
NUREG/CR 2193
BNL NUREC-51410

VOL 1. NOS. 3-4

PROPERTIES OF RADIDACTIVE WASTES

AND WASTE CONTAINERS

QUARTERLY PROGRESS REPORT

OCTOBER - DECEMBER 1981

Nabil Marcos and Ramesh Dayal

NUCLEAR WASTE MANAGEMENT DIVISION

DEPARTMENT OF NUCLEAR ENERGY. BROOKHAVEN NATIONAL LABORATORY

UPTON, NEW YORK 11973

r,. c. * .-,3 <,y me u s n, a..a n,y.:am, y cm:- ,, ,,

Of f.< e i;f f., i ea 9.fg.2 tat:,ry Pe ea rth.

Contrac t N., C E- ACO2- 7Cr,H00e %

www www - --marewnm.wn mmmmemorm.~~ ---:-:===-._

209210476 820831
DR NUREG

___ _ _ _



.. . _______ _ _ __-_____- ___-________ ______-

NUREG/CR-2193
BNL-NUREG 51410

VOL 1. NOS. 3-4
AN. RW

PROPERTIES OF RADIDACTIVE WASTES

AND WASTE CONTAINERS

QUARTERLY PROGRESS REPORT

OCTOBER - DECEMBER 1981

Nabil Marcos and Ramesh Dayal

PrincipalInvestigalors

Contributors

W.W. Becker M.P. Hope

P.R. Hayde L.W. Millan

Manuscript Completed - April 1982
Date Published - May 1982

0.G.SCHWEITZER HEAD

NUCLEAR WASTE MANAGEMENT DIVISION

DEPARTMENT OF NUCLEAR ENERGY, BROOKHAVEN NATIONAL LABORATORY

UPTON, NEW YORK 11973

PREPARED FOR THE U.S. NUCLEAR RE00LATORY COMMISSION

OFFICE OF NUCLEAR REGULATORY RESEARCH

CONTRACT NO. DE-AC02-76CH00016

FIN NO. A-3027

_ _ _ _ _ _ _ _ _ _ _ _ .



,

ABSTRACT

137 s fran small-scale toCA study correlating the leachability of
large-scale cement forms was performed. The waste forms consisted of organic
ion exchange resins incorporated in Portland I cement, with a waste-to-cement
ratio of 0.6 and a water-to-cement ratio of 0.4 (as free water) and boric acid
waste (12% solution), incorporated in Portland III cement, with a waste-to-
cement ratio of 0.7. 137Cs was added to both waste types prior to solidi-
fication. The samples' dimensions varied f ran 1 in. x 1 in, to 22 in. x 22
in. (diameter x height) in size. Leach data extending over a period of 260
days were obtained. A method based on semi-infinite plane source di f fusion
model was applied to analyze the leach data. An effective bulk diffusion co-
ef ficient was calculated fran the leach data for both types of solidified
waste. A derived mathematical expression allows prediction of the amount of
137 s leached fran the fonns as a function of leaching time and waste fonnC

dimensions. A reasonably good agreement between the experimental and calcu-
l ated da ta i s obt ai ned .
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SUMMARY

A study correlating the leachability of 137Cs from small-scale to
large-scale cenent forms was perfonned. The waste fonns consisted of erganic
ion exchange resins incorporated in Portland I cement, with a waste-to-cement
ratio of 0.6 and a water-to-coment ratio of 0.4 (as free water) and boric acid
waste (12% solution), incorporated in Portland III cenent, with a waste-to-

137 s was added to both waste types prior to solidi-Cconent ratio of 0.7.
fication. The samples' dimensions varied from 1 in. x 1 in. to 22 in. x 22
in. (diameter x height) in size. Leach data extending over a period of 260
days were obtained.

137 s leach data for resin / cement and boric acid / cement canThe observed C

be represented by a di f fusional mass transport relationship. Inis seni-
empirical relationship has been used to estimate the cumulative fractional re-
leases fran fonns va rying in size fran 2 x 2 to 22 x 22 for a given leaching
period. The following observations were made from the 137 s release curves:C

137 s release reactions were primarily surf ace-e The initial C

controlled, the ef fect being most pronounced in the smallest
wa s te fo nn s tudi ed ( 1 x 1).

e The di f fusion-controlled regions of the release curves
were linear with t /2 and were represented by a slope =1

[2 x S/V(De/n)l/2]. The slope increased linearly with
increasing geometric surf ace-to-volune ratios (S/V) of the
waste fonns.

s Larger resin /cenent fanns (6 x 12,12 x 12, and 22 x 22)
disintegrated after 150,120, and 70 days of leaching,
res pe ct i v el y. The larger the fonn, the earlier the
disintegration occurred. This disintegration may be
attributed to va riations in curing with waste fonn size.

The ef fective bulk di f fusion coef ficients (De) for 137Cse

in the two waste form matrices were calculated from the
slopes of the linear regions of the 137 s release curvesC

vs t /2 De values were on the order of 10-8 cm2 s,1 f
and increased with increasing waste fonn size for both ma-
trices. The observed increase in De with waste form size,

may be attributed to variations in the degree of curing of
the waste forms.

,
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PROPERTIES OF RADI0 ACTIVE WASTES AND WASTE CONTAINERS
QUARTERLY PROGRESS REPORT, SEPTEMBER-DECEMBER 1981

137 s LEACHABILITY FROM SMALL-SCALE (LABORATORY) SAMPLES TOCCORRELATION OF
LARGE-SCALE WASTE FORMS (P. Hayde, M. Hope, L. Milian, and N. Morcos)

1. Introduction

This report presents experimental data and the conclusions of the study,
137 s leachability from small-initiated in FY 1980, on the correlation of C

scale (laboratory) samples to large-scale waste forms. The waste fonns evalu-
ated in this study are typical of those that are expected to be generated at
nuclear power plants, e.g., organic ion exchange resins pnd boric acid waste
solidified in Portland cements. In an earlier report,(1) we presented-
137 s " scale-up" leach data for ion exchange resin / cement composites.C

I

Licensing of near surface low-level radioactive waste disposal sites and
waste forms / containers may require the ability to predict the dispersibility
of radionuclides from waste forms and waste containers disposed in burial
sites. Basic concerns in licensing radioactive waste forms and containers are
their dimensional stability and the potential for migration of the radionu-
clides enclosed therein in a near- and long-term predictable fashion. To
assess these concerns, a data base is needed for evaluating the acceptability
of solidified low-level radioactive waste packages for disposal. Furthermore,
the need to develop test procedures and methodologies exists to enable the
prediction and extrapolation of long-term performance of waste forms based on
short-tenn laboratory tests.

Several theoretical and empirical methods based on mass transport and
diffusion theory have been develpped to predict the leachability of radioiso-
topes fran waste conposites. (1-91 A method has been recommended earlier
(1970) by the International Atomic Energy Agency (IAEA) fgr leaching samples
and for the analysis and interpretation of leaching data.(10) Recently, a
standard leaching method, which has much in common with the earlier IAEA meth-
od, was proposed by the American Nuclear Society Standards Committee Working
Group ( ANS-16.1). This method proposes the accumulation of data over a short-
tenn period (five days) to detennine the "Leachability Index," a material pa-
rameter. This parameter characterizes the leaching of a radionuclide from the
waste fonn and may be used for perfonnance predictions under actual environ-
mental conditions, if the type of material being tested was characterized
through generic studies. A working group (ISO /TC 85/SC 5/WG 5) of the Inter-
national Standards Organization (150) is also currently directing efforts
toward the adoption of a unifonn standard leach test.

The IAEA method assumes a semi-infinite plane source model of diffusion
for radioisotopes from waste composites and relates the amount of substance
dif fused out of a waste co,posite to the leaching time, the anount of that

1
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substance initially present, and the di f fusion rate. The mass
equation describing this diffusion mode can be written as(2,ll) transport rate.

f=S_xg[0t\l/2 (1)
v \w /

where f = fraction of substance di f fused out of the coaposite
duri ng t ime t,

S/V = ratio of the geonetric surface of the sample to
its volume,

0 = ef fective di f fusion coef ficient of the substance for the
parti cular composi te matrix ,

The underlying assumptions dictated by Equation (1) are that the isotope
under study is either stable or has a long hal f-life as co, pared to the dura-
tion of the experiment and that the initial isotope surface concentration of
t he wa s te fo nn i s ze ro. Furthennore, the relationship in Equation (1) implies
that initially for t = 0, the fraction leached (f) is also zero. However, ex-
perimental leach data deviate froa this prediction for small values of t and a
more general relationship is suggested (2.12)-'

f = S_ * 2 Dt 1/ 2 + a 2)
y n

where the tenn (a)13) presents non-dif fusive contributions from the surface ofre
the waste form.(4, Furthermore, a linear relationship of the term (a)
with the S/V ratio of the waste fonn was shown to exist,(13) indicating that
it is indeed surface controlled.

Experiments were conducted to determine if the 137Cs leach data on
small-scale laboratory samples could be used in predicting the leaching be-
havior of larger samples. This report presents the experimental data obtained
f ran 1 x 1 (diameter x height in inches), 2 x 2, 2 x 4, 3 x 3, 6 x 6, 6 x 12,
12 x 12, and 22 x 22 forms incorporating organic ion exchange resins or boric

137 s was added to both wasteacid waste solidified in Portland cements. C

types prior to solidification.

A method is presented to correlate the leach data from small-scale sam-
ples to those fro 1 la rge samples. It also allows estimating the cumulative
fractional release for a given waste form size in a given leaching time for
two simulated waste streams solidified in Portland cement (organic ion ex-
change resins and boric acid).

2. Experimental

The waste form nominal dimensions (diameter x height in inches) were
1x 1, 2 x 2, 2 x 4, 3 x 3, 6 x 6, 6 x 12,12 x 12 and 22 x 22 for the organic

!
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ion exchange resins waste stream and 1 x 1, 2 x 2, 2 x 4, 3 x 3 and 6 x 6 for
the boric acid waste stream. Cesium-137 was the radioactive tracer used in
both formulations. This radiotracer was selected because it is one of the
major long-lived radioactive components of reactor waste and one of the least
reactive (among these components) with Portland cement.

137 s added to the different size waste foms wereCThe amounts of
chosen by scaling the amounts used in earlier leaching experiments involving
2 x 4 waste fonns. For this purpose, the relationship f (V/S)1 = f (V/S)21 2

where f1 and f2 are the cumulative fractional releases leached from two
different size waste fonns during the same leaching time and (V/S)1 and
(V/S)2 are the. geometric volume-to-surface ratios of these two forms, was
used. Using the leached f rac s from 2 x 4 organic cation exchange resin /
portland II cement composites as f , f2 was calculated for the vari-l
ous sizes using the appropriate (V/S)2 values.

A modifled IAEA leaching procedure (4) was followed. The first leach-
ing period was 100 minutes, and thereaf ter the leachant was changed daily,
during the first 42 days, except for weekends, where the leaching periods ex-
tended from Friday to Monday. (However, the leachant was changed during the
first weekend). Af ter 42 days, the daily leaching period was extended to a
week, and later to a month, except for the 12 x 12 and 22 x 22 forms. For
these forms, the daily leaching period was not changed.

2.1 Preparation of Simulated Wastes

2.1.1 Organic Cation Exchange Resins

To simulate spent ion exchange resins in this study, organic cation
exchange resins (Rohm and Haas ll3N-77, H+ form) were converted to the Na+
fonn with 2 molar Na0H solution.ll) The volume of Na0H solution was twice
that of the resin. Following complete sorption of Na+ ions, the Na0H solu-
tion was decanted. The resins were then rinsed with deionized water until the
pH of the rinse water was comparabie to that of the deionized water, indicat-
ing that the excess Na0H was rinsed out completely. The resins were stored in
deionized water.

2.1.2 Boric Acid Waste

Work was performed earlier in our laboratory on optimized process pa-

Portland III cement.(16,17)of boric acid waste prior to solidification inrameters and the tregtment
This work indicated that adjustment of the

boric acid waste pH to a value of 10 to 12 assured proper solidification for a
waste-to-binder ratio of 0.7.

A stock solution containing 12 weight percent boric acid was prepared.
Its pH was adjusted to approximately 12 by the addition of sodium hydroxide.
This solution is hereaf ter referred to as " simulated waste."

3
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2.2 Waste Form Preparation

2.2.1 Organic Ion Exchange Resin / Cement Composites

Organic cation exchange resin / cement cmposites were fabricated with a
waste-to-cement (w/w) (Portland I) ratio of 0.6 and a water-to-cement (w/w)
ratio of 0.4. The simulated waste cmposition consisted of 33 weight percent
IRN-77 Na+ fom cation exchange resin loaded with 137Cs and 67 weight
percent deionized water as added free water. This fomulation was chosen
because preliminary test samples maintained their physical integrity during a
prolonged leaching period (4-5 weeks) and because it provided good workability
of th9 mixture during the mixing stage. Earlier process parameter investiga-
tionst16) for the solidi fication of IRN-77 resins in cement had defined
boundaries for the components of the waste form (resin, water, and cement)
where a freestanding solid product was produced. However, the durability of
the solidified product upon immersion in water had not been evaluated. Fo mu -
lations corresponding to those shown in the area bounded by heavy lines in the
table reproduced from Reference 16 were evaluated (see next page). Up to
twelve 2-inch-diameter by 4-inch-high foms were made and immersed in deion-
ized water to evaluate their physical integrity (no evidence of crumbling)
under leaching conditions. Only two fomulations, denoted by the triangle and
circle in the table, passed the immersion and workability tests. Howeve r ,
sme of the foms with the triangle formulation began to crumbie af ter several
days in water, whereas there was no failure of the fomulation shown in the
circle.

The following procedure was used in preparing the 1 x 1, 2 x 2, 2 x 4,
and 3 x 3 forms: appropriate amounts of resins were added to each mold and
covered with deionized water to which a measured amount of 137Cs radiotracer
was added while stirring. After a 24-houa equilibration period, the water was
sampled and assayed for 137Cs content to assure uptake by the resin. The
water was then removed by suction through a fritted filter and an amount of
deionized water was added cmmensurate with the fomulation for the cmposite.

The larger samples (6 x 6, 6 x 12,12 x 12, and 22 x 22) were prepared
in a slightly dif ferent manner. The amount of water added to the resins prior

137 s was the amount needed for solidification and there-to the addition of C

fore was not decanted after equilibration and 137Cs assay. The amount of
137Cs remaining in the aqueous phase (after sorption) for all samples was
less than 0.1% of the initially added activity, indicating that greater than

137 s was sorbed onto the resins.C99.9% of the

The mixtures of cement, water, and resins in individual molds were hand
stirred with polyethylene rods (for samples up to 3 x 3) or mechanically
stirred with a stainless steel mixer attached to a motor for the larger foms.
Specimens were stirred for five minutes and capped to prevent water evapora-
tion during the 28-29-day curing period. Earlier work has shown that ion ex-
change resin / cement composites, cured in air or left open to air af ter curing,
disintegrated af ter immersion in water.

4
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Table Showing Fonnulation of
Ion Exchange Resin Test Samples (Manaktala and Weiss (16))

(all weights are given in grams)

4

i Water
*

Ce en+
Weste

/ CeVt- 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

0.3 15.7 a 41.2 61.1 77.0 90.0 100.8 110.0 117.9
47.1 41.2 35.7 33.0 30.0 27.5 25.4 23.6,

157.1, 137.6 122.2 110.0 100.0 91.7 34.6 78.6

5 0.4 0.0 27.5 : 1 66.0 80.0 91.7 101.5 110.0
62.8 55.0 43, 44.0 40.0 35.7 33.9 31.4

4 157.2 37.* J??.' 110.0 100.0 91.7 84.6 78.6 t

0.5 13.8 36.7 55.0 70.0 82.5 93.1 102.1i

1 63.7 61.1 55.0 50.0 45.8 42.3 39.3
1 137.5 122.2 110.0 100.0 91.7 S4.6 78.6

0.6 0.0 24.4 44.0 60.0 73.3 84.6 94.3i

82.5 73.3 66.0 60.0 55.0 50.8 47.1
i 137.5 122.2 110.0 100.0 91.7 E4.6 78.6
,

1 0.7 12.2 33.0 50.0 64.2 76.2 86.4'
B5.6 77.0 70.0 64.2 59.2 55.0

122.2 110.0 100.0 91.7 84.6 78.6,

L.

i 0.8 0.0 22.0 40.0 $5.0 67.7 78.6
'

97.8 88.0 80.0 73.3 67.7 62.8
| 122.2 110.0 100.0 91.7 84.6 78.6

I 0.9 110.0 30.0 45.8 59.2 70.7
i 99.0 90.0 82.5 76.2 70.7
' 110.0 100.0 91.7 24.6 78.6

1.0 0.0 20.0 36.6 50.8 62.8
110.0 100.0 91.7 84.6 78.6
110.0 100.0 91.7 84.6 78.6

stach en composed of three parts, viz., resin (15.7), meter (47.1), and
cerent

;

i
!

Table 1 summarizes the waste cmposite sizes made, together with their
contents, volume-to-surface ratios, and leachant volumes. Each sample size
was prepared in triplicate with the exception of 22 x 22.

i

t
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Table 1

Cmpos t te Olmensions, Cmponents, and Laachant volumes
For haste Forms Incorporating IRb 7 7 Resins

Volume
I37Cs Added ofComposite Components]9)

fiia~, O 'aTiht ' {/5 'wWjhT ~ cement . Taste to Composite Leachant
Sample (In.) (In.) (cm) (g) FortTa~nTI Tlth-77* H2O (LC1) (mL)

1 1 0.9) 0.94 0.306 20 17.5 2.5 5.0 1 26 5

0.93 0.94 0.395 b 17.5 2.5 5.0 1 265
0.93 0.94 0.396 h 12.5 2.5 5.0 1 265

2x2 1.R3 1.R9 0.7R4 150 93.8 1R.R 37.5 10 1,050
1.R3 1.99 0.7R4 150 93.8 ld.R 37.5 10 1,050
1.R] 1.R9 0.7R4 150 93.8 1H.8 37.5 10 1,050

? 4 1.95 3.62 0. 9 M 29 0 181.3 %.3 72.5 10 1,700
1.R5 3.6? 0.936 290 1R1.3 36.3 72.5 10 1,700
1.85 3.62 0.936 ?90 191. 3 36.3 72.5 10 1,700

3s 3 3.00 3.34 1.32 734 460 9?.0 1R4 10 2,450
3.00 3.34 1.32 735 460 92.0 18 4 10 2,950
3.00 3.34 1.32 735 460 97.0 184 10 2,950

6m 6 6.06 5.79 2.53 b 3.750 650 1,300 500 11,000
6.06 5.73 2.5? h 3,?50 650 1,300 500 11,000
6.06 5.71 2.51 b 3,750 650 1.300 500 11,000

6m 12 6.00 11.6 3.03 9,670 6,139 1,22R 2.456 1.000 18,200
6.00 17.5 3.07 1,750 6.1 11 1,7 34 2,456 1,000 1A,200
6,00 11.1 3.00 9.430 6.139 1,279 2,456 1,000 18,200

12 12 12.5 11.5 5.14 40.000 24,900 4,990 9,980 10,000 44,000
17.3 11.5 5.09 40.100 24.900 4,990 9,9R0 10,000 44,000
12.3 11.5 5.09 39,R00 24,900 4,990 9,980 10,000 44,000

22 = 22 21.5 21.5 9.10 228.340 143,700 28,740 51,480 20,000 136,200

No m and Haas Anberlite or9anic cation enchange resin.
%qt weighed.

_ _ . . _

2.2.2 Boric Acid / Cement Composites

The simulated boric acid waste described above was heated to 170 F
prior to solidificction in Portland III cement so as to simulate actual so-
lidification conditions at power reactor sites. The ratio of waste-to-cement
was 0.7 and the noninal dimensions (in inches) of the solidified samples were
1 x 1, 2 x 2, 2 x 4, 3 x 3, and 6 x 6. The 137Cs radiotracer was added to
the simulated waste prior to solidification. The amount of the radiotracer
incorporated in each waste form was determined using the procedure described
earlier in this report.

The cunpositions of simulated boric acid waste foms are summarized in
Tabl e 2. All samples were made in triplicate (excect for the 3 x 3 size
samples which were made in duplicate) and cured for 31 days in sealed poly-
ethylene containers.

!
6
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Table 2

Cunpostte Otmenstons, Caponents, and Leachant Volumes for
Waste Forms incorporating Boric Acid

Volume
137 s Added ofComposite Components (9) C

Dia ,eter Helght V/5 Weighta cement waste to compostte Leachant

Sample (in.) (In.) (cm) (g) portland III H 803 Na0H HO (pC1) -(mL)3 2

1.x 1 0.97 0.94 0 .40 8 19.8 11.8 0.9 0.9 6.5 1 275

0.97 6.93 0.405 19.R 11.8 0.9 0.9 6.5 1 215

0.97 0.91 0.40 2 19.5 11.8 0.9 0.9 6.5 1 275

2x2 1.H3 1.89 0.783 149 BR.2 6.6 6.7 48.4 20 1,0 50

1.N3 1.89 0.7H3 150 HH.2 6.6 6.7 48.4 20 1.0 50
1.H3 1.M9 0.7HJ lad) HH.2 6.6 6.7 48.4 20 1,0 50

2x4 1.86 3.62 0.939 2H8 170.6 12.8 13.0 93.6 20 1,700
1.H6 3.62 0.939 288 170.6 12.8 13.0 93.6 20 1 ,70 0

1.H6 3.58 0.937 289 170.6 12.8 13.0 93.6 20 1,700

3a3 3.n 6 3.27 1.32 697 412 30 .8 31.5 22.6 20 2.950
3.06 3.27 1.32 698 412 30.8 31.5 22.6 20 2.950

6x6 5.91 6.02 2.52 b 2 .941 220 225 1614 1,000 11,000
5.91 5.98 2.51 b 2.941 220 225 1614 1.000 11.000
5.91 6.10 2.53 b 2,941 220 225 1614 1.000 11.000

AWeight of waste form af ter removal fra mold.
hNot weighed.

|

2.3 Waste Form Leaching

leaching procedure (15)were leached in deionized water using a modified IAEA
The composites

described earlier. The leaching volume was deter-
mined by the relationship: V = 10 cm x S, where V is the leachant volume and
S is the geometric surface of the composite being leached.

Leaching was carried out in two sets of containers. The samples were
placed in a fresh leachant and the leachate from the previous period was acidi-
fied with HNO3 (volume of conc. acid 1% volume of leachate). Ten-milliliter
aliquots of this acidified leachate were withdrawn in a plastic test tube and
assayed for 137 s content using a 3 in. x 3 in. Nal well crystal . The re-C

maining liquid was removed, the container was washed, and fresh leachant was
added to it for the next leaching period. The leachant was allowed to equili-
brate to room temperature overnight before transferring the waste form from
the other container.

All samples were counted until a minimum of 1,000 counts were accumu-
lated in the " window" set around the 137Cs photopeak (661.6 kev).
reduction was performed using a coaputer program developed at BNL.(Data18)
Incremental fractional and cumulative fractional releases were calculated.
Cumula.tive fractional release data are presented as a function of time.

7
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3. Results and Discussion

3.1 Leaching nata

The calculated increnental and cumulative fractional releases from each
waste form are given in Appendix A for the organic ion exchange resin / cement
composites (Tables A.1-A.8) and for the boric acid / cement conposites (Tables
A. 9 - A.13 ) . The errors quoted represent only the statistical errors associated
with the counting.

The solution for the mass transport diffusion model (Eq. 2) considered
plotted vs tgFR is a linear function of t /2infers that 1 Therefore, the CFR data were

/2 These plots are shown in Figures 1-16 for the organic ion
exchange resins /cenent composites, and Figures 17-26 for the boric acid / cement
compos i tes. Each pair of figures shown on a page represents the leach data of
three replicate samples, and where applicable, the average cumulative frac-
tional release of the intact replicates, except for the 3 x 3 and 22 x 22 sam-
ples. Some of the resin /cenent composites physically deteriorated during the
course of the experiment. Two of the 1 x 1, one of the 6 x 6 and the larger
waste forms (6 x 12,12 x 12, and 22 x 22) disintegrated at various times
during the experiment. Leach data obtained fran these fonns were considered
only while the forms remained intact. Further details are given in CFR plots

; displayed in Figures 1-16. The average cumulative fractional release curves
were normalized for V/S variation in the waste forms. The vertical error bars
represent variation in leach data of replicate samples.

,

.#

i

j Continued on Page 22
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137 s cumulative fractional release vs (time)1/2 fromFigure 1 C

1-inch-diameter x 1-inch-high resin waste conposites
(w/c = 0.6). The two forms denoted by O and e partially

' disintegrated during the first three weeks of leaching.
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composite as denoted by 6 in Figure 1 (w/c = 0.6; V/S =
0.396 cm for the three samples).
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three samples).
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observed to disintegrate during the early period of the
experiment.
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Figure 14 Volume / surface area normalized average CFR of 137 sC
vs ', time)1/2 fron 12-inch-diameter x 12-inch-nigh resin
waste composites (w/c = 0.6; V/S = 5.14, 5.09, and 5.09 cm
for the three samples). The average was calculated for the
time period during which forms were intar 'he composite
denoted by O in Figure 13 was not includeu "e average
CFR plot because it does not represent the ra, ease curve for
a truly intact fonn. Data beyond 96 days, shown in Figure
13, were not considered.
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Figure 15 137Cs cumulative fractional release vs (time)l/2 from
22-inch-diameter x 22-inch high resin waste composite
(w/c = 0.6). Waste fonns began to distintegrate af ter
42 days. * Indicates time at which form failed catastroph-

ically. For this particular size, only one fonn was tested.
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Figure 16 Volume / surface area normalized average CFR of 137 sC
vs (time)1/2 from 22-inch-diameter x 22-inch-high resin
waste composite (w/c = 0.6; V/S = 9.10 cm). Data beyond
42 days, shown in Figure 15, were not considered.
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137 s cumulative fractional release vs (time)1/2Figure 17 C

from 1-inch-diameter x 1-inch-high boric acid waste
composites (w/c = 0.7).
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(time) /2 from 1-inch-diameter x 1-inch-high boric acid
waste composites (w/c = 0.7; V/S = 0.408, 0.405, and 0.402 cm
for. the three samples).
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137Cs vsFigure 22 Volume surf ace area normalized average CFR of
(time) /2 from 2-inch-diameter x 4-inch-high boric acid
waste composites (w/c = 0.7; V/S = 0.939, 0.939, and 0.937 cm
for the three samples).

19

- _ ____ __ _



-- _ . _ _ _ _. _ - _ - _ - - - ,__ .. - _ - -..

8

/
75 i

,pgE U- i
ozo so

C yU

#-

#-

y/,
~,

U ' ti

i g"
+

"
-

$ H

00 ei 12 ca di los de|
[ Tirne (days) ]"'3

137 s cumulative fractional release vs (time)l/2Figure 23 C
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| cmposites (w/c = 0.7).
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137 s cumulative fractional release vs (time)1/2CFigure 25
from 6-inch-diameter x 6-inch-high boric acid waste
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for the three samples).
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3.2 Sample Failure During Leaching

As mentioned in Section 3.1, some of the organic ion exchange resin /
cement composites failed during the course of the leaching experiment. In
particular, two of the 1 x 1, and one of the 6 x 6 composites partially dis-

,

'

integrated during the first three weeks of leaching. The cause of the dete-
rioration of the 1 x 1 samples is not .n . However, in the case of the
6 x 6 sample, the deterioration occurreo mainly along a line on the sample
which corresponds to a crack in the mold used in the fabrication of this
san ple.

In addition, the 6 x 12,12 x 12, and 22 x 22 samples deteriorated af ter
a pproxima tely 150,120, and 70 days of leaching, respectively. The physical
disintegration of these forms appeared initially as hair-line radial cracks on
the surface (see Figures 27-29). These cracks widened gradually with time,
resulting in a catastrophic f ailure that usually occurred between sampling
periods. The samples then appeared as if they exploded fran the core. The
resulting cylindrical pie-shaped fragnents were hard and "non-crumbly" except
for those resulting fran the 22 x 22 sample.

Three samples (6 x 6, 6 x 12, and 12 x 12) with identical fonnulation as
I the leaching samples were prepared. Calibrated thermocouples were inserted in

the centers of the samples immediately af ter mixing. The temperature was fol-
lowed for a PO-hour period. The data are shown in Figure 30.

k (i$ ,
_

*] |; .,

s 3p'
;_,1 m b _ t,w i gsjs M2m _ -1

Figure 27 Top view of a 12 x 12 waste form showing radial cracks
af ter 180 days of leaching.
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Figure 30 Temperature changes of 6 x 6, 6 x 12, and 12 x 12 fonns over a
20-hour period starting immediately af ter mixing the forms.

The maximum temperature measured at the center of the forms were: 52*,
66*, and 92*C for the 6 x 6, 6 x 12, and 12 x 12, respectively. This exces-
sive rise in the temperature of the central part of the large fonns may have
affected the hydration at the core of the specimens and may be related to
their disintegration af ter leaching.

3.3 Analysis of Leach Data

As discussed in an earlier report,(1) a semi-empirical approach based
on the semi-infinite plane source diffusion model is presented to analyze the
leach data. This approach is applied to both the organic ion exchange resin /
cement composites and the boric acid / cement composites.

3.3.1 Analysis of Leach Data From Organic lon Exchange Resin / Cement
Composites

Rewriting Equation (2) given on Page 2 yields:

f = [S/V 2(D/n)1/2] x t1/2 + a (3)

This relationship describes a straight line with slope = S/V 2(D/n)l/2
and intercept a when f is plotted vs t1/2,
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Appropriate linear regions of the 137Cs release curves displayed in
Figures 1-16 were selected visually. The selection was based on the fact that
the dominant diffusional mass transport reaction occurs in the linear regions
summarized in Table 3 and that the initial reactions are primarily surface-
controlled and not representative of the overall release curve.

Table 3

Linear Regions of CFR vs t /2 Data1

From IRN-77 Resin / Cement Composites

chl)
b o of CFR vs t /21Size Linear Region

2 1.28 Beyond 36 days of leaching
2x4 1.07 36" " " "

" " " "3x3 0.76 36
6x6 0.40 16

" " " "

" " " "6x12 0.33 49
12x12 0.19 9

" " " "

" " " "22x22 0.11 7

alinear regions of CFR vs t /2 in Figures 1-16.1

The average CFR's from the intact forms for each size studied were cal-
culated for the regions outlined in Table 3 and were plotted vs t /2 as1

shown i n Figure 31. The data from the 1 x 1 forms were not considered since
they did not fit the di f f usion model . The surface-to-volume ratio was the
largest for this size (2.53 cm-1). As a result, the surface ef fects will be
most pronounced in this particular size relative to the other sample sizes.

A least squares linear regression was performed on these lines to deter-
mine the best fit, slopes and intercepts. The results of these calculations
are sunmarized in Table 4, together with the coef ficients of detennination as
defined by:

[aE(CFR)$+bE(t )$ x (CFR)j - 1/n(I(CFR)$) )1

2 (4)

R (b/ } = k I(CFR)I - 1/n(r(CFR)j)
)(S/V)

where the coef ficients a and b are derived coef ficients from the relationship:

(CFR)(Sjy) = [a + b x t /23(S/V) for each sample size studied.1
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Fiqure 31 Solid lines represent least squares linear regression
fits through average CFR's for resin / cement composites
of varying sizes. Dashed lines represent extrapolation
of the best fit lines to determine a, the intercept.

Table 4

Suunary of Slopes and Intercepts of CFR vs
tl72 for Resin / Cement Composites

S/V Intercept Coefficient of
Size (cm-1) Sl oped (a) Dete rmi na tionb

2x 2 1.28 3.03 16.4 1.0
2x 4 1.07 3.45 11.8 0.99
3x 3 0.76 2.10 8.15 1.0
6x 6 0.40 1.77 2.73 1.0
6 x 12 0.33 1.58 1.58 1.0

12 x 12 0.19 1.20 0.95 1.0
22 x 22 0.11 0.66 0.11 1.0

dSlopes and intercepts are obtained from the general relation-
ship CFR = a + b(t)l/2 using data in the linear region as
explained in the text.

bThe coef ficient of deternination is defined in Equation 4
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Since the slopes of the lines (Table 3) are represented by [S/Vx2(D/n)]1/2
,

plotting these slopes as a function of S/V would yield a line with a slope
equal to 2(0/ m)l/2, i .e. , for 2 = (S/V), then d(slope)/dz = 2(D/n)l/2 A

plot of these slopes vs S/V is shown in Figure 32, indicating a linear rela-
tionship.

A least squares linear regression on the points (slopes,2 = 0.90,S/V)
(Table 4) yields an expression of the form: slope = a + bx, with R
a = 0.75, b = 2.0 7, where b = 2(D/n)l/2,

10.0 . .

8.0 - -

S
E 6.0 - -

5 !
5 |

; 4.O|- -

*

.

J*2.0 -
.

l

[
*

O 10 20

S/V (cm-1)

Figure 32 Plot of [S/V 2(D/n)l/2], representing slopes of the
lines shown in Figure 31, vs (S/V) for resin / cement
compos i tes. The solid line is a least squares linear

| regression on the points for S/V less than 2.53 (i.e. ,
fonns larger than 1 x 1).

Therefore, the slope or [S/V d(D/n)l/2] could be calculated for any S/V
ratio using the relationship:

(slope)(sfy) = 2.07 x S_+ 0.75 (5)
V

| A similar fit was performed on the intercepts of the lines, shown in
Figure 31, and the S/V ratios, resulting in the relationship:

S( a)S/V = 1.m + 12.6 - (6)
V
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A plot of these intercepts [(a)S/y] versus their corresponding S/V ratios is
shown in Figure 33.
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Figure 33 Plot of the intercepts [(a)S/V] of the lines shown
in Figure 31 vs S/V for resin / cement composites.
The solid line is a least-squares linear regression
on the points for S/V less than 2.53 (i.e., forms
larger than 1 x 1).

Combining Equations (5) and (6) yields

(CFR) = (2.07 S/V + 0.75)t /2 + (12.6 S/V - 1.80) (7)1

Thus, the cumulative fractional release for a given time t from a sample with
a geometric surf ace-to-volume ratio of S/V can be calculated using Equation
(7). The cumulative fractional release calculated for several S/V values for
different time intervals are summarized in Table 5, together with the experi-
mental data. A good agreement is observed between the calculated values and
the experimental data measured over the linear region of CFR vs t /21
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Table 5

Emperimental amd Calculated CFR Cata in Percent For IRN-77/ Cement Composttes

Cumulative Fractional Release Time (Days)
5/V 4 5 9 15 21 33 42 47 56 SS 13 5 112 126 167 13i 24a 260

Dimension ( cm-I ) Mode

62.748.5 55.438.6 * *
2x2 1.28 fapt. 24.5 27.6 31.7 36.3 **+

Calc. 27.5 29.9 32.9 36.4 39.8 50 .3 58.6 e6.1

63.355.72x4 1.07 Empt. 20 .5 23.9 28.6 34.2 + 37.6 * 48.6 * **

Calc. 23.2 25.3 27.9 31. 9 33.9 43.1 91. 3 $9.5

35.2 A3. M3x 3 0.76 li p t . 12.8 15.0 18.4 22.2 + 23.6 * 30 . 3 * **

no Calc. 16.8 18.4 ?).5 22.9 25.2 32.4 38.0 4s.3
ya

29.16x6 0.40 Exot. 7. 20 9.20 10.7 12.2 14.4 * 16.3 * 19.6 * 24.0 **

C il e. 7. 9 R 9.36 10 . 5 11.9 13.5 15.1 19.9 23.9 21.1

23.321.3 * * * *17.06 x 12 0.33 Empt. 5.00 7.70 9.60 11.2 13.0 15.0 ***

Calc. 5.57 6.66 7.91 8.93 10 . 2 !!.7 13.1 17.1 ?) . 9

15.95 * *
12 x 12 0.19 Empt. 3.40 5. 30 6.50 7.38 8.40 9.37 9.73 * * * * * *

Calc. 3.15 4.n 3 5.03 5.84 6.86 H.01 8.44 15.44

* * * * * * ** * 8. 302,07 2.70 3.13 3.70 4.4922 x 22 0.11 Empt. 1.24 * |

Catc. 1.54 2.$2 3.37 4.7 4.94 5.92 8.76 |

*Esperiment al data not avetlable for these tire periods.
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i

3.3.2 Analysis of Leach Data From Boric Acid / Cement Composites
i

The CFR frm the boric / acid cement composites are shown as a function
of t /2 in Figure 34. Data from the 2 x 4, 3 x 3, and 6 x 6 samples, after1

9 days of leaching, rcpresent the main di f fusion-controlled mass transport re-
,

i action. This set of data for the post 9-day linear regions is used in calcu-
lating CFR's for the boric acid waste / cement cmposites. The 1 x 1 and ? x 2

: leach data were not considered bere for the same reasons given for the 1 x 1
; resin / cement caiposites (see Page 25).
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Figure 34 Solid lines represent least squares linear regression fits through
average CFR's for boric acid / cement composites of varying sizes.

! Dashed lines represent extrapolation of the best fit lines to
determine a, the intercept.

The slopes, intercepts, and coefficients of determination based on the
data from the 2 x 4, 3 x 3, and 6 x 6 samples for 9 days of leaching and be-
yond are summarized in Table 6. Fitting the slopes and intercepts given in i

Table 6 versus S/V for form sizes 2 x 4, 3 x 3, and 6 x 6 yields:
1

i (Sl ope)(S/v) = 3.15 S/V + 0.70 (8)

a nd (a)sfy = 18.69 S/V - 2.63 (9),

Combining Equations (8) and (9) yields:

CFR = (3.15 S/V + 0.70)t /2 + (18.69 S/V - 2.63) (10)1

30
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Table 6

Summary of Slopes and Intercepts of CFR vs t /2 for1

Boric Acid / Cement Composites

. S/V Coefficient of
Size (cm-1) Sl opea Intercep tsa Detenni nationb

2x2 1.28 4.05 31 . 2 0.98
2x4 1.07 3.89 16.7 0.99

3x3 0.76 3.41 12.7 0.99
6x6 0 .40 1.79 4.2 1.00

aSlopes and intercepts are obtained from the general
relationship CFR = a + b(t)1/2, using leach data beyond
9 days,

b The coef ficient of detennination is defined in Equation 4.
i

!

l
! Using Equation (10), the CFR for several V/S ratios at different time
' intervals were calculated for boric acid / cement co1posites. These values are

summarized in Table 7, together with their corresponding experimental values.
A reasonably good agreement between the calculated and experimental data is
observed.

Table 7

Experimental and Calculated CFR Data in Percent
for Boric Acid / Cement Composites

S/V CFR in Days
Dimension (cm-1) Mode 9 15 21 30 42 122 150

2x2 1.28 Expt. 29.6 35.2 39.1 43.9 49.7 65.1 68.1
Cal c. 35.5 39.6 43.0 37.2 52.0 73.6 79.3

2x4 1.07 Expt. 26.1 31.2 34.7 39.5 44.7 59.8 63.0
Cal c. 29.6 33.1 36.0 39.7 43.8 62.3 67.2

3x3 0.76 Expt. 20 . 9 25.3 28.5 32.5 37.3 50 .4 53.2
Calc. 20 .9 23.6 25.8 28.6 31.6 45.8 49.5

6x6 0 .40 Expt. 9.3 11.1 12.4 14.2 16.4 24.1 25.9
Cal c. 10 .7 12.4 13.8 15.6 17.6 26.5 28.9
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3.4 Diffusion Coefficients of 137Cs in Resin / Cement and Boric
Acid / Cement Composites

The ef fective bulk dif fusion coef ficients of 137Cs (De) in resin /
cement and boric acid cement conposites were estimated for each waste form
size considered. Using appropriate values of S/V for each size and their
respective slopes [S/V 2(D/n)t/2] derived fran linear regression fits of
the lines shown in Figures 31 (resin / cement composites) and 32 (boric acid /
cenent coqposites), we arrived at the De values summarized below in Table 8.

Table 8

Calculated Dif fusion Coefficients for the Various Waste Form Sizes

Nomi nal S/V De
2Waste Fonn Matrix Fonn Size (cm-1 ) Sl ope ( 10 - 0 cm /s)

Resin / Cement 2x2 1.28 3.03 0.5
Composites 2x4 1.07 3.45 0.9

3x3 0.76 2.10 0.7
6x6 0 .40 1.77 1.8
6 x 12 0.33 1.58 2.1

12 x 12 0 . 19 1.20 3.6
22 x 22 0.11 0.66 3.3

Boric Acid / Cement 2x2 1.28 4.05 0.9
Canposites 2x4 1.07 3.89 1.2

3x3 0.76 3.41 1.8
6x6 0 .40 1.79 1.8

Figure 35 shows the dependence of De on S/V for both matrices. The

value of De is observed to increase with the size of the waste form. The

De in the resin / cement matrix varies fron 0.5 x 10-8 to 3.3 x 10-8
cm2/s for 2 x 2 and 22 x 22 samples sizes, respectively. The maximum vari-
ation being less than an order of magnitude. Comparison of De values for
similar waste form sizes of the two natrices indicates that the matrix type

137Cs di f fusion rate. The observed increase indoes not appear to af fect
De with increasing waste form size for both matrices could be attributed to
variations in the degree of curing of large forms as conpared to the smaller
fo rms . It is worth noting that the observed dependence applies to both
matrices.
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4 Conclusions

The observed 137Cs leach data for resin / cement and boric acid / cement can
be represented by a dif fusional nass transport relationship. This semi-
empi ric al relationship can be used to estimate the cumulative fractional re-

leases from 'orms varying in size from 2 x 2 to 22 x 22 for a gCs in theiven leaching
period. The ef fective bulk di f fusion coef ficients D ) for 13e
two waste fom matrices are on the order of 10-8 cm /s. D was observedeto increase with increasing waste fom size. This dependence could be attrib-
uted to variations in the degree of curing of large forms as compared to the
smaller foms. Larger fonns (6 x 12 and larger) were observed to disintegrate
during the course of the experiment. The disintegration of these large forms
may also be due to variations in curing.
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APPENDIX A )

LEACH DATA FOR RESIN / CEMENT AND BORIC ACID / CEMENT COMPOSITES

137 s incremental and cumulative frac-Tables A.1 through A.8 present C

tional release data for the various sizes of resin / cement conposites.

Tables A.9 through A.13 present 137Cs increnental and cumulative frac-
tional release data for the various sizes of boric acid / cement composites.

Numerical entries under " Incremental Fraction Released x 100" colunn
heading, represent the increnental fractional releases, followed by the la
percent counting uncertainty in parentheses. Numerical entries under
" Cumulative Fraction Released x 100" column heading, represent the cumulative
fractional releases, followed by the absolute error propagated through the
summi ng process; (+/-) means (+).
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Table A.1

137 s Incremental and Cumulative Fractional ReleasesC

| From lx1 Resin / Cement Composite #1

TIME INCREMENTAL FRACTION CUNULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

|
- _ _ - _ _ _. ...........----------------....._

.07 10.87 ( 1 05) 10.87 +/- .11
1 28.03 ( .65) 38.90 +/- .22
2 10.30 ( 1.09) 49.21 +/- .24
3 6.38 ( 1.38) 55.58 +/- .26

'

4 4.79 ( 1.58) 60.37 +/ .27
5 3.72 ( 1.81) 64.09 +/ .28
6 2.94 ( 2.01) 67.03 t/ .20
7 2.49 ( 2.10) 69.52 +/- .29'

8 1.94 ( 2.40) 71.46 +/- .29
9 1.02 ( 2.58) 73.28 +/- .30

12 3.30 ( 1.09) 76.67 +/- .30
13 1.11 ( 3.35) 77.70 t/- .31
14 1.12 ( 3.32) 70.91 t/- .31
15 .94 ( 3.59) 79.84 +/- .31
16 .92 ( 3.66) 80.77 t/- .31
19 1.90 ( 2.53) 82.67 t/- .32

i 20 .00 ( 2.71) 83.47 +/- .32
21 .77 ( 2.00) 04.24 +/ .321

! 22 .69 ( 2.96) 04.93 t/- .32
23 .65 ( 3.14) 85.50 6/- .32

'26 1.37 ( 2.99) 86.96 +/- .32
27 .60 ( 4.43) 07.56 t/ .32
28 .58 ( 3.33) 88.13 +/ .32
29 .61 ( 3.14) 88.75 +/- .32

f 30 .56 ( 3.25) 89.30 +/- .32
33 1.25 ( 2.22) 90.55 t/- .32
34 .56 ( 3.25) 91.11 +/- .33
35 .54 ( 3.37) 91.64 t/- .33
36 .49 ( 2.21) 92.14 +/- .33
37 .44 ( 2.49) 92.57 t/- .33
40 .03 ( 1.74) 93.40 +/- .33
41 .49 ( 2.23) 93.09 +/- .33
42 .45 ( 2.42) 94.33 +/ .33
49 1.30 ( .93) 95.63 t/- .33
56 1.11 ( 1.52) 96.74 t/- .33
63 1.02 ( 1.53) 97.76 +/- .33

j 70 1.10 ( 1.53) 98.06 +/- .33
1 77 .00 ( 1.65) 99.74 +/- .33

04 .80 ( 1.01) 100.53 +/- .33
112 1.62 ( 2.75) 102.15 +/- .33
140 1.34 ( .99) 103.49 +/- .33
169 .76 ( 2.85) 104.25 +/- .33
197 .57 ( 3.35) 104.83 +/- .33

4
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Table A.1, Continued

137 s inc emental and Cumulative Fractional ReleasesC
From 1x1 Resin / Cement Composite #2

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

. . . . . . . . . . . . . . . . . . _ - __ _ _ . . . . . . . . . . . . _ . . . . . . . . . . .

.07 4.19 ( 1.70) 4.19 +/- .07
1 25.25 ( .69) 29.44 t/ .19
2 12.12 ( .99) 41.56 +/ .22
3 7.77 ( 1.24) 49.33 +/ .24
4 5.90 ( 1.43) 55.23 +/ .26
5 4.67 ( 1.60) 59.89 +/- .27
6 3.87 ( 1.77) 63.77 t/ .20
7 3.32 ( 1.92) 67.09 t/ .20
8 2.77 ( 2.09) 69.86 t/- .29
9 2.20 ( 2.32) 72.14 +/- .29

12 4.75 ( 1.60) 76.09 4/- .30
13 1.51 ( 2.07) 70.40 t/- .31
14 1.44 ( 2.92) 79.04 t/- .31
15 1.23 ( 3.13) 01.07 +/- .31
16 1.20 ( 3.21) 82.27 f/- .31
19 2.19 ( 2.37) R4.46 t/- .32
20 .04 ( 3.73) 05.30 4/- .32
21 .85 ( 3.04) 86.15 4/- .32
22 .76 ( 2.03) 06.91 t/ .32
23 .75 ( 2.00) 07.64 t/- .32
26 1.50 ( 2.74) 89.24 f/ .33
27 .72 ( 2.04) 09.96 t/- .33
28 .66 ( 3.09) 90.62 4/- .33
29 .60 ( 3.21) 91.23 f/ .33
30 .54 ( 3.36) 91.76 t/- .33
33 1.24 ( 1.36) 93.00 t/- .33
34 .54 ( 2.21) 93.55 1/- .33
35 .51 ( 2.12) 94.06 f/- .33
36 .49 ( 2.20) 94.55 t/ .33
37 .47 ( 2.32) 95.02 t/- .33
40 .85 ( 1.70) 95.87 t/- .33
41 .45 ( 2.42) 96.32 t/- .33
42 .44 ( 2.47) 96.76 t/- .33
49 1.15 ( 1.04) 97.91 +/- .33
56 .89 ( 1.62) 90.00 t/- .33
63 .77 ( 1.72) 99.57 t/ .33
70 .00 ( 1.63) 100.45 1/- .33
77 .51 ( 2.11) 1c0.96 4/- .33
04 .76 ( 1 74) 101.72 t/- .33

112 .65 ( 4.26) 102.37 t/- .33
140 .51 ( 1.43) 102.88 t/- .33
169 .36 ( 4.01) 103.24 t/- .33
197 .30 ( 4.45) 103.53 4/- .33
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Table A.1, Continued

137 s Incremental and Cumulative Fractional ReleasesC
From lx1 Resin / Cement Composite #3

TIME INCRENENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

______________________________ __________________________

.07 2.94 ( 2.01) 2.94 +/- .06
1 12.09 ( 1 00) 15.03 +/- .13
2 6.37 ( 1.38) 21.39 +/- .16
3 4.61 ( 1.62) 26.01 +/- .18
4 3.63 ( 1.82) 29.64 +/- .19
5 2.87 ( 2.06) 32.51 +/- .20
6 2.49 ( 2.22) 35.00 +/- .21
7 2.05 ( 2.41) 37.05 +/- .21
0 1.79 ( 2.62) 30.83 +/- .22
9 1.68 ( 2.J4) 40.52 +/- .22

12 3.65 ( 1.01) 44.17 +/- .23
13 1.27 ( 3.14) 45.44 +/- .23
14 1.39 ( 2.95) 46.02 +/- .24
15 1.20 ( 3.20) 40.03 +/- .24
16 1.24 ( 3.09) 49.27 +/- .24
19 2.47 ( 2.19) 51.74 +/- .25
20 1.03 ( 3.30) 52.77 +/- .25
21 .98 ( 3.57) 53.75 +/- .25
22 .86 ( 3.77) 54.62 +/- .26
23 .92 ( 3.66) 55.54 +/- .26
26 2.06 ( 2.40) 57.59 +/- .26
27 .87 ( 3.72) 58.47 +/- .27
28 .82 ( 2.65) 59.29 +/- .27
29 .84 ( 2.73) 60.12 +/- .27
30 .81 ( 2.67) 60.94 +/- .27
33 1.87 ( 1.16) 62.81 +/- .27
34 .79 ( 1.82) 63.60 +/- .27
35 .74 ( 1.00) 64.34 +/- .27
36 .69 ( 1.92) 65.03 +/- .27
37 .67 ( 1.96) 65.70 +/- .27
40 1.49 ( .97) 67.19 +/- .27
41 .73 ( 1.49) 67.92 +/- .27
42 .67 ( 1.97) 68.59 +/- .27
49 2.53 ( .71) 71.12 +/- .27
56 2.35 ( 1.02) 73.47 +/- .27
63 2.36 ( 1.02) 75.83 +/- .27
70 2.26 ( 1.01) 70.09 +/- .27
77 1.82 ( 1.12) 79.91 +/- .28
84 1.78 ( 1.15) 81.69 +/- .28

112 4.74 ( 1.57) 86.44 +/- .29
140 4.33 ( .53) 90.76 +/- .29
169 3.22 ( 1.30) 93.98 +/- .29
197 2.21 ( 1.64) 96.19 +/- .29
232 2.44 ( 1.58) 98.63 +/- .30
260 1.41 ( 2.05) 100.04 +/- .30
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Table A.2
,

137 s increnental and Cumulative Fractional ReleasesC
From 2x2 Resin / Cement Composite #1

.

TINE INCREMENTAL FRACTION CUNULATIVE FRACTION
DAYS RFLEASED X 100 RELEASED X 100

___ . .__..__........____......____.-= ____._______..

.07 1.16 ( 1.99) 1.16 4/ .02
1 5.24 ( .94) 6.40 t/ .05
2 3 13 ( 1.21) 9.52 t/ .07
3 2.21 ( 1 40) 11.73 t/- .07
4 1.83 ( 1 50) 13.57 t/ .08
5 1.51 ( 1 74) 15.08 t/ .M8
6 1.30 ( 1 88) 16.38 t/ .09
7 1.15 ( 2 01) 17.52 t/- .09
8 1.05 ( 2.10) 18.57 t/- .09
9 .09 ( 2.29) 19.46 t/- .09

12 2.11 ( 1.48) 21.57 t/- .10
13 .72 ( 2.57) 22.29 t/- .10
14 .76 ( 2.48) 23.05 t/- .10
15 .66 ( 2 66) 23.71 t/- .10
16 .66 ( 2 64) 24.37 t/- .11
19 1.50 ( 1.75) 25.07 t/- .11
20 .54 ( 2.07) 26.43 t/- .11
21 .54 ( 2 00) 26.99 t/- .11
22 .53 ( 2.97) 27.52 t/- .11
23 .50 ( 3.06) 20.01 t/- .11
26 1.39 ( 1.02) 29.40 t/- .12
27 .53 ( 2.96) 29.93 t/ .12
20 .52 ( 3.02) 30.45 t/- .22
29 .51 ( 2.96) 30.96 t/~ .12 I
30 .40 ( 3.10) 31.44 t/- .12 '

33 1.34 ( .83) 32.70 t/ .12
34 .50 ( t.37) 33.20 +/- .12 )
35 .32 ( 1.99) 33.61 t/- .12
36 .32 ( 2.03) 33.92 t/- .12
37 .46 ( 1.40) 34.30 t/ .12
40 1.09 ( .93) 35.47 t/* .12
41 .40 ( 1.34) 35.95 t/- .12
42 .45 ( 1.44) 36.40 t/- .12
49 .41 ( 1.46) 34.01 t/- .12 <

56 1.89 ( .71) 38.70 l'/- .12 ' '

63 1.70 ( .72) 40.49 t/ .12 #
70 1.81 ( .71) 42.30 t/- .12
77 1.49 ( .77) 43.79 t/- .12
04 1.55 ( .77) 45.33 t/- .13 |112 4.33 ( 1.03) 49.66 t/- .13

140 4.14 ( .33) 53.00 t/- .13
, 169 3.26 ( .85) 57.07 t/ .14
l 197 2.69 ( .92) 59.76 t/ <.14

232 3.10 ( .06) 62.86 t/- .14
260 2.10 ( 1.05) 64.96 t/- .14

,
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Table A.2, Continued
-

137 s Incre, ental and Cumulative Fractional ReleasesC
From 2x2 Resin / Cement Composite #2'

11NE INCREMENIAL FRACTION CUNULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

----------------------------- ---- -------------- --------.

.07 1.54 ( 1.74) 1.54 t/- .03
1 5.70 ( .90) 7.24 t/- .06
2 2.73 ( .41) 9.96 t/- .06
3 2.04 ( 1.51) 12.01 t/- .07
4 1.67 ( 1.66) 13.60 t/- .07
5 1.40 ( 1.01) 15.00 t/- .00
6 1.20 ( 1.96) 16.20 t/- .00
7 1.00 ( 2.00) 17.36 t/- .00
0 .90 ( 2.26) 10 26 t/- .09
9 .07 ( 2.32) 19.13 t/- .09

12 1.04 ( 1.54) 21 07 t/- .09
13 .66 ( 2.67) 21.73 t/- .09
14 .66 ( 2.63) 22.39 t/- .10
15 .63 ( 2.70) 23.02 t/- .10
16 .57 ( 2.02) 23.60 t/- .10
19 1.35 ( 1.04) 24.95 t/- .10
20 .53 1 2.97) 25.47 t/- .10
21 .50 ( 2.94) 25.97 t/- .10
22 .49 ('3.13) 26.46 t/- .11
23 .49 ( 3.00) 26.95 t/- .11
26 1.20 ( 1.95) 20.16 t/- .11
27 .44 ('3.23) 20.60 t/- .11
20 .43 ( 3.32) 29.03 t/- .11
29 .44 ( 3.22) 29.47 t/ .11

30 .40 ( 3.44) 29.00 t/- .11
33 1.16 ( .07) 31.04 t/- .11
34 .40 ( 1.43) 31.52 t/- .11
35 .43 ( 1.50) 31.95 t/- .11
36 .41 ( 1.46) 32.36 t/- .11
37 .39 ( 1.53) 32.75 t/- .11
40 .92 ( 1.00) 33.67 t/- .11
41 .44 ( 1.47) 34.11 t/- .11
42 .49 ( 1.41) 34.60 t/- .11
49 .34 1.61) 34.94 t/- .11
56 1.61 ( .00) 36.56 t/- .12
63 1 50 ( .76) 30.14 t/- .12
70 1.56 ( 77) 39.70 t/- .12
77 1.37 ( .00) 41.00 t/- .12
04 1.37 ( .00) 42.45 t/- .12

112 3.86 ( 1.10) 46.31 t/- .12
140 3.75 ( .36) 50.06 t/- .13
169 3.00 ( .00) 53.06 t/- .13
197 2.50 ( .96) 55.56 t/- .13
232 2.74 ( .92) 50.30 t/- .13
260 2.01 ( 1.00) 60.31 t/- .13
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137CS Incremental and Cumulative Fractional Releases <<
'From 2x2 Resirt/ Cement Composite #3 /
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s
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Table A.3

137 s Increnental and Cumulative Fractional ReleasesC
From 2x4 Resin / Cement Composite #1

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

--------- ------_ __ --- -------- -- --------

.07 1.00 ( 2.74) 1.00 +/- .03
1 4.13 ( 1.34) 5.13 +/ .06
2 2.46 ( 1.75) 7.59 +/- .08
3 2.01 ( 1.92) 9.60 +/- .08
4 1.58 ( 2.15) 11.18 +/- .09
5 1.37 ( 2.33) 12.55 +/- .10
6 1.21 ( 2.50) 13.77 +/- .10
7 1.09 ( 2.59) 14.86 +/- .11
8 .90 ( 2.88) 15.76 +/- .11
9 .85 ( 2.95) 16.61 +/- .11

12 1.99 ( 1.94) 18.60 +/- .12
13 .76 ( 3.12) 19.36 +/- .12
14 .75 ( 3.17) 20.11 +/- .12
15 .71 ( 3.24) 20.82 t/- .12
16 .66 ( 3.39) 21.47 +/- .13
19 1.57 ( 2.17) 23.04 +/- .13
20 .57 ( 3.64) 23.61 +/- .13
21 .60 ( 3.47) 24.21 +/- .13
22 .57 ( 3.66) 24.78 +/- .14
23 .57 ( 3.66) 25.35 +/- .14
26 1.23 ( 2.47) 26.57 +/- .14
27 .53 ( 3.76) 27.11 +/ .14
28 .51 ( 2.76) 27.61 +/- .14
29 .54 ( 3.73) 28.15 +/- .14
30 .47 ' 2.97) 28.63 +/- .14
33 1.33 ( 1.06) 29.96 +/- .15
34 .56 ( 1.59) 30.52 +/- .15
35 .53 ( 1.67) 31.05 +/- .15
36 .51 ( 1.73) 31.56 +/- .15
37 .47 ( 1.72) 32.04 +/- .15
40 1.11 ( 1.14) 33.14 +/- .15
41 .52 ( 1.71) 33.66 +/- .15
42 .48 ( 1.70) 34.14 +/- .15
49 .40 ( 1.87) 34.54 +/- .15
56 1.90 ( .90) 36.43 +/- .15
63 1.78 ( .91) 38.22 +/- .15

I' 70 1.83 ( .99) 40.05 +/- .15
77 1.57 ( .99) 41.62 +/- .15
84 1.57 ( .99) 43.19 +/- .15

112 4.31 ( 1.31) 47.50 +/- .16
140 4.10 ( .43) 51.60 +/- .16
169 3.26 ( 1.07) 54.06 +/- .17
197 2.71 ( 1.17) 57.57 +/- .17
232 3.04 ( 1.10) 60.61 +/- .17
260 2.10 ( 1.34) 62.71 +/- .18
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Table A.3, Continued

137Cs Incremental and Cumulative Fractional Releases
From 2x4 Resin / Cement Composite #2

TINC INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

---------- - _ _ _

.07 1.06 ( 2.66) 1.06 +/- .03
1 4.15 ( 1.34) 5.21 +/- .06
2 2.55 ( 1.71) 7.76 +/- .08

i

3 2.02 ( 1.90) 9.78 +/- .09 |

4 1.62 ( 2.15) 11.40 +/ .09
5 1.42 ( 2.29) 12.83 +/- .10
6 1.20 ( 2.46) 14.03 +/- .10
7 1.06 ( 2.64) 15.09 +/ .11
8 .93 ( 2.85) 16.03 +/- .11
9 .91 ( 2.86) 16.93 +/- .11

12 2.00 ( 1.92) 18.94 +/- .12
13 .76 ( 3.10) 19.70 +/- .12
14 .76 ( 3.11) 20.46 +/- .12
15 .69 ( 3.33) 21.15 +/- .13
16 .61 ( 3.41) 21.76 +/- .13
19 1.58 ( 2.16) 23.34 +/- .13
20 .61 ( 3.52) 23.95 t/- .13
21 .59 ( 3.49) 24.54 +/ .13
22 .58 ( 3.58) 25.12 +/ .14
23 .54 ( 3.72) 25.66 +/- .14
26 1.32 ( 2.35) 26.98 +/- .14
27 .55 ( 3.61) 27.54 +/- .14
28 .52 ( 3.87) 28.05 +/- .14
29 .56 ( 2.64) 28.62 +/- .15
30 .53 ( 2.64) 29.15 +/- .15
33 1.35 ( 1.04) 30.50 +/- .15
34 .55 ( 1.60) 31.05 +/- .15
35 .52 ( 1.72) 31.57 +/- .15
36 .51 ( 1.74) 32.08 +/- .15
37 .46 ( 1.78) 32.54 +/- .15
40 1.07 ( 1.17) 33.61 +/- .15
41 .53 ( 1.69) 34.14 +/- .15
42 .47 ( 1.73) 34.61 +/- .15
49 1.99 ( 1.93) 36.60 +/- .15
56 1.87 ( .U7) 38.48 +/- .15
63 1.75 ( .93) 40.22 +/- .16
70 1.78 ( .91) 42.01 +/- .16
77 1.52 ( .98) 43.52 +/ .16
84 1.49 ( .99) 45.02 +/- .16

| 112 4.04 ( 1.36) 49.06 t/- .17
140 3.84 ( .44) 52.90 +/- .17
169 3.18 ( 1.07) 56.08 +/- .17
197 2.56 ( 1.21) 58.64 +/- .17
232 2.96 ( 1.13) 61.60 +/- .18
260 2.03 ( 1.35) 63.63 +/- .18
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Table A.3, Continued

137 s Incronental and Cumulative Fractional ReleasesC

From 2x4 Resin / Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------- ---------------------------------- ---------

.07 1.14 ( 2.54) 1.14 t/- .03
1 3.01 ( 1.30) 4.95 t/- .06
2 2.40 ( 1.76) 7.35 t/- .07
3 95 ( 3.98) 0.30 t/- .00
4 1.60 ( 2.13) 9.90 t/- .09
5 1.32 ( 2.36) 11.21 t/- .09
6 1.16 ( 2.56) 12.37 t/- .10
7 1.00 ( 2.61) 13.45 t/- .10
0 .99 ( 2.77) 14.44 t/- .11
9 .90 ( 2.72) 15.42 t/- .11

12 2.00 ( 1.92) 17.42 t/- .12
13 .73 ( 3.17) 10.15 t/- .12

14 .77 ( 3.07) 10.92 t/- .12
15 .71 ( 3.25) 19.62 t/- .12
16 .69 ( 3.30) 20.32 t/- .13
19 1.59 ( 2.14) 21.91 t/- .13
20 .63 ( 3.43) 22.53 t/- .13
21 .59 ( 3.51) 23.13 t/- .13
22 .50 ( 3.57) 23.71 t/- .13
23 .60 ( 3.50) 24.31 t/- .14
26 1.45 ( 2.24) 25.76 t/- .14

27 .50 ( 3.55) 26.34 t/- .14
20 .57 ( 3.65) 26.91 t/- .14
29 .53 ( 3. 7"s ) 27.45 t/- .14
30 .52 ( 3.74) 27.96 t/- .15
33 1.40 ( 1.01) 29.36 t/- .15
34 .56 ( 1.50) 29.92 t/- .15
35 .53 ( 1.66) 30.46 t/- .15
36 .53 ( 1.60) 30.99 t/- .15
37 .53 ( 1 69) 31.51 t/- .15
40 1.22 ( !.09) 32.74 t/- .25
41 .56 ( 1.60) 33.29 t/- .15
42 .52 ( 1.72) 33.01 t/- .15
49 2.10 ( 1.07) 35.91 t/- .15
56 1.99 ( .06) 37.09 t/- .15
63 1.05 ( .00) 39.74 t/- .16
70 1.06 ( .00) 41.60 t/- .16
77 1.60 ( .97) 43.20 t/- .16
84 1.59 ( .90) 44.79 t/- .16

112 4.32 ( 1.30) 49.11 t/- .17
140 3.07 ( .44) 52.97 t/- .17
169 3.16 ( 1.00) 56.14 t/- .17
197 2.55 ( 1.22) 50.60 t/- .10
232 2.92 ( 1.12) 61.61 t/+ .10
260 2.00 ( 1.32) 63.60 t/- .10-
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Table A.4

137Cs Incremental and Cumulative Fractional Releases
From 3x3 Resin / Cement Composite #1

TIME INCREMENTAL FRACT10N CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

-------- _ - ----------------------------- ---

.07 .62 ( 4.45) .62 +/- .03
1 2.65 ( 2.19) 3.27 +/ .06
2 1.35 ( 3.09) 4.62 +/- .00
3 1.01 ( 3.49) 5.63 +/ .00
4 .90 ( 5.30) 6.53 +/- .10
5 .00 ( 5.60) 7.33 +/- .11
6 .76 ( 5.00) 0.09 +/- .12
7 .71 ( 6.05) 0.00 +/- .12
0 .62 ( 6.48) 9.43 +/ .13
9 .67 ( 6.21) 10.10 +/- .14

12 1.26 ( 3.19) 11.36 +/- .14
13 .56 ( 6.73) 11.92 +/- .15
14 .59 ( 6.64) 12.51 +/- .15
15 .53 ( 6.95) 13.04 +/- .16
16 .40 ( 7.39) 13.52 +/- .16
19 1.17 ( 4.65) 14.68 4/- .17
20 .44 (11.97) 15.13 +/ - .10
21 .44 (11.97) 15.57 +/- .19
22 .44 (12.07) 16.01 +/- .19
23 .46 (11.00) 16 47 +/- .20
26 .97 ( 0.09) 17.43 +/- .22
27 .43 (12.09) 17.06 +/- .22
20 .40 (12.50) 10 26 +/- .23
29 .43 (12.21) 10.70 +/- .23
30 .42 (12.24) 19.12 +/- .24
33 .79 ( 1.75) 19.91 +/- .24
34 .42 ( 2.30) 20.33 +/- .24
35 .40 ( 2.56) 20.73 +/- .24
36 .41 ( 2.44) 21.14 +/- .24
3/ .30 ( 2.60) 21.52 t/- .24
40 .76 ( 1.04) 22.20 +/- .24
41 .45 ( 2.24) 22.73 +/- .24
42 .40 ( 2.52) 23.13 +/- .24
49 .24 ( 3.21) 23.36 +/- .24
56 1.14 ( 1.44) 24.51 +/- .24
63 1.12 ( 1.46) 25.63 +/- .24
70 1.10 ( 1.50) 26.01 +/- .24
77 .90 ( 1.55) 27.70 +/- .24
04 .97 ( 1.56) 20.75 +/- .24

112 2.64 ( 2.20) 31.40 +/- .25
140 2.70 ( .70) 34.09 +/- .25
169 2.26 ( 1.60) 36.35 +/- .25
197 1.03 ( 1.06) 30.10 +/- .26
232 2.16 ( 1.70) 40.33 +/- .26
260 1.61 ( 1.95) 41.95 +/- .26
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Table A.4, Continued

137 s Incremental and Cumulative Fractional ReleasesC
From 3x3 Resin / Cement Composite #2

TIME INCREMENTAL FRACTION CUNULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------------, --- ------------- - - - - - - - - - - - - -

.07 .91 ( 3.73) .91 +/ .03
1 2.40 ( 2.31) 3.32 +/- .07
2 1.23 ( 3.19) 4.54 +/- .00
3 .90 ( 3.78) 5.44 +/- .08
4 .78 ( 2.91) 6.22 +/- .09
5 .69 ( 3.13) 6.91 +/- .09
6 .67 ( 3.04) 7.57 +/- .09
7 .50 ( 3.24) 8.16 +/- .09
8 .50 ( 3.25) 8.74 +/- .10
9 .53 ( 3.56) 9.27 t/- .10

12 1.10 ( 3.46) 10.37 +/- .10
13 .40 ( 3.67) 10.05 +/- .11
14 .45 ( 3.63) 11.30 +/- .11
15 .45 ( 3.64) 11.75 +/- .11
16 .e4 ( 3.69) 12.19 +/- .11
19 .81 ( 2.80) 13.01 +/- .11
20 .42 ( 2.39) 13.43 +/- .11
21 .41 ( 2.45) 13.84 +/- .11
22 .41 ( 2.40) 14.25 +/- .11
23 .42 ( 2.41) 14.67 +/- .11
26 .77 ( 1.01) 15.44 +/- .11
27 .39 ( 2.59) 15.03 +/- .11
20 .39 ( 2.59) 16.22 +/- .12
29 .40 ( 2.56) 16.61 +/- .12
30 .37 ( 2.69) 16.99 +/- .12
33 .70 ( 1.97) 17.69 +/- .12
34 .41 ( 2.45) 18.10 +/- .12
35 .38 ( 2.66) 18.48 +/- .12
36 .38 ( 2.67) 18.86 +/- .12
37 .38 ( 2.65) 19.24 +/- .12
40 .72 ( 1.92) 19.96 t/- .12
41 .45 ( 2.23) 20.42 +/- .12
42 .37 ( 2.70) 20.79 +/- .12
49 .19 ( 3.95) 20.90 +/- .12
56 1.08 ( 1.52) 22.06 +/- .12
63 1.06 ( 1.56) 23.12 +/- .12
70 1.12 ( 1.46) 24.24 +/- .12
77 .93 ( 1.63) 25.17 +/- .12
84 .95 ( 1.60) 26.12 +/- .13

112 2.40 ( 2.32) 28.51 t/- .14
140 2.53 ( .70) 31.05 t/- .14
169 2.14 ( 1.71) 33.19 +/- .14
197 1.83 ( 1.07) 35.01 +/- .15
232 2.15 ( 1.70) 37.16 +/- .15
260 1.57 ( 2.00) 38.74 +/- .16
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Table A.4, Continued

137 s increnental and Cumulative Fractional ReleasesC
Fron 3x3 Resin / Cement Composite #3

I

TIME INCRENENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

...------- _ .- _ - ---

.07 1 30 ( 3.10) 1.30 +/ .04
1 2.77 ( 2 14) 4.07 +/- .07
2 1.30 ( 3.11) 5.37 +/- .08
3 1.00 ( 3.54) 6.36 +/- .09
4 .88 ( 2.73) 7.24 +/- .09
5 .81 ( 2.80) 0.05 +/ .10
6 .72 ( 2.99) 8.77 +/- .10
7 .66 ( 3.07) 9.43 +/- .10
8 .67 ( 3.02) 10.10 +/ .10
9 .63 ( 3.21) 10.73 t/- .10

12 1.16 ( 3.25) 11.89 4/- .11
13 .54 ( 3.49) 12.43 t/- .11
14 .52 ( 3.38) 12.96 t/- .11
15 .49 ( 3.58) 13.45 t/ .11
16 .47 ( 3.78) 13.92 t/- .12
19 .90 ( 2.68) 14.81 +/- .12
20 .46 ( 2.49) 15.27 t/- .12
21 .47 ( 2 42) 15.74 1/- .12
22 .43 ( 2.37) 16.16 4/ .12
23 .43 ( 2.37) 16.59 4/- .12
26 .85 ( 1.79) 17.44 t/- .12
27 .42 ( 2.40) 17.86 f/- .12
28 .39 ( 2.61) 18.25 t/- 12
29 .42 ( 2.38) 18.67 +/- .12
30 .41 ( 2.49) 19.08 4/- .12
33 .64 ( 2 17) 19.71 +/ .12
34 40 ( 2.19) 20.12 +/ .12
35 .41 ( 2.47) 20.53 +/- .12
36 .38 ( 2.64) 20.91 4/- .13
37 .40 ( 2.55) 21.31 +/- .13
40 .64 ( 2.15) 21.95 +/- .13
41 .41 ( 2.46) 22.36 t/- .13
42 .40 ( 2.53) 22.76 t/- .13
49 .23 ( 3.26) 22.99 +/- .13
56 1.14 ( 1.44) 24.13 t/- .13
63 1.09 ( 1.51) 25.22 t/- .13
70 1.13 ( 1.45) 26.35 t/ .13
77 1.01 ( 1.63) 27.36 t/ .13
84 .98 ( 1.55) 28.34 t/ .13

112 2.69 ( 2.16) 31.02 +/- .14
140 2.67 ( .71) 33.70 1/- .15
169 2.26 ( 1 68) 35.95 t/- .15
197 1.84 ( 1 85) 37.80 t/- .15
232 2.25 ( 1.68) 40.05 t/- .16
260 1.61 ( 1.96) 41.66 f/- .16
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Table A.5

137 s Incremental and Cumulative Fractional ReleasesC
From 6x6 Resin / Cement Composite #1

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

____________________________________________________________

.07 .58 ( .90) .58 i/- .01

1 2.71 ( .42) 3.29 +/- .01
2 1.72 ( .52) 5.01 +/- .02
3 1.35 ( .59) 6.36 +/- .02
6 2.91 ( .40) 9.27 +/- .02
7 .83 ( 1.07) 10.10 +/- .02
0 .67 ( 1.20) 10.77 +/- .02

9 .73 ( 1.14) 11.50 +/- .03
10 .63 ( 1.23) 12.13 +/- .03
13 1.63 ( .34) 13.76 +/- .03

14 .56 ( .57) 14.32 t/- .03
15 .51 ( .61) 14.84 +/- .03
16 .48 ( .63) 15.32 +/- .03

17 .43 ( .66) 15.75 +/- .03

20 1.07 ( .43) 16.02 +/- .03
21 .38 ( .70) 17.20 +/- .03

22 .36 ( .74) 17.56 +/- .03

29 1.05 ( .72) 19.41 +/- .03
36 1.65 ( .34) 21.06 +/- .03

43 1.47 ( .36) 22.53 +/- .03
50 1.49 ( .36) 24.02 +/- .03
57 1.31 ( .38) 25.33 +/- .03

64 1.20 ( .39) 26.61 +/- .03
92 3.40 ( .53) 30.01 +/- .04

120 3.05 ( .18) 33.06 +/- .04

149 2.57 ( .43) 35.63 +/- .04

177 2.16 ( .47) 37.79 +/- .04
212 2.45 ( .44) 40.24 +/- .04

240 1.76 ( .52) 42.00 +/- .04
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Table A.5, Continued

137 s Incremental and Cumulative Fractional ReleasesC
|

From 6x6 Resin / Cement Composite #2
|

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------------------------------------------------------

007 .49 ( .99) .49 +/- .00
1 1.95 ( .49) 2.44 +/- .01
2 1.19 ( .63) 3.63 +/- .01
3 .94 ( .71) 4.58 +/- .01
6 1.94 ( .49) 6.52 +/- .02
7 .53 ( 1.33) 7.05 +/- .02
8 .45 ( 1.45) 7.51 +/- .02
9 .47 ( 1.41) 7.98 +/- .02

10 .41 ( 1.53) 8.39 +/- .02
13 1.09 ( .42) 9.47 +/- .02
14 .37 ( .72) 9.84 +/- .02
15 .33 ( .74) 10.17 +/- .02
16 .32 ( .77) 10.49 +/- .02
17 .29 ( .83) 10.78 +/- .02
20 .74 ( .51) 11.52 +/- .02
21 .28 ( .82) 11.80 +/- .02
22 .26 ( .87) 12.06 +/- .02
29 1.31 ( .85) 13.37 +/- .03
36 1.19 ( .40) 14.56 +/- .03
43 1.09 ( .42) 15.65 +/- .03

| 50 1.11 ( .41) 16.76 +/- .03
57 .96 ( .44) 17.73 +/- .03
64 .95 ( .45) 18.68 +/- .03
92 2.64 ( .60) 21.32 +/- .03

120 2.43 ( .20) 23.75 +/- .03
149 2.15 ( .47) 25.90 +/- .03
177 1.84 ( .51) 27.74 +/- .04
212 2.04 ( .48) 29.78 +/- .04
240 1.52 ( .56) 31.30 +/- .04
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Table A.5, Continued

137Cs Incremental and Cumulative Fractional Releases
From 6x6 Resin / Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------------------------------------------------------

.07 .47 ( 1.01) .47 +/- .00
1 1.55 ( .56) 2.02 +/- .01

2 .88 ( .74) 2.90 +/- .01
3 .71 ( .82) 3.61 +/- .01
6 1.50 ( .56) 5.11 +/- .02

7 .43 ( 1.47) 5 54 4/- .02
8 .36 ( 1.63) 5.90 4/- .02
9 .41 ( 1.54) 6.10 +/- .02

10 .34 ( 1.67) 2.64 +/- .02

13 .94 ( .45) /.58 +/- .02
14 .32 ( .78) 7.90 +/- .02

15 .29 ( .83) 8.18 +/- .02

16 .26 ( .87) 8.45 +/- .02
17 .25 ( .87) 8 70 +/- .02

20 .65 ( .54) 9.34 +/- .02
21 .24 ( .90) 9 59 +/- .02
22 .23 ( .90) 9.82 +/- .02

29 1.20 ( .89) 11.02 +/- .02

36 1.05 ( .43) 12.06 +/- .02
43 .96 ( .44) 13.03 +/- .02

50 .93 ( .45) 13.95 +/- .02

57 .79 ( .49) 14.75 +/- .03
64 .80 ( .49) 15.55 +/- .03

92 2.32 ( .64) 17.87 +/- .03
120 2 23 ( .21) 20.10 +/- .03

149 1.88 ( .50) 21.98 +/- .03

177 1 61 ( .54) 23.59 +/- .03

212 1.88 ( .50) 25.47 +/ .03

240 1.35 ( .59) 26.82 +/- .03
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Table A.6

137 s Incremental and Cumulative Fractional ReleasesC
Fron 6x12 Re3 in/ Cement Composite #1

TIME INCREMENTAL FRAC 118N CUMULAI1VE FRACTION
DAYS RELEASED X 100 RELEASE D X 100

___________________________________________________________.

.07 .30 ( 1.68) .30 t/- .01
1 1.76 ( .71) 2.07 t/- .01
2 1.18 ( .86) 3.24 t/- .02
3 .95 ( .97) 4.19 t/- .02
4 .78 ( 1.06) 4.97 t/- .02
8 2.31 ( .62) 7.28 t/- .03
9 .52 ( 1.31) 7.79 t/- .03

10 .48 ( 1.37) 0.27 t/- .03
11 .36 ( 1.56) 8.63 t/- .03
14 .89 ( 1.00) 9.53 t/- .03
15 .28 ( 1.77) 9.81 t/- .03
16 .27 ( 1.81) 10.08 t/- .03
17 .28 ( 1.79) 10.36 t/- .03
18 .27 ( 1.81) 10.63 t/- .03
21 .76 ( t.08) 11.39 t/- .03
22 .25 ( t.89) 11.63 t/- .03
23 .25 ( 1.87) 11.88 t/- .03
24 .22 ( 2.01) 12.10 t/- .03
25 .20 ( 2.06) 12.30 t/- .03
28 .46 ( 1.40) 12.76 t/- .03
29 .14 ( 2.44) 12.91 t/- .03
30 .16 ( ?.17) 13.06 t / -- .01
31 .16 ( 2.38) 13.22 t/- .03
32 .14 ( 2.56) 13.36 t/- .03
35 .36 ( 1.56) 13.72 t/- .03
36 .14 ( 2.49) 13.87 t/- .03
37 .12 ( 2.70) 13.99 te- .04
38 .13 ( 2.66) 14.11 t/- .04
39 .13 ( 2.54) 14.24 t/- .04
42 .32 ( 1.67) 14.54 t/- .04
43 .12 ( ?.68) 14.68 t/- .04
44 .12 ( 2.75) 14.80 t/- .04
49 .48 ( 1.35) 15.28 t/- .04
50 .12 ( 2.75) 15.40 t/- .04
51 .12 ( 2.74) 15.52 t/- .04
52 .13 ( 2.55) 15.65 t/- .04
53 .12 ( 2.81) 15. 77 t /- .04
56 .28 ( 1.79) 16.05 t/- .04
63 .53 ( 1.29) 16.57 t/- .04
70 .50 ( 1.32) 17.07 t/- .04
77 .49 ( 1.35) 17.56 t/- .04
84 .4? ( 1.36) 18.04 t/- .04
91 .47 ( 1.36) 18.51 t/- .04
98 .55 ( 1.26) 19.06 t/- .04

105 48 ( 1.35) 19.53 t/- .04
113 .51 ( 1.31) 20.04 t/- .04
119 40 ( 1.47) 20.44 t/- .04
168 13.00 ( .1H) 33.44 t/- .05

|
|
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Table A.6, Continued

137 s Incre, ental and Cunutative Fractional ReleasesC
From 6x12 Resin / Cement Composite #2

!!nL INC0fMENTAL FRACTION CUMUL AT IVE F F( ACT ION
l kll [ ASE D X 100 RE t t ASE D X 100

_ _ . _' A ( 5_. -__-_....____.. ___ . .....__._.___ ..._____.._._....

.07 .29 ( 1.74) .29 t/- .01

1 1 94 ( .67) 2.25 t/- .01
2 1 33 ( .02) 3.50 t/- .02
3 1.05 ( .92) 4.62 t/- .02
4 .06 ( l.00) 5.49 t/- .02
0 2 45 ( .60) 7.92 t/- .03
9 .51 ( l.31) 0. 43 t /- .01

10 .46 ( 1.37) H.H9 t/- .03
11 .36 ( 1 56) 9.25 t/- .J3
14 92 ( .90) 10.17 t/- .03
15 .30 ( 1.70) 10.46 t/- .01
to .27 ( l.H1) 10./3 t/- .03
17 .29 ( l.12) 11 03 t/- .0t
1H .29 ( l.76) 11.31 t/- .05
21 .00 ( l . 0", ) 12.11 t/- . 0.1

?? .21 ( l .H 5) 12 30 t/- 01
1

23 .24 ( l.H4) 12.e4 t/- .03
24 .25 ( l.07) 12.0H t/- .05

25 .23 ( 1.92) 13 12 t/- .03

28 .57 ( l.2?) 13.70 t/- .03
29 .20 ( ?.12) 13.90 t/- .03
10 .?? ( 1.90) 14 12 t/- .04

31 .?? ( .' . 01 ) 14.31 t/- .04

.12 .?O ( ?.06) 14.51 t / - 04
1". .54 ( l.20) 15 01 t/- .04
36 .?O ( 2.01) 1% 2/ f/- .04
17 .10 ( 2.17) 1 "s . 4 *s 9/- .04
30 .17 ( ?.27) 15.65 t/- 04

39 .17 ( 2.24) 1". s it0 t/~ .04

42 . 4 ", ( 1.39) 16 . 2", 9/- .04

43 .l/ ( 2.27) 16.4? t/- .04

44 .16 ( 2.30) 16 . ",H t/- .04
49 .69 ( l.12) 17.?7 t / -- .04

*0 .1/ ( '.24) 17.45 4/- 04
s

51 .16 ( ?.35) 11.61 t/ .04

52 .1H ( 2.?6) 17./H t/- 04

53 .15 ( 2.40) 17.93 4/- .04
56 . 17 ( 1.50) 10. 12 4/- 04

63 .69 ( l.13) 17.01 t/- 04

70 .51 ( 1.??) 19.55 t/- .04

77 4H ( 1.35) 20.04 t/- .04
04 47 ( l.3/) 20.50 t/ .04

91 .4/ ( l . ,4 / ) ?O.9/ t/ .04

9H . ", 4 ( l ?H) ?!.51 t/- 04

105 .50 ( l.31) 22.01 0 / -- 04

113 . "a l ' l .1.' ) ? 2 . ", ' f / 01

119 .41 ( l . 4 ''s ) ??.94 t/- .04

!?6 .44 ( l.41) ?!.37 t/ 0's

111 . 4 ", ( 99) .' l . 0 4 9/ 0",

140 .40 ( l . 0's ) ? 4 . .' 4 6/ . 0 *,

16H /.YU ( .?i) (? 6/ 05

54

. _ _ _ _ _ _ _ _ _



_ .

Table A.6, Continued

137 s Increnental and Cumulative Fractional ReleasesC

From 6x12 Resin / Cement Composite #3

IIMF INCkEMENTAL FRACTION CtJMULATIVE FRACTION
DAYS RELEAGED X 100 RELEASED X 100

---------.--------------------- -----------------

.07 .20 ( t.77) .29 t/- .00
1 1 68 ( .72) 1.96 t/- .01
2 1.07 ( .90) 3 04 t/- .02
3 .06 ( t.00) 3.90 t/- .02
4 .70 ( 1.11) 4.60 t/- .02
0 1.92 ( .60) 6.52 t/- .02
9 .39 ( l.50) 4.91 t/- .02
to .37 ( 1.53) 7.2H t/- 63
1i .29 ( l.73) /.57 t/- .03
14 .76 ( 1.08) 0 32 t/- .03
15 .25 ( I.05) 0 50 t/- .03
16 .23 ( 1.95) 0.01 t/- .03
17 .24 ( 1.92) 9.05 t/- .03
IB .24 ( 1.90) 9.29 t/- .03
21 .67 ( 1.15) 9.96 t/- .03
22 .24 ( l.90) 10.20 t/- .03
23 .24 ( 1.92) 10.44 t/- .03
24 .23 ( 1.95) 10.67 t/- .03
25 .21 ( 2.01) 10.00 t/- .03
20 .56 ( 1.25) 11.44 t/- .03
29 .I' ( ?. 1) 11.63 t/- .03
30 ** ' . V 1) 11.05 t/- .03.

31 . ( 1.??) 12.07 t/- .01
32 .2' ( ?.04) 12 20 t/- .03
35 .5r ( 1.23) 12.05 t/- .01
36 .23 ( 1.94) 13.00 t/- .03
37 .19 ( 2.16) 13.27 t/- .03
3D .19 ( 2.ll) 13.46 t/- .03
39 .20 ( 2.12) 13.66 t/- .03
42 .51 ( t.30) 14.16 t/- .04
43 .20 ( 2.00) 14.37 t/- .04
44 .19 ( 2.16) 14.56 t/- .04
49 .79 ( t.06) 15.35 t/- .04
50 .21 ( 2.02) 15.57 t/- .04
51 .19 ( 2.13) 15.76 t/- .04
52 .22 ( I.99) 15.98 t/- .04
53 .19 ( 2.15) 16.17 t/- .04
56 .50 ( l.34) 16.67 t/- .04
63 95 ( .97) 17.62 t/- .04
70 .04 ( t.03) 18.46 t/- .04
77 .79 ( l.06) 19.25 t/- .04
04 .76 ( 1.07) 20.01 t/- .04
91 .6H ( t.13) 20.70 t/- .04
90 .61 ( t.19) 21.31 t/- .04

10'i .56 ( 1.26) 21.H7 t/- .04
183 .53 ( 1.30) 22.40 t/- .04
119 .44 ( t.42) 22.04 t/- .04
126 .42 ( 1.46) 24.26 t/- . 0'i
133 40 ( 1.05) 23.66 t / -- . 0P.
140 .36 ( t.ll) 24.03 t/- .05
147 .33 ( .00) 24.30 t/- 05
101 1.06 ( . 6*. ) 25.44 t/- .05
209 97 ( .6/) ?6.41 t/ . 0".
237 17.31 ( .lA) 43.72 t / -- .05
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Table A.7

137 s Increnental and Cumulative Fractional ReleasesC
From 12x12 Resin / Cement Composite #1

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

----- ------------------------------------------------------

.07 .12 ( 1.28) .12 +/- .00
1 .83 ( .48) .94 t/- .00
2 .58 ( .50) 1.53 +/- .01
5 1.89 ( .32) 3.42 +/- .01
6 .95 ( .45) 4.37 t/- .01
7 .35 ( .75) 4.71 +/- .01

8 .29 ( .83) 5.00 t/- .01
9 .25 ( .87) 5.25 t/- .01

12 .64 ( .55) 5.09 +/- .01
13 .23 ( .92) 6.12 +/- .01
14 .19 ( 1.02) 6.31 +/- .01
15 .17 ( 1.06) 6.48 +/- .01

16 .30 ( .00) 6.78 +/- .01
19 .36 ( .73) 7.14 +/- .01
20 .12 ( 1.27) 7.26 t/- .01
21 .12 ( 1.24) 7.38 t/- .01
22 .12 ( 1.26) 7.51 4/- .01
23 .12 ( 1.26) 7.63 t/- .01
27 .42 ( .68) 0.05 +/- .01
28 .11 ( 1.30) 0.16 +/- .01
29 .11 ( 1.35) 0.27 +/- .01
30 .11 ( 1.33) 0.38 t/- .01
33 .24 ( .89) 8.62 t/- .01
34 .09 ( 1.49) 0.71 t/- .01
35 .09 ( 1.50) 0.00 1/- .01
36 .09 ( 1.46) 0.09 +/- .01
37 .09 ( 1.47) 0.98 +/- .01

40 .22 ( .94) 9.20 t/- .01
41 .09 ( 1.47) 9.29 t/- .01
42 .00 ( 1.59) 9.37 t/- .01
43 .08 ( 1.55) 9.45 +/- .01
44 .09 ( 1.49) 9.53 t/- .01
47 .20 ( .98) 9.73 +/- .01
54 .43 ( .67) 10.16 t/- .01
61 .30 ( .71) 10.54 t/- .01
68 .38 ( .71) 10.93 +/- .01
75 .37 ( .72) 11.30 t/- .01
02 .37 ( .73) 11.66 t/- .02
09 .36 ', .74) 12.02 t/- .02
96 .40 ( .69) 12.42 +/- .02

124 1.35 ( .30) 13.77 +/- .02
145 .97 ( .45) 14.74 t/- .02

100 1.21 ( .20) 15.95 +/- .02
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Table A.7, Continued

137 s Increaental and Cumulative Fractional ReleasesC

From 12x12 Resin / Cement Composite #2

i 18T $NCE F MF es T AL F RAr i1088 CUmA AFIVE f FACf!Oss
Dar5 EELEASED R 100 Rf t t A%f D R 100

... . . . . . .

.07 .t5 t 1.24) .53 */- .00
t 8.0B 4 4GD t.15 6/- .ot
2 .45 i .60p 1.91 6/- .01
3 .51 4 .een 2.32 */- .St
4 .44 E 73) 2.75 6/- .08
7 .94 4 ,491 3.72 te- .01
0 .32 ( .95) 4.04 */- .08
9 .27 6 9th 4.33 D/- .01

to .22 8 1.048 4.58 D/- .01
88 .00 t 8.091 4.73 t/- .0t
le 49 4 .493 5.22 +/- .nl
15 .t8 i R.149 5.40 *s .08
16 .57 f 3 199 5. .7 t/- .61

.- .s. . 6.. a s 4.. e. .oa
is .45 4 1.247 5.uJ */- .01
2B .37 E 79 1 4.45 t/- .98
22 .45 4 1.25) 4.40 D/~ .05
2J .83 4 8.33 6.54 6/- .03
24 .5t t 4.477 4.45 e / .04
25 .43 4 3 336 4.78 t/- .01
20 .34 6 .aol 7.14 t/- .dt
29 .58 ( 1.4th 7.26 t/- .01
30 .It t 5.473 7. 54 */- .08
38 .it 6 B.4SD 7.47 6/- .41
32 .30 t L.52) 7.57 t/- .04
35 .25 t .9t> 7.94 +/- .01
34 .99 4 8.59b 7.95 t/- .01
37 .09 i R.579 0.04 ##- .01
30 .09 4 B.57) 8.84 t/- .0L
39 . 80 t 1.556 8.2 3 t /- .08
42 .29 4 .951 8.58 t/- .08
43 .09 4 E.eet 3.60 6/- .08
44 .00 4 1.783 S.48 */- .dt
45 .ou 4 E.479 8.74 t/- .05
46 .09 4 8.656 S.85 e/ .01
50 .30 t .een 9.15 t/- .0L
58 .00 t 1.75) 9.22 t/- .48
52 .07 6 1.W2B 9.29 t/- .01
53 .07 4 B.748 9.37 6/- .01
54 .18 4 8.843 9.54 +/- .08
57 .07 4 1.06) 9.48 t/- .02
58 .07 t 1.d2s 9.69 t/- .02
59 .95 4 2.12) 9.74 6/- .02
60 .05 t 2.sta 9.79 6/- .02
43 .35 4 1.24D 9 94 t/- .02
44 .t0 t 1.088 10.04 6/- .02
45 .07 4 1.298 10.18 t/- .02
44 .04 4 t.37P 10 17 t/- .02
47 .04 4 8.423 30.23 */- .02
70 .57 8 .528 10.40 4/- .02
78 .04 e t.333 10.47 t/- .02
72 .04 6 8.J79 10.53 4/- .02
75 .04 i n.398 10 59 t/- .02
74 .04 8 5.346 B0.64 t/- .02
77 .38 e .02) 80.a t t/- .02
78 .07 4 8.243 80.#1 t/- .02
79 .07 4 1.3tt 10.ve 6/- .02
80 .07 ( l.30) St.04 6/- .02
86 .07 4 1.296 18.18 6/ .02
84 .48 4 .801 11.30 6/- .02
SS .07 8 9.318 31.37 t/- .02
S4 .00 t 1.23s 18 44 t/- .02
97 .04 E 1.344 11.54 t/- 02
08 .01 ( t.336 18.51 t/- .02
91 .19 4 .79) S t . ?e 9/- .02
92 .07 6 1.298 t t .d I + /- .02
95 .0/ i L.32) 11 70 t/- .02
94 .07 ( 1.386 18 97 9/- .02
9*3 .08 ( 1.23a 12.04 t/- 02
99 .23 4 749 12.25 e/ .02
99 . 0e 4 1.253 12.82 t/* .02

100 .o1 ( t.263 L 2. 89 t/- .02
tot .07 ( l.298 12.44 */* .02
002 .07 4 B . 85 9 82.53 6."- .02
805 .ad 4 .4ts 32.11 D/- .02
104 .07 4 1.266 12./8 6/- .02
107 .d7 4 1.821 12.oS e/ .62
100 .d7 4 1.208 12. v2 6. - .02
101 .0/ t 1 49) 12./9 e/* .02
582 .19 I .ao) 17.17 4/- .02
til .07 I t.30s 13.24 t/- .02
135 42 i 99b 1 3. 14 */- .0?
114 .07 e 1.31) 13.41 6/- .02
IIT .17 I .928 13.61 */- .02
124 .10 t .5es 13.9a 6 / - .02
133 .43 t 2> 14.41 e / .02

57

__ _ _ _ _ _ _ _ _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _ .

Table A.7, Continued

137Cs Incre1 ental and Cumulative Fractional Releases
Fron 12x12 Resin / Cement Composite #3

TIME INCFsENENTAL FRACT!Df4 CUNUL ATIVE FRACTION
DAVG F EL E ASF D A 100 RELEA5ED x 100

-----...-------.--------------------------------------------

.07 .12 ( 1.47) .22 6/- .00
1 1 14 ( 40) 1.26 6/- .01
2 .79 ( .50) 2.05 +/- .01
3 .58 ( .67) 2.63 +/- .01
4 48 ( .74) 3.12 6/- .01
7 1.02 ( .51) 4.13 +/- .01
0 .33 i .90) 4.44 6/- .01
9 .27 ( .99) 4.73 6/- .01

to .23 ( 1.08) 4.94 t/- .01
11 .23 ( 1.12) 5.17 +/- .01
14 .44 ( .77) 5.61 6/- .01
15 .19 ( t.10) 5.00 6/- .01
16 .17 ( 1.24) 5.96 6/- .01
17 .16 ( t.28) 4.12 6/- .01
18 .19 ( 1.19) 4.31 4/- .01
21 .39 ( .82) 6.70 6/- .01
22 .14 ( t.36) 6.04 6/- .01
23 .13 ( 1.42) 6.90 6/- .01
24 .14 ( 1.39) 7.11 t/- .01
25 .13 ( 1.44) 7.24 6/- .01
28 .32 ( .90) 7.56 +/- .01
29 .11 ( 1.54) 7.67 6/- .01
30 .10 ( 1.40) 7.77 6/- .01
31 .12 ( t.4R) 7.09 6/- .01
32 .10 ( 1.50) 0.01 6/- .01

35 .2n ( .o4) 0.20 6/- .0t
14 .30 ( t.65) 0.30 +/- .01
37 .09 ( t.69) 0.47 6/- .01
30 .09 ( 1.70) 0.54 6/- .02
39 .09 ( l.69) R.65 6/- .02
42 .27 ( .9H) 0.92 6/- .0?
43 .00 ( 1.H3) 9.00 6/- 02
44 .00 ( !.70) 7.09 6/- .02
45 .00 ( t.7n) 9.17 6e- .02
44 .00 ( t.00) 9.25 4/- .02
50 .26 ( t.00) 9.51 6/- .02
51 .00 ( 1.04) 9.59 t/- .02
52 .00 ( l.02) 9.47 6/- .02
53 .07 ( 1.95) 9.74 6/- .02
56 .20 ( t.13) 9.95 4/- .0;
57 .00 ( t.83) 10.02 6/- .02
50 .00 ( t.Gl) 10.10 6/- .02
59 .04 ( 2.139 10.16 6/- .02
60 .04 ( 2.12) 10.22 t/- .02
63 .17 ( 1.29) 10.39 6/- .02
64 .00 ( t.31) 10.47 6/- .02
65 .OV ( t.24) 10.54 +/- .02
66 .07 ( !.30) 10.A3 6/- .02
67 .07 ( 1.40) 10.69 6/- 02
70 .19 ( .0 5) 10.01 t/- .02
71 .00 ( 1.33) 10.94 t/- .02
72 .07 ( l.41) 11.03 6/- .02
73 .07 ( 1. 35) 11.10 6/- .02
74 .09 ( t.23) 11.19 6/- .02
77 .22 ( .77) 11.41 4/- .02
79 .09 ( 1.21) 11.49 t/- .02
79 .00 ( t.24) 11.50 6/- .02
80 .00 ( t.25) 11.A6 6/- .02
08 .08 ( t.27) 11.74 6/- .02
04 .23 ( .77) 11.97 6/- .0?
R$ .09 ( 1.23) 12.04 +/- .02
04 .00 ( t.20) 12.14 +/- .02
07 .00 ( t.29) 12.22 6/- .02
80 .09 ( 1.10) 12.31 6/- .02
91 .24 ( .74) 12.54 6/- .02
92 .09 ( 1.25) 12. A l 6 / - .02

93 .09 ( 1.23) 12.72 6/- 02
94 .00 ( 1.26) 12.no 6/- .02
95 .09 ( t.00) 12.09 t/- .02

105 3.01 ( .21) 15.90 6/- .02
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Table A.8

137Cs Increnental and Cumulative Fractional Releases
From 22x22 Resin / Cement Composite

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASE D X 100 RELEASED X 100

._____..__.--________ .--______._.-_-______...____.___ ___

.07 .05 ( 2.H5) .05 t/- .00
t 44 ( .94) .4R 4/- .00
2 .31 ( l.11) .80 t/- .01
3 .26 ( 1.21) 1.06 +/- .01
4 .22 ( t.34) 1.28 4/- .01
7 .49 ( .09) 1.77 t/- .01
0 .16 ( 1.54) 1.93 6/- .01
9 .14 ( 1.60) 2.07 t/- .01

10 .11 ( t.84) 2.18 t/- .01
11 .11 ( l.89) ?.29 t/- .01
14 .31 t 1.12) 2.60 +/- .01
15 .10 ( 2.01) 2.69 t/- .01
16 .00 ( 2.16) 2.70 t/- .01

1 17 .00 ( 2.16) 2.06 +/- .01
1H .00 ( 2 19) 2.94 t/- .01
21 .20 ( 1.40) 3.13 4/- .01
22 .07 ( 2.38) 3.20 t/- .01
23 .06 ( 2.50) 3.26 t/- .01
24 .07 ( 2.43) 3.33 4/- .01
25 .07 ( 2.39) 3.40 +/- .01
20 .18 ( 1.47) 3.50 t/- .01
29 .07 ( 2.30) 3.65 4/- .01
30 .05 ( 2.60) 3.70 +/- .01
31 .07 ( 2.42) 3.77 t/- .01
32 .07 ( 2.36) 3.84 4/- .01
16 .23 ( l.30) 4.07 4/- .01
37 .07 ( 2.33) 4.14 t/- .01
3R .07 ( 2 29) 4.21 1/- .01
39 .00 ( 2.27) 4 29 t/- .01
42 . 20 ( 1.40) 4.49 t/- 01
43 .09 ( l.R5) 4.57 4/- .01
44 .00 ( 2.19) 4.66 t/- .01
4 'i .00 ( 2.19) 4.74 +/- .01
46 .00 ( 2.17) 4.02 t/- .01
49 .24 ( 1.27) 5.06 4/- .01
50 .30 ( 1.37) 5.16 t/- .01
51 .10 ( 1.42) 5.25 4/- 01
52 .09 ( l.46) 5. 54 t/- .01
53 .08 ( 1.51) 5.43 t/- .01
56 .24 ( .09) 5.67 +/- .01
57 .11 ( t.34) 5.7H t/- .01
50 .08 ( 1.501 5.06 +/- .0t
59 .10 ( l.42) 5.95 t/- .01
60 .10 ( t.40) 6.05 t/- .01
63 .26 ( .07) 6 . 11 t/- .01
64 .09 ( 1.46) 6.41 t/- .01
65 .10 ( 1.36) 6.51 t/- .01
66 .09 ( 1.46) 6.60 t/- .01
67 .30 ( 1.38) 6.70 t/- .02
70 .31 ( .79) 7.01 t/- .02
HG 1.29 ( .39) n.30 t/- .02
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Table A.9

137 s Incre, ental and Cumulative Fractional ReleasesC
From lxl Boric Acid / Cement Composite #1

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

____________________________________________________________

.07 7.39 ( .91) 7.39 +/- .07
1 14.14 ( .66) 21.53 +/- .11
2 7.57 ( .90) 29.10 +/- .13
3 5.60 ( 1.05) 34.70 +/- .15
4 4.33 ( 1.18) 39.03 +/- .15
7 7.87 ( .89) 46.90 +/- .17
8 2.19 ( 1.67) 49.09 +/- .17
9 1.84 ( 1.79) 50.92 +/- .18

10 1.67 ( 1.90) 52.59 +/- .18
11 1.47 ( 2.07) 54.07 +/- .18
14 3.42 ( 1.89) 57.49 +/- .19
15 1.20 ( 3.24) 58.69 +/- .20
16 1.31 ( 3.06) 60.00 +/- .20
17 1.11 ( 3.30) 61.11 +/- .20
18 .97 ( 3.51) 62.00 +/- .21
21 2.29 ( 1.65) 64.37 +/- .21
22 .97 ( 2.50) 65.35 +/- .21
23 .86 ( 2.68) 66.21 +/- .21
24 .92 ( 2.53) 67.12 +/- .21
25 .82 ( 2.69) 67.94 +/- .22
28 1.95 ( 2.50) 69.89 +/- .22
29 .72 ( 2.89) 70.60 +/- .22
30 .71 ( 2.90) 71.32 +/- .22
31 .92 ( 2.53) 72.23 +/- .22
32 .73 ( 2.83) 72.96 +/- .23
35 1.59 ( 1.22) 74.56 +/- .23
36 .71 ( 1.90) 75.26 +/- .23
37 .64 ( 1.90) 75.90 +/- .23
38 .60 ( 1.83) 76.50 +/- .23
39 .61 ( 1.99) 77.11 t/- .23
42 1.28 ( 1.43) 78.39 +/- .23
49 2.06 ( 1.07) 80.45 +/- .23
56 1.67 ( 1.25) 82.12 +/- .23
64 1.56 ( 1.95) 83.68 +/- .23
71 1.31 ( 1.39) 84.99 +/- .23
77 .89 ( 1.64) 85.89 +/- .23
84 1.05 ( 1.51) 86.94 +/- .23

122 3.68 ( 1.29) 90.61 +/- .24
150 1.65 ( 1.92) 92.26 +/- .24
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Table A.9, Continued

137
Cs Incremental and Cumulative Fractional Releases

From 1x1 Boric Acid / Cement Composite #2

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------------------------------------------------------

.07 7.51 ( .91) 7.51 +/- .07
1 13.62 ( .67) 21.13 +/- .11
2 7.58 ( .90) 28.71 +/- .13
3 5.64 ( 1.04) 34.35 +/- .15
4 4.48 ( 1.17) 38.83 +/- .15
7 8.27 ( .86) 47.11 +/- .17
8 2.33 ( 1.62) 49.44 +/- .17
9 1.94 ( 1.76) 51.37 +/- .18

10 1.72 ( 1.91) 53.09 +/- .18
11 1.51 ( 2.01) 54.61 +/- .18
14 3.37 ( 1.92) 57.98 +/- .19
15 1.19 ( 3.18) 59.16 +/- .20
16 1.13 ( 3.34) 60.29 +/- .20
17 1.07 ( 3.41) 61.37 +/- .20
18 .84 ( 3.77) 62.20 +/- .21
21 2.14 ( 1.71) 64.35 +/- .21
22 .98 ( 2.48) 65.33 +/- .21
23 .93 ( 2.61) 66.26 +/ .21
24 .89 ( 2.59) 67.15 +/- .21
25 .84 ( 2.75) 68.00 +/- .22
28 1.78 ( .28) 69.78 +/- .22
29 .77 ( 2.86) 70.54 +/- .22
30 .71 ( 2.92) 71.25 +/- .22
31 .99 ( 2.46) 72.24 +/- .22
32 .79 ( 2.79) 73.02 +/- .22
35 1.65 ( 1.25) 74.68 +/- .22
36 .72 ( 1.87) 75.39 +/- .22
37 .65 ( 1.87) 76.04 +/- .22
38 .57 ( 2.12) 76.62 +/- .22
39 .64 ( 1.91) 77.26 +/- .22
42 1.31 ( 1.39) 78.57 +/- .22
49 2.16 ( 1.08) 80.73 +/- .22
56 1.81 ( 1.14) 82.54 +/- .23
64 1.61 ( 1.97) 84.15 +/- .23
71 1.45 ( 1.26) 85.60 +/- .23
77 .97 ( 1.63) 86.57 +/- .23
84 1.17 ( 1.46) 87.74 +/- .23122 4.12 ( 1.21) 91.87 +/- .24

150 1.84 ( 1.85) 93.71 +/- .24
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Table A.9, Continued

137Cs Incremental and Cumulative Fractional Releases
From lxl Boric Acid / Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------------ ---------------------- -- - - -----------

.07 7.69 ( .89) 7.69 +/- .07
1 14.70 ( .65) 22.39 +/- .12
2 7.95 ( .88) 30.34 +/- .14
3 5.75 ( 1.04) 36.09 +/- .15
4 4.55 ( 1.15) 40.64 +/- .16
7 8.48 ( .85) 49.12 +/- .17
8 2.34 ( 1.62) 51.46 +/- .18
9 1.95 ( 1.75) 53.41 +/- .18

10 1.73 ( 1.90) 55.14 +/- .18
11 1.53 ( 1.99) 56.67 +/- .19
14 3.06 ( 1.99) 59.74 +/- .20

15 1.20 ( 3.24) 60.94 +/- .20
16 1.30 ( 2.82) 62.24 +/- .20
17 1.11 ( 3.30) 63.34 +/- .21
18 1.10 ( 3.31) 64.45 +/- .21
21 2.21 ( 1.66) 66.65 +/- .21
22 .93 ( 2.62) 67.58 +/- .21
23 .93 ( 2.63) 68.51 +/- .22
24 .89 ( 2.61) 69.40 +/- .22
25 .81 ( 2.85) 70.21 +/- .22
28 1.78 ( .20) 71.99 +/- .22
29 .77 ( 2.83) 72.76 +/- .22
30 .73 ( 2.84) 73.49 +/- .22
31 .93 ( 2.63) 74.42 +/- .22
32 .73 ( 2.82) 75.15 +/- .22
35 1.55 ( 1.26) 76.70 +/- .22

36 .69 ( 1.94) 77.39 +/- .22
37 .69 ( 1.93) 78.08 +/- .22
38 .58 ( 2.12) 78.66 +/- .22

39 .58 ( 2.11) 79.23 +/- .22
42 1.28 ( 1.43) 80.52 +/- .23
49 2.06 ( 1.07) 82.57 +/- .23
56 1.72 ( 1.20) 84.30 +/- .23
64 1.54 ( 1.98) 85.83 +/- .23
71 1.42 ( 1.29) 87.25 +/- .23
77 .93 ( 1.58) 88.18 +/- .23
84 1.11 ( 1.54) 89.29 +/- .23

122 3.82 ( 1.28) 93.11 +/- .24
150 1.74 ( 1.89) 94.85 +/- .24
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Table A.10

137 s Incremental and Cumulative Fractional ReleasesC

From 2x2 Boric Acid / Cement Composite #1

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
liAYS RELEASED X 100 RELEASED X 100

------------------------------------------------------------

.07 3.30 ( .62) 3.30 +/- .02
1 7.81 ( .41) 11.11 +/- .04
2 4.38 ( .54) 15.49 +/- .04
3 3.25 ( .62) 18.74 +/- .05
4 2.64 ( .69) 21.38 +/- .05
7 5.37 ( .49) 26.75 +/- .06
8 1.55 ( .90) 28.29 +/- .06
9 1.26 ( .99) 29.55 +/- .06

10 1.19 ( 1.02) 30.74 +/- .06
11 1.16 ( 1.03) 31.90 +/- .06
14 2.72 ( .95) 34.62 +/- .07
15 .82 ( 1.71) 35.44 +/- .07
16 .87 ( 1.67) 36.31 +/- .07
17 .75 ( 1.81) 37.07 +/- .07
18 .73 ( 1.82) 37.80 +/- .07
21 1.93 ( .80) 39.73 +/- .00
22 .68 ( 1.36) 40.41 +/- .08
23 .64 ( 1.37) 41.05 +/- .00
24 .64 ( 1.36) 41.69 +/- .08
25 .57 ( 1.44) 42.27 +/- .00
28 1.46 ( 1.30) 43.72 +/- .08
29 .56 ( 2.02) 44.29 +/- .08
30 .54 ( 2.12) 44.83 +/- .08 -

31 .71 ( 1.85) 45.53 +/- .00
32 .61 ( 1.98) 46.14 +/- .08
35 1.44 ( .60) 47.59 +/- .08
36 .61 ( .88) 48.20 +/- .08
27 .50 ( .98) 48.70 +/- .08,

| 38 .44 ( 1.05) 49.14 +/- .08
39 .46 ( 1.01) 49.60 +/- .08
42 1.20 ( .66) 50.80 +/- .09
49 2.18 ( .48) 52.98 +/- .09
56 2.09 ( .50) 55.07 +/- .09
64 1.79 ( .83) 56.86 +/- .09
71 1.58 ( .56) 58.45 +/- .09
77 1.04 ( .69) 59.48 +/- .09
84 1.23 ( .64) 60.72 +/- .09
122 5.51 ( .49) 66.23 +/- .0Y
150 2.99 ( .65) 69.22 +/- .09
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Table A.10, Continued

137Cs Incremental and Cumulative Fractional Releases
From 2x2 Boric Acid / Cement Composite #2

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

_________________________ ______________________ ___________

.07 3.37 ( .61) 3.37 +/- .02
1 7.54 ( .42) 10.92 +/- .04
2 4.67 ( .52) 15.59 +/- .04
3 3.62 ( .59) 19.21 +/- .05
4 2.62 ( .70) 21.83 +/- .05

7 5.20 ( .50) 27.03 +/- .06
8 1.49 ( .90) 28.52 +/- .06
9 1.23 ( 1.01) 29.75 +/- .06

10 1.14 ( 1.05) 30.89 +/- .06
11 1.08 ( 1.06) 31.97 +/- .06
14 2.72 ( .95) 34.68 +/- .07
15 .85 ( 1.68) 35.54 +/- .07
16 .74 ( 1.82) 36.28 +/- .07
17 .67 ( 1.93) 36.95 +/- .07
18 .65 ( 1.93) 37.60 +/- .07
21 1.74 ( .84) 39.34 +/- .08
22 .62 ( 1.40) 39.96 +/- .08
23 .62 ( 1.42) 40.58 +/- .08
24 .58 ( 1.47) 41.16 +/- .08
25 .53 ( 1.52) 41.69 +/- .08

28 1.40 ( 1.32) 43.08 +/- .08
29 .52 ( 2.16) 43.60 +/- .08
30 .54 ( 2.12) 44.14 +/- .08

31 .72 ( 1.85) 44.86 +/- .00
32 .60 ( 2.02) 45.46 +/- .08
35 1.44 ( .59) 46.90 +/- .08
36 .54 ( .95) 47.44 +/- .08
37 .51 ( .96) 47.94 +/- .08
38 .43 ( 1.08) 48.37 +/- .08

39 .20 ( 2.32) 48.57 +/- .08
42 1.20 ( .66) 49.77 +/- .00
49 2.15 ( .49) 51.92 +/- .09

56 1.84 ( .53) 53.76 +/- .09
64 1.80 ( .83) 55.56 +/- .09
71 1.62 ( .57) 57.18 +/- .09

77 1.06 ( .70) 58.24 +/- .09
84 1.20 ( .66) 59.44 +/- .09

122 5.98 ( .47) 65.42 4/- .09

150 3.12 ( .63) 68.54 +/- .09

64
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Table A.10, Continued

137 s Incremental and Cumulative Fractional ReleasesC

From 2x2 Boric Acid / Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

------------------------------------------------------------

.07 3.49 ( .60) 3.49 +/- .02
1 7.70 ( .41) 11.19 +/- .04
2 4.41 ( .54) 15.60 +/- .04
3 3.30 ( .62) 18.90 +/- .05
4 2.68 ( .68) 21.59 +/- .05
7 5.21 ( .50) 26.80 +/- .06
8 1.45 ( .93) 28.25 +/- .06
9 1.19 ( 1.03) 29.43 +/- .06

10 1.08 ( 1.06) 30.51 +/- .06
11 1.00 ( 1.10) 31.51 +/- .06
14 2.51 ( .99) 34.02 +/- .07
15 .71 ( 1.85) 34.73 +/- .07
16 .76 ( 1.79) 35.49 +/- .07
17 .60 ( 2.02) 36.09 +/- .07
18 .60 ( 2.01) 36.69 +/- .07
21 1.64 ( .86) 38.33 4/- .07
22 .61 ( 1.42) 38.95 +/- .07
23 .57 ( 1.45) 39.52 +/- .08
24 .54 ( 1.48) 40.06 +/- .08
25 .50 ( 1.54) 40.56 +/- .08
28 1.34 ( 1.34) 41.90 +/- .08
29 .52 ( 2.17) 42.42 +/- .08
30 .51 ( 2.19) 42.93 +/- .08
31 .67 ( 1.93) 43.60 +/- .08
32 .61 ( 1.98) 44.21 +/- .08
35 1.41 ( .46) 45.63 +/- .08
36 .53 ( .74) 46.15 +/- .08
37 .50 ( .79) 46.65 +/- .08
38 .25 ( 1.43) 46.91 +/- .08
39 .27 ( 1.33) 47.18 +/- .08
42 1.18 ( .65) 48.36 +/- .08
49 2.09 ( .50) 50.45 +/- .08
56 1.90 ( .51) 52.35 +/- .08
64 1.79 ( .83) 54.14 +/- .09
71 1.55 ( .57) 55.69 +/- .09
77 1.06 ( .70) 56.75 +/- .09
84 1.20 ( .64) 57.94 +/- .09

122 5.69 ( .48) 63.63 +/- .09
150 2.99 ( .65) 66.62 +/- .09

65
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Table A.11

137 s Incremental and Cumulative Fractional ReleasesC
From 2x4 Boric Acid / Cement Composite #1

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASEli X 100 RELEASED X 100

_____-_______-_.---________-------__-- ----------- ----------

.07 3.11 ( .83) 3.11 +/- .03

1 6.72 ( .59) 9.83 +/- .05
2 3.00 ( .76) 13.63 +/- .06
3 3.07 ( .84) 16.70 +/- .06

4 2.49 ( .91) 19.19 +/- .07
7 4.90 ( .68) 24.08 +/- .07
8 1.43 ( 1.67) 25.51 +/- .08

9 1.19 ( 1.31) 26.70 +/- .08
10 1.09 ( 1.35) 27.79 +/- .08
11 1.01 ( 1.42) 28.79 +/- .08

14 2.49 ( 1.20) 31.28 +/- .09
15 .71 ( 2.39) 31.99 +/- .09,

16 .72 ( 2.35) 32.71 +/- .09

17 .60 ( 2.54) 33.31 +/- .09
18 .60 ( 2.55) 33.97 +/- .09
21 1.59 ( 1.14) 35.50 +/- .09

22 .61 ( 1.82) 36.11 +/- .10
23 .56 ( 1.91) 36.67 +/- .10
24 .56 ( 1.90) 37.23 +/- .10

25 .51 ( 2.01) 37.74 +/- .10
28 1.26 ( 1.79) 38.99 +/- .10
29 .51 ( 2.76) 39.51 +/- .10

30 .50 ( 2.84) 40.00 +/- .10
31 .70 ( 2.36) 40.70 +/- .10
32 .57 ( 2.62) 41.27 +/- .10

35 1.33 ( .81) 42.60 1/- .10
36 .51 ( 1.25) 43.11 +/- .10
37 .48 ( 1.33) 43.59 +/- .11

30 .41 ( 1.45) 44.00 +/- .11

39 .44 ( 1.34) 44.45 +/- .11
42 1.14 ( .86) 45.59 +/- .11

49 2.07 ( .65) 47.66 +/- .11

56 1.78 ( .70) 49.44 +/- .11
64 1.73 ( 1.09) 51.18 +/- .11

71 1.59 ( .73) 52.76 +/- .11
77 1.07 ( .90) 53.85 +/- .11
84 1.18 ( .86) 55.03 +/- .11

122 6.22 ( .61) 61.25 +/- .12
150 3,25 ( .81) 64.50 +/- .12
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Table A.11, Continued

137 Cs Incremental and Cumulative Fractional Releases
From 2x4 Boric Acid / Cement Composite #2

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

____________________________________________________________

.07 2.94 ( .85) 2.94 +/- .02
1 6.54 ( .60) 9.48 +/- .05
2 3.38 ( .80) 12.86 +/- .05
3 3.02 ( .84) 15.88 +/- .06
4 2.39 ( .93) 18.27 +/- .06
7 4.75 ( .69) 23.02 +/- .07
8 1.36 ( 1.24) 24.38 +/- .07
9 1.13 ( 1.34) 25.51 +/- .07

10 1.01 ( 1.41) 26.52 +/- .08
11 .97 ( 1.43) 27.49 +/- .08
14 2.12 ( 1.39) 29.61 +/- .08
15 .70 ( 2.35) 30.31 +/- .08
16 .66 ( 2.43) 30.98 +/- .09
17 .65 ( 2.47) 31.63 +/- .09
18 .59 ( 2.61) 32.22 +/- .09
21 1.48 ( 1.16) 33.70 +/- .09
22 .58 ( 1.85) 34.27 +/- .09
23 .57 ( 1.88) 34.84 +/- .09
24 .51 ( 2.00) 35.36 +/- .09
25 .49 ( 2.08) 35.85 +/- .09
28 1.13 ( 1.88) 36.98 +/- .10
29 .50 ( 2.85) 37.48 +/- .10
30 .49 ( 2.83) 37.97 +/- .10
31 .64 ( 2.51) 38.61 +/- .10
32 .53 ( 2.73) 39.14 +/- .10
35 1.22 ( .84) 40.36 +/- .10
36 .49 ( 1.30) 40.85 +/- .10
37 .46 ( 1.30) 41.31 +/- .10
38 .41 ( 1.36) 41.72 +/- .10
39 .41 ( 1.35) 42.13 +/ .10
42 1.06 ( .88) 43.19 +/- .10
49 1.90 ( .68) 45.09 +/- .10
56 1.69 ( .71) 46.79 +/- .10
64 1.66 ( 1.11) 48.45 +/- .10
71 1.50 ( .77) 49.95 +/- .11
77 1.02 ( .91) 50.97 +/- .11
84 1.09 ( .89) 02.07 +/- .11

122 5.66 ( .64) 5?.72 +/- .11
150 3.05 ( .83) 60,78 +/- .11
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Table A.ll, Continued

137 s Increnental and Cumulative Fractional ReleasesC

From 2x4 Boric Acid / Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.07 3.03 ( .84) 3.03 +/- .03
1 6.69 ( .59) 9.72 +/- .05
2 3.84 ( .75) 13.56 +/- .06
3 2.98 ( .85) 16.55 +/- .06
4 2.37 ( .94) 18.92 +/- .06
7 4.77 ( .69) 23.69 +/- .07
8 1.37 ( 1.22) 25.06 +/- .07
9 1.18 ( 1.32) 26.24 +/- .08

10 1.07 ( 1.49) 27.30 +/- .08
11 .98 ( 1.42) 28.28 +/- .08
14 2.43 ( 1.30) 30.71 +/- .08
15 .74 ( 2.30) 31.44 +/- .09
16 .75 ( 2.32) 32.19 +/- .09
17 .66 ( 2.43) 32.86 +/- .09
18 .61 ( 2.54) 33.46 +/- .09
21 1.58 ( 1.14) 35.04 +/- .09
22 .61 ( 1.82) 35.65 +/- .09
23 .60 ( 1.86) 36.24 +/- .09
24 .54 ( 1.90) 36.78 +/- .09
25 .51 ( 2.00) 37.29 +/- .10
28 1.25 ( 1.80) 38.55 +/- .10
29 .51 ( 2.78) 39.06 +/- .10
30 .49 ( 2.87) 39.55 +/- .10
31 .74 ( 2.30) 40.29 +/- .10
32 .57 ( 2.61) 40.86 +/- .10
35 1.30 ( .82) 42.16 +/- .10
36 .51 ( 1.25) 42.67 +/- .10
37 .48 ( 1.33) 43.15 +/- .10
38 .43 ( 1.38) 43.58 +/- .10
39 .43 ( 1.38) 44.01 +/- .10
42 1.14 ( .86) 45.15 +/- .10
49 2.04 ( .66) 47.19 +/- .11
56 1.81 ( .69) 49.00 +/- .11
64 1.70 ( 1.11) 50.70 +/- .11
71 1.52 ( .76) 52.22 +/- .11
77 1.05 ( .89) 53.27 +/- .11
84 1.11 ( .88) 54.38 +/- .11

122 5.97 ( .62) 60.36 +/- .12
150 3.11 ( .83) 63.47 +/- .12

'

,

68

_ _ _ _ _ _ _ _ _ _



, ,
,

, s

6

Table A.12 '/
,

137Cs Incremental and Cumulative Fractional Releases 1

From 3x3 Boric Acid / Cement Cog osite #1 '

'

.

~
i

TIME INCREMENTAL FRA2 TION CUMULATIVE FRACTION.
DAYS RELEASED X 100 RELEASED X 100

--.------------------------------.. ------------ ------------

.07 2.23 ( 1.38) 5.23 +/- .03
1 5.15 ( 1.01) 7.38 4/- .06;

2 3.10 ( 1.21) 10.48 +/- .07
3 2.52 ( 1.30) 23.00 +/- . 8
4 2.09 ( 1.40) 1G.10 +/ .08
7 4.04 ( 1.10) 19.13 +/- .09
8 1.17 ( 1.79) 20.30 +/- .10
9 1.01 ( 1.92) 21.31 +/- .10

10 .89 ( 2.07) 22.21 +/- .10
11 .89 ( 2.08) 23.09 +/- .10
14 2.05 ( 1.92) ' 25.14 +/- .11
15 .67 ( 3.28) J25.82 +/ 411
16 .67 ( 3.22) i 26.49 +/- .11
17 .66 ( 3.26) 27.14 +/- .12
18 .53 ( 3.64) 27.67 +/- .12-

21 1.34 ( 1.68) 29.01 +/ .12
22 .56 ( 2.50) 29.57 +/- .12
23 .51 ( 2.59) 30.09'+/- .12>

24 .49 ( 2.73) 30.57 +/- .22 '

25 .46 ( 2.74) 31.03 +/- .12 .

28 1.12 ( 2.57) 32i15 +/- .13 \-

29 .47 ( 2.83) 32.61 +/- .13 ' '

30 .40 ( 3.15) 33.01,f/ .13
,

,;31 .62 ( 2.38) * ' 33.63 4/- .13 t'1

3'.15 +/- .1332 .52 ( 2.67) ' '
4

E35.28 +/- .13 l35 1.13 ( 1.23) '

; s

36 .49 ( 1.76) '35.'77 (+/ .13 , x37 .46 ( 1.85) 34.24 +/- .13 |?
,

\ '

38 .42 ( 1.87) 34'.66 +/- .13 '

39 .42 ( 1.88) 1 37.00 +/- .13 >
,

,

42 1.03 ( 1.27) 38.11,+/- 13
,

.

49 1.82 ( 1.04) p 39.93 +/- .13
56 1.66 ( 1.08) 41.60 +/- .'13
64 1.60 ( 1.56) 43.20 +/- .14
71 1.43 ( 1.16) 44.63 +/- .14,

77 .95 ( 1.35) ', 45.59 +/- 14.

84 1.01 ( 1.29) / 46.60 +/- 14.

122 5.22 ( 1.00) 51.82 +/- 15 ,.

150 2.85 ( 1.25) 54.67 +/- 15.

s
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Table A.12, Continued
;

137 s Incremental and Cumulative Fractional Releases
'

C,

Fron 3x3 Boric Acid / Cement Composite #2
,

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
LI AY S RELEASED X 100 RELEASED X 100

.

>
.

.07 2.32 ( 1.34) 2.32 +/- .03
1 A.97 ( 1 01) 7.29 +/- .06
2 2.93 ( 1.22) 10.22 +/- .07

3 2.34 ( 1.36) 12.56 +/- .08
4 1.94 ( 1.465, 14.51 +/- .08
7 3.83 ( 1.11) 18.34 +/- .09
8 1.15 ( 1,91) 19.4Y +/- .09
9 1.01 ( 1.91) 20.50 +/- .10

21.37 +/- .1010 .87 ( 2.03) -

11 .82 ( 2.15) 22 20 +/- .10
14 1.94 ( 1.95) 24.14 +/- .11
15 .63 ( '3.37,) 24.77 +/- .11

16 .65 ( J.30) 25.42 +/- .11
i

17 .65 ( 3.31) 26.07 +/- .11
.51 ( 3.66) 26.58 +/- .11

1.32 ( 1.7t) 27.89 +/- .12
s

22 .54 ( 2.60) ~ 28.43 +/- .12
23 .52 ( 2.58) 28.95 +/- 12

24 .47 ( 2.83) 29.41 +/- .12
25 .45-( 2.80) 29.86 +/- .12

30.88 +/- .1228 1.02 ( 2.46) '

29 .47 ( 2 . 113 ) 31.35 +/- .12
' 31.77 +/- .1230 .42 ( 3.00)- '

31 .52 ( 2.81) 32.29 +/- .12
) 32 .49 ( 2 ',I/1) 32.78 +/- .13

-
3Si 1.09 ( 1.27' 33.86 +/- .13'

? 36 .45 ( 3.ich, 34.32 +/- .13
1

37 .42 ( '1.27) 34.74 +/- .13'

g
38 .38 ( 2.05) 35.12 +/- .13

1 35.47 +/- .1339 i .35 ( 2.20) -

42 .94 ( 1.37) 36.41 +/- .13
49 1.63 ( 1.06) 38.04 +/- .13
56 1.47 ( 1.18) 39.51 t/- .13
64 1.44 ( 1.67) 40.95 +/- .13'

71 \ 1.31 ( 1.20) 42.26 +/- .13
/* 77 .86 ( 1- 4 0 ) 43.12 +/- .13'

84 1.01 ( 1.29) 44.13 +/- .13
122 4.94 ( 1.02) 49.07 +/- .14
150 2.60 ( 1.30) 51.67 +/- .15

4

\
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Tame A.13 --

f , ,

137Cs incremental, cnd Cumulative Fractional Release;
From 6x6 Beric .. Acid / Cement Composite #1

a

.

- s
,

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100,

-_-________________________________ _________________________

4

.07 .97 ( .79) .97 +/- .01
1 2.53 ( .67) 3.50 +/- .02
2 1.42 ( .72) 4.92 +/- .02
3 1.14 ( .75) 6.06 +/- .02
4 .89 ( .79) 6.95 +/- ,02
7 1.82 ( .70) 8.77 +/- .03
8 .50 ( .92) 9.27 +/- .03

i- 9 .43 ( .96) 9.71 +/- .03
10 .37 ( 1.01) 10.09.+/- .03
11 .35 ( 1.04) 10.43 +/- .03.

*' ' 14 .84 ( .98) 11.26 +/- .03,
'

15 .24 ( 1.55) 11.51 +/- .03
16 .27 ( 1.50) 11.78 +/- .03
17 .25 ( 1.55) 12.02 +/- .03

' 18 .21 ( 1.64) 12.24 +/- .03
21 .60 ( .87) 12.84 +/- .03
22 .24 ( 1.19) 13.08 +/- .03 *

23 .21 ( 1.24) 13.29 +/- .03
24 .20 ( 1.26) 13.49 +/- .03
25 .19 ( 1.30) 13.68 +/- .03
28 .53 ( 1.14) 14.21 +/- .03
29 .20 ( 1.72) 14.41 +/- .03
30 .26 ( 1.53) 14.67 +/- .03
31 .25 ( 1.54) 14.92 +/- .03
32 .22 ( 1.64) 15.14 +/- .03
35 .54 ( .74) 15.68 +/- .03
36 .20 ( .92) 15.08 +/- .03
37 .19 ( .93) 16.07 +/- .03
38 .17 ( .98) 16.24 +/- .03
39 .17 ( .96) 16.42 +/- .03
42 .47 ( .75) 16.89 +/- .03
49 .90 ( .68) 17.79 +/- .03
56 .84 ( .68) 18.63 +/- .03
64 .81 ( .81) 19.44 +/- .03
71 .73 ( .70) 20.16 +/- .04
77 .49 ( .74) 20.65 +/- .04
84 .59 ( .72) 21.25 +/- .04

122 3.40 ( .65) 24.65 +/- .04
150 1.92 ' .69) 26.56 +/- .04

71



_ _ _ _ _ ____

Table A.13, Continued

137 s incremental and Cunulative Fractional ReleasesC

From 6x6 Boric Acid / Cement Composite #2

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
DAYS RELEASED X 100 RELEASED X 100

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

.07 .90 ( .79) .90 +/- .01
1 2.22 ( .67) 3.11 +/- .02
2 1.32 ( .73) 4.44 +/- .02
3 1.03 ( .76) 5.47 +/- .02
4 .85 ( .80) 6.32 +/- .02

7 1.66 ( .70) 7.98 +/- .02
8 .47 ( .93) 8.45 +/- .03
9 .40 ( .99) 8.85 +/- .03

10 .36 ( 1.02) 9.22 +/- .03
11 .35 ( 1.03) 9.56 +/- .03
14 .81 ( .98) 10.37 +/- .03
15 .28 ( 1.48) 10.65 +/- .03
16 .26 ( 1.51) 10.91 +/- .03
17 .23 ( 1.60) 11.14 +/- .03
18 .19 ( 1.72) 11.33 +/- .03
21 .64 ( .86) 11.97 +/- .03
22 .24 ( 1.18) 12.21 +/- .03
23 .21 ( 1.25) 12.43 +/- .03
24 .21 ( 1.74) 12.63 +/- .03
25 .19 ( 1.30) 12.82 +/- .03

28 .52 ( 1.14) 13.34 +/- .03
29 .20 ( 1.69) 13.55 +/- .03
30 .21 ( 1.67) 13.75 +/- .03
31 .22 ( 1.61) 13.97 +/- .03
32 .19 ( 1.73) 14.17 +/- .03
35 .50 ( .73) 14.67 +/- .03
36 .19 ( .94) 14.85 +/- .03
37 .17 ( .96) 15.03 +/- .03
38 .15 ( 1.00) 15.18 +/- .03
39 .16 ( .94) 15.34 +/- .03
42 .43 ( .75) 15.77 +/- .03
49 .80 ( .68) 16.57 +/- .03
56 .71 ( .69) 17.28 +/- .03
64 .74 ( .82) 18.02 +/- .03
71 .61 ( .71) 18.63 +/- .03

77 .43 ( .76) 19.06 +/- .03
84 .50 ( .74) 19.56 +/- .03
122 2.78 ( .65) 22.34 +/- .04
150 1.57 ( .71) 23.91 +/- .04
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Table A.13, Continued

137
Cs incremental and Cumulative Fractional Releases

From 6x6 Boric Acid / Cement Composite #3

TIME INCREMENTAL FRACTION CUMULATIVE FRACTION
I DAYS RELEASED X 100 RELEASED X 100
i

___________________________________________________________
l

.07 .94 ( .78) .94 +/- .01
1 2.37 ( .66) 3.31 +/- .02

1 2 1.34 ( .72) 4.65 +/- .02
3 1.08 ( .75) 5.74 +/- .02
4 .87 ( .79) 6.60 +/- .02
7 1.74 ( .69) 8.34 +/- .03
8 .48 ( .93) 8.82 +/- .03
9 .41 ( .97) 9.24 +/- .03

10 .36 ( 1.02) 9.59 +/- .03
11 .34 ( 1.04) 9.93 +/- .03
14 .87 ( .95) 10.80 +/- .03
15 .26 ( 1.50) 11.07 +/- .03
16 .25 ( 1.53) 11.32 +/- .03
17 .23 ( 1.59) 11.55 +/- .03

j 18 .22 ( 1.62) 11.77 +/- .03
21 .59 ( .87) 12.36 +/- .03

'

22 .22 ( 1.21) 12.58 +/- .03
23 .21 ( J.25) 12.79 +/- .03
24 .20 ( 1.27) 12.98 +/- .0325 .19 ( 1.29) 13.18 +/- .03
28 .56 ( 1.12) 13.73 +/- .03
29 .20 ( 1.70) 13.93 +/- .0330 .29 ( 1.44) 14.22 +/- .03
31 .24 ( 1.54) 14.47 +/- .0332 .21 ( 1.66) 14.68 +/- .0335 .56 ( .72) 15.24 +/- .03
36 .20 ( .91) 15.44 + , - .03
37 .20 ( .93) 15.63 +/- .0338 .18 ( .95) 15.82 +/- .0339 .19 ( .93) 16.01 +/- .0342 .52 ( .72) 16.53 +/- .03
49 1.01 ( .66) 17.54 +/- .03
56 1.08 ( .65) 18.61 +/- .03
64 1.03 ( .76) 19.64 +/- .03
71 .84 ( .67) 20.48 +/- .03
77 .60 ( .71) 21.08 +/- .04
84 .66 ( .70) 21.74 +/- .04122 3.52 ( .64) 25.26 +/- .04

150 1.81 ( .69) 27.07 +/- .04
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A. Ahluwalia P. Lotts

C. Bar.k s H. Mahl ma n
P. Raynard J. McCarthy
M. Brownstein M. Molecki l

D. Budzik W. Nestle I

T. Cas hman H. Nicolaras
J. Donohue E. Novak
L. Duf fy 0. Oztunali
K. Dufrane W. Pearl
J. Duguid V. Perkins
J. Duroski L. Phillips

D. Eggett J. Paneroy

C. Feist L. Reiter
B. Fish H. Reno
R. Harris G. Roles
F. Ha rtl ey E. Scalsky
J. Hayes R. Shaw
H. Heacock J. Serne
G. Head R. Shaw
L. Hill J. Sipp

A. Hogan V. Stagliola
W. Holconb R. Steen
0. Jenkins J. Steger

K. Johnson J. Stouky
B. Judson D. Strawson
M. Kaplan E. Tarnuzzer
A. Kitzes H. Thrash
G. Kuehn G. Tidrick
P. Lambert D. Villacres
D. LeBlanc M. Wacks
J. Lentsch R. Wild

R. Williams
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Foreign Distribution

A. Bel 1i

: S. Bieber
R. Bonniaud
J. Buckl ey
O. Heinonen
K. Johnson
H. Krause
V. Morozev
S. Pettersson
R. Pollock
J. Schofield
C. Smitton

BNL

J. W. Adams
R. E. Barletta
W. W. Becker
R. E. Davis
M. S. Davi s
R. Dayal
S. Chan
P. R. Hayde
M. P. Hope
W. Y. Kato
B. Karlin
H. J. C. Kouts
S. G. Lane (2)
L. W. Milian
N. Morcos
A. J. Romano
V. Sailor
D. G. Schweitzer
H. Todosow (2)'

A. J. Weiss
/

\
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