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Mr.'Fred Ross
Low-Level Waste Management Branch
Division of Low-Level Waste-Management and Decommisioning
Office of Nuclear Material Safety and Safeguards
Mai Stop 5E4, 0WFN
U.S. Nucitar Regulatory Commission
Washington, DC 20555

Dear Mr. Ross:-.

Enclosed is the finaJ report on the performance assessment of the proposed disposal of
depleted uranium' as Class A low-level waste. This letter report is a deliverable under Task
5.0 of FIN A1764.

We have altered the report to address the majority of.comments frorn the Division of
Industrial and Medical 'uclear Safety [Reference: NRC memo from John Hickey to Paul
Lohaus, dated July 24,31992].. However,'several comments in the memo require additional
discussion; some' of this firther 'discussion is given in this cover letter.

A.. discussed with the NRC program manager in phone conversations, addresKng
geneal comments 1, 2, 3, 4, and 5, specific comment 17, and part of spe;ific
comment-12 are outside the scope of the work requested of SNL by.NRC.

* General comment 6, which states that'U 308 cannot be soluble, or 'there would be
no pitchblende ore in the world' is incorrect. The performance assessment analysis
is not'intended to represent all conditions that exist in the world. lnstead, it
Eacknowledges that there 'are some conditions under which uranium oxides are soluble,
and bases the deliberately conservative analysis on those 'conditions. We havemot
taken credit, for example, for high 'silicate content of the soil,-wbich mwould ten- .:o
complex the uranium and produce much lower solubility limitations. .'be prTscnc
or absence of complexing agents that foruitously lower solubilities is a site-specific
issue that cannot (and should not) be included in a generic analysis. Tbe comment
also argues that pitchblende remains stable 'even under saturated conditions, in spite
of the discussion in the draft report that the relatively high solubilities are
representative of oxidizing conditions found in the vadose zone; that is, disposal in
the saturated zone -is more stable than in the unsaturated zone. We have added

* additional discussion on this topic in Section 3.3.4 of the report.
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Specific comment number 6, that bone dose should be. averaged over the entire bone
mass. is incorrect, so the analysis has not been changed. I quote from ICRP
Publication 26, page, 10: Me radiosensitive cells in bone have been identified as the
endosteal cells and epitheial cells on bone surfaces (see ICRP Publication 11).. The
Commission (ICRP trecommends- thit, where possible, dose equivalent in bone
should apply to the endosteal cells on bone surfaces, and should be calculated as an
average over tissue up to a distance of 10 pm from the.relevant bone surfaces.' Tbe
report goes on to state that the risk factor for bone cancer is taken to be 5x10t Sv'
(5xlC'9 mrem n). The doses linked to this risk factor are assumed to be calculated by
the ICRP 26 dosimetry methodology, that is, the dose in Sv (joules/kg) only relates
to cancer risk if it is averaged over the endosteal cells. Averaging over the entire
bone would not produce a quantity related to cancer risk by a known quantity'in the
ICRP 26 methodology.

The memo suggests that the modeling in the report ...serves to confirm the
unreasonableness of blindly modeling potential uptake of uranium... in spite of
numerous cautions in the report that these doses are indicators of problems rather.
than actual doses that:.an individual would receive. The modeling was not done
"blindly, nor was it done "without considering the physical and biological limitations
of the models." Instead, it was done, as are allperformance assessment an4ses, to
produce numbers that can be used to make-regulatory decisions, rather than in an
attempt to calculate actual values, of doses. Since the doses are high enough that
they are 'impossible for jvikng human beings," the regulatory issues appear to be
clear-cut enough without bothering to use a high-dose rate model of the human body
that would give more accurate results. The memo also erroneously states that
well-engineered barriers should prevent any significant mobilization and migration
of uranium in the long'term." The author of.this comment is apparently not aware
of current thinking in'NRC (as well as internationally) about engineered barriers and
their uncertain-behavior in the long term. Not even the greatest advocate of
engineered vaults will claim that they will prevent migration of radionuclides for
1,000 years or longer.
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* Specific comment 7 contains a number of misconceptions about physical processes,
treatment of uncertainzy, and the purpose and intent of performance assessment.
First,.the author of this comment appears to believe that we are attempting to
develop a dose reconstruction far into the future, which. as you Inow, is neither
possible nor desirable. >'e author of the comment was also extremely selective in
.highlightin cautionay'statemnts in 'the quote from our report, tothe extent that
the meaning of the passage is ldst. In fact, the approach described in that'paragraph
.is to be deliberately conserative in' treating uranium 'compounds, since there
conditions at specifc sites under 'which high solubility will exist, but to use the
.expcted behavior of daughters. For these radionuclides the 'nost conservative
s'''volubility class ii a~pi~pr a' [ermpbasis added] since fluorides or oxyuorides are
-the epected form of the daughters in the presence of large amounts of HF.. The
level of pessimism in this analysis 'does not reflect something that is 7almost
impossible', but' rather expected conditions when HF is present. Any other -choice
of variables would have required a deliberately nonconservative and riskyphilosophy.
TBe final point to be addressed, relates to the comment. about failure of any Part 61
Sile. AS you know, the approhcbes used in this Teport are not significanily more
conservative than performance assessment approaches adopted throughout the U.S.
by State and Compact regulatory authorities, nor are they more conservative than
approaches used at DOE facilities, nor are they,. more conservative than
internationally used approaches. Existing and projected sites containing 'normal-
low-level waste can and will comply with these kinds of analyses; Iess conservatism
will be used as needed using site-specific information. Also, -as discussed in Section
K.3.4 of the report, "normal' low-level waste is Expected to' produce reducing

tditions in the vault, which will jend to reduce u'ranrum solubilities and associated
off-site impacts. Hence, disposal of a monolithic uranium waste such as the one
considered'here is expected to have larger impacts, curie for curie, than will 'uranium
disposed of mixed with other wastes. -

* Specific comment 13 is entirely correct, and we have added signifcatly to both
intruder and off-site analyses to address this cornment.

* Specific comment 14 is incorrect from a performance assessment:. st-ndpoint.
Regardless of the 'correctness' of the assumption, it is a reasonably conseivative one.
More importantly, the point is immaterial, since daughter doses were neglected in the
analysis.

We were able to address many of the other comments in the memo by adding additional
text or tables. For instance, the difference between the dilution factors in the two intrusion
scenarios (specific comment 12) was already described in the report, but we have added text
to clarify the differences between the scenarios.
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In addition to addressing the comrnents frormthe Division of Industrial and Medical Nuclear
Safety, we have addressed comments from the Division-of Lw-Level' Waste; described in
a phone conversation between us on July 27.. As part of addressing those comments, we
have expanded the analysis of geocbemical effects to include site-specific analyses of
uranium migration it the bypothetical site used in the current NRC staff capability problem
statement. We caution' that these conditions are not nece'ssarily representatiVe of a generic
site. Doses that result'from' these analyses may Ueitber higher or lower than any' other
specific site; there' is'no way to distinguish tbe differehces between sites in general. These
analyses sliould therefore be viewed as one possible realization of solubility limiuts at one
particular site. As such they should be used with caution if they are'used in making generic
policy decisions.

If you have any questions or comments, please contact me at (FTS) 844-6645.

Sincerely,

Matthew W. ]Kozak, Ph. D.
Senior Member'of the Technical Staff
Safety and Risk Assessm ent Department 6331

Copy to (w/ encl.):
6118 H.W. Stockman
6331 DaY File
6331 2120.010 File.
6331- P. A. Daiis
6331 T. A. Feeney
6331 M. W. Kozak
6613 C. D. Leigh
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1.0 1nr~oduc-irn

Louisiana Energy Services (LES) has applied to the NRC for a license to operate a uranium
enrichment facility. - If licensed, the facility will be the first commercial large-scale gas
centrifuge enrichment plant operated in the U.S. The applicant states that the project will
generate 300 14-ton cylinders of depleted uranium bexafluoride'(UFL) annually. The (UF 6)
will be stored on site during the 28 yesan of facility operation. A preliminary calculation by
the NRC indicates that approximately 1,250,000 ft' of depleted uranium will be generated
over the lifetime of the project. In 1991, the Commission issued an order on this matter,
asking the applicant to assess 'plausible strategies for disposition of [depleted uranium
bexafluoride] tails' and recuring the applicant to address in its Environmental Report, as
required by 10 CFR Part 51, alternatives for disposition of depleted uranium bexafluoride.

Decommicsio: g of the facility would ta1-e place over a five ye 2'period, from 223 to 20r8.
During this time, the applicant proposes that if the stored UF, is determined to be waste,
it will be convened to uranium tetrafluoride (UF,4) and shipped for disposal at a licen:. ed
10 CFR Part 61 low-level waste disposal facility somewhere within the Central Inter'
Compact. The LES project would therefore be disposing of approximately 250,OO s'
(1.250,000 W/S years) of depleteduranium wastes annually during. the 'decomrnissioning
period. According to the concentration limits and provisions of 10 CFR 6155, the depleted
uranium would be considered Class A waste. Thus, these wastes might be acceptable for
disposal in a Pan 61 facility. Given the large inventory and form of the depleted uranium
wastes, and the fact that this type of waste was not included in the Environmental Impact 4
statement (EIS) analyses supporting 10 CFR Part 61, further analysis is necessary to
demonstrate whether the disposal of this material in a 10 CFR Part 61 disposal facility will
be acceptable in terms of public health and safety. As part of NRCs evaluation of the LES
applications the Division of Low-Level Waste Management and Decommissioning (LLWMA)
is providing technical assistance to address this issue.

1.1 icae Form and Concentration_

The proposal from LES is to dispose of the depleted uranium as UFd, and the majority of
the analyses described in this repon relate to disposal of UF 4. However, consideration shall
also be given to convering the waste to U 0, with subsequent disposal of the oxide.
Lim6ns'ei aL 11990] have stated that 'environmentaL safety, and health issues clearly favor
-.U3O as the ur: -:m form for long-term storage or disposal of depleted uranium Lemons
l AoL discarded -the notion of permanent disposal of UF4 out of hand, 'since UF4 reacts
slowly with moist air, forming oxides and releasing corrosive HF.- The release of HF is of.
particular concern for waste' disposal in a commercial facility, since most commercial ;.
facilities are being designed as concrete vaults. The HF can be expected to actively attack
the concrete structure, degrading it in terms of permeability and structural stability. In
addition, releases of HF in the presence of large amounts of concrete provides the potential
for conversion of the uranium fluorides to uranium carbonates, which tend to be more
mobile and soluble than other forms of uranium.
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We begin by evaluating the concentrations of radionuclides in the wastc as disposed. Tbe
license applicant reports the typical isotopic abundances in the waste shownin Table 1.
Data also shown in the table arc the half ifc and isotopic weight, which are needed to
convert weight fractions to curic contents. -.

Table 1 Typical isotopic abundances in depleted uranium (g isotope/ g total uraunium)
reported by LES

Isotope weight fraction half life (yrs) isotopic weight

U-234 lx]r'. 2x]r 5  4.47x0 234.04
U-235 0.002 - 0.0035 7.04x10' 235.04
U-238. 0.9965 - 0.998 2.45x105 238.05

It is not clear apnori whether it will be more conservative to analyze waste relatively rich
in U-238 or U-235. Consequently we bave analyzed a midpoint isotopic ratio, which is
identified in Table 2. The range of potential isotopic abundances is a relatively small
uncertainnt relative to all other uncertainties in the overall analysis.

Table 2 Design basis isotopic abundances.(g isotope/ g total uranium) used in this report

Isotope weight fraction half life (yrs) isotopic weight

U-234 2x10 5 . 2.45x105  234.04
U-235 0.005 7.04xlV 235.04 '
U-238 0.9975 4.47x109 238.05

We begin with a design basis of 1.2x106. ft3 of solid UF6. The bulk density of UF6 is 4.7
g/cc, and the bulk density of UF, varies 2.0-45 g/cc [Lemons cr aL, 1990]. Using these
values, it is possible to identify a weight and volume of the disposed waste, from which the
radiological content and concentrations can be calculated using thc above weight fractions.
Wc convert the volume of waste to l.0&xlO" g of uranium to be disposed (1.42;10" g UF,
or 1.24xJO1" g VUOj). The variable density of UF. leads.to a range of possible values for
concentration, wbich are shown in Table 3. Concentrations in the waste are calculated
based on a potential range of disposed volume of 3.16x104 - 7.1OxlO n of UF,.

Table 3 Isotopic concentrations in the waste for U`F,

Isotope Ci Content Minimum Concentration Maximum Concentration
. (Ci/mn) (Ci/mi)

U-234 1.35xlg0 0.190 0.427
U-235 5.83x1IW 8.2lxlO3 . I.84xlC '
U-238 3.62xI0' 0.510 1.15

2
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A simila: analvsis can be performed for thc potential U30, Wu.:c. The volume of U3O0
waste mray range 3.18xlO' - 8.47xlW m, depending On its bulk density range as given by
Lcmons cr aL 11990). These values coupled with the maximum curie content given above
lead to the concentration range shown in Table 4.

Table 4 Isotopic concentrations in tDC uste as buned for30UO.

Isotope 'Minimum Concentration Maximum Concentration
(Ci/m3) (Ci/n9)

U-234 0.159 0.424
U-235 6.89x110 . 0.018
*- -238 0. .?' 1.140

These are the calculated concentrations of.tbe pure waste. Waste emplaced in the faciliry
will be diluted from these values by mixing with backfill materials. 'Assumptions about this
additional dilution %ill be identified below in the appropriate sections.

1.2 Chemical Stabilit- of 1F. Wastc Fo-rm

Lemons ! al 11990] state that UF, reacts slowly in moist air to produce a uranium oxide
and HF. It is clear that over the very long time periods that must be considered in the
performance assessment, water and air will contact the waste at some point.' Consequently.
the potential effects of chemical reactiviry of the waste need to be'assessed.

Chemical reac.;ons can influence the performance assessment in severa ways. Fi-: ;
waste can be convened to a more soluble chemical form, which would tend to LncTc.._.
mobilir% of the waste and lead to increased offsite exposures. 'Second, since the reactionc
produce HF, an extremely coro yive material, the potential exists for the waste to degrade
the engineierd containmcnt stru'ctures.of the facility. It is likely that'the proposed waste
would be d i~sed of in a concrete vault similar to the one being proposed for the Nebraska
facilit int.cr entral IntCrstate Compact. It is likely that significant conversion of concrete
to CaF, (fluorite) would 'destroythe structural integrity of the vault.

An evaluation of the'effects of 'chem'cal reactivity should account for two aspects of tbe
reaction. Firs. we are concermed with tbc equilibrium eaen: of the reantion; tin potential
reaction if equilibrium is reached. Second, we are concerned with the rwle of reaction.

Two reactions were considered. -

3. UF ' ° 2(0) 6-H20 a2;HF(q) - ,(1)
6 ~.. -20 I ,F

and

3
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UFs - ] 0 2(S) - 41 H20 - 4. HF(aq) Schoepre, (2)

where Schoepite is U0 3 (2. H20). Schoepite is a common alteration mineral; for example,
we find it on uranium metal fragments at existing waste sites in the DOE complex. Also
interesting is the. fact that both schoepite and ULO are soluble in acidic solutions [Dean.
1979], so oxides produced from UF, may be more soluble under disposal conditions than
if disposed of in the absence of fluoride.

We assume the activities of the solid phases and water are unity, and calculate the
equilibrium constants:

aoHF]` 10- at 25 'C, (3)
K, a[0,]

and

K., aHF14  0Q"3 at 25 C. (4)
- a[02]1 2

The symbol alx] denotes actiVity, roughly corresponding to molar concentration (or mole
fraction for gases). The thermocheemical database used to calculate ik is from the Gt/React
codes, which are maintained by the University of Illinois' Hj'drogeology program (affiliated
with the National Center for Supercormiputing Applidations). The original database was
compiled as part of the EQ3/EQ6 code, and has been updated for incorporation in React.
The database is-remarkably broad, and contains data for numerous actinide species.
Initially, the calculations were performed by hand; the calculations were also run on the
computer. program. and the results were in agreement. Both sets of, analyses were
independently corroborated.

If we assume the oxygen content of the water reflects saturation with tde atmosphere, we
obtain a[HF] - 1011'~ for the reaction in Equation 1, and lO"' for Equatlon 2. These are
absurd concentrations, indicating that the reactions would proceed very strongly to the right,
producing four moles of. HF for every mole of the original UF4 . We performed the
calculations for a range of temperatures, and much lower oxygen fugacities; the outlook was
the samne for all cases, with conversion of UF4 to oxides or hydrous oxides, plus HF. The
conclusion of this evaluation is that while UF, can be metastably dissolved in water up to
its solubility limit, the subsequent hydrolysis of the dissolved fluoride complex seenLs
inceitable.

4
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Thermocbemical calculations can say nothing about the rate of reactions. A brief literature
search in the time available for this Tepon did Dot turn up any data on pertinent reaction
rates. Lemons et aL [1990] state that the reaction is slow, but this assessment presumably
relates to conventional laboratory time scales, perhaps with complete reaction occurring over
severil days to months. This suggests that on the long time "ales of performance
sssessment, the reaction will procted to completion. To a large estent, the rate of reaction

ray be ointrolled by the 'rate at which water becomes &cossible tothe waste. The wter
flow rate may in turn be affected by the reaction rate, &ince the reaction products can
degrade the containment structwe. Th'e potential therefore exists for a veryrapid vicious
cycle to begin, in whicb some reaction leads to some degradation of containment, which in
turn leads to more rapid reaction. The likelihood of this type of release is somewhat
speculative, since details are unavailable at this time about actual reaction rates under
disposal conditions, and about the proposed conditions (location and design) of the disposal
facility. Nevertheless, this kind of rapid containment failure cannot be eliminated from
consideration without appropriate justimication.

It is clear that the reactivity of the waste introduces a large uncertainty in release rates of
the'wasie fromrbthe disposal facility. Most uranium oxides are sparnngly soluble in neutral
5solution, but much morc soluble in acidic solution. Consequently, it appears that the
production of HF can potentially; increase release rates by both -degrading 'the engineered
containnment and increasing solubilities. The'magnitude of these'effects will depend greatly
on site-specific and design-specific conditions; for the purposes' of this prelininary

'evaluation,,we must make conservative assumptions.

The license applicani has proposed to store the waste onsite during the economic lifetime
of the facility. It is therefore probable that the currently pioposed Nebraska disposal faciliry
will be closed by the time the waste is due for disposal. The location of future sites within
the Central Interstate Compact have not been determined. Since no specific disposal site
can be idenmified at this time, the performance assessment will have to be based on
hypothetical disposal site characteistics. We have assumced disposal "site characteristics
based-on the humid southeast case study presented in,Appendix E of the Draft
Environmental Impact Statemenitfor 20 CFR Part'61 (DEIS) [NRC, 1981].''

Additional assumptions about the facility in the analysis axe as follows.,

Credit for the cover and any engineeredbarriers sball only be given during
institutiolnal control (the first 100 years). In pt, this lpproacl results from the

. '. uncertainty introduced by thc reactive waste, whicb ay conceivably produce enough
HF to dissolve backfill materiili and produce' sigihificant subsidence.

Th rcadcr' Wa DO(C Lht the calculatioi approdrcs used in &Yckoping th- EIS tor 10 CFR Part 61 cre
dtsznbed it detail in the DEIS, &nd only rererend in tbc finA EIS. Co2equenty vc refer to approaches used
in the DEIS for the sle of clariry, but thesc approaches %-.re ued in the fia]A EIS as well.

5.
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- * Unlike. the facility described in the DEIS, trench type disposal units will not be
considered, since the Central Interstate Compact requires above grade'disposal
C6nx'quettly,,the facility will' be considered to be'atn eazib-mounded tumulus
dispoWal facility. The tumulus shall be considered to be 30 feet. high at the center,
with a'4 foot clay cover. This facility is the above-grade equivalent of the trenches
analvzed for the EIS.

* Ground-water transport analyses will consider the dose to an individual drinldng from
a boundary well.

1.4 Modelin7 Approaches

The EIS for 10 CFR Part 61 was developea 'sing the Imhpacts Analysis Methodology
(Ozrunali et aL, 1981]. Subsequent developments in the Impacts suite of computer codes
are the update of the original, Impacts Analysis Methodology [Ozrunali and Roles, 19861,
and the variations (generally identified.'as IMPACTS-BRC) developed for'evaluation of
Below-Regulatory Concern waste [Ozrunali and Roles,' 1984; Forstom and Goode, 1986;
O'Neal and Lee, 1990; Rao et aL, 1992]. Tbese codes are all based on the same underlying
principles and 'contain the same phenomenological models for the conditions of interest in
this report. All of these reports will therefore be treated as source documents for
identifying appropriate assumptions for the intrusion analyses. However, the recent
evaluation of the code by Rao et aL [1992] has suggested that alternative approaches are
needed for the geosphere modeling to evaluate off-site exposures. Consequently, we shall
use models in the current NRC/SNL low.-level waste performance assessment methodology
for evaluation of off-site exposures [Kozak cl aL, 1990b). Other models needed for this
analvsis uill be described as appropriate.

2.0 Intruder Scenario

The intruder scenarios used here have been adopted from the DEIS [NRC, 1981]. As
appropriate, parameters and models are identical to the conditions'used in the DEIS.
However, there are several additional considerations that play a role in the intrusion
analyses of depleted uranium wastes. First, and foremost, is the issue of the time frame of
the analvsis. 10 CFR Pan 61 was developed using the concept that the vast majority of the
waste would decay to'insignificant levels during the fistA100-500 years. In contrast, the
radiological, content of depleted uranium increases continuously for about 2 million years
as a result of ingrowthof daughter products. Second, the dosimeiry used in this report is
consistent with the currently accepted standird dosimetry model of the International Council
on Radiation Protection (ICRP); the EIS for 10 CFR Pan 61 was developed using the
previous ICRP standard dosimetry methodology. Dose conversion factors used in this repor
have all been adopted from Eckerman et aL [1988], which is considered a standard work for
dose conversion factor values.

It is assumed for the purposes of the intruder analyses in this report that none of the initial
inventory migrates from its initial position. This is a conservative assumption. for these
analyses, since if the uranium or its daughters migrate away from the disposal site through
the gTouDd-water pathway. onsite impacts would be reduced.

6
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The intruder-construction intruder models and parameters have been adopted verbatim from
the DEIS [NRC, 1981]. Intrusion analyses in the Impacts suite of codes ae calculated using ,L0
the equation

H * [(fo fd f. f,)_CJ'D F-2 fo J. fw f,)DGC.fDCF-5], (S)

where PDCY.2 and PDCF-5 are the pathway dose conversion factors for. exposure to
suspended particulates and direct (volumetric) gamma radiation, respectively, f0 is a decay
factor, fL is a dilution factor of waste with surrounding soil, f,, is an 'accessibility facto-
aCCOunt for the presence of waste 'ontainers f, is an exposure !actor that differs for dirc.
exposures and air pathways, and C, is the concentration in the waste [Oznunali and Roles,
.1984). T1h pathway dose conversion factor approach is described in Ozrunali i aL, 1981
and Ozrunali and Roles 11984].

We begin by cvaluating thc most important pathway amiong those included in Equation 5:
-the inhalation'of suspended particulate matter during operation of heavy 'machinery at the
site. 'For the'sake of clarity, we repose the dose analysis as

H____k *( )AfVrDCF (6)

where M is the mass loading of particulates in air (g/m'), p is the density of disturbed soil.
V is the volusretric inhalation rate'of the intruder (m3/yr), * isxbte fraction of ibe year spent
at the site. fD is the volume of waste plus backfill soil divided by the volume of waste (a
unitless dilution factor), and DCF,.,hk is the fundamental 'dose conversion factor for
radionuclide n by tbe inhalation pathway. The waste concentration C, has been rewritten
as a function of time to indicate the corrections for decay and ingrowth. This equation is
the same as that used in the IMPACTS code for this analysis: f1 in Equation 5 corresponds
to MT/p in Equation 6, and fd corresponds to I/D. Equation 6 only desmibes doses from

-resuspended particula'es. Gaseous releases (and the associated dose) of radon are
neglected in this scenario.

Ozrunali and Roles [1986] give an arbitrary range of 0.1-1.0 for f, in which 1.0 corresponds
to no credit for waste form.. We have chosen not to tak credit for waste form, given the
duration of the analyses; tfter thousands of years credit cannot be taken for either the
containers (presumed to be 55 gallon drums), or for a vault, if one is present. Oztunali and
Roles and O'Neal and Lce [1990] give values for the remaining parameters for use in
Equation 6, and these are summarized in Table 5 for the Soutlh :ferencc site.

Fundamental dose conversion factors were identified from Ecke- :.n eta L 11988]; the values
used were checked for consistency against the values cited ' YNeal and Le 119910] and
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Rao et al. 11992] for use in IMPACTS-BRC. Wben dose conversion factors were cited in
Eckermnn et aL for multiple Classes and lung clearance facto, the value most conservative
for tbe bone surface dose was used. For the uranium compounds the Class D dose
conversion factors were used. UF, is considered to be a Css W compound (Eckerman et
aL, 1988; Lemons et aL, 1990], but the potential exists for UF, to react to other compounds-
with different metabolic behavior. In particular, it is possible under ground-water conditions
for UF, to react to UO 2F., which is a Class D solubiliry compound [Eckerman d aL, 1988].
The daughter products are assumed to be fluorides or oxyfluorides, and the most
conservative solubilixy class is appropriate for these compounds for each daughter
[Eckermn Cf-i aL, 1988]. In summary, we have used deliberately conservative dose
conversion factors for uranium compounds to account for the uncertainty in their chemical
form, but have used appropriate values for the probable (non-oxide) chemical forms of the
daughter radionuclides.

Ozrunali and Roles 11986] discuss soil difuton factors for this scenario as indicative of
dilution as emplaced. That is, these are indicative of a mixture of waste and backfill, and
do not include, dilution by the cover material. In the DEIS (page 5-34) it is stated that it
is unlikely that emplacement efficiencies, fs, greater than 0.75 can be achieved in practice.
The base case emplacement efficiency used in the DEIS (presumably for tip disposal) was
0.5. This means that the dilution factor, D, of waste in backfill needed for this analysis
should range 1.3 - 2.0. We assume poor packing efficiency of waste packages in the disposal
units. and use the larger of these dilution factors. This is not a conservative assumption, but
the difference between conservatism and nonconservatism is not great for this parameter.

Table 5 Parameters used in calculating inhalation exposures

Parameter Value

M (mass loading factor) 5.65xl0F4 (g/m 3)
r (fractional annual exposure) 0.057 (corresponds to 500 hours)
p (density of soil) 1.6 g/cc
V (inhalation rate) 8000 m'/yr
D (soil dilution factor) 2.0 (m3 emplaced waste/m] pure waste)

Ozrunali and Roles [1986] suggest that values for M might range 2.6x1 ',g/m' to as much
as 7.4x1C 3 g/mn between burmid and arid sites. The high end of this range could potentially-
be important if disposal is proposed for one of the more arid'states in the Central Interstate
Compact.

We have adopted the Impaets methodology approach to evaluating external exposures for
this report. Exposures from direct gamma radiation are calculated in the Impacts
methodology by the second term in Equation 5. This term can be reposed in our notation
as

8
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C. (t) Y DCF3. (7)

D

where values from DCF3. are tbe dose conversion factors for exposure to a volume source
of the Con tnn~at. Values for DCF3, were calculated by the point-kernel method used in
MCROSHELD, and the values for each isotope are tabulated in O'Neal and Lee [1990].
These values are reproduced in Table 6. The external garnmmn dose-conversion factors add
equal to the effe~ctve dose equivalent ind to each organ [O'Ne~a and Lee, 1990]. Also,
in this approach a quality factor of unity has beeen applied. Oztunali and Roles [1986)
identified the values for f., f, and f, that lead to Equation 7.

Table 6 External garruna exposure dose conversion factors used in the analysis [source:
O'Neal and Lee. 1990]

Radionuclide (... includes all daughters out DCF3, including daughter
to radionuclide) contributions (mrem m3/yr pCi)

Pb-210 ( ... Bi.210) 1.03x10'
Po-2 10 6.3x130
Ra-226 ( ... Po-214) 1.24x10 5

Ac-227 (...P>-215) 1.43x104
Th-230 4.92xl0-1
Pa -231 1.70x107
U-134 1.59x O 1Q
U.-235 (... Th-23) 6.4 jxlO 7

lJ-238 (... Pa-234m) 8.03x10 4

Hand calculations performed on the area-source direct exposure (exposure to beta
emissions) and air immersion exposure pathways included in Equation 5 showed these to
be insignificant compared to external gamma and inhalation :: - -ays. Consequently, to a
close ap=-oximation, the total calculated dose resulting from the intruder-construction
exposure .. given by

H .. Ht(8)

Decay and ingrowth of radionuclides was calculated using RADDECAY Version 3.01. It
was assumed that the waste did not migrate by other exposure pathways prior to intrusion.
Consequently, the radionuclide inventory is assumed to be undepleted'by migration through
ground-water or air-transport pathways. As a result of this assumption, waste concentrations
for all radionuclides could be easily specified as a function of time. Several times of

9
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intrusion were evaluated. First. intrusion w'as assumed to occur immediately, so that there
was no time for ingrowt of daughters.. This dose calculation represents the miUmum
intruder dose based on these assumptions. As daughters &re produced at later times, the
doses increase. Consequently, doses were ilso calculated for 10,000 years and for the
conditions of maximum dose wben-.the daughters are at equilibrium, which occurs first at
about 2 million years.

The results from the analysis for the most significant long-lived rudonuclides are shown in
Tables 7 - 10. (Note that the total dose is calculated from all radionuclides in the chains,
but the short-lived radionuclides provide-an insignificant dose compared to the long-lived
ones). The doses to tbi critiWal organ (the bone surface) are more significant than the
effective dose equivalent. These dose estimates apply to UF4 wastes, since we are applying
conservative values -of classes for dose conversion factors. Applying Class W dose
conversion factors to uranium has relatively litule cffect'on the doses, since the majority of
the doses result from exposure to the daughters.

Different values for the mass loading factor, M, giveD by Oztunali and Roles [1986] could
reduce the calculated doses by a factor of 2 (for other humid conditions)'or increase them
bN a factor of 13 (for more arid conditions). If the pure waste bulk density is lower than the
maximurm, this can decrease assumed waste concentration (see Table 3), and the calculated
doses can be decreased by about a factor of 2. Taking less credit for the soil dilution factor
(smaller values of D) can increase the'dose values by a factor'of 1.5 at fmost. All of the
remaining assumptions (which relate to exposure duration) were in the DEIS [NRC, 1981].
and have been adopied here.

Table 7 Intruder-construction doses at the time of closure (t 0). Contributions from
short-lived daughters have been neglected. External doses are applied equally to all organs

-and to effective dose equivalent. - ,,

Radionuclide Concentration Contribution of To'tal Dose to" Effective Dose
in Wastes External Dose Bone Surface Equivalent
(Ci/m 3 ) (mrem/yr) (mrem/yr) - (mrem/yr)

1U-234 0.427, 1.94 '1392 9
U-235 0.0184 336 395- 340
1U-238 1.15 2.63xl' -5980 280'

totals' .2970 7770 3300

10
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-2D; ir. -=d cr -^;a: jc-i on d as e a- cz ears. Gz -- t : r-I S-n- lived d- __:^rs
bave bcen neglected. Exicrr-al doses are applied cqually to afl orgas and to effcCJv: cose
cquivalent..

Radionuc!ide Concentration Contribution of Total Dosi to f Effective Dose
in Wastes External Dose Bone Surface Equivalent
(Ci/m1) (mrem/yr) (mrem/yr) (mrirn/yr) J

U-234 0.430 2 1400 96
U-235 0.0184 336 -391 340
U-238 1.15 2.63x1c9 5980 2.8x 10'
Th-230 3.83x1' 0.05 2.47x103  101
Ra-226 7.22xe10 255 257 256
Pb-210 6.82x104 0.2 11 1
Po-210 6.80x10' i1XI0 0.03 05
Pa-231 3.85x104 2 l.Ox103  42

*Ac-227 3.73x10J 15 9.16x102  67
Tb.2217 3.68x104 0 3.2 0.5

totals ._ _ 3.24x103  1.24x10' 3.76xl03

Table 9 Intruder-construction doses at 10,000 years. Contributions from short-lived
daughters have been neglected. External doses arc applied equally to all organs and to
effective dose equivalent.

Radionuclide Concenration Contribution of Dose to Bone Effective Dose
in Wastes External Dose Surface Equivalent
(Ci/m') (mnrem/yr) (mrcm/yr) (mrem/yr)

,2.'234 0.447 2 1450 100
2.-235 0.0184 336 391 340

U-238 1.15 2.63xW10 5.98x 1 03  2.86x 1 03

Th-230 6.8x10 ' I 4.4x10 1.78x10'
Ra-226 2.92x 1 o0 1.03x 104 1.04x10' 1.03x104

Pb-210 2.92xlO2  9 485 40
Po-210 2.92x102  0.05 1.2 20
Pa-231 3.5x1(T3  17 9.10x101  380
Ac-227 3.5xlO 3  143 8.59x103  628
Th-227 3.Sx cI3  0 31 4

totals 135x1G' 8.02x104 1.65x104
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Table 10 Intruder-onstruction doses at the time of secular equilibrium (t - 2x10 yrs).
Contributions from sbort-lived daughters have been neglected. External doses are applied
equally to aLB organs and to effective dose equivaJent'

Radionuclide Concentration Contributon of Dosi to-Bone Effective Dose
in Wastes External Dose Surface - Equivalent
(Ci/mn) (mrem/yr) (mrem/yr) (mrem/yr)

UJ-234 1.14 2.63xW0 3.71x10' 256
U2-235 0.01&4 336 391 '340
U-238 .1.15 5.2 5.98&x0 3 I 2.6xl10
Th-230 1.14 16 7.35xl0 2.99x10'
Ra-226 1.14 4.03x1 5 .. _- 4.06x10 5  4.04x10 3

Pb.-210 1.14 335 1.86x104 1.58xIC
Po-210 1.14 2 45 790
Pa-231 0.018 87 4.68x1&W 1.95xlOw
Ac-227 0.018 734 4.36x104 3.23xlO'
Th-227 0.018 0 158 22

totals 4.07xlO0- 1.26x106 4.46x105

For U.05 waste, Class Y dose conversion factors should be used rather than Class D factors
[Eckerman et aL, 1988]. Furthermore, all of the daughter products can be expected to be
in oxide or hydroxide form, which suggests the use of different dose conversion factors for
protactinium (class Y), thoritim (class Y), polonium (class W), and actinium (class Y)
[Eckerman et .L, 1988]. Recalculating the doses for U3,0 wastes using these dose
conversion factors produces the results shown in Tables 11 to' 14.

Table 11 Intruder-construction doses at the time of closure (t - 0) for U301 waste.
Contributions from short-lived daughters have been neglected. External doses are applied
equally to all organs and to effective dose equivalent. ';

Isotope Waste External Dose to Dose to. EDE
Conc. dose Epitbelium, Bone Surface (mrem/yr)
(Ci/m') (maremn/yr) (mrem/yr)- (mrem/yr) -

U-234 0.427 2 3.79xIG4  146 456x103
U-235 0.0184 336 1.85x103  342 518
U-238 1.15 2.63x10' 9.38x10' 2.98x10' 136x10 4

totals 2.97x 10 1.34xI05 3.47x103' 1.87xl0'
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.:2 :-jde:-constru uo= doses a: 1000; s a:::r closaxe ioo- A0 4
Conuibutions from shon-lived daughters have beco neglected. External doses are applied
emlav to all organs and to effective dose equivalent.

Isotope Waste External Dosc to Dose to. EDE
Conc. dose Epithelium Bone Surface (mrnxm/yr)
(Ci/m') .(mrem/yr) (mrcm/yr) (mrem/yr)

U-234 0.430 2 3.82x101  147 4-59x103

U-235 0.0184 336 1.85xl O' 342 518
U-238 1.15 2.63x1O' 9-34xW 2.98xl0O 136xl0'
Tb-230 3.83xl1' 0.06 3.43 2.47xlO' 81
Ra-226 7.22x 104 255 259 257 256
Pb-210 6.82xl0 0.2 0.3 11 0.9
Po-210 -.S0x10' 10' 3 0.03 0.5
Pa-231 3.85x10 2 88 l.Ox10 3  29
Ac-227 3.73x104 15. 186 916 54
Th-2'.7 3.68xlO' 0 4 3 0.5

3.24xl _0 135x105 8.12xjO3 1.91x10 4

J)

Table 13 Intruder-construction doses at 10,000 years for U.O waste. Contributions from
shonr-lived daughters have been neglected. External doses are applied equally to all organs
and to effective dose equivalent.

Isotope Waste External Dose to Dose to EDE
Conc.- dose Epithelium Bone Surface (mrem/yr)
(Ci/mn) (rnrem/yr) (mrem/yr) (mtem/yr)

U-234 0.447 2 3.97x1I' 153 4.77x1I 3

U-235 0.0184 336 1.85x10 3  342 518
U-238 1.15 2.63x1 03  9.38x104  2.98x1IC 1.36xl?'
Th-230 6.8xl10' 1 6.08x103  4.38xIO' 1.43xl 03

Ra-"6 2.9x IO02 1.03x10' 1.05x104 1.04xl 4  1.03xlO'
Pb-'10 2.9x 10 9 11 485 41
Po-210 2.9xI0 4  0.05 113 1, 20
Pa-231 3.5xlO03  17 1.75x10 3  9.09x103 259
Ac-227 3.5xlO 3  143 37 8.5x0O3  507
Th-227 3.5x 10 0 0 3. 5

_135xW0 1.55x105 759x10 3.ASxlO'
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Table 14 in ruder-Consruction doses at the time of secular equilibrium (t - 2x106 yrs) for
U,05 waste. Smaller dose conversion factors can be justified in this case. Contibutions
from short-lived daughiers have been neglected. - _

Isotope Waste External Dose to Dose to EDE
CoDc. dOSe - Epithelium Bone Surface (mrem/yr)

, (u/m') (Mnrem/yr) (mrem/yr) (mremn/yr)' _

U 234 0."47 5 1.0Lx1 5  389 - - 122104

U-235 0.0184 336 1.85x 0' 342 518
U 238 1.15 2.63x I0C- - 9.38x10' 2.98xl03 136x104
Th-230 1.14. 16 1.02x105  7.34x10 2.40x I
Ra-226 1.14 4.03xW 4.09x I0 ' 4.06xI0' 4.04xW05

Pb-2I0 1.14 335 443 1.89xO'' 158x10'
Po-210 1.14 2 4.42x1' - 45 790
Pa-231 0.018 87 4.OxI0' 4.68xlW 1.33x1 I'
Ac-227 0.018 - 734 9.0OxlO' 4.42.x10' 7 -2.61xl0'
Th-'27 0.018 0 - 192 158 - 23

. 4.07x10 7.26x1 5  '1 2x15' , 4.61xiC)

:The inuder-consrtruction doses for the U_, waste form show different behavior from the
F4 waste fo'rm, the oxide a produces higher doses to the lung epitbelium than the bone

'surface except ai very long times in the future. Inspection of the dose conversion factors
in Eckerrnan et aL [1988] suggest tbat.the insoluble oxides of uranium and thorium are
retained much more in the lung. producing much higher lung doses than more soluble forms
produce. These lung doses and a longer retention time in the body contribute to higher

* !conrmitted effective doses for the U30 waste form. Bone doses are correspondingly lower,
sinrce less conlarunant is absorbed into the body.

2.2 Intruder-Agnculture Scenario

' The intruder-agriculture scenario has also been adopted verbatim from the DEIS [NTRC.
1981). In the intruder-agriculture scenario, a person lives in the bouse built in the intruder
construction scenario. The intruder receives doses by the pathways analyzed in the

i construction scenario, but in addition isexposed to food grown in the contaminated soil.

The intruder-agriculturc exposures are calculated in the Impacts-approach using the
,equation

; H * S I(fo fd f. f.),MC,PDCF-3, (h fd f. f,).J2PDCF-4

of fd,)ZCPDCF-5]
(9)
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wbere the tlems i zec r-quaflcS ae de 3:d a "VsD:.. _a" _ 9 a^-;r_ fo
exposures by five patbways [Otrunali and Roles, 1986].- Tbesc patbways are (1) inhalation
of cowtaninated dust, (2)' direct radiation from standin-g n a cooiaminated cloud, (3)
comiumpdion of food grown in the contai6nated soil (4) consumption of food dusted by
settling particulates, ond (5) direct radiation exposure from the disposed waste volume.
Again, we have reposed this equation into its pathway components for conceptual clarity,.
and have'adopted parameter values used in the Impacts approach and the EIS.

Oztnl and Roizs 11984] identifyhthe soil dilution factors for this secnario as includiq the
dilutioo x --:?laced plus the dilution with cover material and surrounding soil. It is clear
that tb Wlarge uncertainty in this parameter !We cboose to adopt the 0.25 cover miang
fici. calculated by Ozrnali and Roles L1984] for a 2 meter thick cover. This leads to

a four-fold dilution of the waste for this scenario over the dilution used in the intruder-
construction scenario. That is, D - 8 for this scenario. This dilution is the result of diluting
waste with cover material during excavation of the site.

The pathway for inhailtion of suspended particulates is evaluated using Equation 6. In the
intruder-agriculture scenario, however, tbere are three distinct exposure times, which affect
the value of the product Mr in Equation 6. The intruder is assumed to spend 100 hours in
gardening, during which the resuspension factor used in the construction analysi! is
recommended [Oziunali and Roles. 1986]. The intruder is also assumed to spend 1700
hours outdoors, during which a resuspension factor of 10' g/m' is recommended, and 4348
hours indoors, to-which M - 5x105 g/m3 is applied [Oztunali and Roles, 1986]. Adding
these values leads to an effective value of Mt, to be used in Equation 6 of (Mr)r =

5.06x10 5g/n For comparison, in the i..: -r- -.tion analysis this product was equal
to 322x1C 5 g/m3. The intruder-agriculturt value iz larger than the intruder-construction
value owing to the longer exposure duration.

The food ingestior pathway includes the concentration in and on the plants as a result of
uptake th'ough the roots and deposition of parniculates on the plant surfaces. The ingestion
dose is represented in the Impacts methodology by the equation

f S 2D -t.- -PSCR]' (10)
A 2Dp SC

where PT. is the tot;O soil-to-plant-to-man factor for the isotope. FTP. is the total plant to
man transfer factor, 'V is the settling velocity of the particulates, S is the fraction of activitn
initially deposited removed by weathering, R is the fraiction initially deposited that is
retained by the foliage, and M is again the resuspension factor. Ingestion doe conversion
factors for these elements are less variable than the inhalation dose co'nvenion factors.
Ura.nium has two classifications, and the remaining elements only have one. The
conservative ingestion dose conversion factors for uranium should be used for all compounds
expected under disposal conditions except U30s and U0 2 [Eckerman a aL, 1988]. The
factor of 2 enters the denominator owing to an assumption that half of the exposed person's
food is produced onsite. The parameters FT. and FIT. account for exposure from ingesting
vegetabls., beef, and rmilk, and these are calculated using the parameters given by O'Neal
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and Lce [1990]. Values for PT, and FTP, for each element are listed in Table 16.

Table 15 Parameters uxd in the intrude-agriculrure scenario

Pararneter Value

C. I kg/r
R 0.25
s 4.83xI0 2 day"
M 1wl g/m3

V 69 m/day

Table 16 Element-specific values for PT and FTP

Element PT (kg/vr) FTP (kg/yr)

0.487 195
Th 0.802 191
Ra 2.74 196

. Pb 0.776 194
Po 0.055 211l
Pa 1.43 570
Ac 1.19 475

The drect Enamma pathway for the intruder-agriculturc scenario is calculated USing Equation
7. a- in the intruder-construction scenario. In this case, however, the value for * is specified
to be 0.27, which accounts for gcometrical cffects not used in the intruder-construction
analysis, and for exposure durations of 1800 bours outdoors (gardening plus ordinary
outdoors) and 4380 hours indoors. The outdoor exposures arc assumed to bc unattenuated
by the presence of the house foundation, and the indoor exposures are assumed to be
attenuated. All these' effects are accounted for by assigning a value of 0.27 io r in Equation
7, [Ozrunali'and Roles, 1986].

: Oztunali and Roles 11986] suggested that radon doses should be incorporated into the
intruderagriculture scenano using the radon release evaluation developed for uranium rmill
tailing 'disposaJ (NsRC, 1980j. Tec general idea of this exposure patbway is that radon
produced as a decay product diffuses upward through the base ent slab, and mixes well
v"ith the air in thc house. In this approach, radon fux at the ground surface is calculated
using the equation -

jp"Ofa- CIRO=;[DPJ(1

where ) is the radon decay constant (2.1x106 s'), fis the emanating powcr (0.2), CR. ,,it
is the concentration of radium-226 in soil (Ci/m3 ), D is the effcctive diffusion coefficient of
radon. and P is t',e porosity of the basement slab. NRC [1980] noted that the parameter
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D/P is crucial to the assessment of radon'transports and Ozrunali and Roles l19861 suggest
D/P - 6.0x10' rn2/sl. However, it should be noted that current thinking about radon
exhalation into bouses suggests that it is dominated by convective gas Dow in the subsurface
measured radon concentrations in houses are too high to be explained by diffusion through
the slab [Nazaroff, 19,921. Consequently, releases into the house calculated from the
diffusion equation may produce low estimates of the radon flux into the house. Releases
into the house may potentially be an order of magnitude or higher than those used in this
report. Furthermore, the emanating power is highly variable, and is likely to be larger than
0.2 for a humid site, since it increased with increasing moisture content of the soil [NCRP,
1989].

Air cncremrations in the house can be calculated assuming the house to be welI mixed from
the equation [NCRP, 1989]

A

where A is the area of the basement slab (assumed to be 200 m2), Iv is the ventilation rate
of the house (which typically ranges 0.5, - 2.0 hr- [NCRP, 1989], and Vk, is the volume of
the house (assumed to be 500 m'). The dimensions of the house have been chosen to be
consistent with NRC [1981].

Radon gas is not readily absorbed or deposited in the lung,, and does not provide a
significant dose through the inhalation pathway. The primary concern related to inhalation
of radon gas is the dose received from short-lived daughter radionuclides that can be
produced in the lung [(NRC, 1980]. Radon daughters produced in air quickly attach to
aerosols and to respiratory surfaces (NRCS 19801. Consequently, concentrations of daughters
are typically somewhat lower than their equilibrium concentrations. The departure from
equilibrium is commonly called the equilibrium factor,. Fwhich relates the alpha energy of
the mixture of daughters to the alpha energ of an equilibrium mixture [NCRP, 1988]. A
simple approximation to the. dosimetry of radon daughters is to calculate the dose from an
equilibrium mnixture of daughters, then multiply the dose by the equilibrium factor. Indoor
equilibrium factors are commonly between 0.1 and 0.5, but values outside of this range have
been observed (NCRP, 1988]. Dose conversion fictors for radon daughters are not
commonly given in standard form in the literature, and Eck'ermannde aL [1988) only identify
dose conversion factors for Pb-214 and Bi-214: their sum is 1.04xl0' mrern/Ci but this
neglects contributions from Po-218 and Po-214. NCRP [1987] suggests that 0.004 Working
Levels (an equilibrium equivalent concentration of 15 Ba/m3 ) produces 24,000 .tSv/yr to the
bronchial epishelium, but it is not clear whether this value refers to a uranium mine worker
or to a population dose (contrast pages 104 and 141 in NCRP, 1987). Assuming that the
dose rate refers to a maximum individual, and assurring an inhalation rate of 8000 mi3/yr
leads to an inhalation dose conversion factor of 7.4x108 mnrem/Ci from all short-lived
daughters. Note that differing assumptions, such as a lower inhalation rate, produce higher
dose conversion factors. We have not attempted to be as conservative as possible in
estimating this dose conversion factor. This dose conversion factor is used for all radon
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inhalation dose calculations in this report. It has been Lssumed for this scenario that the
occupant of the bouse spends 4380 hours indoors, and outdoor doses are neglected.

Radon doses from air immersion can be calculated from the equation

Hb C,R,, tl)CF, (13)

where T is the fraction of time assumed to be spent indoors (05) and DCFp ,,. is the
radon dose conversion factor for imrmersion in air. O'Neal and Lee give the dose
conversion factors as 1.99xlOz (mrem m3/pCi yr) for the bone surface and 1.95xlO0 (mrem
m3/pCi yr) effective dose equivalent. -

The tota] exposure from the intruder-agriculture scenario is the sum.bf the exposures by
ingestion. inhalation. and external exposure. As in the intruder-construction analysis, the
method reco rmmended by O'Neil and Lee 11990] is to add the external dose equally to the
individual organ doses as well as to the effective dose equivalent. Radon doses for air
immersion were found to be negligible compared to doses from the other pathways, but
doses from inhalation of radon were large enough that they are separated out, and are
presented in Table 17. The variation in dose reflects the ranges of the ventilation rate and
equilibrium factor, but not the variability in the flux of radon out of the soil. As discussed
above, the radon flux used for these calculations is believed to be relatively low, since it is
based on diffusion-controlled release. The calculated doses from the intruder-agriculture
scenario are given in Tables 18 to 21 for times of intrusion 0, 1000, 10000,,and 2x106 years
(the time of equilibrium).

Table 17 Lung doses from exposure to radon-222 daughter products.

Time of Radium Nonconservative Conservative Lung
exposure concentration Lung Inhalation Inhalation Dose

_ _ (Ci/m3) Dose (mrem/yr) (mrrem/yr)

1000 1.9X106 8.9 172
5000 1.64x10' 754 1.5xl1
10,000 9.12x104 4186 8.2xa 10
50,000 ; 2.78x10 2  1.27x10 5  2.5x106

2,000,000 1.14 5.23x106 1.0x10
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Table 18. ntruder-agriculture doses at the time of closure (t - 0). Contributions from
soionrlived daughters have been neglected.

Radionuclide Concentration in Dosc tO Booe, Effctive Dose
. . Wastes (Ci/m3 ) Surface (mrem/yr) Equivalent (mrem/yr)

U-234 0.427 350x101 2.37x1C3
U-235 0.0184 1.80x103 4.94x102
U-238 1.15 8.75z10' 8.87xl0'

totals 1.24x10W 1.17xlG'

I

I
I

Table 19 IntruderagViculture doses
daughters have been neglected.

at 1,000 years. Contributions from sbon-lived

I

Radionuclide Concentration in Dose to Bone Effective Dose
Wastes (Ci/m3 ) Surface (mrem/yr) Equivalent (mrern/yr)

U-234 0.43 3M3xUC' 2.39x%1
U-235 0.0184 1.80xl0w 494
U-238 1.15 8.75x1I' 2.39x1IC
Th-230 3.83x10 3  3.58x103 106
Ra-"26 .7.22x 104  2.26x103 404
Pb-2'0 6.82x IO' 1.67xlOd 113
Po-210 6.80x1 0 0.5 3
Pa-231 3.85xl04' 6.19x1I' 248
Ac-227 3.73x104 4.74xlI 286
Th-2"7 3.68x104 4 0.6

1.42x10W 1.29x10'

Table 20 Intruder-agriculture doses at 10,000 years. Contributions from shon-lived
daughters have been neglected.

Radionuclide Concentration in Dose to Bone Effective Dose
Wastes (Ci/m') - Surface (mrem/yr) Equivalent (mrem/yr)

U-234 0.447 3.67xlW' 2A4xlj(
U-235 0.0184 1.80xlw0 4.94xlO2
U-238 1.15 8.75xlW 8.87xlW0
Tb230 6.8x10Y 330NI0' 135xlO1
Ra-226 2.92X10 2  9.15xW 1.6.4xl
Pb-210 2.92x10 2  7.1Lx0l4 4.77x1jO
Po-210 2.92x102 2_20x10' 1.421102
Pa-231 3.5x10' 4.14xl04 1.66xl0
Ac-227 35xl' 4.45xl0 2.68x103

Th-227 3.5xlO 3:95x10' 5.85x100

totals 4.08x105 3.88x10W
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Table 21 Intruder-agricurure doses at the time, of secular equilibrium (t - 2x10i yr
Con'ributions from short-lived daughters have bCee negleCted.

Radionuclide Concentration in Dose 't'Bo ne Effective Dose
Wastes (Ci/m3 ) Surface (mrem/yr) Equivalent.(znrem/vr)7 -

U-234 -1.14 938x104 -.35x1&'
U-235 0.0 1 &4 1.810 .' 4.94xlO
.U-238 1.15 8.75x - .0 -8.87xl(-,
T.b-230 1.14' 7.69x1 5  - -3.16xl0,
Ra-226 1.14 3.59x1o6  6.39x105

Pb-210 1.14 2.80x 1.89x1O -:
Po-21 0 1.14 8.69x102  5.6lx1W03

Pa-2231 0.018 2.95x105l. 1.19x10W
Ac-227 0.018 2.34x1 5  l.4OxlO'
Th-127 0.028 '206x10 2  3.05x10'

totals 7.87x I06 9.07x105,

The majority of these doses result from the ingestion pathway. Doses calculated for disposal
of U'06 require uting lower ingestion dose conversion factors for uraniur,-but not for anv
of the'daughiers.. Consequently, disposal of thewaste as th330 would reduce the initial
doses.(Iim - 0), but would not significantly affe't doses at later times, when most of the
dose results from exposure to daughter radionuclides. Consequently, we, have not reponed
separate'results for 12305 waste for this scenario. .

lt is worth restating that these dose summaries for the intruder-agriculture scenario do not
include the radon doses in Table 17. Tbe reasons for separating radon doses from the

*others are twofold. First,.radon was not treated using this methodology in NRC 11981].
Typical lovu-Ievel waste inventorie's have sufficiently small iniventories of radon parents that
radon.is very unlikely to produce significant doses. Scecond, radon doses are negligible
compared to ingestion doses at carly tirnes, and.are overwhellmingly large compared to
ingestioridoses at long times'inzthe future. Including the doses therefore masks the
importance of ihe various pathways. Third, radon exposures can be calculated -onry for the
bronchial cpitbelium (aid weighted into the effective dose equivalent). 1 hc radon therefore
affects a different critical organ than do the remaining radionuclides.

3.0 Off-site Exposures to Contarminated Ground Water

The purpose of this analysis is to perform a 'generic' ground-water analysis to evaluate
potential off-site impacts from disposal of large amounts of.depleted uranium as Class A
low-levIl saste. Ground-water analyxs cannot in ge" eral be performed On a generic basis.
since generic hydrological. geological End geochemical. coiditions do not exist.
Consequently, the analysis must be done for a particular set of.'conditions, with the
assumption that these conditions ire representative in sor c'way f an imnpotant sit-specific
case. It is important in.cvaJuating generc' condtions that 'sereening' models should bc
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used; more complex. lcss conservative approaches arc. &njustified [IAEA, 19891. Howeve*
iD this repon we present i range of possible conditions tie used to provide allernative
possible modeling approacbes.

It is important to note that the types of modeling approaches used in this report are
currintly'accepted models used in low-level waste performance assessment [Kozak cr aL.
1990].' Prjected low-level waste disposal facilities aue currently being evaluated using these
models. Therefore, the M'odels used in this report should not be presumed to be
unrezanably or exceptionally conservative. -'

3.1 SourCe-Term Analysis

We consider two conditions for the source term in thisreport. The first condition is the
disposal (as proposed) of UFA. However, as dis'ussed above, the reactions of UF, with air
and water introduce large'uncenainties into the performance assessment. Most of the
uncertainties related to the reactions tend to increase release rates for offsite exposures.
The second condition considered here is the alternative, of converting the waste to UJ,30
prior to disposal. Under these conditions, the releases will be treated as being controlled
bv the solubility limit of U10, under disposal conditions.

We begin the source-term analysis by considering the volume required of the disposal
facilinv. As described above, the 1JF,.waste is expected to occupy 3.16xl04 to 7.1x10 4 M3,
depending on the assumed bulk density of the waste, and the emplacement efficiency is
expecied to range 0.5 to 0.75. Consequently, the required volume of disposal capacity
rang:: 4.1xlOW to 1.4x105 i 3, where the lower number relates to a dense waste that is
efficiently emplaced. and the upper number is for low density waste that is mixed in a 1:1
ratio with backfill material.

We have assumed a 30 foot high tumulus, in which the waste is overlain by a 4 foot clay
cover. We further assume that the waste is disposed of in' a rectangular mass,, .s slh- n in
Figure 1. The height of the waste is 26 feet (8 meters); the remaining two dimcns,.. . of
the waste mass may be chosen arbitrarily, providing the product of the dimensior. LW,
provides the appropriate volume. We choose initially to examinc a square facility such that
L = W'- 71 meters to 133' meters for the high density and low density wastes, respectively.

Solubiliry-lini'ted releaise rates from this volume are calculated as

Q - SOKL 4 (14)

where Q is' the' overall release rate (Ci/yr), S0 is the solubility limit of the compound
(Ci/m3 ), K is the hydraulic conductivity of the clay layer if the cover is intact, or the natural
infiltration rate if the cover is'disruptcd (m /yr). Several assumptions are implicit in these
interpretations of K. When the cover is intact, it is assumed tbat the only barrier to
infiltration is the clay cover, that the clay is saturated with water, and that unit gradient
conditions exist in the soil. For this repon it is assumed that the cover material us emplaced
}a the field has a saturated conductivity of 10' cm/s. After some indefinite time, the cover
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Figure 1: Devign basis for the waste disposal cell.

will degrade by crosion, root and,'animal intrusion, or subsidence of the underlying
materials; at some point the conductivity increases to the natural infiltration rate, and the
-clay cover no longer provides 'an' inhibition to flow (note tbat this also includes an
assumption that subsidence is not bad enough'to cause increase infiltration over the natural
local value). This increase in conductivity is assumed to occur as a step function at 100
years after closure of the facility. No credit is takerr for performance of concrete vaults, if
any are used at the facilin.

It is interesting to note that assuming the facility fails after a short period of time is not
necessarily conservative for depleted uranium wastes. If the waste is disposed of in vaults
that exclude water for a long time before failing, the only effect will be to inase the
radiological content of the waste, leading to increased offsite exposures when the releases
eventually do begin. Delaying the onset of releases can only provide equal or greater doses
when compared to the case when releases begin immediately.

We consider the following cases for evaluating the release rate from the waste

1. The reaction rate of UF, shall be assumed to be slow relative to the transport time
scale between the disposal unit and the'well. This case seems unlikely based on the
discussion in Section 1.2 on UF, reactivity, but is considered a 'best case' analysis of
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LTF, disposal. The LT, shall be assumed to be released according to its reponed
solubiliry limit of 0.1 g/liter [Leone el aL, 1978]. This solubility limit may potentially
be different under disposal conditions, either higher or lower; but these differences
cannot be evaluated on a generic basis.

2. UF4 shall be assumed to react to produce a highly soluble reaction product The
waste will be essumed to be flushed out of the disposal unit by infiltrating water
without allowing for a solubility limit. This analysis is considered a 'worst case
analysis. However, we shall not account for the potential of subsidence and
concomitant increased infiltration resulting from severe HF reactions with the
disposal facility. In this sense this case is not a true "worst case' analysis.

3. The release rates for U.0, and other oxide wastes shall be evaluated based on
simple solubiliry limit considerations.

4. A more elaborate reaction pathway model is used to identify solubility limits based
on some site-specific information.

3.2 Ground-W-ate7 Transport Ana2lsis

The disposal site has been assumed to have the hydrological characteristics of the southeast
reference site described in Appendix E of the DEIS. These characteristics are assumed to
remain constant indefinitely, even though the analyses will be carried out to time periods
in which this assumption is dubious, at best. Important characteristics of the site are shown.
in Figure 2. The waste site resides on a moderately permeable soil, which is underlain by
high permeability limestone formations; The water table is about 12 to 17 meters deep at
the site. The top of the limestone formation begins at about 25 meters below the surface.
The depth to the clay aquitard (low-permeability layer) is about 40 meters. The reader is
directed to the DEIS for more details of the site characteristics, including a more detailed
stratigraphy. The ground-water velocity, porosity, and dispersivities were not identified in
the DEIS. but Oztunali and Roles [1986], in their description of the'southeast reference site,
suggested parameter values for use in a simple transport model. The vilues suggested by
Oziunali and Roles [1986] and the DEIS are shown in Table 22, and are adopted here as
a base case analysis.
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Figure 2: Characteristics of the disposal site described in NRC (1981].

Table 22 Base case parameter values used in the ground-water transport analysis [NRC,
1961: Oztunali and Roles, 1986].

Parameter Value

Transport Velocity 1.25 m/yr
Porosit - - 0.25
Longiiudinal Dispersitiy 0.6 m

-Transverse Dispershity 0.06 m
Infiltration'Rate 18 cm/yr
Moisture Content U 0.20
Aquifer Thickness *' 18 m..
Depth to Water Table ' 12 m

Value not identified in the references.
Appro~rnated from the'stratigrapby'given in the DEIS.

Transport through the unsaantrated zone is assumed to take-place without dispersion, in
which case the unsaturated zone serves simply as a delay time prior to the onset of releases
into the aquifer.
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A boundary well is assumed to be drilled 100 feet (30 meters) from the edge of the waste
volume. Concentrations are calculated at the well using two approaches. Tbe first approach
is to use the computer code PAGAN [Chu a aL, 1991], which is a part of the current
methodologv for conducting performance assessments of low-level waste disposal facilities.
The mathematics embodied in PAGAN have been discussed in detail by Kozak a aL
[r190aJ: the assumptions are briefly reiterated here. PAGAN solves the convective.
dispersion equation for constant Darcy velocity in a homogeneous, isotropic aquifer by
performing a numerical integration in time of an analytical Green's function solution. The
code has the following capabilities:

* rectangular volume source of arbitrary dimensions; this is projected to an area source
at the water tab :,

* aquifer of cor . thickness,
* delay rimein tiae unsaturated zone can be accounted for, along with the decay that

occurs during that time, -

* dispersion in the disposal unit treated using the mixing-cell cascade model,
* either a surface-wash or constant-rate leach model can be specified,
* simr radionuclide decay (no chains) in the aquifer and source,
* radio:.-clide retardation in the aquifer,
* different dispersion coefficients in transverse and lateral directions,
* either well concentrations or surface-water concentrations can be evaluated,
* dose due to ingestion of contaminated water, and
* simple menu-driven input and on-screen graphics output.

The well concer -a-"e calculated using PAGAIN is the plume centerline concentration at
the water table. ... s, it is the maximum concentration in the aquifer at the specified
distance of the weli; no credit is taken for dilution of water in the well by uncontaminated
water. Furthermore, well drawdown is not analyzed. We c ider this approach to
modeling the well to be generally conservative, and to be appro.-.ate for the purpose of
regulatory analysis. Kozak [1991] benchrnarked PAGA.N and VAM2D for a confined
aquifer transport analysis, which provides verification that the codes have accurately solved
the convective dispersion equation.

The second approach to calculating the radionuclide concentrations in the well is a
deliberate extreme in nonconservatism. We assume that the entire water budget between
the waste and the well dilutes the releases from th.: facility. This approach is depicted in
Figure 3. The flow velocity through the top end of the box is 0.18 m/lyr after failure of the
cover at 100 years. The total volumetric flow rate is therefore O.A8W, where W is the
width of the waste, and L is the length of the waste plus the distance, t) the well (L - W
+ 30 for a square facility). Tbe flow rate entering the left plane of the box in the aquifer
is the design-basis Darcy velocity, 031.m/yr [Qzmnali and Roles, 1986], times the cross-
sectional area or the aquifer, which is 18 m deep. If the release rate is constant and
solubility limitec iver a long time, and the contaminant is long lveud, peak concentratu
leaving the well-mixed box arc given by the peak release rate over the total volumetric fDi
rate leaving the box:
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Note that for long-term constant release rates, the output concentration is independent of
retardation. The retardation factor influences the time of niv2a] of the concentration, but

-not the niagrntude of the concentration. Estimates of the retardation &re bnly needed to
: - -estimate the ingrowth of dau'gbter rmdionuclides, whicb incrcase the' dos from the well.

This approach has been used for'two main reasons. First, it provides a "best case- bound
on the analysis. Given the sourceter'm arssumptions 'it is unlikely that ground-water
concentrations can be any bener than those produced by this model.' Second. some might
argue that a one-dimensional aquifer transport model (such as PAGAN) is "overly
- 'conservative, since hbe large infiliration rate is not accounted for in using'one-dimensional
flow. Use of the box model therefore provides an alternative viewpoint for assessing the
conservatism of PAGAN for this case.

FLOW RATE - C.1 t LW(m /r)

.. ., .WEI1

FLOW RATE - :.- W (m 7--in

Figure 3: Nonconservative conceptual model for tranport to the wel~l.,

It is not possible to S pe ci fy retardation factors with confidence for generic conditions.

Values for ctinide sorption coe-icients, K., cited in the literature range from zero to
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thousands for dL:c-ing conditions and assumptions. and tLere does no: appear to be an;. was-
to reduce this range for a generic.site. One can begin with an analysis of the parent
radionuclides alone, neglecting contnbutions of daughters. This a s-. mption is radiologically
optimistic, since any contribution of the daughters will incrce: doses, and these
contibutions grow with increasing time.

If des-red, one could progress to an assumption that equal retardationfactors apply to
parezs and daughters. This assumption greatly reduces the dificulty of the analysis, and
is presumed to be generaliy-conservative [Codell e al, 1982]; furthermore, data are not
available to justify any other assumption. Given the assumption of equal sorption for all
daughters, higher retardation factors will lead to higher doses for. this depleted uranium
waste, since higher retardation factors allow more time to pass before arrivil at the well,
which produces greater ingrowth of daughters.

Doses are caculated only for drinldng well water. .Adding other pathways that were
iDcuded in the DEIS well scenarios can only increase calculated doses.

33 Calculated Doses for the Boundary Well

In this section we present results from the calculation of doses at a boundary well, assumed
to be 30 meters downgradient from the edge of the disposal facility. The disposal facility
is assumed to be' well packed, such that its dimensions are 71 meters x 71 meters. The
indihidual is assumed to consume 2 liters/day (0.73 m'/yr) of water [NRC, 1977]. We have
not included additional pathways, such as irrigation of a garden followed by ingestion of the
crops. Including such pathways would tend to increase the doses reported here.

3.3.1 Disposal of Non-Reactive UF1

In this section we describe the calculated doses assuming that the reaction rate of UF, is
verv slow relative to the travel time from the disposal facility. Consequently, we are
evaluating the release, transport, and consumption of UF, and daughter products as
fluorides.

The release rate of UF, is assumed to be limited by its solubility limit of 100 g/m 3 , as
discussed above. As discussed above, UF, can be metastably dissolved in water, bat its
subsequent reaction is very likely. We are assuming for this case that the reaction is very
slow compared to the transport time. Applying Equation 13 and the isotopic mass fractions
given in Section 1.1 leads to the release rates shown in Table 23.

Table 23 Solubility-lirnited release rates of UF4 from the disposal facility

Isotope T Release rate prior to cover Release rate after cover
| failure :Ci/yr) failure (Ci/yr)

U-234 2.0xl 3  1.. . x10
U-235 8.6x105 4.9x1 I
U-238 5.4x10 3.1x1 02
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Given the low reckase rates after cover failure and the large overall inventory in the dispos.al
unit, we can estirnate that following failure of the cover, the releyses would remin constan,
for about 1.2 millon years until the inventory is exhausted. (This evaluation does not
account for potential changes at the site over such a long time frame). Peak doses wil be
associated with this larger release rate; the cover failure time serves only. to ClAnge the
shape of the well concentration -vs.- tire cwrve Ls it approacbes the maximum
concentration. We therefore take credit for zero release during the first 100 years, and only
analyze the releases under filed conditions.

'Te mean travel time from the bottom center of the disposal facility to the well is given by
the sum of the travel time in the unsaturated zone and the saturated zone. This is expressed
LS

e v ' (16)

where x., and x, are the distances travelled in unsaturated and saturated zones, R is the
retardation factor (assumed the' same for both zones), P is the percolation rate, # is the
moisture content, o is the porosity, and v is the Darcy velocity in the aquifer. Using the
parameters specified above, the unretarded average travel time,from the bottom of the
waste to the well is 66 years. We have only evaluated the 71 x 71 meter disposal facility.

'We begin with an analysis, using PAGAN, assuming the UF4 tO be unretarded (R 1).
Peak concentrations resulting from this analysis are greater than the solubility limit of UF,
assumed in this report. The reason for this is the neglect of recharge'in PAGAN; the
release rates produce more mass than can be accommodated by the flow rate in the aquifer.
We interpret these results to mean that there is negligible dilution in the aquifer, and
evaluate the doses at the solubilit' limit of UFd. Doses from-drinking water at the solubilitv
-lirit are shown in Table 24 for the initial isotopic concentrations.

Table 24 Doses calculated from PAGAN' (concentrations at the solubiliry limit of UF4 and
initial isotopic concentration) ,

Isotope 'Concentration (Ci/m 3) Bone Suiface Effective Dose
- 'Dose (fnrem/yr) Equivalent (mrem/yr)

U-234 1.25x1I 5  3.8X10i * -26x10
U-235 S.40x&-; 1Ix0, 105
U-238 3.35x1075  9.LxO' ' 6.2x0 3 '

Total 13x105 8.9x103

Our second analysis uses the box model discussed above. The concentrations vary
depending on the assumed dimensions of the disposal unit, which is assumed to be a square
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c ' = n: a sic-. 4. dis-s:cC Love. cmi =Z-je: dis osa: U=-.z: is evalua:cd
bere. (Note thai concent'ations caiculated from Equarion 14 for the 133 m'facility axe
higher than for tbe' 71 m facility, so we are once again zpplying a onconservative
assumption). -The volumetric flow'rate leaving the box is therefore 1690 m'/yr, which
includes dilution between the disposal unit and the weUl. Combining thiqs Dow rate with the
solubility-limited release rates using Equation 14 leads to the dose figures shown in Table
25.

Table 25 Doses from UF4 calculated using the box modeL Ingrowth of daughters is
neglected. _ -_,

Isotope Bone Surface Dose Effectivc Dose
I(mrem/yr) Equivalent (mrem/yr)

U.234 2x104  1.4x1W
U-235 821 59
U-238 5x10' 3.6x103

Total 7xl0 5.1x103

The reader should bear in mind that these dose results assume (1) UF, does not react to
produce high solubility conditions, (2) very large dilution in the aquifer, (3) no retardation,
and (4) no contributions from daughter radionuclides. These results are therefore optimistic

eetsimat. As an example, if a retardation factor of 100 were applied to the same
analvsis, the travel time to the well would be between 6,600 and 9,000 years, significant
daughter ingrowth would apply, and the doses would increase.

3.3.2 Dkpocal of Reactive LTF,

In this section we describe the calculated doses assuming that the reaction rate of UF, is fast
relative to the travel time from the disposal facility. This conditions appears to be the most
likely. Evaluation of this case is complicated by the pH dependence of solubility of the
uranium oxides formed by the reactions discussed above. We therefore consider the
possibility of the waste being highly soluble in HF solution. In this case the release rate
is not solubility limited but is only limited by the Dow. rate of water and the retardation
factor associated with the surrounding soL. The'reader is directed to Section 3.3.3 below
for a discussion of the credibility of high solubilities at low pH. We will therefore analyze
the release by a surface-wash model, as described previously by us in Kozak a ¢L [1990a1.
The equation describing releasc from the disposal unit is

Q)-(St/TY'' (17)
T , . (n-l)!

where m is the initial inventory of waste, 1 is the radionuclide decay factor, N. is the number
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of mixing cells, T - #DR/v is the contaminant space timebiD the disposal unit, D is the
'vertical dimension of the waste (8 meters), v is the percolation rate through the waste, i is
the moisture content, ind R - I + (l-c)pY.,/u is the retardation factor in the unit.

Prior to failuwc of the cover, the travel time of water through the waste disposal unit, T/R,
is 51 years; this means that all of the waste is flusbed out of the disposal unit while the
cover is still intactL The travel time in the unsaturated zone under these conditions is 76
years; this means that the waste is entirely flushed out of the disposal unit and enters the
aquifer during the nirst 127 years, ssuming the cover remains intact during that time. For
tbe sake of simplicity of tbe analysis, we allow the cover to last for 130 years in this ysis.
-We used N 50 for all analyses reported in this report, which corresponds io little
dispersion in the disposal unit.

The potential eists for the oxides to reach solubility limits and precipitate out upon lcaving
the disposal unit, since the disposal unit effluent will mix with surrounding waters. This
leads to the possibility of increased pH outside of the disposal unit, with attendant lower
solubiliry .limits of oxides. However, we note that if the waste reacts prior to or during
release, four moles of HF is released'with every mole of uranium' compound. Given the
initial inventory assumed in this report of 1.08xlO" g (2.4x10' lb) of uranium, we can expect
the release of 1.8x1O9 gram-moles (I;1x.0 8 lb) of HF. In this calculation we are assuming
a fast reaction to completion (fast meaning on the order of days to a few'months). This
means that very large amounts of HF are being released at the same time as the uranium
oxide, and the entire locality may be acidified, producing high solubility and mobility in the
entire region between the disposal unit and the well. If we take a generous dilution factor
fromrthe box model of 1690 m'/yr diluting the disposal facility effluent, we find that 1.7x10
gram-moles/yr of HF is needed to produce pH - I in the water at the well (assuming no
buffering capacity in the ground-water system). Tlhat is, even if the total amount of HF is
released uniformly over 10,000 years rather than the 51 years calculated above, significant
acidification of the aquifer can result. We therefore discount the 'potential for
reprecipitation of the waste in the aquifer.

Doses resulting from this calculation are extremely large, and result from the reactions in
the waste producing conditions associated with high mobility and solubility. lt is irimnnan
to note that a person could not actually receive these doses because the water would be
unpotable. That is, the performance assessment analysis shows the potential for such severe
ground-water contamination that one could not inadvertently drink significant amounts of
the water without adverse health effects. If the ground-water system has enough buffering
capacity to neutralize the released acid, the actinides would tend to become less soluble, and
-lower doses would result. An evaluation of the infuence of pH on solubility is given in
Section 3.33,- and an evaluation of a lower solubility form of uranium is given in section
333.

3.3.3 Dissal1 of U3-'.

In this section we consider the impacts related to disposal of the waste-as U30). One
important point to make is that U30s does not exist in solution, but rather speciates to other
oxide, hydroxide, and complex forms, all of which are soluble to some extent. In addition.
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UO1 , is tbermodN nanically unstable in ground water. U305 is therefore expected to convert
to other oxide forms; the'favored form under oxidizing conditions is schoepite. but other
complexes may be favored depending on site-specific conditions. As Xn exarnple, Chu and
Bernard [1991] showed that uranium complexes with silicates are important to the solubiliry
of uranium at the Nevada Test Site. Uraninite is the favored form under reducing
conditions, but we expect oxidizing'oonditions to dominate in a disposal unit in the
unsaturated zone. We therefore consider the behavior of scboepite under disposal
conditions.

The solubiliry limits of radionuclides in ground water are affected by the ability of the
compound to form complexes with other species in and near the disposal unit. Solubiities
are a function of the chemical properties of the element and the chemical composition and
temperanure of the water [Cbu and Bernard, 1991]. Site-specific conditions can produce a
wide range of solubiliry behavior for uranium oxides, and the potential exists for U30 to
react to form other oxides, hydroxides, or. complexes with soil minerals under some
conditions. Therefore, on a generic basis, we cannot specify a solubility limit for U301 with
much confidence. Furthermore, the details of the ground-water chemistry needed to
perform the detailed analyses used to estimate solubilities are not available in the site
description of the southeast reference site [NRC, 1981].

We therefore adopt a design basis for disposal conditions. We neglect the presence of other
mineral species that may influence the solubiliry of the uranium, and only consider the
solubilitv of uranium in water that is in equilibrium with air. A solubility diagram is shown
in Figure 4 for water in equilibrium with air (0.21 atm partial pressure oxygen); the figure
shows the activity (concentration in moles/liter) of the primary dissolved complexes of
schoepite vs. pH. A comparable solubility diagram is'shown in Figure 5, which includes
equilibrium with a typical CO2 concentration in water (produced by dissolving airborne
CO.). In both cases the minimum solubiliry limit is of order 10' gram-moles/liter (2.4xl 1'
g/liter), and this minimum occurs in a narrow pH range. Over 4 < pH < 9, a liberal range
for ground-water pH at the Southeast reference site, we can have confidence that the
solubiliry limit is less than 105 moles/liter (2.4x10 3 g/liter).

These solubilixy diagrams lend credibility to the assumptions made in Section 3.3.2 about
potential high solubility of the waste if the reaction to produce HF is rapid. At low pH, the
solubility of schoepite becomes very large, and rapid conversion of UF, to HF would clearly
produce enough HF to lower the pH into the high solubility range. Projections of possible
values of pH were discussed in Section 33.2.
Consu.-. :.'on of well water at a dissolved concentration of 1 25xlO Ci/m' (2.6x10-' g/liter)
of the waste at its initial isoto ic ratio produces an annual dose of 25 her=eo the bone
surface. Any acceptable analysis of off-site- concentrations for initial 'conditions must
therefore produce less than these concentrations. As discussed above, iialyses using
PAGAN suggest negligible dilution of the releases in the aquifer, which in turn suggests that
the solubiliry limit in the source that would initially produce 25 mrem/yr would be . xl0'5

g/liter. Using large amounts of dilution from the box model discussed above <. .:sts that
solubility limits less than 5x10 5 g/liter would be initially acceptable. We therefore have an
approximate range of acceptable solubility limits at the time of disposal of 2.6x1Cr5 to 5xi 10

g/liter. These solubility limits are lower than the lowest solubility limit for schoepite in
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water, and significantly lower than value associated With a range of pH values. This means
that given the assumptionrs in the source-term calculation (releases it the solubility limit)
and given the tssumptions in -the -transport calculation -(which ure representative of the
Southeast reference site), it is not possible for uranium oidde 1QpUce dose Iess than
25 mrem/yT.

This conclusion is mnade With several extremely important qualifications. First, the solubility
of uranium compounds can be much less than the scboepite in water vlues, since uranium'
can form very insoluble complexes with minerals. The potential for these lower solubilities
can only be evalusated for specific geocbemical conditions. Sc'cond, other sites may produce
greater dilution than the southeast site, which would tend to reduce well concentrations.
Third, alternative waste forms may be proposed that would reduce the release rates of the
Waste or its solubility limit, and this may significantly decrease off-site doses. For instance,
if the schoepite were vitrified, the release rate into water would be reduced, and the large
amounts of silica used in the vitrification may well decrease solubility limits by orders of
magnitude. -

It should be understood that these analysc have neglected the contributions of daughter
radionuclides:' The peak doses actually gradually'increase in time owing to ingrowth of
daughters. Daughter contributions can be calculated easily if equal retardation factors apply
to all parents and daughters.. Daughter concentrations can be calculated from the parent
concentration, and appropriate'dose conversion factors can be applied.' Including daughter
contributions to bone surface dose from a 10'5 g/liter drinking water concentration, which
initially produces 10 mrem/yr from uranium alone, produces 25 rnrem/yr at 10,000 years.

MAt 2 illion years (equilibrium) the bone surface dos: rises to about 320 mnem/yr. It
should be noted that given these low solubility limits and a perpetuation of current
infiltration rates, only a tiny fraction of the initial inventory leaches out into the ground
water over 2 million years. Consequently, these larger ground-water doses can potentially
bc reached'at long times.

'3.3.4 Reacvion-Path Modeling

*Simple analvses of the solubility of U.0, in water that is in equilibrium with air (discussed
in Section 33.3) indicate a solubility limit for uranium on the order of 106 gram-mole/liter.
The water considered in Section 33.3 contained dissolved 0(g) and dissolved C0 2(g), but
the presence of buffering minerals was not taken into account The solid uranium form
under these conditions was scboepite. Tbe question remains however of the behavior of
: dissolved uranium as it moves from the disposal cavity into the flow path given the chemical
condition of the ground water at the site. ' - ' ..

In this section, we report geochermical analyses of the solubility of uranium given a ground
-wate;'composition.for a specific site. 'A description of the geochemical conditions used in'
these analyses is-given in'Appendix A..Tbese data have becn adopted from the draft
problem description used by the NRC in analyses related to tbc'Branch Techncal Position
on low-level waste performance assessment during 1992. 'Data are from an actual site in the
southeastern United States. However, the site doces not necessarily represent the same site
analyzed for the DEIS for 10 CFR Part 61 [NRC, 1981];
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.Ze apprca:h taken herc to ozi; ; 5' *wan : a -aO-z By *n bg:D1 fw;c-
described in Appendix A is the following. First, calculations are performed to obuain an
analvtical system that matches the mineralogy and pH range given by the empirical data.
The reader should note that a number of scenarios can be constructed that could produce
the empirical conditions reported in Appendix A. The key is to construct a scenario (a set
of reactions involving the key components of the system) based on known geochemical
processes that results in a final. state similar to the empirical conditions specified. Seobnd,
uranium is introduced into the analytical system in concentrations high enough to allow
precipitation to a solid phase. At equilibrium, the solubility of uranium for the analytical
system is obtained. Third, factors that are known to affect uranium solubility are varied to
determine the effect that they have on uranium solubility in the analytical system. The
React code [Bethke, 19921 was used for this analysis.

The mineralc~,ca1 composition given in Appendix A consists primarily of Quartz and
Kaolinitc. A small percentage of other mirierels like Illite are also present. The pH range
specified in Table AJ is 4.5 to 73. Performing a computer experiment where Kaolinite and
Quartz are mixed in water containing the cations Ca , Na-, K' (with concentrations like
that given by the empirical data), dissolved C02(g) (log f - -3.5) and HPO; produces a
groundwater with a pH of 8.68. The pH obtained is higher (more basic) than the measured
pH for the groundwater. The silica concentration obtained is ler gram-moles/kg H20. The
reported silica concentration in Table Al is 6 ppm or 10r gram-moles/kg H10.

While the resulting silica concentration from the computer experiment described above
matches the empirical value, the pH obtained is out of the range of the reported pH values.
Lower pH values can be caused by the presence of other minerals, higher concentrations
of dissolved carbon dioxide and/or higher concentrations of dissolved oxygen. The reader
should note that dissolved oxygen was not included in the computer experiment described
above.

To drive the pH to lower values, the mineral Illite was added to the system. With Illite
present, the pH obtained (pH = 7.84) was still higher than that given in Table Al.

To change the concentration of dissolved carbon dioxide in the system, the fugaciry of
C02 (g) in equilibrium with the water was varied from 10's to 1. The lowest pH obtained
(for log faCO = 0) was 5.63. The dissolved C02 content is not given in the empirical data.
A range of f = 10'3 to f = 102 is considered reasonable by the authors for this system.

Dissolved oxygen also has an affect on the pH. To check the effect of dissolved oxygen on
the system, oxygen was added with fugacity values varying between 1i10 (almost no oxygen)
to 10°7 (the oxygen content of air). The C0 2(g) fugacity was set to 10r" value. The
resulting pH range was 6.65 to 7.93. With such a large variation in the'.02 (g) fugacity. it
appears that dissolved oxygen has a relatively small effect on the pH.

It is not clear what mechanism is driving the pH to the lowest values (pH - 45) reported
in Table Al. A system with Kaolinite, QuarLz Illite, dissolved carbon dioxide (f - l1Ot)
and miscellaneous cations and anions as reported in Table Al1 equilibrates at a pH value
of 7.55. Next, the solubility of uranium in an equilibrated system with the characteristics
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described above is examined. Once the solubility in this system is established, we wil force
the pH-to lower values by adding HO to determine the behavior of the uranium solubilitv
at lower pH.

Figure 6 shows the state of the analytical system when uranium is addetd. Figure Ia shows
the elemental fluid composition. The concentration of uranium in the fluid is 10" grta.
mole.s/kg H20 (1C0' gram-moles/liter) Awbcn the C02(g) fugacity is 102. Tbe urani=u
concentration is 1Cr4 gram-mbles/liter when the CO°) fugacity is ID- and recmns at 1e
grLm-moles/liter when the C0 2(g) fugacity is lowered to 104. Based on this alculation, it
appea.rs that the uranium solubility is unchanged due to the presence of Qu=rtz and
Kaolinite and has a lower limit of 1Cr gram-moles/liter as' CO2(g) is removed from the
systemL Figure 6b shows the major minerals that arc prsent.. Quartz is most abundant
followed by Kaolinite and Muscovite (an a]teration mineral with Illite). The solid uranium
phase is Uranophane (a uranium silicate mineral). Figure 6c sbhos the primary soluble
uranium species. For this pH (pH - 7.55),.uranium carbonate species account for most of
the uranium solubiliry.

Figure 7 shows the uranium solubility as HCI is added to the high C0 2(g) (f - 1O.2'-)
system (lowering the pH). The pH range showm in Figure 2 corresponds to the range given
in Table A.1. The maximum uranium solubility is 10" gram-moles/liter at a pH of 4.5.
The lowest uranium solubility is at a pH of 53 where the solubility is about 10"S. At the
high pH value (pH = 7.5), the solubility of uranium is about l -5. ,FigureS8 shows the
soluble uranium species as a function of pH. At higher pH, the carbonate speci UO2 (CO,)22

dominates the solubility. At lower pH, uranium phosphate species dominate solubility.

The minerals present as a function of pH are shown in Figure 9. Quartz and Kaolinite are
stable throughout the pH range. Muscovite alters- to Illite around a pH of 5.25.
Uranophane is the solid uranium phase present from pH of 4.5 to pH of 7.5. When the
dissolved carbon dioxide in the system is decreased (fco2 ' 1 0'3S), the uranium solubilitv
changes slightly as shown in Figure 10. The maximum solubility in this pH range is still 10-
-2. However, the solubility does not increase with increasing pH as shown in Figure 2.

Justification for this behavior is seen in the decreased formation of uranium carbonate
species as shown in Figure 11.
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abe disposal cavity into the fi's: transport iegvaries on is sli hiv. in civ d nt , in,
the soil specified in Appendix A does not reduce the solubility to a level that would result
in doses less than 25 rnem/yr. As'in the previous section, we make this conclusion about
the uranium alone, without including daughter radionuclides. Including the daughters can
only increase offsite impacts.

The question arises then about what will malke the uranium less soluble. In general,
uranium ore deposits (law solubility U4') are found under strongly reducing conditions
when there is either insuficient oxygen to maintain a high oxidation potential or a strongly
reducing element like organic carbon that causes uranium to reduce from U" to I"'. The
fact that burial is proposed in the vadose zone nearly eliminates strongly reducing conditions
as a possibility. The reader may note that all of the soluble uranium species shown in
Figures I through 6 iz--olve U". An Eh-pH diagram is shown in Figure 7. At Eh 500
mV (the site value give. in Table AI), the uranium is in the U"6 egime for AUl pH values
of interest; bence the relatively large solubities. As a point of general interest, in Class A
low-level waste streams containing more typical inventories than those examined here,
uranium compounds are present in the waste in small quantities. Much of the remainder
of Class A waste is organic material that produced reducing conditions in the waste as it
biodegrades. Consequently, during the period (perhaps the first few hundred years) in which
organic materials are actively biodegrading. conditions in a low-level waste vault can be
expected to be consistent with low solubilities, as discussed above. It is not clear what
conditions will occur following the time period of active biodegradation. However, the
resolution of this issue is expected to be site specific, and specific to each disposal vault
design.

4.0 Of-tiie Exposures from Releases of Radon-22

The high inhalation doses from radon exposure calculated in the intruder-agriculrure
scenario suggest that radon might be released in large enough amounts to produce a
radiologically significant air-transport pathway for off-site expost'-es. These exposures will
be analyzed in this section.

As in the intruder-agriculture scenario, we model the releases from the intact rumulus in two
parts: below-ground transport to the surface, followed by airborne transport, which includes
disequilibria of -adon daughter products. The below-ground transport can be treated in the
same. fashion ?.: the intruder-agriculture scenario: it is assumed that transport occurs by
diffusion through the cover. Again, we adopt this approach with the caution that it is more
likely that transport will be strongly influenced by barometric pumping, causing convective
transport to the surface (Nazaroff, 1992]. Adopting diffusion as the only transport
mechanism of importance may tend to underestimate releases somewhat. However, it is not
clear in the literature bow strong an inDuence barometric pumping has on long-term average
exposures.

Above-ground transport can be treated in performance assessment by the Gaussian-plume
modeling approach suggested by Ch; a aL 11990], which we briefly summarize bere. The
diffusive release at the ground surface is assumed to be constant in time over the time
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frames of the exposure analyses. The release only varies us the Ra-226 concentration in the
waste increases. In the absence of terrain information, we assume that both rclease and
receptor are at ground level. Airborne concentrations at the facility boundary are calculated
by tSSumting a constant wind speed, direction, and atznospberic stability class.. This approach
is obviously conservative, since Ct any acrual site these conditions wi be variable, and that
variability will tend to reduce either concentrations or the duration of exposure. Accounting
for variability in Lind direction is likely to reduce doses by less than a-n order of magnitude.
We shall axn;lyze different wind stability classes to evaluate that uncertainty. Fo~lowing
NRC recornmendations [NRC, 1977b] we shall use a wind speed of I m/s. A person is
zssumcedto be at the site boundary'.breathing the plume for half of the year. The release
is assumed to occur over the entire tumulus; it is assumed that there is Dot a preferential
subsurface path leading to a point release into the atmosphere. This assumption is Dot
conservative: assuming a point release can-produce much luger calculated doses than does
assuming an area release.

Tec Mziodel for airborne concentrations of radon is the Gaussian plume mordel for these
assumptions

x/Q - .$ (18)

where x is the air concentration of radon (Ci/m 3 ), Q is the release rate from the soil
(Ci/yr). u is the wind speed (rn/yr), aid cr and oa are the lateral and vertical dispersion
coefficients, respectively. This equation represents a point release in space. To approximate
a spatially distributed source, the virtual point method. is used [Turner, 1970; Chu et aL.
1990]. In the virtual point method, the point source is moved upwind far enough that mice
the lateral dispersion coefficient equals the width of the area source, as shown in Figure 12.

The dispersion coefficients are calcuiated from the Pasquill-Gifford equations:

O,(X) - x[a1 ln(x) a2 ,. (19)
Y#

and

I2o,(x) ' -exp[b, - bgln(x) b3 nt (x)], ... . .
2.15

. .,.h -r t [V gt 19 7 ................. .. ... ...}.

where the constants have been determined empirically'from field obserations [Vogt, 1977)..
- For Class A an'd Class F stability classes.tbe values for the constants aregiven in Table 26.
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Figure 12: The %irtual point method for evaluating area sources.

Table 26 Pasquill-Gifford constants for dispersion coefficients [Vogt, 1977].
,=

Constant Class A Value Class F Value
a n -U.. I UU4
a,
a,
b,

2b.
b;

0.3500
0.8800

-0.1520
0.1475

0.0540
-3.8000
1.4190

-0.0550
_ _ . . __

Ap; ng these constants to Equation 19 and solving iteratively for the virtual point distance,
the -ing in the half width of the tumulus and the distance to the receptor, produces the
dis.. between the virtual source and the receptor 11152 meters for Cass F and 218.5
meter., .u Class A. Applying these distances to the dispersion coefficient equations, the
values for x/Q are 5.8xl10 s/m' (1.84xlO1" yr/m') for Class F. and 1.8x10 4 s/m 3 (5.77x10 "
yr/m') for Class A. These values represent the amount of dilution (by atmospheric
dispersion) of the radon source release rate given very broad differences in atmospheric
stability. If we also evaluate the more conservative case, in which a0l of the released radon
emanates from a single point, we find that x/Q for Class F stability is 0.077 s/mr (2.4x1(Y9
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yr/m 3). This x/Q iepresents the physical situation in which the radon is released from a
fracture in the clay cover or concrete vault. Physically, this mechanism is believed to be
dominant in radon emissions from the subsurfaccN[)9azaroff. 1992). Thus, the range of x/Q
used in this repoon is 1.8xl0' to 7.7x10* s/m'.

The dose that results from this release and transport to an off-site person is given by

Dose * DCF .F [^Ra) c(AD/p)l 2 , (21)

where DCF,4U~Izb iS the dose conversion for an equilibrium mixture of radon daughters
(1.04x0'. mrem/Ci for lung doses), I is the inhalation rate for the assumed half year (4000
m3/yr) A is the area of the release (71 m x 71 m), F is the equilibrium factor, and the
remainder of the terms are,'as in'the intruder-agriculture analysis, related to the diffusional
release. Outdoor equilibria of ridon daughters tend to be higher than indoor equilibria,
-ince there are fewer surfices onto which the daughters can plate out. Values for F
outdoors typically range 0.4 to 0.9, with some values reponed outside of this range [NCRP.
19881.

We shall assume that the release flux (G/m0 yr) is the same as in the intruder-agriculture
scenario. The reader uill recall that this flux was based on diffusion through a concrete slab
into a house, which may be expected to have lower diffusion coefficients than natural soil,
'and that diffusion' mchanisms generally underpredict'radon fluxes. Therefore, h
estirnatec of flie release may not be conservative. The resultsof this dose calculation are
shoun in Table 27. The differences between the low estimates and the-high estimates
represeni the range of values for x/Q (which includes uncertainties in release area and
stability class) and the range of daughter disequilibrium F. The optimistic doses are for
continuous Clas's A wind stability and F 0.4; the pessimistic values arc for continuous
Class F uind stability and F 0.9.

Table 27 Off-site doses from inhalation of Rn-222 daughters. '

Time Ra-226 Concentration Optimistic Lung Dose |'Pessimistic Lung
(Ci/m 3 ) (mrem/yr) Dose (mrerm/yr)

'000 1.90x104  0.05 45.70.05 45.7.
5000 1.64x10- 4.0 3.95x103
10,000 , 9.12xle 22 2.19xlD'.
50,000 2.78x1 O-' 676 6.69xl05

equilibriurn 1.14 2.8104 2.74x'10'
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Based on the assu-Jtions used in this analysis. it appears that transpor, or Pm-' A,
produce sipificant off-site doses. At a specific site, data would be avaiablc to modif-N ,c
of the assumptions used in this analysis, such as bhe frequency and duration of prevailing
wind direction changes. Site-specific analyses may show either better or worse dose
cakculations than these, since some of the models and parameters used here are probably
conservative, and some are probably not conservative.

5.0 Cbernical Toxicily Considerations

In this section we consider potential bealth effects resulting from the chemical toxicity of
UTF , and its possible reaction products.

The most important uranium toxic effect of uranium is damage to the kidney; permanent
renal damage can be expected to occur from a 40 mg intake of uranium by a 70 kg person
(McGuire, 1991]. This translates to an intake of 13x1? Ci of U-238. By contrast, ingestion
of this amount of U-238 would produce'a 3.4 murem effective dose equivalent and 48.6 mnrm
bone surface dose. Since these doses are much smaller than can be expected to produce
observable health effects, it appears that the cbermical toxicity of U-238 is more significant
than the radiological.toxicity. McGuire also states that an intake of 230 mg may produce
50 percent lethality in a 70 kg person, which corresponds to 7.7x104 Ci of U-238. Ingestion
of this amount of U-238 in soluble form would produce 210 mrem bone surface or 19.6
mrem effective dose' equivalent. We note that these dose levels would be considered
acceptable radiological intruder doses, but would produce 50 percent lethality from renal
failure resulting from chemical toxicity.

As discussed above, the inventory associated with 1.2xlO' ftW of UF6 waste may potentially
produce 1.8xlO9 gram-rnoles of HF that can enter the ground water. This is an enormous
potentia -elease, and'may have a number of important consequences. The magnitude of
these consequences will depend on the rate at which the HF is produced: that is, the
reaction rate of UF, under disposal conditions. If the reaction is relatively fast, as assumed
in Section 3.3.2, very high ground-water concentrations may result. This can potentially lead
to toxic exposures, dissolution of the vault or surrounding soils, and enhanced releases of
uranium compounds at low pH conditions.

We were unable to find toxicity data for ingestion of HF solutions in the time available to

generate this report. Most available data relates to HiF and HF solution toxicity via the
inhalation route [Sax and Lewis, 1989]. HF has a high vapor pressure (053 atm at 20'C).
and would tend to partition significantly into the gas phase. HF concentrations in air are
'immediately dangerous to life or health' above 30 ppm (25.4 mg/m'); this is the maximum
allowable concentration of HF for 30 minute exposure [McGuire, 1991].. If we assume
thermodynamic equilibrium between the ground-water phase and the breathing air above
it, this means that any ground-water concentration above 6x10 5 mole'fraction (67 ppm)
leads to an acutely dangerous air conccntration. Longer exposure durations have
correspondingly lower acceptable air concentrations. According to the 'dangerous toxic
load' approach discussed by McGuire [1991], 8.9 ppm in air comprises safe 500 hour
exposure concentration, and 2.1 ppm air concentrations can be tolerated for a year. This
annual value corresponds closely to the NIOSH permissible time-weighted average of 2.5
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mg/mn in air [Sax and Lewis, 1989]. Again assuming equilibrium between ground water and
'breathing air, this coriesponds to 4 ppm HF in ground water.

Two types of inhbalation exposures might be postulated related to ground-water
-Contam.Lnation of HE. The first is transport to the 'suiirce through the' soil, leading to

- inha2ation exposures to a person standing on the snurfice. limitations to trnsport of HF
-through tbe ground to the surface, and dilution by'moving air above ground will tend to
increase the allowable ground-water concentrati6ns for this cxposure path. Tbc second path
would be inhalation exposures from well water usage for drinkng, showering, and other

- domestic purposes. Analysis of these pathways volild requiire a large number assumptions
about the exposures thai we have not attempted to'address here. Nevertheless, given the
large amounts of HF that may potentially be produced and the low permissble annual

- concentrations, it is probable that unacceptable amounts of HF will be introduced into the
ground water.

6.0 rmm?

We have conducted a number of analyses to evaluate potential doses that could result from
disposal of pure depleted uranium as Class Alow-level.waste. Two intruder'analyses were
performed using assumptions and calculations consistent with the Enviroinmental Impact
Statement for 10 CFR Part 61. Consideration was given to 'the possibility of disposing the
waste as uranium oxide as well as UF4. and intruder'doses were'calculated for each. We
have also analyzed potential'off-site impacts from the disposal. Several conceptual models
and conditions were considered for flow, solubility, and reactivity'of the waste. Both
conservative and rinconsen ative models were applied in an effort to produce a spectrum
of results.

Intruder radiological doses from the depleted uranium waste strearmare'large at all times
' given the assumptions used in the Draft Environmental Impact Statement for 10 CFR Pan
61. The doses increase 'as daughters are produced from the initial uraniumnwaste until
about 2 million years. Calculated doses would remain'essentially constant for a very long
time 'after 2 million years, until the radiological content begins to decrease from decay of
U-238 and U-235.

Off-site doses are large for the LUF 4 waste, since UF, is moderately soluble and reactive.
UTF4 is clearly unstable in ground-water, and reacts to produce uranium oxides and
hydrofluoric acid. There is uncertainty about the rate of the reaction under disposal
conditions. Tbe reaction proceeds slo'wly'o conventionial laboratory time "ales; however,

'these time scales are fast in terms of'ground-water tansport analyses. The potntial
therefore exists to have sufficiently rapid reaction in the disposal facility to (1) cause severe
ground-water contamination by uranium and acidification, (2) scriously degrade the function
of engineercd structures or containers, nd (3) produce air contamination by'HF. Even slow
releases 'of HF (releases over 10,000 years) produced'conditions associated with high
solubiliry limits of the waste.
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Off-site doses are greatly reduced for oxide wastes. LU301 is no, stabke in groun' waler, 'ad
consideration should be given to an alternative waste form, such as scboepite. Given the
genenc assumptions used in this analysis, even scbocpite was unable to meet a 25 mremlyr
dose limitation. However, it is possible that this waste form may give acceptable off-site
doses for specific site conditions.

Uranium solubilities can vury widely, even under fairly well established ground-water
chemical conditions. As an example, a recent performance assessment ws performed of 0
an urid site for whicb substantial site-specific ground-water characterization was available;
in this performance assessmcnt the uranium solubility ranged over five orders of magnitude
[Cbu and Bernard, 1991]. It is clear that on a generic basis little can be done to specify a
solubility range with much confidence. However, it should be noted that in this report we
have spanned a wide range of solubilities. In the intruder analyses, it was effectively
assu--d th2. *he waste did not move fron: . initial location; this situation would be
associated with low solubility. We also analyzed the high solubilty condition in Sections
3.3.2. Intermediate solubility conditions were evaluated at differing levels of complexity in
Sections 333 and 33.4.

The varying conditions illustrate an important point about narrowing the uncertainty in
solubilirv: if We are confident that the solubility is low, high intruder doses will be
calculated; if we are confident about a high solubility, off-sitc doses will be high.
Intermediate solubilities are likely to produce relatively high doses in both analyses.
Furthermore, if-the intrusion analyses take credit for some wastc leaching into the ground
water, the analysis should probably include- an on-site well in the evaluation.

The chemical toxicity of tbe depleted uranium is a greater limitation on the disposal than
the radiological doses. Significant toxic effects to the kidney are observed even for
contaminant intake levels that pose negligible radiological risk.

The acceptability of near-surface disposal for large quantities of depleted uranium depends
upon the iegulatory tithe frame applied to the analysis., Risks associated with the disposal Q > Ue
grow for about 2 million years. Truncation of the analysis prior to that time will not capture
the potential peak doses, but extrapolation of current conditions to 2 million years is of
dubious merit for a near-surface facility. The potential exists for more adverse conditions
than present to exist at the site over that loDg time frame.
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APPENDIX A Geocermical Characteristics

The description given in this appendix has been adopted from tbe draft problem description
used by NRC in analyses related to the Branch Technical Position on low-level waste
performance-Lsses-sment during 1992. Data are from =n actual site in the southeastern -
United States. However;the site does not necessarily represent the sarme site analyzed for
the DEIS [NRC, 1981].

2.6.1 Qaier.Chemicr.

Cbemical measurements of the ground water from all three hydrologic unuts, surface water,
and rainwater have been completed. Analyses of temperature, pH, Eb, conductivity.
carbonate alkalinity, dissolved oxygen, nutrients (N0. NO2, P0)), silicate, major cations,
major anions, trace elements, and dissolved organic carbon compounds were completed on
more than 50 different well and stream samples (see Table 3).

The ground water, which on average has a relatively low pH (aboui 5.8),;varies between 4.5
and 7.3. Wells that tap the deeper bydrogeologic unit.(unit 3) tend to have water with a
higher alkaliniry and pH than shallower ground water, but some deep wells show low pH
(and low alkalinirv). Total dissolved solids (TDS) values are low (10-20 ppm), as are
specific conductivity values'(-52±51 umho/cm at 25 C). Dissolved oxygen is around 5-10
ppm. Virtuallv all the water temperatures range from 16-22 *C.

The redox of the fluids is about 500 mV, hence the ground waters are oxidizing relative to
NO,3/.N'H, Fe(lII/II), S04/H12S, and C0 2/CH,, but reducing relative to Mn' (IV/I) and
N03 /N2 . The redox poise of the ground waters is close enough to the nitrate/ammonia
couple that ammonia is detected is some well water. Iodine exists as the iodide species in
the system.

The major cations are -Na, K, Ca, and Mg. with Ca showing the greatest variability (which
determines the alkalinity). The major anions are Cl, NO., and SO,. As reflected in the low
TDS and conductivity, none of the major anions exceeds 20 ppm. Silicate ranges from < 1
to 12 ppm, with most values around 6 ppm.' Both Fe and Mn tend to be around 30±25 ppb,
,with a few wells (10-15% of the total of SO wells) displaying higher values (140 to 1600 ppb
Fe and 100-780 ppb Mn). Nitrate and nitrite range from 0.02 - I ppm with a few ground
water samples (4) being in the 2-4 ppm range. Dissolved carbon (DOC)'tends to be around
6 ppm.

Surface waters'have a 'similar 'chermical 'eomposition to' 'the ground :water, but the
concentrations for major ions and trice elements tend to be:in the low range for the ground

:waters. In addition, pH tends to be somewhat higher than average ground water (6.0 - 6.8).
Rainwater has the lowest concentrations of all the different species nd 'ions.
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Table A.1: Typical ground water cbernistrv.

Variable (units) Average Range
_ __ -Value

Temperature ('C) 18.0 16 - 22
pH 5.8 45 - 73
Eh (mV) S00 350 - 700
Conductiviry (Pmbo/cm) so 10- 250
Dissolved 02 (ppm) 6 5- 10
Total Dissolved SoLids 13 10 * 20
(ppm) 6 NA
Dissolved Orgaric Carbon 6 0.1 - 12
(ppm)
Silicate (ppm)

6 . <1 -17
Cations (ppm) 2 0.2- 10
Na 3 <0.1- 40
K 0.4 <0.01 - 3
Ca 0.03 0.01 - 1.6
M1g 0.03 0.005 - 0.78
Fe 0.2 0 -1.0
Bn 0.1 0- 0.5
Ba
Sr

0.1 0-0.4
Anions (ppm) 4 0.5 - 16.0
F 0.02 - 1 0.02- 4
Cl 2 0.2 - 20
N03 + NO, . 0.3 - 2.2
SO4
PO,
T01 .w v eo r s_ _averag

T oo few values to obtain representative average

2.6.2 Geochemistry of Soils and Rock Units

The near surface soils at the site (1st hydrogeologic unit - upper 20 m) &re well drained
silty-sands, witb a grain size distribution of - 70% sand and 30% clay.' The disposal units
are placed in the upper 5 ID of this unit. Te mineralogical composition,' s determined by
X-ray diffraction, is mainly Quartz (67%) and Kaolinrte (26%), but some Mica (5-109c) also
occurs. Other clays, such as Potassium Feldspar, Plagioclase Feldspar, Chlorite, alute, and
mixed-layer clays minerals constitute less than 59 of the total minerals. Typically the
moisture content is about 20o, but can range from < 10%o to saturation. Tle cation
exchange capacity (CEC) of these soils is about 2mEq/100g. wbicb is consistent With its
mineralogy. Note that there is no direct correlation of clay (Kaolinite).content with CEC.
Hence, variations in clay content down core will not necessarily be reflected in variations
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in sorption. In some otber surface soil samples hitger values hve beCen measured (up to
6mEq/f1Cg). The organic carbon content is low, about 0.03%. Exractable iron is &bout
2000-3000 ppm The soils are acidic and pore water that hs equilibrated with tbem is a
pH of 4.9-5.0. The soil properties over larger scales (100'Is of meters) a.c heterogeneous
due to the presence of clay lenses, however the genera] mineralogical facies appears to be
the same within unit 1.

Deeper bydrogcologic units (2.3) at the site (extending from 201 m to 100 m below ground
surface) jre qualitatively similar to the 1st unit, but the grain sizes and mixtures of snd silt
and clay are variable. In addition, clay and silt lenses occur irregularly. The third
bydrogeologic unit contains some carbonate and ground water obtained from it teids to
have a higher alkalinity. It is a suitable source of municipal drinking water.

Table A2: Mineralogical analysis of typical soils in borehole.

Mineralog Grain
Y-. Size

Depth %7c Quartz % Cation wt% % % Clay
(m) Kaolinite Exchange 120 Sand

Capacity
(mEqJ100g

. _ _ _ _ soil)

1.52 72 33 1.7 10.8 75 25
3.05 48 36 2.8 16.3 51 49
4.57 60 30 2.6 14.8 66 34
6.10 58 33 3.1 15.4 56 44
7.62 50 40 2.1 20.0 61 39
9.14 58 30 15 17.0 63 37
10.67 69 30 1.3 21.3 73 27
12.19 61 33 1.9 20.6 69 31
13.72 69 26 2.7 18.9 71 29
15.24 73 27 2.3 23.7 72 28
16.76 `3 26 2.7 23.3 76 24
18.29 n0 16 2.3 24.1 83 17
19.81 85 2 2.6 23.4 85 15
21.34 86 7 2.1 29.9 84 16

Mean 67 11 26 11 2.3 ± 0.5 20.0 70 . 30 10
I std 5.0 10
dev.

percent minera Betermine X-ray Macuon-

54

LES-01 536




