickness from a few feet near their landward limit to more than
30,000 ft in southern Louisiana.

As part of the Gulf Coast Rponal Aquifer-System Anaysis (GCC RASAprogram, the
depth togroundwater was evaluated for a 230,006-mi wtaea that included coastagiens in
Texas, Louisiana, Missiggi, and Florida (Williams and Williamson 1989). Based on data from
6,825 wells, the deh to the water table rgas from 0 to 74 ft, with a median value of 20 ft.

This shallowgroundwater gstem isprimarily conposed of sands interbedded withpdsits of silt
and cly. Where the silts and gldhave been eroded and thgeider is in communication with the
atmophere, the quifer is unconfined. Confined to semiconfined conditions exist where low-
permeabiliyy clays and silt overkathe moregpermeable sands (Hanor 1993). Beneath the shallow
groundwater gstem are other gaences of clgs and silts, intepersed with beds of sand. The
sand areas constitute otlpettential @uifers that arggredominanty confined (Cauano and Jan
1996).

Rechage to the shallovgroundwater gstem is derived frorprecipitation. The mpority
of rechage occurs in areas where theycénd silt lyers are absent. Disclgarof this guifer
occurs to surface waters, ungang deger aquifers, andoumping wells.

5.2 Texas and New Mexico Hydrogeology

Bedded salt occurs in the Texanhandle area and West Texas, as well as in central and
southeastern New Mexico. These bedded salts are located, for theamastdee formations
(the tg of salt occurs at a géh of 500 to 2,000 ft below the land surface, and the salt thickness
is about 1,000 to 3,000 ft thick). Althglu most of these bedded salts occur below 1,000 ft, some
of the bedded salts in west Texas can be much shallowgerqiee of the Permian Brine Sales'
caverns starts at ajoté of about 700 ft [Hickerson 1995]).
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Overlying the bedded saltyars are the @allala fluvial auifer, which is corposed of
stream and river g®sits, and the Dockungaifer, which is comosed of fluvial and lacustrine
(lake) deposits (Bassett and Benyld982). Thesequifers make p a shallow, fresh-water
system that is used for domestic, mupadj industrial, andgricultural purposes. The combined
thickness of these twayaifers can be agreat as 2,300 ft (Bair et al. 1985). Thgalala is the
shallower of the two@uifers and occurs at ajpté that rages between 20 and 400 ft (Wood and
Sanford 1995). It has a thickness thagesnfrom 0 to 800 ft (Seni 1980), and it underlies about
134,000 mi of land that extends from Nebraska to New Mexico (Back et al. 198@)indtpal
conposition is sand angravel.

The Dockum gquifer lies below the @allala auifer. Locall, its deoth is variable; it can
outcr at the surface or occur as gees 800 ft below thground. It is ypically conposed of a
sandstone and cglomerate unit (fluvial) oveyling a fine silt and chkaunit (lacustrine). The thick
Permian evporite-bearig unit beneath the Dockum is agustard and a barrier to vertical
groundwater flow. Dpgth to bedded salt rges from about 500 to 2,000 ft. Thepermost
extensive salt is the Salado Formation. Where this unit has been dissolved, various older
formations (g3., Seven Rivers, Gyaurg, San Andres, and Castile) contain tipparmost salt
units. In some areas, salt has beenptetaly removed.

Bedded salts are begjmevelgped for low-level nuclear waste @issal at the Waste
Isolation Pilot Plant (WIPP) in New Mexico. The fagilltas been constructed and will shprtl
begin operation. Itis located at a i of 2,150 ft below thground surface in the Salado
Formation (DOE 1990). Thedallala and Dockumauifers are absent in this area of New
Mexico, and the shallowegtoundwater of consgience occurs in the Culebra Dolomite of the
Rustler Formation at a gdé of about 750 ft.

Rechage to the shallovgroundwater gstem in the semi-arid Texas/New Mexico
environment is derived fromrecipitation. Wood and Sanford (1995) estimate the annual
rechage to be 11+2 mnyt. Rechage is small because ofghi potential evaoration,plant
trangiration, limitedprecipitation, and runoff. In thpast, dischage was to prings; other,
degoer, groundwater gstems; anghumps. Because of hegypumping, most of the dischge
springs are now dr, and the ol dischage is to deper aquifers.

In general, watequality in Texas and New Mexico decreases withthe For exarple,
the Rustler Formation watquality is generaly poor, with total dissolved solids rgimg from 286
mg/L in Ward Couny to 157,000 rg/L in Winkler Couny. Chloride concentrations can be as
high as 89,700 giL in Winkler Couny, Texas (Richg et al. 1985). Because of tlpsor water
quality, water forpublic water spply, irrigation, industy, livestock, and rural domestic use is
often obtained from oveying aquifers, such as the Santa Rosa Sandstone Formation in the
Dockum and from the Cenozoic alluvium in the Delaware basin (ingduteQallala Aquifer, if
present). In the Texgmnhandle area, similar observations have been mag®ondwater
quality (Bair 1987); i.e., total dissolved solids and the concentration of brine increase ptith de
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6. Release Calculations

Impact anajses wergoerformed for theyeneral catgories of cavern-release scenarios
discussed in Section 2: inadvertent intrusion; failure of the cavern seal; release of contaminated
fluid through cracks, leakinterbeds, or nonhongeneous zones ofdher impermeabiliy; and
partial cavern roof fall. Details on these afsals argoresented in Section 6.2. Concentrations for
the contaminants gdotential concerpresented in these sections are used for risk/sesilin
Section 8.

For all of the release scenarios, the initial concentrations of contaminantg le&esvin
cavern must be known. These concentrations are discussed in Section 6.1.

6.1 Initial Concentrations for Contaminants Released from a Cavern

In the event of a release, some of the brine gwarithe waste would leave the cavern.
This brine will contain dissolved contaminantgpofential concern. No data are available to
show the chemical characteristics of the cavern brine at the time of release, becaysesab dis
cavern haget been closed. After the cavern is closed, the chemical constituents of the waste will
reach an guilibrium solubility with the overying brine. Theoretical solubijitvalues for the four
constituents opotential concern (benzene, arsenic, cadmium, and chromium) are available in the
literature (eg., ATSDR 1989; CRC 1968; Mogtmely 1991; and Morgomely and Welkom
1991), but these values are based on the solubflithe contaminants in cool, fresh water gsin
pure laboratoy-grade chemicals and are not relevant for in-cavern conditions.

The conditions found in a closed cavern will havegaiicant effect on final solubilit.
Two factors that are pscially important are the salt content and gt of the water in the
cavern. Fresh water will dissolve morgamic materials (g., benzene) than brine.
Conseguently, the brine will reach angeilibrium benzene concentration with the waste that is
lower than the theoretical fresh water solupilitn addition, the brine in the cavern will contain
chloride, sulfate, sodium, calcium, angdhoxide. Mary toxic metals form insolublprecipitates
with one or more of these ions, which will limit the solulilif the metals. Also some ions of
arsenic form insoluble calcium cqaunds.

One of the mainypes of waste dsed of in salt caverns is dril§rwaste, which tends to
be alkaline. Theresence of a gh-pH waste will cause the cavern brine to hayahigher than
neutral. The solubilit of metals is much gher at lowpH values than at thedherpH values
expected in the cavern brine. Therefore, the brine will regaflilerium metals concentrations
with the waste that are somewhat lower than the theoretical fresh-water solubilities.

One wy of estimatiig the chemical characteristics of the cavern brine is to look at other
brines that have been in contact with both crude oil ang/mofthe solid materials that will be in
the wastes for a l@nenowgh time to reachauilibrium values. Perhgs the best exapte of such
brines isproduced water. Produced water characteristicg samewhat, but extensive data are
available to estimate chemical concentrations. The follpwairalses contain data on
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concentrations of chemical constituentpioduced water:

. As part of itsproposed effluent limitationguidelines for the coastal oil agas industy,
EPA sanpled ten coastal oil anghs facilities foproduced water constituents
(SAIC 1994).

. EPA summarized severptoduced water studies covegiB5 facilities agpart of its final
effluent limitationsguidelines for the offshore oil arghs industy (EPA 1993).

. EPA (1987) selected median anapar 90thpercentile concentrations for arsenic and

benzene iproduced water as jpuits to a risk assessment model.
Concentration rages for the constituents of concern cited in these three studigiseman
Table 6-1.

Another gproach for estimatig fully saturated brine concentrations is to look at the
relativeproportions and concentrations of thejoravaste ypes that ar@laced into the caverns
and to estimate how much of those wastes will leach into the cavern brinepéefamrs of the
four digosal caverns in Texas were askegruvide qualitative estimates of th@oportions of
different fypes of wastes entegrthe caverns. Oeendirg on the @erator, drillig wastes make
up from 20-50% and tank bottoms makgabout 50-60% of the total incongin
waste stream . Miscellaneous wastes makihe remainder. In marcases, the solids in the
wastes contain chemical concentrations mughéri than those perted forproduced water.
However, under conditions where wastes are in contact with water, concentrations of chemicals
in the surroundig water areytpically much lower than those in the waste. The amounts of
chemicals likey to leach out of the waste when it igpeged to water have been estimatgd b
EPA.

The EPA (1987provides corparative data on both drillgwaste solids and solids that
have undegone the toxick§ characteristic leachgprocedure or TCLP (40 CFR 261ppendix
II). The TCLP test measures a waste’s tengéndeach into water. The TCLP can serve as an
analg of the extent to which wastes in a cavern will leach into the yimgrbrine. In the TCLP,
solids sarples are extractedylmixing them for 18 hours in a flask contaigiwater agusted to
an acidicpH. Because metals are more likéb leach out of a solid under IguiH conditions, the
TCLP test is more conservative than leagraha neutrapH. Under these conservative, Iq
conditions, the pper 90thpercentile TCLP results are much lower than the results froysasal
of drilling waste solids, which had been measured withouglmiljected to leachim(see
Table 6-1). These datapport thepremise that ol a small fraction of the total waste is likagb
leach into water or the cavern brine.

The other mpor type of waste digosed of in caverns is tank bottoms. The EPA (1994b)

Telephone conversations between John Veiagkme National Laboratgy Washimgton, DC,
and Russ Hickerson, Permian Brine Sales, Odessa, TXy Gtadre, Talor Disposal (peratirg,
Inc., Carthge, TX; and Tom Voskap Voskanp Exploration, Midland, TX, on March 12, 1997.
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provides extensive characterization of tank bottoms. ThgerahTCLP values and ayais of
sanples as rported in EPA (1994b) for tank bottomspabduction facilities (thgoredominant
source of tank bottoms liketo go to the caverns) are shown in Table 6-1. y@nsmall fraction
of the total tank bottom chemical concentration is ikelleach into water or the cavern brine.

For the initial concentrations of constituents to be used in the fate angbitamsdelirg
in this rgport, we have chosen theghiest concentration for each constituent of concern from the
(a) produced water data, (b) drilgrwaste TCLP data, and (c) tank bottoms TCLP data. In each
of these data sets, we alrgaate lookimg at the maximum concentrations, whigpitally are
mary times hgher than avege values. The concentrations of the contaminanpeteitial
concern in brine when tideave the cavern under different release modes are as follows:
benzene, 20.4 giL; arsenic, 1.7 myL; cadmium, 0.29 myL; and chromium, 0.85 giL.

6.2 Cavern Release Scenarios

Five release scenarios are discussed in this section: inadvertent intrusion, which could
produce a release of cavern fluid to gneund surface; failure of the cavern seal, which could
release contaminated fluid to theundwater (the release could be either at tipthdaf the
cavern or at more shallow jpi&s); release of contaminated fluid thgbwcavern cracks; release of
contaminated fluid thragh leaky interbeds or non-hongeneous zones ofdherpermeabiliy
material; and @artial cavern roof fall, which could release contaminated fluid tp deshallow
groundwater deendirg on the condition of the cavern seal. Calculations for these release
scenarios are discussed below.

6.2.1 Inadvertent Intrusion

In the inadvertent intrusion scenario, apleratory well for oil or mineralpenetrates a
hypothetical waste djgsal cavern that has an initial brine volume of one millién ft (about 7.5
million gallons). Assumig that the cavern contains 750,000 ft of NOW when full,
approximatel 2 million gallons of brine lie above the NOW. Groundwater wailtshabl would
not reach the cavern because drigkon irrigation water could be obtained at shallowentis,
andgroundwater at the g¢h of the cavern woulgdrobabl not bepotable because of brine
(Section 5). Based on an avgeanodulus of elastigitof 337,000psi (Streeter 1961), a pn of
1,500 ft, and an initighressure in the caverm@al to the lithostatipressure (about 1,50 for
a depth of 1,500 ft assumaa lithostatiqoressuregradient of 1psi per ft [SMRI 1997]), a
maximum of about 2,00@allons of contaminated fluid would flow from the cavern toward the
surface. This value is about 0.1% of the flpidsent in the cavern. In addition to brine and
dissolved waste constituents, drifimuds and other associated fluids would also flow toward the
surface.

If the blowoutprotection gstem of the well failed, fluids from the cavern coybdl ®nto
theground surface and formpmol in the viciniy of the wellpad or be dischged into a lined
pond. If the disch@e occurs direcyl to theground and the local pography is deressed, a
small surfacgoond would form. If theoond has a radius of 25 ft, theptle of the ill would be
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about 1 inch without considegrevaporative losses. For gifl this small, fluids from the cavern
would not reach the undgihg unconfined gquifer that occurs at a medianptie of 20 ft (Section
5.1), but would form a contaminated zone in the unsaturated soil. gbtbsity of the soil is 0.3
(Freeze and Cherrl979), a mass-conservation calculation shows thaiethetration dpth of

the fluids from the cavern would be less than 6 inches. Mobilization of contaminants out of the
contaminated zone could then occyrdéachig. However, remediation activities at the sit@.(e.
removal of contaminated soil) would occur before the contaminants could dissolve and be
trangorted ly advection and dirsion to the water table.

In addition to lastig for a short duration, theond water would be vgmungpetizing for
ingestion (i.e., the water would have ayéigh turbidity because of the drilljpmud, it would be
very sally [saturated brine], it would be gibecause of thpresence of @anic materials, and it
would probably have an upleasant odor). Because the volume of released fluid for this scenario
would be small, the effects would be of wehort duration, theduid would not begpotable, and
such a pill would be quickly remediated, the scenario was eliminated from furtheyses

6.2.2 Release through the Cavern Seal

For this scenario, the seal that pediquids within the cavern is assumed to fail and
release brine and contaminants to the well bore. As discussed in Section 2.4, the well bore would
have cemenplugs installed durig cavern closure and abandonment. With time, the wellgasin
may deteriorate because of theesence of brine in the vicigiof the cgrock or the tp of the
cavern if a cprock is notpresent. For antipated conditions, the well caginvill corrode and fail
near the tp of the cavern first. With additional time, the well casill fail at shallower dgths.

Once the cavern is full of waste, it would be sealed and abandoned. At the time gf sealin
the cavern would be mogtfilled with solids and semisolids that are notyubnpacted. Brine
would remain between thepgof the cavern and thepgof the waste mass.

As discussed in Section 2.4, fressure in the cavern would increase because of the
combined effects of the addition of sensible heat from the surrayadihand salt cree
Although thepressurization of sealed caverns contagiiguids or dy granular wastes is
currently under investation (eg., Larger et al. 1984; Wallner 1986; Berest and Brouard 1995;
Wallner and Paar 1997; and Berest et al. 1997a), little research has been difzeididtay
pressure behavior in caverns contagnMOW. Future work should bgerformed to reduce the
uncertainy in thisprocess.

For this scenario, theressure in the cavern is assumed to reacgradnogh value that
the cavern seal fails because of a crack irplhg, dissolution of salt around the seal, grdome
other means. Contaminated fluid then moveshe well bore toward thground as th@ressure
in the cavern is reduced to thgdnostatic value.

Assumirg that the cavern had an initial brine volume of 1,000,000 ft , and that it was filled
to threequarters of its gaacity with NOW, about 250,000%t of free brine and 750,000 ft of
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waste would b@resent. If the cavern failed apeessure qual to the lithostatic value
(approximately 1,500psi for a cavern located at aptle of 1,500 ft), a maximum of opkabout
0.1% of the free uid (about 2,00@al) would exit the cavern because of the effects of
conpressibility (Streeter 1961), if the well bore was free qlild and at atmgshericpressure. If
the well bore contained water, or if the released volumegvesder than the volume of the well
bore p to the location of the dpest bridje plug, less than 0.1% of the fluid would epedrom
the cavern. For conservative results, thisyagsumes that the full 0.1% volume would be
released.

Flow of the released fluid would lgeeatly restricted in the well bore at the locations of
the cement brige plugs. Flow throgh the brigdje plugs would resemble flow thrgh aporous
medium havig a low hydraulic conductiviy (about 1 x 16 to 1 x 10 cm/s), similar to that of
cemented sandstone (Maidment 1993). If the cavern fluid m@vé® borehole at a rateusal
to the saturatedyldraulic conductiviy of the cement (Freeze and Clyet879), it would have a
velocity between 3 x 10 and 0.03 ft/d. For a cavern apthdsf 1,500 ft, fluid would not reach
the surface for about 14@ars if the well casmremained intact, and epatrangiration did not
deplete the volume of freeduid near theground surface.

While movirg up the borehole, fluid from the cavern could also move latenatid
adoining formations if the well casghad failed. Because the cagimould probabl/ be made of
ordinay steel, there is a ¢in probability that the casimwould fail when egposed tagroundwater
containirg brine over a timeriod raming into the thousands gkars. Twqossible cases are
considered under this scenario: (1) the gafars at the dpth of the cavern (at or near the cavern
roof) and contaminated fluid is released to gpdsegiifer, and (2) the casyfails at a shallow
depth and releases fluid to a near-surfageifer. Because ofyldrogeolagical differences
between thequifers considered, these scenarios are discuspadasel below.

For a dep casimg failure, fluid movirg up the well bore would move into the geaquifer
and be trarported lateraly. Thepresence of lowsermeabiliyy beds at shallower géhs would
prevent vertical tranmrt of the contaminated fluid to oveithg aquifers and thground surface.
Assumirg that the well bore has a diameter of 2 ft and that the andyiemdwater velocyt is
10 ftiyear, contaminated water would enter the surrogplimous medium for geriod of about
0.2years.

The extent and ngaitude of contamination createg this type of release would gend
on the lydrological properties of the material in the vicigibf the failed casig, the volume of
fluid that is released, the duration of the disgeaand the tram®rt properties of the
contaminants. In the vicinyitof the cavern, ydrological properties are unlikgl to favor raid
trangort of the contaminants. For expl®, thegroundwater velocit at depth is estimated on the
basis of egineerirg judgment to be less than 10yft/ Because of adsgtion and subspient
retardation (Section 4.1), contaminargar{icularly metals) would be trapsrted at even lower
velocities. For exaple, cadmium, which has a distribution coefficient of 3 gi(Section 4.4),
would have a retardation coefficient, R, of about 50 for an assumed bulkydsrisif g/cm*® and
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aporosiy of 0.10 (Euation 1). Therefore, the center of mass vejaaitcadmium would be 50
times less than that of tigeoundwater (0.2 fi/r). In 100years, cadmium would travel about
20 ft.

Benzene would move much mareickly than the dissolved metals because afrieater
mobility. As discussed in Section 4.1, benzene has a distribution coefficient of about §.6 mL/
and a retardation coefficient of about 10. In $6@rs benzene would, therefore, move about 100
ft. Unlike the metals, however, benzene would beyikeldegrade biol@ically with time. For
the calculationpresented in this stydbenzene was assumed to have an effective half-life of 2
years, the pper end of the values for anaerobic conditipresented in Section 4.1. In 19€ars,
its concentration would decreasgdfactor of about 1.0 x 10 (50 half-lives).

In addition to the extent of contamination creatgdhe release, the contaminant’s
concentration is also needed for risk assessmergeneral, the downstream concentrations of
contaminants dend on the legth of time that the cavern acts as source of contaminated fluid.
For either a release at theptleof the cavern or to a shallowjafer, the cavern is assumed to
depressurize to conditions in the well bore within ong.dgluid released durgithe
depressurization would then be sptento agacent guifers by moving groundwater (10 fyr at
the depth of the cavern and 100¥t/for a shallow release). Under these conditions, a two-foot
well bore would act as a source of contamination for 0.2 andy@#2 at the geh of the cavern
and in a shallowaquifer, repectively. After the gstem deressurizes, salt crpavould once
again occur and thpressure in the cavern would incregsaticularly if the point of failure self-
heals. Because of thispressurization, the seal magain fail, and therocess can thenpeat
itself as a series of shopillsed releases. Because the time between releases would be lon
(repressurization is a sloprocess), th@ulses would not interact with each other gjtime flow
path.

Contaminant concentrations in the exgtifuid are discussed in Section 6.1 and are listed
in Table 6-1. Because of the short duration time juilae release scenario, little dilution would
occur because of mixgrwith uncontaminatedroundwater. The contaminant concentrations in
the water aghcent to the failurpoint would, therefore, be the same as in the cavern.

After release, thequeousphase contaminants would be trpoted in the direction of
lower hydraulic headgressure) and would undgr soption (loss of material tparticle
surfaces), digersion (reduction in concentratiproduced lg non-uniform fluid velocities), and
degradation (decrease in concentratmaduced l§ chemical or biolgical interactions).
Trangort calculations werperformed with a one-dimensional ayi&tal solution to the
governirg partial differential guation incoporating advection, digersion, and biodgadation
(Tomasko 1991; 1994) to estimate the concentrations of benzene, cadmium, arsenic, and
chromium at a lateral distance of 1,000 ft from the location of theg&slare, the assumed
location of the nearest human rpue.

For trangort calculations, thgroundwater velocyt was assumed to be 10yftand
dispersion was assumed to be scalpethelent, with digersivity set gual to one-tenth of the
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travel distance (Lallemand-Barres and Peaudecerf 1978). Contaminant concentrations in the
groundwater were evaluated at the location pbtntial recptor at a time of 1,009ears in the
future, a ypical value for risk angkes. In the case of cadmium released to shaljpifeas, the
maximum estimated concentration would reach theptecafter 334years. This value is noted,
where @plicable, in the tables associated with Section 8 and is used in the risk calculations. A
conpilation of contaminant concentrations for these conditiogs/en in Table 6.2. As shown in
Table 6.2, the concentration of benzene would be @/ at 1,000years because of gedation
alorg the flowpath (gproximatel 500 half-lives). Values for arsenic and chromium would both
be vey small because of retardation aythe flowpath and the short duration of the release (0.2

yn).

For the second alternative considered for this release scenario, the caverngséal is a
assumed to fail; however, the well bore cgahdeth is assumed to be intact. Contaminated
fluid then flows yp the well bore and exits the cagiat a failurepoint agacent to a shallow
groundwater quifer such as the Dockum or thg&lala. The initial concentration of the
contaminants entergithe ystem would be the same as for the scenarios discussed above (Table
6-1), and there would be no substantial dilution. The duration of the source term would be ten
times less than that used aptiebecause of the dghiergroundwater velocit in the shallow
groundwater gstem (100 ftfr). For a release to shallaywoundwater, the concentrations (Table
6.2) would be lager than those discussed above because of shorter travel time. The
concentration of benzene, however, is still at OgiLnbecause of its biotpcal degradation. In
spite of the hgher velociy and shorter travel time for a shallgnoundwater release, the
contaminant concentrations at the ggoe 1,000years after the release would all be much less
than their MCLs discussed in Section 4 (Table 6.2).

6.2.3 Release of Contaminated Fluid through Cracks

During pressurization of the cavern because of the combined effects of thermad heatin
and salt creg cracks nght devel that would release fluid into the surrourglimaterial,
therely reducirg thepressure in the cavern. The volume of fluid released would be a function of
thepressure in the cavern, the volume of the cracks, and themesdure. If th@ressure in the
cracks is atmagsheric, the volume of fluid released would be the same as that discussed under the
inadvertent intrusion scenario (2,0géllons). However, the actual volume released could be
much less than this value if the cracks are at the lgchbitatic or lithostatipressure. For
conservative results, the volume of released fluid is assumed to begd|@D3.

Dependirg on thepressure in the cracks, theould self-heal after the release because of
additional salt crgg  With repressurization of the cavern, the cracks could ogaéaypen,
producirg a series of short contamingntises probably on the order of hours to g&in
duration) that would not interact with one another because of the time neede@s$susze the
cavern to a value thapproaches or exceeds the local lithostatic value. Becaugadients in
the lithostatigressure, cracks woulgen in a verticall upward direction (SMRI 1997). With
time, the contaminated fluid in the cracks could reach p dedeground auifer and be
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trangorted lateraly to the location of @otential recptor (1,000 ft awg from thepoint of
release).

The contaminant concentrations at the location of theotecg,000years after the
release into the undgound auifer would be the same as thgsesented above for failure of the
cavern seal with a submeentpulsed release at thepth of the cavern (Table 6.2). The resugtin
contaminant concentrations would all be much less than their associated MCLs
(Section 4).

6.2.4 Release of Contaminated Fluid through Leaky Interbeds or Nonhomogeneous Zones

In this scenario, the cavern is assumed to have § irtdtbed or hetegeneiy that
allows communication with the outside environment. As the cgwessure rises because of
thermal effects and salt cigdluid would be dischaed into the interbed where it would be
laterally trangorted under existipgradients. Fluid velogitin the interbed is assumed to be
10 ftyr. In this wg, the entire fluid volume of the cavern would eventub# dischaged into the
surroundilg material.

Van Sambeek (1993jives the followirg formula for the steadstate volumetric crge
rate for a glindrical cavern:

)

4
4w B pyrae T @

where
n, A, and Q/R = Model calibratigparameters,
P = Lithostatipressure,
P = Internglessure of the cavern,
t = Time, and
T = Terperature in dgrees Kelvin.

Parameters for the abovguation are comiled in Berest et al. (1997b). For this aysas,
the following values were selected ggical: n = 5, T=304K, Q/R=7,500, and A=100,000. For a
brine-filled cavern,

P,-P =001 H (3)
where H is the deth of the cavern (Berest et al. 1997b).
Using a value of 533 m for H (fwof cavern at a geh of 1,500 fiplus 250 ft of free

brine), and the aboyaarameters, the steyadtate volumetric crgerate from Euation 2
expressed as percent would be about -0.0078ér year. At this rate, it would take about
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14,000yr to dischage the cavern fluid to the interbed. For 2 millgeadlons of free brine in the
cavern, the stegelstate leak rate would, therefore, be aboutd&§r.

The leakimy brine would mix with in-situ water and be transted downgradient.
Because of this mixm the contaminant concentrations would be redugedilbtion. Dilution,
Dy, can be epressed P the following expression (Tomasko 1991):

D -1 (4)
Q

[:4

where Q,, is the volumetric leak rate of the cavern apd Q is the volumetric flow in the interbed.
For a cavern that has a diameter of 100 ft, an interbed thickness of 20 fgranddwater
velocity of 10 fthr, the dilution factor would be 1,000.

Table 6-2 lists the contaminant concentrations at thet@ckor this scenario at a time of
1,000years after the cavern haggba to leak. All of the concentrations are small pared to
their MCLs.

6.2.5 Partial Cavern Roof Fall

Loss of cavern inggity through apartial roof fall cogpled with failure of the cavern seal
couldproduce inpacts similar to those described in Section 6.2.2. Under these scenarios, the
cavern would dischge fluid in a series of shopulses sparated g periods of low to no
dischage when theressure in the cavern is incregsbrecause of salt crpelf a partial roof fall
occurs without failure of the cavern seal, the release of contaminated fluid would occur as a series
of shortpulses. Apartial roof fall cogpled with a release thrgh lealky interbeds or non-
homayeneous zones ofdhierpermeabiliy material would be manifested as agatow release.
Contaminant concentrations for these various scenariagvarein Table 6-2.

6.2.6 Probabilities of Occurrence

In performing a risk assessment, besides the concentrations of the contaminants of concern
being required, theprobability that agiven scenario would occur also needs to be known.
Because there is ngerational histoy for digposing of NOW in salt caverns, th@obabilities of
occurrence for the release scenarios described above are uncertain. Under tipgmmsist o
conditions, no releases would ever occur, and the assopratabilities of occurrence would be
0.0. For the mogtessimistic conditions, releases would afs/accur and thprobabilities of
occurrence would be 1.0.

In order to reduce the uncertaini the raige of theprobabilities of occurrence, a
guestionnaire was distributed topexts in the field of salt dmsal. Thepanel of eperts was
asked tgorovide both a “best-estimate” and a “worst-case” estimate girtitmbility of
occurrence for each of the release scenarios. In the context gli¢sisonnaire and stydbest
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estimate did not refer to the “best-case” or the best or leagtaasle, but rather it referred to the
probability of occurrence that was most likeh the besjudgment of the egert. Similarl,
“worst-case” referred to the least lilggdrobability of occurrence in the bestdgment of the
expert rather than to the most nskase.

Following the receit of reponses from the gert panel, the estimates werggeegated to
form consensus values for each of pn@babilities of occurrence. A numbergbcedures can
be used to form the consensus values from the individual estimates. These include behavioral and
mechanical pproaches (Winkler and Sarin 1981). In behaviogayegation, some contact is
required between the gerts. The rage in estimateprovided is then reduced thrgluintensive
group interaction. This methodaly is typically followed in the Dgbhi gpproach of Brown and
Helmer (Brown and Helmer 1964). With mechanigragation, a mechanical rule is used to
combine the estimates of thmbabilities. For exapie, the ggregate value can be the arithmetic
mean, median, wghted averge, or some other wghting that uses Bgesian estimationyb
incorporating a priori information (Winkler 1968; Winkler 1977; Makridakis and Winkler 1983).
For thepresent stug, an arithmetic avege was used to peesent the ggregate value for the
probabilities of occurrence. This method was selected because of the difficulties and time
constraints of usima Dephi agpproach, the lack of@ropriate weghting functions for the eperts
(there is no cavern release data available that could be used to rank thefihiétexyerts
accordimg to pastpredictions [Winkler and Clemen 1992]), and the agenzalue of the data
performs as well as grof the other mechanical rules (Winkler 1968).

Table 6-3 lists the best-estimate and worst-cggeegatedprobabilities of occurrence for
the release scenaripeeviously discussed and their rges. For all cases, theghiestprobabilities
of occurrence were for@artial fall of the roof (0.10 and 0.29, pextively). The smallest
probabilities of occurrence were fopartial roof fall with a cavern seal failure and release to a
shallow auifer (0.006 and 0.051, resctively), and a cavern seal failure with suipsent release
to a shallow quifer (0.012 and 0.040, rpsctively).
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7. Toxicity of Contaminants of Potential Concern

Toxicity assessment is aykeonponent in risk assessment. It gles available evidence
regarding the potential for the contaminants of concern to cause adverse effecioseex
individuals. It consists of twparts: hazard identification and dosep@sse evaluation. The
hazard identificatioprocess determines whethempesure to a contaminant can cause an increase
in the incidence of particular adverse health effectde.cancer, birth defect) and whether that
effect is likey to occur in humans. Section 7.1 describeptitential health hazards associated
with the contaminants discussed in Section 4, that is, those contaminants to which humans could
be eyosed under various salt cavern release scenarios posuegpathways.

Toxicity assessment algpoovides an estimate of the relationsbetween the extent of
exposure to a contaminant and the increased likelihood or sewéatverse effects. Dose-
regonse evaluation is th@ocess of evaluat@ in aguantitative manner, the toxigitnformation
and characterizopthe relationshg between the dose of the contaminant received and the
incidence of adverse health effects in apomed individual. Dose-rpsnse relationsips provide
toxicity values that are used to estimate the incidenpetential for adverse effects as a function
of human eposure to the contaminant. Section 7.2 describes dogensssrelationsips for the
contaminants of concern apobvides toxiciy values, where available, for each of those
contaminants. These toxigivalues are used in combination with contaminant intake information
to estimate theotential for human health risks associated with salt caveposhsof NOW.

7.1 Hazard ldentification

Typically, two catgories of toxiciy are addressed in human health risk assessments:
carcin@enic and noncarcirgenic. Carcingens are believed to act via a “nonthreshold”
mechanism of action; that is, a risk would be associated wytexposure level, no matter how
small. Noncarcingens are believed to act via a “threshold” mechanism of action; that is, there is
some level of eposure (the threshold) below which the contaminant is uglikkehave an effect.

The following paragraphs describe the hazards associated with the contaminants of
concern identified in thprevious sections (i.e., arsenic, benzene, cadmium, and chromium). As
noted in Section 4, contaminants such as boron and lead would form ingo&dpéates and
would not mgrate to areas where theould come in contact with humans. The information
presented comes from theg@ngy for Toxic Substances and Diseas@iRiey (ATSDR) Fact
Sheets. These fact sheets are available on the Internet and summarize information about various
hazardous substances, inclugltheir health effects (ATSDR 1993).

Arsenic. Arsenic is a metal usuglfound in conpounds with oygen, chlorine, sulfur,
carbon, or idrogen. Some arsenic cgounds can dissolve in water. Arsenic can gednom
one form to another, but it does not break downpoBxre comes from gestirg contaminated
water, soil, or air. Other @rsure routes include breathiworkplace air or burnig smoke from
wood containig arsenic. Hyh levels (6Qopm [mg/L]) in food or water can be fatal; lower levels
can cause nausea, decregzeduction of blood cells, and abnormal heaytthims. Arsenic is a
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known carcingen; irgestirg inorganic arsenic increases the risk of skin cancer and tumors of the
bladder, kidng, liver, and lug. The EPA has set a limit of 0.@pm for arsenic in drinkig water
(EPA 1994a).

Benzene Benzene is a colorlessgiid with a sweet odor that is found in crude oil and
gasoline. In lguid form, benzene mixes easih water. In water, benzene can apaquickly
into a vgoor and mix readyl with the air. In air, it reacts with other chemicals and breaks down
within a few dgs. It can move from soil tgroundwater. Plants and animals do not stogh hi
levels of benzene. The most commopasure route is inhalation, but benzene can also be
ingested. Most gposure comes from tobacco smoke, auto exhaust, and industrial emissions.
Benzene is a known human car@ea and is associated with leukemia. EPA has set a maximum
permissible level of benzene in dringiwater of fivepartsper billion (ppb) (5 x 10° )per dg for
a lifetime of exosure. The EPA has seg@al of Oppb for drinking water and rivers and lakes.
The maximunpermissible level of benzene in water for children for short-tenposxes (10

days) is 235ppb.

Cadmium Cadmium is found naturglin the earth’s crust. Itis usuglkombined with
other elements (g., oxygen, chlorine, sulfur), and it has no definite taste or odor. Cadmium
binds strogly to soilparticles, and some cadmium dissolves in water. It cangelfanm in the
environment but does not break down. Cadmium can accumulate in the humdroboohary
years of low-level egosure. Eposure comes from eagrioods that contain cadmium and
drinking contaminated water. Other sources include bregtontaminated woiace air,
cigarette smoke, or air near the bunof fossil fuels or munigial waste. On the basis of weak
evidence of lug cancer in humans from breathicadmium and stranevidence from animal
studies, cadmium and cadmium qmunds my be reasonaplanticpated to cause cancer in
humans. Itis not known whether cadmium causes cancer frorg eatininking contaminated
food or water. The EPA has set a limit g for cadmium in drinkig water.

Chromium. Chromium occurs naturglin rocks, soilsplants, and animals. It has three
main forms. These are chromium 0O, which does not occur ngtuwiatbmium IIl, the
compounds of which are stable and occur natyrahd chromium VI, which rargloccurs.
Chromium Ill is an essential nutrient in the human diet, but smiall amounts are needed.
Chromium adheres strgly to soil particles, but small amounts of chromium move from soil to
groundwater. In surface water, most chromium sticks tqditicles that settle to the bottom;
only a small amount dissolves. Humarmpesure comes from gestion or inhalation, @ecially
breathig contaminated wortace air or sawdust from chromium-treated wood. Ahlevels,
all forms of chromium can be toxic, but chromium VI is more toxic than chromium llig-Lon
term exyosure to lgh or moderate levels of chromium VI can dam#he nose and Igs.
Ingestirg large amounts of chromium can cause stomasets and ulcers, convulsions, kigine
and liver damge, and death. Certain chromium VI quoands are known carcigens. ATSDR
has insufficient data to determine if chromium 0 or chromium IIl are cagenso The EPA has
set an MCL for total chromium of 0.1g#h..
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7.2 Dose-Response Relationships for Contaminants of Concern

Toxicity values are used to translate a dose of a contaminant (the intake) into a risk for
cancer or a hazard index for noncancer effects. There are ofg@sdf toxiciy values: slpe
factors and reference doses. Section 7.2.1 descrilpesfaldors for the contaminants of
concern; Section 7.2.2 describes reference doses for the contaminants of concern.

7.2.1 Slope Factors

Slope factors are used to estimate the toxicities of cageima A slpe factor is defined
as aplausible yper-bound estimate of theobability of a reponseper unit intake of a chemical
over a lifetime. It is used to estimate gaper-boundprobability of an individual develaing
cancer as a result of a lifetime ofpesure to garticular level of gotential carcingen. A curve
representiig the reponseper unit intake for @iven chemical is known as a dosep@sse curve.
This curve is develmed by evaluatimg toxicity information and characteriZrthe relationsh
between the dose of a contaminant received and the incidence of adverse health effects.

Dose-reponse curves and ge factors are devgbed for various eposure routes (g.,
oral, inhalation). Because tpetential exosurepathways identified for salt cavern release
modes is alwgs ingestion ofgroundwater, the oral gbe factor is used. The gle factor is the
upper 95% confidence limit of the gle of the dose-r@gpnse curve. Because ipresents the
upper 95% confidence limit of the gle of the curve and because thesle determined usin
very conservative models, the pifactor itself is conservative. As a result, the risks calculated
using slope factors tend to bepper-bound estimates of the “true” risks. The orapsltactors
for the contaminants of concern come from EPA’sdrated Risk Information ystem (IRIS)
and are shown in Table 7-1.

7.2.2 Reference Doses

Reference doses (RfD) are used to estimate the toxicities of nongartsnoAn RfD is
an estimate of the “safe dose” of a contaminant for humans. AywaefiBfDs are available,
dependirg on the eposure route (g., oral, inhalation), the critical effect (g. develpmental)
and the legth of exposure beig evaluated (g., chronic [lorg time] event, or acute [a gie,
short-time event]). Because theppbtential eyosurepathwgy to humans for salt caverns is
ingestion ofgroundwater, ol the oral RfDs are used in calcula@finoncarcingenic hazards.
RfDs are conservative because ERplig#s order-of-mgnitude safet factors to allow for
uncertainy. As a result, the hazards estimated gi&tfDs tend to be pper-bound estimates of
the “true” hazards. RfDs for the contaminants of concern come from IRIS and are listed in
Table 7-2.

Often the data needed to devetoxicity values are weak or unavailablgpitally, data
from animal studies are expalated to human studies. Also, a number of uncertainties are
associated with the models used to derive toxiatues, and safgfactors are incqorated into
the derivation of toxicit factors. Because EPA continyaleviews and revises its toxigit
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values, thg may charge over time. Toxicit valuesprovide the mpor source of uncertayin
risk assessments.
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8. Risk Characterization

Human health risks from contaminants at wastpasial caverns nyabe carcingenic or
noncarcingenic. This section describes these tymes of risks and uses the information derived
from Section 6 on gosurepathways and eposurepoint concentrations and the toxicitalues
described in Section 7 to devplosk estimates for the contaminants of concern. Section 8.1
reviews the information deveted in Section 6 tproduce eposurepoint concentrations for the
release scenarios. Section 8.2 descogsntial cancer risks from those scenarios, and Section
8.3 describes thepotential noncancer risks.

8.1 Exposure Scenarios

Section 6 described tipptential release modes. These were (1) failure of the cavern seal,
resulting in contaminated fluid entegthegroundwater at the ¢éh of the cavern or at more
shallow deths; (2) release of contaminated fluid thgbwa crack in the salt; (3) release of
contaminated fluid thragh a lealy interbed or fgher permeabiliy nonhomgeneous zone; and
(4) apartial cavern roof fall, resultgin the release of contaminated fluids tomleeshallow
groundwater. For all of the release modes, tlpsxrepathway would be igestion of
contaminatedjroundwater i residents livig near the salt caverns. Table 8.1 summarizes the
potential release modes.

The concentrations of the contaminants reagthe water that humans mdrink dgpend
on the location of the release, i.e., release to a shatjoifeaor release to a dpaquifer (see
Table 6-2). Eposurepoint concentrations are the concentrations of the contaminants in
groundwater (shallow or dpgat thepoint of contact with a human rquter. Estimated
exposurepoint concentrations derived in Section 6 for the contaminants of concern are
summarized in Tables 8-2 thighu8-7. Note that in estimagrthe exyosurepoint
concentrations, assyations were made about tpeobability that the release event would actyall
occur. Thus, the concentrations in Section 6 were calculated agshatithe release would
occur. These concentrations need to hastadd for the likelihood of actual occurrence. Tables
8-2 throwgh 8-7 show the gosurepoint concentrations assunginelease occurs, thpeobability
that the release would occur based on the discussion in Section 6.2.6, and thg expobure-
point concentrations used for estimatimsk. Note that the gosurepoint concentrations for
benzene would be zero for all scenarios because ofdvagion alog the flowpath.

To estimate the amount of contaminant acyuateived from drinkig contaminated
water, assuiptions must be madegarding time, frequeng/, and duration of gposure to that
water. These assyotions aregpresented in Table 8-7. Unless otherwise indicated, standard EPA
default exosure factors are used in the asptioms (EPA 1991).

Using these assuptions and the gposurepoint concentrations, an intake rate for each
contaminant of concern can be calculated with the follgweguation:
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i B/ xA

(5)

where

I = Intake of contaminamt
G = Exyosurepoint concentration of contaminatin g/L
IR = Intake rate in L/da

ET = BEyosure time, in h/d

EF = Exyosure frgueng in dir

ED = BEyosure duration, igr

CF = Conversion factor of 1 d/24 h

BW = Bod/ weight of the recptor, in kg, and

AT = Averaing time, in d (for carcingens, AT = 25,550 d (7¢ears); for

noncarcingens, AT = 365 ¢/ x ED)

Tables 8-9 throgh 8-14 show the intake rates in ngamsper kilogram-da for each
contaminant of concern for the release scenarios for best-estimate and worst-case conditions.

8.2 Cancer Risks

Cancer risk is the likelihood @etting cancer. It is gxessed as probability (eg., 1 in
100,000, whichguals 1 ). A 10 risk is a one-in-one hundred thousand excess risk of cancer
from agiven level of eposure to garticular contaminant. In other words, each individual
exposed to that contaminant at that level over his/her lifetime has a one-in-one-hundred-thousand
chance ofetting cancer from thgparticular eyosure. Cancer risk is described as excess because
it is above the existmbaclground risk of cancer. (In@opulation of one milliorpeqole, the
number of baairound cancer cases is ghly between 250,000 and 333,000.) An alternative
interpretation is that one additional case of cancer would peatad to
occur in gpopulation of one milliorpegole who are all eposed under the same circumstances to
aparticular contaminant.

Cancer risks were calculated for each contaminant and for epabuea route for that
contaminant and were then summed over all contaminants posiugg routes. Because theyonl
exposurepathway for potential contaminant releases from godsal cavern would be
groundwater, the ogllexposure route is igestion.

Human cancer risks associated withpdsal of nonhazardous oil-field wastes in salt
caverns are estimated for the release scenariog tingrfollowing equation:

R =1, x%, (6)
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where
R = Risk from contaminant I,
I = Intake of contaminant I, and
Sf = Slpe factor for contaminant I.

Using Equation 6 and the data in Tables 8-9 tilgtn8-14 (intake estimates) and
Table 7-1 (oral slpe factors), cancer risks were estimated for each of the individual contaminants
for the release scenarios for best-estimate and worst-case conditions. The regudteated in
Tables 8-15 and 8-16. The total cancer risk for the release scenarios is the sum of the individual
cancer risks for all contaminants of concern. Because there argadasitors available for
cadmium and chromium, and thepesurepoint concentration of benzene would be 0.0 for all of
the release scenarios, the total cancer risk is tued & the risk estimate for arsenic.

For worst-case conditions, the total cancer riskgedrom 2.0 x 16’ for failure of the
cavern seal with a fluid release at thetteof the cavern and for cracks relegsiluid at the
depth of the cavernto 1.1 x £0 for a release scenario in which thepaitia roof fall and
cavern seal failure with a failed cagiat a shallow deth that releases contaminated fluid to the
shallow auifer (Table 8-16). Even under worst-case conditions, the excess cancer risks would lie
well below the acqgatable taget risk rage (1 x 1¢* to 1 x 10 ) of the EPA that was established
for remedial actiomgoals for National Priont List (NPL) sites (40 CFR300.430(e)(2)(1)(A)(2)).
For best-estimate conditions, the estimated cancer risks would be less (Table 8-15). For best-
estimate conditions, the estimated cancer risks would be less.

8.3 Noncancer Risks

Risks associated with noncarcgems are epressed as hazaduiotients, which is the
intake of gparticular contaminant dividedybts RfD. Because the RfD is the estimated “safe”
dose for humans, when a hazgubtient exceeds 1, there ipatential for adverse
noncarcingenic effects. Hazarguotients are ngbrobabilities. A hazarduotient that is less
than one indicates a welow potential for noncarcingenic effects. A hazarguotient that is
greater than one indicates that the information on tpesexe should be reviewed to determine
the sgnificance of the findig. Like carcingenic risks, hazarduotients are summed over
contaminants and ersure routes. However, for salt caverns, thg erbosure route would be
the oralpathwey (ingestion ofgroundwater). Also, hazauotients for mulfple contaminants
may not be stricly additive because different chemicalsynadfect different ogans.

For a sigle contaminantl, the hazardjuotient is calculated accordjno the guation,

Ii
R,-p— (7)

1
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where
Hg = Hazardguotient from contaminant I,
i = Intake of contaminant I, and
RfD, = Reference dose for contaminant |.

Using Equation 7 and the data in Tables 8-9 tlglo&-14 (intake estimates) and Table 7-2
(oral RfDs), noncancer risks are estimated for each of the individual contaminants for the release
scenarios for both best-estimate and worst-case conditions. The results are shown in Tables 8-17
and 8-18. All of the contaminants of concern would have hageartients that are much less
than one. Even when the hazgtbtients are summed for all contaminants given release
scenario, th@reatest hazard index (sum of the individual hagaatients) under worst-case
conditions would be 6 x 10 , which is much less than one (Table 8-18). For best-estimate
conditions, the lagest total hazard index would be less (1.4 ® 10 ) (Table 8-17).
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9. Sensitivity of Risks to Operating Procedures and Regulatory Structures

The risk estimates calculated in Section 8 indicate thgidtemtial for human health risks
associated with dsal of nonhazardous oil field wastes in salt caverns ysloer. These risks
were estimated assungimormal geratirg conditions and standargeratirg procedures for
cavern closure. Anrelaxation in degn, monitorirg, or goeratirg practices could increase these
risks.

At the same time, because threjected risks from failure of the cavern seal or cavern
walls are low, the results of thaseliminaly assessment would ngi@ear to spport the
imposition of additional safgtregulations (i.e., rgulations bgond those assumed to be used
under normal perational angbost-goerational conditions). For exae, the health risks
estimated for release of contaminants into gaeeshallow guifer assume that the residents who
drink the water would be at a lateral distance of 1,000 ft from the efdthe diposal cavern.
Risks would be lower if thpopulation drinkirg the water were further awa Therefore, based
on the estimates of cancer and noncancer pgsented in Section 8, it would not be necessar
to implement ay new reuirements for residents livinin the vicinity of waste caverns.

Although the risks associated withilks, accidents, andgeipment leaks duriginormal
operations were not evaluated in this stuidlis likely that contaminants released from such
occurrences wouldresentgreater risks than those derived from the cavern itself. Qoeséy,
care should be taken to ensure thagratirg practices continue to be monitored in ayviaat
minimizes the occurrence of surface accidents.
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10. Summary

This report investgated thepotential for human health risks associated with the use of salt
caverns for nonhazardous oil-field wastepdsal. Based on assptions that were devebed for
ageneric cavern angeneric oil-field wastes, the estimated human health risks for worst-case
conditions are vgrlow (excess cancer risks of between 1.1 X 10 and 2.0/% 10 ) and hazard
indices (referrig to noncancer health effects) of between 6 X 10 and 1.0'x 10 . Nyl
manaers consider risks of 1 x 0 and less and hazard indices of less than 1 topbabsece
For best-estimate conditions, the excess cancer risks and hazard indices would be less.

Because these risks were deyeld for a lypothetical cavern, and sitgexific conditions
related to caverrype, location, and characteristics of the wasteddigposed will vay, it would
beprudent to conduct a sitgacific risk assessment for an actual cavpenhas for an existig
cavern currenyl in use for waste dmsal. Such an assessment wqurtavide a more realistic and
useful assessment than tieneric one described in thigost.

A few comments on the use of the results of themeare in order. First, the assessment
does not address risks to workers at the caveposhs site. Such risks would be coemable to
or less than worker risks associated wigkdiocarbon cavern staya goerations. (Because of the
potential for eplosions at gdrocarbon stoige gerations, worker risks for nonhazardous oil-
field waste diposal mg be less than foryjrocarbon stoge.) Second, the assessment does not
determine whether grhealth effects will occur in the future; it gréstimates cancer risk and
potential for noncarcingenic effects. Third, risks have griteen estimated for contaminants for
which toxicity values were availabl@st because there is no toxycitalue does not mean there is
no risk. Finaly, the assessment is limited to human health effgotfuced ly nonradioactive
contamination; it does not address plessible ecolgical risks associated with salt cavern
disposal, nor does it estimate risks associated with NORM thato@ancluded in oil field
wastes.
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Tables
(Note: Numbers presented in these tables have been rounded)

Table 6-1 Chemical Constituent Concentrations Assumed for Cavern Brine at the Time of
Release

Type of Concentration R@e (ng/L unless otherwise noted)
Waste/Reference

1

Benzene Arsenic Cadmium Chromium

Produced water

SAIC (1994) 0.08-14 BDL -0.032 BDL-0.098 BDL-0.85
EPA (1993) 0.052-20.4 0.017-0.31 0.0012-0.098 --
EPA (1987) 0.47-2.9 0.02-1.7 -- --
Drillin g Waste
EPA (1987) -4 BDL-0.002 0.011-0.29 BDL-0.78
TCLP daté
EPA (1987} -4 BDL-0.01 m/kg 2 - 5.4 ng/kg 22-190 ny/kg
anaysis of waste
itself

Tank Bottoms

EPA (1994b) BDL-13 BDL-0.06 BDL- 0.008 BDL-0.14
TCLP data
EPA (1994b) 0.175-2,686 0.47-166yfkg 0.32-6,500 1.7-1,170 ghkg
analsis of waste rykg mg/kg
itself
Selected 20.4 1.7 0.29 0.85
Concentratiors

BDL = value is below detection limit.

Rarge is from the median to theper 90thpercentile.

TCLP = toxicity characteristic leachgnprocedure.

No data reorted in this reference.

Highest value for each constituent in TCLP ghas forproduced water, drillig waste, and
tank bottoms.

(0] o o o o
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Table 6-2 SummarTable of Release Calculations

Initial | Concentration] Concentratioh
Release Conc. at 1,000s at 1,000/rs MCL
Scenario| Contaminant Retardatign dfin) (mg/L)? (mg/L)"® (mg/L)
Cavern Benzene 10 20.4 0.0 0.004
seal fails
and
releases
fluid at
depth
Cadmium 50 0.29 4.1 x 10 0.005
Arsenic 200 1.7 9.5 x 19 0.05
Chromium 500 0.85 7.7 x 16 0.1
Cavern Benzene 10 20.4 0.0 0.004
seal fails
and
releases
fluid to
shallow
aquifer
Cadmium 50 0.29 1.0 x 0 0.005
Arsenic 200 1.7 1.2 x10 0.05
Chromium 500 0.85 1.2 x 0 0.1
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Table 6.2 SummarTable of Failure Calculations (continued)

Ol

Initial | Concentration] Concentratioh
Release Conc. at 1,000s at 1,000/rs MCL
Scenario| Contaminant Retardatign dfin) (mg/L)? (mg/L)"® (mg/L)
Release Benzene 10 20.4 0.0 0.00
from
crack
Cadmium 50 0.29 4.1 x 10 0.005
Arsenic 200 1.7 9.5 x 18 0.05
Chromium 500 0.85 7.7 x 16 0.1
Release Benzene 10 20.4 0.0 0.00
from
leaky
interbed
Cadmium 50 0.29 1.6 x 10 0.005
Arsenic 200 1.7 6.1 x 16 0.05
Chromium 500 0.85 5.2 x 18 0.1
Roof fall | Benzene 10 20.4 0.0 0.005,
+ release
at depth
Cadmium 50 0.29 4.1 x 10 0.005
Arsenic 200 1.7 9.5 x 16 0.05
Chromium 500 0.85 7.7 x 16 0.1
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Table 6.2 SummarTable of Failure Calculations (continued)

Initial Concentration| Concentratio
Release Conc. | at1,000s at 1,00Q/rs MCL
Scenario | Contaminanf Retardation dfy) | (mg/L)* (mg/L)"® (mg/L)
Roof fall | Benzene 10 20.4 0.0 0.005,
+ cavern
seal
failure +
release at
depth
Cadmium 50 0.29 4.1 x 10 0.005
Arsenic 200 1.7 9.5 x 1% 0.05
Chromium 500 0.85 7.7 x 16 0.1
Roof fall | Benzene 10 20.4 0.0 0.005,
+ cavern
seal
failure +
release at
shallow
depth
Cadmium 50 0.29 1.0x 10 0.005
Arsenic 200 1.7 1.2 x 10 0.05
Chromium 500 0.85 1.2x 10 0.1
Roof fall | Benzene 10 20.4 0.0
+ release
through
leaky
interbed
Cadmium 50 0.29 1.6 x 10 0.005
Arsenic 200 1.7 6.1 x 16 0.05
Chromium 500 0.85 5.2 x 18 0.1

@ Short,pulsed release.
® Long, slow release.
¢ Maximum concentration of 1.3 x 20 occurs at $&st
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Table 6-3 Probabilities of Occurrence fqeSified Release Scenarios

Release Scenarip No. of Best Estimate dgean Worst | Rage
Regonses Case

Seal fails and 5 0.031 0.0005 0.12 0.002

releases fluid at to to

depth 0.1 0.25

Seal fails and 5 0.012 0.0001 0.040 0.001

releases fluid at to 0.0% to 0.10

shallow deth

Cracks release 5 0.022 0.0001 0.120 0.001

fluid at depth to 0.10 to 0.35

Leaky interbeds | 5 0.022 0.0001L 0.129 0.00p

release fluid at to 0.1( to 0.35

depth

Roof fall plus 5 0.100 16 to| 0.290| 10 to

fluid released at 0.50 1.0

depth

Roof fall plus 5 0.062 5x16 0.163 2xP0

cavern seal fails to 0.2 to 0.35

and releases fluifl

at depth

Roof fall plus 5 0.006 1x10 | 0.051| 1xf0

cavern seal fails to 0.02 to 0.10

and releases fluifl

at shallow dpth

Roof fall plus 5 0.062 5x16 0.163 2xP0

release throgh to 0.20 to 0.35

leaky interbed
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Table 7-1 Oral Slpe Factors for Contaminants of Concern

Contaminant of Concern Oral $® Factor
(1/ (mg/kg-day))
Arsenic 15
Benzene 0.029
Cadmium NA
Chromium NA

NA = Not available

Table 7-2 Oral Reference Doses for Contaminants of Concern

Contaminant of Concern Oral RfD ¢gtkg/day)
Arsenic 0.0003
Benzene NA
Cadmium 0.0005
Chromium (III) 1.0
Chromium (V1) 0.005

NA = Not available
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Table 8-1 Scenarios for Risk Calculations

shallow auifer

Release
Location Release Modes
Release to - Cavern seal failure with cgdmilure at shallow dath

Cavern roof fall with cavern seal failure and
casimg failure at shallow dath

Release to dege
aquifer

Cavern seal failure with cagjriailure at deth of cavern

Cracks

Lealy interbeds

Roof fall with intact cavern seal

Roof fall with cavern seal failure and cagifiailure at deth of cavern
Roof fall with release thrgi exposed leal interbed

53




Table 8-2 Epgosure-Point Concentrations for Qe@®est-Estimate Quifer Release Scenarios

Contaminant| Conc. at Best-Estimate Probabilif Occurrence Best-Estimate Exposure-Point Concentratiogf&)m
1,000yr
(mg/L)
Seal fails Crack Roof fall + Roof fall + Seal fails Crack Roof fall + Roof fall +
and releases| releases fldid fluid releaped seal failsfand and releases releases fluid fluid released sefl fails and
fluid at depth| at depth at depth fluid releaged fluid at dgpth at depth at deptip fluid released
at depth at depth
Benzene 0.0 0.031 0.022 0.1 0.062 0.0 0.0 0.0 0.0
Cadmium 4.1 % 19 0.031 0.022 0.1 0.062 1.310 9.0%10 4.1% 10 2.5 x 10
Arsenic 9.5 x 16° 0.031 0.022 0.1 0.062 3.0 %90 2.1%10 9.5% 10 5.9% 1
Chromium 7.7 x 1% 0.031 0.022 0.1 0.062 2.4 %910 1.7%10 7.7%8 10 4.8% 10
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Table 8-3 Eposure-Point Concentrations for pe&Vorst-Case Auifer Release Scenarios

55

Contaminant| Conc. at Worst-Case Probabyjlibf Occurrence Worst-Case Exposure-Point Concentratiogim
1,000yr
(mg/L)
Seal fails Crack Roof fall + Roof fall + Seal fails Crack Roof fall + Roof fall +
and releases| releases flJid fluid released seal failsfand and releases releases fluid fluid released seagl fails and
fluid at depth| at depth at depth fluid releaged fluid at depth at depth at depth fluid released
at depth at depth
Benzene 0.0 0.120 0.120 0.290 0.163 0.0 0.0 0.0 0.0
Cadmium 4.1 x 18 0.120 0.120 0.290 0.163 4.9%10 4.9% 10 1.2x 10 6.7 x 1P
Arsenic 9.5 x 10° 0.120 0.120 0.290 0.163 1.1 #°10 1.1%10 2.8% 10 1.6% 10
Chromium 7.7 x 16° 0.120 0.120 0.290 0.163 9.2 #°10 9.2%10 2.2'% 10 1.3%1p



Table 8-4 Epgosure-Point Concentrations for Shallow, Best-Estimajeifar Release Scenarios

NSES

Contaminant| Conc. at Best-Estimate Probabdit | Best-Estimate Eposure-
1,000yr Occurrence Point Concentrationsgfin)
(mg/L)
Seal fails, Roof fall + Seal fails, Roof fall +
casirg fails, | seal fails, + cas@fails, | seal fails +
and fluid casig fails and fluid casig fails
released to and releases  released tp and rele
shallow fluid to shallow fluid to
aquifer shallow auifer shallow
aquifer aguifer
Benzene 0.0 0.012 0.006 0.0 0.0
Cadmium 1.0x 19 0.012 0.006 1.2 x40 6.0 X°10
Arsenic 1.2 x 10 0.012 0.006 1.4 x40 7.2 X810
Chromium 1.2 x 10 0.012 0.006 1.4 x¥0 7.2 X410

2 Maximum concentration of 1.6x10 gh occurs at 334ears.
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Table 8-5 Epgosure-Point Concentrations for Shallow, Worst-Cageifér Release Scenarios

NSES

Contaminant| Conc. at Worst-Case Probapitit Worst-Case Eposure-Point
1,000yr Occurrence Concentrations @fh)
(mg/L)
Seal fails, Roof fall + Seal fails, Roof fall +
casirg fails, | seal fails + casmfails, | seal fails +
and fluid casig fails and fluid casig fails
released to and releases  released tp and rele
shallow fluid to shallow fluid to
aquifer shallow auifer shallow
aquifer aguifer
Benzene 0.0 0.040 0.051 0.0 0.0
Cadmium 1.0x 19 0.040 0.051 4.0 x®0 5.1 %10
Arsenic 1.2 x 10 0.040 0.051 4.8 x10 6.1 x’10
Chromium 1.2 x 10 0.040 0.051 4.8 x¥0 6.1 x40

2 Maximum concentration of 5.2x10 gt occurs at 334ears.
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Table 8-6 Epgosure-Point Concentrations for Additional Best-Estimate Releasegptht De

Contaminant| Conc. at Best-Estimate Probabdit | Best-Estimate Eposure-
1,000yr Occurrence Point Concentrationsgffin)
(mg/L)
Leaky Roof fall + Lealy Roof fall +
interbed lomy slow interbed release
releases fluid| release releases flyid tigloleaky
at depth throwgh lealky | at deoth interbed at
interbed at deth
depth
Benzene 0.0 0.022 0.062 0.0 0.0
Cadmium 1.6 x19 0.022 0.062 3.5 x10 9.9 X140
Arsenic 6.1 x 10° 0.022 0.062 1.3 x¥0 3.8 X110
Chromium 5.2 x 16° 0.022 0.062 1.1 x*0 3.2 x40
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Table 8-7 Eposure-Point Concentrations for Additional Worst-Case Releasegtt De

Worst-Case Eposure-Point

Contaminant| Conc. at Worst-Case Probapiit
1,000yr Occurrence Concentrations @fh)
(mg/L)
Leaky Roof fall + Lealy Roof fall +
interbed loy slow interbed release
releases fluid| release releases flyid tigloleaky
at depth throwgh lealky | at deoth interbed at
interbed at deth
depth
Benzene 0.0 0.120 0.163 0.0 0.0
Cadmium 1.6 x 19 0.120 0.163 1.9 x°10 2.6 ¥10
Arsenic 6.1 x 16° 0.120 0.163 7.3 xH0 9.9 x10
Chromium 5.2 x 16 0.120 0.163 6.2 x10 8.5 x40
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Table 8-8 Eposure Scenario Assiptions for Irgestion of Groundwater

Parameter Value

Daily intake rate 2L/d
Exposure time 24 h/d
Exposure frgueng?® 350 dyr
Exposure duratioh 39r
Body weight of human reqator 70 kg
Averaging time

Carcin@ens (70yr) 25,550 d

Noncarcingens (365 d/r x ED)’ 10,950 d

Exposure frgueng and eyosure duration based opegifics of failure mode.

® ED = exposure duration.
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Table 8-9 Estimated Intake Rates for peest-Estimate Auifer Release Scenarios

Intake Rate (/kg-day)

Seal fails and releases fluid Crack releases fluid at dgpth Roof fall and fluid relepsed Roof fall plus seal f
at depth at depth fluid released at depth
Contaminant | Carcirgen Non- Carcingen Non- Carcingen Non- Carcingen Non-
carcin@en carcingen carcingen carcingen
Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cadmium 1.6 x 1¢ 3.5x10 1.1x1b 2.4x 10" 4.9x 10" 1.1x10% 3.0x10* |6.8x10™"
Arsenic 3.6 x10% 8.1 x 10'® 2.5 x 10° 5.7x 10 1.1x10Y |[2.6x10Y |[7.1x10*® |[1.6x10Y
Chromium 2.9 x108 6.5 x 10'® 2.0 x 168 4.6x 10 9.2x 10 2.1x 10" 58x10*® |1.3x10%"
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Table 8-10 Estimated Intake Rates for Re&/'orst-Case Auifer Release Scenarios

Intake Rate (/kg-day)

hils and

Seal fails and releases fluid Crack releases fluid at dgpth Roof fall and fluid relepsed Roof fall plus seal f
at depth at depth fluid released at depth
Contaminant | Carcirgen Non- Carcingen Non- Carcingen Non- Carcingen Non-
carcin@en carcingen carcingen carcingen

Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cadmium 5.9 x 1% 1.3x10 5.9 x104 1.3 x10*° |[1.4x10% |[3.2x10° |8.0x10" 1.8 x10%°
Arsenic 1.3 x10" 3.0 x10"' 1.3 x10" 3.0 x10Y 3.4 x10" 7.6 x10Y [1.9x%x10% |4.3x10Y
Chromium 1.1 x10" 2.5 x10Y 1.1 x10" 2.5 x10" 2.6 x10% |59x%x10%" |1.6x10" |3.5x%x10"
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Table 8-11 Estimated Intake Rates for Shallow, Best-Estimgudéek Release Scenarios

Intake Ratey(kg-day)

Seal fails, casigpfails, and fluid
released to shallowgaifer

Roof fall + seal fails + cagifails
and releases fluid to shallowafer

Contaminant Carcirgen Noncarcingen | Carcingen Noncarcingen
Benzene 0.0 0.0 0.0 0.0
Cadmium 1.4 x 1¢f2 3.2 x 11° 7.2x 10 1.6 x10
Arsenic 1.7 x 16 3.8x10 8.6 x 10 1.9 x20
Chromium 1.7 x 16? 3.8 x 18 8.6 x 10 1.9 x*#0

2 Maximum concentration of 1.9x20 gtkg-day occurs at 334ears.
 Maximum concentration of 4.2x%0 gikg-day occurs at 334ears.

Table 8-12 Estimated Intake Rates for Shallow, Worst-Casédek Release Scenarios

Intake Ratey(kg-day)

Seal fails, casigpfails, and fluid
released to shallowgaifer

Roof fall + seal fails + cagifails
and releases fluid to shallowafer

Contaminant Carcirgen Noncarcingen | Carcingen Noncarcingen
Benzene 0.0 0.0 0.0 0.0
Cadmium 4.8 x 1¢f= 1.1 x 10 6.1 x 10 1.4 x20
Arsenic 5.8 x 10 1.3x 10 7.3 x 710 1.7 x40
Chromium 5.8 x 1¢¢ 1.3x 19 7.3x10 1.7 x10

2 Maximum concentration of 6.2x20 gtkg-day occurs at 334ears.
® Maximum concentration of 1.4x%0 gikg-day occurs at 334ears.
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Table 8-13 Estimated Intake Rates for Additional, Best-Estimaifex Release Scenarios

Intake Ratey(kg-day)

Leaky interbed releases fluid at

Roof fall + release thghdeaky

depth interbed at dath
Contaminant Carcirgen Noncarcingen | Carcingen Noncarcingen
Benzene 0.0 0.0 0.0 0.0
Cadmium 4.2 x 1% 9.5 x 18 1.2 x1b 2.7 x10
Arsenic 1.6 x 10° 3.5x 18 4.6 x 10 1.0 x0
Chromium 1.3 x 16° 3.0 x 18 3.8x10 8.6 x*0

Table 8-14 Estimated Intake Rates for Additional, Worst-Cagefés Release Scenarios

Intake Ratey(kg-day)

Leaky interbed releases fluid at

Roof fall + release tholeaky

depth interbed at dath
Contaminant Carcirgen Noncarcingen | Carcingen Noncarcingen
Benzene 0.0 0.0 0.0 0.0
Cadmium 2.3 x 18 51x 16 3.1x10 7.0 x10
Arsenic 8.8 x 10° 2.0 x 18 1.2 x 10 2.7 x10
Chromium 7.4 x 16° 1.7 x 18 1.0x10 2.3 0
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Table 8-15 Estimated Cancer Risks for Best-Estimatéfér Release Scenarios

Release Scenario

Contaminant | Seal fails Crack Roof fall Roof fall Seal fails, Roof fall lyeak Roof fall +
and releaseg releases and fluid | plus seal casmfails, | seal fails + | interbed release
fluid at fluid at released at | fails and and fluid casfails | releases thrain
depth depth depth fluid released to | and releas¢s fluid at pak

released at | shallow fluid to ptn interbed at
depth aguifer shallow deth
aquifer

Arsenic 5.4 x 108 3.8 x 18§ 1.7 x 10 1.1 x50 2.6 x°10 1.3%10 2.4 1( 6.9% 10

Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cadmium NA NA NA NA NA NA NA NA

Chromium Il [ NA NA NA NA NA NA NA NA

Chromium VI| NA NA NA NA NA NA NA NA

Total 5.4 x 108 3.8 x 1& 1.7 x 10 1.1 x10 2.6 x°10 1.3%¥10 2.4%1( 6.9%% 10

NA = Not available
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Table 8-16 Estimated Cancer Risks for Worst-Cagp@far Release Scenarios

Release Scenario

Contaminant | Seal fails Crack Roof fall Roof fall Seal fails, Roof fall+  lyeak Roof fall +
and releases releases and fluid | plus seal casmfails, | seal fails + interbed release
fluid at fluid at released at | fails and and fluid caslails | releases thragh
depth depth depth fluid released to and release¢s fluid at pak

released at | shallow fluid to ol33] interbed at
depth aguifer shallow deth
aquifer

Arsenic 2.0 x 107 2.0 x 18 5.1 x 10 2.9 x50 8.7 x°10 1.1 £10 1.3% 1( 1.8*% 10

Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Cadmium NA NA NA NA NA NA NA NA

Chromium Il | NA NA NA NA NA NA NA NA

Chromium VI| NA NA NA NA NA NA NA NA

Total 2.0 x 167 2.0 x 1% 5.1 x 10 2.9x10 8.7 x°10 1.1 210 1.3 %10 1.8%® 10

NA = Not available
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Table 8-17 Estimated Noncancer Risks for Best-Estimgteféy Release Scenarios

Release Scenario

Contaminant | Seal fails Crack Roof fall Roof fall Seal fails, Roof fallft  beak Roof fall +
and releaseg releases and fluid | plus seal casmfails, | seal fails + interbed release
fluid at fluid at released at | fails and and fluid cagfails | releases thrah
depth depth depth fluid released to and releases fluid at kpak
released at | shallow fluid to ol33] interbed at
depth aguifer shallow deth
aquifer
Arsenic 2.7 x 16* 1.9 x 1t 8.7 x 16 5.3 x¥0 1.3 x*10 6.3 %10 1.2°% 1( 3.3 10
Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cadmium 7.0x 19 4.8 x 10 2.2 x10 1.4 x10 6.4 <310 3.2% 10 1.9% 10 5.£x 10
Chromium 1l | 6.5 x 168 4.6 x 18 2.1x 10 1.3 x10 3.8 x10 1.9 %40 3.0 ¥10 8.6 1
Chromium VI| 1.3 x 16° 9.2 x 18 4.2 x 19 2.6 x 10 7.6 x40 3.8 %910 6.0 % 1( 1.7 10
Total 7.0x 16 4.8 x 19 2.2x 10 1.4 x10 1.4 x°10 6.6 £ 10 1.9% 10 5.4%x 1D

28.4x10° Maximum concentration occurs at 324rs.
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Table 8-18 Estimated Noncancer Risks for Worst-Cagefér Release Scenarios

Release Scenario

Contaminant | Seal fails and Crack Roof fall Roof fall Seal fails) Roof fall+  yeak Roof fall +
releases fluid| releases and fluid | plus seal casmfails, | seal fails + interbed release
at deoth fluid at released at | fails and and fluid capfails | releases thrah
depth depth fluid released to and releases fluid at pak
released at | shallow fluid to ptn interbed at
depth aguifer shallow deth
aquifer
Arsenic 1.0 x 16 1.0 x 18§ 2.5 x 19 1.4 x 0 4.3 x°10 5.7 ® 10 6.7 % 1( 9.0 10
Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cadmium 2.6 x 10 2.6 x 10 6.4 x10 3.6 x10 2.2%10 2.8% 10 1.0% 10 1.4% 10
Chromium lll | 2.5 x 167 2.5 x 1t 5.9 x 10 3.5 x40 1.3 x110 1.7 40 1.7 %°1( 2.3% 10
Chromium VI | 5.0 x 10° 5.0 x 1 1.2 x 16 7.0 x10 2.6 x°10 3.4%10 3.4% 1( 4.6% 10
Total 2.6 x 10 2.6 x 10 6.4 x 70 3.6 x10 4.5 x*10 6.0 ® 10 1.0% 14 1.4x 10

2 Maximum concentration of 2.8x20 occurs at $84rs.
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