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ENCLOSURE 1

Response Tracking Number: 00568-00-00 RAI: 3.2.2.1.3.4-4-001

RAI Volume 3, Chapter 2.2.1.3.4, Fourth Set, Number 1:

Explain why the igneous scenario TSPA model does not consider potential
generation of greater quantities of waste form colloids in the igneous intrusive
case, relative to the nominal case.

Basis: The response to RAI 3.2.2.1.3.4-1-002 and RAI 3.2.2.1.3.4-1-002
Supplemental Question explains that the igneous intrusive modeling case
generally has generation of greater quantities of colloids than the nominal case
because the igneous intrusion modeling case results in a higher rate of advection.
The higher water volume from the higher rate of advection gives greater
quantities of colloids at fixed concentrations in the aqueous phase.

Colloids could form in greater quantities for other reasons; for example:

1. Large settled particles of oxidized commercial and DOE spent nuclear fuels with
a large total surface area could form, as summarized in the RAI responses. These
oxidized particles could continue to dissolve (NRC 2008, page 8) at high rates in
later seepage water due to their high total surface area. This further dissolution of
oxidized spent fuel could result in the faster formation of stable phases such as
schoepite in precipitates or colloids.

2. HLW glass could become altered by hydration in the early humid environments.
The hydrated alteration layer will remain on the glass surface until contacted and
transported by later seepage water [after BSC, 2004, p. 6-30]. This fast
dissolution and transport of the alteration layer may result in the faster formation
of stable crystalline phases such as smectite in precipitates or colloids.

3. There are considerable uncertainties in the interaction of waste form and dike,
including chemical reactions of waste form with metals and basalt magma (SNL,
2007, 6.4.8.3.3). It is not clear how these interactions, and their likelihood, might
affect colloid generation and colloid mass concentrations. The interacted phases
may further dissolve and become more stable phases in precipitates or colloids.

Lastly, it is unclear how the colloid release model was stochastically treated in
terms of the igneous event probability in the igneous scenario TSPA model.

Page 1 of7



ENCLOSURE I

Response Tracking Number: 00568-00-00 RAI: 3.2.2.1.3.4-4-001

1. RESPONSE

The igneous intrusion modeling case is not expected to create greater concentrations of colloidal
actinides than the nominal modeling case. This explanation is based on process-level
considerations, as previously discussed in the response to RAI 3.2.2.1.3.4-1-002, Supplemental
Question, as well as on a discussion that considers the risk significance of the three possible
mechanisms proposed in the current RAI. The risk-informed explanation compares the
nominal/seismic case, which is called the seismic ground motion modeling case, with the
igneous intrusion case. The seismic ground motion modeling case is the most risk-significant
modeling case for the first 10,000 years, and is equal in risk significance to the igneous intrusion
case at the peak of the post-10,000-year dose (SNL 2008, Figure 8.1-3[a]). -Note that, as
explained in Section 6.1.2 of the Total System Performance Assessment Model lAnalysis for the
License Application (TSPA-LA) report (SNL 2008), the nominal modeling case dose is not
added into the total dose calculation because its probability is negligible; rather, nominal
processes are part of the seismic ground motion modeling case. (Note: this response
concentrates on plutonium because it is the most risk-significant colloidal actinide.)

1.1 SPENT FUEL COLLOIDS

The first scenario listed in the RAI postulates that colloids could be produced in larger quantities
from fast dissolution of large settled particles of oxidized commercial spent nuclear fuel (SNF)
and DOE-owned SNF. However, it is not expected that colloids will be produced in larger
quantities for the following reasons:

(1) The state of the fuel, when water first flows through the waste package, will be similar
for both the seismic ground motion modeling case (i.e., the nominal/seismic case) and
the igneous intrusion modeling case (Section 1.1.1).

(2) Faster dissolution does not necessarily result in greater plutonium colloid concentrations
in the bulk solution, because the majority of the plutonium remains in a residue layer at
the reaction front (Section 1.1.2).

(3) The colloid model, and the associated aqueous colloid concentration range, are
conservative (Section 1.1.3).

1.1.1 State of the Fuel at Time of First Water Flow

In the seismic ground motion modeling case, the packages are breached by stress corrosion
cracks (that do not allow advective water flow) many thousands of years before they are
breached by general corrosion patch openings (which do allow advection). The fuels are
exposed to air and water vapor long enough to be converted to hydrated uranium (VI) minerals
(dehydrated schoepite) before water flow is initiated. These minerals may exist as
colloidal-sized particles initially, but will be converted into mats of crystals that are tens to
hundreds of micrometers in length within a few years, as seen in drip tests by Wronkiewicz et al.
(1992, Section 3.3), and as seen by Taylor et al. (1995) in air-steam mixtures that were
moisture-saturated.
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ENCLOSURE 1

Response Tracking Number: 00568-00-00 RAI: 3.2.2.1.3.4-4-001

During an igneous event, the waste package is assumed to be fully breached, and the fuel will be
exposed to temperatures of up to 1,150'C in the presence of magmatic gasses (SNL 2007a,,
p. 8-3). The temperature of the fuel will remain above 350'C for about eight months, during
which time the fuel will oxidize (see Figure 1 of Ahn 1996a), forming a fine-grained powder. As
the fuel cools and the relative humidity increases, the powder is expected to hydrate to a mat of
crystalline uranium (VI) minerals much like that formed during vapor hydration of fuel pellets.

Once a mat of uranium (VI) mineral crystals forms over the degraded fuel, the mat and degraded
fuel will provide abundant nucleation sites for the precipitation of actinides. Precipitation under
the mat reduces the migration of actinides into the bulk solution, which limits the condensation
of actinides into true colloids or onto pseudo-colloids in the bulk solution. In addition, the mat is
expected to form a physical barrier, holding in particles of degrading fuel, thus limiting the
importance of the intergranular dissolution dispersion process. The importance of the mat in
holding in fuel particles was noted by Wronkiewicz et al. (1996) in the drip tests on U0 2 pellets,
where three periods of reaction where observed. Period I was an incubation period of up to one
year, characterized by low uranium release. Period II occurred between one and two years and
had the highest and most variable uranium release rate, which was attributed to grain boundary
corrosion and spallation of UO2+x particles. Period III started after a mat of uranium (VD)
crystals formed, and extended until the end of the 10 years reported. The uranium release rate
decreased from a high of 15 mg/mi2 day to a more uniform 0.1 and 0.3 mg/m 2 day. The mat was
not static, but underwent a paragenetic sequence, with uranyl-oxide hydrates converting to uranyl
silicates, and finally to alkali and alkaline earth uranyl silicates as incoming groundwater added
the necessary cations and silicate to the system.

In both the seismic ground motion and igneous intrusion modeling cases, when water first flows
over the fuel, a mat of hydrated uranium (VI) minerals is expected to reduce but not eliminate the
colloid releases from the degraded fuel. Ahn (1996b) lists several mechanisms for colloid
formation: nucleation of intrinsic colloids, dispersion of reprecipitates, dispersion of fuel after
intergranular dissolution, and pseudo-colloid formation. The mat is expected to limit the
transport of supersaturated actinide solutions and particles of fuel or oxidized fuel into the bulk
solution, thus reducing the nucleation of actinide intrinsic colloids, dispersion of fuel grains, and
precipitation of actinides onto pseudo-colloids. The remaining processes of dispersion of
reprecipitates from the mat and sorption onto pseudo-colloids- in the bulk solution will continue
to occur after the mat has formed and are the likely processes responsible for the actinide
releases observed in the spent fuel drip tests (Mertz et al. 2003).

1.1.2 Plutonium Stays in Residue Layer

Faster dissolution does not necessarily result in greater plutonium colloid. concentrations in the
bulk solution. In vapor and high-drip tests on several commercial SNF samples, a plutonium-
rich crypto-crystalline residue layer was found between the uranium (VI) alteration phases and
the fuel (CRWMS M&O 2001, p. 34). Coupled with the plutonium fractional release rate that is
less than 10-5 times the technetium fractional release rate, this suggests that the fluids at the U0 2

reaction front quickly become saturated with respect to plutonium-rich phases; which precipitate
onto the U0 2 surface. This is expected, because plutonium is redox sensitive and would tend to
precipitate in the reducing environment at the reacting fuel surface. Faster dissolution rates due
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ENCLOSURE 1

Response Tracking Number: 00568-00-00 RAI: 3.2.2.1.3.4-4-001

to higher oxidation state (for example U30 8) or larger surface area would not likely change this
precipitation at the reaction front, which is.reduced relative to the aerated bulk solution.

1.1.3 Colloid Model Is Conservative

The colloid model and the associated aqueous colloid concentration range are conservative.
Both static immersion (Wilson 1990; SNL 2007b, Section 6.3.2.4) and drip (Mertz et al. 2003,
Figure 4) tests show colloidal plutonium concentrations in the range of 10-12 to 10-6 molar (the
drip data is for unfiltered plutonium, which is assumed to bound the colloidal plutonium
concentration). These two types of tests are thought to be dominated by different colloid
generation processes, condensation and dispersion respectively (as described in Ahn 1996b). For
the static immersion tests, the colloidal plutonium was above 10-7molar only in the early
(33 days or less) test samples (SNL 2007b, Table 6-6a) when a mat of secondary phases had not
yet formed. For the drip tests, plutonium concentrations above 10-8 molar plutonium were only
found in leachates where fuel fragments were found (Mertz et al. 2003, Figures 5 and 6). Even
after the fuel holders were changed, disrupting the alteration mat, the plutonium concentrations
remained below 10-8 molar for the ATM 103 high drip rate tests and below 10-9 molar for the
ATM 106 high drip rate tests. From this information, and the expectation that a mat of
secondary phases will form over the degraded fuel, a log uniform distribution from 10-12 to 10-8

molar plutonium would be a reasonable distribution for the long-term total colloid concentration
for all colloid types with attached plutonium. However, it was conservatively assumed that the
plutonium concentrations from the above studies were solely from irreversible commercial SNF
waste form colloids, and a more conservative range of 10-10 to 5 x 10-6 molar was chosen
(SNL 2007b, Section 6.3.2.4).

In addition to the irreversible commercial SNF colloids, the colloid model also includes
reversible pseudo-colloids in the waste form domain. The reversible waste form uranium
mineral colloids (uranophane) (SNL 2007b, Table 640) and the reversible groundwater
(smectite) colloids (SNL 2007b, Table 6-15) were modeled separately using actinide Kd

distributions. The actinide Kd distributions for sorption onto the uranium mineral colloids are
based on spent fuel experiments and some analogue studies (SNL 2007b, p. 6-31). The actinide
Kd distributions for the smectite colloids are based on site-specific and literature data
(SNL 2007b, Section 6.3.12.1). Thus, the colloid model includes all types of colloids that may
occur in the waste form domain: irreversible waste form, reversible waste form, and
pseudo-colloids.

1.2 HIGH-LEVEL WASTE (HLW) GLASS COLLOIDS

This section addresses the potentially faster formation of colloids and precipitates in the igneous
intrusion modeling case. A similar risk-informed line of reasoning is applicable when comparing
the igneous intrusion case to the seismic ground motion modeling case. In both cases, a
significant alteration layer forms prior to the time of first contact by advective water flux. In the
seismic ground motion modeling case, the waste package is breached and the glass is exposed to
low-temperature vapor hydration long before advection is initiated, so a significant alteration
layer is established prior to water flow. During an igneous event, the glass may re-melt
(SNL 2007a, p. 6-229). During the slow cool-down period, crystalline phases are expected to
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ENCLOSURE 1

Response Tracking Number: 00568-00-00 RAI: 3.2.2.1.3.4-4-001

form instead of the glass phase, which was formed under rapid cooling conditions. Even if the
heat of the intruded magma does not melt the glass, the raised temperature will lead to
devitrification (BSC 2004, p. 6-48) and vapor hydration of any remaining glass surfaces. In
either case, the surface of the waste will be crystalline. As water flows past these crystalline
surfaces, fewer colloids will be generated than as water flows past fresh glass surfaces, as seen in
glass intermittent flow tests reported by Bates et al. (1993). In these tests, the transuranic
elements in the solutions flowing off of the fresh glass samples were 90% particulate, while that
flowing off of the aged glass was estimated to be less than 25% particulate (Bates et al. 1993,
p. 29). Therefore, it is believed that the colloid concentrations obtained from fresh glass
immersion tests are bounding.

1.3 INTERACTION OF WASTE FORM AND DIKE

The TSPA has adopted a very conservative position to account for the uncertainties in the
igneous intrusion modeling case, including those related to waste dissolution and colloid
formation, by assuming that every waste package in the repository is completely compromised
and provides no barrier to flow. In addition, in order to not underestimate the amount of water
contacting each waste package, the TSPA conservatively assumes that every single waste
package is contacted by the maximum amount of advecting water, an amount equal to the
cross-sectional area of the drift (not the waste package) times the percolation flux. It is assumed
that all waste forms are instantly degraded and their entire mass is contacted by this
conservatively large flow rate of water. These significant conservatisms more than account for
the uncertainties associated with the colloid concentration. Nevertheless, from a process
perspective, interactions of the waste form with metals and basalt magma are likely to result in
more stable phases and lower actinide content transported colloidally. For commercial SNF and
DOE-owned SNF, if the waste forms react with metals or basalt, the resulting waste forms will
react with air and water during the cool-down period. This would result in final waste forms at
the time of water flow that are likely more stable than the original commercial SNF or
DOE-owned SNF. More stable waste forms likely result in slower dissolution and slower release
ofactinides in colloidal form. For HLW glass, the igneous intrusion may melt the glass followed
by slow cool-down, which may result in separation of the actinide oxides from the glass phase.
If such separation occurs, these actinide oxides would form under conditions that would be
conducive to crystalline formation and stability and thus less likely to be colloidal.

1.4 STOCHASTIC TREATMENT OF COLLOID RELEASE IN IGNEOUS
INTRUSION MODELING CASE

The treatment of aleatory and epistemic uncertainties in the igneous intrusion modeling case are
described in detail in Appendix J of the Total System Performance Assessment Model/Analysis
for the License Application report (SNL 2008, Section J7). The consequences of igneous events
(i.e., annual dose) are calculated by assuming an. igneous event occurs, and then the expected
consequence (i.e., the expected dose) is computed by integrating the annual dose with the
uncertain number of igneous events during the time period under consideration (see also
SNL 2008, Equation 6.1.2-16). This accounts for the igneous event probability. Because the
colloid release model and the associated aqueous colloid concentrations are not temperature
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dependent, and are the same for all modeling cases, there is no dependence of this model on
igneous event time or probability.

1.5 SUMMARY

The potential generation of greater quantities of waste form colloids in the igneous intrusion case
has been considered. However, the alteration of the waste forms that occurs before advective
water flux initiates in the two most risk-significant modeling cases (the seismic ground motion
and igneous intrusion modeling cases) would produce a crystalline layer that reduces the colloid
generation rate. The spent fuel and glass waste form colloids models are based in part on
experiments with fresh surfaces that had not formed a coherent alteration product layer. These
colloid models are .conservative for the most risk-significant modeling cases.

2. COMMITMENTS TO NRC

None.

3. DESCRIPTION OF PROPOSED LA CHANGE

None.
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ENCLOSURE 2

Response Tracking Number: 00569-00-00 RAI: 3.2.2.1.3.4-4-002

RAI Volume 3, Chapter 2.2.1.3.4, Fourth Set, Number 2:

Explain the basis for the range of stainless steel corrosion rates used to calculate
corrosion product formation in the corrosion product domain (SNL, 2007a) and
why-this range does not lead to underestimated advective releases. Explain why
the minimum and mean values of the lognormal distribution are reasonable during
the performanceassessment period.

Basis: The stainless steel corrosion rate is used in the EBS radionuclide transport
abstraction to calculate the formation rate of corrosion products in the corrosion
product domain. Greater accumulation of these corrosion products results in
greater radionuclide sorption and pH buffering capacity; the limited pH range, in
turn, affects radionuclide solubilities and colloid stability. (A different range of
stainless steel corrosion rates is used, in the in-package chemistry abstraction; this
RAI does not address that particular range.)

For the stainless, steel corrosion rate, DOE adopted a lognormal distribution
ranging from 0.01 to 0.51 jim/yr for this rate (SNL, 2007a, page 6-94). The
minimum value was based on the mean Alloy 22 corrosion rate and is higher than
the - lowest measured rates for stainless steel compiled by DOE (Aqueous
Corrosion Rate AMR); this compilation reports values as low as 0.0007 jim/yr for
316L stainless steel in freshwater at 29.50 C. DOE acknowledged the possibility
that they could be overestimating rates (and, therefore, corrosion product mass
accumulation rates) for long time periods, during which corrosion rates could
decrease, but concluded that the resulting higher modeled diffusive release rates
would "tend to offset the overestimated retardation of radionuclides by sorption
onto corrosion products. Thus, diffusive releases of radionuclides are not
necessarily underestimated if corrosion rates are overestimated" (SNL, 2007a,
page 6-94). It is not clear if this reasoning would apply also to conditions, such as
in the igneous intrusion case 'and during general corrosion, under which advective
releases far exceed diffusive releases. Staff needs to understand DOE's
justification, under advective conditions, for adopting minimum and mean
stainless steel corrosion rates that may overestimate the time-dependent
availability of corrosion products in the corrosion product domain.

1. RESPONSE

The statement in the RAI that the data source used by DOE reports values lower than the
minimum stainless steel corrosion rate specified in EBS Radionuclide Transport Abstraction
(RTA) (SNL 2007a, p. 6-94) is explained. The mean corrosion rate is based on reasonable
experimental data, as described in the cited DOE source, and the minimum rate is based on
reasonable surrogate data. Included in this discussion is an analysis of the time dependence of
the relevant stainless steel corrosion rate data reported in the cited DOE source and justification
of the use of a constant value (sampled from a distribution) in the total :system performance
assessment (TSPA) calculations. Finally, the conservative nature of the waste-form mobilization
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analysis and the associated availability of water at the waste form surfaces with respect to
corrosion of stainless steel and formation of corrosion products is described.

1.1 MINIMUM STAINLESS STEEL CORROSION RATE

The RAI questions why the minimum corrosion rate for stainless -steel of 0.01 jim/yr was
adopted when the data source cited by the DOE (output DTN from BSC 2004) reports a
minimum value of 0.0007 jm/yr for Stainless Steel Type 316 in fresh water at 29.5'C
(BSC 2004, Table 4-3). This is explained in the RTA report on the page cited in this RAI
(SNL 2007a, p. 6-94) as follows: "Longer term (up to 16 yr) data in
DTN: MO0409SPAACRWP.000 [DIRS 172059] are not used because, as reported in the
original reference (Southwell et al. 1976 [DIRS 100927], Tables 4, 5, and 6), no weight loss was
measured, so the actual measured corrosion rates were zero."

The value in question (0.0007 jim/yr) is based on one of a series of measurements made on
Stainless Steel Type 316 at 1, 2, 4, 8, and 16 years immersed in Gatun Lake (freshwater) in the
Panama Canal Zone. As mentioned in footnote g of Table 4-3 and Section 4.1.3.1 of Aqueous
Corrosion Rates for Waste Package Materials (BSC 2004), a measured weight loss of zero was
actually reported in the original reference. Instead of using the actual weight loss, which was
zero, the corrosion rate reported in the cited source (BSC 2004, Table 4-3) was computed using
the "detection limit" (i.e., weighing precision) of the measurement equipment recorded by the
original reference, 0.01 g. Thus, the corrosion rates reported in the source (BSC 2004,
Table 4-3) for the Gatun Lake tests were computed simply from:

Rate =detection 
limit

(density)(total sample surface area)(elapsed time)

.For example, the rate after I year is reported as (BSC 2004, Table 4-3):

Rate (@1 yr) = (0.01 g)(10 4 jim/cm) -0.0113 jim/yr.
(7.98 g/cm 3)( 113.2 cm2 )(1 yr)

The rate at 16 years is reported as 1/16th of the one-year rate, or 0.0007 jim/yr. The variability
in rates reported in the cited source (BSC 2004, Table 4-3) for the Gatun Lake tests results
entirely from differences in the surface area of the test samples and the duration of the tests.

The fact that the original data source. reported a weight loss of zero at all five immersion times
for all Gatun Lake samples indicates that uncertainty exists in the measurements that is not
adequately characterized simply by the detection limit reported in the cited source (BSC 2004)..
Since the original data source provides no additional information by which to characterize the
uncertainty, the use of nonzero corrosion rates based on measurements of zero weight loss
cannot be justified, so none of the Gatun Lake data is used to establish a range for the Stainless
Steel Type 316 corrosion rate in the RTA report (SNL 2007a). All known relevant experimental
data for corrosion of Stainless Steel Type 316 in fresh water based on nonzero measurements are
summarized in Table 4-3 of Aqueous Corrosion Rates for Waste Package Materials (BSC 2004)
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and listed in Table 4.1-1 of the RTA report (SNL 2007a), where the minimum corrosion rate is
0.037 p.m/yr.

1.2 BASES FOR MEAN AND MINIMUM STAINLESS STEEL CORROSION RATES

The corrosion rate of stainless steel should decrease over time as a passive layer of corrosion
products builds up on the surface and inhibits diffusion of oxygen and water vapor to the metal
surface. To account for this, the lower bound on the range is set to 0.01 •tm/yr instead of the
measured minimum rate of 0.037 Jtm/yr. This lower bound value is the approximate mean
corrosion rate of Alloy 22 at 75°C (SNL 2007b, Figure 6-26), which is known to corrode more
slowly than Stainless Steel Type 316. A corrosion rate for Stainless Steel Type 316 that is lower
than that of Alloy 22 is not justifiable in view of the measured corrosion rates for Stainless Steel
Type 316 and Alloy 22, all of which show Stainless Steel Type 316 corroding faster than Alloy
22 at 75°C. Since the minimum value used is lower than any measured rate for stainless steel
listed in Table 4.1-1 of the RTA report (SNL 2007a), it is a reasonable minimum value.

The mean corrosion rate for Stainless Steel Type 316, 0.267 [tm/yr, is based on a statistical
analysis of the corrosion rate data listed in Table 4.1-1 of the'RTA report (SNL 2007a). This
analysis is described in Appendix F of, that report (SNL 2007a). Only those data listed, in
Table 4.1-1 of the RTA report (SNL 2007a) are used to compute the mean of the lognormal
distribution. The mean value is shown in Figure 1 in relation to the measured data and the
bounds developed in the RTA. Because the mean corrosion rate is based on a statistical analysis
of all known relevant nonzero experimental data, as listed in Table 4.1-1 of the RTA report
(SNL 2007a), it is a reasonable representation of stainless steel corrosion rate measurements.

While the corrosion rate would be expected to decrease over time in a static environment, the
available data do not conclusively support such a trend. This may be due in large part to the
slow rate of corrosion of Stainless Steel Type 316 in fresh water and the short duration of most
tests. The time dependence of available data is shown in Figure 1, in which the data listed in
Table 4.1-1 of the RTA report (SNL 2007a) are plotted. Data are grouped by temperature for
each reference. Data reported for a particular temperature from any individual reference are not
necessarily from a single sample measured over time, but are grouped together as a- series of
measurements over time based on the reference using the same material and experimental
conditions to make the measurements. Figure 1 shows that only five sets of data can be
considered to be time dependent, and, data are available only at two times. Of the five sets of
time-dependent data, two show the rate to be increasing over time, which contradicts the
expected trend. Independent measurements seem to trend downward over time. However,
extrapolating this trend from the maximum time measurement of 1.3 years to one million years is
not a reasonable approach. The RTA, therefore, specifies a constant corrosion rate, sampled
from a lognormal distribution bounded, as shown in Figure 1, between 0.01 Jim/yr and
0.51 pam/yr. Furthermore, the use of a constant corrosion. rate for Stainless Steel Type 316 is
consistent with the rate calculated for Alloy 22, which is temperature dependent, but becomes
effectively constant after about 100,000 years, once the temperatures inside the drift reach near
ambient conditions (see, for example, SNL 2008, Figure L-4).
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Further justification for the use of a constant corrosion rate is provided by the results of the
TSPA model (SNL 2008). The RAI questions whether the corrosion rates used for Stainless
Steel Type 316 in the TSPA model result in advective releases being underestimated. Such a
result would be obtained if the mass of corrosion products were overestimated due to the
corrosion rates being too high; if that were the case, then retardation of radionuclides by sorption
onto an overestimated mass of corrosion products would cause releases to be underestimated
under advective conditions. However, this is not the case, as described below for the igneous
intrusion modeling case, where advective releases exceed the diffusive releases.

0.6
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0
CO)02 100°C - Ref. 20.2-.2...........................................---............... .................................... ..............
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Source: BSC 2004, Table 4-3 footnotes. Ref. 1: Footnote d. Ref. 2: Footnote e. Ref. 3: Footnote f.

Figure 1. Time Dependence of Stainless Steel Type 316 Corrosion Rate Data Listed in RTA Report
(SNL 2007a, Table 4.1-1)

In the igneous intrusion modeling case, the waste form is assumed to degrade instantaneously
following the igneous event, and corrosion products begin to form at the same time. However,
radionuclide mass is not available for advective and diffusive transport until the temperatures fall
below 100°C. For the first 8,000 years after repository closure, the mean annual dose for the
igneous intrusion modeling case is dominated by the rapidly transporting fission products 99Tc
and I291 (SNL 2008, Figure 8.2-8a[a]), which are non-sorbing and, therefore, unaffected by the
mass or rate of production of corrosion products (SNL 2008, Figure K6.3.1-10). After
8,000 years, the mean annual dose for this case is dominated by 239pu. However, the TSPA
sensitivity analyses show that the release rate of dissolved 239pu from the Engineered Barrier
System (EBS) to the unsaturated zone resulting from an igneous intrusion is relatively insensitive
to the stainless steel corrosion rate (SNL 2008, Figures K6.3.1-7, K6.3.1-8, and K6.3.2-4).
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Rather, the 2 39 Pu release rate is most sensitive to uncertainty in plutonium solubility limits and
infiltration. The reason that the release rate of 239pu is insensitive to the stainless steel corrosion
rate is that the sorption capacity of corrosion products is seldom fully occupied, as indicated by
the results shown in Figure 2. The mean fraction of sorption capacity occupied is about 20% in
the case shown, which is for an igneous intrusion occurring at 100 years in which advective
releases dominate. Thus, even under advective conditions, a significant fraction of the corrosion
product sorptive capacity is unoccupied. This implies that radionuclides are not excessively
retarded, and that the mass of corrosion products resulting from the constant corrosion rates
described above does not cause radionuclide releases to be underestimated.

A0006_v5.OO5 -IGKOOO0.gsm;
ýa-CSNFDPS3_ReVOO.JNH

.'a
C.,

C.

0cc
CL

0

4-

a-•

0

C:
0
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U-

0 2,000 4,000 6,000 8,000 10,000

Time (years)

Source: Modified from SNL 2007a, ERD 02, Figure 1.

NOTE: In approximately 5% of the simulations in the TSPA, sorption of radionuclides onto steel corrosion
products slightly exceeds the sorption capacity. This is due to over-prediction of Kd for uranium based on
the abstraction implemented in TSPA for conditions when dissolved concentration of uranium is high
(>10-4 mol/L) and sorption sites per liter of water are low (< 4 mol-sites/L). A supplemental sorption model
was developed and tested in a subset of the TSPA analyses to show that an improved regression fit for the
sorption model has an insignificant impact on repository performance, i.e., on predicted dose (SNL 2007a,
ERD 02, Section II).

Figure 2. Fraction of Sorption Capacity Occupied for Commercial Spent Nuclear Fuel Waste Packages
in Percolation Subregion 3 Dripping Environments after an Igneous Intrusion at 100 Years

In the seismic ground motion modeling case, where general corrosion patches form and allow
advective releases, the effect of corrosion rate is expected to be even smaller than that indicated
for the igneous intrusion modeling case. This is because stress corrosion cracking from seismic
events will occur much earlier than the general corrosion patches (SNL 2008, Figures 8.3-9[a](a)
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and 8.3-11 [a](a)) and allow the corrosion products to start forming, leading to relatively large
build-up of sorption sites by the time the general corrosion patches appear and advective releases
become important. As shown in Total System Performance Assessment Model/Analysis for the
License Application (SNL 2008, Figure K.7.7.2-2), the expected dose is insensitive to
uncertainty in steel corrosion rates and more sensitive to parameters that influence the waste
package failure.

1.3 CONSERVATIVENESS OF CORROSION RATES

The stainless steel corrosion rates used in the TSPA, based on experimental measurements, are
consistent with the conceptual model of corrosion used in the TSPA (SAR Section 2.3.7.12.3.2),
wherein corrosion products tend to laminate and flake off the corroding metal surface,
minimizing the thickness of corrosion products that might inhibit diffusion of water and oxygen
to the metal surface, maintaining relatively high, early-time corrosion rates. This conceptual
model provides for stainless steel waste package components degrading and failing quickly,
thereby allowing water to access the waste form immediately after the waste package outer
barrier is breached, conservatively overestimatingdegradation rates and releases of radionuclides
(see the response to RAI 3.2.2.1.3.4.4-003).

Regarding sorption of radionuclides on steel corrosion products, sorption is only considered for
iron oxides, even though other oxides/oxyhydroxides that can sorb radionuclides (such as
oxyhydroxides of Ni, Cr, and Mn, etc.) will be present in the waste package. Thus, sorption of
radionuclides on corrosion products is conservatively modeled by neglecting sorption. on
potentially available sorption sites on steel corrosion products other than iron oxides.

1.4 SUMMARY

The response is summarized as follows:

1 The minimum value of the corrosion rate for Stainless- Steel Type 316 (0.0007 gm/yr)
reported in Table 4-3 of Aqueous Corrosion Rates for Waste Package Materials
(BSC 2004) is based on a measured weight loss of zero and therefore is not a valid
measure of the minimum corrosion rate; rates reported in the source (BSC 2004) that are
based on zero-weight-loss measurements are not used to determine the range of corrosion
rates for Stainless Steel Type 316.

2. Use of a minimum corrosion rate of 0.01 jim/yr for Stainless Steel Type 316, equal to the
mean corrosion rate of Alloy 22, is justified since all experimental rate measurements
indicate that Alloy 22 corrodes more slowly than Stainless Steel Type 316.

The mean corrosion rate for Stainless Steel Type 316 (0.267 jim/yr) is justified because it
is based on a statistical analysis of all known relevant experimental rate data.

Use of a constant corrosion rate sampled, from a lognormal distribution ranging from
0.01 jim/yr to 0.51 jm/yr is justified because existing relevant experimental rate data do
not conclusively demonstrate a time-dependence in the corrosion rate for Stainless Steel

Page 6 of 7



ENCLOSURE 2

Response Tracking Number: 00569-00-00 RAI: 3.2.2.1.3.4-4-002

Type 316. A constant rate is consistent with the model of Alloy 22 corrosion at late
times.

In the igneous intrusion modeling case, where advective releases dominate, early doses
are dominated by rapidly transporting fission products, such as 99Tc. At later times when239Pu dominates the dose, TSPA sensitivity analyses indicate that the EBS release rate of239pu is insensitive to the stainless steel corrosion rate. This is because the mean
occupied sorption site capacity for radionuclide sorption onto corrosion products is 20%
for the igneous intrusion modeling case, indicating that potentially overestimating the
mass of corrosion products does not lead directly to overestimating sorption and
underestimating releases of radionuclides.

3. Sorption of radionuclides onto other products of stainless steel corrosion besides the iron
oxides, which would reduce release estimates, is conservatively neglected.

The conceptual corrosion model provides .for stainless steel waste package components
degrading and* failing quickly, thereby' allowing water to access the waste form
immediately after the waste package outer barrier is breached, which conservatively
overestimates degradation rates and releases of radionuclides.

2. COMMITMENTS TO NRC

None.

3. DESCRIPTION OF PROPOSED LA CHANGE

None.

4. REFERENCES

BSC (Bechtel SAIC Company) 2004. Aqueous Corrosion Rates for Waste Package Materials.
ANL-DSD-MD-000001 REV 01. Las Vegas, Nevada: Bechtel SAIC Company.
ACC: DOC.20041012.0003.

SNL (Sandia National Laboratories) 2007a. EBS Radionuclide Transport Abstraction.
ANL-WIS-PA-000001 REV 03. Las Vegas, Nevada: Sandia National Laboratories.
ACC: DOC.20071004.0001; LLR.20080414.0023; DOC.20090623.0001.

SNL 2007b. General Corrosion and Localized Corrosion of Waste Package Outer Barrier.
ANL-EBS-MD-000003 REV 03. Las Vegas, Nevada: Sandia National Laboratories.
ACC: DOC.20070730.0003; DOC.20070807.0007; LLR.20080414.0018.

SNL 2008. Total System Performance Assessment Model /Analysis for the License Application.
MDL-WIS-PA-000005 REV 00 AD 01. Las Vegas, Nevada: Sandia National Laboratories.
ACC: DOC.20080312.0001.
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RAI Volume 3, Chapter 2.2.1.3.4, Fourth Set, Number 3:

Clarify the technical basis for imposing the pH buffering capacity of corrosion
products as soon as a waste package is breached.

Basis: The pH in the corrosion product domain is modeled on the basis of control
by surface complexation reactions on steel corrosion products. Because stainless
steel corrosion rates are relatively slow, it is possible that there could be a
substantial period of time after waste package breach before corrosion products
have accumulated sufficiently to control pH. Staff needs to understand whether
DOE could be overestimating the pH buffering capacity of corrosion products
during the stainless steel corrosion period.

1. RESPONSE

Imposing the pH buffering capacity of corrosion products as soon as a waste package is breached
is supported by the expectation that considerable corrosion of the outer barrier and waste
package internals will occur before the waste form is available for degradation. This expectation
is otherwise excluded in the total system performance assessment (TSPA) model, which for
conservative reasons assumes that the waste form is exposed to moisture immediately upon
waste package breach. In the case of an early igneous intrusion, in which there may be little time
for corrosion product accumulation, the highly conservative treatment of water and magma flow
is expected to increase radionuclide releases far more than any potential decreases in releases due
to possible initial overestimation of pH buffering capacity in the corrosion products domain.

The focus of this response is on the commercial spent nuclear fuel (SNF) packages because the
slow corrosion rate of stainless steel is the basis of the RAI. Stainless steel is the only type of
steel in the commercial SNF packages.

1.1 WASTE PACKAGE BREACH: EXPOSURE OF THE COMMERCIAL SNF TO
FLUIDS

1.1.1 Treatment of Waste Package Component Corrosion/Failure

The TSPA model makes the conservative assumption that when the waste package outer barrier
breaches (no matter what the mechanism), the fuel is immediately exposed to moisture
(SNL 2008, Sections 6.3.7.4.1.3, 6.4.2.2, 6.5.1.4.2, and 6.6). However, exposure of the fuel to
moisture prior to significant accumulation of corrosion products is unlikely. The two most likely
causes of outer barrier breach are general corrosion and stress corrosion cracking induced by
seismic damage (SAR Section 2.1.2.2.6 and SAR Figure 2.1-12). After these types of breaches,
it is reasonable to expect that the waste package internals will begin corroding before the waste
form is exposed. The internals include the inner vessel; transportation, aging, and disposal
(TAD) canister; guide assembly; borated A, B, and C plates (basket structure); and fuel tubes.
First, the inner vessel will need to breach to expose the TAD canister to water. During this time,
corrosion products from the inner vessel will add to the corrosion products from the outer barrier.
Next, the TAD canister will need to breach to expose the guide assembly, fuel basket, and fuel
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tubes to water. The time needed for this to happen will permit further buildup of corrosion
products, not only from the inner vessel and outer barrier, but also from the TAD canister.
Although the TSPA model results are conservatively based on the assumption that the cladding is
unavailable for radionuclide retardation (SNL 2008, Section 6.3.7.3.1), the more reasonable
expectation is that even longer times are available for corrosion product accumulation when
considering the time necessary for significant cladding degradation based on the industry
cladding failure experience. Thus, by the time of radionuclide release, ample steel corrosion
products are expected to generate significant pH buffering capacity in the corrosion products
domain.

Commercial SNF consists of assemblies of Zircaloy tubing filled with U0 2 fuel pellets
(SNL 2007a, Section 6.1 [a]). The cladding is completely sealed and only fuel with failed
cladding can interact with water or moist air. The distribution of failed cladding as-received has
an expected value of 0.1% (SNL 2007a, Section 40O[a]). After repository closure, additional
cladding failure may occur due to mechanical damage from events associated with seismic
activities such as rockfall or the accumulation of rubble in the drift. In the TSPA compliance
model, the fuel corrodes as if bare fuel were exposed (SNL 2007a, Section 6.1.4). However, fuel
degradation would only occur where the cladding was cracked, from the causes described above,
and not over the entire surface area of the fuel. Therefore, the protection provided by the
cladding is also expected to allow for steel corrosion product buildup prior to fuel degradation
and radionuclide release.

1.1.2 Conservative Treatment of Flow (water and magmatic) in the Igneous Intrusion
Modeling Case

In the igneous intrusion modeling case, there may be little time for accumulation of corrosion
products if the intrusion occurs early in the modeling period and immediately exposes the waste
form. The conservative assumption is made in theTSPA that the intruding magma fills every
drift within the repository. Contact with magma damages all waste packages, drip shields, and
fuel cladding such that these components no longer have waste isolation capability (SNL 2008,
Section 6.5.1.1). The components remain in place but are simply assumed to allow advective
flow through the waste package. Regarding uncertainties in the igneous intrusion modeling case
related to waste dissolution, the TSPA has adopted a significant conservative position to account
for this uncertainty by assuming that every waste package is contacted by the maximum amount
of advecting water, an amount equal to the cross-sectional area of the drift (not the waste
package) times the percolation flux (SNL2008, Section 6.5.1.1). No credit is taken for
entombment of the waste by the solidified magma, and the intruded basalt in the drift is assumed
to provide no resistance to water flow. Furthermore, it is assumed that commercial SNF is
instantly degraded (SNL 2008, Section 6.5.1.4.1) and that the entire mass of degraded fuel is
contacted by the conservatively large flow of water (SNL 2008, Section 6.5.1.4.2). Because all
of the waste packages and drip shields are failed, the entire seepage flux enters the waste
package and is available for advective transport of radionuclides from the Engineered Barrier
System (SNL 2007b, Section 6.7.1.1). Therefore, in the TSPA model, the magnitude of
radionuclide transport to the unsaturated zone is controlled by the amount of seepage and the
radionuclide solubilities (SNL 2008, Section 6.5.1.4.2). These significant conservatisms have an
immediate conservative impact and apply for the remainder of the modeling period. Therefore,
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in the case of an early igneous intrusion event, these conservatisms are expected to more than
account for the uncertainties associated with the initial pH buffering capacity modeled for the
corrosion products domain.

1.2 DISCUSSION OF THE LOWER PH RANGE IN THE WASTE FORM DOMAIN

The pH range in the corrosion products domain after waste package breach is approximately 7.0
to 8.4, whereas the pH range in the waste form domain is approximately 5.5 to 8.4 (see Table 1
of the response to RAI 3.2.2.1.3.4-3-002). The smaller range in the corrosion products domain is
due to additional acid neutralizing capacity (ANC). The main reason for the additional ANC is
that surface complexation reactions are considered in the corrosion products domain but are not
considered in the waste form domain (as discussed in the response to RAI 3.2.2.1.3.4-3-002).

Steel corrosion occurs in both domains, producing significant ANC in the form of corrosion
products.. However, in the waste form domain; only the dissolution of corrosion products is
considered when determining the ANC and the lower pH boundary (SNL 2007d,
Section 6.10.1 [a]). The exclusion of surface complexation modeling in the waste form domain is
a simplification that causes lower pH values to be realized in the waste form domain. Allowing
for the lower pH values is expected to be conservative because pH values below 7 cause
increased release of radionuclides such as Pu, Np, U, Am, Th, and Pa from the waste form
domain due to higher radionuclide solubilities (SNL 2007c). The stability of waste-form and
iron-oxide colloids is also enhanced at .pH values below 7 (see Figure 6 of the response to
RAI 3.2.2.1.3.4-2-003).

Steel corrosion releases protons through the oxidation of reduced elements in the steel and the
precipitation of iron-nickel oxides. The released protons act to reduce the pH of the water.
However, corrosion of other materials in the waste form domain (aluminum alloys and waste
forms) consumes protons and acts to raise the pH of the water (SNL 2007d, Section 6.10.1.1 [a]).
Furthermore, while steel corrosion releases protons to solution,- it also produces the iron
corrosion products that provide ANC to the system via both surface complexation and
dissolution reactions. In this way, steel corrosion is a largely self-buffering reaction that, when
surface complexation is included, prevents the pH from falling below 7 in the corrosion products
domain. (For additional discussion of the pH buffering effects of corrosion products in the waste
form and corrosion products domains, see the response to RAI 3.2.2.1.3.4-3-002.)

1.3 SUMMARY

The pH in the corrosion products domain is modeled on the basis of control by surface
complexation reactions on steel corrosion products. Imposing the pH buffering capacity of
corrosion products as soon as a waste package is breached is reasonable given the conservative
treatment of waste package breach and materials corrosion. Several conservative simplifications
used within the TSPA expose spent fuel to degradation immediately after outer barrier breach.
Realistically, after outer barrier breach, several steel waste package internals will begin
degrading before the waste form is available for degradation. Having corrosion products in the
corrosion products domain as soon as the waste package is breached is reasonable, given the
large amount of corrosion products that would likely be generated prior to fuel degradation.
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Furthermore, significant conservative assumptions concerning flow within the igneous intrusion
modeling case more than account for the uncertainties associated in the consideration of the
amount of corrosion product buildup for pH moderation in the igneous intrusion scenario.
Additionally, because surface complexation reactions are not included in the waste form domain
calculations, which allows higher amounts of radionuclide release from the waste form domain,
the lower range of pH entering the corrosion products domain from the waste form domain is
expected to be conservatively low. Therefore, imposing the pH buffering capacity of corrosion
products as soon as a waste package is breached is not expected to overestimate the pH buffering
capacity of corrosion products during the stainless steel corrosion period.

2. COMMITMENTS TO NRC

None.

3. DESCRIPTION OF PROPOSED LA CHANGE

None.

4. REFERENCES
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ANL-WIS-MD-000021 REV 03 ADD 01. Las Vegas, Nevada: Sandia National Laboratories.
ACC: DOC.20050815.0002; DOC.20070614.0002; DOC.20070703.0006.
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SNL 2007d. In-Package Chemistry Abstraction. ANL-EBS-MD-000037 REV 04 ADD 01. Las
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DOC.20051130.0007.
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GLOSSARY OF TERMS

Acid-strip: A process during which the internal surface of a stainless-steel reaction vessel is
soaked in an aqueous solution of nitric and hydrofluoric acids, in an effort to dissolve
radionuclides that have adhered to the vessel's interior surface.

Colloid: (also, Colloidal Particles) Submicrometer-sized particles with at least one dimension
between I and 1000 nm whose properties are governed by Brownian motion. Practical definition
for colloids in this report is material collected from leachate that is passed through filters with
pore sizes based upon available filter sizes (between I or 5 nm and 450 or 1000 nm).

Corrosion Products: Solid compounds that form on the fuel during corrosion.

Dissolved Species: (also, Dissolved Fraction) Subnanometer species (i.e., ions, etc) typically < I
nm in size. Practical definition is limited to the smallest filter size available in these experiments
(i.e., 2 or 5 nm).

EJ-13 water: Groundwater pumped from the U.S. Geological Survey well "J-13" in Nevada that
has been reacted with crushed tuff at 90'C for 80 days.

Fuel: Multi-grain fragments of the approved LWR test materials, ATM-103, ATM-106,' ATM-
109A, ATM-109B, and ATM-109C.

Fuel matrix: The solid U0 2 and substituents that are contained in the structure of the U0 2 as a
solid solution, and which comprises the majority of spent fuel. The fuel matrix is distinguished
from material that has phase-separated from the original U02 during 0rsubsequent to burn up in
the nuclear reactor.
Gold Retainer: A thin gold, mesh perforated with -200-gim holes that was placed at the base of

the Zircaloy-4 holder in the ATM-103 and ATM-106 high-drip tests after the 7.3 yr test interval.

J-13 water: Groundwater pumped from the U.S. Geological Survey well "J-13" in Nevada.

Leachate: Water that has accumulated in the bottom of a test vessel at the end of a test interval.

Particulate: Material in leachate that is greater than 450 or 1000 nm (limited by largest filter
employed for tests).

pH: The negative of the base-ten log of the hydrogen-ion concentration measured in the
leachate, measured at ambient hot-cell temperature (-25 - 30'C).

Sequential Filtration: A process whereby an aliquot of leachate is passed, through a series of
filters with incrementally decreasing pore sizes. The series of filters consist of, first, a filter with
1000-nm pores, followed by a filter with 100-nm pores, and, finally, a filter with 50-nm pores.

Speciation: Classification of species, or components based upon size (i.e., dissolved, colloidal,
and particulate).

Unsaturated Tests: Tests under oxidizing conditions in which the relative humidity is 100%.
There are three test types. They include a vapor test in which water vapor is present, a low-drip
test in which a small amount of a simulated groundwater, EJ-13, is injected, and a high-drip test
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in which ten times the amount of a simulated groundwater, EJ-13, is injected as in the low-drip
test.

Zircaloy Holder: A cylindrical metal cup, 1 cm diameter x 1.5 cm tall, fabricated from Zircaloy-4
and used to hold the fuel fragments. The base of the cup contains 10-pm holes to allow solution
drainage.
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1. BACKGROUND AND SCOPE

A. Objectives

The purpose of this document is to summarize results on colloids generated from
corrosion tests on commercial spent nuclear fuel (CSNF). Analyses presented here update results
from on-going corrosion tests under Yucca Mountain repository relevant conditions (unsaturated
testing at high drip rate, low drip rate and humid air conditions). In addition, the results from
analyses on colloidal suspensions of uranium minerals phases in groundwater from Yucca
Mountain or uranium saturated solutions are summarized.

B. Background

Colloids generated during waste form corrosion are potentially important in the
performance assessment of the waste form in the repository. Colloids may transport
radionuclides from a waste storage or disposal site in excess of amounts predicted solely on
radionuclide elemental solubility limits. Recent studies at the Nevada Test Site (an unsaturated
environment similar to Yucca Mountain) have shown the mobility of plutonium to be associated
with colloids composed of clays, zeolites, and cristobalite [Kersting]. Numerous studies on
nuclear waste glass corrosion have shown that clay colloids form and are prevalent in solution
[Ebert; Buck; Geckeis]. However, few colloids have been detected in corrosion tests with
commercial spent nuclear fuel [Finn 1994]. Likewise, colloidal transport has not been found to
be a major mechanism for the transport of uranium at many natural analogue sites [Short;
Miekeley]. However, experimental work on the formation of uranium oxide sols at pH and
temperatures likely for a repository suggest that uranium substrate colloids must be considered
[Ho].

The stability of dispersed colloids is dependent on numerous variables including pH,
temperature, solution composition; etc. Colloidal interactions represent a balance between their
dispersive properties (chargee repulsion) and their tendency to aggregate or sorb (intermolecular
attraction). The ability to determine characteristic features of dispersed particles, such as size,
shape, and surface potential, is important in determining their stability and behavior (i.e.,
dispersion, aggregation, or sorption) under a range of relevant environmental conditions. As
such, this report presents results on the characterization of the physical and chemical nature of
the solution-borne colloids that form. during degradation of the waste forms,specifically as
related to actinide releases.

This report summarizes the results of analyses on colloids from unsaturated corrosion
tests on commercial spent'nuclear fuel (CSNF) completed to date (8.7 years of testing for the
CSNF) and not included in previous data reports. On-going unsaturated corrosion tests on CSNF
were sampled periodically during the corrosion testing and the test solutions were analyzed for
colloids to determine the nature of the colloids. The CSNF corrosion tests consist of two
pressurized water reactor (PWR) fuels (ATM-103 and ATM-106) and three boiling water reactor
(BWR) fuels (A.TMI09A, ATM109B, and ATM109C) being tested under unsaturated conditions
at 90°C. These tests combine periodic injection of tuff-equilibrated J-13 groundwater into a
sealed, stainless steel vessel containing fuel fragments in a zircaloy-4 sample holder at 90 *C. In
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addition, colloidal suspensions of meta-schoepite and UO2+, under saturated test conditions (in
10 mM uranyl nitrate or J-13 groundwater) at room temperature were characterized and are
summarized in this report.

C. Previous Data Reports

The unsaturated tests with the ATM-103 and ATM-106 fuels were begun in September
1992 and, except for a six-month interruption during the first half of 1998, have been operating
continuously during the 10 years since test initiation. Data obtained from these tests prior to 5.2
years have been reported previously (CRWMS M&O 2000) and will not be reported here. Data
reported here correspond to samples taken during test intervals 5.2 through 8.7 years of reaction.
Unsaturated tests with the ATM-109 fuels were begun in 1998 and have been operating
continuously for over three years. Data reported for the ATM-109 fuel tests correspond to test
intervals from test initiation through 3 years of reaction.

The unsaturated tests were run at 90'C and cooled to ambient temperature at test
sampling.. During the test interval, the leachate dripped from the fuel in the holder into water at
the base of the vessel solutions (a Type 304L stainless-steel vessel). At the test sampling, the
vessel was cooled to ambient laboratory temperature over a relatively brief period (typically less,
than 30 minutes). The concentrations reported in this report are those measured in aqueous
solutions recovered from test vessels and measured at ambient temperature. Radionuclide
"concentrations" reported in the previous data report for these tests (CRWMS M&O 2000) were
not measured, but were calculated by determining the total mass of a given radionuclide
recovered from each test vessel, including the mass in leachates plus the mass recovered during
acid-stripping of reaction vessels, and dividing that total mass by the volume of solution
recovered from each vessel during each sampling interval. Reporting such calculated
concentrations was rationalized by the presumption that the total mass of every radionuclide
recovered from each reaction vessel had been in solution at 90'C (as dissolved ions, colloids
and/or particulates) when leachate dripped from the holder into water at the base of a vesselprior
to sampling the leachate at ambient laboratory temperature. It would be difficult to determine
the accuracy of this assumption dueto the test configuration. Primarily for this reason,
concentrations reported in this data report are those directly measured in the leachate at ambient
temperatures and are, therefore, free of assumptions about what the concentrations of any
radionuclide might have been at any temperature besides ambient (-25°C). The masses of
nuclides removed from the vessel walls by acid stripping are also reported elsewhere (Finch et al.
2002).

In the previous report (CRWMS M&O 2000), Pu concentrations associated with colloids
were determined from alpha spectrometry measurements of filters (50, 100, 1000 nm pore sizes)
or the filtrate from a 5 nm pore size filter. The alpha spectra for the filters and filtrates (alpha
planchets prepared by evaporation for the filtrates) typically have poor peak shape due to
inelastic scattering from evaporiteslor alpha particles embedded in the membrane filter. Ideally,
the alpha source should be a monolayer of alpha emitters which is achieved by electrodeposition
(Schultz). This report uses alpha spectrometry measurements for Pu from filtrates that were
electroplated or ICPMS results from filtrates for U or Pu isotopes. Dissolution of the filters
followed by electrodeposition of the alpha emitters was not pursued.
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D. Test Planning and Related Documentation

The principal investigator for this task is Carol Mertz. The test plan covering colloid
work is "Waste Form Colloids Characterization and Concentration Studies" (SITP-02-WF-003,
Rev. 00). The experimental 'Work was performed in accordance with the Bechtel SAIC Company
(BSC) prepared "ANL Statement of Quality Assurance Requirements," as implemented through
the "Quality -Assurance Plan for Technical Activities in Support of the Yucca Mountain
Program" (YMP-02-001) and the associated Implementing, Administrative and Operating
Procedures.

The work in the test plan is done in support of the License Application for the Yucca
Mountain Project (YMP) as administered by Bechtel SAIC Company, LLC. This test plan was
developed under the "Technical Work Plan for Waste Form Degradation Testing and Analyses in
Support of SR and LA," TWP-WIS-MD-000008, Rev. 02.

This work supports the Total System Performance Assessment for the License
Application (TSPA-LA) for a repository at Yucca Mountain, Nevada. More specifically, data
obtained from this Task are to be used in the LA updates of the product document: MDL-EBS-
PA-000004, Rev. 00. The documents supported by this test plan are covered by the technical
work plan (TWP-WIS-MD-000008, Rev. 02).

E. Scope of Data Package

Data contained in this data package include concentrations measured in leachates and
filtrates recovered from eleven corrosion tests conducted on three types of commercial spent
U0 2 fuels (ATM-103, ATM-106, ATM-109). Three ATM-109 fuels were tested: ATM-109A,
ATM-109B, and ATM-109C (a Gd-doped fuel). Test conditions include exposure of the-fuels to
modified groundwater ("EJ-13") at two rates of injection, as well as exposure to air saturated
-with water vapor (100% relative humidity). Descriptions of the test configurations and test
matrices are given briefly in the following sections (additional information can be obtained in
Finch et al. 2002).

The period covered by this report is for testing and sampling intervals following 5.2 years
of reaction. The unsaturated fuel-corrosion tests at ANL were started in mid 1992 and the
sampling intervals up to and including 4.8 years of reaction (i.e., data collected through mid
1997) were reported in a previous data package (CRWMS M&O 2000). The data reported here
correspond to those collected from late 1997 through the end of 2001.
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II. DATA ACQUISTION AND ANALYSIS

A. Experimental and Analytical Details

1. Experimental design

Two pressurized water reactor (PWR) fuels and three boiling water reactor (BWR) fuel
types were used in the ANL corrosion tests. Testing on the corrosion of PWR and BWR fuels has
been conducted for over eight and three years, respectively. The PWR fuels are designated
ATM-103 and ATM-106. The ATM-103 fuel has a nominal bumup of 30 (MWd)/kg-U and a
fission-gas-release of 0.25% (Guenther et al. 1988a). The ATM-106 fuel has a nominal bumup
of 43 (MWd)/kg-U and a fission-gas-release of 11% (Guenther et al. 1988b). The BWR fuels are
designated ATM-109A, ATM-109B, and ATM-109C. The three ATM-109 fuels came from
three different fuel rods and have a range of bum-ups 64 to 72 (MWd)/kg-U. The ATM-109C
fuel is doped with 2% Gd (Wolf et al., 2000).

For the ATM- 103 and ATM- 106 fuel tests up to the 6.8 year sampling, the fuel fragments were
contained in a Zircaloy-4 holder that had a Zircaloy-4 retainer with 10-/.m-diameter holes at its
base. The small hole size at the base of the holder precluded fuel grains larger than 10 lm-
diameter from being entrained with the leachate. The Zircaloy-4 retainers in the high-drip tests
on ATM-103 and ATM-106 were replaced with new Zircaloy-4 retainers (with 10-gm-diameter
holes) at the end of the 6.8-yr sampling interval; and these were subsequently replaced by gold
retainers with 200-itm-diameter mesh size at the end of the 7.3-yr sampling interval. The
Zircaloy-4 holders are housed in Type 304L stainless steel vessels. At the start of each test
interval, the test vessel base contains approximately 5 mL of EJ-13 for drip tests and
approximately 10 mL for vapor tests to ensure 100% relative humidity.- The Zircaloy-4 holder is
set on a ledge inside the test vessel. The vessel is sealed with a copper gasket and placed in a
90'C oven, For the drip tests, the top of the vessel- is connected to a water injection system.
Every 3 to 4 days, EJ-13 is injected onto the fuel in the high-drip and low-drip tests and air is
flushed into the vessel to replenish the air. The injected water is determined by the increase in
mass at the end of a test interval. In addition, the mass of water delivered with ten injections is
measured at each test interval to determine the change in the injection system due to wear and
radiation damage. The oven temperature is monitored and recorded with a data-logger, which
records the temperature twice per 24-hr period and alarms for deviations greater than _20 C.
Further details on the test descriptions is provided in (CRWMS M&0 2000), (Finn et al. 1994),
and (Finch et al. 2002).

Characteristics of the fuels used in these tests are summarized in Table 1.
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Table 1. Characteristics of CSNF Fuels used in Unsaturated Drip Tests

Fuel ATM-103 ATM-106 ATM-109A ATM-109B ATM-109C
(NBD 107) (QCFI) (QC BIA) (QC D4A)

Reactor type PWR PWR BWR BWR BWR

Nominal 30a 4 3b 71c 72c 64c
Burn-up
(MWd/kg-U)

Fission Gas < 0.25a 11b 4.4C 2.95c 3.5C
Release (%)

Years out of 12a 12 7 7 7
reactor at test
initiation

Test Type d HDR HIDR HDR HA HDR
LDR LDR HA HA
HA HA

Test 1992 1992 1998 1998 1998
Initiation

Total >10 yr >10 yr 4 yr 4 yr 4.yr
Reaction
Time
Guenther et al. (1988a) PNL-5109-103.

b Guenther et al. (1988b) PNL-5109-106.
'Wolf et al. (1999) YMP Data Report (YMP/SF-3A-319).
dHA = humid-air tests (also known as vapor tests), LDR = low drip-rate tests, and HDR = high drip-rate tests

2.. Analytical methods

The characterization and quantification of colloids generated in the corrosion of CSNF
under. Yucca Mountain repository-relevant test conditions is essential to determine important
waste form colloidal parameters that are necessary for predicting the radionuclide-associated
colloid concentrations. The sampling of the tests and the various characterization techniques
employed to characterize and quantify the colloids will be discussed in the following section.

CSNF Test Sampling Procedure
Each test was sampled periodically. During each sampling interval, the tests were

interrupted to remove leachate and solid samples. Each test vessel was removed from the 90'C
oven and cooled by placing the base of the vessel in contact with dry ice. Once cooled, the
vessel was opened and the Zircaloy-4 holder with the reacted fuel fragments was removed and
examined under an optical microscope.

Leachate was removed from the used test vessel and divided into aliquots (if a sufficient
volume of leachate is available) foranalysis by inductively coupled plasma mass spectroscopy
(ICPMS), high-resolution alpha spectrometry, gamma spectroscopy, and dynamic light
scattering. Alpha spectroscopy was discontinued after 2000; after the 7.7 and 1.5 year samplings
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for the ATM-103 or ATM-106 and for the ATM-109 fuels, respectively. Selected aliquots were
filtered as described below and the filtrates were also analyzed by ICP-MS, gamma spectrometry
and alpha spectrometry, depending on the volume of liquid available. The pH of the leachate
was measured at room temperature. After removing leachate from the test vessel, the interior of
the test vessel was filled with an acid solution overnight at 90'C in order to dissolve any material
remaining in the vessel.

Filtration

Filtration was used to separate various sized species (i.e., dissolved, colloidal, micron-
sized particulate). The elemental composition and activity of radionuclides associated with each
size fraction were determined using inductively coupled plasma-mass spectrometry and/or by
nuclear spectroscopy (alpha and gamma spectrometry), respectively. Alpha spectrometry data are
not available for sampling periods after January 2001. Several types of filters were employed for
filtering the test solutions (cone, membrane, and microcentrifuge filters). Typically, an aliquot of
all test solutions was passed through a 5 nm cone filter (the smallest pore size employed to
determine the dissolved concentration; practical definition for dissolved species based upon
available filters) and then centrifuged to recover the filtrate. In addition, sequential filtration of
the test solution through a series of membrane filters with decreasing .pore sizes was performed,
if sufficient solution was available. The membrane filters were assembled in filter housings and
the solution was passed through the membrane filter unit using a syringe. Additional filters were
employed in 2000 for filtration of the test solutions. These filters were microcentrifuge filters of
the following sizes: 200 and 450 nm. An ultracentrifuge was used to recover the filtrates for
analysis.

Inductively coupled plasma mass spectrometry (ICPMS)
ICPMS is used to quantitatively analyze for most radionuclides; of interest here are mass

numbers of Uranium and the transuranium actinides, Np, Pu, Am, and. Cm. Actinides analyzed by
ICPMS include four isotopes of uranium: U-234, U-235, U-236, U-238; one neptunium isotope:
Np-237; three plutonium isotopes: Pu-239, Pu-240, Pu-242; two americium isotopes: Am-241,
Am-243; and Cm-244. Several of these isotopes can also be measured by other methods (see
below). Results presented in this report include isotopes of uranium and Pu-239.

Potential isobaric interferences that can affect the accuracy and precision of ICPMS
analyses of concern here include several natural isotopes present in EJ-13 water, notably the
three most abun'dant isotopes of uranium (234, 235, and 238), as well as radiogenic isotopes from
the fuel. This interference is expected to be relatively small for U-238 and Pu-239.

High resolution alpha spectrometry
High-resolution alpha spectrometry provides quantities of the following alpha-emitting

isotopes: Pu-239 + Pu-240, Cm-244, Am-241 + Pu-238, Np-237, and Am-243. Alpha
spectrometry cannot distinguish between the two Pu isotopes, Pu-239 and Pu-240; nor can Am-
241 be distinguished from Pu-238. Calculating individual contributions from these two pairs of
isotopes to alpha spectra requires knowledge of the relative contributions of each. It is
reasonable to assume that Pu isotopes do not fractionate in these tests, and we can, therefore, use
the ratio of Pu-239 to Pu-240 in the fuel being tested; these ratios are available from ORIGEN2
calculations tabulated by Guenther et al.(a and b) for ATM-103 and ATM-106. The
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corresponding ratios for the ATM 109 fuels are those determined by direct analysis of the fuel
and reported by Wolf et al. (2000).

Americium and Pu might be expected to behave in chemically distinct ways, so that
deconvoluting contributions to alpha spectra by Pu-238 and Am-241 is less straightforward.
Because Pu-238 is expected to behave chemically the same as Pu-239 and Pu-240, the
concentration of Pu-238 relative to the other Pu isotopes in a particular sample should be
proportional to its relative concentration in the fuel. The corresponding concentration of Pu-238
might then be extracted from the combined contribution from both Am-241 and Pu-238 in the
alpha spectrum using the concentration of Pu-239 and Pu-240 determined by alpha spectroscopy
and subtracting the appropriate amount of Pu-238 from the combined Am-241+Pu-238
concentration measured by alpha spectrometry. In this way, confidence in the concentration of
Pu-238 and, therefore, Am-241 determined by alpha depends on the analysis of Pu-239 and Pu-
240 from the same sample. However, Am-241 is also analyzed by ICPMS and by gamma
spectrometry, and Am-241 concentrations for a particular sampling interval can be compared
among the three independent methods used, when available.

While both the ICP-MS and alpha techniques detect plutonium, the plutonium quantities
are best quantified by alpha spectrometry where concentrations as low as.0.001 ppb are easily
measured (at least an order of magnitude lower than detection limits obtained using ICP-MS).
The americium is, in general, most accurately determined by the gamma'spectroscopy, owing to
its very low concentration in solution (americium is generally below detection limits for alpha
spectrometry).

The alpha spectrometry samples were prepared by electroplating the solution and, at
earlier sampling periods, were also prepared by evaporation. Electroplating the solution affords
higher energy resolution than evaporation by reducing the inelastic scattering that plagues thick
samples (electroplating minimizes salt evaporates). When combinations of evaporated and
electroplated alpha spectra are available, data from electroplated samples were used in this
report.

Gamma Spectroscopy
Gamma spectroscopy is used to quantify several radioisotopes, including Am-241, Cs-

134, and Cs-137. Limited filtration data is available from gamma spectroscopy for Am
associated with colloids, as such this data is not presented.

Dynamic Light Scattering (DLS)
Dynamic light scattering is used to determine the size of particles in the colloidal size

range. Particle size calibration is performed using polystyrene (PS) size standards (nominal sizes
of 30, 70, 100 and 300 nm). Conversion of the count rate to a number concentration for the
uranium substrate colloidal suspensions in this study is based upon a calibration curve for
polystyrene (PS) size standard solutions (Figure 1). Polystyrene solutions were diluted using
ultrapure water (deionized, resistivity of 18 megaohm-cm) and the count rate Was measured at a
scattering angle of 90'. Colloid number concentrations for the uranium substrate suspensions were
estimated assuming that the uranium substrate colloids are spherical and scatter light as efficiently
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as the PS standards (the scattering intensity is proportional to the refractive index). Both of these
assumptions are limitedin their application for obtaining the absolute concentrations for the
uranium substrate colloids, but are useful in examining trends. The refractive index of PS is 1.6
[Schurtenburger] compared with 2.4 for U0 2 [Ho]. Multiple DLS measurements were performed
on each sample by varying experimental parameters. For stable colloidal suspensions, the size
distributions were reproducible. Intensity weighted distributions are presented in this report.
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Figure 1. Relationship between measured count rate and calculated number concentration for
polystyrene nanosphere size standards of nominal sizes.
Note: solid diamonds, 30 nm Duke Scientific Corp.; solid squares, 70 nm Duke Sci. Corp.; solid circles,
300 nm Duke Sci. Corp.; open squares, 100 nm NIST; open circles, 300 nm NIST). Solid lines represent
linear least squares fit of data (equations for fits given in Table 2).

Table 2. Correlation between nanosphere size standards and DLS count rate.
Sze/ Manufacturer Equation from Least Squa res Fit of Data
30 nm Duke Number Concentration (colloid/L) = 2e13 x Count Rate (kc/s)
70 nm Duke Number Concentration (colloid/L) = lel 1 x Count Rate (kc/s)
100 nm NIST Number Concentration (colloid/L) = 4e10 x Count Rate (kc/s)
300 nm Duke Number Concentration (colloid/L) = 7e8 x Count Rate (kc/s)
300 nm NIST Number Concentration (colloid/L) = 6e8 x Count Rate (kc/s)

Note: Equations used to convert count rate to number concentration for colloids of nominal size based upon least
squares fit of data from nanosphere polystyrene size standards in Figure 1.
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Zeta Potential Measurements

Zeta potential measurements were performed on a Zeta Plus unit from
Brookhaven Instruments Corp. The performance of the instrument was checked with a mobility
standard from NIST (geothite, SRM 1980). The measured mobility of the reference material was
in excellent agreement with the certified mobility. The pH of the colloidal suspensions was
adjusted to selected pH values with 0.1 M nitric acid or 0.1 M sodium hydroxide, and the
solution was shaken to disperse the colloids prior to loading the sample in the electrophoresis
cell. Multiple zeta potential measurements were performed at ambient laboratory temperature for
each pH value.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an excellent method for determining
morphology, structure, and elemental and phase composition of colloid substrate materials [by
energy dispersive x-ray spectroscopy (EDS), electron diffraction (ED), and electron energy loss
spectroscopy (EELS)]. These techniques have been used to characterize colloid substrate phases
formed in the corrosion of CSNF and DH-LW and to obtain evidence that these colloid substrates
are formed as a result of spallation of alteration layers and precipitated phases.

A small (-0.005 mL), unfiltered aliquot was collected from the test solution and wicked
through a "holey" or ldcey carbon film supported on a copper TEM support grid. The grid was
examined for particulate material using TEM. Analyses were performed using a JEOL 2000FXII
TEM operated at 200 kV and equipped with two Noran energy dispersive X-ray spectrometers,
including a light element detector and also a Gatan 666 parallel electron energy loss spectrometer
(EELS). Analysis of phases involved the use of the energy dispersive X-ray spectroscopy (EDS)
and selected area electron diffraction (SAED). Images are taken using a 30-um objective
aperture. The microscope camera lengths were calibrated.using a polycrystalline aluminum
standard.

Comparison of Isotopic Analyses
The two techniques used to analyze Pu-239 for this task (ICPMS, and alpha

spectroscopy) have different sensitivities, detection limits, potential interferences, etc., so that
masses and concentrations determined for Pu-239 by these analytical techniques may differ.
Unless noted otherwise, there is no a priori reason to assign more or less confidence to any
particular concentration value that has been analyzed by either of these analytical techniques. -In
fact, comparisons of concentrations for Pu-239 determined by these analytical techniques can
provide useful information about analytical uncertainties. We have found that agreement within
about 50% is common and reasonable with measured concentrations above approximately 0.1
ppb (Refer to Figure 2 for Pu-239 data analyzed by ICPMS and alpha spectrometry). As a rule,
ICPMS is probably the least sensitive technique among those used here, and alpha spectroscopy
the most sensitive (i.e., highest and lowest limits of detection, respectively). Isotope masses and
concentrations that were analyzed but were below the lower limit of detection are indicated in
the tables as "bd" (below detection). Entries in the tables that have a dash inplace of an entry
indicate isotope analyses that were not performed or are otherwise unavailable for any of several
possible reasons, including a dry test vessel, insufficient solution volume, analytical problems,
etc.
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Figure 2. Comparison of Pu-239 concentrations analyzed by ICPMS and alpha spectrometry for
leachate and strip solutions from CSNF corrosion tests.

Detection Limits

Mass releases and concentrations from intervals for which sample analyses were at or
below the lower limit of detection for a given analytical method are not reported in the data
tables. Isotopes present at concentrations at or below the lower limit of detection are reported as
"less than" values to the task PI by the analyst. These detection limits vary among techniques
and individual samples for a variety of reasons, some of which are generally applicable and
others are unique to a particular sample or sampling interval; they are not reported here. Instead,
all "less-than" values are reported here as "below detection" (designated as "bd" in the data
tables).

B. Test Matrix

The test matrix for the CSNF tests is described in detail elsewhere (Finch et al. 2002).
The unsaturated testing employs five fuels: ATM-103, ATM-106 and ATM-109A, ATMI09B,
and ATM-109C (refer to Table 1). The matrix includes six "drip" tests in which a modified
groundwater, EJ-13, is injected periodically at two rates and five humid-air tests in which each
test vessel is sealed with a small volume of water (-10 mL) but no water is injected between
samplings. There are two (nominal) injection rates: 1.5 mL per week ("high") and 0.15 mL per
week ("low"), With one-half the weekly injection volume being injected every three or four days.
The tests are conducted at 90'C, which is in the range of expected repository temperatures
approximately 1000 years after closure. One control test (injection vessel without fuel) is also
being conducted, and samplings are performed for the control test in the same manner as for the
other tests.
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In addition,, some test data are presented from hydrologically saturated tests with uranium
dioxide and meta-schoepite colloids in uranyl nitrate or J-13 groundwater. The test matrix for
these tests is shown in Table 3. The suspensions were prepared and the colloidal properties were
characterized by the techniques described in Section 2 (Analytical Methods).

Table 3. Test matrix for uranium substrate colloidal suspensions in uranyl nitrate or J-13
groundwater.

Solution ID Uranium substrate Diluent Conc of Uranium pH Reference: SN/page
substrate in diluent

(g/mL)

-... 10mM uranyl nitrate -- 4.80 1831/10-11

CM1831/16-2 meta-schoepite and UO2 .x 10mM uranyl nitrate 0.0010 5.06 1831/16, 1830/35

CM1831/16-3 meta-schoepite and UO2,x J-13 groundwater 0.00019 7.66 1831/16, 1830/35

C. Data Analysis

All of the measured and derived variables presented in this report are summarized in
Table 4. In the case of derived variables, the method of calculation is identified and the
uncertainty estimates are given. The accuracy and precision, as well as experimental
uncertainties, are discussed below.

III. DESCRIPTION OF THE DATA

A. Data Dictionary

Table 4 provides a data dictionary of the experimental and derived values for which data
are included. Where appropriate, equations are presented to define derived variables. Values
include the measured parameters (colloid size, zeta potential, actinide concentrations and
activities) and the derived parameters (colloid concentrations).
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Table 4. Summary of measured quantities, derived quantities and associated uncertainty
estimates.

Value Type' Definition and Equation Uncertainty

Solution mass M Mass (g) of solution sample aliquot 0.005% ICPMS;
(leachate or acid strip) determined 10% Alpha
gravimetrically (ICPMS, and alpha required
different size aliquots)

ICPMS Nuclide M Concentration measured in leachate or acid strip ±50%
Concentration sample by ICPMS.
(Cone.)
Activity M Activity (Bq) measured in leachate or acid strip ±50% Alpha

by alpha spectroscopy.
Alpha Nuclide D Concentration in leachate or filtrates; calculated
Concentration from activity in aliquot. ±50%
(Cone.) Cone (ng/g) = Activity (Bq) / Spec.Act.b (Bq/g) /

Sol. Mass (g) * 109 ng/g
Mass Release D Mass (g) of nuclide released from sample to base
derived from of vessel (also used for acid strip mass release). ±51%
Alpha data Mass (g) in aliquot = Activity (Ci) / Spec.Act.b

(Ci/g)
Mass (g) in test = Mass (g) in aliquot / (test Vol. /
aliquot Vol.)--

Colloid Size M Colloid size (nm) measured in leachate by DLS. ±10%
Colloid D Colloid concentration determined from ±50%
Concentration calibration curve with nanosphere standard

solutions.
Count rate (±30% based upon multiple DLS
measurements). versus Mass (g) of nanosphere
standard solution / standard Vol. (g)

Colloid Zeta M Zeta potential of colloid measured in leachate by ±15%
Potential ' zeta potential measurements.

'Variable Types: D,= derived; M = measured.
bSpec. Act. = specific activity in Ci/g or Bq/g.

Leachate Concentrations

Concentrations reported here were measured at ambient laboratory temperature, (-25°C).
Corrections of raw analytical data include a correction factor for dilutions of sample aliquots
(where applicable), including addition of acid prior to analysis.

Seven categories of solution concentrations are reported: those corresponding to
unfiltered leachates (UFL), and to solutions that were passed through filters of six nominal pore
sizes, ranging from 1000 nm to 5 nm. Leachate concentrations from solutions that were filtered
through 1000 nm, 100 nm and 50 nm filters were obtained by passing a single solution aliquot
sequentially through filters with progressively smaller pore sizes, three filtration steps for each
aliquot. Leachate concentrations from solutions filtered through 450 nm, 200 nm and 5 nm
filters correspond to separate aliquots of unfiltered leachate, each aliquot being passed once
through one filter in a single filtration step.
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UFL (Unfiltered Leachate) as used in Appendix 2 is the mass in grams of a given analyte in the
unfiltered leachate solution as measured at ambient laboratory temperature.

Leachate is the liquid water recovered from the base of each test vessel during a sampling
interval. Selected aliquots of leachate are filtered by various means, as prescribed in the test-
sampling procedure, and as volume allows. The volume of leachate for each sampling interval is
determined calculated as the difference between the total mass of each test vessel at the start of
the test interval and that at the end of the test interval. Leachate mass is converted to volume
assuming the density of the leachate is 1 g/mL.

Filtrate is a leachate aliquot that was passed through a filter. Filtration data reported in the* data
tables correspond to leachate concentrations measured after passing aliquots of leachate through
filters with pore sizes designated in the data tables; these concentrations were also measured at
ambient room temperature.

The pH of all leachates was measured at ambient laboratory temperature.

B. Data Organization

Data are presented in Appendices I through 3 arranged primarily by fuel type (ATM-103,
ATM-106, ATM-109) and test type (HDR, LDR, HA). Colloidal sizing data determined by DLS
analyses are provided in Appendix 1 for all of the tests. Data tables showing leachate
concentrations in parts per billion (milligram of each radionuclide per kilogram of solution) or
ppb are already reported in (Finch et al. 2002). The concentration in ppb was converted to mol/L
(refer to Table 5 for reference to the data tables in Finch et al. 2002). Concentrations of Pu-239
and U-238 (in molarity) determined by ICPMS and/ or alpha spectrometry analyses are provided
in Appendix 2 for the high drip-rate tests (ATM-103 HDR, ATM-106 HDR, ATM-109A HDR,
and ATM-109C HDR), the low drip-rate tests (ATM-103 LDR and ATM-106 LDR), and the
humid-air tests (ATM-103 HA, ATM-106 HA, ATM-109A HA, ATM-109B HA, and ATM-
109C HA).
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Table 5. Summary of references to U-238 and Pu-239 concentration data.

Test ID Fuel Test Type* Isotope Data Table Reference Analysis
Number a Method b

U-238 DTC-75 ICP
S31J ATM-103 LDR Pu-239 DTC-80 ICP

Pu-239 DTC-91 alpha

U-238 DTC-93 ICP
S61J ATM-106 LDR Pu-239 DTC-98 ICP

Pu-239 DTC-109 alpha

U-238 DTC,1 ICP
S32J ATM-103 THDR Pu-239 DTC-6 ICP

Pu-239 DTC-19 alpha

U-238 DTC-20 ICP
S62J ATM-106 HDR Pu-239 DTC-25 ICP

Pu-239 DTC-37 alpha

U-238 DTC-109 ICP
S3V ATM-103 HA Pu-239 DTC-116 ICP

Pu-239 DTC-127 alpha

U-238 DTC-129 ICP
S6V ATM-106 HA Pu-239 DTC-134 ICP

Pu-239 DTC- 145 alpha

U-238 DTC-39 ICP
S9AJ ATM-109A HDR Pu-239 DTC-44 1CP

Pu-239 DTC-55 alpha

U-238 DTC-57 ICP
• S9CJ' ATM-109C HDR Pu-239 DTC-62 ICP

Pu-239 DTC-73 alpha

U-238 DTC-147 ICP
S9AV ATM-109A HA Pu-239 DTC-152 ICP

Pu-239 DTC-163 alpha

U-238 DTC-165 ICP
S9BV ATM-109B HA Pu-239 DTC-170 ICP

Pu-239 DTC-181 alpha

U-238 DTC-183 ICP
S9CV ATM-109C HA Pu-239 DTC-188 ICP

Pu-239 DTC-199 alpha
• LDR = low drip rate; HDR high drip rate; HA = saturated water vapor (humid air).
a Concentration data table number (Reference to tables in Appendix 2 of Finch et al. 2002).
b ICP = ICP-MS; alpha = alpha spectrometry

Note: The groundwater used in these tests is EJ-13 (refer to Finch et al. 2002 for details).
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C. One-of-a-kind records

Supporting data are recorded in the scientific notebooks or are on file in the QA records at ANL.

D. Accuracy and Precision

Accuracy and precision of analytical measurements are estimated and discussed in this
section. However, these measurement uncertainties do not include all components of
experimental uncertainty. Factors such as differences in fuel segment inventories, pellet
cracking patterns, or loss of fragments during test preparation or performance are not included in
measurement uncertainties but are discussed below in the Uncertainties section.

Maximum estimates of measurement uncertainty were made for both ICPMS and gamma
spectroscopy measurements based on replicate analyses of NIST-traceable standards analyzed
according to approved standard operating procedures. For ICPMS, the maximum uncertainty is
+10% for elemental analyses and ±50% for nuclide analyses. Thus, the maximum measurement
uncertainty is ±10% for reported elements such as potassium, calcium, and uranium, and ±50%
for nuclides such as 90Sr, 99Tc, 1291, 237Np, and 239 Pu.

Solution volumes were determined by measuring the mass of an aliquot and dividing it by
the density of the solution. All solution mass/volume determinations were made at ambient
laboratory temperatures assuming that the density of the solutions was 1.0. The error associated
with this assumption is around 0.2%. The weighed mass for aliquots for gamma and ICPMS
analyses is typically 4 grams of solution with the balance accuracy being 0.0002 g. The relative
magnitude of the error from this source is thus approximately 0.005% for each aliquot. The
weighed mass for aliquots for alpha counting of the leachate, the 5-nm filtrate from the leachate,
and the acid-strip is 0.20 g with the balance accuracy being 0.02 g. The magnitude of relative
error from this source is thus approximately 10%.

The accumulation of indeterminate errors where the values with which the errors are
associated arecombined as sums or differences can be estimated by taking the square root of the
sum of the squares of the individual absolute variances [Cunnane, 2001]. For example,

(Sy) = (Sa)2 + (Sb) + (Sol +... (S.) 2  (1)

Where (Sy) is the standard deviation of the sum and (Sa), (Sb) and (Se) are standard deviations of
the values in the sum. The propagation of errors in the case of multiplication and division can be
estimated in a similar way. For example,

(Sy)r 2 = (S.)r2 + (Sb), 2 + (S.)r2 + ... (S.)r2 (2)
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Where in this case (Sy)r is the relative variance of the result of the multiplication or division
calculation and (Sa)r, (Sb)r and (Sc)r are the relative errors associated with the individual values in
the calculation:

We can use this type of treatment to determine the dominant source of error in the data
presented in this report. The values used in this estimate include errors associated with the
density of water, the leachate mass determination, the aliquot mass determination and error
associated with the analytical method.

Propagated Error for ICP-MS = [(0.2)2 + (0.005)2 + (0.005)2 + (50.0)2]4o0  50%

Propagated Error for Alpha'data = [(0.2)2 + (0.005)2 + (10.0)2 + (50.0)2]-0.5 = 51%

These error propagation estimates indicate that statistical errors in the analytical
measurements dominate the uficertainties of these data. Similarly, it can be shown based on this
methodology that the errors associated with derived quantities (e.g. see Table 4) that involve
multiplications and divisions, such as nuclide fractional release values, will also be dominated by
the errors associated with the analytical measurements (approximately ±50% for ICP-MS and
alpha counting). Based on extensive characterization of ATM-103 and ATM-106 [Guenther,
1986 a,b], the uncertainty in the inventories is relatively small. ATM-109 has had significantly
less characterization, but burnup analysis, gamma scan characterization, and inventory
determination of selected nuclides was performed [Wolf et al., 2000]. A conservative value of
+10% is assigned to the estimate of uncertainty in fuel inventories. Thus, this source of
uncertainty does not significantly increase overall uncertainties, as shown above, due to the
relatively high errors associated with the analytical methods.

Uncertainties associated with these data and experiments include measurement
uncertainties and uncontrolled experimental factors. Measurement uncertainties arise from
determination of mass, calculation of volume, determination of particle sizes by filtration, and
measurement of concentrations by ICPMS. Experimental uncertainties include localized
inhomogeneity of nuclides in irradiated metallic uranium fuel, loss of sludge particles from the
sample holder during sampling operations, and most significantly the extrapolation of results.
from only two samples of irradiated fuel.

Separation of nano-scale charged particles by means of filtration is subject to errors
associated with charge interactions between particles and filter substrate and uncertainties
associated with filtration of particles with irregular morphology. However, because excellent
particle size agreement was observed for waste form colloids using three technically unrelated
methods of colloid analysis (TEM, DLS, and filtration/ICP-MS), the uncertainty associated with
colloid filtration is considered small. Together, these measurement errors are considered
negligible relative to the maximum error associated with ICP-MS measurements which is ±50%
for nuclides. Thus the measurement uncertainty for the values reported is estimated at ±50%.
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E. Uncertainties

The primary sources of uncertainty, other than analytical accuracy and precision,
associated with the unsaturated tests are: (1) those introduced by the original test design, (2)
those introduced by reconfiguration of the experimental set-up, (3) those introduced from
inevitable experimental problems, such as vessels going dry and small pieces of fuel falling into
the leachate, and (4) those, introduced by the uncontrolled experimental factors that may
influence the dissolution behavior (nuclide release) of the spent fuel samples.

Some uncertainty about the nature of the colloids generated in the unsaturated tests is
derived from the original experimental set-up due to a number of factors: the influence of pH and
temperature, the flow of the groundwater over the fuel, the influence of the fuel holder's hole
size at the base, and the sorption behavior in the leachate reservoir (or test vessel). These tests
were designed to simulate CSNF degradation under a likely water contact scenario at YM,
however, in terms of individual processes that occur, the data they yield is often difficult to
interpret. One must attempt to deconvolute the various processes (sorption, diffusion,
sedimentation, etc) effecting various experimental parameters of interest (i.e., the concentration
of colloids generated during corrosion of CSNF).

First, the stability of colloids is known to be influenced by pH (which is dependent upon
colloid phase composition and surface charge characteristics), thus the transport of any colloids
from the local conditions at the fuel and holder to the solution in the vessel would most likely
result in a large pH and solution chemistry difference. The solution in the bottom of the
collection vessel most likely evolves during the test duration, but it will probably never represent
the local pH at the surface of the fuel and alteration products. As such, large differences in the
solution chemistries may promote lower concentrations of colloids through destabilization,
deposition or sorption mechanisms.

The transport of colloids in an unsaturated environment is influenced by the film
thickness of the groundwater [Wan and Wilson]. Wan and other researchers [Wan and Wilson,
Wan and Tokunaga, Veerapaneni et al. 2000, Lenhart and Saiers] have shown that a critical thin
film thickness for a given particle size exists which inhibits colloid transport. The film thickness
in the CSNF drip tests is unknown and due to the large surface area introduced by the alteration
products is probably very small compared with any colloids that would form. The even -
distribution of alteration products over the fuel surfaces in the ANL tests suggest that the
groundwater dripped on fuel has contacted all the surfaces; there is no evidence of channeling on
the fuel fragments.

Uncertainties caused by reconfiguration (e.g., changing sample retainers) and
experimental problems (evaporation of leachate, spent fuel particles falling into leachate) have
been clearly identified and discussed throughout the report and are clearly marked on data plots
and data tables. For example, the data plots in Figures. 2, 6, and 10 identify when the new gold
mesh sample retainer was put in, when vessels went dry and when fuel fragments fell into the
leachate. The amount of evaporation of leachate from the tests is reported in [Finch et al. 2002,
Tables 8 to 181. These tables show leachate volumes recovered during each sampling interval
(Interval End Vol.), pH measured in the leachate and the total volume of leachate that would
have been recovered ("expected") if all water injected during each test interval had been (based
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on the nominal injection volume of 1.5 mL per week). The difference between volumes of
leachate recovered and the expected volumes provide an indication of injection efficiency and
vessel leakage during each test interval. The uncertainties from experimental reconfiguration
and experimental problems should be treated on a sample by sample basis when using the data.

Another source of uncertainty related to the test configurations is caused by the fact that
the tests are cooled from the 90'C test temperature to ambient laboratory temperature (around
25QC) for sampling. This procedure does not affect the total nuclide release or fractional release
*data, because any sorption or plating out of nuclides onto the steel vessel walls is captured in the
acid strip procedure. However, this cooling may influence the leachate chemistry and the
stability of colloids in solution. Thus, the measured nuclide concentrations may not accurately
represent what the concentrations were at 90'C, as colloids may precipitate and aggregate upon
cooling or the sorption to behavior on the stainless steel vessel may be enhanced. Thus, the data
reported in Appendix 2 are free of assumptions about what the concentrations of any
radionuclide might have been at any temperature besides ambient. Concentrations reported here
are simply concentrations of radionuclides in an aqueous solution that has been in contact with a
stainless steel vessel that had been cooled from 90°C to ambient over a relatively brief period
(typically less than 30 minutes).

Some uncertainty in the reported data is also introduced by the fact that we do not
directly measure some key experimental factors during the tests. The most important of these
factors include pH and dissolved oxygen, which have been shown by Shoesmith (2000) to play
important roles in the dissolution behavior of U0 2 and perhaps U0 2 spent fuels. These factors
are known at the beginning of each test interval but their precise values or activities are uncertain
during testing at 900C. Additional discussion of these factors is found in the unsaturated U02'
testing data report (Finch et al. 2002).

F. Data Verification

Data spreadsheets were verified according to ANL QA procedure, YMP-AP-005,
"Administrative Procedure for Performance of Data Verifications."

IV. DISCUSSION

The following section discusses results on colloids from (A) unsaturated corrosion tests
of commercial spent nuclear fuel and (B) saturated tests of uranium mineral phases. Background
on the experiments and analytical techniques employed were presented in previous sections of
this report.

A. CSNF Colloids Generated in Unsaturated Tests

Few colloids have been detected in the test solutions from unsaturated corrosion tests of
commercial spent nuclear fuel under likely water contact scenarios at Yucca Mountain. Both
dynamic light scattering (DLS) and filtration techniques used to characterize the colloids
generated from the spent fuel tests gave consistent results. The results obtained from DLS will be
discussed first.
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The DLS results shown in Figure 3 represent the amount of colloids in the leachate from
the commercial spent fuel tests on-going at Argonne National Laboratory (represented in Figure
3 according to fuel type: ATM-103, ATM-106, and ATM-109). No distinction was made in
Figure 3 between the -various corrosion tests (high drip, low drip, or humid air); nor between the
ATM-109 fuel types (A, B, or C). The DLS measurements were made on an aliquot taken at a
sampling period (represented as the total test duration for the fuel corrosion). While no
distinction except for fuel type was made in Figure 3, all the individual DLS test results are listed
in Appendix 1.
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Figure 3. Relative amount of colloids present in leachates from commercial spent nuclear fuel
tests sampled as a function of corrosion with EJ-13.
Note: The DLS results for the unsaturated drip tests are displayed for the ATM-103 (circle symbol), ATM-
106 (square symbol), and ATM-109 (triangle symbols) fuels. The control tests for the ATM-103 and ATM-
106 drip tests are displayed as the asterisk symbol. The solid (-6.8 yr) and dashed vertical lines (-7.3 yr)
correspond to installation of a new zircaloy-4 retainer with 10 micron holes and a new gold screen with 200
micrometer holes, respectively.

As shown in Figure 3, the count rate is low (<30 kc/s) for the all of the unsaturated
corrosion test leachates, except for one leachate at 7.7 years (ATM-103 HDR test). A low count
rate indicates that particulates and/ or colloids are present in the leachate above the background
of filtered water (< 1 kc/s). The count rate for the leachates from the 5.2 year ATM-103 high drip
rate test and some of the ATM-109 tests were below the background for filtered water and thus
colloids are not detected. Even the control test (test run with EJ-13 groundwater and no fuel) for
the spent fuel unsaturated tests indicate a low count rate and the presence of particulate above the
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background for filtered water. For the majority of the leachates analyzed for colloids using DLS,
the size distribution was not resolved. Thus, even though a count rate above the background of
filtered water indicates particulates are in the solution, the size distribution was not resolved with
DLS due to the high polydispersity .of the system and/or an unstable particulate suspension.
While it is desirable to report a particle concentration for the spent fuel colloids, the conversion
to a particle concentration from the DLS count rate is based upon the particle size and this was
not possible for the majority of the leachates where the particle size was not resolved using DLS.
Thus, the count rate for the CSNF leachates showed that only a small amount of particulate is
present in the solutions above the background of filtered water.

The test configuration changes that occurred at 6.8 and 7.3 years (refer to Experimental
Section for details) for the high drip rate ATM-103 and ATM-106 fueltests were quite disruptive
(fuel fragments and alteration products were transferred to new holder) and should have allowed
a significant amount of colloidal material to be transported to the leachate. While the change to a
new retainer with 10 micrometer holes and then later to a mesh with larger holes (200
micrometer holes) seemed to affect the amount of colloids and/ or particulate suspended in the
leachate, the concentration remained low. The count rate for the samplings periods after the test
configuration change was low and was similar to other sampling periods where the test
configuration did not change. However, in one case, the count rate for the ATM-103 fuel high
drip rate leachate at 7.7 years (after the 200 micron mesh test configuration change) indicated
that some colloids were present and the size distribution was resolved (-150 nm) (See data in
Appendix 1, Table Al-1). Since DLS is used to determine the size distribution of colloids and
can not determine the composition of the colloids, ICP-MS and TEM are employed to get
additional information about the colloids. Filtration results (from ICP-MS analyses) indicate that
the uranium was associated with the particulate fraction (refer to the following section on ATM-
103 colloids). As a low population of colloids was present, the composition of these colloids was
not identified using TEM. These colloids appeared to be unstable and subsequently dropped to
the very low concentration range when analyzed by DLS three months later.

Similar to the DLS results, very low concentrations of colloids were indicated from
filtration results of plutonium and uranium concentrations in the leachates from the fuels tested
under unsaturated conditions. The filtration results presented in this report focus on the U and Pu
data since U is the primary constituent of the fuel and Pu is important for assessing the long-term
performance of the fuel. The U and Pu concentrations associated with the colloidal fraction were
bounded by the concentration in the unfiltered aliquot (supporting data is provided in the
following section's discussion for the respective fuels).

Figure 4 shows the concentration of plutonium in the unfiltered leachate as a function of
pH from all the fuels tested. No distinction was made in Figure 4 between the various corrosion
tests (high drip, low drip, or humid air); nor between the ATM-109 fuel types (A, B, or C). The
CSNF tests were run at 90°C and cooled to ambient laboratory temperature for sampling, thus
literature data for Pu solubility in J-13 groundwater at 25 and 90'C is provided' [Efurd]. For the
majority of the CSNF fuel leachates, the plutonium concentration in the filtrates was bounded
(set as an upper limit) by the Pu solubility limit in J-13 at 250 or 90°C or the concentration was
below the detection limit for~the alpha spectrometry or ICP-MS techniques. However, some Pu
leachate concentrations were approximately an order of magnitude higher than the
concentrations found in the majority of the tests and are at the solubility limit or supersaturated
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for Pu in J-13. In these cases, the high Pu concentrations are explained by fragments of fuel that
had, been found in the leachate (fallen from the fuel retainer to the test solution at the base of the
vessel). The filtration results from the high drip rate tests with the ATM-103 and ATM-106
fuels will be discussed in the following text. Only sporadic filtration data is available, from the
low drip rate and humid air CSNF tests; these will not be discussed here.
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Figure 4. Plutonium concentration as a function of pH in-unfiltered leachates from corrosion
tests with CSNF.
Note: fuel in leachate = fuel fragments found in test solution.
Literature data for Pu in J-13 at 25 and 90'C [Efurd] is represented by the lines.

ATM-103 Fuel Colloids

The following section discusses results from high drip rate corrosion tests on the ATM-
103 fuel. The high drip rate tests consistently had sufficient leachate available for colloidal
analyses. The concentrations of U-238 and Pu-239 in the unfiltered leachates and filtrates from
ATM-103 high drip rate corrosion tests are shown in Figure 5. (Data tables are given in
Appendix 2.) The concentrations in the unfiltered leachates are an upper bound for the
concentrations in the filtrates; the unfiltered leachates will be discussed first. The uranium
concentration of the unfiltered leachate is on the order of 10'9 M at the 5.2 and 6.3 year
samplings of the CSNF unsaturated tests (Figure 5a), while the samplings of the tests. at 5.7, 7.3,
7.7, 8.2, and 8.7 are two to three orders of magnitude higher (uranium concentrations in the
unfiltered leachate of.10-7 to 10-6 M; Figure 5a). It is important to note that test configuration
changes to the spent fuel holder occurred at 6.8 and 7.3 years. Thus, the samplings at 7.3 and 7.7
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years correspond to the leachates directly following the change to a new Zircaloy-4 retainer with
10 micrometer holes and then later to a gold-mesh with larger holes (200 micrometer holes),
respectively. The highest concentration of U-238 corresponds to the holder change with the large
diameter holes (new gold mesh retainer). While the test configuration changes can be used to
explain the large releases, the relatively high concentration observed at 5.7 years (prior to the test
holder change) is unexplained. The trends discussed above for U-238 were also observed for Pu-
239 in the unfiltered leachates (Figure 5b). Next, the filtration data for uranium and plutonium
will be discussed.
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Figure 5. Concentration of (a) U-238 and (b) Pu-239, and pH of the test leachates as a function
of test duration for the ATM-103 HDR test for sampling periods between 5.2 to 8.7 years.
Note: Solid and open symbols are the unfiltered (UF) leachate and filtrate concentrations (see legend). The
pH is represented by the x symbols and the line. The solid (-6.8 yr) and dashed vertical lines (-7.3 yr)
correspond to installation of a new zircaloy-4 retainer with 10 micron holes and a new gold screen with 200
micrometer holes, respectively.
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The concentration of U-238 and Pu-239 associated with various size fractions for the
ATM-103 high drip rate corrosion test (HDR) sampled from 5.7 to 8.7 years is shown in Figure 6
andTable 6. The concentrations plotted in Figure 6 and the values in Table 6 were calculated
from unfiltered leachates (UFL) and filtrate concentrations given in Finch 2002 (Appendix 2). As
limited filtration data is available for Pu-239 (refer to Table 6), the U-238 data will be used
predominantly to discuss the colloid releases. Filtration was not performed on the leachate from
the 5.2 year sampling (one-third of the expected volume was recovered) and the vessel was dry
at 6.8 years; thus no data is available for these sampling periods. While data for other uranium
isotopes (U-234, U-235, and U-236) is available (Finch 2002), it is not presented here: The data
presented for the U-238 size fractions in this section were consistent with the speciation
(particulate, colloidal, and dissolved species) of the other uranium isotopes. No isotopic
differences were expected for these leachates or filtrates and the concentrations of the uranium
isotopes in the leachates are proportional to the amount in the fuel. The data on the filtrates will
be discussed next.

600

New Au mesh m Particles
500 retainer (B Coloids

0.3 Dissolved

D. 400 - o Total

o 300 New
) Zircaloy-4

Cf) 200 retainer

0 .
5.7 7.3 7.7 8.2 8.7

Test Duration (yr)

Figure 6. Uranium concentrations associated with particles, colloids, and dissolved species in
leachates from ATM,103 HDR corrosion tests as a function of test duration.
Note: Concentration of the species were calculated from size fractions: Concpaicles (>1000 nm), ConcCOloid,

(50-1000 or 5-1000 nm), Concdissolved (<50 nm or <5 nm) and ConcT,,iI (unfiltered aliquot).
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Table 6. Uranium and plutonium concentrations associated with various size fractions (particles,
colloids, and dissolved) in leachates from ATM-103 HDR corrosion tests as a function of
test duration.

Test Concparticies ConCcolloids COnCdissolved Concparticies ConCcolloids ConCdissolved

Duration (yr) (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
Isotope U-238 U-238 U-238 Pu-239 Pu-239 Pu-239

5.7 14 2.8 37 -- --.. .. ..
6.3 ...... 0.0019* -- 0.0023
7.3 28 60 33 0.15 0 0.019
7.7 380 71 22 ..
8.2 91 4.9 13 ......

8.7 110 12 18 ...--.
Note: Concentration of the species were calculated from size fractions: Concpanicte, (>1000 or 450 nm), ConcColloid,

(50-1000 or 5-1000 nm), Concdissolved (<50 nm or <5 nm). See Table 7 for filters sizes employed for
filtration.

* This value is the concentration associated with particles + colloids, as UFL was used to calculate the
concentration.

The uranium concentrations in filtrates from the 5.7 year sampling indicated that the main
fraction was dissolved (70%) and a minor fraction was colloidal (-5%). At the 7.3 year
sampling (first sampling subsequent to the placement of the new zircaloy-4 holder),
approximately. 50% of the uranium was in the colloidal fraction. The uranium concentration in
the leachates after the test configuration change to the gold mesh retainer was dominated by the
particulate fraction (represented by the difference between the concentration for the UFL and
1000 nm filter), where for these test sampling periods approximately 80% of the filtered uranium
was the particulate fraction. The remaining 20% of the uranium was distributed almost evenly
between the dissolved (represented by the concentration from the smallest filter) and colloidal
fractions (represented by difference between the concentration for the largestand the smallest
filters; refer to Table 6).

The importance of the colloids in the leachate was indicated by the ratio of the uranium
concentration in solution after filtration through the largest filter (ConccoII+Diss) and the
concentration from filtration through the smallest filter (ConCDiss). Table 7 summarizes the
colloid fraction for U-238 and Pu-239 being retained by the smallest filter. If no colloids are
detected, this ratio is one. The filter sizes for the colloid and dissolved species varied for the test
samplings. Filter sizes employed for the samplings are listed in Table 7. The dissolved fraction
was <50 nm or <5 nm and the colloid fraction was one of the following ranges: 5-1000, 5-450,
50-1000, or 50-UFL. These definitions were based upon experimental constraints of available
filters. Values for Conccoll+Diss / ConCDiss were approximately one for most of the ATM-103 HDR
corrosion tests. In the one case (at 7.3 years) where the U-238 and Pu-239 ratios can be
compared, the ratio for the colloid fraction for U-238 and Pu-239 differ by a factor of three,
indicating that sorption or self-coagulation of Pu-239 with particles >450 nm on the 450 nm filter
membrane may have occurred. The 7.7 year sampling period had a factor of four increase in the
uranium concentration associated with colloids and the increase corresponded to the test
configuration change (placement of the new gold mesh retainer).
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Table 7. Colloid fraction determined from ratio of nuclide concentration in ATM-103 HDR
leachates after filtration through large and small filters as a function of test duration.

Test Duration Conccol]+Diss/ Large/Small Filter Conccoll+Diss/ Large/Small Filter
(yr) ConCDiss Sizes (nm) ConCDiss Sizes (nm)

Isotope U-238 U-238 Pu-239 Pu-239
5.7 1.1 1000/50 ....
6.3 -- -- <1* UFL/50
7.3 . 2.8 . .. .. .1000/50 <1 450/5
7.7 4.3 1000/50 ....
8.2 1.4 1000/5 ....
8.7 1.6 1000/5 ....

Note: Concentration of the species were calculated from size fractions in Table 6.
Concc-jis+,. = concentration in filtrate from largest filter used.
Conc)iss = concentration in filtrate from smallest filter used.
* This ratio includes a contribution from particulate as the UFL was used to calculate the ratio.

ATM-106 Fuel Colloids

The'following section discusses results from high drip rate corrosion tests on the ATM-
106 fuel, as the high drip rate tests consistently had sufficient leachate available for colloidal
analyses. The concentrations of U-238 and Pu-239 in the unfiltered leachates and filtrates from
ATM-106 high drip rate corrosion tests are shown in Figure 7. (Data tables are given in
Appendix 2.) The concentrations in the unfiltered leachates are an upper bound for the
concentrations in the filtrates; the unfiltered leachates will be discussed first. The uranium
concentration of the'unfiltered leachate is on the order of 10-8 M at the 6.3 and 6.8 year
samplings of the CSNF unsaturated tests (Figure 7a), while the samplings of the tests at 5.7, 7.3,
8.2, and 8.7 are an order of magnitude higher (uranium concentrations in the unfiltered leachate
of 10-7; Figure. 7a). It is important to note that test configuration changes to the spent fuel holder
occurredat 6.8 and 7.3 years. Thus, the samplings at 7.3 and 7.7 years correspond to the
leachates directly following the change to a new Zircaloy-4 retainer with 10 micrometer holes
and then later to a gold-mesh with larger holes (200 micrometer holes), respectively. The highest
concentration of U-238 (1 x 10-6 M, Figure 7a) corresponds to the sampling at 5.2 years (prior to
the test configuration changes) and the high uranium concentration is unexplained at this time.
The next highest concentration of U-238 in the unfiltered leachate (7 x 10- M, Figure 7a)
corresponds to the placement of the new gold-mesh retainer with the large diameter holes. The
trends discussed above for U-238 were also observed for Pu-239 in the unfiltered leachates
(Figure 7b). Next, the data for uranium and plutonium concentrations in filtrates will be
discussed.
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Figure 7. Concentration of (a) U-238 and (b) Pu-239, and pH of the test leachates as a function
of test duration for the ATM-106 HDR test for sampling periods between 5.2 to 8.7 years.
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represented by the x symbols and the line. The solid (-6.8 yr) and dashed vertical lines (-7.3 yr)
correspond to installation of a new zircaloy-4 retainer with 10 micron holes and a new gold screen with 200
micrometer holes, respectively.

The concentration of U-238 and Pu-239 associated with various size fractions for the
ATM-106 high drip rate corrosion test (HDR) sampled from 6.3 to 8.7 years is shown in Figure 8
and Table 8. The concentrations plotted in Figure 8 and the values in Table 8 were calculated
from unfiltered leachate (UFL) and filtrate concentrations given in elsewhere (Appendix 2 in
Finch 2002). As limited filtration data is available for Pu-239 (refer to Table 8), the U-238 data
will be used predominantly to discuss the colloid releases. Filtrates were not submitted for ICP-
MS analyses for the 5.2 and 6.8 year samplings where significant volumes losses occurred in the
tests (only one-third and one-tenth of the expected volumes were recovered at 5.2 and 6.8 year
samplings, respectively); thus no U-238 data is available for these sampling periods. In addition,
filtrates were not submitted for ICP-MS analyses for the 5.7 year sampling, and no U-238 data is
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available for this sampling period. While data for other uranium isotopes (U-234, U-235, and U-
236) is available (Finch 2002), it is not presented here. The data presented for the U-238 size
fractions in this section were consistent with the speciation (particulate, colloidal, and dissolved
species) of the other uranium isotopes. No isotopic differences were expected for these leachates
or filtrates and the concentrations of the uranium isotopes in the leachates are proportional to the
amount in the fuel. The data on the filtrates will be'discussed next.
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Figure 8. Uranium concentrations associated with particles, colloids, and dissolved species in
leachates from ATM-106 HDR corrosion tests as a function of test duration.
Note: Concentration of the species were calculated from size fractions: Concparicles (>1000 nm), Conconoids

(50-1000 or 5-1000 nm), ConCdissoIved (<50 nm or <5 nm) and COnCTotaI (unfiltered aliquot).

The speciation of uranium from the various sized filters varied greatly between sampling
periods for the ATM-106 HDR corrosion tests (refer to Table 8). At 6.3 years, the uranium
concentration was low and was almost evenly distributed between the particulate, colloidal and
dissolved fractions (25-45%). The samplings at 7.3 and 7.7 years correspond to the leachates
directly following the change to a new retainer with 10 micrometer holes and then later to a mesh
with larger holes (200 micrometer holes) (refer to Section II.A.1 for details). At the 7.3 year
sampling (first sampling subsequent to the placement of the new zircaloy-4 holder),
approximately 70% of the uranium was in the colloidal fraction and 30% was in the dissolved
fraction. The uranium concentration in the leachates after the test configuration change to the
gold mesh retainer.(7.7 year sampling) was also dominated by the colloidal fraction (-90%) with
the remaining 10% of. the uranium present as dissolved species less than 50 nm (refer to Figure 8
and Table 8. While the concentration of uranium in the unfiltered leachate increased subsequent
to the test configuration changes (refer to Figure 7a at 7.3 and 7.7 year samplings), the
concentration of uranium is less than or equal to the uranium concentration at samplings prior to
the test configuration changes(5.2 and 5.7 year samplings). No speciation data was available for
U-238 for the 5.2 and 5.7 year samplings, but Pu-239 data is available from alpha spectrometry
analyses. Based upon the Pu-239 associated with various species (particulate, colloidal, and
dissolved), the Pu-239 is evenly distributed between the particulate and/ or colloids (>5 nm
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fraction) and dissolved species for the 5.2 and 5.7 year samplings. While the test configuration
change appears to have caused the increase in the release of colloids, the other samplings periods
(refer to 5.2 and 5.7 year samplings in Figure 7a) with similar or higher uranium concentrations
in the unfiltered leachate are not be explained at this time. Sampling periods following the test
configuration changes resulted in significantly less colloidal material being released. At 8.2
years, approximately 60% of the uranium in solution was found as particulate (>1000 nm), none
in the colloidal fraction, and 40% as the dissolved fraction. At 8.7 years, -70% of the uranium in
the leachate was in the dissolved fraction.

Table 8. Uranium and plutonium concentrations associated with various size fractions (particles,
colloids, and dissolved) in leachates from ATM-106 HDR corrosion tests as a function of
test duration.

Test Concparticles ConCcolloids ConCdissolved Concparticles Conccolloids ConCdissolved

Duration (ppb) (ppb) (ppb) (ppb) (ppb) (ppb)
(yr)

Isotope U-238 U-238 U-238 Pu-239 Pu-239 Pu-239
5.2 -- 0.0052 (a)*; -- 0.0073

0.0 14 (i)*
5.7 ......- 0.00054 (a)*; -- 0.00047........ ..................... . ............... . ...... . ... ................. . ........ . . ....... . .0 . 8 . _)* ............. ..... .. ... ý-........... . . ... . . ...

6.3 0.95 0.56 0.70 ......
6.8 ...... 0.022 0.0026 0.0035
7.3 0 48 22 . ..-- --

7.3 ...... . 0 0.029 0.0088

7.7 -0 210 19 .-- --

8.2 53 0 32 ......
8.7 9.6 8.6 51 .. -

Note: Concentration of the species were calculated from size fractions: Concpjnjides (>1 000 or 450 nm), Conccolloids
(50-1000 or 5-1000 nm), Concdi.so .(<50 nm or <5 nm). See Table 7 for filters sizes employed in
filtration. Shaded cells indicate that fuel was found in leachate at test sampling.

• This value is the concentration associated with particles + colloids
(a) alpha spectrometry data
(i) ICP-MS data

As previously discussed for the ATM-103 HDR tests, the importance of the colloids in
the leachate was indicated by the ratio of the uranium concentration in solution after filtration
through the largest filter (ConcCollDiss) and the smallest filter (ConCOiss). Table 9 summarizes the
colloid fraction from ATM-106 HDR tests for U-238 and Pu-239 being retained by the smallest
filter. If no colloids are detected, this ratio is one. The filter sizes for the colloid and dissolved
species varied for the test samplings. Filter sizes employed for the samplings are listed in Table
9. The dissolved fraction was <50 nm or <5 nm, and the colloid fraction was one of the
following ranges: 5-1000, 5-450, 50-1000, or 50-UFL. These definitions were based upon
experimental constraints of available filters. Values for Conccol]+Diss/ ConcDiss were
approximately 1-3 for most of the ATM-103 HDR corrosion tests. In the one case (at 7.3 years)
where the U-238 and Pu-239 ratios can be compared, the ratio for the colloid fraction for U-238
and Pu-239 are in good agreement (3.2 versus 2.1, respectively), indicating that the U and Pu are
associated with the same species in the leachate. The 7.7 year sampling period had a factor of 12
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increase in the uranium concentration associated with colloids and the increase corresponded to
the test configuration change (placement of the new gold mesh retainer). These colloids were
low in concentration based upon DLS results (count rate of 13-15 kc/s from Appendix 1, Table
A1-3). At the 5.2 year sampling, the ratios for Pu-239 from two different analysis techniques
(alpha spectrometry and ICP-MS) are in good agreement. However, the ratio for the colloid
fraction at the 5.7 year sampling determined from ICP-MS analysis is higher than the ratio from
alpha spectrometry by 400 times. The value from the ICP-MS analysis appears to be highly
questionable, since the ratio for the colloid fraction determined from alpha spectrometry analyses
is consistent with ratios from other sampling periods.

Table 9. Colloid fraction determined from ratio of nuclide concentration in ATM-106 HDR
leachates after filtration through large and small filters as a function of test duration.

Test Duration Conccon+Diss/ Large/Small Conccoli+Oiss/ Large/Small Filter
(yr) Concoiss Filter Sizes (nm) ConcDiss Sizes (nm)

Isotope U-238 U-238 Pu-239 Pu-239
5.2 __ --- 1.7 (a)*; 2.9 (i)* 1JF1J5

_ __ 5 .__ _7 _~ ~~~~ ......... ............. - _- ...................... .... ....... -- ...................... ........ _- .. __a ; 8 0 ( * ................. ... .. ............
•6.3 1.8 1000/50 ....

6.8• -- -- 1.7 450/5

7.3 .. ... 2.1 45..
7.7 .12 1000/50 ....

8.7 1.2 1000/5 ....

Note: Concentrations of the species were calculated from size fractions in Table 8.
Concco 1,diss = concentration in filtrate from largest filter used.
ConCDi0 , = concentration in filtrate from smallest filter used.
(a) alpha spectrometry data
(i) ICP-MS data
* This ratio includes a contribution from particulate as the UFL was used to calculate the ratio.

In summary, the release of particulate or colloids from the ATM- 103 and ATM-106 HDR
tests seems to correlate well with a disruptive event such as the test configuration change
(placement of fuel in holders with new retainers of larger pore sizes). However, those colloids or
particulate inthe-leachates subsequent to the test configuration changes are low in concentration.
The stability of these phases is unknown at this time.

B. Uranium Mineral Phase Colloids under Saturated Conditions

As uranium-based spent nuclear fuels will be prevalent at the high-level waste repository
at Yucca Mountain (oxidizing conditions), we have examined the colloidal properties of a
mixture of two uranium minerals under saturated conditions that promote stable colloids. This
section presents results of analyses on colloidal suspensions of meta-schoepite,
((UO2 )4)(OH) 6-5H20 , and UO 2+x,, in 10 mM uranyl nitrate or J-13 groundwater (a 1 mg/mL
suspension of the uranium minerals in 10 mM uranyl nitrate (pH 5.1) or a 0.2 mg/mL suspension
in J-13 groundwater (pH 7.7). The uranyl nitrate solution (10 mM and pH 4.8) was chosen since
it is within a stable region for the meta-schoepite mineral. A suite of techniques was used to
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characterize the colloids including dynamic light scattering, transmission electron microscopy,
and zeta potential measurements (additional details can be found in Mertz et al., 2002).

TEM micrographs of typical uranium-based colloids (either meta-schoepite or uranium
dioxide) observed in solution from tests with the 10 mM uranyl nitrate and J-13 groundwater
solutions appear in Figure 9. The crystalline phase of the colloids was identified using electron
diffraction. These colloid phases were found to span a large range of sizes from nanometers to
particles exceeding several micrometers in at least one'dimension. Large 200 nm colloids of
meta-schoepite and U0 2 ,+ were dominant in the 10 mM uranyl nitrate suspension (Figure 9 a and
b). The colloids detected in the tests with J-13 groundwater (Figure 9 c and d) exhibited two
colloid types: large 100- to 200-nm UO 2+1 colloids and needlelike colloids of meta-schoepite
(with extremely fine microstructure exhibited for the meta-schoepite colloids). Some evidence of
uranyl silicates was noted, although these phases were rare.

The meta-schoepite and uranium dioxide colloids in 10 mM uranyl nitrate were
monitored in situ using DLS from the initial solution preparation until 100 days later for changes
in the size and concentration of the colloids. Replicate measurements for the sizing and
concentration measurements are shown in Figure 10. The size of the colloids remains constant
over the time period (average size of 216 + 23 nm and 206 + 7 nm, at 1 and 101 days after
sampling, respectively). In addition, the size distribution remained the same (polydispersity of
0.20 + 0.04 and 0.20 + 0.05, at 1 and 101 days, respectively). The concentration of uranium
substrate colloids was estimated using the 100 nm PS NIST standard curve fit equation (based
upon the curve in Figure 1) which will overestimate the concentration for the 200 nm uranium
substrate colloids. However, the concentration of the colloids decreased steadily over the
hundred days implying sedimentation or sorption of the colloids occurred, since the size
distribution remained constant.

Zeta potential measurements were performed on the meta-schoepite and uranium dioxide
suspension (mixture) in 10 mM uranyl nitrate and on UO2+x colloids in 1 mM NaCIO 4 (Figure
11) to determine the zeta potential as a function of pH. The zeta potential curve for the meta-
schoepite + UO 2+,x colloidal suspension is unstable with respect to the zeta potential (<20 mV) at
pH values < 5. The UO2+, colloids maintain a large negative zeta potential over the pH range of 2
to 11.5 (solid squares in Figure 11), indicating a stable colloidal suspension with zeta potentials
> 20 mV. The point of zero charge (PZC) for U0 2.3 in the literature(3 and 4.5) [Parks] is in
good agreement with the pzc of 2 determined for UO2+, in 1 mM NaC10 4. Zeta potential.
measurements for the meta-schoepite and UO 2+x suspension in 10 mM uranyl nitrate indicated
that the colloids are not stable at pH values less than or equal to five. In this pH region (<5), the
zeta potential of the colloids is zero or slightly negative suggesting selective coagulation for a
mixed colloidal suspension [Pugh]. A positive zeta potential for the meta-schoepite colloids
could explain this behavoir and can be confirmed by zeta potential measurements on a
suspension of meta-schoepite colloids. At pH values of 5.5 and higher, the meta-schoepite and
UO2+x colloids are stable and have zeta potential values of -30 to -60 mV. As a check of the
stability and reproducibility'of the ELS measurements, the zeta potential measurements were
repeated at pH values of 5.5 and 7. The zeta potentials were in excellent agreement with
measurements made one or two days earlier, thus indicating that the zeta potentials were
reproducible and that the sample appeared to be stable.
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Figure 9. TEM micrographs of (a) metaschoepite and (b) uranium dioxide colloids from 10 mM
uranyl nitrate, (c) metaschoepite (needle-like) and uranium dioxide (globular) colloids
from J-13 groundwater, and (d) metaschoepite colloids from J-13 groundwater.
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Figure 11. Zeta potential as a function of pH for a mixture of meta-schoepite and UO2+,
colloids in 10 mM uranyl nitrate (open circles, solid line) compared with .UO2 x colloids
in 1 mM NaC1O 4 (solid squares, dashed line). Error bars show standard deviation from
multiple measurements.
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As the colloids observed by TEM in this study were uranium substrate colloids, filtrates
of the meta-schoepite and uranium dioxide in J-13 groundwater suspension were analyzed using
ICP-MS to determine the uranium concentration associated with the various size fractions
(Figure 12). The uranium that passed through the 5,000 nominal molecular weight filter is
considered the dissolved fraction and corresponds to less than 2 nm. The colloidal fraction for
these tests is defined as the uranium fraction between 2 and 450 nm. While uranium associated
with a particulate fraction is greater than 450 nm in size (as with the CSNF tests, this is an
operational definition and is limited by the largest filter). Of the total uranium present in
solution, the largest fraction is the dissolved species (84%). Much smaller percentages of
uranium are associated with the colloidal (12%) and the particulate (4%) fractions. The
concentration of uranium in the colloidal fraction at 670 ppb appears to allow easy detection of
colloids by TEM. The stability of these of these colloids with respect to dissolution or
agglomeration can be confirmed with additional experiments.
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6701 E+3 240

OE+0 'I4iMO .

<2nm 2-450nm >450nm Total U

Figure 12. Concentration of uranium associated with various size fractions from a suspension of
meta-schoepite and UO2+, in J-13 groundwater. Results from filtration and ICPMS
analyses of the suspension. Error bars show estimated accuracy of 10% for the ICPMS
technique.

The results in this section show that colloidal suspensions of Uranium substrate colloids
are possible under repository relevant conditions, but the uranium speciation is dominated by the
dissolved fraction. The meta-schoepite and uranium dioxide colloids presented in this paper are
stable under short duration tests with respect to dissolution and interparticle interactions at near
neutral and higher pH values. The size and concentration of the colloids can be used in transport
models to suggest potential transport of these species in the subsurface. Additional
characterization of these colloids and their long-term stability under various repository relevant
scenarios are warranted.
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Table Al-i. Summary of DLS Analyses on Leachates from ATM-103 Spent Fuel Corrosion Tests

Waste Test Test Test Sample Summary of DILS Analyses Data Reference
Form Duration Type Duration ID Size CountRates Conc C Size Std DLS SNI Comments

(months) (yr) (nm) (00c9s (partnciedSL Equation d Refarence pa0e
ATM-103 prior to 56 a pror o 4.7 -.... aliqunotsnt available for OLS pior to 4.7 yr

ATM-103 56 low drip 4.7 S31J-56 NR - - - S31Jt6.dat 1381/90
ATM-103 56 vapor 4.7 S3V - 56 NR 1.9 - - S3V56.dat 1381/83-85
ATM-103 57 high drip 4.8 S32J - 57 NR 10.8 - - S32J57.dat 1381/89
ATM-103 62 high drip 5.2 S32J - 62 NR 0.9 - - S32J62.dat 1381/172
ATM-1O3 62 vapor 52 S3V - 62 NR 23.1 - - 83V62.dat 1381/172.173
ATM-1o3 69 low drp 5.8 8311 - 69 - - -

ATM-1O3 69 high drp 5.8 S32J -69 - .... -

ATM-103 75 high drp 6.3 S32J - 75 - -..

ATM-103 88 high drip 7.3 S32J - 88 NR 4.389 - - FInnO600.sz2 1644168
ATM-103 92 high drtp 7.7 S32J -92 NR 1Z278 - - FinnlOOO.saz2 16441115-116 monitored aliquot @ 8 days after sampling

ATM-1O3 92 high drtp 7.7 S32J -92 161.4 61.3 2.452E.12 100 nm NIST FRnn1000.sz2 1644/115-116 monitored aliquot @ 8 days after sampling

ATM-103 92 high drip 7.7 S32J -92 150.0 66.3 2.652E512 100 nm NIST Frnl000.sz2 16441115-116 monitored aliquot @ 8 days after sampling

ATM-103 92 high drip 7.7 532J -92 - 23.6 9.44E÷11 100 nm NIST Finnl000.sz2 1644/115-116 monitored aliquot @ 9 days alfter sampling

ATM-103 92 high drp 7.7 $32J -92 139.5 - - - FinnlOO0.az2 1644/115-116 monitored aliquot @ 9 days after sampling

ATM-103 92 high drip 7.7 532J -92 168.3 - - - FinnlOO0.sz2 1644/115-116 monitored aliquot @ 9 days after sampling

ATM-103 92 high drip 7.7 332.1 92 - 23.8 9.52E.11 lOOnm NIST PF061401.aJ2 16441115-116 monitored aliquot @91 days aftersampling
ATM-l03 92 high ddp 7.7 S32J -92 173.5 - - - PF061401.2 1644/115-116 monitored atiquot @ 91 days after sampltng
ATM-103 92 high drip 7.7 S32J -92 158.2 - - - PF061401.sz2 1644/115-116 monitored aliquot @91 days after sampllng
ATM-103 98 high drip 82 332J -98 NR 4.23 - - PF041801.%z2 16441164
ATM-103 98 high dup 82 532J -98 NR 3.884 - - PF041801.sz2 1644/164

NR

5

size distribution not resolvable using DLS
not available or not analyzed

Average coloW We doetnrmired by DLS

b Count rate determined using laser power of 3 mW (514.5 rn argon ton laser)
c Concentration calculated from count rate (at 3 mW) using equation for PS size standard indicated In Size Std Equation column.
d Equation for size standard that Is closest In size to the spent fuel colloids (thus only for cotid sizes resolved by DLS).
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Table AL-2. Summary of DLS Analyses on Leachates from Control Tests for ATM-103 and ATM- 106
Waste Test Test Test Sample Summary of DLS Analyses Data Reference
Form Duration Type Duration ID Size Count Rate Conc' Size Std DLS SN I Comments

(months) fyr) (n-) (kcls) (partcleslL.) Equation d Reference page
ontrol all prior to 4.7 ....... a niluot not available for DLS plaor to 4.7 yrcontro1 56 enr•al 4.7 CC1J-56 NR - - - CCUJ56.dat 1381/84-85

COntral 62 contol 5.2 CCIJ-62 NR 9. - - CCIJ62.dat 1381/172,173
contol 69 cntol 51 CC1J-69 .....

NR size dstributlo Is not resolvable
- not available or not analyzed
a Average colld size determined by DILS
b Count rate determined using laser power of 3 mW (514.5 ma argon ion laser)
c Concentraton calculated from count rats (at 3 mroW using equation for PS size standard Indicated in Size Sid Equation column.
d Equation for size standard that is dosest in size to the spent fuel rtolids (#h= only for tolloid sizes resolved by DLS).
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Table A1-3. Summary of DLS Analyses on Leachates from ATM-106 Spent Fuel Corrosion Tests

Waste Test Test Test Sample Summary of DLS Analyses Data Reference
Form Duration Type Duration ID Size Count Rate Conc . Size Std DLS SNI Comments

(months) (yr) (nm) (kcls) (parfriceasl) Equation d Reference page
ATM-lOS all prior to 4.7 ...... " aflquots not availae for DLS pror to 4.7 w .
ATM-106 56 vapor 4.7 S6V - 56 330 4.6 2.76E+09 300 nm NIST S6V56Aat 1381/83-85,133-

134.187-188.
ATM-106 5s low drip 4.7 861.1-86 NR - - - S61J,56.dat 1381184-85
ATM-106 57 high drip 4.8 862J.- 57 NiR 5.9 - - S62J57.dat 1381189-90
ATM-106 57 high drip 4.A 862J -57 NR 6A - - SV2J57.dat 1381/89-90
ATM-106 62 high drp 5.2 -62J - 62 NR 22.5 - - S62J62.dat 1381/172
ATM-106 62 vapor 52 S6V- 62 NR 7.2 - - S6V62.dat 13811172/173
ATM-106 62 vapor 5.2 S6V- 62 NR 9 - - S6V62.dat 13811172,173
ATM-106 69 high drip 5.8 S62J - 69 ....-

ATM-106 69 vapor 5.8 S6V- 69 -...

ATM-106 75 high ddp 6.3 S62J -75 - - -

ATM-106 86 high drip 7.3 862J - 88 NR 3.395 - - Fimn6O.sz2 1644168
ATM-106 92 high drip 7.7 862.1-62 NR 13 - - FinnlOOO.sz2 1644/115-116
ATM-106 92 high drip 7.7 S62.1-92 NR 14.72 - - FMlOOO.sz2 1644/115-116
ATM-106 8 high drip 8.2 S62J 4-98 NR 4.135 - - PF041801.sz2 1644/164
ATM-lOB 98 hiah drip 82 862. -98 NR 3A16 - - PF041801.sz2 1644/164

NR

a
b
c
d

size distbution Is not resoaable

not available or not analyzed

Average callod size determined by OLS

Count rate determined using laser power of 3 mW (514.5 nm argon Ion laser)

Concentration calculated from count rate (at 3 mrW) using equation for PS size standard indicated in Sze Std Equaton column.

Equation for size standard that is closest in size to the spent fuel coloids (thus only for ooloid sizes resolved by DLS).
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Table A1-4. Summary of DLS Analyses on Leachates from ATM- 109A, B and C Spent Fuel Corrosion Tests
Waste Gadolinium Test Test Test Sample Summary of OLS Analyses Data Reference
Form (%) Duration . Type. Duration ID Size' Count Rate b Cone, DLS SN I Comments

(months) (yr) (nm) (kcIS) (ParlicloesIL Reference pa*e
ATM4-109A no 6 highdrip 0.5 SSAJ -6 NR 12.1 -. 16441186 PF071701.sz2
ATN-109A no 6 hlgh drip 0.5 S9AJ -6 NR 9.159 - 1"644/186 PF071701.sz2
ATM-109C 2% 6 high drip 0.5 S9CJ- 6 NR 2D - 1644/186 PF071701.SZ2
ATU-109C 2% 6 high drip 0.5 89CJ .6 HR 20.4 - 16441186 PF071701.sz2
ATM-109A no 6 vapor s0. SSAV-.6 NR 0.688 - 1644/186 PF071701.SZ2
ATWO-I0A no 6 vapor 0.5 SAV -6 NR 5.524 - 16441186 PF071701.S22
AT1M-1098 no 6 vapor 0.5 9BV -6 NR 9.114 - 1644/186 PF071701.sz2
ATM-i09B no 6 vapor 0.5 SSBV -6 NR 8.62 - 1644/186 PF071701.sz2
ATM-109A no 12 high drip 1.0 S9AJ-12 .- -
ATM-109C 2% 12 highddp 1.0 SOCJ-12 ....
ATM-109A no 12 vapor 1.0 SgAV-12 - .....
ATM-1098 no 12 vapor 1.0 S98V-12 - - -- -
ATM-109A no 16 high drip 1.5 SWAJ-18 NR 0.782 - 1644/63-64 FinnO600sz2
ATM-109C 2% 16 hih drip 1.5 S9C.J-18 NR 1.014 - 1644/63-64 FmnO600.az2
ATM-109A no 23 high drip 1.9 59AJ-23 NR 3.88 - 1644/115-116 F'mnlOO.sz2
ATM-109A no 23 high drip 1.9 SAJ-23 NR 4.41 - 1644/115-116 F-nnlOOO.az2
ATM-109C 2% 23 high drip 1.9 S9CJ-23 NR 4.99 - 1644/115-116 FinnlO.sz2
ATIM-10C 2% 23 high drip 1.9 89CJ-23 NR 5.09 - 1644/115-116 FinnttO0.sz2
ATM-1069A no 29 high drip 2.4 S9AJ-29 NR 5.682 - 1644/164 PF041801.sZ2
ATM-109A no 29 highdrip 24 SgAJ-29 NR 5.252 - 1644/164 PF041801.sz2
ATM:109C 2% 29 high drip 2.4 SGCJ- 29 NR 3,089 - 1644/164 PF041801.sz2
ATM-109C 2% 29 high drip 2.4 S9CJ-29 NR 3,123 - 1644/164 PF041801.sz2

NR

d

size distrbution is not resolvable
not available or not analyzed
Average colloid size determined by DLS
Count rate determined using laser power of 3 mW (514.5 nm argon ion laser)
Concentrat•on caltcutated from count rate (at 3 mW)-using equation for PS size standard indlcated in Size Std Equation column.
Equation for size standard that is closest in size to the spent fuel colloids (thus only for coltoid sizes resolved by DLS).
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Data tables for the concentration of Pu-239 and U-238 in leachates and filtrates of CSNF
unsaturated tests (reported in units of moles/liter) for test intervals of 5.2 to 8.7 years
(ATM-103 and -106 fuels) and 0.5 to 3 years (ATM-109 fuels). Concentrations in
unfiltered leachates (UFL) and filtrates from various filters (1000, 450, 200, 50, and 5
nm) were analyzed by alpha spectrometry and ICP-MS and are reported in the following
tables.

Table A2- 1. Pu-239 Concentrations in ATM- 103 HDR Tests

Fuel Duration Test Vol Test Pu-239 Concentration (in mol/l)
-(Test ID) (years) (mL) pH UFL (a) UFL (i) 1000 (i) 450 (a) 200 (a) 50 (a) 5 (a)
ATM-103 5.2 13.55 5.7 bd bd - - -- bd

HER 5.7 38.75 9.0 4.18E211 bd bd - - bd
($32J) 6.3 22.00 6.0 1.74E-11 bd bd - - 9.50E-12 bd

6.8 0 dry ....

7.3 29.86 9.0 6.80E-10 bd bd 4.60E-11 5.53E-11 8.07E-11
7.7 .23.96 9.1 5.67E-11 5.83E-09 bd 1.65E-11 6.32E-11
8.2 36.7 8.3 - 1.41E-10 5.95E-11 - -

8.7 37.38 8.7 - 3.04E-10 1.57E-10 -- -

(a) alpha spectrometry data; (i) lCP-MS data

Table A2-2. Pu-239 Concentrations in ATM-103 LDR Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in mal/L)
(Test ID) (years) pH (mL) UFL (a) UFL (I) 5 a
ATM-i103 :ý- ..j.2 , 69 556.1g-p i3jF

LOR 5.7 7.2 6.88 3.48E-12 bd -

(S31J) 7.3 dry 0.00 -...

(a) alpha spectrometry data; (i) ICP-MS data

shaded cells indicate that fuel was found in leachate

Table A2-3. Pu-239 Concentrations in ATM-103 HA Tests
Fuel Duration Test Test Vol Pu-239 Concentration (in neolUL)

(estID) (ears) pH (niL) UFI. a UFL i 5 ,a)
ATMi103 5 66 9. 75

P3A 5_7, (10_ 2,02

(3V) 7.3 dry 0.00 I - -

(a) alpha spectrometry data; (i) ICP-MS data
* shaded cells indicate that fuel was found in leachate
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Table A2-4. Pu-239 Concentrations in ATM- 106 HDR Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in moUL)

(Test ID) (years) iH (mL) UFL (a) UFLMi) 450Wa) 200 (a) 5 (a)ATM-1068 0,1

HOR 5.7 7.9 38.00 4.21E-12 1.60E-09 -- 1.97E-12
(S62J) 6.3 6 29.09 5.88E-11 bd .....

6.8 9.1 4.47 1.18E-10 bd 2.57E-11 2.37E-11 1.48E-11

7.3 7.6 21.61 1.44E-10 bd 1.59E-10 4.70E-10 3.67E-11

7.7 8.6 28.33 2.20E-10 bd 3.17E-11 3.38E-11 --

(a) alpha spectrometry data; (i) ICP-MS data

* shaded cells indicate that fuel was found in leachate

Table A2-5. Pu-239 Concentrations in ATM- 106 LDR Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in mol[L)
(Test IDI (years) [)H (mL) UFL (a) UFLGI, 5
ATM-106 ý5ý2 0

LDR 5ý7 _Q 2 _Zý4
(S61 J) 7.3 nd 0.27 2.02E-10 1.30E-08

(a) alpha spectrometry data; (i) ICP-MS data
* shaded cells indicate that fuel was found in leachate

Table A2-6. Pu-239 Concentrations in ATM-106 HA Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in mol/L)
(Test ID) (years H . (mL) UFL (a) UFL(i) 5 Wa
ATM-106 5.2w _" . ,= I '_ _' - . j

PA 5.7 6.4 8.39 3.16E-12 9.77E-10 -
(M6) 7.3 dry 0. . .

(a) alpha spectrometry data; (Q) ICP-MS data,
* shaded cells Indicate that fuel was found in leachate
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Table A2-7. Pu-239 Concentrations in ATM- 109A HDR Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in mol/L)
(Test ID (years) oH (mL) UFL (a) UFL(iM 450 (a) 200 (a) 5 (a)

ATM-109A 0.4 5.7 38.41 1.87E-09 bd -....

HDR 1 5.5 19.02 2.38E-12 bd - - 5.13E-12
(S9AJ) 1.5 7.2 34.87 1.04E-10 bd 3.26E-11 2.93E-11 1.63E-11

2 8.7 24.19 bd bd 5.06E-12 bd bd

(a) alpha spectrometry data; (i) ICP-MS data

Table A2-8. Pu-239 Concentrations in ATM-109A HA Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in morlL)
(Test ID) (years) clH (mL) UFL (a) UFLUi)

ATM-109A 0.4 6 9.52 7.16E-10 2.23E-09
HA 1 6.1 9.27 bd bd

(S9AV) 1.5 dry 0.02 .-..

(a) alpha spectrometry data; (i) ICP-MS data

Table A2-9. Pu-239 Concentrations in ATM- 109B HA Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in moIIL)

(Test ID) (years) PH (mL) UFL (a) UFL(i)
ATM-1098 0.4 5 9.23 5.24E-10 bd

HA 1 7.3 9.85 3.15E-11 bd
(S9BV) 1.5 - 0.05 ....

3 dry -

(a) alpha spectrometry data: (i) ICP-MS data

Table A2- 10. Pu-239 Concentrations in ATM- 109C HDR Tests
Fuel Duration Test Test Vol Pu-239 Concentration (In moel/L)

(Test ID) (years) pH (mL) UFL (a) UFL(i) 450 (a) 200 (a) 5 (a)
ATM-109C 0.4 6.2 36.70 1.36E-09 bd ......

HDR 1 7.9 29.93 bd bd --- --

(sgCJ) 1.5 7.8 14.20 4.72E-10 1.49E-09 4.64E-12 7.09E-12 1.12E-11

2 8.8 19.18 - bd - -- -

(a) alpha spectrometry data; (i) ICP-MS data

Table A2- 11. Pu-239 Concentrations in ATM- 109C HA Tests

Fuel Duration Test Test Vol Pu-239 Concentration (in morlL)
(Test ID) (years) pH (mL) UFL (a) UFL(i)

ATM-109C 0.4 6.7 9.80 1.09E-09 bd

HA 1 6.4 0.72 -- bd

(S9CV) 1.5 - 0.03 ....

(a) alpha spectrometry data; (i) ICP-MS data
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Table A2- 12. U-238 Concentrations in ATM-103 HDR Tests
Fuel Duration U-238 Concentrations (in moteL)

nZest ID (vr) UFL Strio 1000 nmn 100 nm 50nm 450 nm 200 nm 5nm

ATM-103 5.2 2.18E-09 3.38E-07 .- - - - -

HDR 5.7 2.27E-07 5.38E-07 1.66E-07 1.58E-07 1.542-07 - - -

(S32J) 6.3 1.59E-09 1.89E-06 4.45E-10 3.74E-10 bd - - -

6.8 - 192E-06 -. .....

7.3 5.09E-07 2.93E-06 3.90E-07 1.42E-07 1.38E-07 - - -

7.7 1.98E-06 3.63E-05 3.89E-07 9.20E-08 9.05E-08 -" - -

8.2 4.57E-07 1.67E-05 7.51E-08 6.47E-08 6.01E-08 6.14E-08 5.79E&08 5.432-08

8.7 5.98E-07 1.82E-05 1.24E-07 8.08E-08 8.08E-08 1.05E-07 7.69E-08 7.521-08

Note: ICP-MS analyses for U-238 data.

Table A2-13. U-238 Concentrations in ATM-106 HDR Tests
Fuel Duration U-238 Concentrations (in mol/L)

(Test I) (yr) UFL Strip 1000 nm 100 nr 50 nm 450 nm 200 nm 5 n"m

ATM-106 5.2 1.39E-06 3.24E-06 ....- ' -- -

HDR 5.7 3.36E-07 4.64E-08 - - ... ..

(S62J) 6.3 9.24E-09 7.68E-07 5.27E-09 5.36E-09 2.91E-09 ...

6.8 2.88E-08 6.08E-06 .... ..

7.3 2.83E-07 1.16E-05 2.94E-07 2.48E-07 9.28E-08 - - -

7.7 7.18E&O7 1.02E-04 9.59E-07 7.46E-08 7.94E-08 - -

8.2 2.73E-07 4.20E-05 4.99E-08 5.95E-08 4.50E-08 8.96E-08 5.40E-08 1.33E-07

8.7 2.89E-07 1.62E-05 2.49E-07 2.11E-07 1.94E-07 1.682-07 6.66E-08 2.14E-07

Note: ICP-MS analyses for U-238 data.
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Table A3- 1. Summary of dynamic light scattering analyses on colloidal suspension of meta-schoepite and uranium dioxide in 10 mM
uranyl nitrate (pH = 5.06).

Sample ID time elapsed dl Size d2 Sizee Avg dl dl Std Count Cone' Avg Cone Std Dev Poly- Avg Poly Std Dev Conc' Avg Conc Std Dev
from prep (d) (nm) (nm) size (nm) Dev (nm) Rate'(kc/s) (coIlIL) (coilJL) Cone dispersity Poly (uglmL) (ug/mL) Con¢

(co~ll/L) (uglmL)

CM1831/10-1 Initial samile prep date = 4/29/2002 -- - - -- - - --

CvL11831110-1 1 193.5 >1000 216 23 152 6.08E+12 5.79E+12 1.25E+12 0.241 0.204 0.035 3.62 3.44E+00 7.44E-01
CM1831,10-1 1 239 ">1000 149 5.96E+12 0.186 3.55
CM1831/10-1 1 214.6 >1000 113.6 4.54E+12 0.161 2.70
CM1831110-1 1 199.5 >1000 0.195
CM1831/10-1 1 202.2 >1000 191.6 7.66E+12 0.240 4.56
CMV11831/10-1 1 254.7 >1000 156.1 6.24E+12 0.236 3.72
CM1831/10-1 1 205.1 105A8 4,23E+12 0.167 2.52

CM1831/10-1 3 199.6 >1000 200 139.5 5,58E+12 5,58E+12 0.314 0.314 3.32 3,32E+00

CM1831/10-1 8 225.3 >1000 205 18 147.1 5.88E+12 0.856 3.50
CM1831D10-1 8 199.7 >1000 132.3 5.29E+12 0.139 3.15
CM1831110-1 8 191.1 >1000 124,1 4,96E+12 0.197 2.95

CM1831/10-1 17 270.3 >1000 230 58 128.8 5.15E+12 5.22E+12 9.33E+10 0.139 0.188 0.069 3.07 3.1OE+00 5.55E-02
CMA1831/10-1 17 1RR 7 >1n0n 1n9 1 ' 5,28+12 +27 314

CM1831/10-1 30 191 9 133.6 5.34E+12 5.20E+12 1.98E+11 0.354 0.237 3.18 3.10E+00 1.18E-01
CM1831/10-1 30 180.5 >1000 126.6 5.06E+12 0.776 3.01
CM1831/10-1 30 182.4 >1000 0.292
CM1831110-1 30 198.1 >1000 0.221
CM1831/10-1 30 200.2 >1000 0.245
CM1831/10-1 30 195.8 >1000 0.237

CM1831110-1 70 194 18 84 3.36E+12 3.27E+12 1.22E+11 0.227 0.085 2.00 1.95E+00 7.24E-02
CM1831110-1 70 79.7 3.19E+12 1.90
CM1831/10-1 70 174.2 >1000 0.352
CM1831/10-1 70 213.9 >1000 0.176
CM1831/10-1 70. 202.2 >1000 0.171
CM1831/10-1 70 184.6 >1000 0.207

CM1831/10-1 101 213.5 >1000 206 7 58.2 2.33E+12 2.42E+12 1.44E+11 0.243 0.204 0.048 1.39 1.44E+00 8.55E-02
.CM1831/10-1 101 205.8 >1000 58.8 2.35E+12 0.151 1.40
r.MiA11lin- 101 19g,7 >1(10 84 7 Q9F+1 V)lf91R 154

e Colloid size determined by DLS: bimodal distribution (dl =diameter of one population, d2•= diameter of second population, not resolved using DLS since beyond the range)
b Count rate determined using laser power of 3 mW (514.5 nm argon ion laser)
c Concentration calculated from count rate (at 3 mW) using equation for 100 nm NIST PS size standard.
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(Block 6, Continued)

7) CR 13678 identifies two figures, Figures 6.5-10 and 6.5-11, in ANL-WIS-PA-000001 REV
03, Section 6.5.2.4.6 that contain illegible figure and axis labels. These figures are a matrix of
plots shown together, but are of a very poor resolution. Resolution of CR 13678 is addressed in
Section VII.

8) CR 13643 indicates that Eq. 6.5.1.2-9, p. 6-149, which describes the rate of formation of
"embedded" colloids, incorrectly uses the aqueous concentration and should instead use the total
concentration that includes the mass in all phases, both aqueous and stationary. Resolution of
CR 13643 is addressed in Section VIII.

I. CR 12867 Resolution

In CR 12867, file "EBS RTA REV03 Typos 2008[1].doc" identifies 39 typographical errors,
omissions, or clarifications needed in ANL-WIS-PA-000001 REV 03. In this section, 33 of
those issues are addressed. The remaining 6 issues have been addressed in response to other
CRs. Specifically, Item 16 in the CR 12867 file mentions that addition of a description of how
parameter DiffPathLengthInvertTopa is computed on p. 6-191, following Eq. 6.5.2.3-5,
would improve transparency; this issue was resolved in ANL-WIS-PA-000001 REV 03 ERD 01,
pp. 6 - 8, in response to CR 11816. Item 15 in the CR 12867 file concerns a typographical error
in reporting the ranges of this parameter on p. 8-18, Table 8.2-4; this was also resolved in ANL-
WIS-PA-000001 REV 03 ERD 01, pp. 6 - 8, in response to CR 11816. Four other typographical
errors involving FHH parameters (Items 11 - 14 in the CR 12867 file) were corrected in ANL-
WIS-PA-000001 REV 03 ERD 01, pp. 6- 8, in response to CR 11755.

CR 12867 is resolved by the following 33 changes (in which underlining indicates the original
text to be changed and the revised text) to ANL-WIS-PA-000001 REV 03. Seven additional
changes (#34 - #40) clarify text or correct errors that were identified subsequent to CR 12867
being issued. None of these changes impacts the conclusions of the document, and no
downstream usage-neither the LA nor other project documents-is impacted. Changes to the
DIRS that are noted below are marked up on the point-in-time DIRS report, and the revised
DIRS report is processed in accordance with SCI-PRO-004, Managing Technical Product
Inputs; the marked-up pages from the DIRS report are appended to this ERD.

1. p. 4-47, Table 4.1-20: Add row under "TAD Canister and Waste Package
Characteristics" for: "Inner vessel length, 216.50 in., SNL 2007 [DIRS 179394], Table 4-3."
This parameter is used on p. 6-166, Section 6.5.2.1.1.2, to compute the diffusive area for the
path excluding the outer barrier, parameter DiffAreaCSNF_2, of 29.9 in2 . The DIRS entry
for SNL 2007 [DIRS 179394] in the DIRS list for ANL-WIS-PA-000001 REV 03 is
modified to include this particular direct input, as follows:
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DIRS entry for SNL 2007 [DIRS 179394] for ANL-WIS-PA-000001 REV 03

Table Section Outer corrosion barrier outside Direct N/A N/A TBV-8615
4-3 6.3.3.2.3;Tables diameter; inner vessel outside Input Resolved

4.1-20 and 6.5-5 diameter; outer corrosion barrier
length; outer barrier thickness;
outer lid thickness; inner vessel
thickness

Revised DIRS entry for SNL 2007 [DIRS 179394] for ANL-WIS-PA-000001 REV 03 ERD 02

Table Section Outer corrosion barrier outside Direct N/A N/A TBV-8615
4-3 6.3.3.2,3;Tables diameter; inner vessel outside Input Resolved

4.1-20 and 6.5-5 diameter; outer corrosion barrier
length; outer barrier thickness;
outer lid thickness; inner vessel
thickness. inner vessel length

2. p. 4-47, Table 4.1-20, 4h row from bottom: For entry "TMI canister guide tube cross
section Width," change source "p. 25" to "p. 30." This parameter is used in the output DTN:
SN0703PAEBSRTA.001, file 5-DHL W-SNF DOE Long + TMI SNF + 21-PWR TAD 9-19-
2007 Final TDIP.xls, worksheet "5-DHLW-DOE Long + TMI SNF" to estimate masses of
steels and corrosionproducts reported in Table 6.3-9 on pp. 6-88 - 6-89, Section 6.3.4.3.4.1.
The DIRS entry for DOE 2003 [DIRS 164970] in the DIRS list for ANL-WIS-PA-000001
REV 03 is modified to include this particular input, which had not been listed. In addition,
the input usage is revised to be Direct Input, rather than Indirect Input, since the inputs in this
DIRS entry are used to obtain parameter MassSteelCDSPlb used in the TSPA. The
DIRS entry is revised as follows:

DIRS entry for DOE 2003 [DIRS 164970] for ANL-WIS-PA-000001 REV 03

p. 30 Table DSNF Characteristics - TMI canister Indirect N/A NN/A

I___ 4.1-20 ~guide tube length Input ___ ____~__

Revised DIRS entry for DOE 2003 [DIRS 164970] for ANL-WIS-PA-000001 REV 03 ERD 02

p.30 Table DSNF Characteristics - TMI canister Direct DataN/A
4.1-20 guide tube length- TMI canister guide Input

.... ____tube cross section width

3. p. 4-49, Table 4.1-22: Clarify that there are two different spread rings in the waste
package: Change ( 3 rd row) "Spread Ring" to "TAD Canister Spread Ring" and change (12th

row) "Spread Ring" to "Waste Package Spread Ring." (The DIRS entry for the cited
reference is not impacted because it does not identify individual waSte package components.)

4. p. 6-6, bullet number 4, last line: Change "6.3.3.3)." to "6.3.3.2.L5)."
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5. p.6-19, 1" paragraph, line 5: Delete "A model of advective flow of water through stress
corrosion cracking (SCCs) is presented in Section 6.3.3.1." (A SCC advective flow model is
presented in the cited FEP, but not in ANL-WIS-PA-000001 REV 03.)

6. p. 6-19, 1st paragraph, line 5: Change "6.3.3.3" to "6.3.3.2.5."

7. p.6-19, 1st paragraph, line 6: Change "6.3.3.4" to "6.3.3.3."

8. p.6-19, 1st paragraph, last line: Change "6.3.3.5" to "6.3.3.4." (Note: there is no section
6.3.3.5.)

9. p. 6-19, last line; p. 6-20, 1 st 2 lines: Change "The TAD canister design has not been
finalized; for purposes of estimating the masses of internal components, the Site-Specific
Canister design is used for the TAD canister design (see Table 4.1-21 for a complete list of
drawings used in this report)." to "The TAD canister design was not finalized until after
analyses discussed in this report were completed; for purposes of estimating the masses of
internal components, the Site-Specific Canister design was used for the TAD canister design
(see Tables.4.1-20, 4.1-21, and 4.1-22 for a complete list of EBS component design
information, component dimensions, and component masses and numbers, respectively, that
are used in this report; see Table 4.1-23 for comparisons of component masses used in this
report with final design values)."

10. p.6-20, Section 6.3.3.2, 1 st paragraph, line 4: Change "Sections" to "Section."

11. p.6-27, Section 6.3.3.2.5, 1 st paragraph, line 2: Change "thorough" to "through."

12. p.6-28, 1st paragraph after Equation 6.3.3.2.5-1, last line: Change "6.3.3.2.4" to
"6.3.3.2.5." (Note: flow through stress corrosion cracks is not discussed until 6.3.3.2,5.)

13. p. 6-87, line 1: Change "6.3.3.1.1" to "6.3.3.1." (Note: there is no section 6.3.3.1.1.)

14. p. 6-88, Table 6.3-8: Clarify that there are 2 different spread rings in the waste
package-one between the TAD shield plug and outer seal plate, the other between the inner
top lid and outer (Alloy 22) lid. Change footnote b from "...Inner Seal Plug, Spread Ring,
Spread Ring Filler Segment, ... , Inner Top Lid, Inner Bottom Lid" to "...Inner Seal Plug,
TAD Spread Ring, Spread Ring Filler Segment, ... , Inner Top Lid, Overpack Spread Ring,
Inner Bottom Lid."

15. p. 6-90, end of 1st paragraph: Change "approximately 1196 M2 ", to "approximately
1195 Mi2" (to be consistent with value reported in Table 6.3-10).

16. p. 6-90, 2nd paragraph, lines 2-7: Change "The volume inside the 21-PWR TAD waste
package overpack outer corrosion barrier is calculated from dimensional data given in SNL
2007 [DIRS 179394], Table 4-3: The outer corrosion barrier outside diameter is 1.8816 m
and thickness is 0.0254,m. The inside length is estimated from the inner vessel length of
5.4991 m and total outer corrosion barrier-inner vessel end-to-end gaps of 0.1128 m, which
give an inside volume of 14.77 M 3 for the overpack. Then the initial void volume is 7.99 in3 "

to "The volume inside the 21 -PWR TAD waste package overpack outer corrosion barrier is
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calculated from the following dimensional data given in SNL 2007 [DIRS 179394],
Table 4-3: The outer corrosion barrier outside diameter is 1.8816 m and the wall thickness is
0.0254 m, so the outer corrosion barrier inside diameter is 1.8308 m. The outer corrosion
barrier inside length is estimated by summing the enclosed inner vessel length of 5.4991 m1
the outer corrosion barrier-inner vessel end-to-end Lop gap of 0.0445 m, and the outer
corrosion barrier-inner vessel end-to-end bottom gap of 0.0683 m, for a total inside length of
5.6119 m. With these dimensions, the cylindrical overpack outer corrosion barrier has an
inside volume of 14.77 m 3. Then, subtracting the volume of solid components contained
within the overpack (6.82 M3, from Table 6.3-10), theinitial void volume is 7.95 mi3 .", (Note
that the initial average porosity of 0.54 reported at the end of this sentence is unchanged by
this correction.)

17. p. 6-91, Table 6.3-10: Change fuel rod total surface area "636.93" to "636.94." (Note:
the calculation following Table 6.3-10, footnote d, gives 636.9367, correctly rounded to
636.94.)

18. p. 6-91, Table 6.3-10: Entry for Total Volume of Fuel Basket C-Plate needs to be aligned
with rest of column; entries in Total Mass column for Spread Ring, Outer Seal Plate, and
Total need to be aligned with rest of column. (Total value is misaligned due to footnote
superscript; the number should be right-aligned, with footnote superscript extending beyond
alignment to the right.)

19. p. 6-91, Table 6.3-10: Since all of the Total Mass values are the preliminary values listed
in Table 4.1-23, delete the footnote f on Component names in the Component column as well
as footnote f itself. In footnote a referring to Total Mass values, change "SNL 2007 [DIRS
1793941, Tables 4-3 and A-1, except for preliminary values listed in Table 4.1-23." to
"Preliminary values listed in Table 4.1-23." The DIRS entries are revised as follows (new
DIRS entries are not shown in the appended DIRS mark-up but are listed in Attachment 1):

DIRS entries for SNL 2007 [DIRS 179394] for ANL-WIS-PA-000001 REV 03

Table 4-3 Section The volume inside the 21 PWR Indirect N/A N/A TBV-8615
6.3.4.3.4.2 TAD waste package overpack Input Resolved

outer corrosion barrier

Table 4-2 Tables 4.1-21 Component Dimensions in'a 21- Direct N/A N/A TBV-8615
and 6.5-5; PWR Site-Specific Canister Input Resolved
Section
6.3.4.3.4.2

Revised/new DIRS entries for SNL 2007 [DIRS 179394] for ANL-WIS-PA-000001 REV 03 ERD 02

ble 4-3 Section Dimensional data for a 21 PWR Indirect N/A N/A TBV-86]
6.3.4.3.4.2 TAD waste package overpack Input Resolved

outer corrosion barrier
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EBS Radionuclide Transport Abstraction
Table 4-2 Tables 4.1-21 Component Dimensions in a 21- Direct

and 6.5-5 PWR Site-Specific Canister Input

Tables Section Typical measurements and Indirect
A-1 and 6.4.3.4.2; surface areas for 21 -PWR TAD !nut

Table 6.3-10 waste package components

20. p. 6-143, full line before Equation 6.5.1.1.3-1: Change "6.3.3.3" to "6.3.3.2.5."

21. p. 6-143, last full paragraph (starting with "As with the drip"), last sentence: Change "to
1.022 m -or a 5-_DHLW" to "to 1.022 m for a 5-DHLW." (Note: no space after "5-.")

22. p. 6-163: Change bold heading "CSNF Waste Packages Properties" to section heading
"6.5.2.1.1 CSNF Waste Packages Properties." (Since the Table of Contents lists sections
only to three levels, e.g., 6.5.2, this change does not impact the Table of Contents.)

23. p. 6-166, 2nd full paragraph (starting with "The diffusive areas"), 3 rd line: 'Change
"(radius of 0.819 m, from Section 2.4.2.1)" to "(radius of 0.819 m, from outside diameter of
66.5 in. (SNL 2007 [DIRS 179394], Section 4.1.1.1); and 1.00 in. thickness, (SNL 2007
[DIRS 1793941, Table 4-2))." (The DIRS entries for this reference in the DIRS list for ANL-
WIS-PA-000001 REV 03 are not impacted because these same data are cited and used in the
same way in the preceding paragraph in this section.)

24. p. 6-174, Table 6.5-5, 6 th row from bottom: Change heading "Component and Source"
to be centered instead of left-justified.

25. p. 6-176, Table 6.5-7, Comments for Specific surface area of NiO and Cr20 3: Change
"Based on data in Table 6.3-10" to "Based on data in Table 6.3-7" (changes in 2 rows).

26. p. 6-180, Figure 6.5-4 caption: Delete "Constant RH." (Plot is water saturation as a
function of RH.)

27. p. 6-181, Figure 6.5-5 caption: Delete "Constant RH." (Plot is water saturation as a,
function of RH.)

28. p. 6-189, Figure 6.5-8 caption: Change "Constant RH" to "Constant RH = 95%."

29. p. 6-23 1, last line before Section 6-5.2.7.2: Change "FEP Number 2.1.13.01A" to "FEP
Number 2.1.13.01.OA." This same correction is needed in the DIRS entry for the cited'
reference (DTN: MO0706SPAFEPLA.001 [DIRS 181613]), used in Section 6.5.2.7.1, in the
DIRS list for ANL-WIS-PA-000001 REV 03. See Item 32 below for the revised DIRS entry.

30. p. 6-255, 3 rd line: Change "3.77 x 10-5 mol m3 ,, (molar density of ideal gas) to "3.77 x 10-5

mol cm-3.

31. p. 6-255, 2 nd paragraph (starting with "The maximum diffusion"): Change "1196 m2

(from Table 6.3-1_1)" to "1195 m 2 (from Table 6.3-10)." (Note: 2 errors corrected.)
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32. p. 6-304, 1 st full paragraph (starting with "The drip shield"), 4th line: Change "FEP Number
2.1.08.1 LO.A" to "FEP Number 2.1.08.14.OA." This same correction is needed in the DIRS
entry for the cited reference (DTN: MO0706SPAFEPLA.001 [DIRS 181613]), used in
Section 6.7, in the DIRS list for ANL-WIS-PA-000001 REV 03. The DIRS entries for DTN:
MO0706SPAFEPLA.001 [DIRS 181613] are revised as follows:

DIRS entries for DTN: MO0706SPAFEPLA.001 [DIRS 181613] for ANL-WIS-PA-000001 REV 03

FEP Number Section Radiolysis is screened out. Indirect N/A N/A
2.1.13.01A 6.5.2.7.1 Input_

FEP Number Sections Dripping onto the waste package Indirect N/A N/A N/A
2.1.08.14.OA 6.3.3.2.5 and from condensation on the Input

6.3.3.3 underside of the drip shield is
screened out.

FEP Number Section 6.7 Condensation on the underside of Indirect N/A N/A N/A
2.1.08.1 .0A the drip shield screened out. Input

Revised DIRS entries for DTN: MO0706SPAFEPLA.001 [DIRS 181613] for ANL-WIS-PA-000001
REV 03 ERD 02

FEP Number Section Radiolysis is screened out. Indirect N/A N/A N/A
2.1.13.01.OA 6.5.2.7.1 Input_

FEP Number Sections Dripping onto the waste package Indirect N/A N/A N/A
2.1.08.14.OA 6.3.3.2.5ý from condensati"n on the Input

6.3.3.3, and underside of the drip shield is
6.7 screened out.

] P Condensation On the underside Eo ife• t NA

2.b .08.___.0-4 the drip shield screened cutA. ____A

33. p. 6-304, 2 nd full paragraph (starting with "The waste package"), 10th line:
"6.3.3.3" to "6.3.3.2.5."

Change

34. p. 6-224, 3 rd definition following Equation 6.5.2.5-22, for "effective diffusive conductance

between UZ fracture and matrix cells": Change "D,,f "to "D,,f." This error was not

identified in CR 12867.

35. p. 5-3, 2nd paragraph of Basis, 10th line: Change "Since the lifetime of stainless steel
components ranges from 49,800 yr to 5.08 x 106 yr (as estimated in Section 6.5.2.2.1)" to
"Since the lifetime of stainless steel components ranges from 49,800 yr to 2.54 x 106 yr
(depending on component thickness, as estimated for the inner vessel in Section 6.5.2.2.1)".
This error was not identified in CR 12867.
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36. p. 6-181, 1 1th line: Change "For stainless steel, the lifetime ranges from 49,800 yr to
5.08 x 106 yr" to "For stainless steel, the lifetime ranges from 49,800 yr to 2.54 x 106 yr."

This error was not identified in CR '12867.

37. p. 6-18 1, 11th line: Change "For carbon steel, the lifetime ranges from 118 yr to
I.,. yr" to "For carbon steel, the lifetime ranges from 118 yr to 635 yr." This error was not
identified in CR 12867.

38. p. 6-187, last line, and p. 6-188, 1 st line: Change "In this example, stainless steel has a
lifetime of 20,800 yr" to "In this example, stainless steel has a lifetime of 20,800 yr, based on
the maximum component thickness of 9.525 mm in this domain (Table 6.5-5) and a corrosion
rate of 0.229 Mim yr1-. " This clarification is needed because an earlier statement (clarified in
Item #35 above) could have been interpreted to mean that the minimum lifetime of stainless
steel components is 49,800 yr. This clarification was not identified in CR 12867.

39. p. 6-218, paragraph preceding Eq. 6.5.2.5-1, 2 nd line: Change "(Equation 6.5.1.2-48)" to
"(Equation 6.5.1.2-47)." This error was not identified in CR 12867.

40. pp. 6-234 - 6-235; several equation number references need to be corrected. These errors
were not identified in CR 12867.

a. p. 6-234, paragraph following Eq. 6.5.2.7.2-8: Change "Equation 6.5.2.7-1"
to "Equation 6.5.2.7.2-1" (2 occurrences).

b. p. 6-234, sentence preceding Eq. 6.5.2.7.2-10: Change "Equation 6.5.2.7-1"
to "Equation 6.5.2.7.2-1."

c. p. 6-235, sentence following Eq. 6.5.2.7.2-14: Change "Equations
6.5.2.7-13 and 6.5.2.7-14" to "Equations 6.5.2.7.2-13 and 6.5.2.7.2-14."

d. p. 6-235, sentence following Eq. 6.5.2.7.2-14: Change "Equations 6.5.2.7-6
and 6.5.2.7-7" to "Equations 6.5.2.7.2-6 and 6.5.2.7.2-7."

II. CR 12998 Resolution

CR 12998 points out that, in certain modeling cases in the License Application TSPA
(TSPA-LA), sorption of radionuclides onto steel corrosion products is over-predicted, with the
nonphysical result that the number of moles of radionuclide sorbed exceeds the number of
sorption sites available. This occurs in approximately 5% of the simulations in the TSPA-LA
(Figure 1), primarily in the Igneous Intrusion Modeling Case for 10,000 years. To resolve
CR 12998, the potential impact of the overestimation of sorption on the predicted mean annual
dose is evaluated in this ERD by developing a supplemental sorption model that is more accurate
under the conditions where the current sorption model breaks down. This supplemental model
was tested in a subset of the TSPA-LA analysis to show that an improved sorption model has an
insignificant impact on repository performance, i.e., on predicted dose. Since the impact is
insignificant, no further action is required to resolve CR 12998. No downstream usage-neither
the LA nor other project documents-is impacted.
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11.1. Input Data

The models run for this analysis use the same inputs to the TSPA-LA model and are documented
in Total System Performance Assessment Model /Analysis for the License Application (SNL 2008
[DIRS 183478], Section 4[a]), except where indicated in the Section 11.3 below. The source of
the regression coefficients for the sorption model in the TSPA-LA is EBS Radionuclide
Transport Abstraction (SNL 2007 [DIRS 177407], Table 6.5-14).

11.2. Software

The software codes used for this analysis were from-the same set of software codes used to run
the TSPA-LA Model v5.005 in the TSPA-LA model report (SNL 2008 [DIRS 183478], Section
3 [a]). These software codes are qualified and controlled per Lead Laboratory procedure IM-
PRO-003, Software Management. No software was modified for this analysis. In addition,
GoldSirn V. 9.60.300 (STN: 10344-9.60-03. [DIRS 184387]) was used to query TSPA baseline
simulations and to perform sensitivity analyses with the TSPA model. MView V. 4.0
(STN: 10072-4.0-01 [DIRS 181049] was used for performing regression analyses based on
TSPA results. EXDOC LA V. 2.0 (STN: 11193-2.0-00 [DIRS 182102]) was used to calculate
expected values for quantities of interest. PHREEQC V. 2.11.01 (STN: 10068-2.11-01 [DIRS
185868]) was used to perform geochemical modeling and to evaluate the effects of major ions
that compete for sorption sites.

Commercial off-the-shelf software, including Microsoft Word and Microsoft Excel, was used in
this work. This software is exempt from qualification per Section 2.0 of IM-PRO-003, Software
Management. Microsoft Word and Microsoft Excel are standard software applications used
widely throughout the Yucca Mountain Project (YMP). They provide standard word processing
and spreadsheet functions. There are no limitations on the use of the commercial off-the-shelf
software used in this document related to their specified functions. No macros or special
software routines were used by, or developed for, this software. The work was conducted using
Yucca Mountain Project-standard desktop computers.

11.3. Analysis

Overestimation of sorption is primarily restricted to the Igneous Intrusion Modeling Case,
although it also occurs in rare instances in the Seismic Ground Motion Modeling Case for 10,000
years (Figure 2). In the Igneous Intrusion Modeling Case for 10,000 years, instantaneous
degradation of the CSNF waste form following the igneous intrusive event, coupled with higher
CO2 partial pressures (Po 2) (sometimes exceeding 10-2 bar) early in the repository history, leads

to high dissolved concentrations and large mass releases byadvection and diffusion from Cell 1
(waste form) of the TSPA discretized EBS transport model, at a time when only a small fraction
of the steel has corroded and the amount of corrosion products on which sorption can occur is
still small. In realizations where the sorption capacity is exceeded, the dissolved concentration
of U in Cell I is typically greater than 10- mol/L, and the number of sorption sites per liter of
water is typically less than 2 mol-sites/L (a value below the 10th percentile of the range, which
varies from about 1 to 12 mol-sites/L). Under such conditions, the sorption abstraction
calculates low Kd values for uranium (Figure 3). However, the predicted Kd values are not low
enough, and sorption is slightly over-predicted. This results from the inherent uncertainty in the
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multiple regression model used in the TSPA-LA calculations (referred to here as the "base-case
Kd model"), which was developed based on the competitive sorption calculations performed
using PHREEQC (SNL 2007 [DIRS 177407], Section 6.5.2.4). The coefficient of determination
(R2) is about 0.95 for the regression model that is used to predict uranium sorption (SNL 2007
[DIRS 177407], Table 6.5-14). However, this regression model is based on a large dataset,
consisting of the results of PHREEQC simulations with independent parameters that range over
several orders of magnitude. When only those data corresponding to high dissolved uranium
concentrations (>10-4 mol/L) and low sorption sites per liter of water (< 4 mol-sites/L) are
considered, the regression model does not provide a good fit (Figure 4a). By performing a
multiple regression on the reduced data set, the predictive capability improves for these
conditions (Figure 4b). The new regression calculation is contained in the output DTN:
MO0812TSPAOSIA.000, in worksheet "Uregress HighU" of spreadsheet,
FincalSurfComplx Regression.xls. The new regression equation (referred to as the "adjusted
Kd model") has the following form:

logio(Ucp)= 0.359 - 0.038pC0 2 + 0;006 (pC02)2 + 1.00 logio(sp/) -
0.012 loglo(U)-7 0.007 [loglo(U)]2, (Eq. 1)

where Ucp is the amount of uranium sorbed onto corrosion products in units of sorbed moles per
liter of water, U is the dissolved uranium concentration in discretized EBS transport modelCell 2
(waste package corrosion products) in mol/L, spl is the concentration of sorption sites in units of
mol-sites/L, and pCO2 is the negative base-10 log of Pco2 , with Po, in units of bar.

Applying Equation I (the adjusted Kd model) under the applicable sets of conditions results in
lower Kd values for uranium. When the adjusted Kd model is used to recalculate model results
for those realizations where sorption capacity was originally exceeded appreciably (by a factor of
2 to 3), the fraction of the sorption capacity that is filled, following an initial pulse, rapidly
returns to a value near 1.0 (Figure 5). The Igneous Intrusion Modeling Case for 10,000 years
was rerun implementing the adjusted Kd model when the dissolved uranium concentration
exceeded 10-4 mol/L and concentration of sorption sites was less than 4 mol-sites/L, and the
mean annual dose was compared with TSPA-LA results to investigate the effect of using the
adjusted Kd model. As shown in Figure 6, the mean annual dose remains largely unchanged.
The maximum mean dose increase using the adjusted Kd model was about 0.2% over the
TSPA-LA results, indicating that the small number of realizations where the sorption capacity is
exceeded does not impact the mean dose. This demonstration that the overestimation of sorption
in the TSPA-LA does not significantly impact repository performance resolves CR 12998, and
no further action is required.
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A0006 v5.005 IGK 000.gsm;
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Output DTN: M00812TSPAOSIA.000, file M00812TSPAOSIA_000.zip

Figure 1. Fraction of Sorption Capacity Occupied for All 300 Realizations in CSNF Waste
Packages in Percolation Subregion 3 Dripping Environments after an Igneous Intrusion at
100 Years
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Note: Selected realizations (RIz) indicate instances where sorption is overestimated.
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Figure 2. Fraction of Sorption Capacity Occupied for 300 Realizations in Damaged CDSP Waste
Packages under Percolation Subregion 3 Dripping Environments after a Seismic Ground
Motion Event at 200 Years.
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Figure 3. Calculated Kd for Uranium on the Stationary Corrosion Products in CSNF Waste
Packages in Percolation Subregion 3 Dripping Environments after an Igneous Intrusion at
100 Years
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Output DTN: MO0812TSPAOSIA.000, worksheets 'U.dataHighU' and 'U_regress HighU' in spreadsheet
FinalSurfComplx .Regression.xls

Figure 4. Comparison of Predictive Capability of Uranium Sorption (log of moles sorbed per liter of
water) Using (a) Base-Case K1 Model and (b) Adjusted Kd Model
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A0006_v5.005 IGK 000 .gsm; A0006_v5.005 1GK 006.gsm;
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Figure 5. Comparison of Fraction of Sorption Capacity Occupied for Selected Realizations (RIz)
Using Base-Case Kd Model and Adjusted Kd Model for Igneous Intrusion Modeling Case
for 10,000 Years for CSNF Waste Packages in Percolation Subregion 3 Seep
Environment
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Figure 6. Comparison of Mean Annual Dose Using Base-Case Kd Model and Adjusted Kd Model for
Sorption of Uranium on the Corrosion Products for Igneous Intrusion Modeling Case for
10,000 Years

III. CR 13093 Resolution

CR 13093 is resolved by correcting references to design TDIPs in Table 4.1-20, Section 6.5.2.3,
and Appendix I ofANL-WIS-PA-000001 REV 03. The following changes are made (see DIRS
changes at the end of this list):

1. Table 4.1-20, p. 4-46: For Model Input "Maximum depth of invert," change the Value
from "4 ft. 4 in." to "52 in.," and change the Source from "SNL 2007 [DIRS 179354], Table
4-1. Parameter Number 01-10" to "SNL 2007 [DIRS 179354], Figure 4-1."

2. p. 6-190, Section 6.5.2.3, Ist paragraph, lines 3-4: Change "maximum invert thickness
of t,,- = 4 ft 4 in. = 1.321 m (SNL 2007 [DIRS 179354], Table 4-1, Parameter Number

01-10)" to "maximum invert thickness of tix = 52 in. = 1.321 m (SNL 2007 [DIRS

179354], Figure 4-1)." This change was not specified in CR 13093, but is made to be
consistent with the change described in the preceding item.
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3. Appendix I, p. I-1, Section 1.1, 1st paragraph, lines 7-9: Change "The domain width is
40.5 m, which is half the distance between centers of waste emplacement drifts (SNL 2007
[DIRS 179466], Table 4-1, Parameter No. 01-04)" to "The domain width is 40.5 m, which is
half the distance between centers of waste emplacement drifts (SNL 2007 [DIRS 179466],
Table 4-1, Parameter No. 01-13)." This error was not listed in CR 13093, but was identified
when the DIRS was inspected in responding to this CR.

4. Appendix I, p. 1-3, last paragraph, lines 6-7: Change "The drift diameter is 5.5 m (SNL
2007 [DIRS 179466], Table 4-1, Parameter No. 01-04)" to "The drift diameter is 5.5 m (SNL
2007 [DIRS 179466], Table 4-1, Parameter No. 01-10)."

5. Appendix 1, p. 1-3, last paragraph, lines 11-14: Change "The current invert design calls for
a maximum depth of 1.32 m (4 ft 4 in.) ... (SNL 2007 [DIRS 179354], Table 4-1, Parameter
No. 01-1 3A)" to "The current invert design calls for a maximum depth of 1.32 m (52 in.) ...
(SNL 2007 [DIRS 179354], Figure 4-1)." In addition to this change in Appendix I text, this
input data reference in Appendix I should be included in the DIRS for ANL-WIS-PA-000001
REV 03; this omission was not listed in CR 13093, but was identified when the DIRS was
inspected in response to this CR.

The DIRS entries for ANL-WIS-PA-000001 REV 03 are revised as follows to resolve CR
13093. Changes to the DIRS noted below are marked up on the point-in-time DIRS report, and
the revised DIRS report is processed in accordance with SCI-PRO-004, Managing Technical
Product Inputs; the marked-up pages from the DIRS report are appended to this ERD (new DIRS
entries are not shown in the appended DIRS mark-up but are listed in Attachment 1).

DIRS entry for SNL 2007 [DIRS 179354] for ANL-WIS-PA-000001 REV 03

Table 4-1, Parameter Table 4.1-20; Maximum depth Indirect N/A N/A TBV-86131
Number 01-10 Section 6.5.2.3 of invert Input ] _ Resolved

Revised DIRS entry for SNL 2007 [DIRS 179354] for ANL-WIS-PA-000001 REV 03 ERD 02

Figure 4-1 Table 4.1-20; Maximum depth Indirect N/A TBV-8613
Section 6.5.2.31 of invert Input Resolved
Appendix 1.1 ...

DIRS entry for SNL 2007 [DIRS 179466] for ANL-WIS-PA-000001 REV 03
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Revised and new DIRS entries for SNL 2007 [DIRS 179466] for ANL-WIS-PA-000001 REV 03 ERD 02

Table 4-1; Appendix Distance between centers of Indirect N/A N/A TBV-8614
Parameter 01- 1.1 waste emplacement drifts Input Resolved
13

Thable4-1. Appendix Drift diameter Indirect N/A N/A N/A
Parameter 01- ___Inpu10

None of the changes in response to CR 13093 impacts the conclusions of ANL-WIS-PA-000001

REV 03, and no downstream usage-neither the LA nor other project documents-is impacted.

IV. CR 10788 Resolution

CR 10788 addresses a procedural non-compliance regarding qualification of external source data
used as direct input. A review ofANL-WIS-PA-000001 REV 03 revealed that most of the
information required for the qualification of external data was presented in the document, but
some of the documentation requirements of SCI-PRO-001, Qualification of Unqualified Data,
were omitted. The documentation deficiency is resolved by Table 1, which contains the external
sources listed in Section 4 ofANL-WIS-PA-000001 REV 03 and used as direct input. The table
contains the method used for qualification, the rationale for choosing that method, the
qualification attributes, and the location within the document where the qualification information
is presented.

For most of the inputs listed in Table 1, attribute 10, corroboration with other data, is listed as
one of the attributes used for demonstrating qualification for intended use. For site density
(goethite and HFO), specific surface area (goethite, HFO, and CSNF-related oxides), and water
vapor adsorption isotherm (iron oxides and CSNF-related oxides), the input values coming from.
different sources were combined to provide ranges or probability distributions for use in the
analysis. The last column of Table 1 indicates the location within the document where the data
were compiled and distributions were developed. All of the values are considered qualified
because they are corroborated by the other values in each data set. All inputs are judged to be
qualified for intended use within ANL-WIS-PA-000001 REV 03, in accordance with SCI-PRO-
006, Models, Section 6.2.1.L(3), based on the qualification attributes listed in Table 1.

For one of the direct inputs listed in Table 1, Ebert et al. (1991 [DIRS 111028]), the qualification
documentation within Section 4 is revised so that the data is qualified in accordance with SCI-
PRO-001, as required by SCI-PRO-006, Section 6.2.1.L(1), which applies to data developed by
YMP participants. The first paragraph of p. 4-13 is revised as follows, with new text underlined:

Water vapor isotherm for HLW glass-The Frenkel-Halsey-Hill (FHH) adsorption
isotherm parameters k and s for HLW glass are provided by Ebert et al. (1991 [DIRS
111028], p. 134, Figure lb). The parameters were determined by curve-fitting data
representing the number of water monolavers versus relative humidity for IHLW glass.
Ebert et al. (1991 [DIRS 1110281, p. 134, Figure la) also present an isotherm for natural
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obsidian that shows lower values of adsorption than for the HLW glass. The natural
obsidian isotherm is corroborated by a nearly identical isotherm for silica and quartz
presented in Hagymassy et al. (1968 [DIRS 1110341, p. 489). Corroboration of the
natural obsidian isotherm by Hagymassy et al. (1968 [DIRS 1110341) gives confidence
that the isotherm measured by Ebert for nuclear waste glass is also accurate. Ebert has
studied HLW glass at Argonne National Laboratory for many years and has published
many articles in peer-reviewed journals. These data were developed by Ebert while
supporting the project and are reported in Defense HL W Glass Degradation Model (BSC
2004 [DIRS 169988], Section 6.5.3.1). The values of isotherm parameters k and s are
qualified in accordance with SCI-PRO-001. The data qualification team consisted of
James Schreiber (B.S. and M.S& Chemical Engineering, with twenty years experience in
nuclear waste management) and Susan LeStrange (M.S. Chemical Engineering, Ph.D.
Agricultural Engineering, with expertise in geochemistry and chemical transport). The
data qualification team concluded that the data are corroborated by Hagymassy et al.
(1968 [DIRS 1110341). Therefore, the data are qualified and appropriate for use in the
RTA.

The following new reference is added to Section 9.1

111034 Hagymassy, J., Jr.; Brunauer, S.; and Mikhail, R.Sh. 1969. "Pore Structure Analysis
by Water Vapour Absorption. Part 1. T-Curves for Water Vapour." Journal of
Colloid and Interface Science, 29, (3), 485-491. New York, New York: Academic
Press. TIC: 246076.

In Table 6.5-9, change the value of "FHH adsorption isotherm parameter k for HLW glass",
from "13.2" to "3.2".

The DIRS entries for "Input usage" for some of the inputs in Section 4 were incorrectly
classified as "Indirect Input" rather than "Direct Input". In addition, the DIRS entries for "Input
Category" for some inputs were incorrectly labeled as "Data" rather than "Established Fact".
The changes to the DIRS are provided in Table 2. Table 2 also lists various other changes to the
DIRS, including further changes prompted by the Indirect/Direct reclassification described in
this section as well as related miscellaneous clarifications and corrections that were made in
response to CR 10788.

None of the changes in response to CR 10788 impacts the conclusions of ANL-WIS-PA-000001
REV 03. As a result, neither the LA nor other project documents is impacted.
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03

MethodI Locations within AMR Where Data Are Listed and
Input Source Description (Rationale) Attribute3  Where Qualification Is Documented or Corroboration

Is Demonstrated
McCafferty and Zettlemoyer p. 454 Water molecule cross- 5 1, 3, 7, 10 Table 4.1-11, p. 4-12

1970 [DIRS 154382] sectional area, Aw (ab)

Figure 3 Water Vapor Adsorption 5 3,10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
Isotherms for a-Fe 20 3  (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

Towe and Bradley 1967 [DIRS p. 386 Density of HFO 5 3, 7,10 Table 4.1-11, pp. 4-15 and 4-16
155334] (b)

Ebert, Hoburg, and Bates p. 134, Parameters k and s in FHH 5 1, 3, 7, 10 Table 4.1-11, p. 4-13, Section IV of this ERD
1991 [DIRS 111028] Figure lb water vapor adsorption (c)

isotherm for H LW glass
Rodda et al. 1996 [DIRS Table 1, Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173710] Table 5 (a) 6.3-5

p. 365 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Hiemstra and Van Riemsdijk p. 498 Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
1996 [DIRS 173023] (a) 6.3-5
Villalobos et al. 2003 [DIRS Table 2 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173017] (a) 6.3-5

Table 2 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Trivedi et al. 2001 [DIRS Table 3 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173021] (a) 6.3-5

Table 3 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method' 
3  Locations within AMR Where Data Are Listed and

Input .Source Description (Rationale)2 Attribute Where Qualification Is Documented or CorroborationIs Demonstrated

Naveau et al. 2005 [DIRS p. 6 Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173018] (a) 6.3-5

p. 6 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Coughlin and Stone 1995 Table 1 Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
[DIRS 173030] (a) 6.3-5

Table 1 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Grossl et al. 1997 [DIRS p. 322 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173032] (a) 6.3-5

p. 322 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Fendorf et al. 1996 [DIRS p. 100 Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173034] (a) 6.3-5

p. 100 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Duc et al. 2003 [DIRS 173019] Table 2 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
(a) 6.3-5

Table 1 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Pivovarov 1997 [DIRS Table 1 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173714] (a) 6.3-5
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Table 1, Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method' Locations within AMR Where Data Are Listed and
Input Source Description (Rationale) 2  Attribute3  Where Qualification Is Documented or Corroboration

Is Demonstrated

Grafe et al. 2004 [DIRS p. 6561 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173751] (a) 6.3-5

p. 6562 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Missana et al. 2003 [DIRS p. 296 Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173759] (a) 6.3-5

Table 3 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Lutzenkirchen et al. 2002 p. 3394, Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
[DIRS 173757] Table 1 (a) 6.3-5

Moller and Sigg 1992 [DIRS p. 519 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173760] (a) 6.3-5

p. 519 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Randall et al. 1999 [DIRS Table 1 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173709] (a) 6.3-5

Table 1 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Felmy and Rustad 1998 [DIRS p. 26 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173708] (a) 6.3-5

p. 27 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

ANL-WIS-PA-000001 ERD 02 Page 23 of 50 June 2009



EBS Radionuclide Transport Abstraction

Table 1. Data Qualification for External Source Data Qualifed for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method1  Locations within AMR Where Data Are Listed and
Input Source Description (Rationale)2  Attribute3 Where Qualification Is Documented or Corroboration

Is Demonstrated

Hongshao and Stanforth 2001 p. 4754 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
[DIRS 173754] a 6.3-5

p. 4754 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Buerge-Weirich et al. 2002 p. 329 Goethite-site density 5 7, 10 Table 4.1-12, pp. 4-13-through 4-15, Tables 6.3-4 and
[DIRS 173752] (a) 6.3-5

p. 329 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Boily et al. 2001 [DIRS Table 3 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173707] . a 6.3-5

Table 3 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5,.output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Gao and Mucci 2001 [DIRS p. 2364 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173750] (a) 6.3-5

p. 2362 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Robertson and Leckie 1997 Table 4 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13.through 4-15, Tables 6.3-4 and
[DIRS 173763] (a) 6.3-5

Table 3 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method 1  Locations within AMR Where Data Are Listed and
(Rationale)2 Attribute Where Qualification Is Documented or CorroborationIs Demonstrated

Lovgren et al. 1990 [DIRS p. 1303 Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and

173771] (a) 6.3-5

p. 1301 Goethite specific surface 5 .7, 10 Table 4.1-12,pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Machesky et al. 1991 [DIRS p. 771 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
1737581 (a) 6.3-5

p. 770 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Hayes and Leckie 1987 [DIRS Table II Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173817] (a) 6.3-5

Table II Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

van Geen et al. 1994 [DIRS Table I Goethite site density 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
144702] (a) 6.3-5

Table 1 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Persson et al. 1998 [DIRS p. 261, Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173762] Table 1 (a) 6.3-5

p. 261, Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,

Table I area (a) Appendix K, Figure K-5, output DTN:
SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls
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Table 1. Data Qualificationfor External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method' Locations within AMR Where Data Are Listed and
Input. Source Description (Rationale)2  Attribute3 Where Qualification Is Documented or Corroboration

Is Demonstrated
Davis and Upadhyaya 1996 p. 1895 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
[DIRS 173743] (a) 6.3-5

p. 1895 Goethite specific surface 5 7,10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Xue and Traina 1996 [DIRS p. 3163 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
173713] (a) 6.3-5

p. 3161 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Hansmann and Anderson p. 547 Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
1985 [DIRS 173742] a 6.3-5

p. 546 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Gabriel et al. 1998 [DIRS pp. 124, Goethite site density 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Tables 6.3-4 and
130407] 126 (a) 6.3-5

p. 123 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Christophi and Axe 2000 Table 1 Goethite specific surface 5 7, 10 Table 4.1-12, pp. 4-13 through 4-15, Section 6.3.4.3.3,
[DIRS 173020] area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Comejo et al. 1984 [DIRS Table 1 HFO specific surface area 5 2, 10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178660] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp SurfAreaAnalysis 7-12-2007.xls
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method' Locations within AMR Where Data Are Listed and
Input Source Description (Rationale)2  Attribute3 Where Qualification Is Documented or Corroboration

Is Demonstrated

Comejo 1987 [DIRS 178659] Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,

(a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS
185343], file HFO Sp Surf Area Analysis 7-12-2007.xls

Schwertmann et al. 2004 Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
[DIRS 178734] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
Mitov et al. 2002 [DIRS Table 5 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178686] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
Clausen and Fabricius 2000 Table 2 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
[DIRS 178655] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
O'Reilly and Hochella 2003 Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
[DIRS 178704] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
Sani et al. 2004 [DIRS p. 2640 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178727] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO SpSurf Area Analysis 7-12-2007.xls
Hofmann et al. 2004 [DIRS Table 1 HFO specific surface area 5 2,10 Tables 4.1-14 and 4.1-19, p. 4-16, Section 6.3.4.3.3,
173783] (a) Appendix K, Figure K-4, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file
HFO Sp Surf Area Analysis 7-12-2007.xls

Figure 8 Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
Isotherms for HFO (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

Sauv6 et al. 2000 [DIRS Table.1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3; Appendix K,
178732] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
Weidler 1997 [DIRS 178741] Table I HFO specific surface area 5 2, 10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,

(a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS
185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
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Table 1. Data Qualification for External Source Data- Qualified for intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method1  Locations within AMR Where Data Are Listed and
Input Source Description (Rationale)2 Attribute Where Qualification Is Documented or CorroborationIs Demonstrated

Guzman et al. 1994 [DIRS Table 1 HFO specific surface area 5 2, 10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178669] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp_ Surf Area Analysis 7-12-2007.xls
Larsen and Postma 2001 Table 2 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
[DIRS 178683] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

_ _ _ _185343], file HFO Sp Surf Area Analysis 7-12-2007.xls

Leone et al. 2001 [DIRS p. 1317 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178684] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO SpSurf Area Analysis 7-12-2007.xls
Davis and Leckie 1978 [DIRS p. 95 HFO specific surface area 5 10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
125591] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

1853431, file HFO Sp Surf Area Analysis 7-12-2007.xls

Liawetal. 1989 [DIRS Table 1 HFO specific surface area 5 2, 10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178685] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO SpSurf Area Analysis_7-12-2007.xls

Crosby et al. 1983 [DIRS Table II HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178662] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO Sp Surf Area Analysis 7-12-2007.xls
Axe and Anderson 1995 [DIRS p. 159 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178654] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

1 185343], file HFO Sp Surf Area Analysis 7-12-2007.xls

Van der Giessen 1966 [DIRS Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
178740] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001, file

HFO Sp Surf Area Analysis 7-12-2007.xls

Davies-Colley et al. 1984 p. 492 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
[DIRS 178666] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

_185343], file HFO Sp Surf Area Analysis 7-12-2007.xls

Tipping 1981 [DIRS 178737] Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,

(a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS
185343], file HFO Sp Surf Area Analysis 7-12-200 7.xls

Carlson and Schwertmann Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
1981 [DIRS 142788] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO SpSurf AreaAnalysis 7-12-2007.xls
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method1  Locations within AMR Where Data Are Listed and
Input Source Description (Rationale)2  Attribute3 Where Qualification Is Documented or Corroboration

Is Demonstrated

Eggleton and Fitzpatrick 1988 Table 1 HFO specific surface area 5 2,10 Table 4.1-14, p. 4-16, Section 6.3.4.3.3, Appendix K,
[DIRS 173878] (a) Figure K-4, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file HFO SpSurf Area Analysis 7-12-2007.xls

Conca and Wright 1992 [DIRS Figure 2 Diffusion coefficients for 2 3, 8,10 Table 4.1-16, Appendix H
100436] granular materials e

Conca et al. 1993 [DIRS Figure 2 Diffusion coefficients for 2 3, 8,10 Table 4.1-16, Appendix H
170709] granular materials (e)

Turner and Sassman 1996 Tables 1 Surface Complexation 5 3, 10 Table 4.1-17, p. 4-29, Appendix J, Tables J-2 and J-3
[DIRS 179618] and 3 Constants (a)

Wang et al. 2001 [DIRS Tables 3 Surface Complexation 5 3, 10 Table 4.1-17, p. 4-29, Appendix J, Tables J-2 and J-3
176816] and 4 Constants (a)

Pepper et al.2006 [DIRS Table 2 Surface Complexation 5 3, 10 Table 4.1-17, p. 4-29, Appendix J, Tables J-2 and J-3
179622] Constants (a)

Cromi~res et al. 1998 [DIRS Table 4 Surface Complexation 5 3,10 Table 4.1-17, p. 4-29, Appendix J, Tables J-2 and J-3
179616] Constants (a)

Appelo et al. 2002 [DIRS Table 2 Surface Complexation 5 3, 10 Table 4.1-17, p. 4-29, Appendix J, Table J-2
168168] Constants (a)

LaVerne and Tandon 2003 Figure 1 Water Vapor Adsorption 5 3, 10 Table 4.1-18, p. 4-30i Section 6.3.4.6.1, Figure 6.3-42,
[DIRS 178303] Isotherms for U0 2 and (a) output DTN: SN0703PAEBSRTA.001 [DIRS 185343], file

CeO2  CSNF Isotherm Compilation 7-19-2007.xls

p. 13624 Specific surface area for 5 3, 10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Table 6.3-12
U02 and CeO2 (a)

Gammage et al. 1970 [DIRS Figure 2 Water Vapor Adsorption 5 3,10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Figure 6.3-42,
178304] p. 4277 Isotherm for ThO 2  (a) Table 6.3-12, output DTN: SN0703PAEBSRTA.001

Specific surface area for [DIRS 185343], file CSNF Isotherm Compilation 7-19-

ThO 2  2007.xls

Holmes et al. 1974 [DIRS Figure 3 Water Vapor Adsorption 5 3, 10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Figure 6.3-42,
154379] Isotherm for ZrO2  (a) output DTN: SN0703PAEBSRTA.001 [DIRS 185343], file

CSNF Isotherm Compilation 7-19-2007.xls
p. 368 Specific surface area for 5 3, 10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Table 6.3-12

Zr02 (a)
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method' Locations within AMR Where Data Are Listed and
Input Source Description (Rationale)2  Attribute3  Where Qualification Is Documented or Corroboration

Is Demonstrated

Stakebake 1971 [DIRS Figure 8 Water VaporAdsorption 5 3,10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Figure 6.3-42,
178302] Isotherm for PuO 2  (a) output DTN: SN0703PAEBSRTA.001 [DIRS 185343], file

CSNF.Isotherm Compilation 7-19-2007.xls
p. 253 Specific surface area for 5 3,10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Table 6.3-12

PuO 2  (a)
Stakebake and Dringman Figure 3, Water Vapor Adsorption 5 3,10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Figure 6.3-42,
1968 [DIRS 1788401 Figure 4 Isotherm for PuO 2  (a) output DTN: SN0703PAEBSRTA.001 [DIRS 185343], file

CSNF Isotherm Compilation 7-19-2007.xls
Table 1 Specific surface area for 5 3,10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Table 6.3-12

PuO 2  (a)
Paffett et al. 2003 [DIRS Figure 8 Water Vapor Adsorption 5 3,10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Figure 6.3-42,
178712] Isotherm for PuO2 (a) output DTN: SN0703PAEBSRTA.001 [DIRS 185343], file

CSNF Isotherm Compilation 7-19-2007.xls
Table 1 Specific surface area for 5 3, 10 Table 4.1-18, p. 4-30, Section 6.3.4.6.1, Table 6.3-12

PuO 2  (a)
Kandori and Ishikawa 1991 Figure 2 Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
[DIRS 178680] Isotherm for amorphous (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

ferric oxide hydroxide 185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

Koch and Moller 1987 [DIRS Figures 5 Water Vapor Adsorption 5 3,10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
173784] and 6 Isotherms for goethite (a) 6.3-34, output DTN: SN0703PAEBSRTA.001, file

Corrosion Products Composite Isotherm 7-19-2007.xls

Table 1 Goethite specific surface 5 7, 10 Table 4.1-19, pp. 4-13 through 4-15, Section 6.3.4.3.3,
area (a) Appendix K, Figure K-5, output DTN:

SN0703PAEBSRTA.001 [DIRS 185343], file Goethite
specific surface area 7-12-2007.xls

Carruthers et al. 1971 [DIRS Figure 7 Water Vapor Adsorption 5 3,10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
178656) Isotherms for chromium (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

oxide gel .185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

Table IV Specific surface area for 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.3, Table 6.3-7
chromium oxide gel (a)
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method1  Locations within AMR Where Data Are Listed and
Input Source Description (Rationale) 2  Attribute3 Where Qualification Is Documented or Corroboration

Is Demonstrated
Monmoto et al. 1969 [DIRS Figures 3 Water Vapor Adsorption 5 3,10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
162877] and 4 Isotherms and monolayer (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

(adsorption capacity for a-Fe203 185343], file Corrosion Products Composite Isotherm 7-
isotherms) 19-2007.xls
and Table I
(monolayer
capacity)

Harju et al. 2005 [DIRS Figure 4a Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
178670] (adsorption Isotherm and monolayer (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

isotherm) volume for Cr20 3  185343], file Corrosion Products Composite Isotherm 7-
and Table 6 19-2007.xls
(monolayer
volume)

Rice et al. 1980 [DIRS Figure 2 Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
178725] Isotherms for NiO (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

Nagao et al. 1995 [DIRS Figure. lb Water Vapor Adsorption 5 3110 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
162878] Isotherm for Cr20 3  (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

p. 222 Specific surface area for 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.3, Table 6.3-7
Cr 20 3  (a)

Kuwabara etal. 1987 [DIRS Figure 1 Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
178682] Isotherm for a-Fe20 3  (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

185343], file Corrosion Products Composite Isotherm 7-
19-2007.xls

Kittaka et al. 1984 [DIRS Figure 6a Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
178830] (adsorption Isotherm and monolayer (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

isotherm) coverage for a-HCrO2  185343], file Corrosion Products Composite Isotherm 7-
and p. 459 19-2007.xls
(monolayer
covereage)
Table 1 Specific surface area for 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.3, Table 6.3-7

a-HCrO2 a
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method1  Locations within AMR Where Data Are Listed and
Input Source Description (Rationale) 2  Attribute Where Qualification Is Documented or Corroboration

(Rationale)_ Is Demonstrated

Kittaka'et al. 1983 [DIRS Figure 6, Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
178681] Figure 7 Isotherms and monolayer (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

(adsorption capacity for Cr 20 3  185343], file Corrosion Products Composite Isotherm 7-
isotherms) 19-2007.xls
and Table 1
(monolayer
capacity)
Table 1 Specific surface area for 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.3, Table 6.3-7

Cr2 03 (a)

Micale et al. 1976 [DIRS Figure 3 Water Vapor Adsorption 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
179136] (adsorption Isotherms and statistical (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

isotherms) monolayer for Ni(OH) 2  185343], file Corrosion Products Composite Isotherm 7-
and p. 542 19-2007.xls
(statistical
monolayer)

p. 541 and Specific surface area for 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.3, Table 6.3-7
542 Ni(OH)2  (a)

Micale et al. 1985 [DIRS Figures 2 Water Vapor Adsorption 5 3,10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure
173785] and 3 Isotherm for a-Fe 20 3 and (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS

(adsorption y-FeOOH 185343], file Corrosion Products Composite Isotherm 7-
isotherms) 19-2007.xls
and Table 1
(monolayer
coverage) I I II
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Table 1. Data Qualification for External Source Data Qualified for Intended Use in Document ANL-WIS-PA-000001 REV 03 (Continued)

Method' Locations within AMR Where Data Are Listed and
Input Source Description (Rationale) 2  Attribute' Where Qualification Is Documented or Corroboration

Is Demonstrated
Jurinak 1964 [DIRS 154381] Figures 5 Water Vapor Adsorption 5 3,10 Table 4.1-19, p. 4-33, Section 6.3.4.3.2, p. 6-72, Figure

and 6 Isotherms for a-Fe 203 and (a) 6.3-34, output DTN: SN0703PAEBSRTA.001 [DIRS
FeOOH 185343], file Corrosion Products Composite Isotherm 7-

19-2007.xls
Table 1 Specific surface area for 5 3, 10 Table 4.1-19, p. 4-33, Section 6.3.4.3.3, Table 6.3-7

cL-Fe203 and FeOOH (a)
1 Method from SCI-PRO-001, Qualification of Unqualified Data, Attachment 2.
2 The rationale is that (a) it is the most suitable considering the data, the intended use, and availability of corroborating data; (b) it is the most suitable considering

the use in similar applications; (c) it is the most suitable considering the data and available documentation of the QA program; (d) it is the most suitable
considering the data and the existing documentation regarding the data and the data originator; (e) corroborating data are available for comparison with the
unqualified data set and any inferences drawn to corroborate the unqualified data can be clearly identified" justified and documented.

3 Attributes from SCI-PRO-001, Qualification of Unqualified Data, Attachment 3.
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Table 2. DIRS Changes to Correct Indirect/Direct Classification and Miscellaneous Related Changes

Input Source Description DIRS Changes Required
McCafferty and Zettlemoyer Figure 3 Water vapor adsorption Isotherms for a- In 3rd DIRS entry, change "Steel Corrosion
1970 [DIRS 154382] Fe 20 3  Products" to "Fe203" under Input Description.

Change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.

p. 453 Specific surface area of Fe 20 3  In 2nd DIRS entry, delete "Entire," under
Specifically Used From; delete "Sections
6.3.4.3.1, 6.3.4.3.2;" under Specifically Used
In; delete ", adsorption isotherm for water
vapor on Fe203" under Input Description.

p. 454 Water molecule cross-sectional area, Aw In 1st DIRS entry, change "6.3.4.3.3" to
"6.3.4.3.2" under Specifically Used From;

Cornejo et al. 1984 [DIRS Table 1 Specific surface area for HFO Change input usage to "Direct Input"
178660] Change "N/A" to "Data" under Input Category.

Comejo 1987 [DIRS 178659] Table 1 Specific surface area for HFO Change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.

Schwertmann et al. 2004 Table 1 Specific surface area for HFO Change input usage to "Direct Input"
[DIRS 178734] Change "N/A" to "Data" under Input Category.

Mitov et al. 2002 [DIRS Table 5 Specific surface area for HFO Change input usage to "Direct Input"
178686] Change "N/A" to "Data" under Input Category.
Clausen and Fabricius 2000 Table 2 Specific surface area for HFO Change input usage to "Direct Input"
[DIRS 178655] Change "N/A" to "Data" under Input Category.
O'Reilly and Hochella 2003 Table 1 Specific surface area for HFO Change input usage to "Direct Input"
[DIRS 178704] Change "N/A" to "Data" under Input Category.

Sani et al. 2004 [DIRS p. 2640 Specific surface area for HFO Change input usage to "Direct Input"
178727] Change "N/A" to "Data" under Input Category.
Hofmann et al. 2004 [DIRS Table 1 Specific surface area for HFO Change input usage to "Direct Input"
173783] Change "N/A" to "Data".under Input Category.

Figure 8 Water Vapor Adsorption Isotherms for H FO Delete 1st DIRS entry (Input Description:
"Comparison of Adsorption Isotherms...").
In 3rd DIRS entry, add "Figure 6.3-23" under
Specifically Used In; change "Steel Corrosion
Products"-to "HFO;" change input usage to
"Direct Input"
Change "N/A" to "Data" under Input Category.

p. 167 Density of HFO Change input usage to "Indirect Input."
Change "Data" to "N/A" under Input Category.
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Input I Source I Description I DIRS Changes Required
Table 2. DIRS Changes to Correct Indirect/Direct Classification and Miscellaneous Related Changes (Continued)

Input Source Description DIRS Changes Required

Sauv6 et al. 2000 [DIRS Table 1 Specific surface area for HFO Change input usage to "Direct Input"
178732] Change "N/A" to "Data" under Input Category.
Weidler 1997 [DIRS 178741] Table 1 Specific surface area for HFO Change input usage to "Direct Input"

Change "N/A" to "Data" under Input Category.
Guzman et al. 1994 [DIRS Table 1 Specific surface area for HFO Change input usage to "Direct Input"
178669] Change "N/A" to "Data" under Input Category.
Larsen and Postma 2001 Table 2 Specific surface area for HFO Change input usage to "Direct Input"
[DIRS 178683] Change "N/A" to "Data" under Input Category.
Leone et al. 2001 [DIRS p. 1317 Specific surface area for HFO Change input usage to "Direct Input"
178684] Change "N/A" to "Data" under Input Category.
Davis and Leckie 1978 [DIRS p. 95 Specific surface area for HFO Change input usage to "Direct Input"
125591] Change "N/A" to "Data" under Input Category.

Liaw et al. 1989 [DIRS Table 1 Specific surface area for HFO Change input usage to "Direct Input"
178685] Change "N/A" to "Data" under Input Category.

Crosby et al. 1983 [DIRS Table II Specific surface area for HFO Change input usage to "Direct Input"
178662] Change "N/A" to "Data" under Input Category.
Axe and Anderson 1995 [DIRS p. 159 Specific surface area for HFO Change input usage to "Direct Input"
178654] Change "N/A" to "Data" under Input Category.
Van der Giessen 1966 [DIRS Table 1 Specific surface area for HFO Change input usage to "Direct Input"
178740] Change "N/A" to "Data" under Input Category.

Davies-Colley et al. 1984 p. 492 Specific surface area for HFO Change input usage to "Direct Input"
[DIRS 178666] Change "N/A" to "Data" under Input Category.

Tipping 1981 [DIRS 178737] Table1. Specific surface area for HFO Change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.

Carlson and Schwertmann Table 1 Specific surface area for HFO Change input usage to "Direct Input"
1981 [DIRS 142788] Change "N/A" to "Data" under Input Category.

Eggleton and Fitzpatrick 1988 Table 1 Specific surface area for HFO Change input usage to "Direct Input"
[DIRS 173878] Change "N/A" to "Data" under Input Category.
Turner and Sassman 1996 Tables 1 and 3 Surface Complexation Constants Change input usage to "Direct Input"
[DIRS 179618] Change "N/A" to "Data" under Input Category.
Wang et al. 2001 [DIRS Tables 3 and 4 Surface Complexation Constants Change input usage to "Direct Input"
176816] Change "N/A" to "Data" under Input Category.
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Input Source Description DIRS Changes Required
Pepper et al.2006 [DIRS Table 2 Surface Complexation Constants Change input usage to 'Direct Input"
179622] Change "N/A" to "Data" under Input Category.

Cromi~res et al. 1998 [DIRS Table 4 Surface Complexation Constants Change input usage to "Direct Input"
179616] Change "N/A" to "Data" under Input Category.
Appelo et al. 2002 [DIRS Table 2 Surface Complexation Constants Change input usage to "Direct Input"
168168] Change "N/A" to "Data" under Input Category.
LaVerne and Tandon 2003 Figure 1 Water Vapor Adsorption Isotherms for SNF Change input usage to "Direct Input"
[DIRS 178303] Waste Form Materials Change "N/A" to "Data" under Input Category.

p. 13624 Specific surface area for U0 2 and CeO2  Change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.

Gammage et al. 1970 [DIRS Figure 2, p. 4277 Water Vapor Adsorption Isotherm and Add "Specific surface area of ThO2" to Input
178304] specific surface area for SNF waste form Description. Change input usage to "Direct

materials Input"
Change "N/A" to "Data" under Input Category.

Holmes et al. 1974 [DIRS Figure 3 Water Vapor Adsorption Isotherm for SNF In 1st DIRS entry, add "Sections 4.1.2,
154379] waste form materials 6.3.4.3.2" under Specifically Used In.

In 2 nd DIRS entry, delete "p. 368" under
Specifically Used From; delete "Sections
4.1.2, 6.3.4.3.2; Tables 6.3-7, 6.3-12" under
Specifically Used In; delete "Cross sectional
area of a water molecule. Specific surface
area of ZrO2." under Input Description; and
change input usage to "Direct Input."
Change "N/A" to "Data" under Input Category.

p. 368 (specific surface Specific surface area of ZrO2. In 3d DIRS entry, delete "Fig. 3 (adsorption
area) isotherm)" under Specifically Used From; add

"Tables 6.3-7, 6.3-12" under Specifically Used
In; delete "Water Vapor Adsorption Isotherms
for SNF Waste Form Materials" and add
"Specific surface area of ZrO2" under Input
Description; and change input usage to
"Direct Input."Change "N/A" to "Data" under Input Category.

Stakebake 1971 [DIRS Figure 8 Water Vapor Adsorption Isotherm for SNF In 1s DIRS entry, delete ",p. 253 (specific
178302] waste form materials surface area)" under Specifically Used From;

add "Figure 6.3-38" under Specifically Used
In; add "(PuO2)" under Input Description;
change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.
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Input Source Description DIRS Changes Required

p. 253 Specific surface area of PuO 2. In 2 nd DIRS entry, add "(specific surface
area)" under Specifically Used From; add
"Table 4.1-18" under Specifically Used In; add
"(specific surface area of PuO 2)." under Input
Description; change input usage to "Direct
Input"
Change "N/A" to "Data" under Input Category.

Delete 3 rd DIRS entry (entire row).
Stakebake and Dringman Figure 3, Figure 4, Water Vapor Adsorption Isotherm and Change input usage to "Direct Input"
1968 [DIRS 178840] Table 1 specific surface area for SNF waste form. Change "N/A" to "Data" under Input Category.

materials

Paffett et al. 2003 [DIRS Figure 8, Table 1 Water Vapor Adsorption Isotherm and Change input usage to "Direct Input"
178712] specific surface area for SNF waste form Change "N/A" to "Data" under Input Category.

materials
Kandori and Ishikawa 1991 Figure 2 Water Vapor Adsorption Isotherm for Change input usage to "Direct Input"
[DIRS 178680] amorphous ferric oxide hydroxide Change "N/A" to "Data" under Input Category.
Koch and Moller 1987 [DIRS Figures 5 and 6 Water Vapor Adsorption Isotherms for In 2nd DIRS entry, delete "; Table 1 (specific
173784] goethite surface area)" under Specifically Used From;

add "Figures 6.3-21, 6.3-22" under
Specifically Used In; add " (Goethite)" under
Input Description; Change input usage to
"Direct Input"
Change "N/A" to "Data" under Input Category.

Table 1 Goethite specific surface area In 3d DIRS entry, delete "Figures 5 and 6"
and add "Table 1 (specific surface area)"
under Specifically Used From; delete "Figures
6.3-21, 6.3-22" and add "Table 4.1-19" under
Specifically Used In; delete "Water Vapor
Adsorption Isotherm for Goethite" and add
"Specific surface area of goethite" under Input
Description; change input usage to "Direct
Input"
Change "N/A" to "Data" under Input Category.

Carruthers et al. 1971 [DIRS Figure 7 Water Vapor Adsorption Isotherms for In 1st DIRS entry, change input usage to
178656] chromium oxide gel "Direct Input"

Change "N/A" to "Data" under Input Category.
Table IV Specific surface area for chromium oxide In 1St DIRS entry, add "Specific surface area

gel of chromium oxide gel." under Input
Description;
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Input Source Description DIRS Changes Required
Morimoto et al. 1969 [DIRS Figures 3 and 4 Water Vapor Adsorption Isotherms and Change input usage to "Direct Input"
162877] (adsorption isotherms) monolayer capacity for a-Fe 20 3  Change "N/A" to "Data" under Input Category.

and Table I (monolayer
capacity)

Harju et al. 2005 [DIRS Figure 4a (adsorption Water Vapor Adsorption Isotherm and. Change input usage to "Direct Input"
178670] isotherm) and.Table 6 monolayer volume for Cr20 3  Change "N/A" to "Data" under Input Category.

(monolayer volume)

Rice et al. 1980 [DIRS Figure 2 Water Vapor Adsorption Isotherms for NiO Change input usage to "Direct Input"
178725] Change "N/A" to "Data" under Input Category.

Nagao et al. 1995 [DIRS Figure lb, p. 222 Water Vapor Adsorption Isotherm and Change input usage to "Direct Input"
162878] specific surface area for Cr20 3  Change "N/A" to "Data" under Input Category.

Kuwabara et al. 1987 [DIRS Figure 1 Water Vapor Adsorption Isotherm for Change input usage to "Direct Input"
178682] a-Fe20 3  Change "N/A" to "Data" under Input Category.

Kittaka et al. 1984 [DIRS Figure 6a (adsorption Water Vapor Adsorption Isotherm and Change input usage to "Direct Input"
178830] isotherm) and p. 459 monolayer coverage for a-HCrO2 Change "N/A" to "Data" under Input Category.

(monolayer covereage)

Table 1 Specific surface area for a-HCrO2  Change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.

Kittaka et al. 1983 [DIRS Figure 6, Figure 7 Water Vapor Adsorption Isotherms and Change input usage to "Direct Input"
178681] (adsorption isotherms) monolayer capacity for Cr20 3  Change "N/A" to "Data" under Input Category.

and Table 1
(monolayer capacity)
Table 1 Specific surface area for Cr20 3  Change input usage to "Direct Input"

Change "N/A" to "Data" under Input Category.
Micale et al 1976 [DIRS Figure 3 (adsorption Water Vapor Adsorption Isotherms and Change input usage to "Direct Input"
179136] isotherms) and p. 542 statistical monolayer for Ni(OH) 2  Change "N/A" to "Data" under Input Category.

(statistical monolayer)

p. 541 and 542 Specific surface area for Ni(OH) 2  Change input usage to "Direct Input"
Change "N/A" to "Data" under Input Category.

Micale et al. 1985 [DIRS Figures 2 and 3 Water Vapor Adsorption Isotherm for Change input usage to "Direct Input"
173785] (adsorption isotherms) a-Fe20 3 and y-FeOOH Change "N/A" to "Data" under Input Category.

and Table I
(monolayer coverage)

Bear 1988 [DIRS 101379] p. 116 Exponents used in Archie's law Change input category to "Established Fact"

Langmuir 1997 [DIRS 100051] Table 10.2 Specific surface area of hematite Change input category to "Established Fact"

Comell and Schwertmann Entire. Density of HFO Change input usage to "Indirect Input"
2003 [DIRS 173037] . Change "Data" to "N/A" under Input Category.
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Input Source Description DIRS Changes Required
Christi and Kretzschmar p. 2929 Site densities can be measured or Change input usage to "Indirect Input"
1999 [DIRS 173811] estimated through fitting inma SCM. Change "Data" to "N/A" under Input Category.
Hofmann et al. 2005 [DIRS Table 2 Surface area and site density for HFO. Change input usage to "Indirect Input"
173711] Change "Data" to "N/A" under Input Category.
Reimus et al. 2002 [DIRS p. 2.25, Equation 2.5 Diffusion coefficient for saturated whole Delete "Table 4.1-19," and change "Sections
163008] rock samples of tuff. 4.1.2, 6.5.3.6, 6.6.4.2" to "Section 6.6.4.2."

Change input usage to "Indirect Input"
Change "Data" to "N/A" under Input Category.

Jurinak 1964 [DIRS 154381] Figures 5 and 6 Water Vapor Adsorption Isotherms for In 1st DIRS entry, replace "p. 480" with "pp.
a-Fe 20 3 and FeOOH 479-480" under Specifically Used From;

delete "Figures 6.3-7 & 7.2-1" under
Specifically Used In; replace "Water
adsorption isotherm on Fe203" with "Water
molecule cross sectional area" under Input
Description; change input usage to "Indirect
Input."
Change "Data" to "N/A" under Input Category.
In 2nd DIRS entry, change "Figure 6" to
"Figures 5 and 6" under Specifically Used
From; change "Figure 6.3-20" to "Figures 6.3-
19 and 6.3-20" under Specifically Used In;
delete "Water molecule cross sectional area;
specific surface area of Fe203" and "goethite
specific surface area" and replace "Goethite
water adsorption isotherm" with "Goethite
and Fe203 water adsorption isotherms"
under Input Description; change input usage
to "Direct Input"
Change "N/A" to "Data" under Input Category.

Table I Specific surface area for a-Fe 20 3 and In 3 rd DIRS entry, change "Fig. 5" to "Table I"
FeOOH under Specifically Used From; delete "; Figure

6.3-19" under Specifically Used In; change
"Water Vapor Adsorption Isotherms for Steel
Corrosion Products" to "Specific surface area
of Fe203 and goethite" under Input
Description; change input usage to "Direct
Input"
Change "N/A" to "Data" under Input Category.

Delete 4th DIRS entry (Input Description
"'Close-packed' monolayer of water").
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Input Source Description DIRS Changes Required
Dzombak and Morel 1990 Table 5.3 Sorption density and specific surface area Change input category to "Established Fact"
[DIRS 105483] data for ferrihydrite

Table 10.5 Surface Complexation Constants Change input usage to "Direct Input" and
input category to "Established Fact"

Briand et al. 2001 [DIRS Table 4 Specific surface area of Fe 20 3  Change input category to "Indirect Input"
161617] Change "Data" to "N/A" under Input Category.
Mills 1973 [DIRS 133392] Table III Self-diffusion coefficient of water Change input category to "Indirect input"

Change "Data" to "N/A" under Input Category.
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V. CR 13657 Resolution

CR 13657 is resolved by correcting references in Figures 7.2-13 and 7.2-14 and providing
specific locations of data in the sources:

1. In Figure 7.2-13, change the reference in the "Sources" notation from "EPA 2004 [DIRS
170376]" to "EPA 2004 [DIRS 172215], Table 5.22" and change the reference in the
figure title from "EPA 1999 [DIRS 170376]" to "EPA 2004 [DIRS 172215], Table 5.22."

2. In Figure 7.2-14, change the reference in the "Sources" notation from "EPA 2004 [DIRS
170376]" to "EPA 2004 [DIRS 172215_, Table 5.6."

None of the changes in response to CR 13657 impacts the conclusions of ANL-WIS-PA-000001

REV 03, and no downstream usage-neither the LA nor other project documents-is impacted.

VI. CR 13740 Resolution

CR 13740 is resolved by changing the word "highest" to "lowest" in describing the concentration
of competing cations in the-validation of the competitive surface complexation model in ANL-
WIS-PA-000001 REV 03, Section 7.2.3:.

1. p. 7-37, last 2 lines, and p. 7-38, 1st line: Change "The higher Kds from the C-SCM are
typically calculated when multiple extrema of the model are sampled (e.g., the highest
surface areas, the lowest values, the highest concentration of competing cations)" to "The
higher Kds from the C-SCM are typically calculated when multiple extrema of the model
are sampled (e.g., the highest surface areas, the lowest Po2 values, the lowest

concentration of competing cations)."

2. p. 7-40, ist paragraph under Neptunium heading, next-to-last sentence: Change "The
higher Kds from the C-SCM are calculated when multiple extrema of the model are
sampled (e.g., the highest surface areas, the lowest P,,o 2 values, the highest concentration

of competing cations)" to "The higher Kds from the C-SCM are calculated when multiple
extrema of the model are sampled (e.g., the highest surface areas, the lowest P"o2 values,
the lowest concentration of competing cations)."

3. p. 7-41, lines 6-8: Change "The higher Am Kds are calculated when multiple extrema of
the model are sampled (e.g., the highest surface areas, the lowest Po2 values, the highest

concentration of competing cations)" to "The higher Am Kds are calculated when
multiple extrema of the model are sampled (e.g., the highest surface areas, the lowest
Po, values, the lowest concentration of competing cations)."

These statements are only utilized as discussion of the information and are not used to constrain
the values utilized within the safety analysis. None of the changes in response to CR 13740
impacts the conclusions of ANL-WIS-PA-000001 REV 03 and no downstream usageIneither
the LA nor other project documents-is impacted.
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VII. CR 13678 Resolution

CR 13678 is resolved by replacing Figures 6.5-10 and 6.5-11, in which image resolution is poor
and figure and axis labels are illegible, with the following figures having better resolution and
legible figure and axis labels. (Note that the thick bands in Figure 6.5-10 are the result of the
density and orientation of data points and are not an indication of low resolution in the plots.)
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Source: S-PLUS plot of data in output DTN: SN0703PAEBSRTA.002

Figure 6.5-10. Scatter Plot Matrix of First 5 Predictors Versus the pH Response
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Source: S-PLUS plot of data in output DTN: SN0703PAEBSRTA.002

Figure 6.5-11. Scatter Plot Matrix of 6 Dissolved Concentration Predictors Versus the pH Response

None of the changes in response to CR 13678 impacts the conclusions of ANL-WIS-PA-000001
REV 03 and no downstream usage-neither the LA nor other project documents-is impacted.

VIII. CR 13643 Resolution

CR 13643 is resolved by correcting Eq. 6.5.1.279, which makes it consistent with the correct
implementation in the TSPA-LA. In addition, the text describing Eq. 6.5.1.2-9 is corrected and
revised to provide a clearer explanation of the concentration term. This correction also affects
Eqs. 6.5.1.2-39 and 6.5.1.2-47 in Section 6.5.1.2 along with text and Eqs. 6.5.2.5-10 to 6.5.2.5-
12 in Section 6.5.2.5.

None of the changes in response to CR 13643 impacts the conclusions ofANL-WIS-PA-000001
REV 03 and no downstream usage-neither the LA nor other project documents-is impacted.

CR 13643 is resolved by the following changes (in which underlining indicates the original text
to be changed and the revised text):
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1. p. 6-149, Eq. 6.5.1.2-9 and associated text: Change:

The term bed is the rate of mass conversion from dissolved state to embedded state onto waste

form colloids for radionuclide species i. Radionuclides become embedded only in waste form
colloids, not in iron oxyhydroxide or groundwater colloids. The conversion rate to embedded
species is represented by a first order conversion of the species in solution:

Qembed =O wmbed C, (Eq. 6.5.1.2-9)

where 2 ,mbed is the first order rate constant (s-) for mass conversion from the dissolved state to

the embedded state onto waste form colloids for radionuclide species i.

to:

For the waste form colloids generated during the degradation of the HLW glass and CSNF
matrix, some mass of plutonium and americium is considered to be "embedded" within the waste
form colloids at the time of generation and thereby considered as an intrinsic part of the colloid,
not in equilibrium with the aqueous system. The term embed is the rate of conversion of mass of
species i from degradation of the waste form to the embedded state associated the waste form
colloids. The conversion rate to the embedded state is represented by a first order conversion:

Qoembed " 2embedc-

icm =0' I (Eq. 6.5.1.2-9)

where 2 robed is the first order rate constant (s-) for conversion of degraded mass of species i to

the embedded mass associated with waste form colloids and the concentration termC is the

concentration based on the mass of radionuclide species i made available from the degradation of
the waste form per unit volume of water. This equation is discussed further in Section 6.5.2.5,
where discretization of the mass balance equations and implementation in the TSPA are
described. Radionuclides are considered to be embedded only in waste form colloids, not in iron
oxyhydroxide or groundwater colloids.

2. p. 6-157, Eq. 6.5.1.2-39: Change:

a [oWRfc,] v. (O.DVC,)
at

"+ V. {OwDcV[(KdicwFCcwF - KdicFeOCc-eO + KdcGwCG )c,]}

-deV " [q. (I + KOdWFCWF+ KdFoCcFeO + Kd,CGWCCGW)Ci] (Eq. 6.5.1.2-39)

± Qidp - (Pb-CP + Ow cFeO-cFeO + Pb- + pk~Cp Ccp - o.Xmbedci

to:

ANL-WIS-PA-000001 ERD 02 Page 44 of 50 June 2009



EBS Radionuclide Transport Abstraction

a~ [0WR,,CIL V.- (O.i,QV.C)
+ V -{OWDCV[(KdcwF CCWF + KdIcFeO Cc~eO + Kd,CGWCCGW )C,
-V.[qw(l+KdcwCFCCwF+KdcFeoCcFo +K,•cGWCCGW)Ci] (Eq. 6.5.1.2-39)

Qdrp - (PbYCP + OwCcFeO-cFeO)k~fCi + Pb-cpki c wmbed c

+ O [AP ,RP, iP -- ,RfiC,I,

[Note: The only change is in the last term in the 4t0 line, where C, is replaced with C.]

3. p. 6-159, Eq. 6.5.1.2-47: Change:

at [az ( a

+a0wD, a [(KdicWFCcWF + KdiFeOCcFeO + KdicGWCcGW)ClI]

a
S[qw (l+kdcWF~cW- + KdIcFeOCc~eO + Kd,cGWCcGW)Ci (Eq. 6.5.1.2-47)Oz

± Qidp - (Pb-CP + OwCcFeO-Sc)kif Ci + P-Scpki6iCP -embedc

+ O. [•f rP, Rf CP - A,RC,

to:

Oz a zat a' 0- ac,

a

[qwz (I + KdWFCcWF +KdtcFeOCcFeO +KdicGWCCGW)CI (Eq. 6.5.1.2-47)

+ Q,'d - (Pb cP + OwCcFeO-c )kif C, +- Pb-Scpkir CP -embedC*

+0, [iprp RPCP- A, R,,C,]

[Notet The only change is in the last term in the 4&h line, where C, is replaced with C, .]

4. p. 6-220, 2nd paragraph from bottom: Change:

Within the waste form domain, some part of the dissolved mass of plutonium and americium
made available from the degradation of HLW glass and CSNF is converted to "embedded" mass
on the waste form colloids. This conversion is required to satisfy the condition that some mass
of plutonium and americium is "embedded" as an intrinsic part of the colloid and is not in
eguilibrium with the aqueous system, when generated from the degradation of HLW glass and

ANL-WIS-PA-000001 ERD 02 Page 45 of 50 June 2009



EBS Radionuclide Transport Abstraction

CSNF. This mass is thus transported separately as a distinct species [Waste Form and In-Drift
Colloids-Associated Radionuclide Concentrations. Abstraction and Summary (BSC 2005
[DIRS 177423], Sections 6.3.1 & 6.3.3.3)]. The mass rate of conversion per unit volume of
water is modeled as a first order reaction given by embed h embed is the linear rate

constant, and concentration C, is the dissolved concentration of plutonium and americium

species in the waste form domain. The conversion rate 2 be is calculated at each time step in

the waste form domain. Its calculation is discussed below.

to:

Within the waste form domain, some part of the mass of plutonium and americium made
available from the degradation of HLW glass and CSNF is converted to "embedded" mass
associated with the waste form colloids. This "embedded" mass is considered to be an intrinsic
part of the colloids and is assumed to be available to the waste form colloids as long as there is
plutonium and americium present in the waste form domain. This mass is thus transported
separately as a distinct species [Waste Form and In-Drift Colloids-Associated Radionuclide
Concentrations: Abstraction and Summary (BSC 2005 [DIRS 177423], Sections 6.3.1 &
6.3.3.3)]. The mass rate of conversion per unit volume of water is modeled as a first order
reaction given by emdC (Eq. 6.5.1.2-9), where 2embed is the linear rate constant, and the

concentration C,* is the mass of radionuclide species i in the waste form domain per unit volume

of water. The conversion rate 2erbed is calculated at each time step in the waste form domain.

Its calculation is discussed below.

5. p. 6-221, Eqs. 6.5.2.5-10 to 6.5.2.5-12: Change:

a(O ,Cembed ) c +mbed mbed ( q

at -adv diff C "• m (Eq. 6.5.2.5

Discretization of this equation gives:

(O. Cimbed )n+ l (o C embed n e. .

tn+1 -tn - Q ,af•Cdi C eb + ,-w--C .(Eq. 6.5.2.5-11)

This equation is solved for the conversion rate:

(O c embed + l (O wC embed + ]'- 7 4:,d/df C+ em e n•,- -- i . --,( [-wfc Cembed

AtdIdfc
2 erobed - "W) (Eq. 6.5.2.5-12)

to:
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aOC~e-hed) C ci mbed + nibedo c*.
at QalifceWF

(Eq. 6.5.2.5-10)

Discretization of this equation gives:

(O'Cem bed )l4i - (OeC 7 bed ) _g.wfc CE n+xbe d + .e C*)n . (Eq. 6-5.2.5-1 )advldiff CcWF +Ctn+I _ tn

This equation is solved for the conversion rate:

(O.Ciebed )n4i o,,Cembed y' + f _,. )n"

At +CQa CWF

(O.c: )y
embed (Eq. 6.5.2.5-12)

[Note: The only changes are in the terms OwC, (last term on the right in Eqs. 6.5.2.5-10 and

6.5.2.5-11 and in the denominator in Eq. 6.5.2.5-12), where C, is replaced with C,*.]

6. Appendix A Notation, p. A-2, following definition of C,: Add:

Concentration of radionuclide species i based on
C: total mass of radionuclide species i in all states kg m- 3  Eq. 6.5.1.2-9

present in the waste form
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Attachment I - New DIRS Entries
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SUMMARY

The dissolution and radionuclide release behavior of spent fuel In
groundwater is being studied by the.Yucca Mountain Project (YMP), formerly the

Nevada Nuclear Waste Storage Investigations (NNWSI) Project. Specimens pre-
pared from pressurized water reactor fuel rod segments were tested in sealed
stainless steel vessels in Nevada Test Site J-13 well water at 850C and 250C.
The test matrix included three specimens of bare-fuel particles plus cladding
hulls, two fuel rod segments with artificially defected cladding and water-
tight end-fittings, and an undefected fuel rod section with watertight end
fittings. Periodic solution samples were taken during test cycles with the
sample volumes replenished with fresh J-13 water. Test cycles were periodi-
cally terminated and the specimens restarted in fresh J-13 water. The speci-
mens were run for three cycles for a total test duration of 15 months.

Actinide concentrations (uranium, plutonium, americium, curium, and
neptunium) peaked early in Cycle 1 of the bare-fuel tests and then declined to
steady-state levels. Isotopes of plutonium and americium account for about
98% of the activity in spent fuel at 1,000 yr. Actinide concentrations
rapidly reached stable steady-state values during Cycles 2 and 3. Steady-
state activities on the order of 100 pCi/mL were measured for 2 3 9+2 40 pu,
2 4 1Am, and 24 4Cm at 25°C, and much lower activities on the order of 1 pCi/mL
were measured for these radionuclides at 850C. Even using the higher 250C
values, the steady-state concentrations indicated for all of the actinide
elements were at least three orders of magnitude below those required to meet
the Nuclear Regulatory Commission (NRC) 10 CFR 60.113 controlled release

requirements for any realistic water flow rate through the repository.
Calcium-uranium-silicate phases that may have contributed to the control of
uranium concentrations were identified in the 85°C tests. Secondary-phases
controlling neptunium, plutonium, americium, and curium concentrations were

not identified.

Concentrations of the more soluble fission product and activation product

radionuclides generally tended to increase continuously with time. An
exception was 90 Sr, which tended to reach maximum concentrations in the 85°C
tests. Continuous release rates measured for 9 9Tc, 137Cs, and 1291 were

iii



generally in the 10- 4 to 10-3 of inventory per year range, but the rate for

I was lower at 250C. Preferential release of 14 C continued through all

three test cycles for a total release of about 1% of the 14 C specimen inven-

tory. Comparison of 14C releases in tests conducted in sealed and unsealed

vessels indicated that 14C was released to the atmosphere, most likely as CO2 .

Although soluble radionuclides were'released at rates in excess of the NRC

limit of 10-5 of inventory per year in the current tests, additional data are

needed to predict long-term release rates. The degree to which soluble

radionuclides are preferentially released in such tests, and the degree to

which the fuel will be degraded in the repository by processes such as

oxidation, are not presently known.
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This report was prepared by Yucca.Mountain Project (YMP) participants as
part of the Civilian Radioactive Waste Management Program. The YMP is managed
by the Yucca Mountain Project Office of the U.S. Department of Energy'(DOE),
Nevada Operations Office. YMP work is sponsored by the DOE Office of Civilian
Radioactive Waste Management. The YMP is the former Nevada Nuclear Waste
Storage Investigations (NNWSI) Project. The reported work was managed through
the YMP (and NNWSI) Waste Package Task by Lawrence Livermore National Labora-
tory (LLNL) under Contract No. W-7405-ENG-48. The NNWSI title is used in this
document to avoid changing the title of tests that were conducted prior to the
project name change.

Lnl The NNWSI Series 3 Spent Fuel Dissolution Tests were conducted at the

Hanford Engineering Development Laboratory, which was operated for the DOE by

Westinghouse Hanford Company (WHC) under Contract No. DE-ACO6-76FF02170. The
- NNWSI work along witb most of the personnel involved were transferred from WHC

to Pacific Northwest Laboratory (PNL) on June 29, 1987, as part of the DOE
Hanford Site consolidation. PNL is operated for the DOE by Battelle Memorial
Institute under Contract DE-ACO6-76RLO 1830. Laboratory activities associated
with the Series 3 tests were in general completed prior to transfer to PNL.

O- Much of the data evaluation and preparation of this report occurred after

N transfer to PNL. Many people were involved in different aspects of the NNWSI

o Series 3 Spent fuel Dissolution Tests. The following list identifies the
0, principal contributors.
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M. E. Freed
N. H. Larson

Setup, Sampling, and Test Operations

R. T. Steele
D. V. Archer
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Management
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M. Oversby, LLNL
F. Shaw, LLNL
L. Knecht, WHC
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1.0 BACKGROUND

The Yucca Mountain Project, formerly the Nevada Nuclear Waste Storage
Investigations (NNWSI) Project, is investigating the suitability of the
Topopah Spring Tuff at Yucca Mountain, Nevada, for potential use as a disposal
site for spent nuclear fuel and other high-level waste forms. The repository
horizon under study lies -200 to 400 m above the water table in the unsatu-
rated zone. Contact of the spent fuel by liquid water will not occur until
the repository has cooled to below the 956C boiling temperature at the reposi-
tory elevation. At that time, which is predicted to be hundreds of years
after disposal, a limited quantity of water infiltrating the rock could poten-
tially enter a failed waste container and contact the spent fuel where clad-

Vl) ding failures have also occurred. Migration of a limited quantity of such

IV water from a failed waste container is considered to be the most probable
mechanism for radionuclide release. In addition, there is the potential that
1 4C (as C02 ) and possibly 129I (as 12) may migrate in the vapor phase.

Lawrence Livermore National Laboratory (LLNL) Is the lead contractor for
the Waste Package Task of the NNWSI Project. Westinghouse Hanford Company
(Westinghouse-Hanford) has been a subcontractor to LLNL, assisting them in
determining the requirements for successful disposal of spent fuel at the

0' Yucca Mountain Site.(a) The work-at Westinghouse Hanford focused primarily on
K hot cell testing of spent fuel materials. Areas of investigation included

C) leaching/dissolution behavior, cladding corrosion, and spent fuel low-
0- temperature oxidation behavior. In the Spent Fuel Leaching/Dissolution Task

at Westinghouse Hanford, three laboratory test series were conducted with
pressurized water reactor (PWR) spent fuel specimens to characterize radio-
nuclide release under NNWSI-relevant conditions.

In the Series I tests,() specimens prepared from Turkey Point (TP).
Reactor Unit 3 fuel were tested in deionized distilled water in unsealed fused
silica vessels under ambient hot cell air and temperature (250C) conditions.

Four specimen configurations were tested: 1) undefected fuel rod segments

(a) This work was transferred from the Westinghouse Hanford Company to the
Pacific Northwest Laboratory on July 1, 1987, as part of the U.S.
Department of Energy's Hanford Site Consolidation.
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with water-tight end fittings, 2) fuel rod segments containing small laser-
drilled holes through the cladding and with water-tight end fittings, 3).fuel
rod segments with a machined slit through the cladding and water-tight end

fittings, and 4) bare-fuel particles removed from the cladding plus the clad-

ding hulls. A usemistatic" test procedure was developed in which periodic
solution samples were taken with the sample volume replenished with fresh

deionized distilled water. A constant water volume (250 mL) was maintained

during all test cycles. Cycle 1 of the Series 1 tests was started during July
1983 and was 240 d in duration. At the end of the first cycle, the tests were
sampled, the vessels stripped in 8 M HNO 3 , and the specimens restarted in
fresh deionized distilled water for a second cycle. Cycle 2 of the Series I

tests was terminated at 128 d In July 1984.

,0 The Series 2 tests were similar to the Series 1 tests except that:
V) 1) the Series 2 tests were run in NNWSI reference J-13 well water,,2) each.of

the four specimen'configurations was duplicated using both:the TP and

H. B. Robinson (HBR) Reactor PWR spent fuels, and 3) a vessel and specimen
rinse procedure was added to the cycle termination procedures. Filtration of
the collected rinse solution provided solids residues that were later examined

for secondary-phase formation. Cycle I of the Series 2 tests was started in
qr June 1984. All eight Series 2 specimens were run for a second cycle. Results

01, from Cycles 1 and 2 of the Series 2 tests are reported in Reference 2. The

two bare-fuel specimens were-continued for Cycles 3, 4, and 5 for a total

five-cycle testing time of 34 mo. Summary results for all five cycles of. the
Series 2 bare-fuel tests are given in References 3 and 4. A detailed report
of the Series 2 bare-fuel test results is in preparation.

The Series 3 tests that are the subject of the current report used
sealed stainless steel vessels and J-13 well water and were run at 85°C (one

specimen at 25°C). The four specimen configurations tested in the Series 1
and Series 2 tests were also used in the Series 3 tests. The vessels used in

Cycle I were fabricated from 304 stainless steel. New 304L stainless steel

vessels were substituted in Cycles 2 and 3. During the time period of the
Series 3 tests, 304L stainless steel was the NNWSI reference spent fuel con-

tainer material. The Series 3 tests were started during February 1986 and
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were-run for three cycles for a total testing time of 15 mo. The purpose of

this report is to provide detailed documentation of the NNWSI Series 3 Spent

Fuel Dissolution Tests.

This work has been conducted under NNWSIJwork breakdown structure (WBS)

element number 1.2.2.3.1.1.L and activity D-20-42 of the Scientific Investi-

gation Plan for NNWSI Waste Form Testtng.( 5 ) Except where noted, this work

has been conducted at Quality Level Assignment I.

In

qW

C5

o,

0
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2.0 TEST DESCRIPTION

A detailed description of the Series 3 tests is provided by the test

plan( 6 ) and in technical procedures that are identified in Appendix D. The
intent of this section is to provide the reader with sufficient information
about the test methods and fuel specimens to follow the discussion of results
and calculation of the radionuclide fractional release values.

2.1 TEST SPECIMENS

The test matrix Included six specimens that are identified in Table 2.1.
All specimens were prepared from 5-in.-long fuel rod sections. The four
specimen configurations tested are identical to those tested in the Series I

CO and Series 2 tests and represent a range of potential degrees of cladding

failure as follows.

* Undefected specimen with intact cladding and-water-tight end
fittings was run as a control specimen to indicate the amount of

- radionuclide release originating from residual cladding surface
contamination and cladding crud deposits.

1 Hole-defects specimen contained two small (-200-pm diameter)
laser-drilled holes through the cladding near the center of the

Sspecimen. The ends of the hole-defects specimen were sealed with
water-tight end fittings. The hole-defects specimen was intended

al to be representative of fuel rods containing small breaches, such
as may result from pellet-cladding interaction (PCI) or stress
corrosion cracking (SCC) cladding failures.

* Slit-defect specimen contained a 0.006-in. wide by 1-in. long
V, machined slit through the cladding near the specimen center and was

sealed at the ends with water-tight end fittings. The slit-defect
specimen was intended to represent a more severe cladding failure,
such as may occur if an SCC defect progressed to a relatively large
crack or cladding cracks that may result from postirradiation
handling.

* Bare-fuel specimens were prepared by machining axial slits through
the cladding from end-to-end on opposite sides of the specimens,
opening the split cladding, and removing the bare-fuel particles
from the cladding. The cladding hulls are included with the fuel
particles in these tests as part of the test specimen. The bare-
fuel specimens are intended to represent the worst-case cladding
failure, where the cladding has split open and the fuel has fallen
out.
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Test ID

HBR/BF-25

TP/BF -85

HBR/BF-85

HBR/SD-85

HBR/HD-85

HBR/UD-85

HBR/BF-2-25

TP/BF-2-25

Rod
Section 10

C5C-I

F6-2B

C5C-K

C5B-D

C5B-B

C5B-A

C5C-H

19-24

TABLE.L.1. Test Specimens

Fuel Temp.
Configuration(a) L(L
HBR Bare Fuel 25

TP Bare Fuel

HBR Bare Fuel

tn

HBR

HBR

HBR

HBR

Slit Defect

Hole Defects

Undefected

Bare Fuel(c)

85

85

85

85

85

25

25

Fuel Weight(b)
(9)

86.17
84.85
83.66

85.55
84.33
83.64

80.70
79.39
78.67

85.77

80.16

85.07

83.10
82.92
81.45

27.21
26.66
26.14

TP Bare Fuel(c)

0%

(a) HBR.= H. B2 Robinson.
TP = Turkey Point.

(b) Three weights given for bare-fuel tests are for Cycles 1, 2, and 3,
respectively. Cladding weight was assumed to be 16.4 g for all
specimens. (2)

(c) Series 2 tests, which are discussed in this report for comparison.
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The Series 3 tests were conducted in sealed stainless steel vessels as

shown in Figure 2.1, with different vessel internal configurations for bare-

fuel specimens versus the clad fuel specimens with water-tight end fittings.

One HBR fuel specimen in each of the four configurations was tested at 850C.
A bare-fuel specimen prepared from TP fuel was also tested at 850C for com-

parison with the HBR fuel. The temperature was controlled at 85 ± 20C using a
constant-temperature oil bath. The 85"C temperature may be near the tempera-
ture at which liquid water could first form in a failed waste package under an
air-steam atmosphere as the repository cools after several hundred years
postclosure.( 7 ) An additional HBR bare-fuel specimen was tested at 250C to

correlate dissolution behavior with temperature. The 25°C test also provides

for correlation of results from Series 3 tests in sealed stainless steel
vessels with those from unsealed silica vessels used in the Series 2 tests.
Both vessel materials were relevant to the repository system; 304L stainless

steel was the reference container material when the Series 3 tests were

started and silica is chemically more similar to the tuff rock outside the

container.

An important part of the specimen preparation procedures was the removal
from the cladding exterior surface of fine particulate contamination that
results from sectioning and handling in contaminated hot cells. Such con-

Gb tamination would seriously bias the test results if not removed. One purpose
of the undefected test specimens in the test matrix was to provide an indica-

tion of the released radioactivity originating from residual contamination on
trr
the cladding exterior surface. Another purpose for the undefected specimen

was to verify integrity of the O-ring seal in the end fittings used on the

clad specimens. Before installing end fitting hardware on the undefected,
hole-defects (laser-drilled), and slit-defect specimens, the cladding surface
was decontaminated to less than 50 cpm smearable alpha and less than detecta-

ble beta/gamma above the Hanford 327 Building background (-150 cpm in a lead-
shielded cave). The cladding exterior of the bare-fuel specimens was also

decontaminated to less than 50 cpm smearable alpha before the cladding was

axially split to remove the bare fuel.

The ends of'the undefected, laser-drilled, and slit-defect specimens

were sealed using water-tight end fittings fabricated from modified Cajon
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0

BARE FUEL TESTS DEFECTED AND UNDEFECTED
CLADDING TESTS

HEOL 8612 122 1

FIGURE2.1. Series 3 Test Configurations (Neg. 8600029-1)
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Model SS-8-UT-A-10 Ultra Torr(a) vacuum adaptors. The end-fitting seal was

made using ethylene propylene O-rings chosen for their radiation resistance

and water compatibility. The top fittings of both the hole-defects and slit-
defect specimens contained a small vent hole above the test solution level to

allow the defected cladding specimens to fill with solution to the external

test solution level.

A ceramographic section showing a laser-drilled hole defect through the

cladding of a TP fuel specimen (Series 1) is shown in Figure 2.2. A mosaic

photograph showing the entire section in the as-polished condition is shown in

Figure 2.3. The postirradiation thermal cracking pattern shown in Figure 2.3
is typical of that for the HBR and TP fuels used in the Series 3 tests and is

indicative of the size of the resulting particles used in the bare-fuel tests.

2.2 FUEL CHARACTERISTICS AND HISTORY

The two fuel types used in the test matrix were similar PWR fuels, as

indicated by the relevant fuel characteristics listed in Table 2.2. Both

fuels were low-gas-release PWR fuels from the same vendor and approximately

the same vintage.

The HBR fuel was obtained through the Pacific Northwest Laboratory (PNL)

Materials Characterization Center (MCC) as an "approved testing material"

(ATM) for geological repository testing and was identified by PNL-MCC as
ATM-100I8) The ATM-101 Rod C5 was cut into three sections during Spring,

0 1983. The two HBR bare-fuel specimens were sectioned from the C5C center

a, section of Rod C5. The slit-defect, hole-defects, and undefected specimens
were sectioned from the top end of the C5B bottom section of Rod C5.-The

Series 2 HBR specimens were taken from the top portion of rod segment C5C.

Other sections taken from the C5C and C5B segments were used for 14C, burnup,

and ceramographic analyses and examinations.

The TP specimen was sectioned from the center of a previously sectioned

24-in.7long rod segment identified as Section 2 from Rod F6. Axial location

of the specimen is from 34 to 39 in. from the bottom of Rod F6. The original

(a) Ultra Torr is a trademark of Cajon Company, Macedonia, Ohio.
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FIGURE 2.2. Ceramographic Section at Laser-Drilled Hole Defect Through the Cladding (Neg. 8307376-8)



TURKEY POINT ROD SPECIMEN J-8-19,
B-17 ASSEMBLY

LASER-DRILLED. LEACHED 60 DAYS

%0

C%

Ceramographic Mosaic of As-Polished Specimen Section at Laser-
Drilled Hole Defect Showing Postirradiation Fuel Cracking.
(Particle size in the bare-fuel tests were approximately that
indicated by the postirradiation cracking.) (Neg. 8307465-1)
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TABLE 2.2. Characteristics ofH. B. Robinson Unit 2
Unit 3 Fuels

Characteristic H. B. Robinson

Fuel Type PWR 15 x 15

Assembly Identification BO-5

Rod Identification C5

Discharge Date May 6, 1974

Nominal Burnup 30 MWd/kgU

Fission Gas Release 0.2%

Initial Enrichment 2.55 wt% 23 5 U
Initial Pellet Density 92% TD (U02 )

Initial Fuel Grain Size -6 pm

Initial Rod Diameter 10.7 mm OD

Cladding Material Zircaloy-4
Cladding Thickness 0.62 mm

PNL-MCC Identification ATM,-101

and Turkey Point

Turkey Point

PWR 15 x 15

B-17
F6

November 25, 1975

27 MWd/kgU
0.3%

2.559 wt% 235U
92% TD (U02 )

-25 pm

10.7 miOD

Zircaloy-4
0.62 mm

rod sectioning was performed at Battelle Columbus Laboratories (BCL) in 1979

and is documented along with characterization data on Rods G7, G8, J8, 19, and

H6 of Assembly B-17 in Reference 9.

Fuel rod sectioning diagrams-for the C5B, C5C, and F6-2 rod segments

r•, used for the Series 3 specimens are-contained in the test plan.( 6 ). Axial

locations for all specimens were chosen to avoid regions of nonuniform burnup

that occur near spacer grid locations and towards the top and bottom ends of

the fuel rod.

Inventories for the radionuclides analyzed were calculated from ORIGEN-2

data tabulated in Appendix E of Reference 8. The calculated inventory values

along with radiochemically measured values on an HBR fuel sample are given in

Table 2.3. The average times from discharge assumed (12 yr for HBR and

10.5 yr for TP) correspond to midway through Cycle 1. Linear interpolation

was used to adjust the tabulated ORIGEN-2 data for burnup and time from dis-

charge. Fractional release calculations for this report use a single ORIGEN-2

based inventory value for each radionuclide and are not corrected for changes

in inventory during the 15-mo testing time. Of the principal radionuclides
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IABLE2L.3. Specimen Radionuclide Inventories (pCi/g of
as Indicated)

Nucl ide

Burnup (MWd/kgM)
Uranium (pg/g of fuel)

24 4 Cm
2 4 1Am

239+240pu

23 7 Np
137Cs

129I

12 6 Sn
9 9Tc
9 0 Sr
14 C

H. B. Robin~on
ORIGEN-22a)

3 0 . 2 (b)

8.45 x 105

1.28 x 103

1.77 x 103

7.44 x 102

2.43 x 10-1

6.37 x 104

2.65 x 10-2

6.74 x 10-1

1.05 x 101

4.17 x 104

H. B. Robl l on
Me3s0re.2t

30.2

1.43

1.63

7.16

2.35

6.57

x

x

x
x
x

10 3(d)

103

102

10-1

104

fuel except

Turkey Potnt
qORgIGEN-_2a 1

27.5(c)

8.48 x 105

9.90 x 102

1.51 x 103

7.04 x 102

2.18 x 10-1

6.04 x 104

2.42 x 10-2

6.11 x 10-1

9.74 x 100

4.03 x 104

1.0
8.34 x 100

(e)

NW

all

(a) Calculated from ORIGEN-2 data in PNL-5109,( 8 ) assuming 12 yr from dis-
charge for H. B. Robinson and 10.5 yr from discharge for Turkey Point.

(b) Radiochemically determined (Septe bjr 1985) from Sample C5C-D.
(c) Reported burnuR for Sample G7-15. 9
(d) Actually 243++H4Cm since both isotopes have r •la alpha energies;.

ORIGEN-2 data indicate that 24jCm is -1% of AT+31i4cm.
(e) 14 C average of values measured on Samples C5C-J and C5B-C:

Fuel = 0.49 pCi/g; Cladding - 0.53 pCi/g.

discussed, 24 4 Cm (with 5% decay in the 15 mo) showed the greatest inventory

change. The specimen inventories used in fractional release calculations were
obtained by multiplying the per gram inventories in Table 2.3 times the

specimen weights given in Table 2.1. Progressive decreases in weights of the

bare-fuel samples in successive cycles is due to removal of particles for

characterization, losses because of dissolution, and losses of spalled grains
from the particle surfaces during terminal specimen rinsing.
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2.3 TEST SAMPLES AND ANALYSES

Each test cycle was started, sampled, terminated, and the samples were

analyzed following approved procedures identified in Appendix D. The sampling

schedule and specified analyses for Cycle I are given in the test plan.(6)

Similar sampling schedules and analyses were specified for Cycles 2 and 3 with

the more significant changes noted below.

2.3.1 Starting J-13 Water

At the beginning of each test cycle, the J-13 water used to start the

cycle was analyzed (Appendix B). The following analyses were performed: pH,

inductive coupled plasma (ICP) emission spectrometry for cations, ion chro-

matography (IC) for anions, and inorganic carbon for bicarbonate ion concen-

tration calculation.

%0 2.3.2 Periodic Solution Samoles

Periodic solution samples were taken through the sampling port (see

-. Figure 2.1) using preleached 20-mL plastic syringes with 6-in.-long stainless

steel needles. The sampling depth was slightly higher than the upper lip of

the internal bare-fuel sample basket, which is shown to scale in Figure 2.1.

The 85 0 C test vessels remained in the oil bath during sampling so the samples

were taken at temperature. Before drawing the sample, -50 mL of air were

bubbled through the vessel from the syringe at the sampling depth. The

Ih original purpose of the bubbling in the Series 1 and 2 tests was to provide

o for a small amount of convection or mixing effect just prior to sampling.

Although this procedure is probably of questionable value for mixing, it was

retained so that the sampling procedure would be consistent in all test

series. Periodic solution sample volumes ranged from 10 to 30 mL, depending

on the analyses that were to be performed. After the samples were removed,

the sample volumes were replenished with fresh J-13 well water so that a

constant water volume of 250 mL was maintained in the test vessels.

Solution samples were placed In preleached glass vials and capped in the

hot cell. The samples were removed from the hot cell to a glovebox and ali-

quots prepared for analysis, usually within an hour of sampling. The first

step when the sample vial was opened was to measure pH on an aliquot from the

vial. Aliquots were also taken and placed in sealed vials for 14C and 1291
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analyses if specified. The remaining sample was then usually separated into
aliquots for the unfiltered, 0.4-pm filtered, and 18-A filtered(a) fractions.
Analysis of 18-A filtered solution samples was deleted starting with the fifth

239+240sample (Day 62) of Cycle 2. Uranium, alpha (for Pu), gamma (for
3 7Cs), 24 1Am, 23 7 Np, 126 Sn, and 9 gTc analyses were routinely performed on all

three filtered fractions; and 1291, 90Sr, and C4C analyses were routinely
performed on the unfiltered fractions. Solution chemistry (ICP, IC, and inor-
ganic carbon) analyses were performed on the 0.4-pm filtered fraction, when

specified. For sampling schedules, volumes and analyses performed refer to

the radiochemistry and solution chemistry data tables in Appendices A and B.

2.3.3 Final Solution Samples

A final solution sample was taken immediately before termination of a
test cycle on the termination day. The procedure for the final solution

,'0 sampling is identical to that for the periodic solution samples, except that
the sample volume was not replenished with fresh J-13 well water. For the

now purposes of data evaluation, the volume of the final solution sample is

assumed to be the entire 250 mL of solution in the test.

2.3.4 Rinse Samples 7

1" . After the final solution sample was taken, the vessels were removed from
0the constant temperature bath for cycle termination. The bare-fuel particles

were removed to a 250-mL beaker, and the remaining final solution was decanted
0 off. The fuel particles were rinsed in the 250-mL beaker with J-13 water
0% (-50 mL), rocking the breaker from side to side ten times and allowing the

particles to tumble in the bottom of the beaker. The bare-fuel rinse water

was then decanted into a I,000-mL beaker, and the bare-fuel rinse was repeated
four more times. The bare-fuel rinse solution routinely became dark and
turbid in appearance during the first few rinse cycles as surface grains
(loosened by grain boundary dissolution) and sediment from the test became

(a) The 18-A filtered fraction referred to in this report is a sample frac-
tion centrifuge filtered through an Amicon Corporation type CF25 Cen-
triflo membrane filter cone. Centriflo is a trademark of the Amicon
Corporation, Lexington, Massachusetts.
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temporarily suspended. Clad specimens with end fittings, cladding hulls from

bare-fuel tests, specimen baskets or pedestals, floats, and the interior

vessel surfaces were thoroughly rinsed with J-13 water from a squirt bottle

with the rinse water draining into the 1,000-mL beaker. The rinse water

volumes in the 1,000-mL beakers were made up to 600 mL after specimen and

component rinsing by addition of fresh J-13 well water and then were left

covered overnight to settle. A sample was removed from the top of the settled

rinse solutions the next morning using a syringe and preleached sample vials.
Routine requested analyses for the rinse solution samples included uranium,
alpha spectrometry, gamma spectrometry, 241Am, 23 7Np, 9 gTc, g0Sr, and 14C.

Rinse samples from bare-fuel tests were 0.4-pm filtered prior to analyses.

2.3.5 Acid Strip Samples

After rinsing, the internal components less the actual specimens were

placed back in their respective vessels, and 300 mL of 8 M HNO 3 were added.

The caps were replaced and the vessels rolled on their sides so that the

interiors would be completely washed with the acid. The next day the acid was

poured into a bottle, back into the vessel, and then back into the bottle

again. The acid strip solution in the bottles was then sampled for analyses.

Requested analyses routinely included uranium, alpha spectrometry, gamma

spectrometry, 24 1Am, 2 3 7Np, 99Tc, and 90Sr.

2.3.6 Ceramographic Samples

Two random fuel particles were removed from the 250-mL beaker after

cycle termination for later ceramographic examination. The particles were

mounted in resin, ground to expose an internal section, polished, and examined

in the as-polished condition. The intersection of the section plane with the

particle-surface was of primary interest and was examined for evidence of

grain boundary dissolution or any other type of observable preferential

dissolution.

2.3.7 Rinse Filters

After the rinse solution samples were taken, the remaining solutions in

the 1,000-mL beakers were stirred to get the finer sediments back into sus-

pension. The rinse solutions were then filtered through 0.4-pm filters, and

the filtrate solutions were discarded. The filters were weighed to determine
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the net amount of residue filtered from each rinse solution. The filters were
later examined by scanning electron microscopy (SEM) and X-ray diffraction
(XRD) to identify and characterize any secondary solid phases present.

2.3.8 Coarse Rinse Sediments

Coarser particles that would not remain in suspension long enough to be
decanted off during filtration of the rinse solution were allowed to settle to

the bottom of the 1,000-mL beakers. These sediments were allowed to dry and,
if present in sufficient quantity (a few mg or more), removed and weighed.
Samples of these coarse sediments were then examined in the SEM. The coarse
rinse sediments consisted primarily of small particles of fuel.

2.4 CHEMISTRY
03

Chemical analyses of solution samples were divided into two types for
the purposes of evaluation: the analyses of uranium and radionuclides

originating from the fuel specimens (radiochemistry) and the analyses of
species contained in the starting J-13 well water (solution chemistry).

2.4.1 Radlochemlstry

A summary of the radiochemistry methods is given in Table 2.4. Prin-
cipal radionuclides present in 1,000-year-old spent fuel were of primary

01- interest and are summarized in Table 2.5. The 1,000-yr inventories are signi-

I - ficant relative to the U.S. Nuclear Regulatory Commission (NRC) stated

o requirement that "release rate of any radionuclide from the engineered barrier
system ... shall not exceed one part in 100,000 per year of the inventory of
that radionuclide calculated to be present at 1,000 years."(11 Approximately

99% of the 1,000-yr activity is from plutonium and americium isotopes plus
ggTc. Other long-lived nuclides analyzed were 2 3 7Np, 14 C, S26 Sn, and 12g.
Shorter half-life radionuclides including fission products 137Cs (30.2 yr),
134 Cs (2.2 yr), 90Sr (28.6 yr), and 24 4Cm (18.1 yr) and activation product
6 0Co (5.3 yr) were also analyzed, since they represent a major fraction of the

activity in spent fuel during the first few hundred years. Selenlum-79 was
dropped from the Series 3 analytical schedule, since attempts to measure it
by liquid scintillation following separation in the Series 2 tests failed.(2)

Possibly the most significant radionuclide listed in Table 2.5 that was not
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IABLELZA.. Summary of Radiochemistry Methods

Rainuc~~lide

244CM

237Np

137Cs

1291

126Sn

99Tc

90Sr

60CO

14C

Method

a-spectrometry

a-spectrometry fol-
lowing separation

a-spectrometry

a-spectrometry fol-
lowing separation

7-spectrometry

Neutron activation
analysis

GeLi well 7-spec-
trometry following
separation

p-proportional
counting following
separation

p-proportional
counting following
separation

7-spectrometry

Liquid scintillation
counting following
separation

Fluorescence

Detection Limits
(pCi/mL) _Ipb)

0.2 3 x 10-6

0.1 3 x 10"5

0.2 0.003

0.1 0.14

200

10-5

0.002

0.0001

10-5 Inveotory

(oCi/mL) a

4100

5700

2380

0.8

2.0 x 105

0.08

2.2

34

1.3 x 105

(b)

2

0.2 0.02

10 0.6

20 0.00014q.

1%

C

200

20

0.0002

0.004

U 1 (3 ppm)

(a)

(b)

Assumes 10-5 of H. B. Robinson test
B0 mL.

Co inventory is unknown.

specimen inventory dissolved in
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TABiLE-. Pressurized Water Reactor Spent Fuel Radionuclide
at 1,000 Years a1

Inventories

Cumulative
Activity (%)

NE

Radio uclideŽ
241Am
243AM

240p
239PU
238P

99Tc

59Ni
63N
9Zr93nlNb'

94Nb

234tU

236U

237Np
126S

135 Se

151 C

129 P

Half-Life
(yr)

432
7,380

6,569
24,130

375,800
88

213,000

80,000
100

1. 53E+06
15

20,300
5,730

244,500
2.47E+09
2.34E+07

2.14E+06

100,000
65,000

3.OOE+06
90

6. 50E+6
1.57E+07

Ci 1,000 MTHM

894,50031,080(c)

476,900
304,700

1,755
967

13,030

5,150
354

1,933
1,836
1,240
1,372

1,984
317
271

1,000

772
405
345
163
112
32

51.33
1.78(c)

27.37
17.45
0.10
0.06

0.75

0.295
0.020
0.111
0.105
0.071..

0.079(d)

0.114
0.016
0.018

0.057

0.044
0.023
0.020
0.009
0.006
0.0018

51.33
53.11

80.48
97.96
98.07
98.12

98.87

1,000-Year
Activity

(% of Total)

(a) Based on ORIGEN-2.data in ORNL/TM-7431( 10 ) for 33,000 MWd/MTM burnup PWR
spent fuel, actinides plus fission products plus activation products.

(b) Radionuclides with 1,000-yr activity less than 1291 or half-life less
than 1 yr omitted.

(c) frcludes activity of 2 39 Np daughter product.
(d) C activity may vary considerably depending on as-fabricated nitrogenimpurities.
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analyzed was activation product 59 Ni, which is primarily associated with fuel

assembly structural components, which were not included in these tests.

The approximate detection limits for each radionuclide are compared in

Table 2.4 to the activity that would result if 10- 5 of the specimen inventory

were to be dissolved in the 250 mL of test solution. In the Series 1 and 2

tests, actinide concentrations in solution tended to stabilize at values near

or below concentrations corresponding to 10-5 of inventory in solution. The

Table 2.4 radionuclides for which the detection limits were just adequate or

borderline for the bare-fuel tests and not adequate for the lower release

defected cladding tests were 2 3 7Np, 1 26 Sn, and 99 Tc.

A discussion of detection limits and relative errors precedes the tabu-

lated results of the radiochemistry analyses in Appendix A. Summaries of the

principal radiochemistry procedures are contained in Appendix D.

2.4.2 Solution Chemistry

Solution chemistry measurements included pH, ICP for cations, IC for

- anions, and inorganic-carbon. Bicarbonate (HCO) concentration in pg/mL was

calculated by multiplying the inorganic carbon results (also in pg/mL) by

5.0833 to correct for molecular weight. For certain analyses, organic carbon

and total carbon were also reported. The detection limits of the solution

chemistry analyses were generally on the order of 0.1 pg/mL, which was

adequate for followlnq the concentrations of ionic species In J-13 well water

in order to determine if these species were being precipitated during the
CO tests. Other purposes for the solution chemistry data were to indicate if

Co significant corrosion of the vessels occurred or if test or sample

contamination with nonradioactive species occurred.

2.5 TEST CYCLE RESTART

Experience in the Series 2 tests indicated that the fuel should be
restarted for subsequent cycles as soon as possible and not allowed to dry

between cycles, or an oxidized surface film could form on the fuel leading to

enhanced dissolution and supersaturation of uranium early in the following

cycle. New vessels and internal components were fabricated for Cycle 2, and

the tests were restarted in the new vessels on the same day (within a few
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hours) of Cycle I termination. When Cycle 2 was terminated, the vessels were

reused for Cycle 3, requiring an extra day between cycles while the vessels
were being stripped, neutralized, rinsed, and reassembled with new sight tubes

and O-rings. The time between Cycle 2 termination and Cycle 3 start is esti-

mated to be -30 hours, during which time the bare-fuel specimens remained wet
covered in the 250-mL beakers, and the cladding hulls and clad specimens were

stored wet in plastic bags.

As in the Series 2 tests, only the bare-fuel specimens were originally

to have been run for Cycle 3 of the Series 3 tests. However, for the purpose

of not changing test geometry (and possibly the bath-to-vessel internal tem-

perature gradient), it was decided to restart all the specimens for Cycle 3

but only sample the bare-fuel specimens. Since the duration of Cycle 3 was

then shortened and the number of solution samples reduced, the budget at

termination allowed a final solution sample from all the vessels. (The pur-

pose for stortening Cycle 3 was to complete Quality Assurance Level I labora-
tory testing activities prior to their transfer from Westinghouse Hanford to

PNL.)

0
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3.0 RESULTS AND DISCUSSION BY ELEMENT

3.1 GENERAL COMMENTS ON DATA PRESENTATION

A complete tabulation of radiochemical results reported in pCi activity

units (pg units for uranium) is contained in Appendix A. A complete tabula-
tion of the nonradioactive water chemistry data for each test is contained in
Appendix B. A detailed discussion of the results organized by element and
radionuclide is contained in this chapter. Results for the actinides, whose
concentrations and activities in solution were limited by their relatively low

solubility, are presented before those of the more soluble fission and activa-
tion produce elements. A discussion of results from the characterization of

secondary phases found in filtered solids residues follows the uranium
V) results. Results from the bare-fuel tests are emphasized in most of the

j%., discussions.

A more general discussion of the bare-fuel test results is contained in
the following chapter. The actinide results are compared to solubilities pre-
dicted by the EQ3/6 geochemical modeling code, and results for both the acti-
nides and the more soluble fission and activation products are discussed
relative to NRC release limits in that chapter.

3.1.1 Plotted Solution Sample Activity Data0%

Solution sample data for the various nuclides are plotted in composite
plots showing data for the three sequential test cycles in adjacent boxesC)
along the X-axis. Data reported as "less than" values are plotted with
downward arrows with the plotted point representing the estimated detection

limit for the particular measurement. A reference level is shown in the
Cycle 3 box of many of the plots indicating the level that would result if the
indicated fraction of the specimen inventory dissolved in the 250 mL of test

solution. The same symbol is used for data from the same test in different
plots, except for plots comparing filter fractions where the same symbols are
used for the same filter fractions. Open symbols are used for Series 3 data,

and closed (filled-in) symbols are used for Series 2 data that are included in
some plots for comparison. Data are plotted as concentration (pg/mL for
uranium) or activity (pCi/mL) measured in solution samples in this chapter.
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Specimen inventory fractions of 13 7Cs, 90 Sr, 99 Tc, 129I, and 14 C measured in

solution are plotted together for each of the three bare-fuel tests in the

following chapter. Each data point in theseplots represents the inventory

fraction in the 250 mL of test solution on the sample date plus the inventory

fractions estimated to have been removed in previous samples taken during the

test cycle.

3.1.2 "Quantities Measured" Tables

Tables of the quantities of nuclides measured in the various types of

liquid samples were compiled for each nuclide. The "periodic samples" values

given in these tables are the sum of sample activities times sample volume for

each periodic solution sample (excluding the final solution sample) in which

detectable, activities were measured. Since not all nuclides were measured in
•0 every sample, the periodic sample values may be in some cases less than the

actual total quantity removed in periodic samples.. In the case of 1291, where

only a single periodic sample was analyzed, that value was assumed as an

estimate of the 1291j p all periodic samples. The..final solution" value is

the quantity of the nuclide determined to be in the 250 mL of test solution at

the end of a test cycle. For the actinides and 13 7Cs, the "periodic solution"

and "final solution" values are based on 0.4-pm filtered data. For 9gTc,
V1" 90Sr, 1291, 126Sn, and 14C, the "periodic solution" and "final solution"

O0 values are based on unfiltered data. Concentration of the nuclide in-the

final solution is given in parentheses below the "final solution" value in the

indicated units.

0% The "rinse" value is the quantity of the nuclide determined to be dis-

solved in the 600-mL rinse solutions when sampled the day after cycle termi-

nation. Rinse solution samples from bare-fuel tests were 0.4-pm filtered

prior to analysis, while rinse solution samples from the clad-fuel tests were

unfiltered. The "acid strip" value is the quantity of the nuclide determined

to be dissolved in the 300 mL of 8 M HNO 3 used to strip the internal vessel

hardware components at cycle termination. The "cycle total" values are the

sum of the periodic samples, final solution, rinse, and acid strip values.

The "+ 10-5 Inv." value is the cycle total value divided by 10-5 of the inven-

tory of that nuclide calculated to be present in the initial spent fuel-test

specimen. The "%in solution" value is the sum of the periodic samples plus
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the final solution values divided by the cycle total value times 100. "Less
than" symbols indicate either: 1) the value was reported as below detection
limits for the particular sample or 2) the value is a sum in which greater

than 5% is based on "less than" values. A double dash (--) indicates that a

value was not measured.

3.1.3 Oualifications for Certain Data Uses

The tabulated quantities of nuclides measured should not, in general, be
directly related to release or amounts of actual fuel dissolution without
considering certain qualifications. There is, in particular, a question of
the significance of actinide quantities measured in the rinse and acid strip

solutions from the bare-fuel tests where these data account for the majority

of the nuclide content in the cycle total values.

Rinse Samples--Grains of undissolved fuel and quantities of precipi-
tated secondary-phase materials were removed from the bare-fuel tests with the
rinse solution. These phases partially dissolved in the fresh J-13 well water
rinse solution during the day between cycle termination and rinse solution
sampling. Actinide concentrations in the bare-fuel rinse solutions were
usually equal to and often greater than in the final solution samples.
Because of the relatively large (600-mL) volume, nuclide quantities measured
in rinse solutions.were, In some cases, a significant portion of the total

cycle measured quantities.

€ Acid Strip--Ideally from a data evaluation point of view, the acid strip

would contain all nuclides dissolved from the fuel that plated, precipitated,
or otherwise did not remain in solution. However, in the bare-fuel tests,
much of the precipitated secondary-phase material ended up undissolved in the
rinse solution residue. An effort was made to remove all visible particles of
fuel from the vessel components prior to stripping, but it is possible that
microscopic particles of undissolved spent fuel were dissolved in the acid
strip solution. In the Cycle 3 HBR/BF-85 acid strip sample, a rather large

fuel particle was evidently dissolved.

10-5 Inventory--The tabulated "cycle total" values for the various
nuclides were normalized to inventory by dividing by 10-5 of the ORIGEN-2
based specimen inventory for comparison. In the data discussions, the

3.3



resulting values are in some instances loosely referred to as "fractional
release." Similarly for comparison, the solution activity level that would
result if 10-5 of the specimen inventory were in solution is shown on various

plots of the periodic solution sample data. The purpose of normalizing
tabulated data to inventory and indicating relative inventory fraction levels

on plots was to provide a means for comparison of these data. These values

cannot be directly compared to the NRC release rate limit of one part in 105

per year of the 1,000-yr inventory (10 CFR 60.113).(11) For solubility-
limited radionuclides, an assessment of the fractional release rate in the

repository requires, at a minimum, knowledge of the amount of water that
contacts the waste in a given year.

3.2 URANIUM

Except for a limited portion of certain fission products that diffuse
out of the fuel matrix during irradiation, activation products associated
primarily with cladding and fuel assembly structural components, and somewhat

higher concentrations as a result of higher local burnup at the outer edge of

the fuel pellets (rim effect), most of the radionuclide inventory in spent

fuel is thought to be rather uniformly distributed in the U02 fuel matrix
phase. In particular, the alpha-emitting actinides that account for the
majority of the postcontainment period activity, and for which the most
stringent U.S. Environmental Protection Agency (EPA) releases limits( 12 )

apply, are thought to be contained in solid solution with the U02 matrix
phase. In addition to dissolution from the fuel matrix phase, water soluble

O, nuclides may be preferentially dissolved from sources such as grain boundaries

where they may concentrate during irradiation. It was not possible to
determine the relative amounts of matrix release versus preferential release
for water soluble nuclides, or the amounts of fuel matrix dissolution, in the
present tests because of the limited solubility of uranium and the other

actinides. It has yet to be demonstrated that any of the nuclides that remain

fully in aqueous solution after release from the fuel are not preferentially
dissolved relative to the fuel matrix phase during such tests so as to provide

a quantitative measure for matrix dissolution.
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3.2.1 Uranium in Solution SamDles

Uranium concentrations measured in 0.4-pm filtered solution samples from
the six Series 3 tests are compared in Figure 3.1. In Cycle 1 of the bare-
fuel tests, uranium concentrations reached a maximum in the initial samples at
values on the order of about 10 mg/mL and then decreased to about 0.4 pg/mL in
the TP/BF-85 test and about 0.2 pg/mL in the HBR/BF-25 test. The anomalous
behavior exhibited during Cycle 1 of the HBR/BF-85 test is discussed later in
Section 3.2.2 on vessel effects. Lower initial concentrations were observed
in Cycles 2 and 3 of the bare-fuel tests. The initial Cycle I concentration
peaks are thought to result from the dissolution of more readily dissolved
oxidized fuel phases that form on the fuel surface as a result of handling and
storing in air prior to testing. The oxidized surface film was apparently
depleted by dissolution during Cycle 1, and very little additional surface
oxidation appears to have occurred between cycles during which time the fuel
was nQt allowed to dry.

qq.

10.31-
0 50 100 150 200 0 50 100 150 200 0

Days Days
50 100 150 200 250

Days
38802-031.1

FIGURE 3.1. Uranium Concentrations Measured in 0.4-pm Filtered Samples
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During both Cycles 2 and 3, the HBR/BF-25 test exhibited higher uranium
concentrations than did the HBR/BF-85 and TP/BF-85 tests, which is the reverse
of the temperature effect observed in Cycle 1, where the TP/BF-85 test showed
higher uranium concentration than the HBR/BF-25 test. In later Cycle 2
samples and in Cycle 3 samples from the bare-fuel tests, uranium concentra-
tions reached apparent steady-state values of about 0.1 to 0.2 pg/mL in the
850C tests versus about 0.3 to 0.4 pg/mL in the 250C test.

Much lower uranium concentrations were measured with the slit-defect and
hole-defects specimens than with the bare-fuel specimens. In fact, no signi-
ficant differences in uranium concentrations were observed for the HBR/SD-85,

HBR/HD-85 or HBR/UD-85 specimens, suggesting the uranium release measured in
these tests originated primarily from residual surface contamination on the
cladding and not from the fuel within the specimens. A decrease in uranium

co concentrations measured initially in Cycle 2 of these three tests may be due

to a depletion of soluble residual contamination on the .ladding surface
-during Cycle 1. An increase in uranium concentrations in these three tests at

the end of Cycle 2 and during Cycle 3 (only final solution samples were
analyzed in Cycle 3) back to levels observed in Cycle I may be related to a
degradation of the O-ring seals in the end-fittings. (End-fitting seal
degradation was indicated by accelerated 13 7Cs release from the undefected

specimen starting with, the 34-d Cycle 2 sample.)

Substantial reductions in uranium concentration as - result of filtra-
tion occurred in only a few samples, suggesting that uranium in most samples

all was in true solution and not present in fine suspended particles or colloidal

phases. Uranium concentration measured in the unfiltered, 0.4-pm filtered,

and 18-A filtered fractions of the 119-d HBR/BF-85 Cycle 1 sample were 0.12,
0.055, and 0.028 pg/mL, respectively. This sample exhibited anomalous
behavior in other respects and is discussed below under "Vessel Effects." A
reduction from 1.67 ug/mL in the unfiltered aliquot to 0.41 pg/mL in the
0.4-pm filtered aliquot in the Day 1 sample from Cycle 2 of the TP/BF-85 test
is another notable exception. One qualification for this data is that the
laser fluorimetry method does not measure uranium contained in suspended

solids. After filtration, the sample aliquots are acidified'to 1% HNO 3 prior
to analysis in order to dissolve any plate-out, colloids, or suspended
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particles. There may be some question as to whether or not all suspended

particles, such as undissolved fuel fines or uranium-containing secondary

phases, are completely dissolved by this acidification step prior to analysis.

3.2.2 Vessel Effects

The 0.4-im filtered uranium data from the Series 3 bare-fuel tests in

sealed stainless steel vessels are compared to that from the Series 2 bare-

fuel tests in unsealed silica vessels in Figure 3.2. After the initial Cycle

I peak, lower uranium concentrations were observed in the Series 3 bare-fuel

tests in comparison to those observed in the Series 2 bare-fuel tests. Local

reactions between the stainless steel vessels and solution may be reducing U+6

to U+4 and limiting uranium solubility. Since the quantity of uranium in

solution is not great, a small amount of vessel element oxidation may have a

significant effect on uranium concentration. However, considering the low

concentration of multivalent ions in J-13 water capable of providing effective

Eh buffering, redox equilibrium was probably not well'established in the

Series 3 tests.

Filtered Bare-Fuel Test

1W~

102

101

100

10-1

10-2

10-3
0 50 100 150

Days
200 0 50 100 150 200 0

Days
50 100 150 200 250

Days
38802-031.2

FIGURE3~.2 Comparison of Uranium Concentrations Measured in 0.4-pm Filtered
Samples from the Three Series 3 and Two Series 2 Bare-Fuel Tests
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The fact that stainless steel vessels are not completely inert relative
to solutions containing Eh buffers was noted by Gray, who observed color
changes with ZoBell's solution (an Eh standard based on the Fe+ 2/Fe+ 3 reac-
tion) in stainless steel containers, while no change was observed for the same
ZoBell's solution in silica containers.( 13 ) The KMnO 4 titration of equimolar
K3 Fe(CN) 6 plus K4 Fe(CN) 6 solutions contained in 316 stainless steel under
argon atmosphere for 3 days indicated that twice as much Fe+ 2 was present as
in the starting solution, while no significant change in Fe+ 2/Fe+ 3 ratio was

observed for solutions contained in silica vessels. The additional Fe+ 2 in
stainless steel resulted from reduction of the Fe+ 3 , from corrosion of the
vessel (which contained a welded bottom), or from a combination of both.

The HBR/BF-85 Cycle I test exhibited anomalous behavior with uranium

concentration decreasing to a minimum value of 0.01 pg/mL in the 147-d sample.
CO The drop in uranium concentration (and also a drop in 99Tc activity) is attri-

buted to a combination of reduced solution oxygen potential in response to
corrosion occurring within the vessel and scavenging of these elements by

iron-bearing precipitates. A slight yellow turbidity was observed in the
119-d sample from this test, which was notable since solution samples are
normally clear. The ICP data indicated 0.14 pg/mL Fe in 0.4-pm filtered

solution on Day 33, increased to 0.45 pg/mL on Day 147, and dropped to

o 0.03 pg/mL on Day 174 at cycle termination. The 147-d sample was added in
response to the observations on the 119-d sample from the HBR/BF-85 test. As

indicated in Figure 3.3, the turbidity in the 119-d HBR/BF-85 sample appears
to have been caused by the formation,of iron-silicon containing flocs. The
-weld Joining the bottom of the bare-fuel specimen basket to its cylindrical

sides was considered a likely corrosion site, and several metallographic sec-
tions-of this weld were examined after Cycle I termination. Figure 3.4(A)
shows the etched microstructure at the boundary of the weld heat-affected zone

and the bottom plate near the outer basket surface. This region would have
been in acrevice region at the bottom of the narrow gap between the vessel

and specimen basket. The more heavily etched appearance near the outer sur-

face of the heat-affected zone suggests that some degree of intergranular
corrosion may have occurred at this location. A stress crack shown in
Figure.3.4(B) occurred at the weld intersection with the inner crevice
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FIGURE 3a.3SEM Photograph Showing Flocs on 0.4-pm Filter Disk Used to
Filter the 119-Day Sample from Cycle 1 of the HBR/BF-85 Test.
(Accompanying EDX spectra indicates an iron-silicate floc
composition.)
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FIGURE 3.4. Metallographic Section of Bottom Weld in Specimen Basket from Cycle 1 of the HBR/BF-85
Test Etched with 10% Oxalic Acid (Neg. 8802279-1)



between the basket bottom plate and cylindrical side. Stress corrosion asso-

ciated with this region may have been another source for iron dissolution.

Temperature/time conditions that allow precipitation of chromium-carbide
phases at the grain boundaries may occur near the weld margins in austenitic

stainless steel alloys such as 304. Transformation of the chromium-depleted
austenitic stainless steel near the grain boundary to ferritic phase then
sensitizes the grain boundaries to corrosion. Based on the apparent corrosion

occurring in the 304 stainless steel HBR/BF-85 Cycle I vessel, it was decided
to fabricate new vessels using 304L stainless steel for Cycle 2. Less of a

tendency for such intergranular corrosion should occur with the lower carbon

content 304L stainless steel. Data from Cycles 2 and 3 (especially 9 9Tc data)

suggest that corrosion-induced effects comparable to those observed in the
Lrn HBR/BF-85 Cycle 1 test did not occur with the 304L stainless steel vessels.
CO

3.2.3 Uranium Quantities in Sample Types

The quantities of uranium measured in the various liquid sample types

are given in Table 3.1. The largest effect shown by these data is the much
greater apparent release from bare-fuel in comparison to that from fuel still
tightly confined in defected cladding. Much of the difference comes from the

q" uranium measured in the rinse and strip samples in the bare-fuel tests that,

01 as previously discussed in Section 3.1.3, are of questionable significance,
since the portion Qf precipitated secondary uranium phases undissolved in the
rinse solutions and the quantity of previously undissolved fuel fines dis-
solved in the strip solutions are not known. There was no evidence that

grains of undissolved fuel or significant amounts of nuclide-containing

secondary-phase particles were contained in the rinse or strip solutions from

the three clad-specimen tests. Another observation on the bare-fuel rinse and

strip sample data is that a greater portion of the measured uranium in these
samples was contained in the rinse samples at 250C in comparison to the 85°C
tests. This correlation was also noted for the other actinides. This effect

is explained by the hypothesis that actinides precipitated from the 85 0C tests
transformed to more stable crystalline phases exhibiting lower solubility in

the rinse solution versus the 25CC test where less secondary-phase formation

occurred, and the phases that.did form may not have completely transformed to
the more stable mineral states.
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TABLE3.1,. Quantities of Uranium Measured in Samples (pg)

HBR/BF-25 TP/BFlBL HBR/BF-5 HBR/SOI-85 HBR/H "-85 HBR/UD-85
cycle 1
Periodic Samples
Final Solution

[U (ppm)]
Rinse
Acid Strip
Cycle Tgt al

+ 10-o Inv.

% in Solution

cycle 2
Periodic Samples
Final Solution

[U (ppm)]
Rinse
Acid Strip
Cycle Tgtal

+10-• Inv.

% in Solution

Cycle 3
Periodic Samples
Final Solution

[U (ppm)]
Rinse
Acid Strip
Cycle Tgt al

+ I0-u Inv.% in Solution

485
57.5
(0.23)

396
405

1343
1.86

40.4

76.9
70.0
(0.28)

576
159
882

1.24
16.7

15.8
95.0
(0.38)

660
24.9

769
1.13

13.9

263
82.5
(0.33)

108
6330
6784

9.35
5.1

29.6
32.5
(0.13)
66

810
938

1.31
6.6

10.8
47.5
(0.19)
78

480
616

0.87
9.5

643
5.5

(0.02)
330

4950
5928

8.75
10.9

90.0
30.0
(0.12)
78

1860
2058

3.09
5.8

9.5
45.0
(0.18)
84

(a)
(a)
(a)
(a)

2.02
2.50

(0.010)
<0.6
30
35.1
0.05

12.9

0.26
2.25

(0.009)
4.2
3.9

10.6
0.015

23.7

2.25
(0.009)

1.30
1.75

(0.007)
66

4.8
74
0.11
4.1

0.32
2.00

(0.008)
2.4
3.3
8.0
0.012

28.9

2.25
(0.009)

1.21
3.25
(0.013)

0.6
2.4
7.5
0.01

59.8

0.29
2.00

(0.008)
3.6
3.6
9.5
0.013

24.1

2.00
(0.008)

17 (b)0.023(b)

1Sum of Cycles 1.-2 & 3

SCycle Totals 3021 83138 >8125 45. 7(b) 0.8 2 (b)
+ 105 Inv. 4.23 11.53 >12.04 0.063 0b 0.12(b

(a)

(b)
NOTE:

Cycle 3 HBR/BF-85 acid
particles.
Cycles 1 and 2 only.

strip appears to have been contaminated by fuel

Periodic samples, final solution and bare fuel rinse values are based on
O.4-pnm filtered data. Other values are based on unfiltered data.
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The acid strip solution from Cycle.3 of the HBR/BF-85 test in particular

was anomalous in its high nuclide content. On first analysis, 18.3 mg of

uranium were indicated as being dissolved in this solution. A second aliquot
taken and analyzed a few weeks later indicated that 116 mg of uranium had dis-

solved in this solution. Since the average bare-fuel particle in the test
weighed 100 to 200 mg, it appears likely that one of these particles was left
in the vessel when it was acid-stripped and was not yet completely dissolved
when the first aliquot was taken for analysis.

3.3 SECONDARY PHASE CHARACTERIZATION

After removing the rinse solution sample for analysis, the remaining
rinse solution was stirred to get settled particles temporarily into suspen-

sion and then filtered through a 0.4-pm filter. The weights of solid residues
0 collected on the filters are given in Table 3.2 along with identification of

the filters that were examined by SEM and XRD. The SEM examination included
won energy dispersive X-ray (EDX) analysis of observed particles and residues.

The most abundant phase observed on rinse filters from the bare-fuel tests was
individual grains or small particles of fuel. Grains at the fuel particle
surfaces were apparently loosened as a result of grain boundary dissolution

IV during the tests and removed by the rinsing procedure.

Quantities of acicular crystalline phases (Figure 3.5) indicated by EDX
analyses to have a calcium-uranium-silicate composition were observed on rinse

o filters from Cycles I and 2 of the TP/BF-85 test and on the rinse filter from

6. Cycle 2 of the HBR/BF-85 test. Flakes of material indicated as having dif-

ferent calcium-uranium-silicate composition richer in silicon (Figure 3.6)

TABLE 3.2. Residues Collected on Rinse Filters (mg)

Cycle HBR/BF-25 TP/BF-85 HBR/BF-85 HBR/SD-85 HBR/HD-85 HBR/UD-85

1 6.1 1O.Os,x 8.8s 0.4 0.8 1.2s
2 4.7s 20.8s,x 11.5s,x 1.2 0.7 1.9s

3 6.2 9.9 8.5

s = examined by SEN
x = examined by XRD
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FIGURE 3.5. SEM Photograph and EDX Spectrum of Calcium-Uranium-Silicate
Phase with Acicular Crystal Morphology on Rinse Filter from
TP/BF-85 Cycle 1 Test (SEM Neg. 3085).
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q0

FIGURE 3.6. SEM Photograph and EDX Spectrum of Calcium-Uranium-Silicate
Phase with Massive Flake Morphology on Rinse Filter from
TP/BF-85 Cycle 2 Test (SEM Neg. 2794)
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were also observed. The XRD patterns from these three rinse filters were

extensively compared with reference Joint Committee on Powder Diffraction

Standards (JCPDS) powder diffraction patterns for identification of possible

uranium-containing secondary phases. Indexing data for lines identified in

the XRD patterns by the diffractometer computer are tabulated in Appendix C.

Confirmed and other possible uranium phases indicated by the XRD data are

identified in Table 3.3. The acicular crystalline phase shown in Figure 3.5

is most likely uranophane and the higher silicon content phase shown in

Figure 3.6 is likely a haiweelte phase.

The XRD pattern obtained from a piece of the HBR/BF-85 Cycle 2 rinse

filter is shown in Figure 3.7 with reference stick patterns for uranophane and

U02 . The UO2 lines are identified by a "U" and the uranophane lines by a "UP"

o in the sample pattern, providing an excellent match for all but one of the

0O, significant lines. The weak low-angle line identified as "H" was best matched

T^' by the 100% intensity 002 line (d - 9.30 A) of the JCPDS No. 13-118 ranquilite
pattern and was next closely matched by the 100% intensity line (d = 9.26 A)

in the JCPDS No. 12-721 haiweeite pattern. The symbol "H" was given to this

low angle peak since ranquilite was renamed as haiweeite in the 1987 JCPDS
files, and three of the four "haiweeite" patterns in the 1987 files have their

1most intense peak near this location.

The XRD pattern from the TP/BF-85 Cycle 1 rinse filter shown in Fig-

ure 3.8 was the weakest of the three patterns. There are two strong non-U0 2

C3 lines in this pattern. The lower angle line identified as "H" is at the same

0%, position as the "H" line discussed above in the HBR/BF-85 Cycle 2 rinse filter

pattern and is most closely matched by the 002 line of the JCPDS No. 13-118

ranquilite pattern. The position of the higher angle non-U02 line corresponds

to a lattice spacing of d = 3.36 A. Possible matches for this line are the

30% intensity 042 line of the JCPDS 13-118 ranquilite pattern and the 80%

intensity 220 line in the JCPDS 26-1392 soddyite pattern, both with

d - 3.34 A. Another possible match is the 100% intensity line at d = 3.38 A

in the JCPDS 17-462 calcium-ursilite pattern. Major lines in all of these

patterns are, however, missing from the sample pattern. A possible explana-

tion for the missing lines would be preferred orientation on the filter
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IABL L3.3. Probable Phases Indicated by XRD on Bare-Fuel Rinse Filters

Uraninite
Uranophane

Ranquilite(c)

Haiweette

Ursilite(c)

Soddyite

Chemical Formula

U02
CaO.2UO3,2SiO2o6H20
1.5CaO.2UO3,5SiO 2 *12H20
CaO.2UO3,6S1O2.5H2 0

2CaO.2UO3,5S1O2 .9H 20
2UO3 .SiO 2 ,2H20

JCPDS No. (a)

5-5501

8-442i

13-1181

12 -72 10

17-4620

26-1392*

C
C

L
P

P

P

Status(b)

(a)
(b)
(c)

JCPDS data quality ratings: * - Best, I - Intermediate, o =Low.
C - Confirmed, L = Likely, P = Possible.
Renamed as haiweeite in the 1987 JCPDS files.

HBR/BF-85 Cycle 2 Rinse Filter XRD Pattern

0 1-4, A11J 4J4I~
S U0, I

5.0 E.Gs 2e 0.W 0 -03.0

38802-031.33

EfliURL~LZ. XRD Pattern of Rinse Filter from HBR/BF-85 Cycle 2 Test.
(UP = Uranophane, U - U02, and H = Haiweeite.)
(Neg. 90032144-14)
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TP/BF-85 Cycle 1 Rinse Filter XRD Pattern

m I m IA

~U = UU 2H = Haiweelte
H UP = UranophaneH S = Soddyite

H S C=Calchte
H U

Cr UP C U U
UP / \ýU U U
I U

5.0 20.0 35.0 50.0 65.0 80.0
Degrees 28

N 38802-031.27

FIGURE 3.8. XRD Pattern of Rinse Filter from TP/BF-85 Cycle 1 Test (U02
lines are identified as "U" and a haiweeite line as "H. The
"HS" line may be haiweeite and/or soddyite.)'

la .(Neg. 90032144-16)

sample. The higher angle line has tentatively been labeled "H" and "S"
because it could result from one of the "haiweeite" phases, soddyite, or some

combination of these phases. Soddyite formation in this test would correlate
0" with the lower solution calcium concentrations measured (1.1 pg/mL) and may

explain why uranium concentrations stabilized at higherlevels than in Cycles

2 and 3. A weaker non-U0 2 line identified at d = 3.121 A could be a haiweeite
or calcite line. The location of possible uranophane lines too weak for

identification by the diffractometer computer are also shown.

The XRD pattern from the TP/BF-85 Cycle 2 rinse filter' is shown In Fig-

ure 3.9. The Same low angle "haiweeite" line observed in the HBR/BF-85
Cycle 2 and TP/BF-85 Cycle 1 rinse filters is present. Three other weak lines

marked "H" correspond to line positions in the JCPDS 13-118 ranquilite pat-

tern. Most of the remaining significant lines appear to be from uranophane or
U02. In general, the XRD evidence for haiweeite formation in the 850C

bare-fuel tests is not as convincing as that for uranophane.
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TP/BF-85 Cycle 2 Rinse Filter XRD Pattern

i

ec

5. 0

5.0

"Haiweelte"
lRanquffitel

4-2- Ila

, 20.0 35.b 06.0 65.0 80.0

Urenophane
8- 442

I 20.0 36.0 50.0 65.0 .

Degrees 20 38802-031.30

FIGURE 3.9. XRD Pattern of Rinse Filter from TP/BF-85 Cycle 2 Test.
(U02 lines are identified as "U", uranophane lines as
"UP," and haiweelte lines tentatively as "H." JCPDS
patterns for uranophane and the "haiweelte" mineral
ranquilite are shown below.). (Neg. 90032144-13)

C) Other phases such as calcite, dolomite, and SiO2 (possibly as amorphous
gel) also appear to be likely in all the rinse filters based on the SEM data

and probably account for most of the rinse filter residue mass in the three

clad fuel-specimen tests. White scale formation at the waterline was noted in

all of the 85 0 C tests at cycle termination. No waterline scale formation was

observed in the HBR/BF-25 test. As indicated by the solution chemistry data

tabulated in Appendix B, significant drops in calcium, magnesium, silicon, and

HCO 3 concentrations occurred in the five 850C tests but not in the HBR/BF-25

test.

Formation of the secondary phases dolomite, calcite, quartz, haiweeite,

and soddyite during spent-fuel dissolution in J-13 well water has been
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predicted by the EQ3/6 geochemical model.( 14 ) Thermodynamic properties.of

uranophane need yet to be determined for addition to the EQ3/6 database.
There was no evidence in the examined rinse filters of schoepite (U03 .2H20)

formation, which is predicted to occur eventually as fuel dissolution pro-
gresses. Further depletion of silicon concentration followed by increasing
uranium concentration (expected prior to schoepite formation) was not
observed. The observed uranium concentrations, solution chemistry data, and
secondary-phase formation data are relatively consistent with EQ3/6 predic-
tions. However, the solids characterizations data to date are considered

limited. In particular, phases containing other important nuclide elements
such as plutonium, americium, and curium, which either did not dissolve or
dropped out of solution, have not been confirmed or identified.

. 3.4 PLUTONIUM

Plutonium isotopes account for about 45% of the ORIGEN-2 calculated

- activity of spent fuel at 1,000 yr and about 90% of the activity at 10,000 yr.
Plutonium is thought to be in solid solution at a concentration on the order
of 1% in the spent fuel U02 matrix phase. The principal isotopes accounting
for most of the postcontainment period plutonium alpha activity are 239pu
(24,000-yr half-life) and 240 (6,570-yr half-life) that, because of their
very similar alpha decay energies, are measured together as 239+240pu

IN3 activity. In the relatively young spent fuel used in the current testing,

CD 2 4 1Pu (14.4-yr half-life) accounts for about 92% of the total actinide

0% 'activity and about 22% of the total actinide plus fission product activity.

Activities of 2 3 9+240 Pu measured in 0.4-pm filtered solution samples are
plotted in Figure 3.10. During Cycle I of the bare-fuel tests, plutonium
rapidly reached maximum activities and then dropped out of solution, with the
greatest decreases in activity occurring in the 85°C tests. Relatively stable

steady-state activities on the order of 100 pCi/mL (-I ppb or 10-8.4 M pluto-
nium) were measured at 250C in Cycles 2 and 3 of the bare-fuel tests versus
much lower activities on the order of I pCi/mL (-0.01 ppb or 10'4 M pluto-
nium) measured at 85°C. Lower actinide activities in solution at 85°C are

attributed to faster kinetics for formation of solubility-limiting secondary
phases at the higher temperature. Even lower activities ranging from about
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t FIGURE 3.10. Activity of 23 9 24 0 Pu in 0.4-pm Filtered Solution Samples

0.1 to I pCi/mL, which were not much above the 23 9+2 40Pu detection limit, were

measured in the 85 0C tests using fuel in defected cladding and undefected

q" cladding.

0, The 0.4-pm filtered 23 9 +2 40 Pu solution sample data from the-Series 3

IN bare-fuel tests are compared to that from the Series 2 bare-fuel-.tests in

o Figure 3.11. The effects of sealed stainless steel versus unsealed silica

vessels are relatively small compared to the effect of temperature. Activi-

ties measured near the end of each cycle of three 250C bare-fuel tests ranged

from about 900 pCi/mL (10-7.4 M plutonium) in.Cycle I of the Series 3 test

down to about 30 pCi/mL (10-8.9 M plutonium) in Cycle 2 of the HBR Series 2

test. These results agree very well with those reported by Rai and Ryan( 1 5 ),

who measured the solubility of PuO2 and hydrous PuO2 .xH 20 in deionized water

suspensions aged for up to 1,300 d at 25°C. At a pH of 8, which was the

extrapolated lower limit of their data and the approximate pH in the Series 2

and 3 tests, they report that plutonium concentration ranged from about
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0% Days Days Days

38802-031.4

I FUIRE3,11. CompariaLn of 23 9+2 40 Pu Activities Measured in 0.4-pm Filtered
Samples from the Three Series 3 and Two Series 2 Bare-Fuel Tests

10.7.4 M, where amorphous PuO2 .xH 20 was thought to be controlling concentra-

q" tion, down to about 10-9 M, where aging to a more crystalline PuO2 was thought
-2o

O". to reduce Pu concentration. Samples were 0.015 pm or 18-A filtered.

The effect of sample filtration on 23 9+ 24OPu activities measured in

solution samples from the bare-fuel tests are shown in Figure 3.12. The

effect of 0.4-pm filtration was generally slight, except in Cycle 3 of the

85°C tests, where the effect diminished with time. The 18-A filtration was

conducted only through the 34-d Cycle 2 sample. Approximately 80% of the

activity in the later HBR/BF-25 Cycle I 0.4-pm filtered samples wa; retained

by the 18-A filters, with this percentage dropping to about 40% in Cycle 2.

The greatest filtration effect was observed during the HBR/BF-85 Cycle I test,

where 99.86% of the O. 4 -pm filtered activity'in the 119-d sample was retained

by the 18 A filter, which may be another anomaly of the vessel corrosion that

occurred in this test. Plutonium may have been adsorbed on a finely dispersed

iron-silica phase that formed in this test, floccules of which were shown in

Figure 3.3. An order of magnitude reduction in activity was also observed for
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FIGURE 3.12. Effects of Filtration on Measured 23 9+240 Pu Activity in

Solution Samples from the Bare-Fuel Tests

3.23



the initial 18-A filtered samples from the TP/BF-85 Cycle I test. Except as
noted, the effects of filtration on measured plutonium activities were in
general relatively small. The filtration effects were particularly small
during Cycle 2.

Although stable plutonium colloid formation in aqueous systems has been
well documented,( 1 5' 16 ) the filtration data do not strongly support colloid
formation as a primary factor contributing to solution plutonium content over

an extended period. The actual quantities of plutonium released by fuel dis-
solution during Cycles 2 and 3 were probably on the order of a few micrograms.
This relatively small amount of plutonium could have been incorporated in the
uranium secondary phases as they formed or may have been associated with other
phases that either precipitated or plated out of solution. The data given in

0X} Table 3.4 indicate that the majority of the plutonium was measbred in the acid
0strip samples. The greater quantities of plutonium in acid strip solutions
fv) from the 85WC bare-fuel tests relative to the 25°C test are probably indica-

- tive of a greater amqunt of fuel dissolution and actinide precipitation at the

higher temperature.

3.5 AERICIUM

At 1,000 yr, 2 4 1Am accounts for about half of the gross activity in

spent fuel. Americium-241 activity in spent fuel increases during the first
-100 yr after'discharge as a result of 241pu decay and then decreases byalpha

o decay (432-yr half-life) to 23 7Np. By 10,000 yr, the only remaining sig-

nificant americium isotope is 24 3Am, which accounts for -3% (including a

short-lived 23 9Np daughter)-of the gross 10,000-yr activity. Americium
concentration in the spent fuel matrix phase is -6 x 104 g per g of fuel,
which is thought to be in solid solution with the matrix phase.

Activity of 24 1Am measured in 0.4-pm filtered solution samples Is
plotted in Figure 3.13. The effect of temperature on americium activity in
solution Is even greater than with plutonium. Relatively stable steady-state
241Am activities on the order of 100 pCi/mL were measured during Cycles 2
and 3 of the 25°C bare-fuel test, which is about the activity level measured
for 23 9+240 Pu in this test. Activity levels during Cycles 2 and 3 of the 850C
bare-fuel tests dropped to an approximate range of about, 0.1 to 0.5 pCi/mL,
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TABLE 3.4. Quantities of 23 9+2 40Pu Measured in Samples (nCi)

HBR/BF-25 TPLBE-85 HBR/Fl85 HBRLSIL8 HBR/BD85 HBR/U-85
Cycle 1
Periodic Samples 629 57.1 580 <0.078 <0.022 <0.038
Final Solution 229 1.01 1.7 0.034 <0.056 -0.05

[Pu (pg/mL)] (9660) (43.2) (71.4) (1.43) (<2.4) (-2)
Rinse 188 24.3 97 0.081 0.01 -0.6
Acid Strip 1527 3554 5392 37.3 6.0 7.8
Cycle Total 2573 3636 6071 37.5 6.0 8.0

+ 10-5 Inv. 4.01 6.04 10.11 0.059 0.01 0.013
% in Solution 33.3 1.60 9.6 0.03 <1.2 -1

Cycle 2
Periodic Samples 11.2 0.22 0.46 -0.01 ....
Final Solution 17.7 0.16 0.43 0.045 <0.02 0.135

[Pu (pg/mL)] (747) (6.7) (18.1) (1.90) (<1) (5.7)
Rinse 216 17.0 33.5 0.054 0.08 0.054
Acid Strip 430 1224 1581 6.76 2.4 7.30

0' Cycle Total 675 1242 1615 6.87 2.5 7.49
+ 10-5 Inv. 1.07 2.09 2.74 0.011 0.004 0.012

0. % in Solution 4.3 0.03 0.05 0.79 -- >1.8

r') Cycle 3

- Periodic Samples 3.24 0.05 0.06 -- --.

Final Solution 16.1 0.20 0.26 0.022 0.022 0.022
[Pu (pg/mL)] (681) (8.6) (11.0) (0.95) (0.95) (0.95)

Rinse 233 30.8 26.5 ......
Acid Strip 511 819 (a) ......
Cycle Tgtal 573 850 (a) ......

+ 10- Inv. 1.21 1.44 (a) .... --

0% % in Solution 2.6 0.03 (a) ......

Sum of Cycles 1. 2 & 3
E Cycle Totals 4000 5728 >7713 44.3(b) 9.1(b) 15 4(a)

+ 10-5 Inv. 6.29 9.57 >12.89 0.07( 0 . 02(b) 0 025(a)

(a) Cycle 3 HBR/BF-85 acid strip appears to have been contaminated by fuel
particles.

(b) Cycles I and 2 only.
NOTE: Periodic samples, final solution and bare fuel rinse values are based on0.4-pm filtered data. Other values are based on unfiltered data.
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FIGURE 3,13. Activity of 2 41Am Measured in 0.4-pm Filtered Solution Samples

which was barely above the detection limit. Except for Cycle 1 of the slit-
defect test, 24 1Am activities were generally below detection in the slit-

defect, hole-defects, and undefected clad fuel tests. Activity in the

slit-defect test reached a maximum value of 31 pCi/mL in the 119-d Cycle

sample. Most of this activity was apparently present in solution as fine
suspended particles since the 18-A filtered activity increased only to a

C• barely detectable 0.45 pCi/mL during Cycle I of this test.

The 0.4-pm filtered 24 1Am solution sample data from the Series 3 bare-
fuel tests are compared to that from the Series 2 bare-fuel tests in Fig-
ure 3.14. As with the plutonium data, these-data show very little effect of
sealed stainless steel versus unsealed silica vessels on the 250C americium

activity. However, the effect of temperature is again clearly shown.

Although relatively stable steady-state activities appeared to be established

during individual test cycles at 250C, these activity levels varied from about
2,000 pCi/mL at the end of Cycle I of the Series 3 test down to 11 pCi/mL at
the end of Cycle 2 of the Series 2 HBR test. Excluding the Cycle 1 data and
the Series 2 Cycle 2 HBR data, the 25°C activities tended to stabilize at
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FIGURE 3.14. Comparison of 24 1Am Activities Measured in 0.4-um Filtered
Samples from the Three Series 3 and Two Series 2 Bare-Fuel Tests

levels on the order of 100 pCi/mL, which corresponds to an americium concen-
tration of 109.8 M. The 850C activities during Cycles 2 and 3 tended to
stabilize at more consistent levels around 0.2 pCi/mL, corresponding to an

americium concentration of I0- 12 . 5 M.

The effects of filtration on 24 1Am activity measured in solution samples

are shown in Figure 3.15 for the bare-fuel tests. The effects of 0.4-pm fil-
tration were small in the 25°C test. However, only a few percent of the

0.4-pm filtered activity was passed by the 18-4 filters in the 250 C test, sug-

gesting that 24 1Am may have been associated with a colloidal phase at 25WC.

The generally much lower 24 1Am activities reached in all filter fractions at

850C suggest that a different mechanism may be controlling americium concen-

trations in the 850C tests. Americium association with a colloidal phase is

also suggested for Cycle 1 of the HBR/BF-85 test in which vessel corrosion

anomalies were indicated. Differences between unfiltered and 0.4-pm filtered

data in the other 850C test cycles could indicate formation of low-density

suspended floccules or gel structures.
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The data for quantities of 2 4 1Am activity measured in the various liquid
sample types tabulated in Table 3.5 are somewhat similar in appearance to the
data for uranium and 2 39 +240 Pu. Greater 241Am activity was measured in
periodic, final solution, and rinse solution samples from the HBR/BF-25 test
than in the same samples from the W5°C bare-fuel tests. Lower actinide con-
centrations in solutionat 850C are attributed primarily to kinetic factors
involved in the nucleation and precipitation of stable secondary phases or
colloids. The amount of 241Am measured in the HBR/BF-85 Cycle 1 acid strip
(15,811 nCi, the largest quantity of 24 1Am measured) corresponds to only -5 jg
of americium (the americium content of -9 mg of fuel). Due to the small quan-
tities involved, separation and characterization of secondary phases contain-
ing americium in a high concentration would be difficult. If americium is
contained in dilute concentration in the more abundant uranium secondary
phases, it may be possible to measure 241Am activity in these phases, if they

C)> can be separated. The 102 nCi of 24 1Am measured in the HBR/SD-85 Cycle 1 acid
1Wr strip indicates that some precipitation or plate-out did occur in response to
-- the increasing 2 4 1Am activity observed in unfiltered and 0.4-pm samples in

Cycle 1 of this test.

3.6 £LURIUM

0% Curium-244 is one of the five principal alpha-emitting nuclides (along
with 241Am, 23 8Pu, 239Pu, and 240Pu) in the spent fuel specimens tested. One

other high-activity actinide isotope in young spent fuel is 24 1Pu, which beta-
C) decays with a 14.4-yr half-life to 24 1Am. Of these six principal actinidenuclides occurring in young spent fuel, 24 4Cm is the second shortest lived,

decaying with a 18.1-yr half-life to 24 0Pu. (Plutonium-238 is the next
shortest lived, decaying with a 88-yr half-life to 23 4 U.) After 2 44 Cm has
decayed out, the alpha activity contributed by other curium isotopes is minor
in comparison to that contributed by americium and plutonium decay. The
curium concentration (93% 24 4 Cm) in the spent fuel specimens was about
2 x 10-5 g/g of fuel.

The activity of 24 4Cm measured in O.4-pm filtered solution samples is
plotted in Figure 3.16. The 0.4-pm filtered 24 4 Cm data from the bare-fuel
tests are compared to those from the two Series 2 bare-fuel tests in
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IABLE 3.5. Quantities of 24 1Am Measured in Samples (nCi)

HBR/BF-25 TP/BF-85 HBR/BF-85 HBR/SD-85 HBR/HD-85 HBR/UD-85
Cycle 1

Periodic Samples 1241 114.0 926 <0.88 <0.05 <0.06
Final Solution 492 0.10 13.72 4.62 <0.034 <0.034

[Am (pg/mL)] (724) (0.15) (5.5) (6.8) (<0.05) (<0.05)
Rinse 243 47.0 151 0.19 0.14 0.19
Acid Strip 8365 9757 15811 102 5.0 3.5
Cycle Tgtal 10341 9918 16892 107 5.2 3.8+ 10- Inv. 6.78 7.68 11.83 0.071 0.004 0.003
% in Solution 16.8 1.15 5.5 5.1 <1.6 <2.4

Cycle 2
Periodic Samples 10.2 0.104 0.27 <0.027 <0.032 <0.013
Final Solution 38.7 0.068 0.11 <0.034 <0.034 <0.034

[Am (pg/mL)] (57) (0.10) (0.17) (<0.05) (<0.05) (<0.05)
Rinse 239 28..6 63.8 0.24 0.16 0.16
Acid Strip 2027 2784 4608 2.84 2.43 2.7
Cycle Tgtal 2315 2813 4672 3.14 2.66 2.9

0 + 10- Inv. 1.54 2.21 3.32 0.002 0.002 0.002
% in Solution 2.1 0.006 0.008 <2 <2.5 <1.6

Cycle 3

Periodic Samples -3.42 0.016 0.015 -- --
Final Solution 22.0 0.034 0.045 <0.02 <0.022 <0.022

[Am (pg/mL)] (32) (0.05) (0.07) (<0.03) (<0.03) (<0.03)
Rinse 319 61.1 62.7 ......
Acid Strip 1635 1811 (a) .... --

Cycle*Total 1979 1872 (a) ......
+ 10-5 Inv. 1.34 1.48 (a) .....

% in Solution 1.3 0.003' (a) ......

N Sum of Cycles 1. 24& 3

& Cycle Totals 14635 14602 <21627 110 (b) 7. 8 (b)
+ 10-5 Inv. 9.66 11.37 >15.20 0 . 0 73 (b) 0 006 (b) 67(b)

(a) Cycle 3 HBR/BF-85 acid strip appears to have been contaminated by fuel particles.
(b) Cycles I and 2 only.
NOTE: Periodic samples, final solution and bare fuel rinse values are based:on

0.4-pm filtered data. Other values are based on unfiltered data.
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Figure 3.17. The effects of filtration on 244 Cm measured in solution samples

from the bare-fuel tests are shown in Figure 3.18. Quantities of 2 44 Cm mea-

sured In different liquid sample types are tabulated in Table 3.6. In terms

of activity levels, the 24 4Cm data are quite similar in appearance to the

Am data. However, equivalent 2 44 Cm activities correspond.to much lower

concentrations in comparison to 24 1Am. During Cycles,2 and 3 of the 250C

bare-fuel tests, 24 4 Cm activity tended to stabilize at levels on the order'of
T100 pCi/mL, corresponding to a curium concentration of about 10- 11. I. At

85WC, 24 4Cm activity dropped to about 0.1 pCi/mL,* corresponding to a.curium

concentration of about 10 14.3 M.

During the HBR/SD-85 Cycle 1 test, the 0.4-pm filtered 2 44 Cm activity

peaked in the 119-d sample at about 28 pCi/mL and then dropped to about

0.3 pCi/mL by the end of Cycle 1. The 0.4-pm filtered 24 1m activity simi-

larly increased during this test but showed much less drop after the 119-d

sample. However, the 18-A filtered activities for both 24Am and CM
remained below 0.5 pCi/mL during all of Cycle 1, suggesting that americium and
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FIGURE 3L17. Comparl.on of 2 44 Cm Activities Measured in 0.4-pm Filtered
Samples from the Three Series 3 and Two Series 2 Bare-Fuel
Tests

curium may have been associated with separate finely suspended phases since
qonly 24 4 Cm dropped out in the 0.4-pm filtered-samples. In most other

respects., the 24 4 Cm data were remarkably similar to the 241 A data.

C3.7 NEPTUNIUM

0% The primary neptunium isotope of concern for repository storage of spent

fuel is 2 3 7Np. Concentration of neptunium in spent fuel is about

4 x 10-4 g/g of fuel and, at this low concentration, likely remains in solid

solution with the fuel matrix phase. With a 2,140,000-yr half-life, Np

activity is initially relatively low (about 0.24 pCi/g in the test specimens)

but increases with time for several thousand years as the product of 241Am

decay (432-yr half-life). At 1,000 yr, 237Np activity increases to about
I pCi/g and accounts for about 0.06% of the total Ci activity in spent fuel.

At 10,000 yr, 23 7Np accounts for about 0.25% of total activity of spent fuel.

Neptunium-239 represents a larger fraction of the spent fuel total activity

(-0.9 % at 1,000 yr and -1.4% at 10,000 yr). However, 239 Np, with its short
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TABLE 3.6. Quantities of 2 44 Cm Measured in Samples (nCi)

HBR/BF-25 TP/BF-85 HBR/BF-85 HBR/SD-85 HBRAHD-85 HBR/UD-85
Cycle 1

Periodic Samples 1272 97.9 911 0.81 <0.02 <0.03
Final Solution 512 0.225 3.49 0.068 <0.034 <0.03

[Cm (pg/mL)] (26) (0.012) (0.18) (0.003) (<0.002) (<0.002)
Rinse 243 29.5 134 0.11 0.054 --

Acid Strip 9095 7622 15541 99 4.2 2.8
Cycle Tgtal 11122 7949 16589 100 4.3 2.9

+ 10- Inv. 10.08 9.15 16.06 0.091 0.004 0.003
% in Solution 16.0 1.27 5.5 0.88 <1.2 <1.7

Cycle 2

Periodic Samples 11.5 0.138 0.29 <0.007 --

Final Solution 53.8 0.034 0.068 <0.023 <0.023
[Cm (pg/mL)] (2.8) (0.002) (0.003) (<0.001) -- (<0.001)

Rinse 189 22.2 63 0.054 0.1 0.054
Acid Strip 2284 2162 4324 2.84 1.8 2.57
Cycle Tgtal 2538 2184 4388 2.92 1.9 2.64+ 10- Inv. 2.34 2.62 4.32 0.0027 -0.002 0.0024

0 % in Solution 2.6 0.008 0.008 <1 <0.85

Cycle 3

- Periodic Samples 5.5 0.009 0.010 --...
Final Solution 31.0 <0.023 0.034 0.11 0.13 0.146

[Cm (pg/mL)] (1.6) (<0.001) (0.002) (0.006) (0.007) (0.008)
Rinse 273 42.2 52.7 ......
Acid Strip 1554 1239 (a) ......

q, Cycle Thtal 1863 1281 (a) ......
+ 10- Inv. 1.74 1.55 (a) ......

O1 % in Solution 2.0 <0.003 .(a)

Sum of C ycles 1, 2 & 3
z Cycle Totals 15524 11215 21030 10 2 (b) 6. 2 (b) 5 5 (b)

+ 10- Inv. 14.16 13.32 20.43 0.094 0.006( O.OOs5b)

(a) Cycle 3 HBR/BF-85 acid strip appears to have been contaminated by fuel
particles.

(b) Cycles I and 2 only.
NOTE: Periodic samples, final solution and bare fuel rinse values are based on

0.4-pm filtered data. Other values are based on unfiltered data.
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half-life (-2 d), is atransient state in the 2 43Am to 23 9Pu decay chain.
Although a small portion of the total activity, neptunium is of concern

because it has been predicted to be the most soluble of the alpha-emitting

actinides under NNWSI repository conditions( 17 ) and will be present for a very

long time.

Activities of 237 Np measured in 0.4-pm filtered samples from the three

bare-fuel tests are plotted in Figure 3.19. The effects of filtration on
2 3 7Np activity are shown"in Figure 3.20. Only data from the bare-fuel tests
are plotted, since 23 7Np activities were generally below detection in the
tests using clad fuel. After an initial apparent supersaturation in Cycle 1,23 7Np activity drops to a range of about 0.1 to 0.5 pCi/mL during Cycles 2

and 3. The solution activity data do not show a significant dependence on
temperature or filtration. Scatter in the data shown in Figures 3.19 and 3.20

0 is attributed primarily to counting statistics for the low activities being

measured. A 2 3 7Np activity of 0.2 pCi/mL, which is about the middle of the

range measured in Cycles 2 and 3, corresponds to a neptunium concentration of

1 2 3 7 Np In 0.4 pm Filtered Samples

10I I 1 I I ' I I I 1 1

qWCycle 1 Cycle 2 Cycle 3

°r%. 101"
HBRIBF-85

~~3 100 /U-8T5F8 -05IV
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FIGURE 3.19. Activity of 23 7Np Measured in 0.4-pm Filtered Solution Samples
from the-Bare-Fuel Tests
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about 10-8.9 M. The absense of significant effects of filtration on the

activities of 237Np measured in solution samples indicate that neptunium was

not present as colloids or suspended phases in these samples.

Quantities of 2 3 7Np measured in the various liquid sample types from the

bare-fuel tests are tabulated in Table 3.7. (Note that these data are

tabulated in pCi units whereas the 239 +2 40 Pu, 24 1Am, and 24 4 Cm data were tabu-

lated in nCi units.) As with the other actinides, it appears that neptunium-

containing secondary phases from the 25°C tests redissolved in the rinse

solutions to a greater extent than those from the 85°C tests. Generally

larger quantities of 23 7 Np in acid strip solutions at 85°C is consistent with

data for the other actinides suggesting greater fuel dissolution and subse-

quent removal of species from solution occurred at the higher temperature.

- The percentages of 23 7Np measured in solution samples are generally somewhat

- higher than for the other actinides and much higher than measured for
23 9 +24 0Pu, 2 4 1Am, and 24 4Cm in Cycles 2 and 3 of the 850C bare-fuel tests.

3.8 TECHNETIUM

Technetium-99, which beta-decays with a 213,000-yr half-life, accounts

for about 0.75% of the total activity of spent fuel at 1,000 yr and about 3%

of the activity at 10,000 yr. Technetium is expected to be soluble as TcO4
0in air-equilibrated water and may reach relatively high activities in water

N• that contacts substantially degraded fuel. Only 99Tc data from the bare-fuel

C tests are discussed in this report because 99 Tc activities in the other tests

co, were generally below the detection limit.

Activities of 9 9Tc measured in unfiltered samples from the three

Series 3 bare-fuel tests and the Series 2 HBR bare-fuel tests are plotted as a

linear plot in Figure 3.21. The most significant aspect of this data is that,

with the exception of Cycle I of the HBR/BF-85 test, the ggTc activity in

solution increases continuously with time and is not limited by solubility.

At the beginning of Cycle 1, there was a rapid release on the order of 0.01%

of the specimen inventory. In the TP/BF-85 test, the rapid release was fol-

lowed by a continuous release of about 5 x 10-6 of specimen inventory per day.

Most of the 99Tc initially released to solution in the HBR/BF-85 test dropped

out of solution following the 62-d sample, which was probably a result of
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TABLE 3.7 Quantities of 237Np Measured in Samples (pCi)

IIBR/BF-25 IP/BzFlL. JJBR/BFt.& HBR/SD-85 HBfR/HDlQ5 HBfR/UD-85.
Cycle 1

Periodic Samples
Final Solution

[Np (ppb)]
Rinse
Acid Strip
Cycle Tgt al

+ 10"- Inv.

% in Solution

Cycle 2

143
68
(0.38)

162
135
508

2.43
41.5

Periodic Samples
Final Solution

[Np (ppb)]
Rinse

CM Acid Strip
Cycle Tgtal

"- + 10- Inv.
% in Solution

~q.
Cycle 3

Periodic Samples
Final Solution

[Np (ppb)]
Rinse
Acid Strip
Cycle Tgtal

E 10-• Inv.
% in Solution

Sum of Cycles 1.

C) E Cycle Totals
+ 10-5 Inv.

36
45
(0.26)

189

81
351
1 .70

23.0

7.9
56.3
(0.32)

216
95

375
1.85

17.1

1234
5.97

163
203

(1.15)
<135
1243

<1744
<9.3

-21.0

<27
34
(0.19)

<54
500

<615
<3.4
-10

6.8
11.3
(0.06)
27

149
194

1.06
9.3

415
<68
(<0.32)

<135
1486

<2104
<10.7
-23

35
22.5
(0.13)

<54
662

<774
<4.0
-7.5

6.8
33.8
(0.20)

<27
(a)
(a)
(a)
(a)

For these tests 23 7Np activity
was below the detection limit.

<2553 2 9 4 5 (b)
<13.7 -15.1(b)

(a)

(b)
NOTE:

Cycle 3 HBR/BF-85 acid
particles.
Cycles 1 and 2 only.

strip appears to have been contaminated by fuel

Periodic samples, and final solution and rinse values are based on
0.4-pm filtered data.
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FIGURE 3.21. Technetium-99 Activities Measured in Unfiltered Samples from the
Series 3 Bare-Fuel Tests and the Series 2 HBR Bare-Fuel Test

reducing conditions caused by the vessel corrosion anomaly indicated to have

occurred in this test, and also correlates with the drop in uranium con-
centration observed in this test. There was an enhanced initial release from
this test In Cycle 2, which likely resulted from dissolution of technetium-

CD bearing phases (Tc0 2 , technetium adsorbed on precipitates, etc.) that pre-

cipitated during Cycle 1 and were not completely removed from the fuel surface

during the cycle termination rinsing procedure. The 9 9Tc continuous release
rate showed a significant dependence on temperature.

During Cycles 2 and 3, 9 9Tc was continuously released at a rate of about

2.5 x 10-6 of specimen inventory per day in both the HBR/BF-85 and TP/BF-85
tests. Continuous release rate during Cycle 2 of both the HBR/BF-25 and
HBR/BF-2-25 tests was about 5 x 10-7 of specimen inventoryper day. The con-

tinuous 9 9Tc release to solution with time is presumably the additive result

of congruent dissolution of the fuel matrix plus preferential release from
grain boundaries (or other phases) where technetium may be concentrated.

However, the relative contributions of these two sources of release could not
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.be determined. Technetium-99, which segregates from the fuel matrix during
irradiation, is known to combine with fission products molybdenum, ruthenium,
rhodium, and palladium forming finely dispersed "five metal" particles in the

fuel. These particles are very difficult to dissolve even in nitric acid and
may remain undissolved even during fuel reprocessing. Therefore, the mechan-
ism by which 99Tc would be preferentially released during dissolution tests in

water is uncertain.

Quantities of ggTc measured in the different sample types are tabulated
in Table 3.8. Except for the HBR/BF-85 Cycle 1 test, most of the measured

ggTc (>90%) was in solution. The ggTc fractional releases represented by the
Cycle Total values divided by 10-5 of specimen inventory were generally much
greater than those for the actinides, indicating either a large component of
preferential release of 99Tc or a large amount of actinide secondary phase
material unaccounted for in the rinse and strip samples. The 708 nCi of 99Tc
measured in solution in the TP/BF-85 Cycle I test would correspond to about

62 mg of congruent uranium dissolution if 99Tc were not preferentially releas-

ed. The fact that only about 6.8 mg of uranium was accounted for in the Cycle
Total value, and that only 10 mg of material was retained on the rinse filter

(most of which was undissolved fuel grains), implies that about 50 mg uranium
in secondary phase material was not accounted for in this test if 99Tc was not

preferentially released. By the same estimate, about 20 mg of secondary phase
uranium would have been missed in Cycle 2 of the TP/BF-85 test. That such
quantities of secondary phases remained attached to the fuel particle sur-
faces, or otherwise escaped observation, is unlikely but possible. These data

0support the hypothesis that preferential release from grain boundaries or

othersecondary fuel phases is likely a significant component of the 99Tc

release. Unfortunately, the data are not sufficient to derive quantitative
estimates of the relative fractions of 99Tc (or any other nuclide) release

originating from congruent matrix dissolution versus preferential dissolution.

By assuming that all of the 99 Tc measured in acid strip samples origi-

nates from previously undissolved fuel fines, one can estimate the portion of
other nuclides in the acid strip samples originating from previously undis-
solved fuel fines. The percentages of uranium, 23 9 +2 4 0 pu, 241Am, 2 3 7Np,
137Cs, and 90Sr in acid strip samples thereby calculated to have originated
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TABLE 3.8. Quantities of 99Tc Measured in Samples (nCi)

HTBP/-85 TP HBFR/F 5BR/BFl /SD-85 HBRLP5 HBIRUD-85
Cycle 1
Periodic Samples
Final Solution

[Tc (ppb)]
Rinse
Acid Strip
Cycle Tgtal

+ 10 Inv.
% in Solution

Cycle 2

Periodic Samples
Final Solution

[Tc (ppb)]
Rinse
Acid Strip
Cycle Tgtal

+ 10- Inv.
% in Solution

60.1
153

(36)
10.3
4.6

228
25.2
93.5

8.4
56.3

(13)
4.0

<1.4
70.1
7.9

-93

109
599

(141)
24
12.3

745
89.4
95.1

34.2
270

(63)
6.5
6.5

317
38.6
95.9

11.8
135

(32)
<54

5.4
158

19.4
93.1

54
<2

(<0.5)
22.4
24.3

103
12.2
54.6

78
372

(87)
11.9
10.1

471
56.5
95.3

19.4
248

(58)
10.8

(a)
278

33.7
>96

<2.4
<2.3

(<o.5)
<5.4
<2.7

<12.7
<1.4

<1.7
<2.3

(<0.5)
<12.2
<2.7

<18.9
<2.2

<1.5
<2.3

(<o.5)
<5.4
<2.7

<11.8
<1.3

In Cycles 2 and 3 these values
were below the detection limit.

tn

qq. Cycle 3
Periodic Samples 4.8
Final Solution 58.6

[Tc (ppb)]
Rinse <5.4
Acid Strip <2.7
Cycle Tgtal <71.5

+ 10- Inv. <8.1
% in Solution >88.7

Sum of Cycles 1. 2 & 3

CD E Cycle Total
+ I0-5 Inv.

370
41.2

1220 852
147.4 102.2

(a) Cycle 3 HBR/BF-85 acid strip appears to have been contaminated by fuel
particles.-

NOTE: Bare fuel test rinse samples were 0.4-pm filtered. All other values
are based on unfiltered data.
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from previously undissolved fuel fines are given in Table 3.9 for test cycles

in which significant 9 9 Tc values were measured in the acid strip samples. The

relatively high fraction of the uranium in the Cycle I HBR/BF-25 acid strip

sample attributed to previously undissolved fuel fines and is consistent with

the observation that very little uranium-bearing secondary phase material was

found in rinse filter residues from this test. The fact that the Table 3.9

values are not particularly high for the HBR/BF-85 Cycle 1 test indicates that
little of the 99Tc that dropped out of solution in this test remained attached

to the vessel components after the rinse procedure. An interesting result is

the portions of 137Cs and 90Sr measured in acid strip solutions that would

appear to originate from plate-out or precipitated secondary phases.

No 3.9 CESIUM

1 The fission product cesium nuclides, 134Cs (2.06-yr half-life) and 137 Cs

V(30.2-yr half-life), plus 137mBa (short-lived 13 7Cs daughter), account for

m about 38% of the total activity of the tested fuel and for a significant

portion of the decay heat during the thermal period. The longer lived 13 5Cs

nuclide (2,300,000-yr half-life) had a much lower inventory (0.3 pCi/g versus

6 x 104 pCi/g for 13 7Cs) and was not measured in the current tests. Cesium is

relatively mobile under temperature and oxygen potential conditions present in

the fuel during-irradiation due to its -670°C boiling point in the metallic

C TABLE 3.9. Percent Nuclide Fractions in Acid Strip Sample' Attributel,
to Previously Undissolved Fuel Fines Based on Tc Data aI

Test Cycle . 239+240pu 241 23N 137CS 90Sr.

HBR/BF-25 1 90.9 21.3 9.3 78.9 32.4 49.4

TP/BF-85 1 16.9 25.0 19.5 22.1 3.1 4.6
2 69.9 38.4 36.2 29.1 48.6 34.0

HBR/BF-85 1 39.3 31.9 25.9 37.8 8.9 15.7
2 43.4 45.3 36.9 35.3 42.8 8.9

(a) Assumes 100% of 9 9Tc measured in acid strip samples was from previously
undissolved fuel fines.
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state. As a result, the cesium inventory fraction in the gap may approach

that of fission gases xenon and krypton.

The 137Cs activities measured in 0.4-pm filtered solution samples are

plotted in Figure 3.22. Gap releases of 0.66% in the HBR/BF-25 test, 0.84% in

the HBR/BF-85 test, and 0.36% in the TP/BF-85 test were measured in the 1-d

Cycle I solution samples. The Cycle 2 bare-fuel releases were on the order

of a few percent of those measured in Cycle 1. Release from the HBR/HD-85

specimen was much slower than from the HBR/SD-85 and bare-fuel specimens, and

release of a portion of the 137Cs gap inventory from this specimen appears to

have been delayed into Cycle 2.

The O-ring In the end fittings of the HBR/UD-85 test specimen apparently

started leaking after the 14-d Cycle 2 sample. The O-ring seals in'this test

appear to have substantially failed during Cycle 3 with most of the initial

gap inventory being released during this cycle. The0O-ring failure was likely

a result of radiation exposure and simultaneous O-ring failure in the

HBR/HD-85 and HBR/SD-85 tests is likely. The O-ring failures did not appear

N*
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FIGURE 3.22. Activity of 137Cs in 0.4-pm Filtered Solution Samples

3.43



to be a significant factor in the delayed release of nuclides other than
13 7 Cs. The fact that the O-rings seals did not fail over two complete test

cycles in the Series 2 tests may be related to the lower 250C temperature of

these tests.

The quantities of 137Cs measured in the various sample types are tabu-

lated in Table 3.10. The total measured fractional releases for Cycles 1, 2,

and 3 from the HBR specimens were about 1% at 850C and about 0.8% at 259C.

The total measured fractional release for the TP specimen at 850C was about
0.5%. If the assumption is valid that all the 99Tc in the acid strip samples

originated from previously undissolved fuel fines, the Table 3.9 data suggest

that much of the 13 7 Cs in acid strip solutions (particularly in Cycle I of the

85°C tests) was associated with plate-out or other secondary phases. Cesium

€0 may have been adsorbed onto colloids or by silica gel that dropped from solu-

- tion in these tests. However, cesium association with any particular phase

has not been confirmed.

3.10 STRONTIUM

Strontium-90 beta-decays (28.6-yr half-life) to a short-lived 90Y daugh-

ter, which then beta-decays (64-hour half-life) to stable 90 Zr. Strontium-g0

plus 9 0 Y activity accounts for about 28% of the total activity of the specl-

mens tested and, along with 137Cs and its 137mBa daughter, account for a
IN substantial portion of the decay heat during the repository thermal period.

o'Analyses for 9 0 Sr were conducted on selected samples during Cycles 1 and

02 and on all Cycle 3 solution samples. Only unfiltered aliquots were analyzed

for g0 Sr, except for the Cycle 3 final solution samples from the bare-fuel

tests, where unfiltered and 0.4-pm filtered aliquots were also analyzed. No

significant differences were found between the unfiltered and the O. 4 -Mm fil-

tered results in the three samples on which both filter fractions were ana-

lyzed. The g0sr activities measured in the unfiltered samples are plotted in

Figure 3.23. Quantities of gSr measured in different sample types are given

in Table 3.11.

Strontium-90 was rapidly released to solution in Cycle 1 of the bare-

fuel tests but then appeared to saturate and drop out of solution. Solution
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TABLE 3.10. Quantities of 137Cs Measured in Samples (pCi)

HBR/BF-25 TP/BF-5 HBR/BF-85 HBR/SD-85 HBRAll8l HBR/UD-85
Cycle I
Periodic Samples 17718 8820 19908 15858 9019 1.1
Final Solution 21734 11712 27590 39640 31419 5.3

[Cs (ppb)] (2521) (1359) (3200) (4600) (3645) (0.6)
Rinse 1368 719 1084 381 473 1
Acid Strip 86 2446 1649 70 45 0.14
Cycle Tgtal 40906 23696 50230 55949 40956 7.6

+ 10- Inv. 745 459 977 1024 802 0.14
% in Solution 96.5 86.6 94.6 99.2 98.7 84.7

Cycle 2

Periodic Samples- 686 239 352 192 1966 8.6
Final Solution 1329 1239 1032 418 5709 367

[Cs (ppb)] (154) (144) (120) (48) (662) (42.6)
Rinse 128 55 56 78 130 36.2
Acid Strip 22 83 143 0.3 23 0.29
Cycle Tgtal 2166 1616 1582 688 7828 412

+ 10-0 Inv. 40.1 37.7 31.3 12.6 153 7.61
% in Solution 93.0 91.5 87.4 88.7 98.1 91.2

VCycle 3

- Periodic Samples 70 42 45 --
Final Solution 476 428 528 1227 698 12950

[Cs (ppb)] (55) (50) (61) (142) (81) (1502)
Rinse 64 32 26 -- -- --
Acid Strip 22 57 (a) -- -- --

Cycle Total 633 559 600 1227 698 12950+ 10-5 Inv. 11.9 11.1 12.0 23 13.7 240
C1 % in Solution 86.4 84.1 <95.6 -- -- --

Sum of Cycles 1. 2 & 3
E Cycle Totals 43704 25871 52412 57864 49482 13370+ 10-5 Inv. 797 501 1020 1059 969 248

(a) Cycle 3 HBR/BF-85 acid strip appears to have been contaminated by fuel
particles.

NOTE: Periodic samples, final solution and bare fuel rinse values are based on
0.4-pm filtered data. Other values are based on unfiltered data.
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1 FIGURE 3.23. Activity of 90Sr in Unfiltered Solution Samples

activities in the 174-d Cycle 1 samples from both the HBR/BF-85 and TP/BF-85
tests were only about 40% as high as measured in the 62-d samples. A signifi-

cant drop in . Sr activity also occurred during Cycle 2 of the HBR/BF-85 test.

That 90 Sr is controlled to a degree by secondary phases in these test cycles
is supported by the relatively small fraction of the 90Sr activity in the acid

0 strip samples calculated to have originated from previously undissolved fuel

fines (see Table 3.9). Strontium may be partially substituting for calcium in

secondary phases such as uranophane, haiweelte, calcite, or dolomite at con-

centrations below those that would have been detected during SEM-EDX examina-

tion of solid residues from these tests.

The calculated "fractional release" values for 90Sr (+ 10-5 Inv. values

in Table 3.11) were significantly greater than those for calculated for the

actinides, suggesting that 90Sr is preferentially released. The fractional

release values were particularly greater in the HBR/SD-85 test. Although

release was delayed in the HBR/SD-85 test, by the end of Cycle 1, the 90Sr

level in solution in this test was greater than that In the two 85CC bare-fuel
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TABLE 3.11. Quantities of 90Sr Measured in Samples (pCi)

HBR/BF-25 TP/BF-85 H.3BR flBHBR/SD.85 HIBR/Hfl85
Cycle I
Periodic Samples
Final Solution

[Sr (ppb)]
Rinse
Acid Strip
Cycle Total

+ 10-5 Inv.
% in Solution

254
1089
(56.4)
92
37

1472
41.0
91.3

C(4

Cycle 2

Periodic Samples
Final Solution 24

[Sr (ppb)] (I
Rinse 3
Acid Strip I
Cycle Tqtal 34

+ 10-0 Inv.
% in Solution

Cycle 3

Periodic Samples
Final Solution 1H

[Sr (ppb)] (I
Rinse
Acid Strip
Cycle Tgtal 2(

+ 10-0 Inv.
% in Solution I

Sum of Cycles 1. 2 & 3
E Cycle Total 20•

+ 10-5 Inv.

50
18
2.8)

p1.3
4.5
13
12.8
36.7

28.1
96
L0.2)
3.3

L5.7
63
7.5

35.2

7858.2

86
180

(9.4)
104

1116
1486

43.1
17.9

62
348
(18.1)
41
79

530
15.6
77.3

25
157
(8.1)
24
84

290
8.6

62.6

2307
67.3

51
441

(23)
119
615

1366
40.6
46.2

162
419
(21.7)
71

450
1102

33.3
52.8

28
153

(7.9)
23

(a)
205

6.2
>88.6

2673
80.1

56
707

(36)
22
48

834
23.3
91.5

15.5
22.8
(1.15)
2.03
0.72

40.5
1.13

93.2

8.9
(0.46)

>8.9
>0.25

883
24.7

2.3
8.7

(0.45)
13.9
1.1

26.0
0.78

42.3

1
8.67

(0.45)
1
5.77

16.5
0.49

58.9

18.2
(0.94)

>18.2
>0.55

HBR/UD-85

<0.05
0.33

(0.02)
0.22
0.135
0.725
0.02

-50

0.11
(0.006)
<0.27
<0.11
<0.49
<0.02

0.63
(0.033)

>0.63
>0.01

0
60.7

1.82
1.85

-0.03

(a) Cy~le 3 HBR/BF-85 acid strip appears to have been contaminated by fuel
particles.

NOTE: Bare fuel test rinse samples were 0.4-pm filtered. All other values
are based on unfiltered data.
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tests. Another indication that 9 0 Sr may be present as gap inventory, or

otherwise concentrated in the fuel so as to be available for preferential

release, Is that the inventory fractions in solution early In Cycle 1 of

HBR/BF-25 and HBR/BF-85 tests were significantly greater than that of g9Tc,

whose activity did not appear to be solubility limited. (This is shown in the

following chapter where fission inventory fractions In solution are compared

in the same plot.) Although the release and solubility control mechanisms are

not clear, 90 Sr appears to be initially released preferentially and then sub-

ject to some form of solution concentration control.

3.11 IODINE

Iodine-129 beta-decays with a 17,000,000-yr half-life to stable 129xe.

With an inventory of about 0.025 pCi/g of fuel (-30 Ci/l,O00 MTHM) in the

tested specimens, 1291 was the lowest activity nuclide measured and required

neutron activation analysis for its detection. Although 1291 has a relatively

low activity inventory in spent fuel, it is relatively soluble, may possibly

be mobile in the vapor phase as 12 (although the present data do not support

this), and has a potential for incorporation into the biosphere.

Iodine-129 analyses were made only on single mldcycle and final solution

samples from each cycle, plus the Cycle 1 acid strip and Cycle 3 rinse
o, samples. Only bare-fuel test, samples were analyzed for 12gI during Cycle 3.

Activities of 1291 measured in unfiltered solution samples are plotted in

C) Figure 3.24. Quantities of 12gI measured in the different sample types are

tabulated in Table 3.12. Since only one periodic solution sample from each
cycle was analyzed for 1291, the result of thls analysis was assumed for all

periodic 'samples in calculating the "periodic samples" values In Table 3.12.

The greatest 129I releases were observed in the two 850C bare-fuel tests and

Cycle I of the slit-defect test. Although the acid strip and rinse sample

data are limited, these data indicate that most of the 1291 was in solution.

Relatively large fractional releases of 129I of about 0.1%, 0.3%, and

0.4% were measured during Cycle I of the TP/BF-85, HBR/BF-85, and HBR/SD-85

tests, respectively. Such large releases probably result from dissolution of

a fission product phase formed in the gap. However, the mechanism and phases
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F IULRE3,24. Activities of.1291 Measured by Neutron Activation Analysis in
Unfiltered Solution Samples

involved would appear to be different than those involved in the gap release

•1" of 13 7 Cs. Cycle 1 fractional releases of 137Cs in these tests were 0.46% in

the TP/BF-85 test and about 1.0% in both the HBR/BF-85 and HBR/SD-85 tests.

The greatest difference, however, was temperature dependence, with only aboutI 0.076% of the 129 1 inventory versus 0.75% of the 137Cs inventory being
C0 released during Cycle 1 of the HBR/BF-25 test. Also, 129I release appeared to

be less rapid than that of 137 Cs, particularly in the HBR/BF-85 test where

most of the I release occurred between the interim 62-d sample and the
final 174-d sample. In the HBR/HD-85 test, about 0.8% of the 13 7Cs inventory

was released in Cycle 1, while only about 0.0044% of 129I inventory was

released in Cycles 1 and 2 combined. The .3 7Cs gap inventory appears to be

associated with more readily soluble phases that rapidly dissolve at 250C as

well as 850C, while 1291 may be associated with a phase that is only slowly

dissolved at the lower temperature. One possibility may be that fission

product iodine reacts with and penetrates the cladding inner surface from

which it is only slowly dissolved at 25 0C.
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TABLE 3.12. Quantities of 1291 Measured in Samples (pCi)

HBR/BF-25 TP/BF-85 HBR/BF-85 HBR/SD-85 HBR/HD-85 HBR/UD-85
Cycle 1

Periodic Samples(a) 62.1 615 290 1058 31.9 1.81
Final Solution 86.7 1522 6200 8375 49.8 27.75

[I (ppb)] (2.8) (49) (200) (270) (1.6) (0.9)
Rinse -- -- -- -- -- --
Acid Strip 25.8 75 64 4.8 1.2 0.02
Cycle Total 174.6 2212 6554 9438 82.9 29.58

+ 10-5 Inv. 7.65 107 306 415 3.9 1.31
% in Solution 85.2 96.6 99.0 99.9 98.6 99.9

Cycle 2

Periodic Samples(a) 2.9 121 88 5.6 1.5 --
Final Solution 3.7 467 430 32.2 10.0 8.48

[I (ppb)] (0.12) (15) (14) (1.0) (0.32 (0.3)
Rinse ...-- --.....
Acid Strip - - -- -- -- --
Cycle Total 6.6 589 518 37.8 11.5 8.48

04 + 105 Inv. 0.29 29 24.6 1.66 0.54 0.38
% in Solution -- -- --... ...

Cycle 3

Periodic Samples(a) 3.0 30 41
Final Solution 20.7 229 310

[I (ppb)] (0.67) (7.4) (10)
Rinse 8.0 8.9 7.3
Acid Strip --....
Cycle Total 31.7 267 358

+ 10-5 Inv. 1.43 13.2 17.2
% in Solution 74.6 96.7 98.0

Sum of Cycles 1. 2 & 3
C E Cycle Total 213 3069 7429 9 476(b) 94.4(b) 38. 1 (b)

+ 10-5 Inv. 9.4 149 348 4 17 (b) 4 .4(b) 1 . 7 (b)

(a) Activity in the single perlcdic sample analyzed for 1291 times total
volume of all periodic samples in the cycle.

(b) Cycles 1 and 2 only.
NOTE: Bare fuel test rinse samples were 0.4-ýpm filtered. All other values

are based on unfiltered data.
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During Cycles 2 and 3 of the HBR/BF-85 and TP/BF-85 tests, 1291 was con-

tinuously released at a rate of about 1.2 x 10-6 of inventory per day, which

is somewhat less (35 to 66%) than the continuous fractional release measured

for 9 9Tc in these test cycles and similar to or slightly greater than that

measured for 137 Cs. However, the 129I continuous release rates were much

lower than those of the other soluble fission products during Cycles 2 and 3

of the HBR/BF-25 test. Implications of these continuous release rates are

further discussed in the following chapter.

The 129I inventory fractions in solution at cycle termination are com-

pared for the Series 2 and Series 3 tests in Table 3.13. The purpose of this

comparison is to indicate if significant portions of the released 1291 escaped

in the vapor phase from the unsealed Series 2 vessels. If anything, these

Ln data show the reverse, with less 1291 in solution at 250C in the HBR/BF-25

test using a sealed stainless steel vessel than in the Series 2 tests using

unsealed silica vessels. The data do not provide evidence to support the

theory that 1291 may be released as 12 and transported in the vapor phase.

These data also again show the temperature dependence of 1291 release in the

Series 3 tests.

3.12 TIN-126
0% 126
Tin-126 beta-decays with a 100,000-yr half-life to Sb, which decays

with a 12.5-d half-life to stable 12 6Te. The 12 6Sn Inventory at about

C) 0.7 pCi/g of fuel (-770 Ci/1,000 MTHM) is the next lowest activity nuclide

after 1291 to be analyzed.

TABLE 3.13. 129I Inventory Fractions in Series 2 and Series 3
Final Solution Samples (parts per 100,000)

Cycle
Test 1 2 3 4

HBR/BF-2-25 8.2 5.4 5.4 3.2 2.6

TP/BF-2-25 22.4 8.5 5.5 4.7 2.6

HBR/BF-25 3.8 0.17 0.93

HBR/BF-85 290 20.4 14.9

TP/BF-85 73.5 22.9 11.3
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The activity of 126 Sn in solution samples was not plotted because of the

limited number of samples showing detectable activities. Significant 126 Sn

activities were measured in several solution samples and acid strip samples

from the bare-fuel tests. Quantities of 126Sn measured in samples from the

bare-fuel tests are tabulated in Table 3.14. Most of the significant 12 6Sn

measured was in the acid strip samples. The total fractional releases mea-

sured are slightly less than, but on the order of, those measured for the

actinides, suggesting that 126 Sn may have been congruently released with the

actinides. At less than 10-4 g/g fuel concentration in spent fuel, tin may

possibly be soluble in the matrix phase and congruently released as the matrix

dissolves. However, the current data are somewhat limited for support of such

a conclusion.

C3.13 CARBON-14

q" Carbon-14 (5730-yr half-life) is an activation product formed during

-irradiation by the (n,p) reaction on nitrogen impurities, and from the (n,a)

reaction on 17 0.0'8 ) ORIGEN calculations for 14C inventories in spent fuel

depend on assumed values for initial I 4 N impurity levels in the fuel and clad-

ding, which are not generally well known and may vary significantly between

individual fuel samples. Also, ORIGEN predictions of C inventory do not
include the possibility of the incorporation of 14C produced by (n,a) reaction

1% on 170 in the cooling water into exterior assembly and cladding surfaces.

o Carbon-14 was radiochemically measured on two fuel and cladding samples taken

¢v from the HBR C5 rod. The average of the two analyses gave 0.49 pCi/g for fuel

and 0.53 ,sCi/g for cladding. This level of 14 C corresponds to about

530 Ci/1,000 MTHM. Carbon-14 is of particular concern because it is mobile in

the vapor phase (18,19) as CO2 and in groundwater as HCO3 and has a high

potential for incorporation into the biosphere.

The 14 C activities measured in unfiltered solution samples are plotted

in Figure 3.25. The 10-5 inventory level shown in Figure 3.25 is based on the
14C results obtained for the HBR C5 rod samples that were analyzed for 14C

inventory. Quantities of 14 C measured in the different sample types are

tabulated in Table 3.15. Fractional release values (+ 10-5 Inv.) are not
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]ABLi 3.14. Quantities of 12 6Sn Measured in Samples (pCi)

HBR/BF-25 TP/BF-85 HBR/BF-85 HBR/SD-85 HBR/HD-85 HBR/UD-85
Cycle 1

Periodic Samples(a)
Final Solution[126Sn (pg/mL)]

Rinse
Acid Strip
Cycle Tgt al+ 10-0 Inv.

in Solution

Cycle 2

Periodic Samples(a)
Final6Solution12Sn (pg/mLl]

Rinse
Acid Strip
Cycle Tgt al+I0-o Inv.

Cycle 3

Periodic Samples(a)
Fina SoutionF 2Sn (pg/mL)]

Rinse
Acid Strip
Cycle Tgtal

+ 10-o Inv.

78.4
90.1

(12.7)
<135

365
<668

<1.15
-30

<34
(<4.8)

<162
162

<358
<0.63

<34
(<4.8)
<81
230

<345
<0.61

<68
(<9,5)

<135
2297

<2500
<4.78
-3

15
<68
(<9.5)

<135
1297

<1515
<2.94

6.8
<34
(<4.8)
<81
811

<932
<1.82

57
<56
(<7.9)

<135
1622

<1870
<3.44
-5

<68
(<9.5)

<135
1270

<1473
<2.75

<34
(<4.8)
<81
(b)

<115?
<0.22?

For these tests 126Sn activity
was below the detection limit.

cmJ

q."1W

Sum of CYcles 1. 2-& 3
. Cycle Total
+ 10"- Inv..

<1371 <4947 <3457
<2.4 <9.55 <6.4?

(a) Periodic sample values are total quantities in unfiltered samples for
which detectable levels were reported. << indicates all samples
analyzed were reported as "less than" values.

(b) Acid strip sample appeared to be contaminated by fuel particles.
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FIGURE 3,25. Activities of I4C Measured in Unfiltered Solution Samples

calculated for the cycle total values in the TP/BF-85 test, since 14 C inven-
•1" tory was not determined for the TP fuel. Significantly greater 14C activities

measured in the TP/BF-85 test, in comparison to any of the other tests using
the HBR fuel, is probably the result of significantly higher 14 C inventory for
the TP fuel specimen. Comparison of the results from the HBR/BF-25 and
HBR/BF-85 tests suggests that the aqueous release of 14C is not strongly
dependent on temperature.

Presumably, some of the 14C released to solution in the 850C tests drop7
ped out of solution along with that portion of HC03- originally in J-13 water
that was observed to drop out. It was not possible to determine 14 C in the
acid strip solution, since it was immediately lost to the atmosphere from any
precipitated carbonate phases upon first contact by the 8 M HNO 3. The Cycle 3
rinse solutions from the three bare-fuel tests were analyzed for 14C and were
found to contain 4.5 to 6.9% of the total 14C measured in Cycle 3. The'"% in
solution" values given for Cycle 3 are maximum values and are preceded by a
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TABLE 3-15. Quantities of 14C Measured in Samples (nCl)

HBR/F-• TP/BF-85 HBR/BF-85 HBR/SD-85 HBR/HD-85 HBR/UD-85

Cycle I

Periodic Samples(a) 20.5 188 49.4 4.8 14.4 2.1
Finil Solution 99.0 1486 164 3.7 317.6 4.8
[( CO3 (ppb)] (0.44) (6.7) (0.73) (0.02) (1.42) (0.02)

Rinse ............
Acid Strip -- -- -- -- --

Cycle Tgtal 119.6 1674 213 8.5 332 6.9
+ 10- 1nv. 235 -- 442 16.7 692 13.7

% in Solution -- -- -- -- --

Cycle 2

Periodic Samples(a) 8.0 99 8.5 0.8 12.0 0.3
Finfi Solution 89.0 664 84.5 281.5 157.7 <2.3
[R:Cs 3 (ppb)] (0.40) (3.0) (0.38) (1.26) (0.71) (<0.01)Ripse.......

Acid Strip ............
Cycle Tgtal 97.0 763 93.0 282.3 170 <2.6

N + 10- Inv. 193 -- 195 557 353 <5.1
w in Solution --.... - ---

_- Cycle 3

Periodic Samples(a) 4.1 26 4.1 .......
Finil Solution 51.8 236 39.4 184 78.8 9.7

[ "CO3 (ppb)] (0.23) (1.1) (0.18) (0.82) (0.35) (0.04)
Rinse 3.8 12.4 3.2 .......
Acid Strip -- -- -- -- -- --
Cycle Iotal 59.7 275 46.7 184 78.8 9.7
+ 10 Inv. 120 -- 99.0 362 164 19.2
.% in Solution <93.7 <95.5 <93.1 --

Sum of Cycles 1. 2 & 3
E Cycle Total 276 2712 353 475 581 <19.2

+ 10-5 Inv. 548 -- 736 936 1209 <38

(a) Total of quantities in periodic samples for which detectable levels were
reported.

NOTE: All values are based on data for unfiltered samples, except for the
Cycle 3 rinse samples which were 0.4-pm filtered.
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< symbol because some 14 C likely precipitated in carbonate phases along with

the HCO3 originally in the J-13 water and was lost during the acid stripping

procedure.

The -1.2% total measured fractional release (z Cycle Totals + 10-5 Inv.

- 1209) indicated for 14C in the HBR/HD-85 test is the largest fractional

release value indicated for any nuclide in the Series 3 tests. The somewhat

lower fractional release values for the slit-defect and bare-fuel tests may be

due to pretest loss of 14C02 from the more severely defected specimens. The

small I4C release values measured in the HBR/UD-85 test indicate that most of

the measured release in the other Series 3 tests originated from the fuel or

from the gap inventory and not from the cladding exterior. This is a dif-

ferent result than previously reported for the Series 2 tests, where measured
14C releases were not much greater in the defected cladding and bare-fuel
tests than In the undefected test.(2) The 14 C inventory fractions measured In

qW final solution samples from the Series 2 and Series 3 test cycles using the

-- HBR fuel are compared In Table 3.16. The much higher activities measured in

the bare-fuel and defected cladding specimens in the sealed Series 3 vessels

indicate that most of the 14 C released from the specimens in the Series 2

tests was probably lost to the atmosphere as 14C02 . The magnitude Of the14C

TABLE 3.16. 14C Inventory Fraction(a) in Series 2Land Series 3
Final Solution Samples (parts per 100,000)

o Cycle
Test L 2 _3__ 4 5

HBR/BF-2-25 13.0 12.4 13.0 13.9 11.0
HBR/SD-2-25 27.5 33.9
HBR/HD-2-25 48.1 22.3
HBR/UD-2-25 10.1 3.7

HBR/BF-25 194 177 104
HBR/BF-85 339 178 84
HBR/SD-85 7.3 555 362
HBR/HD-85 662 329 164
HBR/UD-85 9.6 <4.5 19.2

(a) Based on 14C measured in HBR fuel (0.49 pCi/g) and cladding
(0.53 pCi/g).
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releases measured in the Series 3 tests suggest that 14 C was preferentially

released from sources of concentration such as the fuel-cladding gap or grain

boundaries.

3.14 COBALT-60

Cobalt-60 is an activation product produced by neutron activation of
59Co and (n,p) reaction on 60Ni. Cobalt-60 is produced in fuel assembly

structural components and may also occur in "crud" deposits on the cladding
surface where its inventory is variable. With a 5.26-yr half-life, 6 0Co will

decay away during the repository containment period. However, the relatively
high-gamma energy (1.3 MeV) associated with its decay requires heavy shielding
for attenuation, making 60 Co activity a concern during fuel handling and

- emplacement.

Quantities of 6 0 Co measured in final solution, acid strip, and rinse

samples are given in Table 3.17. Cobalt-60 activities were generally less
than detectable and were not reported for solution samples from the four 85°C
tests using the HBR fuel. Most of the 60 Co measured in the 85°C tests was in
the acid strip samples. In the 25°C test, most of the 6 0 Co appeared to remain
in solution. The TP fuel specimen appeared to release much more 60Co than did

the HBR fuel specimens.

%TABLE 1.17.I Quantities of 60Co Measured in Samples (pCi)

C) HBR/BF-25 TP/BF-85 HBR/BF-85 HBR/SD-85 HBR/HD-85 HBR/UD-85
0% Cycle I

Final Solution 5.22 < < < < <
Rinse < 1.3 < < < <
Acid Strip 0.68 154 5.46 2.01 0.34 0.34

Cycle 2

Final Solution 0.52 < < < < <
Rinse < 0.14 < < < <
Acid Strip < 12.9 0.33 0.10 0.12 0.04

Cycle 3

Final Solution < < 0.29
Rinse < 0.18 <
Acid Strip 0.08 3.0 <
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4.0 GENERAL DISCUSSION AND SUMMARY

Nonvolatile radionuclides present in spent nuclear fuel (or vitrified

high-level waste) will require dissolution or.suspension in water to be trans-

ported from a failed waste package in the repository in the absence of a major

geological event such as volcanism. The repository horizon under study at

Yucca Mountain lies in the unsaturated zone above the water table, and con-

tact of the spent fuel by water that may infiltrate the rock will not occur

until the repository has cooled to below the 950C boiling temperature of water

at the repository elevation. This is predicted to be several hundred years

after disposal. Results from the Series 3 tests are summarized and discussed

in this chapter relative to their implications for spent fuel storage in the
Cl repository during the postthermal period. Except as noted, the following dis-

cussions focus on results from the three.bare-fuel tests. Areas where addi-

tional information would be useful are also identified.

The present results indicate that the radionuclides of interest in spent

fuel fall into three general categories relative to potential release mechan-

isms under predicted Yucca Mountain repository conditions. The first category

is radionucl ides whose release will be limited by low solubility. The acti-

nides, which account for most of the long-term radioactivity of spent nuclear

fuel, are the primary radionuclides-of interest in this first category. The

second category is the moresoluble radionuclides for which dissolution rates
Co from the fuel may be an Important factor in predicting potential release.

Long-lived fission and activation product radionuclides are of primary concern

in this category. The third category is radionuclides that may be mobile in

the vapor phase and-do not require water contact for release. The primary

long-lived radionuclide in spent fuel known to be transported in the vapor

phase is 14C. There is also a potential for vapor transport of 1 2 91as 12

that has not been clearly defined.
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4.1 THE ACTINIDES

4.1.1 Summary of Actinide Results

Actinide concentrations (uranium, neptunium, plutonium, americium, and

curium) measured in solution samples rapidly reached maximum levels during the

first test cycle and then generally dropped to lower steady-state levels in

Cycles 2 and 3. The approximate steady-state concentrations measured for the

actinides in the bare-fuel tests are summarized in Table 4.1. The data for

0.4-pm filtered solutions are considered the most relevant for release esti-

mates, since particles of greater size would likely settle out, and finer

colloidal particles that could remain in suspension and be transported with

water movement would be retained by the 18-A filters. The data for 250C 18-A

filtered solutions given for americium and curium suggest that most of the

rTABLE4. 1 . Approximate Steady-State Actinide Concentrations(a) in
the Bare-Fuel Tests

25oC 850C
Actinide 0.4 m ILL (0.4 um)

Uranium
rpg/mL 0.3 -- 0.15

Logfj -5.9 -- -6.2

NeR~Unium
I 5 /Np (pCi/mL) 0.2 -- 0.14

C) Log M -8.9 -- -9.1

o Pl utonium
9+2 4 0 pu (pCi/mL) 100 -- 1.0

Log N -8.4 -- -10.4

Americium4IAm (pCi/mL) 100 3.6 0.1

Log j -9.8 -11.3 -12.3

Cm (pCi/mL) 100 4.5 0.1

Log M -11.3 -12.6 -14.3

(a) Estimated, based on plotted Cycles 2 and 3 data for 0.4-pm
filtered solutions and the Cycle 2 34-d data for 18-A
filtered solutions.
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activity in the 0.4-pm filtered 24 1Am and 2 44 Cm solution samples was associ-

ated with suspended phases in the 250C test. A portion of the plutonium

measured in unfiltered and 0.4-pm filtered solution samples also appears to be

associated with suspended phases, but this fraction was much less than mea-

sured for americium and curium. No significant filtration effects were noted

for uranium or neptunium.

Approximate steady-state uranium concentrations measured during Cycles 2

and 3 of the Series 3 bare-fuel tests (about 0.3 pg/mL at 25°C and 0.15 pg/mL

at 854C) were somewhat lower than the 1 to 2 pg/mL range measured in unsealed

silica vessels in the Series 2 tests. Significantly lower uranium concentra-

tions, on the order of 0.01 pg/mL or less, were measured for the slit-defect

and holes-defect tests. Calcium-uranium-silicate mineral phases identified as

uranophane (confirmed) and haiweeite (likely) were characterized in rinse

filter residues from the 85°C bare-fuel tests. Formation of these phases

likely controlled or influenced the uranium concentrations in these tests.

Phases controlling the concentrations of the other actinide elements were not

identified. Detection and characterization of such secondary phases may be

difficult because of the extremely small masses of these actinides involved.

The steady-state solution activities measured for nuclides of plutonium,

americium, and curium were much lower at 850 C than at 250C. Kinetic factors

involved in the nucleation and growth of secondary phases that limit the con-

centration of these elements were probably key factors in accounting for the

lower concentrations at 850C. Therefore, lower actinide concentrations may

eventually occur at 251C. Uranium and plutonium concentrations were lower in

the slit-defect and holes-defect tests were than in the bare-fuel tests, but

americium and curium concentrations during Cycles 2 and 3 were not greatly

affected by specimen type. The neptunium data were not greatly affected by

temperature.
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4.1.2 Comparisons With E03/6 Predictions(a)

Spent fuel dissolution in J-13 well water was simulated using the geo-

chemical modeling code EQ3/6( 20 ) to determine whether steady-state actinide

concentrations measured in the laboratory dissolution tests could be related

to the precipitation of actinide-bearing solids. Version 3245 of the EQ3/6

code and version 3270R13 of the supporting thermodynamic database were used to

simulate spent fuel dissolution at 250C and 900C assuming atmospheric CO2 gas

fugacity and two different 02 fugacities, 10-0.7 (atmospheric) and 1O-12 bars.

The lower 10-12 bar oxygen fugacity value was initially chosen because its use

resulted in a predicted neptunium concentration at 250C that matched the

experimentally measured neptunium concentration. The simulation process is

described in more detail in Reference 14. The computer simulations predict

the sequence of solid precipitates that form to sequester elements released

via spent fuel dissolution, and the corresponding elemental concentrations in

solution. Approximate steady-state actinide concentrations measured at 250C

I and 850C in the Series 3 tests are compared in Table 4.2 to concentrations of

actinides in equilibrium with the listed solids as calculated in the EQ3/6

simulations.

The concentrations of uranium in the EQ3/6 simulation vary not only as

CP, the precipitates vary, but also during the precipitation of a single mineral,

such as soddyite, because of changes in the pH and overall chemical charac-

teristics of the solution. As previously discussed, uranophane, haiweeite,0
and possibly soddyite were indicated in the 850C Series 3 tests. Unfortun-
ately, reliable thermodynamic data for uranophane are not available, which

complicates comparison of the laboratory test results to the calculated solu-

bility limits. Haiweeite, a calcium-uranium-silicate, as is.uranophane, is

predicted to precipitate at uranium concentrations that are lower than the

measured steady-state values. In the absence of thermodynamic data for

(a) The EQ3/6 calculations were performed at LLNL to Quality Assurance
Level III under the direction of C. J. Bruton. This section, including
Tables 4.2 and 4.3, is excerpted from Reference 17 with editorial
changes for adaptation to the present report.
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TABLE 4.2. Comparison of Measured and EQ3/6 Predicted Actinide Concentrations (Log M)

E03/6 (b)
Measu.red (a)

Actinide 250C 850C
250C 90oC

-0.7

U -5.9 -6.2 -7.217.0(c)
-7.0/-6.9
-6.9/-4.3
-4.3
-4.2

-12.0

7.1/-6.9
-6.9/-6.8
-6.8/-4.2
-4.2
-4.1

-0.7

-8.8/-7.6
-7.6
-7.6/-6.0
-6.0
-6.0/-5.8

-12.0

-8.5/-7..5
-7.5
-7.5/-5.9
-5.9
-5.8/-5.6

Phase

H
H+S
S
S + Sch
Sch

Np -8.9 -9.1 -6.2 -9.0 -5.2

Pu -8.4 -10.4 -12.4

-4.3

-13.8

-5.7

-11.9

-4.2

-8.0

-14.6

-6.9

NpO2

PU02
Pu (OH) 4

-
U'

Am -9.8 -12.3 -8.3 -8.3 Am(OH)CO3

Amn(OH) 3-8.4 -8.4

Cm -11.3 -14.2 - Cm not in thermodynamic database

0 (a) Series 3 tests, 0.4-jam filtered.

(b) At oxygen fugacities log f 0 2 = -0.7 (atmospheric) and log f = -12 0 with
solubility control by precipitated secondary phases as listRa. H =*haiweeite;
S = soddyite; Sch = schoepite. All phases are in crystalline state except
Pu(OH) , which is amorphous.

(c) -7.2/-7.0 refers to a range in concentration from -7.2 to -7.0.



uranophane, the measured uranium concentrations appear to be consistent with

the precipitation of soddyite at both 25oC and gO9C in the simulations.

Neptunium concentration is controlled by equilibrium with NpO2 in the

simulations. However, the predicted concentration of neptunium is highly

dependent on solution Eh and pH( 2 1 ). Changing the 02 fugacity from 10-0.7

bars to 10-12 bars in the simulations results in good agreement between mea-

sured and predicted concentrations of neptunium at 250C, but over estimates

neptunium concentrations at 900C. The experimental data do not reflect pre-
dicted increases in neptunium concentration with temperature, which indicates

a needto critically evaluate the thermodynamic data for neptunium at elevated
temperatures. The Eh was not measured during the laboratory tests, and redox

equilibrium may not have been established among various phases within the

1% sealed stainless steel vessels considering that J-13 water has very little

capacity to buffer Eh.

Plutonium concentrations measured at both temperatures were greater than
predicted based on equilibration with crystalline PuO2 at either oxygen fugac-

ity, but were less than predicted based on precipitation of amorphous Pu(OH) 4.

The 10-8.4 M concentration measured at 25°C is in the range reported by Rai

and Ryan( 15 ), who (as previously discussed) measured the solubility of PuO2

and hydrous PuO2 .xH 20 in water over periods of up to 1,300 d at 250C. At a pH
0- of 8, which was the-extrapolated lower limit of their data and the approximate

pH in the Series 2 and 3 tests, they reported that plutonium concentrations
ranged from about 10-7.4 f, where an amorphous PuO2.xH 20 was thought to con-

trol concentration, down to about 10-9 M, where aging of the amorphous mate-

rial produced a more (but incompletely) crystalline PuO2 that was thought to

control concentration.

The measured americium concentrations were lower than predicted in the

EQ3/6 simulations based on precipitation of Am(OH)CO3 at 250C or Am(OH) 3 at
go9C. A possible explanation for this difference is that americium, and

likely curium, may have precipitated from solution with the lanthanides. The

chemistry of trivalent americium and curium can be expected to be very similar

to that of light lanthanide fission product elements, which are present in

spent fuel at much greater concentrations than are americium and curium and
have similar ionic radii in the trivalent state. The transuranic actinides
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may also be precipitating at low concentrations in the uranium-bearing pre-
cipitates. Sorption of actinides on colloids or other surfaces such as the

fuel or test hardware may have also controlled some aspects of solution con-
centration not considered in the geochemical simulations.

Comparisons between experimental results and predictions in Table 4.2
are predicated on the assumption that solid phases as listed precipitate from
solution and exert control on solution composition. Except for some uranium-
bearing minerals, no minerals containing actinide radionuclides have been
identified in the laboratory tests. Detection and characterization of
actinide-bearing secondary phases may be difficult because of the extremely
small masses involved. Precipitates limiting actinide concentrations in the
laboratory tests may also be amorphous, colloidal, or in some other less than
perfectly crystalline state. The concentrations of the affected actinides
would therefore gradually decrease as aging progressed. It is not currently
reasonable to expect a geochemical model to accurately predict the effects of
all potential concentration-controlling processes over time spans of thousands
of years. However, neither is it practical to conduct long-term dissolution
tests for all potential fuel and solution chemistry states in the repository.
Identification of phases and processes controlling solution concentrations,

1W and obtaining reliable thermodynamic data for these phases and processes, are

important data needs if geochemical models are to be used to predict potential

radionuclide concentrations.

4.1.3 Actinide Release

The fact that all of the actinides rapidly reached maximum concentra-
tions in tests where the water-to-fuel ratio and recharge rates are large

relative to those likely to occur in a failed waste package in the repository
suggests that actinide release will be solubility limited. That is, the
release rate will be limited by individual actinide element solubilities and
the amount of water moving through the repository and will not depend on the
actual dissolution rate of the fuel. The logarithms of the approximate
steady-state actinide concentrations (0.4-pm filtered) measured at 250C and
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resulting annual fractional releases are given in Table 4.3. A water flow
rate of 20 L/yr per waste package containing 3140 kg of 33,000 MWd/MTM PWR

fuel is assumed.

The actinide releases given in Table 4.3 are all at least three orders
of magnitude less than the 10-5 per year of 1,000-yr inventory limit specified

by the NRC in 10 CFR 60.113(11) and indicate that the NRC requirement should

be met for any realistic water flow rate. The plutonium and americium release

values are of particular significance because isotopes of these two actinides

account for about 98% of the total activity of spent fuel at 1,000 yr (see

Table 2.5). These values are probably conservative since the concentrations

assumed are based on 23 9 +240 Pu and 241Am activity levels of 100 pCi/mL mea-

sured at 25=C, while much lower activities on the order of I pCi/mL or less

were measured at"85°C. Kinetic factors involved in the nucleation and growth
of secondary phases that control plutonium and americium concentrations may

eventually allow lower solution activities to occur at 250C and over longer

time periods relevant to the repository. Lower 2 39 +2 40 Pu and 24 1Am activities

on the order of 10 pCi/mL were measured during Cycles 4 and 5 of the Series 2

tests. The calculated releases assume maintenance of steady values for

TABLE 4.3. Annual Actinide Releases as a Fraction of the
0, 1,000-Year Inventories

- •Concentration
Actinide Loq(M) Log(Release)

0 U -5.9 -8.6

al Np -8.9 -8.8

Pu -8.4 -9.0

Am -9.8 -9.1

NOTE: Assumes water flow rate of 20 L/yr per waste
package transporting actinides at the indi-
cated concentrations. Each waste package is
assumed to contain 3140 kg of 33,000 MWd/MTM
burnup PWR fuel. The concentrations are
approximate steady-state concentrations
reached in 0.4-pm filtered solution in
Cycles 2 and 3 of the HBR-3-25 test.
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actinide concentrations over time, whereas the geochemical simulations suggest

that actinide concentrations, and uranium concentrations in particular, may

vary with time as different solubility-controlling solid phases form. Con-

fidence in such release predictions will be greatly increased when the

chemical mechanisms of solubility control are identified and successfully

modeled.

4.2 FISSION AND ACTIVATION PRODUCTS

Analyses were conducted to measure the activities of the fission pro-

ducts 137Cs, 13 4 Cs, 90Sr, 99Tc, 1291, and 126 Sn and the activation products
14C and 6 0 Co. Of these, 137cs, 13 4Cs, 90Sr, and 6 0Co will decay away during

the thermal (containment) period and will not be present for dissolution after

0 the waste packages have cooled sufficiently to allow water contact with the
qfuel. The inventories of the principal radionuclides remaining in spent fuel

at 1,000 yr were tabulated in Table 2.5. After the actinides, 9gTc at about

0.77% accounts for the next greatest portion of the 1,000-yr inventory.

Depending on factors such as initial nitrogen impurity levels in the original

fuel, 14C will probably account for about 0.01 to 0.1% of the activity at

1,000 yr. Discounting the actinides, 99Tc and 14C, all other fission and

qr activation product radionuclides account for a little less than 1% of the

total 1,000-yr radionuclide inventory in spent fuel. Of those not measured,

-nickel activation products in hardware components represent the greatest

portion (-0.3 %) of the 1,000-yr inventory. Analysis of 79Se was deleted from

the Series 3 tests, since it was not detectable in the Series.2 tests.

The range of activities measured for fission and activation product

radionuclides is shown in Figure 4.1 for the HBR/BF-25 and TP/BF-85 tests.

The activity of 135 Cs calculated to be in solution based on the 13 7Cs data

adjusted for ORIGEN-2 calculated yields is plotted as a dashed line. Tin-126

was detected at an activity level of about I pCi/mL in some of the Cycle 1

solution samples, but it was not detectable by direct counting methods in

Cycles 2 and 3. Iodine-129, which accounts for only about 0.002% of the

1,000-yr inventory, was the lowest level radionuclide measured and required

neutron activation analysis for its measurement. The isotopes 99Tc, 14 C,
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135Cs, 1 29 1, and 126 Sn are the only nonactinide radionuclides that will be

present during the postthermal period for which significant activities were

measured or calculated.

The inventory fractions of 137Cs, 90 Sr, 99 Tc, 129 I, and 14C measured in

solution in the three bare-fuel tests are plotted in Figures 4.2,through 4.4.

Each data point in these plots-Includes the inventory fraction in solution on

the sampling day plus the inventory fractions estimated to have been removed

in previous samples during the test cycle. (Carbon-14 is not included in Fig-

ure 4.4 for the TP/BF-85 test because 14C inventory was not measured on the TP

fuel.) The initial preferential releases of 137Cs from gap inventory during

Cycle 1 of the three tests are shown in expanded scale plots (upper plots in

Figures 4.2 to 4.4). The activity of 90Sr in solution appears to be solubil-

ity limited, particularly in the 850C tests. Significant preferential release
sqr of 14 C during all three cycles of the HBR/BF-25 and HBR/BF-85 tests is indi-

cated. The fractional inventories of 14C plotted were normalized to the

- inventory value measured for the fuel (0.49 pCi/g). Normalizing the data to

the inventories measured in the fuel plus cladding would only drop the plotted
14C inventory fraction levels by 18%.

The reduced scale plots in Figures 4.2 through 4.4 clearly show con-

tinuous release of soluble fission products during Cycles 2 and-3. The

apparent limited solubility of strontium in the tests is also shown. The

continuous release rates measured during Cycles 2 and 3, expressed as annual
COO fractional release times 105, are given for ggTc, 13 7Cs, and 1291 in

Table 4.4. These values indicate a dissolution rate for the spent fuel by

itself that is too high to meet the requirements of 10 CFR 60.113(11) for the.

soluble radionuclides if significant portions of the indicated releases result

from fuel matrix dissolution. If these release rates are primarily the result

of preferential release from grain boundaries, they may become lower over time

as exposed grain boundary inventories are depleted and the release rates

approach a lower fuel matrix dissolution rate. However, matrix dissolution

rates may increase over time as wettable surface area increases as a result of

grain boundary dissolution and/or general fuel degradation by oxidation.

Physical degradation of the fuel as a result of reaction with the repository
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TABLE-4.4. Continuous Annual Release Rates Measured for Soluble Fission
Products as Inventory Fraction Times 100,000

Test/FP Cycle 2 (a) Cycle 3 (b)

HBR6BF-25132 IT 3 25
13 7Cs 17 22
1291 0.6 2.8

HBR/BF-8599Tc 9 0 (c) 120
13 7Cs 27 40
1291 45 49

Tc 73 64

137Cs 43 31
1291 44 41

(a) 34 to 174 d.
(b) 20 to 97 d.
(c) 62 to 174 d.

atmosphere may also free soluble nuclides contained in the fuel matrix phase,

allowing them to be more rapidly dissolved when contacted by water.

It may be possible to determinethe degree to which the soluble nuclides

were preferentially released in the present tests by retesting the. fuel speci-
mens in a flow-through test apparatus using flow rates sufficient to prevent
uranium saturation. However, a better understanding of potential degradation
of the fuel in the repository environment, along with some data on the
dissolution behavior of degraded fuel states, are also needed to define effec-

tiveness of the fuel itself as a barrier to the release of soluble-

radionuclides. Modeling the dissolution behavior of spent fuel requires a
time-dependent model for the state of the fuel, which will likely be much more

difficult to establish and validate than will the dissolution behavior of a

given fuel state.

4.3 ADDITIONAL INFORMATION NEEDS

Evaluation of the Series 3 test results has indicated a need for

additional information in the following areas.
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1. Preferential Versus Matrix Dissolution - Most of the inventory of

soluble radionuclides is presumably contained in the fuel matrix

phase. However, the relative contributions of matrix dissolution

versus preferential release from locations such as grain boundaries

where soluble radionuclides may concentrate have generally not been

determined in dissolution experiments to date. It may be possible

to determine the degree to which the soluble radionuclides were

preferentially released, and therefore determine the static test

fuel matrix dissolution rates, by retesting the fuel specimens in a

flow-through test apparatus using flow rates sufficient to prevent

uranium saturation.

2. Fuel Qxidation -- Under real Yucca Mountain repository conditions,

fuel in a failed waste package may be exposed to air for a con-

siderable time before contacting water. Slow oxidation of the U02
fuel matrix in the repository environment may cause significant

physical degradation of the fuel. The dissolution behavior of

slowly oxidized fuel has not been investigated. Several spent fuel

specimens from on-going Long-Term, Low-Temperature Oxidation

Studies( 2 2 ) are available for dissolution testing.

3. Secondary Phases - Knowledge of the secondary phases that control

nuclide concentrations'and quality thermodynamic data for these

phases are required for valid geochemical modeling. With the
C) exception of uranium, secondary phases controlling the concentra-

tions of sparingly soluble nuclides were not identified in the

present tests. Characterization of the phases that controlled

plutonium, americium, and neptunium concentrations would be most

useful, since these actinides account for the major portion of

spent fuel activity for several thousand years. Small quantities
of phases containing these nuclides may be present in currently

archived filter residue samples. Special techniques will need to

be developed for Isolation and analysis of these phases.

4. Fuel Type Variables - The effects on dissolution behavior of vari-
ables represented in the spent fuel population may be worth test-

ing. In addition to burnup and gas release variables, fuels
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containing gadolinia as a burnable poison may be worth testing.

Comparison of typical boiling water reactor (BWR) and PWR fuels

under the same test conditions should also be considered.

5. Other Material Variables - Effects of vessel type and anomalies due

to localized corrosion were observed in the Series 3 tests. Spent

fuel dissolution tests in vessels representative of new candidate

container materials should be considered when these materials are

identified. Dissolution tests that include representative rock

with posttest examination of the rock for nuclide absorption may
also be worthwhile.

6. Surface Area - Dissolution rates measured for soluble radionuclides were

normalized to specimen inventories for this report. Such dissolution
rates are expected vary with the exposed surface area of the fuel, which

will depend on the state of degradation of the fuel. Because of the

V unknown effects of grain boundaries and other porosity, it was not pos-

-- sible to normalize the data to surface area so as to obtain dissolution

rates that are Independent of particle size and morphology. However,

geometric surface areas are calculated for the HBR and TP fuel specimens

in Appendix E.
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5.0 CONCLUSIONS

The following conclusions and observations are made based on the results
of the NNWSI Series 3 Spent Fuel Dissolution Tests.

1. Actinide concentrations (uranium, plutonium, americium, curium, and
neptunium) generally appeared to reach steady-state levels in all
three test cycles of the bare-fuel tests. Control of actinide con-
centrations at stable levels in solution was attributed to the

achievement of a steady-state between fuel dissolution and
secondary-phase formation or other mechanisms such as sorption.

2. Uranium-bearing secondary phases were found in significant amounts
in filter residues from the 850C bare-fuel tests. Formation of the

0 calcium-uranium-silicate phase uranophane was confirmed, and

1haiweeite was tentatively identified. A possible indication of
soddyite formation was also found in one of the filter residues.

-Secondary phases controlling plutonium, americium, curium, and
neptunium concentrations were not identified.

3. Plutonium, americium, and curium activities measured in solution
samples from the 850C bare-fuel tests were from two to three orders
of magnitude lower than those measured in unfiltered and 0.4-pm

0- filtered samples from the 25°C test. Slightly lower uranium con-
centrations were also measured at 850C in Cycles 2 and 3. Lower

C) actinide concentrations at 85°C are attributed to faster kinetics

a for formation of solubility-limiting secondary phases at the higher
850C temperature. Neptunium activities showed no significant
dependence on temperature or filtration.

4. Plutonium, americium and curium activities measured in 18-A filtered
samples from the 25°C bare fuel test were significantly less than those
measured in unfiltered and 0,.4-pm filtered samples suggesting that these
elements-were present as colloids in this test. The effects of filtra-
tion were generally greater for americium and curium than for plutonium.
Notable reductions in americium and curium activities also occurred with
0.4 pm filtration in the 850C bare fuel tests.
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5. Steady-state actinide concentrations measured in 0.4-pm filtered
samples from the 250C bare-fuel test were at least three orders of
magnitude below those necessary to meet the NRC 10 CFR 60.113
controlled release requirements based on reasonable assumed water
flow rates through the repository. This result is of particular
significance, since plutonium and americium isotopes account for
-98% of the activity .in spent fuel at 1,000yr, and eventual
plutonium and americium concentrations may be lower than those

measured in 0.4-pm filtered samples from the 256C tests.

6. Measured uranium concentrations were consistent with those pre-
dicted by the EQ3/6 geochemical modeling code for precipitation of
soddyite. Good agreement between measured and predicted concentra-

C0 tion was obtained for neptunium based on equilibration with NpO2
at 250C when the oxygen fugacity in the simulation was set at ]0-Ln
bars. A broad range of concentrations that bracketed the measured
values was predicted for plutonium depending upon the assumed

- oxygen fugacity and concentration-controlling phase. Measured

americium concentrations were less than predicted based on data for
equilibration with Am(OH)CO3 or Am(OH) 3.

7. Actinide fractional releases from the bare-fuel tests were much
al greater than in the slit-defect or hole-defects tests. Actinide

releases from the slit-defect test were somewhat greater than in

the hole-defects test, with most of the difference accounted for inCD
the Cycle I acid strip samples. Actinide releases in the hole-

0' defects test were not significantly different from those measured

in the undefected test.

8. The radionuclides 13 7Cs, 9 0 Sr, 9 9Tc, 129I, and 14C were continu-
ously released in the bare-fuel tests at rates exceeding 10-5 of
inventory per year. Of these radionuclides, only 90Sr showed
significant indications that its concentration was limited by
solubility. Cesium-137 showed the greatest fractional release
during Cycle 1, while 14 C showed the greatest fractional release
during Cycles 2 and 3.
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9. Iodine-129 release was much greater at 850 C than at 250C. Compari-

son of the Series 3 test results to those from the Series 2 tests

gave no indication that 129I had been lost as 12 from the unsealed

Series 2 vessels. The 129l release in the slit-defect test was

equivalent to that in the bare-fuel test, but 1291 released in the

hole-defects test was not significantly greater than in the unde-

fected test.

10. Comparison of 14C solution activity data measured in the sealed

Series 3 tests to that measured in the unsealed Series 2 tests

indicated that most of the 14C released in the Series 2 tests was

probably lost to the atmosphere as 14CO2. The TP fuel appeared to

have a much greater 14C inventory (or gap inventory) than-did the

HBR fuel on which fuel and cladding 14 C inventory was radio-

If) chemically determined.

11. Long-term release rates for soluble nuclides are uncertain. The
relative contributions of fuel matrix phase dissolution, versus

preferential release from locations such as grain boundaries where

soluble nuclides may be concentrated, was not determined. Pre-

ferential release would likely decrease as the Inventory of soluble

nuclides on exposed grain boundaries is depleted. However, there

is reason to suspect that accelerated dissolution of soluble
nuclides may eventually occur as a result of degradation of the

C) fuel by oxidation in the repository air atmosphere.

12. A vessel corrosion anomaly occurred during Cycle I of the 850C HBR

bare-fuel test. The most significant effects associated with the

apparent vessel corrosion were:- 1) uranium concentration dropped

to about 10 ppb, and 2) 9 9Tc activity dropped to less than detect-

able. These effects are attributed to removal of uranium and

technetium by coprecipitation with or sorption on iron-bearing+2
precipitates, or to reduction of the soluble U02  and TcO4 species
as a result of redox coupling with Fe0 to Fe+2/Fe+3 reactions.

13. Calcium, magnesium, silicon, and HCO3 precipitated from solution

during all 850C tests cycles, while the chemistry of the starting,
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J-13 well water remained essentially unchanged during the 250C
test. In addition to the calcium-uranium-silicate phases observed
in the two 850C bare-fuel tests, scale formation was observed at
the waterline in all of the 85 0C tests. The SEM-EDX examinations
suggest that calcite, S1O 2 (possibly as a gel), and possibly dolo-
mite were formed during the 85°C tests. A portion of the released
14C is likely to be incorporated in the carbonate phases. A portion
of the released 90 Sr is also likely to be incorporated in seco-
ndary phases, possibly as a partial substitute for calcium.
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APPENDIX A

RADIONUCLIDE INVENTORY AND RADIOCHEMICAL DATA

A.1 RADIONUCLIDE INVENTORY DATA

Specimen radionuclide inventories used for most calculations in this

report were calculated from ORIGEN-2 data given in PNL-510g(AI) for the

ATM-IOI H. B. Robinson Reactor (HBR) Unit 2 PWR fuel 12 yr after reactor

discharge. Since the Turkey Point (TP) fuel was similar (same vendor, same
design, similar vintage and same 2.55% 2 35 U initial enrichment), these

ORIGEN-2 data were considered appropriate for both fuels. An age of 10.5 yr
from discharge was used for the TP fuel. Linear interpolation was applied to

Ir) correct the tabulated ORIGEN-2 data for age and burnup. A factor of 0.8815
was then used to convert the inventories from a "per gram metal" basis to a
"per gram fuel" basis. The resulting per gram fuel radionuclide inventories

are given in Table 2.3 of the text. Specimen weights required fore calculating

per specimen radionuclide inventories are contained in Table 2.1 of the text.

A.2 RADIJOCHEMICAL DATA

M6- Results from uranium analyses were generally reported in pg/mL (ppm)

units. Results for other radiochemical analyses were generally reported as

C) disintegrations per minute (dpm) per mL of solution. Rod sample results were
reported as dpm/rod (pg/rod for uranium). Data were converted from dpm to pCi

units using the conversion factor of 1 pCi 2.2 dpm. Concentrations were

calculated from the pCi/mL data using Equations (A.1) and (A.2). The pg/pCi
and isotope/element conversion factors for Equation (A.1) are contained in
Table A.I. The radiochemical resultsjfor all sample analyses in pCi units (pg

units for uranium) are given for each cycle of both tests in Tables A.2
through A.7 of this appendix.
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60Co
90Sr
99Tc

126Sn
1291
137Cs

237Np
238PU
239Pu

fBLE A.. Activity-Concentration Conversion Factors

(Uc/oCi) Turkey Point(a)H B Rrobinson(a)

2.24

8.82

7.07

5.87

3.52

6.13

1.16

1.42

5.72

1.63

4.41

E-7

E-10

E-9

E-5

E-7

E-3

E-8

E-3

E-8

E-5

E-6

0.546

1.000

0.30

0.76

0.40

0.999

0.012

0.595

0.255

0.863

0.930

0.546

1.000

0.30

0.76

0.40

0.999

0.014

0.577

0.263

0.840

0.926

LA

~q.

241Am
244Cm

3.09 E-7

1.20 E-8

(a) Isotope-to-element mass ratio based on ORIGEN-2 data in PNL-5109(Al)
interpolated to 27.7 MWd/kgM for Turkey Point and 30.2 MWd/kgM for
H. B, Robinson burnup, at 10.5 and 12 yr after discharge,
respectively.m0m

Elemental Concentration (jg/mL) Activity (nCi/mL) x (UQ/DCi)E t n a isotope/element

For conversion to molarity:

(A.1)

Molarity (mole/L) = 1000 x atomic mass (A.2)

For calculation of plutonium concentration from 2 3 9 +24 0Pu pCi/mL data using

Equation (A.1), the pu (or Pu) pCi/mL value is needed. The
23 9Pu/ 2 3 9+2 40 Pu activity ratio should be 0.374 for the HBR fuel and 0.389

for the TP fuel based on the PNL-5109(Al) ORIGEN-2 data.
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TABLE Al. HBR/BF-25 (C5C-I) Cycles 1, 2 & 3 (pCi)
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8.W&1-1 1 2318-61 6.61El 1.291-IS1.8 ( 12.181- (2.26111
7.441-58 7.841-61 2.71E-61 2.21"4" 1.1-92 5.541-5 (1.2-Il IC

51.*.4 3.8-1 (O.1IE-81 (11.3s51
6.23E-04 3 ,16-51 16.6IE1, 7.64&81

4.311-Il
2.251-63
1.S78-6S

1.111-Si 1.34E482

K: S.t court.i .- ss. nfilrtd fronic - Inno th.n dotoctsblo.
A.3



TABLE A.3. TP/BF-85 (F6-2B) Cycles 1, 2 & 3 (pCi)

U Pu-.•Fl 24

%0

C.0

N

MAKE171LLIE
DA TIYPE .1 - LFILRl6.4 3.4 1S A

'Il 15 M.954 1.1Il-0 11 IM E1.93
7 so IS g.m 1.31:. g.IMU 7,11S

14 *1 1 8.15 S.M31-U I. 31E 1.3 ,INE,
33 2.1 33 8.19 ,43E-1-4 .73O-1 7. G-41
go $.1 33 7.21 4."-1 3.3-91 2. 1E-1

1it S.• d 9.31 4.31-"1 4. 14I $."&a1
147 S.ol 1 9.92 4.I9141l 3.4 4
174 5.41 1 .9 c9--41 . .21-41
174 Strip 2 1 M.1114
174 Ril-. 9 1.8E-.43

_____CrC.E 2

1 S.l 15 315 1.,11. 4.3-.45 1.31-31

7 51 15 9.11 2.I1. I. ME-4 3 213-&1
14 so1 23 7.91 2.93141 2.4064 .SM-&41
94 5.1 I At 9.19 2. O1341 '.714 1.71&41

52 Sol H 9.72 1.9 &141 1.73

1:91 W M 6.3 -1.2K41 1 3E41
191 Air.. M 1.1 -41
II Strip SM 2.7U

______CIVE 3 -

S 21 9.1 2.935E-1 2.34E-1t

97 5.1 2 5.1 1.UI-41 I .e l

DAY TfrIf . PH ULAFLTIM 0.4 Is A

97 :1 SM 11E. I 8

31 S.; M I SM-

17. '*1 M :9.71
17. t 5rip SAN Ltt-S. "2 E
17 5 a 1- 5 1..7
11 5.1 a1 -3 11

5.1 1 IIE13 2.413 ME43

174E.0 5.E43 .3

174 '5 .1 SM .91 1 .ME-W' 1.43

72 5 1 1S 9.25 13.353 1.. 40r

181 S.l I .1to 5. a . 2.1St-p 1.312 4

A15 5.1 15 9.:n :33.4
III 5.1 72-493

917 5.1 SM 1.33
55 .1 7291 9914

07 Air1 an 51
97 Strip SM0 5.93143

UIMTER• 0.4 up 111 A

3.74E43 2.631E-43 1 3142
.ME I.5I7E412 3.8 3311

4 91E-4 SM-SEel 5. 11-31

I 131-•43B11EISMl
13I3 141 1E.11 1.4441

A 4•1.0 " 1.2.U3E-U

UE40 SM-48

3-,•M 2.31E-0 9I11
*:'$' 511-U E 14 143 =10

9E1.41 5.11-.l
8I 531411 5311,411

3 SM--l

91-241.N-r___

1U1.2TM 3.4 . 13 A

1.73E.44 1. 144 I 9.•E42

4.ME-43 1 -13 1 UI 1-42
133-42 1 441.E482 7m21-&1
4.61"41 21,41 3.1E41

S971-.1 4.11154 7 |.SMEU
S911.01 9.I4 Ill-U

2.32E4m1 4. RE44 e
I B- 1 . 2.71Er/

5 41.E, 9 1U I S&U

2.VE61. HE

2156-U 1.91UE

2. M9M1- .59 0

49-241

U9I.31. 5.4 3. 11 A

81, ,II-43 I RlE-01

1,2•3l1 4.1: 71-03 1.241
1..6541 4. 13-142 4 9410

I.1.71E40 2. -M " 1 . 2 -4

1.41 141 9E4 1 -00

143.•41 49SM• 2(71.0!-1

1 311.41 4.63141 (2.26&61

1.74Edl 48E41 INS-l1

2,41E411 ..54.111 4

I " 1-U SM l1i31-3
5.91141 2 SM-El1

I 41E41817 14E-41
1:171-90 2 731-41

4 77141
6.2"-4

.ISM43 5. 1143 3.31
1.741EA3 .1142 4.211,-

.733E141 !1 4,E41• (4 =11
S.M-U.8 I. E31 (54. 63-9

10"I41 9r3141 (261
2.0 4• 3.-41 B r
1. 9441 4.31141 9.091-42
2 54144

4.9141

4.51-0 3.1E4 11.097115-M

1.1 6.41 (1M.-41
7,1I11-1 1.91-iý-

6,11E 1 1:2E
7,21E-1.

1311.72 3495 14
7 13419 31.41 u 3131 A

* E47 9 I r10 9.41.9

S1.97 9$3.41rd 551.47Eg'
571•F-97/ 531-47 5931.311•7

.271E47 5C 1 7 .95&•3.

7.T7147 4.88-&0 4.31.E7

81116 29.51.E5 421.3 43 1.33
771.95 7 3d.0 7 4.33E-

I 11-U : I 13.& 13-9
2.54& ,523.9

4.51i..3 4.311-9
4,319 4,1.95-

C-13-•

zLTErl7 3.41 w i1 A

3.91.93 3.458U 3.4161E3
3.141-M 5..SE46 2,41E-.6
1.7?G&-I 2. -I46 2.74E-66

1.31E46 1.931- AMC2-U$

2.91E-08 2.11E-M 2.•19.93
3.50Ee6

5.32E44

2:1. 215.144 2:91113
,1,41-4 a.IE-14 3. 24E-4

4.711E.r4 4.T7-44 4,361.94
7.641-04 7.641&4 7.21-Pr-
1.91E-95 1.02E.3
1.64&@S I. IrEA-1

I..E-56 1,.91'
,1. I4 31

0.66&R.J

9.93-UE 1.1LO-U I.3-31 1.SM.U 9.911 9.1141 1.31-31 1.331-61 2.5 4.3- 1.94 1.99W1,
,.1I4U ,1141 1.211:4 1,941.0 .911-93 3.15141 :.11-U 2.21141 11349 1 4.414-M4 3.81E-44
9.911E-61 5.1E-3I 2.241-U0 1,41E,43 9.,41 . 41 .-. I1E-01 311-43 17.3-9 ?17- 1.54E1-4 5.771E-4

I. 141.31 3,31.E4 -.9-2 7 9141 51.39 1,I513
2.74143 1. 1144 9.3914 4.13E43 I 31.45 5.341-9

WINL.T1t 9.4 U 1 t

5.151-06

5.21*.0
1.7.E46

5.1145

1.211-93

1.38E40IJQE-n I ll
1.331492. 31.35

LIF1L77 5.4 w It A 31]LTI• 1.4 - 1 A

1.7: - 1.911-0 179-4.6941 OMIE-01 C.UE-0I
i. UE41 I.9IE-4 9.11E-4

1.114-9 3.12.11.03.5.-93

5,31-E.. 5.1141- 4.31.-31

4.14E-0
C2.7,41

5.41141 2.291-3111 (.91l-31

2.7I9E41 3.11-31 1.UN1-N
3.•6E-41 3.16E-61

9.$1E42 3.2*341

C1. 97 E-14
1.117E,,0

2.971E-
3:.15E--
U& .31E46 6:

2.1141t 9.7E42 9.611E2

1.&M-03 1.71E43 1.64E-83
1 .06E43

1.3-l2.34E43 2,43K.#3

49.1314.6

6.81E441

9.3101EE1 9,31..31 5,91E-11
I.43E.412 2.14E192 2.34E-02
9.914. 4,33E.32

PIME.I0 I. 631
1.354 151-3IJOE-I2.E."15

SO-123 _______-14______

L112.LTO 3.4 w 14 A 1312TJq 3.4 IS A

I .13143(2.731.-1 3.11i-s1 (2.7is-91 1.4 am3
72 I 5 .14

(M.MS41 31 K 5 -
(2+ IKml II II &.SWI-M
7 .3,,419

(2.234"

(2,25E-81 (3.15E-91 9 4.72-02
2.11•- 1(2.2&1-

(1.2ME-31 , 1.7,JE.-3

2.73-01 (1.3441 2.52E,13
(2.71E-81 91K .mE.93

4.31-Um

1.7M+1-1 9 3,11-33
(2.2"&-11 iK 7,1-3
(1.131-31 ,I9•41 9.4 3 l

ULILT. 0.4 155 A

.131E-0U

i.93-!

9211-,31

4.441E46 31-4 1.31-91 1.4:1-1 1:411.2
1 91E.3 (32IIE-N 1 ,1-1 1- M.a41-37

9."6 9.33 1 1.5E-41 4.1-"3 5,41E-33 5,911.32
491..14 4.41-2" (9.311-3

5. I51-31M, I4-3
1.41E-12

2.71.93

1517: 50h1tim1 "API"3 (Sol) in dp.Il 7., 811 541 1195i9, 041J. (r Um4iU.

K1: 3.at -W.1. '- m 1.71994 (fmLio m Im. lloo 4.54111..
15: 1ro4771.iS 5.91.

A.5



TABLE A.4. HBR/BF-85 (C5C-K) Cycles 1, 2 & 3 (pCi)

98Y TIME . PH U4ILTI9 0.4 . 19 4

I 9.9 9.92 1868.11 1.79-.11 1.711
7 899 MI81 18 11: 81 N11
14 S 96 7.91 1.18.11 1.19-4 8.9

2 Sol 6.11 S48-41 -.484 4.M

119 1 a 779 196"4l 6.n2 Ili
17 8l 11 7.97 1968-42 . ,4
14 So1 28 7902 1 ME8-2 I968-42 1.80
174 St,, i 2111 2694

174 Riml. M S.AME-Il

7 S91 3 ,91 7.""-1 7.1141 0,91
14 191 1 9.3 9.11-g1 9.m,1 1.41
34 89 8.34 a .G-l1 l.EAE-41 1.71
9. 81 m6. 1,48 1.4841

12 81 96 6.92 1.16-41 1.-1

191 stri 114 8.17 116-I& 11645I1 S1: n4 .19 4.I.E-41 1.31E.41

012 Ri- I I.M=I

191 strip So B..E41
S0

51 89l 9 8.11 1.9684.1 2.1681•
97 91 96 9.31 1.111•41 1 66841

97 8rip a 6168.41 ..

97 trip. Iml. 4.48.42

IMMU'R.1• 0.4 up III A

291-04 
,4. I141____S.41. 43 1199841. 7-4.463 1. 2

1.2E8-412 9.4E4• 9.16*

.1.82E.1

8L8.TR 9.4 1 18 A

9.118.44 8.11144 1 .94-89.8E.44 1.18E.44 9.42

9 968411.0644 6.-'.1 WE ,1111SE1
2.4- 1.11 I.Ei
9 684M34.17E,43 4I.PIE.
978841 4:1988
9961&19 HI.18

6.31&M4

1182.7T8 0.4 a2 11 A

,.82441 991:.94 6.96E62
1.1144 .198., 1. 1,42
I.8- 1,O& .1U O.9--41

0:8. 2 11643 9.24841
1.19•841 8..4 (1.1.-49

11.8.414468412 2.14E4$ 6 798.1[1

9 E891 1.4WAI (I.3E1-

2.162E42

8841T17 1.4 . 11

.778E44 6.41E.4 6.16-42
1.T9E84 6.7184 3 . 1684

3.9• 48 9 848.3 I 1-841

I.UNE 9i 6&M 4.1r98E.

117841

4 118.42 1.9641-g (9. 1-8.a. SE412 9 7E42
,:ISE-"M

2.23842

19.81[-1 1.46841 1.10"41

1218.8 9.9:-1 1.926"1
98.1 7.MNM1 9O.E42
1. I .ii8I <1.11"

1..E- ,141

1.M.-W 1.3K-
IL%&-M 2.7TIýI

1..wiola

Co-137-

LI9IL.7 1 .4 9 19 A

1 73811 1 748.1 198.61150
I.6Z4 1.403,01 1. 4168

1.351541 L4 1968NE411
1.1169I.E-8.11 fM

1.32184 I.1689 1196E.11
1. HEI 1.46 &

1.5184

LNFL.48 8.4 82 IS-A

A.1IE.4 S.91.11 9 096166
S91.1 1ý.7284W 1.41r.61

4.IVEW 3JJ.9" 3.79&0d
1.73.1 3. 1M8-118 491.11

S. 1486.

341 1 1.41 8918.49 9198.11 93.81 1.91 1I7941 1398EE.412 1.42E41 9.3118-2
La1 i .118.11 4.11 8 48.11 1.41 1.38.41 2.:784 7.11 41:.1 (13.91
8.1- 997-1 1.I, 66.11 46.11 9N 48.11'i 9.118--11 9 1846 - 9 11.11 4 9.41-I (1.118-91

1 8.1211 1711-1 1.11 4998.11 .19 11 6I 9141 26E

18.41:1 17.1 811.1 9.9689 1.4..1 ,1(:.E41

9 978.11I 718.11- 9.918- 43 14 9 I999.I11 4.r6841
1848.6SII 7.49.4, 10 1 -182

- 1 978.43 7.7 .-9 1 1 . :-11

9.4E4849 46.11I 7.27849 9888.84 9.71&1-4 9.15E-44
..I1 6.11n 499 7..1.1 7M4I184 M.718-: 47.IE41 W.&E-I VI.E-01 ME-.1 1,3('4 IM81•149.7184 9.i.28118 .74 7648.84 718.94 .-9-
29M.1 97&U9 714E-64 7.26&&1

38.1 1.9468.1 .118.84 9.86•.4
4868.11 4 4,13.E-1 7.8E-4 I.61-9

a.38.94 2.918E-0
4778.11E-I I.I1

4.11 1948.11 99.1E1 2938
U&N i I Mlt41 %=•1 2. 1K48

I. 7 .E41 1.4 684WI. IlEfal I. -E42

I .414 I3.97E-66

Al48 - 7."E-14

11.81 1 .28.1 681.91e 16.41- 3..6a41 5778.M.9 I:438.E. 1.86E-04
4918.1 E I .94E- 21.7941 1.2184- 12.I1* 7.74W-84 2.778-84
1418E.1 1 .66 E8 .16 3.E-81 -. 968.49 711.11. - 4.9E78. 4.87E-44

E199.2 .7 41.1:7E-114 .9.664129
1798.1 , 1 E.1688 9.11849 19.3.92

217 TYPE .1 ON 1 04113 9.48. 194 WIL2T.73 8.4 8 18 A 18ILT41 11. o.4 1e A 4FILT.3 6..4 8 18 A 8.3IIE 9.4. 3 9 A

(to
N•

0

WM2.R73

14 S I 1I9.
7 89 I 1 9.14

14T 891 18 7.8192 $.1 36 I.1

192 87r:.6 11
119 89 2. 7.79
174 so91 250 7.822
174 Strip 1.82E844

174 111- =

1 9S.: 11 9.
7. 5.1 36 9.33

31 .- :I 30 0.324
62 89 20 ,1

196 91 96 • 9.82

191 t89 78 .

181 Wi.,p M3 11. 99

96 114 29 8.1981 -89 99 8.12

97 899 298 8.639 1948.82 9.4I41

47 Strip IN,

WI1TS: In pCi/si f.r W1 888u U767i11 t.61 f.r Ur.n.-

.311180

4.5E48I

2.998E49

2.6749AM

1.38&U

184-E1 ,.1K.41 1.2141
, 8E48 .11 E41E-0 418.1
1.138.11 9.911141 1ý 94.11

(2.25-112 (2.25"41 (2.29941

(2 :.2-01 (.21 -84 (2 1E,41"
4 -4981

(C219841

9.111 5.41E41 4.268-91
4.6 K-91 1.8841" 7.788--l
3.1".41 9.9,841

21.11 112.2,1E,0

4. 16841•
4.71-8•4.1 4 41
4.9E8-42 4.98&-82 4.77E42

9.98.2 0.6&62 1118E-.2

1.4E-4 1 9.I1:6E. 1.614E1

(9.1ý811 (9.61.11 (89.11E£*
3..11-E1

I. 19E41 I

5,.16841 4.98,41• 4.118-99

9.31E42 .1 8-4 4.418-92

1.11E41
I.18841

2.44411 1.205111 Cl.. II 9 .2842
(2.798-81 .918-41 (0.7061 I.91E41

.49-8.1 (2.76841

(2 •2941 K e 6 1i9e2
12418.49

(2 298-lI

M2•1 I( NC h

(2.27 E-41 1- 2.48-42
(2491811 K I. 3SE41

(Ei. SIE02

23&0ll

~I .911-10

9 418-11

2.48041
9.11M-91

9. 7941

1718.o1

9.968.95 1.99-91 991.12 8.41E 1.431-n2 (.1-1 1
1718.8-1 9.8- II 8 9418.42 9.41842 (2.6-201
1.84- 9328.99E0 1.918-91 118.1I 1.618A412 I8.L12 (I.138-91 18

..16-19m (2.9L8-92 1.9l9.12 (1.11.-41
4.9.18.11 7..18.-1 4.21842 161.9IoI

I E742 1. 24E-02

18 Plot -%.d 8...... ufi189,d frocti. - loss (4.. 441.W481..
A.7



TABLEA.5. Test Identification: HBR/SD-85 (C5B-D) Cycles 1, 2 & 3 (pCi)

AY TYPE i1 P
I5o:, N "
74 5.1 1 8 ,214. 5ol 29 8.34

88 . 29 8.29

118 5.? 28 818
147 5.1l 101 I.18
174 5.1 229 ,.5..
174 Strip 3
178 U"I 15

14 S. W 0,12
14 So I 9 N 5,21
62 .1 29 8ca

185 5.1 290 7.48

185 stn+p S

u

MIMI 0.4 . 10 A

.14-22 .ff-4I i.'9E-I

1 .S-10 2 =W-V 1 .N--12
1.- I0 .11E-4r2 1.60E-2-

I IK-82 M.l-•LEI
1INE-02 1. 2E-02 IU-12

.1.25I- 1.129- -2
1.5ff-OS304f1 5045
1.0ff-es

LoIIsTEm 0.4 - 1 A

.31=-1 1 .4IE-01
3.16E-61 2.2S-61!L-1

5 874-U 8 15E4412(.72E,41
5 :4E-U (2:26=1

8,4.S- 1.26-E49 274E41
2.7f1-l 1.34-81
?,1 * 1.31E-61 2+.3-"1
1: 24=02
1•35E-01

34-241.4-.-22

1061LTER 8.4 . is A

2.12•4U sosI-414088.41
I.l4E-OI 3.184-3 8I.8-0
4.9%410 8.11-02 41884(4

:.311-E 1.56841 (2.7w-01
1.iý81-l I .XE.M A418(.77

3.69E-01 5,10E4.1 4.65E-11I.MEo00 9.ME-01
4.294-0I 2.7#E-01 2.25•01
5S..E-.2
l.aE-1s

34--4- -___5-l A6-157 ____ c-2354w_

LW5LT2. 1.4* 10 A

8.7E-41 (2.26E-8 (4. f-OS
(2.26"1 (270E,41 (27J.-f1
0.31Ea 49,1IE-81 C? U-61

ils-li 1.4"i11 <:o-os

3.1IE-91 3.11E-11 4.58E-91

i.85.IR i.1WF.*1 4.U-I1

(1.8,-81 (2.25•.-1 (5.18E-e1
(1. 3E--1 (3. 39-Is 51 51.-01
(5. 31445 (1 314-01 (5 "I-0
(4 oS-Eo1 (SE-o1 (1.61E-4s

0t.25E41 .S t

9 8.01 ( 2444 858-43<.1E4

WL11.TE 6.4w I0 A

2.S..61 .7&1EI ~ll
o 91&v I.04 E7-U -
I a aI-0 ssRE (2f-o5.151-05 1,If4I

4.11E.-1 I.78441I 2.264&1
m.25-u 7.21s-1

272.61-0 2.78"10 (9.18-os
3. s81o
iMAIs

878.87 8.4 2.0• 8 A

811647 I 478E.7 0 154-E7

71. M48 1.784E-01. I.E41I
'.:'i 1.:4 , L.,-
1.7 2-.U744 5 01.-,

s.MnUE4 15 osu s-
M-04-a

8.015.75 I.4 I104

5 74-U 11.E86, I s 744-M
"E' 294u 0 '- 2 W88M

3:8-1 1:01-U a '.4u

.714E-0 8.00•420 8.114-0

4.04-E4 4.649-0 4.774-u

1.81E,14 1.26EýI.IE4
2.884-a4 2.08E.04 2.83E4-a

3.:1440 2.22E-14
4.31=14 4.844E.0u 4.S4-0

o.,I-: 4.U18-VSm-os~ e

2.E-43 - .o 2-a

I.•412.11-1
oso43 los-u

7.11-12
os-a us-

2"""-0 8 i-u9 1-02 1 85-2"EffO4a-s ' sous-osý sos-os0 Alpbl 23 4..&4-1 41p4.a( 77
2. U-I • .11E-12 Allps(.23 Alp(.32 4.66&01

Allh.(.32 
41

o4(.41

1.E411-01 1 .13E0 s-sl.a-os
8..1."I 2.25E4-1
2.28E41 6.104E-01

9.011&92 2.618-u2 (I.Iss-a o:Ms-os 8=4610 0R0=9-
I.I3SE-1 I. 17EMl 1.MRS .• ISIE.I

(4.6 •W&.2 1.6.&M I.M&N -Nx_94E-2 .r 844600 3.-U 411 -

9.8L1-12 . 0 29•- -
R.-.u is sos4u

5l 4 3I1
s.o-o1 u.11Ei 0.91•941 *.ssE-1 3.16E-61 (9.&1&12 .414sI 4.W"I 4.040 4.9lE-u 1.00,1S5 osos

qV

55.4U VMAE _1_90 _ _-w=- _ _4 1

DAY TYPE .1 po WFILTER6. I~. 1584 884528 'l.4 104A 5841L78 0.4 . 1 A M E 184 W127 11r A8 *11.78R 9.4sM 104 A 411.786.4,a 1 A8 W8414-I 0.100 164A

14 so:
83 S.1
82 5.1

119 S5.
547 u.
174 5.
174 Slti,
574 Rim8

15 8.29

29 1.84

29 6.29
50 8.11

i s aIS

SI
0o 8.734E-u

CYCLJE 2

1 5.1 15 0.2
7 5.: 18 .u

I. 5.4 39 0.12

62 S.'! 9 82

181 5.1 25I 7.88

181 Rima M9
181 Strip I 3.29E42

07 S. 20 7.82

3.s2E-Ol

81.7104

2.39E-03

5.184.41 (5 2.1L01 4.666-01
(028-65 (1/ -(2.2-•E41
02 21E-01 (12JE2-01 (amSE-1s

(2.264-1 (2.sm0-1 (2.29-II

(2.26E-I1 (2.28E-81 (2.2SE-o1

(2.2S4-SI(.44 525-I

(2.211-Is (4.5§1-01

41.2141 1.:,14-

(8.01-I 
. 42

(.0140

5.17-41

1E11.0 8&01-01 M
.m9Es1 2.&E448 1.654&Il

(9.014-U 0.084-u (9.18-u

1.0•41 1.8141 1.8461

0.61E.U (9.612-6 9.118-u
(9.114-u

(9.01,&u

1.22-IIl

2.0f74-I (8.sf- 2.48"40
(9.011& (9.01E-0 (tos1&N(2.61E-0 (9,I.*410E-I

(91.&5- (9 058-U

(4 iC-u
(4.IE os-u~ l~

2.sm-o (2i.28-01 (2 294-05
0m.-os4 s K

23.5E,91 (2.291

0.2V-41 K K
(I S8-01

7:'I 11-

3.484-1

4.29&6u

1.sME-61

(2 ISm-os K
02.26F-61 K

(2:258es K
527254-91 KC
(mU-si
(2.3-&11

K
1.371&81

11, 1u

(O.13E*-

"I"1: 14 4i.JaI f., .11 69 I, ic.. .&aI f., Ui.tli..

K: MOt .,AW b.f.i- rS fr ltisa -. I- t8. 84.8 l1..

A.9



TABLE A.6. HBP/HD-85 (C5B-B) Cycles 1, 2 & 3 (pCi)

p)

'0

• U _
OAy TYP E i pH LIMFILTER 4.a 1U A

1 S1 16 6.7 1 2 66-42 .1-" 1281-5427 5.1 15 6.35 8661+413 166-42 16l8t-412

14 5.1 U2 6.21 156412 146-43 1 4I -162

53 5f1 55 2 6 ..6 55-4 55-5 4668-482 5.1l 7.66 756Id-41 7,66-43 1.I68-4D

119 5.1 25 7.74 166t- - II-8 E-U
547 S. 1 1, 8.66 I 1 12.5-5
14 SO1 21 6.17 .IN-412 7.56K-0 2.161-.
174 Strip 366 1:E,62
574 R. Go 2 Ie-ft 1. I. 36E-61

________qCLE 2

1 5.1 SUI-I 4.1642 3:01E4-1
7 1 IS 8 :.E.13-U I.6•--63 SU-U

14 S.1 SO 8.12 5.6E-M3 3.018 1:1.6681
l4 51i . 211 -13 .8 tE-03 2.6E64

62 S.1 6 ' 7.66 2N6-93 26•613

1in 5.1 2 7.97 I. 56.- 1,6M1-413
161 5.1 254 0.23 1.66-U 6. "E6
IN Ri-l Mi :N+'C-43

161 Stip 30 1141-12

CYC:LE 31

52 S. 255 8.76 8.68-U 816E-42

cAY rfl .l pH (ISF1.7I9 3.4 IS A
1 5.1 11 8.76

14 5.1 26 8.21
33 5.1 So 6.3
62 5.1 66 3 7.66

119 Sil 25 7.75
147 5.4 16 8.6
57 5. 1 2m4 81
174 slip S1 1. 14E4174 .44L.. 16• .IE

174 8rm 2 .

1 o 5. 15 8.31

U 11.1 36 0.12

52 5.1 23 7.66

126 Sol 26 7.87
lei 5.4 260 8.23
III Ri5 a 6

2' 5.1 9Sw B.75

LIF 1.16.4 • 16-1 A

11"I -I 1 +3 -1
sris-.it 1.58-61 3.6E-61

756-4 (28-1 (2 6-11
(.25642 (2 25E-61 (225E41

2. 12F-01
.l: ..4 i MBE-I

24:U-" 4.r6E-12 iS- ME-II
1 •642 IME-16

9.@xE-4I2

9.11•11-16.611-01

ULW•ITE 6.4 im 19

Alpho(.45 14Mh(4.48 A88,(.46
7.666-01 7.?5E-11 (2.21-41

A4148(.46 sUE-Il 2.741I
5.•641 2.76-61 I 5.UM-

AIph•4(32 5.88E--61 W.141

2.I203E-U (2.'2-611 (2.256•41
2.64 ((2.26E-61
4.68•-&1 4lp4•4.25 A1- 0(.23

4.812&04 I1.N-66

1.6--1I I.668-61 1.171[46
I.8-iE411 4P1(.23 I.6-411

k44864.27 41P5..27 A1P4.(.Z3
A ph*l(.27 A1O.(.27 4lpk.(.2
At168(.27 Alpi.(t?1

3.158 I 1 Al58 27

2 21E-62

5~4-256-24-248_______ 64-241-84-236

1WII.79 6.4 - 16 4 rzufl 6.4 - 16 8
_ A-241

LItTER 4.4 - 188 A

(4,-51E.41 .•1,E41 (-2.26-61
(4.50-41 (4.:6-61 (2 .2,-51
0.ISE-Il a2.7641 (2.758-61
(5.715I1 (6.7141 (6.71-41
(2.5"8-41 (2.2S-41 12.26-41

I.UE41- (.HE-2 1 (2.76E-61

(T.8-1 (I.6IE4-1 (1.35E-61

2.128-4 2.26E41

4.56E-61 4.56-6 (2.35E-11
(1.35-41 (1.62E-31 (I.238-I4(1.8•5-41 (1.53-61 .3.5&0-1 1

I.6SE2-4 (2.2E- 61
3.66E41 (I W8-61

$.IIE-U

6-584 6a-257 €6-13,4

UNI.LTFU 6.4 4 16 A

6.11E41 4.8-611. 2 C2.25411
(6.:81-2 '6.41-'(2.EII-1 (14.6E-12 (2.2SE-01
(4. UE-62 (4.56-82

0.4.81 (2:.6•-61 (2.2"-51
(2.2"41 (2.6S•-61
1.356-61
1.441-81
1.66 16.14
6 1,rE.5 ( (..5IE-I

682842

1 IE12 9.61E-62P+lEl

9.111E-112

1.56-41
1.6I61

LINFIE 6.4 W2 IS4

1.771E-U 6.642 E• .'*'

5.62-57 5.17 I' 8.'I

1.2 1.2-E4 1.26I6IE

5.5542 1.361& 1. 25-600
5.3641E." 62155
7.uE662

711.214a .il E 1.1S 1

I :UE47 15147 1':91E7
1688Iý M47 1 .68 47 &

1 29247 I 2w-47
2 26847 2 .21E,17
2 171-4I
7 U&8-64

L.662LT84 1.4 7- 15 A

2.618-43 2.99E45 364.61
1.838-46 1.72461.588-66l•1

4.5E48-6 4.4,8-66 4.256-0

4.411E-4 3.16E4 3+.2E-

5.64E842 .G5642 3.57TE-66
6. 22E43
2.12E-4

2.7mT-U 2.62-U 2.91-K
4.12&-U 415.IE-45 5.1-616
4 5446 4I 8-1 4ll.. 64.,8F-55
4.6245 4,76261 4.7754&
5.57E45 S. 27161

5.2'P145 8.15E-41
5.41842I1

4.1E-43

6.T2E-41 5618E-42 47.65-6 7.668l5 2.629-0 (.61E-52 2.121&0 5.41&-61 2.65&6 2.7I-6n 6171.44 8.178-4m

17Y-6 1 . - I. .w ____T_ . m IAc-H 0_-.-4 A-14 1-1.9

1w

CD

Ok

6. 7642

75264

3.44&64

1. M6,94,

5. V4842

1 . 9644

7.35E-ft

(2. 25-2 1 (2.26-611 (225E-61
(26E-41 (2.258E-6 (2.21E-51
(2.25-41 I.61-672 (2.25E-61

(2.25r841 (0.2SE41 (2.25-191

(2.E41 (2.258-61 (2.228-1
(2.21E-11
(2.35841.i

(.68IE-4 (5.611-62 (6.IIE-fl
(2.218-61 (2:258-I1 (2.5661
(2.35841 (2.758-61

(5.I1E-U (9.61E-12
(9 6I1E.IP
(9.11-112

1.17E-l1 1:.E41I 176E691
I.35E*II (I .OIE-00I .35E211(1.56II1 (9.61E-84 (1.56-

1.269E-1 (4.618E,8 (O.IIE*U

(I6.6, (9.6116-6 (4.611E-6

62.4K-1 1.414<- E

(6. 611-66

(5.186 1 1 6.184(.186

(O.AIEl (2.IIE.0
2.842-61 2.21641 (.1 -6

(9.611E.661 (.418-66
(4.548-6
(4.66-66I

(2.316 1 (2.2:811 (2.5641(2.22-61 (2I.2641 (2.25r-41

(2 25 2E41 2 IK

(2.2E-81 K K

(2.761-Il

7.6242
1.6E.i

1. 56-6231I7NE-92
2.66E41

.12.82

1.6 16E2

(1.:E1-1 K
2 .2E-81 K
(1.SE-41 K

(2.26E-81 K
(1.1S2E41 KC
(2.218-61
(1.511-SI

K 1. 9SE-62

1.81&-a

2.81(-6
6ml 512-6

1.752-81 i. 158-52

UNIT7: b. pCi /*I or a I .Il bL Urmai , U0I. W Umim:

K : Not cwatted b-cm... 5fil.rld fr.lis. - I- ... 6 t5.bl.

A.I1



TABLE-A-7. HBR/UD-85 (C5B-A) Cycles 1, 2 & 3 (pCi)

v . ft.

DAY 777 .1 PH UIFILTE 0.4 18 A 4Ln.1151

1 .5.1 15 8.44g 1 287-32 1 7-32 1.,41 -Il 1 .87-Il
S.l 1. 8.11 a.m0a 7.m-13 3.7-f.Il 2.71.41

14 501 " ::" 8.2 Sm- 8.13-' SUE
3 S 8.2 S. ME-I3 S. -U 6. 887-3 1+E- 7-I3

62 SO So 7.714 7.-43 7.164-&3 7.11-U 2.26701I

1N So 25 7.5 .:1 UE1 1.5" 1.27-U ::6"41
147 sl16 2 .6 1 .ME2- 110&-2 4.5-I
174 S1 250 .51 1. E-41 12 1 -I." l 7.1E41 E .11- Il
174 S"rip I a.• . -1
574 6,54 E I mE-43

MCLE 2

1 So: 1 2 3:11E,4 ,1l•- 11,43 • 4.6E192771.721 
,r I

s 5ol i5 l.i I2 rE-4s $ME-3 R UE-4 -
7 S. 35 S.U 4E161 4..12s a -11 .rn-U
1.1 s I . +03I S.3 E-03 . . UI-n Am. -u3

42 S.1 5 7.64

128 5. 4. .7.66
1IN S 2. 6 " . I. m41
ei1 B.& SmE-Il 1.1-E42

18I t5rop 2 1.2-32 1.4K.81

'i5= 1.75 -0

. 5. . 2 . .n-IE 3

@ Sal 256 0.2 9.161E-03 COME-1 I .MPE-5

0.41. 10SA

1.011E.41
2.71E-41 4.60E-01

2.7.37-f1
C12.15741
2.2SE-6l

5.417-41 2.70E-11

2,25&11l

4.-2414-1l-lI

41.IL75 3.41 15 A

4,n.61E, 2.70&-61 tso4(.45
9.f1E-Il 8.58-81 9.1E0-I1

Alph.(.46 4I1i(.4 4.967-"1
S-4E-Oi 4.45"-l APO-(,"5
4.M17-82 1.68-41 Aipl(.57

I.6E-Il 1.M87- 5.517-SI
1.11-I I8.11-81

S.87-Il Al4.35 I.7I841
6017.41

Al4414(2

44-241

t11.713 0.4 w 14U A

1.15-U S.11-41 (4.r5-I1
<2. 2-81 (21..E-- <2.25E-f1
(2.25-Il (27E41 <2.2&E-11
(2 .17Il (6.I17-Il (5 317-SI(I,.fK-C1 (9.01&41 MM,2-411
(1.35E-I2 (1 67-Il (2.25741

2 227-Il (2.25&-I2 (721-41

(1 5•34I (1.1571I (1.M-11
I.IX41I1.161-I9

UI•ILTER 1.4 . IS A

1.ME-l 9.111-12
2.737-81 4.681-41 2.16401

(2 .•1-I0 (2 26&0-1
( 9.41E4 I.42

(2.11S21 (2:25E41 (2.25"-I
(.26&61 (2 2 l611
6 1-E842 (1.51-41
.4:45E-1

6-13"7

L7ILA13t 0.4 . 18 .

7.47115 7 -.14Es S. 174136.44&0 6I .63E-3 $.9*4-1
:.,Z"-41 : ?'W•413 2=43-

8.61E.4 8.44E-U3 I.2IE.43

8.776" 6.114-164 6.3"-1
7.814 2.ISE- 1. HE-&

1.7 -U1:7wE4m

L TER.771 6.41m 62A

214UE.62 2.7)7.42 2.417.42
2.20&-02 31.6&n4 1417.42

21-22.7.22.36E-u2
5817.82 1.56= 62 1.76E412

.117-I•l 1.$1742 (1.2SE142

8.04E-I6 6.277-82 6.67-U

1.877I2l i.IG642
1.411,6-l (1.71E-62 1.22&0821.41112,,02
7.187-u 7.4" 7.32&0Il1.117,44

2.6.4 3.82E-84

1. K.-I

3.88441 AIph(.27 Alpha(.I1 (1.35-E. (1.3r741 O1 2E-SI 1.312- 4.77E-U 4.617-fl
4194.7A27 Al 7 AlI4.? (1.357-I1 (1.25741 (1 8I7-31 5.47-U 7.1o

130.3•-1 417A(.2 3 ".'47-I1 'A14(.'7r7 (L.3r71 (I.551-Il (IE261-Il (4817-f1 5.437-I 5.M7
llph9..274 1lp9*.•4 lA(6 4.23 (1.147-3 (1.35E-l2 (2.267-11 1.71!-U 2l.T?&-8

4.4IE41

6.41E,01 I.8E-74 6.910-Il (1.217-31 (1.351-1 4.11462 (1.l17-U 1.41711 1.47IE .,s.UE-Il 2.787-81 9 .81741 8.841-6

1.77141 4. 17-1& 8.E6,7- 8.647-f

,4.27E-I13

1.4511-I
3.86E-66

'50

0,

2.2E-42 I.IE2-I 6.81"-l I.0-"1 (9.8115-02 5.41E-11 5.347411 6.1S-87 1.12E-07 1.17-64 1.19&-66

DAY TYPE .1 PH6

7 5. 15 31.
14 $.1 26 6.1
32 51 39 8.22

62 S.1I a 7.74

119 S. 23 7.61
147 501 8.6
176 51 258 4.511

174 Srip 3
174 lti.. 6

CYC.E 2

I So1 15 I21
7 5. 11 8.78

14 5.1 31 5.4
34 5.1 1 7.63
57 5.1 5 7.64

121 5 7.64
161 5.l 218 7.45
M i 21111 l 31
621 ISrip So

67 S.1 2111 3.1

41.FLTER 1.4 . is8A

Sr7-64 .______am 1__A -217_E____.18

11711.778 8.41 184l 4711LT3 '1.8 -i 18.4

(4 a-

I. 627-I

(4.817-fl

4. Pin4
(8.817E42
(3UE-42

2.877-Il

(21.74 (26E-01 (S.64

(2.17E-Il (C2.2541 (2.21 -41

(2.257-1 C2.257-I (2.07E-411

12.2 1 (2.2ISE-741 (2.7SE-41

(2.25E-Il

(2.SE-1(.SE1 .IE1

12.2E741 (2.25-&61 (2.267-32
72.15741 (2.267-31 (2.15741

T4-54

4711.713 3.4 . 15 A

(04NE. 8 o17 . 9IE-- . I

(411.l7-I4I 1.E41 (9.1I8M
9.01&10 MU-.11J1,0 MOI&MI,

(IIE-4M (I.81E-748 6.81E7-
(1.17E-1-10

(4.17-U (4.1117-u (.311E-01
1.14E-41 I(.341 2.44E-01

(2.l l.4-1 1 (2. I .I-I
(2.21511-01 (225E1 -1 I

(2. 2EE-81 K K

(2.26E-41
(2.4SE"-1

,.,s-sI is

1.177c-Il

- -lU-____n__ C-14 1-1124

U4F2I. 0.4 . It A L471L1 @.4 . 118 A 7 IFILT7 8.4 - 1S A

: M11164

6 ,87--S

2..•1E-1 .1E-12 (4.l86M I (1.257-IlI '
(9.11E-92 (4,88-I'l (1.315-81

4. BS7-u1

1.1111&42

(V .E111-

(4."M7-

(M+OIE-88

LIMITS 1.4 PC,/.I for .11 but -i.ru. g61.l f.,14131....

W7. lb Nat 7. -W -. ,505 fil ,d~ fr. 08 1..6I" ta 166.4b.44.
IS bou

4
ff7ciaat aap.74 .

A.13



TABLE A.7. HBR/UD-85 (C5B-A) Cycles 1, 2 & 3 (pCi)

U 33.329-33-24

,AV TYPE .1 PH LIFL 0.4m 14 A 6LI1IL6TEr 6-41

6 8o1 15 6,6 1ME43 11.62-413 6.-62 E 3669- INE]

31 .51 2 .8.27 -.fl 73HE-l SHE-U
3 S 3 22 16-33 .NE- 3-.W,- (2..2-E1
62 SOl 3 7.74 7.6•,-3 7@K•3-6 7.SE.413 2.2E-1 C 2.26E41

316 so: 26 7.:1 1.3:8-f 1.169-62 1.N" 4:61E-l61 6.1941

137 S1 1 ,.36 1.31E-62 1.1:I42 " 6'E42 , 6E42
'14 1.1 2w 6.11 1.38-62 1. 2 7.ME-U3 . 15417?4 atr I m I. E-83.PE.r174 S3.06 SUE-f0

so1 13 2.21 SUE-f 2.NE-43 3.NE-.3 4.rUE--2
I So0 is 6.25 6.1"9-63 1:E,.1 3:669-U
1, S. 11 6.63 N.669-83 4.9E-03 MmE4U 3. 6-6I3

St o I1 ..U SE-fl .E43 NE-f3
32 5.01 3 7.66

13501 7.66
131 SO 21, 7.43 .UE-f13 SUE-U3 6.3E-81 6.41E-11

U) 181 Ri650. Z 3M.E-3 I.81-412
161 Strip SON 1.3298 ,2.- 3,&$1p

0 _ CYCLES3

6?7 so1 8 6.25 5.31-63 S.U-l3 1.611-16 619I-8

is A

4.5KE-61
2.7611-61

2.769-61

2.26111

16911125 6.4 m 19 A

6.65-PC 2.769-6 A1530(.51
417179.E- 4.66E-901 S.6HEAlph"46 ,45 1B,8.46 4.ME•[11

.41E-41 3.6-1 :' :"(.6S

E.31941 M6. 19-p61:601SEf .- 1,£1"I 8[-I

8.5E-41 AI .36 6.769-1-
. 641

Alpbg6.27

63-24t

1RI.TR3 8.4 10 16 A

i.19-411 .114E-1 (4.,ME-1
(2.5•641 (2.2394l- (2.29E-6c

(39-61 (1-71941 (2.216"2
(<2 7641 (21E-61 (9 6,IE-0
(1 359-6 ('116"-1 (2 339-61

6239E41 (2.239-41 (2,261,41

(1 3-41 (1.635-41 (1.ME-8I
1179-E41
2 .56E42

9692.73 *.4 .0 ISA

I.NE-112 N."1- .E4.

(2 (6.0CE-82

0. 25E-02 (2.269-61

(2 23941(2 659.E-61( 69
(2. 35-41 (2 .. 5,-2.41

9,61942 (1. 669-62
6 .6-U

ISF2LTO 9.4- IS 1A

7309-U4 I S3E4C1 6669K-6E.469-U 3.UE43 1.E-fl
6.719-U 7&."&U 6.31663
O.8NE-fl 5 369--3 5 .39-U

2.VqE-94 2.r, ISE4 1. tME-4

4 77Me6,
17T/-

LI5I2.73 0.4 . U$ A

2."&02U 2.73644Z 2.619-E

.nl. leE 2 1:1F-I2.2C9-42 3.16E.@2 41.5E11-

36.E46 2 3 61E942 3.ISE192

1.41E-02 2351&-02 C2. 2V-02

9 6694156.279-42 6.69S-02

3.81E A1696(7 4lpl0(.3 (1.369-62 (1.65941 (139-61 1.33-E1 -,5 r2-l3 4 .:E143
lP4h"m(.p7 318 6-.(: I?'3,(. 7 (1.639--3 (I SE-31 (1.3"5-81 6,- 94S I.439-63

Alp1o(.27 AI3.-3 Alpha(.27 (1.6-lrI (1.:39-61 ((12-,162 16. U 3.69-62

4.6P9-65

7114" 7E6

S..r4 6319•43 36.&d3 (P,3CE-I 651-62(01E-69 1.47E415 3.479-E
I &-0: .7-4 6.619-42 669-6
I. TE-94 NI.1E48 6 .W9 0,i9

,27E423 L.7E-82 1I.169-82
5M..693 I.AI42 (1.719-42 1.22&12
5.E4193 1.66-02
66E48, •5 7.IE63 7.49&6-3 7.39E43

1.4•69-6 3.263-61
1.369-fl

I 13.-U 66.12&4 1 .8E-1 (6.1E4-2 5.41E-9i1 6,-.61 s.3 6-6 L.369i7 1.17E466 i 53.46

OSV TYPE .1 PH UIILT3t 1.4 m 16 A ILTS13 6.465 u 3 A

9i0-4 m , A2.,_.4 1 _ _To-fl _.4 m A- 3 A

1692[.133 6.4 .. 153 A 13l312.T5 6.4 65 36 4 (661323• i6.3 1 14 A

C-14 1-129

UFILTBt 6.4 w 5 A 1 I4LrE .7 a.310 14 A

0~-

1 1 13 1.36

14 U01 , 8.232
33 501 3n 6.22

119 501 26 7.91
147 S.l 13 5.36
173 30 1

173 Rir. ON6

I: so' I, N14 501 31 3

33 51 I 7.93
8a 5.1 6 7.65

1is 1 250 7.66
151 Strip 7.3

16 YC.E 3

97 5.3 28 8.61

34. NE6.

1.339-U

.1SE6-3 34. OSEýr123.61E9-6

4.HE42

ONE-82

(663942

El NE-U4•

3,53£-U

('.31141 (2.29-P (3.3694133.1141I 0.269- (12.6E411(6.23841 (2.51-11 (2.ZSE-84

(3.259-63 0.6•[39E--i (6,|1,41

(2.25E-1 2941 8.1N-

(2.359-61 (2.21"-1 (6.631-62
(2:.25E-91 (2.326-61 (2.26E-61

1.3,191 (9,11E-62
3.79E-31
(3 . 19- 62

(0.pc9-66

(6.PC9- (,.619-42 (6.619-U

1.37E-61 1.73343 (9•.619-
(6.619-U (6.639-U (9.19MU

•.II.PCw- (mopip (g.viE-I3.719-61 (0.519-U (6.619-U

(6.51943 (2.019-U (0.619o

(3.31E*M(6. 19-66

(M2I-63 (2,63-63 (63. 4
(6.35-61 (2.65189 1 (.15•943

(3.259-31 6 69

(3.2 9E-6
(3 659-61

5.61E-61
1.49-Ur
1.1h94I1

1 661-61l

1.25E-02

13.33941
6, 15i-4

' IIE-01
1.,HE-SI

(6.61E-U (2.PC40 (0.51E-fl (2.26E-131 W
.449-81 1.639E1 2.34E6*1 is is

(N.|IE*6 (6•.619- (I.SSE-63 6
ME.;E- (I.23-01

(6.E146 (.l6E-81

4. .. 9-UP

MC 4.25E0
is

1.NE41

2.13E-11
(9.5394

2.629-63

.42E-82

1013S: 1. pCi/sI (o- .11 Wt9 U-6i 1J57, 1900165.m

we6A9 -, 6fi .66.3. f-ti. -0,969 I-336 165641 5616 1.,
3S: Ioooi.p,t5 -p.o~
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A.3 RADIOCHEMISTRY ERROR ESTIMATES

The primary sources of error in the reported radiochemistry data are:

* Volume measurement errors incurred during sample aliquot
preparations

* Recovery errors involved in radiochemical separations

* Counting statistics.

A summary of estimated error resulting from these factors is given

below:

* 2 3 +24 0Pu, 2 38 PU + 24 1Am. 24 4Cm

Method: Direct plate followed by total alpha counting and alpha

spectrometry

Volume Errors: +2%

Recovery: 100% (no separation required)

Counting Statistics at ±la:

I dpm/mL (0.45 pCi/mL)-= ±60%

10 dpm/mL (4.5 pCi/mL) -18%
100 dpm/mL (45 pCi/mL) - ±2.5%

C 1,000 dpm/mL (450 pCi/mL) - ±1.5%

The counting statistics for 1, 10, and 100 dpm/mL are based on a O0-pL

aliquot plate counted for 480 min with a background of 0.2 cpm. The

1,000 dpm/mL counting statistic is based on a lO0-pL aliquot plate

counted for .100min with a background of I cpm. (Higher activity plates

are counted on higher background counters, saving newer, lower-

background counters for low-activity samples.)
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241

Method: Separation by anion exchange, plate, alpha count, and alpha

spectrometry

Volume Errors: +3%

Recovery: 97 ± 2%

Counting Statistics: Same as above for direct plate alpha, since the
same-volumes, counting times, and equipment are used

231

Method: Separation by cation exchange and solvent extraction

N~

Volume Errors: ±2%

Recovery: 98 + 2%

Counting Statistics at +1a:4q.

ON I dpm/mL
10 dpm/mL

100 dpm/mL
1,000 dpm/mL

(0.45 pCi/mL)
(4.5 pCi/mL)
(45 pCi/mL)
(450 pCi/mL)

=
+30%
+_6%
+4%
+1%

The 237 Np counting statistics for 1 and 10 dpm/mL are based on a 20 0 -pL
aliqdot plate counted for 480 min with a background count of 0.2 cpm.
Counting statistics for 100 and 1,000.dpm/mL are based on a 100-min
count with a background of I cpm.
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* 9 9Tc

Method: Separation by cation exchange and solvent extraction followed

by beta proportional counting

Volume Error: ±4%

Recovery: 94 + 2%

Counting Statistics:

20 dpm/mL (9 pCi/mL) = Lower limit at 2a
100 dpm/mL (45 pCi/mL) = ±11% at la

1,000 dpm/mL (450 pCi/mL) = ±1.6% at lo

1The 99Tc counting statistics are based on a 500-pL aliquot extracted

into 5 mL with 2 mL plated for beta counting. Counting time is 100 min

with a background of 30 cpm.

13 7Cs. 134Cs. 60 Co

Method: Gamma spectrometry

o Volume Errors: +2%

Recovery: 100% (no separation required)

Counting Statistics at +1a:

1,000 dpm/mL (450 pCi/mi) = +20%
10,000 dpm/mL (4500 pCi/mL) = +8%

100,000 dpm/mL (45,000 pCi/mL) = ±2%
1,000,000 dpm/mL (450,000 pCi/mL) = ±1%

Based on 1-mL aliquot counted for 60 min
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Method: Scintrex UA-3 uranium analyzer, laser-excited fluorescence

Overall error is estimated to be 10O% at la when the instrument is
operating in its optimum range. The lower limit is 0.001 pg/mL

(±0.001 pg/mL) using a 100-pL sample aliquot.

A.4 REFERENCE

Al. Barner, J. 0. 1984. Characterization of LWR Spent Fuel MCC-Aoproved
Testing Material ATM-1a1. PNL-5109, Pacific Northwest Laboratory,
Richl and, Washington.
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TAULE B.I. Solution Chemistry for the HBR/BF-25 (C5C-I) Test (0.4 pim filtered)

Cycle I (aghLt) Cycle 2 (WAirLI Cycle 3 (aq/ml.
Starting 33 147 174 Starting 14 34 181 Starting 20 55 97

Species J-13 Water Days Days Days J-13 Water Days Days Days J-13 Water Days Days Days

pH 8.00 8.44 7.77 7.95 7.74 8.31 8.15 8.04 8.12 8.01 7.78 7.92

-. Al
B
Ca
Cr
Fe
K

- Mg
No
Na

o Nd

- Ni
Pd
Ru
SI
Sr
Zr

<6.075
0.288

15.64

3.66
2.83
0.641

41.52
<0.15

<6.12
<0.12
37.78
0.046

C0.010

7.00
2.10

7.96
18.66

0.077 <0.075 0.110 <0.075
0.051 0.194 6.170 6.160

12.65 12.42 11.00 14.66
--- <6.61 <6.61 0.015

6.13 0.63 6.65 <0.1
8.20 4.63 6.46 4.20
1.92 1.78 2.16 2.60
0.152 0.262 0.270 0.200

41.64 46.85 47.66 47.66
<0.15 <0.15 <0.15 <6.15

--- 6.260 0.280 0.641
<6.12 '6.12 <6.12 <6.12
'6.12 '6.12 <6.12 <6.12
30.61 35.28 33.66 31.66
0.135 0.107 6.168 0.647
6.016 <0.010 6.616 0.011

<0.675 '6.675 <6.68 <6.68
0.183 6.170 6.160 0.260

16.87 16.66 12.36 13.36
<6.611 6.616 <6.61 C6.01
<6.01 <0.01 <0.01 '6.61

5.48 5.66 6.24 6.64
2.10 2.00 1.95 2.17
0.037 6.058 0.070 0.646

46.29 45.06 45.10 48.20
<6.15 -6.15 <3.0 <3.6
0.049 0.064 C.086 0.650

<0.12 <'.12 '2.4 <2.4
'6.12 cO.12 <2.4 <2.4
33.31 30.00 29.70 32.60
0.054 0.053 0.050 0.046
C0.010 0.013 C0.01 <6.01

6.200 6.686 0.850
0.240 6.186 0.266

15.10 12.96 12.76
6.640 <'.61 '<6.01
0.02 <6.01 <0.01
8.02 3.92 9.26
2.23 2.10 2.19
0.080 0.646 0.680

44.60 59.46 34.66
<3.0 <3.0 <3.6
06.80 0.646 0.066

<2.4 <2.4 <2.4
,2.4 <2.4 <2.4
33.90 36.90 32.26
6.050 0.050 0.070
0.630 <0.01 6.160

N C1
F
PO

4NO3so 4

7.15
2.62
1.30

10.86
24.10

7.50
2.16

10.70
18.86

122.5
24.10
1.46

25.50

7.06
2.80

8.42
26.96

121.0
23.86

25.20

6.50
1.30

7.76
15.86

122.5
24.10

25.50

7.66
2.66

15.16
22.40

113.4
22.30

23.60

6.80
2.22

7.26
19.76

7.42
2.28

6.66
18370

7.09
2.36

7.64
17.20

7.57
2.29

19.50
20.20

112.3
22.16

7.84
2.36

7.63
2.36

17.46 15.30
19.56 19.60

111.8 113.4
22.00 22.30

HCO3  125.6
Inorg C 24.76
Org C ---
Total C 25.66

121.6
23.86

25.10

120.5 118.9 123.0
23.70 23.46 24.20

--- 0.24 ---
23.75 --- 25.00



TABLE B.2. Solution Chemistry for the TP/BF-85 (F6-2B) Test (0.4 pm filtered)

Cycle I
Starting 33

Species J-13 Water Days

(G/nmi)
147
Days

Cycle 2
174 Starting 14
Days J-13 Water Days

(~u/ML)
34

Days

Cycle
181 Starting 20
Days J-13 Water Days

(uq/mL)
55

oays
97

Days

pH 8.00

CI•

0p

Al
B
Ca
Cr
Fe
K
Mg
14o
Na

* Nd
Ni
Pd
Ru
Si
Sr
Zr

C1
F
PO 

4

HCO3
Inorg C
Org C
Total C

<0.075
0.288

15.04

<0.01
3.66
2.83
0.041

41.52
<0.15

<0.12
<0.12
37.78
0.045

-0.010

7.00
2.10

7.90
18.00

125.6

24.70

25.60

8.19

0.226
0.106
6.84

0..14
6.61
1..23
0.184

41.56
40.15

46.12
'0.12
17.06
0.058

<0.010

7.29
1.96
1.00
5.15

31.70

92.0

18.10

21.80

8.02

<0. 075
0.197
1.62
0.150

<0.01
7.11
0.23
0.711

45.71
4O.15

0 030
'0.12
<0.12
7.36
0.019

<0.010

7.30
1.60

5.80
23.60

68.6
13.50
1.80

15.30

8.07

<0.675
0.190
1.10
0.210

<0.01
7.50
0.20
1.000

42.00
'0.15
0.021

<0.12
<0.12
5.90
0.014
0.015

6.67
1.61

5.01
25.10

65.1
12.80

14.50

7.74

<0.075
0.160

14.00
0.015

<0.10
4.20
2.00
0.200

47.00
<0.15
0.041

<0.12
<0.12
31.00
0.047
0.011

6.50
1.30

7.70
15.80

122.5
24.10

25.50

7.95

<0.075
0.187

10.82

0.038

1.73
1.82
0.090

48.59
'0.15
0.042

'0. 12
<0.12
30.90
0.061
0.015

7.00
2.40

2.20
25.70

105.7

20.80

24.00

8.10

0.240
0.180

10.00
0.035

<0.01
3.00
1.66
0.160

47.00
<0.36
0.051

<0.29
40.12
28.00
0.070
0.290

6.80
2.21

2.60
27.80

106.7
21.00

21.65

8.30

'0.08
0.160
8.70
0.060

'0.01
7.03
1.10
0.440

45.20
<3.0
0.040

'2.4
<2.4
24.80
0.060

(0.01

7.46
2.15

4.26
26.00

79.8
15.70
2.56

8.12

<0.08
0.200

13.30
<0. 01
<0.01
6.64
2.17
0.040

48,20
<3.0
0.050

<2.4
<2.4
32.60

0-.040
<0.01

7.09
2.30

7.64
17.20

123.0
24.20

25.00

8.21

0.150
0.250

12.10
0.080
0.010
9.40
1.91
0.100

46.90'
'3.0
0.060

<2.4
'2.4
32.40
0.050
0.010

7.64
2.29

4.56
19.50

108.3
21.30

8.28

0.120
0.140
9.80
0.110

<0. 01
5.09
1.49.
0.150

58.30
<3.0
0.040

<2.4
<2.4
28.70
0.040
40.61

17.62
2.27

4.77
20.10

100.1
19.70

8.33

.0.880
0.190
9.25
0.150

<0.01
11.90
1.20
0.230

96.20
<3.0
0.040

<2.4
<2.4
27.00
0.060
0.160

7.62
2.26

4.66
19.80

97.1
19.10



TABLE B.3. Solution Chemistry for the HBR/BF-85 (C5C-K) Test (0.4 pm filtered)

Cycle I
Starting 33

Species J-13 Water Days

pH 8.90

Al

Ca
!N Cr

Fe
K
Mg

- No
CO Na
', Nd

Ni
Pd
Ru
Si
Sr
Zr

Ci
F

so4
NO3

HCO 
3

lnorg C
Org C
TotaI C

<0.975
9.288

15.94

C0.01
3.66
2.83
9.041

41.52
<9.15

<0.12
,C.12
37.78

9.646
'9.919

7.06
2.10

7.99
18.09

125.6
24.79

25.60

8.24

6.389
0.974
5.79

9.14
5.98
1.096

9.296
45.25
<0. 15

-9.12
<9.12
15.13
9.969
9.936

7.84
2.92
1.10
7.31

33.69

84.4

16.60

29.59

(,gfriL)
147
Days

7.87

<9.975
0.185
4.09

<9.91
9.45
1.42
9.70
1.789

61.41
<9.15
9.119

C9.12
9O. 12

22.56
9.059

<9. 019

9.10
2.09

1.10
31.49

96.1
18.99
4.89

23.79

174

Days

7.92

0.159
9.169
3.59

<0.91
0.03

7.20
9.76
2.399

47.90
<0.15
09.63

<0.12
<0.12
18.09
9.034
0.914

8.18
1.82

0.19
32.99

94.0
18.59

29.70

7.74

49.975
9.169

14.90
9.915

<9.19
4.29
2.09
9.200

47.00
'<9.15
9.641

49.12
<0.12
31.99
9.947
9.911

6.50
1.39

7.79
15.89

122.5
24.19

25.50

8.33

<6.075
9.198

11.55
9.042

<9.01
5.05
1.79
9.191

48.28
'9.15
9.932

<9.12
'9.12
39.53
9.121

<9.010

6.99
2.49

2.00
29.29

166.7
21.90

24.09

8.34

9.987
9.199

19.99
0.092

<9.61
6.79
1.61
9.129

49.99
<9.15
9.956

<9.12
'9.12
25.09
0.110
9.914

6.89
2.22

16.50
27.99

164.5
29.68

23.25

8.17

'9.98

0.189
6.39
9.939

'6.91

5.65
0.76
0.379

41.89
c3.9
9.929

'2.4
<2.4
15.89
9.369

'9.91

7.09
1.74

3.34
21.30

79.8
15.70
1.99

8.12

-9.98
9.299

13.39
c9,91
<9. 91
6.64
2.17

90,49
48.29
<3.9
9.959

c2.4
<2.4
32.69
0.49

<0.91

7.99
2.39

7.64
.17.29

123.0
24.29

25.09

8.19

0.219
9.239

11.09
9.989
9.92

7.74
1.69
0.169

45.29
<3.9
9.659

<2.4
<2.4
28.70
9.648
9.939

7.57
2.21

3.84
19.49

164.2
29.50

Cycle 2 fpa/mL)m Cycle 3
Starting 14 34 181 Starting 20

J-13 Water Days Days Days J-13 Water Days

(a/9L)
55

8.11

9.199
9.159
7.85
9.979

<9.61
4.39
1.19
9.229

57.59
'3.90

9.929
<2.4
<2.4
23.69
9.649

<9.91

7.61
2.13

4.09
19.49

97.6
19.29

97

Days

8.35

9.849
9.219
7.59
0.679

<9.91
9.87
1.92
9.379

38.89
<3.0

0.979.
<2.4
-2.4
24.20
0.959
9.159

7.47
2.12

4.10
19.30

94.0
18.59



TABLE B.4. Solution Chemistry for the HBR/SD-85 (C58-D) Test (0.4 pm filtered)

Cycle I
Starting 33

Species J-13 Water Days

pH 8.00

,r

Al
B
Ca
Cr
Fe
K
Mg
Mo
Na
Nd
Ni
Pd
Ru
Si
Sr
Zr

Cl
F
PO4
NO3
SO4

Inorg C
Org C
Total C

<6.075
0.288

15.04

<0. 01
3.66
z. a3
0.041

41.52
<0.15

<0.12
<0.12
37.78
0.046

7.00
2.10

7.90
18.00

125.6
24.70

25.60

8.38

0.166
0.032
9.71

<0.01
5.61
1.51
0.025

42.40
<0.15

<0.12
<0,.12
24.06
0.045

<0.010

6.76
2.03
1.20
2.82

30.00

99.6
19.60

24.90

147

Days

8.13

<0.075
0.156
9.86
0.035

<0.01
6.31
1.11
0.029

46.52
<0.15
0.06

<0.12
<0.12
30.13
0,086

Co.010

7.20
2.00

2.90
23.90

105.2
20.70
3.70

24.40

8.33

0.090
0.160
8.40
0.050

'0.01
5.30
1.20
0.058

49.00
<0.15
0.034

<0.12
'0.12
27.00
0.077

<0.01

6.47
1.91

2.54
24.50

101.7
20.00

22.80

7.74

<0.075 ;
0.160

14.00
0.015

<0.10 "
4.20
". go

0.200
47.00
<0.15
0.041

<0.12
'0.12
31.00
0.847
0.011

6.50
1.30

7.70
15.80

122.5
24.10

25.50

Cycle 2
174 Starting 14
Days J-13 Water Days

8.12

40.075
0.176

10.09
0.018

'0.01
<0.50

1.77
0.048

44.58
'0.15
0.022

<0.12
<I.12
29.72
0. 046
<0.010

6.40
2.00

1.60
24.10

105.7
20.80

24.30

8.20

<0.075
0.160

11.00
0.017

<0.01
8.00
1.65
0.043

50.00
-0.15
0.029

<0.12
<0.12
29.00
0.048

<0.010

6.70
2.24

1.00
26.60

106.2
20.90

22.15

7.49

<0.08
0.130
2.44

<0.21
<0.01
5.85
0.36
0.510

17.90
<3.0

0.030
<2.4
<2.4

5.12
0.010

<0.01

6.46
0.64

1.92
8.44

33.4
6.57
1.96

8.12

<0.08
0.200

13.30
'0.01
<0.01
6.64
2.17
0.040

48.20
<3.0
. 0.050
<2.4
<2.4
32.60
0.040

<0.01

7.09
2.30

7.64
17.20

123.0
24.20

25.00

7.92

0.850
0.180
1.88
0.060

<0.01
11.20
0.20
0.050

89.50
<3.0
0.040

<2.4
<2.4
11.40
0.010
0.160

7.28
1.97

4.53
19.40

73.7
14.50

(uq/ml
34

Days

Cycle 3 (ma/mL)
181 Starting 97
Days J-13 Water Days

C



TABLE B.5. Solution Chemistry for the HBR/HD-85 (C5B-B) Test (0.4 pm filtered)

Cycle 1
Starting 33.

Specles J-13 Water Days

(14/ML)
147 174 Starting

Days J-13 Water

Cycle 2 fuq/mL)
14 34

Oays Days

Cycle 3 (a/nt)
181 Starting 97
Days - J-13 Water Days

pH 8.00

in

N

?3

0w

Al
B
Ca
Cr
Fe
K

Mg
1o
Na
Nd
Ni
Pd
Ru
Si
Sr
Zr

CI
F
PO.4NO3

HCO 3
Inorg C
Org C
TotalI C

<0.075
0.288
15.04

< <0.01
3.66
2.83
0.841

41.52.
co.15

,0.12
<0.12
37.78
'0.046
C0.010

7.00
2.10

7.98.
18.08

125.6
24.70

25.560

8.20

0.085
0.057
4.63

0.03
8.91
0.78
0.021

43.22
<0. 15

40.12
<0.12
12.20
0.016

<0.010

7.04
1.78
1.10
2.59

32.70

82.3
16.20

20.90

8.88

<0.075
0.125
2.00
0.108

<0. 01
7.44
0.24
0.028

47.56
'0.15
<'. 02
<0.12
<0.12

6.92
8.80M

'0.018

7.50
2.00

2.68
24.80

75.2
14.80
3.70

18.50

8.17

<0.075
0.140
1.68
0.140

'0.01
7.20
0.27
0.O82

48.00
<0.15
<0.02
<0.12
<0.12

5.88
0.010
8.010

6.72
1.92

2.95
28.18

72.7
14.30

17.60

7.74

<0.075
0.168
14.00
0.815

<0.180
4.20
-2.90
0.200

47.80
<0.15
8.041

<0.12
'8.12

31.00
0.847
0.011

6.58
1.38

7.70
15.80

122.5
24.10

25.50

8.12

<8.075
8.172
7.17
0.016

<0.01
3.89
1.86
0.032

46.54
<0.15
<0. 020
<0. 12
<0.12
23.42
0. 032

'8.016

6.90
2.30

- 1.40
25.10

92.5
18.20

22.80

8.05

<0.075
0.150
3.40
0.030

'0.01
8.50
0.41
0.033

47.08
C0.15
0.027

<0.12
<0. 12
10.00
0.017

<0.010

6.70
1.95

8.87
26.20

82.6
16.25

18.50

8.23

'0. 08
0.140
3.05
0.160

4,.81

6.64
0.23
0.050

48.58O
<3.0
8.020

'2.4
-'2. 4

6.99
8.010

<8. 81

7.96
2.40

3.16
26.50

75.2
14.80
2.38

8.12

<0.08
0.200

13.38
<0.01
'0.01

6.64
2.17
8.040

48.20
<3.0
0.050

<2.4
<2.4
32.60
0.040
'0.01

7.09
2.38

7.64
17.20

123.0
24.28

25.80

8.75

0.890
0.150

11.60
8.140
<0.01
11.64
8.76
0.058

99.28
<3.0
8.870

<2.4
<2.4
18.50
8.868
0.160

7.55
2.21
8.46
3.64

20.54

96.6
19.88



TABLE B.6. Solution Chemistry for the HBR/UD-85 (C5B-A) Test (0.4 um filtered)

Cycle I
Starting 33

Species J-13 Water Days

pH 8.00 8.22

147

8.36

Cycle 2 buq/mLI Cycle 3 (/a/)
174 Starting 14 34 181 Starting 97
Days J-13 Water Days. Days Days J-13 Water Days

8.51 7.74 8.05 7.93 7.46 8.12 8.29

Al
B
Ca
Cr
Fe
K
Mg
Mo
Na
Nd

0' Ni
Pd
Ru
Si
Sr
Zr

Cl
F
P 4•
NO3
04

HCO3
Inorg C
Org C
Total C

0. 075
0.288

15.04

3.66
2.83
8.041

41.52
'0.15

<O.12
CO.12
37.78
0.046
'0.010

7.00
2.10

7.90
18.00

125.6
24.70

25.60

0.123
0.053
7.07

<0.01
5.49
1.28
0.025

40.12
C0.15

<0.12
C0.12
23.01
0.030

<0.610

7.51
2.22
1.40
5.65

76.90

88.4

17.40

23.50

<9.075
0.145
2.44
0.060

C0.01
8.11
0.28
0.037

48.37
'0.15
C0. 02
C0.12
<0.12
8.69
0.009

<0.010

7.40
1.90

2.80
25.60

73.7
14.50
3.40

17.90

"0.130
0.140
4.10
0.110

<0.01
5.90
0.48
0.180

45.00
C0.15
<0.02
'0.12
'0.12
8.00
0.015
0.010

6.72
1.98

<0.075
0.160
14.00
0.015

<0.10
4.20
2.00
09'200
47.00
'0.15
0.041

C0.12
Co.12
31.00
0.047
6.011

6.50
1.30

<0.075
0.189
8.04
0.023
0.01
1.22
1.28
0.074

47.51
'0.15

0.021
C0.12
'0.12
24.21
0.038
0.914

6.30
2.20

2.00
22.80

101.7
20.00

22.20

<0.075
0.170
8.30
0.026
0.04
4.50
1.10
0.073

46.00
<0.15
0.044

C0.12
-0.12
20.00
0.036
0.017

6.70
2.18

1.30
24.10

103.2

29.30

23.30

0.068
0.150
1.19
0.050
0.03
5.45
0.22
0.030

12.60
<3.0
0.040

<2.4
<2.4
2.52
'0. 01
'0.01

5.90
0.57

1.87
5.50

20.9
4.12
1.90
6.02

'0.08
0.200

13.30
C0.01
C0.01

6.64
2.17
0.040

48.20
<3.0
0.050

<2.4
'2.4
32.60
0.040

'0.01

7.09
2.30

7.64
17.20

123.0

24.20

25.00

0.860
0.180

15.50
0.030

<0.01
11.90
1.87
0.040

101.00
<3.0

0.050
<2.4
<2.4
39.30
0.100
0.160

7.82
2.71

2.82
21.20

124.4
24.40

Pftq

0l
2.41 7.70

27.50 15.80

79.8
15.70

19.00

122.5
24.10

25.50
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TABLE C.1. Indexing for HBR/BF-85 Cycle 2 Rinse Filter XRD Pattern

Sample Pattern
DegQ. 2e

5.49
9.51

11.22
11.92
12.31

13.43
16.35
18.52
22.55
24.74

qq.

qf

C1

25.49
26.91
28'.27
29.88
30.69

32.75
34.03
35.02
37.31
40.97

43.04
44.03
45.91
46.28
46.94

48.68
51.56
55.62
58.35
60.15

68.53
75.65
78.00

d (A)
16.090
9.296
7.881
7.418
7.184

6.586
5.417
4.786
3.940
3.596

3.491
3.310
3.154
2.988
2.911

2.732
2.632
2.560
2.408
2.201

2.100
2.055
1.975
1.960
1.934

1.869
1.771
1.651
1.580
1.537

55.9
1.1

25.7
1.8
2.3

14.8
4.8
2.9

12.6
4.6

1.7
1.0

100.0
6.6
4.9

19.5
5.0
2.2
0.3
6.2

1.3
2.2
2.1
2.3

27.5

0.7
0.8

20.9
9.3
0.5

6.61
5.42
4.76
3.94
3.60

3.51

3.154
2.99
2.91

2.735
2.63
2.57
2.40
2.20

2.10
2.06
1.969

40
40
50
90
40

Matched Line
I Yo Phase JCPDS No.

9.30 100 H 13-118
7.88 100 UP , 8-442

40 UP

100 U
80 UP
80 UP

48
50
20
10
40

50
20
70

UP
UP
UP
UP
UP

U
UP
UP
UP
UP

UP
UP
UP

8-442

5-550
8-442
8-442

5-550
8-442
8-442
8-442
8-442

8-442
8-442
8-442

5-550

5-550
5-550

5-550
5-550
5-550

8-442
8-442
8-442
8-442
8-442

1.934 49 U

1.649 47
1.579 13

U
U

U
U
U

1.368
1.256
1.224

2.5 1.368
7.2 1.255
4.9 1.223

9
18
15

U = UO
UP = urhnophane
H = haiweelte
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TABLE-.". Indexing for TP/BF-85 Cycle 1Rinse Filter XRD Pattern

Samnle Pattern Matched Line
Geg. 2e

5.49
9.46

25.53
25.53
28.20

28.58
28.58
32.67
46.83
55.61

57.03
62.18
64.83
65.37
73.64

75.59

d (A)

16.082
9.346
3.357
3.357
3.162

3'121
3.121
2.738
1.938
1.651

1.613
1.492
1.437
1.426
1.285

5.9
27.5
19.5
19.5

100.0

22.0
22.0
13.2
17.5
12.6

3.1
2.7

4.3
3.8
5.0

9.30
3.34
3.34
3.154

3.04
3.035
2.735
1.934
1.649

100
30
80

100

30
100
48
49
47

H
H
S
U

H
C
U
U
U

13-118
13-118
26-1392

5-550

13-118
5-586
5-550
5-550
5-550

5-550

I ....L LIAA -LAJ Ejjje JCPDS No.

1.255 18 U

1.257 8.9 1.223 15 U 5-550

U
H
S
C

rol

UO
haiweeite
soddyite
calciteiq.
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TABLE C.2. Indexing for TP/BF-85 Cycle 1 Rinse Filter XRD Pattern

SamDle Pattern Matched Line

5.49
9.47
11.88
13.37
28.18

28.63
29.78
32.67
46.87
48.63

55.59
58.32
59.79
68.44
70.44

16.097
9.327
7.910
6.619
3.164

3.115
2.998
2.738
1.937
1.871

1.652
1.581
1.546
1.370
1.336

1.257
1.225

I% LA1A ILZ Phas JCPLDS 0
1.1
6.0
2.7
1.7

100.0

11.8
1.8

12.0
22.0
1.1

17.2
9.2
0.2
2.4
1.5

9.30
7.88
6.61
3.154

3.09
2.99
2.375
1.934
1.867

1.649
1.579

1.37

100
100
40

100

10
80
48
49
30

47
13

H
UP
UP
U

UP
UP
U
U
UP

U
U

13-118
8-442
8-442
5-550

8-442
8-442
5-550
5-550
8-442

5-550
5-550

5-550

5-550
5-550

0

OD
9 U

U
U

75.58
77.91

7.3 1.255 18
4.2 1.223 15

U
UP
H
C

¢x

vo
urOnophane
halweeite
calcite

C.

01,
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APPENDIX D

PROCEDURES

Cycle 1 of the Series 3 tests was started February 19, 1986, and Cycle 3
was terminated May 18, 1987. Chemical analyses of Cycle 3 terminal samples
were completed by September 1987. Principal procedure revisions used in the
Series 3 tests that were in effect during this time are identified in this
appendix. Principal radiochemical procedures are also summarized in this
appendix. Other identified procedures are summarized in the report text or
relate to operation of commercial analytical instruments for which manuals

V4 apply. Many of the procedures were revised in format only for a September
1986 compilation of WHC procedures in support of geological repositories. For
these procedures, the revision containing only format changes is omitted from
the following procedure listings. A record of revised pages is contained in
each procedure. Copies of the following identified procedure revisions are
included in the Series 3 tests data package.

D.1 SPECIMEN PREPARATION

At the time the Series. 3 specimens were prepared, instructions were
provided by memoranda. The instructional memorandum for the Series 3 specimen

preparation was approved under Engineering Data Transmittal EDT A-12109..

0% Reference Memorandum, C. N. Wilson to J. M. Lott, Subject: "Preparation
of NNWSI Series 3 Spent Fuel Leach Tests. Specimens," dated July 31, 1985.
(Formally transmitted by EDT A-12109, approved August 5, 1985.)

D.2 CYCLE START

* SFL-3-5, Rev 0, "NNWSI Series 3 Spent Fuel Leaching/Dissolution
Tests: Cycle Start."
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D.3 CYCLE TERMINATION

* SFL-3-6, Rev 0, "NNWSl Series 3 Spent Fuel Leaching/Dissolution
Tests: Cycle-Termination."

D.4 SOLUTION SAMPLING

* SFL-3-7, Rev 0, "NNWSI Series 3 Spent Fuel Leaching/Dissolution
Tests: Solution Sampling."

D.5 URANIUM

* HTA-4-16, Revs 0 and 2, "Solutions Analysis: Uranium by
Laser-Excited Fluorescence."

Uranium is determined using a Scintrex(a) Model UA-3 uranium analyzer.
Diluted aqueous solutions containing a buffered complexing reagent are excited

*o by a UV-emitting nitrogen pulsed laser, and the green uranium fluorescence
emitted from the solution Is measured. An increase in signal from the
addition of a known uranium-containing standard solution to the diluted test

- solution is used to calculate uranium concentration. The method gives
reproducible results for sample uranium concentrations down to 1 ppb.

1" D.6 RADIOCHEMICAL SOURCE PREPARATION AND COUNTING

0% 0 HTA-4-22, Rev 2, "Solutions Analysis: Preparation of Alpha Sources
by Direct Evaporation."

C HTA-4-23, Rev 2, "Solutions Analysis: Preparation of Beta Sourceso by Direct Evaporation."

- HTA-4-4, Rev 3, "Solutions Analysis: Liquid Scintillation."

* HTA-4-5, Rev 3, "Solutions-Analysis: Alpha Spectrometry."

* HTA-4-6, Rev 3, "Solutions Analysis: Alpha Counting."

• HTA-4-8, Rev 3, "Solutions Analysis: Beta Counting."

" HTA-4-9, Rev 3, "Solutions Analysis: Gamma Spectrometry."

(a) Scintrex Ltd, Concord, Ontario, Canada.
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D.7 2 39 P2 40 pu AND 2 44 Cm

These radionuclides were counted on source disks prepared from unsepa-

rated solution aliquots using the following procedures. An accurately

measured quantity (i.e., 100 to 500 pL ± 1 pL) of solution was evaporated onto

a stainless steel source disk (HTA-4-22) which was then counted for total

alpha activity (HTA-4-6) and analyzed by alpha energy spectrometry (HTA-4-5).

The alpha spectrometry results were used to calculate the portions of the

total alpha counts originating from each alpha energy peak. Three significant

alpha spectrometry peaks generally resulted: 2 39 +24 0 pu, 238 Pu + 241Am, and
2 4 4Cm. Results for all three alpha activities were reported.

D.8 24_Am
cO

* HTA-4-13, Revs 2 and 4, "Separation of Americium-241 and Curium-244
by Anion Exchange Prior to Measurement by Alpha Counting."

- Since 241Am and 238pu have similar alpha decay energies, a separation is

required for 2 41 Am analysis (HTA-4-13). A 500-mL solution sample is reacted

with 200 pL of 5 H hydroxylamine hydrochloride and 100 mL of 8 M HNO3 and is

Vpassed through an anion exchange resin. The plutonium is loaded onto the

resin while the americium-passes through the resin. The 24!Am is then meas-

ured by alpha counting (HTA-4-6) and alpha spectrometry (HTA-4-5) after being

evaporated onto a stainless steel source disk (HTA-4-22) that has been heated
o• to dull red by flame from the bottom side to burn off organic and volatile

residues.

D.9 23.7No

* HTA-4-14, Revs 2 and 4, "Separation of Neptunium by Cation Exchange
and Solvent Extraction Prior to Measurement by Alpha Counting."

Since 247Np activity in the spent fuel tested is much lower than other

alpha-emitting isotopes and is interfered with by 2 3 4U alpha decay, a separa-

tion is required. Neptunium is separated by cation exchange of Np02+ followed

by solvent extraction of Np+ 4 into thenoyltrifluoracetone in xylene. The
2 37 Np activity is then evaporated onto a stainless steel source (HTA-4-22)

D.3



disk that is heated to "a high heat" on a hot plate to burn off organic resid-
ues. The 237Np is-counted using alpha counting (HTA-4-6) and alpha spectrom-
etry (HTA-4-5).

D.10 13Cs, 34 Cs. AND 60 Co

137 Cs and Cs were measured in nearly all samples by gamma
spectrometry (HTA-4-9). 6 0Co was also measured in many samples by gamma
spectrometry. Quantitative gamma counting data were calculated from gamma
energy peaks based on daily measurement of control standards of 241Am, 13 7 Cs,
and 6 0Co mixtures run under the same geometry as the test samples.

D.11 99 Tc

* HTA-4-12, Revs 1 and 3, "Separation of Technetium by CationtI Exchange and Solution Extraction Prior to Measurement by Beta
Counting.".

Since ggTc decays solely by beta decay, spectrometry methods are not
applicable and the 99Tc must be separated from other beta emitters to be
counted. The technetium is oxidized to Tc04 with sodium dichromate and
separated from most other radioactive species that adsorb onto a cation
exchange resin. Technetium is then extracted from the cation exchange
effluent into hexone as tetraphenylarsonium pertechnate. A measured portion

OW of the hexone is evaporated onto a stainless steel source-disc under a heat
IN lamp. The 99Tc activity is then counted using a gas flow beta proportional

0 counter.

0- D.12 anSr

* HTA-4-11, Revs I and 3, "Separation of Strontium-90 by Cation
Exchange Prior to Measurement by Beta Counting."

Since 90Sr is a beta emitter, separation is required. The 90Sr is
separated from other radioactive species by selective elution from a cation
exchange resin using 2-methyllactic acid. Following separation, the growth of
90Y is measured by beta counting. The 9 0Sr is then calculated, based on the
growth of the 90 Y daughter over a measured period of time. The technique of
Roberts (1961) is used.(Dl)
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D.13 126n

* HTA-4-21, Revs 0 and 2, "Separation of Tin-126 by Anion Exchange
Prior to Measurement by Gamma Counting."

The test solution is mixed with bromine-saturated 2 H HCO and passed

through a cation exchange resin to remove essentially all cations. Tin is
then loaded onto an anion exchange resin and is washed free of other anions

with dilute hydrochloric acid. Tin is eluted with dilute nitric acid and

tin-126 is measured using a GeLi well gamma spectrometer (see GeLi well

portion of Procedure HTA-4-9).

D.14 -4C

* HTA-4-17, Revs 0 and 2, "Solutions Analysis: Carbon-14 by
Distillation Separation Prior to Measurement by Liquid

Co Scintillation Counting.0

Carbon-14 is separated from other radioactive species by distillation of

- carbon dioxide from an acidic oxidizing solution. The carrier gas (air) is

passed through Ascarite ,I(a) to remove carbon dioxide. The distilled 14C
dioxide is trapped in a liquid scintillation cocktail made basic with sodium

hydroxide. The 14 C activity is then measured by the liquid scintillation

Procedure HTA-4-4.

D.15. 1291

o Because of its low concentration and long half-life (17,000,000 yr),

1291 activity in spent fuel leach solutions is generally too low to detect by

direct counting methods after separation. Therefore, a neutron activation

analysis (NAA) procedure (performed by PNL) is used for 129 1. The 129I
analyses were performed by Robert Strebin of PNL, and a WHC technical proc-

edure was not written for these analyses. The methods used are summarized

below.

(a) Ascarite II is a registered trademark of Arthur H. Thomas Co.,
Philadelphia, Pennsylvania.
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A measured volume of test solution and a "spike" solution containing
1251 are absorbed into quartz wool in a gas phase separation column. The

sample is evaporated from the quartz wool by flaming the outside of the column

while flowing air through the column. The oxidized iodine vapor species are

trapped by absorption onto activated charcoal. The column is then evacuated,

the charcoal trap valved off from the vacuum, and the charcoal trap is heated,

reducing the iodine to 12. The 12 vaporizes from the heated charcoal trap and

is condensed in a liquid N2 cold trap. The column is sealed off above the

liquid N2 cold trap creating a glass ampoule containing the separated 12. The

ampoules are then activated by neutron irradiation in a nuclear reactor

(Hanford N Reactor for Cycles 1 and 2; Washington State University Reactor for

Cycle 3 samples). The irradiated ampoules are then broken in CCI 4 , in which

12 is soluble. 1261 and 130I decay are then counted by gamma spectrometry

over several 1301-half-lives (12.4 hours), and the original preirradiation
1291 is calculated.

- D.16 OTHER SOLUTIONS-ANALYSES

* HTA-4-1, Revs 1 and 3, "Solutions Analysis: Cations by ICP
Spectrometry."

M ICP spectrometry was performed using an ARL(a) model 3510
sequential ICP spectrometer.

* HTA-4-2, Revs 1 and 3, "Solutions Analysis: Anions by Ion
Chromatography."

0% Ion chromatography was performed using a Dionex(b) Model 2110i ion

chromatograph.

HTA-4-3, Revs 1 and 3, "Solutions Analysis: Carbon."

Inorganic, organic, and total carbon measurements were made using a

Dohrman(c) DC80 total organic carbon analyzer. Inorganic carbon was of

primary interest since it was used to calculate the bicarbonate values

reported.

(a) ARL Co., Sunland, California.
(b) Dionex Corporation, Sunnyvale, California.
(c) XERTEX-Dohrman, Santa Clara, California.
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D.17 SOLIDS CHARACTERIZATION

* HTA-3-1, Rev 3, "Solids Analysis: Scanning Electron Microscopy."

• HTA-3-3, Rev 2, "Solids Analysis: X-Ray Diffraction Analysis."

D.18 BURNUP AND RADIONUCLIDE INVENTORY

Burnup and 24 4Cm, 2 41 Am, 23 9+2 40 pu, 2 3 7Np, 13 7Cs, 99Tc, and 14C

inventories were measured on H fuel samples. Carbon-14 was also measured on

H. B. Robinson cladding samples. The fuel sample was dissolved and inven-

tories for 24 4Cm, 241 Am, 23 9+2 4 0 pu, 13 7Cs, and 99 Tc measured on the resulting

solution using the applicable procedures given above. Special procedures

listed below were used for 237Np and 14C in the fuel and cladding. The

addition procedures used were:

* HTA-4-24, Rev 0, "Samples Preparation: Dissolution of LWR Fuel
Samples."

• HTA-4-25, Rev 1, "Burnup Analysis: Neodymium-148 Method."

* HTA-4-26, Rev 1, "Sample Preparation: LWR Fuel Solutions."

* HTA-4-27, Rev 1, "Measurement of Neptunium-237 in Dissolved Fuel
Solutions."

0 HTA-4-28, Rev I, "Measurement of Carbon-14 in Irradiated UO2 Fuel."

0 HTA-4-30, Rev 1, "Measurement of Carbon-14 in Zircaloy Cladding."

D.19 REFERENCE

DI. F. P. Roberts. 1961. The Determination of Radiostrontium by Ion
Exchange, HW-69511, General Electric, Richland, Washington.
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APPENDIX E

SURFACE AREA

Geometric surface areas were estimated for the H. B. Robinson ATM-1O1

and Turkey Point fuels by determining the distribution of particle weights in

the HBR/BF-25 (C5C-I) and TP/BF-85 (F6-2B) fuel specimens and assuming a

uniform particle shape. The specimens were spread out on one gallon "ice

cream" carton lids and stirred to obtain a uniform distribution of particle

sizes across the carton lid surface. Photographs of the specimens on the

carton lids with cm scale labels are shown in Figure E.1. Particles were

knifed to the sides of the carton lids leaving a center strip of-particles

approximately 3 cm wide across the carton lid undisturbed. All of the

particles remaining in the center strip were weighed to obtain a representa-
RW" tive distribution of the particle weights in each of the two archival fuel

"- specimens. The particle weights measured for the C5C-I and F6-2B specimens

are tabulated in Tables E.1 and E.2.

Most of particles in the spent fuel specimens exhibited near-equiaxed

Idimensions with the most common particle shape appearing to be a wedge. A

01. right-angle wedge with dimensions L x L x hL shown in Figure E.2 was assumed

to represent the average particle shape for the purpose of calculating geo-

metric surface areas. Geometric surface area of such a regular shape is
0 proportional to the particle weight raised to the 2/3 power (Equation E.I).

Area = k x Weight 2/ 3  (E.1)

Surface areas were calculated for each particle using equation E.1 and

three different values for the constant k. Values used for the constant k

(1.683, 1.576 and 1.501 cm2/g) assumed proportional wedge height values (h in

Figure E.2) of 0.5, 0.67 and 1.0, respectively, and particle density of 10.083

g/cm3 (92% of theoretical). Average geometric surface areas were calculated

by dividing the sum of the particle areas by the sum of the particle weights.

The resulting calculated geometric surface areas are given in Table E.3. The
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FIGURE E,. HBR (C5C-I) and TP (F6-2B) Spent Fuel Specimens
(scale shown is in cm)
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.TABLELE.j. C5C-I Particle Weights (g)

('4

Weight

0.4842
0.4140
0.0224
0.0465
0.3672
0.2415
0.2865
0.1542
0.0734
0.1130
0.2364
0.2548
0.0282
0.2080
0.2973
0.1660
0.0822
0.1102
0.1259
0.-1758
0.4329
0.1497
0.0201
0.1745
0.2151
0.3849
0.5674
0.0040
0.0034
0.0024
0.0042
0.0069
0.2457
0.0151
0.0018
0.1629

Weight

0.1476
0.5181
0.1631
0.3161
0.5420
0.2185
0.3311
0.1834
0.3420
0.0065
0.0008
0.4427
0.5780
0.1746
0.3857
0.2400
0.5781
0.1229
0.2100
0.2414
0.1872
0.0156
0.4006
0.4942
0.1732
0.3538
0.3314
0.4207
0.2615
0.3501
0.1253
0.4066
0.1779
0.5985
0.1643
0.0165

Weight

0.0101
0.0105
0.0054
0.0090
0.0032
0.0012
0.0720
0.4142
0.6736
0.1440
0.2796
0.1901
0.1154
0.1388
0.4811
0.0976
0.3102
0.1802
0.1388
0.2313
0.2973
0.6713
0.2884
0.1703
0.1547
0.1452
0.2297
0.1637
0.1389
0.0987
0.0491
0.0034
0.0011
0.0022
0.0020
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TABLE E.2. F6-2B Particle Weights (g)

Weight

0.8413
0.6579
1.2066
0.8870
0.5222
0.3863
0.3216
0.4485
0.3177
0.6688
0.3591
0.2388
0.2415
0.1938
0.1901
0.3863
0.4199
0.4871
0.2564
0.2160
0. 6069-
0.3150
0.3630
0.2422
0.1648
0.0765
0.4626
0.1591
0.1583
0.2471

Weight

0.0843
0.3745
0.1901
0.3419
0.1571
0.5609
0.3059
0.3725
0.2810
0.2190
0.2394
0.1146
0.3512
0.3703
0.4720
0.2988
0.2417
0.4535
0.5624
0.2204
0.1728
0.6309
0.4941
0.4951
0.2985
0.2668
0.4342
0.2198
0.2732
0.2340

Weight

0.3286
0.3127
0.0507
0.0262
0.0398
0.0239
0.0220
0.0795
0.0228
0.0113
0.0110
0.0134
0.0200
0.0090
0.0087
0.0072
0.0112
0.0153

" 0.0048
0.0051
0.0077
0.0045
0.0050
0.0138
0.0040
0.0034
0.0011
0.0027
0.0145

~q.
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hL.

0% FIGURE E.2. Right-Angle Wedge Shape (L x L x hL) Assumed for Calculation of
Spent Fuel Particle Geometric Surface Areas

TABLE E.3. Calculated Geometric Surface Areas (cm2/g) Assuming
L x L x hL Wedge-Shape Particles

Fuel h =*0.50 h = 0.67 h = 1.0

VHBR 2.57 2.40 2.29

TP 2.37 2.21 2.11

HBR fuel had a slightly smaller average particle size resulting in a slightly
o:) greater geometric surface area in comparison to the TP fuel. Geometric sur-

01, face areas for the test specimens may be estimated by multiplying the values

given in Table E.3 times the specimen weightsgiven in Table 2.1 of the main

text.

Due to the effects grain boundaries and other porosity, the actual

effective specimen surface areas needed to calculate surface area normalized

dissolution rates that are independent of particle size and morphology, would

likely be greater than the geometric surface areas tabulated in Table E.3.

However, based on currently available data, estimates of actual effective

wettable surface area of the test specimens would be speculative. If one were

to assume cube-shaped grains, and that grain surfaces perpendicular to the

E.5



particle exterior surface are exposed to a depth of onegrain as a result of
initial grain boundary dissolution, the exposed surface area would be five
times the geometric surface area. However, the slow kinetics of diffusing
species into and out of grain boundaries probably results in much lower
dissolution rates along grain boundaries than from external particle surfaces.
The observation that 9 91c and 137CS dissolution rates did not significantly
increase during test cycles suggests that increasing effective surface area as
a result of progressive grain boundary dissolution was not an important factor
during the Series 3 tests. The surface area added by the approximate 10 mg of
fuel grains estimated to have been released from the fuel particles as a
result of grain boundary dissolution during the test cycles (and collected on
specimen rinse filters) would increase the specimen geometric surface areas by
only a few percent.tA

The implications of potential increases in surface area as a result of
fuel degradation are quite significant. For the purpose of establishing an
upper bound for the potential rate of fuel dissolution, one could assume that
the fuel is degraded to individual grains, all of which are exposed to water.

Assuming that a matrix dissolution rate of about 5 x 10 4 per year occurred in
the 856C Series 3 tests, and that an average 4 mm particle size in the test
specimens is degraded to 6 jm grains with similar shape (a 667 fold increase
in geometric surface area), the implied fractional dissolution rate for the
grains would be about 0.33 per year.

E.6
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