[. = — _ - '. j Westmghouse"uanfurd'company -
o / LT HEDLTME aazz.t

KX :-RESULTS FROM CYCLES 1 AND 2 DF_’:
-~ NNWSI SERIES 2 SPENT FUEL
SR G | DISSDLUTION TESTS_;

- . Co

| reTo v ers

IR A e

‘ HéawnN}1N3wnqdq2A901ouaAHE

bE

NEVADA NUCLEAR WASTE STORAGE INVEST IGATIONS Prepared by NNWSI Pro:ect pamc‘ipanu as part of the Civillan = - . .
" Radioactive Waste Management Program (CRWM). The NNWSI Project is managed by the Waste Management Project Office: .~ =~ -

(WMPO) of the U,S. Department of Energy, Nevada Operations Office (DOE/NV). NNWSI Project work is sponsoredEytﬁe Offic ice. -
T of Geologlc Reposhories {OGR) of the USDOE Off' ice of CMhan Radioactive Waste Management (OCRWM) )

B o HANFORD ENGINEERING DEVELOPMENT LABORATORY -— Operated by Westinghouse Hanford Company, P. O Box L .
- T 1970, Richland, WA, a Subsidiary of Westinghouse Electric.Corporation. Prepared for the USDOE, Office of Cnvilsan Radioactive, L
KRR Waste Management under COntract No. DE- ACOG-‘ISH-'02170, B&R No. DB-01-02. - B

: L ——US Department of Energy

S . .




‘—»' ’ ! A»">§“ ﬁ“V'AAAA 'j = - ‘ '
lﬁ‘anford Engmeermg Dgir‘elopment Laboratory =~ T
- Oty N o
) HV\h?s’tmghousa 1 A Subsrdiary of E; E
'.7 fmmmpany ‘ - Westinghouse Eler:tnc S
l‘fr::rﬂtha*US.w DOE .. - Comporaion - - .
¥ Gt Mo, © PO.Box W = ‘
DEACOE-75FF0217U A R'ld\land. WA 99352 g - L
* ] g :;
DlSCLAIMER . .
U | TTus;report was prepared as an account of work sponsored by an

- _ag%y of the "United: .Statesl Government. Neither the United - a R |
§gates ‘Government - nor any. .agencv thereof, nor any of theic - .- . -~ - B U RS |

empT‘yees, nor any oﬁ thelncontractors, subcontractors or their -

i

an y.»r_egulfs of such use of any informa- . . o C o
iron-@!’épparatus, product, oF pRacess disclosed, or representsthat - . ... o . . - o
‘f§’0§e,wouldnotmfnngepnﬁe?yowned rights. Referenceherein .~ - = o
ta Jﬁspecrf’c comme?f:’ral product process, or-service bytrade - . - ST |
,.namé; trademark, mar??;cturer of otherwise, does.not necessarlly ™ © .~ . S - oo oo
éﬁnstrtute-or implii its endorsement recommendation, orfavoring -~ -~ " T o o

, Bw the: United States Government or :any agency thereof or its

‘ t”c'a'ﬁtractors or. subcontractorsiiThe views and opinions of authors

expressed herein. do not necessanly state or reﬂect those of the
Unrted States Government oF ng agency thereof

: Il',ri-\’ -

i
|
]
’ l
1
4
i

n'nfea”' in: the Umted §fates of!
AV" Tabla from .

1
m@as‘,ﬁ.LDepartmeﬁt of Commerc S , ‘ ) L
.Natloga] “Techpical lnformatlon;Servrce o o o .
5285 PortRoValRoadf - o S R Lo T
:S; ngf°e[d VA- 221611: B -’, ._1
pnceaco es - 'ij ST I S P
“"Printed copy: A06_° L - : ' S -
Mrcrof‘ che copV:!"AOT

Amenca T

pereivewriey

t

..;": "l.)' *‘ A E
B ! - S
N { - .
i R | - ;
i -



Westinghouse Hanford Conipany

[

By

HEDL-TME 85-22
UC-70

RESULTS FROM CYCLES 1 AND 2 OF
NNWSI SERIES 2 SPENT FUEL
DISSOLUTION TESTS

C.N. Wilson.
Date Published: May 1987

NEVADA NUCLEAR WASTE STORAGE INVESTIGATIONS — Prepared by NNWSI Project participants as part of the Civilian
Radioactive Waste Management Program {CRWM). The NNWSI Project is managed by the Waste Management Project Office
(WMPO) of the U.S. Department of Energy, Nevada Operations Office (DOE/NV), NNWSI Project work is sponsored by the Office
of Geologic Repositories {OGR) of the USDOE Office of Civilian Radioactive Waste Management (OCRWM).

HANFORD ENGINEERING DEVELOPMENT LABORATORY — Operated by Westinghouse Hanford Company, P.O. Box
1970, Richland, WA, a Subsidiary of Westinghouse Electric Corporation. Prepared for the USDOE, Office of Civilian Radioactive
Waste Management, under Contract No. DE-AC06-76FF02170, B&R No. DB-01-02,

U.S. Department of Energy



KT

L



e

2 3

HEDL-TME 85-22
uc-70

s 4

RESULTS FROM CYCLES 1 AND 2 OF

NNWSI SERIES 2 SPENT FUEL DISSOLUTION TESTS

C. N."Wilson

x ABSTRACT .

Pressurized Water Reactor (PWR) spent fuel rod segments
from the H. B. Robinson Unit 2 and Turkey Point Unit 3
reactors were leach tested in Nevada Nuclear Waste Stor-
age Investigations .(NNWSI) reference J-13 water under -
ambient hot cell conditions, The test matrix included
bare fuel plus’the cladding, ‘rod segments with artifici-
ally -induced -.cladding defects, and undefected rod seg-
ments. The testing procedures are .described and compre-
hensive radionuclide release results are presented and
discussed.

The actinides Pu, Am, Cm and Np appear to have been
released congruently as the UO, oxide fuel matrix dis-
solved. Preferential U release measured in certain tests
may be related to dissolution of oxidized UOj,y from the
fuel surface, and/or greater solubility (and mobility) of
U relative to the other actinides within defected clad-
ding specimens. Uranium solubility measured in the J-13
water was much greater than that measured in deionized
water in previous tests. All of the principal fission
products analyzed (137Cs, 1291, 997r¢ and 905:) were
released preferentially relative to the actinides. Pref-
erential release of activation product 14C was also
measured, with a portion of the 14¢ release appearing

to originate from the cladding exterior surface. Much
greater fractional fuel dissolution appeared to have
occurred with bare fuel particles than from fuel con-
tained in defected cladding. Measured actinide release
from test specimens containing small (~200 pm) laser-
drilled holes through the cladding was not significantly
greater than that observed from undefected specimens.
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RESULTS FROM CYCLES 1 AND 2 OF
" . NNWSI SERIES 2 SPENT ‘FUEL-DISSOLUTION TESTS -

1.0 " INTRODUCTION

The Nevada Nuclear Waste Storage Investigations (NNWST) Project is investi-
gating the siitability of the volcanic tuff at Yucca Mountain, Nye County,
Nevada, for potential-use as a disposal site for high-level nuclear waste.
Lawrence Livermore National Laboratory (LLNL) is the lead contractor for the
Waste Package Task ‘of the NNWSI Project. Westinghouse Hanford Company (WHC)
is a subcontractor to LLNL assisting them in determining the requirements
for successful disposal of spent fuel rods at the Yucca Mountain Site. In
the Spent Fuel Leaching/Dissolution Task at WHC, 1aboratory tests are‘being
conducted with spent fuel specimens to characterize radionuclide release
under NNWSI-relevant conditions.

The repository horizon under study by the'NNwSI Prdject'is'in a densely -
welded and devitrified volcanic tuff formation that lies approximately.200
to 400 meters above the water table in the unsaturated zone. ‘Contact of the
spent fuel by water will not occur until the repository has cooled to below
the 95°C boiling temperature at the repository elevation. “At that time,
which is predicted to be hundreds of years after disposal, a limited
quantity of water infiltrating the rock cod]d potentialiy enter a failed
waste container and contact the spent fuel where cladding failures have
occurred. Radionuclide release from spent fuel with failed cladding to -
water that-may’enter a failed storage container is being studied in the WHC
tests, which are the subject of this report. ' The potential for transport of
dissolved radionuclides from a failed waste package to the external
environment is being evaluated by other NNWSI tasks. - ‘

The Nuclear Regulatory Commission (NRC) has stated the engineered barrier -
system (EBS) performance requirements in ‘10 CFR-.60 ])-1icensingfproceduresw
for geologic repositories. The two ‘principal ‘EBS performance requirements
contained in 10 CFR 60 (Section 60.113) are:



1) "Containmentgqfﬁngl(highflgvei waste) w}fhin the waste packages will
be substantially complete for a period ... not less than 300 years nor
more than 1000 years after permanent closure of the geologic repository"

(the containment period).

‘v

2)  "The release rate of any radionuclide from the engineered barrier .. -
system (waste packages and .the underground facility) following the - .-
. containment period:shall not exceed one part in 100,000 per year of.the:
inventory of that radionuclide calculated to be present at 1000 years
following permanent closure" (post-containment period).

In addition, the Environmental Protection Agency (EPA) has specified(z).,.:
cumulative release limits for radionuclides from a geologic. repository . -
(see Table 6).

In the WHC Spent Fuel Leaching/Dissolution Task, specimens: of pressurized
water reactor (PWR).spent fuel in configurations representing various
degrees of cladding failure,.have been tested in.fused quartz vessels under
ambient hot cell conditions. In the Series 1 .Tests,* specimens prepared -
from Turkey Point Reactor Unit 3 fuel were tested.in deionized water.(3
Cycle 1 of the Series 1.tests was initiated in July 1983 and terminated at -
approximately 240 days. At termination, the test apparatus was stripped .
with 8 M HNO3 and the strip solutions analyzed along with the final test
solution. The test specimens were then-restarted for a second cycle, which
was; terminated at:.128 days during July 1984. Final results from both cycles
of the Series 1 tests are reported in Reference 4.

The Series 2 tests, which are the subject of this-report, were similar to .
the Series 1 tests except that: 1) the Series 2 tests were run in NNWSI

reference J-13 well water, and. 2) the test matrix duplicated each specimen v
configuration using both Turkey Point and H. B. Robinson spent fuels. ,
Cycle 1 of -the Series 2 tests was started in June 1984 .and terminated at - .. K

hES

*Originally entitled, "Spent Fuel Cladding Containment Credit Tests.”
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181 days for the Turkey Point fuel and at 223 days for the H. B. Robinson
fuel. Cycle 2 of the Series 2 tests was terminated at 195 days for the
Turkey Point fuel and at 202 days for the H. B. Robinson fuel. The two
Series 2 bare fuel tests were continued for a third and fourth cycle. This
report discusses the results from Cycles 1 and 2 of the Series 2 tests.

Series 3 tests(s) are being run in J-13 water in sealed 304 stainless
steel vessels at 85°C using the same specimen configurations used in
Series 1 and Series 2 tests.

The spent fuel used in these first three test series is young (~10 years
from discharge) and is representative of fuel to be initially placed in the
repository. However, this fuel may possibly become degraded in the
post-containment period repository environment. -The possibility of
degradation of the spent fuel by oxidation is suggested by thermodynamic
considerations. Spent fuel oxidation under NNWSI repository relevant
conditions is being studied in another task of the WHC program in support of
NNwSI.(s) Use of spent fuel that has been degraded by oxidation is
anticipated in a future spent fuel leaching/dissolution test series pending
results from the ongoing WHC spent fuel oxidation studies.
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2.0 TEST DESCRIPTION

The first cycle of the Series 2 tests was initiated and run in accordance
with an approved test p1an.(7) Supplemental procedures for test Cycle 1
termination‘aﬁdﬁthe subsequent Cycle 2 restart are given in Reference 8.
The‘teStinglbrocedUres'are summarized here. o N :

2£l TEST CONFIGURATION AND SAMPLING

Two basic test configurations were used as shown in Figure 1: ‘one for bare
fuel specimEns and one for clad fuel specimens (with or.Withput artificially
induced cladding defects).with water tight end fittings. The/tests‘were
conducted in fused quartz test vessels with’loose fitting 1ids under ambient
hot cell air and temperature (~25°C) conditions. The tests were run in

250 ml of NNWSI reference J-13 well water._ The tests were "sem1-stat1c" in
that the 1eachate so]utlon was per1od1ca1]y sampled and the samp1e vo]ume
replenlshed with fresh J- 13 water. The semi-static method provides-solution
radionuclide content as a function of time and simulates ]imfted flow through
a breached waste container, Fused quartz ‘rods were a]so per10d1ca11y removed
and str1pped w1th 8 M HNO3 to monitor progression of rad1onuc]1de p]ateout.
The rod samp]es were gently rinsed with J-13 water before ac1d str1pp1ng to
remove adher1ng test solution.

After several months, the tests were terminated and restarted in fresh J-13
water using the same test specimens. The f0110w1ng four types of samples
weré taken at test cycle ‘termination: :

. F1na1 solution o S
J. ~ Final fused quartz rod

. Vesse] and spec1men rinse so]ut10n
-7 ive - Vessel acid strip solution o



SOLUTION LEVEL—>
" " (250 ml J-13 WATER) "

 |l—FUSED QUARTZ—s{

- . TEST VESSEL .

FUSED QUARTZ—
RODS -

DEFECT

(SLIT OR HOLES)

—_SPLIT CLADDING
= HULLS:

/—_BARE FUEL _

14
1

+H4——FUSED QUARTZ

BASKET WITH BAIL

~>

BARE FUEL TEST

DEFECTED AND UNDE

FECTED

CLADDING TESTS

FIGURE 1. Test Configurations.

HEDL 8401-170.8

Rt



av

n

o,

The final solution samp]e was taken: by the’ same procedure as periodic solu-
tion samp]es ‘but was-considered, dur1ng subsequent radionuclide release
eva]uat1on to represent the full 250 ml1 test solution vo]ume.' After final
so1ut1on remova] the inside of the test vesse]s, test . spec1mens -and
spec1men ho]ders (bare fuel basket or c1ad spec1men pedesta]) were rinsed
with fresh J- 13 water. Bare fue] part1c]es were rinsed by cover1ng the
particles with J-13 water in a small beaker, gently rocking, ‘and decanting
the rinse water; this procedure was repeated several times. A1l rinse water
from a g1ven test was collected" as a’ comb1ned rinse so]ut1on ‘made- up to
600-m] vo]ume w1th add1t1ona1 J- 13 water., After r1ns1ng, the test vessels
conta1n1ng their respect1ve bare fue] ‘baskets or spec1men pedesta]s were
filled with 300 ml of 8 M HNO3 and left to s1t overn1ght._ The ‘acid strip
solution was sampled the next'day, after pouring the acid back and forth
between the test vessel and an appropriate clean container.

Two bare fuel particles were removed from each bare fuel test at cycle
termination for mounting, sectioning and optical ceramographic examination.
Rinse solutions from bare fuel tests were allowed to settle and samples of
the re51due (fine particulate sed1ment) were obta1ned for scanning: e]ectron
m1croscopy (SEM) examination. -

2.2 TEST SPECIMENS -

The test matrix included eight test specimens, one,each of four specimen
conf1gurat1ons of two- fue] types. The test spec1mens are identified 1n
Table 1. A1l specimens : were prepared from f1ve 1nch -long fuel rod
sections. The four specimen configurations are:

° Undefected specimens with intact cladding and water-t1ght end .
fittings were run as control samples to indicate the amount .of
radionuclide release originating from residual c]add1ng surface
contamination and cladding crud deposits.

° Hole defect specimens contained two small (~200-uym diameter)
laser-drilled holes through the cladding near the center of the
specimens. The ends of the hole defects specimens were also
sealed with water-tight end fittings. The hole defects specimens



are intended to be representative of fuel rods containing small
breaches, such as may result from pellet-cladding interaction
(PCI) or stress corrosion cracking (SCC) cladding failures.

. Slit defect specimens contained a 0.006-inch wide by 1-inch long
machined slit through the cladding near the specimen center and

were sealed at the ends with water-tight end fittings.

The slit

defect specimens are intended to represent a more severe cladding
failure, such as may occur if an SCC defect progressed to a
relatively large crack, or cladding cracks that may result from

~ postirradiation handling.

o Bare fuel specimens were prepared by machining axial slits through
the cladding from end-to-end on opposite sides of the specimens,
opening the split cladding, and removing the bare fuel particles

from the cladding.
particles in these tests as part of the test specimen.

The cladding hulls are included with the fuel

The bare

fuel specimens are intended to represent the worst-case cladding
failure, where the cladding has split open and the fuel has fallen

out.

Specimen
Identification

TABLE 1

SERIES 2 TEST SPECIMENS

Specimen
Configuration

Fuel Type

C5C-A
C5C-C
C5C-E
C5C-H

19-1

19-12
19-19
[9-24

Undefected
Holes Defect
S1it Defect
Bare Fuel

Undefected
Holes Defect
STit Defect
Bare Fuel

(3)81.92'g'for Cycle 2.

(b)Estimated weight.

(c)26.66 g for Cycle 2.

H. B. Robinson
H. B. Robinson
H. B. Robinson
H. B. Robinson

Turkey Point
Turkey Point
Turkey Point
Turkey Point

Fuel Weight
rams

81.82
84.41
85.84
83.10(a)

50.00(b)
50.93
48.98
27.21(c)
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An important part of the specimen preparation procedures was the removal
from the cladding exterior surface of fine partigu]ate contamination that
results from sectioning and handling‘ih‘confaminéted hot cells. Such
contamination would seriously bias the test results if not removed. The
primary‘purpose'of the undefected test specimens in the test matrix was to
provide an indication of the released radioactivity originating from.

residual contamination on the cladding exterior surface. Before installing

end fitting hardware on the undefected, laser-drilled, and slit defect:
specimens, the cladding surface was decontaminated to less than 50 cpm
smearable alpha and less than detectable beta/gamma above the HEDL 327
Buildiﬁg background (~150 cpm in a-lead shielded cave). The cladding
exterior of the bare fuel specimens was also decontaminated to less than
50 cpm smearable alpha before axially splitting the cladding to remove the
bare fuel. : ’ '

The ends of the undefected, laser-drilled, and slit defect specimens were

sealed using water-tight end fittings fabricated from modified Cajon Model

SS-8-UT-A-10 Ultra Torr® vacuum adaptors. The end-fitting seal was made
using ethylene propylene 0-rings chosen for their radiation resistance and
water compatibility. The top fittings of -both the hole defects and slit -
defect specimens contained a small vent hole above the test:solution level
to allow the defected cladding 'specimens to fill with solution to the
external test solution level.

2.3 .~ FUEL CHARACTERISTICS AND HISTORY

The two fuel types used in the test matrix (see Table 1) were similar PWR

fuels as indicated by the relevant fuel-characteristics 1isted in Table 2.

Both fuels were low gas.release PWR fuels from the same vendor and - ..
approximately the same vintage. ‘

The H. B. Robinson fuel was obtained through the Pacific Northwest Labora-

tory (PNL) Materials Characterization .Center (MCC) as an "approved testing.

material® (ATM) for geological repository testing and was identified by

®*Ultra Torr is a registered trademark of Cajon Company, Macedonia, OH.
-9



TABLE 2

CHARACTERISTICS OF H. B. ROBINSON-UNIT 2 AND
TURKEY POINT UNIT 3 FUELS

Characteristic H. B. Robinson Turkey Point
Fuel Type ‘ PWR 15 x 15 PWR 15 x 15
Assembly Identification BO-5 B-17 :
Discharge Date. May 6, 1974 November 25, 1975
Nominal Burnup A 30 MWd/kgqU 27 MWd/kgU
Fission Gas Release. 0.2% 0.3% :
Initial Enrichment 2.55 wt% 23% 2.559 wts 239y
Initial Pellet Density 92% TD (UOZ) 92% TD (U02)
Initial Fuel Grain Size 6 um 25 um
Initial Rod Diameter 10.7 mm 0D 10.7 mm 0D
Cladding Material Zircaloy-4 Zircaloy-4

~ Cladding Thickness 0.62 mm 0.62 mm
PNL-MCC Identification ATM-101 --

PNL-MCC as ATM-]O].(g) A1l four of the Series 2 test specimens, plus
samples for burnup and metallographic characterization were sectioned from
the ATM-101 rod segment identified as segment C5C,.as shown in Figure 2.

The C5C segment was the central one-third of the C5 rod from the BO-5

H. B. Robinson spent fuel assembly. The specimen axial locations from the
C5C segment were chosen to avoid regions of nonuniform burnup at spacer grid
locations.

The Turkey Point Reactor Unit 3 spent fuel specimens were sectioned from the
I-9 rod of the B-17 assembly at Battelle Columbus Laboratories-(BCL) in
1979. Sectioning diagrams and characterization data for the I-9 rod
sections and other B-17 assembly fuel rods sectioned at this time are
contained in Reference -10. Approximately one inch of fuel was removed from
each end of the 5-inch-long rod sections at the time of sectioning. -
Therefore, the fuel weights as indicated in Table 1 ‘are less than indicated
for the H. B. Robinson sections, which contained a full 5 inches of fuel.

10
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In addition, some fuel had been lost from Section I1-9-24, accounting for its
lighter weight relative to Sections 12 and 19. Fuel weights were calculated
by subtracting the weight of 5 inches of cladding (16.40 grams) from the
specimen weight. Section 1 was from the bottom of the fuel rod, and its
fuel weight was estimated (since an accurate weight of the bottom end cap
plus cladding was not available) to be approximately 50 grams. The use of
an estimated fuel weight for the I-9-1 undefected specimen is not considered
significant since 137

Cs release data indicated no water entered the

specimen during testing, and all release was assumed to be from cladding
surface contamination. The bare fuel specimens were reweighed at the end of
Cycle 1, after removing particles for radiometallurgical examination.

Grain size is probably the most significant difference between the two fuel
tybes relative to potential leaching behavior. Initial as-fabricated grain
size was estimated to be approximately 6 um for the H. B. Robinson fuel
versus 25 um for the Turkey Point fuel, based on post-test radiometallo-
graphic examination of Series 2 specimens (see Figure 3). Both fuels had
lTow gas release and exhibited little restructuring during irradiation.
However, a small amount of central grain growth was observed in the
finer-grained H. B. Robinson fuel. The additional specimen internal free
volume in the Turkey Point holes and slit defect specimens relative to the
H. B. Robinson specimens (which contained a full 5 inches of fuel) may also
have been significant Tor these test configurations because of the resulting
differences in specimen internal fuel-to-water ratios. Another possibly
significant difference between the two fuel types is the length of time
between specimen sectioning and testing. The H. B. Robinson specimens were
sectioned from segment C5C a few weeks before Cycle 1 startup, and original
C5 rod sectioning was within the same year. The I-9 rod Turkey Point
specimens had been sectioned approximately 5 years before Cycle 1 startup
and stored in air in a sealed metal can.

Radionuclide inventories for each fuel type were calculated by linear
interpolation of ORIGEN-2 inventory data given for a 10-year old PWR fuel in
Reference 9. A burnup value of 27.7 MWd/MTM reported in Reference 10 was

al
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FIGURE 3. Microstructures of Irradiated Turkey Point and H. B. Robinson Spent Fuels in the
Unrestructured Zone Near the Cladding. Cathodic vacuum etched to reveal grain structure.
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used for the Turkey Point fuel. A burnup value of 30.2 MWd/MTM was radio-~
chemically determ1ned by ch on the C5C-D section from the H. B. Robinson
244Cm, 241Am 239+240Pu, 237Np, ]37Cs, and 997¢
were also directly measured by radiochemical, methods during burnup ana]ys1s
on the C5C-D section. ]4C was- also d1rect]y measured on two H. B. Rob1nson
sections. For consistency,- the ORIGEN-2 calculated 1nventor1es were used
for fractional release ca]culat1ons on both fuel types. The ORIGEN-2 based
inventory data for both fuels and radiochemically determined inventories for

the H. B. Robinson fuel are given in Table 3.

fuel. Inventory values for

s

2.4 SAMPLE ANALYSES B

Al] solution chem1ca1 and radiochemical analyses performed by WHC fo]lowed
approved procedures prepared for testing in support of geologic repos1tor1es
Pr1nc1pa1 nuclides analyzed are Jisted in Table 4 with detect1on Timits.
The .ability to ana]yze less than one part in 100, 000 of the test specimen
1nventory d1sso]ved in the 250'ml of test so]ut1on was desired for all
radiochemical methods used based on- the NRC 10 CFR 60(]) requirement that
"the release rate of any rad1onuc]1de ... shall not exceed one part 1n
100,000 per year of the inventory of that radionuclide calculated to be
present at 1000 years." Relative 1000-year- inventories in spent fuel for
rad1onuc]1des with half-lives greater than one year and activity equal to or
greater than ]291 are given in Table 5. Except for radium, thorium, and
tin isotopes, an 1sotooe of each radionuclide element listed in the

EPA 40 CFR 191(2) cumulative release limits (see Table 6) is included in

the Table 4 list of nuclides analyzed. 7 226Ra, 230Th and 232Th isotope
activities build up in spent fuel as actinide decay chain products and are
"not a significant component of spent fuel activity until after several
5‘thousand years," and were not practical to analyze for release in the current
tests. ]ZBSn w111 rep]ace 795e in Table 4 for specifically analyzed
radionuclides in the Series 3 tests.

o
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* TABLE: 3

SERIES 2 SPECIMEN RADIONUCLIDE INVENTORIES(2)

_.:Inventories i . H. B. Robinson H. B. Robinson Turkey Point
(uC1[g;ox1de fuel) - "ORIGEN-2 . _iMeasired'®) . ORIGEN-2
Burnup (MWd/kgM) 0 ©730.2(b) 3002 T 27.7(c)
Uranium. (ug/g oxide fuel)  8.40 x 10° o em. ... 8.48x10°
44cm 1.38 x 103 1.437%x103(d) 4,01 x 103
28y 1.56 x 103 1.63 x 10° 1.45 x 103
239+240p,, 7.44 x 10 7.16 x 10° 7.04 x 102
237y, 2.42 x 107),.. . 2.35.x.107 2.18 x 107!
137¢s ~ 6.67 x 10° 6.57 x 10° 6.11 x.10%
129; o 2.65°x 1072 .= 2.12x10%2
e ' 1.05 x 101 8.30x 100 9.74 x 100
s, 4.37 x 10% - 4.08 x 10%
se i 3.71 x 107 = 3.02 x 107
4¢ - (@) -

(a)calculated from ORIGEN-2 data:.in PNL- 5109(9) assum1ng lofyear old fuel,

unless otherwise noted.

(b)Rad1ochem1ca11y determined (September 1985) from. samp]e C5C D.

C/Rod I-9 reported burnup, Reference 10.

(d )Actually 2834284%Cm since both- ‘isotopes have, similar: a]pha energies,
ORIGEN-2 data indicate that 2*3Cm is 1% of 2%3+2%%Cnm,
(e)asg average of values measured -on samp]es CSC J: and CSB C

Fuel = 0.49 uCi/g
Cladding = 0.53 uC1/g.

15



Radionuclide

RADIOCHEMISTRY METHODS

Method

TABLE 4

Detection Limits

105 Inventory

*gasumes 10-5 of H. B. Robinson test specimen inventory released to 250 ml.
* %

Co inventory is variable.

16

' (pCi/m1) {ppb) (pCi/m1)*
244cn a-spectrometry 0.2 3 x 10-6 4580
241pm a-spectrometry 0.2 6 x 1073 4700
following separation
239+240p, a-spectrometry 0.2 0.003 2350
237Np a-spectrometry ) 0.2 0.3 0.9
' following separation
137¢s y-spectrometry 200 0.002 2.4 x 105
1291 Neutron activation 10-5 0.0001 0.09
analysis
99 g-proportional 20 1.2 40
counting following
separation
905y s-proportional 20 0.0001 1.4 x 105
counting following
separation
795e - Liquid scintillation 20 0.3 1.2
counting following
separation
60co y-spectromeﬁry : 200 0.0002 *k
14¢ Liquid scintillation 20 0.004 2
counting following ‘
separation
U Fluorescence - 1 (3 ppm)

o
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- TABLE 5
PWR SPENT FUEL RADIONUCLIDE INVENTORIES AT 1000 YEARS(2)

' S % of Total
R »Ai. : : ~1000-Year
Radionuclide(b) €i/1000 MTHM ~ Activity . Cumulative %
Am-241 894,500 51.33. 51.33
Am-243 . 31,080 1. 78(C) 53.11
' Pu-240 476,900 27.37 80.48
- Pu-239 304,700 17.45 97.96
Pu-242 1,755 0.10 98.07
Pu-238 967 . 0.06 | 98.12
Tc-99 13,030 " 0.75 98.87
Ni-59 5,150 0.295
 Ni-63 354 . :0.020
7r-93 1,933 0.111
Nb-93m 1.836 0.105
Nb-94 1,240 0.071
C-14 1,372 - 0:079(d )
U-234 1,984 © 0.114
U-238 317 © 0.016
U-236 271 . 0:018
Np-237 D1,000 .. 0.057
Sn-126 772 0.044
Se-79 405 0.023
Cs-135 345 . 0.020
Sm-151 163 0.009
Pd-107 112 0.006

1-129 . .. 32 . - 0.0018

(a)gased on ORIGEN-2 data reported in ORNL/TM -7431(11) for
33,000 MWd/MTM burnup.PWR spent fuel, actinides plus
f1551on products plus activation products.. o

(b)Rad1onuc11des with 1000-year activity less than ]291 or
half-<1ife less than_]l year omitted. ' - : o

(C){ncludes activity of 239Np daughter products.

(d)14c activity may vary considerably depending on
as-fabricated nitrogen impurities.

17



TABLE 6
. EPA RELEASE LIMITS .

Cumulative

Release Limit

Rad1onuc11de .- ‘ (Ci/1000 MTHM)
24Tpm or 243 - 100
14¢ 100
137¢5 or 135¢s 1,000
123 100
237y, 100
238Pu, 239Pu, 240Pu, 242Pu 100
2267, 100
0, 1,000
9rc 10, 000
2307y, o 2327 - 10
1265, 1,000
233U 234U 235U 236U or 238U 100
Any other a]pha-em1tt1ng rad1onucl1de 100

with a halr-life greater than 20 years

Any other radionuclide with a half-life 1,000

greater than 20 years that does not emit
alpha particles

A brief summary of each radionuclide analysis procedure follows:

240+23%y, (and 244Cm) <= An ‘accurately measured quantity (i.e., 100 to

500 ug + 1 ue) of solution was evaporated onto a stainless steel "source
disk," which was then counted for total alpha activity and ana]yzed by alpha
energy spectrometry. The : alpha spectrometry results, were used ‘to calculate
the portions of the total a]pha counts or1g1nat1ng from ‘each alpha energy

peak. Three 51gn1f1cant alpha spectrometry peaks general]y resulted:
239+240bu 238p, + 241Am and’ 244Cm.

Results for a]]vthree alpha activities
were reported. ' '

18
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241 ‘
2o Am =-.Since 24]Am and - 238Pu have s1m11ar alpha decay energ1es, a separa-

tion-is required for 24]Am analysis. ‘A -500-ug -solution sample’ is reacted .
with 200 ug of 5 M hydroxylamine hydrochloride and 100 ns of 8 M HNO3 -and

-passed through an anion exchange resin.- The Pu is ‘loaded onto the resin -

while the Am passes through the res1n.. The - 24

count1ng and’ a]pha spectrometry after evaporat1ng onto a stalnless steel"
source disc that has been heated to dull:red by flame from-the ‘bottom side to
burn off organic and volatile residues.’ B '

Am is ‘then ‘measured by’ a]pha

The Am separat1on was not performed on per1od1c solution samp]es during

§ Cyc]e 1 of the tests. A one-t1me determ1nat1on of 238P /(23g+24OPu) rat1o _

was made on test so]ut1on from a]] but the undefected tests, and th1s rat1o
was used to ca1cu1ate 24]Am from 238Pu + 24]A a nd 239+240Pu data on the
Cycle 1 per10d1c samples. Start1ng w1th the Cyc]e R term1nat1on samp]es, ,

direct 24]Am ana]y51$ follow1ng separat1on was performed on a]l samples. ‘
137 134 . SN
Gamma Spectrometry -- Cs and Cs :were measured in nearly all samples by
60

gamma spectrometry. Co was also measured'in many samples by gamma spectro-

.metry, and some rod and strip samples.from bare fuel tests also-showed

indications of other gamma-emitting isotopes.'- Quantitative gamma.counting :°
data were calculated from gamma .energy -peaks -based on daily measurement'of
control standards of 24]I\m ]37Cs and 60Co mixtures ‘run under the same -
geometry as the test samples. T pet S Lo

237 - ' : ; e
Np -- S1nce 237Np act1v1ty in: 10-year o]d spent fue] is much 1ower than ,

other a]pha-em1tt1ng 1sotopes and 1s 1nterfered with by 234U a]pha decay,ﬁtr
a separat1on is requ1red Np. is separated by cat1on exchange of NpO2 .
followed by solvent extract1on of Np + Jnto thenoyltr1f1uoracetone in 1', “L
xylene. The 237Np activity is then evaporated onto-a staxn]ess steel o
source disk that IS heated to "a high heat“ on_a hot plate to burn of f

organ1c residues.” The 237Np is counted us1ng a]pha count1ng ‘afid alpha )
spectrometry.' ‘The volume of samp]e used ‘was 0.5 m1 for' Cyc]e 1 237Np R
analyses. Volumes for” Cyc]e 2 were: “2.0 ml for 20- day, 0 5ml for 62- day,

1.0 m1 for 154-day, and 1.0 ml for a]l{termynat1onvsamp1e analyses:. '

-or
.
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99 . :
Tc -~ Since gch decays solely by beta decay, spectrometry methods are not

applicable and the P7c must be separated from other beta emitters to be
counted. The Tc is oxidized to Tcoa with sodium dichromate and separated
from most other radioactive species that adsorb onto a-cation exchange resin.
Tc is then extracted from the cation exchange effluent into hexone as tetra-
phenylarsonium pertechnate. A measured portion of the hexone is evaporated
onto a stainless steel source disc under a heat lamp. The 99Tc activity -

is then counted using a gas flow beta proportional counter.

90 90¢,. = . e 90 Y
_Sr -~ Ana]ysxs for , Sr was begun during Cycle 2. Since “"Sr is a beta

em1tter, separat1on 15 requ1red T 905r is separated from other radioactive
spec1es by selective elut10n from a cat1on exchange ‘resin us1ng 2-methy]1act1c
acid. Fo]]ow1ng separation, the growth of yttrium-90 is measured by beta

counting. The gOSr is then ca]cu]ated based on the growth of the 90Y

daughfer)over a measured period of time. The techn1que of Roberts (1961) is
12
used.

79
__Se -~ Since 795e-is a beta emitter, separation is required before counting.

The test sample.is mixed with 0.5 M HNO3 saturated with bromine and a Se
carrier solution prepared by dissolving Se metal in HNO3 and diluting to

0.5 M HNO3 79 Se is separated from other radioactive species by passing the
prepared solution through a cation plus anion exchange resin column. The
selenium in the column effluent is distilled from hydrobromic acid and
precipitated as metal by reducing it with hydroxylamine hydrochloride. The
metal is dissolved {n.nitric acid, and the 79$e'is measured using liguid
scintillation counting. (795e was below detectable Timits in all Series 2
samples analyzed for 795e and was later deleted from the list of radio-

nuclides analyzed and replaced by IZSSn )

]4C -- Carbon 14 is separated from other rad1oact1ve species by d1st111atlon
of carbon.d10x1de from an acidic oxidizing solution. The carrier gas (a1r)
is passed through Ascarite II® to remove carbon dioxide. The distilled

®Ascarite II is a registered:frademark of Arthur H. Thomas Co.,
Philadelphia, PA.

20
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V8¢ dioxide is trapped in a liquid scintillation cocktail made basic with
sodium hydroxide.

1291 _- Because of its low concentration and long -half-1ife (17,000,000 yrs),
T??Y activity in spent fuel leach solutions is much too low to detect by
direct counting methods after separation. Therefore, a neutron activation
analysis (NAA) procedure (performed by PNL) is used for ]291. A measured
volume of test solution and a "spike" solution containing ]251 are absorbed
into quartz wool in a gas phase separation column. The sample is evaporated
from the quartz wool by flaming the outside of the column while flowing air
through the column. The oxidized iodine vapor species are trapped by absorb-
tion onto activated charcoal. The column is then evacuated, the charcoal
trap valved off from the vacuum, and then the charcoal trap’is heated,
reducing the iodine to 12. The 12 vaporizes from the heated charcoal trap
and is condensed in a liquid N2 cold trap. ‘The column is sealed qff(above
the liquid N2 cold trap creating a glass ampoule containing the separated

12. The ampoules are then activated by neutron irradiation in a nuclear
reactor (Hanford N Reactor when available). The irradiated ampoules are

then broken in CC14, in which I2 is soluble. ]261 and ]301 decay are then

1 1301 haif-1ives (12.4 hours), and
the original preirradiation ]291 is calculated.

counted by gamma spectrometry over severa

Uranium -- Uranium is determined using a Scintrex* model UA-3 uranium
analyzer. Diluted aqueous.solutions containing a. buffered complexing reagent
are excited by a UV-emitting nitrogen pulsed laser, and the green uranium
fluorescence emitted from the solution is measured. ‘An increase in signal
from the addition of a known uranium-containing standard solution to the
diluted test solution is used to calculate uranium concentration. The method
gives reproducible results for sample uranium concentrations down to 1 ppb.

*Scintrex Ltd, Concord, Ontario, Canada
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3.0 . RESULTS AND DISCUSSION

A complete tabulation of radiochemical results: reported in pCi activity
units (ug for uranium) is contained in Appendix A. Tables of conversion:..

factors and equations for calculating isotopic and elemental concentrations -

from pCi activity data and discussion of radiochemistry error estimates are

also -included in Appendix A.. A complete tabulation of solution chemistry ..

data (pH, cation and anion concentrations) is contained in Appendix B. Data
for major radionuclides discussed below are presented in plots showing
activities (concentration for U) in the unfiltered solution with time, and
in tabular form showing the distribution of "measured release" components . . .
between the different sample types.-. -

Unfiltered solution concentrations for ‘major .radionuclides -are plotted in
Figures 4 through 10 for the four test configurations. . Data points in these
plots with arrows pointing downward are data reported as "less than" ., -

values.. . Circled data points have identical reported coordinate values but. .

are vertically offset within. the circle to show ‘the individual data point
symbols.  Data lines are drawn to the actual data coordinates for the | ...
circled data points. When all data points within a circle are "less than".,
values, a downward arrow is drawn from the circle. If a single data point
within a circle is a "less than" value, the downward arrow is drawn from
that data point. Lines to data points-within a.circle are drawn into the
circle, and lines not:associated with data points within a circle -through . -
whichthe lines: pass -are blanked within the area of the ,circle (for an..
example, see Figure -10). - iiv - i o oo o0 oo Donl o Ll

Pl ol e, L R R T S S

The activity {(concentration.for U) level that would be obtained jf-1075 of - -

the test specimen radionuclide inventory dissolved in the 250 ml:of. test .. -

solution is shown on each plot. Since the test specimen fuel masses varied

significantly in the Turkey Point fuel tests, the activity corresponding to

1073 ‘of the 1nventory d1sso]ved in-250° m] ‘of so]ut1on 1s shown for all rf’
three defected c1add1ng conf1gurat1ons in the Turkey P01nt per1od1c so]ut1on
sample plots. One 10° -5 inventory level is shown in ‘the ‘solution’ sample
plots for the H. B. Robinson fuel tests since the fuel mass was nearly equal
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(84 + 2 g) for all four specimens. The 10'5 inventory level was chosen as

a reference value to compute “fractional releases" and for comparison of
release data since this value falls within the plotted range for all the
radionuclides. This value cannot be directly compared to the NRC release- -
rate limit of 1 part in.lO5 per year of the 1000-yr inventory.

An accounting of the total measured release for uranium, actinide radio-
nuclides and fission product radionuclides is given-in Tables 7 through 16
based on radiochemical results tabulated in Appendix A. Data reported as -
"less than" values (below detection ‘limit) are included in values given in
Tables 7 through 16, and are indicated by a "less than" symbol where a sig-
nificant portion of the value given is based on "less than" data. Totals
that include "less than" values are not given as less than if the included
"less than" values are less than 5% of the total value. A summary of Cycle
1 and 2 “total measured fractional release" values from Tables 7 through 16
is contained in Table 17. Activities of ]4C measured in test samples during
Cycles 1 and 2 are given in Table 18. Less than data are not included in
the release values calculated for ]4C and 6000 activation products in
Tables 19 and 20. Tables 7 through 20 are at the end of their respective
radionuclide section.

The tabulated values listed for "Solution Samples" are the sum of the
products of unfiltered solution activity/ml (concentration for U) times
sample volume for all periodic solution samples taken during a test cycle,
excluding the final solution sample taken at termination of the test cycle.
The terminal "Final Solution" value is the activity/ml (concentration for U)
of the unfiltered final solution sample taken at the end of a test cycle
times 250 m1. The concentration of the "Final Solution" sample is given in
parentheses below the "Final Solution" value in units indicated in the left

i

*The Cycle 1 "Rod Samples" values also contain activity (mass for U) measured
in the rod rinse solution from the 6-day rod sample. The 6-day Cycle 1 rod
rinse sample was the only rod rinse solution analyzed and is reported in
units per rod in Appendix A.

24
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column. The "Rod Samples" value 'is the sum of the activity (ug.mass for
U) stripped from all rod samples taken during a test cycle.* The terminal
"Rinse" value.is .the activity/ml (ug/ml for U) measured in the collected.
terminal rinse solution times the 600-m1.terminal rinse volume.. The "Acid-
Strip" value is the activity/ml (ug/mi for U) measured in the.8 M HNO,
vessel strip solution at cycle termination-times the 300-m] acid strip
volume. . The "Total Release" value is the total .measured release obtained by
summing all the above release quantities for_each sample type. Total
measured fractional release (total re]ease'&,lo's inventory) is cal- ‘
culated for each radionuclide for both test cycles and for the sum total-
release for Cycles 1 and 2.

Specimen inventory values used for fractional release calculations were
obtained by multiplying the Table 3 ORIGEN-2 based per gram fuel inventories
times .the fuel weights given in Table 1. 'The,“% in.Soiutipn“.vaIue is the
sum of the "Solution Samples" plus. "Final Solution" values (x100%).divided
by the "Total Release" value for each test cycle.
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3.1 URANIUM

Solution uranium concentrations as shown-in the Figure 4 semi-log plots
reached relatively stable levels after a few days, with the most notable
exception being an early peaking of uranium concentration in the Cycle 1

H. B. Robinson bare filel test. Uranium concentrations generally correlated-
with the severity of the cladding defect, with concentration being greatest
in the bare fuel tests, followed by the slit defect tests, followed by the-
hole defects tests. Greater uranium concentration in the undefected test ™
versus hole defects in the Cycle 1 H. B. Robinson tests is most likely the
result of greater residual cladding exterior surface contamination on the
undefected specimen at the start of the tests. Much of the cladding
exterior contamination present on the undefected specimen appears to have: -
been removed during Cy&le 1-By dissolution during the test and/or by
postcycle rinsing. During Cyclé 2, the uranium concentrations were
approiimate]y equal for the undefected and hole defects tests for both fuel:
types.

Greater uranium concentrations for the Cycle 1 Turkey Point "slit" and
"holes" tests versus the respective H. B. Robinson tests may be related to
the greater internal water-to-fuel volume ratio for the Turkey Point
specimens, and also to the initial presence of a more oxidized fuel surface
in the Turkey Point specimens, which experienced much more extensive
exposure to air before testing.

A difference in the extent of initial fuel surface oxidation may be respon-
sible for the observed differences in uranium concentration behavior between
the H. B. Robinson and Turkey Point bare fuel tests, as indicated by the
linqar unfiltered uranium concentration plots in Figure 5. Uranium appears
to have supersaturated during Cycle 1. Uranium concentration in the

H. B. Robinson bare fuel test peaked at 4.5 ug/ml on Day 6 and decreased

to 1.2 ug/ml at Cycle 1 termination as uranium apparently equilibrated

with a phase having lower solubility than the phase initially present on the
fuel surface. Uranium concentration in the Turkey Point bare fuel tests

26
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began ‘to decrease only after 120 days from 4.8 ug/ml to 4.0 ug/mi-at Cycle 1
termination, suggesting that more -of the higher Solubility ‘phase was ini<-
tially present. The bare fuel was dried in air between Cycles 1-and 2. '

Uranium concentration®in both bare fuel tests tended towards 1 ug/m1 in *
subsequént test 'cycles as the: ‘higher so]ub111ty surface ‘phases were”
apparently‘-depleted. " During Cycle’2, ‘unfiltered uranium concéntration'in’
the:H: B. Robinson bare fiiel tést was 2.4 wg/ml at day 20 and decréased to' "
2.0°ug/ml at thé end of Cycle 2. “Uranium-concentration”in Cycle 2 of the "~
Turkey'Point bare fuel test was 1.4 ﬁg/ml‘{h'the'initial 20-day sample; - ~°°
peaked -at<2i6 pg/ml in the 154- day samp]e, and  dropped-to 2.4 pg/ml“in the
195-day final solution sample. At the end-of Cycle 3 (224 days), unfiltered
uranium concentration was 1.4 ug/ml and 1.2 pug/mi, respect1ve1y, for the’

H. B. Robinson and Turkey Point bare fue] tests. Cycle 3 was terminated and
Cycle 4 started on the ‘same day; this’ ‘did not allow the fuel to: dry “The’
1n1t1a1 Cyc]e 4 samp]e (7 day) showed' unf11tered uran1um concentrations of
0.65 ug/m] "and -0.37 wug/ml, respect1ve1y, for-the H. B."Robinson and Turkey
Point bare fuel tests. The 63- -day Cyc]e 4 unfiltered uranium concentrat1ons
were 1.2 ug/m] and 0.71 ug/m] respect1ve1y, ‘for these ‘two tests. IR

s : oo

The‘uranidm'so]ubi]ity”behaVior was Significantly different in J-13 water
than in"deionized water in the Series 1 testsf"Essehtﬁally’allEurahiﬁm
measured in-unfiltered J-13 water Series 2 solution samp]es passed through
0.4-ym and 18-A filters.” In'the Series‘l de1on1zed water tests, real uranium
solubility’ appeared to be ~0.001 ug/m1 'versus 1 to 2 ug/m1 in ]ater Ser1es 2
filtered samp]es. In Cyc1e 1 of ‘the Series 1°bare fuel test, uranium peaked
in unfiltered solution'at 4.3 ug/m] on Day 1, decreas1ng to’the 0 3 to

0.6 ug/ml range through Day 202 ‘and then dropped to 0.003 ‘ug/ml 1n ‘the"
250-day final solution samp1e. ‘(Series T Cyc]e kN samp]es were not’ f11tered
until Day 202.)" “Uranium concentrat1ons ‘ranged from 0.001°to 0.004 ug/m] in
later Cycle 1 and all Cycle 2 0. 4-um and 18- filtered samples, suggest1ng ‘
that true uranium solubility in the deionized water tests was on the order
of 0.001 pyg/ml or less and that excess uranium above this level was‘like1y
in a colloidal state that precipitated with-time. Higher uranium solubility
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in the Series 2 tests is attributed to the ~120 ug/ml of HCO3 ion in J-13
water that complexes with the uranium (Tikely with UOZZ), stabilizing
uranium in solution.

The uranium release accounting data in Table 7 indicate greater measured

fractional release from Turkey Point fuel relative to H. B. Robinson fuel.in

all three defected cladding configurations. Again, more extensive pre-test :
exposure.of the Turkey Point fuel to air may be involved. The larger speci-

men internal solution volume with good communication to external solution -

(through a relatively large defect) is probably also a contributing factor

to the approximate order of magnitude greater "total measured fractional

release" observed in the Turkey Point slit defect test versus the

H. B. Robinson slit defect test.

Total release values tabulated for actinides in bare fuel tests in Tables
7-11 are likely to be conservative since fine undissolved fuel partic]eé may
have been components of the acid strip samples. Summing the uranium con-
tained in solution samples plus the peak measured uranium concentration
multiplied by 250 m1.gives the minimum amount of uranium known to have been
in solution. Dividing by 10'5 of specimen inventory yields “"soluble"
fractional release values of 2.0 and 6.6, respectively, for Cycle 1 of the
H. B. Robinson and Turkey Point bare fuel tests and 1.1 and 3.5, respec-
tively, for Cycle 2 of these tests. The "% in solution" given for the
Cycle 1 H. B. Robinson bare fuel test would increase from 14% to 35% based
on the amount known to have been in solution rather than "solution samples"
plus "final solution." Subtracting the soluble fractional release values
from the total fractional re]éase values listed in Table 7 (s 1073 Inv.)
leaves ~3.7 and ~5.0, respectively, in the H. B. Robinson and Turkey .
Point Cycle 1 bare fuel tests, which may never have been in solution. Much
of this component of the total release reported in Table 7 most likely
results from fine undisso]ved:fuel particles.

(&
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‘ TS U URANIUM RELEASE “DATA (ng) '
= ¢ I, EE -
e ‘. = - Bare.Fuel + S1it 'Defect - . Holes Defect -, “Undefected
HBR 1P HBR P HBR 1P HBR . 1P
Cycle 1
T T S BN S
Solution:Samples  ..253 351 6.59. 35.8 . . 0.63 .27 1.67 . ,,0.76
Final Solution 300 1000 23.80 212.5  1.50 7,25 3.25  2.00
U (ppm)] 7 (1.2)  (4.0)  (0.09) (0.85) (0.006) (0.029) . (0.013) '(0.008)
Rod Samples 3 15 0 0,31 0.4 <0.18  <0:19  <0.22  <0.10
Rinse. " 660 ¢ - 366 71,807 10.2°  "0.60 :.<0.60 - <0.60 . <0.6
Acid Strip © 2700 .- 960 - 1.50. -:15.9 0.60 = 2.70 . 0.60 Q.3
Total .Release - 3949 - 2692 34,00 .274.9 . . 3.51 <13.01 . <6.34  <3.76
+10°% Inv. 5.66 11.67  0.047  0.662 _ 0.005 <0.030  <0.009  <0.009
% in Solution 14,00 50.19 ' 89.38 ' 90.32  60.86  73.17  77.60 U e
Cycle 2
. e . . R R S G . e
Solution Samples ..., 142. - 135 1015 22,1 <013 . 0,22, ; <0.13. . 0.18
Final Solution 500 . 600 40 , 125.0 .  0.75.. .1.00 . .0.25  0.75
[u (ppm)] (2.0) (2.4) (0.16) (0.50) . (0.003)" (0.004) (0.001) (0.003)
Rod Samples 18 7 3 <0.08 <0.054 <0.06° <0.05' <0.06  <0.05
Rinse 02 Y390 'Mi20 '3.67 060 ' ''<0.60 ° 0:60  <0.6
Acid Strip 3000 1567 V22000 0,3 74,500 0,300 i =S <0.3
Total Release . 1062 © 933 « ° 52.63 :151.0. - 6.04:[i<2.17 '''<1.04 @ .<1.88
£ 10°° Inv. 1.54 413 0.073 0.363 0.008 <0.005  <0.0015. <0.004
% in Solution 60.45 78.78  95.29 97.42 14.57° 56.22  36.54  --
Summary Cycle 182 ' AR
e : N R Tt I £ RS A A VRN 1 e
Total Release . * 5011 i 3625° ' ...86.63+ 425.9° - 9.55.. <15.18: <7.38 . <5.64
+ 1075 Inv. 7.20  15.80  0.120 1.025  0.013 <0.035 <0.010 <0.015



3.2 PLUTONIUM

Plutonium isotopes account'fcr ~45%. of .the gross ORIGEN-2 ca]cu]ated(]])
activity of spent fuel at 1000 years and ~90% of the gross activity at
10,000 years. The ORIGEN-2 calculated 239+240Pu inventories are 744 uCi/g
and. 704 uCi/g, respect1ve]y, for the H. B. Robinson and Turkey Point spent
fuels tested.

As indicated in the Figure 6 semi-log plots, unfiltered Pu activity was much
greater in the bare fuel tests than in the slit defect and hole defects
tests for both fuel types. Plutonium activities were also generally greater
in the slit defect test§ than in the hole defects tests. Plutonium activity
in the hole defects test.was greater than the undefected test for the Turkey
Point fuel, but not significantly different in the respective H. B. Robinson
fuel tests. With the egceptiop of the H."B. Robinson §2-day Cycle 2 bare
fuel test sampTe and the:Turkey Point slit defecthtest,:Pu activities in
solution samples were generally lower for Cycle 2 compared with Cycle 1.

The high 239+240Pu activities measured in the initial unfiltered sample
aliquots in the Cycle 1 bare fuel -tests were most likely caused by fine
:undlssolved fuel particles. After 30 dajs in the H. B. Robinson Cycle 1
;bare fuel test, unf1]tered 239+240Pu act1v1ty settled to approximately

200 pCi/ml, later falllng off to 112 pC1/m1 at the end of the test cycle.
After the initial 1-day sample from the Turkey Point bare fuel test, unfil-.
tered 239+240Pu stabilized at approximately 500 pCi/ml for the duration of
Cycle 1.* '

The hypothesis that the initially high unfiltered activities were caqsed by
undissolved fuel particles is supported by data from the 6-day H. B. Robinson
sample (the only initial sample with high unfiltered Pu activity to be

*The unfiltered alpha activity data points for 239+240Pu, 281am and 2%4cn
from the Cyc]e 1 15-day sample from the Turkey Point bare fuel test were
not plotted in Figures 6, 7, and 8 since these data appear quite high,
indicating that this sample aliquot contained an undissolved fuel
particle(s).
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f11tered), where 239+ 240Pu act1v1ty peaked at 2130 pCi/ml in the unfiltered
a11quot and was ]78 pC1/m1 in the 0.4=um filtered aliquot. The 178 pC1/m]
value is in the range in wh1ch the unflltered "239+ 240bu act1v1ty settled,
beginning with the 30- day sample in this test.” The und1sso]ved part1c1e e
24]Am* and 244 P
measured from the same a]pha counting "source disks" as the
and exhibited similar behavior to the 239+240
values were.not detected in the init1a1,Cyc]e 1.bare fuel test samples since
the laser fluorescence method used for uranium does not measure uranium in

Cm data, which’ were

239+240, | data,

Pu data. High unfiltered uranium

hypothesis is also supported by the

undissolved particles.

The approximate 500 pCi/m] 239+240Pu activity measured in unfiltered and 0.4-um
filtered samples from the Cycle 1 Turkey~Poiht~bare fuel test tdrresponds to
about 5 ppb Pu, which is much less than the 430 ppb EQ3/6 calculated Pu solu-
bility in J-13 water reported by Kerr1sk,(j3) The Pu activities measured

in the bare fuel tests may actually be just the Pu released to solution when
the UO2 fuel matrix d1sso]ves in a system contro]]ed by uran1um so]ub111ty .
rather than a Pu so]ub1]1ty 11m1t.‘ However, the fract1on of uran1um inven-
tory in solution in these tests was s1gn1f1cant1y greater than the fract10n
of 239+240Pu 1nventory in solution. A slow decrease in Pu act1v1ty in 1ater
samples (during.Cycles 1 and 2 in the H. B. Rob1nson bare fuel test) also
suggests that Pu may have been equ111brat1ng with a lower chem1ca1 act1v1ty
“plate out" phase in these tests. Measured 239 240Pu act1v1t1es were genera]]y
lower in the H. B. Robinson.bare fuel test than in the Turkey Po1nt.bare:fue1
test. Differences in apparent Pu solubility with the two bare fuel types are
not currently explained.

Except for the prev1ous]y d1scussed 1n1t1a] Cycle ] bare fue] test samples,

most 239+240

Pu activity measured in unfiltered samples was also measured rn
0.4-um filtered samples. . A lesser, fractlon of the unf1]tered act1v1ty ‘
passed through the 18-A f11ters. Solution activities measured in f1]tered

solution samples from the. bare fue] tests-were summed and divided by the

.

*Calculated from 238y + 24]Am and 239+240Pu activities measured on the

same alpha source disks, see Section 3. 3.
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unflltered sum for the same samp]es to calculate average activities passing.
each. filter size. The 6 day filtered sample from the H. B. Robinson bare
fue] test was not 1nc]uded since it was not representat1ve of the other
samples that exhibited. re]at1ve1y consistent filtering behavior. The
results are: ’

__Fuel Test " Solution Sample Cycle 1 Cycle 2
H. B. Robinson - 7-.0.4 um 80% - 80%

} unfiltered '

718 A 30% 34%

) unfiltered

,'furkey-Point . Z 0.4 um’ ‘ 92% - 95%

} unfiltered . .
T 18 A 2% 76%

1 unfiltered

Comparison of fi1tered'Pu‘aotivities'With unfiltered activities was somewhat
erratic in the sl1t ho]es, and undefected tests, since activities in these
tests genera]ly ranged from below the 0.2 pC1/m1 detect1on limit to -

70 pC1/m1 Greater act1v1t1es were reported for some filtered samples in
these tests than for the unf11tered fraction of the same sample, which is
presumab]y a result of countlng statistics. Filtered sample data for Cycle
"2 slit defect’ tests for both fue] types were relatively consistent and
indicated that most Pu actlvvty passed both the 0.4-um and 18-A filters

at the few pC1/m1 activity levels in these samples.

The Pu release accountlng data tabulated in Table 8 indicates similar tota]
measured fractional release for both bare fuel tests (8.4 x 10~ -5 for

H. B. Robinson and 8. 88 X’ ]0 -5 for Turkey Point). . Total measured fractioda]
release values for the slit 'and hole 'defects test were much’ less, ranging from
0.016 x 107 to 0.033 x 107> for these 4 tests.” The percentage of measured

Pu release in ‘solution was ‘generally lower than that for U. During Cycle 1;
~total measured Pu release from the H. B. Robinson hole defects specimen was
actually less than from the:undeféected’ control.. However, Pu release from

this specimen did increase substantially during Cycle 2.
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Cycle 1

TABLE 8

239+240py RELEASE DATA (nCi)

Solution Samples
Final Solution
{Pu (ppb)]
Rod Samples
Rinse
Acid Strip
Total Release
£ 1079 Inv.
% in Solution

Cycle 2

Solution Samples
Final Solution
[Pu (ppb)]
Rod Samples
Rinse
Acid Strip
Total Release
£ 1072 Inv.
% in Solution

Sum Cycle 1 & 2

Total Release
+107° Inv.

Bare Fuel Slit Defect Holes Defect . Undefected
BR TP HBR TP HER TP
41 62.7 0.454  0.556 0.140 0.171° 0.154 0.092
28 14 0.495  1.800 0.405 0.450 0.135 0.113
(1.2)  (4.9)  (0.021) (0.077)  (0.017) (0.019)  (0.006) (0.005)
59 21.6 0.332  0.621 <0.05 0.511  <0.02 0.029
254 62.7 1.70  11.6 - 1.35 . 0.189  <0.27
4054 1140 2.57  -23.1 0.527 5.27 0.662 1.3
4436 1401 5.551 37.68 1122 7.75 1.16 1.54
7.18 7.31 0.0087 0.109 0.0018 0.0216 0.0019  <0.0052
1.56 12.61 17.10 6.25 48.57 8.0 24.91 13
23.8 13.4 0.223  0.480 0.014  0.058 0.014 0.027
8.3 45.0 0.350  1.910 0.079 0.180 0.068  0.090
(0.36) (1.9)  (0.015) (0.082)  (0.003) (0.008)  (0.003) (0.004)
173 5.8 0.053  0.151 0.014 0.032 0.009 0.021
235 26.5 1.46 0.351 0.786 0.108 0.351  <0.054
339 204.0 2.84 2.16 6.890 1.010 -- 0.338
779 294.3 4.932  5.052 7.783  1.388 0.442  <0.53
1.28 1.57  0.0077 0.0147 0.0124 0.0039 0.0007  <0.0015
4.12  19.84 . 11.62  47.31 1.20 17.15 18.55 22
5215 1695.3 10.483 42.73 8.905 9.140 1.60  <2.34
8.46 8.88  0.0164 0.124 0.0142 0.0255 0.0026  <0.0066
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3.3 AMERICIUM AND CURIUM-

Americium-241 activity in spent fue] increases durlng the first ~100 years

after reactor discharge as a result of 24]Pu decay. 24]Am accounts for
approximately half of the gross activity of spent fuel at 1000 years. At

10,000 years, 24]Am with a 432-year half- 11fe has decayed out and the only
significant Am isotope remaining is 243Am which accounts for approximately

3% (including 239Np daughter) of the total 10,000-year Ci activity. Curium-244
is a principal component of the actinide act1v1ty in the 10-year old fuel tested,
but, with:its 18-year half-life, decays away before the end of the 300-year
minimum containment period specified in 10 CFR 60. Cur1um is discussed with Am
because of its simi]ar behavior in the current tests.

The Cycle 1 24]Am* and 244Cm unfiltered samp]e act1v1ty p]ots (F1gures 7 and

8) are quite similar to that of the 239+240Pu data (F1gure 6), all three of
which were measured from the same a]pha source disks. The peak observed in the
62~ day Cyc]e 2 H. B. Rob1nson bare fuel test 239+240Pu and 244Cm data was not
observed in the 24]Am data, wh1ch was measured on d1fferent samp]e a11quots in
Cycle 2.

The bare fuel test 24]Am and 244Cm data for O. 4-um filtered and 18-A filtered
so]ut1on samp]e fractions were summed for each ‘test cyc]e “and d1v1ded by the
sum of the unfiltered activities for the same samp]es. (Same ca]cu]at1on
performed on the 239+240Pu data om1tt1ng the 6- day H. B. Rob1nson samp]e

for the same reason. ) The resu]ts are o

*Cycle 1 2%!Am data up'to (but not including) the final solution samples were
calculated from -2**Am + 23°Py and 2°92+2*°Py data using 2!®Pu/23°+2%°py .
ratios radlochem1ca11y measured for all except the ‘undefected specimen tests.
Therefore, only the final solution sample data points are plotted for the"
Cycle 1 undefected tests (shown with an arrow extending to the left).

g
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Bare Fuel Test

H. B. Robinson

Turkey Point

Solution Sample

Y 0.4 um
) unfiltered

'y 1814

)y unfiltered
) unfiltered

y 184 ,
) unfiltered

Cycle 1 Cycle 2
24T, 284, 281, T 244,
75% " 74% 58% 66%
3.2 0.7% 6.0% 4.0%
96% - 93% 76% 79%
2.9% 12% 6.2% 4.1%

As with Pu, most of the Am'ahd Cm passed through the 0.4-uym fi]ters " The
percentage of Am and Cm pass1ng through the 18-A fllters was substant1a11y

less than w1th Pu.

The Am and Cm may have been assoc1ated as 1arge comp]exes
or co]lo1ds proh1b1t1ng 1t from pass1ng the flner f11ter.

However, Am con-

centratlon even in the bare’ fue] tests was on the order of 0.1 ppb and Cm

concentrat1on was on the order of a few ppt (parts per tr1ll1on)

At such

Tow concentrat1ons, Am and Cm may have been removed by sorpt1on of very

small amounts of Am and Cm on the 18-A membrane filters.

As shown in Tab]es 9 and 10, tota] measured fractlonal releases and percent-

ages 1n solut1on for
The two h1ghest unflltere

2 pm and 244

4 241,

Cm were s1m1]ar for most of the test cycles.
Am activities were the 15- day Cycle 1 Turkey

Point bare fuel sample (7340 pC)/ml ca]culated but not plotted in F1gure 7
because of the questionably high value) and the 6-day H. B. Robinson bare

fuel sample (3710 pCi/ml calculated).
these activities would be ~2. 6 ppb and ~1.4 ppb, which are close to the

calculated 2.4 ppb (1.0 x 10~

Kerr1sk.(]3)

solved fue] particles.
of Cycle 1 of the Turkey Point bare fuel tests was about ‘1000 pCi/ml,

Calculated 0.

The respective Am concentrations for

4-um flltered 241

8 M) Am solubility in J-13 water reported by
However, these samp]es are thought’ to have contalned undls-
Am act1v1ty for most

corres-

ponding to an Am concentration of 0.35 ppb concentration, which is about the
.highest filtered sample Am concentration determined in the Series 2 tests.

As with Pu, the greatest fraction of specimen

241,

solution was in the Turkey Point bare fuel test.

38
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Cycle 1

TABLE 9

241pm RELEASE DATA (nCi). -

Solution Samples

Final.Solutjon
(An (ppt)]

Rod Samples

Rinse

Acid Strip

Total Release
31075 Inv.

% in Solution

Cycle 2

Solution Samples
Final Solution

* [Am (ppt)]

* Rod .Samples

Rinse

Acid Strip
Total Release
IS ]0‘5 Inv.
%-in Solution

Sum Cycle 1 & 2

Total Release
+10°° Inv. .

Bare Fuel S1it Defect " Holes Defect Undefected
HBR - 1P ~ HBR - TP HBR - - 1P HBR 1134
91.9 138 1.07 0.87 0.22 0.22 - --
71.4 243 .35 4.62 1.07  0.79 0.428 0.563
(10s)  (3¢8)  (2.0)  (6.62)  (1.57) (1.13)  (0.61)  (0.81)
132 420 073 1.18 0.05. 0.98 -- -:
532 m 2.70 ° 327 " <0.54 4.05 1.05 0.541
9595 2180 5,94 49,7 0.81 11.20 2.16 1.35
10422 2714 .79 89.07  <2.69 17.24  3.64 2.45
8.06  6.88 0.0088° 0,126  <0.002 0.023  0.0029  0.0034
1.57 14,04 20,53 6.16  ~48 ©  5.86 -- -
3.6 5.4  0.05 0.29 <0.05 <0.12  <0.080  <0.058
6.2  21.1 0.09 0.90  <0.07 0.28 0.113 <0.056
(9.1)  (30.1) (0.33)  (1:32)  (<0.1) (0.40)  (0.17) . (<0.08)
. 69.4  38.4  0.34 . 0:38 0.09 0.13 0.072 0.035
139 50.5 <0.16 -  2.05 0.43 0.32  <0.16 0.243
773 400 '6.35 3.24 17.6 1.89 - 0.878
981 515. 6.99 6.86 18.2 2.74 . <0.39 <1.27
0.77 1.33  0.0052 0.0097  0.014 0.0037 <0.0003  <0.0018
1.00 . 5.15 2.00  17.35 -- 13.65  -- -
11403 3229 18.78  95.93 20.9  19.98 4,03 <3.72 °
8.81 8.21 0.014  0.136 0.027 <0.005

41
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Cycle 1

TABLE 10

244cm RELEASE DATA (nCi)

Undefected

Solution Samples
Final Solution

[cm (ppt)]
Ro&;SampIes
Rinse
Acid Strip
Toﬁa]}Re]ease

£ 1072 Iny.
% in Solution

gxgjé 2

Solution Samples

Final Solution
[Cm' (ppt)]

Rod Samples

Rinse

Acid Strip

Total Release
£ 1072 Inv.

% in Solution

Sum Cycle 1 &

Tofé]xRelease
£ 1079 Inv.

42

‘Bare Fuel S1it Defect Holes Defect
HBR_ _ TP HER . __1p HBR_ 1P HBR TP
125 © 138 .23 1.02 0.26  0.14 0.141  0.064
102 250 . 0.98  3.94 1.00  0.56 0.158  0.113
(3.5) (8.6) (0.05) (0.20) . (0.05) (0.03)  (0.008) (0.006)
45 383 0.81  1.14 0.02 0.8 0.023  0.043
565 104 2.68  24.6 -~ 3.25.  0.459  0.270
8973 1610 5.81  36.9 0.81  9.05 1.88  1.76
9910 2140 .51  67.60 2.09  13.88 2.67  2.25
8.64  7.79 0.0097 0.137 0.0018  0.027 0.0024 - 0.0045
2,29  18.13 19.23  7.34 60.29  5.05 .20 7.87
N.8- 5.4 0.08  0.20 <0.008  0.031 0.008  <0.014
7.0 . 20.3 017 - 1.01. 0.034  0.034 <0.034. :<0.01
(0.24) (0.97)  (0.009) (0.05)  (0.002) (0.002)  (<0.002).(<0.0006)
388  34.4 0.25  0.37 0.049  0.067 0.049  0.041°
678 36.8 432 0.40 2.1 0.135 1.27 - <0.054
732 - 285 6.2 2.97 17.30 1.30 == 0.595°
1817 382 11.44  4.95 19.80  1.567 1,36 <0.715
.61 1.42 0.0097 0.010 0.0170  0.003 0.0012  <0.0014
1.0 6.73 2.19  24.44 0.19  3.35 -- --
N727 2522 22.95 72.55 21.89  15.45 4.03 <296
10.25 9.2 0.0194 0.147 0.0188  0.030 0.0036  <0.0059

T,
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.life give cause for concern relative to long-term repos1tory re]ease. _

~ As previously stated, 237Np concentration increases as a resu]t of
“decay, which in turn increases for ~100 years.as a result of 24]Pu decay

3.4 NEPTUNIUM

The primary Np isotope of concern for repos1tory storage of spent fuel is
237Np. Activity of 237Np (2. 14 ]06 year ‘half- 11fe) increases with
time for several thousand years as a product of 241Am (432-years half-life)

~decay. At 1000 years and 10,000 years, 237Np accounts for about 0.06% and
0. 25%;: respect1ve1y, of .the total ORIGEN-calculated(]]) C1 activity of PWR
fuel. A]though 237Np is a small port1on of the total act1v1ty for _the

first 10,000 years, its expected solubility in groundwater and long ha1f—
239
Np

represents a greater fraction of the ca]cu1ated tota1 act1v1ty (mO 9% at
1000 years; 1.4% at 10,000 -years): " However, 239Np with its short (~2 day)

“half-life is ‘a transient state in the 243Am to 239Pu decay chain and 1s
considered as part of the

243Am act1v1ty in th1s report

1
-

Release of Np from spent fuel would be expected.to be congruent with;Usand
the other actinides (Pu, Am and Cm). The bulk concentration of Np in the
oxide fuel matrix in the 10-year old fuels tested is only ~0.03% by weight

and should be soluble in the oxide matrix phase at th1s low concentrat1on.
241
Am -

(13-year half-life). However, since neither Am or Pu are expected to- phase
segregate from the initial oxide fuel matrix, ?37Np should remain |
uniformly distributed in the oxide fuel matr1x unt11 such time th1s matr1x

. is disrupted by reaction with externa] components (i.e. ox1dat1on)

T

Because of its low concentration in the fuel and long half-life, ?37Np

activity was very low when analyzed. Only samples from the bare fue] tests
provided sufficient 237Np activity to allow an-estimate of fractional ;, . -
release. Based on the measured and estimated.release data for the bare fuel

: tests'giVen in Table 11, and comparison with the Pu, -Am, and Cm tabulated

release data, Np does appear to be released congruently with the other
actinides. The summed Cycles 1 and 2 total 237Np releases for either bare
fuel test corresponds to <28 pCi/gm.
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Cycle 1

Solution Samples
Final Solution
{Np (ppb)]
Rod Samples
Rinse.
Acid Strip
Total Release
£ 1070 Inv.
% in Solution

Cycle 2

Solhtion Samples
Final Solution
[Np (ppb)]

Rod Samples

Rinse

Acid Strip

Total Release
£ 1070 Inv.

% in Solution

Sum Cycle 1 & 2

Total Release
3107 Iav.

TABLE 11

237Np RELEASE DATA (pCi)

Bare Fuel

S1it Defect Holes Defect Undefected

HER - TP HBR 1P * HBR 1P HBR - - TP
<25 55
<112 112
(<0.64)  (0.64)
<10 < 237Np activity was. generally below‘the detection
<270 <135 1imit in samples from the slit defect, hole defects
946 135 and undefected tests.
<1363 <437
<7.0 <7.4
20 <14
90 90
(0.5) (0.5)
2 2
<135 <135
68 <68
<315 <309
<1.6 <5.2
<1678 <746
<8.6 <12.6
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were likely caused by.undisso1ved fuel particles contributing to the

3.5 CESIUM

137¢5 and ]3465 account for ~20% of the total Ci activity and most of
the gamma act1v1ty in the ~10-year o]d spent fuel tested. At 1000 years,
the only significant Cs activity rema1n1ng is ]35Cs which has a 3 x 106
year half-1ife and accounts for ~0.02% of tota] C1 activity at 1000 years
and about 0. 08% of the Ci act1v1ty at 10, 000 years.

Fission product Cs is partially released from the fuel during irradiation
and segregates to grain boundaries ‘and to the fdel-c]adding gap. "Gap
inventory" Cs- d1sso]ves immediately when contacted by water. The very low
]37Cs act1v1t1es ‘measured in solution’ for the undefected tests relative to
bare fuel and defected cladding tests: plotted in' Figure 9 indicate that the
end fitting sea]s did not leak in the undefected tests, and that release
from these two, tests can be assumed _to be from exterior c]add1ng contamina~
tion. Most of the measured ]37Cs release ‘occurred at the beginning of
Cycle 1 and was retained in solution. As indicated in Table 12, ~98% to
99% of the Cs in the slit defect and hole defects tests was in solution.
The slightly lower percentages indicated in solution in the bare fUE]]§§§ts
Cs

activity measured in‘the rinse and acid strip samples.

Cesium release in the Turkey Point bare fuel tests was +0.3% of specimen

“inventory, which is the approx1mate fractional f1ss1on gas release value
‘reported(]o) for this fuel. Fractiona
~ Point hole defects test (<0. 01%) was much lower than expected and not

1 ]37Cs release in the Turkey

currently e§p1a1ned (Perhaps the I1-9- 12 spec1men had been contacted by
water or alcohol during prev1ous undocumented hand]1ng at BCL.) Fractional
release for the H. B. Robinson bare fuel, slit, and hole detects specimens

- (~0.8%, 0.8%, and 0.4%, respectively) was greater ‘than the reported 0.2%
~-fission gas re]ease va]ue(g) for ATM 101 and greater than measured with
- the Turkey Po1nt fuel. The m250% greater fract1ona

1 137Cs release with

H. B. Robinson fue] is attr1buted to 1ts f1ner graln s1ze (6 um for
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H. B. Robinson versus 25 um for Turkey Point). The greater gra1n ‘boundary -
area and shorter diffusion distances to grain boundaries 11ke1y resulted in
greater grain boundary ]37Cs .inventories, and possibly greater fuel-cladding

gap-inventories as Cs was transported along gra1n boundar1es to the gap

during irradiation.

TABLE 12

47

: - 137Cs RELEASE DATA (uCi)
FA
Bare Fuel SIit Defect - Holes Defect Undefected
WR__ 1P - —_WBR 1P THBR__ TP WR 1P
Eyc]e ] oo [ ) . . o 1‘“"' : [} RO
Solution Samples 12600 1000 ;,+ :.-9650 644 .- 6130 .. 41.7 . 2.98 0.8
Final Solution 28200, . 3080 . 28000 3525 . . 17500 195 6.80 2.33
[Cs (ppb)] (3277)  (357)  (3248) (409) (2024) (23) (0.78) (0.27)
Rod Samples 28 2.6 7 . 0T T 04 *0.03 - -0.007
Rinse 1560 786 357 120 240 3.2 0.25 0.15
Acid Strip 612 1385 . ‘28 9.6 . =36- . 1.5 0.12 - 0.08
Total Release 43000  §017. 38042 - 4300. - ..23916 2415 . 10,2, 3.38
# 10°° Inv. 706 - 308 664, 144 . 425 1.76, 019 0.11
% in Solution 94:88  81.52 98.97 - 96.95 98,80 98.01 95 88 92.90
Cycle 2
Solution Samples 151 30 1630 269 44.5'__ 7.0 . 0.06  0.015
Final Solution 840 204 6300 1960 24) 39 '0.28 0.08
oy .. e ) ot . . I A :

[Cs (ppb)] “(98) (28) = (731) " (227) -~ (28)° " (4.5) (0.32) (0.009)
‘Rod Samples ' - 2.0 0377 frU1i0 2 0.3 f‘ T 010 :°0.02°7 ¢ .<0.002 <0.002
Rinse ¢ : - 50,5 714,20 -82.4 - 41,9 . 4.7 0.6 <0.05 . 0.05
Acid Strip . 24,9 . .13.4 ¢ 49 . 20 . 1.8 027 . -- 0.03
Total Release 1070 262 . 8018 2253 202 41 <0.37 0.18

£ 1072 1nv. 19.6 16.1 ° 180 - 75 Y 520 T1.51 <0. oo7 10.006
% §n Solution °* " 92,80 @ 89.31°Z7- 98,90 98,05 ‘i .+97.77: 98,09 i i-- - 54,29
Sum Cycle 1 & 2 - = Lot ol 1 .
Total Release 44070 5279 46060 6553 24208 288 10.6 3.9

£ 1077 Inv. 796 324 804 219 430 9.27 0.20 0.12



3.6 - TECHNETIUM -

Technetium-99, with:a‘213,000-year half-1ife, accounts for 0.75% of the total

Ci activity of spent fuel at 1000 years and ~3% at 10,000 years.(]]) Release

of 99Tc from spent fuel is of particular interest since Tc compounds are pre- H
dicted to be quite soluble in NNWSI groundwater.(]3)

The radiochemical detection limit for 99Tc was just adequate for analysis of
10'5 of specimen inventory in solution. Significant ¢ activities were
reported for most solution samples analyzed during Cyclies 1 and 2 of the bare
fuel and slit defect tests. 99Tc activities were generally below the detec-
tion limit in samples from the hole defects and undefected tests. 99Tc
activities measured in unfiltered solution samples are plotted in F1gure ]0.
Essentially all of.the-gch activity measured in unfiltered samples was also
measured in the 0.4-um and 18-A filtered samples, indicating that the 99Tc
activity was in true solution, most likely as Tc0j.

“Since 99Tc was not analyzed on all Cycle 1 solution samples, the "Solution
Samples" release value ‘given for the Cycle 1 bare fuel and slit defect tests
in Table 13 is the total volume for all so]utionysémp]es taken times an aver-
age activity for samples on which gch was measured. (gch was measured on
all unfiltered Cycle 2 solution samples.) Total measured fractional 99Tc
release (Cycles 1 and 2) is estimated at ~32 x 107 and ~40 x 10'5,
respectively, for the H. B. Robinson and Turkey Point bare fuel tests versus
~8 to 10 x 10'5 for the actinides (Pu, Am, Cm, and Np) in the bare fuel
tests, corresponding to a gch preferential release factor -of 4 to 5 in these

~ tests. A total fractional 99Tc release of ~20 x 10° -5 was estimated for the

' Turkey Point slit defect test (Cycles 1 and 2) Vversus ~0.1 x 10 -5 for Pu,

Am, and Cm, correspond1ng to a gch preferential release factor of about .

150. Relative to uranium, Tc was preferentially released by a factor of

~20 in this test. Similar preferential Tc release relative to the E

actinides was observed in the H. B. Robinson sl1it defect test.
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The preferential release observed for:Tc'may resuit‘from grain boundary
leaching.. Very high preferential Tc.release (~12 times actinide release) -

“was observed in the Series 1 bare fuel tests.where vi§ib1e=grain boundary .

dissolution was observed in post-test fuel particle'characterization.(q);

Dissolution of phase-separated Tc from open porosity s another'possible“
source for preferential Tc release. :The stable thermodynamic state for Tc
should be the metallic state at the oxygen potentials that are present in
LWR fuel during irradiation. -Tc should -show:a ‘tendency to phase separate i
with other metallic fission products when-the temperature during irradiation
is sufficiently high to allow diffusion and secondary phase formation..
Fission product Mo (which also tends to separate into metallic phase during
irradiation) was measured at slightly above detectable levels by inductively
coupled plasma (ICP) emission spectrometry analysis of solution samples.
Although the Mo ICP data are not precise enough for quantitative comparison,
they do suggest preferential Mo release on the order of that observed for Tc
in the Cycle 1 H. B. Robinson bare fuel test.

gch in

Preferential dissolution factors were previously ca]cu]ated(]4) for
the two Cycle 1 bare fuel tests by comparing the fractional gch inventories
known to have been in solution with the fractional inventory of uranium known
to have been in solution. For uranium, the "known to have been in solution”
value was calculated by summing the "Solution Samples" values (given in

Table 7) and the maximum solution concentration times 250 m1. For gch,

it was assumed that no precipitation from solution occurred and the "known

to have been in solution" value was the sum of the "Solution Samples" and
"Final Solution"” values given in Table 13. Since similar fractional 99Tc

and U inventories were calculated for the sum of the "Rinse" and "Acid Strip"
values, these values were assumed to be primarily composed of undissolved
fine fuel particles. This evaluation resulted in Cycle 1 preferential 99Tc
dissolution factors of 8.7 for the H. B. Robinson bare fuel test and 3.8 for
the Turkey Point bare fuel test. The greater preferential gch dissolution
factor calculated for the H. B. Robinson bare fuel was attributed to the
finer grain size of this fuel. Performing the above described calculation
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for the Cycle 2:bare fuel.tests gave.gch preferential dissolution factors

of 6.9 and 1.5, respectively, for the H. B. Robinson-and Turkey Point bare

fuel Fests. These results afeisimilar to the Cycle l'résults, indicating

greater preferentia]:99Tc~fe1ease with the finer grained H. B. Robinson
fuel. The 99Tc preferentia] dissolution factors calculated for the

H. B. Robinson and Turkey Point: slit defect tests are 28.5 and 23.8,
respectively, for Cycle:1.and 14.3 and 13.7, respectively, for Cycle 2. .
These values are notimuch'differéntzfor the two fuel types tested in the

s1it defect tests where less fractional fuel dissolution occurred than in.

the bare fuel tests. <
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Cycle 1}

99Tc RELEASE DATA (nCi)

Bare Fuel

TABLE 13

Holes béfect Undefected

Solution Samples
Final Solution
[%%1c (ppb)]
Rod Samples
Rinse
Acid Strip
Total Release
+ 1075 Inv.
% in Solution

Cycle 2

Solution Samples
Final Solution
1997 (ppb)]
Rod Samples
Rinse
Acid Strip
Total Release
+ 107 Inv.
% in Solution

Sum Cycle 1 & 2

Total Release
+ 10'5 Inv.

Slit Defect
HBR TP —TBR_ TP RER TP HER TP
a3(a)  q5(b) 3.5(¢) 3.9(d)
113 53 7.3 50.7
(26) (12.4) (1.7)  (11.9)
0.3 -= 0.3 --

18.1 1.6 10.5 <5.4 Bre activity was generally
28.4 6.1 3.5 2.7 below the detection limit in
~203 ~86 n25 <73 samples from the holes defect

23,3 32" 2.8 <15.3 and undefected tests.
~77 A79 A3 - --
8.0 2.4 1.86 4.2
56 1.3 8.45  19.)
(13) (2.6) (2.0)  (4.5)
<0.1 <0.1 <0.1 0.1
<5.4 <5.4 <5.4 <5.4
4.0  <2.7 2.7 <.
J4 <22 <18.5 <32
<8.6 <8.3 <2.1 <6.6
87 -- - --
277 <108 <44 - <105 -
32 4 4.9 22 '

(ajAssumes 0.45 nCi/ml in all solution samples {approximate amount measured in 63 181 and

223-day samples).

#

Assumes 0.2 nCi/ml in all solution samples.
Assumes 36.5 pCi/ml in all solution samples (63-day value).

)Assumes 185 pCi/ml in all solution samples (62-day value).
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3.7 IODINE

Iodine-129 (half-life 17,000,000 years) is the lowest activity radionuclide
measured in, the present study («0.025 uC1/g ox1de fuel) and required neutron .
aetjvatlon,analys1s~f0rudetect10n.“'A]though,]291 has a relatively low activ-
ity, it may be relatively mobile in either the vapor phase or .in.solution and
may become incorporated into the biosphere. . L

Activities of ]291 measured in Cycle 1 and 2 test samples are g1ven in pC1/m1
in Table 14. The activity in solution if 10° -5 of the ]291 1nventory in a

H. B. Robinson specimen dissolved 1n the 250 ml of test solution would be
~0.09 pCi/ml. A1l of the solution samples ana]yzed for ]291 taken from

bare fuel tests, the Turkey Point slit defect test, and Cyclie 1 of the

H. B. Robinson slit defect test exceeded 0.09 pC%/m1. ]291 was not measured
on the Cycle 1 vesse] str1p so]ut1on because it was thought that the iodine
would be lost as 12 in the HNO3 stripping procedure. . However, the quantity
of 1291 found in the Cycle 2 ac1d strip samp]es indicates that some of the
]291 act1v1ty does "plate out"’ of solution and is reta1ned in the HNO str1p
solution. The measured ]291 activities are cons1dered to be a Tower 11m1t for
these tests since the actual state of iodine in the test solutions is not
known and some portion of the released ]291 may be“lost from the unsealed
test vessels as a volatile species (possibly I ) The higher relative

]291 activity measured in an initial so]ut1on samp]e from H. B. Robinson

bare fuel, which was tested at 25°C 1n sealed vesse]s in the-Series 3 tests, -
further suggests that some ]291 may have been lost and not.measured in the_

presently reported Series 2 tests.

The total activities of ]291 contained in the different sample types on which
]291 was measured were calculated to estimate the minimum "measured" release.
]291 activity measured on a single periodic solution sample was assumed for

all periodic solution samples taken dur1ng the test cycle. The final solu-

tion activity for Cycle 1 Turkey Po1nt fuel tests was assumed for all Cyc]e 1
Turkey Point periodic solution samples since ]291 was not determlned for any
of these samples. The resulting release and fractional reiease data are given
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in Table 15. The greatest "measured" fractional release was 41.2 x 10'5 of
specimen inventory for the Turkey Point bare fuel test. Much less fractional
release was observed in the holes defect and undefected tests than in the bare
fuel and slit defect tests. Releases from the holes defected specimens-are not
significantly greater than that from the undefected specimens. This suégeétg
that much of the measured release was from cladding crud and/or residual’
cladding contamination in the holes defect tests and not from the fuel. -

TABLE 14
1297 ACTIVITIES MEASURED IN SAMPLES (pCi/m1)

: Samp]e

Fuel* Cycle Days Type Bare Fuel STit " Holes Undefected ..
HBR ] 63  Solution  0.523  0.292  0.00191  0.0060,
HBR 1 223 Solution - 0.718 0.377 0.00617- 0.00541
HBR., 2 154 Solution  0.432  0.0357  0.00471  0.0072,
HBR: - 2 202  Solution 0.466' 0.0473 - 0.00517 0.00893
HBR 2 202 -Rinse: 0.0141 --- - -——
HBR 2 202. Strip 0.0298 0.00485 0.00179 -

TP ] 181 Solution - 0.590 0.289 0.0260 - 0.0076 . -
TP 2 154 Solution 0.186 ~ 0.169 0.00533 0.0061
TP 2 195 Solution 0.219 0.217 0.00658 0.0117

TP 2 195 Rinse 0.0073 --- -—- -

™ 2

195 Strip - 0.019 0.010 0.00136 0.0017

*HBR = H. B. Robinson, TP = Turkey Point.

54

[EXN

wvt



L

LU

TABLE 15 -
- 1291 RELEASE DATA (pci) ©

Bare Fuel - .Slit'Défect’  “Holes Defect ' -  Undefected
TBR TP ABR TP HBR P HBR TP

Cycle 1 ; o :
Solution'Samples* = 50 = 44 27.7 ¢ 21.7° - 018" 1.95 - 0.57 © - 0.57
Final Solution 180 148~ - 94,3:- 72.3 - 1.54  6.50 - 1.35 1.90
Total Release- . 230, 192 122 :, 94 - .:1.72 . 8.45 1.92  .2.47

+10° Iv. 10,5 2.2 . 5.4 7.9 .- 0.077. 0.69 _ 0.088 .0.20
Cycle .2 . |
Solution Samples* 28 " 12° 2.3 10 0.3 0.35  0.47 '70.40
Final Solution ~ " 117 '55 1.8 54.00 ** 1.20° 165  2.23 2,93

[I-(ppb)] “-(3.8) (1.8) (0.4) (1.8)-° (0.04)" (0.05) (0.07)% (0.09)
Rinse 8.5 4.4  -- -- - - R IR
Acid Strip 8.9 5.7 1.45 3.0 0.54 0.41 - 0.51
Total Release 162 77 15.6 . 68.0 2.14 2.4 2.70  3.84

£ 107 Inv. 7.5 12.0  0.69 5.7  0.09 0.20 0.12 0.32
% in Solution 89 87 90 96" 715 83 - --
Sum Cycle 1 & 2
Total Release. 392 269 18 162 "3.86° 10,86 4.62 . - 6.3

0.17 0.88 0.21 0.52

+ 10™° Inv. 18 41.2 - 6.1 13.6

. - . -0 - . -t
[ I - g . (VR h . 4

*Final solution activities assumed for Cycle 1“Turkey Point periodic solution samples.

L.t wet
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3.8 STRONTIUM

QQSr accounts for ~14% of the total Ci activity of the ~10-year old

fuel tested and is a pure beta emitter. Becadse of its relatively short
28.1-year half-life, 905r will have essentially decayed out before the end
of minimum 300-year 10 CFR 60 containment period.

Radiochemica] separation for and measurement of 905 was not started until
the. 154-day sample of Cycle 2. Cycle 2 905r release data were calculated . .--..
and are given in Table 16. The 905r activity measured in the 154-day

"sample was assumed for prior Cycle 2 samples in calculating the "solution
samples" release value. Cycle 2 "total release" values indicate that 905
was released preferentially relative to the actinides. The.greatest'prefer-
ential release was in the H. B. Robinson slit defect test where, during

Cycle 2, 905r fractional release was ~370 times the measured uranium frac-
tional release and ~3000 times that measured for plutonium. Since, like Cs,
Sr is relatively soluble, it is likely that even greater preferent1a1 release
of 905r occurred during Cycle 1, when most of the "free" Sr would have been
dissolved.

TABLE 16
905y CYCLE 2 RELEASE DATA

Bara Fuel Slit Defect Holes Defect Undefected
HBR TP HBR TP HBR P HBR TP
Cycle 2
Solution Samples* 155 22.2 195 8.52 0.46 0.08 0.01 0.01
Final Solution 630 89.0 800 75.50 2.83 0.19 0.50 0.25
[Sr (ppb)] (32.6) .(4.6) (41.4) (3.9)  (0.146) .(0.010) (0.026)- (0.013)
Rod Samples 1 0.3 0.4 0.03  <0.01  <0.01
Rinse 71 5.4 13.0 4,60  <0.46 0.43
Acid Strip 30 15.7 1.2 0.35 0.66  <0.23
Total Release 387 132.6 1010 89.00  <4.41  <0.94
£ 107 Inv. 24.8  12.2  26.9  4.45 <0.12  <0.05
% in Solution 88.5  83.9 98.6 94.4  >75 >30

*Based on 154-day sample.
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3.9 © . "ACTINIDE AND FISSION PRODUCT RELEASE SUMMARY:

The radionuclides discussed in the preceding sections are either actinides -
produced by progressive neutron activation of uranium iand subsequent: decay,
or fission products.  As such,‘these"radiohucliHéS'are produced uniformly*
throughout the UO2 fuel matrix'during'irradiation; "If all of these radio-
nuclides remained fixed at their original sites of production in the fuel
matrix, they would be released congruently as the fuel matrix dissolves.
However, many of the fission products are'only sparingly soluble in the oxide
fuel matrix and ‘tend to segregate into secondary phases diring irradiation.
The extent of secondary phase segregation increases with increasing tempera-
ture during irradiation. Relative radionuclide yields, and the variety of
different elements with differing chemical properties represented, are shown
Figure 11. A summary of fractional release (total release divided by 1072
inventory) values calculated in Tables 7 through 16 for the actinides and -
fission products is given in Table 17. - ‘
Within the probable accuracy of the current testing'methods, the actinides
Pu, Am, Cm, and Np appear to have been released congruently in all of the -
tests. Preferential uranium release was indicated relative to the other

-actinides in the Turkey Point bare fuel test and the two slit defect tests.

An important factor probably contributing to these apparent preferential
releases is the higher solubility of U relative to the other actinides in
these tests. "Much of the Pu, Am, Cm.and Np released as the oxide fuel-
matrix dissolved, either did not dissolve, ‘or may have precipited back onto
the fuel surface or within the defected cladding ‘specimens,'and was not
measured. This hypothesis is supported by the "% in solution" values
calculated for the actinides in Tables 7-10, which show a greater fraction'-
of the measured uranium release to be in solution where it is readily
measured. -Greater apparent preferential-U dissolution of the Turkey Point
fuel relative to the H. B. Robinson fuel is ‘attributed to much more exten-’
sive exposure of the Turkey Point fuel to air before testing. Dissolution of

*Disregarding minor radial distribution gradients arising from radial’
neutronic flux and spectral variations within the fuel.
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UO2+x from the fuel surfpge;ppgbqb]y.resu]teq iq initial.supersaturation

of U relative to the bulk fuel matrix. Much of the initially dissolved U
precipitated in.the H. B. Robinson bare fuel test and may not have been
recovered from the fuel in the rinse samples, possibly explaining the lack. .
of measured preferential U release in this test. In the holes defected . .
tests, measured actinide,re]ease'was not much greater than in the undefected
tests, so any preferential release from within the holes defected specimens.
may have been masked by release from residual cladding surface conﬁamina-
tion. Also, actinide levels measured in the holes and undefected tests were
near or often below detection levels, reducing the significance of conclu-
sions, that can drawn from these data.

The fractional release data do not conclusively indicate the existance of
any actinide phase segregation- that would cause non-congruent actinide
release from fuel as it dissolves from its as-irradiated state. Neverthe-
less, degradation of the oxide fuel matrix phase by exposure to an oxidizing
environment before contact of the fuel with water may lead to actinide
segregation, and differences in actinide solubilities may affect transport
by solution from the fuel surface.

All of the fission product radionuclides measured. showed preferential release
relative to actinides. The greatest preferential release was observed with
Cs,:in which the several tenths of a percent "gap inventory" was rapidly.
released at the beginning of Cycle 1. An additional lesser preferential Cs
release occurred in Cycle 2, which may have been associated with grain bound-
ary .leaching and exposure.of additional segregated phases as fuel dissolution
progressed. Although based on limited data, 90Srrappeared to show prefer-
ential release similar to that of Cs in Cycle 2 of the bare fuel tests and  _
may have also shan a substantial early preferential release in Cycle 1 had
it been measured.. Although there is some uncertainty concerning .the portion
of released fission product iodine actually measured, quantities indicating .
'preferential]lzgl‘release were measured in both Cycles 1 and 2. . Preferential
gch release was confirmed in Cycles 1 and 2 of the bare fuel and slit defect
tests and is thought to occur primarily as a result of grain boundary leach-
ing and the dissolution from exposed phase-segregated metallic particles. '
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]34Cs and 908r will decay out durmg

I. and gch wﬂ'l be present at nearly the
79Se :

Of the fission products measured, 'S/Cs,
the containment period. ]35Cs, 129
same activities dur1ng the post-contaInment per1od. F1ss1on product
was also ana]yzed for but not detected If 795e were re]eased congruently
with the uranium and remained in so]ut1on then 79Se act1v1ty in the bare

fuel test so1ut1on samp]es would have been just s]1ght1y less than its detec-
t1on 11m1t, suggest1ng that there may not have been a s1gn1f1cant preferent1a1
re]ease of 79e in these tests. o
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FIGURE 11. Elemental Yields for Actinides and Fission Products in Spent
Fuel at Discharge and at 1000 years. Circled elements have
.isotopes with greater than 20 uCi/kg.activity at 1000 years. -
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Nuclide & Cycle

TABLE 17

SUMMARY OF TOTAL MEASURED FRACTIONAL RELEASE
FOR ACTINIDES AND FISSION PRODUCTS*

. Bare Fuel

Defect

Holes Defect

Undefected N

Uranium
Cycle 1
Cycle 2
Sum

239+240p,,

Cycle 1
Cycle 2
Sum

24]Am

Cycle 1
Cycle 2
Sum

244cn
Cycle

Cycle 2
Sum

2375p

Cycle
Cycle 2
Sum

]37CS~
Cycle 1

Cycle 2
Sum

1291
Cycle
Cycle 2
Sum

99Tc
Cycle

Cycle 2
Sum

905y
Cycle 2

-—

—

-

—

Slit
HER TP HBR TP HBR TP HBR 1P
5.66 11.67 0.047 0.662 0.005 0.030 0.009  <0.009
1.54 4,13 0.073 0.363 0.008 0.005 0.002  <0.004
7.20 15.80 0.120 1.025 0.013 0.035 0.010 <0.015
7.18  7.31 0.009 0.109 0.002 0.022 - 0.002 <0.005
1.28  1.57 0.008 0.015 0.012  0.004° 0.001  <0.002
8.46  8.88 0.017 0.124 0.014 0.026 ' 0.003  <0.007
8.04 6.88 0.009 0.126 <0.002:° 0.023 0.0029  0.003
0.77 1.33 0.005 0.010 0.014 0.004 <0.0003 <0.002
8.81  8.21 0.014 0.136 0.016 0.027 0.0032 <0.005
8.64 . 7.79 0.010 0.137  0.002 0.027  0.0024  0.0045
1.61 1.42 0.010 0.010 0.017  0.003 0.0012 <0.0014
10.25  9.21 -0.020 0.147 0.019  0.030 0.0036 <0.0059
<7.0 <7.4
<1.6 <5.2
<8.6 <l12.6
776 308 664 144 425 7.76 0.19 0.11
19.6  16.1 140 75 5.2 1.51  <0.007 0.006
796 324 804 219 430 9.27 0.20 0.12
0.5 29.2 5.4 7.9 0.077  0.69 0.09 0.20
7.5 12.0 0.7 5.7 0.096  0.20 0.12 0.32
18 41.2 6.1 13.6 0.17 0.88 0.21 0.52
~23 ~32 ~2.8 <15.3 5
<8.6 <8.3 <2.1 <6.6 .
<32 <41 <4.9 <22
24.8 26.9 4.45 <0.12  <0.05

12.2 -

*Units in parts per 100,000 of test specimen inventory; less fhan (<) symbols indicate
totals containing >5% data reported as less than values, approximately (~) symbols
indicate totals containing estimated values.
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3.10.. -~ CARBON

Carbon-14 (half-1ife of 5730 years) is.an-activation product produced during
irradiation by the (n,p) reactlon on n1trogen 1mpur1t1es, and from the (n,a)
reaction on ]70 (15) ‘ORIGEN ca]cu]at1ons for spent fuel ]4C inventories
depend on the assumed initial 14 N impurity levels in the fuel and cladding,
which are not generally known and may vary ‘between individual fuel samples.
Carbon-14 was radiochemically measured separately on fuel and cladding for
two samples from the H. B. Robinson C5 spent fuel rod (same .rod used for the
Series 2 test specimens). The average of -the analyses gave 0.53 uCi/g for
the'c1addihg'and50.49 uCi/g-for the fuel. This quantity of 14¢ corresponds
to 530 Ci/1000 MTHM. ]4C is of particular concern since it is mobile in the
gas phase as CO2 and in groundwater as HC03, -and has a high’ potent1a1 for
incorporation into the biosphere. ‘ '

Activities of ]4C ﬁeasured in test samples during Cycles 1 and 2 are given
in Table 18. These activities are considered the lower 1imits of the actual
]4C activities, since 14¢ in solution as HCOE/COE would be in equilibrium
with COZ in the air over the test solution and the test vessels were capped
with Toose fitting Tids that may have allowed ]4C loss.to the atmosphere.
There was no correlat1on between ]4C release and defect severity in the

H. B. Robinson Cycle 1 tests, suggesting that thg(14C may have been released
by the cladding rather than the fuel. The H. B.:Robinson Cycle 2 and Turkey
Point fuel data in Table 18 suggest that part of.the 14¢ release in these
test cycles did originate from the fuel. However, Tower 14 activity in the
Turkey Point undefected test (Cycles 1 and 2) may be due to the fact that the
I-9-1 fue] section used for this specimen was the- bottom end of the fuel rod
and may have had less ]4C on its c]addlng surface.

Carbon-14 fractional release data were calculated for the H. B. Robinson fuel
tests us1ng the rad1ochem1ca1]y measured fuel and cladding 14 inventories -
and are given in Table 19. (Fract1ona1 re]ease data for the Turkey Point fuel
tests are omitted from Table 19 because>]4C inventory data were not obtained
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]4C was only measured on one periodic solution sample

for this fuel.) Since
prior to cycle termination, this single value is assumed for all solution
samples in calculating.the "solution samples" values for Table 19. Approxi-
mately twice as much ]4C‘re1ease was measured in-the H. B. Robinson slit and
holes defect tests as in the bare fuel and undefected tests.

The undefected specimen data suggest that a significant portion of the ]4C
release originates from the cladding external surface. Activation of clad-
]70 in the ZrO2 passive layer on the cladding -
surface are possible sources for this ]4C. Another probable source is the
reactor primary cooling water, which contains a relatively large ]70 inventory.
]4C deposited onto the cladding external surfaces from the primary coolant

ding nitrogen impurities-and

during irradiation may be- the predominant source of ]4C released from the
undefected fuel specimens, since dissolution of the cladding or the very
insoluble Zircaloy or Zr‘O2 surface layer would not be required for such
release. As a component of deposited cladding "crud," ]4C inventory on
the cladding surface may be quite variable.

. TABLE 18
14¢C ACTIVITIES MEASURED IN SAMPLES (pCi/ml)

Sample

Fuel* Cycle Days - Type Bare Fuel Slit Holes Undefected
HBR 1 63  Solution 19.8 13.1  5.41 22.5
HBR ] 223 _Solution 25.7 55.9 96.4 . 19.8
HBR 2 154 - Solution 22.5 75.7 68.0 14.0
HBR 2 202 Solution 24.3 68.9 44.6 7.2
HBR 2 202  Rinse 5.41 3.6 4.9 9.9
TP 1 181  Solution 52.7 72.1  16.7 9.0
TP 2 154  Solution 54.1 34.7 32.9 7.7
TP .. 2 195 _ Solution 45.0 35.6 34.2 11.3

2 195  Rinse 5.86 2.25 2.70 2.7

w.

*HBR = H. B. Robinson, TP = Turkey Point.
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TABLE 19

14C RELEASE DATA (nCi)
FROM H. B. ROBINSON FUEL TESTS .

Bare Fuel Slit Defect ~ Holes Defect Undefected

Cycle 1

Solution Samples* 1.9 1.2 0.5 L2

Final Solution ‘ 6.4 14.0 . .. 24 5.0
['% (ppt)] (5.8) (12.5) (21.6) (5.0)

Total Release 8.3 15.2 24.6 - 7.1

*+ 1070 Inv. 17 30 49 15

Cycle 2

Solution Samples 1.5 4.9 4.4 0.9

Final Solution 6.1 » 17.2 . ~-11.2 1.8
['% (ppb)] (5.4) (17.0) | (10.0) (1.6)

Rinse 3.2 2.2 : 2.9 5.9

Total Release , 10.8 24.3 } 18.5 8.6
£ 1070 Inv. 21 48 . 37 .18

Sum Cycle 1 & 2

Total Release - 19.1 39.5 .. - ., 43.1 15.7

+ 107 Inv. 38 78 86 - . 32 .

*14¢ measured in 63- -day-Cycle-1 samp]e and .154- day Cycle 2 samp]e assumed
for all periodic solution samples for those Cyc]es
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3.1 COBALT

Cobalt-60 is an activation product produced by neutron activation of 59Co
and (n,p) reaction on GONi. With a 5.26-year half-life, 6060 will decay out
‘long-before the end of the containment period. However; the relatively high
gamma energy (1.3 MeV) associated with its decay requires heavy shielding’
for attenuation. Since 6000 is an activation product, its inventory and
distribution in young spent fuel may vary considerably depending on cobalt
and nickel impurity levels in the fuel and cladding, the use of nickel copfz:
tainihg alloys for in-reactor hardware, -and upon the efficiency of 60Co

removal from the reactor coolant.

A tabulation of 6OCo activity actually measured in various samples is con-
tained in Table 20. Much greater release of 60Co occurred in the. Turkey:
Point fuel tests than in the H. B. Robinson fuel tests. Also, greater
release occurred from the defected specimens than from the undefected speci-*
mens, indicating the fuel, the gap, or the cladding inner surface as a sig-
nificant source. - Excess release from the defected specimens relative to
undefected specimens was particularly notable with the Turkey Point fuel.
The 287 uCi of 60Co release measured in the Turkey Point bare fuel test is
greater than the measured release for all other radionuclides except ]37Csfin
these tests. This is interesting since "crud" layers plated out from the reac-
tor coolant are usually thought of as primary sources of 60Co activity. -Con-
sidering the relative increase in 60Co release going from undefected to holes
to slit to bare fuel tasts in comparison with the actinide release data, the
data-suggest that cobalt or nickel may have been a significant impurity in

the as-fabricated Turkey Point fuel. Another possible source of excess 60Co
inventory in the Turkey Point fuel specimens may have been prior handling in.
contaminated hot cells 'at BCL where the specimens were originally ptepared

for pressurized stress ruptufé testihg. Turkey Point fuel from the same
assembly showed similar 60Co release in the Series 1 tests conducted a year
earlier.(4
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' 60Co RELEASE DATA (uCi) .

TABLE 20

‘' Bare Fuel - :'- S1it'Defect - ~ Holes Defect - ' Undefected:
o HBR TP FBR TP MR TP TFER TP
Cycle 1. s )
Solution Samples ~  bd 347  bd  3.69 bd = 0.45 ~ 0.013 0.07
Final Solution bd© 154 bd -~ N.T "bd ' 1.85 " 0.037 - 0.21
[5%o (ppt)] - (588)  —- or(81) femt © (6.5) (0.13) -(0.7)
Rod Samples 0.03. 0.4 .bd 0.0 -, bd 0.004 . bd -. 0.004
Rinse bd 47.6  bd 0.68 bd  0.09 . bd  bd
Acid Strip bd 5.0  bd 2.12 bd 0.29  bd 0.07
Total Release -- 242 -- 18.2 -- 2.68 0.05 0.35
% in'Solution - 78 - 34 ' ge 100 79
Cycle 2
S : oL S o N : c
Solution Samples 0.21 9.1, bd  0.40 bd 0.0  bd 0.003
Final Solution 1.6  32.9  bd 184 bd 0.2  bd 0.018
[%0co (ppt)] (4.1) (116) im (6.5) N () R "(0.06)
Rod Samples ‘bd - 0.6 bd -0.02 'bd - - 0.001 bd .7 .0.001
Rinse . bd 1.6 bd 0.14 bd - . bd _.bd bd -
Acid Strip bd 1.1 bd 0.27 bd  0.08  bd bd
Total Release 1.37 45 -- 2.7 - 0.20 -- 0.022
% in Solution -- ] 93 - 84 -- 80 -- 95
S : N A -t I At o PR SRR
Sum Cycle 1°& 2
S 5 P T R T I o e e T O S
Total Release - 1.40 287 . -- . 20.9 ien. . 288 0.05 0.37
bd = below detection limit , f '
opt = 12 ‘ ) . ‘

parts per.107

‘weight': = -
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3.12 SOLUTION CHEMISTRY

The starting J-13 water and selected periodic solution samples from each

test were analyzed by ICP emission spectrometry for metal cations and by ion
chromatography (IC) for anions. All solution samples were measured for pH. :
‘Total and inorganic carbon were also measured on most samples receiving ICP
and IC analyses. Inorganic carbon (ug/ml carbon) was assumed to be 100%
c0§, and equivalent cog was calculated by multiplying the inorganic carbon
value by 5 (i.e., to convert from 12 g atomic weight to 60 g mole weight for
C0§). Complete solution chemistry data (pH, ICP, IC and COZ) for all “
Cycle 1 and 2 solution samples receiving ICP and IC analyses are given in
‘Appendix B. ICP, IC and carbon analyses were performed on 0.4-um filtered
sample fractions only.

The solution chemistry data indicate that the overall chemistry of the J-13
water changed very little during any of the tests. The initial pH of the
J-13 water barrel (fresh full barrel) was 7.2 when first sampled at HEDL just
before Cycle 1 start. The chemistry shifted slightly basic to pH ~8.5 during
Cycle 1. After using several gallons of J-13 water from the barrel, the
water in the barrel also apparently shifted slightly basic because of equili-
bration with air, and the pH of the J-13 water at the start of Cycle 2 was
~8.0. The pH shifted to ~8.5 during the Cycle 2 tests (the same pH value
reached during Cycle 1).

Silicon concentration in solution was of particular interest since the tests
were run in fused silica vessels. Except for a 20% to 30% drop in Si in the
30-day and 120-day Cycle 1 H. B. Robinson samples, Si concentration remained
kélatiﬁely constant at 30 to 32 ug/ml during the tests. Later SEM charac-
terization of residue rinsed from fuel particle surfaces indicated that Si
(most likely as a silica gel) deposited onto the fuel surfaces. Apparently,
silica dissolved from the vessel at about the same rate that it deposited on
the fuel particles, maintaining a constant (equilibrium?) silica concentra-
tion in solution.

ot?
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Another minor solution change that occurred, apparently because of radio- .
lysis, was conversion of some of the initial N0§ to NOE. The NOE values
reported are best estimates since NOE calibration standards were not used
in the IC analyses. The source of NOE is thought to be primarily NO§
radiolysis rather than dissolved air radiolysis, since the measured N05 in
solution usually decreased with increasing NOE.

The initial ICP analyses through Cycle 1 of the H. B. Robinson tests included
A, B, Ca, Cr, Fe, Gd, K, Li, Mg, Mo, Na, Si, U and Zn. (These initial 14
elements are those analyzed on solution samp]es‘from spent fuel testing in
support of the basalt repository.) Two sets of ICP analyses were run on the
223-day Cycle 1 H. B. Robinson samples.. In the second set, Cr, Gd, Li, U,
and Zn were replaced by Nd, Pd, Ru, Sr and Zr. Cr.and Gd were deleted since
they were always below detection limits and Li was deleted because :it was
usually reported as a "less than" value, but-Li concentration was apparently
at about its 0.016 pg/ml detection limit. Uranium was deleted since the
laser fluorescence method used on all samples was more sensitive. - The Nd,
Pd, Ru and Sr are major fission product elements that were not measured :
radiochemically. (Radiochemical measurement: of 905r was started later in
the Cycle 2 tests). Zr was.also of interest- since the tests-included the
cladding.

The final Cycle 1 solution samples, and all Cycle 2 samples, used the second
14-element ICP analyses set. Nd, Pd, Ru and Zr measured in the later ICP
analyses are not included-in Appendix B -since they were always below. detec-:
tion limits. .Cr, .Gd, and Li measured in-the initial ICP analyses are also
excluded from Appendix B for the.same reason.
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3.13 SOLIDS CHARACTERIZATION

Four types of solids characterization were performed: 1) SEM of small
fractured fuel particles, 2) SEM examination with energy dispersive x-ray
(EDX) microanalysis -of filters used to filter solution samples, 3) SEM and
EDX analysis of bare fuel rinse residues obtained-at the end of test cycles,
and 4) post-test radiometallurgical examination of polished sections from
‘test specimens.

3.13.1 SEM Characterization of Fuel Particles

SEMiphotographs of the fracture surface on small particles of the Turkey
Point and H. B. Robinson spent fuels are compared with the fracture surface
of an unirradiated UO2 fuel pellet in Figure 12. Unirradiated U02 is a
hard ceramic material that exhibits transgranular cleavage when fractured.
The irradiated fuel is friable and commonly fractures along grain boundaries,
as shown in Figures 128 and 12C. Accumulation of fission products at the
grain boundaries during irradiation is thought to cause the change in frac-
ture properties. ‘Areas of cleavage fracture and mixed cleavage and grain
boundary fracture (see Figure 13) were observed in some spent fuel particles
thought to be from near the outer radial regions in the fuel where irradia-
tion temperature is lower and less fission product migration to grain
boundaries occurs. ‘

The: non-homogeneous: chemical microstructure resulting from fission product
migration and secondary phase separation is thought to cause the incongruent
dissolution behavior observed with spent fuel. The spent fuel dissolution
data reported here suggest congruent release of actinides as the oxide fuel
matrix dissolves and indicate preferential leaching of fission products Tc,
Cs, Sr and I, and activation product ]4C. Fission products expected to
have low solubility in the oxide fuel matrix are metallic fission products:
Mo, Tc, Ru, Rh, Pd, Ag, Cd and Sn; inert gases: Kr and Xe; and others,
including Se, Cs, Rb, Sr, Ba, Te and I. (See Figure 11.) Very small fis-
sion gas bubbles in the fuel matrix and along grain boundaries may provide
nucleation sites for condensed fission product phases, which may coalesce
and grow, depending on local irradiation temperature.
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FIGURE “12.

SEM:Photographs of Fracture Surfaces of (A) Unirradiated U0, Fuel Pellet, (B) Turkey
Point Fuel After Cycle 1 Testing, and (C) H.B. Robinson Fuel Before Testing.




FIGURE 13. SEM Photograph of Pre-test H. B. Robinson Spent Fuel Fracture -
Surface Showing Reg1on of M1xed C]eavage and Grain Boundary
Fracture.

SEM examination of post- test fue] particles did not revea] substant1a]
“alteration of fuel surface characterlst1cs in dense reg1ons exh1b1t1ng
cleavage fracture as a resu]t_of testing. ~Several regions exhibiting open‘
grain boundaries and possib]y enhanced porosity as a result of testing were
eXamined. However, more extensive exam1nat10n of both pre-test and post- .
test fuel is needed to verify the extent of m1crostructura] alteration that
may have occurred as a result of testing.

3.13.2 Filters Examination

Selected filters used to filter periodic solution sampjes'were examined by'
'SEM. The 0.4-um polycarbonate filter used on the 181- day Cycle 1 .
H., B. Robinson bare fuel test so]ut1on sample is shown 1n Flgure 14A, EDX
m1croana]ys1s of the small partlcle agglomerates v1s1b1e on the filter
showed only the element Si (lighter elements present, such as H, C and 0
are not detectable by EDX). :

a6
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SEM examination data on a portion of the 18-A membrane cone filter used on
the same 181-day Cycle 1 H. B. Robinson bare fuel test solution sample are
shown in Figure 15. The filter portion shown is near the bottom tip of the
filter where most -of the filtered material would collect as solution is cen-
trifically forced through the fi]ter.» The filter surface is nearly com-
pletely covered by the fine fi]tered‘floc. EDX analysis showed only the
elements Si, Au and S. The low intensity of the Si K-line peak relative to
the Au M-1ine peak (~200 & of Au was sputtered onto the specimen surface)
and the sulfur K-line peak originatihg'from the uhderTyingnf11ter membrane,
suggests that the dried silica floc has very low density.

3.13.3  Rinse Residue Examination.

When rinsing the H. B. Roblnson bare fuel part1c1es in a 250-m1 beaker at
the end of Cycle 1, the rinse water became dark “and turb1d The fuel parti-
cles were rinsed with just enough J-13 water in the beaker to cover the
particles. The beaker was rocked back and forth allowing the particle to
slide side-to side in the water.. The rinse- procedure was repeated 10 times
and the rinse water became s]1ght]y _grey even after the tenth rinse. The
collected rinse water was a]]owed to sett]e overn1ght sampled, and then
decanted from the" sett]ed res1due in the bottom of the 1000-m1 rinse water
collection beaker. The dr1ed part1cu1ate res1due we1ght was 186 mg. The
rough loose granu]ar appearance of the H. B Rob1nson -bare fuel particle
surface shown in F1gure ]48 suggests that many. fue] gralns may have been
released from the surfaces of these part1c1es.

When Cyc]e 1 of the Turkey P01nt bare fue] test was term1nated the rinse
procedure was mod1f1ed and the fuel was on]y r1nsed five t1mes in the 250-ml
beaker. Re51due we1ght from the Cyc]e 1 Turkey Po1nt bare fue] rinse was
only 12. 3 mg. Lesser quant1t1es of residue appeared to have settled from
the bare fuel rinse solutions at the end of Cycle 2. Although rinse solu-
tion residue was visible at the end of Cycle 2, the quantity appeared to be
much less than‘that from Cycle 1 ‘andwas‘not collected:and weighed.
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FIGURE 14. (A) SEM Photograph of 0.4-um Polycarbonate Filter Used to
Filter 181-Day:H. B. Robinson Cycle 1 Bare-Fuel Test Solution
Sample. EDX analysis showed only the element Si in the small
particles visible on the filter (assumed to be colloidal silica
flocs). (B) Silica Flocs on an H. B. Robinson Fuel Particle.

72

N4



€L

- EDX SPECTRUM.. A
.Si — FROM SOLUTION SAMPLE
S — FROMFILTER = |

Au — GOLD COATED SPECIMEN

5

- o L " HEDL 8502-021.20

FIGURE 15. ?SEM“Photdgraph of Bottom Inner.Surface of 18-A Filter Cone used- to Filter 181-Day
' ‘Cycle:1 H. B. Robinson Bare Fuel Test Solution Sample. Energy dispersive x-ray (EDX)
'spectra shows only Si in-the filtered material, plus gold from specimen coating and S
-from the filter. Neg 8500845-2 ' ) . T




An SEM image of the larger particles in the Cycle 1 H. B. Robinson bare fuel
test rinse residue is shown in Figure 16. The particle is a small fuel
fragment that has been coated by a surface layer of material that cracked

and partially spalled when dried. EDX analysis of the surface layer showed
primarily the element Si. The layer appears to be a silica gel layer ranging
from 10 um to 25 um in thickness. Similar layers were observed on several
other fuel particles. Figure 17 shows flakes of the si]ica material wifh
f1ne U02 particles adhering to the surfaces which had apparent]y interfaced
with fuel. Similar appearing silica layers were also observed on fuel parti-
cles in the Cycle 1 Turkey Point bare fuel rinse residue.‘ The quantity of

Si involved in the deposited layers would appear toobefa-éignifﬁcant»oortion
of (or greater than) the ~7.5 mg of Si contained in the. 250-m1-of J-13 water.
Dissolution of the fusaed silica test vessel must have occurred dur1ng the
test to maintain the ~30 ug/ml Si in the test solution.

The effect of a silica gel coating on the leaching behavior'of fuel is not
known. Most previous ambient temperature spent fuel 1eaching has been
conducted with bare fuel particles in fused silica veése]s. Series 3 NNWSI
spent fuel leach testing will be conducted in stainless steel vessels. One
vessel will be run at ambient hot cell temperature to prov1de a comparison
with the Series 2 results '

3.13.4  Metallographic Examination

At the end of each test cyc]e; partic]es of bare fuel were removed from the
test meta]]ograph1ca11y mounted polished, and opt1ca]1y examlned. Particu-
lar attention was g1ven to examination of the partlcle section edge for evi-
4dence of grain boundary dissolution. S1gn1f1cant ]ocal1zed grain boundary
dissolution was observed in Series ] Turkey Point bare fuel partlcles tested
in deionized water. (4) However, no significant evidence of grain boundary
dissolution was v1s1b1e,byroptiod} méta]]ographic‘examination of Series. 2

H. B. Robinson or Turkey Point bare fuel particles at the ends of Cycles 1

or 2. Micrographs of bare fuel particle sections at the particle surface are
shown in Figure 18. The probable explanation for the failure to find evi-
dence of grain boundary dissolution in polished sections of Series 2 bare
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S ® SPOT 1 EDX SPECTRUM

® SPOT 2 EDX SPECTRUM SHOWS
'ONLY URANIUM

HEDL 8502-021.21

FIGURE 16. Fine Fuel Particle from H. B. Robinson Bare Fuel Test Showing Remnants of Silica Layer
Deposited on the Particle Surface During the Test. . Neg 8500845-3
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"Na 'Si-SCl -KCa = -

® AREA 2 (5X)
Ciog, S38X
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® AREA 3 EDX SPECTRUM SHOWS
ONLY, URANIUM -

- HEDL 8502.021.23

FIGURE 17. Particles from Cycle 1 H. B. Robinson Bare Fuel Rinse Residue Showing.an~Apparent
Silica Gel Flake on Edge and a Particle Coated with Very Fine U0 Grains.
Neg 8500845-5
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FIGURE 18.

(A) (8)

LIy [}

(C)

Polished Sections at Bare Fu?l)Partic]e Surfaées; (A) TurkeyiPdint Fuel Tesféd for

250 days in Deionized Water,

and (C) H. B. Robinson Fuel Tested 223 Days in J-13 Water.
cell temperature; all micrographs taken at 750X.)

(B) Turkey Point Fuel Tested 181 Days in' J-13 Water,

(A11 tested at ambient hot




fuel particles may be that loose grains were removed from the fuel particle
surface by the more aggressive rinsing procedure used in the Series 2 tests.

Micrographs showing polished ééctiohs through thé HllB. Robinéon and Turkey
Point slit defect speciméns~aké shown in Figure 19. Examination of the fuel
at the fuel-cladding gap and along fuel cracks did not reveal any unusual
appearing features that could be‘fe]ated to fuel dissolution in these sec-
tions from the slit defect tests.

Micrographs of cathodic vacuum etched sections from the slit defect specimens
(see Figure 3), and SEM data indicated different as-fabricated initial grain
size for the Turkey Point and H. 8. Robinson fuels. Average initial grain
size appeared to be ~6 um-for the H. B. Robinson fuel versus ~25 um for the
Turkey Point fuel. Some grain growth (i.e., to a 7-10 um range) appears

to have occurred in the central region of the H. B.~Robfnson fue]idurfngf
irradiation. No significant gféin grthh was oBsefyed'in the Turkey Point
fuel.
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(A) Turkey Point L300 um j (B) H. B. Robinson L300 um |

FIGURE 19. Polished Sections Through S1it Defect on (A) Turkey Point 1-9-19 Specimen and
(B) H. B. Robinson C5C-C Specimen.
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4.0 SUMMARY.AND CONCLUSIONS ... - . |

PwR spent fue] spec1mens were.tested in, NNwSI reference J 13 we]] water
under amb1ent hot.cell air and temperature cond1t1ons -in_fused quartz
vessels. Four specimen configurations and two fuel types;were,tested The
specimen configurations were: 1) bare fuel plus the cladding, 2) fuel rod
segments with water tight end fittings.and .a machined,s1it (0.006 inches
wide by one inch:long). through the cladding, 3)-fuel rod segments.with
water-tight end fittings and small laser-drilled holes (~200 um diameter)
through the cladding, and 4) undefected fuel rod segments with water-tight
end-fittings. :Ihe:feur.specimen configurations were. tested .using both

H. B. Robinson end-Turkey Point reactor.spent;fuels;,,Ihe tests were semi-
static in that periodic solution samples were taken and replenished with
fresh J-13 water.

ot ' . ' R A S R Lo ey

After. approximately 6 months, the first.cycle of the tests was terminated,
the specimens and apparatys,rinsed,,the‘vesselsLstrippedgin_gﬂ HN03, and

the tests restarted in fresh J-13-water for a second cycle. -Periodic
solution samples, periodic fused quartz rod samples, terminal rinse samples,

~and-terminal vessel:acid strip-samples.were radiochemically analyzed and

release values determined for major.radionuclides of importance for spent
fuel disposal. Results from test Cycles ] and 2.of the Series 2 tests are
reported.

Ve - Vol T o Ll o

Théﬁprincipa]Lobservationshand conclusions from the Series 2 spent fuel
dissolution tests.are summarized below:. ., . T
1) The actinides Pu, Am, Cm, and Np appear to be released congruently.
- Observed preferential releases of U relative to.the other acti-
nides were attributed to higher relative U-solubility .(i.e, higher
percentage of released U in solution where it is readily measured)
. ...and,to initial preferential U dlssolut1on ,from oxidized U02er on
. » - the fuel surface. There was. no conclus1ve ev1dence Jndicating
actinide phase segregat1on in as-irradiated spent fue] that may

result in non-congruent actinide release.
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2)

3)

4)

5)

6)

-

8)

Highest observed uranium concentration was 4.8 pug/ml. However U
concentration tended to equilibrate towards a 1 to 2 ug/ml range,
apparently as’'a higher solubility UO2+x phase was depleted from
the fuel surface and U solubility became controlled by a phase
having lower U activity.

True (filtered) uranium solubility was much higher in J-13 water
than in the deionized water used in the Series 1 tests. Most
uranium measured in J-13 water Series 2 unfiltered samples was
also measured in 0.4-um and 18-A filtered samples. Most Pu, Am,
and Cm activity in unfiltered samples passed through the 0.4-um
filter, and much of the Pu activity also passed through the 18-3
filters.

Most of the measured radionuclide release to solution occurred
during the first few days of a test cycle with some species (e.g.,
U) then decr=asing in concentration as lower chemical activity
phases begin to control solubility.

A1l of the principal fission product radionuclides measured (]3705,
]291, 99Tc, and 90Sr) were found to be released preferentially
relative to the actinides.

Activation product ]40 was preferentially released (H. B. Robinson
tests) relative to the actinides. A portion of the measured ]4C
release appears to originate from the external surface of the
cladding.

Much lower frattiona] actinide release was measured in the slit
and holes defect tests than in the bare fuel tests.

Actinide release measured in the tests with small laser-drilled

holes thfbugﬁ the cladding was not significantly greater than with
undefected specimens.
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9

10)

1)

A significant quantity of loose fuel grains was rinsed from the
surface of bare fuel particles during test cycle termination,
possibly loosened by grain boundary dissolution during the test.

Silica, which appears to dissolve from the fused silica test
vessels, deposited onto the bare fuel specimens during the tests.

The J-13 water chemistry remained relatively stable during the
tests.
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APPENDIX A

RADIONUCL IDE' INVENTORY 'AND RADIOCHEMICAL DATA

A.1- .- RADIONUCLIDE INVENTORY'DATA -

Specimen radionuclide inventories used for most‘calculations in this rebort
were calculated from ORIGEN-2 data given in PNL45109(A]) for the ATM-]O{

H. B. Robinson Unit 2 PWR fuel 10 years after reactor discharge. Since the
Turkey Point fuel was very similar (same vendor,.same design, similar
vintage and same 2.55% 235U initial enr1chment), these ORIGEN-2 data were
considered appropriate for both fuels. A factor of 0.8815 was then app11ed
to convert the inventories from a per gram metal basis to a per gram fuel
basis. The resulting per gram fuel radionuclide inventories are given in
Table.3 of the text. Specimen weights requiféarfor'ca]culating per specimen
radionuclide inventories are contained in Tab1e.1 of the text.

A.2 - . RADIOCHEMICAL DATA ¢

With the exception of uranium, all radiochemical data were reported as dis-
integrations per minute (dpm) per ml of solution or per rod sample. ‘Data
were converted from dpm to pCi units using the conversion factor of 1 pCi

equal to 2 22 dpm Since the pr1mary concern was radioactivity release, -most
data’ evaluat1ons were based on'the pC1 act1v1ty ]eve]s of each rad1onuc]1de

rather than concentrations.. The pC1 act1v1ty resu]ts for-all rad1onuc11de
determinations, and uranium results as ug/ml (ppm) or ug/rod, are given
for each individual test in Tables A-2 through A-9 of this appendix.

For chemical and equilibria considerations, it is usually more useful to
consider elemental concentrations rather than radionuclide activities.

Concentrations may be calculated using Equations (A.1) and (A.2). The
ug/pCi and isotope/element conversion factors for Equation A.1 are contained
in Table A.1.
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TABLE A.1
ACTIVITY-CONCENTRATION CONVERSION FACTORS

Radionuclide _19/pCi Turkey Point* H. B. Robinson*
14¢ 2.24 x 10~/ - -
60co 8.82 x 10-10 -- --
79%e 1.44 x 107> 0.105 0.106
90s,. 7.07 x 1072 0.546 0.546
9971¢ 5.87 x 107> 1.000 1.000
129; 6.13 x 1073 0.76 0.76
137¢ 1.16 x 1078 0.40 . 0.40
237y, 1.42 x 1073 0.999 0.99999
238, 5.72 x 108 0.012 0.014
23%,, 1.63 x 107 0.595 0.577
240p,, 4.41 x 1070 0.255 0.263
281, 3.09 x 10~/ 0.863 0.840
2440, 1.20 x 1078 0.930 0.930

*[sotope-to-element mass ratio based on ORIGEN-2 data in PNL-5109 inter-

polated to 27.7 MWd/kgM for Turkey Point and 30.2 MWd/kgM for
H. B. Robinson burnup, 10 years after discharge.
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Activity (pCi/ml) x (ug/pCi)

Elemental Concentration (ug/ml) = Tsotope/element (A.1)
- For conversion to molarity:
‘ Molarity (mole/s) = yrr-bo/M (A.2)
olarily {mole/a 1000 x atomic mass *

For ca]cu]at1on of Pu concentrat1on from 239Pu + 240Pu pC1/m1 data using
Equat1on (A 1), the 239Pu (or 240Pu) pC1/m] value is needed. The 239Pu/
(239Pu + 240Pu) activity ratio should be 0 374 for the H. B. Robinson fuel
and 0. 389 for the Turkey Po1nt fuel based on the PNL- 5109 ORIGEN 2 data.

A.3 RADIOCHEMISTRY ERROR ESTIMATES

The primary sources of error in the reported radiochemistry data are:

. Volume measurement errors 1ncurred durlng sample a]1quot
preparations »

° Recovery errors involved in rad1ochem1ca1 separat1ons
o Counting statistics

3

A summary of estimated error resulting from these factors is given below:

o 239+240p,, 238p, 4+ 241pp, 284cp

Method: Direct plate followed by total alpha counting and alpha
spectrometry.

S Volume Errors: 2%

< - .Recovery: 100% (no separation required)
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Counting Statistics at +lo:

1 dpm/m1 (0.45 pCi/mi)

= +60%

10 dpm/m1 (4.5 pCi/ml1) = +8%
100 dpm/m1 (45 p Ci/m1) = +2.5%
1000 dpm/ml'(450 pCi/ml) = +1.5%

The counting statistics for 1, 10 and 100 dpm/ml are based on a
100-us aliquot plate counted for 480 minutes with a background
of 0.2 cpm. The 1000 dpm/m] counting statistic ié based on a
100—ui a]iquot'plate counfea‘for 100 mihuteé with a background:
of 1 cpm. (Hiéhef éctivity plates are counted on higher back-
ground counters, saving newer, lower-background counters for low
activity samples.)

2415

Method: Separation by anion exchange, plate, alpha count, and
alpha spectrometry.

Volume Errors: +3%
Recovery: 97 + 2%
Counting Statistics: Same as above for direct plate alpha since

the same volumes, counting times, and
equipment are used.

237Np
Method: Separation by cation exchange and solvent extraction.

Volume errors: +2%
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The 2Tc counting statistics are based on a 500-uz aliquot ™

Recovery: 98 + 2%

Counting Statistics at +lo:

1 dpm/ml (0.45 pCi/ml) = +30% : o
10 dpm/m1 (4.5 pCi/ml) = +6%
100 dpm/m1 (45 p Ci/ml) i="44%
1000 dpm/m1 (450 pCi/ml) =

+1%
The 237Np counting statistics for 1 and 10 dpm/ml are based on a
200-u& aliquot plate counted for 480 minutes with a background
count of 0.2 cpm. Counting statistics-for. 100 and 1000 dpm/ml are
based on a 100-minute count with a background of..1:-cpm.

{

997¢

Method: Separation by cation exchange and solvent extraction
followed by beta proportional counting. =

Volume Error: +4% - RS R
Recovery: 94 + 2%

Counting Statistics:
Lower 1imit 20 dpm/ml at 2¢
100 dpm/m1 (45 pCi/ml) = +11% at 1o
1000 dpm/m1 (450 pCi/ml) = +1.6% at lo

. v
.....

extracted into 5 ma with 2 m¢ plated for beta counting.
Counting time is 100 minutes with a background of 30 cpm.



137¢s, 134cs, 60Co

Method: Gamma spectrometry
Volume Errors: +2%
Recovery: 100% (no separation required)

Counting Statistics at *le:

1000 dpm/ml (450 pCi/ml) = +20%

10,000 dpm/ml (4500 pCi/ml) = +8%

100,000 dpm/ml (45,000 pCi/ml) = +2%
10% dpm/m1 = +]

Based on 1-mg aliquot counted for 60 minutes.
. Uranium

Method: Scintrex UA-3 uranium analyzer, laser-excited
fluorescence.

Overall error is estimated to be +10% at 1o when the instrument is
operating in its optimum range. The lower limit is 0.001 upg/me
(+0.001 ng/me) using a 100 e sample aliquot.

A.4 REFERENCES

Al. J. 0. Barner, Characterization of LWR Spent Fuel MCC-Approved Testing
Material ATM-101, PNL-5109, Pacific Northwest Laboratory, Richland, WA,
June 1984.




SAMPLE VOLUME

DAY TYPE nl
1 Sol 5
6 Sol 10
8 Rod
8 Rinse %
20 Sol 5
30 Sol 15
30 Rod i
63 Sol 25
83 Rod
120 Sol 15
120 Rod
181 Sol 20
181 Rod
223 Sol 250
223 Rod
223 Rinse 600
223 Strip 300
20 Sol 20
20 Rod
62 Sol 20
62 Rod
154 Sol 25
202 Sol 250
202 Rod
202 Rinse 600
202 Strip 300
SAMPLE VOLUME
DAY TYPE ml
1 Sol 5
6 Sol 10
8 Rod
8 Rinse %
20 Sol 5
30 Sol 15
30 Rod
83 Sol 25
63 Rod
120 Sol 15
120 Rod
181 Sol 20
181 Rod
223 Sol 250
223 Rod
223 Rinse 600
223 Strip 300
20 Sol 20
20 Rod
62 Sol 20
62 Rod
15¢ Sol 25
202 Sol. 250
202 Rod
202 Rinse 600
202 Strip 300
UNITS:
5.

Solution samples (Sol)
Rod samples in pCi/rod
Rinse in same units as
Strip in same units as

Am=-241 values through 181-day rod sample calculated from Pu-239+Pu-240 and Am-241+Pu-238 values using Pu-~238/(Pu-239+Pu-240) activity ratio of 2.154.

pH
T7.742
7.958
8.2682
8.207
8.221
8.542

8.458
8,495

8.427
8.460
8.200
8.560

rH
7.742
7.958
8.282
8,207
8.221
8.542

8.458
8.495

8.427
8,460
8.200
8.560

TABLE A.2
C5C-H BARE FUEL TEST RADIOCHEMICAL DATA

v Pu-239+Pu-240 An-2414Pu-238 Am-241% Cm-244 Cs-137 Cs-134 ;3
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 )a UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A UNFILTER 0.4 us 18 A UNFILTER 0.4 um 18 A
3.30E+00 8.60E+02 J.97K+03 i 2,12E+403 2.B81E+03 1.22E+08 7.34E+408
4.50E+00 J.80E+00 2J.70E+00 2.13E403 1,78E+02 9,82E+01 8.29E403 1,03E403 2.43K+02 3.T1E+03 6.44E+02 3,17E+01 4,82E+03 B8.T4E+02 9.46E+00 1,33E+408 1,28E+08 1,1BE+0B 8,02E+06 7.75E+08 7.12E+06
5.20E+0Q0 8,15E+03 3.64K+04 1.88E+04 2.12E404 1.01E+08 5.81E+04
1.70E+00 2.62K+0) 1.21E+04 6.43E+023 7.07E+03 3.36E+06 1,89E+05
4,00E+00 6.40E+02 3.04E+03 1.68E+03 2.30E+03 1.49E+08 8.42E+06
3.70E+00 3,.50E+00 3,40E+00 1.,97E402 1,94E+02 1,14E+02 1.03E+403 9,50E+02 2.86E+02 6.03E+02 5.42E+02 4.00E+01 8.74E+02 T.57TE+02 T7.66E+00 1.39E+08 1.37E+08 1,37E+08 8.20E+06 7.T70E+06 7.61E+08
4.90E+00 1.02E+04 4.36K+04 2.17E+404 2.52E+04 1.73E+06 9.05E+04
2.50E+00 2.40E+00 2,30E+00 1.78E+02 1,29E+402 4,.86E+01 9.32E+02 6.31E+02 1.20E+02 5.49E402 3,53E402 1.50E+01 B8.02E+02 5.23K+02 1,08E+01 1,38E+08 1,3BE+08 1,33E+08 7.79E408 7.B4E+06 7.81E+08
4.60E+00 8.15E+03 J3.63E+04 1.87E+04 2.05E+04 1.18E+06 5.90E+04
1.70E+00 1.60E+00 1.70E+00 1.49E+402 1,22E+402 2,.4B8E+01 7.21E402 5,81E+02 6.31K+01 4.00E+02 3.19E+02 9,70E+00 5.81E402 4,68E+02 9,01E-0% 1.31E+08 1.29E+408 1.21E+08 6.98E+06 6.71E+06 6.22E+086
4.60E+00 6.85E+03 3.058+04 1.58E+04 1.73E+04 2,96E+086 1,.35E405
1.40E+00 1.40E+00 1,30E+00 1.40E+02 9,64E+01 2,12E+01 6.58E402 4.B2E+02 4.68E+01 3.57E+402 2,748+402 1.24E+00 5.14E+02 3.71E+02 9.01E-01 1,18E+08 1.21E+08 1.07E+08 5.77TE+08 5.95E+06 5.23E+08
7.80E+00 1.35E+04 5.86E+04 2.95E+04 3.34E+04 6.13E+08 3.03E+05
1.20E+00 1.20E+00 1,20E+00 1.12E402 7.52E+01 2.61E+01 1.11E403 2.91E+02 6.98K+01 2.86E402 1,51E+02 3,60E+00 4,10E402 2,31E+02 9,01E-01 1.13E408 1.13E+408 1,08E+08 5.23E+06 5.32E+08 5.09E+06
8.90E+00 9.41E403 3.99E+04 2.08E+04 1.97E+04 1.18E+07 5.41E+05
1.10E+00 4.23E+02 1.82E+09 8.87E+02 9.41E+02 2.61E+08 1.17E+05
9.00E+00 1.35E+04 6.22E+04 3.20E+04 2.99E+04 2,.04E+06 9,19E+04
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
2.40E+00 2.40E+00 2.40E+00 1.47TE+02 1,.40E+02 6.94E+01 4,.50E+02 3.93E+02 1.358+02 1.08E+402 6.94E+01 4.50E+00 1.09E+02 7.12E+01 2.T70E+Q0 1.78E+06 1.79E+08 1,68E+08 7.84E+04 7.97E+04 7,39E+04
7.50E-01 3.08E+03 1.51E+04 9.10E+03 8.14E+03 2.0BE+05 8.20E+03
2.20E+00 2.10E+00 2.00E+00 8.86E+02 T7.75E+02 J3.06E+02 2.46E403 2,09E+03 8.20E+02 3.87E+01 2,16E+01 2,93E+00 4,46E+02 3,02E+02 1.80E+01 2.09E+06 2,14E+06 2.05E+06 B8.96E+04 B8.96E+04 8.51E+04
1.40E+01 1.68E+05 T.T0E+05 | 3.95E+04 3.77E+05 8,81E+05 3.13E+04
2,00E+00 2.00E+00 2.00E+00 4.41E+01 3,20E+01 1,.94E+01 1.31E+02 9.19E+01 4.77E+01 2.52E+401 1.22E+01 1.71E+00 2.88E+01 1.89E+01 2.25E+00 2.96E+06 2.92E+08 2.69E+08 1.17E405 1.16E+05 1.0BE+0S5
2.00E+00 2.00E+00 2.00E+00 3,33E+01 2.66E+01 1.62E+01 1.08E+02 68.94E+01 4.50E+01 2.4BE+01 1,08E+01 2.70E+00 2,79E401 1,26E+401 1.80E+00 3.36E406 3.33E+08 3.16E+06 1.26E405 1.26E+05 1.21E+05
3.50E+00 1,06E+03 4.82E+03 1.08E+04 2,21E+03 8,38E+05 2,55E+04
1.70E-01 3,92E+02 1,94E+03 2.32E+02 1.13E+03 8.42E+04 3.35E+03
1.00E+00 1,13E+03 5.32E+03 2,58E+403 2.44E+03 8.29E+04 3.30E+03
Co-60 SrY-90 Np-237 Tc-99 Se-79 C-14 —_ 1-129
UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A UNFILTER 0.4 um 18 X UNFILTER 0.4 um 18 A UNFILTER 0.4 un 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
¢1.80E+04 <1.80E+04 <1.80E+04 6.31E-01 3.60E-01 <4.50E-01} 4,50E402 4.50E+02 4.50E+02 <1.58E+01 1.98E+01 5.23E-01
1.43E403 2.70E+00 <9.01E+01 <1.35E+02
<3,38E+04 <2,93E+04 <2.93E+04
<1.08E+04 <4,50E+00 <9.01E+01 <1.35E+02
<4.50E-01 <4.50E-01 <4.50E-01 4,68E+02 4,.B2E+02 4,.2BE+02
1.07E+404 2.25E+00 ' <9.01E+01 ©<9.01E+01
<2,.94E404 <3.35E+04 <2.94E+04 <4.50E-01 <4,.50E-01 <¢4.50E-01 4.50E+02 4,95E+02 4.50E+02 <9.01E+00 2.57E+01 7.18E-01
1.45E+404
<6.22E+03 <4.50E-01 X 3.02E+01
<2.64E+03 3.15E400 1 9.46E+01
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER \
2.66E+03 2,.86E+03 2.57E+03 5.418-01 4.50E-01 4,05E-01 8.08E+01 7.07E+01 6.49E+01
<1.04E+04 '
3,50E403 3.94E+03 J.26E+03 4.50E-01 4.50E-01 4.50E-01 1.08E402 1.04E+02 1,13E+02
3.44E+03 4.41E+403 2.65E+03 2.38E+06 1.85E+402 2.25E+01 4.32E-01
4.64E403 3.81E+03 J,07E+03 2.52E+06 3.60E-01 4,05E-01 2.70E-01 2.24E+02 2.18R+02 2,20E+02 <4.50E+00 2.43R+01 4.66E-01
: 9.01E405. 2.21E+00 <9.01E+01 <4,.50E+01
1.1BE+05 €2.25E-01 <9.01E+00 <4.50E+00 5.41E+00 1.41E-02
9.91E+04 2,.25E-01 1.35E+01 <4.50E+00 2.98BE-02

Rod rinse sample reported in pCil/rod (ug/rod for Uranium).

A-9

in pCi/ml for all but Uranium, ug/ml for Uranium.
for all but Uranium, ug/rod for Uranium,
solution samples, sample was rinsed in 600 ml J-13 water,
solution samples, test vessel was stripped with 300 ml 8M HNO2J.
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20
20
82
154
202

202
202

ONITS:

SAMPLE VOLUME

TYPE

Sol
Sol
Rod
Rinse
Sol

Sol
Rod
Sol
Rod
Sol

Rod
Sol
Rod
Sol
Rod

Rinse
Strip

Sol
Rod
Sol
Rod
Sol

Sol
Rod
Rinse
Strip

SAMPLE VOLUME

TYFE

Sol
Sol
Roed
Rinse
Sol

Sol
Rod
Sol
Rod
Sol

Rod
Sol
Rod
Sol
Rod

Rinse
Strip

Sol
Rod
Sol
Rod
Sol

Sol
Rod
Rinse
Strip

ml

5
10

E 34
5

15
25
15

20
250

800
300

20
20
25
250

600
300

ml

5
10

2]
5

15
25
15

20
250

600
300

20
20
25
250

600
300

pH
7.792
7.808
8.247
8.408
8.195
8.530

8.460
8.496

8.436
8.474
8.210
8.550

pH
7.792
7.808
8.247
8.408
8.195
8.530

8.460
8.496

8.438
8.474
8.210
8.550

TABLE A.3

C5C-E SLIT DEFECT TEST RADIOCHEMICAL DATA
v Pu-2394Pu-240 Am-241+Pu-238, Am-241% Cm-244 Cs-137 Cs-134
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A K UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A
3.00E-02 8.11E-01 2.70E+00 1.00E+00 1.31E+00 1.50E+08 8.38E+04
5.20E-02 5.60E-02 §5.90E-02 1.53E+00 9.91E-01 <9.01E-01 9.01E+00 4.14E+00 ¢9,.01E-01 5.80E+00 2.07E+00 $.41E+00 1,89E+00 9.10E+08 8,20E+08 7,79E+08 5.32E+05 4.88E+05 4.50E+05
5.70E-02 6.49E+01 3.178+02 1.81E+02 1.88E402 6.26E404 3.94E+03 :
2.00E-02 9.91E+00 4.55E+01 2.47E+01 2,88E+01 2.81E+405 1.56E+04
5.50E-02 1.40E+00 7.66E+00 4.73E+00 5.41E+00 7.61E+07 4.27E+08
6.50E-02 5.80E-02 §.TOE-02 4,95E+00 1.40E+00 1,89E+00 2.88E401 7.21E+00 2, 84E+00 1.84E+01 4,2BE+00 1.80E+01 4,37E+00 <4.50E-01 1.01E+08 1.00E+08 9,32E+07 §.72E408 5.54E+08 5,18E+08
5.60E-02 8.29E+01 3.34E+02 J 1.60E+02 1.91E+02 5.41E+05 2.32E+04
7.30E-02 7,308-02 6.70E-02 9.46E+00 1,28E+01 1,26E+01 3.92E401 5.72E+01 5,63E+01 1.94E+01 3,08E+01 2.99E+O1 2.43E+01 3,T4E+01 3.T4E+01 1.31E+08 1.30E+08 1.25E+08 7.43E+06 7.52E+08 7.16E+06
8.30E-02 5.41E+01 1.98R+02 8.48E+01 1.22E+02 1.36E+08 7.07E+04
6.80E-02 T.680E-02 6.40E-02 4,59E+00 3.87E+00 4.84E+00 1.83E401 1,38E+01 8.11E+00 8.65E+00 5.68E+00 1.05E+01 8.89E+00 <4.50E-01 1.28E+08 1,27E+08 1.21E+08 6.62E+068 6.49E+08 6,22E+06
3.20E-02 2.258+01 8.11R+01 3.39E+01 4.23E+01 1.32E+06 4.95E+04
9.10E-02 9.10E-02 8.80E-02 2.39E+00 2,61E+00 3.15E+00 9.59E400 1.16E+01 9.01E+00 4,59E400 6.14E+00 2.40E+00 5.27E+400 5.32E+00 <4.50E-01 1.23E408 1.03E+08 1.17E+08 6.08E+068 4.91E+08 5.68E+08
2.30E-02 5.50E+01 2.51R+02 1.36E+02 1.42E+02 2.04F+08 8.56E+04
9.50E-02 9.00E-02 9.00E-02 1.98E+00 1.94E+00 3.33E+00 8.11E+00 B8,78E+00 g 01E+00 5.41E+00 4.95E+00 <1,35E+00 3,92E400 3.89E+00 <4.50K-01 1.12E+08 9,82E+07 1.11E+08 5.50E+068 4.68E+08 5.41E+06
3.80E-02 4,32E401 1.81E+02 1.07E+02 1.01E+02 1.80E+06 6.6TE+04
3.00E-03 2.84E+00 $.86E+00 4.50E+00 4.4BE+00 5.95E+05 2.83E+04
5.00E-03 8.56E+00 3.42E+01 1.98E+01 1.94E+01 9.23E+04 4.08E+03
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
1.10E-01 1.30E-01 1,10E-0% 4.05E+00 4.05E+400 4,05E+00 1.04E+01 9.01E+00 g sgR+00 9.01E-01 4.50E-01 <1.35E+00 1.80E+00 9.01E-01 <4.50E-01 2.45E+07 2.36E+07 2.27E+07 1.09E+06 1.06E+06 1,06E+08
2 OE-e% 1.70E-01 1.60E-01 o 50Es00 4.50E400 3.1SE+00  1.i3Es0s 1.04E+01 8.11E+01 8.51E.01 1.06E+05 <7.21E403
1.60E-01 1. . 1500 . . ‘82Ee02 8.11E+00 7.21E-01 <9.01E-01 <9.01E-01 1.35E400 9.01E-01 <2.25E-01 2.428+07 2,51E+07 2.51E+07 1,07E+06 1.12E+08 1.12E+08
2 30E-01 0 0B-01  2.07E+00 2.21E+00 2.078+00  4.138+08 4.95B+00 ’ 1 ATEaZ R > 83807 &iEres '
1.90E-01 1,90E-01 1.50E-01 2.07E+00 2.21 . 4.19E+00 4. 4.50!9?0 5.86E-01 <4.50E-01 <4.50E-01 7.21E-01 6.31E-01 <4,50E-02 2.63E+07 2,54E+07 2.40E+07 1.04E+08 1,07E+08 9,64E+05
1.60E-01 1.50E-01 1.50E-01 1.40E+00 1.53E+00 1,40E+00  3.83E+400 J3.69K+00 3 15%+00  3.60E-01 9.01E-01 <2.25E-01 6.76E-01 5.41E-01 <2.25E-01 2.52E+407 9.32E+05 2.38E+07 9.88E405 3.7BE+04 9,37E+0S
3.20E-02 4.50K-01 1.35E+00 1.42E+02 9.01E-01 5,09E+05 2.58E+04
2,00E-03 2.43E+00 1.08E+01 <2.70E-01 7.21E+00 1.37E+05 4.33E+03
4,00E-03 9.46K+00 3.92K+01 2.12E+01 2.21E+0% 1.84K+04
Co-80 SrY-90 Np-237__ Tc-99 Se-79 c-14 1-129
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A ONFILTER 0.4 ua 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 un 18 A
<1,80E+04 <1.80E+04 <1,B80E+04 <4,.50E-01 <4.50E-01 ¢4,50E-01 3,65E+01 3.87E+01 3.56E401  <1,58E+01 1.31E+01 2.92E-01
9.01E+00 . <9.01E+01 <1.358+02
<2.93E+04 <2,93E+04 <2,9IE+04
<1.04E+04 <4.50E+00 <9.01E+01
<4.50E-01 <4.50K-01 ¢<4,50E-01 <9,01E+00 <9.01E+00 2.48E+01
<4.50K+00 $ <9.01E+01 <9.01E+01 .
<§.gf§*g: €2.94E+04 <2,94E+04 <4,.50E-01 <4.50E-01 <¢4.50E-01 2.93E+01 1,.98E+01 2.79E+01 <9.01E+00 5.59E+01 3.77E-01
<1, + " \
<1.18E+03 <4.50E-01 1.76E+01 '
<1.04E+03 <4.508-01 1.17E+01
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
<8.22E403 <B.22E+03 <B8,22E+03 €2.25R-01 <2.25B-01 ¢2.25E-01 3.38E+01 2,.30E+01 2,84E+01
<1.04E+04 |
<2.25E-01 <2.25E-01 ¢2.25E-01 2.07E+01 3,.33E+01 3.08E+01 ;
3.01E+06 3.08E+01 7.57E+01 3.57E-02
3.20E+08 €2.258-01 <2.25R-01 <2,25R-01 3.38E+01 2.88E+01 2.88K+01  <4,50E+00 6.89E+01 4.73E-02
4.41E+05 9.01E-01 . <9.01E+01 <4.50E+01 i
2.16E+04 <2,25E-01 <9.01E+00 <4.50E+00 3.60K+00
3.96E4+03 <2.25E-01 <9.01E+00 <4.50E+00 4,85E-03

Solution samples (Sol) in pCi/ml .for all but Uranium, ug/ml for Uranium,
Rod samples in pCi/rod for all but Uranium, ug/rod for Uranium.
Rinse in same units as solution samples, sample was rinsed in 600 ml J-13 water.

Strip in same units as solution samples, test vessel was atripped with 300 ml 8M HNOJ,
An-241 values through 181-day rod sample calculated from Pu-239+Pu~240 and Am-2414Pu-238 values using Pu-238/(Pu-}

Rod rinse sample reported in pCil/rod (ug/roed for uranium).

A-11

39+Pu-240) activity ratio of 2.097.
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TABLE A.4
C5C-C HOLES DEFECT TEST RADIOCHEMICAL DATA

U Pu-239+Pu-240 Am-2414Pu-238 l Am-241% Cm-244 Cs-137
SAMPLE  VOLUME i Cs-134
DAY  TYPE ml pH UNFILTER 0.4 um 18 A UNFILTER O.4um 18 A UNFILTER 0.4 um 18 A’ UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
1 Soi 5 ;.ggé 7.00E-03 5. 00E-03 1.21g-01 2.66E+00 ' 1.26E+00 9.91E-01 8.06E+03 <7.68E+02
6 So 10 . 9.00E-03 8.00E-03 8.00E-0 2.30E+00 7.21E+00 Alpha<1.8 Alphacl.8 2.75E+00 3.47E+00 8. :
8  Rod <2.00E-02 Alphaci8 B aaEegq | TPAE08 T.43E08  4.95E205 4.50E405 4.30E+05
8 Rinse > 1.00E-02 <9.01E400 ¢9.01E+00 2.30E+05 1.25E+04
20  Sol s  8.228 1.00E-02 1.53E400 7.21E+00 4.23E+00 3.98E+00 1.95E+07 2 835408
30  Sol 15 8.aM 7.00E-03 7.00E-03 7.00E-03  9.91E-01 6.76E-01 7.21E+00 4.28E+00 3,51E+00 2.25E+01 2.35E+00 2,20E+00 B8.53E+00 2.70E400 1.94E+00 2.25E-01 6.94E+07 7.0
30  Rod 3.70E-02 5.41E+00 3.47E+01 | 2.42E+01 1.49E+01 5.59E+05 IBAOT 835407 g'gfgigf 3.88E406 3.50E+06
2§ §°% 26 8179 7.002-03 6.00 7.00E-03  2,25E+0 2'12!‘00 T 1.48R+00 6.AIE 1398100 2.7 R TR '
o . .00E- .00E-03 7.00E- .25E+00 1.B0E+00 3,15E+400 5.86E+00 9.91E+00 1.35E+01 .48E+ .ALE+00 T7.39E+00 .70E+00 4,95E+00 9.01E-01 8.42E+07 B.42E+
83  Rod 6.20E-02 Alphacid . 1.34E+06 Be07 8.02E007 2223528? 1.73E+08  4.B4E+08
120  Sol 15  8.563 5,00E-03 5.00E-03 5.00E-03 1.13E+00 1.B2E+00 1,58E+00 5.41E+00 6.17E+00 3.47E+00  3.22E+00 3.02E+00 4.07E-01 3.38E400 3.38E+00 <4.50E-01  7.97E+07 7.
::g gog 8.408 <2'°°§-°2 5 5.0 PRSI 2.30E+0 1'93§‘°; Jomer Toemor ;'335182 1198408 3. 758100
o 20 . 5.00E-03 5.00E-03 5.00E-03  9.01E-01 9.01E-01 <4,50E-O1 4.05E+00 3.15E+00 4.50E-01 .30E+00 1.40E+00 2.25E400 1.80E+00 <4.50E-01 7.25E+07 8. :
181  Rod <2.40E-02 1.35E400 1.138+01 , 8.64E+00 7.86E+00 3 iEgg O-S4E10T T.25Re07  3.55E406 3.35E406 3.54E408
223 Sol 250  B8.497 6.00E-03 6,00E-03 6.00E-03 1.62E400 1.35E+00 8.56E-01 6.76E+00 6.76E+00 2.16E+00  4.28E+00 3.11E+00 <1.35E+00 4.01E+00 3,15E+00 <4.50E-01 8.98E+07 6.94E+07 8,76E+0T7 3.25E+08 3,34E+06 3.28E+06
223 Rod <2,00E-02 Alphaci4 ' <1.35E+01
223 Rinse 600 1.00E-03 Alphaci.4 | <9.01E-01 2.32E08 1-03E405
223 Strip 300 2.00E-03 1.76E+00 5.86E+00 i 2.70E+00 2.70E+00 1.20E+05 5'723,03
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
20 Seol 20  8.420 <2.00E-03 <¢2.00E-03 <2.00E-03 Alpha¢i.4 Alphaci.4 Alphaci.4 <9.01E-01 ¢1.35E+00 <1.35E+00
20Bd e SOER e rooros eSS s o L
o . .00E- .00E- .00E- .T0E-01 3.60E-01 8.11E-01 B8.56E-01 Alpha¢<.9 <4.50E-01 <4.50E-01 <4.50E-01  <2.25E-01 <2.25E- : :
ng §°§ - o ‘2'885‘83 NN 3-2;§’°° ‘ §-1E-01 ? 4o 2.25E-01 2.25E-01 ;:335132 7.52E+05 7.21E+05 (g.éggzg; 3.26E+04  3.38E+04
o . . 2. 3 2. . 01 3.60E-01 4.50E-02 9.91E-01 8.56E-01 1.353:01 <9.01E-01 <9.01R-01 <9.01E-01 1.35E-01 1.80E-01 <4.50E-02  9.01E+05 8,92E+05 B8,24E+05 3.49E+04 3.B4E+04 3.32E+04
202 Sol 250  B8.540  3.00E-03 2.00E-03 3.00E-03  3,15E-01 2.258-01 1.80E-01 9.91E-01 6.76E-01 4.50E-01 <2.70E-01 <2.25E-01 <2.25E-01 1.35E-0 - -
205 Rad 3 b0 ARSI R ’ 2. 70801 2.253*03 1.35E-01 <1.35E-01 g.f;g:gf 9.46E+05 9,10E405  3.64E+04 3.T0E+04 3.55E+04
202 Rinse 600 1.00E-03 1.31E+00 7.21E+00 7.21E-01 4.01E+00 7.75E+03
202 Strip 300 1.50E-02 2.30E+01 1.09E+02 5.86E+01 5.77E+01 5.998+03 <7.21E402
Co-80 SrY-950 Np-237 ¢ Te-99 Se- -
SAMPLE VOLUME P : =79 C-14 I-129
DAY  TYPE ml pH URFILTER O.4um 18 A UNFILTER O.4um 18 A UNFILTER O.4 um 18 A UNFILTER ©O.4um 18 A ONFILTER O.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
1 Sel 5  7.851 '
€ Sol 10  7.835
8  Rod
8 Rinse b2 4
20 Sol 5  B8.228 {
30 Seol 15 8.171
30 Rod 3
51  Sol 2 {
63  Sol 25 8.179  <1.80E+04 <1.80E+04 <1.B0E+04 <4.50E-01 <4.50E-01 <4.50E-01  2.39E+01 1.58E+01 2.07E401  <1.58E+01 5.41E+00 1.91E-03
63  Red <4.50E+00 1.35E+02 <1.35E+02 :
120  Sol 15  8.563  <1.53E+04 <1.53E+04 <1.53E+04 !
120  Rod <1.04E+04 <4.50E+00 <9.01E401 <1.35E+02
181 Sol 20  8.408 <4.50E-01 <4.50E-01 <4.50E-01 <9.01E+00 <9.01E+00 <9.01E+00
181  Rod <4.50E+00 i <9.01E+01 ¢9.01E+0Y
223  Sol 250 8.497  <1.51E+04 <1.54E+04 <1.54E+04 <4.50E-01 <4.50E-01 <4.50E-01 <9.01E+00 <9.01E+00 <9.01E+00  <9.01E+00 9.64E+01 6.17E-03
223  Rod <1.04E+04 ‘
223 Rinse 600 <1.04E+03 <4.50R-01 1,04E+01
223 Strip 2300 <1.04E+03 <4.50E-01 1.44E+01
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
20  Sol 20 8.420  <1.04E+03 <1,04E+03 <1,04E+03 ¢4.50E-02 ¢2,25E-01 <2.25E-01 <9.01E+00 <9.01E+00 <¢9,01E+00
20  Rod <1.04E+04
gz Sol 20 8.440 <4.50E-01 <2.25E-01 <2.25E-01 <9.01E+00 1,04E+01 <8.01E+00 f
2 Rod !
154  Sol 25 8.200 7.03E+03 <9,01E+00 6.80E+01 4.71E-03
202  Sol 250 8.540 1.13E+04 <2.258-01 <2.25E-01 ¢2.25EF01  <9.01E+00 1.31K+01 ¢9.01E+00  <4.50E+00 4.46E+01 5.17E-03
202  Red <7.66E+03 5.41K+00 <9.01E+01 <4.50E+01 )
202 Rinse 800 <7,66E+02 <2.25E-01 ¢9.01E+00 <4.50E+00 4.95R+00
202 Strip 2300 2,21E+03 ¢2.25E-01 <9.01E+00 <4,50E+00 1.798-03
UNITS: Solution samples (Sol) 4n pCi/ml for all but Uranium, ug/ml for Uranium.
Rod samples in pCi/rod for all but Uranium, ug/rod for Uranium,
Rinse in same units as solution samples, test was rinsed with 600 ml of J-13 water.
Strip in same units as solution samples, test vessel was stripped with 300 ml 84 HNO3.
* Am-241 values through 181-day rod sample calculated from Pu-239+Pu-240 and Am-2414Pu-238 values using Pu-238/(Pu-239+Pu-240) activity ratio of 1,942.
g Rod rinse sample reported in pCi/rod (ug/rod for Uranium). '
A-13 ;




SAMPLE VOLUME
DAY TYPE ml
1 Sol 5
8 Sol 10
8 Rod
8 Rinse ¥
20 Sol 5
30 Sol 15
30 Rod
63 Sol 25
83 Rod
120 Sol 15
120 Rod
181 Sol 20
181 Rod
223 Sol 250
223 Rod
223 Rinse 800
223 Strip 300
20 Sol 20
20 Rod
62 Sol 20
62 Rod
154 Sol 25
202 Sol 250
202 Rod
202 Rinse 600
202 Strip+
SAMPLE VOLUME
DAY TYPE ml
1 Sol 5
8 Sol 10
8 Rod
6 Rinse X
20 Sol 5
30 Sol 15
30 Rod
63 Sol 25
63 Rod
120 Sol 15
120 Rod
181 Sol 20
181 Rod
223 Sol 250
223 Rod
223 Rinse 800
223 Strip 300
20 Sol 20
20 Rod
62 Sol 20
82 Rod
154 Sol 25
202 Sol 250
202 Rod
202 Rinse €600
202 Strip+
UNITS:

pH
7.718
7.944
8.158
8.078
8.9086
8.530

8.405
8.428

8.428
8.365
8.15
8.52

rH
7.718
T.944
8.156
8.076
8.908
8.530

8.405
8.428

8.426
8.365
8.15
8.52

TABLE A5
C5C-A UNDEFECTED TEST RADIOCHEMICAL DATA

1

v Pu-239+Pu~240 Am-2414Pu-238 An-241 Cm-244 Cs-137 Cs-134
UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A UNFILTER 0.4 um 18 A l UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A UNFILTER 0.4 um 18 A
1.680R-02 2.43K+00 6.31K+00 1 1.44E+00 2.278+04 1.13E+03
2.00E-02 2.00E-02 1.90E-02 9.01E-01 1.26E+00 2,52E+00 2{’2”2?8 3.83E+00 e.azzo?o 1.58E400 5,41E-01 2,98E+04 2.51E+04 2,24E+04 1.46E+03 1.38R+03 1,23E+03
2.00E-02 pha 9,32E402 8.
2.00E-02 <9.01E+00 <9.01E+00 3.25E+03 <s.§§§i8§
2.20E-02 2.97E+00 1.08E+01 2.88E+00 3.41E+04 1.89E+03
2.00E-02 1.90E-02 1.90E-02 2.43E+00 2,03E+00 1.53E+00 8.11E400 5.86E+00 3,83E+00 2,43E+00 7.88E-01 <4.50E-01 3.36E+04 3.46E+04 3,20E+04 1.81E+03 1.82E+03 1,683R+03
5.60E-02 2.70E+00 1.94E+01 ' 8.11E+00 <7.21E+0) <6.31E+03
1.80E-02 1.70E-02 1.80E-02 1.62E400 1.80E+00 5.41E+00 4.41E+00 Alpha<1.8 9.91E-01 1,04E+00 3.45E404 3.47E+04 3,24E+04 1.84E+03 1.88E+03 1,82E+03
6.00E-02 Alphac<i4 ' 2.72E+03 <6.31E+02
1.50E-02 1.50E-02 1.40E-02 1.89E400 9.48E-01 1.67E+00 6.17E+00 3.29E400 3,92E+00 1.898+00 9,01E-01 <4.50E-01 2,88E+04 2.95E+04 2,69E+04 1.51E+03 1.37E+03 1,39E+03
<2.00E-02 4.50E+00 2.43E+01 1.31E+01 8.80E+03 <8.31E+03
1.50E-02 1,50E-02 1.40E-02 6.31E-01 1.17E+00 1,22E+00 2.34E+00 3,20E+00 2,57E+00 7.21E-01 9.91E-01 <4,50E-01 2,99E+04 2.84E+04 2,88E+04 1.90E+03 1.27E+03 1,1BE+03
<2,40E-02 1.35E+00 6.31E+00 | 2.25E+00 2,.51E+03 <6.08E+02
1.30E-02 1.30E-02 1.30E-02 5.41E-01 9,46E-01 8.56E-01 2.16E+00 3.29E+00 1,94E+00 1.71E+00 1,08E+00 <1,35E+00 6.31E-01 1.08E+00 <4,50E-01 2,72E+04 2,75E+04 2,69E+04 1.22E+03 1.37E+03 1.01E+03
<2.00E-02 Alpha<14 ! 5.41E+00 2.50E+03 <8.08E+02
1
<1.00E-03 3.15E-01 1.22E+00 1,76E+00 7.66E-01 4.18K+02 <6.08E+0
2.00E-03 2.21E+00 1.17E+01 i 7.21E+00 6.31E+00 4.02E+02 <e.405»oi
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
<2.00E~03 <¢1.00E-03 <2,00E-03 Alpha<l.4 Alphacl.4 Alpha<i.4 <4,50E-01 <4.50E-01 <9.01E-01 3.40E+02 4.24E+02 2.36E+02 < + +
<2.00E-02 3.60E+00 2.07E+01 2.12E+01 1.40E+01 <6.35E+02 <§:gg§+gé €6.31E+01 <6.31E401
2.00E-03 2,00E-03 2.00E-03 2,70E-01 3.60E-01 5.86E-01 5.41E-01 8.11E-01 1.35E+00  <4.50E-O1 <4.50E-01 <4.50E-01 <2.25E-01 <¢2.25E-01 <2.25E-01 5.00E+02 4,.50E+02 4.86E+02 <B,T1E+401 <B.0BE+01 <6.40E+01
<2.00E-02 5.41E+00 4.23E+01 ; 2.97E+01 3.51E+01 5.23E402 <6.08E+02 )
2,00E-03 2.00E-03 1.00E-03 3.60E-01 4.95E-01 1.35E-01 8.56E-01 1,04E+00 3.15E-01  <¢9.01E-01 <9.01E-01 <9.01E-01 1.358-01 1,80E-01 <4.50E-02 1.02E+03 1.03E+03 9,23E+02
]
1.00E-03 1,00E-03 1,00E-03 2.70E-01 4,50E-01 3.60E-01 5,86E-01 1,.08E+00 6.31E-01 4.50E-01 <2.25E-01 <2.70E-01 <1.35E-01 1.80E-01 <1.35E-0 .10E+03 1.09E+03 1,19E+0
1.70E-02 <2.25E-01 <1.80E+00 2.07E+01 <4.50E-01 R {0 1.19E403  T.48E:01 <B8.11E401 <6.78E+01
1.00E-03 5.86E-01 3.47E+00 <2.70E-01 2.12E+00 <7.84E+01 <8,08E+01
i
Co-60 SrY-90 Np-237 Te-99 Se-79 c-14 1-129
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
|
|
1.44E+02 2.15E+02 1.90E+02 <4.50E-01 <4.50E-01 <4,50E-01 2.81E+01 1.87E+01 2.79E401 <1.58E+01 2.25E+01 6.04E-03
<4.50E+00 . <9.01E+01 <1,35E+02
2.53E+02 1.54E+02 1.40E+02 |
<1.04E+04 <4.50E+00 <9.01E+01 <1.35E402
2.87E+02 1.99E+02 1.50E+02 <4.S50E-01 5.41E-01 <4.50E-01  <¢9.01E+00 <9,01E+00 <9.01E+00
<4,50E+00 i <9,01E+01 <9.01E+01
1.47E+02 1.89E+02 8.51E+01 <4.50E-01 <4.50E-01 <4,50E-01 <9,01E+00 <9.01E+00 <9.01E+00 <9.01E+00 1.98E+01 5.41E-03
<1.04E+03 i
<1.04E+02 <4.501-01 ' 1.40E+01
<1.04E+02 <4.50E-01 i <9.01E+00
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER 5 .
L 0
W !
<1.04E+02 <1.04E+02 <1.04K+02 <4.50E-02 <4.50E-02 ¢4.50E-02 ¢9.01E+00 <9.01E+00 <8, 01E+00 ‘
<1.04E+03 ; ‘
. <4.50E-01 <4.50E-01 <4.50E-01 <9.01E+00 <9.01E+00 <9.01E+00 %
1.49E+02 l <9.01E+00 1.40E+01 7.21E-03
1.98E+03 €2.25B-01 <2.25E-01 <2,25E-01 <9.01E+00 <9.01E+00 <9,01E+00  <4,50E+00 1.213+ob 8.93E-03
<T.86E+03 9.01E-01 <9,01E+01 <4.50E+01 ‘
<7.66E+02 ¢2,25K-01 <9.01K+00 <4.50E+00 9.91E+00

Rod samples in pCi/rod for all but Uranium, ug/rod for Uranium,
Rinse in same units as solution samples, sample was rinsed in 600 ml J-13 water.
Strip in same units as solution samples, test vessel was stripped with 300 ml 8M HNOJ,

Rod rinse sample reported in pCi/rod (ug/rod for Uranium).
The C5C-A vessel broke during Cycle 2 terminal rinsing and was not stripped.

A-15

Solution samples (Sol) in pCi/ml for all but Uranium, ug/ml for Uranium,

'

i




4]
SAMPLE VOLOME
DAY TYPE [}
1 Sol 5
8 Sol 10
8 Rod
15 Sol 5
30 Sol 15
30 Rod
82 Sol 20
82 Rod
120 Sol 20
120 Rod
181 Seol 250
181 Rod
181 Rinse 800
181 Strip 300
20 Sol 20
20 Rod
71 Sol 20
7n Rod
154 Sol 25
195 Sol 250
195 Rod
195 Rinse 600
195 Strip 300
SAMPLE VOLUME
DAY TYPE ml
1 Sol 5
8 Sol 10
-] Rod
15 Sol 5
30 Sol 15
30 Rod
82 Sol 20
82 Rod
120 Sol 20
120 Rod
181 Sol 250
181 Rod
181 Rinse 800
181 Strip 300
20 Sol 20
20 Rod
71 Sol 20
n Rod
154 Sol 25
195 Sol 250
195 Rod
195 Rinse 800
195  Strip 300
UNITS:

pH

7.928
8.162

8.144
8.320
8.288
8.429

8.458

8.462
8.485
8.490
8.490

rH

7.928
8.162

8.144
8.320
8.288
8.429

8.458

8.482
8.485
8.490
8.490

TABLE A.8
1-9-24 BARE FUEL TEST RADIOCHEMICAL DATA

Solution samples (Sol) in pCi/ml for all but Uranium, ug/ml for Uranium.
Rod samples in pCi/rod for all but Uranium, ug/rod for Uranium,
Rinse in same units as solution samples, sample was rinsed in 600 ml J-13 water.

Strip in same unlts as solution samples, test vessel was stripped with 300 ml 84 HNO3.
Am-241 values through 120-day rod sample calculated from Pu-239+Pu-240 and Am-241+Pu-238 values

u Pu-239+Pu-240 Am-241+Pu-238 An-241% Cm-244 Cs-137 Cs-134
UNFILTER 0.4 um 18 A * UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
3.10E+00 1.59E+03 7.30E+03 . 4.44E+03 4.44E+03 1.12E+07 9,32E+05
4.50E+00 4.40E+00 4.20E+00 5.50E+02 4.86E+02 2,84E+02 2.45E403 2.04E+03 §,36E+02|  1,47E+03 1,16E+03 8,30E+0} 1.50E403 1.00E+03 3,08E+01 1.30E+07 1.32E+0T 1.25E+07 1.09E+06 1,09E+08 1.05E+08
8.30E+00 9,14E+03 3.29E+04 | 1.85E+04 1.53E+04 6.35E+05 4.,45E+04
4.B0E+00 4,32E+03 1.51E+04 7.34E+03 7.52E+03 1.42E+07 1.16E+06
4.80E+00 4.80E+00 5,40E+00 4.88E402 5.00E+02 1,82E+02 2,11E+403 1.98E+03 3.39E402 1,24E+03 1,08E+03 1,34E+01 1.20E+03 1,07E+03 1,80E+00 1.42E+07 1.41E+07 1,36E+07 1.13E+08 1,12E+06 1.08E+06
2,40E+00 4.14E+03 1,65E404 " 9.06E+03 7.84E+03 3.97E+05' 3,23E+04
4.90E+00 4.B0E+00 4.00E+00 5,27E+02 4.55E+02 1,88E+02 2.17E+03 1.73E+03 3,46X+02: 1.23E+03 9,14E+02 9,34E+00 1.22E+03 9.10E+02 1.44E+0t 1.42E407 1.40E+07 1.34E+07 1.13E+06 1,09E+06 1.05E+08
1.680E+00 2.91E+03 1.05E+04 5.33E+03 4.91E+03 3,86E+05 2,48E+04
4.80E+00 4,80E+00 4,20E+00 4,88E+02 4,.59E+02 2,07E+02 1,93E+03 1.70E+03 3,80E+02 1.06E403 8.79E+02 8.86E+00 1.08E403 8,87E+02 2,39E+01 . 1.28E+07 1.32E+07 1,30E+07 9.50E+05 9.73E+05 9.55E+05
1.10E+00 2.08E+403 8.15E403 4,46E+03 4.04E+03 ~ 5.27E+05 3.84E+04
_ 4,00E+00 4.00E+00 4.00E+00 4,55E+02 4,11E+02 2,17E+402 1.7TE403 1,5TE+03 4. 64E+02 . 9,73E+02 8,24E+02 7.61E+01 1.00E+03 8,51E+02 7.84E+0} 1,23E407 1.24E+07 1.25E+407 8.42E+05 B.56E+05 8.78E+05
2.00E+00 3,32E403 1.30E+04 6.80E+03 8.17E+03 7.07E+05 4,91E+04
8.10E-01 1,05E+02 3.79E+02 ; 1.85E+02 1.73E+02 1.31E+086 9.05E+04
3,20E+00 3.79E+03 1.44E+04 4 7T.25E+03 5.36E+03 '4,59E+05 : 3.17E+04
CYCLE 2, TEST RESTARTED IN FRESH J13 WATER
1.40E+00 1,40E+00 1,40E+00 2,48E402 2,3BE+02 1.94E+02 5.1BE402 5.00E+02 3.65E+02 8.15E+01 5.88E+01 4.50E+00  7.21E+01 5.77E+01 3.60E+00 2.26E+05 2.20E+05 2.17E+05 1.46E+04 1.26E+
1.30E+00 1.95E+03 1.32R+04 ‘ 1,3BE+04 1.10E+04 1.14E+05 <1.02E+04 1-26E404  1.34E04
2.10E+00 2,00E+00 2,00E+00 2,07E402 1.89E402 1.46E+02 4.28E+02 3.92E+02 2, 49E+02 8.11E+01 7.21E+01 5.41E+00  9.01E+01 7.66E+01 4,05E+00 4.23E+05 4,27E¢05 3.99E+05 2.82E+04 2,75E+04 2.48E+04
3,90E-01 1,50E+03 1.18E+04 . 1.04E+04 1.09E+04 3.79E+04 <1.24E+04
2.60E+00 2.60E+00 2.80E+00 1.73E402 1,73E+02 1,34E+02 J.65E+02 3.4BE+02 2.16E+02: §.51E+01 6,49E+01 3.33E+00  B8.4TE+01 7.03E+01 2.25E+00 6.94E+05 6.76E+05 B8.40E+05 4.18E+04 4.32E+04 3.TOE+04
2,40E+00 2,20E+00 2,10E+00 1.80E+02 1,.71E+02 1,.44E+02  3.7BE+02 3.38E+02 2,30E+02: 8.42E+01 6.17E+01 7.21E+00  B8.11E+01 5,41E+01 3.60E+00 8.15E+05 B8.24E+05 7.93E+05 4.B4E+04 5,14E+04 4,73E+04
1.10E+00 1.95E+03 1.47E+04 " 1.45E+04 1.25E+04 1.24E+05
8.50E~02 4.41E+01 1.578+02 8.42E+01 6.13E+01 2.37B+04 1.69E+03
5,20E-01 8.80E+02 2.49E+03 1.338+03 9,50E+02 4,45E+404 2,08E+03
i
Co-60 SrY-90 Np-237 1 Tc-99 Se-79 c-14 1-129
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A y UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
3.41E+04 :
1.83E+05 1.82E+05 1.42E+05 i
<B.TEE+02 i
3.53E+05 |
4.95E+05 4.86E+05 2,91E+05 .
5.41E+04 .
5,59E405 5.50E+05 4.28E+0S 1.80E+00 " 1.98E+02
2.95E+04
6.17E+05 8.26E+05 5.32E+05 9,46E-01 1,04E+00 1,17E+00 2.03E+02 2,25E402 2.03E+02
9.05E+04 .
g.§g§+gg 6.04E+05 5,54E+05 <4.50E-01 4.50B-01 4,50E-01 ' 2.12E+02 1.89E+02 1.89E+02 <9.01E+00 5.27E+01 5.90E-01
. +
7.93E+04 <2.25E-01 ' 1.94E+01
1.66E+04 4.50E-01 ' 2.03E+0%
|
CYCLE 2, TEST RESTARTED IN FRESH J13 WATER
é.zzzoos 1,22E405 1,07E+05 <2.25E-01 ¢2.25E-01 3,60E-01 2.30E+01 1.89E+01 2,34E+01
.26E+04
;.ggxoos 1.55E+405 1.22E+05 4.50E-01 4.50E-01 4.50E-01 ' 2.79E+0O1 2.03E+01 4,19E+01
.B2E+04 ‘
1.45E+05 1,47E+05 1,05E+405 3.42E+05 . 5.41E+01 5.41E+01 1,86E-01
: .
1.32E405 1.36E+05 1.13E+05 3.56E+05 3.60E-01 4.95E-01 3.60K-01 = 4.50E+01 7.21E+01 5.86E+01 <9,01E+00 4.50E+01 2.19E-01
4.73E+05 2.61K+05 1.80E+00 2. 258-01 " ¢9.01E+01 <9.01E+00 )
2,89E+03 9,01E+03 <2, 258~ | <9.01E+00 <9.01E+00 -
3.52E+03 5.23E+04 <2,25E-01 - <9,01E+00 <9.01E+00 5-86E200 1:335-82

o




SAMPLE VOLUME
DAY TYPE ml
1 Sol 5
8 Sol 10
8 Rod
15 Sol 5
30 Sol 15
30 Rod
62 Sol 20
82 Rod
120 Sol 20
120 Rod
181 Sol 250
181 Rod
181 Rinse 600
181  Strip 300
20 Sol 20
20 Rod
(8! Sol 20
71 Rod
154 Sol 25
195 Sol 250
185 Rod
195 Rinse 600
195 Strip 300
SAMPLE VOLUMR
DAY TYPE ml
1 Sol 5
8 Sol 10
8 Rod
15 Sol 5
30 Sol 15
30 Rod
82 Sol 20
82 Rod
120 Sol 20
120 Rod
181 Sol 250
181 Rod
181 Rinse €600
181 Strip 300
20 Sol 20
20 Rod
71 Sel 20
71 Rod
154 Sol 25
195 Sol 250
195 Rod
195 Rinse 600
195 Strip 300
UNITS:
*

Solution samples (Sol)
Rod samples in pCi/rod
Rinse in same units as
Strip in same units as

Am-241 values through 120-day rod sample calculated from Pu-239+Pu-240 and An-2414Pu-238 values using Pu-238 /(Pu-239+Pu-240) activity ratio of 2,026,

pH

8.021
8.157

8,169
8.325

8.315
8.448

8.473

8.460
8.460
8.500
8.480

pH

8.021
8.157

8.169
8,325
8.315
8.448

8.473

8.460
8.460
8.500
8.480

1-9-19 SLIT DEFECT TEST RADIOCHEMICAL DATA

TABLE A.7

|
A
v Pu-2394Pu-240 Am-241+Pu-238 : Am-241% Cm~244 Cs-137 Cs-134
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
6.00E-02 8.56E+00 2.68E+01 9.24E+00 1.04E401 3.56E+05 2.92E+04
2.00E-01 2,00E-01 1.80E-01 6.31E400 4.32E400 1,22E+00 2.03E+01 1.26E+01 2,12E400  T.49E+00 7.3BE+00 1.13E+01 6.31E+00 2,25E-01 2.73E+08 2.60E+08 2,70E+08 2.23E405 2.14B+05 2,17TK+05
4.30E-01 4.64E+02 1.77E+03 8.35E+02 8.30E+02 8.58E+04 4.73E+03
3.40E-01 3.80E+00 1.22E+01 4.B6E+00 5.86E+00 8.17E+06 5.14E+05
4.40E-01 4.40E-01 4.30E-01 5.41E400 5.41E+00 1.HO0E+00 2.16E+01 1.B9E+01 3.15E+00 1.07E+01 1,26E+01 1.22E401 1.13E+01 <4.50E-01 8.65L+06 B8.80E+06 8,33E+08 6.94E+05 7.03E+05 6,67E+05
4.30E-02 1.00E+02 3.85E+02 1.82E+02 1.82E+02 2,08E+05 1.64E+04
5,40E-01 §5,30E-01 4,.90E-01 7.66E+00 7.21E+00 2.84E+00 2.938+01 2.48E+01 6.98E+00 1.38E+01 1.6TE+01 1.23E+00 1.87E401 1.49E+01 1.78E+00 1.01E+07 31.05E+07 9.64E+08 8.20E+05 8,33E+05 7.78E+05
1.80E-02 1.26E+401 5.36E+01 2.81E+01 2.16E+01 2.85E+05 2.35E+404
7.20E-01 6.90E-01 6.60E-01 9.91E+00 9,01E+00 4,23E+00 3.4TE+01 2.88E+0L 7,66E+00 1.46E+01 1.89E+01 1.58E+01 1.31E+01 5.86E-01 1.26E407 1.25E+07 1.23E+07 9.B4E+05 9.50E+05 9.32E+05
3.00E-02 1.49E+01 6.62E+01 ‘ 3.61E+01 3.33E+01 2.52E+05 2.01E+04
8.50E-01 8.10E-01 8.20E-01 7.21E400 9,01E+00 3.60E+00 2,848401 2,75E+01 6,.76E+00 1.85E401 1,.49E+01 1.35E+00 1.58E401 1,.31E+01 9.01E-01 1.41E+07 1.41K+07 1.39E+07 1.05E+06 1.07E+08 1.01E+08
<2.00E-02 2.97E+01 1.25E+02 : 1.03E+02 : 6.26E+01 5.50E+05 3.65E+04
1.70E-02 1.94E+01 8.60E+01 5.45E401 4.10E+03 2.00E+05 1.40E+04
5.30E-02 7.70E+01 2.60E+02 1.86E+02 1.23E+02 3.198+04 2.23E+403
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER
1.40E-01 1,.30E-01 1.40E-01 6.76E+00 4.50E+00 4.50E+00 1.35E401 9.91E+00 9.46E+00 2,03E+00 1.58E+00 <1.35E+00 1.80E+00 9.01E-01 <4.50E-01 8.24E+05 8,38E+05 7.88E+05 5.54E+04 5,6BE+04 5,41E+04
1.40E-02 2.57E+01 1.20E+02 7.48E+01 6.76E+01 1.14E404 <9.46E+02
3.50E-01 3.50E-01 3,30E-01 7.66E400 7.66E+00 4, 50E+00 1.62E401 1.87E+01 7.66E+00 5.86E+00 4.50E400  <1.35B+400 3.60E+00 2.70E+00 <4.50E-01 2.81E+06 2.72R+08 2.88E+08 1.85E+05 1,81E+05 1.T4E+0S
<2.00E-02 5.32E+01 2.08E+02 1.22E+02 1.27E+02 2.05E+04 <1.34E+03
4.90E-01 4.80E-01 4.20E-01 7.66E+00 T.66E+00 3,20E+00 1.62E+01 1.62E+01 5.18E+00 5.36E400 3.78E+00 <4.50E-01 3.60E+00 3.15E+00 <9.01E-02 7.07E+08 6.89E+08 6.62E+06 4.30E+05 4,27E+05 4.07E+05
5.00E-01 5.00E-01 5,00E-01  7.66E+00 6.31E+00 3.33E+00 1.71E401 1.35E+01 5.41E+00 3.60E+00 5.81E+01  <4.50E-01 4.05E+00 2,.97E+00 <2,25E-01 7.84R+08 7.88R+08 7.70E+08 4.7TE405 4.64K+05 4.64B+05
<2.00E-02 7.21E+01 2,97E+02 ! 1,.80E+02 1.71E402 2.60E+05 1.41E+04
6.00E-03 5.86E-01 1.62E400 3.42E+00 6.76E-01 8.98E+04 3.83K+03
1.00E-03 7.21E+00 2.48E+01 1.08E+01 9.91E+00 8.71E+03 4.12E+02
|
Co-60 SrY-90 Np-237 Tc-99 Se-79 c-14 1-129
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A . UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A ONFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
1.43E+03 ,
3.59E+03 2.68E+03 4.01E+03
<1.04E+03
1.75E+04
4.7IE+04 4.20E+04 2,.37E+04
3.57E+03
7.88E404 7T.52E+04 6.04E+04 <4.50E-01 - 1.85E+02
3.92E+03
6.35E+04 6.58E+04 5.7TE+04 <9.01E-01 <9.01E-01 ¢9.01E-01 2.07E402 1.94E+02 2.0TE+02
8.11E+03 i .
1
4.68E+04 4.42E+04 4,42E+04 <4.50E-01 <4,50E-01 <4.50E-01 2.03E+02 1.98E+02 2.21E+02 <9.01E+00 7.21E+01 2.89E-01
2.4BE+04 ;
1.14E+03 <2.25E-01 <9.01E+00
7.07E+03 <4.50E-01 ' <9.01E+00
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER :
]
5.05E+03 5.41E+03 4,.38E+03 €2,.258-01 <2.25E-01 <2.25E-01 4.50E+01 4.95E+401 4,.50E+01 i
2.77E+03 : .
6.76E+03 7.0TE+03 5.14E+03. €2,25E-01 <4,50E-01 <2,25E-01 6.76E+01 6.7BE+Ol 6.31E+01
4.29E+03 .
8.40E+03 7.16E+03 3,79E+03 1.31E+05 L 7.66E+01 3.47E+01 1.69E-01
+ K
7.34E+03 4.95K+03 6.44E+03  3,02E+05 <2,25B-01 ¢2.25E-01 3.15E-01 7.66E401 8.56E401 8,11E+01  ¢9.01E+00 3.56R+01 2.17B-01
1.44E+04 . 3.15E404 ¢<9.01E-01 ‘ <9.01E+01 <9.01K+01 ]
2.37E+02 7.66E+03 <2,.25E-01 | <9.01E+00 <9.01E+00 2.25E+00
9.05E+02 1.17E+03 <2.258-01 ; <9.01E+00 . 1.01E-02

in pCi/ml for all but Uranium, ug/ml for Uranium.
for all but Uranium, ug/rod for Uranium,
solution samples, sample was rinsed in 600 ml J-13 water.

solution samples, test vassel was stripped with 300 ml 8M HNO3J,
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SAMPLE VOLUME

DAY TYPE ml
1 Sol 5
8 Sol 10
8 Rod
15 Sol 5
30 Sol 15
30 Rod
62 Sol 20
82 Rod
120 Sol 20
120 Rod
181 Sol 250
181 Rod
181 Rinse 600
181 Strip 300
20 Sol 20
20 Rod
(At Sol 20
k8 Y Rod
154 Sol 25
195 Sol 250
195 Rod
185 Rinse 600
195 Strip 300
SAMPLE VOLUME
DAY TYPE ml
1 Sol 5
6 Sol 10
8 Rod
15 Sol 5
30 Sol 15
30 Rod
82 Sol 20
62 Rod
120 Sol 20
120 Rod
181 Sol 250
181 Rod
181 Rinse 600
181 Strip 300
20 Sol 20
20 Rod
71 Sel 20
(At Rod
154 Sel 25
195 Sol 250
195 Rod
195 Rinse 600
195 Strip 300
UNITS:

PH

7.962
9.138

8.170
8.315
8.343
8.462

8.478

8.453
8.425
8.510
8.540

pH

7.982
8.138

8.170
8.315

8.343
8.462

8.478

8.453
8.425
8.510
8.540

1-9-12 HOLES DEFECT TEST RADIOCHEMICAL DATA

TABLE A.8

).
U Pu-239+Pu-240 Am=241+Pu-238____ Am-241% Cm-244 Cs-137 Cs-134
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER O.4um 18 A UNFILTER 0.4 um 18 A
2.13E+04 1.62E+03
. 20E~ 4.95E+00 1.31E+01 ) 4.67E+00 2,88E+00 .
2.10F-03 2.50E-02 2.10E-02 3. i7Ee09 1.89E+00 8.1IES00 $.66E400 Alphac.3  2:24E400  2.G5£400 2.078+00 1.318+00 LiiEgg J-SOmO 10003 O iEe0p | IOEYO3 8.02E403
1.10E-01 4.26E+02 1.558+03 . 8. . 3. 145403 S Ee
.90E- 2.66E+00 6.78E+00 2.26E+00 1.80E+00 .
§.goz-g§ 3.30E-02 3.50E-02  2.25E+00 3,60E+00 2.25K+00  7.8BE+00 9,.46E+00 2.70E+00  3.84E+00 3.36E+00 2.25E400 2.70E400 <4.50E-01  5.72E+05 5.72E+05 5.36E+05  4.59E+04 4.43E+04 4.25E+04
.00E- 1.98E+01 5,54E+01 2.19E+01 2. 12E+01 2,30E+04
‘3,285-85 3.20R-02 3.00E-02  2.18E+00 1,94E+00 B8,56E-01  B.76E+00 6.58E+00 1,B80E+00 3.1ogogo 3.30E400 3,53E-01 3.gg§:g? 1.58E+00 <4,50E-01 ;.iggzgz 7.75E+05 6,.8SE+05 i.zggzgg 5.90E+04 5,36E+04
.80E-0 3.02E+01 1.02E402 5.12E+01 . . .
;.IOE~Q§ 3.10E-02 3.70E-02  1.08E+00 2.34E+00 B8.56E-01  4.05E+00 6.76Es00 1.62E+00  2,22E+00 2.79E+00 1.73E-01  1.04E+00 2.16E400 9.01E-02 ;.;gg:gi §.98E+05 B.94E+05 g:gggig; 5.14E+04 5.09E+04
¢2.00E-02 1.0BE+01 3.42E4+01 1.59E+01 1.71E+01 : .
2.90E-02 2.90E-02 2.90E-02  1,.80E+00 2.25E+00 <4.50E-01  6,31E+00 6.31E+00 ¢9.01E-01 a.;fg*gg 1.35E+00 9.01E-01 3'%3%:82 1.80E+00 <4.50E-01 Z.;ggzgi 7.79E+05 7.6B6E+05 g:gzgtg; 5.32E+04 5.14E+04
<2.00E-02 2.39E+01 9. 88E+01 | 8.31E+ . . RN
<1.00E-03 2.25E+00 1.08E+01 i 8.76E+00 5.41E+00 3362403 3 ez
9.00E-03 1.76E+01 6.58E+01 ' 3.74E+01 3.02E+01 .
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER b
3.00E-03 3.00E-03 3.00E-03 9.01E-01 1.35E+00 2.70E+00 2,25E+00 A]P€a<1.4 <9.o;§-g{ ¢1.35E+00 <1.35E+00 <;.§g§;g§ <4.50E~01 ;.fgg:g; 4.135004 4.49E+04 <§:fg§:33 3.18E+03 2.83E+03
- . 5.09E+ . .
g'égg-gg 3.00E-03 3,00E-03 g:iggtgg 7.21E-01 7.66E-01 g.gfgigé 1.82E+00 1.sﬂzooo 1.50E+00 <9.01E-01 <4.S0E-01 <§.§2§:gi <2.25E-01 <2.25E-01 é.;ggtgg 1.13E+05 1.10E+05 <;.g;§:gg 7.81E403 6,89E+03
.00E- ) ) : LA1R+ 4.23E+01 . . .
<%Zgg§-g§ 4.00E-03 3.00E-03 éigggtg} 9.46E-01 5.41E-01 3,5,§,83 1.89E+00 1.04E+00  <4.50E-01 <4.50E-01 <4,50E-01  T.21E-01 ¢2.25E-01 <2.25E-01  1,4BE+05 1.46E+05 1.36E+05  8.92E+03 B.87E+03 8.47E+03
4.00E-03 4.00E-03 3.00E-03  7.21E-01 6.31E-01 4.95E-01  1.35E+00 1.49E+00 9.4GE-01 1.13§+go <4.50E-01 <4.50E-01 ;.gigzgi <2.25E-01 <4.50E-02 ;.gggigg 1.828+05 1,47E+05  B8,60E+03 9.10E+03 8.42E+03
.00E- 1.26E+01 5.27E+01 3.47E+01 . .
:f.ggg-gg 1,80E-01 4.058-01 5.41E-01 2,25E-01 é.gggzgg
1.00E-03 3.38E+00 1.22K+01 | 6.31E+00 4.32E+00 .
1
‘ . 1-129
Co~60 SrY-90, Ny~237 : Te~99 Se-79 C-14 —
8 UNFILTER 0.4 um 1
UNFILTER O.4um 10 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um  18'A UNFILTER O.4um 18 A UNFILTER 0.4 um 18 A UNFILTER O.4um 1B A
1
9,23E402 .
7.97E+02 7.12E+02 9,6BE+02
<1.04E+03
1.21E+03
2,958+03 2.94E+03 1,63E+03
9.77E+03 9.86E+03 6,49E+03 <4.50E-01 { 1.115401
8.56E+02 )
9.37E+403 8.70E+03 7.70E+03 <9.01E-01 ¢9,01E-01 <9.0{E-01  <1.80E+01 ¢1.80E+01 <1,B80E+01
2.09E+03 : 2.60E-02
7.39E403 7.61E+03 §.44E+03 <€2.25E-01 <2.25E-01 ¢2.25E-01  <9.01E+00 1.35E+01 <9.01E+00  <9.01E+00 1.87E+01 .
1.27E+03 ,
1.53E402 <4.50E-01 . <9.01E+00
9.73E402 <2.258-01 :' <9.01E+00
|
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER !
5.99E402 5,59E+02 4.23E+02 <2,25K-01 <2,25E-01 <2.25B-01  <9,01E+00 <9.01E+00 <9,01E+0D
<1,04E+03
6.53E+02 6.26E402 3,95E+02 <2.25E-01 <2,25E-01 <4.50E-01 <3.01E+00 <9.01E+00 <9.01E+00
<1.32E403 . 5.338-03
5.50E402 6.13E+02 4.04E+02  1,22E+03 <9.01E+00 3.29E+01 s
8.508-
4.73E402 4.10E+402 4.47E+02 7.86E+02 <2.25R-01 <2, 25R-01 <2.25E-01 <9,01E+00 <9.01E+00 <9.01E+00 <g.o§§:gg 3.42E+01
9,41E+02 <8.11E+03 2.70E+00 ¢9.01E+01 ¢9.01E+ 1 2. 708400
7.21E+02 ¢2.25E-01 ¢9.01E+00 <9.01E+0 . 1. 36E-03
1.40E+02 <7.66E+02 <2.25E-01 <9.01E+00 <9.01E+00

Solution samples (Sol) in pCi/ml for all but Uranium, ug/ml for Uranium.
Rod samples {n pCi/rod for all but Uranium, ug/rod for Uranium,
Rinse in same units as solution samples, sample was rinsed in 800 ml J-13 water,

Strip in same units as solution samples, test vessel was stripped with 300 ml &M HNO3,
An-241 values through 120-day rod sample calculated from Pu-239+Pu-240 and Am-241+4Pu-238 values using Pu-238/(Pu-239 +Pu-240) activity ratlo of 1.893,
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SAMPLE VOLUME

DAY TYPE
1 Sol
8 Sol
8 Rod
15 8ol
30 Sol
a0 Rod
82 Sol
62 Rod
120 Sol
120 Rod
181 Sol
181 Rod
181 Rinse
181 Strip
20 Sol
20 Rod
(a3 Sol
71 Rod
154 Sol
195 Sol
185 Rod
195 Rinse
195 Strip

SAMPLE VOLUME

DAY TYPE
1 Sol
8 Sol
8 Rod
15 Sol
30 Sol
30 Rod
82 Sol
82 Rod
120 Sol
120 Rod
181 Sol
181 Rod
181 Rinse
181 Strip
20 Sol
20 Rod
7 Sol
71 Rod
154 Sol
195 Sol
195 Rod
195 Rinse
195 Strip

UNITS: Solution samples (Sol)
Rod samples in pCi/rod
Rinse in same units as
Strip in same units as

ml

5
10

5
15
20
20

250

800
300

20
20
25
250

600
300

nl
10
15

20
20

250

800
300

20
20
25
250

800
300

pH

7.932
8.060

8.128
8.253

8.308
8.424

8.440

8.480
8.480
8.490
8.4€60

rH

7.932
8.080

8.128
8.253
8.308
8.424

8.440

8.4860
8.480
8.490
8.480

TABLE A.9

1-9-1 UNDEFECTED TEST RADIOCHEMICAL DATA

U Pu-239+Pu~240 Am~-241+Pu~238 Am-241 C-244 Cs-137 Cs-134
UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
1.00E-02 2.52E+00 4.50E+00 . 1.17E+00 1.13E+04 9.32E+02
1.10£-02 1.10E-02 1,10E-02 1.13E400 4.95E-01 8.11E-01 2.75E+00 1,26E400 1,.53E+00 7.21E-01 3.15E-01 <4.50E-02 1.25E+04 1.21B+04 1.11R+04 8.51K+02 8,38E+02 B,51E+02
2.00E-02 Alphaci2 ¢9,48E+02 <8.31E+02
1.10%-02 1.26E+00 3.20E+00 9.01E-01 1.20E+04 7.75E+02
1.10R-02 1,00E-02 1.00K-02 1.35R400 9.01E-01 3.15E400 2.25E+00 Alpha<.9 9.01E-01 9.01ER-01 1.17E+04 1.16E+04 1,09E+04 8.38E+02 6,85E+02 7.52E+02
<2.00E-02 Alpha<9 9.558+02
1.00E-02 1,00E-02 9.00E-03 1.178+00 9.91E-01 3.658+00 2,57R+00 Alpha<i.A 7.66E-01 B8.11E-01 1.05E+04 1.05E+04 1.01E+04 6.44E+02 6,22K+02 6.87E+02
1.80E-02 2,.88R+00 7.97E+00 2,52E+00 1.13E+03 <8.31E+02
9.00E-03 8.00E-03 9.00E-03  9.01E-01 7.21E-01 4.95E-01 3.158+00 2.30E+00 1,08E+00 9.01E-01 5.41E-01 3.15E-01  9.41E*03 8.83E+03 8.96E+03  5§.50E+02 5.72E+02 6,22E+02
<2.00E-02 1.89E+01 8.60E+01 3.60E+01 2,06E+03 <8, 98E+02
8.00E-03 9,00E-03 9.00E-03 4.50K-01 9,01B-01 1,35E+00 1.395E400 2,.70R+00 9,01E-01 2.25E+00 2.TOE+00 <1.35E+00 4.50E-01 9.01E-01 <4 50E-01 9.32R+03 9.28E+03 8,87E+03 8.04E+02 5,88E+02 5.72E+02
<2.00E-02 8.76E+00 1.98E+01 ¢1.13E+01 5.88E+00 1.61E+03 <8.0BE+02
<1.00E-03 <4.50E-01 1.17E+00 9.01E-01 4.50E-01 2.44K+02 <6.08E+01
<1.00E-03 4,37E+00 1.80E+01 4,50E400 5.8B8E+00 2.78R8+02 <8,65E+01
f
CYCLE 2, TEST RESTARTED IN FRESH J-13 WATER ‘
3.00E-03 3.00E-03 3.00E-03 4.50E-01 9.01E-01 4,50E-01 1.35E400 1.80E+00 g.01E-01 L35E+00 <1.3SE+00 <9.01E-01 <4.50E-01 <4.50E-01 <4 GOE-01 1.738+02 2.08E+02 2.27E+02  <8.08E+01 <6.08E+01 <7.70E+01
1.10E-02 8.11E+00 3,.51K+01 : <;.57E*01 ! 1.353‘0} <7.43E+02 <8.08E+02
2.00E-03 2,00E-03 2.00E-03 4.50E-01 4,.50E-01 5,86E-01 9,01E-01 9.01R-01 7.66E-01 ¢4.50E-01 <4.S50E-01 <4.50E-01 9.01E-02 9,01E-02 <2 25E-01 2.15E+02 2.42E+02 2.0BE+02 <6,08E+01 <8,08E+01 <B.08E+01
<2,.00E-02 5.41E+00 2,.34E+01 8.78R+00 1.13E+01 <6,49E+02 <8.08K+02
3.00E-03 3.00E-03 3,00E-03 3.60E-01 3.15E-01 1.80E-01 7.21E-01 8.31E-01 2,.70E-01 ¢9.01E-01 <95.01E-01 <9.01E-01 1.35E-01 4.50E-02 <4 SOE-02 3.02E+02 2.90E+02 2.21E+02
. i
3.00E-03 2.00E-03 2.00E-03 3.60E-01 2,70E-01 2.70E-01 4.95B-01 4.05E-01 4.50E-01 L25E-01 <2.25E-01 4.05E+00 <4.50E-02 <4.50E-02 <4 S0E-02 3.14E+02 3.19E+02 2.4BE+02
<2.00E-02 - 7.21E+00 2.97K+01 ' 22,255.00 1.17E401 <7.21E+02
<1.00E-03 <9,01X-02 2,70E-01 ' 4.05E-01 <9.01E-02 8.92E+01
<1.00E-03 1,13K+400 4,19E+00 ' 2.93E+00 1.98E+00 _ 1.06E+02
{
|
Co-60 SrY-90 Np-237 I Tc-99 Sa-T9 c-14 1-129
{ 1
UNFILTER 0.4 um 18 A UNFILTER 0.4 unm 18 A ONFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A UNFILTER O.4um 18 A UNFILTER 0.4 um 18 A UNFILTER 0.4 um 18 A
1.05E+03 !
1.12E403 1.07E+03 7.16E+02
<1.04E+03
1.14E403
9.28E+02 9.55E+402 §,54E+02
9.32E+02 1.01E+03 7.25E+02 <4, 50E-01 <9.01E+00 .
<1.04E+03 ;
7.ssx‘o§ 7.75E402 6.35E+02 <9.01E-01 ¢9.01E-01 <9.01E-01 <1.80E+01 <¢1.80E+01 <1,80E+01 i
1.87E+0 y
| :
g.zos+oz 6.71E+02 4.82E+02 €2.25E-01 <2.25E-01 <2,258-01 <9.01E+00 <9.01E+00 <9.01E+00  <9.01E+00 9.01E+00 7.60E-03
.32E+03 : r
<1.04E+02 <4.60E-01 <9,01E+00
2.42E+02 <2,.25E-01 <9.01E+00 ’
CYCLE 2, TEST RESTARTED IN FRESH J~13 WATER ' f
i :
<i‘§2!'°§ <1.04E+02 <1,08E+02 <2,25E-01 <2.25B~01 <2.258-01 <9.01E+00 <9.01E+00 <9.01E+00 !
<1.04E+0 :
9,59E+01 <2.25E-01 ¢2.26E-01 <2.25R-01 <9.01E+00 <9.01E+00 <9.01E+00
<1.04E+03 ‘ |
1.11E+02 1.82E+02 <9.01E+00 7.66E+00 6.17E-03
7.18E+01 8.74E+01 9.91%+02 <2,.25R-01 <2.25K-01 <2,.25E-01 <9.01E+00 <9.01E+00 1.80E+01  <¢9.01E+00 1.13E+01 1.17E-02
8.29E+02 <8.11E+03 <9,01E-01 , 1.89E+02 <9.01E+01 ,
<T.21E+02 <2,25E-01 <9.01E+00 <9.01E+00 2.70E+00
<7.6B6E+02 <2.25E-01 <9.01E+00 <9.01E+00 1.89E-03

in pCi/ml for all but Uranium, ug/ml for Uranium,
for all but Uranium, ug/rod for Uranium,
solution samples, sample was rinsed in 600 ml J-13 water.

solution samples, test vessel was stripped with 300 ml 8M HNO3.
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SOLUTION CHEMISTRY
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<B=1



pH
Al

Ca
Fe

Mg
Mo
Na
Sr
Si
Cl

PO
NO
NO
S0
co

W WM

TABLE B.1

SOLUTION CHEMISTRY* FOR THE
C5C-H H. B. ROBINSON BARE FUEL TEST

Cycle 1 Cycle 2
Starting 30 120 223 Starting 154 202
J-13 Water Days Days Days J-13 Water Days Days
7.2 8.2 8.5 8.5 8.0 8.2 8.56
0.11 0.09 0.10 <0.08 <0.08 <0.08 <0.08
<0.10 <0.01 0.09 0.26 0.21 0.21 0.23
15.0 12.7 12.1 12.3 11.2 12.6 12.4
-- 0.21 0.15 0.08 <0.01 <0.01 <0.01
5.5 4.5 2.8 2.2 1.95%* 5.46 5.2
2.1 1.8 2.1 2.0 0.93 2.00 2.00
0.08 0.26 0.21 0.20 <0.02 0.08 0.08
49.5 41.6 44.5 45.5 43.1 45.1 44,1
-- -- -- 0.06 0.04 0.05 0.05
31.9 24.5 26.2 32.7 30.6 36.4 36.2
7.3 7.8 7.3 7.6 7.4 7.7 7.5
2.7 2.4 2.1 2.2 2.3 2.4 2.1
2.8 -- -- -- -- -- --
-- ~0.5 ~0.5 0.6 -- ~v1.4 1.7
8.7 7.4 8.1 8.3 8.3 7.1 6.6
18.8 18.8 18.6 18.5 18.6 18.6 19.8
118.0 -- 120.0 118.0 121.5 112.0 112.0

*Units in ug/ml, 0.4 um filtered.
**ow value attributed to analytical error.
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pH
Al
B

Ca
Fe -

K

Mg

Mo

Na -
Si~
Sr -

Ct
F

PO4 )

NO

o4

C5C-E H. B. ROBINSON:-SLIT DEFECT TEST

TABLE B.?2

SOLUTION* CHEMISTRY FOR THE

2

*Units in ug/ml, 0.4 um filtered.
**_ ow value attributed to analytical error. "=~

'B-3

L Cycle 1 . . . Cycle 2
‘Starting 30 120 223 Starting 154 . 202
:J-13 Water Days - ° Days .Days -J-13 Water Days: . .Days

7.2 8.4 8.5 - 8.5 8.0 8.2 8.55:
0.1 0.11 0.10 "<0.08 - <0.08 - <0.08 " - <0.08

<0.10 <0.01 0.12 ~ 0.26 © 0.2 - 0.25:-  0.26
15.0 12.7 1.9 12.8 1.2 12.4 13.1
-- 0.82° *0.68 - 0.57 - <0.01 <0.01 <0.01
5.5 . 8.3 4.5 2.9 ©1.95%% 5.6 5.0
2.1 1.9 1.9 2.1 0.93 - 2.0 ’ 2.1
0.08: 0.06 0.03 <0.02 - <0.02 - 0.085.  0.089
49.5 40.4  -41.4 46,5 - 43.1 43.0 45.2

31.9 22.0 - ."23.6 31.0 .- 30.0 31.4 33.4
-- -- -- -.0.061 0.04 0.061" 0.065
7.3° 7.1 6.3 7.2 7.4 7.8 7.4.
2.7 2.4 2.1 2.2 2.3 2.4 2.1
2.8 -- -- e - -- --
-- n2.7 ~1.9 ~1.4 S n1.6 ~1.8 -
8.7 4.5 5.6 © 5,7 8.3 - 6.6 5.7
18.8 18.2 18.3  718.2 18.6 18.7 19.0

118.0 .- 123 122 - -121.5 115 114.5



TABLE B.3
SOLUTION* CHEMISTRY FOR THE .

C5C-C;H. B,-ROBINSON HOLE DEFECTS TEST

E . Cycle 1 . . Cycle 2
- Starting - 307 - . 120 223 - Starting - 154 202
. J-13 Water Days .- -_Days Days - J-13 Water Days - Days
pH.-.: 7.2 8.2 - 8.56 8.5 8.0 8.20 8.54
Al . 0.1 0.09. . .0.08  <0.08 <0.08 <0.08 <0.08
B - <0.10 | <0.01 0.05 0.19 0.21 0.21  0.20.
Ca. . 15.0 . 13.0. - 12.0 12.8 11.2 12.7 13.0
Fe: ... == 0.44. 0.32 0.30 <0.01 <0.01 <0.01
K .. 5.5 4.8.. . 2.7 <0.5 1.95%*% | 4.2 6.4
Mg: . 2.1 1.9 . 2.0 2.1 0.93 2.0 2.0
Mo . 0.08 0.05 . <0.02 - <0.02 <0.02: . <0.02 <0.02
Na.. . 49.5 44.2 - 44.4 43.5 43.1 41.4 43.6-
Si- . 31.9 23.6  24.5 30.1 30.0 33.6 32.4 .
Sro v .- - -- 0.042 0.04 0.04 0.042
C1 7.3 7.0 . 7.5 7.4 7.4 7.8 7.3
F - 2.7 2.4 2.2 2.2 2.3 2.4 2.1
POy-- 2.8 -- - -- -- -- --
NOZ' ;- n2.8 2.3 ~1.9 - 2.1 3.2
NO; . 8.7 4.4 5.4 5.5 8.3 6.4 5.7
S04.¢: 18.8 18.2 . 18.7 18.5 18.6 19.2 19.3
co3 .118.0 -- 122 118.5 121.5 113 113.5

*Units in ug/ml, 0.4 um filtered.

**xow value attributed to analytical error.
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TABLE 'B.4

SOLUTION* 'CHEMISTRY FOR ‘THE

C5C-A H. B. ROBINSON UNDEFECTED TEST

‘-B-5

oL i gyele Vel o - .. . o oo .Cycle2 o

7 Starting 30 120 ¢ 223 ' "Starting 154> 202
_.F%.J-13 Water - Days - :Days:: - Days. 7 “*J-13 Water  Days “ . “Days
pH =~ 7.2 8.08  '8.53  '8.43 - 8.0 8.15° -  8.52"
Al 0.11 - 0.08 <0.08 <0.08' <0.08" <0.08 ' <0.08"
B <0.10 ' <0.01 0.06 = 0.22--0 0.21 ©~ 0.20 . 0.18
Ca - 15.0 12.7 12.3 13.0 0 T m.2 s 12,97 13.0¢
Fe'  -- 0.06 i<0/01 <0.01°  <0.01 " 0.024°  <0.0]
K 5.5 3.4 7 3i§ 3.9 1.95%* 5.8 6.7 *
Mg * 2.1 2.1 2.0 2.1 0.93 2.1 2.1%
Mo 0.08° + 0.04 <0.02 <0.02° -  <0.02:"°  <0.02-- <0.02-
Na -+ 49.5 - 40.9 47.7 46.5 - 43,1 42.3 -+ 41.3
Si - 31.9 23.4 26.2 31.0 - 30.0° 32.4 7. 32.5:
Sr - b e e 0.04:-"  0.04 - 0.041" 0.041
c1 - 7.3 7.1 7.0 7.5 - - 7.4 7.7 7.2
F - 2.7 2.3 2.2 2.2 2.3 - 2.4 - 2.1
PO, 2.8 - a- -- - - -
NO, - n3.4 ~3.4 n2.8 7 -- ~1.8 n2.0°
NOg-~ 8.7 3.6 4.3 4.5 - 8.3 6.5 " 5.7
0,7+ 18.8 -7 18.1 18.6 19.1 7 ~18.6'- >  19.8° ° 21.6
€05 "1118.0 - 121 120.5 ' U121.5 13 114.5 -
*Units in pg/ml, 0.4 um filtered. v 7
*%Low value attributed to analytical“error.. /%7 IR R



pH .

Al
B
Ca
Fe
K
Mg
Mo
Na
Si
Sr
C1
F

PO,

NO
NO5
S0,
C03

5

[-9~24 TURKEY POINT BARE FUEL TEST

TABLE B.5
SOLUTION* CHEMISTRY FOR THE

Cycle 1
~ Starting 30 - - 181
.J=13 Water Days Days
7.2 8.32 8.46
0.1 0.89 0.14
<0.10 <0.01 0.20
15.0 12.3 13.1
-~ 0.1 0.14
5.5 1.3 3.5
2.1 2.0 2.0
0.08 <0.02 . 0.104
- 49,5 54.9 46.9
31.9 31.4 31.8
-~ -- 0.049
7.3 6.2 7.6
2.7 2.4 2.2
2.8 -- --
- - ~0.4
8.7 7.1 8.1
18.8 21.1 18.8
118.0 -- 117

*Units in ug/ml, 0.4 um filtered.

Cycle 2 .
Starting 154 195 =
J-13 Water Days Days
8.0 8.49 8.49
<0.08 <0.08 <0.08
0.21 0.23 0.17
11.2 12.6 11.6
<0.01 0.012 <0.01
1,95%* 4.7 4.8
0.93 2.0 2.0
<0.02 0.036 0.042
43.1 45,6 44.2
30.0 33.1 30.6
0.04 0.043 0.042
7.4 7.7 7.3
2.3 2.4 2.3
-~ 0.4 ~0,2
8.3 9.2 8.3
18.6 19.1 19.1
121.5 118 119

**Low value attributed to analytical error.
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TABLE B.6/

SOLUTION* .CHEMISTRY 'FOR THE.
I-9-19 TURKEY POINT:-SLIT :DEFECT TEST

B-7

Cycle 1 o ‘Cycle 2
Starting 30 18] Starting . 154 - . 195
.J-13 Water ~ Days -~ . _Days _J-13 Water : Days - - ' Days
pH 7.2 8.32 - 8.47 £ 8.0 Tt 8.50 . 8.48"
Al 0.11 .. <0.08 -~ 0.16 ..'<0,08 .:." <0.08 .: <0.08
B <0.10 -: <0.01 - 0.19 S 0.21 .- 0.21 "= 0.16
Ca 15.0 11.6 12.6 --11.2 . 12.6 12.0
Fe =« =-- 0.32 :0.26 S <0.01 7 0.01 <0.01
K 5.5 5.1 1.7 S 1,95%% - 7 5.9 4,2
Mg 2.1 2.0 2.0 0,930 . 2.1 L. 2.1
Mo .- 0.08 - <0.02 .. 0.115 .. <0.02 . 0.03 .~ 0.03
Na 49.5 48.8 47,2 T.430) Lo 480 ; 83.5..
Si 31.9 31.0 32.3 .-30.0 o 3.7 28.8
Sr -- -- - 0.041 .- 0.04 - 0.041 0.039
cr . 7.3 6.0 © 7.4 o 7.4 o 7.4 7.1,
F 2.7 2.3 2.2 2.3 - 2.4 2.2
PO, 2.8 -- -- . o-- : -- ==L
N02 -- -- ~-a1.6 -- - 1.3 w].?
NO3 8.7 3.8 .. 5.9 . 8.3 c 7.9 6.8
SO, 18.8 19.9 > 18.8 i 18.6 o19.0 18.7 .
Co; 118.0 -- - 123 - 121.5 : 119 RREL:
*Units in ug/ml, 0.4 um filtered. S o
**Low value attributed to analytical error.” i- ... o foundd a



pH®
Al

B . .

Ca:
Fe
K

Mg -

Mo
Na.

Si -
Sr-. -

Cl

Fo-
NOZ

NO5

S0,

TABLE B.7

SOLUTION* CHEMISTRY FOR THE
1-9-12 TURKEY POINT HOLE DEFECTS TEST

Cycle 1
Starting 30 181
- ..J=-13 Water Days Days
7.2 8.31 8.48
0.11 <0.08 0.15
<0.10 <0.01 0.19
15.0 11.7 13.0
-- 0.19 - 0.19
5.5 5.1 - 5.6
2.1 1.9 2.0
0.08 <0.02 0.027
49,5 50.0 46.4
31.9 29.9 34.1
-~ -- 0.041
7.3 6.0 7.4
2.7 2.3 2.2
2.8 -- --
-- -- ~1.8
8.7 4.5 5.6
- 18.8 19.7 ~18.8
118.0 -- 114.5

C03'

*Units in uyg/ml, 0.4 um filtered.
**Low value attributed to analytical error.

_ Cycle 2 5
Starting 154 - 195 "
J-13 Water  Days- Days
8.0 8.51 8.54:
<0.08 <0.08 <0.08
- 0.21 0.19 0.15-
11.2 12.8 11.8
<0.01 0.017 <0.01
- 1.95%* 6.7 5.4
0.93 1.9 2.1
<0.02 <0.02 <0.02:
- 43.1 43.9 43.6
30.0 32.3 30.5°
0.04 0.041 0.039
7.4 7.8 7.2
2.3 2.4 2.2
-- ~1.5 ~1.4
8.3 7.9 6.5
18.6 19.5 18.9
121.5 118 117

B-8



1(‘

pH
Al
B
Ca
Fe
K
Mg
Mo
Na
Si
Sr
1
F
P04
NO2
NO3
SO

4
CO3

TABLE B.8 -

SOLUTION* CHEMISTRY FOR THE
1-9-1 TURKEY POINT UNDEFECTED TEST . -

- Cycle 1 Cycle 2
Starting 30 . 181 Starting 154 195
J-13 Water ~ Days Days J-13 Water . Days - . Days
7.2 8.25 8.44 © 8.0 o 8.49 8.46
0.1 <0.08 0.14 <0.08 <0.08 <0.08
<0.10 <0.01 0.21 0.21 0.22 0.16
15.0 12.6 12.6 11.2 12.3 12.2
-- 0.34 0.34 - <0.01 : <0.01 <0.01
5.5 4.7 9.3 - 1.95%* 6.0 6.0
2.1 1.9 2.0 0.93 2.1 2.2
0.08 <0.02 0.035 <0.02 - <0.02 <0.02
49,5 47.6 46.8 43.1 43.1 45.6
31.9 32.1 33.5 30.0 o 32.1 29.1
-- -- 0.041 ' 0.04 0.042 0.038
7.3 6.2 - 7.5 © 7.4 : 7.4 7.2
2.7 2.4 2.2 2.3 - 2.4 2.2
2.8 -- - -- -- --
-- ~2.4 1.9 -~ 1.8 ~1.9
8.7 7.1 5.6 . 8.3 6.1 6.1
18.8 21.1 - 19.7 - .18.6 - 19.0 18.9
118.0 -- 121 121.5 118 119

*Units in ug/ml, 0.4 um filtered.
**Low value attributed to analytical error. -
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