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ABSTRACT

The April 1989 draft EPA standard for low-level waste (LLW) disposal, 40 CFR 193,
would require disposal site performance to satisfy very stringent dose-limit criteria. The
EPA suggests that these limits can be achieved by relying extensively on waste solidification

* before disposal. The EPA justifies the achievability of the proposed criteria based on
performance assessment analyses in the general context of trench burial of the LLW. The
core models implemented in those analyses are codified in the EPA's PRESTO family of

" codes. Because a key set of models for predicting potential releases are the leach-and-
transport models from a disposal trench, these have been reviewed for completeness and
applicability to trench disposal methods. The overall conclusion of this review is that the
genetic analyses performed by the EPA are not sufficiently comprehensive to support the
proposed version of 40 CFR 193. More rigorous analyses may find the draft standard
criteria to be unattainable.

i
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EXECUTIVE SUMMARY

t
J The U.S. Environmental Protection Agency (EPA) has issued in April 1989 a draft

i environmental standard (40 CFR 193) for the management, storage, and disposal of low-
level radioactive waste (LLW). The standard would apply to both NRC and DOE regulated

:' facilities.

The April 1989 draft standard identifies three major dose-limit criteria two of which are
" addressed in the present report. The first criterion, in Subpart B of the draft standard,

would impose a 25 mrem/yr limit to an offsite member of the general public from all
exposure pathways following the disposal of the waste. The second criterion, in Subpart C
of the standard, addresses the groundwater pathway (groundwater protection) in more detail.
It would impose different dose limits for different classes of groundwaters. In particular,
the EPA has drafted a zero-release limit for Class I aquifers and two options for Class II
aquifers: either (a) 25 mrem/yr for low yield aquifers and 4 mrem/yr for high-yield aquifers,
or (b) 4 mrem/yr for both low- and high-yield aquifers. Both the latter limits refer to an
individual drinking two liters per day of affected groundwaters.

The EPA has supported the draft standard and criteria through generic performance
assessment analyses of various disposal methods and options. The EPA's performance
assessment analyses sought to establish (see Figure 1 of the text):

(a) over a period of 1,000 years, the maximum annual dose to people living
closest to the disposal facility (critical population group),

(b) over a period of 1,000 years, the cumulative health effects to a local
population in the general proximity of the disposal site, and

(c) over a period of up to 10,000 years, the cumulative health effects to the
population living in the same regional basin where the disposal site is
located.

Calculations related to category (a) were performed with the code PRESTO-EPA-CPG,
those related to the other two categories with the code PRESTO-EPA-POP.

A core component of any performance assessment code of low-level waste sites is its set
of leach-and-transport models for application within the disposal trench. Coupled with a

. proper module for the initial inventory of the waste, these models determine the rate of
supply of radionuclides to the environmental pathways which eventually lead to man's
biosphere. The leach-and-transport models implemented in the PRESTO-EPA-CPG and

, PRESTO-EPA-POP codes are essentially the same. The major difference between the two
codes in this area is that PRESTO-EPA-CPG is more flexible than PRESTO-EPA-POP as
it allows the evaluation of the concurrent leaching of several types of wasteforms.



This report consists of a review of leach-and-transport models found in the PRESTO-
EPA-CPG code whichwas used for EPA analyses of releases to the biosphere from LLW
disposal sites.

The overall conclusion of this review is that the generic analyses performed in support
of the proposed version of 40 CFR 193 are subject to question; nor can the final results be
claimed to either underestimate or overestimate doses. This is because the predictions rely ,,
upon a high level of empiricism while, at the same time, are lacking the ancillary analyses
that would validate data, models and release scenarios.

t

Several observations have been made indicating that:

1. Model assumptions were used which are often inconsistent with the available
e_perimental data, e.g., the leach model.

2. Models were used which do not follow the progressive evolution in time of the
physical characteristic of the site. For instance, it appears that the total
amount of water infiltrating a trench every year is determined a priori, without
supporting data, by the code user.

3. Not ali pathways were explored, e.g., airborne releases of volatile compounds
and elements were not evaluated.

4. The source term inventory underestimates the actual inventories of key
radionuclides and it does not reflect the most typical compositions found at
commercial and at DOE-controlled LLW sites.

5. The uncertainty analysis was performed on a different set of models from those
implemented in the PRESTO codes. It also used highly-peaked parameter
distribution functions without justification.

6. The relative position of the drinking well with respect to the closest disposal
trenches is inadequately modeled, potentially underestimating the dose to the
CPG. Also, the radionuclide migration model within the aquifer is highly
empirical with the code user supplying water velocity and plume aperture.

7. The analyses did not address potential intruder scenarios after the period of
active institutional control of the LLW sites is over. However, it appears to

request them on a site-specific basis. Thus, because an intruder could
_: hypothetically disrupt a disposal facility and increase environmental releases, -

I the EPA may have drafted a standard based on analyses that are less stringent

than those that the EPA would expect of a license applicant.
t

The study does not supply an accurate means of estimating many parameters that
strongly influence releases from the disposal facility. In particular, there is no justification
of, or a methodology for calculating:

vi
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a) Trench Cap Failure Rate, A linear failure rate is assumed up to a user-
specified fraction of the trench cap.

b) Container Failure Rate. A user-supplied linear failure rate is assumed until
100% failure of ali containers.

t c) Solidified waste form leach fractions. Fractional release rate values used range
from 10-3to 5'10 -5per year. Experimental data suggests that these values may
greatly underpredict cumulative releases and release rates from solidified waste

* forms for many radionuclides for long periods of time.

d) Partition coefficients. The code has a data base containing values for the
surface soil, trench, beneath the trench, and the aquifer. However, it is known
that the values for partition coefficients may vary by several orders of
magnitude depending on the local chemistry (pH, Eh, competing ions, soil

minerals, complexing agents, etc.).

Predictions based on generic, deterministic codes such as PRESTO are acceptable only
if they can be argued to be conservative with respect to all disposal scenarios which can be
potentially realized. Yet many observations have been presented that this may not be the
case. A further observation to that effect is possibly that the usage of this code was
overextended from a tool to compare alternative disposal methods and options to a tool to
support, decisions for establishing LLW standards. When generic codes, such as PRESTO,
are applied to situations outside their intended range, they may seem to support more
stringent criteria than are warranted by a more rigorous or a more conservative analysis.
For example, a 1984 analysis of the Oak Ridge site using their inventory (larger than in the
EPA analyses) and more conservative assumptions: K_=0 for ali radionuclides; higher
(measured) groundwater flow rates; and smaller aquifer mixing zone, lead to dose rates
estimates over two order of magnitude larger than the limits proposed by EPA in 40 CFR
193.

In summary, the EPA study does not consider ali of the possible release pathways that
could be present; the models chosen were not always supported by relevant data, and the
conservatism of some of the parameters specified are questionable. Thus, adoption of the
EPA models may lead to estimates of release that are subject to major error and which may
not be conservative. In this situation it may not be possible to use the recommended
methodologies to demonstrate compliance with the EPA standard.

vii
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1. INTRODUCTION

The U,S. Environmental Protection Agency (EPA)has issued in April 1989 a draft
environmental standard (40 CFR 193) for the management, storage, and disposal of low-
level radioactive waste (LLW). The standard would apply to both NRC and DOE regulated
facilities.

I The April 1989 draft standard identifies three major dose-limit criteria of which two

/ are of concern for the present report. The first criterion, in Subpart B of the draft standard,
would impose a 25 mrem/yr limit to an offsite member of the general public from all
exposure pathways following the disposal of the waste. The second criterion, in Subpart C
of the standard, addresses the groundwater pathway (groundwater protection) in more detail.
It would impose different dose limits for different classes of groundwaters. In particular,
the EPA has drafted a zero-release limit for Class I aquifers and two options for Class II
aquifers: either (a) 25 mrem/yr for low yield aquifers and 4 mrem/yr for high-yield aquifers,
or (b) 4 mrem/yr for both low- and high-yield aquifers. Both the latter limits refer to an
individual drinking two liters per day of affected groundwaters. 1

_I]ae EPA has supported its draft standard and criteria through generic performance
' assessment analyses of various disposal methods and options. With reference to Figure 1,

the EPA's performance assessment analyses sought to establish:

(a) over a period of 1,000 years, the maximum annual dose to people living
closest to the disposal facility (critical population group),

(b) over a period of 1,000 years, the cumulative health effects to a local
population in the general proximity of the disposal site, and

(c) over a period of up to 10,000 years, the cumulative health effects to the
population living in the same regional basin where the disposal site is
located.

Calculations related to category (a) were performed with the code PRESTO-EPA-CPG,
those related to the other two categories with the code PRESTO-EPA-POP (Figure 1),

A core component of any performance assessment code of low-level waste sites is its
set of leach-and-transport models within the disposal trench. Coupled with a proper module
for the initial inventory of the waste, these models determine the rate of supply of
radionuclides to the environmental pathways which eventually lead to man's biosphere. 'The
leach-and-transport models implemented in the PRESTO-EPA-CPG and PRESTO-EPA-
POP codes are essentially the same. The major difference between the two codes in this

t The DOE has not formally classified the groundwaters under its sites. However, it appears that most
DOE sites may potentially overlie high-yield Class II aquifers.
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area is that PRESTO-EPA-CPG is more flexible than PRESTO-EPA-POP as it allows the
evaluation of the concurrent leaching of several types of wasteforms.

Because we are interested, for the most part, in a review of leach-and-transport models
we shall concentrate chiefly on the EPA analyses based on the PRESTO-EPA-CPG code.

a

1.1 Qrganizgtion of the report

Chapter 2 presents an overview of the EPA's radionuclide release analyses from LLW
disposal facilities. Based on this overview, we offer some general comments on the
modeling approach.

Chapter 3 presents a detailed discussion of the models in PRESTO-EPA-CPG that
pertain to leaching and transport of radionuclides from the waste. Emphasis was placed on
reviewing the leaching models; however, where appropriate, we also reviewed EPA's
assumptions on water infiltration, inventory, and the uncertainty analyses presented in the
EPA's Background Information Document [BID, 1988].

Chapter 4 presents our conclusions.

3



2, OVERVIEW OF _E EPA MODELING APPROACH

2.1 The EPA analyses for the CPG

PRESTO-EPA-CPG was the code used by the EPA to estimate the maximum a_ual
dose to the so-_,allede CriticaI Population Group (CPG) for a time period of 1,000 years

" fol_l'owing disposal operations. 2 The code is reportedly able to analyze land. disposal of
LLW by shal_lowor deep methods. In particular, the code addresses both groundwater and
atmospheric transport pathways to the CPG.

2.1.1 Scenario assumptions

"I_aebackground information document [BID, 1988] to 40 CFR 193 indicates that three
disposal environments were considered: in the EPA's analyses. With reference to Figure 2,
these envirom'nents represent

(a) a permeable medium in a humid climate,

(b) an impermeable medium in a humid ctimate, and

(c) a permeable medium in an arid climate.

For cases (a) and (c) the dose rates to the CPG were calculated by assuming that an
individual uses water drawn from a well located downgradient from the disposal facility)
For case (b) the dose rate calculations assumed that the CPG individual would derive his
or her drinking water from a stream contaminated with water overt]owing from the disposal
faciliity.

"All m@r non-inmLsion human exposure pathways are considered." [CPG, p. 1-3]
Indeed, although the NRC re_lations require addressing intruder protection (t0 CFR
61.42), "EPA/'eels that this a_posure pathway is probabilistic in nature and that sa[eguards
against inadvertent intrusion shouM be carried out on a site-specific basis. For these reasons,
EPA has not included intrusion scenaeios in its health impact assessments." [BID, p. 8-12] The
EPA, however, implemented a different philosophy when addressing the disposal of Below
Regulatory Concern (BRC) waste. In those analyses biointrusion and ingestion of food
grown onsite were considered [BID, § 8.5.2!.

2 "Lifetime risk to a member of*the CPG is estimated using the rna.virnurn annual dose rate, assuming it

remahzs constant over the lifetime of the individual (average of 71 years)" [BID, p. 8'301.

3 The CPG sample problem [CPG, p. 6-t I locatec the well 259 meters away from the center of the trench

-:--..I.,_;,.,,,, th,_ nr.i_rinaldisoo'ml unit. The equivalent trench is modeled a,_ leaking from its center.

5
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Another important assumption in the EPA analysis is that no nuclide migration is
initiated during active maintenance of the disposal site, although radioactive decay is
accounted for. This effectively reduces the inventory of short half-lived radionuclides
available for release from the disposal trenches.

2.1.2 Leaching model

,_ The source term for the CPG analysis groups all waste streams into one of five possible
wasteforms:

(1) absorbing materials,
(2) trash,
(3) solidified waste,

i (4) activated metals, and
(5) incinerated-.solidified waste.

From a leaching point of view these can be subdivided into two categories plus an
inten'nediate one: Category I comprises all so-ca!led "absorbing materials;" Category II
comprises activated metals, all solidified waste, and incinerated-solidified waste, qf'rash is
user-apportioned between the two categories.

For Category I waste, leaching is regarded as a sorption equilibrium process whereby
each radionuclide has its own environment-dependent distribution coefficient, Ks. Within
Category II, each wasteform leaches according to its own characteristic, nuclide independent,
user-supplied leach factor (LF). Concurrent leaching of both waste categories is also
accounted for. The concentration of radionuclides in the trench water is obtained by letting

:! the Category II waste leach over a single year, by adding the leached-out inventory to the
_{ inventory of radionuclides present in the absorbing materials, and by apportioning the
I, combined inventory between the liquid and the solid phase via the effective Kd for the

absorbing materials. Reportedly [CPG, p. 3-4], a solubility check is also performed to make
sure that the concentrations in the water never exceed the solubility limits)

2.1.3 Trench infiltration and groundwater transport models

For groundwater transport calculations, rainwater is assumed to infiltrate from the
trench cap and to exfiltrate vertically through the bottom of the trench reaching eventually

,,., the underlying aquifer. The one-dimensional plume of contaminated water then migrates
horizontally downgradient to the CPG drinking well (Figure 2). When the infiltration rate
is such as to cause the trench to overflow, transport in the surface run-off is also accounted

4 lt appears, however, that a solubility check was no_._!performed in the supporting analyses for 40 CFR
- t93 [BID, p. C-6]. lt would be extremely difficult to justify generic solubility values applicable to any

disposal site.



for. Retardation to contaminant migration, both with the surface run-off and underground,
is modeled through the use of effective K_ values.

More in particular, the rate of "Infiltration is computed using a method by C.Y. Hung
(Hu83b). This method simulates the infiltration of rainwater through a trench cover by
modeling three separate /low systems: subsurface, overland, and atmospheric. Normal
infiltration rates, calculated by the model, occur on the intact portions of the trench cap. On
the failed portions, the infihration alao includes all the surface runoff that is diverted into the
trench from the area of the trench cap up-slope from the failure area. Failure of the trench cap
is through erosion or other processes. Erosion is deterrnbzed by the model based on input
parameters. However, in most cases, an actual trench cap will fail from such processes as
subsidence, gully formation, or mechanical disturbance. To model these cases, the failure of the
trench cap is based on assumed failure percentages occurring, in user-specified
years." [BID, p. 8-7]

2.1.4 Atmospheric transport

"For atmospheric transport calculations, the entire population is assurned to reside within
the same 2Z5 degree sector. User specified parameters give the fraction of the year that the
wind blows into that sector." [CPG, p. 1-6]. Atmospheric transport models only the
mechanical resuspension, in particulate form, of radionuclides spilled over the surface soil
during site operations or due to the overflow of trench water after closure of the disposal
unit. "No gaseous emissions, such as methane, carbon dioxide, or water vapor, are included in
the source term." [BID, p. 8-10]

2.1.5 Results

The results of the CPG analyses are reported as follows [BID, p. 8-31]:

"At the humid permeable site, the mcLffmum dose occurs through the groundwater path way.
The important nuclides are those with high mobility (low K_) vahtes such. as H'3, C-14, and [-
129. They reach the critical population within 1,000 years when combined with rc/atively high
groundwater velocities.

At the humid hnpermeable site, the maximum dose occurs within about 1O0years of faih_re
of the trench cap (assumed to occur in year 100) via trench overflow directly to the surface-
water pathway. The important nuclides are those that are relatively mobile and hca,e longer
half-lives. An _ample is [-t29, which reaches the critical population group soon after the t_
trench cap fails. It leaves the trench via overflow and is transported directly to the local stream
by surface water, thus bypassing the greater retardation it would have if it had moved through
the ground. Nuclides with shorter half-lives, such a_ H-3, cause few high doses due to their
decay during the period the trench cover remains intact.

At the arid permeable site, the maximum dose can occur in th.e first ),ear _,fler closure
because of the _zm_ospherictransport oi less mobile radionuclides, sttch _lS Co-¢50, Cs-13Z and



Ba-137m, spilled onto the surface soil during site operations. This dose is very small (much less
than one mrem) .... A greater dose may occur through the groundwater pathway, either late in
the modeling period or even after 1,000 years. 'The later doses can be significantly larger,
although still very small (much less titan one mrem), are dominated by mobile radionuclides
with relatively long half-lives, such as C-14 and 1-129." [BID, p. 8-31]

#

From the point of view of a sensitivity analysis, the EPA comments on its own results
,. as follows:

"At the humM permeable site, the maximum dose rate to the CPG is most sensitive to
parameters that have an effect on: the amount of water infiltrating into the trench, such as the
percentage trench cap failure and the trench cover permeability and porosi_. ; the rate at which
radionuclide contaminated leachate leaves the waste matrix and then the trench, such as waste

container related parameters, duration of institutional control, and nuclide specific re&ase
fractions and distribution coefficients; and radionuclMe transit time in groundwater, such as the
distance from the trench to the aquifer and the weil.

At the humM impermeable site, tile ma.rimum dose rate to the CFG is most sensitive to
parameters that affect the release to the surface water system and transit time of mobile and
relatively long-lived nuclides, such as the percentage trench cap faihtre, waste container related
parameters, and the nuclide specific release fractions.

At the arid permeable site, the maximum dose to the CPG is most sensitive to parameters
that modify groundwater transport characteristics, such as increasing the amount of trench
failure, decreasing the trench-to-aquifer distance, or increasing the aquifer flow rate. In addition
the spillage fraction and atmospheric pathway parameters are very sensitive for the scenarios
where short-term, atmospheric pathway, doses dominate.

hz summary, the PRESTO-EPA-CPG code exhibits greater relat&e sensitivity to changes
in input parameter values titan does the PRESTO-EPA-POP code. This is because the impact
that is assessed, maximum dose to the CPG, is sensitive to small changes due to the model's
asse._'sin_rpeak doses over short time periods to individuals close to ttle disposal sites. Because
the model is evaluating maximum doses relatively soon after disposal, senshive parameters are
those that affect leaching and transport of highly mobile, short-lived radionuclides, such as H-3.
In addit_ion, ttle maximum will be very sensitive to tile source term and release of mobile
radionuclides." [BID, p. 11-16]

2.2 Preliminar7 observations

, Based on the materials contained in the foregoing paragraph, a few preliminary
observations can be made.. In particular, it appears that in the EPA analysis:

(1) not ali pathways and scenarios have been explored;
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(2) the geometric relations between the disposal site and the well location
appear to be inadequately, modeled;

(3) the code results are very sensitive to user-supplied, highly-uncertain,
empirical input parameters;

(4) as performed, the analysis may not be sufficiently comprehensive for use in
a standard licensing review; and

(5) the EPA appears to have extended the application of the PRESTO codes
beyond their original intended usage.

2,2.1 Missing pathways and scenarios

2,2.1.1 Gaseous releases from the trench

The EPA analyses neglect gaseous emissions of key radionuclides, such as 3H and 14C,
from the trenches and give no justification for this assumption.

With regard to _4C,a recent EPA report indicates that two thirds of the _4Cinventory
present in a commercial LLW disposal trench are likely to be released through a gaseous
pathway and only one fourth through the groundwater (Figure 3) [EPA, 1986].

"The transport of C-14 from the low-level radioactive waste site is believed to be largely as
a gaseous release to the atmosphere". "The primary source of the _4Ct/sat eventually leaks off
as carbon dioxide and methane gas to the soil and atmosphere is from the organic radiocarbons
of the institutional and industrial waste categories." 'The chemical form of the institutional and
industrial carbon-14 waste is believed to be essentially 100% organic radiocarbon compounds."
"Institutional and industrial waste comprises approximately 64 percent of the projected total
inventory of C-14 to the year 2000" [EPA, 1986]. It is to be noted that a substantial fraction
of the _4Cactivity is disposed of in Class A waste, i.e., the least effectively stabilized waste
[NRC, 1990]. This activity may become available for release at relatively early times. Later
on, the 14Cactivity disposed of as Class B and Class C waste may also become available for
release because this radionuclide does not decay significantly over a period of 1,000 to
10,000 years.

Another important radionuclide for gaseous release is the highly-mobile 3H. Although
it has a relatively short half-life (12 years), it represents a large fraction of the initial activity
in a disposal trench. 3H transport in the vapor phase from subsurface burial has been r,
reported in the literature. Wheeler and Warren [Wheeler, 1975] report that at Los Alamos
National Laboratory (LANL) the migration of tritium from subsurface disposal shafts in the
unsaturated zone "... occurs through movement of tritiated water vapor through rock material
....the principal pathway for migration out of the disposal shafts is the joints that intersect them".
At LANL, LLW has also been disposed of in burial "pits" 8 meters or less in depth, a couple
of hundred meters long, and about 30 meters wide. A LANL report [Abeele, 1981] found
that "The gradual mixture of tritiated water with natural soil moisture and subsequent
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evaporation of that water from the soil to the atmosphere results in a gaseous release from the
burial ground." "High release rates around the end of summer and beginning of fall are expected
if the observations follow a seasonal pattern. Air concentrations in 1980 that are partly
influenced by soil releases (absolute humidity, wind speed, and atmospheric convection will play
an important role) also show a maximum during the warmer months and an overall minimum
during the month of December."

q

For disposal sites in humid areas, the airborne release of tritium correlates directly with
the distance of the water table from the ground level. A recent study [Amano, 1987]
performed at Oak Ridge determined that ".., Tritium concentrations in air show both spatial
and seasonal variations. Concentrations in air moisture at different heights aboveground are
more uniform during summer than during winter, This difference is attributed to the presence
of tritiated water vapor transpired by tree foliage and the drying of the surface soil during
summer, During winter the water table is nearer to the soil surface, so tritium concentrations
in air moisture collected near the ground become elevated." A further significant finding is the
observation of Francis [Francis, 1984] who reported tritiated methane as the most abundant
de_ected seepage gas to the atmosphere from the West Valley burial trenches, indicating an
important contribution from microbial activity.

129I, another important radionuclide for assessing the dose to man from LLW disposal,
may also have gaseous release pathways because it is a semi-volatile element. Furthermore,
the possibility cannot be excluded that other radionuclides, chiefly as a result of chemical
interaction or microbial activity while in the trench environment, may form volatile
compounds.

2.2.1.2 Gaseous releases from surface waters

Gaseous releases of radionuclides such as 3H and 14C are also important to assess
potential overspillage scenarios whereby these radionuclides are transported with the surface
waters. "_e latter are subject to evaporation and to isotopic exchanges between the
radionuclides in the air and in the water.

The addition of gaseous release pathways to the EPA analysis may change significantly
their estimates of the total committed dose to the CPG, especially for the impermeable site
with a humid climate.

2.2.1.3 Site disruption scenarios
/,

The EPA analysis does not address site disruption scenarios through which a potential
intruder may cause higher doses to members of the general public, lt is not clear to what
extent a potential license applicant may neglect those scenarios. This information should
be supplied by the EPA.

12



2.2.1.4 Failure mode and effects analysis

Generally, it appears that, in the EPA analysis, a formalized procedure for performing
a failure modes and effects analysis (FMEA) of disposal scenarios was not instituted.

The F1V.EA is the main operational tool of qualitative reliability analysis, lt provides
an identification and screening of the various failure modes that contribute to system
unreliability. An FMEA is an integral part of early design evaluation and should be

,_ periodically updated to reflect changes in design or application. These FMEAs often
uncover hidden faults and weaknesses which can be corrected early in the design process
or suggest relevant areas for further study and experimentation.

If performed by the EPA, this analysis might have addressed, at least qualitatively, the
gaseous release pathway and the potential impact of microbial activity within the disposal
trenches, lt would also have provided information on the extent to which site disruption
scenarios can be considered negligible.

2.2.2 The equivalent trench and its distance from the CPG well

PRESTO-EPA-CPG models releases as occurring from a single equivalent trench with
user-supplied surface area and depth. The length of the trench is not specified. The trench
is supposed to leak from its center, and the distance to the CPG well is measured from the
center of the trench 5.

On the other hand, disposal sites implementing trench burial methods are normally
comprised of several tens of trenches. Different trenches often isolate wastes of different
classes. Thus there may be trenches with Class A waste, others with Class B waste, and
others yet with Class C wastes. Since the CPG drinking well will be much closer to a few
disposal trenches rather than to the center of the disposal site, it becomes imperative that
the relative position of the well with respect to the closest trenches be properly accounted
for along with the waste composition of these trenches. One may obtain very different
results if the contamination to the CPG well comes from burial trenches 100 m away or for
example, from waste leaking to the groundwater 260 meters away. Furthermore, if the well
distance from the trenches is comparable to or smaller than the typical length of a trench,
a 1-D model for contaminant migration to the well may not be acceptable.

Because of the above observation, and because of the reported sensitivity of the EPA
, results to the location of the drinking well (Section 2.1.5), the CPG analysis performed by

the EPA cannot be said to be either conservative or realistic. In fact, in an actual disposal

5 For instance, the CPG sample problem implements a trench area of 100,000 m2 and a CPG well located
259 m from the trench center. If the equivalent trench is thought as having ,,he form of a square, this
corresponds to a square of 330 m side, roughly, while the well is (259-3.31)/2)---_4 meters away from the
edge of the disposal site.
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* _ e .situation, it may underestsmate _igmficantly the maximum dose rate to the affected
individuals,

2.2,.3 Reliance on user-supplied input parameters

The EPA source-term for release calculations is comprised of three main elements:
(1) the infiltration rate of rainwater in the trench, (2) a leaching model, and (3) a

'_ groundwater transport model to the closest weil.

The rainwater infiltration model depends most sensitively on the failed fraction of
trench caps. The latter is provided as user-supplied failure percentages occurring in user-
specified years. For instance, in the CPG sample problem, cover failure begins in the year
100 after disposal and increases linearly up to a maximum and final value of 20% at year
300.

The leaching model does not follow the wasteform degradation over time. Rather it
is an empirical model whereby the container degradation rate is user_supplied. After
container breach, for solidified waste, the leach rate depends most sensitively on user-
supplied Ka values and on assumed, user-specified leach factors which are nuclide-
independent and constant over time.

The groundwater uptake in the CPG well depends on a 1-D contaminant dispersion
model from a pointsource (the center of the trench). The model relies, for instance, on
user-specified velocity of the groundwater in the aquifer and on a user-supplied dispersion
angle of the pollutant plume in the aquifer.

lt is clear that significant reliance on empirical values as well as on empirical models
raises questions regarding the applicability, general validity, and conservatism of those
parameters and models. These issues deserve further attention and will be addressed in the |

Chapter 3 of this document.

2.2.40nsite intruder protection

Although the PRESTO-EPA codes are reportedly able to calculate exposures "for onsite
intruders who may grow crops with roots"into the waste or buiM houses over the waste" [BID,
p. 8-2], the EPA, in its health impact assessments of LLW disposal sites, did not include
intrusion scenarios following the period of active control of the sites "because these involve
probabilistic aspects to be evaluated on a site specific basis" [BID, § 8.3.3]. Onsite farming,
however, was analyzed as an intrusion scenario for BRC waste sites [BID, § 8.5.2]. Post- ,"
closure exposures to onsite residents of BRC sites were modeled as occurring "through two
pathways - ingestion of food grown onsite and biointrusion."

Other agencies have stated implicit or explicit dose limits for onsite intruders' protection.
In particular:

14



(a) in the drafting of the NRC rule, 10 CFR 61, the inadvertent intruder
scenarios analyses were so important that "77w Commission established
concentration limits for radionuch'des based on a number of consideration,
including protection of a potential intruder..." [FR, 1982; p. 57455]. In fact, the
basis of the NRC waste classification limits is a 500 mrem whole body dose
limit to a potential intruder, This limit was recommended to the NRC by the
EPA ",.. coupled with ALARA _ the basis for determining the concentration
limits' in Table 1 Part 61." [FR, 1982; p. 57449].

(b) onsite intruder protection is addressed as an important performance objective
by the DOE order 5820.2A of 9/26/88. The latter ensures that the "commit-
ted effective dose equivalents received by individuals who inadvertently may
intrude into the facility after the loss of active institutional control (100 years)
will not exceed I00 mrem/yr for continuous exposure or 500 mrem for a single
acu.te exposure., [DOE, 1988; p. iii-2] These dose limits contrast with the
DOE's 25-mrem/yr dose-limit to the general public from normal exposure.

I Since the EPA draft standard does not apply to the protection of onsite intruders, while
at the same time, intruder scenarios analyses might be requested "on a site specific basis" by
the EPA [BID; p. 8-12], it is not clear to what extent the intruder protection close limits of
the NRC and the DOE may be acceptable to the EPA.

2.2.5 Expected level of rigor

The draft 40 CFR 193 of April 1989 and its ancillary documents do not specify the level
of rigor and completeness of the analyses required of a potential applicant in order to
obtain a license by the EPA. However, judging from the point of view of meeting the NRC
10 CFR 61 rule and DOE order 5820.2A, the BID analyses do not appear to have the same
level of rigor and completeness as is expected of organizations which may be required to
perform those analyses. In fact, because the EPA analysis does not address intruder
protection scenarios, it would not meet the standards of a Nuclear Regulatory Commission 6
or of a DOE review process. On the other hand, the BID indirectly calls for onsite intruder
scenarios "...to be evah_ated on a site specific basis" [BID, p. 8-12], Human intrusion could
disrupt infiltration barriers over disposed wastes, leading to higher doses to an offsite
member of the public. Thus, because EPA did not consider the potential for intruder-
caused disruption of a disposal facility, yet expects that intrusion be considered as part of

_ a site-specific performance assessment, EPA appears to require analyses demonstrating
compliance with a standard that are more stringent than the analysis in the BID.

f

6 The NRC rule expressly requires protection of individuals "...inadvertently intntding into the disposal site
and occupying the site or contacting the waste at any time after active institutional col_trols over the disposal
site are removed."[FR, 1982; 61,421
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lt can be speculated further, that, during a standard review process, the NRC would
be likely to ask for a more complete evaluation of release pathways and a rationale for not
taking into account leaching of the waste during the time of institutional control of the site,
The rationale for treating the whole facility as a single point source discharging to a distant

' well would also have to be substantiated.

Furthermore, compliance with CERCLA (Comprehensive Environmental Response
. Compensation and Liability Act) requirements may necessitate the simulation of the

location of the CPG well at 1 m from the site boundary. 7 This case is not addressed
sufficiently by the EPA which, in its reference modeling assumption, located the well 100 ,
m from the edge of the dtsposal site (actually about 260 m from the point source

: representing the leatdng disposal site as explained in Section. 1.2,2 of this report.)

Thus the EPA may have drafted a standard that requires an analysis which is more
stringent than the analyses reported in the BID. It is not clear that more stringent analyses
would still support the EPA standard's requirements.

2.2.6 Code usage

From the CPG code documentation, it appears that the application of the PRESTO
family of codes was extended beyond their original intended usage, lt is stated by the EPA
that "The PRESTO-EPA codes were developed to assess and compare alternative methods jor
managing and disposing of LLW at generic sites for general scenarios, The codes were not
developed to analyze any specific sites." [CPG, p. x] Yet the EPA did extend the use of the
codes to "... evaluate and support its decisions for the LLW standards." [CPG, p. L-l] In fact,
the dose limit criteria found in draft standard 40 CFR 193 were supported by analyses with
the PRESTO codes.

Because the prescribed dose limits are supported by computer codes used outside their
intended range, it is questionable whether those limits can actually be achieved with
reasonably available technology and present disposal sites, unless the code is demonstrated
to be conservative and defensible.

f

7 lt is also likely that the closer the trench is to the CPG, the mc)rc significant gasecms exposure pathways
becc_rne,
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3. REVIEW OF EPA'S LEACH-AND.TRANSPORT MODELS

The EPA analyses supporting the draft 40 CFR 193 consider a wide variety of release
pathways: air, groundwater, rivers, streams, surface runoff, etc. Therefore the EPA codes
rely on a combination of relatively simple models, Because a key set of models for
predicting potential releases are the leach-and-transport models from the disposal trench,

I_ these have been reviewed for completeness and applicability to trench disposal methods.
In particular, we shall examine In detail the bases of the EPA analyses in modeling the
source inventory, the water infiltration into the trench, and the leach rates of radionuclides
from the emplaced waste,

3.1 _Waste inventory

The waste inventory estimates and projections used by the EPA in their CPG analyses
are reported tn Table I, A comparison between these data and the 1987 through 1989
inventory data on wastes buried at the commercial disposal sites [NRC, 1990] reveals that,
for most radionuclides, the annual inventory estimated by the EPA (inventory in Table I
divided by 20 years of operation) is 2-3 times higher than the 1987 through 1989 data. For
C-14, one of the most important radionuclides in determining maximum doses and health
effects, the EPA estimated inventory, 294 Ci/yr, is consistent with the commercial disposal
data: 235 C! in 1987, 190 Ci in 1988, and 372 Ci in 1989,[NRC, 1.990] However, the
inventories of a few other significant radionuclides are underestimated. Namely:

a) EPA appears to be a/'actor of 10 low for Tc-99.

b) EPA appears to be two orders of magnitude low for U-238. EPA predicts
1.7 Ci/yr, however, disposal at the commercial sites totalled 326 Ci in 1987
and 348 CL in 1988. In these two years, 674 Ci of U-238 were disposed of as
compared to the EPA estimate of 34 Ci in 20 years,

c) EPA appears to ignore Th-232 [see also: BID, Table 3-4. and Table C-6].
The activity disposed of at the commercial sites was 409 Ci in 1987 and 424
Ci in 1988. The environmental mobility of Th-232 is expected to be low;
however, it is extremely toxic as measured by the ICRP annual limit for
intake, ALI. (Th-232 ALI is more than a factor of 10 lower than for U-238).

d) EPA also appears to ignore Kt-85 [see also: BID, Table 3-4 and Table C-6].
, Kr-85 is a gaseous element with no important attenuation during migration.

It may have relatively quick transport times to the environment. In 1989, 193
Curies of Kr-85 were buried at the commercial LLW sites.

e
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TABLE I

Wasteform radionuclide inventories expressed in curies (Table 6.5 in CPG).

Abso_oed Activated Incl nerated/
Nuclld_ Matet,laJ_,Meta1_ Trash Solldlfled _.SoI1dlfle_,,,

X-3 5,2_+03 2,17E+04 1.7BE.H35 0.00E+OO 0.00E+00 ,_
, C-14 2.0_+02 4.74E+0! 4, _2E:+02 0.00E.H30 0.00E+O0

Fe-55 4,04E+04 4,06E4-05 7,4OE+O3 0,00EH30 0,00E+O0
Nt-59 4,23E+01 2,53EH32 7.42E+O0 0,00E+O0 0,00E+O0
_-60 7,34EH34 2,93E+02 1,41E+O4 0,00E+OO 0,00EH:)O
Nt .63 4,10E+03 3,49E+04 2,11E+O3 0,00E+O0 0,00E+O0
sP-go 4,08_+02 2.49E+03 8,03[+O4 0,,00E+O0 0,OOE+O0
Nb=94 1,34E+00 1,49EH30 2,35E-01 O.OOE+O0 0,00E+O0
Tc-99 2, 73EH:)O 0,00E+O0 9.41E-02 0,00E+O0 0,0_+00
Ru-106 Z,88E+O2 0,00E+00 1,68[+02 : _I,00E+O0 0,00E+O0
Sb-125 5.49£+02 0.00E+O0 9.6ZE+01, '0.00E.HX) 0,00[,+00
1-129 7.64E+00 0.00E+00 2,54E-01 0,00E+O0 0.00E+O0
Cs-134 7.2:3£+04 0.00E+O0 2,89E+03 0,0OE+O0 0,00E+O0

Cs-135 Z,71E+00 0.00E+O0 9,46E-02 0,00E+O0 0,00E+O0 ,_
Cs-137 7,2_+04 2, 94E+04 7,9_+O3 O.OOE+O0 0,00EH30 ( _
Ba-137m 7.23E+04 2,94E+O4 7,93E+O3 0,OOE+OO 0,00E+00 _;
Eu-154 5.50E+01 0.00E+O0 9.64E+00 0,00E+OO 0.00E+00 ,:
1"1-208 0,00E+00 0,00E+O0 0.0_+00 O,00E+O0 0,00E+00
Pb-210 6,74E+O0 7.07£+0.1 0.0_+00 0,00E+O0 0.00EH30
Po-Z10 6,74E+00 7.07E+01 0.00E+O0 0,00E+O0 0.00E+00
Pb-212 0,00E+00 0.OOE+O0 O.00F+O0 0,00E+O0 0.00E+00
Bi-214 6.74E+00 7,07E+01 0,00£+O0 0,00E+00 0.00[+00
Pt)-214 6.74E+00 7,07EH:)1 0.00E+O0 0,00E+OO 0.00E+O0
Ra-226 1.35E+01 7,07E+01 0,00E+O0 0,00E+OO 0.00E+00

-_8 O,00E+OO 0.00E+OO 0,00£+00 0,00E.4-00 0, OOE_0
Ra-228 O.00E+OO 0.00E+O0 0.00E+O0 0,00E+OO 0.00E+00
Th-228 0.00E+OO 0, OOE+OO O,00E+O0 0.OOE+OO O.00E+O0
Th-232 O,OOE+00 0,00EH30 0,00E+O0 0,00E+O0 O,00E+00
U-234 2.30E+00 0,00E+O0 1,53E+00 0,00E+O0 0.00E+00
U-235 3.68E-02 0.OOE+O0 3.84E-02 0,OOE+O0 0,00E+00
Np-237 4.23E-03 0,00E'H30 5.73E-03 0,,0OE+O0 0.00E+O0
U-238 6.72E-01 0,00E+O0 5.02£-02 0, 00E+O0 0,00E H30
Pu-238 6.47E+01 5.88E+01 4.86E+OO 0,0OE+O0 0.00E-H30
Pu-239 4.19E:_1 0.00E+00 4,,9OE+O0 0,00E+00 0.00E+O0
1_-241 1.79E+03 0.OOE+O0 2,14E+02 0,00E+OO O.00EH30
/_-241 9.35E+01 9.72£+O1 6,07E+01 0,00E+O0 0,0OEH30

1_-242 8.64E-02 0.00E H30 1.07E-.02 0,00E H30 0.COE+00 p,e_-243 2.68_+O0 0,00E+O0 1.93E-01 --O;0_+00 0.00E+00
C.q_-243 2.91E+00 0. OOE+(XI 2.5_-03 0, 00E+00 0.00E+00
C,,I-2_ 3.57E+01 0.00E+O0 2,17E+O0 0,00E+O0 0.00E+O0
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e) EPA appears to be lm,, by a factor of .,._ for Ra-__0. Also, the inventory
data for disposal at commerda[ LLW sites in the vents I087-t089, indicate
that over one half of the Ra-_o was disposed of in unstabilized, Class A
wastes. This contras_ with the EPA's assumptions as indicated in Table I,
whereby over 80q- of the invento9 _ of this radionuclide is thougtlt to be
retained in activated metals. Ra-'_0 may be especially • important because
one of its daughters. Rn-22_, is a noble gas ha, ing high mobility in
unsaturated soils.

f) EPA does not treat in_owth of radionuclide daughters conservatively, a For
example, the decay chain of Ra-22t5 includes Rn-2Z2 and Ph-210. Given
enough time, these nuclides '_itI reach secular equilibrium with Ra-226.

] Because the half-life of Ra-_i is 1600 years, 'there vdll be a substantial
lt supply of its daughte_ for thousands of years. EPA does recognize ingrowth

will occur and sets the initial inventor_' of Pb.-21,0to I/2 the value of Ra-226.
.: However. without accounting for in_owth, Pb-2t0, half-life of ,,..3 yrs,
-'_ decays to a few percent of its initial inventory in tOO years. If ingrowth is
:i! accounted for, the actM_' of Pb-2 It) at t00 years is approximately that of Ra-i

,, -vV6

Aa-_other potential problem with the EPA inventory, estimate is that they ignore the
volume, activity, and radionuclide composition of DOE-generated waste. Nuclide
inventories and waste characteristics of DOE LLW are significantly different from
commercial LLW. Over the p,_t tO years, the disposal of DOE waste has far exceeded that
of the comm.ercia2 sector.

3,1.1 Source homogenization

The EPA homogen_ized the national inventory data for commercial waste over 12
disposal sites. In this scenario ali sites receive the same radionuclide distribution, volume,
and curie c.,-.,ntent. Currently, however, there are major differences between the waste
received at the three operating sites. The differences between the national average and
what actually reaches a disposal site are likely to become larger as the State Compacts begin
to dispose of w_te. This is due to the relatively large number of compacts and to the
diversity of waste-producing activities between the compacts.

_ These observations suggest that any generic analvsis of potential releases from disposal
sites should take into account a realistic range of radionuclide inventories to be disposed
of as well asa realistic range of radionuclide compositions, including DOE-generated LLW.

' The anMyses performed by the EPA appear to be lacking in this respect.

............. a.,; ,,I,l,,._,,rd, a,'riuitv due to thett "Radioactive daughter ingrowth is not included in tl_e t'KZ:3 1, ,-_ _-,, ................. ,, ....

dazaghters can be accounted ]br by direct input of the daugtuer sou,re term." [BID, p. 8-21
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3"2 Water in,filtration m0.d.e.1.

3,2.1 Intact trench caps

Water i_iltration through an intact trench cover is estimated from the model by Hung
[POP, Appendix AI. Its complexity far surpasses any of the other water balance models
used in the PRESTO family of codes.

Hung's approach "involves the modeling of three flow systems: atr overland flow system,
a subsurface flow system, and an atmospheric diffusion system. The overland flow system
receives the rainwater and diverts the excess water from percolation and evaporation into the
receiving drainage system. `) The subsurface flow system receives the percolated water from the
overland Ilo ' system and transports the water either downward as infiltration into the trench
and/or upward as evaporation into the atmospheric' diffusion system. The atmospheric diffusion
systems (sic) receives water/vapor from the overland flow system or subsurface flow ,system and
transports the vapor to the atmosphere. " [POP, p. A-II The system of equations eventually

implemented by Hung "cannot simulate the dynamic response of soil moisture as precisely as
the original differential equations" [POP, p. A-27]; however, as far as predicting the
cumulative amount of water infiltrating the trench, the model appears to have reasonable

? accuracy for application to a site in a humid zone. t°

It is not clear that the model can simulate situations whereby the transport of soil
moisture is n__ dominated by liquid phase transport. For instance, when the groundwater
table is more than a few meters deep, the rate of evaporation may be dominated by the
vapor phase transport in the subsurface. "There are no data available for evahmting the
transport of pellicular water in a vapor phase." [POP, p. A-21] At the same time there are
researchers who feet that there is no single acceptable method to calculate infiltration at
both humid and arid sites [Gee, 1988].

The estimation of infiltration requires subtraction of the evapotranspiration and surface
run-off from the precipitation. At arid sites, these numbers are large relative to the result
of the subtraction. Therefore small errors in estimating these parameters may lead to large
errors in predicted infiltration. The EPA provides no estimate of these errors.

'_ interestingly, the EPA documentation neither defines what a drainage system consists of nor presents
a model for its performance over the years. Potential consequences of the drainage system failure, e.g., _
ponding, do not appear to be accounted for.

to, "When the model was applied to the Barnwell radioactive waste disposal site, the results of the simulation

fit ve_ well with the results of analysis conducted by other investigators ushN the (sic) otlwr methodz'."
[POP, p. A-27] The Barnwell site, however, is charact_::rized by a fairly substarztial rainfall of II8 crr/yr
and any pellicular water deficit is confined to the top portion of the trench.

2O
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3.2,2 Failed trench caps

The volume of water entering a trench in a given year is defined as the sum of the
volume infiltrating the intact portion of the trench cover and of the volume of rainwater that
falls on the damaged portion of the trench cap [POP, p. 2-5].

i Due to their function as barriers to meteoric water, intact trench caps are designed to
have low permeability and to allow relatively little water to infiltrate the trench. Thus, as

, rainwater can penetrate unimpeded failed portions of the trench caps, the user-supplied
failed cap percentages tend to dominate the water balance in the trench. Indeed, water
infiltration through the failed portion of the caps appears to be the only meaningful mode

E of infiltration at the arid site (southwest site) and at the humid impermeable site (northeast
:1 site), tt Thus, because the code user must supply:

_ a) the beginning and ending years of trench cap failure

b) the beginning and final percentages of cap failure

c) the yearly rainfall on the site

it appears that, from a practical point of view, the total amount of water infiltrating a trench
every_ year is determined a priori, without supporting data, by the code user. This is
especially true at the arid and at the humid impermeable sites.

It is not clear to these reviewers the extent to which the EPA's assumptions about the
failure percentages were supported through an effort to determine those values through a
subjective, probabilistic analysis (data obtained from experts' polls, for instance, coupled
with an analysis of actual trench caps failure data) or through an analysis demonstrating that
the predicted results are conservative. It is clear however that, in the absence of such
analyses, much controversy about the assumed values will exist and that, indirectly, future
license applicants may feel encouraged to refer themselves to those same data and code
models, not because they are well supported, but because they were used by the EPA.

tl Regular infiltration through the non-cap portion at the reference arid site (the southwest site) was
asaumed to be zero [Rogers, 1985, Table 5.11. Thus, it is likely that the infiltration through the capped
portion of the site was also modeled to be zero. Therefore, it appears that, at the arid site, all water
entering the trench is because of trench cap failure. Similarly, at the impermeable site (northeast site)
infiltration in the non-capped portion of the site is ex-tremely small (1).003 m/yr) IRA.E, 1985; Table 5.1I.
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3.3 Leaching mode!s

Leach rates are computed on a yearly basis. Leaching from solidified wastes is
modeled in terms of radionuclide-independent and environment- and wasteform-dependent
leach factors which are constant in time. A leach factor represents the fractional amount
of the total radionuclide inventory which is leached in a year. The leached-out yearly
fraction from solidified waste is added to the radionuclide inventory present at the beginning
of the year in the so-called "absorbing materials" (non-solidified waste, basically) and in the
trench water. The new inventory represents the radionuclide fraction that can actually leave
the trench that year. In turn this is partitioned between the waste surfaces and the
groundwater through a Kd approach, q7ae resulting solute concentration in the groundwater
is then further modified by multiplying it by the fraction of the year during which standing
water is present in the trench and is at,le to wet the waste.

It is readily seen that the leaching model is entirely empirical. Also, no attempts
appear to have been made to validate it. As is the case for all empirical models, it may
yield conservative or non-conservative results in a given year depending on the values of the
parameters that are used. Some modeling hypotheses that would contribute to non-
conservatism of the predictions are explored hereafter.

3.3.1 Fractional contact time

In the definition of the solute concentration in the trench water, CT , the yearly,
fractional water-waste contact time, TCON, a dimensionless number less than 1, appears in
the numerator. Namely:

CT = IT fw CFF TCON (I)

with:

(Iv fw CFF) the radionuclide inventory available for release

IT, the radionuclide inventory in the trench

fw, the fraction of total waste immersed in water.
!L

CFF, a time-dependent, user-supplied factor for the fractional amount of failed
containers, and

VT, the effective volume of standing water in the trench adjusted for sorption effects.
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Thus, in Equation (1), TCON effectively reduces the available inventory for release yielding
in turn a smaller solute concentration value, t2 On the other hand, since

(a) by definition, concentration of a solute is simply the amount of solute
(radionuclides, here) divided by the volume of solvent (water in this

¢ case), and

(b) the code determines on a yearly basis the volume of standing water
L collecting in the trench and the amount of radionuclides available for

release in a year,

tl_ere seems to be no need for the quantity TCON to appear in Equation (1).

Furthermore, although the EPA codes require a standing body of water in the trench
to calculate the leach rates, it must be pointed out that the moisture content of the soil may
be sufficient for leaching of the waste. There will always be some degree of moisture
present in the trench soil. Thus, for practical purposes., the contact time can be 100% if soil
surrounds the waste form.

Leaching of nitrate from saltstone has been shown to be independent of the degree of
saturation down to the residual moisture content of the soil [Wilhite, 1987; Oblath, 1989].
Also, a recent paper examined the }each rate of barium-133 tagged vermiculite (an
absorbing material) under controlled, unsaturated flow conditions [Eicholz, 1990]. Although
"The relative release rate obtained at 0.36 cm3//cm 3 (39% saturation) was 40+4% of the
saturc_ted leach rate. At 0.71 cm3//cm 3 (77% saturation) the leach rate was back to 108+8%
of the saturated rate." [Eicholz, 1990].

Wet/dry cycle leach experiments are the ones that most closely simulate the influence
of contact time on leaching. Available experimental data collected by [Arora, 1986] have
not shown a direct dependence of leaching on contact time. Arora examined the releases
from ion exchange resins solidified in cement waste forms surrounded by a porous medium,
for fixed durations of wet and dry periods. During the dry periods there was essentially no
moisture around the waste form. However, the releases far exceeded that from a totally
saturated system multiplied by the contact time. The measured releases are best explained
by assuming that during the dry period diffusion occurs within the wasteform thereby
bringing mass closer to the surface for its eventual release [Sullivan, 1990]. Experimental
evidence for the redistribution of the constituents of the pore water in cement during dry

,N periods has been observed [Fuhrmann, 1989].

(

12 q'he yearly, fractional_ water-waste contact time is calculated as the ratio of the infiltration rate (m/yr)

through the uncapped portion of the site by the permeability of the trench. Using typical values for both
the humid sites [PEI, Table 5.11 leads to a TCON of 0.16-0.2, i.e., a reduction in leaching greater than
a factor of 5. At the arid site the meaning of the contact time is not clear because the assumed
infiltration rate is zero.
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3,3.2 "French Kd's

"A key option in PRESTO utilizes the mechanism in which the waste is in contact with
water in the trench for a sufficiently long time that an "equilibrium" or "quasi-equilibrium"
condition exists between the concentrations of the nuclMes in t,__ trench water and in the solid
waste in the trench." [RAE, 1984; p, 1]

"Trench Kd's", also referred to as "waste Kd's", are radionuclide and environment
dependent [Table II]. The Kd for the humid permeable setting were obtained by:

1

(a) taking measured, average radionuclide concentrations in trench
leachate, [pCi/ml-water], at Maxey Flats,

(b) estimating the total amount of radionuclides sorbed on solid materials
;_ present in the trench,
-I

(c) estimating the total mass of solid materials in the trenches, and

(d) dividing the isotopic concentrations on the solid materials, [pCi/g-
solid], by the average concentration in the trench water.

Even assuming that item (a) provides defensible data, item (b) points out an inherent
inconsistency in the Kd estimating approach, irl that the final Kd's will be an artifact of the
assumption made in estimating the total inventory in a trench. In the EPA modeling
approach, which homogenizes waste and soil, one would have to know before hand either
the Kd itself or the initial radionuclide inventory and the subsequent trench losses up to the
time when the solute concentration was measured t3. Item (c) will also be fraught with
considerable uncertainty.

An indication of the low degree of reliability of the above procedure for estimating
Kd's, comes from the observation that "For tritium in trenches 1, 7, 27, and 37 the activity in
the leachate et'ceeded the inventory, assuming complete trench saturation." [RAE, 1984; p. 1b].
Conversely "For cobalt, several of the ratios are unrepresentatively low and have been
conservatively discarded assuming that they represent disposal trenches containing a significant
amount of sealed sources in the inventoo'." [RAE, 1984; p. lb]

Although ali Kd's estimated by the above procedures are suspect, the reference
document [RAE, 1984] singles out only a few as being potentially non-conservative. Thus,
it is suggested, without justification, that, for the most mobile radionuclides, such as H-3, "
C-14, Tc-99, 1-129, and Np-237, PRESTO should utilize soil Kd's rather than the calculated

13 In other words, for obtaining a Kd value, it takes the determination of two experimental quantities: the
concentration in the ieachate and the concentration on the solid mass. The authors of [RAE, 19841 try

to make do with the experimental dctermination of only one of those quantities.
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trench Kd'S, As an example, the Kd for Np..237 is thus reduced from a calculated trench
value of 700 to a soll value of 5. On the other hand, the trench K,j for plutonium and
curium was taken as 700 with the justification that "neptunium and curium are chemically
simUar to plutonium and also have the same Kd value," [RAE, 1984; p. 6] That is, for these
nuclides the trench I_ value of 700 is kept in''PRESTO [CPG, p. 6-8],

r The trench Kd for U-238 estimated through the above procedure 14was 3,000 [RAE,
1984; p. 7], The PRESTO codes implement the more conservative value of 750, without

j justification. The radium Kd value was "estimated to be a factor of seven less than uranium"
[RAE, p. 6], yet its PRESTO value is 220.

In sum, considering also that the K,_concept is valid only when the sorption sites are
not fully occupied and that Kd values vary for different types of soils and soil conditions
(including pH, presence of chelating agents, etc,), the assumed trench Ka values for the
humid permeable site are highly uncertain. They may or may not result in conservative
predictions depending on the site and the chemical element under study,

We have not reviewed docurnents giving the rationale for the assumed, trench Kdvalues
at the arid and at the humid impermeable sites. Because of the above observations, which
are very general, it is likely that these also will be affected by a large degree of uncertainty,

3.3.3 Leach factors

3.3.3.1 Time dependence

The EPA analyses assume that the leach rates for solidified wastes are constant in time.
There exists, however, a large body of literature wh ch suggests that leaching from wastes
solidified in cement, vinyl esther- styrene (VES), and bitumen can often be explained as a
diffusion process with release rates initially proportional to (time) °'s. Diffusion releases are
characterized by relatively high release rates at earlier times [Figure 4], If these rates
exceed the EPA leach rate factors over long periods of time, it will have great significance
in predicting peak doses to the CPG,

The cumulative, fractional diffusive release from a cylindrical waste form of radius 28.5
cm and height 85 cm (55 gallon drum) with an effective diffusion coefficient of 10_ cm2/s
would reach 4.4% in the first year; 13.7°4 in 10 years; 40% in 100 years; and 93°/'0in 1,000
years. Using a constant leach fraction of 10.3 yt''t, the highest leach rate used by the EPA,
would release 1000/o of the contaminant in 1,000 years, however, it would allow only 0,1%
out in the first year, a factor of 40 lower than predicted by the diffusiort model. Figure 4
illustrates that diffusion controlled release rates can exceed the maximum EPA release rate

by orders of magnitude for hundreds of years depending on the diffusion coefficient. If

14
For this radionuclide the leachate data were taken from We,'_tValley; the waste inventory data from Maxey
Flats,
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Figure 4 Calculated fractional release rates from a 55-gallon drum w'astefo,'mbased on
diffusion. For diffusion coefficients greater than 10"_cm"/s, the release rates
fall below the maximum rate assumed by the EPA only when the wasteform is
significantly depleted. Typically, important radionuclides such as '_H,12'_I,and
l_TCshave diffusion coefficients comparable or greater than I0_ cm-_/s.
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' diffusion is the rate controlling release mechanism, EPA would have to alter its models or
use rate constants that could be shown to give conservative predictions at ali times.

3.3.3.2 Dependence on specific radionuclides

_" Normally, leaching ts not a process whereby all radionuclides are released at the same
rate, Tritium release from cement wasteforms, for instance, is much faster than the rele_e

t of strontium or uranium, say. Thus, the congruent release assumption implemented by the
EPA, may lead to results which are conservative for some radionuclides and non..
conservative for others, In general, if radlonuclide-tndependent leach factors are used, their
values should be selected to give conservative or realistic results with respect to the fastest
leaching radionuclide for the wasteform and the surrounding environment under study,is

3.3,3,3 Dependence on infiltration rates

For the same waste forms, the EPA analysis utilizes leach factors values which are
lower for arid sites than for humid sites, On the other hand, since leaching Is assumed to
take piace only when a wasteform is in contact with trench water, the leach factors should
be the same regardless of the environmental conditions of the site where wetting occurs.

This internal inconsistency within the PRESTO codes may cause artificially small
releases at the arid sites.

3.3,3.4 Dependence on disposal method

Because leach factors are deemed infiltration-rate dependent (Section 3,3,3.3), and
because different disposal methods may allow different infiltration rates under the same
environmental conditions, leach factors are also implemented as being disposal-method
dependent [RAE, 1985; p, 3-1].16

15 It is important to point out that, since tritium is very mobile both in solklified waste and in the
groundwater, the EPA analyses might have grossly underpredlcted its contribution to the peak dose to

4 the CPG, Tiffs is especially true if the path to the drinking well were not as long as it was modeled, if
i underground releases were allowed to start before the end time of institutional control of the site, and

if airborne releases are accounted for,
l

16 "Annual leach fractions between 10.3 and 10-4 are applicable to tlw bulk of the measured data. Therefore,

a value of 4x10 "4per year was selected ,for CSD at the SE and NE sites. Because ISD has a lower
infiltration rate, a leach fraction of 2r10"_is used for this alternative."

29



T'his assumption represents a further exacerbation of the influence of infiltration rates
on leach fractions whteh has been questioned already (Section 3.3,3,3),

3.3.3.5 Releases from activated meta&

A great part of the activated metals are stainless steels and Zlrcaloys, Typical
corrosion rates for types 304 and 316 stainless steel in soil environments range from 5.7,104
to 2,8'104 cm/yr wtth a mean value of 2,10 .6 cm/yr [Gerhold, 1981], Carbon steel, a
common waste container material, exhibits corrosion rates ranging from 1.9,10"z to 8,5,10"*
cm/yr with a mean value of 5.7,10 "3cm/yr [Romanoff, 1957], Thus lt would take a mean
time value of 1,000 years to corrode a 5.7-cm thick carbon steel specimen. I't would take
less (more) time for a thinner (thicker) specimen.

While PRESTO-EPA-POP combines the release fractions from activated metals with

these of solidified waste [BID, Table C.8], PRESTO-EPA-CPG relies on separate inputs htr
these waste categories [CPG, p. 3-2 ttlrough 3-3], Suggested release fractions for activated
metals are available in a report by Rogers and Associates [RAE, 1985]. The suggested
leach fractions are in the range between 10.4 and lfr (' per year, implying that these waste
forms will exist for 10,000 to 1,000,000 years,, regardless of thetr original thickness, Although
lt is not clear that these values were actually implemented in the CPG dose calculations, lt
is clear that these assumed leach fractions can be conservative for some metals and some

specimen thicknesses and non-conservative for others, In the absence of an analysts that
justifies these leach fractions, the assumed values must be regarded as suspect.

Furthermore, for surface processes such as corrosion, the fractional release rate will
remain constant only as long as the surface area is constant. The surface area will not
remain constant for curved surfaces unless the thickness of the metal is much smaller than
the radius of curvature of the surface.

3.3.3.6 Reference data base

The basis for a constant, nuclide-independent, annual fractional release rate of 10-3 to
10.4 per year is found in a report by Rogers [Rogers, 1985; p, 3-1] which states "For the
solidified waste, measured leach rate values for improved cement [Colombo, 1979a, 1980;

Chnsttansen, 1981; and Stone, 1977/, polymers' [Neilson, 1979;Morcos, 1980; Kibbey, 1979; " ' ' "
I980], and biturnen [Neils'on, 1979; Colombo, 1979] were cottverted to fractional annual
releases assuming the waste is contained in 55.gallon drams." We have obtained all of these
documents for revxew. None of these reports make any direct statement that a radmnuchde-
independent fractional release rate of 10-3 per year is a reasonable value.

In the reports by Colombo and Morcos, release is believed to be controlled by diffusion
processes with relatively high initial release rates that decrease in time. Based on their
experimental data, these authors estimate that the cumulative release from a 55 gallon
cement drum after 100 years of leaching for Cs would range from 1.7.9 - 19%; fox' Sr the
range is 32-38%; and for Co the single estimated value is 0.3% [Colombo, 1979, Table 27].
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For Cs and Sr this cumulative release would support a release rate that ix a factor of 2 to
3 htgher than the maximum fractional release rate _ssumed by EPA, 10.3yr"l, Also, release
is strongly nuclide dependent, Further, the data Indicate that release t,n the first year of
leaching would be on the order of a few percent for Cs and Sr, The high Initial release rate
Is Important for all radionuclides and most important for short-lived radionuclides, Similar
calculations were reported for the 55 gallon drum size VES waste fornls. In this case, the

_' estimated 100 year release was 15% for Co, and 5% for Cs and Sr. Although a similar
, calculation was not performed for bitumen waste forms, data presented in Fig, 18 of the

report [Colombo, 1979] show cumulative fractional releases similar to the fractional releases
measured for Cs and Sr from cement waste forms. Based on this one would expect the
ct_mulattve release after 100 years from a bitumen waste fo'J_ in a 55 gallon drum to be
approximately the same as that of the cement waste forms, l-lowever, lt is known that
bitumen waste forms often exhibit ",,,a tendency to swell, crack, and breakup during leaching",
[Colombo, 1979], Thts swelling behavior leads to time-dependent release characteristics
which show a marked increase in release rate after swelling [Colombo, 1979],

The papers by Ktbbey, Christlansen, and Netlson report the following leach rates from
bitumen, cement, and VES:

Kibbey Chrtsttansen Neilson

(g/cm2/d) (g/cm2/d) (g/cmZ/d)

Bitumen l0 "t- 10"_ 10"1- 4'10-(' 10"l- 10"7
Cement 10"1- 10"'_ 2'10-4- 3'10"7 10"1- 10-7
VES 10"_- 10"3 ..... 10.3 - 104
Resins Solidified .... 9,10.7 - 10 -9 ....

in Cement Gel'

• Experimentally measured for Cs solidified in,cement gel. The range is due to
different sorptive additives in the gel, Cs loadlngs up to 5,000 Ct/m_were used.

The range of values found in these reports is so large that a very wide range of
fractional release rates can be postulated. In the report by Neilson, the leach rate is stated
to apply to alkali and alkaline earth elements, The report by Christiansen claims the leach
rate given is for Cs. The report by Kibbey does not specify which elements the leach rate
applies to.

i
Chnstmnsen considers diffusion as the dominant release mechanism. TheInterestingly, ' ' '

disposal system contains ion-exchange resins solidified in cement, Calculations of releases
show peak release rates on the order of 2% per year.
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',"he [Stone, 1977] report examhles the incorporation of simulated, DOE waste sludge
into concrete and evaluates strontium and cesium leaching over a 42-day period for several
cement types and waste loadlngs, '7'he magnitude of cesium leachability values for concrete
win'tc forms contatnhtg cesium-loaded zeolite were comparable to those of strontlum leachability
from concrete containing sludge, The cesium leachability ranged from 10"_'to 16rl g/(cm2)(d)
depending on the formulation and the time of leaching. 7he data were strongly time dependent,

approximately following a t"tlz law," Given the size and weight of the leach specimens that
were used (2,38-cm diameter, 2,52,.cm length, 20,9-g weight), the reported leach rates
correspond to a range of values comprised between 2,7,10 "_and 2,7 g/day and to release
fractions of 1.3,10 4, to 1.3,10 "t per day,

Neilson's leachability data [Netlson, 1980; Colombo, 1982] examine the leach resistance
of various solidification agents Incorporating TRU-waste in the form of Incinerator ash,
Some of the leaching periods extended for as long as 690 days, The reference radionuclides
were plutonium Isotopes. "The cumulative fractional (normalized to V/S) releases of
plutonium over ttte approximately two year period ranged from about 2_:10"a to 9x104 for
portland type I Cement (depending on the leachant) and from about 2_10a to ZelO"5 for
polyester.styrene .... Data ]br bitumen ,,, gave slightly higher leach rates ]br bitumen compared
to portland type I cement, but slightly lower titan polyester-styrene." These data are more in
line with the EPA assumed leach fractions, However, lt must be realized that they refer to

it plutonium leach:lng only and to one particular wasteform.

In sum, the data cited by Rogers Associates does not generally support the leach
fractions used in the PRESTO analyses. They indicate rather that the leach fractions used
tn PRESTO may be non-conservative. Of the authors that postulated a release rnechantsm,
all assumed diffusion controlled release which is characterized by relatively high initial leach
rates decreasing with time. Indeed, the ANS 16.1 standard leaching test for solidified waste
forms interprets the results from short-term leaching tests in terms of a diffusion process,
Furthermore, the data show a significant radionuclide-specific dependence, None of the
authors explicitly recommended using a constant, nuclide-independent leach rate,

3.3.4 Early releases

EPA assumes that the disposal site is uniformly filled for 20 years and that no container
breach occurs during this time. At the same time, the stored radionuclide inventory ls
allowed to decay. In the case of 3H, for instance, this means that only 61% of the initial
inventory is modeled as being available for release to the general publlc.

The ast;umption of zero release during the time of institutional control of the site
effectively increases the life of the containment barriers (trench cap and waste container)
and, reportedly [BID, p, 11.,16], has a significant impact on cutting down the maximum
predicted dose to the CPG from short-lived radionuclides, In principle, however, releases
from the trenches could start at any time after emplacement,
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Because of the above assumption, the EPA is very _ikely to u,nderpredict the maximum
dose to, the CPG due to short-I_ived:rad{onucl, ides, because the l'atter can be significantly
decayed during the first few decades in the disposal facili.tT,

3.4 Uncertaimy analysis

Unce_ai_ty analyses performed by EPA [BID, Chapter 12] state that the total heal,rh
hazards can be bounded to within a factor of two. Health hazards depend on cumulativet

do, e Since the heal:th h=ards in the EPA studies depend primarily on the long:lived and:
mobile nu,clides, e.g. C-14 and I-I29; the above stammen, t is true i,f inventories are known
w_thin a factor of two, as practical:ly all these radionuclides wil'l eventually be released from
the disposal site.

Peak doses, however, are sensitive to the rates of infil:tration, container degradation,
leaching, and transport (Ka's). lt is improbable that these values are known with enough

-_ accuracy to insure that the peak dose is known within a factor of two. In fact, given the
J low degree of acceptabil.ity and completeness of the leach-and-transport models that were

used, this claim becomes even less probabte.

" Furthermore, it must be realized that the EPA uncertainty analysis for the peak dose
was not performed based on PRESTO-CPG but rather on an analytical solution based on
a partition limited release from the wastc. Only a humid site was modeled and the
parameter values for K_, degree of trench cap failure, length of disposal site, distance from
trench bottom to the aquifer, water velocity in the soil, and water velocity in the aquifer
were sampled from probabil:ity distribution fianctions. The distribution functions were highly
peaked around the mean with a standard deviation of at most 25%. Aquifer thickness,
porosity, and waste inventory were assumed to be known. The peak dose scales either
linearly with inventory and inversely to thickness and porosity. Due to the narrow
distrfbution functions used, the predicted uncertainty was very small.

Si_ncethe uncertainty analysis was not performed with PRESTO-CPG, its relevance with
respect to the CPG analyses is unclear. Furthermore, the narrowness of the distributica
functions and the fact that the modeling is simpler than in the PRESTO code, make the
results of the analysis suspect.
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4, CONCLUSIONS

The overall conclusion of this review is that the generic analyses performed in support
of the proposed version of 40 CFR t93 are subject to question; nor can the final results be
claimed to either underestimate or overestimate doses. This is because the EPA predictions
rely upon a high level of empiricism while, at the same time, are lacking the ancillary

_i analyses that would validate data, models and release scenarios.

Several observations have been made indicating that:

1. Model assumptions were used which contradict the available experimental data,
e.g., the leach model.

2. Models were used which do not follow the progressive evolution in time of the
physical characteristic of the site. For instance, it appears that the total
amount of water infiltrating a trench every year is determined a priori, without
supporting data, by the code user.

3. Not all pathways were explored; e.g., airborne releases of volatile compounds
and elements were not evaluated.

4. The source term inventory, underestimates the actual inventories of key
radionuclides and it does not reflect the most typical compositions found at
commercial and at DOE-controlled LLW sites.

5. The uncertainty analysis was performed on a different set of models from those
implemented in the PRESTO codes. It also used highly-peaked parameter
distribution functions without justification.

0. The relative position of the drinking well with respect to the closest disposal
trenches is poorly modeled, potentially underestimating the dose to the CPG.
Also,, the radionuclide migration model within the aquifer is highly empirical
with the code user supplying water velocity and plume aperture.

7. The analyses did not address potential intruder scenarios after the period of
active institutional control of the LLW sites is over. However, it appears to
request them on a site-specific basis [BID, p. 8-t2]. Thus, because an intruder
could hypothetically disrupt a disposal facility and increase environmental

_ releases, the EPA may have drafted a standard based on analyses that are less
stringent than those that the EPA would expect of a license applicant.

¢

The study does not supply an accurate means of estimating many parameters that
strongly influence releases from the disposal facility. In particular, there is no justification
of, or a methodology for calculating:



a) Trench Cap Failure Rate. A linear failure rate is assumed up to a user-
specified fraction of the trench cap.

b) Container Failure Rate. A user-supplied linear failure rate is assumed until
100% failure of ali containers.

c) Solidified waste form leach fractions. Fractional release rate values used range
from 10"_to 5.10 -5per year. Experimental data suggests that these values may
greatly underpredict cumulative releases and release rates from solidified waste
forms for many radionuclides for long periods of time.

d) Partition coefficients. The code has a data base containing values for the
surface soil, trench, beneath the trench, and the aquifer. However, it is known
that the values for partition coefficients may vary by several orders of
magnitude depending on the local chemistry (pH, Eh, competing ions, soil
minerals, complexing agents, etc.).

_q

Predictions based on generic, deterministic codes such as PRESTO are acceptable only
if they can be argued to be conservative with respect to ali disposal scenarios which can be
potentially realized. Yet many observations have been presented that this may not be the
case. A further observation to that effect (Section 2.2.6) is possibly that the usage of this
code was overextended from a tool to compare alternative disposal methods and options to
a tool to support decisions for establishing LLW standards. When generic codes, such as
PRESTO, are applied to situations outside their intended range, they may seem to support
more stringent criteria than are warranted by a more rigorous or a more conservative
analysis. For example, a 1984 analysis [Pin, 1984] of the Oak Ridge site using their
inventory (larger than in the EPA analyses) and more conservative assumptions: Kd =0 for
ali radionuclides; higher (measured) groundwater flow rates; and smaller aquifer mi_Sng
zone, lead to dose rates estimates over two orders of magnitude larger than the limits
proposed by EPA in 40 CFR 193.

In summary, the EPA study does not consider ali of the possible release pathways that
could be present; the models chosen were not always supported by relevant data., and the
conservatism of some of the parameters specified are questionable. Thus, adoption of the
EPA models may lead to estimates of release that are subject to major error and ,vhich may
not be conservative. In this situation it may not be possible to use the recommended
methodologies to demonstrate compliance with the EPA standard.
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