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ABSTRACT

A study was performed for the Nuclear Regulatory Commission (NRC) to evalu-
ate structural stability and leachability of radionuclides, stable metals, and chelat-
ing agents from cement-solidified decontamination ion-exchange resin wastes
collected from seven commercial boiling water reactors and one pressurized water
reactor. The decontamination methods used at the reactors were the Can-Decon,
AP/Citrox, Dow NS- 1, and LOMI processes. Samples of untreated resin waste and
solidified waste forms were subjected to immersion and compressive strength test-
ing. Some waste-form samples were leach-tested using simulated groundwaters
and simulated seawater for comparison with the deionized water tests that are nor-
mally performed to assess waste-form leachability. This report presents the results
of these tests and assesses the effects of the various decontamination methods,

waste form formulations, leachant chemical compositions, and pH of the leachant

on the structural stability and leachability of the waste forms. Results indicate that
releases from intact and degraded waste forms are similar and that the behavior of
some radionuclides such as 55Fe, 6°Co, and 99Tc were similar. In addition, the
leachability indexes aregreater than 6.0, which meets the requirement in the NRC's
"Technical Position on Waste Form," Revision 1.

FIN No. A6359--Characteristics of Low-Level Radioactive Waste:
Decontamination Waste
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EXECUTIVE SUMMARY

A study was performed for the U.S. Nuclear During the course of this study, resin wastes
Regulatory Commission (NRC) to assess the sta- and solidified resin waste-form specimens were
bility (physical stability and leachability) of collected from the PWR and the BWRs. The char-
cement-solidified waste forms and to determine acteristics of the resins that were solidified, the

realistic release rates. Waste forms were collected cement chemistry, and the solidification methods

from seven commercial boiling water reactors used at the plants sampled are described in this
(BWRs) and one commercial pressurized water report, followed by summary descriptions of the
reactor (PWR). The objective of this report is to leach test procedure, data analysis methods, and
integrate the results of the individual reactor stud- analytical methods. These sections are followed
ies and to provide a comprehensive assessment of by a discussion of the results of the compression
the structural stability and leachability character- and leach tests performed on the solidified decon-
istics of cement-solidified decontamination ion- tamination resin waste specimens. The leaching
exchange resin waste forms, section is divided up into three parts: an assess-

ment of the effects of pH and conductivity on
Test procedures to demonstrate waste form releases from the waste forms, a comparison of

structural stability and to quantify leachability for the leachability characteristics of the waste forms
the low-level wastes from light water reactors from the various decontamination processes, and
have been specified by the NRC in the Low-Level an assessment of the effects of differing leachants
Waste Management Branch's "Technical Position (i.e., deionized water, simulated seawater and
on Waste Form," published in 1983, anl:! in the groundwaters) on the releases of chelating agents,
"Technical Position on Waste Form," Revision l, radionuclides, and stable metals from the waste
published in January 1991. Both documents spec- forms.
ify that small-scale waste-form specimens must
be prepared and tested to certify the stability of According to l0 CFR 61.56 (b)l, "a structur-
the full-scale waste forra, ally stable waste form will generally maintain its

physical dimensions and its form under the
The purpose of this research study is to evalu- expected disposal conditions such as weight of

ate the stability of actual low-level radioactive overburden and construction equipment." The
ion-exchange wastes solidified in cement using initial criterion for structural stability as identi-
the tests from the "Technical Position on Waste tied in the NRC's "Technical Position on Waste

Form," Revision l, for compression testing and Form" is that the cement-solidified waste-form

leachability, and to determine the release rates of specimen must exhibit a compressive strength of
radionuclides, chelating agents, and transition 50 psi (3.4 x l02 kPa). This was later raised to

metals from solidified ion-exchange resin wastes 60 psi (4.1 × 10 2 kPa) to reflect an increase in
that have been immersed in deionized water and burial depth to 55 ft at the Hanford site. Appendix
simulated groundwaters. A of Revision l of the "Technical Position on

Waste Form" recommends a mean compressive
The primary coolant recirculation systems strength of 500 psi (3.4 x l03 kPa) for waste-

were decontaminated at seven BWRs using four form specimens cured for a minimum of 28 days.
different decontamination processes: Millstone-l It has been determined in previous studies that
(Can-Decon), Peach Bottom Unit 2 (Can-Decon), solidified ion-exchange resins should be able to
Pilgrim (NS-1), Cooper (AP/Citrox), James A. meet this criterion.
FitzPatrick (LOMI/NP/LOMI), Brunswick Unit l

(Citrox/AP/Citrox), and Peach Bottom Unit 3 Key conclusions of the compression tests per-
(LOMI/NP/LOMI). The LOMI process was used formed to assess physical stability are that the
to decontaminate a steam generator channel head waste forms, which survived the immersion

at a PWR, Indian Point Unit 3. This report testing, meet the requirements for integrity identi-
describes these decontamination processes, fied in applicable revisions of the "Technical
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Position on Waste Form." Post-immersion corn- those that decomposed during leach testing, met
pression-testing results in_,cate that the compres- the leachability index requirement of 6.0 speci-
sive strengths of the Peach Bottom-3 waste fled in the NRC's "Technical Position on Waste
forms, which used the newest LOMI formulation, Form," Revision 1. In addition, all stable metals
were all well above the regulatory requirement and all chelating agents with the exception of the
(500 psi :,r3.4 x 103 kPa) and ranged from 960 to chelating agent EDTA in the Dow NS- 1 waste
1,370 psi for all leachants. In contrast, all AP/ form (5.7) all have leachability indexes greater
Citrox waste forms that were tested decomposed than 6.0
during immersion testing, and no post immersion
compressive strength measurements were per- The pH effects on leachability and the charac-
formed, teristics of radionuclide and stable metal releases

from the waste forms were also assessed. The pH
Primary results of the physical stability tests data indicate that the pH of the leachate is

are the following: affected within a few hours and probably within a
few minutes by the chemistry of the waste form.

• All AP/Citrox waste forms that were tested These data suggest that pH effects are limited to
decomposed within several hours of the the period before the leachate is affected by the
beginning of the leach test and that the prob- cement chemistry and that the primary factors
able mechanisms for waste form degrada- affecting radionuclide release are probably sol,i-
tion noted in the body of this report bility and the ion strength of the leachar:t. It
significantly affect the capability of these should be noted _.hatradionuclide release rates
waste forms to meet the regulatory require- from the Peach Bottom-3 LOMI waste form,

ment defined in the "Technical Position on where a new formulation was used, are typically
Waste Form" for compression testing, less than those for other LOMI waste forms, indi-

cating the success of the improved formulation.
• The FitzPatrick LOMI waste forms also

decomposed during leach testing; however, Some station waste forms (i.e., Brunswick-1
the FitzPatrick samples are a special case and FitzPatrick) were tested to assess the effects
due to the formation of a gel in the bulk lin- of pH. The results of this study suggest that the
ers during the pH adjustment phase. Studies pH of the leachant (with the exception of seawa-
have indicated that the gel formation was ter) is controlled by the pH of the cement-solidi-
due to the high concentration (-.8 wt%) of fled waste form and that pH effects are probably
picolinic acid in the waste form and that this limited to the period (< 1 hr) before the pH of the
would not be expected to occur again due to leachant is significantly affected by the pH of the
changes in the LOMI formulation, waste form. However, further study would be

required to fully evaluate these effects.
Other results from the compression tests are the

following: (a) Decontamination ion-exchange In order to determine the inventories of radio-
waste-form specimens have compressive nuclides, stable metals, and chelating agents that
strengths, typically 1,000 to 2,000 psi, (b) corn- could be leached from the waste forms being

pression tests performed on unleached specimens leach-tested, waste stream samples were obtained
prior to immersion testing do not appear to be from all waste streams used to prepare the waste-
indicative of the ability of the waste form to sur- form samples. The concentrations of the primary
vive the immersion and the subsequent compres- radionuclides, transuranic radionuclides, stable
sion test, and (c) immersion significantly affects metals, and chelating agents present in the resin
the ability of the waste form to survive compres- wastes were measured. The primary decontami-
sion testing, nation radionuclides whose leachability charac-

teristics are discussed are 55Fe, 6°Co, 63Ni,

In the evaluation of the leach test results, the and 14C. Manganese-54 is not discussed in detail
key conclusion is that all waste forms, including because it was not mcastu'ablc ill mOSt Icachatc
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samples. In addition to neutron activation- chelating agents (e.g., picolinic acid) as
produced radionuclides, assessments have been indicated by comparisons between the
performed for the fission products 137Cs, 99Tc, releases from the FitzPatrick waste form
and 129Ifor the Peach Bottom-3 samples, that decomposed during leach testing and

the Peach Bottom-3 waste form that main-
The measured concentrations of the transuranic rained its structure.

radionuclides in the resin wastes were typically
low with the exception of 241pu, which has the • The inventory of the chelating agent in the
highest concentrations of the transuranicradionu- waste form does not appear to have a signif-
clides, ranging from 10.3 to I0 "! _tCi/cm 3, icant effect on fractional or :_bsoluterelease
whereas most other transuranic radionuclides had rates, which generally appe.ar to be con-
concentrations ranging from 10"s to 10.4 trolled by chemical mechanisms other than
p,Ci/cm 3. The higher concentrations of 241pu are pure diffusion. This is confirmed by the fact
primarily due to the higher specific activity that the average fractional release rate of
associated with this radionuclide. The leachabil- 137Cs (--5 × l0 "9cm -2 • s"l), which is

ity characteristics of the transuranic radionuclides ionic and probably released purely via diffu-
were not discussed in detail because these radio- sion, is one to two orders of magnitude
nuclides were not often measurable in the lea- higher than those of the chelating agents for
chates, and the concentrations in the waste forms most waste forms (,.,3 x l0 -l° cm -2 • s1

are dependent on the quantities present in the sys- for the AP/Citrox and Can-Decon waste
tern that was decontaminated and the decontami- forms). In contrast, picolinic acid is released

nation process used. at about the same rate as 137Cs, and purely
diffusional release is suggested for this che-

The stable metal constituents of the resin lating agent.
wastes included iron whose concentration was

typically the highest and ranged from 5 x 102 to • Leachability indexes for the waste forms
104 I.tg/cm3 resin waste. The concentration of follow this general order from the lowest to
nickel in the Cooper cation and Millstone resins highest: 1291< 137Cs< 9°Sr < 63Ni < 99Tc <
was approximately 103 _tg/cm 3 resin. Typical 6°Co < 55Fe < 14C (i.e., leachability is high-
concentrations for other elements ranged from est for 129I and lowest for 14C). As

101 to 102 _g/cm 3 resin, expected, the cations (137Cs and 9°Sr) and
anions (1291) had the lowest leachability

Typical concentrations of chelating agents indexes (8-9), and 14C had the highest
ranged from about 102 I.tg/cm3 of resin for oxalic (13.5).
and citric acid for the Cooper AP/Citrox process
to about 5 x 104 tig/cm 3 resin for picolinic acid • Comparisons of chelating agent release rate
in the Peach Bottom-3 LOMI resin wastes. Other data with laboratory studies indicates that
decontamination processes (Can-Decon and simulated cement-solidified decontamina-
DOW NS-1) had chelate concentrations between tion ion-exchange waste forms produced in
those noted for the AP/Citrox and LOMI pro- the laboratory may not accurately reproduce

cesses. The high concentration of picolinic acid in the waste compositions found in actual
the Peach Bottom-3 waste form may have commercial nuclear power plant wastes and
resulted in some of the initial problems that that, indeed, the commercial reactor wastes
occurred with this solidification, may contain constituents that enhance the

release of chelating agents and radionu-
Key conclusions from the leach testing are: clides from the wastes.

• For the LOMI waste forms, the structural • Cesium-137 leaches as quickly or more
stability of the waste form does not signifi- quickly than the chelating agents and radio-
cantly affect the fractional release rates of nuclides from most waste forms and is
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probably an indicator of a purely diffusion- the release rates of these radionuclides are

controlled release with no significant solu- converted to _tg/cm2 • s1, 63Ni has a higher
bility effects, due to the relatively high (102) absolute mass release rate than do the
solubility of 137Cs ' These data suggest that other radionuclides, which may be a contrib-
some chelating agents are being retained in uting factor to the higher concentrations of
the waste form to a greater extent than the 63Ni in the leachate due to the larger con-
ionic radionuclides, probably due to the centration gradient for this radionuclide
lower solubilities of the chelating agents, between the resin, the waste form, and finally

the leachant.

• Differences in the average fractional release
rates of the transition metal radionuclides • If the weighted-average fractional release
between the FitzPatrick and Peach Bot- rates for the AP/Citrox mixed-bed waste

tom-3 LOMI waste forms and the Indian forms (i.e., Brunswick-1 and Cooper) are

Point-3 LOMI waste form suggest that dif- compared with the results from the Bruns-
ferences in the waste stream of a BWR wick-1 cation resin waste form, which does

(FitzPatrick and Peach Bottom-3) and that not contain a chelating agent, it is suggested

ofa PWR (Indian Point-3) can have a signif- that chelating agent effects may have
icant impact on release rates of the transition increased the average fractional release
metal radionuclides. Typically, lower frac- rates of the transition metal radionuclides by
tional release rates (~ 10) are indicated for the following factors: 6°Co (48), 55Fe (7.3),

and 63Ni (6). However, further tests wouldthe PWR, although other factors such as
resin type and waste loading may have had be required to confirm this conclusion, as
an effect, other factors such as waste loading and resin

type may also have affected the release
rates.

• Transition metal radionuclide release rate

data for all LOMI waste forms indicates that • With the exception of the 63Ni data, the
6°Co and 55Fe have the same release rates

average fractional release rates of the transi-
and appear to behave similarly chemically, tion metals for the LOMI, AP/Citrox, and
In contrast, 63Ni has statistically higher Can-Decon waste forms all fall into a nar-

release rates by about an order of magni- row range between 5 x 1012 and
tude. The Irving-Williams correlation indi- 6 x 10-11cm -2 • s-1, which suggests rela-
cates that the stability of transition metal tively generic release rate behavior for these
complexes fall in the order NiIl>ColI>Fell. transition metal radionuclides. In the case of

These data suggest that the stability of the 63Ni, the release rates appear to be depen-
nickel complex with a chelating agent may dent on the decontamination process, with
result in the higher average fractional higher rates from the LOMI and Can-Decon
release rate of 63Ni relative to the other tran- waste forms and lower rates from the AP/
sition metals, due to the greater solubility of Citrox waste forms.
the 63Ni complex.

• Average effective diffusivities for 6°Co
• Average absolute release rates for the range from 1 x 10-13 cm 2 • s -1 for the

transition metal radionuclides for the LOMI Millstone-1 (Can-Decon) samples to
samples vary considerably, with the average 5 x 10-ll cm2 • s-I for the FitzPatrick LOMI
absolute release rates ranging from samples. If theBrunswick-1 (AP/Citrox)

7 x 10 -10 to 5 x 10"8 laCi/cm 2 • s1. cation resin (low) value and Pilgrim (NS-I)
Iron-55 typically has the lowest absolute (high) values are excluded, for reasons dis-
release rate, and 6°Co and 63Ni have the cussed in the report, the typical average
highest. However, if the specific activity of effective diffusivities for the waste forms
these radionuclides is taken into account and are: LOMI (1.8 x 10-11 cm 2 • s-l),
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AP/Citrox (4 x 10-12 cm 2 • s -l) and Can- indicate that these radionuclides ill the AP/
Decon (l x 10-13 cm 2 . s-l). These data Citrox and Can-Decon waste forms may be
indicate that the LOMI waste forms, either in a chemical form in the waste form that

including or excluding FitzPatrick, have the causes them to be retained to a greater
highest average effective diffusivities fol- extent than the elemental iron and nickel.
lowed by the AP/Citrox and Can-Decon

waste forms. • A comparison of the LOMI 63Ni data with
the elemental nickel data indicates that 63Ni

• The low release rate of 14Cmeasured for the has the same weighted-average fractional

Peach Bottona-3 (LOMI) samples is prob- release rate (4.8 + 1.0 x 10-1° cm -2 • s-1
ably due to the formation of insoluble excluding Indian Point-3) as elemental
hydrates and carbonates, which slow the nickel for the LOMI waste forms. However,
release of this radionuclide, although other for the Indian Point-3 sample, the fractional
factors such as resin type may have an release rate of 63Ni is about 2% of the
effect. Further, others have suggested that release of nickel. These data indicate that
the fractional release rate of 6°Co should be for Indian Point-3 (LOMI), the elemental
slower than 14C unless the rate is increased nickel and 63Ni are in different chemical

due to chelating agent effects as shown in forms.
this study.

• A comparison of the only measurable LOMI
• The release rate behavior of 99Tc for the 55Fe and iron fractional release rate data

Peach Bottom-3 (LOMI) samples is statisti- (Peach Bottom-3) indicates that the frac-
cally the same as that for 55Fe and 6°Co, and tional release rate of 55Fe is about two
suggests similar chemical and release rate orders of magnitude higher than that for ele-
behavior for 99Tc. This might be expected as mental iron. The explanation for this behav-
technetium is a metal and would be ior is not known and is not consistent with

expected to form organo metallic corn- the expected kinetics of this radionuclide,
plexes, which suggest that it should be released as

the same rate as the iron.

• Iodine, an anion, would be expected to dif-
fuse similarly to other ionic elements such • Leachant effects (i.e., the use of different
as cesium, and its release would not be leachants) have been observed for 55Fe and
expected to be affected by chelating agent 63Ni that apparently affect the release rates
effects as discussed for 137Cs. The frac- of these radionuclides from the waste form.

tional release rates of i291and 137Cs for the Specific leachant effects may affect the frac-
Peach Bottom-3 (LOMI) samples are the tional release rate by one to two orders of
highest of all radionuclides present in the magnitude.
waste form and are statistically the same as

that for picolinic acid (5.8 x l0 -1° • Based on the Brunswick-l (AP/Citrox) and

cm"2 • s-I) from the Peach Bottom-3 waste FitzPatrick (LOMI) studies, high ionic
form, and are higher than those for other strength leachants (e.g., simulated seawater)
chelating agents, and some groundwaters may affect the

release rates of radionuclides. It should be

• Comparisons of stable metal release rates noted that in many cases, deionized water
with those of 63Ni and 55Fe indicate that the may not be the most aggressive leachant.
average fractional release rates for nickel The Barnwell groundwater pH 10.4 had
and iron are higher than those of the radio- higher release rates and cumulative
nuclides by one to two orders of magnitude fractional releases for some transition metal
except for the LOMI waste form. These data radionuclides than did the deionized water.
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• Leach t_st results suggest that release rates of interest in the waste forms or accelerate
obtained during the first 5 days are not releases. The ANSI/ANS 16.1 standard assumes
indicative of trends for later times particu- that release rates are diffusion driven, which is
lady when degraded waste forms are being shown in this study. However, this study also
tested and that further testing may be indicates that solubility and leachant ion strength
required to determine actual release rates may also be significant in defining absolute
from these waste forms, releases from the waste form. The results of this

study show that the waste forms tested meet the
The results of this study provide substantial "Technical Position on Waste Form" require-

information on the release rates of chelating ments for physical stability for cases in which the
agents, radionuclides, and stable metals; how- waste forms survived the immersion test, and for
ever, the results present a number of questions leachability for both intact and degraded waste
conceming the mechani::as that retain the species forms.

NUREG/CR-6201 xviii



ACKNOWLEDGMENTS

The authors are grateful to the NRC technical monitor, Dr. Phillip R. Reed, for
his long-term support of this project and to the many individuals who participated
in the project. Particularly, we thank C. V. McIsaac, J. W. McConnell, Jr., and
N. Morcos, who were extensively involved in various aspects of the project. In
addition, we thank all members of the staff at the Idaho National Engineering
Laboratory who performed the radiochemical analysis, which was essential to the
completion of this project.

xix NUREG/CR-6201



ACRONYMS

ANSI/ANS American National Standards DTPA diethylenetriaminepentaacetic
Institute/American Nuclear acid
Society

DW deionized water

AP alkaline permanganate EDTA ethylenediaminetetraacetic acid

ASTM American Society for Testing HGW Hanford groundwater
and Materials

LOMI !.owoxidation-state

B-BGW baked, Bamwell-groundwater transition-metal ion
FitzPatrick sample

LWR light water reactor

B-DW baked, deionized-water

FitzPatrick sample NP nitric permanganate

NRC U.S. Nuclear Regulatory
BGW Bamwell groundwater Commission

BWRs boiling water reactors PCRS primary coolant recirculation
system

CFR Code of Federal Regulations
PWR pressurized water reactor

CFRs cumulative fraction releases RWCS reactor water cleanup system

Citrox citric acid/oxalic acid SW simulated seawater
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Compression and Immersion Tests and Leaching of
Radionuclides, Stable Metals, and Chelating Agents

from Cement-Solidified Decontamination Waste
Collected from Nuclear Power Stations

INTRODUCTION

A study was performed for the U.S. Nuclear in both concentrated and dilute forms are NS-1,
Regulatory Commission (NRC) to assess the developed by Dow Chemical Company, and AP/
physical stability and leachability of cement- Citrox. The Can-Decon, low oxidation-state
solidified decontamination ion-exchange resin transition-metal ion (LOMI), and LOMl-nitric
wastes collected from seven commercial boiling permanganate (NP)-LOMI processes are exam-
water reactors (BWRs) and one commercial pres- pies of dilute reagent processes (normally less
surized water reactor (PWR). Detailed results of than 0.2% reagent by weight). The reagents used

this study are presented in References 1 [hrough 3. in both the concentrated and dilute processes
The objective of this report is to integrate the include chelating or complexing agents such as
results of the individual reactor studies and to pro- ethylenediaminetetraacetic acid (EDTA), diethy-
vide a comprehensive assessment of the structural lenetriaminepentaacetic acid (DTPA), citric acid,
stability and leachability characteristics of oxalic acid, picolinic acid, and formic acid. Che-
cement-solidified decontamination ion-exchange lating agents and organic acids are used in decon-
resins, tamination formulas because they form strong

complexes with actinides, lanthanides, heavy
During light water reactor (LWR) operation, metals, and transition metals and assist in keeping

the corrosion of fuel rod cladding and other reac- these elements in solution. Generally, these
tor structural surfaces introduces neutron activa- chemical decontamination solutions, once used,

tion products such as 54Mn, 55Fe,6°Co, and 63Ni are treated with ion-exchange resins to extract the
into the primary coolant recirculation system soluble activity, and it is these resins that consti-
(PCRS). These neutron activation products are tute the final waste from the decontamination
transported by the primary coolant throughout the process that must be processed by solidification
primary system. Some fraction of these neutron or other methods.
activation products adheres to internal primary
system surfaces, and, over time, the buildup of Wastes from these chemical decontamination
deposited activity can result in substantial radi- processes contain relatively large quantities of
ation fields in the vicinity of these surfaces. In chelates or complexing agents in addition to
order to minimize occupational exposure during inventories of neutron activation and corrosion
primary system maintenance and inspection acti- products. A potential problem with decontamina-
vities, chemical decontamination methods are tion wastes disposed in shallow land burial sites is

now commonly being employed to remove neu- the increased solubility of the organo-radionu-
tron activation products from primary system clide complexes. During recent years, a number
intemal surfaces, of studies have focused on the issue of chelate

enhanced mobility of low-level radioactive
Two generic processes have been developed waste. A definite association of industrially used

for the chemical decontamination of primary sys- chelating agents with increased movement of cer-
tern components: concentrated processes (5 to tain radionuclides through soil columns was
25 wt% chemicals in solution) and dilute reported in 1967.4 In 1977,chelated radionuclide
processes(1 wt% or lesschemicalsin solution), migration was documented at the Chalk River
Examplesof chemicalprocessesthatcanbe used Nuclear Facility in Canada5 _,ndat Oak Ridge
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Introduction

National Laboratory in Tennessee. 6 EDTA was the concentrations of radionuclides in the wastes.

subsequently identified as the main organic com- Class A wastes have lower concentrations and
pound associated with 6°Co and trace amounts of may be disposed without being stabilized; how-
238pu, 241Am, and 244Cm at the Oak Ridge site.7 ever, Class A wastes buried with Class B and C
Laboratory studies and analyses of actual water wastes must be stabilized. All Class B and C
collected from the site indicated :hat the presence wastes must be structurally stabilized to ensure
of organic chelants in the leachates was responsi- that the waste form does not degrade and promote
ble for diminished shale and soil adsorption of slumping, collapse, or failure of the cap or cover
6°Co.7 In 1981, EDTA was identified ih radioac- of the near-surface disposal trench. In addition,
tire waste containing 238pu, this time in trench the stability of the waste form limits exposure to
leachates from the Maxey Flats burial ground in inadvertent intruders. Class B and C low-level
Kentucky. 8 wastes from LWRs may be solidified at LWR

sites using cement to meet the stability require-

' _ If organo-radionuclide complexes are formed ments identified in the "Technical Position on
before decontamination reagents, and radionu- Waste Form," Revision 1. Solidification of these
clides have leached from waste forms in a burial wastes is intended to provide the structural stabil-

trench, they may migrate rapidly away from the ity needed to ensure that no collapse of the dis-
trench because of the reduction in the sorption of posal trench occurs and that the release of
these species by the geomedia. 9 The actual hazard radionuclides via leaching is minimized.

posed to the public by disposal of chelated decon- Test procedures to demonstrate waste-form
tamination resin wastes will depend on a number structural stability and to quantify leachability for
of factors. Leachability is a function of the radio-
nuclide, its chemical form, resin waste chemistry, the low-level wastes from LWRs have been speci-

fied by the NRC in the Low-Level Waste Man-
solidification agent, and final solidified matrix.

agement Branch's "Technical Position on Waste
Burial site hydrology and groundwater chemistry
also influence leaching rates, as do cyclic wet and Form, ''10 published in 1983, and in the "Technical

Position on Waste Form," Revision 1,11published
dry conditions. The complexity of the interactions in January 1991. Both documents specify that
that occur among radionuclides, complexing small-scale waste-form specimens must be pre-
agents, groundwater, and soil introduces uncer- pared and tested to certify the stability of the full-
tainties into the models used to predict the impact scale waste form.
of the decontamination resin wastes on the perfor-

mance of shallow land burial sites. Therefore, it is The NRC's "Technical Position on Waste

important to better understand the leachability of Form," stipulated that the small-scale waste-form
actual decontamination resin waste forms that specimen must exhibit a compressive strength of
result from commonly used decontamination pro- 50 psi (3.4 x 102 kPa). This was later raised to
cesses. 60 psi (4.1 x 102 kPa) to reflect an increase in

burial depth to 55 ft at the Hanford site. Appendix
The NRC is concerned with the safe disposal of A of the "Technical Position on Waste Form,"

these chemical decontamination wastes and has Revision l, recommends a mean compressive
made provisions for their disposal in "Licensing strength of 500 psi (3.4 x 103 kPa) for waste-
Requirements for Land Disposal of Radioactive form specimens cured for a minimum of 28 days
Waste" (U.S. Code of Federal Regulations, Stan- when tested in accordance with the American

dard 10, Part 61). Section 61.56 provides require- Society for Testing and Materials (ASTM) Stan-
ments for the stability of waste forms that must be dard C39, "Compressive Strength of Cylindrical
met for the waste form to be acceptable for near- Concrete Specimens. ''12 Further, Appendix A
surface disposal. Additional requirements for the stipulates that compressive strengths be measured
disposal of chelated wastes are also given in after either a 7-day or 90-day immersion test and
burial site regulations. In Section 61.54, the that the compressive strengths should be equal to
wastes are classified as Class A, B, or C, based on or greater than 500 psi and not less than 75% of
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Introduction

the pre-immersion test results or further testing None of the studies, other than those performed at
should be performed, this laboratory, have investigated the leaching of

radionuclides in the presence of high concentra-

The "Technical Position on Waste Form" also tions of chelating agents and/or stable transition

stipulates that the small-scale waste-form speci- metals. Application of simulated waste data to the
men should have a leachability index greater than performance of actual solidified decontamination
6.0 when leach-tested for a minimum of 90 days waste in near-surface disposal sites is necessarily
in accordance with the American National Stan- limited because of po:ential mechanistic and

dards Institute/American Nuclear Society (ANSI/ equilibrium influences of proprietary additives
ANS) Standard 16.1, "Measurement of the that are present in the decontamination and solidi-
Leachability of Solidified Low-Level Radioac- fication formulas. As actual cement-solidified
tive Wastes by a Short-Ferm Test Procedure. ''13 commercial nuclear power plant wastes are used
In January 1991, this procedure was modified by in this study, the release rate data developed are
the "Technical Position on Waste Form," Revi- more representative of actual waste site releases.
sion 1, which reduced the leach test period from

90 days to 5 days. The purpose of this research study is to evalu-
ate the stability of actual low-level radioactive

The results of numerous investigations ion-exchange wastes solidified in cement using
reported in the literature indicate that the rate of the tests from the "Technical Position on Waste

radionuclide release from a waste form is Form," Revision 1, for compression testing and
influenced by poorly understood interactions leachability, and to determine the release rates of
related to the properties of the solid and _heleach- radionuclides, chelating agents, and transition
ing system. Among the factors that are known to metals from solidified ion-exchange resin wastes
influence the leachability of cement-solidified that have been immersed in deionized water. This
waste forms are the chemical composition of the work is identified in the NRC's Low-Level

cement and waste used, the waste-to-binder ratio, Radioactive Waste Research Program Plan,
the amount of water used to set the cement, and which defines a strategy for conducting research
the presence of additives that are used to acceler- on issues of concern to the NRC in its effort to
ate or retard cement hydration. Other factors such ensure stability of solidified low-level radioactive
as temperature, leachant composition, pH, vol- waste, leading to safe disposal.
ume, and residence time may also influence
leachability. These factors were discussed in
depth at the Workshop on Cement Stabilization of The PCRSs were decontaminated at seven

Low-Level Radioactive Waste, 14where specific BWRs using four different decontamination pro-
process details and problem wastes were cesses: Millstone-1 (Can-Decon), Peach Bot-
reviewed. Appendix A summarizes some of the tom-2 (Can-Decon), Pilgrim (NS-1), Cooper
important experimental results of leaching studies (AP/Citrox), James A. FitzPatrick (LOMI/NP/
that have been performed on other wastes and LOMI), Brunswick-1 (Citrox/AP/Citrox), and
decontamination ion-exchange resins. In addi- Peach Bottom-3 (LOMI/NP/LOMI). The LOMI

tion, waste form constituents and other factors process was used to decontaminate a steam gener-
that might be expected to affect waste form stabil- ator channel head at a PWR, Indian Point-3. The
ity and leachability are discussed, dates of the decontaminations, the processes

used, and the names of the companies that per-
To date, however, most leaching studies that formed the decontaminations are summarized in

have focused on assessing the stability and leach- Table 1. In addition, specific information on the
ability of solidified decontamination resin wastes decontaminations at the James A. FitzPatrick and
that contain chelating agents have been con- Peach Bottom-3 nuclear plants can be found in
ducted using simulated decontamination resin the Third Seminar on Chemical Decontamin,'ltion
wastes that were solidified in the laboratory, of BWRs. IS,16
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Introduction

Table 1. Reactors decontaminated and decontamination processes.

Waste
volume

Commercialnuclear Decontamination System Purposeof Decontamination Decontamination generated

,. reactor date decontaminated decontamination processused contractor (m3)_ ,, , ,,, ,,, - i ii ii , ,ll,, ,, ,,,, ,,,, ,,

Millstone-i (BWR) 04/84 PCRSa Pipe inspection Can-Decon LondonNuclear 1.27
Services Corp.

PeachBottom-2 08/84 PCRS Pipe Can.Decon LondonNuclear 1.47
(BWR) replacement Services Corp.

Pilgrim (BWR) 07/84 PCRS Pipeinspection DiluteNS-I IT Nuclear 2.55
Services Corp.

Cooper(BWR) 11/84 PCRS Pipe AP/Citrox PacificNuclear 4.72
replacement Services

Brunswick-! (BWR) 12/87 PCRS Pipe inspection Citrox/AP/Citmx Pacific Nuclear 6.5 i
Services

JamesA. FitzPatrick 9/88 RWCSb Inspectionof LOMI/NP/LOMI PacificNuclear 5.88
(BWR) RHRcrosstie Services

piping¢

Peach Bottom-3 12/87 (1/88) PCRS/RWCS Pipe inspection LOMI/NP/LOMI PacificNuclear 7.7
(BWR) Services

IndianPoint-3 06/85 SGCHd SGCHdcleanup LOMI QuadrexHPS 3.45
(PWR)

L Pdnmrycoolantteeirculationsystem.

b. Greaterthan90%of thewastegeneratedcamefromthedecontaminationof thereactorwatercleanupsystemwiththebalancefromthedecontaminationsof the
residualheatremovalcroutieandthePCRS.

c. TheresidualheatRan,oval(RHR)crmstieisthecrosstiepipingtotheresidualheatRmovalsystem.

,d. Tht.i. _ W p.,no, chml h_. ....................._

In the following section of this report, the tion is divided up into three parts: an assessment
decontamination processes are described that of the effects of pH and conductivity on releases
were used at the eight BWRs. In addition, the res- from the waste forms, a comparison of the leach-
ins solidified, the cement chemistry, and the ability characteristics of the waste forms from the
solidification methods used at the plants sampled various decontamination processes, and an
are described. Next, summary descriptions of the assessment of the effects of differing leachants
leach test procedure, data analysis methods, and (i.e., deionized water, _eawater, and groundwa-
analytical methods are presented. This is fol- ters) on the releases of chelating agents, radionu-
lowed by a discussion of the results of the corn- clides, and stable metals from the waste forms.
pression and leach tests on the solidified Finally, a summary of results is presented along
decontamination resin waste specimens. This sec- with recommcndations for future work.
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DECONTAMINATIONPROCESSES

A variety of decontamination processes were cubic meter of primary system volume to be con-
used to decontaminatethe reactorsystems listed taminated.A similarestimatefor a diluteprocess
in Table 1. These decontaminationprocesses uti- decontaminationis less than2 kg percubicmeter.
lize differingchelatingagentsandotherchemical During recent years, the dilute chemical pro-
constituentsthatmay be expected to affect radio- cesses have become the most widely used.
nuclideor other releases fromthe cement-solidi-
fied waste form. This section describes the The decontamination processes used at the
reactor systems decontaminated and the pro- LWRsfrom which samples were obtained were
cesses used to decontaminatethose systems. A dilute chemical, single or multi-step processes.
schematicof a BWRPCRSis shownin Figure 1. Most of the processes were approximately O.1
The PCRS provides the driving force for the wt% reagent andwere multi-step in the respect
movement of reactorcoolant from the 8nnulus that they requiredan initialoxide removalstep,a
areaupthroughthe reactorcore region. The main chrome removal step, and a final oxide removal
componentsof thePCR$arethe suctionlines that step. The processeswereperformedat eitherhigh
allow waterto be removedfromthe annulusarea, temperature and high pressure [i.e., 393 K
the recirculationpumps, the dischargelines that (120°C) and2.4 × 102 kPa (35 psig)] or at low
carry waterfrom the recirculation pump to the temperature[i.e., 333 to 363 K (60 to 90°C)] and
ring header,and the risersthatdirectthe waterto atmosphericpressure. The processes, in general,
the jet pumpsin the annulus.17Decontamination use a combinationof organicacids andchelating
is performed on the PCRS piping to reduce the agents to dissolve the oxide film from surfaces
dose to workerswho areperformingmaintenance and suspend the resulting organo-metal corn-
activities in the vicinity of the piping, plexes in solution.Corrosioninhibitorsareadded

to reduce the attack on the base metal by the
As noted in Table1, a steamgeneratorchannel organic acids. Because of the higher chromium

head was decontaminatedat the Indian Point-3 content of oxide films in reactor water cleanup
reactor.The steam generatorchannelhead serves systems, whendecontaminatingthese systems,an
to direct reactorcoolant flow throughthe steam oxidizing pretreatmentstep is addedthatoxidizes
generatorheatexchangertubes.Personnelaccess chromiumto a readilysolublestate(i.e., +3to +6
to performmuch of the steam generatorinspec- valence).
tion, maintenance,and repairworkis throughthe
channel head manway openings. As a conse- The reagentsare slurriedand injecteddirectly
quence,decontaminationof this areaaround the into the primarysystem waterand circulatedfor 1
steamgeneratorchannelheadserves to reducethe to 3 days. During the process, the decontamina-
radiationdose to workers in the vicinity of the tion solution is passed throughcation exchange
steam generators, resins to remove the corrosion and activation

productsand regenerate the reagents. Following

There aretwo generalmethods that have been completionof decontamination,mixed-bedresins
developed to perform decontaminations of areused to remove the residual metallicions and
BWRs: concentrated chemical processes and the decontamination reagents. The four decon-
dilutechemical processes.The concentratedpro- taminationprocesses evaluated in this study are
cesses use reagent concentrations of between 5 describedbelow.
and 25 wt% of the coolant, and the dilute pro-
cesses that are currentlyemployed use reagent Can-DEcon
concentrationsof 0.2 wt%or less. Basedon these
concentrations,the quantity of reagents required During recent years, the Can-Decon process
for a concentrated process decontamination has beenone of themost widely useddecontami-
ranges from about48 to 248 kg of reagent per nation processes. It was developed by Atomic
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Decontamination Processes

Jet pumps

Recirculationinlet

Recirculation
outlet

Ringheader
Suctionpipe

Discharge "

Recimulation
pump

Shutoffvalve

Shutoff
valve

M93 0523

Figure 1. Boiling water reactor primary coolant recirculation system.
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Decontamination Processes I
J

Energy of Canada Limited for use in CANDU of alkaline permanganate (AP) is injected into the
reactors and was subsequently modified for use in system being decor_minated; the primary cool-
LWRs in the United States. It is a dilute chemical ant is circulated; then the coolant is drained, and
process that utilizes oxalic acid, citric acid, and the system is rinsed with reagent-free water. This
EDTA.I8 Prior to the startof decontamination, the step is followed by an optional dilute Citrox rinse
primary coolant is treated by ion exchange and that neutralizes any remaining AP solution. Fol-
chemical addition to ensure neutral pH, low con- lowing these initial steps, a more concentrated,
ductivity, and low dissolved oxygen. Coolant heated Citrox solution is then circulated to
temperature is maintained at about 393 K accomplish the actual decontamination of the
(120°C), and system pressure is kept at about internal surfaces. This solution is then flushed
2.4 x 102 kPa (35 psig). Once these conditions from the system, and the system is rinsed with
are met, a concentrated slurry of the reagent is reagent-free water. These solutions are treated
injected into the primary coolant circulating in the with cation and mixed-bed ion-exchange resins to
system to be decontaminated, remove the soluble metallic ions and residual

reagents.
The reagents dissolve the contaminated oxide

layer by a reduction process that converts Fe+3 to For a BWR, system decontamination is per-
Fe +2. The dissolved corrosion and activation formed as follows: a heated dilute Citrox solution

is injected into the system and circulated forproducts are maintained in solution by the com-
about 24 hours. Oxalic and citric acids are then

plexing agents. When used to decontaminate a
BWR system, a single-step reducing solution is removed from the primary coolant by cycling it
used; but when used on PWR systems, a dual-step through mixed-bed ion-exchange resins. Next, a
process is utilized that alternates the reducing step heated AP solution is circulated in the system for
with a dilute oxidizing step. 19 In order to prevent about 8 hours, after which time the primary cool-
cross-contamination of the two solutions, free ant is again cycled through ion-exchange resins.
oxygen from the oxidizing step is scavenged with This chromium-conditioning step is followed by
hydrazine before the reducing solution is a second treatment with dilute Citrox solution.
introduced. During the time the reducing solution This last step is normally accomplished in 10 to

20 hours. During this time, the primary coolant isis used, the primary coolant is cycled through cat-
ion exchange resins to maintain reagent con- cycled through cation-exchange resins to remove
centrations. The oxidizing solution is, on the soluble metallic ions and regenerate the reagents.
other hand, not regenerated; but at the end of the The Citrox reagents ar,d residual corrosion prod-
process, which may cover a period of from 1 to 3 ucts are removed by m_xed-bed ion-exchange res-

ins following completion of the decontaminationdays, mixed-bed ion-exchange resins are used to
remove residual metallic ions and the decontami- operation. These mixed-bed decontamination

nation reagents. These media--the cation and ion-exchange resin wastes must then be pro-
cessed for disposal at a low-level radioactivemixed-bed ion-exchange resins--are the wastes

that must be processed, waste disposal site.

AP/Citrox Dow NS-1
The Dow Chemical Company developed the

Pacific Nuclear Services, Inc. developed and NS-I process. The Dow NS-1 process is a high-
licensed this proprietary process for application temperature, high-pressure process that may be
in the United States for both PWR and BWR sys- used in either a concentrated or dilute form. 18For
terns. The AP/Citrox (alkaline permanga- BWRs, it is usually a single-step process that

nate)/(citric acid/oxalic acid) process is a dilute, requires about 100 hours to be completed. The
low-temperature, low-pressure process. 18 For a NS-1 reagents are added to the primary coolant
PWR system, the AP/Citrox process is normally during several successive injections until the con-
performed in the following steps: a heated slurry centration is at the appropriate level. Active
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Decontamination Processes

constituents of the NS- 1 formulation include The basic feature of the process is the use of V+2
EDTA, oxalic acid, citric acid, and DTPA. The (as vanadous formate) to reduce the Fe+3 in oxide
primary coolant is circulated until no further films to Fe+2.The process involves electron strip-
increases in metallic ion concentrations are ping rather than attack of the film by acid. It is a

observed. After the decontamination is corn- multi-step process that is applied differently to
pleted, the spent decontamination solution is BWR and PWR systems. When LOMI is used to
drained from the system and the system is flushed decontaminate a PWR, AP21 is injected into the
with reagent-free water to remove any residual system under acidic conditions for nickel-based
reagents. A copper removal step is sometimes systems or under alkaline conditions for stainless
used at the end of the decontamination process, steel systems. The permanganate solution is cir-
Solution reagents and soluble metallic ions are culated in the system and then drained and nor-
removed by passing the decontamination solution mally destroyed using oxalic acid. Degassed
and flush water through a particulate filter and picolinic acid (as sodium picolinate) is then
mixed-bed ion-exchange resins. These mixed- injected into the coolant, and the coolant is circu-
bed resins are then processed for disposal, lated while being maintained at a temperature of

between 353 and 363 K (80 and 90°C) under

LO_| atmospheric pressure. Vanadous formate
[V(HCOO)2] is then injected to reduce Fe+3 to
Fe+2. The picolinic acid maintains the Fe+2 and

The LOM118,19,2°or LOMI-NP-LOMI process other corrosion products in solution. The result-
was developed by the Central Electricity Generat- ing spent reagent solutions are drained from the
ing Board of Britain and is now being marketed in system being decontaminated and are treated with

_ the United States by Pacific Nuclear Services and mixed-bed ion-exchange resins. These resins
other groups including Westinghouse Nuclear. constitute the decontamination waste product.

|

m
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DECONTAMINATIONION-EXCHANGE RESIN WASTE
SOLIDIFICATION PROCESS

The decontamination ion-exchange resin waste ious reagents that are individually required to
solidification process is summarized in this sec- exhaust 50% of the exchange capacities of the
tion. The important elements of the solidification previously mentioned ion-exchange resins.
process are the characteristics of the resins that Extrapolating those results to 100% loading, the
are being solidified, the cement chemistry, and total exchange capacities of the IRN-77 cation-
the waste solidification technique. All three ele- exchange resin, expressed as milligrams of
ments contribute to the formation of a stable reagent per gram of dewatered resin, are: EDTA,
waste form that will meet the NRC's require- 256; oxalic acid, 80; citric acid, 168; picolinic
ments for leachability in the "Technical Position acid, 216; and formic acid, 84. Similar results for
on Waste Form" or Revision 1 of the Technical a 1:2 weight mixture of IRN-77 cation resin and
Position. IRN-78 anion resin are: EDTA, 172; oxalic acid,

52; citric acid, 112; picolinic acid, 144; and for-

Resin Waste Characteristics mic acid, 56.

For a 1:2 weight mixture of IRN-77 cation and
The ion-exchange resins most frequently used Ionac A-365 anion-exchange resins, the total

to treat decontamination process solutions are exchange capacities expressed as milligrams of
organic bead resins of cation or mixed-bed form. reagent per gram of dewatered resin for picolinic
Individual resin beads have diameters that are and formic acids in a LOMI-type mixture are:
typically in the range of 0.35 to 1.15 mm in order picolinic acid, 216; and formic acid, 84. In gen-
to maximize effective surface area. The cation- eral, the total exchange capacity weight loadings
exchange resin most often encountered during the are proportional to reagent formula weight.
course of this study was Amberlite IRN-77,

which is manufactured by Rohm and Haas Com- Decontamination ion-exchange resin wastes
party,Philadelphia, PA. This resin has a polysty- are normally maintained in a wet slurry condition
rene-divinylbenzene matrix with sulfonic (SO'3) to allow pumping them from ion-exchange col-
exchange groups and is supplied in the H+ form umns to waste holding tanks and ultimately to the
(i.e., H+ is the exchangeable counter ion). The containers in which they are solidified. Ordi-
mixed-bed resins generally consist of mixtures of nafily, a pumpable slurry will contain about 70%
Amberlite IRN-77 cation and either Amberlite resin and 30% water by volume. Resin saturated
IRN-78 anion or Ionac A-365 anion resins, with water to equilibrium will contain a substan-
IRN-78 is a strongly basic anion-exchange resin tial amount of water by weight. Most of this water
having a polystyrene divinylbenzene matrix that is sorbed within the resin beads, and when resin
has a minimum of 85% of its exchange sites in the waste is solidified in cement, this water is
OH" form. Ionac A-365 anion-exchange resin, unavailable for hydration of cement. Approxi-
which is manufactured by Sybron, is a weak-base mately 10 to 15 wt% of the moisture content of
polyacrylate-based anion-exchange resin that is dewatered resin is held in the interstitial spaces
supplied in the free-base and OH- forms. The lat- between resin beads, and it is this water that is
ter resin is normally used, in mixed-bed form, to consumed during the hydration of cement. Nell-
process LOMI decontamination solutions, son et al.23 measured the water content and den-

sities of IRN-77 cation, IRN-78 anion, and
The minimum total exchange capacities of IRN-77/IRN-78 mixed-bed resins under several

IRN-77 cation- and IRN-78 anion-exchange res- different conditions, where the mixed-bed resin
ins are, respectively, 1.8 and 0.78 milliequival- consisted of two parts cation to one part anion by
ents per cubic centimeter of wet resin. Piciulo et weight. Their results are shown in Table 2. This
al.22calculated the approximate quantities of var- information provides the basis for determining

9 NUREG/CR-6201



Solidification Process

Table 2. Densities and water contem of resins.
i i , ii

As-received Dewatered Slurry
, ii ,m , i i i i ,,i

Density Density Density

Resin (g/cm 3) , Water (wt%) (g/cruZ) Water (wt%) .... (g/cm3) Water (wt%)

IRN-77 1.26 53.6 1.17 65.7 1.08 75.0

IRN-78 1.I I 66.5 1.10 77.2 1.03 83.6

Mixed bed 1.21 57.9 1.15 72.0 1.06 79.6

the water content of the decontamination ion- Cement Solidification Chemistry
exchange resin cementslurry and, consequently,
the water-to-cement and waste-to-cement ratios The objective of solidification is to convert
that are crucial in producing a good waste form radioactive ion-exchange resin waste into a stable
that is resistant to degradation and radionuclide monolithic form in order to minimize the Poten-
leaching. Optimum water-to-cement ratios range tial for radionuclide release to the environment
from 0.3 to 0.5. 24 during interim storage, transportation, and dis-

posal. Hydraulic cement is more widely used than
In addition, Table 2 lists the "as-received" resin any other solidification agent to stabilize decon-

densities and water contents for other resins used tamination resin wastes. Portland cement is the

in this study. The resin densities are lower than primary hydraulic cement produced and is the
the IRN-77 and IRN-78 densities because they most common one used for radioactive waste
were measured in dry resin rather than in resin solidification. Interstitial and free-standing water
with interstitial water present, in the resin waste reacts chemically with Portland

cement to form hydrated silicate and aluminate

Dewatered resin, as defined by Neilson, was compounds that interact to form a monolithic
resin saturated with water to equilibrium, with all solid. Resin beads are physically entrapped and

freestanding water removed from above the sur- act as aggregate. The chemical and physical prop-
face of the settled resin. A resin slurry was erties of cement-solidified decontamination resin
defined as a mixture of 70 vol% settled, water- waste forms are affected by the characteristics of

saturated resin and 30 vol% free-standing water, the resin waste (e.g., pH, reagent loading), the
During a typical resin waste solidification pro- waste-to-cement and water-to-cement ratios used
cess, resin waste is slurried into a large steel con- during solidification, the type of Portland cement,
tainer, called a liner, that is the vessel used to the types of additives used to accelerate or inhibit

perform the solidification. Prior to the addition of cement hydration, and process variables such as
any solidification agents, free-standing water is temperature and cure time. Appendix B presents a
pumped out of the liner until the free-standing summary of the chemistry of cement and the fac-
water level is between about 2.5 cm (I in.) and 5 tors that affect the solidification process.

cm (2 in.) above the surface of the resin beads.
For an 1..6-80 liner, which has a usable volume of Chem-Nuclear Solidification
about _.2 m3, which is filled with 1.5 m 3 of System
set*'edresin, 2.5 to 5 cm of free-standingwater
correspondsto only about2.8 to 5.5 vol%. Since Although severaldifferent vendorsperformed
only a small amountof free-standingwater is left the decontaminations(see Table 1) from which
in the liner under normal solidification condi- sampleswere obtained for this study,all of the
tions,the watercontentsof resinwastesareabout plants from which waste-form specimens were
the same as Neilson's dewatered resins, collected contracted with Chem-Nuclear

NUREG/CR-6201 10
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Solidification Process

J

Services, Inc. to solidify the resin wastes. Solidi- plant to the Chem-Nuclear system, filling the
fications were performed using Portland Type I liner to a predetermined volume. Excess free-
and I-P cement. The solidification system, illus- standing water was pumped out of the liner, leav-
trated schematically in Figure 2, is portable and ing between about 2.5 and 5 cm of water above
skid-mounted. 25 It consists of a control panel, the surface of the settled resin beads. Slaked lime
from which the mixing is controlled, a cement or sodium hydroxide was mixed with the resin
and waste distribution system, and amixing appa- waste prior to the introduction of Portland
ratus that is installed in the solidification liner, cement. The waste was continuously mixed while
The mixing apparatus consists of a motor, shaft, the cement was conveyed into the liner, usually at
and multiple mixing blades. As shown in Figure a rate of about 900 kg/h. Mixing normally contin-
2, the blades are attached to the shaft at two or ued for about an hour after the total amount of
more levels and areoriented such that their move- cement had been added. When mixing was

ment creates a downward vortex in the center of stopped, the liner fillhead was removed and the
the liner. The major components of the solidifica- liner was vented to the plant ventilation system.
tion system and their associated hydraulic pumps The liners were usually equipped with thermo-
and air blowers are all mounted on skids that can couples that monitored the hydration exotherm.
be moved to appropriate locations and connected The short-term hydration of tricalcium aluminate
by hoses and electrical lines, and tricalcium silicate produced peak tempera-

tures of up to 343 K (70°C), and the observation
Solidifications were performed in either L6-80, of an exotherm peak was necessary to ensure that

L8-120, or L14-170 steel liners, which have proper solidification occurred. Solidified wastes
usable capacities of 2.24, 3.28, or 4.79 m3, were usually shipped to burial sites within a few
respectively. Waste resins were pumped by the days following solidification.

_ Hydraulics

Bulk storage

I I _ I l ri/gas _=_- __
J ' ,

_- Augers 4 ) ] ! (r.i ws-1(three available) _ / i_..._i1_ I
Air dryer Air I IIIIII 0 Q

lines Electrical _Z iI '' '" ' i Air Water
_" I i lines ' ' ' '

l l Liner Dewater
pump

/ tC) (_ C) Plant connection

C) (_ (_ C) stand
Control

l panel I

ZOI?(Nel-1293.0t

Figure 2. Chem Nuclear Services Inc. skid-mounted solidification system.
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EXPERIMENTAL PROCEDURES

Studies reported in the literature indicate that cal polyethylene container was lowered into the
releases of radionuclides 25-2s and chelating liner to collect a sample of the cement/resin paste.
agents 29 from cement-solidified waste forms In the case of Brunswick, FitzPatrick, and Peach
closely follow predictions based on classical dif- Bottom-3, another sampling tool, which was sim-
fusion models. They show that for cylindrical ply a plastic tube equipped with a plunger, was
samples, the effective diffusivities derived by inserted into the resin/cement mixture five or six
using the semi-infinite plane source diffusion times to a depth of about 3 ft below the top sur-
model do not depend on sample size. In the face of the mixture to obtain the cement/resin
majority of the leaching studies summarized in paste samples. The sample containers, which
Appendix A (Table A-I), the smallest samples were fitted with air-tight, snap-on lids, were
tested were either approximately 5 x 5 cm or sealed following sample collection and were
5 x 10 cm (diameter x height). In order to stored at least 1 month prior to being shipped to
allow for direct intercomparison of the results of the Idaho National Engineering Laboratory for all
this study with those of other studies and at the samples except some of the FitzPatrick samples
same time minimize exposure hazards and logis- and the Peach Bottom-3 samples. Three FitzPa-
tical requirements inherent in handling and test- trick samples were baked at 49°C for 4 hours to
ing radioactive samples, the majority of the simulate the hydration exotherm of full-size
waste-form samples collected during this study waste forms, and all Peach Bottom-3 samples
were approximately 5 x 10 cm right-circular were baked at 62°C for about 72 hours. The bak-
cylinders. The actual dimensions of the speci- ing process used for the Peach Bottom-3 samples
mens collected, their volumes, surface areas, and is typically used for process control program sam-
other physical parameters are summarized in pies and was not used on any of the other samples
Table 3. tested as part of this study. Precautions were taken

to ensure that the samples were not subjected to

Sample Collection temperature extremesduring shippingand stor-
age.

Unsolidified resin waste and cement-solidified

resin waste specimens were collected from seven Millstone Unit 1
BWRs and one PWR that collectively hadbeen
decontaminated using four different chemical Millstone-1, which is a BWR rated at 654
decontamination processes. These decontamina- MWe, began commercial operation in December
tions and subsequent sample collections took 1970. The Can-Decon process was used to decon-

place between April 1984 and October 1989. In taminate the PCRS in April 1984. The PCRS
each case, samples of decontamination resin decontamination generated 0.42 m3 of mixed-bed
waste were collected from the liner that was used resin waste and 0.85 m3 of cation-exchange resin

to perform the solidification both prior to and fol- waste. These wastes were solidified together in an
lowing the addition of Portland cement and addi- L6-80 liner, which has a usable capacity of about
tives. Resin waste samples were obtained by 2.24 m3. A 160-mL sample of resin was dipped
dipping a 160-mL polyethylene wide-mouth from the liner following 15 minutes of mixing.
bottle into the resin after it had been mixed a Two samples of cement/resin paste were obtained
minimum of 15 minntes. The cement-solidified from the liner following the termination of mix-

waste-form samples were collected during final ing. Because the mixture had begun to set at the
mixing, or immediately upon completion of mix- time of sampling, only two half-sized

ing. At the time of collection, the mixture was samples were collected. Both samples were
generally still a well-mixed thin paste, although allowed to cure for 684 days prior to the initiation
occasionally the cement had hardened to the con- of leach-testing. Following curing, these

sistency of thick paste. In most cases, a cylindri- samples were 4.8 x 5.1 cm and 4.8 x 6.2 cm

NU R EG/CR-6201 12



Table 3. Physical parameters of solidified decon!amination ion-exchange resin waste samples.
!

Solidified waste form Resin loading

Cure Diameter Surface Vol.-to-surface-
Collect time x height area Mass Vol. area ratio Wet Wet

Sample 1D date (days) Waste type (cm) (cm 2) (g) (cm 3) (cm) (vol%) (wt%) Dry (wt%)

Xldlstone-! 06/20/84 684 Rohm and Haas 4.8 x 5.1 107 114.3 84.9 0.79 72 61 17
F33 (R&H) IRN-77 and

IRN-78

_lillstone-1 06/20/84 684 R&H IRN-77 & 4.8 × 6.2 115 125.9 93.5 0.81 72 61 17
F201 IRN-78

Peach 08/09/84 571 R&H IRN-77 & 4.8 × 8.9 169 207.7 158.4 0.94 72 63 18
Bottom-2 IRN-78

Pilgrim 08/17/84 654 NA 4.8 × 9.2 173 _[5.2 164.1 0.95 71 62 17
m

Cooper (mixed 11/30/84 710 10% Purolite 4.4 x 9.5 164 205.2 147.8 0.90 72 60 17
bed) C- 100-H, 90%

Purolite A--600

Cooper (cation) 1 !/30/84 802 Purolite NRW-37 4.4 x 10.2 173 215.6 157.7 0.91 77 66 23

Indian Point-3 6/24/85 539 Ionac A-365, R&H 4.6 x 9.5 171 202.5 158.6 0.93 70 63 18
IRN-77 + cation
resin from
radwaste D'1

Brunswick-I 12/18/87 254 Purolite C-100-H 5.8 x -9.5 223 Av. 322 Av. 248 Av. 0.77 74.6 55.4 19.3 _.

Z cation 486 a AP mixed-bed ¢D
Purolite NRW-37

II
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Table 3. (continued).

ul Solidified waste form Resin loading

¢'_ Vol.-to-surface-
Cure Diameter Surface

Collect time x height area Mass Vol. area ratio Wet Wet

"" Sample ID date (days) Waste type (cm) (cm 2) (g) (cm 3) (cm) (vol%) (wt%) Dry (wt%) _o-- I::

Brunswick-1 12/18/87 254 65%(10% Purolite -5.7 x -9.2 196 Av. 245 Av. 185 Av. 0.76 71.9 52.8 15
mixed bed 486a C-100-H and 90%

Purolite A-600OH
anion resin) and
35% Purolite
NRW-37

FitzPatrick 9/18/88 119 80% lonac C-267 4.7 x 9.8 232 Av. 271 Av. 171 Av. 0.63 73.8 52.7 15
212a and 20% Ionac

A-365

Peach 10/25/89 950 10% Ionac A-365 -4.5 x 9. l 128 Av. 246 Av. 144 Av. 0.58 41.4 47.8 To be
determined

"_ Bottom-3 and anion and 90%
1304 C-267 cation

a. Periodpriorto compressiontesting unleachedsamples.



Experimental Procedures

(diameter x height) rather than the nominal Cooper
5 × 10 cm. The surfacesof both samples were
somewhatcoarserthanusual,andtheir uppersur- Cooper,a BWR ratedat 764 MWe, hasbeenin
faces wereconcaveandirregular, commercial operation since July 1974. In

November 1984, its PCRS was decontaminated
using the AP/Citrox process.The decontamina-

Peach Bottom Atomic Power Station tion generated2.61 m3 of cation-exchangeresin
Untt 2 waste and 2.12 m3 of mixed-bed resin waste. The

cation and mixed-bed resins were solidified sepa-
rately in L14-170 (4.79 m3) and L8-120 (3.28 m3)

Peach Bottom-2 began commercial operation liners, respectively. A 160-mL sample of resin
in July 1974. It is a BWR rated at 1,065 MWe. was dipped out of each liner after the contents had
The Can-Decon process was used to decontami- been mixed for about 30 minutes. One sample of
nate the PCRS during August 1984. The decon- cement/resin paste was removed from each liner
tamination generated 1.47 m3 of cation and immediately after mixing was stopped. The vol-
mixed-bed resin waste, which were both slurried umes of resins solidified were determined by
into the same L6-80 liner for solidification. A measurements made inside the liners, and Chem-

160-mL sample of resin was collected from the Nuclear Services, Inc. supplied information on
liner after about 15 minutes of mixing. Two sam- the masses of the cement and additives used for

pies of cement/resin paste were obtained immedi- each liner. Following curing for 710 and 802
ately after mixing was terminated. Following a days, respectively, the mixed-bed and cation
571-day curing period, the 4.8 cm x 8.9 cm sam- waste-form specimens had dimensions of
pie was subjected to leach-testing. The surfaces 4.4 x 9.5 cm and 4.4 x 10.2 cm.
of the waste-form specimen were smooth except
for the upper surface, which was rough and irreg- Prior to the initiation of leaching, the surface of
ular. the Cooper mixed-bed resin waste-form specimen

was smooth and exhibited very little surface
cracking. The only anomalous features the speci-

Pilgrim men exhibited were the numerous tiny chips that
had broken off the circumference of one end of

the waste form. The specimen appeared sound
Pilgrim, which is a BWR rated at 670 MWe, and well cured. In the case of the Cooper cation

has been in commercial operation since Decem- resin waste form, a relatively large crack tra-
ber 1972. The PCRS was decontaminated in versed one side of the waste form just below its

August 1984 using the Dow NS- 1process. A total mid-plane, and several small voids pitted the sur-
of 2.55 m3 of resin waste was produced during the face above the mid-plane. Partially encapsulated
decontamination; however, only 1.56 m3 of this resin beads were exposed over about one-third of
waste was solidified in the liner from which sam- the surface of the top end of the waste form.
pies were obtained. Samples of resin were col- Except for the features mentioned, the surfaces of
leered at the time the resins were transferred from the cation resin waste form were smooth and

a temporary holding tank to the solidification unpitted. A photograph of this sample is shown in
liner. A portion of the resin was used to prepare a Reference 1.
solidified waste-form specimen, and the remain-
der was retained for analysis. The solidified Indian Point Unit 3
waste-form specimen that was leach-testedwas
preparedby Chem-NuclearServices,Inc. usinga IndianPoint-3 isa PWR rated at 965 MWe and
sampleof the resin wasteand the same mixing begancommercial operation in August 1976. A
parametersused for the full-scale solidification, steamgenerator channelhead was decontami-
The surface of the samples were smooth and natedduringJune1985 using the LOMI process.
exhibitedfew surfaceimperfections. The decontamination generated 2.27 m3 of
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Experimental Procedures

mixed-bed resin waste; however, for solidifica- inders having smooth surfaces with few surface
tion, this waste was combined with 1.19 m3 of imperfections and no cracks. In contrast, the
resin waste from the plant radwaste system. A mixed-bed resin waste forms were irregular in
160-mL sample of resin waste was collected after shape, had cracks in the surface, and rough sur-
about 30 minutes of mixing in the liner. Samples face texture. The condition of the mixed-bed resin
of cement/resin paste were collected about 20 waste-form specimens is the result of the fact that
minutes after final mixing was terminated. Three the resin/cement paste had begun to set up when
resin waste-form specimens were collected from the specimens were collected. Figures 3 and 4
the liner. Following curing for 539 days, the show the condition of the Brunswick-1 cation and
dimensions of the cylindrical waste form that was mixed-bed resin waste forms. Additional
subjected to leach-testing were 4.6 x 9.5 cm. A photographs of these samples are shown in
photograph of the Indian Point-3 waste form is Reference 2.
shown in Reference 1.

James A. FitzPatrick Station
Brunswick Plant Unit I

FitzPatrick, a BWR that is rated at 778 MWe_

Brunswick-1, a BWR that is rated at 790 MWe, began commercial operation in July 1975. The
began commercial operation in March 1977. The LOMI/NP/LOMI process was used to decontami-
Citrox/AP/Citrox process was used to decontami- nate the reactor water cleanup system and the
hate the PCRS during December 1987. Decon- smaller residual heat removal service water cross-

tamination generated 2.12 m3 of Purolite tie during September 1988. Decontamination
C-100-H cation resin; 2.12 m3 of Citrox mixed- generated 3.33 m 3 of Ionac A-365 anion
bed resin, which was composed of 10% Purolite exchange resin and 2.55 m3 of Ionac C-267
C- 100-H and 90% Purolite A-600OH anion resin; cation-exchange resin. Ionac A-365 is a weakly
and 1.98 m3 of AP mixed-bed Purolite NRW-37

resin waste. The three types of ion-exchange resin
were solidified in two L 14-170 steel liners, each

having a capacity of 4.79 m3. 0.85 m3 of the AP
mixed-bed resin were combined with the cation "_
resin in one liner, and 1.13 m3 of the AP mixed- -_

bed resin were added to the Citrox mixed-bed .... " }'_ ff_:" _ {resin in a second liner. Because of the chemistry t

of the processes, only the Citrox mixed-bed resins __contained chelates. The resins that were solidified _

were manufactured by the Mueller/Barnstead _
Division of the Paul Mueller Co., Burlington,
MA. Slaked lime (calcium hydroxide) was added

to the cation resin waste, and sodium hydroxide
was added to the mixed-bed resin waste to raise ,

the pH of the wastes prior to the addition of the _: _ "
Portland Type I-P cement. The "P" indicates that _r
the formulation contains pozzolona, which is _ , , _,

nominally flyash or blast furnace slag. The Port- _ ,__
land Type I-P cement was a proprietary formula- ,,,,_
tion provided by the vendor, Pacific Nuclear _ -_-
Services. --=

The cation resin waste-form samples obtained Figure 3. Brunswick- 1 cation resin waste
from Brunswick-1 were solid, right-circular cyl- form sample.
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Experimental Procedures

with no evidence of cracks or other damage as
determined from visual inspection upon receipt of
the samples at the Idaho National Engineering
Laboratory. Figure 5 shows the condition of a
FitzPatrick sample. Additional photographs of
the samples are shown in Reference 2.

Peach Bottom Atomic Power Station
Unit 3

Resin wastes and waste-form specimens were
collected at Peach Bottom-3, which is operated

• by the Philadelphia Electric Company, from
October 17 through October 25, 1989. The solidi-

Figure 4. Brunswick-1 mixed-bed resin waste fication was performed on decontamination ion-
form sample, exchange resins from a LOMI/NP/LOMI

decontamination performed by Pacific Nuclear

basic polyacrylate-based anion resin with a gel- Services. The Peach Bottom-3 primary coolant
bead structure. Ionac C-267 is a strong acid sty- recirculation system (PCRS) and the reactor
rene-divinyl-benzene polymer-based cation resin water cleanup system (RWCS) were decontami-
that is supplied in the H+ form. Both ion-ex- nated during late December 1987 and early
change resins are manufactured by Sybron Chem- January 1988, and the resins were held until
icals, Inc., Birmingham, NL The 5.88 m3 of resin
waste generated during decontamination was
solidified in three different L14-170 steel liners.

The cement was a proprietary formulation
provided by the vendor, Pacific Nuclear Services.

However, when liner #2 reached the burial site
at Bamwell, SC, it was sampled because it con-
tained approximately 8 wt% chelating agent
(picolinic acid). It was determined that the liner
had not solidified and that unsolidified ion-ex-

change lesins were present. 3°

Later laboratory tests by Bishop 3° indicated
that a gelling of the resin slurry would occur after
the addition of lime for pH adjustment, which
made the addition of cement difficult. The labora-

tory study further indicated that high concentra-
tions of picolinic acid (8 wt%) would result in the

formation of the gel; consequently, an improper
solidification. Solidification formulations have

been changed to eliminate the problem. Peach
Bottom-3 was the first test of the new
formulation.

The waste-form specimens collected from the Figure 5. FitzPatrick mixed-bed resin waste
FitzPatrick station were right-circular cylinders form sample.
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Experimental Procedures

October 1989 for solidification. The waste-form ANSI/ANS 16.1 are provided in Appendix C.
specimens obtained from Peach Bottom-3 that The standard is recommended by the NRC in the
were leach tested were right-circular cylindrical Low-Level Waste Management Branch's "Tech-
solids having smooth surfaces with few surface nical Position on Waste Form''1° and in Revi-
imperfections and no cracks. Figure 6 shows a sion ili to measure the release of radionuclides
representative example of the Peach Bottom-3 from solidified low-level radioactive waste. The
waste forms, standard is intended to provide a means of index-

ing the release of radionuclides from waste forms

Compressive Strength Test using theresults of relatively short-term tests per-
formed in a laboratory. It is not intended to be

Method used to define the long-term leaching behavior of
waste forms under conditions representing actual

The test procedure used to measure the corn- burial environments. The method specified by the
pressive strength of waste-form specimens was standard for analyzing leach-test data is based on
ASTM C39, "Compressive Strength of Cylindri- the assumption that diffusion is the predominant
cal Concrete Specimens, ''12 as required by the release mechanism. Other mechanisms such as
NRC in the "Technical Position on Waste Form." dissolution, ion exchange, corrosion, cracking,
The requirement is for a minimum compressive etc., are not incorporated into the models used to
strength for waste forms of 50 psi describe releases. Although the adequacy of this
(3.4 x 102 kPa). This requirement has been assumption has been questioned, 3! the test proce-
modified in Appendix A of the "Technical Posi- dure is, however, believed suitable to establish a
tion on Waste Form," Revision 1, to 500 psi data base on the release of radionuclides in the

(3.4 × 103 kPa) for cement-solidified waste presence of relatively high concentrations ofche-
forms. The revised higher value is deemed neces- lating agents and transition metals.
sary to ensure that cement-solidified waste forms
maintain integrity and exhibit long-term stability
as required by 10 CFR 61. The procedure is
described in Appendix C.

The vice and load gauge used to measure com-
pressive strength are shown in Reference 3. Each
specimen was placed in the vice, and the load on
the specimen was gradually increased until the
load gauge registered a decrease in load, which
occurred when the specimen began to fail. The
maximum load that each waste-form specimen
withstood was recorded and was used to compute
the compressive strength of the specimen based
on its cross-sectional area.

Leach Test Method

The test procedure used to measure the release
of radionuclides, transition metals, and chelating
agents from decontamination resin wastes solidi-
fied in Portland cement was ANSI/ANS 16.1, !

"Measurement of the Leachability of Solidified ,
Low-Level Radioactive Wastes by a Short-Term _" ......."0_
Test Procedure. ''t3 Specific requirements of Figure 6. Peach Bottom-3 waste form sample.
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Test Proo_ure termining mechanism during the initial phases of
the leaching process. 32-34 The measures used to

The decontamination resin waste specimens assess leachability (i.e., absolute release rate,
that were leach tested were right-cylindrical sol- fractional release rate, cumulative fractional
ids. Nominal dimensions of all samples and the release, and leachability index) are based on the
cure times are listed in Table 3. The cylindrical premise that internal bulk diffusion is the rate-de-
leach-test vessels were polyethylene containers termining process and are predicated on an intact
having capacities of about 3 L. In each case, the waste form. However, because some of the Coo-
waste-form sample was supported in the leach- per, Brunswick-1, and FitzPatrick samples either
test vessel by coarse mesh plastic netting that was partially or totally disintegrated during the ANSI/
suspended by a wire from the container lid. This ANS 16.1 leach period, modifications were made
mesh covered less than 2% of the sample surface to the methods used to determine the surface area
as required by the ANSI/ANS 16.1 standard of the disintegrated waste forms.
based on calculations performed by personnel at
the Idaho National Engineering Laboratory. The solution to the transport equation fordiffu-
Deionized water having a conductivity of less sion in ahomogeneous, semi-infinite medium has
than 3 _tmho/cm at 298 K (25°C) was used as the become the most widely used analytical expres-
leachant after being allowed to come to ambient sion to explain the leaching release of radionu-

clides and other diffusing species from solidifiedtemperature. During leaching, leachant tempera-
ture was maintained at 296 4- 3 K (23 + 3°C). waste forms. This semi-infinite medium diffusion

model is incorporated into ANSI/ANS 16.1. OneLeachant volumes ranged from 1,070 mL for the
Millstone- 1 F33 specimen to 2,030 mL for the of the boundary conditions of this solution is that
Cooper cation-exchange resin waste-form speci- some portion of the waste form must retain its ini-

tial concentration of the diffusing species. Leach-men. The ANSI/ANS standard requires that the
ratio of the leachant volume to specimen external ing of real waste forms leads to depletion, which
geometric surface area must be _ 10. Values of must be accounted for in any realistic model of
the ratio of leachant volume to specimen external leaching behavior. This limitation is addressed in
geometric surface area ranged from 7.7 for the ANSI/ANS 16.1 with the specification that the
Peach Bottom-2 sample to -13.8 for the Peach shape-specific solution of the mass transport
Bottom-3 mixed-bed resin waste-form sample, equations be used for data analysis when deple-
The low value used for the Peach Bottom-2 sam- tion of a diffusant becomes greater than 20%.

pie was due to an error in the calculation of the The method used to calculate the surface area

surface area for that test. Leachates were changed of the disintegrated waste forms is based on the
out at the intervals specified by the ANSI/ANS formation of a diffusion boundary between the
16.1 standard (see Appendix C). Minor variations layer of particulate debris on the bottom of the
in the sampling schedules are discussed in leaching vessel and the leachant. During the early
References 1 to 3. stages of waste-form disintegration, when a large

portion of the waste form was intact, the total sur-
DStl Anlllylll face area of the waste form was considered to be

the sum of the exterior surface area of the partial

Leaching occurs as the result of mass transport waste form (typically 180 to 230 cm2 for the
of species inside a waste form as well as outside, intact waste form) plus the surface area of the bot-
Mass transport processes that have been identi- tom of the leaching vessel over which the debris
fled as occurring in solidified waste forms include was spread (about 16o¢ cm2). As the waste forms
diffusion, dissolution, ion exchange, corrosion, continued to disintegrate, the surface area of the
and surface effects. A considerable amount of partial waste form decreased, but the surface area
data obtained from samples that maintained their of the diffusion boundary on the bottom of the
physical integrity during leaching indicate that leaching vessel remained essentially constant
internal bulk diffusion is the most likely rate-de- ranging from 163 to 172 cm 2 depending on the
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shape of the walls of the leaching vessel. Conse- quantity released per unit surface area per second
quently, the specimen surface areas ranged from (_tCi/cm 2 , s I or I.tg/cm 2 • s I), and the frac-
about 220 cm2 (with no degradation) to about 370 tional release rate is defined as the fraction of the
cm2 (after waste-form degradation began) to initial inventory released per unit surface area per
about 165 cm 2 (after complete decomposition has second (cm -2 • s'l). The surface area used in this
occurred). This approach allowed the determina- calculation is normally predicated on the external
tion of the relative leachability of waste-form surface area of an intact waste form; however, in
specimens leached in different leachants, the cases of the Cooper, Brunswick-1 and FitzPa-

trick samples, the methods previously discussed

For each waste-form specimen that was leach- above were used to compensate for the fact that
tested, the initial inventory of each species in the the samples disintegrated during leaching.
waste form was determined by multiplying the
measured concentration of the species in the The ANSI/ANS 16.1 standard provides for the
untreated wet resin waste, expressed as pCi/g or calculation of a leachability index, which is one
_g/g, times the mass of water-saturatedresin esti- of the measures used in the NRC's Technical
mated to be in the waste-form specimen. The Position on Waste Form," Revision 1, to deter-
quantity of resin estimated to be in the waste form mine the acceptability of a waste form for dis-
is based on the weight fraction of water and resin posal at a waste site. The leachability index, L, is
present in the resin/cement mixture in the solidifi- based on the effective diffusivity of the species
cation liner from which the specimen was being leached from the waste form. When deple-
obtained. This method is considered relatively tion of the diffusant is less than 20%, the effective
accurate as the waste-form samples were diffusivity (Dn)is defined as
obtained from the interior of liners that had been

well mixed before sample collection. In addition, Dn = _ [(an/Ao)/An] 2 x (V/S) 2 × T
for Peach Bottom-3, actual waste-form samples
were analyzed for comparison with the resin data. where
Differences between the measured radionuclide

concentrations for the resin sample that were cor- Dn = the effective diffusivity of a spe-
rected for the mass of the waste form (i.e., multi- cies during leaching interval n
plied by the waste resin to other constituents ratio (cm2/s)
of 0.5) and the concentrations measured for the

waste-form samples had maximum ranges an = the quantity of the species
between 2 and 10 for most radionuclides. These leached during leaching interval
data indicate that the radionuclide and stable n (_Ci or _tg)
metal concentrations in the resin and the waste

form are not uniform and consequently, that the Ao = the total amount of the species
inventories are not known within a factor of originally present in the waste-
between about two and 10. Further, acceptable form specimen (gCi or gg)
results for the cemented waste-form samples

were not obtained for some radionuclides (i.e., An = the duration of leaching interval
'_gI'cand 14C)possibly due to interfaces from the n (s)
constituents of the concrete.

V = the volume of the waste-form

The second leachability calculation performed specimen (cm 3)
was for the average absolute and fractional
release rates of radionuclides, metals, and chelat- S = the external geometric surface
ing agents from each waste-form specimen. The area of the waste-form specimen
average absolute release rate is defined as the (cm2)
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T - the leaching time representing netting. However, when disintegration is corn-
the "mean time" of the nth leach- plete, the surface area exposed to the leachant is
ing interval(s), the surface area of the bottom of the container,

which is similar to the surface area of the waste

As shown in Equation (1), effective diffusivity form (e.g., 160-230 cm2). For a given species
is proportional to the square of the ratio of speci- concentration in the leachate, the fractional and
men volume to surface area. absolute release rates and the effective diffusivity

would become slightly smaller (about a factor of
Surface areas of specimens that disintegrated four during the disintegration process) as

were calculated using the method previously compared to their values for the intact waste
described. The waste-form volumes used in form. However, after disintegration is complete,

Equation (1) for specimens that disintegrated the surface area of the intact and disintegrated
were the volumes of the waste-forms prior to the waste form would be the same based on the

initiation of leaching. The specimen volumes uncertainties associated with the actual exposed
were kept constant for the purpose of calculating surface area, waste-form inventories, and other
effective diffusivities because the total activity in uncertainties associated with the leach test. Based

the waste form, A0, which is calculated as the on the assumptions made, the disintegration of
product of specimen volume and diffusant con- the waste-form specimen would have only a mini-
centration, remains constant independent of the mal effect on the calculated leachability index
physical state of the waste form. and other metrics. Further, the assumed surface of

the disintegrated samples would provide a con-
The leachability index is based on the effective servative estimate of the actual leachability

diffusivity of the species of interest, and is also because of the potentially much larger surface
dependent on the estimated surface area of the area of the granular debris. This approach is con-
debris. The leachability index, L, is defined as sistent with the definition of specimen surface

area as defined in ANSI/ANS 16.1, and becausek

the same method was used for all specimens that1 [log(b/D)l,
L = k crumbled, it allows the leachability for each spe-

n= I cie in the waste-form specimens to be compared.

where It is also consistent with the leachability of the
waste forms as discussed in the results section.

b = defined constant ( 1.0 cm2/s)
The cumulative fractional release of radionu-

D = effective diffusivity of the spe- clides, metals, and chelating agents from the

cies (cm2/s) waste-form specimens is calculated as

k = number of leaching intervals, n

_._[(CL)nVn]j
As shown in Equation (2), the leachability i= I

index of a particular diffusing species is the aver- CFR = CR MR
age of the summation of the incremental leach-
ability indexes for the all leach intervals.

where

As a sample disintegrates, the surface area of
the sample in contact with the leachant increases (CL)n = the concentration of the species
by about a factor of two (as a maximum), during in the leachate collected follow-
the disintegration process when there is debris on ing leaching interval n (laCi/mL
the bottom of the container and suspended in the or lag/mL)
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Vn = the volume of leachate collected inventories of species of interest, samples of
following leaching interval n unsolidified resin waste corresponding to the

(mL) resin wastes solidified were analyzed using sev-

eral different analytical techniques. Leachate
CR = the concentration of the species solutions were analyzed using the same tech-

in the resin waste (ktCi/g or _tg/g) niques to determine the quantities of diffusing
species that had leached from the waste-form

MR = the mass of resin waste estimated specimens. Because of the differences in their
to be in the waste form (g). physical characteristics and because the con-

Analytical Methods centrations of radionuclides and chelating agents
in the leachates were expected to be as much as

The data analysis methods of ANSI/ANS 16.1 several orders of magnitude lower in the leachates
require a knowledge of the initial inventories of compared to the resins, the methods required to
diffusing species in the waste-form sample being prepare the resin and leachate samples for analy-
tested and a knowledge of their concentrations in sis were generally quite different. Appendix D
the leachates generated during leach-testing. In describes the general analysis methods for the
order to provide a basis for estimating the initial resins and leachate samples.
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EXPERIMENTAL RESULTS AND DISCUSSION

Primary objectives of this program are to 60 psi (4.1 x 102 kPa) to reflect an increase in
assess the structural stability of the decontamina- burial depth to 55 ft at the Hanford site. 35Appen-
tion ion-exchange waste forms, and the effects of dix A of Revision 1of the "Technical Position on

chelating agents on the leachability of radionu- Waste Form ''11 recommends a mean compressive
clides and stable metals. Further, the effects of strength of 500 psi (3.4 x 103 kPa) for waste-
differing leachant chemical composition on form specimens cured for a minimum of 28 days.
releases from the waste form have been eva- It has been determined in previous studies 36 that
luated. The stability of the waste forms are solidified ion-exchange resins should be able to
addressed in the following section. Waste-form meet this criterion.
structural stability is of particular importance in
this study as the waste forms from Cooper, Fitz- In addition, to the initial compression tests,
Patrick, and Brunswick disintegrated during the Appendix A of Revision 1of the "Technical Posi-
leaching process and provide information on the tion on Waste Form" requires that a compressive
characteristics of degraded waste forms that did strength test be performed after the waste form
not meet the compressive strength requirements has been cured and immersed in water for varying
identified in the NRC's "Technical Position on periods of time depending on the waste type. In

Waste Form," Revision 1 for post-immersion the case of decontamination ion-exchange resins
compression testing, with chelating agents, the waste-form specimen

must be cured for at least 180 days, and the

The assessment of the leachability of the immersion period is a minimum of 7 days, fol-
decontamination ion-exchange resin waste forms, lowed by a drying period of 7 days. After the dry-
which follows the section on waste-form struc- ing period, the waste-form compressive strength

tural stability, is divided into four subsections: pH must exceed 500 psi (3.4 x 103 kPa) or 75% of
and conductivity, waste-form inventories, chelat- the pre-immersion compressive strength to meet
ing agent effects, and leachant effects on releases the regulatory requirement. The reason for the
from the waste form. The pH and conductivity special requirements for ion-exchange resins is

section assesses the possible effects of leachant that several studies have shown that cure time and
pH and conductivity on the leaching characteris- immersion resistance are related and that longer

cure times improve the compressive strength oftics of the samples, whereas the remaining sec-
tions address the effects of waste stream the waste form. 36,37 In addition, in the case of

constituents, and the effects of groundwaters and pozzolonic cements (i.e., those used for solidifi-
other leachants on the release rates, effective dif- cations at Brunswick, FitzPatrick, and Peach Bot-
fusivities, and cumulative fractional releases tom-3), the heat of hydration is slower and,
from the waste forms, consequently, ultimate strength may not be

obtained for up to a year, 38,39

Waste Form Structural Stability In this study, compressive strength measure-
ments were performed on specimens both before

According to 10 CFR 61.56 (b)l, "a structur- and after immersion testing. In some cases, the
ally stable waste form will generally maintain its compressive strengths of the waste forms were
physical dimensions and its form under the marginal before the compression testing was per-
expected disposal conditions such as weight of formed; however, specimens with both marginal
overburden and construction equipment." The and acceptable compressive strengths prior to the
initial criterion for structural stability as identi- immersion test disintegrated during the test. The
fled in the NRC's "Technical Position on Waste results of the structural stability tests can be
Form, ''l° is that the cement-solidified waste-form divided up into the results of the compression
specimen must exhibit a compressive strength of testing that was performed on the specimens
50 psi (3.4 × 102 kPa). This was later raised to before immersion testing, the results for
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specimens thatmaintainedtheirstructuralstabil- associated with the compression test measure-
ity through the immersion test, and the Cooper, ments are approximately 2%. In addition, the
Brunswick, and FitzPatrick samples that tables present water-to-cementratios, total cure
disintegratedduringimmersiontesting, times, specimen cross-sectionalareas,andmaxi-

The measured compressive strengths of all mum loads achieved. The compressive strength
samples on which compression testing was per- of each waste-form specimen was calculated by
formed are shown in Tables 4 and 5 and are dividing the maximum load the specimen with-
expressed as kPa and psi. Uncertainties stood bythecross-sectionalareaofthespecimen.

Table 4. Compressive strengthsof intactwaste-formsamples.

Cure time Cross-sectional
of area Maximum load Compressive strength

Water-to- unleached
Decontamination cement specimens

Waste form process ratioa (days) (cm 2) (in. e) (kg) (lb) (kPa) (psig)

Brunswick- I

Cation Citrox 0.27 486 26.2 4. I 720 1,590 2.70 × 103 390

Mixed-bed 0.30 486 25.4 3.9 900 1,990 3.48 × 103 500

FitzPatrick

Baked LOMI 0.30 212 17.5 2.7 2,290 5,050 !.28 × 103 !,860

Unbaked 0.30 212 17.4 2.7 2,330 5,140 1.31 × 104 1,910

Unleached e DOWNS-! 0.37 1,705 17.2 2.7 1,120 2,470 6.37 × 103 920

Immersion-tested 0.37 __b 17.5 2.7 2,520 5,560 1.41 X 104 2,040

Indian Point-3 c

Unleached LOMI 0.38 1,394 17.3 2.7 1,080 2,370 6.09 × 103 880

Immersion-tested 0.38 wc 18.0 2.8 300 650 !.61 × 103 230

a. Ratioof weight of freeinterstitialwaterto weight of cement andslakedlime or sodiumhydroxide.

b. The leachedwaste-form specimen wascured i.8 years prior to the initiation of leaching andthen leached in deionized water for a total of about2.1 years. The
sample hadbeen removedfromthe leachatefor about90 dayswhen the compression test was performed. The unleachedspecimen was curedfor 3.8 yearsbeforeleach
testing. It should be noted that the curingand leach-testing periodfor these,waste formsexceed the requirement of the Technical Position on WasteForm, but the
compressive strength requirementsare met.

c. The waste-formspecimen wascured !.5 years before leaching and thenleached indeionized waterfor a total of 2. i years. The leached sample hadbeen removed
from the leachant for about 90 days when the compression test was performed. The unleached specimen was cured for 4.7 years before leach testing occurred. It
should be noted that the leach-tested waste form doesnot meet the recommendedcompressive strengthrequirementof 50 psi (3.4 x |02 kPa)of the "TechnicalPosi-
tion on WasteForm," applicable atthe time that the measurements wereperformed.
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Table 5. Compressivestrengthsof PeachBottom waste-formsamples,a

Area Yield load Yield strength
Sample (in.2/¢m2) (lb/kg) (psi/kPa)

1. Unleached b 2.7/17.4 3,370/1,530 1,240/8,570

2. Unleached 2.7/17.4 2,620/1,190 970/6,710

3. Unleached 2.7/17.4 3,250/IA80 1,210/8,340

Average 4- a 3,000 4- 400/ 1,140 4- 150/
(1,360 4- 180) (7,870 4- 1,010)

1. Deionized waterb 2.7/17.4 3,240/1,470 1,19018,210

2. Deionized waterb 2.5/16.1 3,390/1,540 1,330/9,200

Average 4- a 3,320 4- 110/ 1,260 4- 100/
(1,500 4- 50) (8,710 4- 700)

1. Seawater 2.7/17.4 2,720/1,230 990/6,840

2. Seawater 2.7/17.4 3,810/1,730 1,370/9,630

Average 4- a 3,270 4- 770/ 1,190 4- 280/
(1,480 4- 350) (8,240 4- 1,970

Controlc 2,760 4- 30/ 1,010 4- 10/
(1,250 4- I0) (6,980 4- 70)

Deionized waterc,d 2,590 4- 30/ 955.7 4- 9.6/
(1,180 4- 10) (6,600 4- 70

Deionized waterc,d 2,750 4- 30/ 1,010 4- 10/
(1,250 4- 10) (6,980 4- 70)

Simulated Barnwell c,d 2,750 4- 30/ 1,020 4- 10/
(1,250 4- 10) (7,060 4- 70)

Simulated Barnwell c,d 2,660 4- 30/ 970 4- 10/
(1,210 4- 10) (6,720 4- 70)

a. The total cure timevaried but was approximately900 days from when samples were taken. The water-to-cementratiois
approximately0.33 basedon the interstitialwatercontentof thesamples, andthe cross-sectionalareaforall samples is nominally
16cm2.

b. The PCPcompressiontestswereperformedon conicalsamples. The compressionsurfaceareawas basedon the smallerof the
two ends as discussedin Reference3. Nominally,the smallersurfaceareawas 17cm2. These sampleswere immersiontestedfor
90 days.

c. Additionalmeasurementswere performedto compare compressiontests for deionized and simulatedBamweli groundwater
samples. This compressiontest study was performed afterthesampleshad been immersed in the listed leachants for a period of
7 days. The data indicateno significant differencesbetween the effect of the deionized waterandsimulatedBamwell wateron
the compression strength.

d. Compressiontestingperformedafter7 days immersionand7 days drying. All other samples were immersedfor90 daysprior
t o compressiontesting.
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The water-to-cement ratios shown in Table 4 poor compressive strengths associated with the
and noted in Table 5 were calculated as the ratio Brunswick specimens as they had been cured for
of the weight of free interstitial water to the 486 days prior to compression testing (Table 3).
weight of cement and slaked lime or sodium Other factors that are considered to be primary
hydroxide used during the solidification of the contributors to poor waste form structural stabil-
full-scale waste form from which the waste-form ity are the cement-to-waste ratio, the type of
specimen was collected. The water-to-cement waste being solidified, 42 and hydration tempera-
ratios were calculated using the method devel- tures. 41 The resin loadings for all specimens
oped by Neilson, 23 which divides the water con- tested in this study are on the order of 50 to 60
tent of the resins between the water content of the wt%, which is typical of the loadings used in
"as-received" and dewatered ion-exchange resins waste-form studies. 42 These data suggest that
to determine the amount of available interstitial either the type of waste being solidified or possi-
water.It should be noted that the water-to-cement bly high hydration temperatures may have
ratio has been identified as the critical parameter affected the structural stability of the waste
affecting the strength andchemical resistance of a forms.
hardened cement mix4° and in determining the

permeability of a waste form. Studies (Reference In the case of FitzPatrick, samples were
40) indicate that permeability of the waste form "baked" at 49°C for 4 hours after the samples
increases significantly at water-to-cement ratios were collected to simulate a high hydration tern-
greater than 0.5. In this study, all waste forms had perature (Reference 2). The result of this experi-
water-to-cement ratios between 0.27 and 0.4; merit was a compressive strength of 1,860 psi,
consequently, the increased permeability due to which is slightly lower than the unbaked speci-
high water-to-cement ratios would not be men (1,910 psi). Although the compressive
expected to influence the results of this study as strength test system has an associated uncertainty
permeability is similar in this range of water-to- of about 2%, small variations in the waste form

cement ratios.4° might be expected to cause the observed differ-
ence. Consequently, these data suggest that the

As shown in Tables 4 and 5, the compressive simulated exotherm used on the FitzPatrick speci-
strengths for the unleached decontamination ion- mens had little effect on the initial compressive
exchange samples varied. The compressive strength of the waste-form specimen. However,
strengths of the FitzPatrick samples were the as discussed below, the FitzPatrick specimens
highest atcompressive strengths of 1,8:50to 1,900 that had the best compressive strength character-
psi and were factors of four to five greater than istics disintegrated during leach testing.
many of the other unleached samples. As noted in

the tables, all of the unleached samples would In addition to the initial compression tests per-
meet the "Technical Position on Waste Form," formed on unleached samples, samples were
Revision 1 requirementof 500 psi with the excep- compression tested after immersion testing. Only
tion of the Brunswick-1 cation resin waste-form the samples from Pilgrim, Indian Point-3, and
specimen. This specimen would meet the original Peach Bottom-3 withstood the immersion tests.

requirement l° (i.e., 50 psi) that was in place when The immersion tests were performed for differing
the sample was prepared;however, both this sam- periods of time. The Pilgrim and Indian Point-3
pie and the Brunswick- 1 mixed-bed sample are samples were immersion tested for periods of 2.1
near the lower limits of acceptable compressive years priorto compression testing, whereas Peach
strengths. Bottom specimens were immersed for periods of

7 days and 90 days prior to compression testing.
Cure time has also been identified as a key fac- The Peach Bottom samples were also immersion

tor in ensuring adequate compressive strength 41 tested in different leachants (i.e., deionized water,
of cement-solidified waste-forms, but it would simulated seawater, and simulated Barnwell
not be expected to be a factor associated with the groundwater). 3
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The Pilgrim and Indian Point-3 specimens tion of Table 6 indicates that the only waste-form
were leached in deionized water, which is indi- specimens that maintained their gross physical
cared to be an aggressive leachant in Appendix A shape during leaching were those specimens
of Revision 1 of the "Technical Position on Waste leached in simulated seawater. However, even the

Form. ''11,35 These tests produced conflicting specimens leached in simulated seawater prob-
results in that the compressive strength of the Pil- ably lost compressive strength very early in the
grim sample increased after the immersion test, leaching program as indicated by the fact that the
whereas the compressive strength of the Indian cation resin waste-form sample split into two
Point-3 sample decreased to below the 500 psi parts after 10 hours of leaching.
regulatory limit. No explanation for this differ-
ence in behavior has been identified. As shown in Figure 7, stalagmites grew from

cracks on the upper surface of the Brunswick-1
An assessment of the Peach Bottom-3 com- cation resin waste form leached in simulated sea-

pression testing results shown in Table 5 indicates water, and after 24 hours, these growths were
that the compressive strengths ranged from 970 to about 5 cm long. The photograph shows the sta-
1,370 psi for all leachants, with both deionized lagmites and the radial cracks that appeared on
water and simulated seawater immersion-tested the surface of one end of the specimen during the

specimens having compressive strengths near first 2-hour leaching interval. A coating grew on
1,350 psi. This is lower than the compressive both waste form samples. Examination of the
strengths of laboratory specimens of solidified results in Table 6 suggests that because all other
decontamination ion-exchange resin.22Compres- specimens disintegrated, the composition and
sion test data from our study indicated nominal high ionic strength of the simulated seawater lea-
compressive strengths for Citrox waste forms of chant may have prevented the samples from
approximately 3,000 psi and 1,800 psi for LOMI decomposing, The primary difference between
waste forms, the specimens leached in simulated seawater and

the specimens that decomposed is the composi-
The different leachants in which the specimens tion of the simulated seawater leachant, which

were immersion tested also have no apparent contained relatively high concentrations of
affect on compressive strength. Further, there monovalent ions (e.g., potassium and sodium)
were no apparent differences in the compressive and divalent ions (magnesium). The presence of
strengths of the Peach Bottom specimens that high concentrations of these ions in the leachant
were immersion tested for 7 and 90 days. could have two possible effects. First, formation

of an osmotic condition could occur in which

The waste forms that disintegrated during fewer water molecules would tend to move to the
leaching were the Brunswick-l cation resin (AP- resin bead (high concentration of ions) from the
Citrox waste), the FitzPatrick mixed-bed resin leachant (similar concentration) and thereby

(LOMI/NP/LOMI waste), and the Cooper cation cause the resin bead to minimize the increase in
and mixed-bed resin (AP/Citrox waste). The size that was caused by other factors. The second

structural stability of the waste-form specimens factor would be the competition for active sites on
from Brunswick-l varied significantly, and many the resin bead between the smaller monovalent
of the samples deteriorated within several hours and divalent ions in the leachant and the calcium

after the beginning of the leach test. The speci- and aluminum from the cement. The behavior of
mens were leached in deionized water, simulated the specimens that were leached in simulated sea-
seawater, and several simulated groundwaters as water tends to support these observations. The
discussed in Reference 3. Table 6 summarizes the fact that one specimen split in half and then

degradation of each Cooper and Brunswick retained its physical shape tends to suggest that
waste-form specimen during leaching. Examina- competing mechanisms were at work.
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Table 6. Structural stability of the Cooper and Brunswick-1 samples.

Waste form < 1 hour 8 hours >8 hours 90 days

Cooper mixed-bed

Deionized water Decomposed Rubble Rubble Rubble

Cooper cation

Deionized water Cracking Decomposed Rubble Rubble

Brunswick cation resin

Deionized water -- Cracking Decomposed a Rubble

Seawater (pH 6.4) -- Cracking Two pieces a,b Maintained shape

Hanford (pH 8.9) _ Cracking c Decomposed a Rubble

Barnwell (pH 4.2) w Cracking c Decomposed a Rubble

Bamwell (pH 10.4) _ Cracking c Decomposed a Rubble

Brunswick mixed-bed resin

Deionized water Decomposed d -- Rubble a Rubble

Seawater (pH 6.4) -- n -- Maintained shape

Hanford (pH 8.9) Decomposed d -- Rubble a Rubble

Bamwell (pH 4.2) Decomposed d _ Rubble a Rubble

Bamwell (pH 10.4) Decomposed d -- Rubble a Rubble

a. Within l week, all identified samples had decomposed to granular rubble.

b. The cation resin waste form split into two pieces after l0 hours with no further decomposition through the
entire 90 days.

c. In addition to cracks covering the surface of the waste form, between 3 and 15%of each sample had sloughed
off and dropped to the bottom of the leaching vessel.

d. Effervescence and crumbling began within minutes of placing the waste form in the leachant, and 20 to 30%
of the original volume of the sample sloughed and dropped to the bottom of the container within 8 hours.
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Figure 7. Brunswick-1 cation resin waste-form specimen leaching in synthetic seawater during the first
2-hour interval.
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In addition to the proposed mechanisms Figure 11 shows a Brunswick I mixed-bed
addressed above, an additional phenomenon was resin waste-form specimen beginning to crumble
observed that could be affecting the behavior of during the first hour of leaching in simulated
the specimens. During the early part of the leach- Barnwell ground water. Large grains can be seen,
ing test, it was observed that both specimens which had sloughed off one end of the specimen.
leached in simulated seawater became coated This rapid deterioration was typical of the behav-
with white mineral deposits. Although the mate- ior of the majority of the Brunswick-1 waste-form
rial that coated the specimens leached in simu- specimens, the exceptions being the two speci-
lated seawater was not analyzed, it is expected mens leached in simulated seawater. Figure 12
that the precipitate was composed of insoluble or shows a Brunswick 1 cation resin waste-form
relatively insoluble hydroxides (Mg(OH)2) and specimen after leaching in deionized water for
carbonates (CaCO3). Formation of these nonreac- 239 days. The condition of the specimen shown in
rive compounds on the surface of the specimen Figure 12 is representative of the extent of deteri-
could tend to passivate the surface of the speci- oration observed for all but the two specimens
men, thus preventing water movement and ion leached in simulated seawater.
exchange and reducing the effects discussed
above that would tend to cause swelling of the The structural stability of the waste-form spec-
resin beads and, consequently, the decomposition linens from FitzPatrick varied significantly as
of the waste-form specimen, many of the specimens deteriorated within sev-

eral hours after being placed in the different lea-
chants. However, as discussed previously, the

Figure 8 is a photograph of the Brunswick-1
cation resin waste-form specimen after 90 days of
leaching. The striations on the surface of the
waste-form specimen are the result of the speci-
men support netting pressing against the surface
of the specimen and, therefore, preventing mate-
rial from being deposited on the surface at those
locations. The waste-form specimen is coated
with a light grey material. The probable composi-
tion is the same as that discussed above (i.e., rela-
tively insoluble hydroxides or carbonates).

The Brunswick-1 mixed-bed resin waste-form '!
specimen leached in simulated seawater also
cracked during the first 24 hours of leaching as
shown in Figure 9. A stalactite grew from acrack
on the lower surface of the sample. The
photograph shows the stalactite and the relatively
heavy coating of material that covered the surface

of the specimen. Figure I0 is a photograph of the _,
same specimen after the completion of 90 days of ,
leaching in simulated seawater. Comparing Fig-
ures 8 and I0, it is evident that the material coat-
ing the surface of the mixed-bed resin waste-form
specimen was substantially thicker than that cov- Figure 8. Brunswick- 1 cation resin waste-
ering the surface of the cation resin waste-form form specimen after leaching in synthetic sea-
specimen, water for 90 days.
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Figure 9. Brunswick-1 mixed-bed resin waste-form specimen leaching in synthetic seawater during the
first 2-hour interval.

FitzPatrick waste form is a special case due to the after leaching in simulated seawater for 90 days.
formation of the picolinic acid gel, which pre- The specimen remained intact and, as was the
vented solidification of the lime. Table 7 summa- case with the Brunswick-! waste-form specimen

rizes the degradation of each waste-form sample that was leached in simulated seawater, the sur-
that occurred during leaching. Examination of face of the specimen was covered with the prob-
Table 7 indicates that all the specimens main- able deposits discussed above. The degradation of
tained their gross physical shape during the leach- the two waste-form specimens that were baked

ing period except those that were baked during during initial curing were much more pronounced
curing. However, the samples leached in these than for those cured at ambient temperature. The
leachants probably all lost compressive strength surfaces of the baked specimens buckled soon
during the initial part of the leach test due to after they were immersed in their respective lea-
apparent cracking of the waste forms, chants. The specimens that were leached in

deionized water and simulated Bamwell ground-

The results in Table 7 suggest that although the water with pH 4.2 crumbled into loose rubble by
degradation of all samples was severe, baking the end of 90 days. Photographs of the two baked
early in the curing period may have resulted in waste-form specimens showing their conditions

additional degradation of the samples during after 90 days of leaching are presented in Figures
leaching. A photograph of an unbaked waste- 15 and 16, respectively.
form specimen that was leached in deionized
water for 90 days is shown in Figure 13. As
shown in the photograph, the specimen seriously The disintegration of the Cooper mixed-bed
deteriorated during the test. Figure 14 is a and cation resin waste forms (AP/Citrox waste
photograph of an unbaked waste-form specimen form) (Reference 1) occurred early in the leach

31 NUREG/CR-6201



Experimental Results and Discussion
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Figure 10. Brunswick-I mixed-bed resin Figure 12. Brunswick-I cation resin waste-
waste-form specimen after leaching in synthetic form specimen after leaching in deionized water
seawater for 90 days. for 239 days.

testing. For the mixed-bed resin, initial signs of

,.--- decomposition occurred during the prerinse and
was followed by complete disintegration within 1
hour of the first leach cycle. The Cooper cation

_K}_, resin waste form suffered a similar fate, but its
decomposition occurred over a longer time. In

' this case, cracks in the specimen began to form
within 20 minutes, and the entire specimen had

disintegrated within 8 hours.

The rapid decomposition of cement-solidified
ion-exchange resins has been addressed by a
number of laboratory studies using simulated

! wastes and has been attributed to a number of
mechanisms. Soo 29 and others 43-46 have

addressed the decomposition of cement-solidified
decontamination ion-exchange resin waste forms.

i Morcos and Weiss45postulated that resin contrac-
! tion/swelling during immersion qualitatively

explains how resin cement waste forms crack dur-
ing water immersion. They postulated that during
the resin/cement mixing and early curing periods,

...._ , a cation resin (IRN-77) undergoes ion-exchange
Figure 11. Brunswick- 1 mixed-bed resin processes in which cations are sorbed on the res-
waste-form specimen during first hour of leach- ins and H+ ions are released. The resin beads
ing in synthetic Bamwell groundwater, decrease in size and become encapsulated within
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Table 7. Structural stability of the FitzPatrick waste forms.
................. j HjIIij I i iiiiii iii _ [i .....

Waste form <2 hours 8 hours >8 hours 90 days
ii 17111 i1.1111 i i IJJHI[I J J [IJ iii i i HII ill i i ii _ _

Deionized water Cracking a -- Major cracks b Intact c

Seawater (pH 6.4) Cracking a -- Major cracks b.d Intact c

Hanford (pH 8.9) Cracking a -- Major cracks b Decomposed e

Bamwell (pH 4.2) Cracking a -- Major cracks b Intactc

Bamwell (pH 10.4) Cracking a -- Major cracks b Intact c

Baked during curing

Deionized water Severe cracks f -- decompositiong Rubble
i

Barnwell (pH 4.2) Severe cracks f -- decompositions Rubble

a. Relatively large cracks appeared on sample within 2 hours, and within 7 hours, numerous cracks covered the sur-
face of sample.

b. Expansion of the cracks continued to where some of the cracks had grown to about 6 mm (0.25 in.) in depth. After
48 hours, major cracks traversed the body of sample, and some debris had slumped to the bottom of the net.

c. Remained primarily intac: with only small amounts of material falling off the waste form. Less than 30 g fell off
any sample.

d. After 24 hours of leaching, one major crack had formed in the body of the specimen leached in simulated seawater,
and stalagmites grew from the upper surface of the specimen. After 48 hours, several small additional cracks
occurred, but only a negligible quantity of material flaked off the sample.

e. Approximately one-third of the sample had decomposed by the end of the 90-day leach period.

f. For the _amples that had been baked for 4 hours during curing, severe cracking occurred within 2 hours, and for the
_,ample leached in pH 4.2, general disintegration had begun, and after 7 hours, the sample had slumped into the net
holding the sample.

g. After 2 days, large cracks traversed the surface of the specimen leached in the pH 4.2 leachant, and 15 to 20 g had

sloul_hed off the sample. Both samples had crumbled to loose rubble at the end of the 90-da_,'period. .......
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Figure 13. FitzPatrick waste-form specimen Figure 15. FitzPatrick waste-form specimen,
after leaching in deionized water for 90 days. which was baked during initial curing, after

leaching in deionized water for 90 days.

Figure 16. FitzPatrick waste-form specimen,
which was baked during initial curing, after

Figure 14. FitzPatrick waste-form specimen leaching for 90 days in synthetic Barnwell
after leaching in synthetic water for 90 days. groundwater with pH 4.2
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thecement matrix.After curing,immersionof the hydrationprocessto beginduring thepH adjust-
compositein purewaterallowsmore dilutesolu- ment phaserather thanthe cementcuring phase
tions to wet the resin beads, which begin to swell and therefore may result in improper solidifica-
and consequently cause a breakdown of the waste tion. Also, in the case of FitzPatrick, a picolinic
form. This analysis, however, does not provide acid gel was formed during the pH adjustment
consideration for the presence of other cations in phase, which resulted in a poor solidification as
the cement pore water and the leachant. Although discussed by Bishop. 30 To control this process,
our study was performed with resins other than Chem Nuclear Systems, Inc. has proposed that
the IRN-77 resin, it is expected that the same phe- the temperature of the liner be monitored during
nomena are applicable, the pH adjustment phase and that it be allowed to

cool before cement, which would further increase

A study performed by Wheaton 43.indicated the temperature during mixing, is added. This
that the degree of resin swelling is dependent on theory would not be expected to respond to lea-
the ion-exchange capacity, ionic form, solvent, chant effects as all waste forms would be
and composition of solution. For the IRN-77 cat- expected to behave similarly. Consequently, it is
ion resin, he determined that the resin volume expected that the actual degradation process may

change would be in the following order: Li . > be a complex combination of the noted mecha-
Na+ > K+ > Cs + > Ag+, and that with polyvalent nisms, although resin bead swelling may be most
ions, the volume increase would be less due to likely as it would be expected to produce a gross

crosslinking and the order would be Na+ > Ca+2 > effect due to the large amount of resin present.
AI.3. This theory may be more appropriate as

In summary, key points of our studies are thethere appear to be leachant-specific effects that
either increase or reduce degradation of the waste following: (a) compression tests on unleached
form (i.e., the Brunswick-1 waste forms leached specimens do not appear to be indicative of the

in simulated seawater did not completely disinte- ability of the waste form to survive the immersion
grate), and the post-immersion compression test require-

ments, (b) immersion significantly affects the
ability of the waste form to survive compression

In contrast to the resin bead swelling theory, testing, and (c) disintegration of the waste form
several other theories have been proposed to may occur quickly and may be the result of sev-
explain the degradation of cement-solidified eral apparently robust mechanisms.
waste forms containing ion-exchange resins.

, Constable 47 suggested that the pressure from the Leach Test Results
interior of the waste form is due to the formation

of crystals of calcium salts which build up during Appendix A of the "Technical Position on
the curing process and continue to expand and Waste Form," Revision 1l i includes two changes
generate pressure on the interior of the waste to the requirements of Reference 10 in the area of
tbrm. Scanning electron microscopy techniques leach testing. First, the leach test period has been
have been used to observe the crystal formation in reduced from 90 days to 5 days. Second, leach
waste forms, testing may be conducted with one of two lea-

chants, either deionized water or simulated sea-

In contrast to these proposed mechanisms, staff water, whichever is most aggressive (i.e.,
at Chem Nuclear Systems, Inc. believe that an whichever has the higher initial release rate). The
enhanced exotherm for the LOMI waste forms change to 5 days was incorporated in Revision 1
during the initial stages of the solidification pro- because it was assumed that mechanisms other
cess may result in an improper solidification and than diffusion that might affect leachability (i.e.,
poor waste-form characteristics. 48,49 They erosion, corrosion, or dissolution) would be iden-

believe that calcium from lime added to adjust the tiffed by visual inspection during immersion test-
pH and picolinic acid from the chemical decon- ing and that the primary diffusion-controlled

tamination solution may cause the exothermic release will have occurred during the initial
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5 days of leach testing. 35 The objective of the lated seawater gradually increased, reaching
leach test is to determine whether the leachability maxima that ranged between 12. l and 12.5.
indexes calculated from the leach test results meet Results of the pH measurements indicate that the

the requirement of 6.0 in the "Technical Position alkalinity of the cement establishes the pH of the
on Waste Form," Revision I. leachate, with the exception of the simulated sea-

water leachate, and that it establishes the pH

In this study, specimens were leached for peri- within a few minutes after immersion based on

ods of 5 days (Peach Bottom-3), 90 days, and for pH measurements performed on the washoff sam-
longer periods (239 days) for some specimens to pies. Vejmelka 5° indicates that the cement chem-
assess possible long-term leaching effects, istry will control the leachate pH unless another
Results from the 90-day leach tests are discussed constituent (i.e, magnesium) is present in the lea-
in this report. Results from longer or shorter tests chate in significant concentration. He indicates
are identified and compared with the 90-day test that the solubility of the magnesium hydroxide
results where appropriate. The leach testing sec- formed in the leachate will set the pH.
tion have been divided into four subsections: pH
and conductivity, waste-form inventories, chelat- The lower final pH of the simulated seawater
ing agent effects on the releases of radionuclides leachates (9.0 to 9.8) measured in our study for
and stable metals leached in deionized water, and Brunswick-1 and FitzPatrick is probably due to
the effects of different leachants on releases from the buffering action of magnesium (14 g/L of
the waste form. The pH and conductivity section magnesium chloride solution) in the simulated
assesses the possible effects of leachant pH and seawater leachants. In another study by Lemire, 51
conductivity on the leaching characteristics of the higher concentrations of magnesium chloride

samples, whereas the remaining sections address (449 g/L) resulted in the pH of the leachate being
the effects of waste stream constituents and lea- buffered to a pH of 7. I. This lower pH is consis-
chant composition on releases, tent with the higher concentrations of magnesium

chloride present in the leachate. The Lemire study

Leachate pH and Conductivity confirms the dependence of seawater and some
groundwater pHs on the concentrations of spe-
cific constituents in the groundwater.To assess the potential effects of leachant pH

and conductivity on the leachability of the waste-

form specimens, pH and conductivity measure- The conductivity measurement results follow
merits were performed on the Brunswick-1 similar trends to the pH for the three types of
cation, Brunswick-I mixed-bed, FitzPatrick, and waste forms on which conductivity measure-
Peach Bottom-3 leachates at the end of each ments were performed. Nominal values ranged

leaching period. Table 8 lists the composition and from 3 to 5 mmho/cm for the Brunswick-1 waste
pH of the synthetic leachants used in the Bruns- forms, approximately 7 mmho/cm for the FitzPa-
wick-1 and FitzPatrick studies. In the Peach Bot- trick waste forms, and approximately 0.5 mmho/

tom-3 study, the leach te_::swere performed using cm for the Peach Bottom-3 samples. Where
deionized water as the sole leachant. Figure 17 measurable, the conductivity of the simulated
shows the leachate pH for the five Brunswick-1 seawater leachate was the same as that of the
cation resin waste form specimens. The final pH other leachates.
of leachates other than simulated seawater were

comparable throughout the leach tests. At the end It should be noted that although the results for
of the initial 2-hour leaching ir_:_rval, the pH of the Brunswick-1 cation resin waste form speci-
the leachates other than simulated seawater men are representative of the Brunswick-1
ranged from 11.4 to 11.7. During the first 3 days mixed-bed resin and FitzPatrick mixed-bed resin
of leaching, when leachates were changed out waste forms that are evaluated in this study, the
after elapsed times of 2, 7, 24, 48, and 72 hours, effects of pH on releases of radionuclides and
the final pH of the four leachates other than simu- stable metals are not clear a_ the pH (with the
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Table 8, Composition of simulated leachants (g/L).

Simulated Barnwell Hanford

Compound seawater a groundwater b groundwater c

CaCO3 w __ 2.624

Fe(NO3)3 • 9H20 -- 0.00069

HNO3 _ -- 0.002

H2SO4 _ -- 1.647

KBr 0.096 --

KCI 0.666 _ 0.269

KHCO3 -- 0.022

MgCI2 • 6H20 14.103 _ 0.813

MgCO3 -- 0.088 0.086

NaCI 23.538 --

Na22SiO3 • 9H20 m 0.048 2.967

Na2SO4 4.087 0.012

pH 7.0 __d 8.9

a. The formula used toprepare simulated seawater was formula III in Appendix D of the ANSI/ANS 16.1 leach-test
procedure. The pH of the leachants are: simulated seawater (pH ~7.0), Hartfordgroundwater (pH 8.9), Barnwell
groundwater I (pH 4.2), Bamwell groundwater 2 (pH 10.4). Two pH values were used for the Bamwell groundwater
studies because measurements indicated the presence of both.

b. The formula used toprepare simulated Bamwell groundwater was that given inTable9 of a study by R. Buschbom
et al., Characterization of Cement and Bitumen Waste Forms Containing Simulated Low Level Waste Incinerator
Ash, NUREG/CR-3798, August 1984.

c. The formula for Hanford groundwater was given by L. Criscentiand R. Seine, Geochemical Analysis of Leachates
fromCement/LowLevel RadioactiveWaste/SoilS),stems,PNL-6544, September1988.
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Figure 17. LeachantpH for Brunswick-1 cationresin waste-formspecimens.

exception of simulated seawater) is controlled by the Proceedings of the Cement Workshop.14 Pri-
the pH of the waste form. It has been suggested, 51 mary constituents of the decontamination ion-ex-
as will be discussed later in the section on lea- change resin waste stream that have been
chant effects and releases of radionuclides and identified as having potentially adverse effects on
stable metals, that the ion strength of seawater waste-form solidification are chelating agents
may be a more important parameter than pH and such as picolinic acid and EDTA.
may have a greater effect on radionuclide solubil-
ities in the leachate.

In order to determine the inventories of radio-

Waste Form Inventories of Radionu- nuclides, stablemetals, andchelating agentspres-
clides, Stable Metals and Chelating ent in the waste-form samples, waste-stream
Agents samples were obtained from the waste streams

used to prepare the waste-form samples. Tables 9,
Appendix A of "The Technical Position on 10, l l, and 12, respectively, list the concentra-

Waste Form," Revision l, states that although tions of the primary radionuclides, transuranic

some nuclear reactor waste streams are relatively radionuclides, stable metals, and chelating agents
well characterized and free of secondary ingredi- present in the decontamination ion-exchange
ents, others, such as ion-exchange resins, may resin wastes that were solidified. In addition to

contain chemicals that can retard or accelerate the neutron-activation-produced radionuclides, Table
hydration of cement or otherwise adversely affect 9 contains measured concentrations for the fis-
cement waste-form performance. Appendix A of sion products, 137Cs, 99Tc, and 1291, which have

this report lists chemicals commonly found in been included in the test program because either
nuclear power plants that may affect waste-form they have potentially significant dose impacts
solidification as taken from the NRC regulatory (99Tc, and 129I) or they may be used for compari-
documents listed in Appendix A. Further, the son purposes (137Cs). The 99Tc and 129Imeasure-
effects of chemical constituents are discussed in ments were made only for the Peach Bottom-3
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Table 9. Primaryradionuclidespresent in decontaminationion-exchangeresin wastes,a

Concentration in wet resin

(_tCi/cm3)

Plant/ Collection/

process decay date 54Mn 55Fe 6°Co 63Ni 14C 137Csa

Indian Point-3/LOMI 6/24/85 4.8E- I 1.7 3.9 4.8 4.8E-5 1.3E- 1

Cooper-MBRb/AP-Citrox 11/30/84 1.4E-1 4.0E- 1 7.3E- 1 3.6E- 1 < 1E-5 2.1E-4

Ct_t_perCRb/AP-Citrox 11/30/84 1.0 5.7 6.7 I.OE+I <IE-5 <2E-4

MiUstone/Can-Decon 6/20/84 2.4 2.0E+ 1 7.8 8.7E- l 3.6E-5 2.1E-3

Pilgrim/NS- I 8/I 7/84 3.8E- I 2.7 5.2 2.8E- I 5E-5 3E-2

Peach Bottom-2/ 8/09/84 ! .7E- I .c 1.18E+ ! .c .c 2.8E-3
Can-Decon

Brunswick CR/AP-Citrox 12/18/87 5.3E- 1 2.8 2.6 5.2E- I .d 1.4E-2

Brunswick MBR/ 12/I 8/87 2.2E-2 1.5E- I 1.3E- I 4.2E-2 _d 3.7E-4
AP-Citrox

Peach Bottom-3/LOMl 10/25/89 4.3E- 1 3.0E- Ie 2.4e 5.3E-2 e 8.7 3.6E-3

FitzPatrick/LOMl 10/18/88 1.2 6.8E-2 4.9 1.7E- ! .c 2.0E-2

a. Fission productspresented forcomparisonpurposes. Technetium-99 results were obtainedonly for Coopermixed-bed resin:
1.1(-4)laCi/cm3,Cooper cation resin CR: 3(-5) laCi/cm3and Pilgrim: 2.2(-5) I.tCi/cm3. Iodine-129 was measurableonly at Peach
Bottom-3 with a concentration of 4.8E-5 _tCi/cm3. Others where the 1291 measurementswere made (i.e., all plantsexcept Bruns-
wick and FitzPatrick), detection limit values of 10-5to 10-6laCi/cm3 resin were measured.

b. MBR is mixed-bed and CR is cation resin.

c. Analysis result was below detection limit.

d. Analysis not performed.

e. Concentrationbasedon concretewaste-formmeasurements.
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samples. Table 10 lists the concentrations of the other transuranic radionuclides have concentra-
transuranic radionuclides present in the resin tions ranging from 10-8 to 10-4 gCi/cm 3. The
wastes, higher concentrations of 241Pu on the waste resins

is primarily due to the higher specific activity
associated with this radionuclide.

The primary decontamination radionuclides
listed in Table 9 whose leachability characteris-
tics are discussed are 55Fe, 6°Co, 63Ni, and 14C. Table 11 lists the stable metal constituents of
Manganese-54 is not discussed in detail because the resin waste. Among the stable metals whose
it was not measurable in most leachate samples concentrations were measured in the resin wastes,

the iron concentration was typically the highestdue to its relatively short half-life. Comparison of
and ranged from 5 x 102 to 104 lxg/cm 3 resinall radionuclide inventory results should be done

carefully because although the results have been waste. The concentrations of nickel in the Cooper
decay corrected to the sample collection date, the cation and Millstone resins were approximately
resins were held for varying periods of time after 103 _g/cm 3 resin. Typical concentrations mea-
the decontamination and prior to solidification sured for other stable metals ranged from 101 to
(see Table I ). This is a minor effect for those 102 I.tg/cm3 resin. These concentrations are simi-

radionuclides with long half-lives (i.e., 55Fe, lar to those found in another study 52 and provide
63Ni, 99Tc, 129I, and 14C) but may affect the a basis for comparison of the radionuclide content
results for 54Mn and 6°C0. in the waste form with the leachate for both simu-

lated and actual waste forms.

Examination of Table 9 indicates a range of The concentrations of the chelating agents
concentrations for 55Fe, 6°Co, and 63Ni between measured in the resin wastes are listed in

10-l to 101 laCi/cm 3 resin, whereas for 14C and Table 12. Typical concentrations of chelating
99Tc, the results are typically on the order of 10-5 agents ranged from about 102 I.tg/cm3 of oxalic
to 10-4 I.tCi/cm 3 resin. Cesium-137 concentra- and citric acids for the Cooper AP-Citrox process
tions range from 10-4 to 10"1 }.tCi/cm 3 resin, resin wastes to about 5 x 104 I.tg/cm3 of pico-
These data indicate that the primary radionuclide linic acid in the Peach Bottom-3 resin wastes. The

concentrations present in the decontamination high concentration of picolinic acid in the Peach
ion-exchange resins are the radionuclides pro- Bottom-3 waste forms may have resulted in some
duced by neutron activation that are removed of the problems that occurred with this solidifica-
from the PCRS surfaces as part of the decontami- tion. 3 Laboratory studies, 23 however, typically
nation process. The quantities of fission products use higher concentrations of chelating agents for

in the system are lower and have a wide range as their studies and do not have apparent solidifica-
they are typically a measure of the degree of fuel tion problems.
failure in the reactor system, which allows more

or less quantities of fission products to be Releases of Radionuolides, Chelating
released from the fuel and deposited on surfaces Agents, and Stable Metals
in the PCRS. These fission produced radionu-
clides are subsequently removed from reactor

Piciulo, 23 500, 29 and others 5° have addressed
system surfaces via the decontamination process
and are subsequently deposited on decontamina- the release of chelating agents, radionuclides,

and/or stable metals in laboratory studies. How-
tion ion-exchange resins following the decontam-
ination process, ever, these studies used simulated wastes that didnot contain all of the constituents found in com-

mercial nuclear power plant waste streams, and as
Table 10 lists the measured concentrations of discussed in Reference 35 and Appendix A, other

the transuranic radionuclides in the waste resins, waste stream constituents found at commercial

Plutonium-241 has the highest concentrations, nuclear reactors may affect the leachability char-
ranging from 10-3 to 1131 I.tCi/cm3, whereas most acteristics of the waste form.

NUREG/CR-6201 40



Experimental Results and Discussion

Table 10. Transuranic radionuclides present in decontamination ion-exchange resin wastes, a

Concentration in wet resin

(_tCi/cm3)

Collection/

Plant/process decay date 238pu 239/240pu 241Pu 24!Am 242Cm 242Cm

Indian Point-3/LOMl 6/24/85 1.2E-5 1.3E-5 4.9E-2 9.4E-6 1.9E-4 1.l E-5

Cooper-MBRb/AP-Citrox 11/30/84 3. l E-5 1.3E-5 4.9E-2 9.4E-6 1.9E-4 I. 1E-5

CooperCRb/AP-Citrox I 1/30/84 7.7E-5 3E-5 1.0E-2 1.0E-4 6.8E-5 8.1E-5

Millstone/Can-Decon 6/20/84 4.9E-3 2.6E-3 3.5E- I 4.0E-3 4. lE-4 3.4E-3

Pilgrim/N S- ! 8/17/84 2.2E-4 3. l E-4 3.5E-2 5.3E-6 1.7E-5 1.4E-5

Peach Bottom-2/ 8/09/84 .c .c 5.1E-3 .c .c .c
Can-Decon

Brunswick CRb/ 12/18/87 2.6E-7 2.0E-7 2.1E-3 .c 1.2E-8 2.6E-8
AP-Citrox

Brunswick MBRt'/ !2/18/87 7.9E-8 6.9E-8 2.1E-3 .c 3E-8 5E-9
AP-Citrox

Peach Bottom,3/LOMl 10/25/89 8.4E-5 d 2.5E-5 d 1.4E-3d 1.2E-4d 9.2E-6 1.4E-4d

FitzPatrick/LOMl 10/18/88 2.5E-5 4.5E-5 6.7E-2 3.7E-5 4.1E-5 4.3E-6

a. Transuranic concentrations in the resin wastes from References 1 to 3.

b. MBR is mixed-bed and CR iscation resin.

c. Analysis result was below detection limit.

d. Concentration based on concrete waste-form measurements.

The physical factors that influence mass trans- may be significant, but as will be discussed, there

fer of chelating agents, radionuclides, and stable does not appear to be a significant difference in

metals into the coolant can be divided into three the releases from degraded and intact waste

mechanisms: (a) convection, (b) diffusion forms. Mechanism 2, pore diffusion, is induced

through pores within the waste form, and (c) dif- by concentration gradients within a waste matrix
fusion at the interface of the waste form and the and results in the diffusion of radionuclides and

surrounding coolant. 53 Convection refers to bulk other constituents to the surface of the waste

movement through the waste form and is form. In this mechanism, the waste form has been

expected to be insignificant for intact waste described as a porous solid with water-filled

forms. However, in this study, where a number of pores. 54,55 The third mechanism is diffusion at
the waste forms decomposed during leaching, it the interface between the surface of the waste

i
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Table 11. Stable metals present in decontamination resin wastes.

Concentration in wet resin

(gg/cm3) a

Plant Chromium Iron Cobalt Nickel

Indian Point-3 9.0 E+ 1 6.6 E+2 < 1.2 E+ 1 7.1 E+2

Cooper (MBR)c .b 5.2 E+2 < 1.5 E+ 1 7.4 E+ 1

Cooper (CR)c 3.0 E+2 1.1 E+4 6.0 E+ 1 1.2 E+3

Millstone- 1 3.5 E+2 5.8 E+3 1.6 E+I 2.1 E+3

Pilgrim _b 1.1 E+3 9.6 1.4 E+2

Peach Bottom-2 _b _b _b .b

Brunswick- 1 CR c 4.5 E+2 6.4 E+3 2. l E+2 7.3 E+2

Brunswick-1 MBR c 1.6 E+3 6.9 E+2 3.0 E+2 6.4 E+l

Peach Bottom-3 6.5 E+2 3.0 E+3 1.4 E+l 7.3 E+2

FitzPatrick 2.0 E+2 2.4 E+3 2.6 E+2 1.2 E+2

a. lag/cm3of wet resin.

b. Not measured.

c. MBR is mixed-bed resin and CR is cation resin.

form and the surrounding leachant, and can be the exception of the Brunswick-1 and FitzPatrick
defined as the formation of a concentration gradi- waste forms, where multiple leachants were used)

ent at the surface of the waste form between the were performed using deionized water as a repre-
waste form and the leachant. Each of these mech- sentative, aggressive leachant. 35Leachants tested
anisms may contribute to releases from the intact in the multiple leachant tests include those listed
and degraded waste forms and would be expected in Table 8 and deionized water.
to be modified by the effects of other constituents
in the waste form, with chelating agents possibly An assessment of the leachability characteris-
having the greatest effect due to their high con- tics of decontamination ion-exchange resin waste
centration (up to 6 wt%). forms was performed through comparisons of

release rates, cumulative fractional releases,

This section addresses the releases of chelating effective diffusivities, and leachability indexes

agents, radionuclides, and stable metals from for the species of interest to assess the effects of
actual solidified decontamination ion-exchange the different chelating agents on releases from the
waste forms for the various decontamination waste forms. Appendix E contains detailed tables

processes shown in Table 1. The leaching tests showing the leach test results. Various forms of
performed on the waste forms in this study (with data presentation are used including cumulative
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Table 12. Chelating agents present in decontamination resin wastes.
i iIHl,.la

Concentration in wet resin

Decontamination (_tg/cm3)

Plant process Oxalic Citric EDTA Picolinici i,i i i i i.

Indian Point-3 LOMI -- g g 4.1E+3 a

Cooper (MBR) AP/Citrox 1.62E+4) 9.6E+ 1 -- m

Cooper (CR) AP/Citrox 2.7E+2 9.6E+ 1 m

Millstone- I Can-Decon 7.4E+3 6.3E+3 6.1E+3

Pilgrimb NS-I 2.9E+2 3.0E+3 3.7E+3

Peach Bottom-2 Can-Decon 5.9E+3 5.1E+3 4.9E+3 c

Brunswick CR AP/Citrox ....

Brunswick MBR AP/Citrox 2.0E+4 4.1E+4 _

Peach Bottom-3 LOMI/NP/LOMI _ _ _ 5.5E+4

FitzPatrick LOMI/NP/LOMI _ -- _ 1.0E+4

a. Contains4.0 (+3) gg/cm3of formic acid.

b. Contains 3.6 (+2) I.tg/cm 3 of DTPA.

fractional release/cm 2 surface area/yr, Ci/yr, rates, cumulative fractional releases, effective
Ci/m3/yr, cumulative fractional release/yr, and diffusivities, and leachability indexes for the spe-
cumulative fractional release/m3/yr. These data cies of interest are compared for all waste forms
should be used carefully as they are plant- and that were leached. Decontamination radionu-
waste-form specific and may not be easily inter- elides discussed include 55Fe, 6°Co, 63Ni, and
compared as they are dependent on the invento- 14C. The results for 99Tc and 1291, both fission

ries in the waste form, and the dimensions and products, have been added because of their long
surface area of the waste form. half-lives and the importance of possible releases

of these radionuclides to the environment.
Cesium-137 has been included in the evaluation

Appendix F contains summary tables (F-1 because several studies 5°,56indicate that 137Cs is

through F-12) showing the average absolute and extremely mobile and should provide a basis for
fractional release rates, the cumulative fractional comparison with the releases of the decontamina-
release, the average effective diffusivities, and the tion radionuclides evaluated as part of this study.
leachability indexes for the 12 waste forms In addition, results of the transuranic radionu-

leached in deionized water. Tables F-13 through clides (primarily 24]pu), and 9°Sr are discussed.
F-25 contain the same data for the Brunswick-1

and FitzPatrick samples leached in different lea- The average absolute release rates, the average
chants. In the following sections, average release fractional release rates, and the average effective
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diffusivities are for nonlinear rate phenomena, fractional releases, effective diffusivities, and
and consequently include high-rate data from leachabilityindexes.Thechelatingagentsaredis-
early in the leaching process and low-rate data cussed first followed by the radionuclides and
from laterin the process. Averagesare not typi- stablemetals. The chelating agentsareevaluated
cally calculatedfor phenomenaof this type;how- first because the releases of these organiccorn-
ever, these averagesand theirassociated internal pounds provide the basis for assessing the
uncertaintieshave been calculatedas they are the releasesof the radionuclidesand stable metals as
commonmethod used forcomparisonswith other the chelating agent may act as a carrierfor the
leach test studies. Therefore, uncertainties other species; thus, release rates of these com-
associated with the average rates are expected to pounds provide the basis for assessing the
be large (typically from 50 to 100%at one sum- releasesof other species.
darddeviation). Uncertainties listedfor the aver-

age absolute release rates, the average fractional Chelating Agents. Table 12 lists the con-
release rates, and the averageeffective diffusivi- centrationsof chelating agents in the wet resins.
ties are the internaluncertaintiesassociatedwith The primarychelatingagentspresent inthe waste
differencesin the rateordiffusivityresultsanddo forms are oxalic and citric acids, which are con-
notcontain uncertaintiesassociatedwith counting stituents of the AP/Citrox and Can-Decon pro-
statistics, waste-form inventories,or otheruncer- cesses, EDTA found in the Can-Decon and Dow
tainties associated with the leaching process. NS-i wastes, and the picolinic acid used in the
These uncertaintieshave been excluded because LOMI process. The concentrationsof the chelat-
they areeithersmall relativeto the quoted uncer- ing agents typically range from ~0.1 to 5 wt%,
tainty or are not quantifiable based on the tests with the oxalic, citric, and picolinic acids having
performed. Exceptions (e.g., 9°St) are discussed the highestconcentrations in the resin wastes.
in the following sections. A one-standard-devi-

ation uncertaintyis quoted in the tables. Leaching Table 13 summarizes the Appendix F release
data are shown graphically as plots of average rates, cumulative fractional releases, effective
release rates and cumulative fractional release diffusivities, and leachability indexes for the che-
versus the square root of elapsed leaching time. lating agents present in the waste formstested. It
This presentation was chosen to facilitate evalua- should be noted that in the case of the Cooper
tion of the datasince the plots will be linear ifdif- samples, the fractionalrelease rateswere listedin
fusion is the controlling release mechanism and Reference 1 in termsof s"lbecause these samples
will have slopes that areproportionalto thecorre- decomposed during leach testing. Consequently,
sponding effective diffusivities, for comparison purposes, a nominal waste-form

surface area of 2 x 102cm2 was assumed forthe
The decontamination produced stable metals surfacearea of the degraded waste form exposed

discussed in this section are chromium, iron, to the leachant. A similar conventionwas usedfor
cobalt, and nickel. Primary radionuclides eva- the Brunswick-l samples that decomposedduring
iuated are iron and nickel as they were measur- leach testing (see Reference 2).
able in most samples and can be compared with

the release data for 55Feand 63Ni.Characteristics Inspection of Table 13 indicates that the aver-
of the chelating agent releases are also compared age fractional release rates for the chelating
with the stable metal results, agents typically range from l0 -11 to l0 -8

cm-2 •s-I, whereas the average absolute release
Tables F-I through F-12 in Appendix F show ratesrangefrom 10 -4 tO 10"3gg/cm2 •s1,with the

the average fractional release rate and cumulative exception of the citric acid from the Millstone-l
fractional release data for all samples that were F-201 and Millstone-1 F-33 sample (--6 x l0 -5
leached in deionized water. In the following sec- }.tg/cm2 • sl). In contrast to the narrower ranges
tions, results are discussed in the following order: associated with the average fractional and abso-
fractional and absolute release rates, cumulative lute release rates, the effective diffusivities range
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Table 13. Cumulative fractional releases, chelating agent release rates, effective diffusivities, and
leachabilityindexes.
,iiipil lllil ii[lllllllllli liiii fill lllllii[l i iii i i ill i iiilll i ii i ii ii i iiiiii llliii i i i iilliii

Average release ratea
i m

Average effective
Absolute Fractional diffusivity Leach

Plant CFR (l.tCi.cm"2.s"I)a (cm"2.s"i)a (cm2,s"J)a index
.,- , .,,,, IH i i i i , ii I|,H ii,iiiii= i i i i ii i ,iii i

IndianPoim-3b 6.0E-I 2.24-1.9E-3 4.8 4.4.1E-9 1.34.0.5E-7 6.9

_Formic c 8.3E-I 3. i 4. 2.9E-3 6.9 4- 6.6E-9 4.3 4- 0.6E-7 6.7

FilzPatrick _b 5.4E-I 8:1:3E-3 3 ± IE-9 1.4 4. 0.8E-7 7.5

PeachBottom-3h 2.0E-2 7.94.5.8E-3 5.84.4.3E-I0 5.44.0.9E-10 9.3

CooperMBR (oxalic)d,e I.OE-2 __e 2.34.4.6E-I0 3.74.5.1E-10 10.2

---Citric e 8.4E-3 _e 2.3 4. 4.9E-10 3.6 4. 6.1E-10 !0.5

Brunswick-I MBR (oxalic) d 6.3E-3 !.6 4- 0.7E-4 6 4- 2E-I! 2.2 4. 0.7E-II II.O

--Citric 4.0E-3 2 :I:IE-4 4 4.2E-If 1.4+ 0.7E-II II.5

Millstone-IF33 (oxalic)d 2.4E-2 7 4-15E-4 6 4-8E-I0 2.4 4.1.6E-I0 I0.I

--Citric 1.4E-2 5.24.5.5E-5 1.34.1.4E-IO 8 4-19E-II 10.8

--EDTA 2.3E-I 7.7+ 7.1E-4 2.0 4.1.9E-9 7.84-6.6E-9 8.3

Millstone-IF-201(oxalic)d 6.8E-3 2.04-1.6E-4 9.6 4-9.0E-IO 3.24-0.6E-IO 9.5

----Citric 3.1E-3 7.04.2.3E-5 1.64.0.6E-IO 2.64.2.3E-I0 10.4

--EDTA 3.0E-2 5.94.3.2E-4 1.24.0.9E-9 5.84.3.3E-9 8.3

PeachBottom-2(oxalic)d 1.8E-2 I.I4.1.7E-4 1.64-2.5E-I0 1.54-1.3E-IO I0.I

--Citric 2.2E-2 1.74-3.4E-4 2.94.6.0E-IO 3.74.6.0E-10 I0.0

_EDTA 7.1E-2 2.7 + 2.6E-4 4.8 4. 4.7E-I0 2.3 4. 2.2E-9 9.0

Pilgrim (oxalic) d 3.4E-! 2.2 4. 2.7E-4 6.3 4. 7.8E-9 8.7 4. 7.6E-8 7.2

--Citric 4.0E-I 3.8 4. 5.7E-3 1.1 + 1.6E-8 5.6 + 6.9E-7 6.5

--EDTA 1.0 7.1 4. 9.7E-3 1.7 ± 2.2E-8 2.6 4- 1.6E-6 5.7

mDTPA 3.3E-I !.2 4- 2.3E-4 3.0 4- 3.1E-9 5.7 4- 5.3E-8 7.5

a. Internaluncertaintyassociated withcalculatedresults. Does not includecountingstatisticsor otheruncertaintiesassociatedwith the leaching
process.

b. Results forpicolinic acid.

c. Nota chelating agent.

d. Results for oxalic acid. The Brunswick-I cation resin contained no chelating agents. Results for Pilgrim picolinic acid concentration not
available.

e. Absolute releaserate data weremissing from Reference I. Further, fractional relea_ rates were reported as s -I in the report; however, for
comparison purposes, these data wereconverted to cm-2 . s"I using a nominal surface area for a waste form of 200 cm 2.

45 NUREG/CR-6201



Experimental Results and Discussion

from 10-II to 10.6 cm2. s"t, and the leachability Indian Point-3 sample, which maintained struc-
indexes range from 5.7 to 11.5. The narrow range tural stability throughout the leach test. These
of average absolute release rates suggests that the data suggest that the structural stability of the
absolute release rate may be limited by diffusion waste form does not significantly affect the frac-
or a chemical mechanism to a relatively narrow tional release rate of picolinic acid from the waste
range, form. However, as noted, the fractional release

rate of picolinic acid was about 20% of that from
Also shown in Table 13 are the cumulative the degraded FitzPatrick waste form; however,

fractional releases (CFRs) of the chelating agents, this difference in release rate may be due to other
which range from 6.3 x 10.3 to 1.0. It should be factors besides the decomposition of the FitzPa-
noted, however, that the average CFR ofpicolinic trick waste form (e.g., the gel formation
acid from the Peach Bottom-3 samples is artifi- associated with the waste form). As discussed
cially low because the Peach Bottom-3 samples below, the average absolute release rates for the
were leached for only 5 days in contrast to the 90 Peach Bottom-3 and FitzPatrick samples were
days that the other samples were leached. An statistically the same, which suggests that chemi-
extrapolation of the Peach Bottom-3 fractional cal mechanisms may have limited the release
release rate data to 90 days would increase the rates of picolinic acid from the waste forms rather
CFR of picolinic acid from 2 x 10"2 to than differences in the structural stability of the
1.3 × 10-I. The effect of the duration of the leach waste forms. The weighted-average fractional

test on the CFR for the Peach Bottom-3 samples release rate of picolinic acid for all LOMI waste
is discussed for each of the species evaluated in forms is 2.8 4. 1.6 x 10.9 cm"2• s-l, which is a
the following sections, relatively small uncertainty because all the LOMI

processes that were used differ significantly for

Figures 18 and 19 show the average fractional the waste forms discussed.
release rates (cm "2. s"l) and the CFRs for all the
chelating agents measured in this study. The "D" In contrast to the average fractional release rate
in the figures indicates which samples decom- data listed in Table 13, the average absolute
posed during leach testing. Samples that decom- release rate data indicate similar release rates for
posed completely and early in the leach tests were FitzPatrick and Peach Bottom-3 and suggest that
the Brunswick-1 and Cooper samples, whereas the decomposition of the FitzPatrick waste form
the FitzPatrick samples had basically decom- did not affect the absolute release rate, which is
posed by the end of the leach test. the same as that for the intact waste forms. Also,

' the similarity of the average absolute release rates

Inspection of Table 13 and Figure 18 indicates of picolinic acid for all LOMI samples indicates
that FitzPatrick and Indian Point-3 have statisti- that inventory of picolinic acid in the waste form

cally the same average fractional release rates of does not appear to affect the absolute release
picolinic acid and formic acid, whereas the aver- rates; therefore, the fractional release rates differ
age fractional release rate of picolinic acid from because of different inventories in the waste
the Peach Bottom-3 samples is about 20% of that forms. The weighted average absolute release rate
from the FitzPatrick sample. However, the simi- of picolinic acid for all waste forms is 6.0 4.

larity of these data may be deceptive because the 5.0 x 10.3 },tg/cm2 • sI.
FitzPatrick sample is a special case due to the gel
formation during the solidification process. The Figure 19 shows the CFR from the waste forms
difference in the average fractional release rates tested and indicates that 50 to 60% of the pico-
from the LOMI waste forms is informative as the linic acid was released from the LOMI waste

FitzPatrick waste form disintegrated shortly after forms with the exception of the Peach Bottom-3
being placed in the leach solution and yet the waste form, which had an average CFR of 2.0%
average fractional release rate of picolinic acid (13% if extrapolated to 90 days) for all samples
from this waste form specimen is the same as the tested, and that about 80% of the formic acid was
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released from the Indian Point-3 waste form. rate of oxalate and citrate (based on the
These data contrast with the laboratory studies Brunswick-I waste form) is 1.8 + 0.6 x 10.4
performed by Piciulo 22in which the CFR of pico- _g/cm 2 • sI.
linic acid from the LOMI waste forms was 0.12 to

0.20. In addition, the CFR for formic acid in The CFRs for the AP/Citrox waste forms are

Piciulo's study was -4).3. These data indicate that shown in Figure 19 and indicate that the CFRs for
the laboratory cement-solidified decontamination oxalate and citrate are similar for both Cooper
ion-exchange waste forms may not accurately and Brunswick at about 7 x 10-3, which is about
reproduce the waste compositions found in actual 1%of the release of picolinic acid from the LOMI
commercial nuclear power plant wastes and that, waste forms. Piciulo,22in his study, indicated that
indeed, the commercial reactor wastes may con- oxalate was measured at low levels in two sam-

tain constituents that enhance the release of pico- pies and that no release of citrate ion was mea-
linic acid from some waste forms (up to a factor sured. These data indicate that oxalate and citrate

of three). The fact that the CFR forSPeach Bot- are substantially retained m the waste form as the
tom-3 is considerably lower than that observed CFR of both constituents was limited to about

forother waste forms suggests that changes in the 0.7% of the inventory in the waste form and yet
formulation of the waste form may have both the Cooper and Brunswick-I waste forms
improved the leaching properties of the waste decomposed.
form.3

The Can-Decon waste forms from Millstone-1

In contrast to the relatively high average frac- and Peach Bottom-2 contain the chelating agents
tional release rates for most LOMI waste forms, oxalic and citric acid and EDTA. Inspection of
the AP/Citrox waste forms (i.e., Cooper and Table 13 and Figure 18 indicates that the frac-
Brunswick- 1) had average fractional release rates tional release rates of oxalate and citrate from the
of oxalates and citrates that ranged from three waste forms are similar and range from
4 x 10-II to 2.3 x 10-I0 cm -2 • s -I as shown in 1.6 to9.6 x 10-1°cm "2. s-t. The error-weighted
Table 13 and Figure 18. As shown in Table 13, average fractional release rate of the oxalate and
the average fractional release rates of oxalates citrate is 4.7 :t: 0.8 x 10"l° cm -2 • s"1.In con-
and citrates from each plant were the same. These trast, the average fractional release rate of EDTA
data indicate that both chelating agents are is statistically higher for the Millstone-I samples
released at statistically the same rate from the AP/ at about 1.6 x 10 -9 cm -2 . s -I.
Citrox waste forms. The error-weighted average

fractional release rates of oxalate and citrateacids The EDTA probably has a higher average frac-
from the AP/Citrox waste forms is 5.7 :t= tional release rate, but the difference is probably
1.9 x 10-_! cm-2 . s-I. statistically insignificant if all uncertainties are

included. These data indicate that the average
A comparison of the average fractional release fractional release rates of the chelating agents

rates of citrate and oxalate from the Citrox waste from the Can-Decon waste forms are about a fac-

forms with the inventory data in Table II indi- tor of eight higher than those measured for the
cates that the release rates from the waste form do AP/Citrox waste forms. This suggests that citrate

not appear to depend on the concentratiop of the and oxalate are retained to a lesser extent in the
citrate in the waste form as the concentration of Can-Decon waste form as compared to the Citrox
citrate in the Cooper mixed-bed resin waste form waste form and suggests different mechanisms
was 0.2% of the concentration in the Brunswick- 1 for retention in the waste form as the Can-Decon

mixed-bed resin waste form, and yet the frac- waste forms remained intact during the leach test
tional release rates are within a factor of six. and the Citrox waste forms decomposed. Notably,
These data suggest that releases from the waste as shown in Table 13, the Brunswick-1 mixed-bed
forms are controlled by factors other than strict resin samples the,t decomposed had the lowest
diffusion. The weighted-average absolute release average fractiorlal release rates of chelating
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agents from both the AP/Citrox and Can-Decon higher than those observed for other waste forms.
samples. Typically, the average fractional release rate for

these chelating agents from this intact waste form
In contrast to the oxalate and citrat_ results, as ranged from 3.0 x 10-9 to 1.7 x 10"scm"2. s-I

noted previously, the average fractional release and are considerably higher than those observed
rates of EDTA from the Millstone-1 and Peach for other decontamination wastes. Further, the

Bottom-2 waste forms are higher (about I x 10-9 CFRs for this waste form are much higher as
cm -2 • s-I). This rate is statistically the same as shown in Figure 19. Essentially all of the EDTA
that measured for picolinic acid for the LOMI was released, and 30 to 40% of the oxalate, citrate
samples (2.8 + 1.6 x 10.9 cm "2. s-I) and sug- and DTPA was released. These data suggest con-
gests similar behavior for this chelating agent, siderably greater releases from this waste form

than those observed for the other three types of

In contrast to the average fractional release waste forms. No explanation for the behavior of
this waste form has been identified.rates for the Can-Decon waste forms, the average

absolute release rates for oxalate, citrate, and
EDTA as shown in Table 13 are all within the

range from 2 x 10.4 to 7 x 10.4 _tg/cm 2 • s I, Table 13 and Figures 20 and 21 show the aver-
with the exception of the citric acid from the Mill- age effective diffusivities and the leachabilityindexes for the LOMI and other waste forms.

stone-I F-201 and F-33 samples at 5 to 7 x 10.5 With the exception of Peach Bottom-3, the aver-
gg/cm 2 • s i. These data indicate a very narrow

age effective diffusivities of picolinic acid for the
range of absolute release rates for the Can-Decon LOMI waste forms have an average of
waste forms. The weighted-average absolute 2.5 x 10.7cm 2 . s -I and indicate that the rates are
r,_'ease rate of oxalate and citrate is 8.8 ±

similar for the intact and decomposed waste
3.2 x 10.4 I,tg/cm 2 • s I and suggests that the

forms. The leachability indexes range from 6.9 to
absolute release rates are very similar because

9.3. in Piciuio's laboratory study,23his measured
they are probably near a maximum diffusion rate leachability indexes ranged from 8.6 to 9. I,
in concrete for citrate and oxalate, which is indicative of the lower release rates he

measured from the simulated waste forms. In

An inspection of the CFRs for the Can-Decon addition, his leachability indexes for formic acid
waste forms, however, indicates that the releases ranged from 8.0 to 8.6, whereas the leachability
for the Millstone-1 and Peach Bottom-2 waste index for formate from the Indian Point-3 waste
forms are less than those observed for the LOMI form was 6.7.
waste forms. The average CFRs for oxalic and
citric acid are 1.6 x 10.2 and 1.3 x 10-2, respec-

tively, whereas the average CFR for EDTA is In contrast to the LOMI waste form results, the

1.3 × 10-j or about a factor of 10 higher than the average effective diffusivities of oxalate and
oxalic acid and citric acid CFRs. Piciulo, 22Soo, 29 citrate from thc Citrox waste forms are lower, as

and Vejmelka 5° all measured CFRs for EDTA in would be expected based on the lower average

the range of 0.01--0.02, which is similar to those fractional release rates discussed previously.
measured in this study. This suggests that the Also, the average effective diffusivities for the

CFR of EDTA is relatively independent of varia- Cooper specimens may have a greater degree of
tions in waste-form constituents and that the uncertainty as a calculated surface/volume ratio
release rates developed as part of this study are was chosen for the calculation of effective diffu-

probably representative for most waste forms sivities for these waste forms, which decomposed
containing the chelating agent EDTA. during leaching (Reference 1). This results in

average effective diffusivities4.6 x 10-I°

Inspection of the Pilgrim (NS-1) data in Figure cm 2 • s-l, which are about an order or magnitude
18 indicates average fractional release rates for greater than those for the Brunswick specimens
oxalic acid, citric acid, EDTA, and DTPA that are (1.8 x 10-l_ cm 2 . s-l). Leachability indexes for
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the Citrox samples range from 10.2 to 11.5. cules) with chelating agents that keep these met-
Piciulo 23 measured leachability indexes for als in solution and, consequently, potentially
citrate and oxalate that ranged from 10.2 to 10.4. increase their mobility and possibly their release

rates from the waste form. Other radionuclides

The average of the effective diffusivities for discussed in this study, 14C,99Tc, 1291and 241pu,
the Can-Decon specimens are oxalate have varying chemical characteristics that are dis-
(3.3 x 10-1° cm 2 • s-l), citrate (2.2 x 10-l° cussed.
cm2 • s-l), and EDTA (4.9 x 10.9 cm 2 • s-l), as

shown in Figure 20. These diffusivities follow Coslum-137'. Table 14 summarizes the CFRs,
the changes shown for the average fractional average release rates, average effective diffusivi-
release rates. The average effective diffusivities ties, and leachability indexes for 137Cs for the
for EDTA vary, but they are about an order of samples leach tested in deionized water. Typi-
magnitude higher than the average effective dif- cally, CFRs are high (0.2 to 1.0) with the excep-
fusivity of the oxalate and citrate. As shown in tion of the Brunswick-1 cation resin sample and
Figure 21, the leachability indexes for oxalate and the Pilgrim waste form; average release rates and
citrate range from 10.0 to 10.8, whereas the diffusivities are variable; and the leachability
EDTA leachability indexes range from 8,3 to 9.0. indexes are among the lowest measured for any
Piciulo 23had leachability indexes for EDTA from radionuclide. These effects are most likely due to
10.1 to 10.6, which suggests that the actual waste the low concentrations of this fission product in
form tends to have higher release rates by several most waste forms and the simple anionic charac-
orders of magnitude as discussed previously, teristics of the radionuclide in solution. The aver-

age fractional release rates and CFR of 137Csare

For the Dow NS-1 sample, average fractional shown in Figures 22 and 23, respectively. The
release rates are higher than those for the other release behavior of this radionuclide is being dis-
waste forms tests and, consequently, the average cussed first because studies5°,58 indicate that the
effective diffusivities range from release of 137Cs is representative of fast diffu-
2.6 x 10-6 cm 2 • s-I for EDTA to about sional release from the waste form because of its

5.7 x 10-8 cm2. s -1 for DTPA. The leachability high solubility. Further, similarities in the release
indexes ranged from 5.7 to 7.5. These leachability rates of 137Csand EDTA have been identified.
indexes are considerably lower than those
observed in Piciulo's tests, which were not per- As shown in Table 14, the average fractional
formed on NS- 1 decontamination process for- release rates of 137Csfrom the LOMI waste forms
mulations, but were performed on some of the from Indian Point-3 and FitzPatrick are 5.6 and
same chelating agents. This again suggests that 5 × 10-9 cm "2. s"1and, as shown in Table 14,
actual decontamination process and waste-form they are statistically the same, which suggests
constituents may affect leach rates, that the integrity of the waste form does not affect

the release of this radionuclide. The fact that the

I_aclionuollcloB, The releases of radionu- fractional release rates of 137Csare the same for
clides from the cement-solidified waste forms is both Indian Point-3 and FitzPatrick might not be

dependent not only on the physical and chemical expected because the waste stream composition
characteristics of the waste form but on the chem- would be expected to be different for the waste

istry of the radionuclide. Of the radionuclides forms as Indian Point-3 is a PWR that had the
measured in this study, the chemistry of the steam generator channel head decontaminated,
cationic 137Csand anionic 129I are the simplest and FitzPatrick is a BWR that had the PCRS
because they typically form salts as a solid and decontaminated.
are ionic in solution, s7 In contrast, 55Fe, Co6°,
and 63Ni are transition metals and form coordina- The error-weighted average fractional release
tion complexes (i.e., complex hybrid bonds rate of 137Csfrom the LOMI waste forms is 5.1
between metals and anions, cations, or mole- :1:2.1 x 10.9 cm -2 • s-l, which is statistically
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Table 14. Cesium-137 release rates, cumulative fractional releases, effective diffusivities, and

leachability indexes.

Release rate Average
effective

Absolute Fractional diffusivity Leachability
Plant CFR (I.tCi. cm"2. S'I) a (cm "2. s'l) a (cm 2. s'l) a index

Indian Point-3 1.0 8.4 4- 8.3E-8 5.6 4- 5.6E-9 2.4 4- 0.9E-7 6.7

FitzPatrick 6.4E-1 1.5 4- 0.5E-8 5 4- 2E-9 1.5 4- 0.5E-7 7.1

FitzPatrick 6.3E-1 2 q- IE-8 9 4- 4E-9 5 :t: IE-7 6.4
baked

Peach Bottom-3 b __b _._b __b b

Cooper CR mb b __b b b

Cooper MBR 1.0 1.6 4- 2.5E-8 1.7 4- 1.1E-6 1.7 4- 1.1E-6 5.9

Brunswick-I 1.2E-2 1.8 + 0.6E-10 7 5:3E-11 7 + 2E-II 10.7
cation

Brunswick-I 2.2E-1 1.6 4- 0.9E-10 3 + 2E-9 3 4- IE-8 7.9
MBR

Millstone-I F33 9.8E-1 3.2 + 5.0E-9 2.4 + 3.5E-8 9.7 4- 4.4E-7 6.1

Millstone-1 9.6E-1 3.1 4- 4.4E-9 2.2 4- 3.0E-8 8.7 4- 3.8E-7 6.1

F-201

Peach Bottom-2 3.6E-1 4.7 4- 5.5E-10 1.4 + 1.7E-9 1.8 4- 0.5E-8 7.8

Pilgrim 1.2E-3 4.2 4- 2.7E-11 1.2 + 0.8E-11 3.8 4- 5.0E-12 12.1

a. Internal uncertainty associated with calculated results. Does not include counting statistics or other uncertainties
associated with the leaching process.

b. Not detected.

the same as that of picolinic acid (,-,1.5 x 10-9 sion controlled. Consequently, the diffusion rate
cm-2 . s-I) and formic acid (6.2 x 10 -9 cm 2 . s "1) out of the LOMI waste form can be defined as

as shown in Table 13. These data suggest that the approximately 5 × 10-9 cm-2 • s-!.
137Cs is released at the same fractional release

rates as the chelating agents, and the release is

probably primarily controlled by diffusion and As shown in Table 14, average absolute release
the high solubility of 137Cs. De Angelis '56 rates of 137Cs from the Indian Point-3 and FitzPa-

experiments indicate that 137Cs is strictly diffu- trick waste forms were 8.4 x 10-8 ktCi/cm 2 . s I
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Figure 22. Cesium-137 average fractional Figure 23. Cesium-137 cumulative fractional
release rates (cm 2. s_). release.

and 1.5 x 10-8 l.tCi/cm 2 • s_, respectively. The to 0.4. These data suggest that the CFRs from

weighted-average fractional release rate is 1.9 + actual waste forms are greater than the laborato-
0.6 x 10-8 laCi/cm 2 . s _ because of the large ry-prepared specimens by a factor of two to three.
uncertainty associated with the Indian Point-3 Matsuzuru 6_ has suggested that the presence of
absolute release rate. These data indicate that, sta- pozzolonics (e.g, blast furnace slag) may reduce

tistically, the average absolute release rate from releases of 137Cs, although ion-exchange resins
the intact waste form is greater than or the same as were not used in his study. Our study indicates
that from the one that degraded during leach test- that pozzolonics may reduce release rates and

ing. These data further support the conclusion CFRs from actual cement-solidified waste forms
that waste-form structural stability does not sig- because the Indian Point-3 waste form contained

nificantly affect leach rates, no pozzolonic material and yet both the average
fractional release rate and the CFR of 137Csfrom

As shown in Figure 23, the CFRs indicate that this waste form is higher than that for the waste

essentially all 137Cswas leached out of the Indian form that contained pozzolona (i.e, FitzPatrick).
Point-3 waste form, whereas only 64% was
leached out of the FitzPatrick waste form, As shown in Figure 22, the average fractional

although the FitzPatrick waste form was the one release rates of 137Cs from the AP/Citrox waste
that decomposed during leach testing and con- forms range over three orders of magnitude, with
tained a gelatinous material. These CFRs are the Cooper mixed-bed resin waste form having

higher than those observed in several laboratory the highest average fractional release rate
studies 50,56,59,60,61where typical CFRs for simu- (1.6 x 10-6cm "2 • sl) of the AP/Citrox samples.
lated LOMI waste forms were on the order of 0.3 The weighted-average fractional release rate of
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137Cs from the AP/Citrox waste forms is 6.1 + The average fractional release rates of 137Cs

2.8 X l0 -9 cm"2 . s"l. The Brunswick-l cation from the Can-Decon waste forms are shown in

resin waste-form data have not been included in Figure 22, and the rates range from l x 10.9 to

this average because that waste form does not 2 x l0 -s cm -2 • s-1. The weighted-average frac-
contain chelating agents and is addressed sepa- tional release rate of 137Cs is 3.5 4- 2.7 x 10 -9

rarely for most radionuclides. If included, the cm -2 • s-l, which is statistically higher than the
weighted average is 1.6 4- 0.5 x l0 -1° cm-2 • s-1. weighted-average fractional release rate of 137Cs
A comparison with the weighted-average frac- from the AP/Citrox waste forms but lower than
tional release rates of citrate and oxalate those from the LOMI waste forms. These differ-

(5.7 x 10-11cm -2 • s-l) with that for 137Cs indi- ences suggest chemical effects that reduce the
cates that the 137Cs leaches out of the AP/Citrox mobility of the 137Cs to rates lower than would be
waste form faster than do the chelating agents, expected from pure diffusion. Again, the average

oxalate and citrate, by a factor of ~100; however, fractional release rates of 137Cs from the Can-
the release rate of 137Cs from the Brunswick-1 Decon waste forms are higher than those for the
cation resin waste form is similar to that of the chelating agents (by about a factor of 100) and

chelating agents. These data suggest that the che- again suggests that the chelating agents are being
lating agents, oxalate and citrate, are held up in retained in the Can-Decon waste form due to
the waste form and are not released purely via dif- chemical interactions with the waste-form mate-
fusion, but that solubility may be limiting the rial or as suggested by Vejmelka 50possible break-
release rate. It is further interesting to note that down of the chelating agent. The
the weighted-average fractional release rate of weighted-average absolute release rate of 137Cs

137Cs from the AP/Citrox waste forms is the same from the Can-Decon waste forms is 9.8 4-

as that for the LOMI waste forms. 7.7 x l0 -!° lxCi/cm 2 • s1, which is statistically
the same as that of 137Cs from the LOMI and AP/

I

The weighted-average absolute release rate of Citrox waste forms.
137Cs from the AP/Citrox waste forms is 2.2 4-

1.2 x 10-10 _tCi/cm 2 • s! and is about 102 less Examination of Figure 23 and Table 14 indi-
than that of 137Cs for the LOMI waste forms, cates that almost all (>95% of the cesium) was
These data further indicate that there is a maxi- released from the Millstone waste forms and

mum diffusion rate, as noted previously, and that about 6.5% from the Peach Bottom-2 waste form.
most species, including 137Cs, may be affected by This is reflected in the differences in the average
chemical interactions in the waste forms as evi- fractional release rates.

denced by the substantially slower rate from the

AP/Citrox waste forms. Examination of the Pilgrim NS- 1 results shown
in Figures 22 and 23 indicates that the average

The CFRs for 137Cs shown in Figure 23 and fractional release rate of 137Cs from this waste
Table 14 indicate that all of the 137Cswas leached form is approximately 1.2 x 10-11cm-2 • s-Zand

from the Cooper mixed-bed resin waste form and that the CFR is about 0.012. This tends to be
that about 22% leached from the Brunswick inconsistent with the 137Cs data for other waste

mixed-bed resin waste form. These are higher forms and the high release rates and releases of
CFRs than those of the chelating agents, oxalic chelating agents from the Pilgrim waste form.
and citric acid (-0.4%) for the AP/Citrox waste Why the release of 137Cs from this waste form is
forms, which again indicates that this radionu- low is not known; no problems with the analysis
clide leaches more quickly than the chelating were indicated in Reference 1.
agents. These data suggest that the chelating
agents are being retained in the waste form to a The average effective diffusivities and leach-
greater extent than the 137Cs, probably due to ability indexes for 137Csare shown in Figures 24
lower solubilities than the extremely soluble and 25, respectively. Typically, the average effec-
137Cs. tive diffusivities follow a pattern similar to the
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Figure 24. Cesium- 137 effective diffusivity. Figure 25. Cesium- 137 leachability indexes.

average fractional release rates, and the same dis- (4.6 4- 1.4 x 10.9 cm -2 . s'_), although the

cussion may be applied to both. The leachability absolute rates are different. Further, the weighted-
indexes shown in Figure 25 indicate that the average fractional release rates of 137Cs from the
leachability indexes for _3?Cs for the LOMI, waste forms are the same as picolinic acid from
Citrox, and Can-Decon waste forms range from the LOMI waste form, which suggests a maxi-
5.8 to 7.9 with the exception of the Brunswick-I mum diffusional release rate of about 5 x 10-9
cation resin (10.7). The reason for the high reten- cm -2 • s"_ for these waste forms. In contrast, the
tion in this waste form is not known. However, weighted-average fractional release rates of _37Cs
the CFR from this waste form is only 1.2% of the are about 100 times higher than the chelating
137Cs inventory and is indicative of anomalous agents, oxalate and citrate, from the AP/Citrox
behavior. It also should be noted that this is the and Can-Decon waste forms, which suggests that
only waste form of those tested that does not con- these chelating agents are being retained to a
tain a chelating agent, although no correlation greater extent in the anion resin or that they have
between this fact and the low release rates is lower solubilities than 137Cs.

apparent. The leachability index for 137Cs from
the Dow NS-1 (Pilgrim) specimen is also anoma- Transition Metal Radionuclidas. Tables

lously high as were the average fractional release 15 to 17 summarize the CFRs, average release
rates (see above), rates, average effective diffusivities, and leach-

ability indexes for the transition metal radionu-

Principal observations from the 137Csanalysis elides 6°Co, 55Fe, and 63Ni. Typical CFRs for the
are that the weighted-average fractional release transition metals (10 -2 to 10-4) are generally
rates of 137Cs from the LOMI, AP/Citrox, and lower than the chelates or 137Cs.In addition, the

Can-Decon waste forms are statistically the same average absolute releases for the transition metal
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Table 15. Cobalt-60 release rates, cumulative fractional releases, effective diffusivities, and leachability
indexes.

, i ,, , ,,,,, , ,,,, , ,, i,, i, i ,,

Release rate Average
effective

Absolute Fractional diffusivity Leachability
Plant CFR (I.tCi• cm"2. s"I)a (cm"2• s"!)a (cm2 • s"!)a index b

Indian Point-3 1.3E-3 2.2 4- 1.8E-9 5.1 4- 4.1 E- 12 2.0 4- 1.0E- 13 12.8

FitzPatrick 1.7E-2 5 + IE-8 7 4. 2E-II 5 4- IE-II 10.5

FitzPatrick baked 2.2E-2 1.0 4- 0.4E-7 1.4 4- 0.6E-10 8 + 2E-11 10.3

Peach Bottom-3 1.7E-3 2.3 4. 2.1E-8 6.2 4. 5.6E-11 4.4 4- 1.2E-12 11.4

Cooper CR 3.5E-4 __c 8.1 4- 23E-12 3.6 + 10.7E-12 14.2

Cooper MBR 7.8E-4 _._c 3.0 4. 7.7E-9 4.9 4. 12.6E- 12 12.8

Brunswick-l CR 8.5E-5 1.9 4- 0.5E-10 4 4- 1E-13 1.0 4- 0.5E-14 15.3

Brunswick-l 1.3E-3 4 4- 2E-10 2 + lE-ll 2 4. 2E-12 13.2
MBR

Millstone-I F33 4.4E-4 3.3 4. 3.9E-9 6.9 4. 8.2E-12 6.1 4. 5.8E-14 13.6

Millstone-i F201 1.4E-3 3.1 4. 3.6E-9 5.9 4- 6.8E-12 1.1 4- 1.8E-13 13.2

Peach Bottom-2 1.3E-3 5.1 4- 4.8E-9 3.8 4- 3.5E- 12 1.6 4- 0.5E- 13 12.8

Pilgrim 5.1E-2 3.4 4- 4.0E-7 5.6 4- 6.6E-10 9.8 4- 7.2E-10 9.2

a. Internal uncertainty associated with calculated results. Does not include counting statistics or other uncertainties
associated with the leaching process.

b. Averagevalues were calculated excluding zeros.

c. Not detected or not measured.

radionuclides, which typically range from about generally, the transition metal radionuclides are
l0 -!° to l0"8 laCi/cm 2. s1, and the average frac- retained in the waste form to a greater extent than
tional release rates, which range from about l0 lz are 137Cs and the chelating agents, although the
to l0 "10 cm"2 • s-i, are lower than those of 137Cs release rates may be enhanced due to chelant

by one to two orders of magnitude. Average effects. It has been suggested that without chelat-
effective diffusivities typically have a larger ing agent effects, the transition metal radionu-
range (from 10 "!4 tO 10 "ll cm2. si), and leach- clides should be among the least mobile of the

ability indexes range over seven orders of magni- radionuclides found in commercial nuclear power
tude (9.2 to 16). These data indicate that, plant waste streams. 62,63
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Table 16. Iron-55 release rates, cumulative fractional releases, effective diffusivities, and leachability
H,, i,ll m i ill ii im i i,

Release rate Average
................................ effective

Absolute Fractional diffusivity Leachability
Plant CFR (gCi.cm -2. s-l)a (cm "2 • s'l) a (crrl 2. s'l) a index b

Indian Point-3 1.6E-4 1.4 4. 2.8E-9 7 ± 15E-12 5.0 4. 10E-14 14.6

FitzPatrick MBR 6.1E-3 7 4. 5E-10 7 :t: 5E-I1 3 + 2E-11 11.6

FitzPatrick baked c __c __c jc __c

Peach Bottom-3 1.4E-3 7.7 + 7.1E-10 5.1 4. 4.7E-11 6.1 + 7.8E-12 12.2

CooperCR 5.9E-2 --c 4.1 4- 12.1E-9 d 1.2 4- 3.5E-7 10.3

CooperMBR 3.6E-3 c 8:1:12E-11 l 4- 1.7E-10 10.3

Brunswick-I CR 2.6E-4 l 4. IE-9 3 4. 3E-12 l 4. lE-13 16

Brunswick-I MBR I.IE-2 1.3 + 0.5E-9 6 4. 3E-II 9 4. 5E-11 11

Millstone- 1 F33 _c _c .._c _c __c

Millstone-I F201 6.9E-5 4.9 + 5.8E-9 3.1 + 4.3E-12 9.2 4- 7.7E-15 14.9

Peach Bottom-2 _c c c .....c _c

Pilgrim 6.4E-6 2.6 4- 3.2E-10 8 + 10E-13 3.8 4. 4.4E-16 16.1

a. Internal uncertainty associated with calculated results. Does not include counting statistics or other uncertainties
associated with the leaching process.

b. Averagevalues were calculated excluding zeros.

c. Not detected or not measured.

d. Anomalouslyhigh result based on single leach result.

The average fractional release rates for the Inspection of the average fractional release
transition metal radionuclides 6°Co, 55Fe, 63Ni, rates of 6°Co, 55Fe, and 63Ni for the LOMI waste

are shown in Figures 26 to 28. The transition forms, as shown in Figures 26 through 28 and

metal radionuclides are being evaluated as a Tables 15 through 17, indicates that the average
group to assess differences in the behavior of fractional release range over three orders of mag-

these radionuclides, which would be expected to nitude for the three radionuclides. However, some
behave similarly based on their chemistry and similarities are indicated. Initially, from Tables 15
their ability to form coordination complexes with through 17, it is apparent that the average frac-

chelating agents, tional release rates of all three radionuclides from
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Table 17. Nickel-63 release rates, cumulative fractional releases, effective diffusivities, and leachability
indexes.
__ iii ,i _ [ ii i i i lii[ iiliiil i iiiii iililiii ill iiil i ii i i i i i i

Release rate Average
....................... effective

Absolute Fractional diffusivity Leachability
Plant CFR (_tCi • cm-2 • s-l) a (cm-2. s-l) a (cm 2. s'l) a index b

Indian Point-3 3.1E-4 3.3 + 5,4E-9 6 4- 10E-12 5.3 + 3.9E-14 13.5

FitzPatrick MBR 9.2E-2 1.3 4- 0.4E-8 6 4- IE-IO 4 4- 1E-9 8.9

FitzPatrick baked 1.1E- 1 3 + 1E-8 1.1 4- 0.6E-9 7 + 4E-9 8.9

Peach Bottom-3 5.9E-3 1.5 + 1.3E-9 2.2 + 2.1E-10 5.5 + 2.2E-11 10.4

Cooper CR 1.2E-3 mc 8 4- 24E- 11 5 ± 14E- 11 14.1

Cooper MBR 6.1E-5 __c 1.6 4- 2.8E-12 3.7 4- 9.1E-14 13.9

Brunswick-l CR 3.5E-4 9 + 5E-11 9 4- 5E-13 5 4- 4E-14 14.5

Brunsw;ck-I 3.9E-3 8 + 5E-I1 1.4 + 0.8E-I1 2.6 + 0.7E-12 12.3
MBR

Millstone- 1 F33 __c mc __c __c __c

Millstone-1 F201 5.8E-3 4.6 4- 4.2E-9 7.9 + 7.1E-I1 1.4 4- 1.1E-11 11.1

Peach Bottom-2 __c _c __c _c c

Pilgrim 3.3E-1 2.1 4- 2.3E-7 6.3 4- 7.0E-9 1.2 4- 1.1E-7 7.1

a. Internal uncertainty associatedwith calculated results. Does not include counting statistics or other uncertainties
associated with the leachingprocess.

b. Averagevalues were calculated excluding zeros.

c. Not detected or not measured.

the Indian Point-3 waste form are statistically the 6.3 x 10"11cm -2 • s-1 and are about an order of

same at about 6 x l0 -12 cm "2 • s"l. These data magnitude higher than those from the Indian
suggest that all three transition metal radionu- Point-3 waste form. In contrast to these data, the
clides have similar release rate behavior from fractional release rates of 63Ni from the FitzPa-
LOMI waste forms, trick and Peach Bottom-3 waste forms are within

However, for FitzPatrick and Peach Bottom-3, a factor of three of each other and are about two

the average fractional release rates of both 6°Co orders of magnitude higher than the fractional
and 55Fe are statistically the same at about release rate of 63Ni from the Indian Point-3 waste
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Flgure 26. Cobalt-60 average fractional Flgure 27. Iron-55 averagefractionalrelease
release rates (cm "2. s 1). rates (cm2.s I).

form. These data indicate waste-form specific pozzolonic material (i.e., blast furnace slag).
effects on release rates from the LOMI waste Hence, although the 137Cs average fractional
forms, release rates for Indian Point-3 and FitzPatrick

are the same, the Indian Point-3 release rate data
The probable explanation for the differences are perhaps representative of PWR waste forms,

between the FitzPatrick and Peach Bottom-3 data whereas the Peach Bottom-3 and FitzPatrick
and the Indian Point-3 data are that the Indian release rate data, which are statistically the same
Point-3 waste stream is considerably different for most species, are probably representative of
from the Peach Bottom-3 and FitzPatrick waste BWR waste-form phenomena. These results sug-
streams because the Indian Point-3 decontamina- gest that release rate phenomena may be depen-
tion ion-exchange resins came from the decon- dent on whether a PWR or BWR system has
tamination of a PWR steam generator channel decontaminated. Consequently, as Indian Point-3
head decontamination, as noted previously. In was the only PWR from which waste form sam-
addition, different ion-exchange resins, waste pies were tested, the results for the FitzPatrick
loadings, and cements may have had an effect, and Peach Bottom-3 waste forms will be used for
The PWR primary coolant chemistry is consider- comparison purposes with the other BWR waste-
ably different than that of BWRs and contains form data.
boron and other constituents not found in a BWR
PCRS. In addition to these differences, the Indian The fact that the fractional release rates of the
Point-3 waste form contained an additional che- transition metals from FitzPatrick and Peach Bot-
lating agent (formic acid) and contained no tom-3 are statistically the same or are within a
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than those from the unbaked sample and average
fractional release rates of 63Ni that were higher

!_ L" i than those from the unbaked sample. No reasonc_co_ for these differences is apparent.

9 I iI_t,, I

l The fact that the fractional release rates of the
transition metals from FitzPatrick and Peach Bot-

lO-0 | tom-3 are statistically the same or are within a

9 i " narrow range is of particular importance as the

_ .. FitzPatrick waste form decomposed during leach-

104 9 _ ing and the Peach Bottom-3 waste form remainedintact. The weighted-average fractional release

_ _ i rates for the transition metal radionuclides from

10"t° _ the BWR LOMI waste form samples as shown in

Table 18 are: 6°Co (6.7 ± 2.1 × 10"11

_ cm -2 . s-I), 55Fe (6.0 + 3.4 x 10.11 cm"2. s'l),

i,, 9 9

10"11 _ and 63Ni (4.8 4- 1.0 × 10"!0 cm"2 ' s'i) • The
[_ small standard deviation associated with the

_,_,_ weighted averages of the FitzPatrick and PeachBottom-3 data indicates that, in general, waste-

10.12 _i form stability does not affect releases from the
_ waste form. Further,the results suggest that 6°Co

I_ and 55Fe appear to behave similarly in the LOMI

10"n _ waste forms in contrast to 63Ni, which has statisti-

Figure 28. Nickel-63 average fractional cally higher release rates. It should be noted thatthe fractional release rates from the baked FitzPa-
release rates (cm2. s"t). trick waste-form sample were not included in the

narrow range is of particular importance as the weighted average. Inspection of the baked sample
FitzPatrick waste form decomposed during leach- data in Tables 15 through 17, however, indicates

ing and the Peach Bottom-3 waste form remained fractional release rates of 6°Co that were lower
intact. The weighted-average fractional release than those from the unbaked sample and average
rates for the transition metal radionuclides from fractional release rates of 63Ni that were higher
the BWR LOMI waste form samples as shown in than those from the unbaked sample. No reason
Table 18 are" 6°Co (6.7 ± 2.1 x 1011 for thesedifferencesisapparent.
cm-2. s-l), 55Fe (6.0 ± 3.4 x 10"li cm "2. s'l),
and 63Ni (4.8 ± 1.0 x 10"i0 cm "2 . s'l). The In contrast to the weighted-average fractional
small standard deviation associated with the release rate data for the transition metal radionu-

weighted averages of the FitzPatrick and Peach clides, the weighted-average fractional release
Bottom-3 data indicates that, in general, waste- rate of picolinic acid is approximately 3 x 10.9

form stability does not affect releases from the cm -2 • s"i, which indicates that picolinic acid is
waste form. Further, the results suggest that 6°Co released at rates from 101 to 102 faster than the
and 55Fe appear to behave similarly in the LOMI transition-metal radionuclides. A possible mech-
waste forms in contrast to 63Ni, which has statisti- anism for the slower release rates and the appar-

cally higher release rates. It should be noted that ent retention of 6°Co, 55Fe, and 63Ni in the
the fractional release rates from the baked FitzPa- cement matrix relative to the chelating agent was
trick waste-form sample were not included in the reported by Komarneni. 64 Komarneni investi-
weighted average. Inspection of the baked sample gated the reactions of divalent metal cations such
data in Tables 15 through 17, however, indicates as Mn+2, Zn +2, Co +2, and Ni +2 with calcium
fractional release rates of 6°Co that were lower silicates such as tobomorite, xonotlite, and
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Table la. Weighted-average fractional release rates.
I Illl II -- --- i i irll __ - i, I II I Illl I Ill I Illll Ill II II

Average fractional_lease rates
(cm-2. s'l)

,,, ,u,u ,,,,,, H , , , H,I,, , ,, f ,H, ,,, , , , ,,, "

Radionuclide/

cbelating allent LOMI AP/Ciirox Can-De,con Dow NS- 1I I Illl I I I ViiiIlll, I If I I I I I II __l ---- I

Picolinic acid a 2.8 + 1.6E-9 _c __c _c

AP/Citroxb __c 5.7 4. 1.9E-II 4.7 4. 0.8E-10 8.5 4. 9.0E-9 d

EDTA __c _c 1 4- 1.2E-9 1.7 4. 1.2E-8d

137Cs 5.1 + 2.1E-9 6.1 4. 2.8E-9 e 3.5 + 2.7E-9 1.2 + 0.8E-11 d

6°Co 6.7 4. 2.1E-11 1.9 4. 1,2E-11 5,0 4. 3.1E-12 5.6 4. 6.6E-10 d

55Fe 6.0 4. 3.4E-11 2.2 4. 1.1E-II 3.1 4. 4.3E-12 d 8.2 4. 10E-13d

63Ni 4.8 4. 1.0E-10 5.4 4. 3.6E-12 e 7.9 4. 7.1E-I1 6.3 4. 7.0E-9 d

Iron 5.9 4. 1.5E-13 d 1.3 4. 1.9E-10 __c nc

Nickel 3.7 4. 1.3E-10 5 4. 16E-9d 1.6 4. I.gE-10 d 4.9 4. 4.0E-9

a. Chelatingagentpicolinicacid.

b. Chelatingagents, oxalateandcitrate.

c. Not measuredin sampleor notdetected.

d. Averagefractionalreleaseratefora single waste-formsample.

e. Wide range between results. Brunswick-1 mixed-bed resin waste form result for 63Ni is 1.4 4- 0.8 E-11

cm-2 _..s-I. Coopermixed-bedresinwaste formresultis 1.7 4. 1.1 E-6 cm-2 • s-I for 137Cs.

wollastonite. A relevant finding of the study was the low solubility of the chemical forms of these
that almost all of the Ca +2 in tobomorites and radionuclides in the presence of the high pH of
xonotlite was irreversibly replaced by Co +2 or the cement complex, which forces the transition
Ni+2. This study was not performed on solidified metals into insoluble forms.
decontamination ion-exchange resins and did not
investigate the effects of chelating agents. The These data are consistent with the laboratory
fact that the decomposition of the FitzPatrick study by Krishnamoorthy, 63 who indicates that
waste-form specimens did not result in significant the average fractional release rate of 6°Co should
releases of transition metal radionuclides might be among the lowest of any radionuclide for
be the result of irreversible reactions with the cal- waste forms without chelating agents present.
cium in the cement. Fuhrman and others62,65have However, our results indicate that 6°Co is
further suggested that the transition metal radio- released at an average fractional release rate
nuclides may be retained in the waste form due to about 20 times faster than other radionuclides
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such as 14C(from Peach Bottom-3 results). This may be producing the obs,zr_ rel¢_ rates for
enhanced release rate may be due to chelating the transition metals and that the higher average

agent effects that are increasing the mobility of fractional release rate of 63Ni is prob_,blydue to
6°Co and the other transition metal radionuclides, the greater stability of the 63Ni-picolinate tom-

These mechanisms do not explain the difference plex.
between the 6°Co and 55Fe average fractional
release rates and the 63Ni release rates; however, Average absolute release rates for the transition

metal radionuclides vary considerably, with the
this difference in the average fractional release

average absolute release rates ranging from
rates may be due to the relative stability of com-

7 × 10"t°to 5 × 10-8 _Ci/cm 2. s1, Iron-55 typ-
plexes formed by the transition metals. The Irv- ically has the lowest average absolute release
ing-Williams correlation 57.66 indicates that the rates, and 6°Co and 63Ni have ;.he highest. The

stability of transition metal complexes fall in the weighted-average absolute release rates for the
order NiI1> Co Il > FeII. These data suggest that FitzPatrick and Peach Bottom-3 LOMI waste-

the stability of the nickel complex with a chelat- form samples as shown in Table 19 are: e°Co (4.1
ing agent may result in the higher average frac- + 0.9 × 10-s I.tCi/cm 2 . sl), 55Fe (7.3 :l:
tional release rate of 63Ni relative to the other 4.1 × 10 -l° t.tCi/cm 2 • s]), and 63Ni (4.3 4-
transition metals. As noted above, the amount of 1.4 x 10-9 ttCi/cm 2 • s!). These data indicate
calcium present in the waste form and the forma- that 6°Co has the highest absolute rate, followed
tion of insoluble complexes in the cement matrix by 63Ni and 55Fe.

Table 19. Weighted-average absolute release rates.
., i ill i i i,,. -- _ i ,iH i H ill , i ,. i i i ,/ i,,. H i.m,, i i llll -- --

Average absolute release rates
(i.tCi/cm2 • sI)

Radionuclide/

chelating agent LOMI AP/Citrox Can-Decon Dow NS-I _

Picolinic acid a 6.0 + 5.0E-3 _c c _c

AP/Citrox b c 1.8 :t=0.6E-4 8.8 + 3.2E-4 2 4- 3E-3d

EDTA nc __c 5 + 6E-4 7.1 + 9.7E-3 d

137Cs 1.9 4- 0.6E-8 2.2 + 1.2E-10 9.8 + 7.7E-10 4.2 + 2.7E-11 d

6°Co 4.1 4- 0.9E-8 4 + 2E-10 d 3.7:1:2.3E-9 3.4 4- 4.0E-7 d

55Fe 7.3 4- 4.1E-10 1.3 + 0.5E-9 d 4.9 :t: 5.8E-9 d 2.6 4- 3.2E-10 d

63Ni 4.3 4- 1.4E-9 8. 4- 5E-11d 4.6 4- 4.2E-9 1.2 4- I.IE-7 d

Iron 2.6 4- 0.7E-6 d 1.0 + 0.5E-5 d wd __c 4-

Nickel 6.3 4- 2.4E-5 __c 2.0 4- 2.5E-5 d 8.1 4- 6.5E-3 d

a. Chelatingagent picolinic acid.

b. Chelatingagents, oxalate andcitrate.

c. Not measuredin sampleor notdetected.

d. Averagefractionalreleaseratefora single waste-formsample. . _ _
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If the specific activity of these radionuclides is resin waste form specimen is probably represen-
taken into account and the release rates of these tative of the release rates of this radionuclide

radionuclides areconverted to _tg/cm2 • sI, 63Ni without chelants present. Krishnamoorthy 63mea-
has a higher (102) &bsoluterelease ratethan do the sured similar average effective diffusivities for
other radionuclides. Average absolute release 6°Co to those for the Brunswick-I cation resin
rates calculated on this basis are: 6°Co waste form in his study, which was performed
(8.8 X 10"13 _tg/cm 2. st), 55Fe (3.2 x 10"13 without chelating agents.
I.tg/cm2. sl), and 63Ni (2.5 x 10 -I11.tg/cm 2 • sl).
These data indicate that the absolute release rates Inspection of the average fractional release rate
for 6°Co and 55Fe are similar in terms of data for 55Fe in Figure 27 and Table 16 for the

ttg/cm 2 • sI and that the absolute release rate of AP/Citrox waste forms indicates that, excluding
63Ni is higher. The similarity of the average frac- the Brunswick-1 cation resin waste form data, the
tional release rates and the absolute release rates 55Fe fractional release rates are statistically simi-

(in ttg/cm 2 • st) for 6°Co and 55Fe indicates that lar with the exception of the average fractional
molecular diffusion is the controlling mechanism release rate from the Cooper cation resin waste

form (4.1 x 10-9cm -2 • s-l), which is muchand that comparisons in terms of ttCi/cm 2. s I are
extremely deceptive and do not provide accurate higher than other results. This result is biased by
indications of the diffusional behavior of the a single leach result (as shown in Reference 1),

which is three to four orders of magnitude higherradionuclide being evaluated. The high average
fractional release rates of 63Ni may be a result of than the other fractional release rates of 55Femea-
the higher atomic concentration of this radionu- sured for this sample. It is suggested that this
clide in the waste form; therefore, there is a larger result is probably not correct; therefore, it has

been excluded from the weighted-average frac-concentration gradient, which may result in a
lower fraction of the 63Ni irreversibly reacting tional release rates. The weighted-average frac-
with the cement. The differences in the fractional tional release rate of 55Fe from the AP/Citrox
and absolute release rates of the transition metal waste form samples is 2.2 .4- 1.1 x 10-11

radionuclides and the chelant suggests that cm'2 ' s'l. This release rate is statistically :he
although diffusion is the primary release mecha- same as that of the 6°Co from the AP/Citrox waste
nism, the release rates of the transition metal forms.

radionuclides are affected by other chemical
mechanisms that either retard or accelerate In contrast to the similarity of the 55Fe data, the
releases, average fractional release rates of 63Ni range over

almost two orders of magnitude. The weighted-
average fractional release rates for 63Ni is 5.4 +

The average fractional release rates of 6°Co, 3.6 x 10-12 cm-2 . s -I. The 63Ni weighted-aver-
55Fe, and 63Ni for the AP/Citrox waste forms are age fractional release rate for the AP/Citrox waste
shown in Figures 26 through 28 and listed in forms is the lowest measured for"63Ni and the
Tables 15 through 17. The average fractional only one in which the average fractional release
release rates of 6°Co for all AP/Citrox waste rate of 63Ni is lower than that for 55Fe. However,

forms (excluding the Brunswick-1 cation resin the weighted-average fractional release rate for
waste form that does not contain chelating agents) 63Ni is biased low by the Cooper mixed-bed resin
are statistically the same, and the weighted aver- data as the average fractional release rateof 63Ni
age is 1.9 -4- 1.2 x 10-I1 cm"2• s-1. Forcompari- from the Brunswick-I mixed-bed resin waste
son purposes, the average fractional release rate form is the statistically the same as the weighted-
of 6°Co from the Brunswick-1 cation resin waste average fractional release rate for 55Fe. These
form (4 + 1 × 10-13cm"2. s-l), which does not data suggest that in the case of the AP/Citrox
contain chelating agents, is about two orders of waste forms, 63Ni is released at similar or lower
magnitude lower than that from the AP/Citrox rates than the 6°Co and 55Fe. If a complex is
waste forms. It is suggested that the fractional formed, these data indicate that the chelants oxa-
release rates of 6°Co from the Brunswick-1 cation late and citrate do not form a strong complex with
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63Ni that would enhance the release of this radio- metal radionuclides or that the solubility was
nuclide from the waste form. lower.

If the weighted-average fractional release rates For the Can-Decon waste forms, the average
for the AP/Citrox waste forms are compared with fractional release rates for COCoand 55Fe are sta-
those from the Brunswick-1 cation resin waste tistically the same. The weighted-average release

rate for 6°Co is 5.0 + 3.1 x 10-12 cm -2 • s -1 and
form (and it is assumed that other effects are

the average fractional release rate for 55Fe (mea-
insignificant), the chelating agents, oxalate arid
citrate, increased the average fractional release surable only in the Millstone-1 F-201 sample) is
rates of the transition metal radionuclides by the 3.1 + 4.3 x 10-12 cm -2 • s-1. In contrast, the
following factors: 6°Co (48), 55Fe (7.3), and average fractional release rate of 63Ni (measur-
63Ni (6). These data suggest that the chelating able only in the Millstone-I F-201 sample) is 7.9
agents have increased the release rates for all + 7.1 x 10 -11 cm -2 • s-1.These data indicate that
transition metal radionuclides but that the effect is for the Can-Decon samples, 63Ni is released at a

greatest for 6°Co. No reason for the greater stabil- rate about an order of magnitude faster than those
ity of a 6°Co-oxalate-citrate complex or the measured for 6°Co and 55Fe. Similar to the LOMI
greater solubility of the 6°Co is known, waste forms, the fractional release rate of 63Ni is

apparently enhanced.

Average absolute release rates for the AP/ A comparison of the average fractional release
Citrox waste forms were measured for only the rates for the transition metal radionuclides with

Brunswick- 1 cation and mixed-bed resin waste those of the Can-Decon chelating agents indicates
forms. Consequently, as the Brunswick-1 cation that all radionuclides have average fractional
resin waste form does not contain chelating release rates that are one to three orders of magni-
agents, the average absolute release rates from the tude less than those measured for the chelating
Brunswick-1 mixed-bed resin waste form are agents. The EDTA had the highest average frac-
used for comparison purposes with other waste tional release rate of 2 x 10-9 cm -2 • s -1. No

forms. The average absolute release rates for each obvious correlation between the chelating agent
radionuclide are: 6°Co (4 4- 2 x 10-l° and the radionuclide average fractional release

I.tCi/cm2.sl), 55Fe (1.3 4- 0.5 x 10-9 rates has been identified other than the possibility
_tCi/cm 2 • sl), and 63Ni (8 4- 5 x 10-11 of a more stable 63Ni complex that resulted in the
_tCi/cm 2 • s l). These data indicate that the aver- higher release rates of this radionuclide from the
age absolute release rates vary considerably simi- Can-Decon waste form.
lax to the LOMI waste form absolute release rates;

however, if converted to ktg/cm2 • s l, the aver- Average absolute release rates of 6°Co for the
age absolute release rates are: 6°Co (1.6 x 10-13 Can-Decon waste forms were measured for all

lxg/cm2 • sl), 55Fe (1.1 × 10-12I.tg/cm2. sJ), and three Can-Decon samples, whereas absolute
63Ni (1.3 x 10-12 I.tg/cm2 • sl). These data indi- release rates for 55Fe and 63Ni were measurable
cate that the absolute release rates for 63Ni and for only the Millstone-1 F-201 sample. The aver-

55Fe are approximately the same in terms of age absolute release rates for each radionuclide
_tg/cm2 • sI and that the absolute release rate of are: 6°Co (3.7 4- 2.3 x 10-9 _tCi/cm2 • s), 55Fe
63Ni is about an order of magnitude lower. A (4.9 4- 5.8 x 10 -9 _tCi/cm 2 • sl), and 63Ni
comparison of the absolute (_tg/cm 2 • s 1) and (4.6 + 4.2 x 10 -9 I.tCi/cm 2 • sl). These data
fractional release rates for the three radionuclides indicate that the average absolute release rates are
suggest that the fractional release rate of 6°Co is similar in contrast to the LOMI waste form abso-
being enhanced relative to the other radionuclides lute release rates; however, if converted to

if simple diffusion was assumed as the transport gg/cm 2 • s l, the average absolute release rates
mechanism. These data suggest that a smaller are: 6°Co (1.5 x 10 -12 l.tg/cm 2 • sl), 55Fe
fraction of the 6°Co irreversibly reacted with the (4.3 x 10-2 l.tg/cm2. sl), and 63Ni (7.4 x 10-11
cement matrix relative to the other transition l.tg/cm2 • sl). These data indicate that the absolute
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release rate for 63Ni is higher than that measured suggest that when there is a larger concentration
for the other radionuclides in terms of _tg/cm2. s I gradient in the waste form (i.e., higher atomic
and suggests that the fractional release rate is concentrations of the radionuclide), more is
higher due to the apparent correlation between released to the leachant.
higher atomic absolute release rate and higher
fractional release rate. These data suggest that as A comparison of the average fractional release
there was more 63Ni present, a smaller fraction of rate curves for 6°Co for all samples is shown in
the 63Ni irreversibly reacted with the cement Figure 29. As shown in the figure, the fractional
matrix relative to the other transition metal radio- release rate curves cover a range from about
nuclides. 5 × 10"13to 5 x 10"9 cm -2. s-1. The fractional

release rates from the Brunswick-1 cation resin

For the Dow NS-1 sample, the average frac- waste form, which does not contain chelating
tional release rates shown in Figures 26 through agents, is the lowest, while the fractional release
28 vary widely (three orders of magnitude). The rates from the Pilgrim NS-1 waste form are the
value for 55Fe is the lowest (8.2 x 10-13 highest. This figure was included to show that the

cm -2. s-l), and the highest is for63Ni (6.3 x 10-9 fractional release rates cover a broad range and
cm-2 • s-l). The average fractional release rate of that diffusional behavior is generally indicated
63Ni is statistically the same as that measured for with high release rates in the initial part of the

the chelating agents and indicates that 6°Co and release and lower rates in the diffusional part of
55Fe are less affected by chelating agent effects the release. Figures that show individual radionu-
than the 63Ni. elide fractional release rate curves are shown in

References 1 to 3.

Examination of Table 18 indicates that, typi-

cally, the weighted-average fractional releases of | !"_

6°C° and 55Fe are the same f°r m°st waste f°rms ]]_ii ]ii]]] ! !

t
and that they range over an order of magnitude | _ ! ] .,- •

from5 x 10-12to7 x 10-11cm-2.s-I forthe _'_l._+ _ _ 1|
A

LOMI, AP/Citrox, and Can-Decon waste forms.

These data suggest generic behavior for these / ]\ /

radi°nuclides" In c°ntrast' °nly the 63Ni [ I t! __/_ _

weighted-average fractional release rate is out- -
side this general range, which indicates that
although 63Ni has statistically higher release

rates, the average fractional release rates of all _,
transition metal radionuclides fall within a rela-

tively narrow range. The Dow NS-1 fractional
releases are considerably different than those of
the other waste forms and share little in the way of - "
characteristic behavior with the other waste
forms.

-2
In contrast to the weighted-average fractional

release rates, the average absolute release rates _ .I
shown in Table 19 cover a range of 103. As pre- , , , .
viously discussed, however, if these data are con- _ ,?., ,--.,
verted to _tg/cm2. s1,the results indicate that high _ TM (,.,_:_)_,,,,_. -- .-
elemental absolute release rates of the transition

metal radionuclides are generally consistent with Figure 29. Average fractional release rate
the high fractional release rates. These data curves for 6°Co (cm -2 • s-l).
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Comparisons of the CFRs for the transition The CFRs of the transition metal radionuclides
metal radionuclides are shown in Figures 30 from the AP/Citrox waste forms are shown in
through 32. An assessment of the CFRs for the Figures 30 through 32. The CFRs of 6°Co from
LOMI waste forms indicates that the highest CFR the Citrox waste forms, which contain chelating
(l 1%) is for 63Ni from the baked FitzPatrick agents, range over an order of magnitude (from
waste form. Other CFRs for the LOMI waste 3.5 x 10-4 for the Cooper cation resin waste
forms ranged from 0.01% to 6%, with the CFR of form to 1.3 x 10.3 for the Brunswick-1 mixed-
55Fe and 63Ni from the Indian Point-3 specimen bed resin waste form). The CFR of this radionu-
at 0.01% and 0.03%. In contrast, the CFRs for the clide from the Brunswick-1 cation resin waste

chelating agents ranged from 50 to 60% with the form that does not contain chelating agents is
exception of Peach Bottom-3 (-13% for a 90-day 8.5 x 10-5 and is probably representative of an
leach). These data suggest that the chelating agent unchelated release from a waste form. The aver-
concentration is not correlatable with the release age CFR of 6°Co from the Citrox waste forms
of radionuclides from the waste forms as the aver- (excluding the Brunswick-1 cation resin waste
age fractional release rate for the transition metal form) is 8 x 10"4.This low value as compared to
radionuclides from the Indian Point-3 waste form the LOMI waste forms (9.3 x 10-3 excluding
was much less than for the other plants, yet the Indian Point-3) indicates that although the Citrox
average fractional release rate and the CFR (0.6) waste forms decomposed during leaching, only a
of the chelating agent was the highest for this type relatively small fraction of the 6°Co leached from
of waste form. the debris. These data further confirm the fact that
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Figure 30. Cobalt-60 cumulative fractional Figure 31. Iron-55 cumulative fractional
release, release.
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although the data are limited and there are some

o _] LO.I anomalous results, the CFRs from the Can-Decon

_r_c,r_ox waste forms nominally range from 1 x 10"3to' CAN DECON... NS-, 5 X 10"3 ar.d that they are in the same range as
10°-. - the CFRs from the AP/Citrox waste forms.

9 =

.:: Figures 33 through 35 and Tables 15 through
- _ 17 show the average effective diffusivities for the

10"1 _l_l'_-]""_Ji 9 _ _'-:: transition metal radionuclides. These results typi-

, .. :_: cally follow the results of the fractional release

i !_:_ rate calculations. The average effective diffusivi-
10-2_ ,_1_' 9_ _ _ _:=; ties for 6°Co range from 1 x 10-13 cm2 • s-1 for

-_l_ 9 -- _i the Millstone-1 samples to 5 x 10-11 cm2 • s-I
_<:l_'_ .... for the FitzPatrick LOMI samples. If the Bruns-

,',":'l×',(_tl_ [ _E: wick-1 cation resin (low) value and Pilgrim
10.3 i-_'_'ii\_': _' i_!ii (high) values are excluded for the previously dis-.'_I.':',:_ _;

.. :_-.: cussed leasons, the typical average effective dif-
,._,-: e :?]_ fusivities for the waste forms are: LOMI

:',',i_"'_ _ !_! (1.8 x 10-II cm2 • s-l), AP/Citrox (4 x 10-12
10-4 , ,.. : _ ..:f-'_ cm2 . s_) and Can-Decon (1 x 10 -13cm 2 • s-l).

" ?": These data indicate that the LOMI waste forms

_l_i_,' _"._.;i_! have the highest average effective diffusivities

10"_ i _ _ followed by the AP/Citrox and Can-Decon wasteforms.

Figure 32. Nickel-63 cumulative fractional

release. As shown in Tables 15 through 17, the average
effective diffusivities cover ranges of l02 to l04

waste form structural stability does not affect for each type of waste form; therefore, the range
leachability. In contrast, the average CFR for the of leachability indexes is similarly broad. The
AP/Citrox waste forms for 55Fe and 63Ni are leachability indexes shown in Figures 36 through
7.3 x l0 -3 and 2.0 x l0 -3, respectively (exclud- 38 are more informative. For 6°Co, all leachabil-
ing the Cooper cation resin waste form data), ity indexes are within the requirements of the
These values are similar to the averages for the "Technical Position on Waste Form," Revision 1,
LOMI waste forms, but the results are deceptive and if the Brunswick- 1 cation resin (low) and Pil-

as the 63Ni average CFR is based on the Bruns- grim (high)values are excluded, the range is from
wick-1 mixed-bed resin waste form CFR 10.5 to 13.6, which is well within the acceptable

(3.9 x 10-3) and the Cooper mixed-bed resin range and considerably higher than those for the
CFR (6.1 x 10-5), which are a factor of 64 apart; fission product 137Cs. Inspection of the data for
consequently, the average is dominated by the 55Fe and 63Ni indicates ranges of 10.3 to 16, and
higher CFR. 8.9 to 14respectively. In all cases, the leachability

index is above 10 with the exception of 63Ni from

Assessment of the CFRs of the Can-Decon the Pilgrim (7.1) and FitzPatrick (8.9) waste

waste forms as shown in Figures 30 through 32 forms. These lower leachability indices are a
indicate that for 6°Co, the CFRs for all waste result of the apparent mobility of 63Ni as pre-

forms range from 4 x 10 -4 through 1.4 x 10-3 viously discussed.
with an average of about 1 x l0 "3.The CFRs of
63Ni and 55Fe are based on the Millstone-I F201 Other Radionuclides. Other primary radio-

sample and are 5.8 x l0 -3 and 6.9 x l0 -5, nuclides evaluated as part of this study were 14C,
respectively. These data that indicate that 99Tc, 129I, and 241pu because they have long-term
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Figure 37. Iron-55 leachabilityindexes. Figure 38. Nickel-63 leachabilityindexes.

doseconsequencesdue to their longhalf-lives or, relative insolubility of the transition metals.63
in the case of 241pu, because it may be indicative This is the case for the Brunswick-1 cation resin
of the behavior of other transuranic radionuclides waste form, which does not contain a chelating

with long half-lives (239/24°pu, 241Am, 242Cm, agent (4 × 10"13cm2 • sl). These data further
and 244Cm), which were not measurable in the support the conclusion that the release rates of
leachate solutions. In addition to the radionu- 6°Co are being enhanced by chelating effects for

clides noted above, 3H, 57Co, 89Sr, 9°Sr, 95Nb, the chelated samples for which measurements
and 125Sb were measurable in the waste forms were performed, or that other factors such as solu-
and some leachates; however, they were typically bility differences affected the release rates.
measured in low concentrations, as discussed in

References 1 to 3, with the exception of 9°Sr, In contrast to the fractional release rates, the
whose release rate behavior is discussed, absolute release rates of 14C from the Peach Bot-

tom-3 samples are near the highest for any radio-

Only 14C was measured for the Peach Bot- nuclide. The average absolute release rate of 14C
tom-3 samples. The average fractional release as shown in Appendix F is 5.7 x 10 -9
rate of 14C was 5.3 x 10"12cm "2• s"l, which is _tCi/cm2 • sI. The difference between the frac-
near the lowest of any of the radionuclides mea- tional and absolute release rates of 14C is due to
sured. This is consistent with the results of Krish- the large inventory of 14C present in the Peach

namoorthy, 63 who attributes the low release rate Bottom-3 waste form (approximately 60% of the
of 14C measured in his study to the formation of total activity). Consequently, high absolute

insoluble hydrates and carbonates, which slow release rates, as noted here, can be relatively low
the release of this radionuclide. Further, his mea- fractional release rates due to the large inventory
surements indicate that the fractional release rate in the waste form. These data further confirm
of 6°Co should be slower than 14Cbecause of the Krishnamoorthy's work, 63 which attributes the
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low fractional release rate of 14C to the formation that, as discussed previously, 14Cmay be retained
of insoluble hydrates and carbonates, which slow better in the waste form due to the formation of
the release of this radionuclide, insoluble hydrates and carbonates. The CFR of

99Tc from the Peach Bottom-3 waste forms is

The 99Tc fractional release rate data listed in 1.0 x 10-2. This CFR is representative of those

Table F-12 indicate an average fractional release of the transition metals and suggests similar
rate of 99Tc of 5.2 × 10 "11 cm "2 . s "1 from the behavior for this radionuclide. This behavior may

Peach Bottom-3 samples. This average fractional be expected because 99Tc is a metal that forms
release rate is also statistically the same as that for complexes with organic complexing agents simi-
55Fe and 6°Co and suggests similar chemical and lar to the transition metals discussed previously. 55
release rate behavior for 99Tc. This might be In contrast, the CFR of 129I from the Peach
expected as technetium is a metal and would be Bottom-3 waste forms is the highest at

expected to form complexes with organic com- 6.0 x 10-2. As discussed previously, this high
pounds such as chelating agents. 55 The average CFR may be expected due to the ionic nature of
absolute release rate of 99Tc is 2.4 x 10 -10 this radionuclide.

_Ci/cm 2 . s 1.
Average effective diffusivities and leachability

indexes for 14C, 99Tc, and 129I from the Peach
The average fractional release rate of 129I from

Bottom-3 samples are listed in Table F-12. The
the Peach Bottom-3 samples is average effective diffusivities for these three
8.4 x l0 -10 cm "2 • s-l. This rate is approxi- radionuclides are: 14C (1.5 x l0 "14cm 2. s-l),
mately a factor of two greater than the average 99Tc l! 1 129 I
fractional release rate of 137Cs 4.1 x 10-l° (1.6 x 10" cm 2 . s" ), and

(5.5 x 10-9 cm 2 . s-l). Krishnamoorthy63 also
cm-2 . s-I. Iodine, an anion, would be expected to measured effective diffusivities for cement-soli-
diffuse similarly to other ionic elements, such as

dified waste forms, although his did not contain
cesium, and its release would not be expected to

decontamination ion-exchange resins. For 14C,he
be affected by chelating agent effects as discussed measured an effective diffusivity of 3 x 10 -13

previously for 137Cs. The fractional release rates cm2 • s-1, which is an order of magnitude higher
of iodine and cesium are the highest of all radio- than the effective diffusivity of 14C measured in
nuclides present in the waste form and are statisti-

this study. For 13 II, Krishnamoorthy measured an
cally the same as ,hat for picolinic acid
(5.8 × 10"10cm-2 . sl) from the Peach Bottom-3 effective diffusivity of 3.4 x 10 -7 cm 2 • s -1,

which is several orders of magnitude higher than
waste form, which suggests that the maximum

the effective diffusivity of 129Imeasured in thisdiffusional fractional release rate from the waste
form is between 5 x l0 -1° and 3 x 10 -9 study. Consequently, it can be assumed that there

are differences between the behavior of the labo-
cm-2. s-I (Table 18). Krishnamoorthy 63 observed

ratory prepared specimens and the actual waste-
similar behavior, except that he found that cesium form specimens used in this study.was released at a faster rate than the iodine. The

weighted-average absolute release rate for _29I The average leachability indexes of Z4C,99Tc,
from the Peach Bottom-3 samples is 5.1 x l0 -12 and 129Iare 13.5, ll.0, and 8.4, respectively. As
lxCi/cm2 . s I and is near the lowest for all radio- expected, the 14C would have a high leachability
nuclides. This low absolute release rate is only index, and 129I would have a low one. These data

slightly higher thao. that for 9°Sr and is an artifact again confirm the increased mobility of 129I.
of the low inventory present in the waste form.

Other radionuclides for which analyses were
The CFRs for 14C, 99Tc, and 129I from the performed as part of this study were 9°St, 125Sb,

Peach Bottom-3 samples are quite variable. The and transuranics including 239pu, 241pu, 242Cm,
average CFR for 14C (2.9 x l0 -4) is lower than 244Cm, and 241Am. However, except for 241pu,

that for all other radionuclides from the Peach the transuranics were not detectable in any of the
Bottom-3 samples. This may he due to the fact leachate samples. Also, 241pu was only
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measurable in a few of the leachate samples. The through F- i I in Appendix F. Summaries of the
inventory per gram of resin typically ranged from CFRs, release rates, effective diffusivities, and
10-2to 10-1mCi/cm 3of resin. The measured frac- leachability indexes for iron and nickel are shown
tional release rates for a single period for the in Tables 20 and 21. In addition, the weighted-av-
Brunswick-1 mixed-bed resin, and FitzPatrick erage fractional and absolute release rate data for
mixed-bed resin were 6.3 x 10-12 cm-2 • s-1 and both elements are shown in Tables 18 and 19,

6.9 x 10-13 cm -2 • s"l, respectively. The detec-

tion limit for the Brunswick-1 cation resin waste- Figures 39 and 40 show the average fractional
form sample was <3.4 x 10"12cm-2. s'l. Typical release rates for nickel and iron, and Figures 41
detection limit values for the average fractional and 42 show the CFRs for both metals. For the

release rates of 241Pu were < 10-13 to < 10 12 LOMI samples, the average fractional release rate
cm -2 • s-z. These fractional release rates are low of nickel is similar for all waste forms

and indicate that the 241pu and probably all trans- (-4 x 10-1° cm-2 • s -1), whereas the fractional

uranics are retained in the waste form to a greater release rates for iron were up to three orders of
extent than are the decontamination metals and magnitude lower. In contrast, the picolinic acid
other more mobile radionuclides. Absolute and fractional release rates were approximately
fractional release rates, cumulative fractional 3 × 10-9 cm -2 • s -1. This suggests that most

releases, effective diffusivities, and leachability nickel was being retained in an insoluble form
indexes for these radionuclides are listed in with about 10% released with the chelating agent
Appendix F. Less-than v_._ueswere not used for in a diffusional release. Nickel-63 has the same

calculating release rates, effective diffusivities, weighted-average fractional release rate (4.8 +
and leachability indexes for the transuranics and 1.0 x 10-1°cm -2 • s-I excluding Indian Point-3, a
other radionuclides in this report because, without PWR) as the elemental nickel except for the
any actual results, these data would be mislead- Indian Point-3 sample, for which the fractional
ing. In contrast, release rates, effective diffusivi- release rate of 63Ni was about 2% of the release of

ties, and leachability indexes were calculated for nickel. These data suggest that for BWR waste
the actual measurement results for 125Sb, 137Cs, streams, the elemental nickel and 63Ni are

and 9°Sr. For the Peach Bottom-3 samples, which released from the waste form by the same mecha-
are representative of the other waste form sam- nism.
pies, the average fractional release rates for these

radionuclides were: 125Sb (5.5 x 10-ll The average fractional release rate data for iron
cm 2 • sl), 137Cs (4.1 x 10-10 cm2 • s-l), and for the LOMI waste forms is primarily detection
9°Sr (3.1 x 10"1°cm -2 • s-l). These data indicate limit data, which suggests that the retention for
that the release rates of 137Cs and 9°Sr are the this element is greater than that for nickel, with
same. This behavior is not expected because 9°Sr the nickel release rates approximately 1,000
is not ionic and would not be expected to be greater than those of iron, as shown in Table 18. A
released at the same rate as 137Cs.Examination of comparison of the only measurable 55Fe and iron
the Brunswick-1, Cooper, and other 9°Sr data fractional release rate data (Peach Bottom-3)
indicates that release rates are high and in some indicates that the fractional release rate of 55Fe is

cases higher than that of 137Cs, which suggests about two orders of magnitude higher than that
that this radionuclide is quite mobile. This for elemental iron. The explanation for this
observed behavior suggests that the release rate of behavior is not known and is not consistent with

9°Sr may be enhanced by chelating agent effects, the expected kinetics of this radionuclide, which
suggests that it should be released as the same rate

Stable Metals. Of the four primary stable as the iron.
metals for which measurements were performed,
only iron and nickel were measurable in most lea- The average fractional release rate data for
chates. Results of detection-limit calculations for nickel and iron for the Citrox waste forms are

chromium and cobalt are listed in Tables F- 1 detection limit values, with the exceptions of the
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Table 20, Stable iron release rates, cumulative fractional releases, effective diffusivities, and leachability
indexes.
.=s ,, ,. , ,,.,,,. _ ., ,,, , ,,,., i,, .....

Release rate Average
| ,.., i i ..

effective

Absolute Fractional diffusivity Leachability
Plant CFR (_tCi. m -2. s'l) a (cm"2. s'l)a (cm2. s'l) a indexb

...... ,,,, ,,,. _ -- ,,,, ..,. =. , -- --

Indian Point-3 4.4E-4 <4.5E-6 <6.2E-11 <4.3E-12 >12.1

FitzPatrick MBR __c < 1.0E-5 <2.6E- 11 <5.4E- 12 > 12.0

FitzPatrick baked <2.6E-3 <9.4E-6 <2.8E- 11 <4.6E- 12 > 12.3

Peach Bottom-3 4.6E-5 2.6 + 0.7E-6 5.9 4- 1.5E-13 3.2 + 0.9E-15 14.4

Cooper CR 1.4E-1 __c 1.4 5:3.1E-8 10 5:21E-7 10.0

Cooper MBR __c __c <3.0E- 11 <7.8E-12 >11.2

Brunswick-1 CR 1.8E-3 1.0 5:0.5E-5 9 5:4E-12 2 5:1E-12 12.7

Brunswick-I <2.1E-2 <1.6E-5 <l.7E-10 <l.5E-10 >10.5

MBR

Millstone- 1 F33 __c __c __c __c _c

Millstone- 1 F201 __c <2.4E-6 <6.0E-12 <2.4E-14 >14

Peach Bottom-2 __c __c __c __c _c

Pilgrim _c __c _c _c _c

a. Internal uncertainty associated with calculated results. Does not include counting statistics or other uncertainties
associated with the leaching process.

b. Averagevalues were calculated excluding zeros.

c. Not detected or not measured.

Cooper cation resin waste form for nickel and 63Ni and 55Fe indicate that the average fractional
iron (5.3 x 10-9 cm -2 • s-! and 1.4 x 10 -8 release rates for nickel and iron are higher than

cm "2 • s-1, respectively). In addition, the those of the radionuclides by one to two orders of
Brunswick-1 cation resin waste form, which does magnitude. These data indicate that the radionu-
not contain chelating agents, had a fractional clides may be in a chemical form in the waste
release rate of 9 x 10"i2 cm-2. s'l for iron. The form that causes them to be retained to a greater

results for iron and nickel from the Cooper waste extent than the elemental iron and nickel.
form are statistically the same and suggest similar Kinetics suggest that th;s is unlikely and that the

release rates for both elements. Comparisons with radionuclides should exchange and should be
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Table 21. Stable nickel release rates, cumulative fractional releases, effective diffusivities, and
leachability indexes.

,ll i, i ,,i ill i t , ,i

Release rate Average
......... effective

Absolute Fractional diffusivity Leachability
Plant CFR (_tCi. cm -2. s-i) a (cm -2. s-l) a (cm 2. s'l) a index b

Ill Ill lil H i I III IIII l i I I i Illll i Ilili --

Indian Point-3 1.4E-2 2.0 + 2.8E-5 2.6 + 3.5E-10 1.5 4- 0.9E-10 10.1

FitzPatrick MBR 5.0E-2 5 4- 2E-6 3 4- 1E-10 1.1 4- 0.5E-9 9.4

FitzPatrick baked 5.8E-2 7 4- 5E-6 5 4- 3E-10 1.5 4- 0.7E-9 9.5

Peach Bottom-3 2.9E-2 1.4 + 1.2E-5 9.3 4- 8.1E-10 1.2 4- 0.3E-9 8.9

Cooper CR 7.8E-2 .._..c 5.3 4- 15.6E-9 2.0 4- 5.9E-7 9.3

Cooper MBR 1.8E-2 .....c <1.5E-9 <l.0E-8 >8.1

Brunswick-I CR <9.8E-3 <1.3E-5 <9.4E-11 <2.8E-11 >10.9

Brunswick- 1 < 1.6E- 1 < 1.0E-5 < I. IE-9 <6.7E-9 >8.5
MBR

Millstone- 1 F33 __c _c _c _c _c

Millstone-1 F201 8.1E-3 2.0 4- 2.5E-5 1.6 4- 1.9E-10 3.2 4- 2.4E-11 10.7

Peach Bottom-2 c __c wc c c

Pilgrim 3.5E-1 8.1 4- 6.5E-3 4.9 4- 4.0E-9 2.3 4- 1.8E-7 6.9

a. Internal uncertainty associated with calculated results. Does not include counting statistics or other uncertainties
associated with the leaching process.

b. Average values were calculated excluding zeros.

c. Not detected or not measured.

released at the same rates as the elements. Further with the 63Ni data indicate that the average frac-
investigation is required to better understand this tional release rates of the stable metal are similar
phenomena, to those measured for the radionuclide.

For the Can-Decon and NS-i waste forms, CFRs for nickel and iron are shown in Fig-
only nickel was measurable, and the average frac- ures 41 and 42 and are listed in Tables 20 and 21.
tional release rate was 1.6 x 10-10 cm-2 . s-i for Nominal CFRs for the LOMI data range from
the Millstone-I (F-201) Can-Decon sample and 10-2 to 5 x 10-2 for nickel with a wide range of
4.9 x 10-9 cm -2 • s-i for Pilgrim. Comparisons CFRs for iron, 1 × 105 to 0.1. For the Citrox
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waste forms, the range for nickel is based on the Citrox samples, the fractional release rates of the
Cooper cation resin waste form which has a CFR stable metals are one to two orders of magnitude
of 8 x 1@2. The high CFR for iron for this sam- higher than those for the radionuclides. In addi-
pie is due to a single data point (7.6 x 10"2). tion, the fractional release rate of 63Ni from the
Other measured incremental releases are approxi- Indian Point-3 sample was about 2% of the
mately 10-4. In contrast, the iron average frac- release of nickel. These data suggest that, in gen-
tional release rate from the Brunswick-1 cation eral, there are differences between the release
resin waste form is 2 x 1@3. For the Can-Decon rates of the stable metals and the radionuclides,
and NS-1 waste forms, only nickel was measur- which suggests that the radionuclides are retained
able, and the Millstone 1 (F-201) CFR for nickel in the waste form to a greater extent than are the
is 0.007, whereas for Pilgrim the value is 0.35. As stable metals. These results are not expected as
discussed previously, the reason for the high kinetic exchange would be expected between the
release rates from the Pilgrim sample are not stable metals and the radionuclides of the same
known. Comparison with 63Ni and 55Fe suggests element and suggests that further work is
that the average fractional release rates from the required.
metals are similar to those of the radionuclides.

For the Pilgrim NS- 1 specimen, the CFR for 63Ni The Effects of Leachants with Different
and nickel are approximately the same. pHs and ComposRIons on the Release of

Chelating Agents, Radionuclides, and
The average effective diffusivities for stable Stable Metals

iron and nickel are shown in Figures 43 and 44,

and the leachability indexes are shown in Figures As part of this study, an evaluation was per-
45 and 46. For the LOMI waste forms, the aver- formed on Brunswick-1 and FitzPatrick samples
age effective diffusivities for nickel are similar to assess the effects of different groundwaters on
and suggest a rate of approximately the leachability of chelating agents, radionu-
7 x 1@t° cm2 • s"1.This is one to two orders of clides, and stable metals. Studies 7,67 have sug-
magnitude higher than that measured for 63Ni. gested that the effects of groundwaters on
The effective diffusivity of iron for the LOMI leachability are significant. In a study by De
samples are detection limit results, except for the Angelis 56 and others,6s,69 it was shown that ion
Peach Bottom-3 waste form at 2.3 x 10 -15 strength, leachant chemical composition, and lea-
cm 2 • s"1.Results for the Citrox samples are lim- chant replacement frequency may affect leach-
ited and, with the exception of the high values for ability. Our study used leachants that simulated
the Cooper cation resin, as discussed previously, groundwaters and seawater and whose composi-
most are detection-limit values, tion is shown in Table 8. This study was per-

formed on specimens of the Brunswick-1 cation
Leachability indexes for nickel and iron are resin (no chelating agent), Brunswick-1 mixed-

similar for all waste forms from about 7 to 10 for bed resin (Citrox), and FitzPatrick mixed-bed
nickel and a range of 11 to 15 for iron. Leachabil- resin (LOMI) waste form specimens. Use of these
ity indexes for the stable metals are all well above waste forms for the study is of particular value
the regulatory limit and suggest that the stable because the Brunswick-1 cation resin waste form
metals are retained even in the degraded waste does not contain chelating agents, whereas the
forms. Brunswick-1 mixed-bed resin waste forms con-

tain oxalic and citric acid and the FitzPatrick

Primary observations from the stable metal waste forms contain picolinic acid. The following
analyses are that 63Ni has the same weighted-av- sections discuss the effects of the leachant on the
erage fractional release rate as the elemental chelating agents, radionuclides, and stable metals
nickel for the LOMI (excluding Indian Point-3) present in the waste forms. Leaching results are
and the Can-Decon samples whereas, for the AP/ presented in Appendix E, and summary tables
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showing the average fractional release rates, ures 47 and 48 indicates that thereappearsto be
CFRs, effective diffusivities, and leachability little or no effect of the leachant on the fractional
indexes arepresentedin Appendix E releaseratesof oxalic acidand citricacidfromthe

waste form,with the exception of the citric acid

Chelating Agente. Chelating agents were for the HGWpH8.9 and the BGW pH 4.2, which
eithernot present in the Brunswick-1cation resin may have increased the fractional release rate
waste formor werepresentat low concentrations, slightly, and the simulated seawater leachant,
In contrast, as shown in Table 11, the Bruns- which apparently reduced the fractional release
wick-1 mixed-bed resin waste form contained rate of citrate from the sample. The average frac-
about 2 wt% oxalic acid and 4 wt% citric acid, tional release for oxalic acid is 8.2 x 10"ll
and the FitzPatrick waste-form specimens con- cm"2• s-1, and for citric acid, it is 6.8 x 10"ll
rained about 2.2 wt% picolinic acid. Figures 47 cm'2' sl.
through 49 show the fractional release rates of
oxalic acidcitricacid and picolinic acid fromrep- Through examination of Figure 49, the frac-
resentative Brunswick-1 and FitzPatrickmixed- tional release rates of picolinic acid forthe Fitz-
bed resin waste forms. The waste-form leachates Patricksamples indicates again that the fractional
are identified in the figure legends as Barnwell release rate does not appear to be significantly
groundwater (BGW), deionized water (DW). affected by the leachant, although the fractional
Hanfordgroundwater(HGW), and simulated sea- releaserates arehigher than those for the Bruns-
water (SW).The samples identifiedas B-DWand wick-1 samples. The average fractional release
B-BGW are the FitzPatrick samples that were rate for all FitzPatrick specimens is about
baked prior to leaching. Examination of Fig- 3 X 10"9 cm "2 • s"1.

4.0-

-13.0 - I I I I i I I I I -- I I

0 2 4 6 a IO 12

Squarerool ot lime (days)

Figure 47. Fractional release rate of oxalic acid from five Brunswick- 1 mixed-bed resin waste-form
specimens.
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Figure 48. Fractionalrelease rateof citricacidfromfive Brunswick-Imixed-bedresinwaste-formspec-
imens.
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Figure 49. Fractional release rates of picolinic acid from seven FitzPatrick ion-exchange resin waste-
form specimens.
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The CFRs for the chelating agents are shown in in Figure 49 suggests that the differences in the
Figures 50 through 52. Examination of these fig- CFRs may be related to the breakup of the waste
ures shows that the CFRs for oxalic and citric acid form because the fractional release rates are quite
are similar for all leachants (within a factor of two variable, but that near the end of the leach test, the
for oxalic and a factor of four forcitric). The aver- rates are all quite similar. This suggests that there
age CFRs for all specimens for oxalic acid and is little effect of leachant composition on the

citric acid are8.4 x 10"3and 5.1 x 10-3, respec- release rate of the chelating agents.
tively.

Examination of Figure 52 indicates a broad The average effective diffusivities and the
range of CFRs for picolinic acid from the FitzPa- leachability index for each leachant and each
trick specimens and that about 86% was released waste form are listed in Appendix F. The leach-
from the baked waste form leached in deionized agility indexes for the Brunswick-1 mixed-bed
water. This compares with 54% leached from the resin waste form range from 10.9 to 11.6 for both
unbaked specimen. In addition to the samples oxalic and citric acids. In contrast, the leachabil-
leached in deionized water, the CFR for the sam- ity indexes for the FitzPatrick samples range from
pie leached in BGW pH 10.4 was also high 6.5 to 8.3.The6.5 value was for the baked sample
(75%). These data suggest that baking and lea- leached in deionized water. These results suggest
chant composition are affecting releases from the that there may be a leachant effect associated with
FitzPatrick waste forms. However, comparison of the LOMI samples that is not apparent for the
the CFR data with the fractional release rate data Citrox samples.

12[.-o2

1.1[-02-
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0_-4)8

8.O[.-O8

?.O[-4)8
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_LOE-O3- H_ pH0.go
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2.0E-O3
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0 2 4 6 0 10 12 14 18 18
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Figure 50. Cumulative fractional release of oxalic acid from five Brunswick-1 mixed-bed resin waste-
form specimens.
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Figure 51. Cumulative fractional release of citric acid from five Brunswick-1 mixed-bed resin waste-
form specimens.
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Figure 52. Cumulative fractional release of picolinic acid from seven FitzPatrick ion-exchange resin
waste-form specimens.
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Radlonuclides. Releases of radionuclides resin specimens (3.7 x 10.9 cm -2 • s-l), and Fitz-
from the cement-solidified waste forms may be Patrick (5.1 x l0 -9cm-2 • sq). The ranges for all
caused by the leachants and may also be depen- average fractional release rates are small and indi-
dent on the chemistry of the radionuclide being care that the fractional release rates of 137Cs do
leached. The first radionuclide to be discussed is not appear to be affected by leachant effects.
137Cs, because it is ionic and is probably most Comparison of these results with the chelating
representative of diffusional release. In contrast, agent average fractional release rates indicates
55Fe, Co60, and 63Ni are transition metals that that 137Cs is leaching out of the waste form faster
would be expected to react with the cement than the chelating agents by one to two orders of
matrix63 but form coordination complexes with magnitude and suggests that the 137Cs is probably

chelating agents that may potentially increase representative of pure diffusional release.
their mobility from awaste form. Leachant chem-

!stry is expected to affect the releases of these Figures 53 through 55 show the CFRs of 137Cs

radionuclides more than the purely ionic radionu- from the three types of waste forms. The Bruns-
elides as they would be more solubility limited. 56 wick-1 cation CFRs shown in Figure 53 are simi-

lar at about 0.012; however, the CFR for the
The fractional release rates of 137Cs from the simulated seawater leachant is about 1.6 x 10-2.

Brunswick-1 cation resin, the Brunswick-1 It is not obvious whether this is significant, how-
mixed-bed resin, and the FitzPatrick resin waste ever, because the highest CFR of 137Cs from the
forms are all similar for each leachant as shown in Brunswick-1 mixed-bed resin waste form (0.26)
Reference 2. The average fractional release rates is also indicated for the simulated seawater lea-
for each waste form are: Brunswick- 1 cation resin chant. It should be noted that the CFRs of 137Cs
(1.1 x 10-1° cm "2. s-l), Brunswick-1 mixed-bed from the Brunswick-1 mixed-bed resin waste
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Figure 53. Cumulative fractional release of 137Cs from five Brunswick-l cation resin waste-form speci-
mens.
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Figure 55. Cumulative fractional release of 137Cs from sevenFitzPatrickion-exchangeresinwaste-form
specimens.

NUREG/CR-6201 82



Experimental Results and Discussion

form samples are approximately two orders of This result tends to be confirmed for 137Csby the
magnitude greater than that from the cation resin differences in the release rates and CFRs of this
waste forms that do not contain chelating agents radionuclide for the simulated seawater leachant
and are greater than the CFRs of the chelating as compared to the groundwater leachants and
agents oxalic and citric acid. These data further deionized water.
suggest that 137Cs is probably controlled com-

pletely by diffusional release due to its high solu- The average effective diffusivities and leach-
bility, whereas other radionuclides and chelating ability indexes for t37Cs and are shown in
agents are affected by chemical retention mecha- Appendix F. The leachability indexes for the
nisms such as lower solubility. Brunswick-1 cation resin samples range from

10.3 to 10.8, whereas the leachability indexes for

The CFRs for 137Csfor the FitzPatrick samples the Brunswick- 1 mixed-bed resin waste form
are shown in Figure 55 and indicate similar range from 7.2 to 8.9. For FitzPatrick, the leach-
releases for all leachants; however, the magnitude ability indexes are similar and range from 6.4 to
of the release is from 40 to 60% of inventory with 7.1.
no obvious relationship, except that the highest
CFR is for simulated seawater. Similar high CFRs The fractional release rates of the transition
were observed for the Brunswick-1 samples, metals 6°Co, 55Fe, and 63Ni for each waste form
These results suggest that the Mg content 48 or and leachant are shown in Figures 56 through 64.
ionic strength of the simulated seawater may Figures 56 through 58 show the fractional
affect the release from the waste form. It has been release rates of ('°Co for the three waste forms.

suggested 51that the ion strength of seawater may Inspection indicates that although there are some
be a more important parameter and have a greater changes in the fractional release rates during the
effect on radionuclide solubilities in the leachate, early leaching periods, the fractional release rates
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Figure 58. Fractional release rate of e°Co from five Brunswick-l cation resin waste-form specimens.
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Figure 62. Fractional release rate of 63Nifrom five Brunswick-1cationresinwaste-formspecimens.
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Figure 63. Fractional release rate of 63Ni from five Brunswick-I mixed-bed resin waste-form
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are similar for the different leachants after diffu- affect release rates of 55Fe by one to two orders of
sional release (i.e., when the slope flattens) is magnitude.
established. The changes during the early periods
may be due to the breakup of the waste forms and The fractional release rates for 63Ni for the

release from washoff or convection. 51 The aver- three waste forms are shown in Figures 62
age fractional release rates of 6°Co for the three through 64. The fractional release rates from the
waste forms are Brunswick-1 cation resin Brunswick-I cation resin waste form are within a

(2 x 10-13 cm-2 • s-l), Brunswick-1 mixed-bed factor of five near the end of the leaching period.
resin (I x 10 -11 cm -2 • s-l), and FitzPatrick In contrast, the fractional release rates of 63Ni
(8 × 10"11 cm "2 • s'l). The low release rate of from the Brunswick-I mixed-bed resin waste

6°Co from the Brunswick-1 cation resin waste form range over two orders of magnitude, with a
form appear to be due to the lack of chelating low fractional release rate for the BGW pH 4.2
agents in this waste form as compared to those leachant. The fractional release rates for the Fitz-

with chelants. Leachant effects are not obvious as Patrick waste form also range over two orders of

the fractional release rates are similar for all lea- magnitude and also suggest leachant-specific
chants, release-rate effects, with simulated seawater hav-

ing the highest release rate and deionized water

Figures 59 through 61 show the fractional the lowest. These data suggest that an increase in

release rates for 55Fe. These figures suggest that ionic strength of the leachant may increase
for 55Fe, there are some initial variations in the releases from the waste form.

release rates possible due to the breakup of the
waste forms; however, for the Brunswick and Figures 65 through 73 show the CFRs for the
FitzPatrick mixed-bed specimens, there appears transition metals. Figures 65 through 67 show
to be leachant-specific effects. For the Bruns- the CFRs for 6°Co. Apparent high CFRs for some
wick-I specimen, the average fractional release leachants are deceptive because comparisons
rate of 5SFe for deionized water is about with the fractional release rate results indicate

10-12 cm "2• s"1,whereas for the BGW pH 4.2, that the higher releases occurred during the early
the average fractional release rate is about leach periods and that for all three waste forms,
10-14 cm-2 • s-l, which suggests that in this case, the.fractional release rates were similar for all lea-
deionized water is much more aggressive than the chants after the initial release. These higher initial
groundwater. In contrast, for the FitzPatrick spec- release rates may be due to initial washoff during
imens, the average fractional release rate of 55Fe degradation of the waste form, but no long-term
from the HGW pH 8.9 is about two orders of leaching diffusion effect can be inferred from
magnitude higher than that for BGW pH 10.4. No these data. Figure 65 shows that after the initial
reason for this anomalous behavior is known spike (deionized water) during the first 5 days, the

other than leachant-specific effects on the 55Fe curve is parallel to the other curves, but approxi-
fractional release rates. The average fractional mately four times as much 63Ni has been released.
release rates also diverge for the three waste These data suggest that release rates obtained dur-
forms. The average fractional release rates for the ing the first 5 days are not indicative of trends for
Brunswick-1 cation resin waste form is later times, particularly when degraded waste

8 x 10-13 cm-2. s'l, whereas the rate for the forms are being tested.
Brunswick 1 mixed-bed resin waste form is

3 x 10-12 cm -2 • s-1 and the average fractional Figures 68 through 70 show:the CFRs for 55Fe.
release rate for the FitzPatrick waste form is For the Brunswick-1 specimens, the CFR for the
6 × 10-11 cm -2 • s -l. These data suggest that deionized water leachant is higher than the others
although there appears to be no specific trend as by an order of magnitude. Examination of the
to which leachant is most aggressive as it differs fractional release rate data indicates that this
by waste form, there appears to be leachant-spe- release occurred early in the leach test; however,
cific differences in the release rates, which can after this initial release, the fractional release
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Figure 69. Cumulative fractional release of 55Fe from five Brunswick-1 mixed-bed resin waste-form
specimens.
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Figure 71. Cumulative fractionalrelease of 63Nifromfive Brunswick-l cationresinwaste-formspeci-
mens.
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NUREG/CR-6201 92



Experimental Results and Discussion

Figure 73. Cumulative fractionalreleaseof 63Nifrom sevenFitzPatrickion-exchangeresin waste-form
specimens.

rates are similarto those for theother leachants, the fractionalrelease rateby one to two ordersof
No reason for this initially high release rates is magnitudeand are probablydue to differences in
known. Figures 71 through73 show the CFRs for the relative solubilities of these radionuclides and
63Ni, which indicate that there are apparent the ion strengthof the leachant. Further,there was
higher releases from the samples leached in evidence that high ionic-strength leachants (i.e.,
deionized water; however, the releases for simu- simulated seawater)and some groundwatersmay
lated seawater are near those for the deionized also enhance the release rate. It should be noted
water, that in many cases, deionized water may not be

the most aggressive leachant.
The average effective diffusivities and leach-

ability indexes for the samples leachedin differ- Inventories in Liners
ent leachants are shown in AppendixF. Average
effective diffusivities and leachability indexes
have not been used to characterize leachant Appendix G contains a summaryof the radio-
effects because these results typically follow nuclide, stable metal, and chelating agent inven-
the average fractional release rate results and toriesin the liner that were sampledas partof this
add little to the discussion. In all cases, the study.Typically, the primaryradionuclides pres-
leachability indexes were above the regulatory ent are fromthe transitionmetals(55Fe,6°Co,and
requirement. 63Ni). However,as noted previously, ]4C, which

was measured only in the Peach Bottom-3
In summary, leachant effects have been (LOMI) sample, makes up about 58% of the

observed for55Feand 63Ni that apparentlyaffect inventory in the Peach Bottom-3 liner and is
the release rates of these radionuclides from the probably present in significant concentrations in
waste form. Specific leachant effects may affect otherliners.

93 NUREG/CR-6201



SUMMARY AND CONCLUSIONS

In this report, the decontamination processes cement chemistry and that the primary factors
are described that were used at the seven BWRs affecting radionuclide release are probably radio-
and one PWR that were studied. In addition, the nuclide solubility and the ion strength of the lea-
characteristics of the resins that were solidified, chant. It should be noted that radionuclide release
the cement chemistry, and the solidification meth- rates from the Peach Bottom-3 LOMI waste form,
ods used at the plants sampled are also describeo, where a new formulation was used, are typically
Key conclusions of this study relate to waste- less than those for other LOMI waste forms, indi-
form structural integrity, the effects of leachant caring the success of the improved formulation.

pH on the releases from waste forms, the effects
of waste-form constituents such as chelating Key results from the compression tests are that
agents on releases, and the effects of leachants (a) decontamination ion-exchange waste-form
with different compositions on release rates, specimens have compressive strengths, typically

1,000 to 2,000 psi, (b) compression tests per-
formed on unleached specimens prior to immer-Key conclusions of the compression tests per-

formed to assess structural integrity are that the sion testing do not appear to be indicative of the
waste forms, which survived the immersion test- ability of the waste form to survive the immersion

ing, meet the requirements for waste form integ- and the subsequent compression test, (c) immer-
rity identified in applicable revisions of the sion significantly affects the ability of the waste
"Technical Position on Waste Form." Post-ira- form to survive compression testing, (d) high

mersion compression-testing results indicate that ionic-strength leachants such as simulated seawa-
the compressive strengths of the Peach Bottom-3 ter tend to minimize degradation of the shape and
waste forms, which used the newest LOMI for- structure of the waste form, and (e) disintegra-

mulation, were all well above the regulatory tion of the waste form may occur quickly and may
requirement (500 psi or 3.4 x 103kPa) and ranged be the result of several apparently robust mecha-
from 960 to 1,370 psi for all leachants. All AP/ nisms.
Citrox waste forms that were tested decomposed
during immersion testing, and no post immersion Primary mechanisms that have been postulated

as being probably responsible for the decomposi-
compressive strength measurements were made. tion of the cement-solidified decontamination ion-

In the evaluation of the leach test results, the exchange resin waste forms are the following:

key conclusion is that all waste forms, including • Resin contraction/swelling during immer-
those that decomposed during leach testing, met sion causes the waste form to split and
the leachability index requirement of 6.0 speci- decompose. It is indicated that the resin
fied in the NRC's "Technical Position on Waste beads decrease in size and become encapsu-
Form," Revision 1. In addition, all stable metals lated within the cement matrix. After cur-

and all chelating agents with the exception of ing, immersion of the composite in pure
EDTA (5.7) for the Dow NS-1 waste form all water allows more dilute solutions to wet

have leachability indexes greater than 6.0 the resin beads, which begin to swell and,
consequently, cause a breakdown of the

The pH effects on leachability and the charac- waste form. This mechanism alone probably
teristics of radionuclide and stable metal releases did not result in the decomposition of most
from the waste forms were also assessed. The pH waste-form samples that were tested.
data indicate that the pH of the leachate is
affected within a few hours and probably within a • Resin swelling is dependent on the ion-ex-
few minutes by the chemistry of the waste form. change capacity, ionic form, solvent, and
These data suggest that pH effects are limited to composition of solution. Our study confirms
the period before the leachate is affected by the this theory as there appear to be leachant
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specific effects that either increase or reduce seawater) is controlled by the pH of the cement-
degradation of the waste form (i.e., the solidified waste form and that pH effects are
Brunswick-1 waste forms leached in probably limited to the period (<1 hr) before the
simulated seawater did not completely pH of the leachant is significantly affected by the
disintegrate), pH of the waste form. However, further study

would be required to fully evaluate these effects.

In contrast to the resin bead swelling theory,
several other theories have been proposed to In order to determine the inventories of radio-
explain the degradation of cement-solidified nuclides, stable metals, and chelating agents that
waste forms containing ion-enchange resins. Oth- could be leached from the waste forms being
ers have suggested that the pressure from the inte- leach-tested, waste stream samples were obtained
rior of the waste form is due to the formation of from all waste streams used to prepare the waste-
crystals of calcium salts that build up during the form samples. The concentrations of the primary
curing process and continue to expand and gener- radionuclides, transuranic radionuclides, stable
ate pressure on the interior of the waste form. metals, and chelating agents present in the resin
Scanning electron microscopy techniques have wastes were measured. The primary decontami-
been used to observe the crystal formation in nation radionuclides whose leachability charac-
waste forms. These data indicate that an actual teristics are discussed are 55Fe, 6°Co, 63Ni, and
mechanism has not been adequately defined or 14C. Manganese-54 is not discussed in detail
that all mechanisms may contribute to the rapid because it was not measurable in most leachate

decomposition of the waste form. samples. In addition to neutron activation-pro-
duced radionuclides, assessments have been per-

Primary results of the physical stability mea- formed for the fission products 137Cs, 99Tc, and
surements are the following: 1291for the Peach Bottom-3 samples.

• All AP/Citrox waste forms that were tested The measured concentrations of the transuranic

decomposed within several hours of the radionuclides in the waste resins were typically
beginning of the leach test and that the prob- low with the exception of 241pu, which has the
able mechanisms noted above significantly highest concentrations of the transuranic radionu-
affect the capability of these waste forms to elides, ranging from 103 to 10-1 l.tCi/cm 3,
meet the regulatory requirement defined in whereas most other transuranic radionuclides had

the "Technical Position on Waste Form" for concentrations ranging from 10-8 to 10-4
compression testing, l.tCi/cm 3. The higher concentrations of 241pu are

primarily due to the higher specific activity
• The FitzPatrick waste forms also decom- associated with this radionuclide. The leachabil-

posed during leach testing; however, the ity characteristics of the transuranic radionuclides
FitzPatrick samples are a special case due to were not discussed in detail because these radio-
the formation of a gel in the bulk liners dur- nuclides were not often measurable in the lea-

ing the pH adjustment phase. Studies have chates, and the concentrations of the waste forms
indicated that the gel formation was due to are dependent on the quantities present in the
the highconcentration(~8wt%)ofpicolinic system that was decontaminated and the
acid in the waste form and that this would decontamination process used.

not be expected to occur again due to
changes in the LOMI formulation. The stable metal constituents of the resin waste

included iron whose concentration was typically
Some station waste forms (i.e., Brunswick-I the highest and ranged from 5 x 102 to 104

and FitzPatrick) were tested to assess the effects I.tg/cm3 resin waste. The concentration of nickel
of pH. The results of this study suggest that the in the Cooper cation and Millstone resins was
pH of the leachant (with the exception of approximately 103 I.tg/cm 3 resin. Typical
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concentrations for other elements ranged from est for 129I and lowest for 14C). As
101 to 102Ilg/cm 3 resin, expected, the cations (137Cs and 9°Sr) and

anions (1291) had the lowest leachability

Typical concentrations of chelating agents indexes (8-9), and 14C had the highest
ranged from about l02 _tg/cm3 of resin for oxalic (13.5).
and citric acid for the Cooper AP/Citrox process
to about 5 x l04 gg/cm 3 resin for picolinic acid • Comparisons of chelating agent release rate
in the Peach Bottom-3 LOMI resin wastes. Other data with laboratory studies indicates that

decontamination processes (Can-Decon and simulated cement-solidified decontamina-
DOWNS- l) had chelate concentrations between tion ion-exchange waste forms produced in
those noted for the AP/Citrox and LOMI pro- the laboratory may not accurately reproduce
cesses. The high concentration of picolinic acid in the waste compositions found in actual
the Peach Bottom-3 waste form may have commercial nuclear power plant wastes and
resulted in some of the problems that occurred that, indeed, the commercial reactor wastes
with this solidification, may contain constituents that enhance the

release of chelating agents and radionu-

.... Key results of the leach testing are: clides from the wastes.

• Cesium-137 leaches as quickly or more
• For the LOMI waste forms, the structural quickly than the chelating agents and radio-

stability of the waste form does not signifi- nuclides from most waste forms and is prob-
cantly affect the fractional release rates of ably an indicator of a purely
chelating agents (e.g., picolinic acid) as diffusion-controlled release, with no signifi-
indicated by comparisons between the

cant solubility effects due to the relativelyreleases from the FitzPatrick waste form
high solubility of 137Cs.These data suggest

that decomposed during leach testing and
that some chelating agents are being retainedthe Peach Bottom-3 waste form that main-
in the waste form to a greater extent than the

tained its structure, ionic radionuclides, probably due to the
lower solubilities of the chelating agents.

• The inventory of the chelating agent in the

waste form does not appear to have a signifi- • Differences in the average fractional release
cant effect on fractional or absolute release rates of the transition metal radionuclides
rates, which appear to be controlled by between the FitzPatrick and Peach Bot-
chemical mechanisms other than pure diffu- tom-3 LOMI waste forms and the Indian

sion. This is confirmed by the fact that the Point-3 LOMI waste form suggest that dif-
average fractional release rate of 137Cs ferences in the waste stream of a BWR

(,..5 x l0 -9 cm -2 • s'l), which is ionic and (FitzPatrick and Peach Bottom-3) and that
probably released purely via diffusion, is one of a PWR (Indian Point-3) can have a signif-
to two orders of magnitude higher than those icant impact on release rates of the transition
of the chelating agents for most waste forms metal radionuclides. Typically, lower frac-
(--3 x 10-t°cm -2. s-I for the AP/Citrox and tional release rates (~10) are indicated for

Can-Decon waste forms). In contrast, pico- the PWR, although other factors such as
linic acid is released at about the same rate as resin type and waste loading may have had
137Cs,and purely diffusional release is sug- an effect.
gested for this chelating agent.

• Transition metal radionuclide release rate

• Leachability indexes for the waste forms data for all LOMI waste forms indicates that
follow this general order from the lowest to 6°Co and 55Fe have the same release rates

highest: 1291< 137Cs< 9°Sr < 63Ni < 99Tc< and appear to behave similarly chemically.
6°Co < 55Fe < 14C(i.e., leachability is high- In contrast, 63Ni has statistically higher

NUREG/CR-6201 96



Summary and Conclusions

release rates by about an order of magni- row range between :5 x 10-12 and
tude. The Irving-Williams correlation indi- 6 x 10-I1 cm-2. s-l, which suggests rela-
cates that the stability of transition metal tively generic release rate behavior for these
complexes fall in the order Nill>CoU>Fe n. transition metal radionuclides. In the case of
These data suggest that the stability of the 63Ni, the release rates appear to be depen-
nickel complex with a chelating agent may dent on the decontamination process, with
result in the higher average fractional higher rates from the LOMI and Can-Decon
release rate of 63Ni relative to the other tran- waste forms and lower rates from the AP/

sition metals, due to the greater solubility of Citrox waste forms.
the 63Ni complex.

• Average effective diffusivities for 6°Co

• Average absolute release rates for the transi- range from 1 x 10-13cm2 • s-I for the Mill-
tion metal radionuclides for the LOMI sam- stone-1 (Can-Decon) samples to 5 x 10"ll

pies vary considerably, with the average cm 2 • s-l for the FitzPatrick LOMI samples.
absolute release rates ranging from If the Brunswick-1 (AP/Citrox) cation resin
7 x 10-1° to 5 x 10-8 _tCi/cm 2 • s I. (low) value and Pilgrim (NS-1) (high) val-
Iron-55 typically has the lowest absolute ues are excluded, for reasons discussed in
release rate, and 6°Co and 63Ni have the the report, the typical average effective dif-

highest. However, if the specific activity of fusivities for the waste forms are: LOMI
these radionuclides is taken into account (1.8 x 10-11 cm 2 • s-l), AP/Citrox
and the release rates of these radionuclides (4 x 10"12 cm 2 • s-I) and Can-Decon

are converted to _tg/cm 2 • s l, 63Ni has a (1 x 10-13 cm 2 • s-l). These data indicate
higher (102) absolute mass release rate than that the LOMI waste forms, either including
do the other radionuclides and higher con- or excluding FitzPatrick, have the highest
centrations of this radionuclide in the waste average effective diffusivities followed by

form may be a contributing factor to the the AP/Citrox and Can-Decon waste forms.
higher concentrations of 63Ni in the leachate
due to the larger concentration gradient • The low release rate of 14Cmeasured for the
between the resin, the waste form, and Peach Bottom-3 (LOMI) samples is prob-

finally the leachant, ably due to the formation of insoluble
hydrates and carbonates, which slow the

• If the weighted-average fractional release release of this radionuclide, although other
rates for the AP/Citrox mixed-bed waste factors such as resin type may have an

forms (i.e., Brunswick-1 and Cooper) are effect. Further, others have suggested that
compared with the results from the Bruns- the fractional release rate of 6°Co should be
wick-I cation resin waste form, which does slower than 14C unless the rate is increased

not contain a chelating agent, it is suggested due to chelating agent effects as shown in
that chelating agent effects may have this study.
increased the average fractional release rates
of the transition metal radionuclides by the • The release rate behavior of 99Tc for the

following factors: 6°Co (48), 55Fe (7.3), and Peach Bottom-3 (LOMI) samples is statisti-
63Ni (6). However, further tests would be cally the same as that for 5SFe and 6°Co, and
required to confirm this conclusion, as other suggests similar chemical and release rate
factors such as waste loading and resin type behavior for 99Tc.This might be expected as
may also have affected the release rates, technetium is a metal and would be

expected to form organo metallic corn-

• With the exception of the 63Ni data, the plexes.
average fractional release rates of the transi-
tion metals for the LOMI, AP/Citrox, and • Iodine, an anion, would be expected to dif-
Can-Decon waste forms all fall into a nar- fuse similarly to other ionic elements such
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as cesium, and its release would not be 63Ni that apparently affect the release rates
expected to be affected by chelating agent of these radionuclides from the waste form.
effects as discussed for 137Cs" The frac- Specific leachant effects may affect the frac-
tional release rates of 1291 and 137Cs for the tional release rate by one to two orders of
Peach Bottom-3 (LOMI) samples are the magnitude.
highest of all radionuclides present in the
waste form and are statistically the same as • Based on the Brunswick-1 (AP/Citrox) and
that for picolinic acid (5.8 × 10 -j0 FitzPatrick (LOMI) studies, high ionic
cm "2• s-l), and are higher than those for strength leachants (e.g., simulated seawater)
other chelating agents, and some groundwaters may affect the

release rates of radionuclides. It should be

• Comparisons of stable metal release rates noted that in many cases, deionized water
with those of 63Ni and 55Fe indicate that the may not be the most aggressive leachant.
average fractional release rates for nickel The Barnwell groundwater pH 10.4 had
and iron are higher than those of the radio- higher release rates and CFRs for some tran-
nuclides by one to two orders of magnitude sition metal radionuclides than did the
except for the LOMI waste form. These data deionized water.
indicate that the radionuclides may be in a

chemical form in the AP/Citrox and Can- • Leach test results suggest that release rates
Decon waste forms that causes them to be obtained during the first 5 days are not
retained to a greaterextent than the elemen- indicative of trends for later times particu-
tal iron and nickel, larly when degraded waste forms are being

tested and that further testing may be
• A comparison of the LOMI 63Ni data with

the elemental nickel data indicates that63Ni required to determine actual release rates
from these waste forms.

has the same weighted-average fractional
release rate (4.8 4- 1.0 × 10-10 cm -2 . s"l

excluding Indian Point-3) as elemental The results of this study provide substantial
nickel for the LOMI waste forms. However, information on the release rates of chelating
for the Indian Point-3 sample, the fractional agents, radionuclides, and stable metals; however,
release rate of 63Ni is about 2% of the the results present a number of questions concern-
release of nickel. These data indicate that ing the mechanisms that retain the species of inter-

for Indian Point-3 (LOMI), the elemental est in the waste forms or accelerate releases. The
nickel and 63Ni are in different chemical ANSI/ANS 16.1 standard assumes that release
forms, rates are diffusion driven, which is shown in this

study. However, this study also indicates that solu-

• A comparison of the only measurable LOMI bility and leachant ion strength may also be signif-
55Fe and iron fractional release rate data icant in defining releases from the waste form.

(Peach Bottom-3) indicates that the frac- Specific areas that require more study are the fol-
tional release rate of 55Fe is about two lowing: (a) the mechanisms by which the chelat-

orders of magnitude higher than that for ele- ing agents interact with the radionuclides and
mental iron. The explanation for this behav- stable metals, (b) the differences in the chemistry
ior is not known and is not consistent with of 63Ni that result in higher release rates, (c) the

the expected kinetics of this radionuclide, significant differences between the release rates of
which suggest that it should be released as the stable metals and the transition metal radionu-
the same rate as the iron. clides, (d) how leachant composition results in

the observed wide range of release rates and
• Leachant effects (i.e., the use of different releases from the waste forms, and (e) the effects

leachants) have been observed for 55Fe and of pH on leachability.
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Appendlx A

Recent Leachlng Studles and the Effect of Waste Form Con-
stltuents on Solldlflcatlon of Nuclear Power Plant Wastes

This appendix identifies recent leaching stud- addition to the studies, others were reported in the
ies performed to assess the properties of decon- proceedings of the Cement Workshop. t8
tamination ion-exchange resins and the effects of
exmmeous waste-form constituents on solidifica- Constltuents Affectlng Waste
tion. Table A-I summarizes some of the impor- Solidification
tant experimental aspects of several leaching

studies that have recently been performed on The Hanford andBamwell waste disposal state
specimens of solidified resins or decontamination licenses require that wastes with activities greater
solutions. I-9 In addition, the three studies per- than I l_Ci/cm3 be stabilized. Stability of these
formed at this laboratoryI0"12 addressed cement- wastes may be achieved by dewatering and dis-
solidified decontamination ion-exchange resins posal in a high-integrity liner or by solidifying the
from commercial nuclear power plants. Common waste. For a typical LWR, the estimated frac-
to these studies is an emphasis on more realistic tional breakdown of solidified wastes is 45% let-

leaching situations involving local groundwa- down system and decon resins, 22% boric acid
ter, 1,4,10,11 seawater, 10,11 and actual nuclear

evaporator waste, 15%sludges, I1%concentrator
power plant resin wastes. 2-4,10-12In these stud- wastes, and 4.5% oil. 19Solidification problems
ies, solidified ion-exchange resin specimens were from inorganics such as sulfates and borates have
subjected to leach tests following either the ISO generally been resolved; however, problems have
6961 leach-test procedure t3 or the ANSI/ANS occurred from the presence of unknown organics
16.1 leach-test procedure. Both of these methods in oils, evaporator wastes, and sludges or from
are nonequilibrium tests in the respect that the organic byproducts in decontamination or other
solidified waste-form specimen is completely ion-exchange resins.
immersed over an extended period of time in a

large volume of leachate that is periodically Tables A-1 and A-2 are compiled from an NRC
replaced with new leachant, list of waste constituents that may cause problems

with cement solidification. 19 These constituents

Four earlier studies summarized in Table 1 have been classified in three broad categories:
were conducted using actual nuclear plant resin inorganic, organic-aqueous, and organic-non-
wastes; however, these studies did not contain aqueous components. The primary effects of
chelating agents. The types of resin waste were these chemicals are on the solidification process
(a) BWR sodium sulfate evaporator concentrate and result in no solidification or poor waste-form
mixed with plant mixed-bed resin, 14 (b) BWR characteristics. Typically, however, waste streams
resin waste, 15 (c) incinerator ash that prior to are not well characterized, and it is not until the
incineration consisted of 31 wt% cation-exchange process control program samples are tested that it
resin, 11 wt% anion-exchange resin, and 58 wt% is determined that the waste form contains con-
general trash, 16 and (d) EPICOR-II prefilter stituents that either retard or prevent solidifica-
mixed-bed resins. 17 None of these waste resins tion. In the case of chelating agents, they may
contained chelating or complexing agents, and form gels or other forms that interfere with solidi-
therefore the results cannot be used to define the fication of the waste form. Additional informa-

leaching behavior of chelated resin wastes. In tion on these effects is presented in Reference 18.
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Tltble A-1. Summaryof recentcement-solidifiedresinwasteleachstudies.
i i ira| ,, i i ,,, ill i i i i i i , i ii ,,,, i ill i

Reference Solidification

Author number Samplesize Le_cinmt agentfs) Resin type

Cfiscenti,L.J. I 2.5 cmx 5.0 cm Hanford Portlandcement BWRevaporator
Seine, R. ]. (diameter x length) groundwater type lIl concentratesand
(1088) ion-exchange resins

Howard,C.O. 2,3 28mm x 28 nun Demineralized Portlandcement, LOMIion-exchange
Jolliffe,C.B. (diameterx length) water blastfurnaceslag, resin DOWEX50X8
Lee, D.J. microsilica 6°Co, 137Cs
(1988, 1989)

Ipani,A. 4 Small lab-scale Groundwater Cement Spent ion-exchange
Harkonen,H. specimens resins from Loviisa
(1989) PowerPlant

Torstenfeit,B. 5 Not specified Not specified Sulfate resistant Powderedion-exchange
Hedin,G. (1988) Portlandcement resinswith 3 wt.%

zeolite C-IO0_H,and
A._O0

Bishop,J.V. 6 2 in. x 4 in. Compressiontest Portlandcement Ion-exchange resins
(1990) (diameter x length) only Lime and NaOH Ionac A-365 and C-267

with picolini¢acid only

Davis,M.S. 7 2m x 4 m Demineralized Portlandcement Ion-exchange resins
Picuilo,P.L. (diameterx length) water Type I and VES IRN-77,IRN-78,
etal. (1989) Ionac-365 with chelates

only

Lee,J.O. 8 Not specified Demineralized Cement,polyester Ion-exchangeresins,
Him,K.W. water resin and Zeoloin Li+ - DH"form, 6°Co,
Buckley,L.P. 900-Na 85Sr,and 137Cs
(1990)

Soo, P. 9 3 ¢mx 10¢m Deionized water Portlandcement Simulated decontam-
Milian,L. 15cm x 15cm Formateand TypeI and VES decontaminatedresin
Piciulo, P.(1988) 30cm x 30cm pico-linate waste

(diameterx length) solutions

Mclsa_, C.V. 10 -4.5 x 9 Demineralized PortlandType I Decontaminated
Mandler,J.W. water ion-exchange resin
(1989)

Mclsaac, C.V. 11 -6 x 9 Multiple ground Portland Type l-P Decontaminated
et al. (1991) waters ion-exchange resin

Akers,D.W. 12 -4.5 x 9 Deionzed water PortlandType I-P Decontaminated
et al. (1994) ion-exchange resin

Neilson, R.M. 14 Full size waste Deionized water Cement Na2SO4mixed bed
et at. (1982)

Atom,H. 15 small Deionizedwater Cement Mixed bed
Dayal, R. (1984) groundwater

Westsik,J.H. 16 Variablesize Deionized Cement Incineratorash cation,
(i984) simulated anion

groundwater

Neiison, R.M. 17 small Deionized water Cement Plantwaste
etal. (1987)
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Table A-2. Aqueous soluble waste constituents that may affect cement solidification, a
i, i , ,, ,,,,,,| i i ill i i i i iii

Type Chemical
ii i i i i i i ii , i i i

Inorganic Non-metallic anions Borates
Phosphates
Sodium hypochlorite
Ammonia
Sulfates
Nitrates

pH
Total solids
Total dissolved solids

Metals Lead
Zinc
Iron

Metals-oxidizing agents Manganese
Chromium

Organic-aqueous Carboxylic acid chelates Oxalic acid oxalates
formic acid-formates Citric acid-citrates

Picolinic

Acid-picolinates

Chelating agents NTA
EDTA
"Decon Solutions"

Surfactants Soap
Detergent
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Table A-3. Organic waste constituents that may affect cement solidification, a
i i i i . i i i.i i i . i. i

......... Type ............................. Chemical ........

Organic-nonaqueous Aromatics "Oils"
Benzene
Toluene

Xylene

Petroleum distillates Vegetable oil additives
Hexane

Oil and grease
Paint thinners
Industrial cleaners

Chlorinated solvents Trichloroethane
Trichloro-trifluorethane
Dicholorbenzene
Trichloroethene
Tetrachloroethene

Methylene chloride
Dry-cleaning solvents

Ketones Acetone

Methyl ethyl ketone
Methyl isobutyl ketone

a. This list was generated from NRC Notice No. 90-31.
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Cement Chemistry

Portland cement is composed chiefly of the of the resins and constituents such as the chelating
basic oxides of calcium, silicon, aluminum, and agent picolinic acid, which may reduce the
iron. Portland cements are not simple mixtures of strength of the waste form.
these oxides but rather are mixtures of combina-

tions of the basic oxides in the forms of tricalcium In general, the rate of hydration (i.e., the rate at
silicate, dicalcium silicate, tricalcium aluminate, which water chemically combines with cement)
and tetracalcium aluminoferrite. The formulas for

can be increased by increasing the tricalcium alu-
these compounds and their commonly used minate (C3A) and tricalcium silicate (C3S) con-
abbreviations are shown in Table B-I. All of the centrations in the cement formulation. The

individual minerals present in Portland cement hydration of these compounds occurs over a rela-
have different rates of hydration, strength devel- tively short period of time and liberates a substan-
opment, and heat evolution. By varying the pro- tial amount of heat. On the other hand, the heat
portions of the constituents, the properties of the liberated during the hydration of dicalcium sill-
cement can be altered substantially, cate (C2S) and tetracalcium aluminoferrite

(C4AF) is low. The primary hydration reactions
of the principal compounds are shown in

The chemical and mineralogical composi- Table B-3.
tions 1.2 of four types of Portland cement are
shown in Table B-2. Type I is a general-purpose
cement suitable for most uses and is the type nor- Irrespectiveof whether the original material is
mally used to solidify decontamination resin in the form of dicalcium or tricalcium
wastes. Type II is modified by changing the pro- silicates, the final product of cement hydration
portionsof the principal oxides so as to increase under normal conditions leads to the formation
the concentrations of dicalcium silicate (C2S) and of the tricalcium disilicate hydrate
tetracalcium aluminoferrite (C4AF). Type IIhas a (3 CaO • 2 SiO2 • 3 H20), which has been
lower beat of hydration than Type I and improved given the name of tobermorite. Because the two
resistance to sulfate attack. Type HI has a lower silicates differ in their lime (CaO) contents, the
C2S content and higher tricalcium silicate (C3S) reactions that lead to the formation of tobermorite
content than Type I; as a result, it sets up faster are also different. The hydration of 100 parts of
than Type I cement. Compared to Type I, the rela- C3S with 24 parts H20, by weight, results in the
tive concentrations of C3S and C2S are approxi- formation of about 75 parts of tobermorite and 49
mately reversed in Type IV cement. Type IV is parts of calcium hydroxide. This reaction is very
used when the amountof heat generated during rapid and is largely responsible for early strength.
hydration must be kept to a minimum. In addition The hydration of 100 parts of C2S with 21 parts
to the standard cement composition, pozzolonas H20 yields about 100 parts of tobermorite and 21
(P) are sometimes added to concrete waste forms, parts by weight of calcium hydroxide. Hence,
Pozzolonas are either flyash or blast furnace slag. fully hydrated C2S contains only about 18 wt%
In this study, pozzolona was added to the Bnms- calcium hydroxide. The rate of hydration of C2S
wick-l, FitzPatrick, and Peach Bottom-3 wastes, is much slower than that of C3S, and therefore it
Pozzolonas improve the workability of harsh contributes to the waste-form strength over a
mixes and lower the total heat of hydration longer period of time. As shown in Table B-3, the
because the pozzolonic reaction is quite slow. 3 hydration reactions of C3A and C4AF consume
Typically, the ultimate strength will not be substantially more water than the reactions of C3S
reached for up to a year. This slower, cooler reac- and C2S and do not produce free calcium
rio. tends to reduce the potential for degradation hydroxide.
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Thehydrationof bothtricalciumanddicalcium solidifications. In the case of these cements,
silicateinternallyproducesthecalciumhydroxide hydrationof the cement is slower;,consequently,
required for proper set. However, a problem ultimatestrengthmay not be obtainedfor up to a
encounteredin solidifyingdecontaminationresin year.9A0Thetypeof pozzolona usedfor the solid-
wastes is thatduringtheresin/cementmixing and iflcations discussed above was fly ash, which is
early curing periods, the cation ion-exchange produced during the combustion of powdered
sites rob the cement of cations (e.g., Ca +2) and coal in modernpower plants. Fly ash contains a
thereby interferewith the normalhydrationpro- glassy silicaphase thatreactswith lime produced
cess. Ithas also beendemonstratedthatas a result by the hydrationof Portlandcement to produce
of ion-exchangereactions,cationresinbeadsgen- calcium silicate hydrate gel. The low heat of
erallydecrease insize priortobecomingencapsu- hydrationof cements that incorporatefly ashis an
fatedwithin the cementmatrix.4 When,following advantage in full-scale operations, where it
curing,the waste form is immersedin deionized reducesthecuringtemperature.9
water,wetting of the resin beads causes them to
swell; the swelling is oftensufficientto crackthe
cementmatrix.Ithasalso been shown5 thatvolu- Successful solidification of resin wastes
metric changes occur when the resins are con- requiresthe propermixture of waste, cement,and
verted to ionic forms having varyingdegrees of additives.The stabilityof a particularresin waste
hydration, form is tested,qualified, andcertified througha

The deliberate addition of calciumhydroxide formal processcontrolprogram(PCP).EachPCP
(slaked lime) to the resin waste priorto the addi- describes themethodology that is used for solidi-
tionof cement helpsinminimizingthe loss of cal- fying a specific type of waste. Part of the PCP
cium during cement hydration. The additional requiresthat, priorto solidifying wastecontained
lime increasesthepHof the wasteandforms salts in a liner, a small sample of the waste must be
that have limitedsolubility.Sodiumhydroxide is solidified to verify that the waste form will meet
also sometimes used to increase waste pH. In the stability requirementsof the NRC Branch's
addition to slaked lime and sodium hydroxide, "TechnicalPosition on Waste Form''l and Revi-
resinwastes are sometimestreatedwith additives sion 1.8The proportionsof resin waste, cement,
thathelp reducethe mobilityof soluble radionu- and additivesanticipatedtobe usedto solidify the
clides such as 134Csand 137Cs"Additives that waste areusuallymixedin a beakeror othersmall
sorb cesium, such as zeolites andcertain clays container,and the sample is subsequentlybaked
and silica, can reduce cesium leachabilityby fac- for about 12 hoursto simulate theexotherm that
tors of a hundredor more, depending upon the the resin/cementmixture in the linerexperiences.
additiveused. 6 If the sample sets up properly,the solidification

proceeds using the tested recipe; otherwise, the
Pozzolonic cements (I-P) were used for the proportionsare changed until a satisfactorytest

Brunswick, FitzPatrick, and Peach Bottom-3 sampleis obtained.
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Tal_ B-1. PrincipalcompoundspresentinPortlandcements.
,,,, , ,, ,,,,., , , ,,,, Ill., ,,,,.=,, fn,,r,,w , ,, , , i L ,,,, ,

Compound Abbreviation Formula _i iiiiN i i muuul Ulllli i i I i lln i nlllml ii i In I '- fl i I u ii i UUUll ii i lllmn iiiii u

Tricalcium silicate C3S 3 CaO. SiO2

Dicalciumsilicate C2S 2 CaO. SIC)2

Tricalciumaluminate C3A 3 CaO. A1203

........ relracalciumaluminoferfite C_ ........ 3 CaO. AI203 •Fe203.....
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Table B-2. Chemical and mineralogical composition of Portland cements.
i i lllll I rH,, ii i, H i iiii i iii im ,ll i,ii i i ii

Composition
(wt%)

............. Type I Type, Type m Type..!V

Oxides a

SiO2 20.67 22.44 19.83 27.51

CaO 63.03 63.81 63.41 63.73

A1203 6.13 3.88 5.21 1.95

Fe203 2.20 4.20 2.59 1.92

MgO 2.05 1.36 1.28 1.64

SO3 2.37 1.59 1.82 1.82

Balance 3.55 2.72 5.86 1.43

Compounds b

C3S (tricalcium silicate) 45 44 53 20

C2S 27 31 19 52

C3A 11 7 10 6

C4AF 8 13 7 14

a. D. L. Kantro and L. E. Copeland, "The Stoichiometry of the Hydration of Portland Cement,"
National Bureau of Standards Monograph 43, 1, 1962, p. 442.

b. P. Colombo and R. M. Neilson, Jr., Properties of Radioactive Wastes and Waste Containers,

NUREG/CR-0619, AuBust 1979, p. 7.
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Table S-3. Products of Portland cement hydration, a

Tricalcium silicate:

2(3 CaO. SiO2) . 6 H20 --" 3 CaO. 2 SiO2.3 H20 + 3 Ca(OH)2 + heat

Dicalcium silicate:

2(2 CaO. SiO2) + 4 H20 _ 3 CaO. 2 SiO2.3 H20 + 3 Ca(OH)2 + heat

Tricalcium aluminate:

(3 CaO. A12o3) + 6 H20 --_ 3 CaO. A1203 • 6H20 + heat

Tetracalcium aluninoferrite:

4 CaO. A1203 • Fe203) + 2 Ca(OH)2 + 10 H20 --* 3 CaO. A1203 • 6 H20
+ 3 CaO. Fe203 • 6 H20 + heat

a. Wolfgang Czemin, Cement Chemistry and Physics for Civil Engineers, London; Crosby Lockwood &

Son Ltd., 1962, pp. 19-31.
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ANSI/ANS 16.1 Leach-Test Procedure and
ASTM C39 Compressive Strength lest Method

This appendix includes a summary of the concrete slurry and the methods used to prepare
Leach-Test Procedure as specified in ANSI/ the sample for leach testing. In the case of sam-
ANS 16.1 and the Compressive Strength Test piing, suitable precautions shall be taken to
Method as specified in ASTM C39. ensure that the specimen is representative of the

solidified waste and that the homogeneity of the
C.1 ANSI/ANS 16.1 Leach-Test test specimen is the same as that of the material in

Procedure the actual solidified waste form.

To prepare the sample for leach testing, the test
The test procedure prescribed in the NRC's specimen shall be prepared in the same or similar

"Technical Position on Waste Form''1 and Revi- manner as that established for the solidification
sion 12 to characterize leachability is American process. The cement/waste mixture shall be cast
National Standard ANSI/ANS 16.1, "Measure- in a form that has a well-defined shape, mass, and
ment of the Leachability of Solidified Low-Level volume. Where possible, the specimen shall be a
Radioactive Wastes by a Short-Term Test Proce- monolithic cylinder, parallelepiped, or sphere,
dure3 as specified in the April 1986 version. The with the cylindrical geometry being the preferred
standard is intended to provide a means of index- geometry. The casting shall conform to the sides
ing the release of radionuclides from waste forms of the specimen container and be performed in
using the results of relatively short-term tests per- such a way that voids are eliminated and the sam-
formed in a laboratory. It is not intended to be pie is homogeneous. The thermal history of the
used to define the long-term leaching behavior of test specimen is to be reported. The specimen
waste forms under conditions representing actual container shall remain sealed during curing. The
burial environments. The method specified by the container shall be constructed of materials known

standard for analyzing leach-test data is based on to be chemically unreactive toward the specimen
the assumption that diffusion is the only signifi- (e.g., polyethylene, polypropylene, stainless
cant release mechanism. Other mechanisms such steel, ceramic, glass, etc.).
as dissolution, ion exchange, corrosion, cracking,

etc., are not incorporated into the models used to Requirements for Leach-Test
describe releases. Vessel

This section summarizes the ANSI/ANS

requirements for sample preparation, the leach The vessel in which leaching takes place
test apparatus, the leachant requirements, the should be constructed of a material that:
leach test method including the volume of lea-
chant, the leachate analysis, and reporting of 1. Does not react chemically with the leachant
results. Data analysis methods are discussed in or the specimen.
the body of the report.

2. Does not sorb chemical species extracted
from the specimen or those in the leachant

Requirements for Specimen itself.
Preparation

3. Does not release interfering species which
Specific requirements for specimen prepara- alter the composition of the leachant during

tion include the requirements for sampling the the leaching process.
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4. Can withstand the conditions involved in water equal to its volume. This water shall be
leaching, combined with the specimen rinse water, and the

combined rinse water shall be analyzed to deter-
In addition, the leach-test vessel shall be mine the quantities of the species of interest that

constructed such that evaporation of the leachant are present.
is maintained below 2%per day.

The leachate shall be sampled and the leachate
The dimensions of the vessel shall be such that completely replaced after cumulative leach times

greater than 98% of the external geometric sur- of 2, 7, and 24 hours from the initiation of the test.
face area of the immersed specimen is in contact Subsequent leachate sampling and leachant
with the leachant during the entire leaching inter- replacements shall be made at 24-hour intervals
val. The specimen shall be supported in the lea- for the next 4 days. Three additional leach inter-
chant by any convenient device, made from vals of 14, 28, and 43 days will be used to extend
unreactive material, that does not interfere with the entire test to 90 days as specified in the "Tech-
the leachate removal and replacement, does not nical Position on Waste Form." In contrast, Revi-
impede leaching, does not damage the surface of sion 1 requires that only a 5-day test be
the specimen, and does not preclude more than performed.
2% of the specimen's external surface from expo-
sure to the leachant. Leachate Analysis

Requirements for Leachant An aliquot of the leachate shall be taken at the
end of each leaching interval to determine the

The leachant shall be demineralized water with amounts of the species of interest present in the

an electrical conductivity of less than 5 I.tmho/cm leachate volume. The release of the species of
interest will be determined by measuring theat 298 K (25°C) and a total organic carbon con-

tent of less than 3 ppm. The leachant shall be kept amount present in the leachate rather than the
in, and not exceed, the limits of the temperature residual in the specimen. Stirring of the leachate
range 291 to 301 K (18 to 28°C) during the test. so as to suspend particulate solids prior to taking

the leachate aliquot, or dissolution of such solids

Leach Test Method by the addition of chemicals to the leachate
before sampling, may be necessary. If precipita-

This section summarizes the requirements for tion occurs in the leachate during the leaching
leachant volumes, sampling requirements, and interval, the amount of the extracted species "ff

interest associated with the precipitate shall be
the length of the sampling period. It is required determined and added to the amount of the dis-
that sufficient leachant shall be used so that the

solved species.
ratio of the leachant volume, VL, and the speci-

men external geometric surface area, S, is main- Reporting of Resultstained such that

When reporting the results of leaching tests,
VL(Cm) = 10 -> 0.1 (cm) the following information concerning the speci-
S(cm2) men tested and the leachant used during the test

shall be reported:
After removal from the specimen container and

prior to the initiation of the leach test, the test 1. The type of waste and the proportion of
specimen shall be rinsed by immersion in demin- waste and binder incorporated in the waste-
eralized water for 30 seconds. The rinse water binder mixture prior to solidification.

. volume shall be the same as the required leachant
volume. The container used to store the specimen 2. The type and composition of the binder
before leaching shall be rinsed with an amount of material, including additives.
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3. The radionuclides and the total amount of 6. Electrical conductivity of leachant and total
each in the leaching specimen, both as pre- organic carbon.
pared and after the 30-second rinse.

4. Shape, mass, and dimensions of the leach- 7. Volume of leachant used during each
test specimen, leaching interval.

5. The history of the specimen between prepa-
ration and leaching, including time, tern- Data analysis methods used to assess the
perature, and any other relevant leaching data are discussed in the body of the
information, report.

REFERENCES
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0.2 ASTM 039 Compressive Significance and Use

Strength Test Method
Care must be exercised in the interpretation of

This section summarizes the "Standard Test the significance of compressive strength deter-
Method for Compressive Strength of Cylindrical minations by this test method since strength is not

Concrete Specimens," ASTM C39-86. a fundamental or intrinsic property of concrete
made from given materials. Values obtained will

Scope depend on the size and shape of the specimen,
batching, mixing procedures, the methods of

This test method covers determination of corn- sampling, molding, and fabrication and the age,
pressive strength of cylindrical concrete speci- temperature, and moisture conditions during
mens such as molded cylinders and drilled cores, curing.
It is limited to concrete having a unit weight in
excess of 50 lb/ft3 (800 kg/m3).

This test method may be used to determine
The values stated in inch-pound units are to be compressive strength of cylindrical specimens

regarded as the standard, prepared and cured in accordance with Methods
C31, C42, and C 192, Practice C617, and Test

Summary of Method Method C873.

This test method consists of applying a com-
pressive axial load to molded cylinders or cores at The results of this test method may be used as
a rate which is within a prescribed range until fail- a basis for quality control of concrete proportion-
ure occurs. The compressive strength of the spec- ing, mixing, and placing operations; determina-
imen is calculated by dividing the maximum load tion of compliance with specification; control for
attained during the test by the cross-sectional area evaluating effectiveness of admixtures and
of the specimen, similar uses.
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Apparatus Note: The type of elastic calibration device most
generally available and most commonly used for

Testing Mmchlne. The testing machine shall this purpose is the circular proving ring. •
be of a type having sufficient capacity and capa-
ble of providing the rates of loading prescribed in Accuracy, The accuracy of the testing machine
7.5. shall be in accordance with the following

provisions:

Verification of calibration of the testing
machines in accordance with Practices E 4 is • The percentage of error for the loads within

required under the following conditions: the proposed range of use of the testing
machine shall not exceed + 1.0% of the

• After _ elapsed interval since the previous indicated load.
verification of 18 months maximum, but

• The accuracy of the testing machine shall be
preferably after an interval of 12 months,

verified by applying five test loads in four
approximately equal increments in ascend-

• On original installation or relocation of the ing order. The difference between any two
machine, successive test loads shall not exceed one

third of the difference between the maxi-
• Immediately after making repairs or adjust- mum and minimum test loads.

ments which may in any way affect the

operation of the weighing system or the val- • The test load as indicated by the testing
ues displayed, except for zero adjustments machine and the applied load computed
that compensate for the weight of tooling, or from the readings of the verification device
s_ecimen, or both, or shall be recorded at each test point. Calcu-

late the error,E, and the percentage of error,

• Whenever there is reason to doubt the accu- Ep, for each point from these data as
racy of the results, without regard to the follows:
time interval since the last verification.

E = A - B
Design. The design of the machine must

include the following features: 100(A - B)
Ep = B

• The machine must be power operated and

must apply the load continuously rather than where:
intermittently, and without shock. If it has

only one loading rate (meeting the require- A = load, lbf (or N) indicated by the
ments of 7.5), it must be provided with a machine being verified, and
supplemental means for loading at a rate

suitable for verification. This supplemental B = applied load, lbf (or N) as deter-
means of loading may be power or hand mined by the calibrating device.
operated.

• The report on the verification Of a testing
• The space provided for test specimens shall machine shall state within what loading

be large enough to accommodate, in a read- range it was found to conform to specifica-
able position, an elastic calibration device tion requirements rather than reporting a
which is of sufficient capacity to cover the blanket acceptance or rejection. In no case
potential loading range of the testing shall the loading range be stated as includ-
machine and which complies with the ing loads below the value which is 100
requirements of Practices E 74. times the smallest change of load that can be

NUREG/CR-6201 C-6



Appendix C

estimatedon the load-indicating mechanism specified surface conditions (see note
of the testing machine or loads within that below). The top and bottom surfaces shall
portionof the rangebelow 10%of the maxi- be parallel to each other.The block may be
mum rangecapacity, fastenedto the platenof the testing machine.

Its least horizontal dimension shall be at

• In no case shall the loading rangebe stated least 3% greater than the diameter of the
as including loads outside the rangeof loads specimento be tested. Concentriccircles as
applied during the verificationtest. described in 5.2 areoptional on the bottom

block.

• The indicatedload of a testingmachine shall
not be correctedeither by calculation or by • Finalcentering must be made with reference
the use of a calibration diagram to obtain to the upper spherical block. When the
values within the required permissible lower bearingblock is used to assist in cen-
variation, tering the specimen, the center of the con-

centric rings, when provided, or the center
of the block itself mustbe directlybelow theThe testing machine shall be equipped with
centerof the spherical head. Provision shalltwo steel bearing blocks with hardenedfaces (see

note below), one of which is a spherically seated be made on the platen of the machine to
block that will bear on the upper surface of the assure such a position.
specimen, and the other a solid block on which • The boRombearingblock shall be at least 1
the specimen shall rest. Bearing faces of the in. (25 mm) thick when new, and at leastblocks shall have a minimum dimension at least

0.9 in. (22.5 mm) thick after any resurfac-
3% greater than the diameterof the specimen to ing operations.
be tested. Except for the concentric circles

described below, the bearing faces shall not Note: If the testing machine is so designed that
departfroma plane by more than 0.001 in. (0.025 the platen itself can be readily maintained in the
mm) in any 6 in. (152 mm) of blocks 6 in. in specified surface condition, a bottomblock is not
diameterorlarger,orby more than 0.001 in. in the required.
diameter of any smaller block; and new blocks

shall be manufacturedwithin one half of this tol- The spherically seated bearingblock shall con-
erance.When the diameter of the bearing face of formto the following requirements:
the spherically seated block exceeds the diameter

of the specimen by more than 1/2 in. (13 ram), • The maximumdiameter of the bearing face
concentric circles not more than 1/32 in. of the suspended spherically seated block
(0.8 mm) deep and not more than 3/64 in. (1.2 shall not exceed the values given below:
mm) wide shall be inscribed to facilitate proper
centering.

Note: It is desirable that the bearing faces of Maximum
blocks used for compression testing of concrete Diameterof diameterof
have a Rockwell hardness of not less than 55 test specimens, bearing face,
HRC........ in. (mm) in. (mm)

2(51) 4(102)
Bottombearingblocksshallconform tothe fol-

lowing requirements: 3(76) 5(127)
4(102) 61(165)

• The bottom bearing block is specified for 6(152) 10(254)
the purpose of providing a readily
machinablesurface for maintenance of the 8(203) 11(279)
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Note: Square bearing faces are permissible, pro- Load Indlestlon
vided the diameter of the largest possible
inscribed circle does not exceed the above diame- If the load of a compression machine used in
ter. concrete testing is registered on a dial, the dial

shall be provided with a graduated scale that can
be read to at least the nearest 0.1% of the full scale

• The centerof the sphereshall coincide with load (Note 6). The dial shall be readable within
the surface of the bearing face within a tol- 1% of the indicated load at any given load level
erance of + 5% of the radius of the sphere, within the loading range. In no case shall the
The diameter of the sphere shall be at least loading range of a dial be considered to include
75% of the diameter of the specimen to be loads below the value that is 100 times the small-

tested, est change of load that can be read on the scale.
The scale shall be provided with a graduation line

• The ball and the socket must be so designed equal to zero and so numbered. The dial pointer
shall be of sufficient length to reach the gradua-by the manufacturer that the steel in the con-

tact area does not permanently deform tion marks; the width of the end of the pointer
under repeated use, with loads up to 12,000 shall not exceed the clear distance between the

psi (82.7 MPa) on the test specimen, smallest graduations. Each dial shall be equipped
with a zero adjustment that is easily accessible
from the outside of the dial case, and with a suit-

Note: The preferred contact area is in the form of able device that at all times until reset, will indi-
a ring (described as preferred "beating" area) as cate to within 1% accuracy the maximum load
shown on Figure 1. applied to the specimen.

Note: As close as can reasonably be read is con-
s The curved surfaces of the socket and of the sidered to be 1/50 in. (0.5 mm) along the are

spherical portion shall be kept clean and described by the end of the pointer. Also, one half
shall be lubricated with a petroleum-type oil of a scale interval is about as close as can reason-

such as convential motor oil, not with a ably be read when the spacing on the load indicat-
pressure type grease. After contacting the ing mechanism is between 1/25 in. (1 ram) and
specimen and application of small initial 1/16 in. (1.6 ram). When the spacing is between
load, further tilting of the spherically seated 1/16 in. and 1/8 in. (3.2 ram), one third of a scale
block is not intended and is undesirable, interval can be read with reasonable certainty.

When the spacing is 1/8 in. or more, one fourth of

• If the radius of the sphere is smaller than the a scale interval can be read with reasonable cer-
radius of the largest specimen to be tested, tainty.
the portion of the beating face extending

If the testing machine load is indicated in digi-
beyond the sphere shall have a thickness not
less than the difference between the radius tal form, the numerical display must be large

of the sphere and radius of the specimen, enough to be easily read. The numerical incre-
The least dimension of the bearing face shall ment must be equal to or less than 0.10% of the
be at least as great as the diameter of the full scale load of a given loading range. In no case
sphere (see Figure 1). shall the verified loading range include loads less

than the minimum numerical increment multi-

plied by 100. The accuracy of the indicated load
• The movable portion of the bearing block must be with!n 1.0% for any value displayed

shall be held closely in the spherical seat, within the verified loading range. Provision must
but the design shall be such that the bearing be made for adjusting to indicate true zero at zero
face can be rotated freely and tilted at least load. There shall be provided a maximum load
4° in any direction, indicator that at all times until reset will indicate
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within 1% system accuracy the maximum load than 1,8, or more than 2.2, or when the volume of
applied to the specimen, the cylinder is determined from measured dimen-

sions.

: elmens
Proeeclure

Specimens shall not be tested if any individual

diameter of cylinder differs from any other Compression tests of moist-cured specimens
diameter of the same cylinder by more than 2%. shall be made as soon as practicable after removal

. from moist storage.

Note: This may occur when single use molds are
damaged or deformed during shipment, when Test specimens shall be kept moist by any con-
flexible single use molds are deformed during venient method during the period between
molding or when a core drill deflects or shifts removal from moist storage and testing. They
during drilling, shall be tested in the moist condition.

Neither end of compressive test specimens All test specimens for a given test age shall be

when tested shall depart from perpendicularity to broken within the permissible time tolerances
the axis by more than 0.5 ° (approximately equiv- prescribed as follows:
alent to 1/8 in. in 12 in. (3 mm in 300 mm)). The

ends of compression test specimens that are not '

plane within 0.002 in. (0.050 mm) shall be capped Test age Permissible
in accordance with Practice C617 or they may be tolerance
sawed or ground to meet that tolerance. The
diameter used for calculating the cross-sectional 24 hours + 0.5 hours or 2.1%

area of the test specimen shall be determined to 3 days 2 hours or 2.8%
the nearest 0.01 in. (0.25 mm) by averaging two

7 days 6 hours or 3.6%diameters measured at right angles to each other
at about midheight of the specimen. 28 days 20 hours or 3.0%

90 days 2 days or 2.2%
The number of individual cylinders measured '

for determination of average diameter may be Placing the Specimen, Place the plain
reduced to one for each ten specimens or three (lower) bearing block, with its hardened face up,
specimens per day, whichever is greater, if all cyl- on the table or platen of the testing machine
inders areknown to have been made from a single directly under the spherically seated (upper) bear-
lot of reusable or single-use molds which consis- ing block. Wipe clean the bearing faces of the
tently produce specimens with average diameters upper and lower bearing blocks and of the test
within a range of 0.02 in. (0.51 mm). When the specimen and place the test specimen on the
average diameters do not fall within the range of lower bearing block. Carefully align the axis of
0.02 in. or when the cylinders are not made from the specimen with the center of thrust of the
a single lot of molds, each cylinder tested must be spherically seated block. As the spherically
measured and the value used in calculation of the seated block is brought to bear on the specimen,
unit compressive strength of that specimen. When route its movable portion gently by hand so that
the diameters are measured at the reduced fre- uniform seating is obtained.
quency, the cross-sectional areas of all cylinders
tested on that day shall be computed from the Rate of Loading. Apply the load continu-
average of the diameters of the three or more cyl- ously and without shock.
inders representing the group tested that day.

For testing machines of the screw type, the
The length shall be measured to the nearest moving head shall travel at a rate of approxi-

0.05 D when the length to diameter ratio is less mately 0.05 in. (1.3 mm)/min when the machine
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is running idle. For hydraulically operated Note: These correction factors apply to light-
machines, the load shall be applied at a rate of weight concrete weighing between 100 and 120
movement (platen to crosshead measurement) lb/ft 3 (1600 and 1920 kg/m 3) and to normal
corresponding to a loading rate on the specimen weight concrete. They are applicable to concrete
within the range of 20 to 50 psi/s (0.14 to 0.34 dry or soaked at the time of loading. Values not
MPa/s). The designated rate of movement shall given in the table shall be determined by inter-
be maintained at least during the latter half of the polation. The correction factors are applicable for
anticipated loading phase of the testing cycle, nominal concrete strengths from 2000 to 6000 psi

(13.8 to 41.4 MPa).
During the application of the first half of the

anticipated loading phase a higher rate of loading Report
shall be permitted.

The report shall include the following:
Make no adjustment in the rate of movement of

the platen at any time while a specimen is yield- • Identification number.
ing rapidly immediately before failure.

s Diameter (and length, if outside the range of
Apply the load until the specimen fails, and 1.8 D to 2.2 D), in inches or millimetres.

record the maximum load carried by the specimen
during the test. Note the type of failure and the • Cross-sectional area, in square inches or
appearance of the concrete, square centimetres.

Cal©ulatlon • Maximum load, in pounds-force or
newtons.

Calculate the compressive strength of the spec-
imen by dividing the maximum load carried by • Compressive strength calculated to the

the specimen during the test by the average cross- nearest 10 psi or 69 kPa.
sectional area determined as described in Sec-

tion 6 and express the result to the nearest 10 psi • Type of fracture, if other than the usual cone
(69 kPa). (see Figure 2).

If the specimen length to diameter ratio is less • Defects in either specimen or caps.
than 1.8, correct the result obtained in 8.1 by mul-
tiplying by the appropriate correction factor • Age of specimen.
shown in the following table.

Precision

The precision of this test method has not yet
L/D: 1.75 1.50 1.25 1.00 been determined, but data arebeing collected, and

a precision statement will be included when it is
Factor: 0.98 0.96 0.93 0.87 formulated.
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Figure C-1. Schematic sketch of a typical spherical bearing block.
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Figure C-2. Sketches of types of fracture.
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Appendix D

General Analytical Methods

_s appendixpresentsa generaldescriptionof Radlonucllde Analysis
the analytical methods used for all samples. In
some cases, variations in the methods were iden-
tiffed. However, the general analysis scheme is Resin waste samples were analyzed for radio-
that shown below for all samples. _ data analy- nuclides specified in 10 CFR 61 (e.g., 14C, 6°Co,
sis methods of ANSI/ANS 16.1 require a knowl- 63Ni, 90Sr,99Tc, 1291,137Cs,238pu,239pt' "_41Am,
edge of the initial inventories of diffusing species and 244Cm) and other radionuclides using stan-
in the waste-form sample being tested and a dard environmental analysis procedures. Con-
knowledge of their concentrations in the lea- centrations of gamma-emitting radionuclides
chafes generated during leach testing. In order to (e.g., 6°Co, 137Cs, and other measurable gamma
provide a basis for estimating the initial invento- emitters) in each resin sample were measured by
ties of species of interest, samples of unsolidified diluting an aliquot of the dissolved resin with
resin waste and solidified waste-form samples water and analyzing this volumetric sample using
were analyzed using several different analytical gamma spectrometric techniques. When resin
techniques. Because of the differences in their waste-form samples were analyzed, a small sam-
physical characteristics and because the con- pie of the solidified waste was analyzed directly
centrations of radionuclides and metals in the lea- at a distance of 10 cm from the detector, which

chates were expected to be as much as several minimizes the effect of geometry on the analysis.
orders of magnitude lower in the leachates The HPGe spectrometers used to analyze these
compared to the resins, the methods required to samples were calibrated using reference sources
prepare the resin and leachate samples for analy- traceable to the National Institute of Standards
sis were generally different, and Technology.

Prior to analysis, leachate solutions were parti-
tioned into volumetric samples according to the Concentrations of beta emitters (e.g.,t4C, 55Fe,
general analysis scheme shown in Figure D-1. (In 63Ni, 90Sr, 99Tc, 1291, and 241pu) in the resin
the case of degraded samples, samples were ill- wastes were determined using radiochemical sep-
tered prior to analysis to remove particulate mate- arationtechniques followed by liquid scintillation
rial.) As shown in Figure D-1, the analytical or gas proportional counting. Stable iron, nickel,
methods used to determine concentrations of and strontium carriers and SSSrtracer were added
radionuclides, transition metals, and chelating to an aliquot ef the dissolved resin waste, and the
agents in leachate samples included high-resolu- solution was then passed through a chloride-form
tion gamma-ray spectrometry, liquid scintillation anion-exchange column. Iron in the solution was
and gas proportional counting, inductively left on the column while nickel and strontium
coupled plasma-atomic emission spectroscopy, passed through it. Unwanted radionuclides were
and ion chromatography (IC). The detection of washed from the column using HCI and I-IFacids,
chelating agents in some leachate solutions and the iron was then eluted using 0.5 M HCI.
required that the chelating agent be chemically Ammonia and ironwere added to the eluent of the
separated from other components of the sample column, and this alkaline solution was treated
prior to IC analysis, with dimethylglyoxime to selectively extract

nickel, and sulfate was added to another aliquot to

The following sections provide descriptions of precipitate strontium as strontium sulfate. Con-
the sample preparationand analysis methods used centrations of 55Fe and 63Ni were determined by
to analyze the resin waste and leachate samples analyzing the separated activities using a liquid
obtained during the course of this study, scintillation counter, and the concentration of
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9°Sr was determined using a gas proportional using radiochemical techniques to selectively
counter, extract and concentrate these radionuclides. Car-

tiers and tracers were added to volumetric sam-

Concentrations of t4C, 99Tc, and 129I in lea- pies of the leachates, and the samples were then
chate samples were determined by first using evaporated to dryness. The samples were then
radiochemical techniques to selectively extract dissolved in an HCI solution. These samples were
and concentrate these radionuclides. Carriers and then processed and analyzed using the same pro-

tracers were added to volumetric samples of the cedures used for the resin-waste samples.
leachates, and the samples were then evaporated

The procedure used to analyze the leachates for
to dryness. The samples were then dissolved in an 238pu, 239pu, 241Am, and 244Cm was the same asHCI solution. These samples were then processed
and analyzed using the same procedures used for that used for the resins in that a pyrosulfate fusion
the resin-waste samples, and the following analysis program were the

same for both the waste-form samples and the
leachates.

The procedure used to analyze the leachates for

238pu, 239pu, 241Am, and 244Cmwas the same as Elemental Analysisthat used for the resins in that a pyrosulfate fusion

and the following analysis program were the Samples of dissolved resin wastes and leachate
same for both the waste-form samples and the solutions were analyzed using inductively
leachates, coupled plasma-atomic emission spectroscopy

(ICP-AES). All samples were analyzed for con-
The resin and waste-form samples analyzed for centrations of chromium, iron, and nickel. These

concentrations of transuranic isotopes were wet- elements were selected for analysis because they
ashed using nitric, sulfuric, and perchloric acids. are the primary constituents of stainless steel and
This procedure was followed by a pyrosulfate Inconel, the materials used to line the internal sur-
fusion to dissolve any remaining undissolved faces of light water reactor primary coolant sys-
compounds. The fusion was then dissolved in 2 M tems. In addition, the samples were analyzed for
HCI, and the actinides were precipitated using zinc, which is present in the reactor coolant sys-
barium sulfate. The barium sulfate precipitate terndue to the presence of Admiralty brass. Lea-
was then dissolved in alkaline EDTA to precipi- chate samples were analyzed using ICP-AES
tare the actinides as hydroxides. The hydroxide through similar calibrations, although more than
precipitate was then dissolved in acid, and then one elemental analysis can be performed at a time
the solution was oxidized to adjust the oxidation using this technique. Potential analytical back-
state of plutonium. Americium and curium were ground interferences introduced by high con-
precipitated as fluorides and, following filtration, centrations of Ca +2and other ions were evaluated

this precipitate was mounted for analysis using a using prepared standards. Only lot-analyzed,
high-resolution alpha spectrometer. The filtrate trace-metal analysis-grade reagents were used to
was reduced, and plutonium was precipitated as prepare standards.
plutonium fluoride. The plutonium fraction was

also analyzed using a high-resolution alpha Several techniques were used to analyze the
spectrometer, resin and leachate samples for chelating agents.

The two primary techniques used were gas liquid
The radionuclide analysis program for the lea- chromatography (GLC) as discussed in Reference

chate samples, as shown in Figure D-1, indicates 1 and ion chromatography as discussed in Refer-
that the concentrations of gamma-emitting radio- ences 2 and 3. The GLC technique was used for
nuclides (e.g., 54Mn, 6°Co, and 137Cs)were deter- measurements of oxalic acid, citric acid, EDTA,
mined using HPGe spectrometers, and DTPA in both resin waste and leachate sam-
Concentrations ofl4c, 55Fe, 63Ni, 99Tc, 1291,and pies for Reference 1, and ion chromatography
9°Sr in leachate samples were determined by first was used for the analysis of the oxalic acid, citric
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acid, and picolinic acid in References 1, 2, and 3. trapped on the anion resin column. The eluate of
The techniques used are summarized below, the cation-exchange column was then passed

through a similarly sized column packed with AG

The GLC technique provides a means of simul- 1-X8, 100/200-mesh chloride-form anion resin.
taneously determining the concentrations of Complexed organic acids are retained on the
oxalic acid, citric acid, EDTA, and DTPA in both anion-exchange resin. The anion resin was then
resin waste and leachate samples. Prior to analy- flushed from the column into a 5-mL reacti-vial
sis, the involatile acids are converted to their vol- using deionized water. The sample was placed in
atile methyl ester derivatives by reaction with a freezer overnight, and then it was freeze-dried
borontrifluoride in methanol. The esterification under reduced pressure.

reaction has been shown not to be affected by the Following freeze-drying, the anion resin was
presence of stable metals (e.g., Fe+3, Cr+3, and esterified directly so as to achieve a maximum
Ni+2), which are present at relatively high con-
centrations in decontamination resin wastes. The concentration factor. A triangular stirring bar and

1 mL of boron trifluoride and 14% (w/v) metha-
GLC method was used to analyze resin waste and nol were added to the reacti-vial. The vial was

leachate samples representing the Can-Decon, sealed and placed in a reacti-therm heating/stir-
AP/Citrox, and Dow NS-1 decontamination pro- ring block where it was stirred continuously for 2
cesses, all of which use combinations of the pre- hours while heated to 348 K (75°C). Following
viously mentioned organic acids. Because the esterification, the sample was allowed to cool to
concentrations of organic acids in leachate sam-

room temperature, and then 1 mL of HPLC/Spec-
pies were expected to be several orders of magni- tro-grade chloroform was injected into the vial
tude lower than their corresponding
concentrations in resin waste samples, methods using a gas-tight syringe. The vial was then
were developed to concentrate the organic acids shaken vigorously to mix the solutions; then 3 mL
in leachate samples prior to their esterification of KH2PO4, buffer, and 100 I_L of a solution of

ethyl benzoate and chloroform, which was used
and analysis, as an internal standard, were added. The sample

was next shaken vigorously for 2 minutes using
The preconcentration method that was ini- an electric vibrator/mixer and then centrifuged

tially tested was freeze-drying relatively large for 15 minutes at 4,000 rpm to separate the
volumes of leachate in volumetric flasks. How- aqueous and chloroform components. The
ever, this method was eventually discarded aqueous layer was removed and discarded using a
because of the long times required to dry the sam- Pasteurpipette, and the chloroform layer contain-
pies and because of the problems associated with ing the methyl esters of the organic acids was
consolidating the dried acids following freeze- pipetted into a 1-mL serum vial, which was sealed
drying. In order to eliminate these difficulties, as soon as the transfer was completed. It was this
anion-exchange resin columns were used to con- chloroform component that was analyzed by
centrate the organic acids in leachate samples. GLC.
Preliminary analyses showed that a 1O0-mL lea-
chate sample volume was normally sufficient to Waste resin samples were esterified using the
provide adequate analysis sensitivity. The first same procedure employed to esterify the anion
step in the preparation of a leachate sample resins used to concentrate leachate organic acids.
involved passing a 100-mL sample through a Waste resin samples were removed from the orig-
6.4-ram-diameter by 76-mm-long column packed inal waste resin containers after the resin had
with AG MP-50, 20/50-mesh hydrogen-form _:_t- been homogenized using a mixer set at low speed.
ion resin. This procedure removed dissolved The masses of the waste resin samples that were
activity (e.g., 6°Co) and also removed cations estecified and analyzed by GLC ranged from 0.34
such as Ca .2 that might interfere with the GLC to 0.50 g (dry mass). These samples, in there orig-
analysis. It also served to convert complexed inal states, exhibited relatively high specific acti-

organic acids to uncomplexed forms thatcould be vities; however, in each case, following
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esterification, gamma-emitting radionuclides I00 p,L of ethyl benzoate internal standard solu-
(i.e., 54Mn, 6°Co, 137Cs) were segregated exclu- tion was added, but no internal standard was
sively to the aqueous layer. No detectable activity added to the second sample. Five-_tL samples of
was measured in the chloroform components of the chloroform layers of both samples were ana-
the esterified resin waste samples, lyzed using the standardgas chromatograph oper-

ating parameters. Neither of the chromatograms

A Perkin Elmer model Sigma 300 gas chroma- of these samples exhibited any interfering peaks.
tograph equipped with a flame ionization detector In order to determine calibration functions for
(FD) was used to measure the concentration of
the methyl ester derivatives. The chromatograph the gas chromatograph, standards were preparedthat contained known amounts of oxalic acid, tit-
column was contained in an oven that could be

ric acid, EDTA, and DTPA. Calibration standards
operated at temperature from 308 K (35°C) up to

were prepared by either freeze-drying aliquots of
773 K (500°C) and was fitted with a single-chan-
nel temperature controller that provided linear a standard solution containing known quantities

of the four acids or by directly measuring the indi-
temperature programming for the oven. Separa- vidual masses of the acids added to a mixture of
tion of the esters was achieved using a 6.4-mm the four acids. The former method was used to

outside diameter, 1.83-m-long glass column prepare the standards having the smaller masses,
packed with 5% SP-2250 on 100/120 mesh Supe- while the latter technique was used to make the
loport. Nitrogen flow through the column was larger mass standards, duplicate sets of six stan-
kept constant at 30 cm3/min., the column injector
temperature was set to 558 K (285°C), and the dards were prepared that contained the following

massed of each of the four acids: 0.1 g, 0.2 g, 0.5
FID temperature was kept constant at 583 K

g, 1.0 g, 3.0 g, and 5.0 g. (The exact masses of
(310°C). The volume of sample used for analysis each acid were close to these values.) Following
was 5 [.tL. Following sample injection, the col-

drying, the standards were esterified following
umn oven temperate was maintained at 323 K

the procedure previously described. Each of the
(50°C) for 4 minutes and was then raised at 10 12 standards was analyzed five or more times to
K/rain (10°C/min) to 583 K (310°C). The lower
temperature was found to be optimum for the elu- determine a response curve for each of the four

acids. In each case, the response, expressed as the
tion of the ester of oxalic acid, while the optimum ratio of the peak area of the methylester of the
temperatures for the elution of the esters of the acid to the peak area of the ethyl benzoate intemal
other acids were above 423 K (150°C). For each standard, was a linear function of acid mass. For

GLC analysis, chromatogram and areas of indi- each acid, the calibration data were fit using lin-
vidual peaks were recorded on a Hewlett-Packard
Model 3390A integrator. The integrator recorded ear regression methods to determine the slope and

intercept of the linear calibration function and the
peak retention times and peak fit parameters. error in the estimate of measured concentrations.
Results were recorded as the ratio of the area of

Correlation coefficients of these fits were equal to
the ester peak to the area of the internal standard

or better than 0.999, indicating that the response
peak. Ethyl benzoate was chosen as the internal

functions closely approximated straight lines.
standard because it yielded a sharp symmetrical

peak that did not interfere with the peaks of any of Picolinic acid calibration standards were also

the other esters, prepared following the same procedures used to
prepare the standards containing oxalic acid, cit-

To assess whet:,er of not the esterification of ric acid, EDTA, and DTPA. Four standards were

the chloroform anion resin produced any peaks prepared that contained about 1.4 g, 4.5 g, 10.9 g,
that interfered with the internal standard peak or and 33.0 g of picolinic acid. Following freeze-

the peaks of the esters of the organic acids of drying, these standards were esterified according
interest, two samples of the anion resin that con- to the usual procedure. The peak areas of the
rained no acids were esterified following the stan- methyl ester of picolinic acid were divided by the

dard procedure. To one of the two samples, corresponding peak areas of the ethyl benzoate

NUREG/CR-6201 D-6
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internal standard, and the data were fit using lin- the GLC for oxalic acid, citric acid, and EDTA

ear regression methods to determine the slope and was not affected by the presence of these metal
intercept of the linear calibration function and the ions.
error in the estimate of measured concentrations.

The correlation coefficient of the fit was 0,99994. Chelating Agent Analysis
In order to confirm that transition metal ions

did not interfere with the GLC analysis of lea- The concentrations of the waste-form speci-
chate samples, a standard solution containing mens and leachates were analyzed for picolinic
oxalic acid, citric acid, and EDTA was analyzed acid using ion chromatography. A Dionex ion
with and without a metal ion component. Follow- chromatograph was used with an ion-exchange
ing an initial analysis, quantifies of chromium (as column (AS-4A) and 5 mM sodium hydroxide as
chromium chloride) and iron (as ferrous chloride) an eluent. The detector was set at 254 rim. This
were added to the standardsolution such that their method shows subparts-per-million detectability.
concentrations were each about 100 _tg/mL. Con- For the Peach Bottom leachates, dilutions of the
centrations of the three acids were each about waste-form samples were required because these
10 pLg/mL.Samples of the spiked solution were samples contain approximately 5.5 wt% picolinic
freeze-dried, esterified, and analyzed using acid. Representative chromatograms are shown in
standard procedures. The analytical response of Reference 1 and 2.

D-7 NUREG/CR-6201



Appendix D

REFERENCES

1. C.V. Mclsaac and J. W. Mandler, The Leachability of Decontamination Ion-Exchange Resins Solidi-
fied in Cement at Operating Nuclear Power Plants, NUREG/CR-5224, March 1989.

2. C.V. Mclsaac, D. W. Akers, and J. W. McConnell, Jr., Effect ofpH on the Release of Radionuclides
and Chelating Agents from Cement-Solidified Decontamination lon-Exchange Resins Collected from

Operating Power Stations, NUREG/CR-5601, June 1991.

3. D.W. Akers et al., Releases of Radionuclides and Chelating Agents from Cement-Solidified Decon-
tamination Low-Level Radioactive Waste Collected from the Peach Bottom Atomic Power Station
Unit 3, NUREG/CR-6164, 1994.

NUREG/CR-6201 D-8



Appendix D

540 mL HPGegamma
spectrometry

S4Mn, 6°Co , 65Zn, 137Cs

I mL Liquid scintillationcounting
55Fe,63Ni

100 mL Gas proportional counting
90Sr

50 mL Low energy photon counting
1291

Leachate solution 1,25 mL Chemical separation
1-2 L 14C, 99Tc

monitored for pH
and conductivity

50 mL ICP-AES(Iron, Nickel, Chromium,
Cobalt, Zinc)

10 mL Ion chromatography
(Phosphate, Sulfate)

240 mL HPLC
Picolinicacid

ARCHIVE

Figure D-1. Leachate analysismethods.
!
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Appendix E

Leach Test Results

This section contains the summary leach test and cumulative fraction release/m3/yr. Compari-
results for References 1 through 3. Results are sons of data containing time-dependant release

presented as absolute (_tCi/cm2 . s or _tg/cm2 • s) quantities (i.e., those containing measurements of
and as fractional (cm 2. s"i) release rates. In addi- radioactivity, in Ci) should be treated carefully as
tion, the cumulative fraction released is shown these data are dependant on the decay correction

date used, which differs for different waste forms.
along with the leachability index. At the request

of the NRC project manager, other forms of data The results in Tables E-1 through E-6 came
presentation have been included. They include from Reference 1. Tables E-7 through E-25 came
cumulative fraction released/cm 2 surface area/yr, from Reference 2, and Table E-26 came from
Ci/yr, Ci/m3/yr, cumulative fraction release/yr, Reference 3.
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Tml'_._E-]. Ft_sdionuclideleach-testresultsfor Can-D,con waste forms.

_1F_ M_m-1 F201 _ _-2

Vob.lrno(¢m_ 1.07E+03 1.15E+0_ I ._IE+(_

SampleVolume (cn_) 8.4gE +01 g.3SE+01 1.SEE+02
_rlim Area (_ 1.071E+n_ 1.15E+02 1.60E+Q_

9_ +01 9._ +01 9.51E+01
Total _ ((k_) ..............................................................................

mlnnammaa.Ullallnnaaaen.anm.--'' nu-'-'----------

Enec_ve "

Nuclcl CFR (uCi/an_ (F/cm¢.$) (CFR/cn_-s) (cm_s) lndmc _ _ (CFR_ (C]FRl_'_yr)

atone- 1F33

• 1_-_ _+_ 1._-11 _ 1_1E-13 1.41E-13 _-10 _ 4._-14 1._+_ b 1_+01 7_=-_ _ &_-_ 7.1_-_ _ 7._E-M _-_ _-_
4._-_ 7.81E+_ _-11 _ 1.71E-13 5.1_-13 _-1S _ 1._-13 1_+01 _ 1._+01 [71E-_ _ &_-_ __no _ &_-_ 1._ 1._+_

_I_ _-_ 1._-_ 1.7E-10 _ _-13 _-12 _-14 _ 7._-12 1.11E+01 _ 1._+01 7_-_ b _-_ 7._-_ _ _-_ &_-_ &l_S=+_
_1_ 9._-01 _1_-_ 1.1_-07 _ &_eN=-11 1.1_-_ _-_ _ I._-_ &_+_ _ _+_ _-_ _ _-_ _-_ _ _I_-_ _+_ _+_

_- 1F201

< &___ _+_ 1.1_-11 _ _-14 &_-14 [_-17 _ &_-14 1._+01 _ 1._+01 9_-_ _ _-_ &_-_ _ _-_ _-_ 1._-01
_S ----4 _+01 1._-11 _ &_-lS _+_ 1._-17_ _-14 1._+01 _ 1._+01 9._-_ _4 __n_ _-M _+_ £_+_

1._-_ 7_IE+_ _-11 _ _-13 1._-12 9._-15 _ _-13 1_+01 _ 1._+01 _-_ _ _IE-_ &_-_ _ 7._-_ _-_ &l_+_

SdlO -----<e 5.90E-04 7.94E-00 to 2.13E-I0 GOOE+O0 &IOE-OO to &OOE-04 7.50E+00 to 8.SOE+O0 1.00E-OO to 4_-08 1.30E-03 Io 3,71E-05 O.OOE+O0 O,OOE+O0
Sbl_ &_-_ 1._-01 1._-10 _ _-13 _61E-12 _-14 _ 1._-11 1._+01 _ 1_+01 _-_ _ _-_ 7.1_ _ _ I_E-_ 1._1
_1_ 9._-01 _1_-_ 9._-_ _ _-11 1._-_ _-_ _ 1._-_ _+_ _ _+_ 7._-_ _ _-_ _1_-_ _ _Q-_ _81E+_ _IE+_

_1 ---_ _-01 ---_ _+_ < 4.1_-17 _ < 1._-13 • 1_+_ _ > 1._+01 0._+_ _ _+_ _+_ _ _+_ _ _
__-2

c 1._-_ 1._-01 < 1._-11 _ &_-13 9._-13 < 4._-14 _ 1._-12 1.1_+01 _ • 1._ 1._-_ _ _-_ &_-_ _ _-_ _-_ _+_
1._-_ 1.1_+01 1_-11 _ &_-13 £_-13 7._-14 _ _-13 1_+01 _ 1.31E+_ 1_ _ _-M 731E-_ _ -_'J_-M _ _+_

---_ 1._-_ ---_ _+_ 1._--10 to < _-_ > _+_ _ _+_ _+_ _ _+_ _ _ 0._+_ _+_ _+_
_1_ .... b < &_-_ .... b _+_ .... b ---_ _+_ _ _+_ _ _ G_+_ _+_ _+_
_1_ _-01 _-_ &_-_ _ 1.1_-10 _-10 1.1_-_ _ _-_ 7._+_ _ 7._+_ 1._-_ _ _-_ _-_ _ 1._-_ 1._+_ _
_1 ---_ _1_-_ ---_ _+_ • 7._-12 _ < _-I0 > _+_ _ > 1.11E+01 _+_ _ _+_ _+_ _ _ _+_ _+_

.lililllllBllUigililiOlllll.llllill "" I'l" liB'ill "''Imilllllllii" B" "'lii" m.m m. m... mnn. at.,. mmm nun --me namnmn .B------------'''''' "8 "
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Z Table E-2. Radionuclideleach-test results for Citrox waste forms. "_

_0 CoopwM_sd_ Coos__ _,

1.(14E+03 1.73E+03

Lm_eevo_r,e(_
_ _e= (_ t.ME +_ 1.'hE +r_9._+01 9._+01

=IIIIIIII IIIIIIIIIIIIIIIIIII==I=II=IIIIIIIII==III=I=IIIIIIII==IIIIIIIIIIII II I I III I ==II III IIIIIImIiIlIlII

Enec_ve
_" Ruin _ L_

Con= (co) _ _ (CFRIaP-_)

Nudtm (31FR (uCl/cm_ (F/s)i (F/crib-s) (CFP_-s) (cm ^ 2/S) Inck_

Coop=
MbcedBed

(FBWe_ 4.1_:-12_ 0.O_+_ 0._+_ _A _A 7._-_ GO_+O0 4._E-_ _+00 _+00 _00E+_
Mn_ _A 1._-01 _E- 10 b
_0 7._-_ 7.31E-01 _1_-06_ Z_-12 _1_-10_ 1._-14 6.0_-13 4._-16 1._E+01 _-_ 1._-06 1._E.01= _mE-_ _10E-03 1._+00
Sb125 4._-0_ 4.20E-02 &_E-08_ _-11 _-10_ _-13 3.57E-12 9.30E-14 1._+01 2_7E-03_ 1._-08 1._.00_ _-_ 1._-0_ t.13E_
Cs137 1._+_ ZI_-_ 1._--_ _ 4._-_ 9._E-_ to :_-11 7._-10 _91E-07 _41E+_ _-_ to 7.4_-_ 1._ to 4._-_ _+_ _
(UnlUmmd) 1.02E-10 N/A N/A 2.10E-02t= 1.07E-04 1.2eE+01 to 6.S3E-_ S.a0E-01 3.2lE+02
FeS5 _)_-_ 4._-01 6.8_-_ _ _-10 4.1_-10 _ :)1_-12
N_3 5.14E-05 3._-01 1.54E-_ to 4.64E-12 9._-12 _ _83E-14 1.alE-t2 _A _A 4.2_E-_ _ 1.20_-06 _-_ Iio 7._E-04 _-03 _72E+00
Sr90 4.64E-(X) 2.00E-04 1.471E-071o 2.68E-I0 8.9_E-t0to 1.82E-12 1.641E-I0 N/e, N/q, 2.251E-051o 4.071E-08 1.37E-02to 2.48E:-05 IL47E--01 5,,171E+02

c__. ]
CaUon

(FiiI'ed) N/A N/A 1.28E-02 to 3.21E-05 7AOF.+O0 1o 1.85E-02 0.00E+00 O.00E+00M_ N/A 1.04E+00 1._-06 Io _-11 &27E-11 _ 2.07E-13 0.00_+00
3._--_ _+_ 1._--_ _--12 _-11 to _31E-14 _-13 9._-10 1._+_ &93E--02to _--_ _1_+01 tO 1_ 1._--_ 7J_--O1

_1_ _A < Z_E-_ > 9._E-_ to > &_E-07 c _-_ _ ZI_-_ _+_ _A _A 1.71E-_ to EQ-_ E_-_ b &?tE_ E_E+= G_O
Csl37 > 1._+_ < :)_-_ > 2_-06 _ > 4._-_ c 1.31E-_ to _68E-10 7._-10 3.91E-_ 641E+_ _91E-_ to 7._-_ _-O1 to 4.81E-_ 3J_S+_ _+03

N153 1.16E-03 1.03E+01 1.00E-07 to o._-]_ _,_=_ .u: =-=_:_,* _--10 N/A N/A 7.85E-m to S.t_E-08 4.42E+00to 328_--05 3.:l_:+g_ _.w,a:,_u_
_ -05 1.2_--_ Io _._-lU {._[-u/_ ;q ....... _ ..... : I I = lilllllllllliillll_lllllllll

SrgO 9lee 01 7____'___ = = = ======================= ...... ===== = = = ==
======================================== I= = I.._I I I I =
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Table E-3. Radionuclide leach-test results for Pilgrim Dow NS-1 waste forms.

Pilgrim Dow NS- 1

Lucham Voa.mm(cm_ 1.7_+0_
Sample Volume (cn_} 1.ME+02
,Su,rk¢._u (cm_) 1.73E+0_

Tolal time (da/s) 4.84E +01

:= _ z= _¢ _ m s m _¢=l _.m=z ;m== I w. := :maE Izz z =¢ w.:m _ _ _.==_. I= ._. := := =z _._ _ ._ =z ==== _. =¢ =: ==_. z_ _ _:= := ms == :m._.:= =z z =: _ == :m m. := =¢:m _ =m _ a¢ :m_ =: m =z _:= := a¢ == _mz_ =z _= == =: :l_;m _ :1¢ == allmaz aB _ za¢_ aE=s =l¢_ll zmaz am al IIZ _ a¢ Im _ I I a_ al_ I II

Resin Effective Range

Nuclide CFR (uCi/cm 3) (F/cm_-s) (CFR/crn_-s) (cn_/s) Index (Ci_/r) (CktnP-yf) (Q=R/lt } (OF_

Mn54 ,_ 2.00E-03 3.80E-01 < 1.02E-101o 1,3_E-12 2.76E-12 6_0E-14 Io ,: 8.00E-11 > 1.OIE+01 to 1.32E+01 3,471E-05lo 4.1¢]E-07 2.OIE--O_tD ___-O4 1.SIE-IDQ 8_72E+00
Fe55 .... • _70E+00 2.84E-12 to 5.88E-15 O.00E+00 3.3(E-18 Iio 1.20E-15 1,49E+01 to 1.75E+01 (L871E-06to 1.42E-08 3.9"/E-0_ 11o 8_2E-06 O.OOE+00 O.00E+00

C(:d_ 5.1(_--02 5.19E+00 2.05E--00 to 1,93E-11 7.05E--11 9.80E--11 to 2.20E-00 8,70E+00 to 1.00E+Ot 9.53E-OQIo 8.97E-05 5.51E+0010 5_tgE-02 3.85E-01 22gE+Q2
Ni63 .... • 2.80E-01 ZI1E-(_ to 4.75E-10 0.00E+00 2.20E-0_ Io 3.60E-07 6.50E+00 lo 7.70E+00 5.2gE-O3 Io 1.1g_-04 _L0_E+O0fo 6._-(]2 Q_00E+00 I_00_+00

SrgO _a 1.50E-04 2.10E-081o 5.83_E-11 O.OOE+O0 3.30E-10 to 6.70_-0_ 7.20_+00b 9.SOE.O0 2.82_-081o 7.83_-0_ 1.03E-031o 4,53E-08 0.00_+00 O.Oa_+(]OSb12S < 7.10E 02 8.40_-03 < 8.47E-0_ to < 5.78E-10 9.81E-11 < 1.50E-0_ to < 9.OOE-Oe > 7AOE+O0 Io 8.50E+00 6,37E-05 Io ,IL35E--O_ 3.eEE-O_ to ?.StE-03 S.3_E-01 3.1OE+(_
Cs137 • 4.00E-03 3.00E-02 < 5.1_E-!01o 8._E-t3 5.53E-t2 4.30E-14 to < 1.80_-10 > 1.04E+01 Io 1.34E+01 1.3_E-O_lo 1.81_-0_ 8.a_E-0311o 1,04E-05 3.(_E-_2 1.74E+01
Pu241 .... ii 3.50E-02 < 1.3_E-lOto < 5,72E-13 O.OOE+O0 < 3.20E-14 to < 2.90E-12 • 1,15E+01 1o > 1.35E+01 4.33E-061o t.TgE-O_ 2.50E-031o 1.04E-05 O.OOE+O0 Q.O0_+O0
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TId_ _ Radionucfideleach-testresultsforIndianPoint-3LOMI waste forms. _", i il i i , m ,i i

IndhnPd_-3 LOll

PO Sudm:eAm tcnV') t.7_E+Oe
Tol t_ (deya4 e.?eE+m

F,)
m mmmmm mmmmm m mm Imlm man mmmJm mmlmmamm mm mmamamammammmmmmm m mmmmm mmmmmm m m mammm mmmmmm mmmmmmmmmmm m mmmmmmm ammm mmmmm mmamammm mmmm mmmmmms mmm mJm mmm mmmm m mmmmammm mammm mam •

R_n Bmm_m Rmnp

Ni63 -----..-It) 4.80E+430 3.24E-lifo 8.61E-14 0.00E+m 3.30E-lSto 1_-13 l_-t.Otto 1._+0t 1.33E-04ko 3.54E-.,Q_ 7.78E--_o _71_--04 O.0(E_+Q0 _
S_gO ----b 1.30E---04 1.g(_--GSIo 4_3E-11 O.OOE+O0 S.lOE-lOto g,OOE-(]_ 8.00E+ODto 9.3(E+00 _.11E--O_to 5.37E--08 124E-O4to 11(-08 0.0_+00 O.O_E+OO
Sb125 -----_ g.30_-04 < 4.1_S-lOto< 1_-12 0.00E44]0 < ?.O0E-131o< 3,3QE-10 > g.50E+GOto> 1.22E+OI 3.29E-C0'to 1.00E--00 1J_--O41o SJISE-_g' O.OOE.I.O2OJ00E+O0
Cz137 I.(X]E+O_ 1_14E-01 1.?3E--G8Io 1.711:-10 7._-10 4._OE-OB1o 4.10E-(_ 6.40Et-G)to ?.4(]E+O0 lJ_--(_to IJ_SE--G6 1.i_E+OOto 1.14E-(]E 4,20E.i,_D 2.4_E4418
Pu241 --------b 4.g0E-0E < 2._GE-tOto< 1.0Q_-13 OJ00E-I-Q0< 1.2(]_-14to'_ 8,10E-12 > 1.11E+OIto> 13GE4.OI 1.00E-OSto 6.79E-(_ 5.80E-.-_ID 3,97E-0B OJ00E+G) GOOE+00

mm mmm mm mtmqmmm mmmmmmmm mmmm_m mmm mmm mm mmmmmmmlmmmmmmmmmmmm m _mmlm mmmm mmlmmm mm mm m mm m mmm mmmmt m mm mm mm_mm mm m _mm mmmmm m mmmam m m m m _m mlm mmmm m _m m m mmmmlm mm_mmmm_mammmmmmmammm m amm am _m_mm _m_m_m •
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Table E-5. Stable metal leach-test results for waste forms.

_- 1F201 GoOlW IdOR Cooper CR PIIodm IndianPotnt- 3

LeactmteV_ (cn_) 1.15E+03 1.64E+03 1.73E+(]O 1.73E+03 1.71E+0_
Samp_ Volume(cn_ 9.35E+01 1.40E+02 1.50E+02 1._1E+02 1.50E+02
Sudl_ Ajrea(cma) 1.15E+02 1.04E+02 1.73E+02 1.73E +02 1.71E+02

9.20E+01 9.20E+01 4.84E+01 8.70E+u;
Total time(dWs) 8 33E-02 .................................

n shin s s a ssasmnsmssssm sans sun mnsssssam : IlK_1_ I airnailI l l lilt( I libI I naasI alitI Iltl airI artlair I alltI I-- I _ m-- I n I In I I mI Ill
Ft_ Film
c.on,-, om.st_ Le,u:tv,b_

Etement CFR (.Wen_ (F/end-s) p:F_/cn_-s) (cn_) tnde,t (Sgq _ (On_gr)

Idillstone- 1
F201

< 4.16E-04 _L50E+02 < _OOE-lOilo < 1.10E-12 _03E-10 < 1.5i0E-13 to < 1.40E-11 • 1.08E+01 to > 1_mOE+01 _94E-021o 1_1E-04 &I(E+01 to 1.14E-01 1.82E+00 1_
Iroo < [51E-06 [_+03 < _L_--11 lio • (L_-14 _--11 • _30E--16 to < [30E--14 > 1._+01 10 > 1._1E+01 SJlOE[-40_lio 1_-04 _44D1 to 1.11E-01 |.$_-01 _+01
Col:mlt ,( 4.55E--0_ 1.(IOE.O1 4:fi.50E-06 Iio < 1.20E-10 S.50E-0O < 1.80E-O0 to < 1o70E-O7 > 6.80E+00 rio> 8.80E+00 2.IiOE-O1 Io 6.52E--O4 2JDKE4,02to 5.R--01 2.00E4-0R 1.7"JE+O5
Nickel S_0E-04 _..10E+03 6.30E-1011o 4.00E-12 0.28E-I0 2.70E-12to ?.00E-11 1.OIE+O1to 1.10E+OS 4.4gE-Olto 2.85E-08 3.90E+0_11o 2.48E.00 2.20E+00 1.90E+06

Coop4r bl_

N/A ---.-it .... • O.00E+O0 -----a ------a O.00E+00to O.00E.00 O.00E+O01o O.I)0E+00 O_00E+OO O.00E.OO
Iron < g.54E-04 5.20E+02 b < 3.30E-06 Io < 1.20E-10 ?.32E-13 < 3.40E-13 11o< 2.30E-11 > 1.9_E+O1 to > 1.25_+O1 1.31E+O1 to 4.78E-0_ 8.OIE+0_ 1o 2.91E+01 3LTgE-O_ 2.31E+00
Cobalt N/A < 1.5d_+01 --------la 0.00_+00 .... at ---.--it 0.00_+_Olo 0.00E+00 0.00E+001o O.00E+00 0.00_+00 O.OOE4-00
Nictmi ( 3.52E-02 7.40E+O1 b !.30E-08 Io < 4.20E--(_ 2.70_-11 < 4.30E[-10 k:) 4:9.28E-07 7.00_+00 Io > 9.40E+00 7.37_+O1 Io 2.31_-01 4.4g_+04 Io 1.4SE+I0_ 1.41_-01 _4,O1

Coo_ Cdon

C_ < S.50_-02 100E.i_ 7.60_-061o (L,fd)E-10 4.04E-11 1.10E-111o 1.iX)E-06 (L00E.t,0Oio 1.10E+O1 |.97E+091o 1.00_-O1 1.14E+001o 9.72E+O1 2.21E-O1 1.28E+0_
_i_ Iron < 1.39E-01 1.10E+O4b 1.90E-05to 1.00_-10 1.01E-10 ,: 9.00E-13to 6.70E-06 5.20_+00to > 1.32E+01 1.80E.05i0 1.71E4-(]0 1.O4E+08iio 9.82E4.0_ 5.5_E-O1 3.t9_44)2

Cobalt < 7.15E--02 6.00E+01 6.80E-00fo ,: 4.GOE[-00 5.20E-11 < 9.62E-001io ?.90E-O7 6.10E+00to > 9.21_+00 3.42_+02to 2.54E-01 1.97E+0Siio 1.47E4-O2 2.84E-01 1.04E+(]_
Nk::kel 7.60E-02 1.20E+03b 1.00E-0511o 2.90E-10 S.$8E-11 2.10E-12to 2.00E-06 S.Tt_+00to 1.17E+O1 1.04E+041o 3.O0_--01 5.00E+O6to 1.74E+0_ 105E-O1 1.70_44D_

ruo,*m

Ckodum N/A .... • .... • 0.0(f.00 -----t ----I 0.tlf+001o 0.00[+(30 O.00E._001o O.00E+00 O.00S.00 0.0(_+00
iron N/A 1.10E+0_ < ILSOE-12 to ,: 1.80E-I0 0.00_+00 < IZ97E-14 to < 9.10E-11 > 1.20E+Ot io > 1.40E+O1 8.38E-0_ k, 1.77E-01 4.84E+0010 1.0_._0_ O.00E+00 O.0(_+00
Cobalt N/A 9.00E+00 < 4.90E-00to < t.80E-10 0.00E+00 < g.32E-06to < 9.34E-06 > &50E+O0to > &50E+00 421E-02to 1.55E-03 Z44E+01 to 8.95E-O1 O.00E+00 O.00E+O0
Nickel N/A 1.40E+_Q 1.00E-061o S.30E-10 O.OOE+00 2.70E-08to 4.00E-07 6.3K]E+0Oto ?.00E+00 1.25E+00to 6.65E-0_ 7.25E+O2to 3.84E+01 O.00E-t.CO O.00E+00

Ind_ Polnt-3

Chromk,m_ < 1.29E-O3 9.00E+01 < 1.10E-00 to < 2.10E-12 1.(X_-12 < 9.20E-I I to ¢ 9.23E-00 > 9.COE+00 to > 1.17E+O1 8.40E-02 to 1._-04 4.97E+Ot llo 9.48E-O2 5.42_-O3 3.17E+00
Iron 4.40E-04 (L00E+0Q 3.00E-12to < 2.00E-13 3.42_-13 < 9.37E-13to 1.80E-11 1.07E+01 to > 1.34E+01 2.04E-0_io 1.0,liE-04 1.19E+O0to 9.00E-02 1.85E-0_ 1.USE.t.O00.0_+00 to O.00E+00 O.OOE+O0to 0.00E+00 O.00E+00 0.00E+O0

co.. ./, < ,_0_+o, .... • __ __+_ -.-._T',_, _ ,o -_0o_, ,,,_+o, _=_-o,_, z_-os ,_0_+o_, ,_+0o _-0o _,_,o
N" . -03 7.10E+Q2 1_-C10 to dLlOk:--lZ 1._ll=--t_ -._-- . . . . . . . .
_i'_el ...... I_E_ .....................................................................................................

:2: N/_ u,.,w,...,u, v,,m,no*_



;>

Z T_ E=6. Acid leach-test results for waste forms.C
_[_ Millsm- 1F201 Cooper MBR Coopm CR Pilgrim Indian Po_nt-3 MBstone- 1 F33 Peach Bo4/nm =3

iml.L'I"J 1.eoE+os
Leacham Volume (crn_ 1.15E+03 1.64E+03 1.73E+03 1.73E+03 1.71E+O3 1.07E +03 X

SampleVolun'm(c:_ 9.3,5E+01 1.48E+0_ 1.58E+02 1.64E+0_ 1.5_E+02 8.4gE+01 1.58E+(]2
SurfaceArea (c:n_ 1.15E+02 1.84E+02 1.73E+02 1.73E+02 1.71E+Q2 1.O7E+02 1.00E.02 _J9.20E+01 9.20E+01 4.84E+01 8.70E+01 9.20E +01 9.51E+01
Total 01metdam; 9.20E+01 =========================================================

_--=-J-w = HI I ]1]_ III = IN I J
_ _:mS== n m=u:mmm_n nnn=z8 8nnnnln nun n n 8In Js n_, nnJmnm I n =nu:n as n:unB

Con_ D_,_ty Luch,a_ (CFP,#r) (O:R/m_yf)

m, Acid CFR (ug/orn_ (Flcm2.s) (CFRIcr_-s) (cnWs) Indu (gNr) (g,_P-yr}

MILLSTONE- 1F33
Oxalic 2.40E-02 7.40E+00 2.g0E-00to 3.90E-12 2.82E-11 2.20E-12to 4.40E-10 g.40E+O01o 1.17E+01 6.15E-031o 8.271E-06 5.75E+001o 7.73E-03 9.53E-02 8.gOE+Ol
CiUic 1.40E-02 6.30E+00 4.70E-10to 7.70E-12 1.1_E-11 5.30E-12to 6.00E-10 9.20E+OOto 1.13E+01 8.4gE-04to 1.3gE-05 7.93E-011o 1.30E-02 S.58E-Q2 5.19([+O1
EDTA 2.30E-01 6.10E+00 S.60E-0Gto 1.00E-10 2.70E-10 1.30E-00to 2.4OE-08 7.80E+OOIo 8.g0E+O0 9.79E-03to 1.75E-O4 9.15E+00to 1.63E-01 9.13E-01 8.53E+(]Q

MILLSTONE- 1F201
Oxalic ---b 7.40E+00 1.00E-09to 1.aOE-10 O.00E+00 2.60E-10to 4.10E-10 9.4OE+OOIo 9.aOE+OO ZSIE-031o 4.02E-04 2.18E+001o 3.4gE-O10.OOE+OO O.00E+O0
Citric ---b 6.30E+00 1.60E-10to 5.70E-11 ().00E+O0 1.00E-11 to 5.2CE-10 9.30E+00to 1.10E+01 3.42E-O4to 1.22E-G4 2.97E-Ollo 1.0eE-O1 0.00E+QO O.0GE+O0
EDTA ---b 6.10E+O0 2.,50E-0Olo 6.00E-10 0.00E+00 2.50E-OQto 1.30E-08 7.gOE+0Oto 8.60E+00 5.17E-O3to 1.24E-03 4.SOE+OOto 1.08E+00 0.OGE+O0 O.0QE+00

PEACH BOTI'OM-2 4.29E-CG to 9.49E-06 2.54E+O0 to 5.61E-O3 6.91E-02 4.0gE+O1
Oxalic 1.80E-02 5.91E+00 8.60E-10 Io 1.gOE-12 1.3(_-11 1.80E-12 to 3.(_0E-10 9,40E+00 to 1.17E+01
Citric 2.20E-0Q 5.08E+00 2.(XE-0Oto 2.00E-12 1.58E-11 2.10E-12to 1.90E-0_ 8.70_+001o 1.17E+01 8.58E-0Oio 8;58E-C_ S.08_.+OOto 5.08_-O3 8.451E-02 S.00_+O1
EOTA 7.10E-02 4.90E+00 1.50E-0_to 2.20E-12 5.11E-11 2.40E-12to 7.40E-09 8.10E+00to 1.16E+O1 6.21E-O3to 9.11E-08 3.67E+001o S.3gE-03 2.'r3E-01 1.61E+02

COOPER(MBR) 3.84E-01 Io 2.48E-O4 2.34E+rOto 1.51E-01 3.97E-02 2.42E+01
Oxalic 1.00E-0Q 1.62E+00 3.10E-07to 2.0OE-10 7.67E-12 1.60E-12to 1.50E-0_ 8.80E+00k) 1.18E+01

Citric 8.40E-03 2.50E+00 3.30E-OTto 9.80E-11 6.44E-12 4.80E-131o 1.70E-0G 8.80E+00k) 1.23E+01 6.31E-O11o 1.87E-04 3.85E+02to 1.I4E-01 _L33E-0_ 2.03E+O1

COOPER (CR) ---a O.00E+00 !o O.00E+00 0.OOE+00 to O.OOE+O00.00E+00 O.OOE+00
Oxalic -- -a 2.70E +00 ---a -- -a 0.00E+00 - - -a - - -a ---a
Citric ---b 9._)E+00 ---b ---b 0.00E+00 5.00E-08to 2.g0_-07 6.50E+00to 7.30_+00 0.00E+00to 0.00E+O0 O.00E+001o 0.00E+00 0.00E+00 0.00_+00

PILGPJM 6.5_E-0QIo 3.151E-04 3.7gE+01 to 1.82E-01 2.52E+00 1.48E+03
Oxalic 3.40E-01 2.93E+00 2.50E-08to 1_0E-10 4.70_-10 2.30E-08to 2.90E-07 6.50E+00to 7._0E+00
Citric 4.00E-01 3.00E+00 4.40E-OSto 3.30E-11 5.53E-10 3.20E-081o 2.40E-06 5.80E+001o 7.50_+00 1.18_-01 to 8.87E-05 6.84E+O1 to 5J3E-02 3.n_l=+00 1.741_+0_
EDTA 1.00E+O0 3.70E+00 8.90E-OSto 4.70E-11 1.38E-OG 1.90E-07to 4.7OE-06 5.30E+0Oto 6.70E+00 2.29E-O1to 1.56E-04 1.32£+021o 9.01E-02 7.55E+00 4.38E+O3
OTPA 3.30E-01 3.(_2E+00 9.90E-09to 1.30E-10 4.515E-10 7.60E-0_to 1.60E-07 6.80E+001o 8.10E+00 3.21E-O2to 4.22E-04 1.86E+Olto 2.44E-O1 2.49E+GO 1.44E+0_

o : • : : : : : • _ .Pk_o_Ic _ • * -- " * ..... ============================ ==== ::===== =¢ :m._.== :===== ==: :Is

•, Acid w_s notdet_cled in leachale samples.
b. Not all leachate samples wero analyzedfor thisorganicacid



Table E-7. Leachtest resultsforBrunswick-1cation resin waste-formspecimen leachedin deionizedwater,a

Sample ID: Cation-D (Deionized water with pH 7.0) Pu-241/Metals CumulativeLeachTime: 9,09E+01 days

Leachata Surface RadionuclideCumulative
Volume: 2.30E+03 cms Area: 2.30E+02 cmz LeachTime: 3.88E+02 days

Average
Effective
Diffusivity Leachability

Nuclide CFR (uCi/cm=.s) (CFR/cm=.s)b (cm=/s) Index (Ci/yr) (Cilm=.yr) (CFFUyr) (CFR/m=°yr)

Mn54 1.20E-04 6.00E- 11 1.55E- 14 2.0OE- 14 1.50E+01 4.36E-07 1.89E-04 1.13E-04 4.90E-03
Fe55 2.60E-04 c 1.00E-09 3.37E- 14 1.00E- 13 1.60E+01 7.27E-06 3.16E-03 2.45E-04 1.06E-02
Co58 < 3.00E-03 < 2.20E-10 3.89E-13 < 6.50E-12 > 1.18E+01 1,60E-06 6.94E-04 2.82E-03 1.23E-01
Co60 8.50E-05 1,90E-10 1.10E-14 1.00E-14 1.53E+01 1.38E-06 6.00E-04 8.00E-05 3.47E-03
Ni63 3.50E-04 c 9.00E-11 4.53E-14 5.00E-14 1.45E+01 6,54E-07 2.84E-04 3.29E-04 1.43E-02
Zn65 < 4.50E-04 < 2.10E-11 5.83E-14 < 1.30E-13 > 1.34E+01 1.53E-07 6.63E-05 4.24E-G4 1.84E-02
Sr90 6.50E-02 3.00E-10 8.42E-12 1.00E-08 1.10E+01 2.18E-06 9.47E-04 6.12E-02 2.66E+00
Sb125 < 5.80E-03 < 1.20E-11 7.51 E-13 < 1.80E-11 > 1.12E+01 8.72E-08 3°79E-05 5.46E-03 2.37E-01
Cs134 < 2.10E-02 < 1.00E-11 2.72E-12 < 2.80E-10 > 1.01E+01 7.27E-08 3.16E-05 1.98E-02 8.58E-01
Cs137 1.20E-02 1.80E-10 1.55E-12 7.00E-11 1.07E+01 1.31E-06 5,68E-04 1o13E-02 4.90E-01

,_ Pu241 .... d < 1.30E-12 0.00E+00 < 1.30E-13 > 1.29E+01 9,45E-09 4.10E-06 0.00E+00 0.00E+00
i,,.=

" Metal (ug/cm=-s) (uglyr) (ug/ms• yr)

Chromium < 4.10E-03 < 3.30E-06 2.27E-12 < 6.00E-12 > 1.17E+01 2.40E+04 1.04E+07 1.65E-02 7.15E-01
Iron 1.80E-03 1.00E-05 9.95E- 13 2.00E- 12 1.27E+01 7.27E+04 3,16E+07 7.23E-03 3.14E-01
Cobalt < 4°30E-02 < 1.60E-05 2.38E-11 < 5.40E-10 > 9.60E+00 1.16E+05 5.05E+07 1.73E-01 7.50E+00
Nickel < 9.80E-03 < 1.30E-05 5.42E-12 < 2.80E-11 > 1.09E+01 9.45E+04 4.10E+07 3.94E-02 1.71E+00

a. Resultsare for onlythe first90 days of leaching.
b. Fractionof initialinventoryreleasedper squarecentimeterof specimensurfacearea per second.
c. Not all leachatesampleswere analyzedfor thisradionuclideor metal. CFRvalue was estimated by

interpolatingmeasured incrementalreleaserates.
d. Only the leachatecorrespondingto leachingintervalnumber three was analyzedfor Pu-241. Leaching

_Z resultsare thosedeterminedfor leachingintervalnumberthree,
C

m



Z Table E-8. Leach test results for Brunswick-1 cation resin waste-form specimen leached in synthetic Bamwell groundwater with pH 10.4.s .:_

Bamwel groundwater Pu-241/Metals Cumulative _..
Sample ID:

withCati°n-BpH10.4)(Synthetic LeachTime: 9.10E+01 days X
Leachate Surface RadionuclideCumulative L'z'J

p0 Volume: 2.32E+03 cms Are,," 2.32E+02 cm2 Leach Time: 2.01E+02 days

AverageEffective
Diffusivity Leachability

Nuclide CFR (uCi/cm=.s) (CFR/cm=.s)b (cm=ls) Index (Cilyr) (Ci/m=-yr) (CFR/yr) (CFR/m='yr:

Mn54 < 1.30E-05 < 1.30E-11 3.22E-15 < 1.80E-16 > 1.64E+01 9.53E-08 4.10E-05 2.36E-05 1.02E-03
Fe55 5.10E-05 c 9.00E-11 1.26E- 14 5.00E-16 1.58E+01 6.60E-07 2.84E-04 9.27E-05 8.99E-03
Co58 < 2.20E-03 < 2.30E-10 5.45E-13 < 7.40E-12 • 1.19E+01 1.69E-06 7.26E-04 4.00E-03 1.72E-01
Co60 1.10E-05 2.70E-11 2.73E-15 8.00E-17 1.66E+01 1.98E-07 8.52E-05 2.00E-05 8.60E-04
Ni63 5.80E-04 c 5.00E- 10 1.44E- 13 3.00E- 13 1.36E+01 3.67E-06 1.58E-03 1.05E-03 4.54E-02
Zn65 < 2.90E-04 < 1.70E-11 7.19E-14 < 9.30E-14 • 1.36E+01 1.25E-07 5.36E-05 5.27E-04 2.27E-02
St90 4.20E-02 c 7.00E- 12 1.04E- 11 1.40E- 10 1.12E+01 5.13E-08 2.21E-05 7.63E-02 3.29E+00
Sb125 < 5.70E-03 < 1.70E-11 1.41E-12 < 3.20E-11 • 1.10E+01 1.25E-07 5.36E-05 1.04E-02 4A6E-01
Cs134 < 2.10E-02 < 1.50E-11 5.21E-12 < 5.30E-10 • 9.90E+00 1.10E-07 4.73E-05 3.82E-02 1.64E+00
Cs137 1.10E-02 2.30E-10 2.73E-12 8.00E-11 1.05E+01 1.69E-06 7.26E-04 2.00E-02 8.60E-01

,L_ Pu241 .... d < 1.50E-1 2 0.00E+00 < 1.70E- 13 • 1.28E+01 1.10E-08 4.73E-05 0.00E+00 0.00E+00
to

Metal (ug/cm2°s) (ug/yr) (ug/ms-yr)

Chromium < 1.80E-02 c < 1.40E-05 9.86E-12 < 1.10E-10 • 1.05E+01 1.03E+05 4.42E+07 7.22E-02 3.11E+00
Iron < 6.50E-03c < 1.10E-04 3.56E-12 < 3.60E-11 • 1.07E+01 8.06E+05 3.47E+08 2.61E-02 1.12E+00
Cobalt < 2.10E-01 c < 7.30E-05 1.15E-10 < 1.50E-08 • 8.10E+00 5.35E+05 2.30E+08 8.43E-01 3.63E+01
Nickel < 4.90E-02 c < 5.80E-05 2.68E-11 < 8.00E-10 • 9.40E+00 4.25E+05 1.83E+08 1.97E-01 8.47E+00

a. Resultsare for onlythe first90 days of leaching.
b. Fractionof initialinventoryreleasedper square centimeterof specknenrurface area per second.
c. Not all leachatesampleswere analyzed forthis radionuclideormetal. CFR valuewas estimatedby

interpolatingrne_st_ed incrementalreleaserates.
d. Onlythe leachatecorrespondingto leaching intervalnumberthree was analyzed for Pu-241. Leaching

resultsare thosedeterminedfor leaching intervalnumberthree.



Tab|e E-9. Leach test results for Brunswick-1 cation resin waste-form specimen leached in synthetic Barnwell groundwater with pH 4.2.a

Sample ID: Cation-L (Synthetic Bamwell ground water Pu-241/Metals Cumulative
withpH 4.2) LeachTime: 9.10E+01 days

Leachate Surface RadionuclideCumulative
Volume: 2.17E+03 cms Area: 2.17E+02 cm2 LeachTime: 2.01E+02 days
_.= _,,__ _.__._ ._-_--._ _ _ _ _._-. _ -- _,,._- _ _ __ .,_._ _ _,,_- _ _ _-_._- _._- _- _ _._. _ __--- _,_. _ _ _- _ __ _-_._-_- __ __ _ _-_._---_ _ _._---._ ---_ _--._ ,_---_ ....

Average
Effective
Diffusivity Leachability

Nuclide CFR (uCilcm=.s) (CFR/cm=.s)b (cm2/s) Index (Ci/yr) (Ci/mS-yr) (CFR/yr) (CFR/mS'yr)

L- ,-, ¢.- rtl_

Mn54 < 8.20E-06 < 6.70E-12 2.18E-15 < 3.50E-17 > 1.69E+01 4.oo_.-,,v 2.11E-05 1.49E-05 6.88E-04
Fe55 2.20E-05 c 2.00E- 11 5.85E- 15 9.00E- 17 1.66E+01 1.37E-07 6.31E-05 4.00E-05 1.85E-03
Co58 < 2.60E-03 < 2.60E-10 6.92E-13 < 4.30E-12 > 1.19E+01 1.78E-06 8.20E-04 4.72E-03 2.18E-01
Co60 7.60E-06 1.90E- 11 2.02E- 15 2.00E- 17 1.70E+01 1.30E-07 6.00E-05 1.38E-05 6.38E-04
Ni63 4.60E-04 c 1.70E-10 1.22E-13 9.00E-14 1.36E+01 1.16E-06 5.36E-04 8.36E-04 3.86E-02
Zn65 < 3.50E-04 < 1.40E-11 9.31E-14 < 8.40E-14 > 1.37E+01 9.57E-08 4.42E-05 6.36E-04 2.94E-02
St90 9.90E-04 c 3.00E-12 2.63E- 13 5.00E-13 1.30E+01 2.05E-08 9.47E-06 1.80E-03 8.31E-02
Sb125 < 5.40E-03 < 1.10E-11 1.44E-12 < 1.70E-11 > 1.13E+01 7.52E-08 3.47E-05 9.81E-03 4.53E-01
Cs134 < 2.30E-02 < 1.00E-11 6.12E-12 < 3.10E-10 > 1.01E+01 6.83E-08 3.16E-05 4.18E-02 1.93E+00
Cs137 1.10E-02 2.00E-10 2.93E-12 8.00E-11 1.07E+01 1.37E-06 6.31E-04 2.00E-02 9.23E-01

Pu241 .... d 8.00E-13 O.OOE+O0 4.70E-14 1.33E+01 5.47E-09 2.52E-06 O.OOE+O0 O.OOE+O0

_'_ Metal (ug/cm2• s) (ug/yr) (ug/m=°yr)

Chromium < 2.30E-02c < 1.50E-05 1.35E-11 < 1.20E-10 > 1.03E+01 1.02E+05 4.73E+07 9.23E-02 4.26E+00
Iron < 7.10E-03 c < 1.10E-04 4.17E-12 < 3.30E-1 "_ > 1.08E+01 7.52E+05 3.47E+08 2.85E-02 1.32E+00
Cobalt < 2.50E-01 c < 7.60E-05 1.47E-10 < 1AOE-08 • 8.20E+00 5.19E+05 2.40E+08 1.00E+O0 4.63E+01
Nickel < 5.70E-02c < 6.00E-05 3.35E-11 < 7.20E-10 • 9.50E+00 4.10E+05 1.89E+08 2.29E-01 1.06E+01

a. Resultsare foronly thefirst90 days of leaching.
b. Fractionof initialinventoryreleasedper square centimeterof specimensurface area per second.
c. Not all leachate sampleswere analyzedforthis radionuclideormetal. CFR value wasestimatedby

interpolatingmeasuredincrementalreleaserates.
d. Onlythe leachatecorrespondingto leachingintervalnumberthree wasanalyzed for Pu-241. Leaching

_Z resultsare thosedeterminedfor leachingintervalnumberthree.
C
_o

>_"



waste-form specimen leached in synthetic Hartfordgroundwater with pH8.9. a P
Z Table E-IO. Leach test results for Brunswick-1 cation resin
C =_
_I Pu-241/Metals Cumulative
_J Sample ID: Cation-H (SyntheticHandfordground water LeachTime: 9.03E+01 days X
C'_ withpH 8.9) L'I"J

Leachate Surface RadionuclideCumulative
_¢I Volume: 2.20E+03 cm= Area: 2.20E+02 cm= LeachTime: 2.00E+02 days

= ..___.._._._..._. = = ___._. = = = = ____ .._. ====================================================

t,_ Average
Effective
Diffusivity Leachability

Nuclide CFR (uCilcm=,s) (CFFUcm=,s)b (cm=/s) Index (Ci/yr) (Ci/m3,yr) (CFR/yr) (CFR/mS'Yr)

Mn54 < 1.30E-05 < 9.50E-12 3.42E-15 < 2.00E-16 > 1.67E+01 6.60E-08 3.00E-05 2.37E-05 1.08E-03
Fe55 2.30E-05 c 3.00E-11 6.05E-15 < 3.00E-16 1.67E+01 2.08E-07 9.47E-05 4.20E-05 1.91E-03
Co58 < 2.20E-03 < 2.30E- 10 5.79E- 13 < 2.70E- 12 > 1.21E+01 1.60E-06 7.26E-04 4.02E-03 1.83E-01
Co60 1.20E-05 2o00E-11 3.16E-15 1.00E-16 1.69E+01 1.39E-07 6.31E-05 2.19E-05 9.96E-04
Ni63 1.20E-03 c 1.00E-09 3.16E-13 8.00E-13 1.40E+01 6.94E-06 3.16E-03 2.19E-03 9.96E-02
Zn65 < 3.30E-04 < 1o30E-11 8.68E-14 < 5.00E-14 • 1.38E+01 9.03E-08 4.10E-05 6.03E-04 2.74E-02
Sr90 1.40E-03 c 2.00E- 12 3.68E- 13 1.00E- 12 1.29E+01 1.39E-08 6.31E-06 2.56E-03 1.16E-01
Sb125 < 5.40E-03 < 1.20E- 11 1o42E-12 < 1.50E- 11 • 1.13E+01 8.33E-08 3.79E-05 9.86E-03 4.48E-01
Cs134 < 1.90E-02 < 1.00E-11 5.00E-12 < 2.10E-10 • 1.03E+01 6.94E-08 3.16E-05 3.47E-02 1.58E+00
Cs137 1.20E-02 3.00E-10 3.16E-12 9.00E-11 1.08E+01 2.08E-06 9.47E-04 2.19E-02 9.96E-01

,[_ Pu241 ---d 1.20E-12 O.OOE+O0 1.20E-13 1.29E+01 8.33E-09 3.79E-06 O.OOE+O0 O.OOE+O0
._ (ugh/r) (ug/m=-yr)

Metal (uglcm=-s)

Chromium < 2.20E-02c < 1.50E-05 1.28E-11 < 1.10E+10 • 1.03E+01 1.04E+05 4.73E+07 8.90E-02 4.04E+00
Iron < 1.20E-02 c < 1.10E-04 6.99E- 12 < 3.00E- 11 • 1.09E+01 7.64E+05 3.47E+08 4.85E-02 2.21E+O0
Cobalt < 2.40E-01 c < 7.40E-05 1.40E-10 < 1.30E-08 • 8.20E+00 5.14E+05 2.34E+08 9.71E-01 4.41E+01
Nickel < 5.60E-02c < 5.90E-05 3.26E-11 < 6.80E-10 > 9.50E+00 4.10E+05 1.86E+08 2.27E-01 1.03E+01

a. Resultsare for onlythe first90 days of leaching.
b. Fractionof initialinventoryreleasedper squarecentimeterof specimen surfacearea per second.
c. Not all leachatesampleswere analyzedfor thisradionuclideor metal. CFRvalue was estimatedby

interpolatingmeasured incrementalreleaserates.
d. Only the leachatecorrespondingto leachingintervalnumberthree was analyze¢lfor Pu-241. Leaching

resultsare those determinedfor leaching intervalnumberthree.



Table E-11. Leach cost results for Brunswick-1 cation resin waste-form specimen leached in synthetic seawater with pH 6.4.a

Sample ID: C,ation-S (SyntheticseawaterwithpH 6.4) Pu-2411Metals Cumulative
LeachTime: 9.10E+01 days

Leechate Surface RadionuclideCumulative
Volume: 2.20E+03 cms Area: 2.20E+02 cm2 LeachTime: 2.01E+02 days

Average
Effective
Diflusivity Leachability

Nuclide CFR (uCi/cm2.s) (CFR/cm_.s)b (cm2/s) Index (Ci/yr) (Ci/mS-yr) (CFR/yr) (CFR/mS'yr)

Mn54 < 1.10E-05 < 9.60E-12 2.88E-15 < 1.40E-16 > 1.65E+01 6.66E-08 3.03E-05 2.00E-05 9.09E-04
Fe55 .... c .... c O.OOE+O0 .... c ..... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Co58 < 3.20E-03 < 4.70E-I0 8.38E-13 < 2.00E-11 > 1.17E+01 3.26E-06 1.48E-03 5.81E-03 2.64E-01
Co60 1.90E-05 1.IOE- 10 4.98E- 15 1.00E- 15 1.64E+01 7.63E-07 3.47E-04 3.45E-05 1.57E-03
Ni63 .... c .... c O.OOE+O0 .... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Zn65 < 3.40E-04 < 1.90E-11 8.90E-14 < 1.80E-13 > 1.35E+01 1.32E-07 6.00E-05 6.18E-04 2.81E-02
St90 .... c ..... c O.OOE+O0 .... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Sb125 < 5.70E-03 < 1.20E-11 1.49E-12 < 2.50E-11 > 1.10E+01 8.33E-08 3.79E-05 1.04E-02 4.71E-01
Cs134 2.90E-02 1.80E-11 7.59E-12 9.00E-10 9.70E+00 1.25E-07 5.68E-05 5.27E-02 2.40E+00
Cs137 1.50E-02 3.00E-10 3.93E-12 1.80E-10 1.03E+01 2.08E-06 9.47E-04 2.73E-02 1.24E+00

Pu241 .... d 2.10E-12 O.OOE+O0 3.40E-13 1.25E+01 1.46E-08 6.63E-06 O.OOE+O0 O.OOE+O0
ut

Metal (ug/cmz°s) (ug/yr) (ug/ms°yr)

Chromium 8.10E-02 4.00E-05 4.68E- 11 1.30E-09 9.10E+00 2.78E+05 1.26E+08 3.25E-01 1.48E+01
Iron < 1.30E-02 < 1.30E-04 7.52E-12 < 5.40E-11 > 1.06E+01 9.02E+05 4.10E+08 5.22E-02 2.37E+00
Cobalt < 2,60E-01 < 8.80E-05 1.50E-10 < 2.30E-08 > 7.90E+00 6.11E+05 2.78E+08 1.04E+00 4.75E+01
Nickel < 5.90E-02 < 7.00E-05 3.41E- 11 < 1.20E-09 > 9.20E+00 4.86E+05 2.21E+08 2.37E-01 1.08E+01

a. Resultsare for onlythe first90 daysof leaching.
b. Fractionof initial inventoryreleasedper squarecentimeterof specimen surfacearea per second.
c. Concentrationsof radionuclidein leachatesampleswere notdetermined.
d. Only the leechate correspondingto leachingintervalnumberthree wasanalyzed for Pu-241. Leaching

resultsare thosedeterminedfor leaching intervalnumberthree.

_Z e. Notall leachate sampleswereanalyzed for this radionuclideor metal. CFR valuewas estimatedby
C_ interpolatingmeasured incrementalrelease rates.

C_

g.



>,

Z Table E-12. Leach test results for Brunswick- 1 mixed-bed resin waste-form specimen leached in deionized water,a

_..
_JL'J Sample ID: Mixed-bed-D (DeionizedwaterwithpH 7.0) Pu-241/Metals CumulativeLeachTime: 9.10E+01 days x
C'} RadionuclideCumulative

Leachate Surface
_O Volume: 1.82E+03 cm3 Area: 1.82E+02 cm2 LeachTime: 3.88E+02 days

I_ Average
Effective

--" Diffusivity Leachabilty

Nuclide CFR (uCi/cm=.s) (CFR/cm=.s)b (cm=/s) Index (Ci/yr) (CihnS-yr) (CFFl/yr) (CFR/m='yr)

Mn54 < 1.70E-03 < 8.00E-11 2.79E-13 < 3.50E-12 > 1.28E+01 4.59E-07 2.52E-04 1.60E-03 8,79E-02
Fe55 1,10E-02 c 1.30E-09 1.80E- 12 9.00E-11 1.10E+01 7.47E-06 4.10E-03 1.04E-02 5.69E-01
Co58 < 9.90E-02 < 3.40E-10 1.62E-11 < 4.80E-09 > 8.70E+00 1.95E-06 1.07E-03 9.32E-02 5.12E+00
Co60 1.30E-03 4,00E- 10 2.13E- 13 2.00E- 12 1.32E+01 2.30E-06 1.26E-03 1.22E-03 6,72E-02
Ni63 3.90E-03 c 8.00E- 11 6.39E- 13 2.60E- 12 1.23E+01 4.59E-07 2,52E-04 3.67E-03 2.02E-01
Zn65 < 1.00E-02 < 2.80E-11 1.64E-12 < 4.90E-11 > 1.07E+01 1.61E-07 8.84E-05 9.41E-03 5.17E-01
St90 2.30E-01 c 1.60E-10 3,77E-11 7.00E-08 9,00E+O0 9.19E-07 5.05E-04 2.17E-01 1.19E+01

Sb125 5.60E-03 4.00E-11 9.18E-13 2,00E-11 1.12E+01 2,30E-07 1.26E-04 5.27E-03 2,90E-01 1Cs134 < 1.20E-01 < 1.50E-11 1.97E-11 < 8,80E-09 > 8.60E+00 8.62E-08 4,73E-05 1.13E-01 6.21E+00
Cs137 2.20E-01 1.60E-10 3.61E-11 3.00E-08 7.90E+00 9.19E-07 5.05E-04 2.07E-01 1.14E+01

Pu241 .... d 1.80E- 12 O.OOE+00 2.60E- 13 1.26E+01 1.03E-08 5.68E-06 O.OOE+00 O,OOE+00 I
o_

Metal/Acid (ug/cm=os) (ug/y_) (ug/m=°yr)

Oxalic 6.30E-03 1.60E-04 4.40E- 12 2.20E- 11 1.10E+01 9.19E+05 5.05E+08 2.53E-02 1.39E+00
Citric 4.00E-03 2.00E-04 2,80E-12 1.40E-11 1.15E+01 1.15E+06 6.31E+08 1.61E-02 8,82E-01
Chromium < 1.90E-03c < 3.50E-06 1.33E-12 < 1.50E-12 > 1.23E+01 2.01E+04 1.10E+07 7.63E-03 4.19E-01
Iron < 2.10E-02c < 1.60E-05 1.47E-11 < 1.50E-10 > 1.05E+01 9.19E+04 5.05E+07 8.43E-02 4.63E+00
Cobalt < 4.30E-02 c < 1.30E-05 3.00E-11 < 4.90E-10 > 9.60E+00 7.47E+04 4.10E+07 1,73E-01 9.48E+00
Nickel < 1.60E-01 c < 1,00E-05 1,12E-10 < 6.70E-09 > 8.50E+00 5.74E+04 3.16E+07 6.42E-01 3.53E+01

a. Resultsam for onlythe first90 days of leaching.
b. Fractionof initialinventoryreleasedper squarecentimeterof specimensurfacearea per second.
c. Not all leachatesampleswere analyzedfor thisradionuclideor metal. CFR valuewas estimatedby

interpolatingmeasured incrementalreleaserates,
d. Onlythe leachatecorrespondingto leaching intervalnumberthree was analyzed for Pu-241. Leaching

resultsare thosedeterminedfor leaching intervalnumnberthree.



Table E-13. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in synthetic BarnweU groundwater with pH 10.4.a

Sample ID: Mixed-bed-fl (Synthetic Bamwell groundwater Pu-241/Metais Cumulative
withpH 10.4) LeachTime: 9.11E+01 days

Leachate Surface RadionuclideCumulative
Volume: 1.79E+03 cm3 Area_ 1.79E+02 cm2 LeachTime: 2.01E+02 days

Average
Effective
Diffusivity Leachability

Nuclide CFR (uCi/cmZ.s) (CFR/cm2-s)b (cm2/s) Index (Ci/yr) (Ci/m3- yr) (CFWyr) (CFR/mSoyr)

Mn54 < 3,40E-04 < 9.40E-12 1,10E-13 < 7.70E-14 • 1.37E+01 5.30E-08 2.97E-05 6.18E-04 3.46E-02
Fe55 6.70E-04 c 7.00E- 11 2.16E-13 2.00E- 13 1.34E+01 3.95E-07 2.21E-04 1.22E-03 6.82E-02
Co58 < 9.40E-02 < 3.20E-10 3.03E-11 < 4.90E-09 • 8.80E+00 1.80E-06 1.01E-03 1.71E-01 9.56E+00
Co60 2.20E-04 9.00E-11 7.09E- 14 4.00E- 14 1.42E+01 5.07E-07 2.84E-04 4.00E-04 2,24E-02
Ni63 2.10E-04 c 6.00E- 12 6.77E-14 1.50E-14 1.43E+01 3.38E-08 1.89E-05 3.82E-04 2.14E-02
Zn65 < 9.20E-03 < 2.60E-11 2.97E-12 < 6.70E-11 > 1.08E+01 1.47E-07 8.20E-05 1.67E-02 9.36E-01
St90 6.90E-03 c 7.00E- 12 2.22E- 12 2.00E- 11 1.13E+01 3.95E-08 2.21E-05 1.25E-02 7.02E-01
Sb125 5.80E-03 8.00E- 11 1,87E- 12 3.00E- 11 1.13E+01 4.51E-07 2.52E-04 1.05E-02 5.90E-01
Cs134 < 8.90E-02 < 1.80E- 11 2.87E-11 < 6.80E-09 • 8.90E+00 1.01E-07 5.68E-05 1,62E-01 9,06E+00
Cs137 1.60E-01 2.00E-10 5.16E-11 3.00E-08 8.70E+00 1.13E-06 6.31E-04 2.91E-01 1.63E+01

Pu241 ..... d 2.00E-12 O.OOE+O0 3.10E-13 1.25E+01 1.13E-08 6.31E-06 O.OOE+O0 O.OOE+O0
-,4

Metal/Acid (ug/cm2• s) (ug/yr) (ug/m• • yr)

Oxalic 7.40E-03 3.00E-04 5.26E- 12 3,00E- 11 1.10E+01 1.69E+06 9.47E+08 2.97E-02 1.66E+00
Citric 3.60E-03 3.00E- 04 2.56E- 12 8.00E- 12 1.16E+01 1,69E+06 9.47E+08 1.44E-02 8.08E-01
Chromium < 9.50E-03c < 2.00E-05 6.76E-12 < 2.10E-11 • 1.10E+01 1.13E+05 6.31E+07 3.81E-02 2.13E+00
Iron < 9.60E-02 c < 1.50E-04 6.83E-11 < 6.30E-09 > 8.50E+00 8.45E+05 4.73E+08 3.85E-01 2.16E+01
Cobalt < 2,50E-01 c < 9.90E-05 1.78E-10 < 1,50E-08 • 8.20E+00 5.58E+05 3,12E+08 1.00E+O0 5.61E+01
Nickel < 8.10E-01 c < 7.90E-05 5.76E- 10 < 2.00E-07 • 7.00E+O0 4.45E+05 2.49E+08 3.25E+00 1.82E+02

.......... _. :___._

a. Resultsare for onlythe first90 days of leaching.
b. Fractionof initialinventoryreleasedper squarecentimeterof specimensurfacearea per second.

Z c. Notall leachatesampleswere analyzedfor this radionuclideor metal. CFR valuewas astknatedby
C_ interpolatingmeasured incrementalreleaserates.

d. Only the leachate correspondingto leachingintervalnumberthree was analyzedfor Pu-241. Leaching
C'_ resultsare those determinedforleaching intervalnumberthree. _]>"¢I

.. t'l'l



Z Ta_ E-14. Le__¢htest resultsforBmnswick-I mixed-bedresinwaste-formspecimen leachedin syntheticBarnwellgroundwaterwithpH4.2.a

Sample ID: Mixed-bed-L (Synthetic Bamwell ground water Pu-241/iVkttals Oumulative

withpH 4.2) LeachTime: 9.10E+01 days ,_.
Leachate Surface RadionuclideCumulative >_

2.05E+02 cmz LeachTime: 2.01E+02 days r13Volume: 2.05E+03 cm+ Area:
=

............... Average

-- O_y LeachaUr_y
Nuclide CFR (uCilcm2-s) (CFR/cm'-s)b (cmZ/s) Index (Ci/yr) (Ci/rrP-yr) (CFR/yr) (CFR/rrP°yr)

Mn54 < 3.00E-04 < 1.10E-11 8.43E-14 < 4.40E-14 > 1.38E+01 7.12E-08 3.47E-05 5.45E-04 2.66E-02
F655 3.20E-04 c 4.00E- 11 8.99E-14 6.00E- 14 1.45E+01 2.59E-07 1.26E-04 5.81E-04 2_1E-02
Co58 < 7.90E-02 < 2.80E-10 2.22E-11 < 2.40E-09 > 9.00E+O0 1.81E-06 8.84E-04 1.44E-01 7.00E+O0
Co60 2.50E-04 8.00E-11 7.02E-14 4.00E-14 1.42E+01 5.18E-07 2.52E-04 4.54E-04 2.22E-02
Ni63 3.10E-04 c 1.20E- 11 8.71E- 14 3.00E- 14 1.45E+01 7.76E-08 3.79E-05 5.63E-04 2.75E-02
Zn65 < 7.00E-03 < 2.50E-11 1.97E-12 < 3.20E-11 > 1.11E+01 1.62E-07 7.89E-05 1.27E-02 6.20E-01
Sr90 1.50E-03 c 2.00E- 12 4.21E-13 9.00E- 13 1.31E+01 1.29E-08 6.31E-06 ?-73E-03 1.33E-01
Sb125 6.00E-03 7+OOE-11 1.69E- 12 2.00E- 11 1.13E+01 4.53E-07 2.21E-04 1.09E-02 5.32E-01
Cs134 < 1.40E-01 < 2.70E-11 3.93E-11 < 1.50E-08 > 8.70E+00 1.75E-07 8.52E-05 2.54E-01 1_4E+01
Cs137 2.40E-01 3.00E-10 6.74E-11 1.10E-07 7.20E+00 1.94E-06 9.47E-04 4.36E-01 2.13E+01

,L_ Pu241 .... d 2.50E-12 O.OOE+O0 4.80E- 13 1+23E+01 1.62E-08 7.89E-06 O.OOE+O0 O.OOE+O0
oo

Metal/Acid (ug/cm2°s) (ug/yr) (ug/m=°yy)

Oxalic 9.03E-03 4.00E-04 5.58E- 12 5.00E- 11 1.09E+01 2.59E+06 1.26E+09 3.61E-02 1.76E+00
Citric 8,40E-03 6.00E-04 5.21E-12 3.00E- 11 1.09E+01 3.88E+ 06 1.89E+09 3.37E-02 1.64E+00
Chromium < 7.90E-03c < 1.50E-05 4.90E-12 < 1.40E-11 > 1.12E-I01 9.70E+04 4.73E+07 3.17E-02 1.55E+00
Iron < 8.30E-02c < 1.20E-04 5.15E-11 < 4.10E-09 > 8.80E+00 7.76E+05 3.79E+08 3.33E-01 1.63E+01
Cobalt < 1.90E-01 c < 7.30E-05 1.18E-10 < 9.30E-09 > 8.70E+00 4.72E+05 2.30E+08 7.63E-01 3.72E+01
Nickel < 7.80E-01 c < 6.30E-05 4.84E-10 < 1.40E-07 > 7.20E+00 4.08E+05 1.99E+08 3.13E+00 1.53E+02 .

___ =:=

a. Resultsare for only the first90 days of leaching.
b. Fractionof initialinventoryreleasedper squarecen_3eter of specimensurfacearea per second.
c. Not all leachaln sampleswere 8nalyz_l forthis radionuclideor metal. CFR valuewas estimatedby

interpolatingmeasured incrementalrelease rates.
d. Onlythe leachatecorresponding to leaching intervalmanber three was analyzed for Pu-241. Leaching

msuRsme thosedeterminedfor leaching intervalnumberthree.



Table E-15. Leachtest resultsforBrunswick-l mixed-bedresin waste-formspecimenleachedin syntheticHartfordgroundwaterwithpH 8.9.I
i llll

Sample ID: Mixed-bed-H (SyntheticHanford ground water Pu-241/Metals Cumulative
withpH 8.9) !_eachTime: 9.10E+01 days

Leachate Surface Radionucl|deCumulative
Volume: 1.84E+03 cms Area: 1.84E+02 cm2 LeachTime: 2.01E+02 days z¢¢¢ ¢¢ ¢z

================================= ---_ .,_- -_.. -_- _ _ _ _ _--_- _- = _ _- -_-"_-"_--" =

Average
Effective
Diffusivity Leachabitty

Nuclide CFR (uCi/cm2os) (CFR/cm=°s)b (cm2/s) Index (Cilyr) (CilmS-yr) (CFR/yr) (CFR/mS'yr)

Mn54 < 1.20E-03 < 4.70E-11 3.76E-13 < 8.00E-13 > 1.31E+01 2.73E-07 1.48E-04 2.18E-03 1.19E-01
Fe55 7.60E-04 c 7.00E-11 2.38E-13 1.00E- 12 1.38E+01 4.06E-07 2.21E-04 1.38E-03 7.51E-02
Co58 < 1.30E-01 < 2.40E-10 4.07E-11 < 8.70E-09 > 8.80E+00 1.39E-06 7.57E-04 2.36E-01 1.28E+01
Co60 8.40E-04 3.00E- 10 2.63E- 13 6.00E- 13 1.39E+01 1.74E-06 9.47E-04 1.53E-03 8.30E-02
Ni63 7.40E-04 c 3.00E- 11 2.32E- 13 2.00E- 13 1.40E+01 1.74E-07 9.47E-05 1.34E-03 7.31E-02
Zn65 < 1.20E-02 < 2.90E-11 3.76E-12 < 4.40E-11 > 1.08E+01 1.68E-07 9.15E-05 2.18E-02 1.19E+00
Srg0 < 9.80E-04 c < 1.50E-12 3.07E-13 < 4.00E-13 > 1.34E+01 8.71E-09 4.73E-06 1.78E-03 9.68E-02
Sb125 6.30E-03 5.00E- 11 1.97E- 12 1.10E-11 1.14E+01 2.90E-07 1.58E-04 1.14E-02 6.22E-01
Cs134 < 9.20E-02 7.20E-12 2.88E-11 < 2.40E-09 > 9.00E+00 4.18E-08 2.27E-05 1.67E-01 9.09E+00
Cs137 1.50E-01 1.10E-10 4.69E-11 9.00E-09 8.90E+00 6.39E-07 3.47E-04 2.73E-01 1.48E+01

,_ Pu241 ---d < 1.40E-12 0.00E+00 < 1.60E-13 > 1.28E+01 8.13E-09 4A2E-06 0.00E+00 0.00E+00 J

Mete_Acid (uglcma. s) (ug/yr) (ug/m'-yr)

Oxalic 1.10E-02 2.00E-04 7.60E- 12 3.00E- 11 1.09E+01 1.16E+06 6.31E+08 4.42E-02 2.40E+00
Citric 6.60E-03 4.00E-04 4.56E- 12 1.10E- 11 1.14E+01 2.32E+06 1.26E+09 2.65E-02 1.44E+00
Chromium < 1.10E-02 c < 1.30E-05 7.60E-12 < 1.90E-11 • 1.11E+01 7.55E+04 4.10E+07 4.42E-02 2AOE+00
Iron < 1.60E-01 c < 8.20E-05 1.11E-10 < 3.80E-09 • 9.20E+00 4.76E+05 2.59E+08 6.42E-01 3.49E+01
Cobalt < 3.00E-01 c < 6.40E-05 2.07E-10 < 1.30E-08 • 8.30E+00 3.72E+05 2.02E+08 1.20E+00 6.54E+01
Nickel < 8.00E-01 c < 5.20E-05 5.53E-10 < 1.80E-07 • 7 10E+00 3.02E+05 1.64E+08 3.21E+00 1.75E+02

a. Resultsare for onlythefirst90 days of leaching.
b. Fractionof initialinventoryreleasedper square centimeterof specimensurfacearea per second.

_Z c. Not all leachatesampleswere analyzed forthis radionuclideor metal. CFRvalue was estimatedby
C_ interpolatingmeasured incrementalrelease rates.
:;_ d. Onlythe leachall correspondingto leaching intervalnumberthree was analyzedfor Pu-241. Leaching

,_ resultsare thosedeterminedfor leaching interval number three. ;;>



Z Table E-16. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in synthetic seawater with pH 6.4.a ;_

_0 Sample ID: Mixed-bed-S (SyntheticseawaterwithpH 6.4) Pu-Z41/Metals Cumulative :1

_,j LeachTime: 9.10E+01 days I=.
imp4

Leachate Surface RadionuclideCumulative >c

Volume: 2.33E+03 cms Area: 2.33E+02 cm2 LeachTime: 2.01E+02 days
___._ __._. _. _ _ __ __ _ _ _ _ __._._.__._. _ _ __ ___.._. _ _ __._.._..._. ___ _ _.__ _ .._._ _._- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ...... _ _ _ ._. _ _ _ _ _ _ _ _ _ _-. _._- _----_ _ _ ._- _- _-- _ _'_"-'_" _--"=:'_-'_ -_"

Averaget,,.)
Effective

--" Diffusivity Leachability

Nuclide CFR (uCi/cm2.s) (CFR/cm2.s)b (cm2/s) Index (Ci/yr) (Cihnhyr) (CFWyr) (CFRA_'Yr)

Mn54 < 3.20E-04 < 9.60E-12 7.90E-14 < 6.10E-14 > 1.36E+01 7.07E-08 3.03E-05 5.81E-04 2.49E-02
Fe55 .... c .... c O.OOE+O0 .... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Co58 < 9.30E-02 < 3.10E-10 2.30E-11 < 4.70E-09 > 8.70E+00 2.28E-06 9.78E-04 1.69E-01 7#.4E+00
Co60 4.50E-04 2.20E- 11 1.11E-13 1.70E- 14 1.41E+01 1.62E-07 6.94E-05 8.18E-04 3._)E-02
Ni63 ..... c .... c O.OOE+O0 ..... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Zn65 < 8.00E-03 < 1.80E-11 1.97E-12 < 5.20E-11 > 1.09E+01 1.33E-07 5.68E-05 1.45E-02 6.23E-01
St90 ..... c .... c O.OOE+O0 ..... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Sb125 < 2.70E-03 < 1.50E-11 6.66E-13 < 3.30E-12 > 1.18E+01 1.10E-07 4.73E-05 4.91E-03 2.1015-01
Cs134 1.20E-01 9.00E- 12 2.96E- 11 5.00E-09 8.50E+00 6.63E-08 2.84E-05 2.18E-01 9.35E+00
Cs137 2.60E- 01 9.00E- 11 6.42E- 11 2.00E-08 7.74 E+O0 6.63E-07 2.84E-04 4.72E-01 2.03E+01

,_ Pu241 .... d < 2.10E-12 O.OOE+O0 < 3.40E-13 > 1.25E+00 1.55E-08 6.63E-06 O.OOE+O0 O.OOE+O0
(ug/m"-yr)

Metal/Acid (ugJcm2°s) (ug/yr)

Oxalic .... e .... e O.OOE+O0 .... e .... e O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Citric 3.20E-03 2.00E-04 1.74E- 12 8.00E- 12 1.16E+01 1.47E+06 6.31E+08 1.28E-02 5.51E-01
Chromium 5.20E-02 f 5.00E-05 2.83E-11 2.10E-10 9.70E+00 3.68E+05 1.58E+08 2.09E-01 8.95E+00
Iron < 1.10E-01 f < 1.10E-04 6.00E-11 < 3.00E-09 > 9.00E+O0 8.10E+05 3.47E+08 4.42E-01 1.89E+01
Cobalt < 1.90E-01 f < 7.50E-05 1.04E-10 < 9.40E-09 > 8.30E+00 5.52E+05 2.37E+08 7.63E-01 3.27E+014.42E+05 1.89E+08 2.89E+00 1.24E+02
Nickel < 7.20E-01 f < 6.00E-05 3.93E-10 < 1.30E-07 > 7.20E+00

a. Resultsarefor only thefirst90 days of leaching.
b. Fractionof initialinventoryreleasedper squarecentimeterof specimensurfacearea per second.
c. Concentrationof radionuclidein leachate sampleswere notdetermined.
d. Only the leachatecorrespondingto leaching intervalnumberthree was analyzed for Pu-241. Leaching

resultserethose determinedfor leaching intervalnumber three.
e. Concentrationsof acid inleachatesampleswere below deteclionlimit.
f. Not all leachatesampleswere anal_ for thismetal. CFR value wasestimated by interpolalJngmeasured

incrementalreleaserates.



Table E-17. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in deionized water,a

Sample ID: Mixed-bed-D (Deionized water with pH 7.0) Pu-241/Metals CumulativeLeach Time: 9.80E+01 days

Leachate . Surface Radionuclide Cumulative
Volume: 1.79E+03 cm = Area: 1.79E+02 cm= Leach Time: 2.47E+02 days

Average
Effective

Diffusivity Leachability

Nuclide CFR (uCi/cm2.s) (CFR/cm2°s)b (cm=/s) Index (Ci/yr) (Ci/m_,yr) (CFR/yr) (CFR/ma°yr)

Mn54 5.60E-04 1.00E-09 1.47E- 13 3.00E- 13 1.33E+01 5.64E-06 3.16E-03 8.28E-04 4.64E-02
Fe55 6.10E-03 c 7.00E- 10 4.03E- 12 3.00E- 11 1.16E+01 3.95E-06 2.21E-03 9.02E-03 5.05E-01
Co58 1.20E-02 9.00E- 09 3.15E- 12 2.60E- 11 1.08E+01 5.07E- 05 2.84E-02 1.T/E- 02 9.94E-01
Co60 1.70E- 02 5.00E- 08 4.46E- 12 5.00E- 11 1.05E+01 2.82E-04 1.58E-01 2.51E-02 1.41E+00
Ni63 9.20E -02 c 1.30E- 08 6.08E- 11 4.00E -09 8.9(_ + 00 7.33E-05 4.10E-G2 1.36E-01 7.62E+00
Zn65 2.30E-03 4.00E- 10 6.03E- 13 1.20E- 12 1.23E +01 2.25E- 06 1.26E- 03 3.40E-03 1.90E-01
St90 .... d .... d O.OOE+O0 .... d .... d O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+OG
Sb125 < 7.70E-03 < 7.90E-11 2.02E-12 < 3.60E-11 • 1.10E+01 4.45E-07 2.49E-04 1.14E-02 6.38E-01
Cs134 7.30E-01 8.00E- 09 1.92E- 10 3.60E- 07 6.60E + O0 4.51E- 05 2.52E-02 1.0BE + O0 6.04E +01
Cs137 6.40E-01 1.50E- 08 1.68E- 10 1.50E- 07 7. IOE + O0 8.45E- 05 4.73E - 02 9.46E- 01 5.30E +01
Pu241 .... e 6.70E-12 0.00E+00 2.20E-15 1.47E+01 3.7"_E-08 2.11E-05 0.OOE+00 O.OOE+O0

Metal/Acid (ug/cm= ° s) (ugh/r) (ug/m a,,yr)

Picolinic
acid 5.40E-01 8.00E-03 3.57E- 10 1.40E-07 7.50E+00 4.51E+07 2.52E+ 10 2.01E+00 1.13E+02

Chromium < 6.60E-03 c < 1.60E-06 4.36E-12 < 2.40E-11 • 1.12E+01 9.02E+03 5.05E+06 2.46E-02 1.38E+00
Iron < 3.30E-03c < 1.00E-05 2.18E-12 < 5.40E-12 • 1.20E+01 5.64E+04 3.16E+07 1.23E-02 6.8gE-01
Cobalt < 2.50E-02 c < 8.00E-06 1.65E-11 < 3.50E-10 • 1.00E+01 4.51E+04 2.52£+07 9.32E-02 5.22E+00
Nickel 5.00E-02 c 5.00E- 06 3.31E- 11 1. IOE-09 9.40E + O0 2.82£+04 1.58E+07 1.86E-01 1.04E+ 01

=======================

a. Results are for only the first 90 days of leaching.
b. Fraction of initial inventory released per square centimeter of specimen surface area per second.
c. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by

Z interpolating measured incremental release rates.C
_O d. Concentrations of radionuclide in leachate samples were not determined.
_rj e. Only the leachate correspondklg to leaching interval number three was analyzed for Pu-241. Leaching ;;>

C'] results are those determined for leaching interval number three. ._
('J =
;0 =.me-
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• bed in s thetic Barnwell water with pH 10.47 ;>
Z Table E-I& Leach test results for FitzPatrick mixed-bed resin waste-form slccunen leac yn ground " 4 a

Sample |O: Mixed-bed-B (Synthetic Bamwell ground mr with pH I0.4) Pu-241/Metals CumulativeLeach Time: 9.80E+01 da_ _-iml_.

_'} Surface Radionuclide Cumulative XLeachate 9.80E+01 days

Volume: 1.79E+03 cm s _= 1.7gE+02 cm z Leach Time: .............======================= -_'_ _ _ ==

Average
t_ Efllct_ve
C_ Diflusivity Leachability

Nuclide CFR (uCi/cmZ.s) (CFR/cn_os)b (crrd/s) Index (Ci/yr) (Cl/m_yr) (CR_yr) (CFR/ma'Y r)

Mn54 5.50E- 04 5.00E- 10 3.64E- 13 5.00E- 14 1.36E+ 01 2.82E-06 1.58E-03 2.05E-03 1.15E-01
Fe55 7.10E- 03 c 6.00E- 10 4.70E- 12 2.00E- 11 1.16E+01 3.38E-06 1.89E-03 2.65E-02 1.48E+00
Co58 1.20E- 02 7.00E-09 7.94E- 12 1.60E- 11 1.10E+01 3.95E- 05 2.21E-02 4.47E-02 2.50E+00
Co60 1.70E-02 3.60E-08 1.1 2E- 11 3.40E- 11 1.06E+01 2.03E-04 1.14E-01 6.34E-02 3.5_E+00
Ni63 1.00E-01 c 2.00E-08 6.61E- 11 5.00E-09 9.00E+OO 1.131E-04 6.31E-02 3.7_E-O1 2.09E+O1
Zn65 5.90E- 03 6.00E- 10 3.90E- 12 3.00E- 12 1.17E+01 3.38E- 06 1.89E-03 2.20E-02 1.23E+00
St90 .... d .... d 0.00E+00 .... d .... d 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Sb125 < 7.50E-03 < 7.20E-11 4.96E-12 < 1.80E-11 > 1.10E+01 4.06E-07 2.27E-04 2.00E-02 1.571E+00
Cs134 6.20E-01 6.00E-09 4.10E-10 1.80E-07 6.90E+00 3.38E-05 1.89E-02 2.31E+00 1.29E+02
Cs137 5.50E-01 1.00E- 08 3.64E- 10 1.50E- 07 7.00E + 00 5.64E- 05 3.16E-02 2.O5E+00 1.15E+02

[_ Pu241 .... • 9.30E- 13 0.00E+00 4.40E- 17 1.64E+01 5.24E-09 2.93E-06 0.00E+00 0.00E+00
(.g/_ (.g/m'-yr)

I_ Metal/Acid (ug/cm =-s)

Picolinic 5.07E +07 2.84E+ I0 2.8(]E +00 1.57E+02
acid 7.50E-01 9.00E-03 4.96E-10 1.40E-07 7.20E+00

Chromium < 6.70E-03c < 1.60E-06 4.43E-12 < 2.50E-11 > 1.12E+01 9.02E+03 5.05E+O6 2.50E-02 1.40E+00
Iron < 3.30E-03c < 1.10E-05 2.18E-12 < 6.00E-_2 > 1.19E+01 6.20E+04 3.47E+07 1.23E-02 6.8gE-01
Cobalt < 2.60E-02c < 8.00E-06 1.72E-11 < _.£,P.,_-10 > 1.00E+01 4.51E+04 2.52E+07 9.6gE-02 5.43E+00

5.00E- 02 c 6.00E-06 3.31E- 11 1.00E-09 9.50E + 00 3.38E+ 04 1.89E +07 1.86E- 01 1.04E+O1Nickel

a. Results nre for only the first 90 da_ of leaching.
b. Fraction of initial inverdory released per square centimeter of specimen surface area per second.
c. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by

interpolating measured incremental release rates.
d. Concentrations of radionuciide in leachate samples were not determined.

e. Only the ieachate correspond_g to leaching interval number three was analyzed for Pu-241. Leaching
results are those determined for leaching intental number three.



Tg_!= E-19. Le___htest resultsforFi_P._ck mixed-bedresin waste-formspecimenleached in s_c Bamw©Hgromm'wat_withpH4.2?

Sample ID: Mlxed-bed-L (SynthelicBermmll ground water Pu-241/Metab Cumulative
with pH 4.2) Leach Time: 9.80E+01 days

Leachate Surface RadionuclideCumulative
Volume: 1.80E+03 cms Area: 1.80E+02 cm2 Leach Time: 9.80E+01 days
================================== _ _-- _ _ = _ -._--_ _-- = "_- _ _--

Average
Effective

Lea_,_ab.ay
Nuclide CFR (uCi/cm2,s) (CFFl/cmZ,s)b (cn_/s) Index (Ci/yr) (Ci/m_yr) (QFR/w) (CFR/mhyr)

Mn54 7.20E-04 2.00E-09 4.72E- 13 8.00E- 13 1.34E+01 1.14E-05 6.31E-03 2.68E-03 1.49E-01
Fe55 .... c .... c O.OOE+O0 .... ¢ .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Co58 1.20E-02 1.00E- 08 7.88E- 12 2.20E- 11 1.08_.+01 5.69E-05 3.16E-02 4.47E-02 2.48E+00
Co60 1.80E-02 5.00E- 08 1.18E- 11 4.60E- 11 1.05E+6 _. 2.84E- 04 1.58E-01 6.71E-02 3.72E+00
Ni63 8.70E-02 d 1.30E-08 5.70E- 11 4.00E-09 9.20E+00 7.39E-05 4.10E-02 3.24E-01 1.80E+01
Zn65 5.20E-03 1.30E-09 3.41E-12 4.00E-12 1.16E+01 7.39E-06 4.10E-03 1.94E-02 1.08E+00
SrgO .... c ..... c O.OOE+O0 .... c ..... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Sb125 < 7.50E-03 < 9.00E-11 4.92E-12 < 2.30E-11 > 1.10E+01 5.12E-07 2.84E-04 2.80E-02 1.55E+00
Cs134 6.90E-01 8.00E-09 4.52E- 10 2.50E-07 6.70E+00 4.55E-05 ?_52E-02 2.57E+00 1.43E+02
Cs137 6.10E-01 1.40E-08 4.00E- 10 1.90E-07 6.80E+00 7.96E-05 4.42E-02 2.27E+00 1.28E+02

,L_ Pu241 ..... e 3.10E- 12 0.00E+00 5.00E- 16 1.53E+ 01 1.76E-08 9.78E-06 0.00E+00 O.00E+00
t_

Metal/Acid (ug/cm2"s) (ugh/r) (ug/m_yr)

Picolinic
acid 4.20E-01 7.00E-03 2.75E-10 7.00E-08 7.50E+00 3.98E+07 ?_21E+10 1.57E+00 8.6gE+01
Chromium < 6.70E-03 d < 1.60E-06 4.39E-12 < 2.50E-11 • 1.12E+01 9.10E+03 5.05E+06 __50E-02 1.3gE+00
Iron < 5.10E-03 d < 2.00E-05 3.34E-12 < 2.20E-11 > 1.16E+01 1.14E+05 6.31E+07 1.90E-02 1.05E+00
Cobalt < 2.50E-02 d < 7.90E-06 1.64E-11 < 3.60E-10 > 1.00E+01 4.4gE+04 ?_4gE+07 9.32E-02 5.17E.00
Nickel 4.80E- 02 d 4.00E-06 3.15E- 11 7.00E- 10 9.50E+ 00 ?_27E+04 1.26E+07 1.TgE-01 9.93E+00

a. Resultsarefor only the first90 daysof leaching.
b. Fractionof inlial inventoryreleased per square centimeterof specimen surface area per second.
c. Concentrationsof radionuclideinleachatesamples were not determined.

_Z d. Not all leachatesampleswere analyzed for this radionuclideor metal. CFR value wasestimaWd by

interpolatingmeasured incrementalrelease rates.

e. Only the leachatecorrespondingto leaching intervalnumberthree wasanalyzed for Pu-241. Leaching
resultsare those determinedfor leaching intervalnumber three.

;0 o.I,,6o



Z Table E-20. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in synthetic Hartfordgroundwater with pH 8.9.a ;_

Sample ID: Mixed-bed-H (Synthetic Hanlord ground water Pu-241/Metals Cumulative _.
Leach Time: 9.79E+01 days _"

with pH 8.9) Radionuclide Cumulative
Leachate Surface
Volume: 1.82E+03 cm 3 Area: 1.82E+02 cm z Leach Time: 9.79E+01 days

t_ Average
C_ Effective

Diffusivity Leachability

Nuclide CFR (uCi/cm2.s) (CFR/cm2.s)b (cm=/s) index (Ci/yr) (Cilm_yr) (CFWyr) (CFR/mS'Y r)

Mn54 1.20E-04 3.00E- 10 7.81E - 14 1.0OE - 14 1.46E + 01 1.72E -06 9.47E-04 4.48E-04 2.46E-02
Fe55 6.30E-03 c 5.00E- 10 4.10E-12 2.00E- 11 1.13E+01 2.87E-06 1.58E-03 2.35E-02 1.29E+00
Co58 8.80E-03 6.00E-09 - 5.73E- 12 1.00E- 11 1. ! 1E+01 3.44E-05 1.89E-02 3.28E-02 1.81E+00
Co60 1.30E- 02 3.00E- 08 8.46E- 12 2.00E- 11 1.08E +01 1.72E-04 9.47E-02 4.85E- 02 2.67E+00
Ni63 9.80E-02 c 1.50E-08 6.38E- 11 4.00E-09 8.90E+00 8.60E-05 4.73E-02 3.66E-01 2.01E+01
Zn65 1.60E- 03 2.00E- 10 1.04E- 12 2.30E- 13 1.29E+01 1.15E-06 6.31E-04 5.97E- 03 3.29E- 01
St90 .... d .... d 0.00E+00 .... d .... d 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Sb125 < 5.60E-03 < 6.90E-11 3.64E-12 < 1.80E-11 > 1.12E+01 3.96E-07 2.18E-04 2_OgE-02 1.15E+00
Cs134 6.60E-01 6.00E-09 4.29E- 10 1.80E-07 6.90E+00 3.44E-05 1.89E-02 2.46E+00 1.36E+02

,L_ Cs137 5.90E- 01 1.10E-08 3.84E- 10 1.50E- 07 7.00E + O0 6.31 E-05 3.47E-02 2.20E +00 1.21E+02

._ Pu241 .... e 5.4C_- 13 0.00E +00 1.50E- 17 1.68E+ 01 3.10E-09 1.70E-06 0.00E+ 00 O.00E+00

Metal/Acid (ug/cm 2°s) (ugh/r) (ug/m _,yr)

Picolinic 8.30E + 00 2.2CjE+ 07 1.26E+ 10 1.68E -_00 9.24E +01
acid 4.50E-01 4.00E-03 2.93E- 10 9.00E-09 1.33E+00

Chromium < 6.50E-03c < 1.60E-06 4.23E-12 < 2.40E-11 > 1.12E+01 9.17E+03 5.05E+06 2.43E-02
Iron < 4.30E-03c < 1.20E-05 2.80E-12 < 1.20E-11 > 1.15E+01 6.88E+04 3.79E+07 1.60E-02 8.83E-01
Cobalt < 2.50E-02c < 7.80E-06 1.63E-11 < 3.50E-10 • 1.00E+01 4.47E+0,; 2.46E+07 9.33E-02 5.13E+00

5.10E-02 c 6.00E-06 3.32E- 11 2.00E- 10 1.02E+01 3.44E+04 1.89E +07 1.90E-01 1.05E+01Nickel .......

a. Results are for only the first 90 days of leaching.
b. Fraction of initial inventory released per square centimeter of specimen surface area per second.
c. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by

interpolating measured incremental release rates.
d. Concentrations of radionuclide in leachate samples were not determined.

e. Only the |eachate corresponding to leaching interval number three was analyzed for Pu-241. Leaching
results are those determined for leaching interval number three.

III



Table E-21. Leach test results for FitzPatrick mixed-bedresin waste-form specimen leached in synthetic seawater with pH6.4.a

Sample ID: CatiMixed-bed-S (Syntheticseawater withpH 6.4) Pu-241/Metals CumulativeLeachTime: 9.79E+01 days

Leachate Surface Radionuclide Cumulative
Volume: 1.80E+03 cm3 Area: 1.80E+02 cm= Leach Time: 9.79E+01 days

Average
Effective
Diffusivity Leachability

Nuclide CFR (uCi/cm=os) (CFR/cm=.s)b (cm=/s) Index (Ci/yr) (Ci/m3-yr) (CFR/yr) (CFR/ma'yr)

M=154 < 4.50E-05 < 8.80E-11 2.96E-14 < 1.00E-15 > 1.54E+01 5.00E-07 2.78E-04 1.68E-04 9.33E-03
Fe55 ..... c .... c O.OOE+O0 .... c ..... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Co58 1.30E-02 9.00E-09 8.54E- 12 1.90E- 11 1.09E+01 5.11E-05 2.84E-02 4.85E-02 2.69E+00
Co60 2.00E-02 5.00E-08 1.31E- 11 3.90E- 11 1.05E+01 2.84E-04 1.58E- 01 7.46E- 02 4.15E+O0
Ni63 1.00E-01 d 6.00E-09 6o57E- 11 1.00E-09 9°40E+00 3.41E-05 1.89E-02 3.73E-01 2.07E+01
Zn65 2°OOE-03 1.90E- 10 1.31E- 12 2.70E- 13 1.29E+01 1.08E-06 6.00E-04 7.46E- 03 4.15E-01
St90 .... c ..... c O.OOE+O0 .... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Sb125 < 5.90E-03 < 7.10E-11 3.88E-12 < 1°10E-11 > 1.12E+01 4.03E-07 2.24E-04 2.20E-02 1.22E+00

• Cs134 8.40E-01 6.00E-09 5.52E-10 2.00E-07 6.90E+00 3.41E-05 1.89E-02 3.13E+00 1.74E+02
• Cs137 7.30E- 01 I. 10E-08 4.79E- 10 1.40E- 07 7.00E+ O0 6.25E- 05 3.47E- 02 2.72E+00 1.51E+02

Pu241 .... e 6.40E- 12 O.OOE+00 2.10E- 15 1.47E+01 3.64E-08 2.02E-05 O.OOE+O0 O.OOE+O0
t_
U1 (ug/yr) (ug/m=*yr)

Metal/Acid (ug/cm2• s)

Picolinic 4,10E-01 2.28E+01
acid 1.10E-01 4.00E-03 7.22E- 11 6.00E- 09 8.30E+00 2.27E+ 07 1o26E+10
Chromium < 6.60E-03 d < 1.60E-06 4.33E-12 < 2.40E-11 > 1.12E+01 9.09E+03 5.05E+06 2.46E-02 1.37E+00
Iron < 4.10E-03 d < 1.20E-05 2.69E-12 < 9°10E-12 > 1.16E+01 6.82E+04 3.79E+07 1.53E-02 8.50E-01
Cobalt < 2.50E-02 d < 7.90E-06 1.64E-11 < 3.50E-10 > 1.00E+01 4.49E+04 2.49E+07 9.33E-02 5.18E+00
Nickel < 6°40E-02 d < 5.00E-06 4o20E-11 < 8.90E-10 > 9.20E+00 2.84E+04 1.58E+07 2.39E-01 1.33E+01

a. Resultsare for onlythe first90 daysof leaching.
b. Fractionof initialinventoryreleased per square centimeterof specimensurface area per second.
c. Not al[ leachatesampleswere analyzed for thisradionuclideor metal. CFR value wasestimated by

_Z interpolatingmeasuredincrementalrelease rates.

d. Concentrationsof radionuclidein leachate samples were not determined.e. Only the leachatecorrespondingto leachingintervalnumber three was analyzed for Pu-241. Leaching ;_>

C'J resultsare those determinedfor leachingintervalnumber three. ,_

=.=x
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u

results for baked FitzPatrick mixed-bed resin waste-form specimen leached in deionized water, aZ Table E-99. Leachtest
C

;¢1 Sample ID: Mixed-bed -D (Deionized water with pH 7.0) Pu-241/Metals Cumulative _,['I"1 Leach Time: 9.79E+01 days •
C-_ Radionuclide Cumulative >_

Leachate Surface ['t'J

Volume: 1.80E+03 cm a Area: 1.80E+02 cm 2 Leach Time: 2.47E+02 days................

(_ .... _= _ _ _ -_-. _ _--- _ ._---_- _ _ ...... _ __ _ _._-- ._.__ ='-- --

I_ Average
Effective

"" Diffusivity Leachability

Nuclide CFR (uCi/cm2.s) (CFR/cm2,s)b (cm=/s) Index (Ci/yr) (Ci/ma-yr) (CFR/yr) (CFR/mS'yr)

Mn54 1.10E -03 4.00E- 09 2.87E- 13 1.40E- 12 1.31 E+01 2.27E -05 1.26E-02 1.63E- 03 9.04E- 02
Fe55 ..... c ..... c O.OOE+O0 .... c ..... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Co58 1.50E- 02 1.80E-08 3.91 E- 12 4.00E- 11 1.06E+01 1.02E-04 5.68E- 02 2.22E- 02 1.23E+ O0
Co60 2.20E- 02 1.00E- 07 5.73E- 12 8.00E- 11 1.03E + 01 5.68E- 04 3.16E-01 3.25E-02 1.81 E+O0
Ni63 1.10E-01 d 3.00E-08 2.87E- 11 7.00E-09 8.90E+00 1.70E- 04 9.47E-02 1.63E-01 9.04E+00
Zn65 4.00E- 03 1.40E- 09 1.04E- 12 4.00E- 12 1.17E+01 7.95E- 06 4.42E-03 5.91E-03 3.29E-01
Sr90 .... c .... c O.OOE+O0 ..... c .... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Sb125 < 7.80E-03 < 1.80E-10 2.03E-12 < 2.70E-11 > 1.10E+01 1.02E-06 5.68E-04 1.15E-02 6.41E-01
Cs134 7.20E -01 1.40E- 08 1.88E - 10 6.00E- 07 6.30E + O0 7.95E- 05 4.42E- 02 1.06E+ O0 5.92E+ 01
Cs137 6.30E-01 2.00E-08 1.64E- 10 5.00E-07 6.40E+00 1.14E-04 6.31E-02 9.32E-01 5.18E+01

,L_ Pu241 .... e 6.90E- 12 O.OOE+O0 2.50E- 15 1.46E+01 3.92E-08 2.18E-05 O.OOE+O0 O.OOE+O0
t_

o_ Metal/Acid (ug/cm =- s) (ug/yr) (ug/m -_.yr)

Picolinic
acid 8.70E-01 2.00E-02 5.72E-10 5.00E-07 6.50E+00 1.14E+08 6.31E+10 3.25E+00 1.80E+02

Chromium < 6.70E-03 d < 1.50E-06 4.40E-12 < 1.80E-11 > 1.13E+01 8.52E+03 4.73E+06 2.50E-02 1.39E+00
Iron < 2.60E-03 d < 9.40E-06 1.71E-12 < 4.60E-12 > 1.23E+01 5.34E+04 2.97E+07 9.70E-03 5.39E-01
Cobalt < 2.50E-02 d < 7.30E-06 1.64E-11 < 2.60E-10 > 1.02E+01 4.14E+04 2.30E+07 9.33E-02 5.18E+00
Nickel 5.80E-02 d 7.00E-06 3.81E-11 1.50E-09 9.50E+00 3.97E+04 2.21E+07 2.16E-01 1.20E+01

============================

a. Results are for only the first 90 days of leaching.
b. Fraction of initial inventory released per square centimeter of specimen surface area per second.
c. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by

interpolating measured incremental release rates.
d. Concentrations of radionuclide in leachate samples were not determined.

e. Only the leachate corresponding to leaching interval number three was analyzed for Pu-241. Leaching
results are those determined for leaching interval number thi ee.



Table E-23. Leach test results for baked FitzPatrick mixed-bed resin waste-form specimen leached in synthetic Barnwell groundwater with

pH 4.2.a

Sample ID: Mixed-bed-L ($ynthe_c Barnwellground water Pu-241/Metals Cumulative
with pH 4.2) LeachTime: 9.79E+01 days

Leachate Surface Radionuclide Cumulative
Volume: 1.81E+03 cm3 Area: 1.81E+02 cmz LeachTime: 9.79E+01 days

..... _ __._ _ _ _--- _ _ _----_ _ _ _ _ _ _ _ _'- _---___--_- ....

=============================================
Effective
Diffusivity Leachability

Nuclide CFR (uCi/cm=.s) (CFR/cmZ.s)b (cm=/s) Index (Ci/yr) (Ci/m3-yr) (CFR/yr) (CFR/m3"yr)

Mn54 1.80E-03 5.00E- 09 1.17E- 12 2.00E- 12 1.30E+ 01 2.86E- 05 1.58E-02 6.72E-03 3.71E-01
Fe55 .... c ..... c O.OOE+O0 ..... c .... c O.OOE+O0 O.OOE+O0 O,OOE+O0 O.OOE+O0
Co58 1.30E-02 1.40E-08 8.48E- 12 2.50E- 11 1.08E+01 8.01E-05 4.42E- 02 4.85E- 02 2.68E+00
Co60 1.90E-02 7.00E- 08 1.24E- 11 5.00E- 11 1.05E+01 4.00E-04 2.21E-01 7.09E-02 3.91E+O0
Ni63 9.70E-02 d 1.40E-08 6.33E- 11 3.00E-09 9.20E+00 8.01E-05 4.42E-02 3.62E-01 2.00E+01
Zn65 1.10E-02 2,00E-09 7.18E-12 1.10E-11 1.13E+01 1.14E-05 6.31E-03 4.10E-02 2.26E+00
Sr90 .... c .... c O.OOE+O0 .... c ..... c O.OOE+O0 O.OOE+O0 O.OOE+O0 O.OOE+O0
Sb125 < 9.50E-03 < 1.40E-10 6.20E-12 < 2.30E-11 > 1.10E+01 8.01E-07 4.42E-04 3.54E-02 1.96E+00
Cs134 6.20E-01 8.00E-09 4.05E-10 3.10E-07 6.60E+00 4.57E-05 2.52E-02 2.31E+00 1.28E+02

Cs137 5.90E- 01 1.50E- 08 3.85E- 10 2.30E- 07 6.70E+00 8.58E- 05 4.73E- 02 2.20E+ O0 1.21E+02
,,j Pu24! .... e 2.70E- 12 O.OOE+ O0 3.90E- 16 1.54E+01 1.54E-08 8.52E- 06 O.OOE+O0 O.OOE+ O0

Metal/Acid (ug/cm=°s) (ug/yr) (ug/ms°yr)

Picolinic 8.65E+01
acid 4.20E-01 4.00E- 03 2.74E- 10 1.70E- 08 8. IOE+O0 2.29E+ 07 1.26E+ 10 1.57E+00
Chromium < 6o20E-03 d < 1.40E-06 4.05E-12 < 1.60E-11 > 1.15E+01 8.01E+03 4.42E+06 2.31E-02 1.28E+00
Iron < 3.30E-03 d < 1.00E-05 2.15E-12 < 5.70E-12 > 1.21E+01 5.72E+04 3.16E+07 1.23E-02 6.79E-01
Cobalt < 2.50E-02 d < 7.30E-06 1.63E-11 < 2.60E-10 > 1.02E+01 4.17E+04 2.30E+07 9.33E-02 5.15E+00
Nickel 3.50E-02 d 3.00E- 06 2.28E- 11 5.00E- 10 1.01E+01 1.72E+ 04 9.47E+ 06 1.31E-01 7.21E+O0

a. Resultsarefor onlythe first90 days of leaching.
b. Fractionof initialinventoryreleased per squarecentimeter ofspecimen surfacearea per second.

_Z c. Not all leachatesamples were analyzedfor this radionuclideor metal. CFR valuewas estimated by
C_ interpolatingmeasured incrementalrelease rates.

_j d. Concentrationsof radionuclidein leachatesampleswere not determined.

C'J e. Onlythe leachate correspondingto leachingintervalnumberthree was analyzed for Pu-241. Leachingresultsare thGsedeterminedfor leaching intervalnumber three.



Table E-24. Peach Bottom sample#4 cumulative fraction releases, release rates, effective diffusivities,
and leachability indexes.

FILE NAME: C-14
8AMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (uCQ (uCi.cm-'.s-I) (cm-a.s-I) (CI.yr-I) (crnha-I)
llmlmnunlmmulim IE U IBmmlmlUn IlllmiNmlallnlllnnmRmgiU I l IR n i aidi i =SJl ImlBi ImlB maBmllmlilmmilrmllm miin mu nmU RBm HE I

1. _K)=) 3.4TE-04 0.91E-03 ............................
2. (2hr) 8.44E-02 4.40E-02 3.90E-0B 3.4gE- I 1 1.92E-04 3.94E-05 3.94E-05 1.32E- 13 1.29E+01
3. (Th_ 2.93E-01 1.04E-03 3.73E-00 3.34E- 13 1.83E-05 9.38E-05 4.88E-05 9.91E-15 1.40E+01
4. (ld) 1.00E+(X) 1.80E-03 1.egE- tO t.70E- 13 9.30E-07 1.ORE-05 5.04E-05 O.TTE- 17 1.01E+01
5. (2d) 2.00E+Q0 7.38E-03 5.49E- 10 4._2E- 13 2.70E-05 0.OlE-0O 5.70E-05 t .81E- 15 1.47E+01
O.(3d) 3.00E .00 0.05E-03 4.5lE-10 4.04E- 13 2.21E-05 5.42E-05 0.24E-05 2.07E- 15 1.47E+01
7. (4d) 4.00E +Q0 3.5_E-02 2.65E-0B 2.37E- 12 1.30E-05 3.1gE-05 9.43E-05 1.01E-13 1.30E+01
8. (Sd) 5.00E+00 2.20E-02 1.68E-0g 1.51E-12 8.27E-05 2.0SE-05 1.15E-04 5.24E-14 1.33E+01

gllBmUilmmlmlmiilmimim_8Ol=inmnlmmmmam=lm_mllmminmmmmlaommlnmmiam mann

Mean: 0.SgE-OD 0.87E-12 3.3gE-05 4.27E-14 1.41E+01
S_mdard Dev_Uon: 1.32E-08 1.18E-11 8.47E-05 5.01E-14 1.0TE+00

FILE NAME: Fe-55
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFLISlviTY INDEX

(days) (uCi) (uCi,cm-t*s -I ) (cm-=*s -t) (Ci,yr -I) (cm=*8 -I )
mmlm ul aleImllllimlm n minim IB m mlllB millmmlslmllllllll_llml Elm s= ml I m I I llmllllBii Imlal; ImllllmlmI=B al IBImIBIIBIBIlll msmllmmlm 8slllmmlm I

1, (3011) 3.47E-04 1.74E-03 ............................
2, (2_ e.,=4E-02 e._E-m 7,11E-0D 4.OOE-10 3.4gE-0S S.20E-04 5.20E-04 2.STE-ll _.0SE+01
3. (Th_ 2.93E-01 1.88E-03 0.73E- 10 4.44E- 11 3.31E-G6 1.24E-04 0.53E-04 1.74E- 12 t.lSE+01
4, (ld) 1.GOE+O0 1.6gE-03 1,78E- 10 1.1TE-11 8.73E-07 1.11E-04 7.04E-04 4.18E- 13 1.24E+01
5. (2d) 2.00E +00 1.94E-05 1.44E-1= O.50E- 14 7.08E-0_ 1.28E-05 7.66E-04 0.75E- 17 1.62E+01
0. (3d) 3.00E +CO 1.4tE-04 1.05E-1t 6.92E- 13 5.15E-05 9.29E-05 7.75E-04 6.08E- 15 1.42E+01
7. (4d) 4.00E +00 7.23E-04 5.38E- 11 3.55E- 12 2.04E-07 4.76E-06 8.23E-04 2.25E-13 1.26E+01
8. (5d) 5.00E +00 5.53E-04 4.12E- 11 2.71E-12 2.02E-07 3.65E-05 8.59E-04 1.70E- 13 1.28E+01

nBamillll imm immlllmililil=llal1=il=lltg In nBlll= usa = ===llsl i #llnll n=mlllillll

Mean: 1.15E-0g 7.60E- 11 5.66E -_ 3.75E - 12 1.29E+01
S_ndatd Oev_tion: 2.44E-00 1.01E- I0 1.20E-05 8.16E- 12 1.66E+00

FILE NAME: Co-00
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE OlFFUSIVtTY INOEX

(days) (uCQ (uCi.cm-a.s-') (cm-'os-') (CI.yr-') (cmZos-')
allamIBin nDillmmtllilmlllm immlmlB atlIlalalsnUnlmlllsuullllllS= R i U i I i It Jill IBImIB Imll =lmilam I=llili ml Illllm all= ==llllunl

1. (30S) 3,47E-04 1,1BE-OR ............................
2, (2hr) 8.44E-O2 1.00E-01 9.53E-08 2.54E- 10 4.08E-04 2.87E-04 2,8TE-04 6.98E- 12 1.12E+01
3. (?hr) 2.93E-01 9.53E-03 3.41E-08 9.09E- 11 1.07E-04 2.54E-04 5.42E-04 7.33E- 12 1.11E+01
4. (fd) t.00E +00 1.41E-01 1.48E-05 3.95E- 11 7.2SE-05 3.7_E-04 g.l 7E-04 4.77E-12 1.1SE+01
5. (2d) 2.00E+00 t.lsE-0t B.40E-00 2,24E- 11 4,1SE-05 3.01 E-04 1,22E-03 3.70E- t2 1.14E+01
O.(3(:1) 3.00E +00 8.O_E-m O.OOE-{_O 1.60E- 11 2.gSE-05 2.15E-04 1.4SE-03 3.27E- 12 1.1SE+01
7, (4d) 4,00E+00 6.2SE-G2 4.e6E-00 1,24E- 11 2.29E-C16 1.07E-04 1.60E-03 2.76E- 12 1.leE+01
8. (5(:1) 5,00E +O0 4.84E-m 3._-C0 9.01E-12 1.77E-05 1.29E-04 1.73E-03 2.13E- 12 1.1TE+01

m am ImimllInUllBImllllllllllullrmlmal==l lilBllln====lillliSili illlliuullilnim mlliUill

Mean: 2.38E-08 8.36E- 11 1.17E-04 4.43E-12 1.14E+01
S_mdard De_alkon: 3.08E-05 8.21E- 11 1.51E-04 1.88E- 12 1.86E-01

FILE NAMe.: N1-63
SAMPLE IO: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(day'l) (uCi) (uCl.¢m-I .s -') (cm-a°s -I) (Cl.yr -_ ) (cm='s -_ )
============================================== Ii; Ill = al;na=====================================

1. (301) 3.47E-04 6.52E-04 ............................
2. (2h_ 8.44E -02 0.04E-03 5.35E-0g 8.1SE - 10 2.63E-05 9.20E -04 9.20E -04 7.17E- 11 1.01E +01
3. (Th_ 2.93E-01 0.70E-03 2.4_E-0_ 3.6SE- 10 1.19E-05 1.03E-03 1.95E-03 1.20E- 10 9.92E+05
4. (1d) 1.00E +CO 8.30E-03 8.74E- 10 1.3SE- 10 4.29E-05 1.27E -03 3.22E-03 5.41E- t 1 /.03E +01
5. (2d) 2.00E +00 5.34E-03 3.97E- 10 0.06E- 11 1.95E-05 8.14E-04 4.03E-03 2.75E- 11 1.0_E+01
O,{3¢I) 3.00E +00 3.72E-03 2.77E- 10 4,22E- 11 1,30E-05 5.07E-04 4.60E-03 2.27E- 11 1.0_E+01
7. (4(:1) 4.00E +00 2.02E-03 1.OSE- 10 :Z,OTE-11 9,58E-07 3.99E-04 5.00E-03 1 ,SSE- 11 1.0aE +01
8. (5¢1) 5.00E +00 4.21E-03 3.13E-10 4.78E- 11 1,54E-G0 0.42E-04 5.04E-001 5,20E- 11 1.03E+01

into almamammmmmmmimml n mm amlmililimmnmiilm m,iar,amlsim ililmm m mlmiim im i miliIm

Mean: 1,4QE-02 2.14E- 10 0.8gE-03 5.21E- 11 1.04E+01
Standard Deviation: 1.7_E-G) 2.60E- 10 8.07E-(:1_ 3.34E- 11 2.6SE-0!

NUREG/CR-6201 E-28



Appendix E

Table E-24. (continued).

FILE NAME: 8r-90
8AMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RAI_ RATE RATE RELEASE RELEASE DIFFUSIVlTY INDEX

(days) (uCl) (uCi.(:m-=.,-') (cm-=.s-,) (Ci.yr-,) (¢m-=-,)
Uallmmammllamauimllmmmmlalll lil amamammnalummamammmmmmmmmmmmm m Is m all amUlall mamal mlllmamm.ml m m u mamaimlllmlmmnumam m mmammmmmu

1. (30s) 3.4TE-04 3.43E-C_ ............................
2. (2hr) 8.44E-G2 1.57E-(B 1.3gE- 11 1.45E-00 6.a2E-m 1.64E-03 1.04E-m 2.2SE- 10 9.(NE+00
3. (7hr) 2,93E-01 N/D N/O N/D NjO N/D 1,04E-m N/D N/O
4, (Id) 1.00E+G) N/O N/D NIO N/I:) N/O 1.04E-m N/D N/O
s.(2c0 2.00E+00 3.4SE-m _.S_-'_3 _,.71E-11 1._TE-m 3,0,4E-04 2.00E-03 s.,_E-12 1.1SE+01
8, (3o') 3,00E .H_O N/O N/D N/D N/D N/D 2,00E-(33 N/D N/D
7. (4d) 4.00E+00 3.47E-00 2.58E-13 2.70E-11 1.27E-0_ 3.03E-04 ¢,.aTE-m 1.=tE-, 1.0_+ot
8. (5¢1) 5.00E +(X) NtO NK) NK) N/D N/D 2.37E-m N/O N/O

mmmmmmamlmaalmmmmmilmmalaemmmammmlralmimalmmmmmmmmNmmmmmmmmmmmmmmmmmmmml

Mean: 4._-12 5._-10 2._-_ 8.21E-11 1._+_
S_ Omt_: 8.4_- 12 0.72E- 10 3.1_-_ 1._-10 8.91E-01

FILE NAME: Tc-gg
8AMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (uCi) (uCi.¢m-i.s-t) (¢m-e.l-,) (Ci*yr-') (¢m=.l-')
inliaillllim mmilmlialBilulmallliNmmailallm iIImmallmmmm mmall mammalmmmmm m rollall ilOm mlia mllmaBn atomlililm alBmmmmnmamalaBmilll Immammm mm mmmal

I. (_) 3.4TE-04 N/O ............................
_. (2_ 8.4_-m s.oSE-_ s,2TE-lo 1.12E-10 2.5_-(_ 1,20E-04 1,2_-04 1,3_-12 1.1_+01
3. (7'hr) 2.9_-01 5.41E-04 1.93E- 10 4.10E- 11 9.50E-07 1.15E-04 2.41E-04 1,4SE- 12 1.1SE+01
4, (ld) 1.00E+00 1.24E-G3 1.30E-10 2.77E-11 0.40E-07 2.03E-04 5.04E-04 2.33E-12 1.1(_E+01
5. (2d) 2.00E+(X) 5.22E-00 3.8SE-10 8.24E-11 l.OlS-(_ 1.11E-_ 1.61E-00 5.0SE-11 1.03E+01
O. (_ 3._+_ 1.0tE-_ 7._-11 1._- 11 3.7_-_ 2.1_-_ 1.8_-_ 3.24E-12 1.1_+01
7. (4a) 4.0OE+O0 8.aIE-04 O.lgE-11 I,aIE-11 3.04E-07 1.76E-04 2.00E-G3 3,08E- IR 1.1SE+01
8. (5O') 5.00E +00 IS.2SE-04 4.68E- 11 O,92E- 12 2.30E-07 1.33E-04 2.14E-03 2.27E- 12 1.1SE+01

amllmammammamiimmmmamsallaliSiamiallalnamm mmnmm mmmma_ammmammmmmmammmmnmmmammmmmlln

Mean: 2.0_- 10 4.31E- 11 9._-_ 9.2_- 12 1,1_+01
S_ D_i_: . 1.71E-10 3._-11 8.42E-_ 1.7_-11 4.9_-01

FILE NAME: 1-12g
8NVlPLE IO: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
IO LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (uCi) (uCi*¢rn-=.s-') (¢m-aos-') (Ci.yr-') (¢maos-,)
i iaialBiiH m liHi limimilmiamHiD H IIBImmmHlalmamHHi lllall BH HiS m I n amamall I Ilimll S lill i D ImHIImii IBIBIliallliolia¢lllliD IBalBamilam IHieama H D l

1. (301) 3.4TE-_ NK) ............................
2. (2hr) 8.44E-02 1,07E-04 1.48E-10 2.44E-(;8 7.27E-07 2.7eE-02 2,70E-Og O.4,SE-m 7.1GE+O0
3. (711') 2.0_-01 N/D N/D N/D N/D N_I:) 2.7SE-02 NK) N/D
4. (Id) 1,00E+00 3.93E-08 4.13E-12 0.83E-I0 2.03E-C8 6.49E-03 3.41E-02 1.42E-0g 8.85E+00
5. (2d) 2._+_ 2._-_ 1._E- 11 3.1_-_ 9.41E-_ 4.2_-_ 7._-_ 7._-_ 7.1_+_
6. (3o') a.ooE+oo NK) N/D N/D N/O NIO 7._6E-02 N/D N/D
7. (4d) 4.00E+00 1,91E-05 1.42E-12 2.35E-10 0.98E-0g 3.15E-03 7,9SE-02 9,85E-10 9.01E+_0
8. (5¢1) 5.00E +00 1.01E-04 7.51E- 12 1.24E-0g 3.6gE-C8 1.67E-C_ 9.04E-02 3,5,5E-(:8 7.45E+C0

amiuamllummallmlimnllBIammammnamiu mallilialamSl as=mlmlSm maUlalnammmaamamammmmmnNml

Mean: 3._-11 5.9SE-_ 1.7_-07 3.5_-_ 7._E+_
Deviation: 5._- 11 O._-_ 2.7_-07 3._-_ 8.2SE-01

FILE NAME: Cr
8AMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED IRATE RATE RATE RELEASE RELEASE DIFFUSIVlTY INDEX

(_) (_) (W*_-a,S-_) (_-"a-_) (goyr-s) (cm',s- _)
uoBamimmaDaliaiallnUmBiumllilUmalmnmailimunnmmnli|malallmmnammmmi all i I I m nalmaimmallialllimsllnumliliaailama.mliioalmnalltalallma_mmmmmml

1, (3o=) 3.4TE-O4 N/D .............................
2. (2_ 8.4_-_ 4._+01 3._-_ 1.3_-_ 1.74E-01 1.5_-_ 1.57E-_ 2.0_- t0 9._+_
3. (Thr) 2.93E-01 4.09E+01 1.46E-05 5.73E-10 ' 7.19E-02 1.80E-C0 3.17E-G3 2,90E-I0 9.54E+00
4. (ld) 1.00E+00 0,57E+01 0.92E-0_ 2.71E-10 3.40E-02 2.57E-03 5,74E-O3 2.23E- 10 O.O,SE+00
5. (2d) 2._+_ 0.OIE+01 4.92E-_ 1._-10 2.42E-_ 2.5_-_ 8.3_-_ 2.77E- 10 9._+_
0. (_) 3._+_ 5.5_+01 4.1_-_ 1.62E-10 2.0_-_ 2.18E-_ 1.0_-_ 3.3SE- 10 9._+_
7. (4o') 4._+_ 4._ +01 3.62E-_ 1.42E- 10 1.7SE-_ 1._-_ 1.24E-_ 3._- 10 9.4_+_
8. (5¢1) 5.00E +00 4,70E +01 3.50E-08 1.37E- 10 1.72E-C2 1,84E-03 1,42E-02 4.32E- 10 9.37E+00

IIl_iamammmllalalllilliailiamam ailolBlUmllmlilm imaoiliil mlilim lain N l m am m BIB l mid lib m mama I ammI I

Mean: 1._-_ 4._-10 5.1_-_ 3.03E- 10 9.5_+_
Dev_: 1 ._-_ 4.2_- 10 5.32E-(32 7.25E- 11 1.0_-01
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Appendix E

Table E-24. (continued).
i i i Jim ii i iiiill il i il i i ml

FILE NAME: Fe
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME II:::ACHED RATE RArE RATE RELEASE RELEASE DIFFU61VITY INDEX

(days) (ug) (ug._n-'.s-') (cm-=.s-') (O.Yr-') (cm=.s-')
= = sx_ =us=an_m==mm In== n =mz_,_=m,_sm_wm._m:=n_n_nn_ _ n mun_m _ n nl m HI u r,,_smna m:mlm=_ nl=_ln =omm nnlusn =_nunlnn nnmm mmtn= I

1. (3Os) 3.4TE-04 3.26E+01 ....................
2. (ant) a,44E-02 N_ N/D N/O N/D N/O N/D N/D ND
a. (Thr) 2.0SE-01 N/D N/D N/D N/D N/D N/D N_ N/D
4. (la) 1.00E+oo 2.77E+0_ 2.01E-00 e,eoE-13 _,43E-02 e,3sE-08 e._E-Oe 1.3SE-IS 1.4gE+01
5. (2cl) 2,00E +00 N/D N/O N/D N/D NK) 6,36E-06 ' N/D N/D
0. (3(:1) 3,00E+00 2.01E +01 1.94E-06 4.4SE- 13 g,5SE-03 5,ggE-00 1.24E-05 2.53E- 15 1.46E+O1
7. (4d) 4.00E +00 2.4SE+01 1.81E-06 4.15E- 13 8.88E-03 5.58E-00 1.79E-03 3.0gE- 15 1,45E+Ot
8. (5¢1) S.00E+00 N/O N/D N/D NK) N/D 1.79E-05 N/D NK)

====mmm==tmm===m===mmmlm=mmmlmmmmmmmm===n==n===|=========_u|m===#======l|

Mean: 2,22E-08 5.10E-13 1.09E-02 2,33E-15 1.47E +01
Standard Deviation: 4,92E-07 1.13E- 13 2.42E-(_ 7.17E- 16 1.51E-Or

FILE NAME: Co
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(_ys) (_) (_.crn-_.s-_) (crn-2.s-,) (g.yr-') (cm=.,-')

1. (30s) 3.47E-04 1.54E+01 ....
2, (2hr) 8.44E-G2 2.0gE+01 1.8TE-_ 5,74E-0g g,28E-02 0.43E-03 0.43E-0_ 3.53E-0g a.45E+00
3. (7hr) 2.93E-01 3.20E+01 1.14E-05 3,52E-0g 5,70E-02 9.86E-03 1,63E-02 1,10E-08 7.96E +00
4, (ld) 1.00E+00 2,94E+01 3,09E-06 9,51E-10 1,54E-02 9.05E-03 2.53E-02 2.75E-0g 8.56E+00
5. (2d) 2.00E+00 1,04E+01 7.7TE-07 2.3gE- 10 3,87E-03 3.21E-03 2.86E-Q2 4.2gE-10 g.37E+00
6, (3(I) 3.00E+00 1,22E+01 9.06E-07 2,79E- 10 4,51E-03 3.75E-03 3.23E-G2 g,gOE- 10 9,00E +00
7. (4d) 4.00E+00 1.5_E+01 1.16E-06 3.58E- 10 5,78E-03 4.81E-03 3.7tE-02 2.2gE-00 8,64E+00
8. (5¢1) 5.00E+00 1.glE+01 1.42E-06 4,38E-10 7.08E-03 5,8gE-03 4.30E-02 4.42E-0g 8,35E+00

Mean: 5.35E-0_ 1.65E-0g 2.60E-02 3,02E--0g 8.02E+00
Standard Deviation: 6.47E-06 1,99E-0g 3,22E-G2 3.25E-0g 4,22E-01

FILE NAME: Ni
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (ug) (ug.cm-=os-t) (cm-2os -,) (goyr-t) (cm=os-i)

1, (30s) 3.47E-O4 NK) ........
2. (2hr) 8,44E-O2 4.87E+01 4.32E-05 2.gOE-0g 2,12E-01 3,27E-03 3.27E-03 9,07E-10 9.04E+00
3, (7hr) 2.93E-01 4.0SE+01 1.65E-05 1.11E-0g 8.12E-02 3,11E-03 6.38E-03 1.0gE-0g 8.96E+00
4. (ld) 1.00E+00 5,1gE+01 5.46E-06 3.67E-10 2.(3SE-02 3.4gE-(_ 9.87E-03 4.10E-10 9.3gE+00
5. (2d) 2,00E +(X) 5,22E+01 3.88E-06 2,61E-10 1.91E-02 3.51E-03 1,34E-Q2 5,10E-10 g,_gE+00
6. (3(:1) 3.00E+00 5,04E+01 3.76E-00 2,52E- 10 1.85E-C_2 3.3gE-03 1.68E-Q2 8,10E- 10 g,0gE+00
7. (4d) 4.00E +00 5.0SE+01 3.75E-06 2,52E- 10 1.84E-Q2 3.3SE-0(3 2,01E-Q2 1.13E-0g 8.95E+00
8, (5d) 5,00E+00 4.35E+01 3,24E-(_ 2.18E-10 1.5gE-02 2.g2E-03 2,31E-Q2 1.0gE-0g 8,g6E+00

Mean: 1,14E-05 7.(N_E- 10 5.(_0E-02 8.51E- 10 g,10E+00
S_ Deviation: 1.3TE-05 9.19E- 10 6.72E-_2 2.70E- 10 1,62E-01

FILE NAME: Zn
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (ug) (ugocm-=*s -i) (cm-_,s-i) (g,yr -_) (cm='s -_)

I,(30s) 3.47E-O4 5.1_+01
2.(2hr) 8.4_-= 3.31E+01 2.9_-06 I.SSE-= i.4_-01 1.70E-03 1.7(;E_-03 2.7iE- I0 9.57E+00

3._hr) 2.9_-01 N_ N_ N_ N_ N_ 1.79E-= N_ N_
4. (ld) 1.00E+O0 2,25E+01 2.37E-00 1.2SE- 10 1.1SE-02 1,22E-03 3.01E-03 5.00E- 11 1.03E+O1
5, (2d) 2,00E +00 2._tE+01 1.g4E-06 1.05E- 10 g.54E-03 1.41E-03 4.42E-03 8.2SE- 11 1.01E+01
_. (3(:1) 3.00E +00 N/D N/D NK) N/D N/D 4.42E-03 NK) NK)
7. (4(:1) 4.00E +00 N/D N/D N/13 N/D N/D 4.42E-03 N/13 N/D
8. (5d) 5.00E + 00 N/D N/D NK) N/D N/D 4.42E- 03 N/D N/O

_----._==== :== ----.=,_.= == z =_. :== = _-. _= == _ ==== :== = === ==_ == _---_== === = = ==I==== == a=== ==== ===== I==:==== :== := := == = == .,_.== = ==_== ====

Mean: 1,12E-06 0.06E- 10 5.50E-O2 1,35E- 10 g.g8E+ 00
Standard Deviation: 1,28E-05 6.92E-10 6.2gE-nO 9,74E- 11 3.08E-01
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Appendix E

Table E-24. (continued).

FILE NAME: B
8AMPLE IO: PEACH BOTTOM #4

LEACH CUMULAT1ME ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIME EFFECTIVE LEACH
IO LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE OIFFUSIVITY INDEX

(dmyI) (ug) (ug.cm-hl-I) (cm-t.s-1) (goyr-1) (cmz.s-,)

_. (30s) a.4TE-04 3,4SE+m ............................
2. (21y) 8.4,1E-(_ 3ASE+O! 2.77E-C6 6.OSE-OO 1.30E-01 0.82E-C0 6,82E-03 3.94E-00 8,40E+00
a. (-/Iv) 2.03E-01 N/O N/O N_ N/O N_ 6.82E-03 N_ N/O
4. (lo") 1.0OE+00 3.46E+Ol 3.(_IE-OS 7.93E- 10 1 ,TgE-GZ 7,54E-03 1,44E-0e 1.g2E-O0 8.72E+O0
5. (2(I) 2.00E+00 3.48E+01 2.5gE-06 5._lE-tO !.27E-C_ 7.58E-0_ 2.19E-_ 2.38E-0) 8.02E+00
0. (3o') 3.00E+00 3.4SE+01 2._E-(_ 5.64E-10 1.27E-QZ 7.58E-03 2.95E-0_ 4.05E-00 e.3gE+00
7. (did) 4.00E+00 N/D NIT) N/13 N/O N/13 2.9SE-0_ N)D N/D
8. ($d) 5.00E+00 N/O N/O N/O N/O N/D 2,gSE-GE N/D N/O

mmummmmlmmmuumummmmmusaon rmmmmmmmm m_smn _mmumammm mmmmmmmmmmumms

Mean: 0.14E-(_ 1 .ggE-0g 4.49E-(_ 3.07E-0) 8,53E+00
Standard Deviation: 1,(_E-G5 2.34E-Og 5.2SE-(_ 9.3gE- 10 1.40E-OI

FILE NAME: Plcollnic Acid
SAMPLE ID: PEACH BOTTOM #4

LEACH CUMULATIVE QUANTITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
10 LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (ug) (ug*cm-hI -I) (cm-' * i -I) (g.yr -I ) (cm"* I -I)
mmmnmnmmmmum--mmmmmmmmuumllmmmmmmmlmmnmmmmmmmml a m m a m ilammmalmglmlm_llm_lowzmmnllm,mzmmm_iimlmlalmmnmll

1. (30s) 3.47E-04 N/O ............................
2. (2hr) 8.44E-(_ 3.20E +04 2,84E-(_ 2.08E-0g 1.39E +0_ 2.35E-03 2.35E-03 4,6eE- 10 0.33E+00
3. (Thr) 2.93E-01 3.2SE+04 1.16E-02 8,53E- 10 5.72E+01 2.3DE-03 4.73E-03 O.4SE- fO 9.I_+00
4. (ld) 1.00E +C0 0,14E+04 0.4_E-O3 4.74E- 10 3.1SE+01 4.50E-03 9.23E-G3 0.84E- t0 9.17E+00
5. (2(:1) _.O0E +00 561E+04 4.32E-0_ 3.1?E-10 2.12E+01 4,26E-Q3 1.35E-(_ 7.52E- 10 9.12E+00
6. (3d) 3.00E +00 3.64E+04 2.71E-OQi 1,98E- 10 1.33E +01 2.68E-C0 1,O2E-0_ 5,01E- 10 O,30E+Q0
7. (40) 4.00E +00 2.85E +04 2.12E-03 1.55E-10 1.04E +01 2.09E-00 1.82E-Q2 4.31E- 10 9,3TE+00
8. (5¢1) 5.00E +CO 2.21E+04 1.84E-G3 1.21E- I0 8.08E +00 1.e2E-0Q 1.99E-Q2 3,35E- I0 9,48E+00

mmamlunllmsll_mmmm, lmslmllmaonm iim_mmnlllmmmnll t I Ill Im ml mmllmllllm ml mmmlllll

Mean: 8,18E-0_ 0.0(_- I0 4.02E+01 5.45E- 10 g2SE+00
Standard Devltion: 8.84E-(X] 6.48E-10 4.34E+01 1.40E-10 1.16E-01
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Appendix E

Table E-25. Peach Bottomsample #8 cumulative fractionreleases, releaserates,effective diffusivities,
and leachability indexes.

,. i , i i m i i = i i , i

FILE NAME: 0-14
8AMPLE ID: Peaoh Bottom #8

LEACH TOTAL ACTIVITY RELEASE RELEASE RELEASE INCREMENTALCUMULATIIVE EFFECTPwS LEACH
ID TIME LEACHED RArE RATE RArE RELEASE RELEASE OIFFUSlvi1N INOEX

(d_m) (uO) (uO.crn-_.a-,)(om-=.m-,) (Cl.yr-,) (om=.n-,)
_m_mmmamm_mmmmmmmmm_`_mmmmmmmmmmmmmmmmm_mmmmmmmmammmmmmmmmmmm_mmmmmmmmmmmmmmm_mmm_mmmmmm_mmmmmmm_

1.(30m) a.47s-_ _.a2S-m ............................
a. (211') 8.40E-(3Q i.i BE-Of 9.40E-(_8 8.55E- i I 5,16E-04 1.07E-O,I 1.07E-04 1,0gE- 12 1.20E.OI
3. (71'_ 2,44E-01 0.3sE-m 3,o+_:-m a,S3E-+1 2.13E-04 a,4m-m i.+2m-m i.aTE-+2 1.mE+O+
4. (Id) 9,39E-01 1.2gE-01 1.24E-08 1.12E-11 0.78E-06 1.16E-04 3.08E-04 4.81E-13 1.23E+01
s.(2o') i,_+m i.lsE-ot 8.01m:-m 7,2:_-12 4._E-os 1,0_-04 4.1_-04 s.1_-+a i.=_E+m
O.(30) a.92Ed-O0 8.49E-m 5,75E-00 5.19E-12 3.13E-05 7.07E-(_ 4.91E-04 4.O2E-13 1.23E+01
7. (4d) 3,O1E+00 7.01E-02 4.?SE-m 4.2gE- 12 2.5gE-(15 0.33E-05 5.55E-04 4.4_-13 1.24E+0!
8. (5o') 4.g(_ +00 1.47'E-0! 9.98E-(]) 9.O'JE- Ig §.44E-05 1.33E-04 0.88E-04 2.§5E- 12 1.10E+01

llllllllllllllllllll II IIISll I III III I I III IIII IIIII I III III IIII lllllllimmlllllll

Mean: 2.50E-08 ILgSE-11 1.30E-04 0,88E-13 1.31E+01
S_mdarcl Deviation: 3.05E-08 2.75E- 11 1.6eE-04 7.20E- 13 2.75E-01

FILE NAME: Fe-55
SAMPLE ID: Peach Bottom 08

LEACH TOTAL ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFU61VITY INOEX

(day=) (uCi) (uCi.crn-=.+-,)(cm-'.+-,) (Ct.yr-') (ore=.=-,)
llill1841mmlmllmllllBmmlllllllamllmmnlllmamlamamamllllllmmlllllmlnmmlli I I_lml_lnlmllllllllmmllllmll

!

1. (3011) 3.47E-04 1.G| =-01 ............................
2. (2hr) 8,40E-G_ 1,10E-01 9.30E-08 0,17E-0B 5.07E-04 7.72E-03 7.72E-00 5.70E-(_ 8.24E +00
3. (7hr) 2,44E-01 0.03E-02 2,77E-08 1.84E-0g 1.51E-04 4.40E-00 1.21E-02 3.71E-(_ 8.43E+00
4, (lo') 9,39E-01 5,27E-G) 5.00E-0Q 3.38E- 10 2,70E-05 3.50(i-0(3 1,50E-G) 4.35E- 10 O.30E+00
5, (2d) 1.g3E +00 2.2gE-(;2 1.55E-0g 1.03E- 10 8.43E-(_ 1.52E -00 1,71E-02 1.(ME- 10 O.98E+00
O. (3d) 2,92E +(X) 1.04E-(_ 7,01E- 10 4,65E- 11 3.82E-(_ 0,87E-04 1.78E-0_ 3.70E- 11 1.04E+Ot
7, (4d) 3.O1E+00 4,93F.-00 3.34E- 10 2.21E-11 1,82E-08 3.27E-04 1.81E-02 1,19E- 11 1.0_E +01
8, (Sd) 4.g0E +(X) 4.80E-(X_ 3.2_E- 10 2.1_E- 11 t .77E-(_ 3.18E-O4 1.85E-G2 1.46E-11 1.08E+01

-,mlmm=mmmmmmmmummmmmnmimmmmm_mmmmmmmmmmmmm mlntm Inmmmmmmmmamslmmmmmmmmmmlmmmmm|

Mean: 1.84E-08 1.21E-0_ 1.00E-04 1,43E-0_ 0.74S+00
Standard OeviaUon: 3,18E-C8 2.t tE-0_ 1,73E-04 2.14E-0_ 1.02E +00

FILE NAME: Co-_O
SAMPLE ID: Peach Bottom 08

LEACH TOTAL ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSlviTY INOEX

(_) (u0_) (u01.cm-_._-')(cm-'.s-,)(Cl._-') (cm=.m-,)
mmmmmimmmmmlimmmlmmmmmmmimmmm=mmmmmmmmmmmmmmmmmmmmmlmamammmmmmmlml mlmmlmmmmm mmllmmmmlmmmmilmimml

i.(30s) a.4_-04 i._E-Oa ............................
2. (2hr) 8.40_-(_ 1.(_4E-01 1.31E-07 3.52E- 10 7.13_-04 4.41E-04 4.41E-04 1.8SE- I1 I.OTE+Oi
3, (7hr) 2.44E-01 9.41E-(IQ 3,94E-08 1.0_E- 10 2.14E-04 2.53_-04 6.93E-04 1.23E- 11 1.0gE+OI
4.(1d) 9.3_-0i 2.O3E-01 I,_-m 5,2SE- I1 1.0_-04 5,47E-04 1.2_ -m I._- iI I.I_ +01

5. (2d) 1.93E+00 1.78E-01 1.20_-06 a.23E- 11 0.55E-(15 4.77E-O4 1.72E-00 1.03E- iI 1.10E+01
O.(3¢I) 2.92E +CO 1,1BE-01 8,01E-0g 2.t 5E- 11 4.37E-(_6 3.18E-04 2.04E-0_ 7.g4E- t2 1.11E+01
7. (4o') 3.91E+(X) 1.06E-01 7.1gE-0g 1.g3E-11 3.g2E-05 2.8_E-04 2,32E-03 0.0_E-12 |.10E+01
8, (5(I) 4.90E +00 2,34E-01 1,59E-08 4.20E-11 8.64E-05 0.28E-04 2.95E-00 5.00E- 1i 1.02E+01

m,,--,mmmnsmmummmmmlm--mm_mmmmmmml mmmmmm m=nulmmmmmNmmam mumammmi, msma.mmmmnmmmmm

Mean: 3.33E-08 8.g5E- 11 1,81E-04 1.80E- 11 1,Ogle+01
Standard Deviation: 4.11E-08 1.10E- 10 2.24E-04 1.02E- 11 2.72E-01

FILE NAME: N1-¢3
SAMPLE ID: Peach Bottom 08

LEACH TOTAL ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
IO TIME LEACHED RATE RATE RATE RELEASE RELEASE OIFFUSIVlTY INDEX

(days) (uC,) (uCi.cm-=.=-,)(cm-+.=-') (Ci._-') (cm'.=-,)
mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmnmmmBmmmmmmmm_mmmmmm_mmmmm mmmmmlmmmmmmmmmmmmmmmmmsmmmmmmmml

1.(3Os) 3,47E-04 2.57E-(_5 ............................
2. (2hr) 8,4(_--(_ 1.11E-04 8.89E-11 1.3_-11 4.55E-07 1.71E-(_5 1.71E-05 2,78E-14 1,3_E+01
3. (7hr) 2,44E-01 7,02E-_5 2.g4E- 11 4,50E- 12 I._-_ 1.08E-05 2.78E-05 2,22E- 14 1,37E+01
4. (10") 9.39E--01 9.24E-05 8.O3E- 12 1,371=-12 4.57E-OB 1.4_E-C5 4,20_-05 7,17E- 15 1.41E+01
5. (2(:1) 1.g3E+00 3.77E-05 2.55E- 12 3.gl E- 13 1.31E-G8 5,78E-(_ 4.78E-06 1,51E- 15 1.4SE+01
O.(3¢1) 2,P2E+00 1.54E-06 1,04E- 12 1.60E- 13 5.34E-0g 2.30E-C6 5.02E-05 4,38E- 10 1.54E+01
7. (4d) 3.91E+00 N/D NK) NK) N/D N4_ 5,02E-05 N/D N/D
8. (5cl) 4.g0E+_O N/D N/O N/D N/D N_O 5.02E-_5 N/D N/D

mmmmmmammmmmsmammml_mmmmnummmamlmmnlmm uummmmmmmmm m mmmamalmm m m am nmmmm mmnmmmmmmmmmnmm

Mean: 2.02;=-II 4.01E-J2 t,34E-07 i.i_-t4 i,4_+01

8t4m(:Im'dDovlation: 3,_-Ii 5.0_-i2 i._-07 i.i2E--14 _,0iE-01
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Appendix E

Table E-25. (continued).
,i

_CH TOT_ AC_ RE_ RELEAE REUSE I_EMENTAL CUMU_TIVE EFFECTIVE ts=_
IO _ME _CHEO _ RA_ _ RE_ REIaASE OIFF_M_ I_X

(d,_) (.el) (.Cl.cm-".-') (=m---.-,) (Cl.yr-.) (cm"s-')
mmH,HBOi mmllimlamlmHimmm llmlHmilmalmHImmNlilimm)uloul_mtlliilll IlliNilnlllll iN IN I In nllulllml N iHIINIHINNI

i, _) s,4_-o4 i,_-(B ............................
2, (31't_ 8,40E-02 7.73E-0S 0.17E-11 O,S3E-O0 a.STE-0"/ e.leE-m e.lnE-m e.asE-m e,c,oE+oo
3. _ 2.4_--01 2,_--_ | ._--11 1.1_-_ 5.01E-_ 3,7_-_ 1._-_ 1,_-W 8._+_
4.(ld) 0._-01 a,_-m s._-_2 3,s_-_o _.e_-oe 3.r_-03 _,4E-m 4,_-to 0,StS+m
5. _ 1,_+_ N_ N_ N_ N_ N_ 1.4SE-_ N_ N_
o. (_ 2,_+_ N_ N_ N_ N_ N_ 1._-_ N_ _O
r. (4d) S.OIE+O0 'O.OOE-(_)'.4_S-l_ 7.esE-', 4.O4E-m _..msE-m 1.ssE-m i.4sE-lo o.esE+oo
e,(Sd) 4,0_+(X) a.OIS-O0 4.0_E-Sa 4,0SE-. _.SS_-m 7.=_E-_ _,O_E-m 7.0_S-_ _.O_E+m

marinmiimmamimmmmmmainamilmammmmmamalimmimmmmmmmmnmmmmlmmmmmnmmammmuma

M_m: 1._-11 1,_-_ 8.41E-_ 1.7_-_ 9.RSE+_
O_: 2.3SE-11 2._-_ 1.2SE-_ _._-_ 0._-_

FILENAk_: To-_)
SAMPLEID: Pwch Oott_'n#8

LEACH TOTAL ACTI_ITY RELEASE RELEASE RELEASE INCREMENTALCUMULATIVEEFFECTIVE LEACH
ID TIME LEACHED RA'n_ RATE RATE RELEASE RELEASE DIFFLI_IMTY INOEX

(d=y=) (uCi) (uCl.cm-"=-,)(cm-*.=-,) (Ci.yr-,) (¢m,.=-,)
mmaNSIBHmHHalllmimmNN HHalaNEENimODaiN_iai_iHaf aiNHim HaBEas mamDaaaNaNEiaaNamasaaaHNHalaHNaiNI

i. (aos) a.47S-o4 1.s4E-m ............................
3. (_hO 8.4_E-02 2.53E-_ 2.02E-_ 4,33E- 10 1.0aE-_ 5.42E-04 5,4_E-04 2.81E- 11 1.0SE+01
s. (7_ 2.44E-01 1,o_-m 8.1SE-lo 1.7_-10 4.17E-00 4jTE-04 O.SgE-04 S.3SE-II i.OSS+m
4. (1_ 9,3_-01 1.01E-01 9._-_ _.1_-_ 5._-_ 2.1_-_ 2.2_-_ I._-_ 7.7SE+_
5. (2d) 1.93E+m 2,05E-03 1,8_E- 10 3.84E- 11 9.20E-07 5.08E-G4 2,32E-m 1.46E- 11 1.0BE+0t
8. (3o') 2.92E+(X) _.74E-03 1.8_E- 10 3,07E- t1 9.5tE-07 5.8SE-04 2.38E-m 2,70E- 11 1.0_E+01
7. (4¢1) 3 91E+00 1.20E-03 8.53E- 11 183E-11 4 37E-07 2 70E-04 2.41E-m 8 08E-12 1,1IE+01
8. (50') 4,_+_ O._-= 4.3_- 10 9,_-11 2.2SE-O0 1,_-_ 2.5SE-_ 2.7_-10 9._+_

mmimmmmmmammmnmammmmmmmmammmmmammmnummmammmmmm arimmmmmmmmm mia"mmummmmmmmmmmmmmmmml

Mean: 1.9_-_ 4.iSE-I0 9.8_-_ 2.4SE-_ t.Oi_+Oi
De_: 3,3_-_ 7._- 10 t ,0_-_ 5.84E-_ 1._+_

FILENAME: _-125
_PLE I0: P_h O_om #8

LEACH TOTAL ACTIVITY RELEASE RE_ RELEASE INCREMENTALCUMU_TIVE EFFECTIVE
IO TIME LEACHED RATE RATE RATE RELEASE RELEASE OIFF_IM_ I_

(_vys) (_0) (uCi.cm-'.m-')(cm-=.m-') (O.yr-') (¢m=.=-,)
aimam....aamamma...alela, mamammalumamimaameaimmaaammneaimaamaeea= a mimaaasaimamaaa=imm=aaaaa=

1 (30_) 3,47E-04 2.3=1=-04 ............................
2. (2hr) 8.4QE-(:_ N/D N/D N/D N_O N:D N/O N/D N/D
3. _ 2.44E-01 N/D N/O N/O N/O N,D N)O N/O N/O
4, (to'i) 9,30E-0i 9.72E-04 9.3SE-11 7,01E-11 5,12E-07 8,t0E-Oa 8,1gE-04 2.3gE-11 t.OSE+01
5. ('Jd) 1,93E+00 I.OGE-G) 7._- II O._E- 11 4,02E-07 9.1GE-04 1.74E-08 3,83E-11 1.04E+OI
e.(3o') =.o=E+m 0.4_E-04 4.40G-ll _.70E-li 2.40E-o'r5.47E-_ =.28E-08 _,._,E-ll 1.00E+ol
1. (_ 3.91E+_ 7.2_-_ 4._- 11 4.1_- 11 2._-_ O._-_ _.8_-_ 4.11E-11 1._+_
8. (5¢1) 4.90E+00 9.OgE-04 0.58E- 11 5.54E- 11 3.58E-07 8.t7E-O4 3.71E-00 9.02E- 11 1.00E+01

mmimmlmmmaummiimimmm mammm m aemmmimimammm mmmmammmmmimm mammmmmamm

Mean: a._-ti 5._-ii 4._-ii 1._+_
_D_: 1._-11 1,51E-11 2._-11 2.2_-_

FILENAME: 1-12g
SAMPLEI0: P_ _ 08

TOTAL AC_M_ RELEA_ RELEASE RELEASE I_EM_NT_ _MU_TIVE EF_CTI_ tEACH
i0 TIME LEACHED RATE RATE RATE RELEASE RELEASE OIFFLI_Vtl"_ INOEX

(_) (_Q (_.cm-=.m-')(cm-=.m-')(_._-') (cm'.m-')
__mm;mmammimm_mnmammammmm_mai_m____m__________m_________a_____________mim_i____a______

1. (_) 3.4_-_ 2.7_-_ ............................
3. RI'_) 0,4_-0_ 5.80E-00 4._-12 7,TGE-tO 2.5SE-O0 9.7SE-.34 9.7SE-04 9.0GE-11 1.00E+01
3, ('/hr) 2,_-01 1.4TE-= 0.1_-12 1,_-_ 3._-_ 2._-_ 3.41E-_ 1.1_-_ 8._+_
4 (Id) 9.3gE-Ot N/ID N/D N/D N_D N,D 3 41E-08 N/D N/D
5. _d) 1,_+_ 4,1SE-_ 2.81E-t2 4._- 10 1._-_ O.91E-_ 1._-_ 2.1TE-_ 8._+_
O.(_ _._+_ 3.STE-_ 2.4_-12 4._- 10 1._-_ 5._-_ 1.6SE-_ 2._-_ 8._+_
7. (_) 3,O1E+_ 2._-_ 1,41E-12 2._- 10 7.7_-_ 3.4TE-_ 1.g_ .-:-_ 1._-_ 8.8_+_
8. (_) 4,_ 4.1_-_ 2.7SE-12 4._-10 1.5_-_ .O,_-_ 2._-_ 0,72E-_ 8.1_+_

immmmimanmmimuammmmmmmmimnmmimmammia mmammi m mammmmaammmmmi immmmmmmmmm

Mean: 3.37E-12 5.OlE-IO 1.84E-06 2,3TE-_ 8._+_
StandardDeviadion: 1.57E- 12 2.01E- 10 8.54E-00 2.12E-CO 5.78E-01
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Appendix E

Table E-25. (continued).

FILE NAME: C|-137
SAMPLE IO: Peaoh Bottom #8

LEACH TOTAL ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSlVITY INDEX

(days) (uCi) (uCl,cm-I.II -I) (cm-'os -I ) (Cl.yr -I) (cml ,s -t )
mmammmlmmmllaamlnmmmlmmlumaul-.,mlnmmnaaamannm_maammalmmnanaamn_ aaamnalaamaa nmaamnamamuammmaaaaaaa=

1. (30_) 3.4TE--04 3,2 _l_-- 04 ............................

=. (2hr) 8.40E-0Q 7.7gE-04 0.22E- 80 1.14E-OD 3.30E-08 1.43E-0B 1.4SE-G3 1.95E- 10 9.71E +GO
3. (Thr) 2.44E-01 8.11E-04 3.39E- 10 a.22E- 10 1.851E-00 1.49E-03 2.92E-0Q 4.24E- 10 937E +()0
4. (1d) 9.39E -01 1.46E-03 t ,41E- 10 2.SgE- IO 7.68E-07 2.(58E-CO 5.59E-03 2.55E - 10 9.59E +00
5, (2d) 1.O3E+(DO 1.12_.-03 7.55E- 11 1.3gE - 10 4.12E-07 2.05E -G3 7,04E -0(3 1 .gOG- 10 0.72E +00
8. (3¢1) 2.92E +(X) 1.11E-03 7.51E- 11 1.38E- 10 4.0gE-07 g.O4E-03 g.aTE-G3 3.25E-10 P,4gE+00
7. (4d) 3.gtE+00 2.38E-03 1.01E-10 2.gSE- 10 8.77E-07 4,30E-03 1,40E-02 2.11E-0g 8.68E+(X)
8. (5¢1) 4.90E +00 2.38E-03 1,61E-10 2.g6E- 10 8.7gE-07 4.36E-03 1.84E-02 2.74E-0g 8.56E+00

almllmallnaslllalll_lll,m_lm_lll nJ,ll_,nmllm_l_nllnm_ll BII¢: In a I m lilll I l I I m I IN m lamnll I 18_ m I IN l: I

Meart: 2.25E- tO 4.13E-10 t .23E-06 8.92E- t0 g.30E+00
Standard Deviation: 1.82E- 10 3.33E- t0 g.g0E-07 9.88E- 10 4.48E-01

FILE NAME: Fo
SAMPLE IO: Peach Bottom #8

LEACH TOTAL QUANTITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVtTY INOEX

(days) (ug) (ug*cm-=,s -I) (cm-*,s-') (g.yr-I) (crn_,ll- 1)
=lmmalmmmm=mmalemalmmamammamlmmmom mmmmsmmnmmmmmmmmmm mmmmmmmm_mmm mmmsmmmmmmm mare mmmm mmmmm=m m|mmmm mmmmmmmmmmmmm

I,(30s) 3.47E-O4 2.O3E+03 ............................
2, (2hr) 8.40E-(_ 1.I_+03 8.81E-04 2.04E- 10 4.80E+00 2.55E-04 2,55E-04 6.20E- 12 1.12E+01
3. (7hr) 2,44E-01 3.2SE+02 1.37E-04 3.17E-11 7.47E-0! 7.57E-05 3.30E-04 1.10E-t2 1,20E+01
4. (tel) 9.3gE-01 1.03E+G2 1.00E-05 2,31E- 12 5,45E-(_ 2.3gE-O5 3.54E-04 2.03E- 14 1.37E+01
5, (2cl) 1,g3E+00 1.38E +02 9.33E-00 2.10E- 12 5.0gE-(_ 3.1gE-05 3.88E-O4 4,01E- 14 1,33E+01
O, (3d) 2.g2E+O0 8.(52E+01 5,84E-(_ 1.3_- 12 3.18E-0_ 1.g0E-05 4.06E-04 3.11E-14 1.35E+01
7, (4d) 3.glE+00 5.17E+01 3.50E-03 8.09E- 13 1.giE-0_ 1.1gE-05 4.18E-04 1.5gE- 14 1.38E+01
8. (5d) 4,goE+03 8.62E+01 5.85E-(_ 1.35E-12 3,19E-G2 1 .ggE-(_ 4.38E-04 5.72E-14 1.32E+01

m lmmmanmlllmllUlr, mmlamlmmlmlmmamlmmlummmmlml _mmll = =_ malllmml mmllmlmmilmlm_lmllmmm

Mean: 1.50E- 04 3.476-11 8.20E- 0l 1.0TE- 12 1.30E+01
Standard Deviation: 3.02E -04 6.97E- 11 1._4E+C)0 2.13E - 12 9.13E-01
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Appendix E

Table E-26. Peach Bottom sample #12 cumulative fraction releases, release rates, effective diffusivities,
and leachability indexes.

FILE NAME: C-14
8AMPLE IO: PEACH BOTrOM #12

LEACH CUMULATIVI_ ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RAI_ RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(dayl) (uCi) (uCt.cm-a,ll-') (crn-',ll-') (CI,yr-') (cma,m-,)
m_m_mmmmm_m_mmmmm_m_mmmmmmmmmmmmmmmmm_mmmmmmmmmmmmmmmmm=_mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm=

1. (30m) 3.47E-04 7.80E-_ ............................
2. (2rW) 8.37E-Oa 1.4eE-¢0 1.20E-05 1.17S-ti 0.43E-05 1.34E-05 1.34E-05 1.S4E-14 1.:_E+01
3. (Thr) 2.92E-01 9.61E-03 3.3GE-00 3.08E-12 1.09E-05 a.72E-05 2.21E-05 _.71E-15 1.41E+01
4. (td) 1.00E+CO 7.08E-03 7.98E-10 7.24E-13 3.97E-05 6.97E-05 2.91E-05 1.60E-15 1.4SE+0t
5. (2d) 2.00E+CO 9.85E-CO 7.23E-10 0.57E-13 3.00E-05 8.94E-05 3.80E-05 3.35E-15 1.45E+01
0. (30) 3.00E+CO 1.07E-G2 7.64E-10 7.11E-13 3.00E-05 9.08E-05 4.77E-05 6.08E-15 1.42E+01
7. (4d) 4.00E+CO 4.2GE-00 3.15E-10 2.86E-13 1.STE-05 3.89E-C_ 5.10E-05 1.52E-15 1.4SE+01
8. (5d) 5.00E+CO 3.38E-03 2.48E- 10 2.25E- 13 1.23E-05 3.06E-05 5.47E-05 1.21E-15 1.49E+01

mlmmlmmmmmlmmmwmmam mlmmllmmamlmmmmnnmm assam°ram mmmmmum m.llBmmmmmmn smmmmmmmmn

Mean: 2.74E -00 2.40E - 12 1.30E-06 5.50E- 15 1.44E 4-01
Standard Deviation: 4.27E -00 3.88E- 12 2.t 3E-05 4.83E- 15 3.95E-01

FILE NAME: Fe-55
SAMPLE ID: PEACH BOTTOM #12

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTI_vl" LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSlVITY INDEX

(days) (uCQ (uCi,cm-2,s -') (cm-=,s-') (Cioyr-') (cm=.s-,)
mmmmmmmmmmmmmmmmmmmmmmmmmm_-`'mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm_mmmmmmmmmmmmmmmm_mm°_mmmmmmmmmmmmm_

I. (30s) 3.47E-04 7.80E-04 ....................
2. (2hr) 8.37E-G2 8.03E-04 7.01E-10 5.08E- tl 3.70E-05 5.70E-05 5.76E-05 2.86E- 13 1.25E+01
3. (Thr) 2.92E-01 5.81E-00 2.05E-00 1.37E-10 °.02E-G6 3.88E-04 4.45E-04 1.71E-11 1.0_+01
4. (I d) 1.0OE+(DO 2.44E-O3 2,53E- 10 1.09E- 11 1.20E-06 I .(53E-O4 0.O8E-04 8.98E- 13 1.20E +01
5. (2d) 2.00E +00 2.88E-0QI 2.11E-10 1.41E- tl 1.05E-05 1 .g2E-CA 8.00E-04 1.5SE-12 1.1SE+01
O.(3(:1) 3.00E +00 t .20E-02 0.28E- I0 O.19E- 11 4.02E-_ 8.43E-04 1.64E-03 5,00E- 11 1.03E+01
7, (4d) 4.00E +CO 2.02E -03 1.93E- 10 1.29E- 11 9.59E -07 1.75E -CA 1.82E-03 3.07E- 12 1.15E 4-01
8. (5(:1) 5.00E +CO 2.58E-03 1.90E- 10 1.20E- 11 9.43E -07 1.72E -CA 1.9gE-O3 3.83E- 12 1.14E +01

ammmmmmlmmmmmmmmam=lm_Immmmmmmmln:mmmmmmmmmm|mmmmnmmlmmmmmmmmmmmmmmmmmm

Mean: 0,55E-I0 4,37E-II 3,2_-05 i.ilE-tl i.l_+Ol
StandardDeviation: 0,3_- I0 4,24E- 11 3.I_ -06 1.7_ - iI 7.0_ -01

FILE NAME: Co-60
8AMPLE ID: PEACH BOTTOM #12

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TiME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVITY INDEX

(days) (uOi) (uCi,cm-',s -I) (cm-a's -1) (Ci'yr -1) (crn_°s-I)
_wmmm_mmummmmmmmmmmmmmmmmm_mm_mmmmu_mmmmm_m_m|mmm_mm_m_mmmm_mm=m_mmmmmm°mmm_mmm_mmmm_mmm_

i. (30s) 3.47E-04 3.20E-02 ........................
2. (2hr) 8.37E-G2 1.00E-0i 8.85E-05 2.30E- 10 4.40E-04 2.71E-CA 2.71E-04 O.3SE- 12 1.12E+01
3. (7_) 2.92E-01 9.11E-02 3.22E-05 8.70E-11 I.(%0E-04 2.47E-CA 5.18E-04 0.92E-12 1.12E+01
4. (1d) t .00E+00 1.2gE -01 1.34E-05 3.02E- 11 0.05E-05 3.49E - CA 8.07E -04 4.13E - 12 1.14E +01
5. (2d) 2.00E +00 t.11E-01 8.17E-0g 2.21E-I1 4.06E-05 3.01E-CA 1.17E-03 3.70E- 12 1.14E+01
O. (3(:1) 3.00E+O0 8.24E-G2 0.00E-00 1.04E- 11 3.01E-05 2.23E-CA 1.30E-05 3.54E- 12 1.1SE+01
7. (40) 4.00E +CO 0.41E-G2 4.71E-00 1.27E- t 1 2.35E-(:15 1.74E- .34 1.56E-03 3.02E- 12 1.1SE+01

8. (Sd) 5.0pE+co 5.50E-(_ 4.08E-0g 1.10E-11 2.03E-05 1.50E-CA 1.71E-03 2.91E- 12 1.15E+01mmmm mmmmmmmimmmmnmammammmm=mmmmmmm u mm --omammlmnnm mmmmnlmmmmmmmmnmmm mum

Mean: 2.24E-05 0.07E - 11 t. 12E-04 4.3SE - 12 1.14E +01
Standard Deviation: 2.84E-08 7.69E- 11 1.42E-04 1.49E- 12 1.38E-01

FILE NAME: Ni-03
SAMPLE ID: PEACH BOTTOM #12

LEACH CUMULATIVE ACTIVITY RELEASE RELEASE RELEASE INCREV-NTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEAS_ RELEASE DIFFUSIVITY INDEX

(days) (IX)i) (uCi.cm-l,s -I ) (crn-2, s-I ) (Ci.yr -I ) (cma,s-I )
mmmmm__mmmmmmmmmm_mmm__mmm_amm_mmmmmmmmmm_mmmmmmms___mm_m_mmmmmm_mmnmmm_mmmmmmm_mm_mmm_mmmmmm_mmmm_

I. (_) 3,4_--04 5._--05 ............................

2. (2111") 8.37E-02 7.13E-03 0.29E-00 9.71E- 10 3.13E-05 1.10E- 33 1.10E-03 1.0SE- 10 9.9SE +00
3. (Thr) 2.92E-01 5.97E-03 2.11E-00 3.25E-10 1.05E-C6 9.22E-CA 2.02E-03 9.07E-11 1.00E+0t
4. (1d) 1._ +00 9.09E -03 9.42E- 10 1.40E - 10 4.OgE-(_ 1.40E - ::21 3.43E -0(3 0.70E- 11 1.02E +01
5. (2(:1) 2.00E +00 0.70E-00 4.99E- 10 7.70E- 11 2.48E-(_ 1.0SE- _3 4.47E-03 4.01E-11 1.03E+01
0. (3(:1) 3.00E+00 4.42E-O3 325E- 10 5.01E-11 1.62E-05 6.82E-CA 5.t 0E-03 3.32E- 11 1.05E+01
7. (4d) 4,00E+O0 3.70E-0_ 2.72E- 10 4.20E- 11 1.35E-05 5.72E-3,4 5.73E-03 3.28E- 11 1.05E +01
8. (Sd) 5.00E +00 3.00E-O3 2.25E- 10 3.47E- 11 1.12E-C0 4.73E-CA 0.20E-03 2.8SE- 11 1.05E+01

m mmm mmmmmmmmmmnmmmm mmmmmmmmmmmmmmm mm mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmml

Mean: 1.52E-00 2.35E- 10 7.58E- C_ 5.8SE- i I 1.03E+OI
Standard Deviation: 2.04E-C0 3.15E- 10 1.02E-05 2.93E-11 2.1SE-01
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Appendix E

Table E-26. (continued).
i,,,,,,,,,, , llllll i i i ...... ill i i i i ii i i,m i i i i,i

FILENAME:&r-tO
8AMPLEIO: PEACHBOTTOM013

LEACH CUMULATIVEACllVITY FIGLEAE FiELEAE RELEASE INCREMENTALCUMULATI_EEFFECTIVE LEACH
IO lEACH TIME LIE,4kCHED RATE RAIE RAl_ RELEAOE RELEASE DIFFU_VITY INDEX

(days) (.Cl) (.Cl.cm-,.s-,)(cm-,..-,) _.yr-,) (cm'..-,)
mmlmmllmlmmlmlllmima mmlmllmmillmmlmilmllllmlmlllmmllmmmmllmmmmmmmmsmm_mmmemmmmmmmmmmmmmmmmmmmmmmmms

i. ('J_) &47s-o4 N/O ............................
g. (_hr) S.37E-m S.22E-m 4._E-IR 4.ME-10 g.HE-m S.54E-04 S.S4E-04 g.eSE-11 1.06E+01
a. ffh_ a.9_S-Ot 3.47E-0B t.a_S-_R 1.30G-m e.o_-m =.eaE-o4 o.22s-o4 _._-, 1.oes+m
4. (td) 1.00E+00 8.88E-0"#' 8.8gE-14 g.43E-Ig 4.4=E-10 9.10E-08 1.01E-0D g.81E-13 1.20E+01
S. (2(#) g.00E+O0 NVO N/D N_ NIT) N/D 1.01S-G) N/D N/D
0. (3d) 3.00E+m N/D N/I:) NA:) N/i:) N/O |.01S-(_ N/D N/D
7. (4d) 4.00E+O0 3.4eE-Oe 3.54E-13 2.7oG-t1 1,=TE-m 3.eTE-04 1.3aE-m t,3fE-l_ t.o_+01
8, (5ci) S.00E+00 N/O N_ _ N/I) NIT) 1.38E-m N)D N/I)

imnlmliallm_llllilllmnlmllmlulmmmlmlmlmllinltlltllmmlmmmmlummlllmnll

1.04E-ia 1.84E-10 7.(_E-00 1,3QE-11 1,12E+01
StandardOevilltmn: I .S2E-1= 1,g3E- 10 9.05E-Og 9,_E- Ig 7,ME-Or

FILENAME: T0-99 • ..
SAMPLEIO: PEACHBO1"roMO12

LEACH CUMULATI_ ACTMTY RELEASE RELEASE RELEASE INCREMENTALCUMULATI_ EFFECTIVE LEACH
ID LEACHTIME LEACHED RAILS RAIIE_ RATE RELEASE RELEASE DIFFUSIMTY INDEX

(d_) (u_) (ur-..,l.cm-,,.t-,)(_n-i..-,) (Cl.yr-,) (crn_,,,-')
nlmlmalllmmnlmmallimmm ImmlmllmmmmmmlmmlIlllmlmlmmmllll Illlmmm II1II ImI I Imm_UmmImIm Ilmlulllmlmllnllmmmllmlimlllmlmmmlll lUll

I.(30S) 3.47E-04 N/D ............................
2.(3hr) S.:)_S-m e.e4S-05 5._- __ _.=_-__ =.oa_=-07_.4"_-os _.4TS-os _.e_E-_4 _.s_+o_

4. (ld) 1.00E-I-00 3._-m 3.05E- |0 F.85E- 11 1.82E-(_ ?.5_E-04 9.35E-04 1.05E-I 1 1.07E.01
_.(2o') 2.00E+oo s.o_-m _._-m e.ooE-, _,s._-o_ _.09s-o_ 2.0'4G-m 4._E-_ _.03E+m
e. (3d) 3,00_ +00 2.97E-m =.19E-I0 4.70E-11 1.09E-0_ O,39E -04 2._-m 2.01E- 11 1.0r_+01
7. (4d) 4.00E+00 _.a0E-04 _._E-_ _.e4S-_a e.seS-os 3.eTs-os 2.70E-m _._os-_3 _.2_+0_
s. (Sd) s.oos+oo _.e_-m _.'_-to =._-_ e._o_-o_ 3._-o4 3.o_-m l._-tt t.oes+ot

mlmmllmmmmmnmnlfllmmmumllllmmmmillllmmmmlmmllmllmlulmllimllmm'mm_mml

Mean: =.03E- 10 4.3_E-11 1.01E-(_ 1,0gE-11 1,t5E+01
StandardDeviatk:)n: 1.32E-10 2.84E- 1t 0.SgE-07 t,68_-11 t.gtE+00

FILENAME: I-1:_9
SAMPLEID: PEACHBoI"rOM O12

LEACH CUMULATI_ ACTMTY RELEASE RELEASE RELEASE INCREMENTALCUMULA'nVEEFFECTI_ LEACH
IO LEACHTIME LEACHED RATE RATE RATE RELEASE RELF.ASE DIFFU_MTY INDEX

(da_) (uCl) (uCl.cm-_..-') (cm-'.s-,) (CI._'-') (cm,..-,)
illmlmlmnlmmmmllmil llmmilmmllmlllmmlltmmmtlllmmam mini Illlml l I l II Imla_mllll I l lira tmmmllmlmmiSilmmllllmllmllmllmllllll

t. (30s) S.4_E-04 t .o_E-o_ ............................
2. (gtv) e.37E-m e.4_-m 5.e3E-lt 9.42E-m 2.80E-07 1.0eE-m 1.08E-m 0,94E-m 8.OOE+O0
3.(7hf) 2.9'JE-01 N/O N/D N/I) N_ N/O 1.08E-02 N/D N/D
4. (Id) S.OOE+O0 a.85E-m e,0tS-lg _.18E-og 3.44E-m _._IE-_2 2.sgE-og 4,23E-Og 8_17E+00
5. (=d) =.00_+00 9.40_-08 O.gO_-- 13 t.l_-lO 3,43E-m 1.STE-m 2.35E-m 1.04E- 10 g,g_+O0

O,(3o') 3.0GE+m S.84E-m 4,30E- 12 7.1g_-10 2.14E-m 9.78E-03 3.33E-G_ O.82E-(:g 8.171_+00
?.(4d) 4.00E+00 N/O N/D N/D N/O N/D 3.33E-m N/D N/D
8. (Gd) S.00E+00 1.44E-04 t.O_E-11 1.78E-m G.=SE-OS =.4gE-02 S.74E-m 7.54E-m 7,t2E+O0

IiIiIiIi llllllllllim_lllllllll_ll_llmllallllllll II_IIIIIIIII II_ I m am mmlmmmmmm_lmlmmm_mmll

Mun: t .I_E- 11 2.64E-(_g 7.84E-(_ I ._IE-(:18 8.33E+oo
StandardOevialk_ =.05F-11 3.44E-0_ t,02E-07 2.82E-08 g,31E-Ol

FILENAIVE:Cr
8AMPLEID: PEACHBOTTOM#lg

LEACH CUMULATIVEQUANTITY RELEASE RELEASE RELEASE INCREMENTALCUMULATIVEEFFECTII_ LEACH
ID LEACHTIME LEACHED RATE RATE RAI_ RELEASE RELEASE DIFFU61VlTY INDEX

(a_) ("0) (_,cm-',m-') (cm-,,m-,) (g'l_-') (c_n,,,-')
Illmlm Ill mmml mlmlullmmllalmlllalmmmmlmmllmmmmml Ilmlmmmllmmlmmmmlmlm lm ImmmImmmlmmlmmmmllmm m_mlmmml

t. (_0_) s.47s-04 4._E+O_ ............................
3. (=tv) 8.37E-m e.etE+O_ S._3E-05 =.31E-m =.gOE-0_ =.o=E-_ 2.0_E-00 S._-10 0_3G+00
3. (71_ 2.92E-01 0.07E+01 g.14E-08 6.4_E-10 1.07E-01 2.41E-C_ 5.03E-00 e._O_-10 0.18E+C0
4. (ld) 1.(X)_+00 8.0_E+01 8.3_E-08 3.31E- 10 4.1_-0_! 3.20E-03 8.23E-03 3.47E- 10 g.4_+00
5. (2(I) 2.0(O+00 7.(_+01 5._-1_--06 2.23E- 10 2.80_-02 3.04E-00 1.13E-(:_ 3,8_E- 10 g.41G+00
0. (3d) 3.0(_+00 0.01E+O1 4._-00 1.93E- 10 =.42E-0_ =.0=E-C01 1.39E-(1_ 4.89E- 10 g.31E+00
7. (4d) 4.00E+00 a.=3E+O1 4._E-o_ 1.0_E-_o 2.28E-02 2.47E-c0 1.04E-0_ 0.I IE-I0 o.glE+00
8. (5(I) 5.0(O+00 5.92E+0t 4.34E-08 1.7gE-10 =.10E-(_ 2.35E-c_ 1.87E-0_ 7.0gE-lO g.15E+00

lmmmmmmamlllmmlm,lmlllmmmmmllnalmmmalmal mmIImilmlmlmmmmmmll_ mmmmlmmmm

Mean: t ,54E-G8 o.ogE- 10 7.e4E-02 5.43E- 10 O.gSE+00
_UmdardO_m1: 1.84E-..(_ 7.3(_- 10 9.1_-(_ 1,_SE-10 1,1(_-01
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Appendix E

Table E-_. (continued).
ii i i ii i i __ ii 111 T I

FII= NAME: Fo
_r: ID: PEACH BOTTC:M #12

LEACH CUMU_QU_ RE_E RE_A_ RE_E I_E_NT_CUMU_ EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIMI_ INOEX

(_) (_) (_.cm-'s-') (c_-'.a-') (o*yr-1) (c_*.s-')
_s_i__m__mm___mi_m_m_m_|__m_m_m_m_

1. (_) 3.47E-04 N_ ........................

s.F_ _,r_s-01 o.07s+m 2.t4E-_ 4,_-_2 1.0_-m _.4_E-os 2.50s-oe 2.27s-_4 _.aes+m
4.(lo') _.oos+oo 7.20s+m 7.47E-oe _.74E-_ 3.7_E-0_ _.e_-os 4,=es-os o.m-_s _,40s+m
5, (20") 2._+_ 5._+_ 3,71E-_ 8._-13 1._-_ 1.1_-_ 5._-_ §.7_- 18 1,42E+_
O. (30) 3.OOE+O0 4.1TE+01 3.07E-06 7.14E- 13 1.53E-(_ 0.72E-Q6 0.41E-05 0.73E- 15 1.42E+01
7. (40") 4,00E+O0 4.33E +01 3.18E-00 7.40E- 13 1.58E-(]2 1.01E-(_ 7.42E-05 1.02E- 14 1.40E+01
8. (_ 5._+_ N_ N_ N_ N_ N_ 7.42E-_ N_ N_

mammlllmlllmllllmllainllmllmmmmimmmmlmmimammasmamalaaasma ms maimmmim mamil

Mean: 1._-_ 3.2_- 12 0,91E-_ 1,11E-14 1._._
Deviation: 1,51E-_ 3,§2E-12 7.52E-_ 5._-1§ 1.91E-_

FILE NAME: Co
8AMPLE ID: PEACH BOTTOM #12

LEACH CUMULATIVE QUANTITY RELEASE RELEASE RELEASE INCREMENTALCUMULATI_ EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RAq_ RATE RELEASE RELEASE DIFFUSIVITY INDEX

(d_/s) ("0) (ug.=n-'.,-') (=m-*.,-') (g*yr-') (cm*.,-')
mmsim_mmmmmmmm_mmmmmsmm"mm-qmmmmimmmmmmmmm-_mmmm_m_mmmmmmmmmmmmmmmmmm_m_mmmmmmmmmmmm_m_mmm mmm

I, (3011) 3.47'E-04 1.0gE+O0 ........................
2, (2_ 8,3_-_ 1._+_ 1,2_-_ 3,_-_ O.11E-_ 4,_-_ 4._-_ 1._-_ 8.7_+_
3. _ 2._-_ 1.7_+_ 6,12E-_ 1,91E-_ 3,0_-_ 5.41E-_ 9.7_-_ 3._-_ 8._+_
4. (lo') 1._._ 8._+_ 8.8_-_ 2._-10 4,42E-_ 2.0_-_ 1.2_-_ 2._-10 O.O1E+_
5. (2o') 2._+_ 1.5_+_ 1,1_-_ 3,_-10 5,7_-_ 4._-_ 1,7_-_ 1._-_ g._+_
6, (_ 3._+_ 2,7_+01 2._-_ 0._-10 1,_E-_ 8._-_ 2._-_ 5._-_ 8.2_+_
7, (4o') 4._+_ 2.4_+_ 1.7_-_ 5.5_-10 8._-_ 7,5_-_ 3,_-_ 5.72E-_ 8._)_+_
8. (5o') 5._+_ 2._+_ 1,_-_ 5,1_-10 8,2_-_ 7,_-_ 4._-_ 6.41E-_ 8.1_+_

mmnmmmmumm_mmmmmmmmmmmtmmmmmmmmmmmmmmmlmm_mmmmmmm=:wmm_mmmnmmmmmmmmmmmm

Mun: 3.70E-00 1,1M-O0 1,84E-G2 3.38E-00 8._E+00
8tand_ Deviation: 3.8OE-00 1.20E-(_ 1.g2E-co 2.30E-00 4.81E-01

FILE NAME: Ni
8AMPLE ID: PEACH BOTTOM #1_

LEACH CUMULATIVE QUANTITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEA8E DIFFUSIVITY INC_X

(day.) (ug) (_._n-_.o-')(cm-_*s-')(g*_-') (_'_-')
mm_m_mmmmmmmm_m_mmmmmm_mmmmmmm_m_mmmmm_me_m_mmmmmmmmmm_m_"m_m_m_mm_mmmmmmmmm_m_

1,(30_) 3,47E-04 N/D ....................
2.(2hf) 8.37E-(_ 7.83E+01 0,90E-05 4,70E-00 3.44E-01 5.33E-m 5.33E-03 2,45E-00 8.01E+00
3, _ 2,_E-_ 0,_+_ 2._-_ 1.0_-_ 1._E-_ 4.72E-_ 1.01E-_ 2._-_ 8._+_
4. (ld) 1,00E.O0 O,20E-I-m O.60E-O0 0,54E- 10 4.78E-G2 0.30E-03 1.6,4E-CX2 1,35E-(]) 8.eTE+OO
s.(_ol _,.ooE+ooo.oes+01 s.liE-o_ s.4,e_-lo 2.r_-(_ 4.z4_-_ 2.11E-m 0.4:)E-lO 0.0_+00
0. (3o') 3,00E+00 7.48E+01 5,50E-00 3.74E-10 2.74E-co 5,09E-08 2,0_*E-02 1.88E-00 8,73E+00
7, (4¢1) 4.00E+00 O.40E+01 4,70E-00 3,20E-10 2.34E-m 4.ME-08 3,05E-02 1,90E-(_ 8.72E+00
8. (5o') S.OOE,,I-O0 0.96E+0t 5.11E-O0 3.48E- 10 2.54E-m 4.74E-C_ 3.53E-(_ 2.89E-(:_ 8.54E+00

mzmmmmmmz=mwll mlmmmllmmmlJ mmmmmmmmm:mmmmmmmmllm mmlmnmmmmmm_mlmm mmmmmmmmmmmml

Mean: 1.70E-05 1.20E-O0 8.78E-(_ t .99E-OQ 8.73E +00
D_: 2.2_-_ 1._-_ 1,09E-01 0.40_- 10 1 ._-_

FILE NAME: Zn
8AMPLE ID: PEACH BOTTOM #12

LEACH CUMULATI_q_ QUANTITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATI_ EFFECTIVE LEACH
ID LEACH TIME LEACHED RATE RATE RATE RELEASE RELEASE DIFFUSIVrW INITe_X

(_) (_) (_._'n-*.s-')(c,'n-_*,-')(g._-') (cm,.m-')
mm_mmmj_mmm_mmmmmmm_mmmm_mmmmm_m_mmmmmmm__m_mm__B_m_mm¢_m_m_mm_

I, (_) 3,4_--_ 2,3_ +_ ....................

2. (2_ 8.3_-_ 3._+_ 3.3_-_ 1,_-_ 1._-_ 2.1_-_ 2.1_-_ 3._-10 9._+_
3. _ 2._-_ 3._+_ 1.41E-_ 7,72E-10 7,01E-_ 2.t_-_ 4.agE-C_ 5,4_-10 9._+_
4. (t_ 1._+_ 4.2M+_ 4.4M-_ 2,_- 10 2.21E-_ 2,_-_ 0,64E-0_ 1._- 10 O.7M+_
5, (2d) 2._+_ 2._+_ ' 2,1_-_ 1.1_-10 1._-_ 1.02E-_ 8.2_-_ 1.1_-10 9._+_
O, (_) 3._+_ 2.2M+_ 1._-_ 9,11E-11 8._-_ 1,2_-_ 9._-_ 1._-10 9,_+_
7. (_ 4._+_ 2._ +01 t .91E-_ 1.0M- 10 9.4_-_ 1.42E-_ 1 ._-_ 2,_- 10 0._+_
8. (_) 5._+_ 2.7_+_ 2._-_ 1,12E- 10 1._E-_ 1,_-_ 1.2_-_ 3._- 10 9,52E+_

mm:m_mmmmmmm:mmmmmmummmm_mwamamimmmmmmmmmmmmmmJlmmlmammmmlmm_mmmmmmmmmmmmmmm

): 8.,58E-00 4.70_-10 4.27E-0_ 2.02E-10 9,OM+_
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Appendix E

Table E-26. (continued).
it ii L II I i i ii IIIIIIIL _ Illll| 11111111I:

FILE NAME: B
8AMPLE IO: PEACH BOTTOM #t;!

LEACH CUMULATI%/E QUANTITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
IO LEACH TIME LEACHED RATE RAIE RATE RELEASE RELEASE OIFFL._IVITY INOEX

(da_l) (ug) (ug.om-l,l-,) (cm-,.e-,) (o.yr-') (¢rna,I- ,)
mlmlmmgllmmlanmmmnn, nlammllmlmmlmallamalulaammmmmnmmmmmmmBmmmmalnmmnmm_mmmmlam m mmmnmmnmmmmlmmmmmnmmmmmmaal

I. (30g) 3,47E-.04 N/O ............................
g. (21_') 8.3TE-m N/O N_ NK) NK) N/O NR) N/O N_

:3.(Th0 _.S)aE-m 3.4_+01 1.22S-m _.?0g-(_ O.0QE-(_ 7.SaE-CO 7.0_.-m 0._E-m 6JTE+00
4. ('td) 1,00S+O0 3.7TE+01 :3.O+E-OO U4S-_O 't,omm-o_ s.amS-m +.(mE-co 2.aeE-_ ums+oo
6. (_d) 2,00E+00 a,83E+O+ a.a+E-06 0,:HE-+o +.40E-Oa a,45E-0Q 2.44S-0Q 3.00E-0Q 8,5_E+00
0,(3o') 3,00E+00 NR) N/O N/D N_ NK} g.44E-m N/D N/D

7. (4c0 4.00G+00 N/O N/O N/O N/O NA:) 2.44E-Og N)O N/O
8, (5o') 5.00E+00 N/D NK) NK) NK) NuO ;Z,44E-OQ NK) N/O

Im Ill Ill lallhaUl u llllllmm ImallalnulIn lUallIll umInurelumalllImllmlmmimmn m mini mm mm m mm Is mAmmmmmmm mammal ml

Moan: 0,3gE-06 ! .40E-00 3,15E-0Q 4.01E-(]) 8,44E+00
8taxldatd Oeviatton: 4.=1E-08 9.ggE - 10 g.OgE-02 1.gtE-O_ 1,03E-OI

FILE NAME: Pk::oltni_Acid
SAMPLE IO: PEACH BOTTOM #12

LEACH CUMULATIVE QUANTITY RELEASE RELEASE RELEASE INCREMENTAL CUMULATIVE EFFECTIVE LEACH
ID II:ACH TIME LEACHED RATE RATE RATE RELEASE RELEASE OIFFUSIVITY INOEX

(cla_) (ug) (ug,cm-a,l-I) (cm-z.s-I) (g,yr-I) (cm_,l-l)
mm_1m IB Imm IIIimlmm Ira8 allallm IIIB i_m l_llm mlmlll mmlu ImmUre Immm_ mm amml all amIll m n ilallmBnanmml immlira al_i.m_al m lulm Imnl lIB _nlmanlmnlu m allmammnllanl Immm o

t. (30s) 3.47E-04 N/D ............................

2. (2hr) 8.37E-G_ 2.8gE +04 2.55E-0g 1.8gE-00 1.27E+G2 2.14E-0_ 2.14E-(_3 3.97E- 10 0.40E+00
3. (Thr) g.92E-O_ 3.02E +04 1,06E-(_ 7.91E- 10 5,30E+01 2,24E-O3 4,3gE-03 5.72E- 10 0,24E+00
4. (Id) 1,00_ +00 0,04_ +04 0,_-0_ 4,flSE- 10 3,12E+01 4.48_-(X_ 8,87E-03 0,8:_- 10 9,1T1_+(X)
5. (2d) 2.00E+00 5.07E+04 4.17E-013 3.10E- 10 2.07E+01 4.21E-(X_I 1.31E-Q2 7.45E- 10 9.13E+00
O, (3(:1) 3,00E+00 3,7'gE+04 _.TgE-0_ 2.07E- 10 1,3gE+01 2,82E-0_ 1,59E-0_ 5,(_5E- 10 9,25E+00
7. (4d) 4.0CE+(X) 2.84E +04 _,08E-0_ 1.55E- 10 1.04E+01 2.11E-C0 1.80E-(_ 4.45E- 10 9.35E +00
8. (5¢1) 5.00E+00 2.3tE+04 1.70E-O3 1.26E- 10 8.45E+00 1.72E-(_ 1.gTE-(_2 3.81E- 10 9.4gE +00

laB al smmllnllunmalllmlnl Immllmmmlulm Bill Inlm Ill'ulNa an IB INII_I I I nmlll Imnlmmlmllmmlmmmml

Mean: 7,59E-O3 5,53E- 10 3,78E+01 5.41E-10 9.28E+00
8bmdard Deviation: 7.84E-03 5.82E- 10 3.g0E +01 1.30E- IO 1.05E-01

,
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Average Release Rates and Effective Diffusivities
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Appendix F

Appendix F

Average Release Rates and Effective Diffusivities

Average fractional release rates, average abso- common method used for comparisons with other
lute release rates, effective diffusivities, cumula- leach test studies. Consequently, uncertainties
tive fractional releases, and leachability indexes associated with the average rates are expected to
were calculated for each leach test. The results of be large (typically from 50 to 100% at one start-
these calculations are shown ia the Tables F-1 dard deviation). Uncertainties listed for the aver-
through F-24. If data were not aveilable or if sam- age absolute release rates, the average fractional
pies had missing results, calculatimal methods release rates, and the average effective diffusivi-
were modified to account for the missing results, ties are the internal uncertainties associated with
When average fractional release rates or effective differences in the rate or diffusivity results and do
diffusivities were calculated, two approaches not contain uncertainties associated with counting
were taken in the earlier reports on which this statistics, waste-form inventories, or other uncer-
document is based, tainties associated with the leaching process.

These uncertainties have been excluded because

1. When fractional release rate data were they are either small relative to the quoted uncer-
available, either data were interpolated tainty or are not quantifiable based on the tests
between missing points or the average of the performed.
numerical values would be taken. The tables

identify which approach was used. Averag- In tile case of the average leachability index,
ing available data will produce an average only real values and detection-limit values would
fractional release rate that is conservatively be averaged to determine the leachability index.
higher than if detection limit values or are When detection limit values were used, the leach-
added to the average, ability index is reported as a greater-than value.

2. When either all or mostly detection limit However, when data were not available (i.e., no
values were reported, a less-than value detection-limit values), only real values would be
would be calculated based on the available averaged without including all leach periods in

data points. This approach would again pro- the average as defined in ANSI 16.1. This is not
duce a conservative result assuming that the in agreement with the ANSI 16.1 standard; how-
missing data were at detection limit values, ever, to use zeros in the leachability index cal-

culation would make the results artificially low.

Summaries of the cumulative fractional

releases (CFRs), the average absolute release Comparisons of the averaged effective diffu-
rates, the average fractional release rates, the sivity with the average leachability index indicate
effective diffusivities, and the leachability significant differences due to the calculational
indexes for the samples have been developed, method used (i.e., as discussed above, leachabil-
These averages are for nonlinear rate phenomena ity indexes are calculated for leachate and are
and, consequently, include high-rate data from averaged, whereas the averaged effective diffu-
early in the leaching process and low-rate data sivity is based on interpolated results). Conse-
from later in the process. Averages are not typi- quently, significant differences may result if the
cally calculated for phenomena of this type; how- "averaged" effective diffusivity is used to calcu7
ever, these averages and their associated late a leachability index in contrast to those
uncertainties have been calculated as they are the reported.
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Appendix F

Table I:-1. Leach test results for Brunswick-1 cation resin waste-form specimen leached in deionized
water, a

,,,,,, ,i,,

Average release rate Effective

diffusivity Leachability
Nuclide CFR (_tCi. cm-2. s-1) (cm-2. s'l) b (cm2. s"l) index

54Mn 1,2E-4 6 + 2E-I1 6 4- 2E-13 2 4- IE-14 15.0 4- 0.5

55Fe 2.6E-4 e 1 4- IE-9 3 4- 3E-12 1 4- IE-13 16 4- 1

5SCo <3.0E-3 <2.2E- 10 <2. IE- I I <6.5E- 12 >11.8

6°Co 8.5E-5 1.9 4- 0.5E-10 4 4- IE-13 1.0 4- 0.5E-14 15.3 4- 0.5

63Ni 3.5E-4 e 9 4- 5E-11 9 4- 5E-13 5 4- 4E-14 14.5 4- 0.7

65Zn <4.5E-4 <2.1 E- 11 <3.2E- 12 <1.3E- 13 > 13.4

9°Sr 6.5E-2 c 3 4- 3E-10 1 4- IE-9 1 4- IE-8 11 4- 1

125Sb <5.8E-3 <1.2E-I 1 <5.0E- 11 <I.8E-11 >11.2

134Cs <2.1E-2 <I.0E-I1 <I.7E-10 <2.8E-10 >10.1

137Cs 1.2E-2 1.8 4- 0.6E-10 7 4- 2E-II 7 4- 2E-11 10.7 4- 0.3

241pu _d <1.3E-12 <3.4E-12 <1.3E-13 >12.9

Metal (I.tg •cm "2. s'l)

Chromium <4.1E-3 c <3.3E-6 <3.9E-11 <6.0E-12 >11.7

Iron 1.8E-3¢ 1.0 4- 0.5E-5 9 4- 4E-12 2 4- IE-12 12.7 4- 0.6

Cobalt <4.3E-2 c < 1.6E-5 <4.1 E- 10 <5.4E- 10 >9.6

Nickel <9.8E-3 c < 1.3E-5 <9.4E- 11 <2.8E- 11 > 10.9

a. Results are for only the first 90 days of leaching.

b, Fraction of initial inventory released persquare centimeter of specimen surface area per second.

c. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by interpolating measured
incremental release rates.

d. Only the leachate corresponding to leaching interval number three was analyzed for 241pu. Leaching results are those deter-
mined for leaching interval number three.
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Apl_ndix F

Table F-2. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in
deionized water, a

mill Ill I I Ill I Illl I I

Average release rate Effective
,m,| i i i

diffusivity Leachabilit_
Nuclide CFR (laCi. cm "2 . s-l) (era -2 • s-l) b (era 2. s"l) index

i i i . i

54Mn < 1.7E-3 <8.0E- 11 <2.6E- 11 <3.5E- 12 >12.8

55Fe 1.1E-2 c 1.3 + 0.5E-9 6 4- 3E-11 9 4- 5E-11 11.0 4- 0.7

58Co <9.9E-2 <3.4E- 10 <8.6E- 10 <4.8E-9 >8.7

6°Co 1.3E-3 4 4- 2E-10 2 4- IE-II 2 4- 2E-12 13.2 4- 0.5

63Ni 3.9E-3 c 8 4- 5E-II 1.4 4- 0.8E-I1 2.6 4- 0.7E-12 12.3 + 0.8

65Zn <I.0E-2 <2.8E- 11 <1.0E- 10 <4.9E- 11 >10.7

9°Sr 2.3E-1 c 1.6 4- 0.TE-10 1.4 4- 0.6E-9 7 4- 4E-8 9 + 1

125Sb 5.6E-3 4 4- 2E-II 6 4- 3E-11 2.0 4- 0.5E-11 11.2 4- 0.3

134Cs < 1.2E-1 <1.5E- 11 < 1.5E-9 <8.8E-9 >8.6

137Cs 2.2E-1 1.6 4- 0.9E-10 3 4- 2E-9 3 4- 1E-8 7.9 4- 0.2

24 lpt 1 __d I.SE- 12 6.3E- 12 2.6E- 13 12.6

Chelating agent or metal (lag • cm2. s"l)

Oxalic acid 6.3E-3 1.6 4- 0.7E-4 6 4- 2E-I1 2.2 4- 0.7E-11 11.0 4- 0.2

Citric acid 4.0E-3 2 4- IE-4 4 4- 2E-I1 1.4 4- 0.7E-II 11.5 4- 0.3

Chromium <1.9E-3 ¢ <3.5E-6 <l.6E-11 <1.5E-12 >12.3

Iron <2.1E-2e <1.6E-5 <1.7E- 10 < 1.5E-10 >10.5

Cobalt <4.3E-2c <1.3E-5 <3.0E- 10 <4.9E- 10 >9.6

Nickel <1.6E- 1c <1.0E-5 < 1.1E-9 <6.7E-9 >8.5

a. Results areforonly thefirst 90 days of leaching.

b. Fractionof initial inventoryreleased persquarecentimeterof specimen surfaceareaper second.

c. Not all leachatesamples were analyzedfor this radionuclideor metal. CFR value was estimatedby interpolatingmeasured
incrementalrelease rates.

d. Only the leachatecorrespondingto leachingintervalnumberthreewas analyzedfor 241Pu. Leachingresultsare those deter-

minedfor leachin_intervalnumberthree.
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Appendix F

Table P-3. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in deionized
water, a

i i i i m i,i H, ii

Average release rate Effective
• i i

diffusivity Leachability
Nuclide CFR (_Ci. cm"2. s"1) (cm "2. s'l) b (cm 2. s"1) index_

54Mn 5.6E-4 1.0 + 0.5E-9 6 4- 3E-12 3 + 1E-13 13.3 4- 0.3

55Fe 6.1E-3 c 7 + 5E-10 7 4- 5E-11 3 4. 2E-11 11.6 + 0.8

5SCo 1.2E-2 9 4. 2E-9 5 + IE-11 2.6 4- 0.7E-11 10.8 + 0.2

6OCo 1.7E-2 5 + IE-8 7 4- 2E-II 5 4- IE-11 10.5 4- 0.2

63Ni 9.2E-2 c 1.3 4- 0.4E-8 6 4- 1E-10 4 4- IE-9 8.9 + 0.3

65Zn 2.3E-3 4 4. 2E-10 1.0 4- 0.5E-I1 1.2.4- 0.4E-12 12.3 4. 0.2

9OSr __d _._d __d __d __d

!25Sb <7.7E-3 <7.9E- 11 <5.1 E-11 <3.6E- 11 > 11.0

]34Cs 7.3E-1 8 4. 3E-9 6 4. 2E-9 3.6 4- 0.7E-7 6.6 4. 0.2

]37Cs 6.4E-1 1.5 4. 0.5E-8 5 + 2E-9 1.5 4- 0.5E-7 7.1 4- 0.2

24 lpu ..me 6.7E- 12 6.9E- 13 2.2E- 15 14.7

Acid or metal (Ia,g • cm'2" s'l)

Picolinic acid 5.4E-1 8 4. 3E-3 3 + IE-9 1.4 4- 0.8E-7 7.5 4- 0.3

Chromium <6.6E-3 c <I .6E-6 <5.7E- 11 <2.4E- 11 >11.2

Iron <3.3E-3 c <l.0E-5 <2.6E-11 <5.4E-12 >12.0

Cobalt <2.5E-2 c <8.0E-6 <2.2E-10 <3.5E-10 >10.0

Nickel 5.0E-2 c 5 4. 2E-6 3 4- 1E-1G 1.1 4- 0.5E-9 9.4 4- 0.4

a. Resultsareforonly the first90 days of leaching.

b. Fractionof initial inventoryreleasedpersquarecentimeterof specimensurfaceareaper second.

c. Not all ieachatesamples were analyzed for this radionuclideor metal. CFRvalue was estimatedby interpolatingmeasured
incrementalrelease rates.

d. Concentrationsof radionuclidein ieachatesamples were notdetermined.

e. Only the leachatecorrespondingto leachingintervalnumberthreewas analyzedfor 2411)11.Leachingresultsare thosedeter-
mined for leachingintervalnumberthree.

NUREG/CR-6201 F-6



Appendix F

Table F-4. Leach test results for baked FitzPatrick mixed-bed resin waste-form specimen leached in
deionized water, a

Average release rate Effective

diffusivity Leachability
Nuclide CFR (_tCi • cm-2 . s"1) (cm"2. s"l)b (cm 2. s"I) index

54Mn I.IE-3 4 5= 2E-9 2 5= 1E-II 1.4 5=0.8E-12 13.1 5= 0.5

55Fe __c __c _._c ._._c __c

58Co 1.5E-2 1.8 + 0.7E-8 1.0 5=0.4E-10 4 5= IE-II 10.6 4- 0.1

6°Co 2.2E-2 1.0 5=0.4E-7 1.4 5=0.6E-10 8 + 2E-11 10.3 5= 0.1

63Ni I.IE-I d 3 5= 1E-8 1.1 5=0.6E-9 7 5=4E-9 8.9 5= 0.3

65Zn 4.0E-3 1.4 + 0.7E-9 3 5= 2E-11 4 4. 2E-12 11.7 4- 0.2

90Sr __c .__c me Me .....c

125Sb <7.8E-3 <1.8E- 10 <1.2E- 10 <2.7E- 11 >11.0

134Cs 7.2E-1 1.4 4- 0.7E-8 1.0 5=0.5E-8 6 4- IE-7 6.3 5=0.1

137Cs 6.3E-1 2 5= IE-8 9 5=4E-9 5 + 1E-7 6.4 5=0.1

241pu we 6.9E- 12 7.3E- 13 2.5E- 15 14.6

Acid or metal (_tg. cm -2. s l)

Picolinic acid 8.7E-1 2 5= IE-2 7 5=4E-9 5 5=2E-7 6.5 + 0.2

Chromium <6.7E-3 d <1.5E-6 <5.3E-11 <I.8E-11 >11.3

Iron <2.6E-3 d <9.4E-6 <2.8E- 11 <4.6E- 12 > 12.3

Cobalt <2.5E-2 d <7.3E-6 <2.0E- 10 <2.6E- 10 > 10.2

Nickel 5.8E-2 d 7 5= 5E-6 5 5= 3E-10 1.5 5= 0.7E-9 9.5 5=0.5

a. Results are for only the first 90 days of leaching.

b. Fractionof initial inventory released per square centimeterof specimen surfacearea per second.

c. Concentrations of radionuclide in leachate samples were not determined.

d. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by interpolatingmeasured
incremental release rates.

e. Only the leachatecorresponding to leaching interval number three was analyzed for 241Pu. Leaching results are those deter-
mined for leaching interval number three.
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Appendix F

Table F-5. Leach test results for Indian Point mixed-bed resin waste form leached in deionized water.
llllJl i i. is.., .,.. i llll

Average release rate Effective
- i

diffusivity Leachability
Nuclide CFR (ttCi • cm"2. s-t) (cm"2. s'])b (cm 2. s'i) index

- ll| i llll

55Fe 1.6E-4a 1.4 + 2.8E-9 7 4. 15E-12 5.0 4. 9.9E-14 14.6 4. 0.1

COCo 1.3E-3 2.2 + 1.8E-9 5.1 4- 4.1E-12 2.0 4- 1.0E-13 12.8 4- 0.4

63Ni 3.1E-4 3.3 4- 5.4E-9 6 ± lOE-12 5.3 4. 3.9E-14 13.5 4. 0.5

137Cs 1.0 8.4 + 8.3E-8 5.6 4. 5.6E-9 2.4 4. 0.9E-7 a 6.7 4. 0.3

241pu md __d md __d > 12.3

Fe 4.4E-4 c <4.5 4- 8.2E-6 <6 4- IIE-II <4.3 4- 5.3E-12 >12.1 4- 1.0

Ni 1.4E-2c 2.0 + 2.8E-5 2.6 4- 3.5E-10 1.5 4- O.9E-IO 10.1 4- 0.6

Formic acid 0.8 3.1 4- 2.9E-3 6.9 4. 6.6E-9 2.3 4. 0.7E-7 6.7 4. 0.2

Picolonic acid 0.6 2.2 :t- 1.9E-3 4.8 4. 4.1E-9 1.3 4. 0.5E-7 6.9 4. 0.3

a. Based on less than20%of incrementalrelease.

b. Detectionlimits used for calculation.

c. Values interpolatedbasedon six limitvalues.

d. Not measuredor not determined.
, i i i i , .,,i , i i i llr i i

k /
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Appendix F

Table F-6. Leach test results for Cooper cation resin waste-form specimen leached in deionized water.

Average release rate Effective
diffusivity Leachability

Nuclide CFR (cm"2. sl) b (cm2. s"l) index

55Fe 5.9E-2 a 4 + 12E-90 1 + 4E-7 10.3 + 2.3

60Co 3.5E-4 8 + 23E-12 4 4- llE-12 14.2 4- 1.4

63Ni 1.2E-3 a 8 4- 24E-11 5 4- 14E-11 14.1 4- 2.5

137Cs _f .__f uf uf

241Pu 1.9E-2 b <5.2E-7 <2.4E-8 > 10.4

Fe 1.4E-1 c 1.4 4- 3.1E-8 10 4- 21E-7 10.0 4- 2.78

Ni 7.8E-2 d 5 4- 16E-9 2.0 4- 5.9E-7 9.3 4- 2.0

Co 4.8E-2 <1.5E-6 d <1.8E-7 d >7.5

Citric acid 2.9E-2 e 1.1 4- 1.0E-8 1.7 4- 1.2E-7 6.9 4- 0.4

a. Highreleaseduringfirst2-hourperiod.Resultbasedon interpolationof five values.

b. Valuebasedon interpolationof detectionlimitvalues andone actualresult.

c. Fourvalues used forcalculation.

d. Five values usedforcalculation.

e. Twosamples.

f. Not measuredor notdetermined.
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Table F-7. Leach test results for Cooper mixed-bed resin leached in deionized water.
i i i i ii ii. i i i ill ii i llllll, i.i i ii, i --

Average release rate Effective
diffusivity Leachability

Nuclide CFR (cm "2. s'l) b (cm 2. s"l) index

55Fe 3.6E-3 a 8.2 + 12.0E-11 10 4- 17E-11 10.3 4- 0.8

6°(20 7.8E-4 3.0 4- 7.7E-9 5 4. 13E-12 12.8 4- 1.5

63Ni 6.1E-5 a 1.6 + 2.8E-12 3.7 4- 9.1E-14 13.9 4. 0.9

137Cs 1.0 1.6 + 2',5E-8 1.7 4. I.IE-8 5.8 4. 0.3

241pu __d md __d >12.8

Fe <2.4E-4 <3.0 4. 4.9E-ll <7.8 4. 6.9E-12 >11.2 + 0.7

Ni 1.8E-2 <1.5 + 2.1E-9 <l.0 4- 0.8E-8 >8.1 4- 0.7

Oxalic acid 1.0E-2 2.3 + 4.6E-10 3.7 4. 5.1E-10 10.2 4- 1.1

Citric acid 8.4E-3 2.3 4. 4.9E-10 c 3.6 4. 6.1E-10 10.5 4- 1.2

a. Based on averageof five values.

b. Only detectionlimit values present forNi 1data point.

c. Based on one value.

d. Not determined.
i i ii ii, ,,, i ,, i,, i i, ,,|, --
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Appendix F

Table F-8. Leach test results for Millstone-1 F-33 sample leached in deionized water.
I II I III I

Average release rate Effective
diffusivity Leachability

Nuclide CFR (_tCi • cm -2. S"l) (cm "2 " S'I) b (cm2. s"l) index

55Fe __a __a __a __a a

60Co 4.4E-4 3.3 4. 3.9E-9 6.9 4. 8.2E-12 6.1 4. 5.8E-14 13.6 4. 0.7

63Ni __a __a __a __a __a

137Cs 9.8E-1 3.2 4. 5.0E-9 2.4 4. 3.5E-8 9.7 4- 4.4E-7 6.1 4- 0.2

Fe _a __a __a __a a

Ni _ __a __a __a __a

Oxalic acid 2.4E-2 7 4. 15E-3 5.3 4. 8.3E-10 2.4 4. 1.6E-10 10.1 + 0.8

Citric acid 1.4E-2 5.2 4- 5.5E-5 1.3 4. 3.4E-10 8 4- 19E-II 10.8 4- 0.6

EDTA 2.3E-1 7.7 4- 7.1E-4 2.0 4. 1.9E-9 7.8 4- 6.6E-9 8.3 4- 0.4

a. Not measured or not determined.
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Table F-9. Leach test results for Millstone-I F-201 mixed-bed resin leached in deionized water.

Average release rate Effective

diffusivity Leachability
Nuclide CFR (_tCi. crn-2. s"l) (cm "2. s'l) b (cm 2. s"l) index

- " ,,,i , i ,,,,, ,, i ,,= ,,, , ,,, ,, ,, , , ,,,,1, ,

55Fe 6.9E-5 a 4.9 + 5.8E-9 3.1 4- 4.3E-12 9.2 4- 7.7E-15 14.9 + 1.4

6°Co 1.4E-3 3.1 4- 3.6E-9 5.9 4- 6.8E-12 l.l 4- 1.8E-13 13.2 + 0.4

63Ni 5.8E-3 a 4.6 + 4.2E-9 7.9 ± 7.1E-11 1.4 + l.lE-ll 11.1 -t- 0.5

137Cs 0.96 3.1 4- 4.4E-9 2.2 + 3.0E-8 8.7 + 3.8E-7 b 6.1 ± 0.3

241pu <2.4E.5 c __e <6.4E-12 <l.lE-12 c >14.3 b

Fe <2.5E-5 <2.4 4- 3.6E-6 <6.0 + 9.3E-12 <2.4 4- 1.8E-14 >14.0 -4-0.9

Ni 8.1E-3 a 2.0 + 2.5E-5 1.6 4- 1.9E-10 3.2 4- 2.4E-ll 10.7 4- 0.5c

Co <4.6E.2 c __e <1.2E-8 <8.4E-8 >7.5

Cr <4.2E.4 c _.e <I.IE-10 <7.0E-12 >11.5

Oxalic acidd 6.8E-3 2.0 :t= 1.6E-4 9.6 ± 9.0E-10 3.2 + 0.6E-10 9.5 4- 0.08

Citric acidd 3.1E-3 7.1 4- 2.3E-5 1.6 =l=0.6E-10 2.6 4- 2.3E-10 10.4 + 0.8

EDTAd 3.1E-2 5.9 4- 3.2E-4 1.2 4- 0.9E-9 5.8 :t: 3.3E-9 8.3 + 0.3

a. Basedon six values.

b. Effective diffusivitycalculatedfor less than 20%of totalfractionalreleasebasedon five values.

c. Basedon interpolateddetectionlimitvalues.

d. Basedon threeresults.

e. Not determined.
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Table F-IO. Leach test results for Pilgrim waste form leached in deionized water.
, i i

Average release rate Effective

diffusivity Leachability
Nuclide CFR (_Ci. cm-2 • s-l) (cm -2. s-l) b (cm 2. s-l) index

55Fe 6.4E-6 a 2.6 + 3.2E-10 8 -4-10E-13 3.8 4- 4.4E-16 16.1 4- 0.9

6°Co 5.1E-2 3.4 + 4.0E-7 5.6 4- 6.6E-10 9.8 4- 7.2E-10 9.2 4- 0.4

63Ni 3.3E-1 b 2.1 4- 2.3E-7 6.3 4- 7.0E-9 1.2 4- 1.1E-7 7.1 4- 0.4

137Cs 1.2E-3 b 4.2 4- 2.7E-11 1.2 4- 0.8E-11 3.8 4- 5.0E-12 12.1 4- 0.8

241pu <1.7E.4 c me <3.6E-11 <1.8E-12 >12

Ni 3.5E-1 d 8.1 + 6.5E-3 4.9 4- 4.0E-9 2.3 4- 1.8E-7 6.9 4- 0.4

Oxalic acide 3AE-I 2.2 4- 2.7E-4 6.3 4- 7.8E-9 8.7 + 7.6E-8 7.2 4- 0.4

Citric acid 4.0E-I 3.8 4- 5.7E-3 1.2 4- 1.6E-8 5.6 4- 6.9E-7 6.5 4- 0.5

EDTA l.O 7.1 4- 9.7E-3 1.7 4- 2.2E-8 2.6 4- 1.7E-6 5.7 4- 0.5

DTPA 3.4E-1 1.3 4- 1.3E-4 3.0 4- 3.1E-9 5.7 4- 5.3E-8 7.5 4- 0.4

a. Based on three values.

b. Based on five values and interpolated per release rate & diffusivity.

c. Based on detection limit values.

d. Based on four values.

e. Based on seven values.

f. Not determined.
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Table F-11. Leach test result for Peach Bottom-2 mixed-bed resin waste form leached in deionized

water.

Average release rate Effective

diffusivity Leachability
Nuclide CFR (I.tCi. cm "2. s"l) (cm"2. s'l) b (cm2. s"l) index i

6°Co 1.3E-3 5.1 + 4.8E-9 3.8 4- 3.5E-12 1.6 4- 0.5E-13 12.8 4. 0.2

137Cs 3.6E-1 4.7 4. 5.5E-10 1.4 4. 1.7E-9 1.8 4. 0.5E-8 7.8 + 0.1

241pu <1.8E.3 a _c <I.4E-10 <l.3E-lO >10.1

Oxalic acid 1.8E-2 1.4 4- 1.7E-10 1.6 4. 2.5E-10 1.5 4. 1.3E-10 10.1 4. 0.7

Citric acidb 2.2E-2 1.7 4- 3.4E-4 2.9 4- 6.0E-10 3.7 4- 6.0E-10 10.0 4. 0.8'

EDTAb 7.1E-2 2.7 4. 2.6E-4 4.8 ± 4.7E-10 2.3 4- 2.2E-9 9.0 + 1.0

a. Based on detection limit values,

b. Eightsampleperiods used forcalculations.

c. Not determined.
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Table F-12, Best value leach test results for Peach Bottom-3 solidified resin waste forms leached in

deionized water.

Average rele_-_erate
Effective

Absolute Fractional diffusivity LeachabilitY
Nuclide CFR a (_tCi. cm-2. s-i) (cm-2 • s-l) (cm 2. s"l) index

14ca 8.8E-5 3.7 + 4.6E-9 3.4 4- 4.1E-12 8.8 4- 6.2E-15 14.2

Includes#8 b 2.9E-4 5.7 4- 5.1E-9 5.3 4- 4.6E-12 1.5 4- 0.7E-14 13.5

55Fea 1.4E-3 7.7 4- 7.1E-10 5.1 4- 4.7E-11 6.1 4- 7.8E-12 12.2

b 7.3E-3 1.0 4- 0.9E-9 6.8 4- 5.7E-11 9.8 4- 9.6E-12 11.4

60Coa 1.7E-3 2.3 4- 2.1E-8 6.2 4- 5.6E-11 4.4 4- 1.2E-12 ll.4

__b 2.1E-3 2.6 4- 1.9E-8 7.0 4- 5.0E-11 5.2 4- 1.6E-12 11.2

63Nia 5.9E-3 1.5 4- 1.3E-9 2.2 4- 2.lEvI0 5.5 4- 2.2E-11 10.4

__b 4.0E-3 7.4 4- 5.5E-11 1.5 4- 1.0E-II 5.1 + 1.9E-14 11.7

9°Sra 1.9E-3 2.2 4- 2.0E-12 2.4 4- 2.1E-10 2.0 4- 1.1E-11 10.9

b 6.9E-3 2.9 4- 2.2E-12 3.1 4- 2.4E-10 2.8 4- 1.4E-11 10.4

99Tca 2.6E-3 2.0 4- 1.0E-10 4.4 4- 2.2E-11 1.3 d: 1.2E-II 11.5

_b 1.0E-2 2.4 4- 1.2E-10 5.2 4- 2.7E-11 1.6 4- 1.5E-11 11.0

z29Ia 7.7E-2 2.1 4- 2.1E-11 3.5 4- 3.5E-9 2.7 4- 2.1E-8 8.1

b 6.0E-2 5.1 4- 2.1E-12 8.4 4- 4.1E-10 5.5 4- 3.2E-9 8.4

Chelating agent or metal (I.tg •cm"2 • st)

Chromium 1.6E-2 1.2 4- 1.0E-5 4.8 4- 3.8E-10 3.8 + 0.6E-10 9.4

Iron 4.6E-5 2.6 4- 0.7E-6 5.9 4- 1.5E-13 3.2 4- 0.9E-15 14.4

__a 1.8E-4 2.8 + 0.8E-6 6.4 4- 1.8E-13 3.5 4- I.IE-15 13.9

Cobalt 4.2E-2 4.3 4- 3.4E-6 1.3 + 1.0E-9 3.5 4- 1.9E-9 8.6

Nickel 2.9E-2 1.4 4- 1.2E-5 9.3 4- 8.1E-10 1.2 4- 0.3E-9 8.9

Zinc 8.2E-3 9.7 4- 8.5E-6 5.4 4- 4.6E-10 1.9 4- 0.8E-10 9.8

Boron 2.7E-2 7.1 4- 4.3E-6 1.6 4- 0.9E-9 3.3 4- 0.9E-9 8.4

Picolinic 2.0E-2 7.9 4- 5.8E-3 5.8 4- 4.3E-10 5.4 ± 0.9E-10 9.3
acid

a. Results fortwo samples.

b. Results for threesamples,includin_sample#8. Distinctionis madebecausea different lab_rformed the sample#8..analysis.
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Tsblo F-13. Leach test results for Brunswick-1 cation resin waste-form specimen leached in :_ynthetic
Barnwell groundwater with pH 10.4.a
,,, ,, ,,, ,, , , ,, ,,,, ,,,,r,, ,, , ,,u , ,,,,,,, ,

Average release rate Effective

diffusivity Leachability
Nuclide CFR (_tCi. cm"2. s-I) (cm"2. s'l) b (cm2. s"l) index

54Mn <1.3E-5 <l.3E-11 <1.3E-13 <1.8E-16 >16.4

55Fe 5.1E-5 c 9 4- 7E-11 2 4, IE-13 5 4, 3E-16 15.8 4- 0.4

58Co <2.2E-3 <2.3E- 10 <2.2E- 11 <7.4E- 12 >11.9

6°Co 1.1E-5 2.7 4, 0.9E-11 5 4, 2E-14 8 4- 5E-17 16.6 4- 0.2

63Ni 5.8E-4 c 5 4, 4E-10 5 4- 4E-12 3 4- 3E-13 13.6 4- 0.5

65Zn <2.9E-4 <l.7E-11 <2.5E-12 <9.3E-14 >13.6

9°Sr 4.2E-2 c 7 4, 3E-12 3 4- IE-I1 1.4 4- 0.9E-10 11.2 4- 0.6

125Sb <5.7E-3 <l.7E-II <6.8E-11 <3.2E-11 >11.0

134Cs <2. IE-2 <l.5E- 11 <2.5E- 10 <5.3E- 10 >9.9

137Cs 1.1E-2 2.3 4, 0.9E-10 9 + 3E-II 8 4- 2E-11 10.5 4, 0.3

241pu __d <1.5E- 12 <3.9E- 12 <1.7E- 13 >12.8

Metal (I,tg • cm"2. s'l)

Chromium <1.8E-2 c <1.4E-5 <I.6E-10 <I.IE-10 >10.5

Iron <6.5E-3 c <1.1E-4 <9.0E- 11 <3.6E- l 1 >10.7

Cobalt <2.1E-I c <7.3E-5 <1.8E-9 <1.5E-8 >8.1

Nickel <4.9E-2 c <5.8E-5 <4.2E- I0 <8.0E- 10 >9.4

I

a. Resultsare for onlythefirst90daysof leaching.

b. Fractionof initialinventoryreleasedpersquarecentimeterof specimensurfaceareaper second.

e. Not all leaehatesampleswereanalyzedfor this radionuclideor metal.CFRvaluewasestimatedby interpolatingmeasured
incrementalreleaserates.

d. Only theieachat¢correspondingto leachingintervalnumberthreewas analyzedfor241pu.Leachingresultsare thosedeter-
minedfor leachin[intervalnumberthree.
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Table F°14. Leach test results for Branswick-1 cation resin waste-form specimen leached in synthetic
Bamwell groundwater with pH 4.2. a

Average release rate Effective
i

diffusivity Leachability
Nuclide CFR (_tCi. cm-2. s-l) (cm"2. sq) b (cm2. s"l) index

54Mn <8.2E-6 <6.7E-12 <7.4E-14 <3.5E-17 >16.9

55Fe 2.2E-5 c 2 + 1E-11 4 4. 2E-14 9 + 6E-17 16.6 + 0.4

58Co <2.6E-3 <2.6E- 10 <2.8E- 11 <4.3E- 12 >11.9

6°Co 7.6E-6 1.9 4. 0.8E-11 4 4- 2E-14 2.0 4- 0.6E-17 17.0 4- 0.2

63Ni 4.6E-4 ¢ 1.7 4- 0.8E-10 1.9 4- 0.9E-12 9 4- 4E-14 13.6 4- 0.5

65Zn <3.5E-4 <l.4E-11 <2.3E-12 <8.4E-14 >13.7

9°Sr 9.9E-4 ¢ 3 4- 2E-12 1.0 4- 0.6E-11 5 4. 2E-13 13.0 4. 0.5

125Sb <5.4E-3 <I.IE-11 <4.8E-11 <l.7E-11 >11.3

134Cs <2.3E-2 <I.0E-11 <l.9E-10 <3.1E-10 >10.1

137Cs 1.1E-2 2 4- 1E-10 9 4- 4E-11 8 4- 2E-11 10.7 :t: 0.4

241pu md 8.0E- 13 2.3E- 12 4.7E- 14 13.3

Metal (_tg. cm"2. s'l)

t

Chromium <2.3E-2 ¢ <1.5E-5 <2.0E-10 <I.2E-10 >10.3

Iron <7.1E-3 c <l.IE-4 <I.0E-10 <3.3E-11 >10.8

Cobalt <2.5E- 1c <7.6E-5 <2.1E-9 < 1.4E-8 >8.2

Nickel <5.7E-2 ¢ <6.0E-5 <4.8E- 10 <7.2E- 10 >9.5

a. Resultsarefor only thefirst 90 days of leaching.

b. Fractionof initial inventoryreleasedpersquarecentimeterof specimensurfaceareapersecond.

c. Not all leachatesampleswere analyzedfor this radionuclideormetal.CFR valuewas estimatedby interpolating
measuredincrementalrelease rates.

d. Only the leachate correspondingto leaching intervalnumberthree wasanalyzed for24_pu.Leachingresults are
those determinedfor leachin_intervalnumberthree.
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Table 1:-15. Leach test results for Brunswick-I cation resin waste-form specimen leached in synthetic
Hanford groundwater with pH 8.9.a

i ,, i i i ,, ii , i i

Average release rate Effective
diffusivity Leachability

Nuclide CFR 0tCi. cm"2. s"l) (cm"2. s'l)b (cm2. s"l) index
i

54Mn <1.3E-5) <9.5E-12 <1.1E-13 <2.0E-16 >16.7

55Fe 2.3E-5 c 3 4- 2E-11 6 4- 4E-14 3 4- 3E-16 16.7 4- 0.6

58Co <2.2E-3 <2.3E-10 <2.5E-11 <2.7E-12 >12.1 I

6°Co 1.2E-5 2.0+0.6E-11 4 4- 1E-14 1 4- 1E-16 16.9 4- 0.3

63Ni 1.2E-3 c 1.0 4- 0.8E-9 1.1 4- 0.9E-11 8 4- 6E-13 14.0 4- 1

65Zn <3.3E-4 <l.3E-11 <2.2E-12 <5.0E-14 >13.8

9°Sr 1.4E-3 c 2 4- 1E-12 8 4- 5E-12 1.0 4- 0.8E-12 12.9 4. 0.4

125Sb <5.4E-3 <1.2E-11 <5.3E- 11 <1.5E- 11 >11.3
t

134Cs <1.9E-2 <I.0E-11 <l.9E-10 <2.1E-10 >10.3

137Cs 1.2E-2 3 4. 1E-10 1.1 4- 0.5E-10 9 4- 2E-11 10.8 4- 0.4

241pu _.d 1.2E-12 3.6E-12 1.2E-13 12.9

Metal (l.tg. cm"2. s"l)

Chromium <2.2E-2 c <1.5E-5 <2.0E- I0 <I.IE-10 >10.3

Iron <1.2E-2 c <l.lE-4 <I.0E-10 <3.0E-11 >10.9

Cobalt <2.4E- 1c <7.4E-5 <2.1E-9 < 1.3E-8 >8.2

Nickel <5.6E-2 c <5.9E-5 <4.9E-10 <6.8E-10 >9.5

a. Resultsareforonly thefirst90 daysof leaching.

b. Fractionof initial inventoryreleasedper squarecentimeterof specimensurfaceareapersecond.

c. Not all leachatesamples wereanalyzed for this radionuclideor metal. CFR valuewas estimatedby interpolating
measuredincrementalrelease rates.

d. Onlythe leachate correspondingto leaching interva_numberthree was analyzedfor 241pu.Leachingresultsare
those determinedfor leachin_ intervalnumberthree.
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Table I:-16. Leach test results for Brunswick-1 cation resin waste=form specimen leached in synthetic
seawater with pH 6.4. a

Average release rate Effective
diffusivity Leachability

Nuclide CF_ (}lCi. cm-2. s-l) (cm "2. s'l) b (cm 2. s"1) index

54Mn <l.lE-5 <9.6E-12 <l.IE-13 <1.4E-16 >16.5

55Fe __c __c mc wc mc

58Co <3.2E-3 <4.7E- 10 <5.0E- 11 <2.0E- I1 > 11.7

6°Co 1.9E-5 1.1 _: 0.9E-10 2 4- 2E-13 1 4- IE-15 16.4 4- 0.3

63Ni __c mc __c __c _c

65Zn <3.4E-4 <l.9E-11 <3.2E-12 <1.8E-13 >13.5

9OSr __c _c __c wc _c

!25Sb <5.7E-3 < 1.2E- 11 <5.6E- 11 <2.5E- 11 > 11.0

134Cs 2,9E-2 1.8 4- 0.9E-11 3 4- 2E-10 9 ± 6E-10 9.7 4- 0.3

137Cs 1,5E-2 3 4- 1E-10 1.4 4- 0.6E-10 1.8 4- 0.9E-10 10.3 4- 0.3

241pu __d 2.1E-12 5.9E-12 3.4E-13 12.5

Metal (_tg. cm -2. s"l)

Chromium 8.1E-2 e 4 4- 2E-5 5 4-, 3E-10 1.3 4- 0.7E-9 9.1 4- 0.2

Iron <1.3E-2 e <1.3E-4 <l,2E- 10 <5.4E- 11 >10.6

Cobalt <2.6E-1 e <8.8E-5 <2.5E-9 <2.3E-8 >7.9

Nickel <5.9E-2 e <7.0E-5 <5.7E-10 <1.2E-9 >9.2

a. Resultsare foronly the first90 days of leaching.

b. Fractionof initial inventoryreleasedpersquare centimeterof specimen surfaceareaper second.

c. Concentrations of radionuclidein leachate samples werenot determined.

d.Only the leachatecorrespondingto leaching interval numberthree was analyzedfor 241pU. Leaching resultsare
those determined forleaching interval number three.

e. Not all leachate samples were analyzed for this metal. CFR value was estimated by interpolating measured
incremental releaserates.

mmm_lmm,
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Tllblo [:-17. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in
synthetic Bamwell groundwater with pH 10.4.a

i i -- i llllu • umll i i

Average _!ease rate Effective
diffusivity Leachability

Nuclide CFR (l_(_i. cm"2. s"l) (cm "2. s'l) b (cm2. s"1) index
lira i -- --

54Mn <3.4E-4 <9.4E-12 <3.5E-12 <7.7E-14 >13.7

55Fe 6.7E-4 ¢ 7 + 3E-11 4 + 2E-12 2 4- 1E-13 13.4 + 0.5

58Co <9.4E-2 <3.2E- 10 <9.1E- 10 <4.9E-9 >8.8

6OCo 2.2E-4 9 4- 7E-11 5 4- 4E-12 4 4- 3E-14 14.2 4- 0.3

63Ni 2.1E-4 c 6 4- 3E-12 1.2 4- 0.7E-12 1.5 4- 0.8E-14 14.3 4- 0.4

65Zn <9.2E-3 <2.6E- 11 <1. IE-10 <6.7E- 11 >10.8

9°Sr 6.9E-3 ¢ 7 4- 4E-12 7 4- 4E-I1 2 4- 2E-11 11.3 4- 0.4

125Sb 5.8E-3 8 4- 6E-11 1.3 4- 0.9E-10 3 4- 2E-11 11.3 4- 0.4

134Cs <8.9E-2 <l.8E-I I <2.0E-9 <6.8E-9 >8.9

..137Cs 1.6E-1 2 4- 2E-10 5 4- 4E-9 3 4- 2E-8 8.7 4- 0.4

241pU _d 2.0E-12 8.0E-12 3.1E-13 12.5

Chelating agent or metal (I.tg• cm"2. s"])

Oxalic acid 7.4E-3 3 4- 2E-4 1.1 4- 0.7E-10 3.0 + 0.gE-11 11.0 4- 0.3

Citric acid 3.6E-3 3 4- 2E-4 6 4- 4E-11 8 4- 3E-12 11.6 4- 0.3

Chromium <9.5E-3 c <2.0E-5 <1.0E- 10 <2.1E-11 >11.0

Iron <9.6E-2 c < 1.5E-4 <1.8E-9 <6.3E-9 >8.5

Cobalt <2.5E- 1¢ <9.9E-5 <2.8E-9 < 1.5E-8 >8.2

Nickel <8.1 E-1¢ <7.9E-5 < 1.0E-8 <2.0E-7 >7.0

a. Resultsareforonly the first90 days of leaching.

b. Fractionof initialinventoryreleasedper squarecentimeterof specimen surfaceareapersecond.

c. Not all leachatesampleswere analyzedfor this radionuclideor metal. CFRvaluewas estimatedby interpolating
measuredincrementalreleaserates.

d. Onlythe leachate correspondingto leaching intervalnumberthree was analyzed for241pu.Leaching results are
those determinedfor leachingintervalnumberthree. ......
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Tsble F-18. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in
synthetic BarnweU groundwater with pH 4.2.a

Average release rate Effective
,,, i ,, ,=.s. ,, ,

diffusivity Leachability
Nuclide CFR (I,tCi. cm"2. s"l) (cm"2. sl) b (cm2. s"l) index

54Mn <3.0E-4 <I.IE-11 <3.7E-12 <4.4E-14 >13.8

5_Fe 3.2E-4 c 4 4. 2E-11 2 4. 1E-12 6 + 4E-14 14.5 4. 0.9

58Co <7.9E-2 <2.8E- 10 <7.5E- l 0 <2.4E-9 >9.0

6°Co 2.5E-4 8 4- 6E-11 4 4- 3E-12 4 4- 2E-14 14.2 4- 0.3

63Ni 3.1E-4 c 1.2 4- 0.9E-11 2 4. 2E-12 3 + 2E-14 14.5 4. 0.8

65Zn <7.0E-3 <2.5E-11 <9.7E-11 <3.2E-11 >11.1

9°Sr 1.5E-3 c 2 4. 1E-12 1.8 4. 0.9E-11 9 4. 5E-13 13.1 4. 0.8

125Sb 6.0E-3 7 + 5E-I1 1.0 + 0.7E-10 2 4. 1E-11 11.3 4. 0.3

134Cs < 1.4E- 1 <2.7E- 11 <2.9E-9 < 1.5E-8 >8.7

137Cs 2.4E-1 3 4. 2E-10 6 4- 4E-9 1.1 4. 0.4E-7 7.2 4- 0.2

241Pu __d 2.5E- 12 9.2E- 12 4.8E- 13 12.3

Chelating agent or metal (_tg. cm -2. s"l)

Oxalic acid 9.0E-3 4 + 3E-4 2 4- 1E-10 5 4- 2E-11 10.9 4. 0.3

Citric acid 8.4E-3 6 4- 4E-4 I.I 4. 0.8E-10 3 4- 1E-11 10.9 4. 0.2

Chromium <7.9E-3 c <1.5E-5 <7.5E- 11 <1.4E-11 >11.2

Iron <8.3E-2 c <1.2E-4 <1.3E-9 <4.1E-9 >8.8

Cobalt < 1.9E- 1c <7.3E-5 < 1.9E-9 <9.3E-9 >8.7

Nickel <7.8E- I c <6.2E-5 <7.4E-9 < 1.4E-7 >7.2

a. Results areforonly the first90 daysof leaching.

b. Fractionof initial inventoryreleasedper square centimeterof specimensurfaceareaper second.

c. Not all leachate sampleswere analyzed for this radionuclideor metal. CFRvalue was estimatedby interpolating
, measuredincrementalreleaserates.

d. Only the leachate correspondingto leaching intervalnumberthreewas analyzedfor 241pu.Leachingresultsare
those determinedfor leachingintervalnumberthree.
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Table F-19. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in
synthetic Hartfordgroundwater with pH 8.9.a

Average release rate Effective
diffusivity Leachability

Nuclide CFR (_tCi. cm-2. s"l) (cm "2. s'l)b (cm2. s"l) index

54Mn <1.2E-3 <4.7E-11 <2.1E-I1 <8.0E-13 >13.1

55Fe 7.6E-4 c 7 4- 5E-11 5 4- 3E-12 1 4. 1E-12 13.8 4. 0.8

58Co < 1.3E- 1 <2.4E- 10 <8.3E- 10 <8.7E-9 >8.8

6°Co 8.4E-4 3 4. 2E-10 2 4. 2E-11 6 4- 4E-13 13.9 4- 0.4

63Ni 7.4E-4 c 3 4- 3E-11 8 4- 7E-12 2 4- 2E-13 14.0 4- 0.8

65Zn <1.2E-2 <2.9E- 11 <l.5E- 10 <4.4E- 11 >10.8

9°Sr <9.8E-4 c <1.5E-12 <l.8E-11 <4.0E-13 >13.4

125Sb 6.3E-3 5 4- 3E-II 9 4- 6E-I1 1.I + 0.4E-II 11.4 4. 0.2

134Cs <9.2E-2 <7.2E'12 <9.9E-10 <2.4E-9 >9.0

137Cs 1.5E-I 1.1 -6 0.8E-10 3 4- 2E-9 9 4. 5E-9 8.9 4. 0.4

241pU wd <1.4E-12 <6.9E-12 <1.6E-13 >12.8

Chelating agent or metal (_tg. cm "2• s l)

Oxalic acid 1.1E-2 2 4. 1E-4 1.1 4. 0.5E-10 3 4- 1E-11 10.9 4- 0.2

Citric acid 6.6E-3 4 4- 3E-4 9 4- 7E-I 1 1.1 4- 0.5E-11 11.4 4- 0.2

Chromium <1.1E-2 c <1.3E-5 <8.0E- 11 <l.9E-11 >l I. l

Iron <l.6E-1 c <8.2E-5 <1.2E-9 <3.8E-9 >9.2

Cobalt <3.0E-lC <6.4E-5 <2.1E-9 <1.3E-8 >8.3

Nickel <8.0E- 1c <5.2E-5 <7.9E-9 < 1.8E-7 >7.1

a. Resultsarefor only the first90 daysof leaching.

b. Fraction of initialinventoryreleasedper squarecentimeterof specimensurfaceareaper second.

c. Not all leachatesampleswere analyzedfor this radionuclideor metal.CFR valuewas estimatedby interpolating
measuredincrementalrelease rates.

d. Only the leachatecorrespondingto leachinginterval numberthree was analyzed for 241pu.Leaching results are
those determinedfor leaching intervalnumberthree.
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Table F-20. Leach test results for Brunswick-1 mixed-bed resin waste-form specimen leached in
synthetic seawater with pH 6.4.a

, i1,, ii1,, ii ii i i i, ,,,, __ i
i

Average release rate Effective
............. diffusivity Leachability

Nuclide CFR (ttCi. cm"2. s"l) (cm"2. s'l)b (cm 2. s"l) index

54Mn <3.2E-4 <9.6E-12 <2.9E-12 <6.1E-14 >13.6

55Fe __c __c __c __c __c

58Co <9.3E-2 <3. IE-10 <7.0E- 10 <4.7E-9 >8.7

6°Co 4.5E-4 2.2 + 0.9E-I1 1.1 4- 0.4E-12 1.7 4- 0.8E-14 14.1 4- 0.2

63Ni __c __c __c _c __c

65Zn <8.0E-3 <I.gE- 11 <6. IE- 11 <5.2E- 11 >10.9

9OSr _c _..c _c __c _c

12sSb <2.7E-3 <I.5E-II <I.9E-II <3.3E-12 >11.8

134Cs 1.2E-1 9 4- 4E-12 8 4- 4E-10 5 4- 1E-9 8.5 4- 0.2

t37Cs 2.6E-1 9 4- 4E-I1 1.5 4- 0.6E-9 2.0 + 0.3E-8 7.74 4- 0.06

241PU ___d <2.1E- 12 <6.6E- 12 <3.4E- 13 > 12.5

Chelating agent or metal (_tg. cm-2 • s -l)

Oxalicacid me __e _e __e __e

Citric acid 3.2E-3 2 4. 1E-4 4 4- 2E-II 8 4- 3E-12 11.6 4- 0.3

Chromium 5.1E-2 f 5 4- 3E-5 2 4- 1E-10 2.1 + 0.6E-10 9.7 + 0.1

Iron < 1.1E-If < 1.1E-4 < 1.0E-9 <3.0E-9 >9.0

Cobalt <l.9E- 1f <7.5E-5 <1.6E-9 <9.4E-9 >8.3

Nickel <7.2E- If <6.0E-5 <6.0E-9 < 1.3E-7 >7.2

a. Resultsare foronly the first90 days of leaching.

b. Fractionof initial inventoryreleasedper squarecentimeterof specimensurfaceareapersecond.

c. Concentrationsof radionuclidein leachatesampleswere notdetermined.

d. Only the leachatecorrespondingto leachingintervalnumberthreewas analyzedfor 241pu. Leaching resultsare
those determinedfor leachingintervalnumberthree.

e. Concentrationsof acid in leachatesampleswere below detectionlimit.

f. Not all leachatesampleswereanalyzedfor this metal.CFRvaluewasestimatedbyinterpolatingmeasuredincre-
mental release rates.
, , ,, , , ,,,,,,, i ,,.= i i ,,,,,
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Table F-21. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in synthetic
Bamwell groundwater with pH 10.4.a

Averagereleaserate Effective
diffusivity Leachability

Nuclide CFR (_tCi • cm"2. s"1) (cm "2. s'l) b (cm2. s"l) index

54Mn 5.5E-4 5 + 2E-10 3 ± 1E-12 5 4- 1E-14 13.5 4- 0.2

55Fe 7.1E-3 c 6 4- 3E-10 6 4- 4E-11 2 4- 1E-11 11.6 -t-0.9

58Co 1.2E-2 7 4- 2E-9 3.6 4- 0.9E-I1 1.6 4- 0.3E-11 I1.0 4- 0.2

6°Co 1.7E-2 3.6 4- 0.9E-8 5 + 1E-11 3.4 4. 0.7E-I1 10.6 + 0.2

63Ni 1.0E-1c 2 ± 1E-8 8 4. 5E-10 5 4. 3E-9 9.0 4- 0.5

65Zn 5.9E-3 6 4- 2F-10 1.5 4- 0.4E-II 3.0 4. 0.8E-12 11.7 + 0.2

9OSr _d _d __d _d _d

125Sb <7.5E-3 <7.2E-11 <4.8E-11 <l.8E-11 >11.0

134Cs 6.2E-1 6 4- 2E-9 4 4- 1E-9 1.8 4. 0.3E-7 6.9 4. 0.2

137Cs 5.5E-1 1.0 ± 0.3E-8 4 4- IE-9 1.5 4- 0.3E-7 7.0 4- 0.2

241pu __e 9.3E-13 9.8E-14 4.4E-17 16.4

Acid or metal (I.tg• cm "2. s-l)

Picolinic acid 7.5E-1 9 + 3E-3 3 + 1E-9 1.4 4- 0.4E-7 7.2 4- 0.3

Chromium <6.7E-3 c < 1.6E-6 <5.8E- 11 <2.5E- 11 > 11.2

Iron <3.3E-3 c <l.IE-5 <3.2E-11 <6.0E-12 >11.9

Cobalt <2.6E-2 c <8.0E-6 <2.2E- 10 <3.6E- 10 > 10.0

Nickel 5.0E-2 c 6 4- 4E-6 4 4- 2E-10 1.0 + 0.4E-9 9.5 ± 0.5

a. Resultsareforonly the first90 days of leaching.

b. Fractionof initial inventoryreleasedpersquarecentimeterof specimensurfaceareaper second.

c. Not all leachatesampleswere analyzedfor this radionuclideor metal.CFR value was estimatedby interpolating
measuredincrementalreleaserates.

d. Concentrationsof radionuclidein leachatesampleswere notdetermined.

e. Onlythe leachatecorrespondingto leaching intervalnumberthreewas analyzedfor241Pu. Leachingresultsare
thosedeterminedfor leaching_intervalnumberthree.
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Tsblo F-22. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in synthetic
Barnwell groundwater with pH 4.2,a
- -- H,, i i -- _ |,,,i , ,,, _ i,,, __ -- _

Average release rate Effective
diffusivity Leachability

Nuclide CFR (_Ci. cm"2. s"]) (cm"2" sl) b (cm 2. s"l) index
-- -- i,i, i i ,ml , i - --

54Mn 7.2E-4 2 ± 1E-9 1.3 + 0.8E-1I 8 ::k 7E-13 13.4 4- 0.3

55Fe __c __c __c __c ..._c

58Co 1.2E-2 1.0 ± 0.3E-8 5 4- 2E-11 2.2 4. 0.5E-li 10.8 + 0.1

6°Co 1.8E-2 5 4. 2E-8 8 4- 3E-11 4.6 4. 0.9E-II 10.5 4. 0.1

63Ni 8.7E-2 d 1.3 4. 0.5E-8 5 4- 2E-10 4 4. 2E-9 9.2 4. 0.6

65Zn 5.2E-3 1.3 4. 0.6E-9 3 4- 2E-11 4 4. 2E-12 11.6 4- 0.1

9OSr __c __c __c __c ._c

125Sb <7.5E-3 <9.0E-II <5.9E-II <2.3E-II >I1.0

134Cs 6.9E-1 8 4- 2E-9 6 4- 2E-9 2.5 4. 0.4E-7 6.7 4. 0.1

137Cs 6.1E-1 1.4 4- 0.4E-8 5 4. 2E-9 1.9 4. 0.3E-7 6.8 4. 0.1

241pu _e 3.1E-12 3.2E-13 5.0E-16 15.3

Acidormetal ().tg•cm "2.s"l)

Picolinicacid 4.2E-I 7 4.2E-3 2.24.0.7E-9 7 4.3E-8 7.54.0.2

Chromium <6.7E-3d < 1.6E-6 <5.7E-lI <2.5E-II > I1.2

Iron <5.IE-3d <2.0E-5 <5.9E-II <2.2E-II > I1.6

Cobalt <2.5E-2d <7.9E-6 <2.2E-I0 <3.6E-I0 > I0.0

Nickel 4.8E-2 d 4 4. 2E-6 2 4. 1E-10 7 4. 3E-10 9.5 4. 0.4

a. Results are for only the first 90 daysof leaching.

b. Fraction of initial inventory released per square centimeter of specimen surface area per second.

c. Concentrations of radionuclide in leachate samples were notdetermined.

d. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by interpolating
measured incremental release rates.

e. Only the ieachate corresponding to leaching interval number three was analyzed for 24tpu. Leaching results are
those determined for leaching interval number three.IIII II II I III II Ill _ _ _ _ I I
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Tsblo 1:-23. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in synthetic

Hartford groundwater with pH 8.9. a
llllll ii i lira -- ii i i i i i i i ill ii i , i --

Average release rate Effective
ml ii i l lll i i Ni i

diffusivity Leachability

Nuclide CFR ..... otCi. cm"2. s"l) (cm "2. 8"I)b (cm 2. s-l) index .

54Mn 1.2E-4 3 -t- IE-10 1.5 + 0.8E-12 1.0 4- 0.5E-14 14.6 4- 0.3

55Fe 6.3E-3 c 5 4- 3E-lO 5 4- 3E-11 2 4- 1E-II 11.3 4- 0.5

5SCo 8.8E-3 6 4- IE-9 3.0 4- 0.8E-11 1.0 4- 0.2E-I1 11.1 4- 0.1

6°Co 1.3E-2 3.0 4- 0.8E-8 4 4- 1E-I1 2.0 4- 0.3E-I1 10.8 4- 0.1

63Ni 9.8E-2 c 1.5 4- 0.5E-8 6 4- 2E-10 4 4- 1E-9 8.9 4- 0.4

65Zn 1.6E-3 2.0 4- 0.9E-10 5 + 2E-12 2.3 4- 0.7E-13 12.9 4- 0.2

90Sr _d _....d wd wd __d

125Sb <5.6E-3 <6.9E- 11 <4.4E- 11 <I.SE-I 1 >11.2

134Cs 6.6E-1 6 4- 2E-9 4 4- IE-9 1.8 4- 0.3E-7 6.9 4- 0.2

137Cs 5.9E-1 1.1 4- 0.3E-8 4 4- IE-9 1.5 4- 0.3E-7 7.0 4- 0.2

241pu _e 5.4E- 13 5.6E- 14 1.5E-17 16.8

Acid or metal (_tg. cm-2. s- 1)

Picolinic acid 4.5E-1 4 4- 2E-3 1.2 4- 0.5E-9 9 4- 3E-9 8.3 4- 0.2

Chromium <6.5E-3 c < 1.6E-6 <5.5E- 11 <2.4E- 11 > 11.2

Iron <4.3E-3 c <1.2E-5 <3.6E- 11 <1.2E-I 1 >11.5

Cobalt <2.5E-2 c <7.8E-6 <2.1 E-10 <3.5E- 10 > 10.0

Nickel 5.1E-2 c 6 4- 5E-6 2 4- 1E-10 2 4- 1E-10 10.2 4- 0.4

a. Results are for only the first 90 days of leaching.

b. Fraction of initial inventory released per square centimeter of specimen surface area per second.

c. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by interpolating
measured incremental release rates.

d. Concentrations of radionuclide in leachate samples were not determined.

e. Only the leachate corresponding to leaching interval number three was analyzed for 241Pu. Leaching results are
those determined for leaching interval number three.
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Table F-24. Leach test results for FitzPatrick mixed-bed resin waste-form specimen leached in synthetic
seawater with pH 6.4. a

Average release rate Effective

diffusivity Leachability
Nuclide CFR (}ACi.cm-2 • s-I) (cm "2" s'l) b (cm2. s"l) index

54Mn <4.5E-5 <8.8E- 11 <4.9E- 13 <l.0E-15 >15.4

55Fe __c __c nc __c __c

58Co 1.3E-2 9 4- 3E-9 5 4- 2E-II 1.9 4. 0.4E-11 10.9 4. 0.1

6°Co 2.0E-2 5 4. 2E-8 7 4. 2E-11 3.9 4- 0.7E-I1 10.5 4- 0.1

63Ni 1.0E-1d 6 4- 3E-9 3 4- 1E-10 1.0 4- 0.4E-9 9.4 4- 0.5

65Zn 2.0E-3 1.9 4. 0.6E-10 4 + 2E-12 2.7 4. 0.9E-13 12.9 4. 0.2

90Sr __c __c nc __c __c

125Sb <5.9E-3 <7.1E-ll <4.6E-11 <l.lE-11 >11.2

]34Cs 8.4E-1 6 + 3E-9 4 + 2E-9" 2.0 :k 0.5E-7 6.9 4. 0.1

]37Cs 7.3E-1 1.1 4. 0.5E-8 4 4. 2E-9 1.4 4- 0.4E-7 7.0 + 0.1

2411Pu __e 6.4E- 12 6.6E- 13 2.1E- 15 14.7

Acid or metal (_tg. cm "2 • s-l)

Picolinic acid 1.1E-1 4 4- 1E-3 1.2 ± 0.4E-9 6 4. IE-9 8.30 4- 0.08

Chromium <6.6E-3 d < 1.6E-6 <5.6E- I 1 <2.4E- 11 > l 1.2

Iron <4.1E-3 d <1.2E-5 <3.4E- 11 <9.1E- 12 >11.6

Cobalt <2.5E-2 d <7.9E-6 <2.1 E- l0 <3.5E- l0 > 10.0

Nickel <6.4E-2 d <5.0E-6 <3.0E- 10 <8.9E- l 0 >9.2

a. Results areforonly the first 90 days of leaching.

b. Fractionof initial inventoryreleasedper square centimeterof specimen surface area per second.

c. Concentrations of radionuclide in leachate samples were not determined.

d. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by interpolating
measured incremental releaserates.

e. Only the leachate correspondingto leaching interval numberthree was analyzed for241pu.Leaching resultsare
those determined for leachin[ interval numberthree.
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Table F-25. Leach test results for baked FitzPatrick mixed-bed resin waste-form specimen leached in

synthetic Barnwell groundwater with pH 4.2. a

Average release rate Effective

diffusivity Leachability
Nuclide CFR (laCi. cm "2. s"l) (cm "2. s'l) b (cm 2. s"1) index

54Mn 1.8E-3 5 + 3E-9 3 4- 2E-11 2 + 1E-12 13.0 + 9.4

55Fe _c _c c _c ___c

58Co 1.3E-2 1.4 4- 0.6E-8 8 + 3E-11 2.5 + 0.8E-11 10.8 + 0.1

6°Co 1.9E-2 7 d: 3E-8 l.l 4- 0.4E-10 5 + 2E-ll 10.5 + 0.1

63Ni 9.7E-2 d 1.4 + 0.6E-8 6 4- 3E-10 3 4- 2E-9 9.2 + 0.4

65Zn 1.1E-2 2 4- 1E-9 6 4- 3E-11 1.1 4- 0.6E-11 11.3 4- 0.2

9OSr ___e _c ___c c _c

125Sb <9.5E-3 <l.4E-10 <8.9E-11 <2.3E- 11 >11.0

134Cs 6.2E-1 8 ± 3E-9 6 4- 2E-9 3.1 4- 0.6E-7 6.6 4- 0.1

137Cs 5.9E-1 1.5 4- 0.6E-8 5 4- 2E-9 2.3 4- 0.4E-7 6.7 4- 0.1

241pu .__e 2.7E-12 2.8E-13 3.9E-16 15.4

Acid or metal (Jig. cm -2. sl)

Picolinic acid 4.2E-1 4 4- 2E-3 1.3 + 0.5E-9 1.7 4- 0.7E-8 8.1 4- 0.2

Chromium <6.2E-3 d < 1.4E-6 <5.1E- 11 < 1.6E- 11 > 11.5

Iron <3.3E-3 d <l.0E-5 <3.0E-ll <5.7E-12 >12.1

Cobalt <2.5E-2 d <7.3E-6 <2.0E- l0 <2.6E- 10 > 10.2

Nickel 3.5E-2 d 3 4- 2E-6 2 4- 1E-10 5 4- 4E-10 10.1 4- 0.5

a. Results are foronly the first 90 daysof leaching.

b. Fractionof initial inventory releasedper square centimeterof specimen surface areapersecond.

_" c. Concentrations of radionuclidein leachatesamples were notdetermined.

d. Not all leachate samples were analyzed for this radionuclide or metal. CFR value was estimated by interpolating
measured incremental release rates.

e. Only the leachate corresponding to leaching interval number three was analyzed for 241pu. Leaching results are
those determinedfor leachingintervalnumber three.
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Radionuclide, Chelating Agent, and Stable Metal
Inventory in Liners Solidified as Part of this Study
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Appendix G

Radionuclide, Chelating Agent, and Stable Metal
Inventory in Liners Solidified as Part of this Study

Table G-I summarizes the radionuclide, che- Resin values were used for two radionuclides

lating agent, and stable metal inventories in the (14C and 99Tc) at Peach Bottom-3. The dates
liners solidified as part of this study. All invento- listed in the table indicate when the solidifications
des are based on the measured radionuclide con- took place. Radionuclide inventories were decay
tent in the resins, with the exception of Peach corrected to these dates. The sources of this
Bottom-3, which is based primarily on the radio- information are References 1 through 3.
nuclide content of the cemented waste form.
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Table Oe.q. Linerinventoriesforwaste-tbrmsamples. " ,,

IndianPoint-3a CooperMBR' CooperCR" MllIstone-Ia PeachBottotr

(06/24/85) (11/30/84) (11/30/84) (06/20/84) (08/09/$4)
' ,,, , i ,,i i, II I IIII I I I I I

Radionuclides(Ci/li_)

H-3 1.8E-3 4. 1.7E-4 8.1E-4 4- 2.1E-5 1.0B-5 4. 5.2E-7 1.4E-3 4. 5.1E-5 3.8B-2 4- 1.5

C-14 2.0E4:1:3.3E-5 <2.5E-5 <3.1E-5 5.5E-5:1:3.1E-6 ._d

Cr-51 ._.d _d __d _d __d

Mn-54 I.TE+0 4. 2.4E-2 3.1E-I 4. 1.5F,-2 2.7E+0 4. 7.8E-2 3.1E+0 4- 5.1E-2 2.5B-1 4. 1.2

Fe-55 5.8E+0 4. 2.8E-1 8.5E-1 4. 4.2E-2 I.SE+I 4. 7.8B-1 2.5E+1 4. 1.3E+O __d

Fe-59 --d __d _,_, __d __d _d

Co-57 I.SE-I 4- 1.4E-2 _d __d _d _d

Co-58 7.8E+! ± 3.4E-1 8.3E-2 4- 1.3E-2 I.SE+O 4- 1.6E-I 6.4E-1 4- 2.5B-1 --d

Co-60 1.4E+I 4. 3.4E-2 1.6E+0 4- 1.7E-2 1.8E+I 4- 7.8E-2 9.9E+2 4- 3.8E-2 1.7E+I 4. l.f

Ni-63 1.7E+I 4. 7.0E-I 7.6E-1:1:4.2E-2 2.7E+1 4- 1.3E+O 1.1E+0 4, 5.1E-2 __d

211-65 __d __d __d ......d _d

Sr-89 1.7E-2 + 3.4E-3 <4.2E-5 <2.4E-5 1.6E-2 :t: 5.1E-3 _d

St-90 4.5E-4 4. 6.9E-5 4.2E-4 + 6.4E-5 1.8E-4 4- 2.6E-5 7.5E-4 4. 5.1E-5 2.4E-5 :l: 4.

Zr-95 __d __d __d __d __d

Nb-95 __d 1.9E-2 4. 6.4E-3 __d __d __d

T¢-99 __d 2.3E-4 -t- 6.4E-5 7.8E-5 4. 7.8E-5 __d __d

Sn- I13 __d __d __d __d __d

1-129 <3.4E-5 <6.4E-5 <I.0E-4 <2.5E-_ __d

Sb-125 3.2E-3 4. 2.4E-4 8.9E-2 + 1.1E-2 <5.2E-4 2.0E-I 4, 5.1E-2 <8.8E-_

Cs- [ 34 __d _d _d _d _d

Cs-137 4.6E-I + 1.5E-2 4,4E-4 + 4.2E-5 <5.2E-4 2.7E-3 4- 1.3E-4" _ :_ _'_ 4.2E-3 + 2

Subtotal 1.2E+2± 8.2E-I 3.7E+0± 6.6E-2 6,4E+I+ 1.5E+0 4.0E+l+ 1.3E+O _ _--l.8E+l+ I

Pu-238 4.0E-5 4. 6.9E-7 6.6E-5 :t: 4.2E-6 2.0E-4:1:7.8E-6 6.2E-3 4. 1.3E-4 _d

Pu-239/240 4.5E-5 ± 2.4E-6 3.2E-5 ± 1.7E-6 7.8E-5 4. 5.2E-5 3.3E-3 4- 6.4E-5 __d

Pu-241 1.7E-I :1:2.1E-2 4.7E-2 d: 2.1E-3 2.6E-2 4- 1.0E-3 4.4E-1:1:1.3E-2 7.5E-3 4- 8

Am-241 3.2E-5 4. 1.4E-6 5.0E-5 -,- 6.4E-7 2.7E-4 4- 7.8E-6 5.1E-3 4. 5.1E-5 _d

Cm-242 6.6E-4 4. 3.4E-5 1.4E-4 + 1.3E-6 1.8E,4 4. 5.2E-6 5.2E-4 4. 2.5B-5 __d

Cm-244 3.7E-5 4. 3.1E-6 1.4E-4:1: 1.9E-6 2.1E-4 4. 5.2F,-6 4.3E-3 :t: 5.1E-5 _d

Subtotal 1.7B-1 4. 2.1E-2 4.TE-2 + 2.1E-3 2.7E-2 4. 1.0E-3 4.6E-I 4. 1.3B-2 7.5E-3 4. 8



PeachBottom-2a Pilgrima PeachBottom-3b Brunswick-ICR© Brunswick-IMBRc FitzPatrickC
(08/l?/84) (l0/25,'89) (l2/_8/S_, (12/_8/8"?) (9/18/88)(08/09/84)

3.8E-2 :I: 1.5E-3 3.3E-5 4- 1.4E-6 _d _d _d _d
J _d

_d 9.4E-5 4- 1.9E-5 3.LE+I + 3.1E-Ie _.d _d

_d _d _d _d _d 1.4E+O + I.TE-I

2.5E-1 :k:1.2E-3 5.9E-1 4- 3.1E-2 I.SE+0 4. 0.2E-I 2.1E+0 4- l._E-2 7.8E-2 4- 4.6E-4 4.2E+0 4- 2.3E-2

__d 4.2E+0 4- 1.6E-I 1.0E+0 4. 3.9E-1 1.1E+I 4- 9.3E-1 5.2E-1 + 4.3E-2 2.3E-1 4- 3.0E-3

<4.0E-2 1.6E4.04- 1.0E-2
__d __d __d <2.5E-1 ,.,_

__d __d __d __d , __d 1.8E-2 4- 6.9E-4

--d 1.4E-I + 1.4E-I __d 2.2E-1 4- 2.7E-2 1.0E-2 4- 1.8E-3 4.4E+0 4- 2.3E-2

1.7E+I + 1.5E-I 8.1E+0 + 3.1E-2 1.7E+I .4-8.6E-3 I.IE+I 4- 1.4E-I 4.8E-1 4- 2.4E-3 I.TE+l 4- 1.7E-3

__d 4.4E-1 4- 1.6E-2 1.9E-I 4- 2.2E-2 2.0E+0 4- 7.8E-2 I.SE-I 4- 8.3E-3 5.6E-1 4- 3.0E-2

__d __d 3.4E+0 4- I.IE+0 1.4E-I 4- 2.45E-2 7.0E-3 4- 1.4E-3 9.8E-1 4- 2.6E-2

_d 1.6E-3 4. 9.4E-4 __d __d __d __d

2.4E-5 + 4.4E-6 2.3E-4 + 3.1E-5 3.0E-4 4. 5.4E-5 5.7E-3 4. 3.8B-4 2.9E-3 4. 1.6E-4 2.5E-4:1:2.1B-5

_d __d __d <5.9E-2' <1.8E-2 2.2E-2 4- 2.0E-3

__d __d _d _d __d 4.7E-2 4- 3.9E-3

_d 3.4E-5 4. 9.4E-6 1.3E-I .4.3.0E-3• __d __d __d

__d __d __d _d __d 2.4E-2 4. 2.3E-3

__d <3.1E-6 1.7E-4 -'- 2.5E-5 __d __d __d

<8.8E-5 1.3E-2 + 6.2E-4 6.1E-2.4- 3.5E-3 5.1E-3 + 8.2E-4 1.9E-2 + 1.2E-4 3.6E-2 4. 2.3E-3

._.d __d __d <1.3E-3 <2.6E-4 3.2E-2 4- 9.0E-4

4.2E-3 + 2.2E-5 4.7E-2 4- 1.6E-2 1.3E-2.4- 1.8E-3 5.6E-2 + 6.6E-4 1.3E-3.4- 4.0E-5 6.6E-2 :t:1:_-3.... _.

I.SE+I 4- 1.5E-I 1.4E+I + 2.2E-1 5.5E+1 4. 1.9E+0 2.7E+1 4. 9.4E-1 1.3E+0 4. 4.4E-2 3.0E+I 4--ESE-I

__d 3.4E-4.4- 1.6E-5 5.9E-4..4. 3.7E-5 1.0E-6 :t::6.4E-8f 2.8E-7 + 2.2E-8f 8.4E-5 4- 2.1E-6

_d 4.8E-4.4- 1.6E-5 1.8E-4 + I.IE-5 8.1E-7 + 5.2E-8 2.5E-7 4- 2.1E-8 1.5E-4 4- 2.6E-6

7.5E-3.4- 8.8E-4 5.5E-2.4- 1.6E-3 9.9E-3 .4- 1.0E-3 8.2E-3 + 6.3E-4 7.3E-3 '" 5.8E-4 2.3E-1 4- 1.7E-2

__d 8.3E-6 -'- 3.1E-7 7.2E-4 4- 5.0E-5 __d __d 1.3E-4 4. 2.2E-6

' __d 2.7E-5.4- 9.4E-7 2.9E-5 4. 3.3E-6 -4.7E-8 -'-7,8E'8 1.2E-7.4- 7.0E-8 1.4E..44- 2.7E-6

__d 2.2E-5 4- 3.1E-7 1.3E-4.4- 1.6E-4 1.0E-7.4- 2.0E-8 1.9E-8 4. 9.7E-9 1.4E,-54- 4.0E-7

7.5E-3 4- 8.8E-4 5.6E-2 4- 1.6E-3 1.0E-2 4. 1.3E-3 8.2E-3 4. 6.3E-4 7.3E-3.4- 5.8E-4 2.3E-1 4. 1.7E-2

./P

G-5 NUREG/CR-6201



AppendixG _.,

TableG-1. (conti.ued). l ' " 'i ill ii , --

IndianPoint-3' CooperM]Ra CooperClta MiIlstam-Ia Peacl
(_5) (11f_ (11/30/84) (0ef20/84) (O

StableMeuasandChelmingApnm(K_) !
t

Cr 3.1E-I 4. 1.7E-2 --_ 7.8E-1 ± 2.6E-1 4.4B-1 4. 2..qB-2

Fe 2.3E+04.1.0E-I I.IE+0= I_3E-I 2.9E+I4.I.OE+I 7.4E+0 :k3.8E-I

Co <4.0E-2 <3.0E-2 1.6B-I :t:5.2E-2 2.0E-2 4. 1.0E-3
, _.d

Zn _d ...d ._d

Ni 2.5E+0 4. 1.4E-I 1.6E-I 4. 1.3E-2 3.1E+0 :k:1.3E+O 2.7E+0 :t: 1.3E-I

B _d .._d .._d .._d

Subtotal 5.1E+O-'- I.TE-I 1.3E+O4. 1.3E-1 3.3E+1 :t: 1.0E,+I 1.0E+I :t:4.0E-I

Citricacid _d 5.3E+1 4. 2.1E+O 2.5E-1 4. 2.9E-2 8.0B+0 4. 3.8E,-1 7.5E

Oxalic acid __d 3.4E+1 4- 6.4E-1 7.0E-I 4- 2.6E-3 9.4E+0 4- 2.$E-1 8.7E

EDTA __d _d _..d 7.8E.+0 :t: 5.1E-I 7.2E

DPTA .._d ._.d .._d __d

Picolinic acid 1.4E+i :1:6.9E-1 __d ._.d __d

Subtotal 1.4E+I + 6.9E-1 8.7E+1 4. 2.2E+0 9.6E-1 :k:2.9E-2 2.5E+1 :t:6.8E-1 2.3E

LinerCharacteristics

m3 fP m3 f# m3 ft3 m3 ft3 m3

Waste 3.4 122 2.1 75 2.6 92 1.3 45 1.5
volume

Linertype HA HA L8-120 I.,8-120 L14-170 L14-170 L6-80 I.,6-80 I.,6-8(

Liner NA NA 3.3 116 4.8 169 2.2 79 2.2
capacity

a. Inf_ fromNUREG/_-5224O_eference1). ,..:..... i :::=.::.
-" :_.:,'_:_T_,:

b. lnfommtionfromNUREG/CR-6164(Refem_2). ---:.'_-_.:

c. Infmmafieefrom_-5601 (Reference3).

d. Notdetectedornotmmsmed-

e. Resininventmyvaluewasusedduetounreliabilityoflaboratoryanalysisoncementedwasteform.

f. Pu-238and/re'Am-241.Pu-238andAm-241intheBnmswick-!catimandmixed-bedn_imwerenot_.lxmttedpriortosmJystsby alphaspectrometry.
...... . . _t, wastes,and_icandoxali_ :

g, ConceamaionofacidinresinwMtew_nmdetetmita_Picolinicacidwssnm robe mtheBnms.__k1 _p_m

JIJ
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'each BoUom-2 a Pilgrima Peach Bottom-3 b Bnmswtck-I CRc Brumwick-I MBR c l:q_

__d ...d 7.4E-1 4- 1.4E-2 I.SE+0 4- 6.3E-2 6.2E+0:1:2.2E-1 7.8B-I 4- 2.7E-2

_d I.TE+0 4- 7.8E-2 1.2E+2 4- 3.6E+0 2.5E+1 4. 7.3E-1 2.7E+0 4- 5.8E-2 9.5E+0 4. 2.0F,-I

__d 1.5E-2 4- 7.8E-4 I.IE-4 8.3E-1 4- 2.3E-2 1.2E+O 4. 2.6E-2 1.0E+O 4. 2.3B-2

_d __d I.IE-3 4. 8.6E-4 __d _d __d

__d 2.2E-1 4- I.IE-2 5.2E-3 4- 2.1E-4 2.9E+0 4- 1.0F.,-I 2.6B..1 4. 5.7E-2 4.6E-1 4. 1.6E-3

__d __d 1.3E-4 __d __d __d

__d 2.0E+0 ± 7.9E-2 1.2E+2 4- 3.6E+0 3.1E+I 4. 7.4E-1 1.0F..+I 4. 2.4F.,-1 1.2E+I 4. 2.0E-1

.SE+O 4. 8.8E-2 4.7E+0:1: 1.6E-I __d --II 1.6E+2 4. 1.6E+I -.S

.TE+0 4- 1.0E-I 4.6E-1 4- 1.3E-2 __d .--S 8.0E+l 4- 8.0E+O ---.S

.2F.,+O4. 4.4E-1 5.8E+0 4- 4.7E-1 __d __d __d __d

_d 5.6E-1 d: 1.4E-2 __d __d __d __d

__d __d 3.9E-4 --.S ---S 8.8E+1 4- 8.8E+0

.3E+I 4. 4.6E-1 1.2E+I 4- 4.9E-1 3.9E-4 NA 2.4E+2 4. l.SE+l 8.8E+1 4- 8.8E+0

13 tts m3 ftS ms ft3 ms its ms Its ms fP

5 52 1.6 55 4.7 166 3.4 120 3.1 110 3.0 107

-80 I..6-80 NA NA L14-170 L14-170 L14,-170 L14-170 L14-170 L14-170 L14,-170 L14-170

2 79 NA NA 4.8 170 4.8 169 4.8 169 4.8 169

,ticacidswere notexpectedto be presentin theFiu.Pa_k resinwastesat measmble mncenu_ons. ,.....

,eP
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