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SPENT FUEL LEACH TESTS

Pressurizea water reaccor spent‘tuel rod segmenCS con—

taining small artificially lnduced claad;ng defects were :
leach testea in a test matrix that ‘also”incluaed rod
segments with undefected claadzng and rod segments which
were split open to fully expose the bare fuel. Results :
from the first test series conducted in deionized water

under alr at ambient not cell temperature are presented

ana discussed.

The amounts of measured fuel dissolution were two to
three orders of magnitude less for fuel contained in
artificially uefected cladding than for the bare fuel
removed from the claading. Post-test microstructural
examination of tuel particles from the bare fuel test
revealed significant grain boundary dissolution. Total
measured fractional release relative to inventory was
calculated for several rauionuclides. The actinides,
plutonium, americium, curium, and probably neptunium,
appeared to be released congrueatly with uraniume. :
Fission products cesium and technetium were both prefer-
entially released relative to their inventory.
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Rad1ochemical ana]yses descrxbed.in this! rep thwe re“ ed by,+ 0
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the direction of, A. C. Leaf of{ he‘HEDUXCheQiigsydgpgfAPalysas Section
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These analyses are a maJor portlon of the result§3reported

: ~ ~rz’é“M T35 m 3:3‘: ’

- : »:naéf”s HAIA
Spent fuel test specimens were prepared by NoHE Larson and M. E. Freed.

PR ERNAXE ¢ B 'r:..::“n A

Post-test ceramographic sections were prepared by R. D Bel] and
C. E. Chamberlin.
ity Sy P

formed by B. Mastel. Hot cell setup and samp]ing operatlons were performed
by C. E. Saari, R. T, Steele and D. V., Archer 'Spec1men preparation, test-

YRR

Scanning electron mtcroscopy of fuel_spec1mens was per-

ing, and examination were directed by the autnor, who gratefully recognizes

the yood work ang support contributed by. the above and many additional
unnamea HEDL personnel.

',."4'1 .

Tests described in this report were supggrtggygggigeﬂyﬁitg Pagkage Task of
the Nevada Nuclear Waste Storage Invest1gationsa(NNNSI);PrOJect‘ t Lawrence

BT R v AR 4 £y
Livermore National Laboratory (LLNL). :
work is V. M. Oversby.
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RESULTSJFROM‘N HSI% ERIES“]»SPENTn?UELJlEACH'TESTS'
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The US Department of :Energy (DOE) sthr Oughxthe Office ot CiviTian Radioact ve

Vo Peinasay et e ﬁvmﬁ Py SETS .um? Siarh) AN B LRI Tt DE ) T A
bl waste Management is actively;studyi githe: technical\feasibilzty of. permanent cooad
g VU T e Y B Sy L ﬁ& AU DN PR G ) e [ R § o P
e dmsposa] of h1gh-1evel nuclears wast 51 % eologic formations. ™ -A schedu]e for 1Y

? siti ing, 'I 1cé}1§’ihé : a‘nd”:co};s:trvuﬁc}iﬁjfi 12 ps];ne}‘o.‘ ’c)f‘?“fé:};e‘éyo'%‘ﬁb'r‘y s .?Stab_l 1Sh}9d
i‘ by the Nuc]ean Naste Po]1cyﬂ45t§of‘lg§ng?)ﬂPrtncapa]"geolog1c format1ons

- under cons1derat1on "for: the first: repositonyqinclude tuff, salt and basalt.
% The Nevada Nuc]ear uaslé's¥3£3§§‘fﬁzz?i{eai{zps (NN”SI) Proaect ’S ‘invest i-

o Tt 1..,,[5,‘} l""\_""n ’\.
gating the su1taba]1ty of the Topooah S%r1ng Member of the PaIntbrush Tuff
_. s . "" ‘ i" (4 .'"
at Yucca Mounta1n, Nye County, Nevada for deve]opment of a rep051tory
FLeemy e .' i rl s 4"' {.‘"f’ !

Lawrence Livermore Natlonal Laboratony (LLNL)’1s the ]ead contractor for the

AN

Waste Package Task in support of the NNNSI Proaect LLNL has’ chosen
Westinghouse Hanford Company (NHC) as a subcontractor to assist them in

L,_g.'-aa/r L )
oeterm1n1ng the requlrements fontsuccessfulgdlsposal ofzspent fuel rods in
IR M SETFTINEMANEL T Iy s ’W"a 21, SRR

the Yucca Mounta]n S1t g e T A2 :

A primary obJect1ve of tne NNNSI Haste PackangTask is to'determ1ne if and
how the Nuclear Regulatory Commlssaonscéou{?enents contained in 10 CFR 60(2)
can be satisfied. Additional appllcable standards are being preparea by the
US Environmental Protection Agency in 40 CFR 191. (3) Two pr1nc1pal waste

package requ1rements conta1ned“1n’10 CFR 60’(Sect10n 60 ]13) are.

1) “Containment of HLW:(n{gHLIegeIJWaste)’witn{n“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 reposi-
tory” (the containment perjod).

2) "The release rate of any radionuclide from the engineered barrier
system (waste packages and the undergrouna facility) following the
containment period shall not exceed one part in 100,000 per year of the
inventory of that radionuclide calculated to te present at 1000 years
following permanent closure.”
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[ pnincipal'mechanism»for ease.of;radionuclides from a fa1led waste

RO s LR !f‘bz*"'ﬂ‘;b ""‘ A NSRS R

ﬂeachIng of;tnegradionuclides 1nto groundwater and mlgratwon as a

RIS .'n,-‘,? k.:.‘.;,#r‘!xwgc-.';h ;:."' RGN

of roundwate flowsiiThescandidate rep051tory hor:zon for the NNWSI
P e S BT A

Proaect is

lded devitrified tuff«above the water table. ' However, a

. W
T AR RGO e LI “\‘ :ejf't“*"&*‘*xﬂ*\’hotfc R BRI T

limited _amount- of;wat er-infiltrating the rock may prov1de a potent1a1 trans-

B N R o ] AR LR £ j‘wﬂ~nj}¢nm‘ Wreh T v
~ port mechantsm for radionuclides»to the under1y1ng water table. Contact
RIN AR P LK '_)v';‘ : ’df.n" a3 9.‘{“{}-"%‘;}3. n?a\)«ﬁ.-.,. N RTIET
: between this. water and ‘the’waste: package is not expected to occur during the

SEAOE RN L Y AGIir -ﬂ)”-brf)r‘»tgh{%‘o‘—-\ﬂ WG T Yo
f1rst several1hyndreo xegrs‘rhenfthe(repos1tory temperature is greater than
. RSN A E R3] kETRIEE :
the 95°c bo1l1ng temperatdre ior water at the reposwtory elevation. After
A BRI ] PR )-‘1 e i 3 R St N I
the therna] period, one scenaqio(ﬁor\water contact with stored spent fuel is
"roly e vy P

the co]]ect1on of a near static. vo]ume of water in a failed waste package.

PY TR e r,-”--_._

The cond1twon'of stored fue] rods at th1s ‘time will be difficult to deter-
mine. Many of the rods may 'emaIn 1ntact some rods may contain breacnes but
not be catastropnlcally fa1lec, and others may be broken or more severely
degraded.

.“\',

The objective of the Spent Fue] Leach1ng/DISso]ut10n Tests beiny conductea
y o

by WHC in support of NNWSIAfWQWﬁ&ﬁMl’Lg’

spent fuel oehav1or and

radionuclide: eleas under NNNSI-proposed repository
e 1?9:1:“"‘*;‘1’:")1-;’-. S ERRW oy AP o

cond1t1ons. The 1n1t1a1 approa&hj1sito perform “sem1 stat1c" leach tests

p st > ihoed

»w1tn spec1mens representlng a; range of fuel phy51ca1 degradatlon unaer

conditions applicable to NNNSI. The Sermes 1 tests described in this report
viere conducted in deionized water., The Series 2 tests are similar except
tnat they use NNWSI J-13 well water.(4) Higher temperature is planned for
the Series 3 tests. Future tests us1ng fuel that has been degraded by
a1r/steam oxidation and test1n§ wlth d1fferent fuel types are also plannea.
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TEST 'Descmpnom{%&m- ]
- ¥ e

3. .y » “’2' . v : A i
Four spec1men types, representing range'of’potential states of spent fuel

i \’..«,.: f."""'(-__bw/'; Py q"'.’o( L TR

rod degradatlon under NNNSI-proposed conditionsﬁluer .1each-tested in de1on-

Lol .w

jzed water under air. at amb1ent hot’ce]l;temperature;(~25°c) “The Four
specimen types were: L

. Spent fuel
undefected

. Fuel rod segments W1th water-t1ghtnend f1tt1ngs’and Iaser drm]]ed
holes through‘the claddings “’3« §a+’ o NPT
4 N

2R u . y*.(
m &S _,ww. 7;3:

. Fue] rod segments_wlthawater-tight4end.ﬁittjn e
through the; claddtng. j%é@_ \tu?hﬁ{yt§3f$k¢$“§

. Bare fue] removed from a sp]it fuel' rod segment p]us the split
cladding hulls. . ~ K 5 1

Test specimens used for the Ser1es~1 deionized water tests were nrepared from
Turkey Point Unit 3 pressurized, watenhreactor (PNR) spent fuel rods. These

......

fuel segments had been prev1ous1y 5$Fﬁlgﬂ?d qt §§tt31]e Co]umbus Laboratorxes
(BCL) under air, patkaged in. ptne,plug-sealed metal tubes. and stored. at
Hanford Engineering Deve]opment Laboratory (HEDL, operated by WHC for DOE)
until the present specimens were preocred durwng June 1983. Fuel rod sec-
tioning diagrams and characterization data are contained in Reference 6.
Relevant fuel characteristics areisummari;ed in Tables 1 and 2. Identifica-
tion and descriptions for all Seqies}l‘test specfmens are given in Table 3.

wn‘&n;g\us ',“\‘,. L1

.

Test specimen radionuclide 1nventor1es and spent fue] compos1t1on usod in the
evaluation of results in this report were ca]cu]ated from ORIGEN-2 data for
) 10-year old spent PHR fuel compiled in Appendix E of PNL- 5|09.(7) Calcula-
tion of specimen radionuclide inventories is described in Appendix A.1.
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‘prmmary purpose of;test

ed cladding was
Y e u_;:-qg,:m\, TSP S

tQ~pronde an est1mate for;that pgrt}gg&gf#released radIonuclldes originating
'exter1or surfacefin,tests with’ defected c]add1ng. Two
F v ey YRS wigaih

‘types of cladding exter1or surface'_ctiv1ty*were present on the spec1mens.

1ng rod}specimens w1th undefect

d "crudggdeppsr}s’picked up in- reactor during
i T“x : ‘e PV X ‘214" ‘."'")“ *A g e
ﬁrad1atlon % The surface contamlgﬁtlon plcked'up dur1ng post1rrad1at1on
JeT St '; ;, LR “;.‘ .\‘( \,»\x_’;" Vs "’

sect1on1ng and handl1ng 1s”pr1mar11y in partzculate "material 'mich of which
fcan be wlped off! A large amount“of‘th1s type of postmrradlatlon surface
contam1natlon should not" br expected'on ndié roos ‘received at the reposi-
tory. - Crud deposits are mee- ‘adheren 4 aie expected to occur on fuel
received for repository storage. However, m : of the crud deposit activity
(i.e., 60Co) is relat1vely short 11ved 1n com,atISon to the repository waste
package contalnment per1od. RN
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*Elements comprising-less than 0.0001% (1 ppm) of
composition have.been omitted..
Reference 7 (PNL-5109), 10-year data interpolated
to 27.7 MNd/ng burnup, corrected for oxygen weight.
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.. Test’ Duration

H-6-1

H-6-24%*
J-8-12

: 3 -oaf‘-.'n.w

" ‘Bare fuel’ plus»sp]it
c]addmn

. Slit defectﬁmlso

.Undefected

e e i eans

-250'days, ‘restarted
§128 days

iy ‘.M‘ \ 'tr» ,"s‘ﬁ.:qthﬂ‘s B c»-':.)

.-\lh

*i"{

m'252 days, restarted

B r Pt

widg]by;Z cm“]o§9: 128 days
- 4 gg AR
Two 1aser-dril]ed;h61es - 244 days, restarted
2 128 days
One ]aser-drI]]ed hole 60 days

~200 um d1ameten( e

252 days, restarted

Undefected
' 128 days

Undefected

sy

. 1.5'

*A11 specimens from Turkey P01nt Unit'3 assemb]y Bl7 rods H-6 ?nd
J-8, sections numbered from bottom of rod, see HEDL-TME 80-85(6
for sectioning diagrams.

**Test H-6-24 was contaminated w1th'u60 ppm HpS04 and pH was
~3.0 for duration of test. :

Because of the expectzd low solub111ty ‘of the fuel matrlx ‘in deionized water,
an initial concern was test result bias from rad10nuc11des leached from the
cladding exterior contamination pickea up ddr1ng post1rrad1at10n sectioning
and handling. To avoid this potential probfem, specimen cladding exterior
surfaces were cleaned several times by wiping with alcohol-dampened wipes.

Faadys

Initial cotton swab smears from the cladding surface read 8000 cpm to

20,000 cpm alpha and 7 mR/h to 15 mR/h beta/ganma.

fuel and slit adefect specimens were decontamlnated to a few hundred cpm
smearable alpha before slitting in a ]ow contamlnatlon hot cell. Final

aecontam1nat3on and

assembly of the undefected, Iaser-drz]]ea, ana slit

The cladaing of the bare
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aspectally fabricated 316‘stainless steels fittingsi corporating ethylene
% ; R R 'Fi&ﬂm”}('&‘}x"‘" (., ,f\ T

propylenezo rangs compressed agatnst the ‘cladding:by:

(SRS ‘1 e y‘}\"\ ';:"-",x .
LA

top end fittIng conta1ned at small~ventfhole’abov the solutton level allowwng

L
e

It "! R et
the 1nternal free volume of{the defected cladding 3§st spec1men to fall with
i LI LR N

solution up to the external solut1on level %lEach test was started by addlng

-\uu (Y334
250 ml of de1onized water.. Each testuveSSEllal 1n1tially contained S1x
ved\and analyzed forlradmo-

nuclide plate-out The tests .were run 1n the HEDL 2325. Build1ng}$h1elded

fused quartz rods that could be periodtcall
.-J ub Iy

Analytical Laboratory. = - i

i
{t .7 RS

Ty s

¢ ey m————_p

2.4 TESTING AND SAMPLING

ar oo

- ny i

R IERESON
The tests were of a “seml-static" nature,.an that only small port1ons of the

test solutions were perlodtcally sampled and replentshed. The sem1 static

'tvhf

test allowed monitoring of solution charactertstlcstwath tlme wh)le allow1ng
the bulk of the solut1on to form a "stabllized system wlth the test spec1men

1 AQ,_;}‘," \ l'l ‘i' .-
and apparatus surfaces. Thas type of test is representattve oﬂ NNNSIlpro-
s S TR Y ]

posed conditions, where a f1n1te volume of ‘wate .wlthya‘very low flow rate

woula contact a potentially fa1led waste package durlng the post containment
A A .“l"g“-\

and post~thermal period. ) - fi? .

'

-~ - Cweerane '

Solution samples of lO-ml volume were taken ustng a fresh p1pette attached to
a syrlnge for each. sample.~ Constant»solut1on volume was ma:nta1ned by adding

,_‘ AR ,131».3:,» Tt
fresh dezonwzed water for each sampl emoved‘ iAppr x1mate solutton sampltng
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,vquartz rod samp]es were, aken“egproximatel aggdaysié 125S
: ; SO .?.. 44”‘)\“&'@ -'“‘"“JA A % ?Jr'(f. \i\\) e
240" The: rod. mg]es were«bqi efy; 4) with fﬁesb(d?ﬁ%ﬂjze iwater
5 \W o ""“ SRR, o Y, Nady .~4f ;
remove 1ose particu]ate a 1 s.%.nd ihe ?mmefse L,,

“u H-V' U:- _-}f 1“;\ ,',‘.
quartz tube fi]]ed

SV

for. radjonuclides th

u’é’i:tz "‘“d“‘ 43

54 o) ,;.,,. % ,",\'\"":"7;“"{?"" 5‘.»..:\4

Y BT 2 :i.ivf' =

were éia eﬁ% ‘thestest: spec mens’~w-_

i3, 4",,:‘”,tu“‘&*\/givﬁl“‘h"‘f"" ¢ 4 f&f L- Ve .'
he’bar e],‘the baref

“;sa'“pla;;_t
th'fgeshtdeioﬁized %ater’~

Wre

10ose particulate'or colloida]xparcicles“Jthe peoestaIS"nd bare fiel v’
baskets were placed back 1nto their.respective test' vessels ‘and each vessel

filled With' 300 mi of 8 H N0 £ stf%‘ﬁ‘féf}?adx‘onuclme platetout:
. : oo Ty G & I " 13 : é'J %) e

The following resu1t1ng sample types w ;e submitted for anaIySIS'
N ‘..'a'~‘s~ : .';4 m, FERCT
e« Periodic test so]ution'sampIes*”iﬂ
«  Periodic 8 M HNO; rod strip-solutions
« Final vessel 3 M HNOg strip solutions*:
‘e Bare fuel rinse solution

The four longest term tests, one of each specimen type (see Table 2), were
then restarted in fresh deionized water. Both solution and rod samples were
taken from the “second run" tests on days 15,.70 and.128. The second run
tests were terminated on day 128, the components rinsed with fresh deionized
water, and stripped with 8 M HNO3 as before. ‘The ‘final test specimens were
then sectioned, mounted, and examined ceramograph1ca]1y for evidence of fuel
corrosion or other microstructural’effects. ™'° ‘

*The pedestals and test vessels were acid stripped separately in the J-8-12
and J-8-19 tests.
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Fﬁ&d?.;b4Mest of th1s act1v1ty decays out
dur1ng the. 300-year m1nimum contatnment period dur1ng wh1ch time “substan-
t1a11y complete" waste package 1ntegrity 1s requ1red .Table 4 gives ORIGEN-
calculated re]atlve 1nventor1es fon,radlonuc11des with half-life greater than
one year and relative activity. greater than that of ]291 for a 1000-year old
33,000 MNd/MTM purnup PWR spent fuel.. .It shou]d be noted from Table 4 that
]291 activity .is an order of magn1tude below that given for 238U which
originates from the ore removed from the earth to originally fabricate the
fuel. Approximately 98% of the ca]cu]ated 1000-year activity is due to Am
and Pu isotopes, with an additional. ~0. 77% originating from 99Tc decay.
59N1, 63N1 94Nb ]4C ana ~8% of the 93£r are 11ght element activation products.
]4C activity, in particular, may vary since 1t -originates primarily from
activation of as-fabr1cated fue]*and3c1add1ng n1trogen 1mpur1t1es, which are

2.5.2  Radionuclides Analyzed'q

At]_samples were analyzed by a]pnai;gegtnqmetry,.gannw spectrometry, and
laser-excited fluorescence (for uranjum).J‘JQe\pHiwas also measured on all
solution samples as-sampled from the test vessels. After pH determination
and subsequent filtering (for later test solution samples), sample fractions
were acidified with ultra-high purity HNO% to stabilize the samples and
prevent plate-out. Alpha spectrometry gave results for 239Pu plus 240Pu,
238Pu plus 24]Am and 244Cm activities. Gamma spectrometry gave results for
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-fformed?onwlate.- .
Ngheremy gg g v
J C*and I4 analysis:were removea

‘.A r + X ~ - -ra . w‘?bﬂtvd —-.~ ------
sample fractlonS'bef re'acidification. Am- Pu separations were
: : S RN A AR 1ror o038 239
;rperformed on: later samples to determine\ Am act1vit1es., The Pu to Pu
'p]us.zqobu act1v1ty rat1os were determined lp.order to ca]cu]ate 24]Am

I-l .\h
giact1v1ty from 24"Am p]us 238P

_from so]ut1o

nd..27PUp ”1'249bu activities for early
‘3samp1es from threE.fests.3 As" Pest nggr?g(essedw'sensxt1v1ty of some of the
rad10chem1ca] methods was 1mproved by increas1ng counting times and using
larger samp]e volumes for specific countlng source preparations. A compar-
json of estimated detection limits, and levels in solution if 10™ -5 of
specimen inventory were dissolved in the 250 ml of test solution, are given

in Table 5.

2.5.3 Filtering

After the 180-day initial run samples from the four longest term tests, solu-
tion samples were split and filtered to give unfiltered, 0.4 um filtered
(Nuclepore stock number 110407 po]ycarbonate disc filters), and 18 & filtered
(Amicon Corporation Model CTS.1 membrane” co e’Ee;EF7TG§E‘f11ters) fractions.
Analyses for radionuclides that routinely p:;;;EEE‘TEETEGJdetectab1e limits"
results (795e, ]4C, ]291) were perfofmed only on unfiltered fractions. After
filtering, all sample fractions were then stabilized by adding ~2 vol% high
purity HNO3 to prevent loss of radlonuclides from solution. (]4C and 1291
sample aliquots taken before acidification. )
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,‘Uetection Limits = 1075 Inventory
Radionuclide Kpr/ml)‘:s (ppb) _.' (pCi/m1)*
281 7 0.0006 2400
A

238py - -spectrometryggéyﬁﬁu. -~ 3200

: ‘,followinghseparation 2 ’

239p, ' 1200

2374p a-spectromet;y‘ 0.3
following separation

137¢cs y-spectrometry 1000 0.01 1.0 x 10°

129 Liquid scintillation - 100 560 0.04
counting following .
separation

1291 Neutron activation . 10°5 0.0001 0.04
analysis

99%7¢ g -proportional 20%* 1.2 16
counting following
separation

795¢ Liquid scintillation 100 1.4 0.5
counting following
separation

14¢ Liquid scintillation 100 0.02 --
following COp ~
distillation

v Fluorescence -- 1 (1.8 ppm)

*Assumes 10=5 of test specimen inventory released to 250 ml.
**Using 3-ml sample and 100 minutes of counting time.
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. RESULTS AND DISCUSSION_
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A complete tabulatlon of radlochem1ca1"results reported as pCi activities
(vg/ml for U) 1is contained in the Append1x.; Tab]es of conversion factors and
instruction for conversion from'pC1 act1v1t1es to 1sotop1c and elemental con-
centrations are also conta1ned'1n the Append1x.

3.1 URANIUM RELEASE

Uranium measured in unfiltered sqution samples is plotted in Figure 2A. The
open data points connected by lines Jn F19ure 2A are for the initial test
runs on each spec1men. The 50110 da'é points‘are,for the second runs in

: qu%éiﬁ’deloniied'waterd The 10°° inven-
tory line is the concentration thatchbhiz reehlt in solution if 10~ -3 of the
uranium in the test specimen were’ d1sso]vea 1n the 250-ml deionizea water
test solution. Approximately one order of magn1tude mor?2 uranium was
measurea in unfiltered solution samples from the bare fuel test than from
the slit defect test during the first ~200 days, and approximately two
orders magnitude greater uranium was measured in the bare fuel test relative
to the laser-drilled test during this t1me.. About 200 days after initial
test start, uranium began dropplng out of solution and was reduced to 1 ppb
to 3 ppb levels in all unfiltered solution samples by 250 days. When the
tests were restarted with fresh deionized water, nearly identical behavior

was observed except that the uranium dropped out soconer.

Filtered and unfiltered solution uranium levels for the last_samples from the
initial test runs and the second test runs are given inJda b]e)6 ' se data
€ 20.001 ug/m]
(1 ppb). An initial supe}saturation may have occurrea early in the tests
accounting for the slightly higher 0.007 ug/ml and 0.006 ug/ml 18 A filterea
uranium levels, respectively, in the 15-day second run samples from the slit
and nole defect tests. With time, the colloids apparently gegggerunstab1e
and settle out. A much higher solubility limit of ~50 ppm has been

suggest that-actual uranium solubility in these tests w
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URANIUM MEASURED IN UNFILTERED;

) ,"3‘,‘?’}"‘:

Days . sF{ité;»:,:-. Bare';J;;qﬁngiﬁS]itwﬁy;; Holes: Undetected |
202 Unfiltered gl ¢ s - . |
e X o ;
~250  Unfiltered 0.003 0.003  0.002 0.002
0.4 um <0.001 <0.( 0.002 <0.001

18 A <0.001 <0.001 0.002 <0.001

Second Test Run

1% Unfiltered 0.40 -~ 2 0.020 0.023 0.013
0.4 um 0.004 7 0.012 0.011 0.005
18 & 0.001 0.007 0.006 0.003
/
70 Unfiltered .18 0.008 0.011 0.011
0.4 um 0.004 0.003 0.004 0.004
18 4 0.00 .0.001.  0.002 0.002
128 Unfiltered S 0.002 0.003 1o
0.4 um Gt 0,002, . 0.003 v.22.
18 A 12 0.002 0.002 *

*Best reported detection 1imit was 0.001 ug/ml1 (1 ppb).

predicted for U in NNWSI J-13 well water.(g) The higher solubility is
attributed to uranium complexing by carbonate in the J-13 water.*

The filters used to filter the 2024day‘soiﬁtioﬁ‘§émb]e from the bare fuel
test were examined by scanning electron microscope (SEM) and SEM-EDX (energy-
gispersive x-ray). Nothing was found on the filter surfaces. The ~1 ug of

*Uranium measured in initial samples from Series 2 bare fuel tests with J-13
water ranged from ~2 to 5 ppm. Essentially all ot the uranium in the '
initial >eries 2 samples passed both the 0.4 um and 18 A filters. !

17
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One test thh undefected c]addjnq»uasﬁinitiaII ?contaminated with ~603ppm
HZSQ4. The pH in this testvrangedf
from cladd1ng surface contaminatioh w
solution samples from this test.' ]

this test (250 and 271 days) 1nd1cated thatﬁng§t_gj;Ih1$ uranium ‘anium was in_ in’ true- ‘fi

P

_sglgtlon_(llo ppb-U_Jn both 18~£—f1133599-§$mp195 versus. 130 ppb before
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Uranium measured on fused quartz rod samp]es (Figure 2B) correlated with the
unfiltered uranium solutwon data. ‘Rod sampTes from the bare . fue] test
showed much more uranium p]ate-out than did rod samples from the other three
test types, which exhibited much less apparent collo1da1 uranium in the
"solution phase." Most of the plate-out apparent]y occurred before the
first rod samples were taken at 5 days in the init1a1 tests and at 15 days
in the second run tests. The 107 ~S 1nventory 11ne in the Flgure 2B plot is
107 -5 of the tota] uranium 1nventory 1n the 1n1t1a1 test spec1mens (each

An accounting of the measured re]eased uranauh for. the var1ous samp]e types
taken is given in Table 7. Two pr1mary obseruat1ons from the Jable 7 data
are: 1) total measured uranium re]ease from the bare fuel test was much
greater than from the slit or holes defected tests, ‘and 2) only a very small
fraction of the total measured uranium re]ease was in solution. Total meas-
ured uranium releases from the s1it and holes defected specimens were only
~4 and 2 times, respectively, the re]ease measured fram the undefected
specimen. Total measured re]ease from the bare f.. 3p. s~ was about

360 times that measured with the slit defect specimen ...y “ha.. 700 times
that measured with the holes defect specimen.. Greater release during the
initial test run may be due to early attack:and depl.*?sn of higher activity
material such as exposed grain boundaries, fine particles, or minute exposed
secondary phases (i.e., Cs-U-0 phases).

18
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3 are?FueLfv511t<Defect ;,Holes Defect Undefected

,«~$Q 3 ‘C-»Q‘n

In1t1a1 Test"Runwnﬁc C

. IR .

I So]ut1on:$amp]es ! - 0460, 0.27
. ".Z Rod Sample: E;“«~ . -2.00 0.19
- Final: So]ut1o RIS " 0425 0.50

840 2.70

50,34 0.24
5 0.85% 0.43
0.50° - 0.75
<1.50 <1.50

Z Rod Samp]esﬂﬁgx
. © Final-Solutjon™™"
. ' Test Vessel Str1p
T Bare Fuel Rinse**

Total Measured Re]ease

£ Above (ug) 'w?ﬁ' , e 1;:;f.i5if'jr” <14.44 <6.58
Divided by 10-5 Inventory ' i <0.0406 <0.0185

: a : ' é . “' i A
*Last solutlon,sam le is: 1nc]uded~1nt‘zinaluSolutlon“ va]ue.
**Bare fuel was’ ultrason1ca11y cleaned 'in 500 ml” deion1zed water when the run
was terminated to produce the “R1nse“ samp]e._

Post-test ceramographic examination of bare fue] partlcles from the H-6-19
test showed clearly visible corrosion of the partlcles. As shown in Fig-
ure 3, the attack occurred preferent1a]1y at graln boundar1es. Grain bound-
aries, not v1s1b1e 1n pre-test “as-po]zshed“ ceramograph1c sections, were
resolved up to 100 um in from the part1c1e surfaces. Another indication of
the grain boundary attack was the amount of>gra1n "pul] out" during ceramo-
graphic section preparation observed near the bare fuel particle surfaces.
The total measured release of ~0.028% of the uranium in the bare fuel test
corresponds to an equivalent unitorm corrosion depth of ~0.1 um (assuming
-2-mm diameter spherical particles). This amount .of total fuel dissolution is
consistent with the post-test particle appearance in ceramograpnic sections.

W - T, - TN 3w . - 3
ﬂ—‘E_TEE— ST e “r 4wt e rer

;‘4\:3 E P
i Ap gty R
A S L

VLSS 2L s 4k

75 cvrarmov e ¥, acmas

iy iy 07,

128 AL R 2Oy,

TIVRA M 1 T Py ek b g § VAL




o oy

VL T g,

NSO R

e v b et e« -

, -

W

-19

-6

icles from H

'of'Fuelibarf
Corrosion.

S
Grai

“ N\

ohic

rap

g

ished Ceramo
Bare Fuel Test Showing.

As-Pol

FIGURE 3

K
3
A

.

:Boundary

B

AL v R

-




SR ,Jm% st R
555 {OREthrOUghTONEZ0FeE P028-2! ecim $1as
.,»grh*ﬁk,u~~'ﬁ$s- Ly St RATS IS} AT
kj%aFj_gune \eERThestue _‘ll:?r;tf';acgﬁ 45« romz‘the laser-
;’"“n».'f" 2 S AN R A5 >4 lJ
d; | S$3S qypﬂjggﬁigﬁre / ';q'.x%ao 2 o.g Qventory total
‘”egfasemfromxthisispecimen po Bdsito*an}jstimaQE"*~du1va1ent

R S P %"%ﬁ% 5
g pth*ofxonly «a Hfromat erspecimen intanal“fuel particle

\n, (\{ -‘va,. r.-«) ,.\ ,,uv

e videnc offfuel soluﬁ?on at«theﬁfuel”cladd1ng gap

\--; r o1

s*waS'observ § specimen é§51m11ar1y,ul1tt1e
en ed

1‘ Lo »fﬂl e
“1n hewfuel-claddingagap or along
- ',:",""7"‘ ’“6” '\A ) a“i"w' ( . " " W *

-test, eramographicxsectio of-
s R B RIS A O R AR '\\"‘"“ i,
o one apparen iintergranu]ar attackfareaﬁwas observed at
ALY '3 \ 52k .f“ ‘»—ﬂ‘" T AR

1ocation§(F?§ure SB),wana reas of corroded-appear1ng fuel
¥ 1: ‘vo1d (1 to

G TRR R TIA Ya X L ST o e
Jwere.observed: (Figure 6 VO

-~ T’-" i "5’7'““’2" f’; g’ﬁ ‘t ' s
from: thenslit.;;

X it
_ 1de of«the,specimenv The vo1d area
L Unden AR C LGB R T3¢0 2y oY 15 P M‘\Ff ERCTTRING A m
shown in F\gure 6 probably resulted from ueJ movement when the spec1mens
were ormglnally prepared at BCL.f (At this t1me, the fuel column was pushed
up and down in the c]addlng to, remove ~1 in. of fuel from -each end of the
spec1mens ) Intergranular penetrations equ1va1ent to those observed on bare

fuel test particles were not ohservedﬁln,theasllt defect section.

3.2 PLUTONIUM RELEASE

The Turkey Point fuel tested is ~0 8% PuOZ, which is thought to be in solid
solution with U02. At 1000 years. Pu.isotopes account fur ~44% of spent fuel
Ci activity as calculated by ORIGEN.(

s,j At~10 000 years, ?39Pu plus 240y
accounts for ~90% of the act1v1ty. Pluton1um release was evaluated using
239Pu plus 240Pu activity levels. Act1vity of these 1sotopes in unfiltered
solution samples is plotted as a funct1onqof samp]ing time in F1gure 7A.
Plutonium plate-out on fused quartz rods is shown in ngure 7B. Total meas-
ured Pu release and the distribution of measured release between different
sample types is given in Table 8. |

Most of the Pu activity measured in unfiltered solution was also measured in
0.4 ym and 18 & filtered solution samp]e fract1ons. The rew percent of the
. Pu activity lost on the filters appeared to be 1ndependent of solution Pu
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Initial Tést'RUn
z bolut1on Samp]es*»
£ Rod bamples oL
Final-'Solution -,

[Pu- (ppb)]**
Test Vessel $trip
Bare Fuel Rinse

b

Second Test Run -

£ Solution Samples*
Z Rod Samples"
Final Solution

(Pu (ppb)J**
Test Vessel Strip
Bare Fuel Rinse

Total Measurea Release

£ Above (nCi) 7940 103.8 20.63 7.98
Divided by 10~5 Inventory 27.96 0.341 0.0690 0.0267

*Last solution sample is included in "Final Solution" value.
**Calculated plutonwum (a1l isotopes) concentration in the fuel unfiltered
solution sample in ppb (ug/e).

the s1it defect and holes defect specimens. The amount of both U and Pu
release measured in the holes defect test may not be significant in compari-
son to release from the undefected specimen, since the differences observed
could also be attributed to variations in the effectiveness of pretest
specimen surface decontamination. '

3.3 AMERICIUM RELEASE

The activity of 24]Am in spent fuel increases substantially during the first
~100 years after reactor discharge as,a result.of: 24]Pu beta decay (13-year
half-life). 24]Am with a 458-year half lIfe};accounts for approxxmately
half of the total Ci activity in 1000-year bld spent fue].-:Amer1c1um was:
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U counting' p]us a1pha spectrometry in*the;]aten~samp1es‘ rom the Four longest

'.( \\‘(— ooy ("'

term. tests. The 238Pu/(239Pu + ?ﬂOPu) rat1os were radiochemica]]y determined
for samples from the bare- fue], sl1t defect and holes defect specimens.

This ratio was then used to calcu]ate 24]Am from 239Pu + 240bu and 24]Am +
238?u data for the rema1n1ng “initial run samples from these tests. Calcu-
lated 24’lAm values for initial run samples from the H-6- 1 undefected clad-
ding test were not obtained because the requ1red a]pha act1v1t1es in this test
were too low to obtain reliable results.

The calculated and measured 24]Am activities in unfiltered solution samples
are plotted in Figure 8A. The overall 24]Am release data are given in

Table 9. These data suggest that Am was released congruently with U and Pu.
The observed differences in fractional total measured release between Am and
Pu and U could be explained-by the apparently very low solubility of Am in
these tests and the probability that colloidal or plate-out Am was not
totally accounted for. Congruent 24]Am release with U and Pu is consis-
tent with its expected state as an oxide in solid solution with the UO2

fuel matrix.

Most of the measured 24]Am release was in the test vessel strip solutions.
The highest 24]Am activities measured radiochemically in unfiltered and
0.4-um filtered bare fuel test solution samples were ~14 nCi/ml (~5 ppb) in
the 15-day second run unfiltered sample and ~3.7 nCi/ml (~1.3 ppb) in the
128-day second run 0.4-pm filtered sample. The highest 24]Am activity
measured in 18 A filtered solution samples was ~100 pCi/ml (~35 ppt).
However, Am absorption by the 18 & membrane filters may account for the much
lower 24]Am activities measured in the 18 A filtered samples. Am solubility
of ~2.4 ppb has been predicted(g) in NNWSI groundwater.
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Bare'?héiﬁ; Holes Defect Undefected
Initial Test Run
£ Solution Samples* 7336 7.92 0.400 --
z Rod Samples 660 6.36 0.668 --
Final Solution . 49 1.58 0.450 <0.225
[Am (ppt)]** --(70) . (2.3) (0.64) (<0.32)
Test Vessc, Strip 8490 - 77.97 9.865 4.595
Bare Fuel Rinse 430 -- -- --
Second Test Run
Z Solution Samples* 197 2.43 0.505 0.095
Z Rod Samples 92 7.58 2.851 0.309
Final Solution 1273 0.56 <0.338 <0.338
[Am (ppt)]** (1822) (0.81) (<0.50) (<0.50)
Test Vessel Strip 552 26.08 3.514 0.811
Bare Fuel Rinse 525 -~ -- --
Total Measured Release o
z Above (nCi) T 30,48 <18.591 <6.373
Divided by 10~ Inventory 21.7 7 0.208 < 0.0302 --

*Last solution sample is included in "Final Solution" value.
**Calculated Americium concentration (all isotopes) in the final unfiltered
solution sample in ppt (ng/e).

3.4 CURIUM RELEASE

Relative to Pu and Am isotopes, curium activity from spent fuel will probably
not be significant during the repository post-containment period. However,
244Cm, with a half-life of 17.6 years, represents a significant portioen of
the total actinide activity in the ~8-year old spent fuel used in these
tests. 244Cm activity measured in unfiltered solution samples is plotted in
Figure 9A, and 244Cm activity measured on fused quartz rod samples is plotted
in Figure 9B. The overall measured 244Cm release data are summarized in

Table 10.
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:-_ZGQCm RELEAQE DATA (an)

ST S PR iﬁn};wzfﬁblnfs . ‘
Bare Fuel . Slit Defect Holes Defect Undefected
Initial Test Run
z Solution Samples* 512 16.5 0.338 0.110
£ Rod Samples 887 - 4. 0.818 0.197
Final Solution. -73 1.6 0.113 <0.225
[2%cm (ppt)]** (3. 5) (0.08) (0.005) (0.011)
Test Vessel Strip 7500 144.6 10.680 2.568
Bare Fuel Rinse 565 -- -- --
Second Test Run
£ Solution Samples* 393 4.1 0.491 0.086
£ Rod Samples : 124 14.4 2.730 0.105
Finzl Solution 2487 1.0 0.225 0.113
[2%4Cm (ppt)]** (119) (0.05) (0.011) (0.005)
Test Vessel Strip 588 39.0 2.703 0.513
Bare Fuel Rinse 171 -- - -
Total Measured Release
£ Above (nCi) 13,300 235.3 18.098 < 3.917
Divided by 10-5 Inventory 30.0 0.49 0.039 < 0.008

*Last solution sample is included in “Final -Solution" Value.
*#2440m concentration in the f1na1 unf11tered so1ut1on samp]es in ppt (ng/2).

AT

A notable observation on 244

larity to 24]Am data plotted in Figurres 8A and 8B.

been released congruently with the actinides U, Pu and Am.

ch aatSibﬁoiféd in Figures 9A and 9B is its simi-
Curium appears to have
(The lower appar-

ent fractional U release relative to Pu, Am and Cm in the slit defect speci-
men may be explained if much of the U released from the fuel was tied up by
colloid particles that did not move out of the specimen.) The highest 244Cm
activities measured in solution samples from the bare fuel test corresponded
to ~330 ppt (15-day second run unfiltered sample),
(~12 pCi/m1) passed the 18 &4 filter.

of which only ~0.14 ppt
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- : pent’tue] tested At 1000 years, the~
“‘only: 519n1f1cant Cs act1v1ty~remaining.is?l?SCs. whlch has a3x 10 year

half-1ife and accounts for'~0 02%‘of”total t1 act1v1ty at 1000 years..

]37Cs act1v1ty measured in unf11tered so]utlon samp]es is plotted in Fig-

ure 10A. Approximately O. 1% of the bare fue] specimen ]3705 ‘inventory
entered the solution an the flrst day. of the-initial test run, ana ~0.2% of
the bare fuel ]37Cs act1v1ty was in solut1on a few days later. The hlghest
measured ]37Cs solution samp]e act1v1ty in the bare fuel test corresponds to

a 220 ppb concentrat1on. After 60 days, the ]37Cs activity in unfiltered
solution over the bare fuel began to decline to levels less than that measured
in the s1it defect and holes defect tests. Much of the ]37Cs that cft the
solution phase was not accounted for in the final vessel strip or bare fuel
]37Cs wes measured in solution during the second run.
However, Cs was still preferentially released relative to inventory during
the second run, suggesting that not all of the “free" Cs (at fuel cladaing
interface, cracks anag grain boundar1es) had been released during the first
run. As in the first run, 13?Cs act]y1ty in solut1on over the bare fuel

second run of ‘the test._

v~t v~nﬁv-

rinse solutions. Less

decreased with time dur1ng the_

ur;

In filtered samples, the fract1on of the ]37Cs act1v1ty passing the 18 A

filter rangea from about 40% to 81% . Because of its high solubility, loss
of Cs from solution with t1me or f1lter1ng was not expected. The fraction
of Cs removed by filtering was independent of the amount in the unfilterea
solution. The only correlation witn the Cs filtering data noted was that a
larger fraction of Cs tended to be removed.by filtration of samples from
which a large portion of the uranium was also removed by filtration. This
suggests that a portion of the Cs may become associated with the colloiaal
uranium phase. '
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data fonreachotest'andtsample.ty e+are-given' : ISR
(AN H ’(‘"‘a-"l‘%\‘“u kB ?‘wk.‘z«.,-‘ 9 Jearan S OMAT ST e i A

nventoryptotal mea uredf eleaseo Value

,': ( } g\ }f } Jf “‘

‘-w" -

'b 2% ‘of Tthe’ sPecimen 1 v\f"’ﬂ'z' SRS
was in so]ution ét 30 days.UMCorrecting for the ]37Cs that dropped out. of
solution and was; not accounted for”in the termina] strip“ana r1nse solut1ons,
total 137Cs release 1n the bare fuel tes 3 estimated to be ~7bOO uCi or
~0.3% of 1nventory.' F1551on gas release for the H 6 Turkey Po1nt rod from

& which the bare fuel specimen was prepared“is reported to be 0 3%.( ) This
gt agrees with results previously reported for CANDU fuel by Johnson et a1.,(]0)
; in which fast Cs release approximately equivalent to the fractional fuel

fission yas release during irradiation was observed.

TABLE 11
137¢s RELEASE DATA (uCi)

Bare Fuel | S1it Defect Holes Defect Undefected

Initial Test Run

z Solution Samples* 1003.6 579.73 296.77 0.363
Z Rod Samples 25.4 .. 2.10 1.64 <0.020
F1n1] Solution 129.5 2432.43 1033.78 0.538
7Cs (ppb)J** (6.0) (112.9) (48.0) (0.025)
Test Vessel Strip 281.1 - 10.77 6.92 0.057
Bare Fuel Rinse ~— 84.9 .. -- -~ --
Second Test Run ' .
£ Solution Samples* 83.2 38.24 34.10 0.0M11
I Rod Samples 1.5 0.39 . 0.53 <0.006
F1n35 Solution 144.1 872.75 948.20 0.102
7¢cs {ppb) J** (6.7) (40.5) (44.0) (0.005)
Test Vessel Strip 19.3 2.36 4.98 0.019
Bare Fuel Rinse 165.3 -- -- -~

Total Measured Release

£ Above (uCi) 1937.9 3938.8 2326.9 <1.116
Divided by 10-5 Inventory 75, 1%x* 142.1 85.6 0.041

*Last solution sample is included in "Final Solution" value.
Cs concentration in the_final unfiltered solution sample in ppb (ng/e).
***Estlmateo to be ~300 x 10~° of inventory (~7600 uCi) based on hignest
solution activities measured.

34




3.6 TECHNETIUM RELEASE

Technetium-Y+ witn a 213,000-vear half-life, accounts for ~1% ot tne total

Ci activity of spent fuel at 1000 years and ~3% at 10,000 years. 'S’
99
of i

Release

(9,11)

997

dicted to be quite soluble in NNWS] groundwater. As a pure belea

emitter, radiochemical separation is required for c measurement. Keleas<
of 1072 of the specimen inventory into sclution in the current tesls gives
997c aclivity just sufficient to count at the estimatec detection limit.
Technetium analyses were conguctec on the final test solutions anc tne
&N HNO3 test vessel strip scluticns at the enas of the initial anu secont
test runs,  Results from tnese anaiyses are given in Javle lz.

Ge .
“77C release cate ohltained

Tne most significent observation fron the limitec
was tnatl freclione. reizass reidllve L0 Inveniory app<ars 1 L ver. niar I
Comparisor Lt tngl 0F tne agiiniues.  xssentieliy il oof tne 9“1: measured.

inounfrit. v oselution Sampiel asset tnrough C.4 pmoanc i A Tiitere. mess
iineiy in solution as TCb;. ir. tne pare fued test, <4% of tne ~7T0 eCiavil:
wat TounG o5 Pldie-0ul 1 Lne vessei SLril seiutions.,  The fraliithei toweld

measured release values (totel mwasurec release civigec vy 1677 of specimern

(AR

inventor,; tor T7TC were E.z0 2505, ant <Yt times nigner, respeCiiveiy, Jor

thie bare Tuel, it gefect, anc neies gefect tests ihan measured for
)

plotoriun.  Tne same Le-t6-Fu fractionel release ratios were 2.7 (ni1;™,

£1G, anc 17640, respectiveiy, for tne pare fuel, slit gefect, anc neies

-
kg ]

m

wis. Greater fractional release of (s relative to 7¢ in tne sliz

f

gefect U

Q

-

(<29
afC hules G SRR A 3N

T

¢ versus tne tsare fuel test may ve expleines if much of

T
-

)

Lhe relessec (s was from tne fuei cladoing gap or soluble phases at fuel
particie surfaces, wmile preferezntiel T¢ releese resuited from grein
voundary gissoluiion, wihich vccurred te & much greater extent in ine bare

fuel Lest.

*ine {s-lu-Pu fractionel reigase ratio is estimateu to be ~11 for the bare
Tuez]l Lest Leseu on nignest 137t activities measured in solution.
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: : TABLE 12
997c RELEASE DATA (nCi)

: Bare Fuel S1it Defect Holes Defect
H Initial Test Run
: Final Solution 563 28.2 <4.5
[9%c (ppb))* (132) (7) (<))
Test Vessel Strip 33.8 5.4 <1.4
Second Test Run
Final Solutipn 302 15.8 18.0
[99Tc (ppb)J* (71) (4) (4.2)
Test Vessel Strip 1.6 <1.4 3.8
Total Measured Release
£ Above (nCi) 900.4 <50.8 <27.7
Divided by 10-° Inventory 230 12.1 <6.7

*Calculatea 99Tc concentration in unfilterea solution in ppb {vg/e).

To be preferentially leachea, Tc must be locally enriched in regions of the
tuel. It is likely that Tc partitions to the grain boundaries in the hotter
central portions of the fuel. As grain boundary attack (which is clearly
visible in Figure 3) progresses in these regions, enhanced Tc release would
then be ovserved. Noble metal group fission products are not soluble in the
uo, fuel matrix under the relatively reducing fuel oxygen potential during
irragiation and will segregate when the temperature is high enough for them
to uiffuse. Technetium is founa along with elements Mo, Ru, Rh, and Pd in
electron microprobe examination of metallic fission product pnases in the
central restructured regions in liquia metal fast breeder reactor (LMFBR)
fuels.(lz) LMFBR fuel center temperatures are ~2000°C versus 1200°C to
1300°C in PWR fuels, resulting in more extensive restructuring and noble
metal phase separation on a large enough scale for characterization by the
electron microprobe. (For an overview of fission product thernochemical
behavior in oxide fuels, see Chapter 12 of Reference 13.)
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molybdenum in 0.4-um filtered solution at the end of the init{ial bare fuel
test run was determined to be 91 ppb by inductively coupled plasma (ICP)
emission spectrometry analysis. The 91 pbb corresponds to ~23 x 10'5 of the
specimen fission product Mo inventory in solution at this time. The Tc con-
centration in the same solution sample was 132 ppb (determined radio-
chemically) corresponding to 143 x 10'5 of the specimen inventory. A lesser
fraction of the fission product Mo might be expected to segregate from the
oxide fuel matrix relative to Tc, since the oxygen potential threshold for
Mo oxidation is nearer to the oxygen potential of the fuel during irradiation
than is the higher oxygen potential for Tc oxidation. Lower fractional Mo
release relative to Tc and Cs, but higher than U ana Pu, may have been con-
firmed had a more accurate accounting of released Mo been made. Some addi-
tional insight on the state of preferentially leached Tc may be acquired in
future tests by more accurate correlation to total release of Mo, Ru, Rh, and
Pa. However, [CP accuracy at the predicted release concentrations may limit
this approach.

3.7 NEPTUNIUM RELEASE

The primary Np isotope of concern for repository storage of spent fuel is
237Np. Activity of 237Np (2.14 x 106 year half-life) increases with tine for
about 10,000 years as a product of 24]Am (458-year half-life) decay. At

1000 years anc 10,000 years, 237Np accounts for about 0.06% and 0.25%,
respectively, of the total ORIGEN-calculated(s) Ci activity of PWR fuel.
Although 237Np is a small portion of the total activity for the first

10,000 years, its expected solubility in groundwater ang long half-life give
cause for concern relative to long-term repository release. 239

a greater fraction of the calculated total activity (~0.9% at 1000 years).

Np represents

However, 239Np with its short (v2 day) half-life is a transient state in the
243Nn to 239Pu decay chain and is considereo as part of the 243Am activity

in this report.

Release of 237Np from spent fuel could be expected to be congruent with U,
Pu, ano Am. Neptunium concentration is predicted to be only ~0.3% on an
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oxide weight basis and should be soluble in the UO2 fuel matrix as an oxide

during irradiation at this concentration. After discharge from the reactor,
237Np increases slowly as a result of 24]Il.m decay (which also increases for

f 24]Pu beta decay with a 13.2-year half-life). The
Am decay after discharge should also be uniformly

£ 287 pn exists in solid solution as expected.

~100 years as a result o
237Np resulting from 241
distributed in the UO2 matrix i

237

Neptunium was separated by a solvent extraction method and Np activity

determinea by alpha counting plus alpha spectrometry. Samples analyzed for
237Np were the final solution samples and test vessel strip solution samples
at the enus of the poth the initial and second runs af the fous longest term
tests. Results from these analyses are given ia Table 13. UDetection limit
was only ~2 pCi/ml for the first analyses on the initial run final test
solutions accounting for the <500 pCi values given for these samples in
Table 13. Detection limits were improved afterward by using larger sample
portions and longer counting times. Results from initial run vessel strip
and the second run samples from the bare fuel and slit defect tests appear

to be significant, and suggest that 237

Np may be preferentially released
relative to U, Pu, Cm and Am. Preferential Np release would suggest partial
segregation of Np from the irradiated UO2 matrix contrary to expectations.
True leaching of Np from exposed fuel surfaces (with exposed surface area
increasing as grain boundary dissolution progresses) could also explain the
observed results. Possible errors, including ORIGEN calculation of 237Np

inventory and analytical errors, may also be involved.

3.8 14¢. 79se, AND 1291 RELEASE

14. 79

Radicchemical separations and analyses for ~ C, '“Se, and 129

I were made on
unfiltered solution samples at the end of the initial run of the four longest
term tests. Analysis for 795e was also conuucted on the 8 M HNOg initial run
test vessel strip solutions (m'C and ]291 are lost from HNO3). Results for
all of these analyses were reported as less-than values. The less-than
values are the estimatea detection limits for each analysis.
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TABLE 13
237Np RELEASE DATA (pCi)

Bare Fuel Slit Defect Holes Defect Undetfected

N

Initial Test Run

Final Solution* <500 <500 <500 <500
Test Vessel Strip 1162 18 <3 <4

Second Test Run

Final Solution 3266 90 34 --
(3370p (ppb)]. (18) (0.5) (0.2) -~
Test Vessel Strip 297 95 <130 <130

Total Measured Release

L Above (pCi) 4725 203 -- --
Divides by 1073 Inventory 54 2.2 -- -

*ypetection limit improveo after this analysis, initial run final solution not
included in "r Above (pCi)" value.

lqC results from the (n,p) reaction on nitroyen present as an impurity in as-

fabricateoa fuel and from the (n,a) reaction on ]70. Fuel nitrogen impurities
are not well characterizea and reported for comnercial fuels, and code-
calculated ]4C inventories for spent fuel are not reliable. Based on Refer-
ence 7 ORIGEN-2 aata, specimen e inventory shoula be ~107% uwCi/gU. Basea
on Reference 8 ORIGEN data, specimen inventory should be ~1.2 uCi/gU. For

bi. B. Robinson spent fuel (same vendor and vintage as the Turkey Point fuel
in this test), 1%C values ranging from 0.14 wCi/gU to 0.29 uCi/gU were
reportea by Campbell and Buxton.(la) A specimen of H. B. Robinson fuel from

14

the same assemply was analyzed for ' C by WHC with the foliowing results:

0.33 uCi/g for the fuel and 0.6 uCi/g for the cladding.

)
Tne reported less-than values for '4C in the present tests correspond to
<18 nCi (14 ppt) in the 250-m1 test solutions. Assuming the above WHC-
determinou ]4C vilues for H. b. Kobinson fuel and cladaing for tne specimens
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in these tests, specimen ]4C inventory is estimated to be ~20 uCi. The

reported less-than value (detection 1imit) would therefore correspond to
21073 of specimen inventory in solution.

The reported less-than values for 795e would correspond to <9 nCi (0.5 ppb)
in the test solution and <11 nCi as vessel plate-out. The <20 nCi sum of the
reported less-than values for the test solution and vessel strip solution
corresponds to <1.6 x 10'3 of the calculated specimen 795e inventory.

The reported less-than values for ]291 would correspond to <8.4 nCi

(~0.2 ppm) in solution, or ~8.5 x 1073 of specimen inventory. If 129,
were released congruently with ]37Cs, as reported for CANDU fue],(lo) ]291
would still probably not be measurable by the liquid scintillation method used.
]291 by neutron activation analysis is planned for future tests.

3.9 SOLUTION CHEMISTRY

Samples of 0.4-um filtered solution were analyzed by ICP and ion chroma-
tography at the end of the first run of the tests. The ICP (Bausch and Lomb
Model 3510 sequential ICP) was set up to analyze for: Al, B, Ca, Cr, Fe, Gd,
K, Li, Mg, Mo, Na, Si, U, and Zn. Less-than values were reported for Al,
Cr, Gd, and U feor all four tests. These less-than detection limit values
were 0.075, 0.010, 0.050, and 0.500 ug/ml, respectively. Lithium just
slightly greater than its 0.015 sg/ml detection limit was reported for the
bare fuel and undefected tests. The anions F~, C17, NOS and 50; were
measured by ion chromotography on solution samples from all four test types.
The pH of all solution samples was measured immediately after sampling and
before filtration. Significant results from these analyses are given in
Table 14.

The two highest level impurities measured in the deionized water test solu-
tions at the termination of the first run were NOS and Si. The ~1 ug/ml of
Si most likely came from the fused quartz test apparatus. The ~2 ug/ml N05 is
though to have resulted from radiolysis of air, forming N02, which dissolves

40

EEESRRP YOS} .



.

TABLE 14

FINAL SOLUTION* CHEMISTRY
(Units: pH and ug/ml)

Bare Fuel Slit Defect Hole Defects Undefected

pH 6.03 5.87 6.15 6.05
B 0.19 0.18 0.15 0.13
Ca 0.33 0.29 0.26 0.41
K <0.5 1.3 0.9 <0.5

Fe 0.07 0.06 0.06 0.10
Mo 0.09 <0.02 <0.02 <0.02
Na 0.76 0.78 0.69 0.18
Si 0.43 1.06 0.90 1.1
Zn 0.13 0.10 0.10 0.19
F 0.09 0.13 0.09 0.08
Cl 0.21 0.26 0.24 0.34
NO3 2.0 2.1 2.2 1.6

504 0.85 0.66 0.63 0.66

*At the end of the first test run (v250 days) with each specimen type:
0.4 um filtered.

into the test so.ution as HNO,. This small amount of radiolysis-induced

3
HNO3 would explain the slightly acidic pH values, ranging from ~5.4 to
6.4, observed in the tests.

3.10 STRUCTURAL CONSIDERATIONS

Incongruent release of U and radionuclides implies nonhomogeneous microstruc-
tural characteristics for spent fuel. Fuel restructuring (extensive grain

growth) and metallic phase separation is easily observable in LMFBR fuels
where centerline temperatures exceed 2000°C and fission gas release may
exceed 50%. Fission product reaction phases containing Cs, Mo, Te, and I
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are also found in the fuel-cladding gan, and alkaline earth oxide phases may
be observed in the restructured regions of LMFBR fuels. Very little restruc-
turing or phase separation is observable by optical ceramography of spent
PWR fuel such as that used in the current tests. Centerline peak tempera-
tures in these fuels are typically less than 1300°C and gas release is
typically less than 0.5%. Cesium, which is relatively volatile at typical
LWR fuel irradiation temperatures and reducing oxygen potential, is thought
to be released from the fuel as “"gap inventory" in guantities comparable to
the fuel fractional fission gas release. A portion of the fission product
]291 may be similarly re]eased.(lo) Little is known about the state of
other nonvolatile fission products in LWR fuels, many of which would not be
expected to be stable in solid solution with the oxide fuel matrix phase.

Preferential release of nonvolatile radionuclides suggests localized par-
titioning to fuel surfaces or grain boundaries. Figure 11A shows a SEM
photograph of a fracture surface from a particle of the Turkey Point Fuel
used in this study. " An unirradiated U02 fracture surface is shown in
Figure 118 for comparison. The spent fuel is very friable and fractures
glong its grain boundaries. The unirradiated fuel is much tougher and
exhibits primarily transgranular cleavage fracture. The spent fuel has open
appearing grain boundaries, while the grain boundaries are not resolvable in
the unirradiated fracture surface. Progression of spent fuel dissolutions

by grain boundary attack, as indicated by Figure 3, is consistent with the
spent fuel morphology shown in Figure 11A., Incongruent leaching of 99Tc

and other preferentially released radionuclides in relatively short-term
leach tests is probably due to dissolution of minute phases that have segre-
gated to the grain boundaries. Figure 11 also suggests limitations in apply-
ing physical and chemical data obtained from studies using unirradiated U0

2
as a surrogate for actual spent fuel.

An additional process that could significantly alter the microstructure of
spent. fuel is oxidation. In the humid air (or oxygen containing steam)
atmosphere likely to be present in the NNWS] repository, oxidation of UO2
through U;04 to UO, is thermodynamically favored. The kinetics of uo,
oxidation beyond U307 become too slow to measure on unirradiated UO2 below
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~200°C in reasonable laboratory time scales. However, based on thermodynamic
considerations, one could aryue that over repository relevant time scales,
the fundamental question of spent fuel degradation by oxidation (with failed
cladding in a failed waste package) is not a question of if, but a question
of when. The open microstructure of spent fuel shown in Figure 11A should
have greater oxidation rates as well as greater leaching rates in comparison
to the unirradiated microstructure. A better understanding of spent fuel
microstructure, the state of radionuclides in the microstructure, and the
long-term stability of the fuel structure will be needed if any credit is to

be taken for the fuel structure by itself as a barrier to long-term radio-
nuclide release.
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4.0 SUMMARY AND CONCLUSIONS

A comparative leach test of PWR spent fuel specimens was conducted in deion-
ized water under ambient hot celi conditions. The Series 1 tests described
are the first of several tests planned to characterize potential radionuclide
release from and behavior of spent fuel stored under NNWSI-proposed condi- °
tions. The Series 1 test specimen types included: 1) bare fuel plus the
cladding, 2) a rod segment with capped ends and a slit defect through the
cladding, 3) rod segments with capped ends and laser-drilled holes (~200 um
diameter) through the cladding, and 4) undefected rod segments with capped
ends. The tests were "semi-static," in that small sample volumes of the test
solution were removed periodically and replenished with fresh deionized
water. After ~250 days, a test of each type was terminated, radionuclide
"plate-out" stripped from the test apparatus, and the tests restarted in
fresh deionized water for a second run. An accounting of released radio-
nuclides in solution and stripped from quartz rods and the test vessels was
attempted. Selected solution samples were filtered tc characterize the

state of radionuclides in the "solution." Measured releases were conpared

to the 10 CFR 60 1072
requirement. Total measured release anc total measured release as a

of 1000-year inventory maximum annual release rate
fraction of inventory times 105 are summarized in Table 15.
CONCLUSIONS

The principal observations and conclusions from these spent fuel leaching
tests are summarized below:

1) Within the probable accuracy of total release measurements and specimen
inventory calculations, the actinides U, Pu, Am, and Cm appear to have
been released congruently.

2) Limited data suggest that 237Np may have been preferentially released

rather than being congruently released with other actinides as expected.
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TABLE 15

TOTAL MEASURED RELEASE AS

P fRACTION
OF INVENTORY x 105(2
S1it Defect Holes Defect Undefected
0.078 <0.041 <0.018
(28) (<14) (<6.5)
0.341 0.069 0.027
(104) (20) (8)
0.208 <0.030 <0.011
(130) (<18.6) (<6.4)
0.76 0.039 0.008
(362) (18.1) (<3.9)
2.2 - -
(0.2) -- -
1421 85.6 0.041
(3.94 x 106) (2.33 x 100) (1.1 x 163)
12.1 <6.7 -
(51) (<28) --

Component Bare Fuel
Uranium 28.0

(ug) (9510)
239py + 240py 28.0

(nCi) (7940)
241, 21.7

(nCi) (12,604)
244 ¢y 30.0

(nCi) (13,300)
237Np(b) 54

(nCi) (4.73)
137¢s 300(c)

(nCi) (1.94 x 106)
997c(d) 230

(nCi) (900)

solution from second run.

(c) Estimate pasea on maximum 137Cs activities measured in solution.

(a) Tg%al measured release given in oarentheses.
2 Np inclutes only vessel strip from initial ano second runs anu final

(a) Tc includes only final solutinn anu vessel strip from initial ano

second runs.

However, these data are too limitea to be conclusive.
ORIGEN-2 calculated
also account for those results.

237

Inaccuracies in
Np inventory and radiochemical analysis could

3) A rapid fractional release of cesium on the order of the fractional
fission gas release was observed tor the bare fuel, slit defect, and

holes defect tests.

Adaitional preferential cesium rel=ase, possibly

from grain boundary inventory, was also noted in the second run on

- these specimens.
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L))

4)

5)

6)

7)

8)

Observed fractional gch release ranged from one order of magnituo%

greater release relative to the actinides in the bare fuel test to!
almost three orders of magnitude greater fractional release relative to
the actinides in the holes defect test.

For the actinides U, Pu, Am, and Cm, approximately two oraers of magni-
tuaz less total fractional release was measured in the slit defect test
relative to the bare fuel test. An additional approximate one.order of
magnitude reduction in actinide release was observed in the holes
defect test relative to the slit defect test.

Apparent uranium saturation occurred at ~1 ppb in all tests. Uranium
in excess of a few ppb was removed by 18 A filtration. Most of the
U, An, and Cm in solution samples from the bare fuel test was removed
by filtration.

Grain boundary dissolution appeared to be a major source of release.
Preferential release of 99Tc is likely a result of Tc segregation to
the grain boundaries. Grain boundaries in the spent fuel are relatively
wide and easily resolved by SEM. Grain boundaries in unirradiateo UO

2
are tight and not resolvable on a fracture surface by SEM.

Spent fuel leaching behavior, as well as other chemical ano mechanical
behavior, is influenced by microstructural phengmena, such as localized
segregation of some elements to the grain bounuaries. The extent of
localizgo radionuclide segregation is infiuencea by irradiation tempera-
ture and may be correlated to fission gas release. Aduitional segre-
gation of radionuclides into more easily leachea phases could possibly
occur it the fuel structure is degraced by oxidation during long-term
repository storage.
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Radionuclide Inventories Used in Fractional Release
Calculations

Activity-Concentration Conversion Factors

H-6-19 Bare Fuel Test Radiochemical Data

H-6-12 Slit Defect Test Raagiochemical Data
J-8-24 Laser-Drilled (2) Test Radiochemical Data
J-8-19 Laser-Drilled (1) Test Raagiochemical Data
H-6-1 Undefected Test Radiochemical Data

H-6-24 Undefected Test Raaiochemical Data

J-8-12 Undefected Test Radiochemical Data

A-2

A-4
A-6
A-7
A-9
A-11
A-13
A-15
A-17
A-19




APPENDIX

RADIONUCLIDE INVENTORY AND RADIOCHEMICAL DATA

Al RADIONUCLIDE INVENTORY DATA

Specimen radionuclide inventories used for most calculations in this report
were calculated from ORIGEN-2 data given in PNL-5109 for a H. B. Robinson
Unit 2 PWR fuel 10 years after reactor discharge. The H. B. Robinson fuel
is very similar (same vendor, same design, similar vincage and same 2.55%
initial 235U enrichment) as the Turkey Point fuel used in the present

tests. A burnup of 27.7 MWd/kgM was assumed for the Turkey Point fuel, and
radionuclide inventories were calculated by linear interpolation between 25
MWd/kgM and 30 MWd/kgM data given in PNL-5109. The 27.7 MWd/kgM burnup
value used is the actual radiochemical burnup analysis results reported for
the Turkey Point H-6 and J-8 fuel rods from whicn the specimens were made
(Reference 6, burnup samples 70 inches from rod bottam). Since the age
after discharge of the fuel was ~8 'years during the Series 1 tests, inven-
tories for shorter-livea isotopes were corrected for decay from 8 to 10
years. A factor of 0.8815 was then applied to convert the inventories frcm
a per gram metal basis to a per gram fuel basis. The resulting per gram
fuel radionuclide inventories are given in Table A.1. Specimen radionuclide
inventories used for calculation of fractional release values in this report
were obtained by multipling the Table A.1 inventories by the specimen fuel
weights. The fuel weights for the four primary specimens discussed in this
report are listed below.

. H-6-19 Bare Fuel 40.33 g
. H-6-12 S1it Defect 43.20 g
. J-8-24 2 Laser Punctures 42.50 ¢
. H-6-1 Undefected 42.50 ¢
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TABLE A.1

RADIONUCLIDE INVENTORIES USED IN FRACTIONAL
RELEASE CALCULATIONS

Radionuclide Inventory (uCi/g)
2880ms 1.10 x 103
281, 1.45 x 103
240p,, 4.31 x 102
23%,, 2.73 x 102
23750 2.18 x 107!
13704 6.40 x 10°
129 2.42 x 1072

991¢ 9.74 x 109
79 3.02 x 107!

*Corrected from 10 to 8 years after reactor
discharge.

h.2 RADIOCHEMICAL DATA

Witn the exception of uranium, all radiochemical data were reported as dis-
integrations per minute (apm) 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 ¢.22 dpm. Since the primary concern was radioactivity release, most
Uale evalustions were based on the pCi activity levels of each radionucliue
rather than concentrations. The pCi activity results for all radionuclice
determinations, and uranium results as pg/ml (ppm) or wg/roa, are given

tor each inuivicual test in Tables A-3 through A-9 of this appendix.

For chemical and equilibria considerations, it is usually more useful to
consicer elemental concentrations rather than radionuclioe activities.
Concentrations may be calculated using Equations (A.1) and (A.2). The
#y/pCi and isotope/element conversion factors for Equation A.) are contained
in Tahle A.2.
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TEST TYFL! BARE FUIL
cecmrocmaclananeaeaaae eee Pu-23%0Pu-240
SATLE
bay et oH UNFILTER V.4 ua 18 A UNMFILTER 0.4 ua
1 $ol .09 4,32€+00 S 9L+ 03
3 sal $.030 ©.V0E -0} 1.39C+03
S Rod ©.30C 01 9,730+04
13 Sol 6. 462 | . D0E=-01 2,32€+03
3o sSol s.208 3.30€-01 4,030¢03
30 Rod 2. 10€+01 1.,330003
&0 Sol 4.347 2.,90€-01 2.69€+03
&0 Rod 3.90€+01) 3.4TC+04
*0 Sol 6.083 S.00€-01 2. 44403
120 Sol 3.927 3.30€-01 v 2,42€003
120 Rod S.70€+01 6.310¢04
130 Sol .19 9,30€-01 1.93£403
180 Sol 3.%0° 4.350E-01 2. 2703
1860 Rod 4,40€+01 3.852+04
02 Sol 3.00€-01 3.00€-03 2.00€-03 2.24L¢03 2.180+03
230 Sol 6,020 3.00€~03 ¢1,00€-03 ¢1,00€-03 2.160003  2,14€¢03
30 Rod 4.70€¢01 3.93L+04
30 Steip 2.10E¢00 1.39€+04
30 Rinse t . 40E +00 7.342002
TEST RESTARTED IN FRESH DEIONIZED MATER
13 Rod 6. 40€+01 1.00C+04
13 S0} s, 4,00€-01 4,00€-03 §,00£-03 4,39C€¢03 4,39 +03
70 Rod 7.30€+01 1.04€+04
70 Sol 4.340 1.80€-01 2,00€-03 1.00C_03 2.870¢03 2.47€+03
128 So) S.902 3.00€-03 3I.00E-03 1.00L-03 J.43E¢03  3.332403
128 Rod 7.40€+014 1.71Ke04
120 Strip 3.10€+00 1.12€+03
128 Rinse 4.20£-01 3.34£4+02
[N~ —ememea BO-123__
SAPLE
oAy TYPE pH WEFILTER 0.4 us 19 A UNFILTIR 0.4 ua
1 Sol 3.0%¢ 3.93£+03
k-] Sol &.030 9.10€+03
-] Rod 4.13+03
3 Sol 6.442 1.03E+04
30 Sol b.208 3.18€¢04
30 Rod 1.10C€¢03
&0 Sol 6.347 S.43E+04
&0 Rod 4.42€+03 $.330¢04
* So1l 6.083 6. 88E¢04
120 $ol S.927 7. 230+04
120 Rod S.01E+03 B.30€+04
130 Sol &.218 7.00€+04
180 Sol S.909 9.10E¢04 2.432+04
180 Rod $,94E003 4,202 004
202 Sol 1.13€003 8.69C¢04 4.420¢02 2.02€404  2,34L¢04
230 Sal 6.020 P.VIEON 9,830 +04  1,830¢04 1.01E¢04 1,84Ce04
230 Rod 2.32€+04 B.48€+04
30 Strip 1. T4£¢03 13404
30 Rinse 7.88€002
TESY RESTAATED IN FRESH DEIDNIIED MATER
13 $Sol «030 1.68€¢04 1,34E¢04 <4,.14E+02
70 8ol 4.380 3.49€¢04 2.33E+04
128 Sol 3.%02 4,30€004 4.440004 2,37C+03 B.49C¢03 9.92€¢03
128 Rod €1.40€+03 €1.708¢04
120 Etrip 1.03£+02
38 Rinse 7.32C+02
UNITS: Solution saaples (Sol) in pli/al for all dut Ursnius, ug/al for Urentue.

Rod saaples 1n pCi/rod for all but Uraniua, ug/rod for Ureniua.
Rinse 1A ssse units solution sasap}
Strip In sase unit solution samp

19 A

1.81E40°
1.,932+03

3.94€003

2.31€+03
3.030+03

2.43E+04
1.830+04

6. 460C+03

wasple was rinsed 1n 800 al deionited water,
test vessel was stripped with 300 al of 8 § HNOJ.

Aa-241 values through DT doy solutiocn sample calculated froe Pu-237¢Pu-240 and Aa-241¢Pu-230

TEST IDENTIFICATION:

An-241¢Pu-238

UNFILTER O,4 uas

1.23€+04
7.03E+03
3.41C03
$.90€03
1.03£004

7.39€03

2.548403
4.83€4+03
9.11€+03
1.33€+03
1,475,004 $.130003
4,02€+03
2.14€403
6.22€+04
2.448403

4.730+03

4.43C+04
2.3460004
7.07C+04
1.23€¢04
1.23L004

1.10€¢04

7.148403
1.12€004

6.90€+04

3.93C+03
1.33€+03

Ru=-104

Meo: 19,

- cmae

18 A

3.99€¢03
4,170+03

0,20€+03

3.32€0+03
&,.30C0+03

UNFILTER 0.4 ua

1.,02€+03

1.38€+03

1.09C»03

9.92€+04

1.37€¢04

UFIL"ER 0.4

$.00€+03
3.60€+03
1.320003
1,372+07
1,80€¢03

1.870+03

2.19C+03
1,01K¢ 08

2.27€+04
1,300 +04 2.
3.33€+04
U EedI 7,
3.0%¢+03
3.38€ 04
1.84E+03
1.030+03

Co-144

OFILTER 0.4

$.49€004

5.87€<04

4.64£004

3.02€404

2.20€¢04

2.18L+04
&, 03L+03

1.37€+93

An-241 BiH

&

-5

oI

WL

o)

Fae
)4‘3"3\;2:"

values using Pu-238/(Pu=3T9¢Pu-240) aciid
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TABLE A.3

TCRY IDENTIFICATION: H-4- 19,

. e Rm-201ePu-230 .. UL bt L1 L SO USRI L1 | IR eemeea 137 Ce-134______....
\ WFILTEA 0.4 ua 1A WFIL IR 0.4 ua TR WFILTER 0,4 ya 18 A UNFILTER 0.4 ua 18 A UNFILTER 0.4 ya T

1.23004 ,000003 1.03C904 .30€908 1.09€+06

3.65C003 2.89€003 1.43E 007 1,61E408

1320003 1. 77003 4,83€08 B.14€408

1,37(+03 €. 43003 1.80C+07 2,00€ +0Gh

1.03£404 1.00€003 4,640003 1,90€¢07 2.21€406

4.77€+03 1.07€+03 2.99€403 7.39€+06 7.86€+03

6.44C403 &.67C002 2.818+03 1.83€¢07 1.93E003

1.32€+03 3.77€404 *.10€004 4,33C+06 6,41€403

7.21€903 1.97€003 2,01€003 1.10€407 1.14E008

7.3%€+03 2,19€003 4.99€003 4,85€408 8.14€403

2.34E£03 1,012403 1.33€¢0% 3.71E08 3.47€403

6.03€+03 2.45€403 32C+03 2,39€+06 2.436+05

8.112+03 3.22€+03 &,08€¢03 1,43€G6 1.49€¢03

1.33€03 . 68004 8.92€+04 2.64€406 2.34E£+03

91€+03 1.475604  4.130003  3,.99C¢03 9. 84L+03 1., 43E¢07 9,4D€001 2.11E004 2,84E003  1,43E02 1.45€906 9.37€+403 3.430403 1.34£¢03 B.83£¢04 3,.108€¢04

3L *03 4.62€003 4,73E403 4.17E403 1,93€¢02 1.23€002 4,9:L¢0) 2.92€+02 1.47E002 4.03E¢00 S.18£403 B.035£003 3.47E€+03 4,39€204 4,93€+04 3,09€¢04

2.14C03 1736403 1.10€+03 .3J€06 2.18E003
&, 22¢+04 2.03L¢04 2.30C 04 T.37E90% 8.02E€+04
2.44£003 Q. 60Ev03 §. 138403 1.,70€+03 1.43€204
» 4,432+04 2.27C+04 3.00€+04 4,303 3.74€+04
»94L03 2.34L004  1.18€+04 0. 20€+03 1.30€+04  2,440¢03 4,930¢08 2.76E008 4,420403 1.17C001 $.53E006 S.72€004 3.50€408 S.77€407 S.03€003 I, 16€+03
7.07C+04 3.33£¢04 4,33£¢04 7.12€003 8.17€+04
.Bu»o; 1.236¢04 7.14E403 B.32€603 H.06L003 7,.84€002 1.89C01 1.17€+04 1.30€¢03 7,J1€¢00 1.79€006 1.44€006 B.78€+03 $1.54€+05 (.15€+03 7,23£+04

1 03T 03 1.23€+04  1,12€+04 4.380+03 B.09€+03  3.73L¢03 9. 91E+00 W, IIE003  7.41E003  4.76E00 B.T7TECO3  B.90E¢03  4,226+03 4,35E+04 4.68€+04 I, 31E004

4.90€¢04 S.38Ce04 4.84E404 3.82€+03 2.93€404
3.93€+03 1.840403 1,96 403 6.44€+04 4.91£403
1.33€+03 1.05€+03 s.42e002 3.318e03 2.40€408
e tRu-104 Ce-144 Eu-134 Np-237 Tc-99
| & venrek o4 ua  iwa UFILER O.4ua 18 A UFILTER 0.8 ua 1B A UNFILTER 0.4 ua 1B A UFILTER 0.4 ua 18 A
1.02¢ebs 6.49€004 1 9eEe03
B.B7E+04 T.42C00%
1,38€003 4.04£004 2.218008
1.0vcios 3.020004 2.32¢408
, 1.32€004
8.920004 2.208€004 1.99€003
2.49€+04 S.30C+08  7.64£003 7.64£002
. 83L+04 €2.23€400 2.25€¢03  2.230+03  2.20€403
. 2.14£404 1. 93£+03
1.3%€004 6.830403 4,34£+04 3.87€400 - 1.13€002
3.33€+03
3. 60€+03 2.77€404 2,11€+04 <3.90€602  1.31€+01 1.21€+03 1.23£403  1.146£403
1,25€003
1.97€e93 8.77€403 9.%1€-01 5.41€400
1,40€+03

il“ water.
el of B N HO3.

) and Ae-241¢Pu-238 values using Pu-2787(PL=3790Pu 2401 ectivily rotio of 2,148,
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TEST tyPL: SLIT DEFECT

t

337 g8LLe st

€

YYre M
So) 3.740
$ol 4.600
Rod
Sol 4,583
Rod
Sol +.073
%ol 6. 687
Rod
Sol 4.438
So) 4.303
Rod
Sol 4,332
S0l S.7%3
fRod
Sol 3.730
801} 3.849
Rod
Strip
Roa
Sol S.08%
Rodt
Sol 3.780
Sol S.82%
Rod
Strip
SawLE

TYet [ 1]
Sol 3.760
Sol 6.620
Rod
Sol 6,383
Rod
Bol 6.073
Sol 6,847
Rod
Sol 6.438
Sol 4,303
Rod
sol 6.232
Sol 3.793
Rod
Sol S.730
Sol 3.848
Rod
Strap
Rod
Sol 3.89
Sol 3.700
S0l 5.82
Rod
strip

UWF ILTER

8.0 -0
4,306-02
L 2. 00E -02
3.00€-02
2.20€-01

u

0.8 ua 18 A

€1,00€-03 +1,00€-03

UNFILTER 0.4 ua 19 A

30T ¢00

&, 768000

hipha<®
. 00

&.76E+00

3.43€01
S.01€+01
3,320+01
9,82€+01
1.90€¢02

1.18£002
1,07€+02
1.33€02
1,37C+02
1.30€+02

4,41€+0)

TEST RESTARTED N FRESH DOIONIZID WATER

3.00€-01
2.00€-02
3.00€-0}
8.00£~-03
2.00€-03

1.&0€-01
1.00€-02

1.20€-02 7,00€~-03

3.00€-03 1,00€-03
2.00€-03 1,00€-03

Co-460

UNFILTER

1.84E+03
3.41€003
<b.76E+02
1.26E404

2.807C+04
8,42€+04
2.31€003
1.80€¢03
1.73¢603

9.41€+03
2.23£+03
2.48€+05
3.22€+04
3.20€+03

3.32¢€¢03
1.78E003
S.41€¢03

0.8 ua 18 &

3.38€¢03 9,460€004

Pu=239+Pu=-240

1.32€002 1,43E002

2.34£+01
B.72€+01 3. 68E001 4.91L01
3.49C+01
1,04£+402 *,440L¢01 B.11E+014
1.300602 1.49€002 1.30€+02
. 68001
1.49€+01
SH-123

TEST RESTARTED IN FREEBN DEIONIIED MATER

1.38€+03
3.81L004
1.12€+03
1.93E+03
S.64£00)
4.22€+02

2.91C004 B.%0L+02
V,.32€004
1.78€403 4,91€+03

TEST IDENTIFICATION: M-4-13
NS TTPT P - S RSO TYTRSR .-
Pty
WWFILTER O.8 ua 1B A WFNTIN 0.4 us (8 }'i;-'t
1.08€+01 $.47Ce 00 ¥
2.912402 Torvesy
9.%10001 8.47C+01
1,160+03 1.1%eN3
1.42€+02 . 8.07C401
1,42€¢02 4,44000°
1.462€+03 1.830403
2.130402 4,79C+01
4,77€+02 1.73€+02
1.73C+03 1.348403
1.910+02 1.150+01
2.78€+02 $.13€+01
1.84K403 1,200+03
+ 210002 3. 168000
2.510002 2,32€¢02 2.34€¢02 $.31€+00
1.34E£+03 0, 40002
3.32€002 2.460€002
1.01€+03 1,430
2.77€402 1,20€402 9.39E+01  4.740402
4.37€.03 3.77€¢03
2.570602 1,76K+02 §.49%e02  4.71C+01
2.59€602 2,420002 2.21£402  2.33£400
2.43€+03 2.34£+03
1.08€002 8.4%c001
Ru=106 Co-148

UNFILTER 0.4 us 1A

Strip in same units 48 solution ssaples, test vessel was stripoed with 300 sl of 8§ HNOJ,

Aa=-241 values through TIO day solution sssple calculated froa Pu=239+Pu=-240 and Aa-541¢Pu-238 values ysing Pu-2387(Pu-23%Fu=-T40) sctivity
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TABLE A4

TESY IDENTIFICATION: WN-4-)3

eenfme28ePy- 238 .. weee sashe S01e L, PP - L11 L [ L IR S RO - 12 b DO
WFILTER 0.6 va e A N TCTER 3.8 wa 18 a UFILTER 9.4 um 8 a UNFILTER 0.4 ua L] UNFILTER 0.4 ue 6 A
.67 S, 410100 2.23C004 2.47€¢03
St £.70€+02 .54000% 6.21E004
4,300 +4,05C000
v. %1001 9.47Ce01 ° 9TEL0T 1. 40€ 04 1.63€00%
1,14£+03 1.1%003 o BST o0y 9T e04 6.33€+0)
0.0 04 1.770.002 2.98€¢06 3.43€403
. IRy 1.03£402 .39 008 6.49€003
1.62€+03 1,333 3. 49€003 1. 10€003 1. 16£004
2.13E¢02 4, 79€C 001 1.04€002 8.24E¢%0 8.87€+0%
4, 7TE02 1,796 o4 2. 200002 8.74C+06 9,53C+03
1.73€+03 1.546£403 3.40€»03 £.59€+05 $.40€004
1.910002 1.15€004 2.06£+01 9,93E408 1,01€¢06
%o T 02 S.13€+0) 9,73€001 9.73€+06 1.00€+06
1,44£003 1.20€+03 S.61€e03 1.92€+03 1.83£+04
+ 312002 e 168000 1.44€401 1.128+07 1.12€006
Ee02 2,31€¢02 2.32E02 2,34€£002 4.31€+00 2.70€¢00 4.93€+00 6.31€¢00 <4,30£-01 ¢4.30€-01 @.73£006 ©.826906 B.07€+06 9.64F+03 9.59E005  7,40€+03
1.3eE+03 ., 840002 2.02€+03 4, 19€003 4.03E +04
3.32€002 2.60€407 4.82€+02 3.9%€+04 3.330¢03
: 1.91€.03 . 1.45€403 3.03£+03 3.32€404 3.26£403
ge0! 2.77€+02 1,20€402 9.37Ce01 1.760002 ¥.46€£+00 <9,00€-01 2.89€002 1.7(€¢01 9,01€-01 7.52€405 4.77€+03 3.23€40% 6.67E+04 4,22€004 2,80€404
i 4.37€+03 3.77€+03 7.16£003 7.97€+04 7.64E403
£e0l 2.37€402 1,76£002 1.49€002 6. TIE401  7.44E900 4,03L¢00 1.17€402 $.76E+00 9,01€-01 3.07€¢08 2.18€+06 1.27€+04 2.68€+03 1,86E¢03 1,02€+05
€02 2.39Ce07  2.42€+02 2.21E¢02  2,230¢00 1.33L+00 4.05€+00 2,70€¢00 ¢4,.30€-01 3.49€+08 3.30€906 2,12€006 2.80€+05 2,B83E+03 1.467E+0S
2.63E403 2.38L003 4.22€+03 3. 936404 4.39€+03
1.00€+02 8.49€+01 1.30€402 7.80€+03 +.50€+02
. Ru-106 ISR 23 ¥ Y R Lu 134 - No-237, LU0 PP
UFILTER 0.4 ua 10 A INFILTER 0.4 ua 19 A UFILTER 0.4 va 18 A WFILTER 0.4 ua 18 a WFILTER 0.4 ua (LI
3.03£403 .
1.05Ce04
8.74L+03
6.89C 003
€2,23€+09 2.34E002 2,32€+02 2.30C+02
5.862-02 1.80€+01
7.64£¢03
€1, 30€003 <8, 60£002 ¢3,30€¢02
3.40€-01 £.31£¢01 4.93€+01 6.31€¢01
2.930002 3.18€-01 €4.30€+00

of @ ¢ 103,

"0 Aa~341¢Pu-238 values using Pu-2387(Pu=-23%+Fu-T49) ectivity retio of 1,477,
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TEST TYPE: T LASER PLCTUMES TEST IDENTIFICATION: J-8-24
cevemmeenaVetciccmcaan meePUT2IVPU-240 eeahec2410Pu-230 . . An-2410
savLe . [ Y
DAY TYPE pH OFILTER 0.4 us 19 » UNFILTIR 0.8 uae 10 A UFILTER 0.4 us ' UFILTIN 0.4 ua 10
' 851 5.623 4,00€-03 1, 80L+00 4,208 000 1.4 ¢00
3 Sol 4,333 2.00€-03 1.40€¢00 3.92€000 1.04£000
s fod ®,00€-02 4,012+00 +34L000 2.70€ -01
19 sol .40 $.00€-03 7.21€000 2.03£401 3.3 00
30 sol ».00L-03 1,800€¢01 4,03L0+0}) 3200400
30 Rod 3.40€-02 6.31€+00 S.41C001 4.107+01
0 %01 .. 309 4.00€-03 : S.18E001 S.0v¢e01
0 Rod 4.%0€-02 1.19€002
.0 8ol .. 104 4.00€-03 S, 86401
120 Sol s.938 4,00€-03 4.31E¢01 4,232+00
120 Rod 1.40€-01 2.4648002 1,540+02
130 S0l 1,90€-02 $.94C001 3,848 +00
180 Sol 6.00€-03 7.07C+01 7.212000
180 Rod 3.90£-01 3.13€402 2.121002
223 Sot 5839 2.00€-03 2,00€-03 {,00€-03 L 24E+01 3.20€e01 2,930 4.85C¢01 $.76£401 4.00E+0 1.236000 1.27C¢06 1
244 S0l 5.13¢ 1.00€-03 1,00€-03 1,00€-03 3.33€401  3,33X¢01 2.97C+0! 6.71€+01 $.93€+01 4.33€¢01 1.800€+00 3,15£¢00 1
284 Rod 1. 30€¢00 1. 188002 3.99€+02 1.67C¢02
244 Strap 2.90€-02 8.7684+00 4.30€+01 2.29¢001
TESY RESTARTED IN FRESH DCICNIZED MATER
13 Rod 3.90€-01 1.28E¢01 8.03€+02 .82 e02
13 Sol ..0% 2.30€-02 1,10€-02 4,00€-03 $.710¢01 1. 768401 4.31€400 8.40€+01 3.83L+01 1,28K¢01 2.70€401  2,70€00 <OFf:
70 Roo 2.90€-04 1.26£+0) 9.01€+02 ®,39€¢ 02 3
70 L 4.008 1.10€-02 4,00€-03 3$,00€-03 2,84L¢01 2.48€¢01 2.40€¢01 7.30€+01 S.09C+01 4.93C01 2.340+01 4,U%+00 2
120 Sol 3,403 2.00€-03 ,00€-03 2,00€-03 2.840+01 2,97€¢01 2.44£401 S.99€+01 $.00€+01 [,2301 ¢1,4M+00 (1,80€+00 <18
120 Aod 1.80£-01 2.61E401 1.495€403 1,41£+03
18 Strip <3,.00€-03 1.932¢00 1.26L001 1.17C01
™-123_, Ru-106____ . Ce-144
saeLE
DAY TYee oH 19 a WFILTER 0.4 ua 19 A UNFILTER 0.8 us 1A UFILTER 0.4 un 10
1 Sol 8.822
) sol 4,333
s Rod
19 Sol &.480
30 Sol 6,404 2,84£403
30 Rod
0 Sol 6,309 4,89€+03
0 Rod
%0, sol 6.106 1.42€+04
120 sol a.938 1.648904
+
120 Rod 1.13€+03
130 ol s.029 2.71E+04
180 Sol s.873 3.07€+04 .
180 Rod 1,62€+03
223 Sol 3.939 3.930404  3,49€+04  2,44£403
243 Sol .13 3.32€+04 3.27€¢04 35.81€+03
244 Rod 4,49€03
244 Strap S,41E002
TEST RESTAATED IN FRESH DEIONIZED MATER
[E] Sol ..0% 2,43£+03  1.33€03
70 Sal 6.008 4,77€+03  3,83L+03
120 Sol 5.403 7.84£¢03 4. 13£+03 <8.00€+02
120 Rod ¢1,00€+03
120 Sreee 1.04€¢02

UNITS: Solution sasples (501) in pCiZel for all dut Uranius, ug/al for Wanius.
Rod sasgl in pCi/rod for atl but Urentus, uQ/rod for Uraniua,
Strip (n sase units as solution ssanles, test vesse] was stripoed with 300 al of 8 M HNOI,

. An-241 values through 223 day solution sasple calculated from Pu-239+Pu-240 and Ae-~241+Pu=238 values USINng Pu-238/1Fu-J39Pu~240) sctivity
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TABLE A.5

TESY IDENTIFICATION: J-0-34

Aa-281ePu-238

P cemomen . o480 Ca-204 _______. DRI - 3 22 SNSRI, O -{ 11 b L B,
GFILTER 0.4 ue L) UNFILTER 0.4 ue Ty WFILTER  C. 8 ua 18 A UNFILTER 0.4 ua 18 A UFILTER 0.4 ue 18 a
4,0 00 1. 8)€em L4000 1.91E204 1.60€+03
3.92€000 1 oakeon 1 50030e] I3rce00 2.07€003
9.34L000 2.70¢ -01 4,93€000 C9,00€ 002 “7.00¢
2.03£+01 8.3¢ 0 - 1,0%0+08 1.2%003
4.03€+01 2.20€+00 2,34€406 2.99€03
S.81C¢01 4. 10€+01 4. 19C201 5,90€¢04 4.71E403
S.09c01 &.00€+00 2,70€000 3.81€%06 4.20€403
1.19€+02 *, 300401 7,79€+01 7.73€+04 4.98€+03
3.86L+01 4,81E+00 4,90€ ¢O0 4,43E¢086 4,86£+03
6.31€001 4.230+00 S.06E¢00 4.18€+06 4.35€403
2.65E002 L.548402 2.37€+02 1.73€+0% 1.42€+04
$.%4€+01 3, B4E 400 s, BoE *00 €04 §.91€03
7.07C+01 7.216000 S.84£+00 4€e00 4. 776403
N 3.13€402 2.126002 2.47€02 1.94£+03 1.86E+04
fe01 €.830901  $.76E+01 $.00C¢0: 1.23+00 1.27F¢00 1,17€-01 4.31€-01 ¢3.00C~01 <3,00€-01 4,40€+06  4,34€408  3.24€%96 4. 18€905  4,10€+05  3,03€+03
teot 4.710+01  4.93£+01 4.35€+0¢ 1.800+00 3.13£400 1.35C«0y 4,30€-01 7.01£-01 <O, S€+00 4, 14E+06 4,130+06 3.17€06 3.79C¢0%  3.082€403 2.92€+03
3.90€+03 1.671+02 1.89€+02 2.34E003 2.03E40¢
4.50€+01 T. 2901 3.56£¢0) 2.71E+04 2.06£403
. 3.0% 02 4,82€+02 3. 14E002 3.07E+04 2,96E403
£e00 6.80€¢01 3.83E401 1.26£+01 2.70€+01 2,70E+00 <O.S€+00 3.06£+01  2.25E£+00 ¢3,00€-01 7.79€+03  A.77€+03  3,14€405 7.03C+08 4,20£404 2,79C+04 .

. 9.01€£+02 9,39€«02 8.346£¢02 1.03£003 7.73E+03
(21-11 7.30€001 S.09€Ce01 4.9 01 2.34€+01 4,05£+00 2,25€+00 1.83€¢01 1.33€+00 9,01£-01 2.63E408 1,90€¢06 1,0%9€+08 2.17E€405  1.63€¢03 9,10€¢04
Es08 S.99€001 4.00€¢01 9.23E+01 11,400 C1,80€400 <1,40€¢00 ®.01C-0) 9.01€-0) ¢3,00€-01 J.79C¢06 I, 7VECCS  2.32€¢08 S. 126403 3.13£¢03  2,00C003

1.45€+03 1.410¢03 1.28£+03 1.01€403 0.63£+0% }
1.26L01 117000 9.01L+00 1. 6bEv04 1. 81E¢03
s
Ru-104 Co~144 ORI <"1 T L SO, ceaemaaNO237__ Te-99 - .
UFILTER 0.4 ua 19 a U ILTER 0.4 ua 18 A UFILTER 0.4 ua (LY UNFILTER 0,4 ua 18 A UFILTER 0.4 ua 18 A
; A
s -
b
N
=
"
3
€2.20€000 €1.80€¢03 |
€3.00C02 €<?9,00€-03 €4.30€+00
1.32£-0} 2.21E+01 5.31E001  7.21€008 -
3.71€003 .
<4,30€-01 1.26E401 [
-
o

al 8 N W3,

d Am-261ePu-238 values USING Pu~-23871Fu-T3%ePu<-240) ectivity ratio of 2,073,
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TEST TYPE: | LASER PUANCTURE TEST IDENTIFICATION: J-§-1v
v e PU=23VePU-240_______ cmahR-241ePu-238_______ ————a AR
sawLe
pav TYre pH UNFILTER 0.4 ua 18 A UNFILTER 0.4 us 19 A UFILTER 0.4 ua 18 A UPILTER 0.4 ua 1 3
1 S0l 3,638 3,00€-03 1.44€+00 4,93E+00 .
s So} 6,147 4,00€-03 2.21E+00 S, 84£400
s Rod 3. 90€-02 2, 08€ +00 1.80€+01
13 sol ..240 1.70€-02 7.07€+01 1,93E002
30 8ol 6.377 7.00€-03 8.82€+01 2.33£402 ;
30 Rod 3, 00€-01 0.338+02 2,93E+03 3
v Sol s.693 @,00€-03 3. 34£+01 1.16£+02 3.38401
60 Rod 1.60€-01 1.40€¢02 &.89€+02 4.92€402
. Steip 01 5. 90€ +00 1.27€+04 4.77€+04 2.92€ 404
&1 Strip 2 1.30€+00 4,23£402 2.73€+03 2.03E+03
. Strip 83 2.90€-01 3. 11Ee02 1,04€¢03 87126002
mmemmeCOGO 8b-123 Ru-104 RSN - 23 ¥ T S,
SAreLE
pav TYPE pH UFILTER 0.4 ue 18 A UFILTER 0.4 u 19 A UNFILTER 0.4 u 10 A UFILTER 0.4 ua o]
1 Sol S.63s 8.96£002
s sot 6.147 1.18€403
s Rod €1,30€+03
13 Sol 6,240 1.08F+03
30 8ol 6,377 1,04€¢03
30 Ron
0 Sol 6,693 1.84E+03
0 Rod
(1) Strip @) 7.61€+03
1} Strip 82
[ 3] Strip €3 ‘\

ot

+ T W
et

UNITS: Sslution saaples (Sol) in pCiZal for all but Ursniue, wg/al for Uraniue,
Rod sasples in pCi/rod for all but Uranlua, ug/rod for Uranius.
ssee unite solution saaples, specisen padestsl, 350 al of B It HNO3,
sase units as solution aples, test vessel, 230 al of 0.1 }§ MNO3,
Strip 83 i1n same units as solution sasples, test vessel, 23 al of 8 f HNOS following Strip 82,

AL TIE



SRR ) S UL £ IR SR - L SR Ce-137 . Cae134,
UNFILTIR 0.8 us 18 A U ILTER 0.4 ua 18 A UNFILTER 0.4 ua 18 A UNFILTER 0.4 um 18 A U ILTER 0.4 o

2.21€¢00 1.63E+04 1.6BE+03

2.39€+00 2.40€¢03 2.67€+04

1.17€+01 5.88E+03 (9,00€+¢02

9.39€+01 6.40€¢03 7.43E¢04

1.13€+02 V.41E003 1.07E+03

1.77€03 @.33E+04 1.01E+04

3. 56E001 8.06£401 1.76E¢01 2.09€+08 2,43E003

4, §7€+02 2.11€¢02 4,30€+02 S.72€+04 S, 39€¢03

2.92€¢04 1.86E¢04 2.B8E+04 2.00€¢08 T 11E+03

2.0%+03 7.21E+00 1.94E¢03 3.03€+08 S. TE03

3.72€000 4,50€+02 S.41E+02 7.23€004 B.31E¢03
[P = 1) | | PO, ——- Eu-tse ceennaaNP-237 Te-99 - ceceemeaBPY
UNFILTER 0.4 ua 18 A UNFILTER 0.4 ua 10 A UNFILTER 0.4 us 18 A UNFILTER 0.4 va 18 A UNFILYER 0.4

<{2,30€+01} 3.23£04

€4,10€+02 7.21€+03

3.49€ 004 €1,40€¢03 3.81E¢03

<5.99€+03 T.60€004

€6.30€+02 1.36€+04

At ot s 8 mpas a4 P NS AP T D Fe PR Y Trb s PN ZSTINAIE R S R TE FEILRR L IR T I A e e AR D I L PR S U T R VI LS IO T T

INe
s JUNL 8
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TEST TYPE: UNDEFECTED TEST IDENTIFICATION: MH-b-|
u vemaPU=230ePu=200 canafa-2410Pu-230_______ v S 1} P

heaa-y 1ILren 0.4 18 A
DAY TVPE pH U ILTER 0,4 um 19 A UNFILTER 0.4 ua 10 A ur o8 ua UFILTIR 0.4 us
] Sol 5.973 3.00€-03 7.648-01 1. 76L 400
. Sol 4,430 2.00€-03 0,546£-01 2,37€¢00 .
. Rod 7.00€-02 €4,30€+00 3.33c00t %. 33002
15 Sol s.210 2.00€~03 14132000 2.:0(000
30 sol 311 2.00€-03 4.93L+00 7.91E+00
30 Rod €2,00€-02 €4,.308+00 3. 11E+08
0 Sot 4.203 3.00€~03 8.11E+00 1,49€+01
&0 Rod 7.10€-02 2.23€ 00 5. 43€+0)
0 8ol 4.137 2,00€-03 1.22€+01 2.21€+01
120 $ol 4.083 2,00€-03 1.448001 2.37€+01
120 Rod <1,00€-02 7.216+00 8.11€¢01
130 Sol 9,890 4,00€-03 1.330¢01 2.32€+01
180 Sol $.140 3.00€-03 1.76£001 2,97E+01
190 Rod 2,00€-02 8,.54£000 0,42€401
210 sal a.e33 2.00£-03 2.03E+01 3.19€+01
232 [ 3] $.034 2.00£-03 (1,00€-03 <1,00€-03 1,948001 1.90€¢01 1.47E+01 3.06£001 2,930001 2.43C401 (9,000-01 <¥.00€-0) ¢9.00C
2 Rod 2,00€-03 1.33€¢01 1.110002 2, 448501 #:
32 Strip *.00£-03 1.33E¢00 1,38€401 1330001 55:

e

TEST RESTAATED IN FRESH DEIONIZED MATER

[33e
!*‘{‘ N
13 mod 2.30€-01 4,30€+00 3.420401 S.070401 e ‘
13 Sol 6.034 1.30€-02 S,00£-03 3.006-03  3.13e0C 2.70€400 3$.33€400  1.08€¢01 4,50€+00 2,700  4.0M+00 1.35L+00 <¥.00L Bk
70 Rod 1.10€-01 3. 156400 T.04E¢0) 431001 :;,‘a‘?;r
20 $ol1 4183 1.10€-02 4,00€-03 2,00€-03  4.31€¢00 4.¥+00 3.19e00  1.47E¢01 7.64£000 4.93L+00  5.41fe00 9.01£~01 C¥.00€~EiM
128 s0) 3.4659 3.00£-03 3,00£-03 2,006-03  B.B4L¢00 4.31L¢00 4.¥3E¢00  9,51L+00 V. 4bE¢00 T,21E000  (1.400+00 « 1, 40€ 00 <1,40C+ P4
178 Rod 8.70€-02 3.92€400 7.12€+01 3.748+01
120 Strip €3,00€-03 4.0%-01 3.248400 2.700000
Co~&0 ™-123 Ru=104 Co-144
SaPLE
oay TYre pH WFILTER ©.4 ue 18 A UNFILTER 0.8 un 19 A WFILTER 0.4 ua 10 A UFILTIR 0.4 ua 19 A
1 ol s.873 8.33£+02
6 8a) 4.430 1.12€¢03
13 Rod <6.890€+02
13 $o} ..210 1.07€+03 .
30 sol 430 1.07€+03
30 Rod
0 %01 ..203 9.91£002
&0 Rod <b.30E+02
%0 o) 4137 1.07€+03
120 8ol 6.063 1.10€+03
120 Rod <6.30C+02
130 Sol .09 9.83£+02
180 So) 4.140 1.14E¢03
180 Rod <6.30€+02
210 sol 5.933 1.01€+03
232 o1 4.034 8.92£402 1,02€403 1,38€+02
232 Rod €1.00€+03
232 strip <1.,00€+02

TEST AESTARTED IN FRESH DEIONIZED MATER

13 Rod

13 ol 6.034 $.33£¢02 1.26£002 <1,20€+02
129 ol 3.463% 2,73E402 1.44E£402 <1.00€02
120 Rod €1,00€¢0)

12e¢ Strip <1,00€+02

uNITS: Solution seaples (801} in pCi/el for all but Ursniue, ug/el for Uraniua.
Rod saaplee in pCl/rod for all but Ureniua, ug/rod for Uraniua.
Btrip In ssae units as solution seaples, test vessel wes stripped with 300 a1 of 8 M MNO3.,
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TABLE A.7

TEST IDEINTIFICATION: MH-4-1

Aa-2010Pyu-238___

- P - mecmeaa a0 ... . Co 244 __.... JRNNUSUINIT =L 1) & & USSOIp L Y SLL LU
3 UNFILTIR 0.4 un 1A UFILTER 0,4 us 19 A UFILTCA 0.4 ua 18 A UNEILTER 0,4 us 18 A UNFILTER 0.4 uam 18 A
1.76E+00 3. 8468-01 3.21€+03 2.93£+07
2.37E009 5. 54L-01 3.37€+03 3.72t+02
3.33¢+01 Te33E002 9.118600 8,86E003 3.41€+02
3.70€+00 7.21C-01 3.03€+03 3.08€+02
9.91Ee00 1.80€+00 3.13€003 3.06€402
3.11€01 L &TEOL 9.588002
1.49€+01 1. 178000 3.39€03 2.89€+02
B.43£¢01 3.38€+01 <S.40€+02 €3.90€+02
2.21C01 1. 35E¢00 3.94€+0) 3.48E+02
2.37€+01 1.33€+00 4.07€¢03 3.37€+02
®.11C01 4,03€+01 €S, 00€+02 €3.80€+02
2.32¢€+01 9.01¢-01 3.73£003 2.31£402
2.97E¢01 1,90 +00 4,20€+03 3.34£402
0.420001 4,37¢e01 S,41€02 €3,70€+02
3.15€401 <4,30€-01 4,03€403 3.01L+02
4TE01 3.06£+01  2,930¢0% 2.4TL+01  (9,00€-01 <9,00£+01 (9,00€-01 <¥9,000-0) ¢9,00€-01 <¥,00€~-01 2.15E403 2.15£¢03 1.60€403 <1.40€¢02 1,62€402 1,00€+02
1.110002 9, 442401 8.41E001 1.00€+03 <b.30€+02
1.38€+01 1.336+01 6.34E¢00 1,89€002 €&, 30401
3.42€+01 T.87€+01 2.07¢+01 <b.30€¢02 €Cbho30€ 02
3300 1.08€+01 4.30€200 2,200 4,09 00 1,33£400 (9,00€-01 4,.30€+00 4,30€-01 (4,50£-01 3.32€¢02 1,68€002 (1.00€402 (€7.20€401 €4,30€¢01 <6.80€+01
7.64L401 $.312+01 4.93% 00} €1,30€+03 €1,20€+03

19€ +00 1.47C001  T7,.648+00 4,93C00 S.41L+00 9,01E-01 <9,00€~01 4,090+00 3.15€-01 <9,00€-0! 6.76E402

2.89€+02 ¢3,20€402 €1,20€402 €2.40€+02 <2,40€+02
¥3IE+00 V.VIE000 W, 46000 T.21E¢00  (1,49E¢00 +1,800000 C1.40€400 <€4,80€-01 ¢4,50€-01 (4.30€-01 4,09C+02

3.96£002 2.58E002 (B.10€01 <B,60E¢0) <6.30€+08

T.12€01 3.74€+0) 3.81t001 7.,03£402 €6.30£902
3.24E000 2.70€¢00 1.71E000 &.22€+01 <b,30€+01
- =106 Ce-144 Eu-134 —— e MO23Y_ Te-99
a UFILTER 0.4 ua 18 A UFILTER 0.4 ua 1 a WFILTER 0.4 us 18 A UNFILTER 0.4 ua 18 A UWILTER 0.4 ve 10 A
€2.30€+00 <3 .80€¢01
€2,90€002 €1,40€-02 (4.30€+00
€2.90€+03
€2,90€+02
<4,30€-01 C4.50€+00
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TABLE A.8

YEST TYPE:  UNDEFECTED TEST IDENTIFICATION: H-4-24
ceccemmantiiaennaianaan ceePU2INPUS240_ ceah-240Pu-230 A2 e
saeLE A
DAY Tvee pH UNFILIER 0.4 us 1A WFILTIR 0.4 va 10A . UZILTER 0.4 ua (LY WPILTER 0.4 ua 10
1 sol 3.322 0.51C001 3.110¢02
S %o} 3, 02% 2.44T¢01 3.581€¢02
3 Rod 1.30€¢01 2.70€+01
. Sol 2.974
13 f01 2.922 1.80€-01 0,.38€001 3.43€402
30 sol 2.922 1.40€-01 8,31L+01 3.272+02
30 Roo €3,00€-02 1.33R002 2.64£+02
40 Sol 2.078 1.40€-01 7.,03L+01 3.10€¢02
0 Rod €2,00€-02 1,248002 2.995£+02
*0 sol 2.900 1.30€-01 7.12€+08 3,08€002
0 fod «6.00€-03 1.100402 2.34L002
120 sol 2.912 1.20&-01 5. 49€+01 3,022¢02
120 Rod <1,40€-03 1.71€+02 3.30€002
130 Sol 3,007 1,40€-01 7.03€+01 2,932¢02 ,
130 Roe 2.60€-02 2.08E402 4,77€+02 .
100 sol 2,912 1.20€-01 6.31€001 2.79C+02
210 sl 2,933 1.10€-01 S.930401 2.738402
230 801 2.%10 1.30€-01 1.40€-01 1.10€-01 5.48€¢01 3,84£¢00 3.359€¢01 2,848¢02 2.64E+02 1.84L+02
230 Rod 1.30€-01 2,810¢02 5.48€402
271 So1 2,956 1.30€-01 1.30€-0tf 1.10€-01 S.45€¢01 4.93L¢01 4.77€+01 2.61E402 2,38E602 1.320002  1.3£+02 1,27€¢02 2.
m Strsp €1,00€-03 1,332+01 2.70€¢0} €9,006 01
Co-60 =123 Ru-104 Co-144
BAv TYPE pH UFILTER 0.4 ue 18 A UWFILTIR 0.4 ue 18 A UFILTER 0.4 ua 15 A UFILTIR 0,4 ua 18 P
1 S0l 3.322 1.03£+04 .
s Sol 3.02¢ 1.04€004 Mi '
s, Aod €6.00€+02 0N
1 so1 2.922 ,82€403 $ig
30 8ol 2.922 9.64€403 B
Pdis
1 A
30 Rod €1.30€¢03 iy
o0 Sol 2.878 2,32€+04 2!
ey fAod <1.40€+03 [‘};, :
0 sol 2.%00 1.04£404 F et
%0 Rod €(7.20€+02 :
[4
120 8ol 2.912 0.23£403
10 Rod 1.00€+03 7.48€+02
' sol 3.007 8.69€+03 .
1%0 Rod Cb,J0€002
180 Sot 2.912 9.10€¢03
2lo [- 23] 2.933 8.29€+03
730 8ot 2.918 9.03£+03 B.24£¢03  4.13£+03
230 Rod <4, 30€03
F38) Sol 2,93 8.42€+03 7.08€+03 4.33€+03
271 Strip <1.00€¢02
UNEITS: Bolution sasples (801) in pCi/al for al] but raniua, ug/al for Uraniuae, t
Rod sasples 1n pCi/rod for 81l but Urentiua, ug/rod for Urentua. g
Strip In same unite as solution seaples, test vessel wes stripped with 300 sl of @ B O3, 7¢ 3
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TABLEA.8

YEST JOCNTIFICATION: H-4-J4

cae R8NP T3S B R 1 T IO - L L L SO PO - bl b L PN = $15 | ORI
UFILTER 0.4 ua 10 A UNFILTER 0.4 ua 10 A UNFILTIR 0.4 ua oA UNFILTER 0.4 ua 19 A WFILTER 0.4 ua 18 A
3.11€402 1.23€402 2.13€004 2.19€+03
3.51€002 1,40€002 2,56€004 2,23€+03
2.70€+01 €3,70€402 ¢3.90€¢02
3.432+02 1.438002 2.20€¢04 2,.23€003
3.27€02 1.368002 2,09€ 004 2.36€+03
2.64€402 <9,00£+00 €7,20€+02 €7.20€02
3.10€+02 1.39€002 4,73€004 4.93£003 .
2.95€+02 3. I1S£+00 <8, 106002 €9,.30€+02
3.08€402 1.332002 2.11€04 2.02€+03
2.34€+02 4,03£¢00 €3,00€02 €4,30€+02 .
3.02€+02 1.32€+02 1.02€404 1.92€+03
3.38€+02 3.40€+00 €3,40€002 €3.70€+02
2.93€+02 1.23€402 (. 6TEvO4 1.432+03
4.77€¢02 1.36£¢02 €3,00€+02 <3.40€+03
2.730+02 V23002 1.79€+04 1.44E+03
2.738402 1.19€02 1,71€004 1.,47€+03 :
€e01 2.464E002 2,640+402 1,40E002 1.17002 1.14€+02 3.13£¢0) 1.42€904 1,70€004 1.44€004 1.25€¢03  1,108€¢03 1,23€+903 4
S.48€ 02 3.79€+01 €3,20€403 €b,30€+08
reeo1 2.810002 2,38E+02 1,32€¢02 1.840002 3.,27€¢02 2,79Ce01 1, 13602 1.12€+02 2.97€+01 1.49€004 1,32€¢04 1,.43E¢04 1.08€¢03 1,20€¢03 1,23€+03
2,70€+01 <9, 00€ -0} 7. 6LE-01 1.93£+02 0,00€+00
Ru-104 Ce-144__________ Cu-134 Np-237 — - Tc-*9
UFILTER 0.4 ua 19 A UNFILTIR 0.4 us 10 A UFILTER 0.4 ua 18 A UNFILTER 0.4 ua 18 A UNFILTER 0.4 ve 19 A
€2,39€000 C1.80€401
€2.90€+02 2.00€-02 9.01€+00
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TEST TYPE: UNDEFELCTED

Strip 2
Steip @3

|AeLE
pav TYerE
1 Rod
1 Sal
3 Sol
- Rod
3 8ol
e Sol
9 Roa
»0 Sel
0 Rod
*0 Sol
*0 Rod
e Strip @}
L4}
L]
SArLE
DAY TYPt
1 Roa
1 Sol
S Sol
3 Roo
15 Sol
o9 Sol
9 Rod
LAY Sol
60 kod
K0 Sal
W Rod
o) Straip ®1
°y Strip €2
4] Strip 83

uN1TS: Salution sasples (Sol)d
Rod sasples 10 pCi/rod
Strip 81 I1n sane unite
Strap 83

Strip 83 1n same units

PH

4.400
$.393
6419
. 7%0
&, 083

4.38s8

pH

6,480
6.393
6,419
6,790
6,033

6,388

UNFILTER 0.4 e

1.00€-02

1.60€-02
4.80€-02
&.00€-03
3.90€-0)
6,00€-03

3. 00€-0
2.70E¢00
3,70 00
3.30E£+400

UNFILTER 0.4 ua

©7.,20E¢02
1.79€e07
3.03L 407
€7,20€+03
&,98C+00

&,38€ 02
<b6,80€+00
7.52€e02

9.37€002

46.30E¢02
€1,30£+03
¢« 1. S0E+04

6.76E 03

UNFILTER 0.4 ue

Co~40

1Alphs « 11 )

3, 60€¢00
8.34£000
1,178+00
1.13¢¢01

2.308+01
3.31€+00
3.78€«01
1.98€+02
3.09€+01

3.03€+0)
1.49€+03
7.12€+02
2.68€¢03

S6-123

Pu=239+Pu=-240

-—

UNFILTER 0.4 ua

a% solution saapl
os solution saap)

UNFILTER

wn pCi/al for all but Ureniuse, ug/al for Uranius,

for all but Lranitua, uQ/rod for Urantua,

specimen pedestal, 50 al of B I HNO3,
1. 230 &l of 0.1 f§ HWNO3.

TEST JOENTIFICATION:

1.,17E01
3.06E001
1.710¢01}
3.24L+01

S.34€+01
3.086L01
8.13E+01
9,33€+02
1.14€002

3.035€¢02
4.9NE+03
4,73€+03
1.94E+04

UNFILTER 0,4 u

as 30luti1on samples, test vessel, 23 al of 8 1t HNO3 following Strip 82,

_Ae-241ePy-230
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TABLE A9

An

UFILTER 0.4 un

6.31€¢00

1.93£+02
2,31€003
3.21E¢03
$.32€03

Co-144

UFILTER 0.4 ua

.
EAEE
)

34340
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a4 e
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TABLE £.9

An-281 .

) UNFILTER 0.4 ua 18 A

631600

$.956+00
2.316+07
3. 2ME 03
9.33€203

Ce-144

a UNFILTER 0.4 um 16 A

LORED L

UNFILTER G 4 ua 18 A

1.08€+02

1. 11€Ee07
4,30€03
1.33€e07%
6.13E¢03

[ {1 PN

UM ILTER 0.4 um 18 A

+ 3,900}

2.0v4AC e

UNFILTER .4 ua

4,95¢00
1.13C«01
1.35€¢01
8, 11€¢00

S.86E 000
4.S0E+01
1,35€200
F.34€002
2.23€¢00

1,73E+00
S.18€+063
2. 64E003
8,.29E¢03

UNFILTER 0.4 ua

Ca-244 . ..

No-237 e

18 a

Ce-137

UNFILYER 0.4 ua

1.02€+03
«29€e02
1.89€+03
<3, 70€*02
2.22E403

3.00€ 03
<4, 10€e02
4.,48€9003
2.30€+04
Z.01E+03

1.06E+03
1.36E003
3.98E+04
2.06E002

Tc=-%9

UNFILTER 0.4 ua

«4,10E018

<3.60€02
<B.1€+02
+8.10€+03
<1, A0€+03

18 A

18 A

Ce-134

UNFILTER G.4 um 18 A

4,30€002
1.23€002
1.93Een2
“4,30€ 07
S.ANE 0D

S¢63EO]
4, 10E 0D
4,43Ee07
S.A3Een3

S. 20 00T

+ 3.90€ 02
1. 89E e
C1.mEe04
2.09€+04

L..8rveRu ...

UNFILYER O.4 ums 8 A

Q.34E902

LoshsE o3
S.0IE0L
2.0a8L 004

T 1€ 000
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