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C-1 WSRC-RP-94-218

C1 RADIONUCIDE SCREENING AND THIGER LEVEL RESULTS

The screening calculations and trigger levels determined for each vault ype at the

EAV disposal facility are provided in Tables C.l-1 through C.1-4.
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C-2 WSRC-RP-94-218

Table C£-i. Scening calcatiom and trigg leel for the ILT vauls

Nudide TV2 DCF Lambda E
(e) (atomipa) (ear) (*

H-3

E~e-7

Bc-1

C-11

C014

F-18

Na-22

NA-24
Mg-28

AI-26

Si-31

Si-32

P-32

P-33

S-35

a-36

a-38

(2-39

K-40

K-42

K-43

K-44

K45

CO-41

C-45

Ca-47

Sc-43

Sc-44m

Sc-44

Sc-46

Sc-47
Sc48

Sc-49

1e+01

1.47-c

1.60e+06

356c-05
5.73+03

t.1e-04

258+00

1.71c-03

7.4e+05

2-9e04

6.50c402

389-02

6.84C-02

2.39c-01

3.01e+05

7f07c-OS

1.0604

128+09

1.41e-03

236c03

4.1s-os

3A4e-05

1.*&.t05

4.46c-O

124t02

4.47c-04

648c4

4.47c-04

2M2e.1

939e-03

t03e03

10904

&3c48

1.1e-07

1.Oe.04
12rS5

21c-06

1.4c-06

L3e-0

S.4c-07

1.7c-06

7.7e-06

M-7

43e07
3.0e-06

2Oe07

1.4

1.c-06

A9e-07i~e-Ol

93c.08

1.2e06

3.Oc06

6.2e 06

7.3e-07

1-gc46
1.4c.06

Skc-0
l-06

6.4e-06

24e-O7

S.62e-02

4.72eC-0

4.33c-0?

1.0e+04

121c-04

325e+03

269e01

4Co5e+02

289c+O

9.37c07

232+03

I0e-os

1.78C+01

1.Ole+O1

2.90e+0

230e06

9.SOC+03

657c+03

S.42e-10

4.92c+02

2.71e+02

1.66c+04

28c+04

S.33e46

1.55e+00

SJ8c+01

1.Sse+03

1.04e+02

1.55e+03

3.02e+00

7.38et01

13q+02

6.34e+03

Rl ILTGW
/gm) Tge

((2/vault)

0 1 1.3c+01

O 1 >1E20

o 1 52e-04

2 11 >120

2 i L2c42

o 1 >1E20

o 1 33c+08

o I >1E20

o 1 >1E20

O 1 1.7c-04

O 1 >IE20

0 1 1Ac-03

O 1 >1E20

O 1 >1E20

O 1 >1E20

O 1 7.3c04

O 1 > E20

O I >IE20

o 1 12c04

O I >1E20

O 1 >1E2

O 1 >1E20

O 1 >1E20

0 1 1e-03

O 1 > E20

O 1 1E20

O 1 >E20

O 1 >1E20

o 1 >12

O I >IE20
0 1 >tE20
o 1 >1220

O 1 >E20

O I >1E2D

ILT n
Trigger

(Clvault)

22C01

>lE20

&Oc-04

>1220

8.1c-04
>lE2D

3.7c+08

>lE20

>lE2D

&Oc-04

>IE2

8.9c41

>lE20

> IE20

8> 04

>1E20

>1E20

t* 04

>1E20

>lE20

>lE20

> E20

&Oe-04

> IE20
>1E20

> E20>120

>1E20

>E20

>1E20

>1220

>12

>12E20
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C-3
Table C-. (aciixd)

WSRC-RP-94-218

Nudide TlI2 DCF Lambda Kd Rf LT GW ELT I
0ar) (mrtm4O)C (1/)=r) (CM0*N31m) Spr _ er

&44
1145

V47

V48

V-49

cr-48

Cr49

Cr-si

MO-Si

Mn.52w

14n-52

Mn-53

Mn.54
Mn-56

Fc-2

Fc-SS

Fc-59

Fc-60

co-SS
Co-56

Co-S7

CD-S8m

Co-58

ab6OM

CoG0

CI6l

Co62m

j.56

NI-S

Ni-59

Ni63

N4;S

Ni-66

Cu 60

S52c4

6.27e-05

4.41c-02

94"
2.033

7.97c.05

7M8e02

3.99c05

152eC-2

ZODe+06

7-97e6-1

2.94e-04

935c-04
2.70e+00

3.00+405

2.08-03

2.lle-0l

739e-01

1.03e03

1.95se.1

2.0Oe5-0

5.27ce0O

188e04

3.04e.06

1.67c-02

4.1Ic-03

800k+04

I.OOc+02

2.87e-04

623e 03

4.37e-05

ISe-05 .44e-02

S.7c47 1.97e+03

1.e-07 L.lOe+04

7-5406 1L57e+01

A-8 7.67e4.1

2-07 2.64+2

1.7e.07 &7 +03

3cO07 9.14c+00

2Se-07 &IOe+03

1.Sc-07 2.74c+04

69-06 456e+01

9.9e-08 3.47e-07;

2.7ec-06 &70eO1

9-Se.07 23 6 e+O

5.4c.06 7A1c+02

5.8e.07 2.Sc-o1

6.6e-06 SX&+0O

15c04 23le-06

4.1c-06 3.34ci02

1.2e-05 329c+00

1.1c05 938e-01

&e-08 6.75e+02

35c-06 3SSSe+00

3Ae.09 3.47e+04

2A6c.5 132e-01

26e-07 3.68-+03

9.6e-08 2.28e+OS

3.5c06 4.1Seol

33c-06 1.69ct02

2.Oe4Y7 &66C-06

5.4c-07 6.93e.03

.le-07 2.4le-03

l.lc-05 .llc+02

1.7c-07 1.59c*04

0

0

0

0

0

40

40

40

so
50

so

so
5o

so

0

0

0

0

10

10

10

10

10

10
to

10

10

10

300

300

300

300

300

300

25

1 s3ce04 3Ae-03

1 >lE20 > E20

1 >1E20 >IE20

I IE20 >1E

1 >'E20 1E20

201 > E2D i1E2o

201 >IE20 >1E20

201 >1E20 >tE20

251 >IM0 >IE20

251 >1E20 >1E20

251 > lE20 >IE20

251 SA6+O0 8Oe-0

251 >IE20 >IE20

251 >IE20 >IE20

I >IE20 >1E20

1 1.9e+09 I.lc+08

I >1E20 > lE2

1 ISe-O05 8.O04t

S1 >IE2D >IE20

51 >1E20 >1E2D

51 >IE2D >IE20

SI 1E20 >1E20

SI >IE20 >IM

S1 >1E20 >IE20

Si &le+17 4.lc+02

S1 >lE20 >1E20

51 >1E20 > 1E20

Iso1 >l2D >IE20

1301 >1E20 >'E20

1501 t.se+01 &Oe-04

'1501 >1E20 l.6e03

1501 >lE20 >1E2D

1501 >IE2W >1E20

126 >IE20 >1E20
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C4
Table C1-L (continued)

WSRC-RP-94-218

Nucddc Ti DCF bda Kd Rf
jer) (mrca2pa) (16ear) (cm!"3/gm)

Qz.61

Cu-64

Q)47

Zn 62

Znh63

Zn65

Zj-69m

Zn 6g

Zn-71m

Zn-72

Ga-66

Ga-67

Ga-68

Ga-70

Ga-72

Ga-73

Ok66

Ge67

Ge-8

Ge-69

Ge-71

Ge-75

rc-77

Gc-78

A69

As-70

As-71

As-72

As-73

As-74

As-76

As-7

As-78

3 89c04

L4Se-03

7.c6-03

1.04c.03

6&67c-01

1.57e-03

1L08e-04

456e-U

L27e.01

2.89c-05

13Lc04

4.Ole-OS

1.6le.03

1.34e02

1me.03

3-61e.05

7.86e4l

4.4SO-03

3.12e.02

1.57C-4

12et03

1.65e-04

2.85c-05

1.0C-04

7.07e-03

2.97e.03

329c.02

3.OCe-03

1.06e-01

1.73e0

4.1c-07

43c07

I.le06

3Ac-06

2&Oe7

1.4c45

12c-05

8.e-08

8Se.07

4.9e.06

7.8

4.7e-06

7.2e-07

3.3c-07

7.1c.08

4.4c.06

I.Oc-06

2.e-7

lie.07

1.le-06

3.6e07

9.6c09

73e4S
5.6c 07

2.e.07

I.1cC?

3.4c07

1-U406

S 6e.06

&le-07

33e06

4.8c-06

1.78e+03

4.78e+02

9.82e+0t

6.64c+02

9.49e-03

1.04e+00

4AOC+02

6.4e+03

LS2c+03

SA4e+00

2 40C+04

6.46e+02

7.78e+01

S34ec+0

1.73e+04

4.31e+02

5.19c+01

6A6c+O2

1.92c+04

&82eO1

156c+02

222e+01

4.40c+03

S3&+02

4.19c+03

2.43e+04

6.88e403

90c-+O1

2.34e+02

3.15c+00

2.11c+O1

2.31c+02

25

25

25
16

16

16

16

16

16

16

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

3

3

3

3

.3

3
3

3

3

126

126

126

81

81

8

81

81

81

81

I

1

I
I

11

I

6

1

11

1

1

16
16
16

16

16

16

16

ILT OW
Trgger

>IE20

> IE20

>1EM

>1220

>122

>IE20

> E2D

>122

>IE20

>1E2O

> IE20

>lE20

>IE20

>1E20

>1E20

>1E20

>1220

>1E20

>IE20

>1E20

>122

; IE20

>lE20

>lE20

>lE20

>lE20

>lE20

>1E20

>lE20

ILT o
Trigger

>IE20

> lE20

. lE20

>lE20

>lE20

>lE20

>IE20

>IE20

IE20

>IE2D

>lE20

>1E20

> E20

>1E20

>1E20

>1E20

>1E20

>1E2

> E20

oE20

>1E 20

>IE20

>1E20

>1220

>1220

>IE20

> lE20

>1E20

>IE20

>IE20

>1220

>1220

> 1E20

L

el.-06 6.53c1-O0

6Sc-07 4.Olc+03
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C6
Tabk C1-L (continued)

WSRC-RP-94-218

Nobide TVZ DCF lambda Kd Rf ILT OW IT kz
(=) ()MMU(O) (Lwar) (m'Wgi) Tuge TH( &

(0/vaal) (0/vUlt)

Sr-89

Sr-90

Sr-91

Sr-92

Y-86m

Y-86

Y-97

Y-88

Y-90M

y-90

Y-91M

Y.91

Y-92

Y-93

Y-94

Y-95

Zrz-6

Zt 8

Zr49

Zr-93

Zr-9s

Zr-97

Nb88

Nb89(66m)

Nb.89(122m)

Nb-90

Nb-93m

Nb-94

Nb-95in

Nb-95

Nb-96

Nb-97

Nb-98

MO-90

tS&1

M+01

3seM

9.3 as

1.67c-03

9.LUc03

2.Be-01

364e04

286e+01

9.51e.05

1.67c401

4.0ae-04

1.16e-03

3.61-OS

2.OOc.0S

L88c03

233eO1

L94c-03

150r+06

1.75c-01

192c a3

266e.05

12*-04

2.32c-04

1.67e-03

1.O1C+01
2Wc+O4

988e-03

9.5e-02

2.67e-03

1.40&04

887c08

650e.04

L7c.06

1.3e.04

3.Oe.06

1.9-06

2.4c-07

4.Ic06

2206

S2&06

lOCe05

3.9e408

8.9e06

1.9c-06

43e06

M-7

9.7e.08

3.s-06

13c 06

3.1c06

l6e.06

3.4e-06

&Oe-06

7.2eM0

4.6e.07

1.OeO06

4.9e-06

S3e-07

S.1c-06

2.Oc-06

4.4c-06

2-3c.07

3.4c07

2-Se-06

SAleC+00

2.42e-02

6.41c+02

2.24e+03

7.60e+03

4.16e+02

7.60e+01

2.41c+00

190e+03

2.42e02

7.29e+03

4.15e+Oq

1.72e+03

5.96e+01

1.92e+04

3A7e+04

3.68e+02

2.98e+00

7.73c+01

4.62c4-7

3.96e+00

3.62e+02

2.60c+04

552e+03

2.99t+03

4.16c+02

6.84e.02

3.47e4S

7.02c+01

7.23c+00

2.G0e+02

C.95e+03

7.81c+06

1.07c+03

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

51 >1E20

51 4.7c+00

51 >1E20

51 >1E20

51 >M120

51 >E22

SI >IE20

SI >1E2

S1 >IE20

5 1 6.Ic+01

51 >1E20

5t >1E20

5I >IE20

51 > E20

St >E20

51 1E20

I 12E20

1 >IE20

1 >1E20

1 1.4eI-03

1 > E20

I > IE20

1 > IE20

I > E20

1 >1220

I >IE20

1 S.5c+OO

I 4-3c04

I >E20

I >lE20

1 >IE20

1 >IE20

I >E20

1 > IE20

>1E20

9.103

>IE20

>lE20

> E20

> IE20

>1E2

9.1c 03

>20

IE20

>1220

> IE20

>lE20

>IE20

> lE20

>lE20
>IE203

> lE20

>1220

> tE20

> IE20

7.5e.01

>1220

&Oc-04

>IE20

lE20

>IE20

>IE20

>IE20

7.SE.0
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C-7
Table Cl-f (continued)

WSRC-RP-94-218

Kisdidc T2 DCF Lambda d Rf ILT OW
ar ) (Ibtw) (34m) 

COr

MO-913m

Mo-93

MO-99

Mo-101

Tc-93w

Tc-93

Tc-94m

Tc-94

Tc-96M

Tc-96

Tc-97i

Tc-97

Tc 9
Tc-99M

Tc-99

Tc-101

Tc-104

Ru-94

Ru-97

Ru-103

Ru-105

Ru-106

Rh-99m

Rh-99

Rh-loo

Rh-lO1m

Rh-101

Rh-102m

Rh-102

Rb-103m

Rh-105

Rh-106m

Rb-107

7BSe44

3.SVc+03
7.Sce03

Z78e-05

8.18C-05

308c-04

2Qle-04

S.57e-04

99C.05

1.18cO2

2.46cO1

2.11e4-0

Z70c.06

3,42ce05
138c4S

7.91e-3

1.08e.01

5.07c-04

9.99c-1

S.36e-04

4.38c02

2.2&43

123e42

3.1OC+OO

z90e4w

5.75c.01

1.06e-4

4.0se-03

2.49c-04

4.13e.5

1.13e06

13c 06

4.4c.06

92c-08

7.le-08

25e07

3.lC.08

7.7c.06

1.le06

48e.06

6.0e.08

1l3cO06

3e-08

3.3e47

267c.06
ZU-06

2.1c.05

2AecC7
M.c.06

3.c-06

8.9e-07

2.3c.06

3.Se-06

O1W

lAe-06

6.le.07

5.4c 08

8"1+02

I 98c-04

9.20e+ol

2.S0c+04

8.48e+03

2Z5c+03

68ect03

L24c+03

7.Ole+03

S.89C+Q1

2UC+00

4.2c-0?

1.01e4-0

2.S70+04

03c+04

6.40ce3

8.76e+0l

643e+00

137e+03

6.94C.O1

M.29e+03

3AI4c 102
S.63e+o1

2.39c.0l

l21e+00

6.Slc+03

1.71C+02
.79c+03

1.Gc+04

0

0

0

0

0U6

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

10D

100

100

100

0

0

0

0

0

0

.0

0

0

0

0

1

1

1

1

28

28

2.8

28

2.8

2.8

2.8

2S

2s

2.8

2.8

2.8

2.8

501
sol

501
SO1

SI

I

I

I

.1

1

I
I

> 1E20

1.7c-03

> 1E20

>lE20

> 1E20>1E20

>1M

:,1lE20

'IE20

>IE20

4.1c02

13c-03

>IE2O

4.7c03

>1IE20

>1E20

.112

>IE20

>lE20

> lE20

>1120

>IE20

>1E20

> 1E20

IEZO

I.Sc+07

SAe+O7

> IE20

>1E20

>1E2D

>1IE20

>IE20

ILT 

(C[NUlt)

>1E20

8.2e-04

>132

>IE20

>1E20

> 320

> IE20

>tE20

>1E2D

> IE20

>1E20-

> IE20

>1E20

> 1E20

> 1E20
>IE2Q

> 1E20

>1E20

> 1E20

7. E20

44c+06

I.9c+07

>IE2Q

> 1E20

>11320

> IE20

>IE20

4.1c206

7.1lE20
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C-8
Tible Cl-L (contbnued)

WSRC-RP-94-218

Nudide Titz DCF Lambda
(Yt=) (mreI (l6a) (cm

Pd-100

Pd-101

Pd-103

Pd-107

d-109

Ag-102

Ag-103

Ag-104m

Ag-104

Ag-105

Ag-106m

Ag-106

Ag-i OSW

Ag-Ill

Ag-112

cd-104

CS-107

Gd-109

Cd-113m

C4-113

Cd-lSm

Ca l-s

Cd-117m

Cd-117

In-109

In-110(69m)

1i11I

In-112

In-13m

In-114m

In-IlSm

bil-s

LOc.02

95e-04

4ASe2

6.50e+06

1.25ce04

5.70C-05

1.274.04

M~ot-0i

2.27e.02

4356eO5

.30c+0

6.90c.01

2M2

3.57c.04

3S9c.05

1.08e04

7.42c 04

1.24e+00

1.46e+4O

9.30e+1S

l.36cti

6.10c-03

3.S1e-04

2.97C04

4.91e04

127e04

7.69e.03

IS9e.04

1.36e-01

5.i13e04

460e+1S

3e-06 633e+01

3.8-07 723c+O2

6.9e-07 A9e4+-l

1-4c-07 1.07e.07

22c-06 453c+02

79c-08 2.43e+04

l.4c07 .52c+03

l5e-07 122e*04

2.3e-07 SA4e+03

1.9e-06 6.33e+00

6.Ie-06 3.05e+O1

7Mc08 1.52e+0

7Se-06 5.33c-03

I.lc 05 I.OO+06
4.5e-06 3.39c+01

1.6e.06 1.94c+03

15c47 1.74c+04

23e-07 6A4c+03

24c07 9.35Ce02

12e.w SS9e-O

1.5e.04 4.75e.0

16c-04 7.4Sc-17

IX45 S.11Ie+00

4.7c406 1.14c+02

I.lc-06 1.79cF03

l.le-06 2.34+03

Z7e07 141e+03

33ce07 5.44c+03

1.2e.06 9.01ce+01

.00000002 2A60+04

ICe-07 3.66c+03

0.000015 S.lle+00

3.4c-07 1.35e+03

lAc.04 1.51c-16

Kd R ILT OW
03Jgm) T

(glaukt)

0 1 >IE20

0 1 >lE20

O 1 L~ec02

O 1 >IE20

10 51 >1e20

10 51 >IE20

10 51 >IE2010 51 >1E20

10 51 > IE20

10 SI >IE20

10 51 >1E20
10 Sl >lE20

iO 51 9.9e-O2

10 S1 >1EO

10 51 91E20

10 51 >IE20

10 51 >IE20

8 41 >iE2O

8 41 >IE20

8 41 >IE20

8 41 12eF03

8 41 S.6e04

8 41 >1E20

8 41 >IE20

B 41 >lE20

8 41 >1E20

O 1 >1E20

o 1 :)IE2D

O 1 >IE20

o 1 >1E20

0 1 >lE2D

O 1 >lE20

O 1 1.6e -OS

ILT int
T

(~ult)

>1P0

>IE20

>IE20

>lE20

>IE20
>1E20

>IE2D>1E2D

>IE20

>IE2D

>IE20

1.4.03

>IE20

>IE20

siE20

>1E20

>IE20

> IE20

>1E20

9.3e.02

8.0Oe04

>IE20

IE20

) 1E20>lEO

>IE20

>1E20

,-IE20

>IE20

8.Oe-04

-
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t.

C9
Taba C.l-L (itinimd)

WSRC-RP-94-218

Nudide U2 DCF Lambda
ova) (W=m0) (i4a) (cma)

In-16M

bi117m

In-117

ln-119m

Sn-l10

Sn-Ill

Sn-113

Sn-117m

Sn-119a

Sn-121m

SU-121

Sn-123m

Sn-123

Sn-125

Sn-126

Sn-127

Sn-128

Sb-115

Sb-116m

Sb-116

Sb-117

Sb 118m

Sb-119

Sb-120(16m)

Sb.120(6d)

Sb-122

Sb-124m

Sb124

Sb-125

Sb-126m

Sb-126

Sb-127

Sb-128(9b)

Sb-128(1m)

I1C-04

2.lle-04

g 376-5

SA2c.05

4.56e-04

6.65c.05

3SASC-01

383-02

S.0e-o1

7AOe+0l

3.08e.03

7.6ic.O5

3M4-02

1.OOe+os

2 42e.04

1.12C04

S 89c 05

1.14c-04

285c-05

3.19c04

S.Bo-04

433e.03

3.04c-05

1.59e.02

7.45e03

1.77c-04

w..e-O1

Z40e40

3.61.O5

3.39c-02

1.04e42

1.03c.03

1.90e.05

2.Ic-07 C73e+03

42c.07 3.13e+03

&78 8.29c+03

1.07 2.03e+04

Sce06 152e+03

6.7e.8 1.04e+04

27c.06 2.20+00

2A6e06 lIlc+Ol

1.2c.05 8.64e-01

13-U06 9.12e.3

&9e-07 225e+02

l.O-07 9.11eO+3

7.7c-06 1-96e+00

I.lc.Q5 2 62 +0i

1.7e-05 6.9306

7Ae-07 2S7e+03

5.2c-07 6.18e+03

6.3e438 1.18c+04

24c47 6.08c+03

5.6e-08 2A3e+04

7AM.08 2.17e+03

9.3c7 1.19ctO3

3.4e 07 160c+02

3.0c-08 228e+04

5.4c-06 4.37ctOl

63e06 9.31c+0l

2Ak-O 3-92e+03

93c 06 420ctO0

2.6e06 289-O1

73c.08 1.92e+04

9.6c.06 2.04c+01

6.6e06 666e+0l

4.3c-06 6.75e+02

5.Oc.08 36Sc+04

0

0

0 O

0
no

130

130

130

130

130

130

130

130

130

10

10

10

10

10

10

10

10

10

10

10

10

10

10

140

R ILT OW ILT bi
Trigger Ttge

(Oiault) (CiViult)

1 > E20 >3220

I >1220 >I20

I >I120 >IEO2

I >1E20 >IE20

651 >1E20 >1E20

651 >1220 >IE20

651 >1I20 > IE20

651 >1E20 >1E20

651 >1E20 >lE20

651 2.le+13 2.0e.03

651 >1EZ0 >1E20

651 >iE20 >lE20

651 >1E20 >1E20

651 >IE20 >lE20

651 8.c02 8.Oe.04

6S1 >IE22 >1220

651 >IE20 >1E20

51 >1E22 >1220

SI >1E20 >IE20

SI >IE220 >E20

5I >120 >IE2D

51 >IE20 >IE20

S1 >1E20 >IE20

51 >1E20 >1E20

S1 > IE20 >1E20

St >E220 >IE20

51 >lE20 >1E20

51 1E20 >1E20

51 > 1 eM+09

51 >1E20 >1E20

S1 >3E220 >120

51 >IE20 >1E20

51 >1E20 >1E20

S1 >1E20 >E120

-
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C-11
Table CI-. (continued)

WSRC-RP-94218

Nudide TM2 DCF Lambda d
byer) (wreAQ)4 (War) (*,3/m)

I-1S

Cs-125

Cs-127

Cs-129

Q1430

0431

C-132

Cs434m
s-134

Cr,135m

Ct35

Cs-136

0-137

Cs438

Ba-126

Ba-128

Ba-131m

Ba-131

Ba-133m

Ba-133

Ba-13Sm

Ba-137m

Ba-139

Ba-140

Ba-141

Ba-142

La 131

La-132

La -135
La-137

La-138

la-140

La-141

La-142

7.Sle-04

&S6c05

7.07cW04

3.65.03

S.700-0

1266c02

3.31e04

1.Ole.4

2.30e+06

3.53c-02

3.0C+01

6.12c 05

ISU4c04

6-57e.03

2.78c-05

3.20e.02

4.44e-03

1.07e+01

3.27c-03

4.85e-6

I S8e.04

3.SOc42

1.48C.05

203e.05

1.12c04

5.13c-04

2.22e03

6=t+e04

L06e+11

4-59e.03

4.41e-04

1.76c-04

2bae. 9.23c+02

S55.8 .10e+03

&O0a 9i0e+02

22c07 1.90e -02

4Sc.08 L22c+04

2.4c07 261e4O1

1.9e.06 385e+ol

42e08 2.10c+O3

7.4c-05 336e 01

49.c08 6.c8F03

7.1e06 3.01c-07

lIc-05 1 6e+01;

S.Oe-C15 2.3e4Z

1.6e-07 1.13e+04

9A.07 3.76e+03

I.Oe.05 1.05c+02

9.7e.07 250e+04

Ibe06 2.16e+0O

2D.06 LS6e+02

3.2e-06 6.48e-02

1.6e-06 2.12e+02

0.0 1.43e+O5

3.9c 07 438e+03

&4e.06 1.98e+01

2.0e-7 1.99e+04

.Oc-07 3.41c+04

I.le-17 6.1e+03

1.5.06 13Se+03

13c-07 3.12c+02

43e47 1.16e05

S9.06 6Sde-12

7.7e-06 LSle+02

.Ac406 157c+03

83e07 3.95e+03

0.6

100

100

100

100

100

100

100

100

100

100

100

100

s

S
5

S

5

5
5

S

S

5
5
s

100

IO1

100

00

100

100

100

100

Rf lTGW MT Int
fTgger Tngger

(auit) (Cyualt)

4 >1E20 >IE20

501 >IE20 >1E20

SO1 >1E20 >IE20

501 >IE20 >1E20

S0! >lE20 >1E20

501 > IE20 > IE20

501 >1E20 >IE20

501 >IE20 >1E20

501 >1E20 33e+11

501 >IE20 >IE20

501 1.6e-01 &Oe.04

501 >1E20 >I20

501 > IE20 &Oc-03

501 >IE20 >1E2D

26 >1E20 >1E20

26 >1E20 >1E20

26 >1E20 >IE20

26 > 1E20 > IE20

26 >IE20 >1E20

26 S.3e+04 5.2c4-1

26 >1E20 >IE20

26 >1E20 >1E20

26 >1E20 >1E20

26 >IE20 >1E20

26 > 1E2 >1220

26 >1E20 1E20

50 >IEZ >1IE20

301 > 120 >1E20

501 > IE20 > 120

6o 2.6e4-00 8.0e.04

50 1.9C 0t 80c.04

501 > IE20 > IE20

501 >lE20 >1E20

S)1 >1E20 >IE20

-

Rev. 

I If



C12
Table Cl-L (continued)

TI2 DCF Tambda Kd
(e) (mrcuJpa) (r) (31gm)

WSRC-RP-94-218

Nucrde

-

Ia-143

Ce-134

Ce-135

Ce-137m

Ce-137

Ce-139

Cc-141

Ce-143

Cc4-144

Pr-136

Pr-137

Pr-13Sin

Pr-139

Pr-14

Pr-142

Fr-143

Pr-144

Pr-145

Pr-147

Nd-136

Nd-129

Nd-139m

Nd-139

Nd-141

Nd-147

Nd-149

Nd-151

Pm-141

Pm-143

Pm-144

Pm-145

Pm-146

Pm-147

Pm-148m

266e0S
&21e-03

1.96e-03

3-92e.03

143e03

3.77c-1

&90C-02

3.76e.03

7.94e401

* 25e-04

1.71e-04

2.40e-04

5.13e-04

2.72e-05

2.18e03

3.75c-02

3.29e-05

h82c04

2.28-05

9.e-05

4.18-05

6.27e-04

S.93c.04

2.85c-04

3.01e-02

1.97c03

236c0S

4.18e-05

726e01

&22C-01

L.77e+1

1.94ctOi

2.52e+00

1.14c-0l

14c-07 U.60e+04

89c-06 &44e+01

3.2e06 3.53e+02

2.0c-06 1.77e+02

9&.08 6.75e+02

t.lec06 1.84c+00

20e06 7.79e+00

42c-06 14e+02

2.0e 05 .73c-01

6.8e.08 S.52e+03

13c.07 4.OSe+03

4.9c-07 2.89e+03

1.2c-07 135c+03

6.3e-08 2.55C+D$

5.1e-06 3.18e+02

4.5e.06 l.Se+01

1.1e-07 2.11e+04

1-Se-06 1.02e+03

5.7c-O8 3.04ct04

33e.07 7.19e+03

2.5c-06 1.66t+04

I.Oc-06 .14Oct03

S.7e-08 1.17e+03

3.2c08 7-43c+03

3.9c06 23etl01

4.6e-07 3.51e+02

7.4c-08 2.94e+04

8.4e-08 1.66c+04

9e.47 95Sc-O1

39e-06 &43e-01

4.6e-07 3.92e.02

3.2e06 3.57e61

9-Sc-07 2.75c-01

7O.06 6.06etOO

100

10

10

10

10

10

10

10

10

10-

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

Rf ILT W ILT Int
Trlgger Tnger

(aut) (Cghault)

501 >1E2D >1E20

51 >1E20 >1E2D

Sl >1E2D >1E20

Sl >1E20 >120

51 >1E20 >120n

SI >IE20 >1E20

SI >120 >122

Sl >IE20 >1220

51 >IE20 >IE20

51 >1220 >1E20

501 >lE20 >1E20

501 >1E20 >1E20

501 >1E20 >IE20

501 >1E20 >1E20

501 "1E20 > 120

501 >1E20 >1E20

501 >1E20 >IE20

501 >1E20 >1220

501 >IE20 > 120

501 >IEZO >IE2D

501 >1220 >1E20

501 > 1E22 >1E20

301 >IE20 >1E20

501 >IE2D >IE20

501 >1E20 >1E20

501 >1E20 >IE20

501 >1E20 >1220

501 >1E22 >1E20

501 > IE20 > IE20

.50 >1E20 >I20

501 >1E20 4.0e-02

501 >IE20 2.Sei-12

501 > IE20 7.2e+08

501 >IE20 >IE20

-
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C-o13
Tubk QI-L (id)

WSRC-RP-94-218

Nuclide TIZ2 DCF Lambda Ed
&sr) (ineapa) (16a) (a*3/gm)

Pm-48

Pm-149

P-SO

Pm-lSI

Sm-141m

Sm-141

Sm-142

Sm-145

Sm-146

Sm-147

Sm-151

Sm-153

Sm-lSS

Sm-158

Eu-145

Eu-146

Eu-147

Eu-148

Eu-149

Eu-l12b)

EU-lS0Y)

Eu-152m

Eu-152

Eu-154

Eu-155

Eu-156

Eu-157

Eu-1S

Od-145

Gd-146

Gd-147

Cd-148

Gd-149

Gd-SI

IA7e02

6.06e-03

3.0Ce04

324C-03

4.30cO5

1.94c05

L37ce04

931e.0l

7A)Oe+07

106e+11

9.OOc+O1

533c-03

4.22e-05

8.37c-45

e62e02

126c02

602e-2

1.48e-01

2SOc-01

137e.03

3.40c+01

1.07c-03

134e+01

820c+0O

1.70e+00

4.22e.02

1.73c.03

&73e-0S

4.7SCe-0

126c4Q

3.99c43

1.30e+02

2.46e-02

3.29e 01

95e06 4.71e+O1

3e.06 1.14e+02

98e407 2.27e+03

28e-06 2 14c+02

1.Se-07 L6lc+04

4c.8 3.57e+04

6.0c07 5.06e+03

85e-07 7ASe-01

2.Oc-04 9.90c09

1.Se-04 6.S4e-12

3Ae-07 7.70e-03

26e-6 1.30c+02;

6.6e-8 1.64e+04

I.Oc-06 829c+03

3.2cOS 429e+01

S.1ie06 S-50e+01

1.Se-06 1.15e+01

52e.06 4.69e+00

4.2c07 2.39c+00

i1e46 S.06c+02

62e06 2.04e-02

1.9e-06 6.Sle+OZ

6.0e.06 5.t7c42

9.1e-06 &45c-02

13c06 4.08c.-O

&7e-06 1.64c+01

23e-06 4.00e+02

2.6c-07 7.94c+03

.lc-07 IA6e+04

3.& 06 S.SO-+01

26e-06 2.74e+02

2.1ec-4 5.33e-03

1.8e-06 2.Sle-01

7.7c07 2.12c+00

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

1o

100

100

100

100

100

100

1OD

100

f ILT GW ILTInt
Tgg er fllggr

(Mvaul) (Cwaukl

501 >1E20 >IE20

501 >IE20 IE20

501 >IE20 >IE20

501 >1E20 >IEZ

501 >lE20 >lE20

501 IE20 >IE20

501 >1E20 >IE20

501 >1E20 >E20

501 55c-03 &Oe-04

501 6.1c03 &Oe04

501 1.7c+09 1.7e03

501 >1E20 >1E20

SOI >IE20 >IE20

501 >IE20 >IE20

501 >IE20 >1E20

501 >1E20 >1E20

SOI >1220 >1E20

501 >1E20 >1E20

501 >1E20 >1E20

501 >lE20 >1E20

501 >lE2O 6.2c.3

S0l >1E20 2IE2

501 >1IE20 lAe.1

SO1 >lE20 3.Se+oo

501 >1220 4.lc+14

501 >IE20 >IE20

so0 >1E20 >1E20

SO1 >1E20 >1E20

501 >1E20 >IE20

501 >1E20 >1220

501 >IE20 >1E2D

501 5.7ct03 IAe03

501 >IE20 >1E20

501 >1E20 > E20

-
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C-14
Table Cl-L (continued)

WSRC-RP-94-218

Nudidc TM DCF ' mbda Kd
&car) (m=0:1) (1Joar) (cm*03/gm)

W-1I2

Gd-153

Gd-159

Tb-147

1b-149

lb-iSO

b- 151

lb153

Tb154

Tb-155

b-156m(24h)

Tb-156m(Sh)

Tb-156

Tb-157

Tb-ISS

Tb160

Tb-161

Dy-1S5

Dy-157

Dy.159

Dy-16S

Dy-166

Ho-155

Ho-157

Ho-159

Ho-161

HO-162m

Ho-162

Ho-164m

Ho-164

Ho-166m

Ho-166

Ho-167

Er-161

1.10e+14

6.61e.01

2.12c-03

4.56e.05

4.68c-04

3.54c04

2OSe-03

6.27et3

9.70eO4

1.53c.02

2.74e-03

6.27e-04

IA8eO2

150c+02

120e+03

lS8c-O1

1.88c 02

1.20e.03

3.94e-01

9.3 le-03

9.51e.5

2 U05

6 27e 05

2.8Se41.29e-04

2.85et5

7.13e.05

7.03e-0

120e+03

3.06e-03

3S4e-04

354c-04

15e04 630c-15

1.1c.06 1.05c+00

1.9c06 3.27c+02

5.6e-07 lS2e+04

9Se-07 lA8e+03

9.7c07 1.96e+03

1.4e-06 338e+02

Me07 1I.Oc+02

2.e46 7.1e+02

8.2e.07 4.52e+O1

7.e07 2.53c+02

3.2e07 l.lOc+03

4.6e-06 4.69e+01

1.Oe-07 4.62c40

4Oe.06 5.78e44

6Ae-06 3.50c+00

2.6e-06 3.68c+O1

S.6e.07 S.79c+02

2.7e-07 750e+02

4.0c.07 1.76e+O

3.6e-07 2.61c+03

6.2e-06 7A5c+O1

12e-07 7.29e+03

1.9c08 260c+04

23e-08 1.lOe+04

4.7e08 2.43e+03

9-08 5.36e03

6.7e49 243e+04

4.9e-08 9.72c-03

2Ae08 9Se-+o3

7.8e.06 S.78e-04

5.Sc-06 227c+02

3.2e-07 L96e+03

3.3c-07 1.96c+03

10

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

I 100

100

100

100

100

Rt LT OW T Ibt
I ~Thggcr Trigger

(ciu l) (0vu t)

501 7Ue03 8.0C.04

501 >I122 >1220

501 >IE20 >1E20

501 >1E20 >lE20

501 >1E20 2IE20

501 >1E20 >E120

501 >1E20 >1E20

S01 > E20 >1220

501 >1E220 .12E20

501 >IE20 >1E20

501 >1E20 >1E20

501 >IE20 >1E20

SO1 >120 >1E20

501 1.9c+06 1.3e.03

501 12C+00 8c.-04

501 >1E20 >1E20

501 >1220 >1E20

501 >1E20 >1E22

501 >1E20 >1E20

501 >1E20 >E120

501 >IE20 > 120

S01 >1E20 >1E20

501 >1D20 >120

501 > E20 >1E20

501 >1E20 >1E20

501 IE20 >E120

501 >1E20 >1E20

501 >iE20 >1E20

501 >1220 >122

501 >IE20 >1E20

501 6-01 85c04

50) >122 >1220

501 >1E20 >1E20

501 >IE20 >lE20

-

Rev. 0
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C-15
Table C1-L (tinued)

TIJ2 DCF Lambda Kd
mear) (mvq) (11year) (cm**3/Jgm)

WSRC-RP-94-218

Nuclide

Er-165

Er-169

Br-171

Er-172

TM-162

TWn-166

Tm-167

TM170

Tm-71

Tm-1m

Tin-173

Tm-175

Yb-162

Y165

Yb-167

Yb-I69
Yb-175

Yb-177

Yb-178

Lu-169

Lu-170

Lu-171

Lu-172
Lu-173

La-174m

Lu-174

Lu-176m

Lu-176

Lu-177m

Lu-I7

Lu-178m

Lu-178

Lu-179

Hf-170

1.1803

2.57e-02

&58e-04

S.59c-03

A6e.04

&78e-04

263c02

3 S301

192+0

7.2-03

935e.04

3.SOc.05

3.59e-MS

SOc-05

3A2e-05

&76e.02

I.1c-02

.17c-04

JAce04

3A8e-03

5.48e-03

227c-02

183e02

137Ceoo

3.83c-1

3.60e+00

4.21e-04

3.OOe 10

4Ale-02

124c02

3110e-5

5.70e45

5.25e-04

139e-03

79c.8 S.86e+02

1A.06 2.69e+01

1.4e.06 8.08e+02

3.7c.06 1.24e+02

7408 4.73e*03

1le-06 7.89e+02

2.1c.06 2ACe01

SDC-06 1.6e+00

3Se07 3.61c-01

6.4e06 955c+01

12e-06 7A1e+02

SAe.8 1.82e+04

7.Oc08 1b3cl04

3.S-06 3ASeC4A

1.7c-M 2.03c+04

2.e-06 7.91e+00

1.6e.06 6.04c+O1

3.1c-07 320e+03

3.9c.07 4.94c+03

2.0e.06 1.79e+02

4.3e-06 127e+02

2.6ce06 3.0Se+01

S.Oe-06 3.78+01

9.7e 07 S.06e-01

1.8e06 1.81c00

9.9e-07 1.93e-0l

6.3e-07 lb5e+03

6.6c46 231c-11

6.8e.06 157c+0l

2.c-06 3.77e+01

8.-08 1.82c+04

12e.07 1.22e404

8.1c07 1.32e+03

12e 05 4.98e+02

100

100

10O

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

I00

100

100

100

100

100

100

100

100

R ILT GW IlT It
Td Thgg"r

(OwvuOl) (Ocault?

SO1 :1E20 >1E20

501 >lE20 >IM

501 >IE20 >IE20

501 >IE20 >1E20

501 >IE20 >1E20

So1 >E20 >IE20

501 >1E20 IE20

501 >lE20 >IE20

501 >1E20 3e%-+12

501 >1E20 >1E20

501 >lEZ0 >IE20

S01 >1E20 >1E20

501 >1E20 >IEZO

SO >1E20 >IE20

SO >1E20 >1E2D

501 >1E2D >1E20

501 >IE20 >IE20

501 >IE20 >1E20

501 >IE20 >IE20

501 > IE20 >IE20

501 >IE20 >1E20

501 >IE20 >IE20

SO > IE20 >IE20

501 >1E20 MIE2D

S01 >IE20 >IE2D

501 >1E20 lSe+05

501 >1E20 > 1E20

S01 1.7-O1 8.0c04

501 >1E20 >1E20

;501 >1E20 >1E2D

501 > E20 >1E20

501 >1E20 >1E20

SOI >IE20 >1E20

SOI > IE20 >IE20

-
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C-2D
Table Cl-L (ntinued)

WSRC-RP-94-218

Kudide TMn DCF LAMbda KI
Oer) (M=0) (ar) (n103/gm)

Bi-212

B-213

Bi-214

Po-203

PO205

Po-207

Po-210

A-207

At-211

Fr-=

Fr,223

Ra-223

Ra-224

Ra-=25

Ra-226

R&-2Z7

Ra-228

-r224

Ac-225

Ar-226

Ac-227

Ac-228

U-226

7bW

Tb-229

rn-229

Tb-230

lb-231

Tb-232

1b-234

Pa-227

Pa-228

Pa-230

Pa-231

.lSA-0

8.68e.0S

3.76c.05

7.99e-0

205c04
650c-M
3.79e-o1

2.0e.04

2.81c-5

4.18e.05

3X1e.02

991e-03

4.05e02

1.62e+03

7.e.5

5.75e+0O
331e.04

2.74e.O2

3.31e03

2.18e+0I

6.99e-04

5.87eC.5

5.13c-02

1.91e+OD

7.43e+03

7.70CFO04

2.91c-03

.4le+ 10

6&6e02

7.28e5

2S7c03

4.85e-02

3.28e+04

9.9e.07 6M0+03

6Ze07 7.99e+03

2A.07 1S4+04

2.oc07 &68c103

2.4c.7 338f+03

6.1c07 1Lo7c+03

1.e03 LS3ei-Oo

M.07 338c+03

4.c05 843c+02

25es06 246c+04

&6c06 1.66e+04

5.5e-04 2.21c+01

3.3e04 6.99e+01

3.1e^04 .71e+0l

1.le03 4.27c-04

22cO07 &Se+03

1.2e03 121e.01

2.6c06 2.lOe+03

9.Se-O5 253e+01

4.0e-05 2.10c+02

1.4c-02 3.18e.02

2.1c-06 9.91e+02

92e.07 1.18e-04

0

0

0

0

0

0

0

0

0

0

0

500

500

S00

500

5oo

5oo

m

ISO

130

150

ISO

3000

Rf ILTOW ILT Int

(aiwuh) (cWnul)

t t'lE2 w'E20

1 >1E20 >JE20

1 >IE20 >IE20

1 >lE20 >lE20

I >1E20 >1l20

1 >IE20 1E20

I >1220 >1220

1 >1E20 >1E20

1 >1E20 >1E20

1 >IE2D >1E20

I >IE20 12E20

2501 >IE20 >1E20

2SOI >lE20 >lE20

2501 >1E22 >1E20

2501 l.le+OO &4c-04

2501 >IE20 >1E20

2501 >IE20 1Ac+02

751 >IE20 >1E20

751 >1E20 IE20

751 >IE20 >IE20

751 >1E20 1.9c.02

751 >lE20 >1I20

15001 >IE20 >1E20

15001 >1E20 I1E20

15001 5120 4.4c+12

15001 l.Oe+0I le-0

-

3.6c-05 135e+01 3000

3.SC-04 3.62C01 3000

35e-03 9.33c-oS 3000

53C.04 9.Oe-06 3000 15001 12c-01 &Oc-04

M-06 2.38e+02 3000 15001 >IE2D >IE20

.Se03 4.93e-11 3000 IS0 1.2e-02 8.OeC04

13c05 1.05c+l01 3000 150I >IE20 >1E20

13e.06 9.S2c+03 10 51 >1E22 >IE20

4.0e-06 234c+02 10 51 >1220 >1E20

5.6c-06 143c+o1 10 S1 >lE20 >1E20

I.le02 Z12e-05 10 51 1.Oe.05 &le.04

Rev. 0



C-21
Table C1-L (ithucd)

Nudidc TlZ DCF Lambda }d Rf
() (rcm4,CI) (wear) (an*3jm)

WSRC-RP-94-218

Pa-232

Pa.233

Pa-234

U-230

U-231

U-232

U.233

U-234

U.235
U-236

U-237

U-238

U-239

U-240

Np-232

Np-233

Np-234

Np-235

Np-236(IESy)

Np-236(22h)

Np-237

Np-238

Np-239
Np-240

Pu-234

Pu-235

Pu-236

Pu.237

Pu-238

Pu.239

Pu.240

Pu-241

Pu-242

Pu-243

3.59C3

7.39e 02

7.64c404

4.30e+00

720c*01

lj6Oe+05

2Ae+05
7.04e+08

234c+07

1.5e-02

4.47c+09

4A7e.05

1.61e0

2.47c405

665c4C

120ot4

1.12e+00

1.lOe+05

2.5le-03

2.14ei06

S.80e-03

6.38eB

1.20e04

1.03e-03

4.94e-05

2Bei+00

L24c-O1

&78e+01

2.41c+04

6.57e+03

144c+01

3.76c+05

S.65e44

3.4e46 193e+02

3.3e-06 938e+00

2.C-06 907e+02

8.4c-04 1.22e+01

le06 1.61e41

1.3e.03 9e03

2.7c04 435cS06

2.6e-4 283e-06

25e04 9.8-10

25c-04 296e-08

2.7e-06 3.7Se-01

23c-04 lSe-19

7.Ae08 1.55e+04

4.1e.06 4.31c+L

2.08 2ft+04

5.6e-09 1.04e+04

L7c-06 5.75e+01

2.1e-07 6.17c.01

7.9e-04 630c-06

9Se-07 Z.76c+02

3.9c-03 3.24e-07

3.4e06 120eW2

2.9c-06 1.09e+02

2.0c07 S.79e+03

12c-06 6.75e+02

1Ae-OS 1.40c+04

1.3e.03 243e-01

1IO-06 S58e+Oo

3S-03 7.90e-03

4.3c03 2.87c-05

4.3e-03 1.06e-04

8.6e45 4.81e.02

4.1c-03 1.84e-06

3.3c-07 12e+03

10

10

10

SO

s0

SO

SO

SO

So

50

50

SO

SO

SO

10

10

10

10

10

10

10

10

to

la

100

100

100

100

100

'100

100

100

100

100

51

51

S1

251

2S1

251

251

251

251

251

251

251

251

251

S1

Si

51

-S

51

51

51

51

S1

51

501

501

501

S01

501

; 501

501

501

Sol

501

ILT W ILT Int
Twgger Tigger

(Mut ( )_

>lE20 >1E20
l'E20 >1E20>lE20 > E20

>IE20 > IE2D

>1E20 &Oe*03

2.Oc+02 2.lc03

2le03 O-04

2.le.0 &Oe-04

22e-03 8.OC-04

12e03 8.0-04

>lE20 >1E20

2A4c03 8-04

IE20 >IE20

>IE20 >lE20

>lP20 >IE2D

>IE2D >IE20

>IE2D >IE20

>IE2 >IE20

IAe.04 &Oc.04

>1E20 >lE20

2*-OS &OC-0

>1E20 >IE20

>IE20 >IE20

>1E20 >IE20

>1E20 >IE20

>IE2 >1E20

>lE20 z9c*07

AE120 >IE20

2X-F05 18e03

2.8e.04 &le-0

3.4e-04 &e.c04

>122 9.9c-02

2.7e-04 BOe-04

>IE20 >1E20

-

Rev. 0
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C-22
Table C.1-1. (continued)

WSRC-RP-94-218

NidcE TM4 DF Lambda Kd
(r) (trira) (car) (cm031gm)

Pu-244

Pu-245

Am-237

Am-238

Am-239

AM-240

AM-241

Arn242m

Am-242

Am-243

Am-244m

Am-244

Am-245

Am-246m

Am-246

Cm-238

02n-240

Cmn-241

Cm-242

Cm-243

Cm-244

Cm-245

Cmi246

Cm-247

On-248

Cm-249

Bk-4S

Bi-246

sk-247

Bk-249

Bk-250

Cf 244

Cf-246

Cf-248

&10c+07

1.14c.03

1A8e04

2.17c04

L38e43

5.82.03

4.32e+02

152e+02

123e-03

737c+03

4.94c.05

1.ISe3

2A40e-04

4.75e-05

4.75e.05

Mt-4

734e.02

95e-02

4.46e-01

2.S5e+01

l.81c+O1

8&5Oe*03

470e+03

I.AOCi07

3.50ei0s

1.24e-04

136C02

4.93c-03

1.40e103

8.se01

3.67t.04

4.75e4S

4.l1c-03

9.8c01

4.0e.03 856e-09

2.4c.06 6.08c+02

7Ae.08 467c+03

1.7c.07 320+03

1Oc0 5.2ci+02

2.9C-06 1.19e+02

45e43 1.60e-03

424-03 4.56c-03

1.2c-06 38c+O2

4Se-03 9.40e-0

6-08 1.40e+04

2.Oe-06 6.02e+0q

lAe-07 2.89e+03

8.4c- l.A6e+oi

l.Se-07 1.46e+04

36c-07 2A3e+03

6.3ce05 9.45e+00

4.6e.06 7.23c+0Q

M.OeM4 1.56400

2.9e-03 2.43e-02

2-3e-03 3M3c-02

4.Sc-03 &1Se-05

45c-03 1.7c44

4.1c-03 4.33e-08

1.6e.02 1.98e06

9Se-08 5.61c+03

2.3e-06 S.Oge+01

1.9c06 1.41c+02

2 3e43 4.95c04

6.0cr06 78c.O1

S.Oc07 1289c+03

I.-07 1.46e+04

Z.c-05 1.69e+02

2.8e-04 7.03e Ol

100

100

ISO

1SQ

ISO

150

150

ISO

lS0

lSO -

150

150

150

1SO
ISO

150

100

100

100

200

100100

100

100

100

100

100

100

100

100too

100

100

100

Rf IMTGW IMT 
T eggr Triger

(0/vault) (Wlt)

501 2.8e.04 8.Oe.04

501 >1E20 >1E220

7SI >IE2O >1E20

7SI >1EB2 >1E20

751 >1E220 >E20

751 >1E20 >lE20

751 1.Be1 9.4c-04

751 1.7c+04 1.3c-03

751 >1E20 >lE20

751 53e-04 &IC-04

7S1 >lE20 >120

751 >IE20 >IE20

75t >1E20 >IE20

751 >1E22 >1E20

751 >lE20 >IE20

501 >IE20 >1E20

S01 >1E20 >1E20

S01 >IE20 >IE20

501 >1E20 >lE20

S01 > E20 9.Ie03

501 >IE20 37e.02

501 3.0c-04 Uc-04

501 3.6e-04 8.2e04

S01 2.7c04 8Me4

S01 6.9c-0 8.0c-04

SOI >IE20 >1E20

501 >IE20 >IE20

SO >lE20 >2E20

501 1.7ec03 4e-04

501 >1E22 >1E20

501 >1E20 >I220

501 >IE20 >IE20

SO5 >1E20 >122

501 >2E20 >1E20

Rev. 0
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C-23
Table CI- (ninuiod)

WSRC-RP-94-218

Nudide Tw DCF lambda Kd
veai) (umrem) (16=r) (03gm)

-249

Cf-2so

Cf-2SI

Cf-252

Cf-253

f-2S4

Es-250

Es-251

ES-253

Es-254M

Es-254

Fm-252

Fm-253

Fm-254

Fm-255

Fm-257

Md-257

Md-M

351c+02

131e+O1

9.00e+02

2.62e+00

9. SC4

4.11 e03

4.8e.03

7-56e-01

2.62e.3

&21e-03

3.70e-04

2203

2.19e.O1

3.42e.04

lS3e.01

4Ae.03 1.97e.03

ISe.03 5.29-02

4.6e.03 7.70c-04

9.4c.04 2.65c.01

9.2c.06 142c+O1

2.5c43 4.18e+00

9&-08 7.60e+02

6.7e07 L69e+02

2.4c.0S 12A+01

1SeOS 155e+02

1e-04 9.17-01

9.9e.06 264c+0;

35ei6 &44e+01

1.6e.06 l.&+d

9.7c.06 3.02e+02

73e.05 3.16c+Oo

SAc07 2.03e+03

6.1cO5 4.52c+00

100

100

100

IOD

100

100

100

100

100

100

10O

100

100

100

100

100

100

100

R MT W ILT W
Tvigc Tuggcr

(OWvault) (a ulvit)

S01 4.1e.02 92.&04

51 >lE20 1.6e01

501 lMc3 &7c04

501 >IE20 25e+08

SD1 >IE20 >'1M

Sol >lE20 > E2D

501 >tE20 >IE20

501 >IE2D >lE2D

501 >lEM >IE20

501 >1E20 >1E20

501 >lE20 >1E20

501 >1E20 > E20

SD1 >lE20 >1E2D

S01 >1E20 >1E20

SO0 > 1E mlE20

501 >1E20 >1E20

301 >1E2D >1E2

501 >1E20 >1E20

-

_ _

;
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C-24 WSRC-RP-94-218

Table C- Sening caula s and trigger v for the INT vaults

Nucie TIA DCF Lambda I
ya) (aCI () (cm

H-3

Be-7

Ec-10

C-11

C-14

F-18 .

Na-22

Na-24

Mg-28

Ai-26

Si-31

Si-32

P-32

P.33

S-35

a-36

0-38

0-39

K.40

K42

K43

K-44

K45

Ca-41

Ca-45

Ca-47

Sc43

Sc-44m

Sc-4

Sc-46

Sc47

Sc48

Sc-49

123e01

lA7eCll

1.60e+06

386e-

S.73e+03

2.14e-04

1.71c03

2.40c.03
7.40e+05

299c04

6.Se+02

3.89e-0

6 ac02

2.39e01

3.0Ic+05

7.07c.05

L06e04

1.28e+09

.lAe-03

2.S6c-03

4.18e.05

3A04-

130e+05

4.46e-O1

124e&02

4A7c.04

6.8e43

4.47c-04

229c-1

9.39e-03

S.03e-03

1.C9e04

6.3c48 S.62e-02

e.l-07 4.72e+00

4.2c.06 4.33e-07

1.2408 l 0e+04

2.1e-06 21e-04

LOe.04 3.25e+03

12t-OS 2.69e.1

lAc-06 4.05e+02

7Sc-06 2.89c+02

13e-05 937e47

S.4e-07 2.32e+03

1.7e-06 1.07c.03

7.7c06 1.78e+01 J

B8e-07 l.Ole+OI

4.3e-07 2.90e+0o

3.0e.06 2-30e06

2.O-07 980e+03

I.4e-07 657c+03

9e-OS 5.42c-10

le-06 4.92e402

7.8-07 2.71c+02

ISe-07 166e+04

93e.OB 228e+04

1.2C-06 5.33c-06

3.Oc-06 1.55c+O0

6.2e.06 S.Se+0t

73c-07 S5e+03

9g9-06 1.04e+02

.c4-06 1L55e+03

5.6c-06 3.02e+00

1.9e.06 738e+01

6.4c.06 1.38e+02

2.4-07 6.34c+03

Rf ILNTGW ILNTInt
03/gm) Ttiggcr Triggcr

(0/auukz (Ouh)

O 1 3Ae01 1.6e+00

O 1 2.6e+09 >1E20

O 1 3Me03 S.9e-03

2 11 >1E20 >1E20

2 11 85ce-02 6.0 03

O I >1E20 >1E20

O 1 S.le103 2.7e+09

O 1 >1E20 >E20

O 1 >1E20 >lE20

0 1 1.2c-03 5.9e-03

O 1 >1E20 >IE20

o I 9.5e03 6.5e-03

O 1 >E120 >1220

O 1 >120 > IE20

O 1 7.6e+04 >E120

O 1 5.4c.03 5*e-03

O 1 >1E20 >1E20

O 1 >1E20 >1E20

o 1 8Sc-04 5.9c-3

O 1 >IE22 >1E20

O 1 >1E20 >1E20

O 1 >1220 >IE2D

O 1 >IE20 >IE20

O 1 1.3e-02 S.9c-03

o 1 1.3e+01 > IE20

O 1 > IE20 >1E20

O 1 >IE20 >IE20

O I >1E20 >1220

,0 1 >1E20 >1E20

o 1 I.Oe+04 >I220

O 1 >1E20 >IE20

O 1 >1E20 IE2O

O 1 > E20 > 1E20

Rev. 0
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C-25
Table C1-2. (continued)

WSRC-RP-94-218

NuCdC TIA DCF Imbda E d
(yw) (mm4q (Ipea) (3/gm)

144

Tws
V-47

V48

V-49

- 48

Cr-49

0,-SI

Mn-S5

Mn-S2an

Mn-S2

Mn-53
Mn-S3
Mn-54

Mo-S6

Fc-52

Fc-55

Fe-59

Fe-6O

co-55
Co-56

Co-5S

ClSSm

bo58
coS

Co6

CO-61

CD-62m

Ni-S6

Ni-57

Ni-59

Ni-63

Ni-65

Ni-66

Co 60

4MSe+O1

3S2e-04

6.27e-05

4.41c.02

2.62c.03

797c05

7.58e02

856e.45

3-99c45

152c-02

2.OOe+06

7.97c-1

2.94e-04

9-35e-04

2.7e+00
122C-O1

2.ile-O1

7.39.01l

1.95e-01

2j~oe.O5

S527e+0O

188c-04

3.04e436

4.11e-03

&OOC+04

I.O~e+02
2V5e.04

6.23c03

4.37c-05

1Se.05 lA4c-02

5.7e47 L97c+03

16c-07 1.lOe-+04

75e.06 157e+01

S.4e-08 7M-1

&2e-07 2.64c+02

1.e4Y7 8L70e+03

1.3e.07 9.14c+00

2.5e-47 810e+03

IXe-07 1.74e+04

6.9e06 4.56c+O

9.9ec8 3.47c.07

2.7e-06 8&70e-01

9.5e-07 2.36e+03

5.4c-06 7Alcl-02

5.e-07 2.57e-1

6.6e-06 5.68e+00

15e-04 2.31e.06

4.1e.06 3.3c+02

1.2e05 3.29c+00

li-l5 9.38e-1

M8e08 675e+02

3.S-06 3.55e+00

3.6e-09 3.47e+04

2.6e-05 132e-01

2.6c-07 3.68e+03

9.6e-08 2.28ctO5

35c06 4.15e+01

3.3c-06 .69c+02

2b0-07 8.66e06

5.4c07 6.93ce03

6.1e-07 2.41c+03

l.le-05 1.1lc+02

1.7e-07 1.59e+04

0

0

0

0

0

40

40

40

SO

50

so

0

0

0

0

10

10

10

10

10

1o

10

10

10

300

300

0

300

300

300

25

Rf f.NT GW ILNT Int
Trcr Tdlger

(a ault) (COault)

1 9.1e04 25e-02
I >lE20 >IE20

1 >1E20 >1E20

I >1E20 >1E2D

1 l.4e+01 71E20

201 >lE20 1 IE20

201 Xl1E2O a1E20

201 >IE20 >IE20
2SI >lE2 >lE20
251 >lE20 1IE20

251 >IE20 >lE20

251 4.lc+l01 5.9e-03

251 >lE20 >IE20

251 >1E20 >1E20

I >1E20 >1E20

1 1"1 8.3c+08

1 5.2e+09 >1E20

1 L.le-04 S.9e-03

51 >lE20 >IE20

51 >IE20 >1E20

S1 >1E20 >1E20

SI >1E20 >1E20

51 >lE20 >IE20

Sl >IE20 >1E20

51 1.2c+13 3.0e+03

51 >1E20 OE20

51 >1E2D >1E2D

1501 >lE20 >lE20

1501 >lIE20 >IE20

lSl 1.3c+02 5.9t-03

1501 >IE20 12e.02

1501 >IE20 >1E20

1501 >1E20 >1E20

126 >lE20 > lE20

Rev. a



C-26
Table C1-2I (continued)

WSRC-RP-94-218

NucLdc Tin DCF Im Kd Rf ELNT OW lNT kL
bear) ~ (MfQ A) (*VFm) - er T-Or

Cu.61

Cu-64

7., 62

Zn6

Zm-69m

Z69

Zo-71m

Zai-72

Ga.65

Ga66

Ga-67

Ga48

Ga-70

Ga-2

Ga-73

Ge-66

Ge-67

Ge-68

GW 69

Gc-71

Ge-75

Gc-7

Gc-78

As9

AS-70

As-71

AS-72

A-73

As-74

As-76

M-77

As-78

32%e04

1.4$e.03

7.06e 03

1.04-3

730c-05

6 7eO1

1.57c-03

1.08e04

436Ce-4

127c01

289eO5

1.07c43

&91c03

130e-4

4.01c-05

1.61c03

1.34c-02

1.07e-03

3.61c0S

76-01

4Sc-03

3.12c02

1.57c-04

1.2903

1.65c-04

2.S5c-5

IOle-04

7.07c-03

2.97c-03

220r.-O

3.29e02

3.00e 03

1.06e.01

1.73e.04

4.1e07 1.78e+03

4.3e-07 4.78c+02

l.le-06 98+01

3Ac-06 6.64c+02

2.0c.07 9 49c+03

1.4e-OS 1.04e+00

12e-M 4AOe+02

85e.08 640c+03

83e.07 lS2c-+03

4.9c-06 54c+OO

7.8c-8 2.40e+04

4.7c.06 6.46e+02

7.2c07 7.78c+01

3.3e-07 S.34c+03

7.1e0B 1.73e+04

4.4e06 4.31e+02

lOc-06 S.190+01

21e-07 6.46c+02

2.Ie.O7 1.92c+04

1.1c-06 8e01

3.6c 07 156e+02

9.6c09 222c+Ol

73c-08 4AOc+03

5.6e7 S.k+02

2.1e07 4.19e+03

I.lc-07 2.43e+04

3.4e.O7 6.88ct03

1.3c06 980e+01

5.6e.06 234e+02

6.c07 3.1SC+00

M-06 2le+OI

4.8e.06 231e+02

I.Ic-06 6.53e 00

6.5e-07 4DOle+03

25 126 >lE20

25 126 >lE20

25 126 >1E2D

16 81 > MM

16 81 >1E20

16 81 >1E2D

16 81 >1E20

16 81 >E20

16 81 >1E20

16 81 >IE20

O 1 >IE20

O 1 >lE20

o 1 > IE20

O 1 >1E20

° 1 >1E20

O 1 >1E20

o 1 >1E20

o 1 > 20

O 1 >1E2D

o 1 12e00

O 1 >1E20

O 1 >1E20

o I >IE20

O 1 >1E20

O 1 >1E20

3 16 >1220

3 16 > IEZO

3 16 >1E20

3 16 > IE20

^3 46 >1E2D

3 16 AE20

3 16 > EZ

3 16 >IE20

3 16 >1E20

1tE20

>1E20

>IE20

>IE20

>I1E20> lE20

IE20

>1E20

>1E20

> IE2

> 1E20

>IE20

>I E20

> IE20>IE20

>lE20

> IE20> 1E20

>IE20

> IE20

>IE20

>1E20

> IE20

>IE20

>1E20

>IE20

,.1E20

>lE20

>IE20

>7E20

> E20

>IE20

>IE20

Rev. 0
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C-27
Table Cl (continued)

WRC-RP-94-218

Nuclide TIJ2 DCF Iambda
wa) (MM (3&=) 

S.0

Se-73to

Se-73

Se-75

Se-79

Se-eim
Sclm
Se-S

Br-74m3
Br-74
Br.7s

Br-76

Br-77

Br-7.m

Br-SD

Br.82

Br-83

Br-84

Rb-79

Rb-SOlm
Rb..81a

Rb-82m

Rb-83

Rb-64

Rb.86

Rb-87

Rb-M8

Rb89

sr-so

Sr-SI

Sr83

sr-85M

Sr-Ss

Sr-87in

.37te-5

7.99e-05

810e.04

60e+04

1.09c.04

4-Me.05

4.28e-05

6.84e-05

1.94e-04

L4

1e03

630e.03

5.04e-04

337c-05

4.03e.03

2.74e4)4

3.99e-05

6.08e-05

536e-4

730eC04

2.27c-01
931e-02

5sct-Oz

4S8w+ 10

3.37e-S

2.89C.05

1.94C04

S5le-05

3.76e.03

129e-04

1.79c01

3.21e-04

4ke07 29e+03

15c.07 S 68e+03

1c.S06 8.36e+02

&8 c-06 2.l0e+0O

83cW06 1.07eOS

2.1e07 636e+03

&1e408 1.61e+04

15e-07 L62e+04

2e.07 s.78e+03

IAe07 1L1C+04

I3e-07 3.57c+03

1.4e-06 3.77e+02

3.et07 1.07c+02

23e.07 1.37e+03

55c08 26e+04

1L7e06 1.72c+02

73e.08 2-53e403

1Se.07 1.lSe+04

&7e-8 1.74c+04

1 8-08 1.14c+01

13e07 129c+03

4.2e.07 9.49e+02

7.7c-06 3.05e+00

1.Oe.0 7.45c+00

9.4c.06 136e+01

4.&c6 1.44c-ll

16e.07 2.0c+04

8-.0c 2.40e+04

S.c09 3S7e+03

2.2c.07 126e+04

23c 06 IMSe+02

2.4M8 5.39e+03

1.9c-06 3.88e+00

1.2e-07 2.6e+03

Rd Rf VNT GW JLNT lIt
'3Igrn) Trigger Tngger

(Cault) (Q~ult)

S 26 >1E20 > E20

S 26 >IE20 IE20

S 26 >tE20 >IE20

S 26 >1E20 >1E20

5 26 S.e-02 S.9ct0

S 26 >1E2D >IE2D

S 26 >IE20 >1E20

S 26 >1220 >,E2D

0 1 >1E20 >1E20

O 1 >IE20 >ItE20

O 1 >E20 >1E20

O 1 >IE20 >IE20

O 1 >IEZD >1E20

0 1 >1E20 >1E20

o 1 >IE20 >1220

o 1 >1E20 >IE20

o 1 >1220 > E20

o 1 >E220 >12D

O l >120 2IE20

O I >IE2D >IE2D

0 1 >1E0 >120

0 1 -IE20 >lEZ0

o 1 88e+03 >1E20

0 1 24e4 13 >1 E20

0 1 >IE20 >1220

o 1 3.Ae-03 S.ft-

O I >1E20 >1E20

o 1 >1220 >122

10 51 >IE20 >I120

lo St >IE20 >IE20

10 51 >IE20 >E20

10 51 >IE20 >1E20

10 51 > IE20 >IE20

Rev. 0
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C-28
Tabk C1-2 (continued)

WSRC-RP-94-218

Nudlde TIA DCI Lambda Ed Rf 1NTF GW ILNT Iot
(w) (uraM'Q) (War) (c=**gmn) T - -bgjcr

fcwtt) ACauk)
Sr-89

Sr-90

Sr-91

Sr-92

Y-86m

Y.86

Y-87

Y-88

Y-90M

Y-90

Y-91n

Y.91

Y-92

Y-93

Y-94

Y-95

Zr86

zr 89Z1-89

Zr-93

Zr-95

Zr-97

Nb-W

Nb"9(66m)

Nb-89(122m)

Nb-90

Nb-93m

N94

NO9S

Nb-"Nb.96

N~b-97

Nb-98

Mo-90

8e-Ol &7e-06 S.Ole+00

Sci+Ol 133c-04 Z42e-02

18e-M3 3.0e-06 6A41e+02
3.9C-04 l9c-06 24e+03

9.13e-05 2Ac.07 7AOc+03
1.67c-03 4.le.06 4.16e+02

9.1c.03 22e 06 7A0e+01

2MC-01 S.2c-06 2.41c+00
3.64C.04 6.6e.07 1t90c+03

2.86e+01 1.Oe.05 242e-02

9.51eO5 3.9e-08 729c+03

1.67c-01 &9e.06 4.15e100

4.03c.04 19e.06 L72e-03

1.16e-03 4.5e-06 5.96e+02
3.6tc.5 18e-07 192e404

2AO30OS 9.7e648 3A7e+04
1s8e-03 3.5e.06 3.6&+02

233e-0l 1.3"e06 298c+00
&94C-03 3.1c-06 7.75e01

1 0c+06 1.6e-06 4.62c07

1.75c.1 34c.06 3.96e+00

1.92c.03 B.Oc-06 3.62e+02

2A645 72c.08 2.60e+04

1.25c04 46e.07 5S2e+03

232c.04 1.Oe.06 299c+03
1.67e.03 4.9c06 4.16c+02

lle+0I 5.3c07 6.84c-02

2.00ct04 5.1c.06 3A7e-05

9.8c03 2.0cr06 7.02c+4l

9.8c02 22e.06 7.23e+00

2.67e-03 4.4c.06 260e+o2
1.40e.04 2.3c-07 4.95c+03

8.87c 08 3.4c07 7.81e+06
6.S0e.44 2.5c-06 1.07c+03

10 51 >W0 >1E2

10 S1 3.lc+00 6.6-02

10 51 >1E20 v'1E20

10 Si > EZ0 >1E20

10 Si >1E20 1IE20

10 51 >IE20 >IE20

10 51 >1E20 >1E2D

10 51 >1EZ0 1E20

10 S1 >1E20 >1E20

10 51 4.0c+0l 6A6C.02

10 51 >1E20 blE20

10 51 >1E20 >IE20

10 51 >lE20 >IE20

10 51 >IE20 >IE20

10 St >1E20 IE20

10 51 >lE20 > IE20

0 1 >IE20 >lE20'

0 1 3.6e+04 >IE20

O I >IE20 olE0

0 1 1.Oe.02 5.9e-03

0 1 18c+06 lIE20

0 1 >1E20 >1E20

O 1 >1E20 >IE20

0 1 7IE20 >IE20

0 1 wlE20 >IE20

o 1 >1E20 >lE20

O 1 4.3e.O2 S.5e+00

0 2 3.2e03 S.9c03

O 1 >1E20 >1E20

O ; 1 3.7ce13 >lE20

0 1 > IE20 >lE20

0 1 >IE20 >IE20

0 1 >IE20 >IE20

O 1 > E20 >1E20

Rev. 0



C-29
Tse CA-2 (ntinued)

WSRC-RP-94-218

Nucide T112 DCF lambda Kd
year) (Mrcm/PO) (lear) (cm3/gm)

Mo-93m

Mo.93

Mo-99
Mo-101

Tc-93m

Tc-93
Tc-94m

Tc-94

Tc-96m

Tc-96

Tc-97m

Tc-97

Tc-98

Tc499m

TC-99

Tc-10l

Tc-104
Ru-94

Ru-97

Ru-103

Ru-lOS

Ru-106

Rh-99m

Rh-99

Rh-100

Rh-lOlm

Rh-101

Rb-102m

Rb-102

Rh-103m

Rh-105

Rb-106m

Rh-107

Pd-1

7A7c-04 l.le-6 81C+02

3.50e+03 1.3c.06 1.98e.04

7.53e-03 4.4e06 920e+lI

2.78c-O5 9.2e- 2.50e+04

lse.05 7.c 08 8A8C+03

3.08e-04 1.6e.07 225e+03

lle044 25c-07 6288e+03

5.57e44 S.8c07 124c+03

9.89c.05 3.1e.08 7.01e+03

1.18e02 27c-06 S.89e+oi

2A6e01 I.le-06 2.8le+00

2.60e+06 15e.07 2.67e-07

lS.e+06 4.8c 06 4.62e.07

6.87e-04 6.0c08 l.Ole+03

2.1le+05 1.3e.06 3.29c.06

2.70c-5 3e.&08 2S7c+o4

3.42e-OS 16e-07 2.03e+04

1D~e-04 3.3e.07 6.4Oc+03

7.92e.03 6.4e-07 8.76c+01

1.8c-01 2.7c.06 6.43c+O0

S.07e-04 I.e-06 1.37c+03

9.99cdO1 2.ic-OS 6.94c.01

5-36e.04 28e.07 1.29c+03

4.38c.02 2kc.06 1S8e+o1

22&.03 3.1c-06 3.04c+02

1-23e-02 Se.7 5.63c-OI

3.10e+00 2.3e-06 22"1

2.90c+O0 35c.06 2.39e-01

S.75e-01 S&c06 1.21c+00

1.06e04 0.00000001 6.5lc+03

4.05c.03 lAc-06 1.71e+02

249c04 &c-07 2.79e+03

4.13c05 5.4cM8 IE6&+04

1.loe.02 3.Bc.06 6.33e+Ol

0

0

0

0

0.36

036

0.36

036

036

0.36

0.36

0.36

0.36

0.36

0.36

036

036

100

100

100

100

100

0

0

0

0

0

0

0

a

0

0

0

0

Rf I.NT OW INT It
1riger pi~e

(Qhault) (CKauIL)

I >lE2Z >1220

1 1.2e-02 6.Oe-03

1 >1E20 >1E20

I >lE20 >12

2.8 >lE20 lE20

28 > IE20 >1E20

2.8 ;1E2D >IE20

2.8 >1E2D >1E20

2.8 >1E20 >IE2D

2.8 >tE20 >lE20

2.8 S2c+15 >lE20

2.8 3.Oe-01 S.9e.03

2.8 9.4e.03 5S.9e-03

2.8 >lE20 >12

2.8 3.e.02 599c3

2.8 >IE20 >1E20

2.8 >IE20 >IE20

SO1 >1E20 120

SO >I220 >IE2D

501 >lE20 >1E20

501 >IE20 >1E20

501 >120O >lE20

1 >lE20 >1E20

1 >1E20 >1E20

1 >1E20 >1E20

1 >E20 > 1E20

1 2.1e02 3.0c+07

1 15c02 14c+08

1 1.2e+00 >1E20

-1 >1E2D >1E20

I >1E20 >1E20

1 >120 >1220

1 >1E22 >IE20

1 >1E29 >1E20

-

Rev. 0
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C-31
Table C1-2 (iinued)

WSRC-RP-94-218

Nudide TIJ2 DCF Lambda Kd
(a) (wreinJa) (Iye) (cx35m)

In-117m

In-117

In-119m

Sn-llO

Sn-ll

Sn-113

Sn-117m

Sn-119m

Sn-121m

Sn-121

Sn-123m

Sn-123

Sn-125

Sn-126

Sn-127

Sn-128

Sb-IIS

Sb-116m

Sb-116

Sb-117

Sb-118m

Sb-119

Sb-120(16m)

Sb-120(6d)

Sb-122

Sb-124m

Sb-124

Sb-125

Sb-126m

Sb-126

Sb-1Z7

Sb-128(9h)

Sb-128(10m)

Sb-129

2.21c04 42e-07 3.13e+03

837c-OS 8.7.t- 8.29e+03

3.42cO5 le0e47 2.03e+04

456e04 l.Sc06 152e+03

6605 67M I4e+04

3.15-e01 2.7c.06 2.20.+0O

3.83c42 26c06 1.81e+01

8&02c41 12.45 &6e1

7.60e+01 I3-06 9.1203

3.Mc-03 8.9c07 225.4-02

7.61t.OS I.Oc07 9.11e+03

3.53c.01 7.7c46 1.96e+00

2.64e-42 1.1.05 262+O1

1.00e+05 1.7cl4S 6.93e-06

42c-04 7.4e.07 Z7e+03

1.12c04 S2e.07 6.18.+03

5.89C4-5 63e08 1.18.+04

1.14e-04 2.4e.07 608c+03

2.85-OS S 6e-08 2.43c+04

3.19c 04 7.4e48 217c+03

5.c-04 9.3.07 1.19+403

4.33c03 3.4e-07 1.60c+02

3.04-O05 3.0.08 2.2&+04

1.59c.02 S.4e-06 4.37e401

7ASe-03 6.3c-06 9.31c+01

1.77e-04 2.0e-0 3.92e+03

1.6501 9.3e.06 420e400

240e+00 2.6.06 289e01

3.61c-0S 73e-08 192+04

3.39e02 9.6e.06 2.04c+01

1.04c.42 6.6e06 6.66c+01

13c-03 4.3e-06 6.7Se+02

1.90C-05 5.O08 3.65ct04

4.95e-04 1,7e-06 1.40e+03

0

0

0

130

130

130

130

130

130

130

130

130

130

130

130

130

10

10

10

10

10

10

10

10

to

10

10

10

10

18

10

10

10

10

Rf IWT OW UNT Int
Tu Tkge

(0/vault) (ult)

I >IE2D >1E20

I >lE20 >1E2D

I >IE20 >1E20

651 >1120 >1E20

6S1 >1E20 >1E20

651 >1E20 >1MO

651 >1E20 >lE20

651 >1E20 >1132.0

651 6.-+ 13 1.Sc02

6S1 >1E20 >11E20

651 >IE20 >IE20

651 >IE2D >IE2

651 63c.01 5.9e-03

651 > 1E20 >1E20

651 >1E20 >1E20

51 >1E20 >1E20

Si >IE20 >1E20

SI >1E20 > E20

51 > E20 > IE20

51 >E120 >1E20

51 >1E20 >1E20

51 >1E20 >IE20

Si > 1E20 > IE20

51 >1E20 >1E20

51 >lE20 >1E20

51 >11E20 >IE20

51 >1E20 2.0e 10

51 >1IE20 >1E20

51 >I120 >1E20

S I IE20 >1E2D

51 >lE20 >lE20

51 >1E20 >lE20

S I >1E20 >1E20

Rev. 0
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C33
Table Cl-2 (ntinued)

WSRC-RP-94-218

Nucldc TU/2 DFa TAmbda Kd
-) (tQ () (n*-13/sm)

CI.125

C5-17

Cs-129

Q-130

Cs131

0132

Q-134m

Cs-134

Cs35m

1-M13S

C136

Cs-137

Cs-138
Ba-126

Ba-128

Ba-131m

Ba-131

Ba-133m

Ba-133

Ba-135m

Ea-137m

Ba-139

Ba-140

Ba-141

Ba-142

La-131

La-132

La-135

Ia-137

La-138

La-140

La-141

Ia-142

LA-143

7.07e.04

3.65c 03

5.70c-0S

2A&c02

1.6c-02
33te-04

206e+00

1.Ole-04

2.30+06

3.53e.02

3.O1e+01

6.12e-OS

1.84c-04

6.57e.03

2.7& 05

3.20e-02

4.44e.03

107c+01

3.2703

0.000005

15&04

3.50c 02

3.48-05

203e.05

1.12e-04

S.13c-04

2.22c-03

6.OOe+04

1.06e+11

4.59c-03

4.4le-04

1.76e-04

20

S56-08 8.l0e+03

8.0e-08 9.80c+02

2C.07 1.90e+02

4.9-08 122c04

2.4c-07 2.61c+Ol

1.9e06 3.85e+01

4.2e,08 2.lOc+03

7Ae.05 336e&-1

49c908 6A8B+03

7.1c06 3.01c-07

Lle-05 L96e+O1

S.OeO5 2.30e-02

1A07 1.13e+04

9.0"7 3.76et03

1fbe05 .ose+l02

9.7c-07 2.50e+04

16e-06 2.16e+o1

2be.06 1-56e+02

32c.06 6.48c-02

1.6e.06 2.12e+02

lA3e+05

3.9c07 438+03

.4e6 1Sge+O1

2Oc07 1.9e+04

1.Oc07 3.41C+04

I.le-07 6.le+03

15c.6 1.3e+03

13c-07 3.12c102

43c.07 1.16e-05

s.9e-06 634c 12

7.7e-06 L.51c+02

1.4c06 IS7c+03

83e.07 3.95c+03

1.4e07 2.60e+04

100

100

100

100

100

100

100

100

100

300

100

100

100

S

5

S

S

5

S

5

5

5
S

S

1

100

100

100

100

100

100

100

100

100

Rf ENT GW 1LNT ILn
Tri~ r Trigger

_ /£u~) (cwuk

S01 P1E2D >1E20

301 Z1E20 >IE20

SO1 >1E20 >IE2D
501 >122 >122
SO) >12 >1E20

501 >1E20 >IE20

501 >IE20 >2E20

501 >IE20 >IE20

SO1 >IE2D 2Ae.I2

S01 2IE20 >IE20

501 1.le+00 S9c03

501 >IE20 >IE20

501 >1E20 S.9c02

SO1 >lE20 >IE20

26 bIE20 >IE20

26 >1E20 >IE20

26 >IE20 >IE20

26 >E120 >1E20

26 >lE20 >1E20

26 S9+02 3.8Se00

26 >lE20 >1E20

26 > E20 >IE20

26 >IE20 >IE20

26 >1E20 >1E20

26 >122 >1E20

26 >1E20 >IE20

501 >lE20 > E20

501 >1E20 >1E20

501 > 1 20 > 122

501 1.9e+O1 5.9c-03

501 1.4e+00 59e03

501 >E20, >IE20

301 > I2E20 >lE20

501 >lE20 > 1E20

501 >IE20 >1E20

Rcv. 



C-34
Table C-2. (continued)

WSRCRP-94-218

Nudidc Tia DCF LAmbda d
our) (mrcpa) (r) (cm13)

Ce-134

C-135

Cc-37mn

cc437

Ce-139

ce.141

Ce-143

Cr-144

Pr-136

Pr-137

Pr-138m

Pr-139

Pr-142m

Pr-142

Pr-143

Pr-144

Pr-145

Pr-147

Nd-136

Nd-138

Nd-139m

Nd-139

Nd-141

Nd-l47

Nd-149

Nd151

Fm-141

Pa-1I43

PM-lU

Pm-14S

Pm-146

Pm-147

Pm-148m

Pw-148

821C-03

L96e-03

3.77e41

&90e02

3.76e.03

7-9U-01

225c04

1.71e-04

2.40e-04

5.13e-04

2.72-OS

2.1e-03

3.75c-02

329C-05

62-04

22C05

9.64c-05

4.1e-05

6.27e.04

5-93c.04

2LS-04

3.OeC02

1.97c03

236e05

4.18e-05

7.26C01

8.22e-01

1.77c+ol

1.94e+00

2.52eO+0

1.14c01

lA~c 02

SMeA6 844c+01

32c06 3S3e4+02

2.0c.06 1.77c+02

9.Be.O8 6.7Sc+02

lI.C06 184e+00

26-06 7.79c+00

42e.06 14e+02

2OAc.S 8.73e01

6M.-08 552e+03

13c07 4.05e+C3

4.9c7 289e+03

12e-07 135e+03

63c-08 2.55c+04

S.le-06 3.18e+02

4.Sc-06 1.85e+01

Llc.07 2.ll+04

.Se-06 l02c+03

S.7e08 3.04e+04

33c-07 7.19e+03

2Sc.06 1.66c+04

l.Oe-06 1.tOe+03

S.7e.8 L17e+03

3.2c408 2.43e+03

3.9e-06 2SOe+Ol

4AGe-7 351e+02

7.4c08 2.94e+04

&4e08 1.66c+04

93.S07 95Se.01

3.9e-06 &43c01

4.6e407 3.92e-02

32e-06 357e.01

95e-07 2.75c 01

7.0c06 6.06e+00

9.5c-06 4.71e+01

10

10

10

10

10

10

10

10

100

100

100

100

100

100

100

100

100

IOD
100

100

100

100

100

100

100

100

100

100

100

toci

100

100

100

1001

Rf ILNT GW LNT Int
Tri ~gr Tlg e(Cwhu~It) (grault)

S1 >E20 >1E22

51 >IE20 >IE20

51 >1E20 >1E20

51 >lE20 > E20

Si >1E20 >IE20

S1 >IE20 >1E20

Si >l20 >1E20

51 >1M >E20

51 >IB20 >I20

SO1 >1E20 >1220

501 >1E20 >1E20

501 >IE20 >1E20

501 >1220 >1E20

So1 >IE20 >IE20

So1 >1E20 >1E20

SO1 >IE20 >lE20

SO1 >1E20 >1E20

SO1 >1E20 >IE20

Sol >IE 20 >122

501 >IE20 >1E20

501 >IE20 >1E20

501 >220 >1E20

501 >1220 >1E20

SO1 >1E220 >E20

Sol >IEZO >IE20

501 >lE20 > IE20

501 >1E20 >E20

SOl >IE20 >1220

501 >I220 >1E20

501 >1E20 3.Oe.01

SO0 >IE20 1.8e+13

501 >E20 53e+09

501 >1E20 >IE20

501 ME20 >IE20

Rev. 



C-35
Table C (inued)

WSRC-RP-94-218

Nudide Tl2 DCF Lambda KC
(Yea) (Mrcu/4c1) (w) (W/mW)

Pm-149

Pm-lSO

Pni-151

Sm-141=

Sm-141

Sm-142

Sm-14S

Sm-146

Sm-147

Sm-1S

Sm153

Sm-155

Srn-158

Eu-145

Eu-146

Eu-147

Eu-148

Eu-149

Eu-1L50(1h)

Eu-150(34y)

Eu-152sn

Eu-152

Eu-U4

Eu-155

Eu-156

Eu-lS7

Eu-158

Gd-14S

Gd-146

Gd-147

Gd-148

Gd-149

Gd-1S5

Gd-152

6.060-0 36e.06 .14C+02

3.06e-04 9.8c7M 2270+03

3.24e-03 28C-06 2.14C+02

4.30e-5 lAc-07 l.6lc+04

1.94c.05 8A6.0 3570+04

137e.04 6.Oc07 SMO6+03

9.31C.1 &ScSW 7ASe-Ol

7MOe+07 2.Oe04 9-9kO9

1,06c+l1 le04 6.54-12

9.00e+O1 3.4e-07 7.70e.0O

S33e-03 z.6e.06 1.30e+02

422e-05 6.6" 1.64c+04

837c.05 1.Oe-06 &29e403

162e.02 3.2e5 429+01

126c.02 S.le06 SSOc+O

602eO2 8c06 1.lSe+0)

1.48eQ1 52c06 4.69e+00

2S90e-1 4.2cO7 239c+00

137ce03 15 06 S06e+02

3A.c0+0 6.2e06 2.04c-02

107e03 l9e-06 6.SlC+02

.34c+O1 6..O6 S.17c42

&20e+00 9.lc.06 aSsc-02

L70c+O 13e-06 408e-O1

422c-2 .c-06 1.64e+01

1.73e-03 23e06 4.00e402

&73c.05 2.6e.07 7.94e+03

4.7X4-05 1.1cC07 IA6c+04

126e-02 3MSeS06 5.0e+01

3.99c03 2ke-06 1.74etC2

30c4+02 2.le.04 5.3e.03

2A6c-02 L8e06 2.81e+01

3.29c.01 7.7c07 2.1lt00

1.10C+14 Mc.04 630c-15

100

100

100

100

100

100

100

100

]Do

100

100

100

100

100

100

100

100

100

100

100

100

100

100

10D

100

100

100

100

100

O0

100

100

1t0

100

Rf ILNT OW 1LNT bt
Tr i _ r

(Ckaun ) (Qk)

501 >12 >2E20

501 >1E22 >1E20

501 >I20 >IE20

SOI >IE20 IE20

S01 >1220 >120

501 >1E20 >3E2o

S01 >IE20 >1E20

501 4.O-02 59c43

501 43c-02 5.9*c

501 S,7c+09 1302

501 >1E20 >lE20

So0 >1220 >1220

SO >1E20 >IE20

Sol >IE >1E20

501 >IE20 >1E20

So1 >1E2D >1220

501 >IE22 >1E20

S01 >1E20 >1E20

So0 >1E22 >IE20

301 >1E20 4.5c.02

501 >IE2D > DM2

501 > 1E20 I.0o+00

501 >IE20 28c+01

501 >122 > 120

501 >1I20 >1E20

501 >IE20 >1E20

501 >IE0 >1E2D

501 >1E20 >1220

501 >E20 >IE20

,So1 >1220 >1220

So0 2.4c+04 1.c.02

501 > E20 >1IE20

501 >1E20 >1E20

501 5.4c-02 5.9e03

-

v. O



C-36
Table C1-2. (ui ed)

WSRC-RP-94-218

Nuclide T112 DCF Lambda Kd Rf LNT OW .NT Imt
ear) (nmm/pq) (IJar) (all3/gm) Tger

(Ogrnult) (oauh)

Gd-153

Gd-lS9

Tb-147

lb-149

7b-1SO

Ib-5ll

Tb-1S3

Tb-154

7b-1SS

7b-156m(24b)

lb-156m(Sb)

Tb-156

Tb-157

rb-158

Tb160

rb-161

Dy-1SS

Dy-1S7

Dy-l59

Dy-165

Dy-166

Ho-Ss

Ho-lS7

Ho-IS9

Ho-161

Ho-162m

Ho-162

Ho-164m

Ho-164

Ho-166m

Ho-166

Ho-167

Er-161

Er-165

6A1eC1

2.12c 03

4.56C-05

354e04

2.05C-03

6.27e03

9.70e44

L53c-02

2.74c-3

627c04

1.48c-2

1.50c+02

120e+03

1.9ft.0l

1.88c02

120e03

924c04

3.94c01

2.66e.04

9.31e-03

951c05

266e06

627c.5

.85c04

129e.04

2.5c.05

7.13cOS

7c03e-

120c+03

306e-03

354c-04

.54e04

1.18&03

I.Ic06 1.OSc+i

I.9e06 3.27c+02

5.6e07 1.52e+04

9.X-07 1.48e+03

9.7e.07 1.96e+03

IAc-06 3.38c+02

99c-07 LlOc+02

2.8e06 7.1Se+02

82e-07 452e+O1

7.0e.07 2.53c+O2

32e-07 I.lOe+03

4.6e-06 .69C+01;

l.Oc07 4.2c03'
4Oe6 5.044be-06 S.7ft-04s

6Ae-06 350e400

26c-6 3.68c+01

S.6e07 S.79c+02

2.7c07 7.SOe+02

4.c-07 1.76e+00

3.6e07 2.61e+03

6.2e06 7.45c+OI

1.2c47 7.29c+03

1.9e08 2.60e+04

2.3c.08 1.lOe+04

4.7c-08 2.43c+03

9Ok08 S.36e+03

67e09 2.43e404

4.9c-08 9.72c+03

2.4e-8 9.854+ 03

7.8c-06 5.78c04

55-06 2.27e+02

3.2e-07 1.96c+03

33c-07 1.96e+03

7.9c-08 S6e+02

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

10

100

100

100

100

1O

100

100

100

100

100

100

S01 >1E20 >1U2

531 >1E20 >1E20

501 > IE20 > 1E20

S01 >1I20 >1120

501 >2I20 >12-E20

501 >120 >IE20

501 >1E20 >1E2

501 >IE20 >IE20

501 >1E20 >11M

501 >1220 >1E20

S01 >1E20 >1E20

S01 >IE20 >E20

S01 8.6e+06 9.3e.03

501 8.6e+00 6.2c.03

Sol >1220 21220

SO1 >lE20 >1E2D

501 >IE20 >E20

501 >IE2D >IE20

SO1 >1E20 >1E20

501 >132 >IE20

SO1 >1E2 >IE20

51 >1E20 >IE20

SO1 >1E20 >lE20

501 >1E20 >E20

S01 >1E20 >IE20

501 >1E20 >IE20

SO >1220 >1E20

501 > IE20 > IE20

SO >IE20 >IE20

;S01 4.4c1-00 6r.2-03

501 >1E20 >1E20

SO >1E20 >122D

501 >IE20 >IE20

501 >lE20 >1E20

Rev. .
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C-38
Table CM1- (cntinued)

WSRC.RP-94-218

Nucde T1M DCF Lambda Ed Rf LNT GW I1NT hI
(year) (mremfO) (1&ea) (=013/gm) T er aigger

(Ciault) (OAvat)

H1-173

Hf-17S

Hf.177m

Hf-178m

Hf-179m

-lB80m

11-181

Hf-182m

E1-182

H-183

11-184

Ta-1?2

Ta-173

Ta-174

Ta-17S

Ta-176

Ta.17

Ta-178

Ta-179

Ta-180m

Ta-180

Ta-182m

T1-182

Ta-183

Ta-184

Ta-185

TA-186

W-176

W-177

W-178

W-179

W-181

W-18S

W-187

2h6kc03

1.92e01

9.77c-05

S100+01

6.87e02

6.27c.4

1.164l

1.18e4

12se.04

4.68C-04
837c-05

422c-04

1.48-

1.2Oe-03

9.13e04

6A6e-03

1.79e.05

9.24e-04

1.OOC+13

=S2e-05

3.15e41

1.40c42

992c-04

951C-05

ZJXc05

2M8504

2.57e04

S 9-02

7e-5O

331c4-1

2.06c-01

2.73c-03

9.607 2Sile+OQ

16e-06 3.62e+0

25c-07 7.09e+03

2Ac45 2.24e-02

4.8e6 I.Olc+O1

8.9e07 1.lOe+03

4&3-06 S.97e+00

lAc47 S.88c+03

L4c-O 7.70c48

2.Se07 5.52e+03

2.le-06 1.48e+03

1Ae07 829c+03

7.4e47 1.64e+03

1.9c-07 4.67c+03 8
8.&c07 S.79e+02

1.3c-06 7.60e+02

4.1c.0? 1.07c+02

2.9c.07 3.88c+04

2Sc07 2.X9%+03

2.IcC0 7.50e+02

3.3e-06 6.93e-14

2Ac-08 229c+04

6.Oe-06 2.20c+00

4.6e46 4.96e+01

2.7c-06 6.98et02

2.Oe-07 7.29c+03

6.7c08 3A7e+04

4.8e-07 243c+03

2Ae-07 2.70e+03

93e-07 .l18ct01

9.O-09 95-9+03

3.1c07 2.09c+00

1.9c-06 3.37c+00

2.6e06 2.54c+02

100

100

100

100

100

100

100

100

100
1o0

1oo

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

'0

0

0

0

0

501 >1E2D >1m20

301 >lE20 >1E20

501 >I120 >2E20

501 lE2D S5c02

501 >1E20 >IE20

501 >1E20 >tE20

SI >1220 o1E20

SOt >IE20 >1E20

501 S.8e4O1 S.9eA03

SO >11220 1E20

S51 >IE20 >IE20

1 >1E20 >IE20

1 >IE20 >IE20

1 > 1E20 > IE20

1 >1E20 >lE20

1 >1E20 >1E20

1 >lE20 >1220

I >1E20 >1E20

1 >1220 >1E20

I >1E2Q >IE20

1 4.9e-03 5.9c03

1 >1E20 >120

I 1.6c+02 >1E20

1 >E120 >1E20

1 >1E20 >12E

I ,1E20 >1E20

I >1E20 >IE20

I >1 E20 IE20

I >1E20 >1E2D

I >IE20 >lE20

I >122 >1E20

1 18e+03 >1220

1 1.8e+05 >IE2D

I >IE20 >1E20

Rev. 
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C-43
Table C1-2. (tinued)

WSRC-RP-94-218

?Ndd T~IA DCF Lambda Kd Rf
(yea) (Mru4)a) (W4ar) (CM341m)

Pa-233

Pa-234

U-230

U-231

U-232

U-233

U-234

U-23S

U-236

U237

U-238

U-239

U-240

Np-232

Np-233

Np-234

Np-235

Np-236(lESy)

Np-236(22b)

Np-237

Np-238

Np-239

Np-240

Pu-234

Pu-235

Pu-236

Pu-237

Pu238

Pu-239

Pu-240

Pu-241

Pu-242

Pu-243

Pu-244

739ctM
7.64c04

S69-02

4.30e+00

7.20e+01

16Oc+05

7.04e+08

234e+07

1.S5e-02

4.47e+09

4.47c-05

1.61e-03

2.47C-05

6.6c05

1.20e-02

1.12c+00

I.t~e+05

251e-03

2.14+06

52DC.03
6.80c03
6.38e.03

1.03c43

4.94cO0

2Se+00

124c01

8.78c+O1

2 41e+04

6.7c+03

1.44C+01

3.76e+05

S 65e04

8.lOe+07

3.3e06 9.38+00

Zle-06 9me+02

&4c04 122c 01

1.le06 1.61c.0l

L3c03 9.63c03

2.7e04 4.35c06

2.6C04 2B3e 06

2Sc.04 9ASe-10

2Se-04 2.96e4O8

2.7ce06 3.75e+01

23e-04 155c10

7.6e.W 1.55e+04

4.le016 4.31c+02

2.4e-08 2t8 +04

5.6e.09 1J4e+04

l.7e.06 5.75c+01

2le-07 6.17eO1)

7.9c.04 630c.06

9e.SO7 2.76c+02

3.9e-03 3207

3c06 120c02

2.9e06 1.09c+02

2Oc07 S.79e+03

1.2.06 6.75e+02

1.4c08 1.40e+04

1.3e-03 2.43c-1

.Oe.06 5.8e+OD

3.8c-03 7.90e-03

43c-03 2.87c-05

4.3e03 1.06e-04

6e.05 4.81e.02

4.lc-03 1.84e-06

33e-07 1.23c+03

4.0e.03 &56e-09

10

10

SO

SO

SO

SO

SO

50

so

SO

s0

so

50

10

10

10

10

10

10

10

10

10

10

100

100

100

100

100

100

100

100

100

100

100

51

51

251

251

251

251

251

251

251

251

251

251

251

51

Si

51

51

S1

S1

S

51

S1

51

501

SO

501

SoI

SOI

501

Sol

501

501

501

SO1

ILNT GW U.NT Yi
Thr Thger

(M ut) (IWAif

>1E20 >1E20

>1E20 >IE20

>1E20 >1120

>1E20 5.9c04

S.Set+2 lSc-02

1.Se-0 5Sc.03

15e-02 S.9c-03

7.7c.03 5.9e-03

1.6eO 59c.03

> E20 >-1E20

1ke-02 S.9e.03

>IE20 > IE20

>1E20 >1E20

)IEO2 > IE20

>'E20 >lE20

>lE20 >IE2

t Oe03 S9c.03

> IE20 >11220

2.1c.4 5.9ec03

>lE20 >lE20

>lE20 >lE20

>1132D > E20

>1E20 >lE20

>1E20 > E20
>E20 1lc2%

>1E20 >1E20>1E20 2.1e4-08

.-1E20 >1E20

3.9e 01 13c.02

2Ak-03 5.9c-03

2.4c03 59e-03

3.fe+O0 72co1

2.Oc.03 5.9c-03

> IE20 >1E20

2.0c-03 5.9e-03

REv. 0
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C44
lel Q-2 (aninued

WSRC-RP-94-218

Nudide Tn DCF lambda . R Rf
(year) (mrpa) (I/a) (cmn3/m)

mm��

Pu-245

A-237

Am-238

Am-239

Am240

Am-241

Am-242m

Am-242

Am-243

Am-244m

Am-244

AM-245

Am-246m

Am-246

Cin-238

On-240

Cm-241

Cm-242

C0n-243

On-244

Cm-24S

Cm-246

Cm.247

Cm-248

Cm-249
Oii-249

Bk-246

Bk-247

&.249

Bk-250

a-244

Cf-248

Cf-249

1.143

1.4&4

217c04

1e-03

5.82c03

432c+02

1.52e+02

LB~e-03

737c+03

4.94e-05

1.15C-03

2.40e-04

4.75eO5

4.75e..05

285e.04

734e.02

9 58c02

4.46C01

2JM+01

1.Ste+O1

85oe+03

4.70c+03

1.60e+07

350c+05

124c04

136e-02

4.93e-03

1.4OctO3

asoe41

3.67c-04

4.75c-05

4.le03

9.86e.0

351C+02

2Ae06 6j08efO2

7.e.08 467e+03

1.7-07 3.20e+03

lc-06 5.02e+02

2S.906 L19e+02

4Se03 1.60eM3

42e-03 4S6e.03

12z-06 3.80e+02

4-Sc-3 9.Oe-0s

68e-0 L40e-+04

2.Oc06 6.02e+02

Le-07 2.89c+03

&4.08 1.46e+04

15c07 IA6e404

3.6e-7 2A3e+03

6-3e05 9ASe+00

4.6e-06 73c+O

l.lc04 156e+0D

2.9c03 2.43e.02

2.3c03 3.83e-02

4.5e-03 &ISe.05

4.5e-03 1.47e.04

4.1cl03 433U08

1Ce02 1.9& 06

9.5e.08 5.61e+03

23c-06 5.08c+o1

19e-06 1.42e+02

23c.03 4.95e-04

6Ac.06 7.88-01

SOe-07 1.59e+03

l1X-07 1.46e+04

12c-05 1.69e02

2.8c-04 7.03e-01

4.6e.03 197e.03

100

150
ISO

lSO

ISO

150
150

SO

ISO

ISo

ISO

ISD
150
150

150

100

100

100

100

100
10

100

100

100

100

100

100

10D

100

100

100

100

100

100
100

100

to0

SO1

751

751

751

751

751

751

751

751

751

751

751.

751

751

SO1

SO1

501

SO'

Sol

501

Sol

Sl

501

SO1

501

SoI

501

501

SO1

SOI

SO1

501

501

501

ILNT OW U.NT It

(CaUft) (Quz)

:320 z'IE2W

>1E20 >IE20

>1132 >IEZD

>>E20 lEZO

'14E20 >1E20

5Ac01 069e-03

7SC+04 93c03

>1FE2 >IE20

33e-03 5.9c.03

>IE2D >1E20

>1E2 >1E
>lE20 >1E20

>IE20 >IE20

>IE20 >IE24

>'E20 >1E20

>IE20 >IE20

>lE20 >1E20

>1E2D 6.7c-0Z2

9.fe-01 2.7c-o

2.2c.03 59e03

2.eQ43 6.O3

2.Oe.03 S.9-03

S.lc04 5.9e.03

>1E20 >lE2D

>IE20 sI1E2O

IE20 >IE20

1.2c.O2 6.2c'03

1D >1E20

>1E2.0 ;-1E2D

>IE20 >IE20

>lE20 >IE20

>1E20 >IE2D

2.5e- 72C03

F

Rev. 0



C-45
Table C1-2. (ndixud)

WSRC-RP-94-218

Nuefide Tl/2 DCF Lambda 
(year) (.renMW) (1j4ea) (CM11,3/gm)

Cf-250

Cf-252
Ca-252

a-2s3

a-254

Es-250

Es-251

Es-253

Es-254m

Es-254

Fm-252

Fm-253

Fm-2S4

Fm-255
Fm-257

Md-257

Md-258

131c+1 1.9e-03 5.29e.02

9.OOe+02 4.6e03 7.70e-04

2.62c+00 9.4c-04 2.65e-01

4.87cQ0 92e-06 1.42+01

L66e.01 25c03 4.18+0

9.13c-04 9.e8 7.40c+02

411c.03 6.7c.07 .I9eZ+02

S"Ae.02 2Ac05 L24e+01

4.4c03 .Se45 1.55e+02

7.56c-O1 15c04 9.17c01

2.62c.03 9906 2A4c+02

821e-03 3.5e.06 8.44c+01

3.70e-04 1.6c.06 1.Se+03

229c-03 9.7c06 3.02e+02 '
219C-O1 73.05 3.16c+00

3.42t.04 S.4e-07 2Mct+3

l.S3e.01 6le-05 452e+00

100

100

100

100

I00

100

1M

100

100

100

100

100
100

200100

lOD

00D

Rf 11NT OW l It
Thge T

501 >lE20 22e+00

501 1.2c-02 6.4e-03

501 6.7c+01 1.8c+09

501 >1E20 >IE20

501 >IE2Q >1E2D

SQ0 >'lE20 >lE20

So1 >1E2D >1E20

S01 >lE20 >IE20

St0 >1E >2E20

501 >IE20 >1E20

501 >IE20 >E20

501 >IE20 >lE20

501 >1E2D >IE20

501 >12 > 1E2D

501 >1E20 >1E20
501 >1E20 >1E20

501 >1E20 >1E2D0

-

Rev. 0



C46 WSRC-RP-94-218

Table Cl-3 S ning alcuLations and triger levls for the LAW vaults

Nucide TIl DCF Lambda Kd Rf LAW GW LAW Int
jear) (mrcmApCD (I1c) (cm"3Vm) Ttigg Tig

H-3 1.2C+01 63c-08 5.62e-02 0 1 228c+00 13e+01

Be-7 lA7cj01 c.le-07 4.72e+00 0 1 22e+1O >IE20

Be-10 .60e+06 42e-06 433e07 0 1 3.1c.02 4.&e.02

C-l 386c-OS 1.2c08 1.80e+04 2 11 >1E20 >lE20

C-14 S.73c+03 2.1c.06 1.21ec- 2 i1 7Oc01 4.9e.02

F-18 2.14e.04 LOc-04 3.2Sc+03 0 1 >IE20 >1E20

Ns-22 258e+0O l2e-05 2.69c-01 0 1 42e-2 22c+10

Na-24 1.71c.03 lAc-06 4.05e+02 0 1 >1E20 >'E20

Mg-28 140e.03 7.5e-06 2.89c+02 0 1 >lE20 >IE20

A!-26 740e+OS 13eQS 9.37c-07 0 I 1.Q.02 4.8e.02

Si-31 2.99c 04 S.4e.07 2.32e+03 0 1 >IE20 >IE20

Si-32 6-50c+02 1.7c06 1,07c.03 0 1 7-ge-02 5.4c.02

P-32 3.89c02 7.7e-06 1.78c+01 4 0 1 >lE20 >IE20

P-33 6.94c.02 &Ue07 1.Ol+c01 0 1 >lE20 >1E2D

S35 2.39c-01 4.3c07 2.90e+00 0 1 6.2e+05 >lE20

a-36 3.01e+05 3.0c06 230e-.06 0 1 4.4e-02 4.8-02

0-38 7.07e05 2.0e-07 9.80e+03 0 1 >1E20 :IE20

0-39 1.06c.04 1.4c.07 6.57e+03 0 1 >JE20 >1E20

K-40 1128e09 1.9e-05 5.42e-l0 0 1 69e-03 4-02

K-42 IA4e-03 I.lc-06 4.92e+02 0 1 >IEZO >IED

K-43 256c-03 7.8e07 2.71e+02 0 1 >IE20 >lE20

K-44 4.18e-05 I07 1.66c+04 0 1 >IE20 >1E2D

K-45 3.04c-05 93c-OB 228+04 0 1 >1E2D IE20

Cia41 130e+05 1.2c.06 533.06 0 1 L.ie-01 4A8-0Z

Ca-45 4.46e-01 3.0e-06 155c+0 0 1 1.0e+02 >IE20

Ca47 1.24c.02 62e-06 SS&+01 0 1 >IE20 >IE20

Sc-43 4A7e4-4 7.3c407 l5Sc+O3 0 1 IE20 > IE2

Sc.44m 6.6ge.03 9.9e-06 1.04c+02 0 1 >1E2D >IE20

Sc-44 4.47c04 .4c.06 15e+03 ,0 > 1E20 >1E20

Sc-46 229e"01 5.6e.06 3.02c+0Q 0 1 &6e+04 > IE20

Sc-47 9.39e-03 1.9e 06 7.38c401 0 1 >1E20 >2E20

Sc-48 513e-03 6.4c-06 138e+02 0 1 >lE20 >1E20

Sc49 1.09e-04 2.4e-07 6-34e+03 0 1 >IEM > IE20

Rev. 0
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C-47
Tube C- (comtinued)

WSRC-RP-94-218

N Uddc T DCF Lambda Kd
Ovar) (mrcm4pq (1car) (an)*3

V-47

V48

V.49

Ct-48
Cr-49

Cr-St

Mn-S2Ma-52m

Mja-52

Mzz-53

Mn.S4

M}-56

Fc-52

Fc-SS

Fc-59

Fc-60

Co-55

Co-56

CD-57

Q-S8m

CD-58

Co 60Co41~

CO-62tn

Ni-56

Ni-S7

NiS9

N143
Ni-63

i-65

Cu6

4.Soe+01

3.52c.04

6.27c-OS

4.41-02

9z"3e1

Z62-03

7.97C.Os

7S8c-02

3.89.-OS

1.S2r02

2.00c406

7.97c-Ol

Z94e-04

9.3Se-04

270e+00

122"1

3.OO0S

2.08e.03

Zl c01

7.39c-O1

1.03e03

1.95e.1

2.0O4-S

527e+00

J8e-04

3.04c06

1.67c02

4.11e03

&OOe+04

I e+02

2.87.04

6.Z3e-03

437e.05

19 0S 1.44C-02

S.7c-07 1.97c403

16c4"7 LlOe+04

75e-06 l.S7c+0t

Se-08 7.67e.Ol

&2e07 264e+02

7c07 8.70e+03

13c.07 9.14e+00

25ce07 &lOc+03

I5-07 1.74c404

6.9e.06 46e+0Ol

9.9e-08 3.47e.07

2.7c,06 8.70c401

9Se-07 236c+03 q
S.4e<06 7.41e+02

Sc&-07 257c-1

66e-06 S.68c+00

1.c-04 2.3lc-Z6

4.le6 334.02

1.2e.0S 3.29c+00

L.Ic-05 9.38-01

8-WO 6.75c+02

35e.6 3.SscOO

3.6e-09 3.47e+04

2.6c-OS 1.32c.01

2.6e-07 3.68c+03

96e-O8 2.28e+05

3.5c-06 4.154c-01

3.306 1.69e+02

2.0c07 &66c-06

5.4e07 6.93e-03

6.1c-07 241e+03

1.e-Os I.llc+02

1.7e-07 1.59e+04

0

0

0

0

C

40

40

40

so

so

so

50

50

50

0

0

0

0

10

10

10

to

10

10

10

10

10

30

300

300

300

300

300

25

Rt IAW GW LAW Ida
Trigger Tziger

(CVaUlt) (CUva)

1 7-Se-03 ZOe-0

I >1E20 >JE20

I >m.1E20 >IE20

I >1E20 >lE20

1 1.le+02 >1E20

201 >IE20 >IE2D

201 >1E20 )IE20

201 >IE20 >1E20

251 >1E20 >IE2D

251 >1E20 >1E20

251 >lE20 >IE20

251 33c-02 4.8e-02

252 >1E20 >IE20

251 >IE20 >IE20

I >lE20 >1E20

I 8.2.41 6.8.09

1 42c+10 > I2 

1 8e"0 4.8e-02

51 >1E20 >1E2t

51 >IE20 >IE2D

51 > E20 >IE20

51 IE20 'IE20

S1 ,*IE20 >m1E20

S > IE20 >1E20

51 9.5S 13 25c+04

51 >IEZO > IE20

Si >1E20 >1E20

1l5O s1E20 >1E20

1501 >1E20 >IE20

1504 1.le+03 4Se-02

1501 > 1E20 9.6c-02

1501 >JE20 >IE20

1501 > E20 > IE20

126 >IE2D >E2I2

-

Rev. 0
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C-50
Table Cl-3. (ntimzc)

WSRC-RP-94-218

Nucde T2 DCF Lmbda Kd Rf LAW GW LAW Tat
(year) (mcmA3C) (1car) (cm*03/gm) Thrgger Tnger

(Clisauk) (OaL

Sr-89 138C-01

Sr-90 266e+01

Sr-91 1.08e03

Sr-92 309e04

Y86m 9.13e-05

YJ86 .I7e.03

Y87 9.13e-03

Y88 2.88eO1

Y-9Om 3.64c04

Y-9 2.86e+01

Y-91m 95C1-05

Y-91 i.676-01

Y-92 4.03e*4

Y-93 1.16e-03

Y-94 3.61e-0

Y-95 2ZOe-05

Zr86 1188e03

Zr88 2.33e-01

Zr-89 8.94c-03

Zr-93 1S5e+06

Zr9 1.75e.01

Zg-97 1.92c-03

Nb-s8 2.66e-05

Nb-89(66m) 1.25e04

Nb-89(22m) 2.32c04

Nb.90 1.67c-03

Nb-93m 2.Ole+01

Nb-94 2MO1+04

Nb.95m 988c03

Nb-95 958e42

Nb-96 2.67e.03

Nb-97 1.40e.04

Nb-98 8.87c.08

Mo-90 6.50c04

8.Jc06 SOlC+OO

13e-04 42-M

3.0-e06 6.41e+02

1.9c06 224e+03

2Ac7 7 60e+03

4.1e-06 4.lc+02

2.2e-06 7,60c+01

S2e.06 241c+00

6.6e-07 90Ce+I3

1.Oe-0 2.42Ce02

3.9c.48 7.29e+03

&9C.06 4.15c+00

1.9c.06 1.72e+03

45c-06 5-96e+02

t.e4O7 L92c+04

9.7c-08 3.47e+04

35c06 3.68e+02

1.3e 06 298e+00

3.1c-06 7.75e+01

1.6c06 4.62c-07

3.4c06 3.96e+00

8.0e-06 3.62e+02

72c.08 260e+04

4.6e-07 552c+03

I.Oc-06 2.99e+03

4.9-06 4.16e+02

S.3e-07 6.84c-02

S.le06 3A7c.O5

2.Oc.06 7.02c+01

22e-06 7.23e+00

4.4c.06 2.60e+02

23-07 4.95ct03

3.4c 07 7.BlctO6

2Sc.06 IA7 e +03

10 51 sIE20 lE20

10 51 2.5c+01 S.4e01

10 S1 >IE20 >1E20

10 51 >IE2D 1IE20

10 S1 >1E20 :IE2O

10 51 >IE20 b1E20

10 51 >IE2D >E20

10 S1 >IE20 :'1E20

10 51 > IE20 >1E20

10 S1 S2e+02 S.4e-01

10 SI >1E20 >lE20

10 51 >1E20 >IE20

10 51 >lE20 > IE20

10 S1 >IE20 >1E20

10 51 :olE20 >1E20

10 Si >1E20 >1E20

O 1 >IE20 >IE20

0 1 3.0c+05 :IE2D

O 1 >1E20 >1E20

O 1 8.2e.02 4X-02

O 1 13e+07 ->IE2W

° I > IE20 > E20

O 1 >1E20 IlE20

0 1 >IEZ0 IE20

O 1 > 1E20 > IE20

O I 5'IE20 >IE20

0 1 3.5c.01 4.5e+01

0 1 2.6e-02 4.8e02

0 1 >IE20 >IE2D

O 11 3.1e+14 >IE20

0 1 >1E20 >1E2

o 1 >IE20 1IE2D

O 1 > 1E20 >lE20

0 1 > E20 > IE20



C-51
Table C1-3. (continued)

WSRC-RP-94-218

Nudide T1Q DCP Lalbda Kd
(e) (mrez4pa) (lya) (cm*03/m)

Mo>93m

Mo-93

MO-99

lMo-101

Tc-93m

TC-93

Tc-94m

TC.4

Tc-96m

Tc-96

Tc-97m

Tc-97

Tc-98

Tc-99m

Tc99

Tc-101

Tc-104

Ru.94

Ru.97

Ru-103

Ru-105

Ru-106

Rh-99m

Rh-99

Rh-100

Rb-lOlm

Rb-101

Rh-102m

Rb.102

Rh-103m

Rh-105

Rh-106m

Rb-107

Pd-100

7.87c.04 Ile-06 881e+02

3.S0e+03 13e.06 1.98e-4

7S3e-03 4Ae-06 9.2e+01

.78c.05 92c-W 2.50c+04

18e.05 7.1e-08 &48c+03

3.08e04 1.6e.07 225e+03

lle04 25607 6M8e+03

S57e.04 Se.807 124e+03

9.B9e-05 3.c48 7.Ole+03.

1.1e.02 2.7c-06 S.89c+01

246e-01 l.lc-06 2.81e+00

2.60e+06 15e07 2.67e-7,

150e+06 4.8e-06 4.62e.071

6.87e-04 6.0e-0 1.Ole4-031

2.1le+05 13c6 329c.06

2.70e.0S 3.Se.08 2!7C+04

3.42c0S 1.6e07 2.03e+04

1.08e-04 33c-07 6.40er.03

7.91e-03 6.4e-07 8.76e+01

1.Oge.01 2.7e.06 6A3e+0O

5.07e-04 l.Oe-06 1.37e+03

999c-01 2.1e405 6.94c-01

S-36e04 2.8e07 129e+03

438e-02 2.Oc-06 158e+Oi

228c-03 3.le06 3.04C+02

1.23e.02 8.8e-07 5.63c+01

3.lOPi+00 2.3e06 2.24e01

29OC+00 35c-06 2.39c-O1

5.75e-01 .S5e.06 1.21e+00

1.06e04 0.00000001 651e+03

4.05c-03 1.4e-06 1.71e+02

Z49c-04 6.le-07 279e*03

4.13e.05 5.4c-08 1.6+e04

1.lOe-02 3S8e-06 6.33e+01

0

0

0

0

036

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

036

036

100

100

100

100

100

0

0

0

0

0

0

0

0

0

0

0

Rf LAW OW LAW hI
Trigge lrigger
l/ut) ( ault)

I >1E20 >1E20

I LOe-01 4.9e.02

I > IE20 i 1E20

1 >1E20 >IE20

2.8 IE20 >1E20

2.8 >.E20 >1E2D

2.8 " IE20 b1E20

2.8 >lE20 >1E2D

2.8 >1E2D olE20

2.8 >1E20 >1E20

2.8 4-3c+ 16 >IE20

2.8 25e+00 4.8e-02

2.8 7.7e02 4.Be-02

2.8 >1E20 >1E20

28 Z8C-01 4.&c-02

2.8 > 1E20 21IE2D

2.8 >1E20 >lE20

SO1 >1E20 >1E20

501 >1E20 1IE20

501 >1E20 >1E20

501 >IE20 >IE20

SO >1IE20 >IE2o

1 >lE20 >1E20

I >IE20 >lE20

I >1E20 >1E20

1 1IE20 >IE2O

1 1.8e-01 2.Sc+08

1 12c-01 12e+09

9.9eg00 >IE20

, I3IE20 >IE20

I >IE20 :OE20

1 >IE20 >IE20

1 >IEZO >IE2D

I > IE20 > IE1

-
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C-52
Table C-3 (ntinued)

WSRC-RP-94-218

NuidC T1.Q DCF Lambda Ed Rf LAW OW lAW ln
ar) (rm rQ) (L,ar) (cm3/gm) Trigger Tge

(QCvault (Ovault)

Pd-101

Pd-103

Pd-107

Pd-109

Ag-102

Ag-103

Ag-104m

Ag-104

A&-10

Ag-106m

Ag-106

A-108m

Ag-110m

Ag-ll

Ag-112

Ag15

cd-104

C2-107

Cd-109

Cd-113m

Ct-113

Cd-lS1m

Cd-115

Cd-117m

Cd-117

In-109

l-110(69n)

In-111

In-l12

In-113

In-114m

In-1ISin

In-115

in-116m

9S8e04 32e.07 7.23e+02

4.6Se-02 6.9c-07 1.49e+01

6A0c+06 1Ac07 LO7c-07

1.53c03 2.1e-06 4.53e+02

2ASc-05 7.9c-08 243c+04

12se-04 4c-07 5.52c+03

S.70c.05 1.Se-07 l2e+04

I.27c 04 23c-07 5.44c+03

l.lOe01 1.9e-06 6.33e+00

227c-2 6.1e.06 3.05e+01

4.56e-0S 7.6e-08 1.52e+04

1.30c+02 75c-06 S.33e.03

6.90Oc-01 .le-S 1.00c+00

2.05e-02 4.5e-06 3.39e+|01

3.57c-04 1.6c-06 1.94c+03

3.99e-05 1e.07 1.74c+04

1.0Sc 04 23e-7 64Oe+03

7A2c04 2.4c-07 935c+02

1.24c+00 1.2e-0 5.59c.01

1.46e+0 15c-04 4.75c.02

930c+ 1s 1.6e-04 7ASe-17

136c-01 ISeO0 S.Ie+00

6.10c-03 4.7c-06 1.14e+02

3.88&.04 l.le-06 I.79e+03

2.97c.04 1.lc-06 2.34c+03

4.91e-04 2.7-07 l.A4c103

1.27e-04 3-3e-07 5.44e+03

7h9e-03 1.2c-06 9.Olc+ol

2A6-05 0.00000002 2.60c+04

19c-04 1e07 3.66e+03

136c-01 0.0001S S.lle+00

S.13e04 3.4e07 135c+03

4.60e+15 I.4c-04 1.51ce16

1.03e-04 2.le-07 6.73e+03

o I >lE20 ,mE20

0 1 >1E20 >IE20

O 1 9.4c-01 413e-02

0 1 >1E20 >IE20

10 51 >lE20 >1E20

10 51 >1E2D >1E20

10 51 >1E20 >1E20

10 51 > E20 >11E20

10 S1 >IE20 >IE20

10 51 >IE20 >1E20

10 51 >1E20 >IE20

10 51 3.5e+00 82e42

10 51 > E20 >E20

10 S1 >IE20 >1E20

10 5l l1E20 >lE20

10 51 >1E20 >1220

8 41 >IE20 >IE20

8 41 >12E20 lE20

8 41 >1E2D >lE20

8 41 6.1e+02 S.c+00

8 41 3.4c-02 4-8e.02

8 41 >lE20 >1E2D

8 41 >2E20 >1120

8 41 >1E20 > IE20

8 41 >1E20 >IE20

0 1 >lE20 >2E20

0 1 >2E2Q >1E20

0 1 >IE2 > IE20

O 1 > 1E20 >IE20

'O ;I >1E20 >1220

0 1 l.le+09 >1E20

0 1 >120 >IE20

O 1 9.4c-04 4.8e-02

0 1 > 1E20 > IE20

Rev. 0
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C-54
Tasbk CI-3. (ntnued)

WSRC-RP-94-218

Nudide TIJ2 DCF Lambda Kd
&-) (=mmffi) (1hea) (= 3/Vm)

Sb-130

Sb-131

Te-I s

Te-121m

Te-121

Tc-123m

Tc-123

Te-125m

Tc-127m

TC-127

TC-129m

Te-129

Te.131m

Tc.131

Te-132

Tc-133m

Te-133

Tc-134

I-120m

1-120

1-121

1-123

1.124

1-125

1-126

1I128

1-129

1-130

1-131

1.132i

1-132

1-133

1-134

1-135

L2SCOS

437c-05

1602

4.11e.01

4.6sc.02

328e-1

.20e 13

1.59eO1

I.Ol-03

9.14C-02

1.33c-04

3.42C-03

4.75c.05

8&76c.03

238e-05

7.99e-os

l.Ole-04

1.48e-04

2.40e-04

1.S2cM

.Ue-02

1.64e-01

3.64c42

4.7Se-05

1.72c+07

lAlc-03

122e02

1&04

260e.04

2.37c.03

1.00c04

75ie-04

2.6e-07 5.52e+04

2.9e.07 1.59e+04

6.7c.07 4.22c+01

6.7c.06 1.69e+0O

15c06 IA9e+O1

5.I-06 212c+00

4.1c.06 S.78e-14

3.c-06 4.37e+00

7.9e.06 2.32e+0D

6.9e07 6.46e-02

9.9e-06 7.5e+00

1.9e-07 S.21e+03;

IScO0 2+ec-2 1

211e-07 1.46e+04O

7.4e-06 7.91c+01

7.6c-07 6.S8c+03

1.6c-07 2.92c+04

2.lc07 &68c*03

39c-07 62c+03

6.7c-07 4.67c+03

1.Se.07 2.+803

4.9cC? 4.S7ci02

3.1e.05 6.03e+O1

3k-OS 422C+00

7.1c-05 1.90e+01

Se-08 l16c-04

2Bc-04 4.02e-08

43c-06 4.90c+02

S-cU-5 3.13c+01

4.7c.07 439e+03

33c-07 2.66c+03

S.4e-06 2.92e+02

2.9c-07 6.93c+03

2.0e.05 923ct02

10

10

. 0

0

0

0

0

0

0

0

0

0

0

0

0

C

0

0

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

0.6

Oh

0.6

0.

Rf LAW GW IAW lt
Tdgger Trigger

(Cihault) (Cgvaultz

51 >IE20 >1E20

51 >IEZO > IE20

I >IE20 >IE20

1 9.lc+01 >IE20

1 >1120 >1220

1 I.Oe+03 > IE20

1 32c-02 4.8e-02

1 1.2e+08 >11320

I l he-t 3 > 1132 0
1 > 1 2 2 0 > 1 2
I > -IE20 > E20

1 3.8e+14 >IE20

I >1120 >1E20

I > E20 > E20

I >1E20 >11320

I >IE20 >IE20

1 >1220 >12220

I >11320 >1220

I >1E20 >11320

4 >1220 >1E20

4 >1E20 >1E20

4 >1E20 >1E20

4 >lE20 >1220

4 >lE20 >IE20

4 >1E20 >IE20

4 > IE20 >1IE20

4 1.9c03 4.Bc02

4 >1220 >1E20

4 > E20 > IE20

;4 >1E20 >IE20

4 > 1132 0 > 1220

4 >11E20 >1E20

4 >1E20 >IE20

4 >1E20 >1E20

Rev. 



C-55
Table C-3. (continued)

WSRC-RP-94-218

Nadide TU12 DCF Lambda Ed Ri LAW GW LAW It
ar) (mmmia) (Iier) (03/gm) Tger Thgger(Cian ) (hult)

215S

Cs-127

Cs-129

s130

Q-131

0132

CS-LM

a-134

Cs-135m

C-135

C.s136

Cs-137

C-138

Ba-126

Da-128

Ba-131m

Ba-131

Ba-133m

Ba-133

8a-135m

Ba-137m

Ba-139

Ba-140

Ba-141

Ba-142

La-131

LA-132

La-135

La-137

La-138

la-140

La-141

La-142

1a-143

856e05

7.07c04

3.65e.03

5.70e-05

1.B~e.02
l.8OcOM

3.31e4

2.06e+o0

1.OIe.04

2.30e+06

3.53e.02

3.Oc+01

6.12e-05

lB4e-04

6.57c.03

2.78c-05

3.20e.02

4.44c.03

1.07c+01

3.27e.03

0.000005

158.44

350e.02

3.48c 05

03eos

1.12e.04

5.13c.04

2C4-03

6.00e+04

1.06c+11

4.59e-03

4-41e.04

1.76c-04

2 66c-5

5x.e 8.10e+03

Mt$ 9.SOe+02

22c.07 1.90e+02

4.9c-08 12t04

2.4c-07 2.61c+01

1.9c.06 3.85e+01

42e.08 2.lOe+03

74e-5 3.36e-01

4S9eO8 688C-03

7.Ie.06 3.01e07

I.lc-05 1.96e+01

s.oc.05 2.30e.02

1.6c-07 1.13c+04

9.0e.07 3.76e+03

lOe-OS 1.05c+02

9.7e.07 230e404

l.6e-06 2.16e+01

2k.e-06 156e+02

32e.06 6.4&.02

1.6c-06 2.12c+02

IA3e+05

3.9e-07 438e+03

4e.06 1.98e+01

2.0D.07 1.99e404

1.Oc-07 3.41e+04

1.le-07 618+03

15e-06 1.35e+03

13c07 3.12ct02

43e.07 1.16c-05

5.9e06 64c-12

7.7c.06 lSle+02

1.4c.06 157e+03

8.3&07 3.95c+03

1.4e-07 2.60e+04

100

100

100

100

100

100

100

100

100

100

100

100

100

5

5

5

S

5

5

5

5

S

5

100

100

100

100

100

100

100

100

10D

501 >1E2D >1E20

501 >lE20 >1E20

501 > IE20 > lE20

501 > lE20 >lE20

501 IE20 >lE20

501 > IE20 1 lE20

501 >1E2D >1E20

501 >1E20 2Oc+13

501 >1E20 >1E20

SO1 9.3e+00 4.8e.02

501 >lE20 >lE20

501 >lE20 4.8c-1

501 ,1E20 >JE2Z

26 >IE20 >1E20

26 >1E20 >lE20

26 >lE20 >lE2D

26 > IE20 >1E20

26 >1E20 >lE20

26 4.9e+03 3.le+O

26 >1E20 >IE20

26 >1E20 >IE2D

26 >IE20 >1E20

26 >IE20 >IE20

26 >IE20 >IE20

26 >IE20 >1E20

501 >1E20 >IE20

SO1 >.E20 >IE20

501 >lE20 >1E20

501 1.6e+02 41k>02

501 l.le+01 42e-02

501 >1E20 >1E20

501 >IE20 >1E20

501 >1E20 >1E2D

501 >lE20 >lE20

Rev. 0
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C-56
Table C1-3. (cotinued)

WSRC-RP-94-218

NUCde Tta DCF Lambda id
)r - (-zrcm2pa) (1&=) (31gm)

Cc-134

Ce-135

GC-137m

Cc-137

cC.139

CC-141

Cc-143

Cc-144

Pr-136

Pr-137

Pr-138m

Pr-139

Pr-142m

Pr-142

Pr-143

Pr-144

Pr-145

Pr-147

Nd-136

Nd-138

Nd-139m

Nd-139

Nd-141

Nd-147

Nd-149

Nd-151

Pm- 141

Pm-143

Pm-146

Pm-147

Po-148m

Pm-148

821C.03

1.96c03

3.92C.03

1MO03

3.77eO1

8.90e-02

3.76c.03

7.94.1

125e04

171e-04

5.13c04

2.72c-0

2.18e-03

3.75c02

3.29c05

6.8e-04

228c-05

9.64-05

4.18e-05

6.27ce.04

5.93c.04

2.85c-04

3e.02

1.97c03

23-0s

4.te-05

726c01

822e.01

1.77c+01

1.94c+00

252e+00

1.14I01

1.47c.02

8.9c.06 &44e+Ol

32e-06 3.53c+02

2.0e-06 1.77e+02

98c08 6.75c+07

l.c-06 184C+00

2.6e-06 7.79c+00

42e.06 184c402

2.Oe-05 &73e-01

62e.08 5S2e+03

1.3e07 4.05c+03

4.9e07 289e+03

12e-07 1.35e+03;

63c-08 2.55c-04'

S.lc-06 3.18e+02.

45eS06 L85e+01

I.le.07 2J11e+04

1Se-06 1.02e+03

5.7c08 314c+K4

33c07 7.19e+03

2.5e-06 1.66e+04

l.Oe-06 1.10c+03

5.7c-W 1.17c-03

3.2t.08 243e+03

3.e.06 2.30c+01

4.6e-7 351e+02

7.4c-OS 2.94c+04

9.4c-W 1.66e+04

9.X47 9.55OI

3.9c-06 &43c-01

4.6e-07 3.92e-02

3.2e-06 3S7e-01

95e-07 2.75c-4l

7.0e06 6.06e+00

9.5e.06 4.71e+O1

10

10

10

10

10

10

10

10

10

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

nu

l00

100

100

100

Rt LAW GW LAW t
Tnigger Thicr

(CAUwOt (Qsf)

S1 >1E20 >1E20

51 >IE20 :IIE20

51 >1E20 >1E2D

S1 >1E20 >1E20

SI >IE20 21IE20

Sl >1E20 >IE20

51 >IE20 >IE20

S2 >1E20 ;.1E20

Sl >1E20 >1E20

501 >1E20 >IE20

S01 >IE20 :>E2D

501 >IE20 >IE20

501 > IE20 >IE20

501 >1E2M >1E2D

501 > E20 >IE20

S01 >1E20 >IE20

SO >1E20 >IE20'

501 >1E20 >IE20

SO >1EM >1E20

501 >IE20 > 1E20

501 >1E20 >1E20

501 >IE2D :IE20

501 >IE2D >IE20

501 >IE20 >1E2D

501 IE20 >IE20

501 >IE20 >1E20

501 >IEZD >IE20

501 >1E20 IE20

501 >IE2D >1E20

501 1E20 2Ac+00

501 >IE20 lSc+14

501 >IE20 43e+10

501 >IE20 >IE20

S01 >IE20 >lE20

-

Rev. 0
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C-58
Table Cl-3. (continued)

WSRC-RP-94-218

Nucildc T1in DCF Lambda Kd Rf LAW OW LAW lt
-yar) (nmuvffC) (16a) (03/gm) Thgger Trigger

(Cihalt ( U )

Gd-153

Gd.159

1b-147

T1b49

WbmS

Tb151

rb-153

Tb54

Th-1ss

Tb.156m(24h)

Tb-156m(Sb)

Ib-156

lb157

Tb-158

,-60

Tb-161

Dy-1S5

Dy-157

Dy-159

Dy-165

Dy-166

Ho-155

Ho-157

Ho-159

HO-161

Ho-162n

Ho1162

Ho-164m

Ho-164

Ho-166m

HO166

Ho-167

Er-161

Er-165

6.61c01

2112c-03

4.56e-05

4.8c-04

354c--4

627SC-03

1.53e02

2.74c.03

6.27c-04

1.48c&02

1.50e+02

12fe+03

1M96e-l

1.BBC2

120C03

9.24c04

3.94c-01

2.66c04

9.31e03

9.Slc05

2.66e-05

627eO5

28SeO4

1.29e-04

2.85e-05

?.13c.Q5

7.M3e-05

120e+03

3.06c-03

3.4e04

3.54c04

1.18Ce03

I.Ie06 LiSe+00

1.9e.06 3.27C+02

S.6e-07 1.52c+04

9.5c.07 14&+03

9.7c-07 1-96c+03

lAe-06 338c+02

9.9e-07 1.Oe+02

22e-06 7.15et02

2e-07 4.52e401

7.0c-07 253e02

3.2e-07 1.10e+03

4.6eC06 4.69e+01

1.0e-07 4.62c.03

4.0e-06 S.78e-04

&4c 06 3Soe+00

2.6e-06 3.68e+01

5.6e.07 S.79e+02

2.7c-07 7.SOc+02

4.Oc-07 1.76e400

3.6e-07 2.61c+03

6.2c-06 7.45e+01

1.2e-07 7.29c+03

1.9c08 260e+04

2.3e.08 l.lke+04

4.708 2A3e+03

9.Dc-08 S.36c103

6.7e-09 2.43c*04

4.9e.08 9.72e+03

2.4c-08 9.85e+03

7.8e.06 S.78e.04

5.Sc-06 2.27e+02

3.2e-07 1.96e+03

33c07 1.96c+03

7-9e-08 S86e+02

100

100

100

100

1OQ

100

100

100

100

1OD

100

100

lOD

100

1OD

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

ICO

100

100

501 >1E20 >'E20

So >1E20 > lE20

501 >1E20 >12L

51 >1E20 >lIE20

501 > IE20 > MO

501 >E20 >lE20

501 >1E20 >lE20

50l >1E20 .>E20

501 >IE20 '1E2D

SI >lE20 > E20

501 > IE20 21.E20

501 7.Oe+07 7.6e-02

501 7.c+01 5.le-02

SO olE20 >1E20

S01 >IE2D >1E20

501 >1E20 >lE20

501 >IE20 >IE20

501 >1E20 >1E20

501 > IE20 > E20

501 >IE20 > E20

501 > E20 > 1E20

501 > 1E20 :lE20

50t >'E20 >lE20

501 >IE20 >IE20

501 >lE20 >1E20

501 >IE20 >IE20

Sol >IE2 )IE20

S01 >E20 >IE20

501 3.6e+O1 5.1e-02

501 >IE2D > E20

501 >IE20 >1E20

501 >IE20 >IE20

501 >IE20 > IEM

Rev. 0
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C-59
Table C1-3. (continued)

WSRC-RP-94-218

Nuclide TIIZ DCF lambda d Rf LAW OW LAW mt
(yea) (inre ) (tai) (cm'-3jgm) Trigger Trigger

(CWau11 (CINOu10

Er-169

Er-171

Er-n

Tm-162

Ta-166

Ti-167

T-170

TW-171

Tm-172

Tm-173

$m-17S

Yb-162

Yb-165

Yb-167

yb-169

Yb-175

Yb-17

Yb-178

Lu-169

LU-170

Lu-171

Lu. 172

Lu-173

Lu-174m

Lu-174

Lu-176m

Lu-176

Lu-177m

Lu-177

Lu-178m

Lu-178

Lu-179

Hf-170

Hf-n

257C42

8C50&4

S.59e-

IA6ecO4

878c-04

2A3e-02

353c.01

I.92e00

726c.03

93SeO4

3soe.o5

3.sge-0s
1.90e-05

3.42cM0

&76e.02

LlSe.02

2.17e-04

1.40Ce04

3.88e-3

SA8e-03

2.27e.02

13c-02

137e+00

3.8301

3.60e+00

421e-04

3.00e+ 10

4.41c-02

184.e02

3J6e-OS

S.70c 05

5.25c 04

39c-03

S.OOe+OO

IAe06 2.69c+O

lAe-06 &08e+02

3.74.06 1.24e+02

7.Oe-8 4.73e+03

12e-06 7.89e+02

2.1c06 2.64etOt

SOe-06 iSe+0

3.9e-7 3.61e-01

6.Oc.06 9.55e+01

1.2e-06 7.41c+02

5.4e-08 I12c+04

7.0e-48 .93e+04.

3.Be-06 3.65c+04'

1.7e408 2.03e+044

2.8c-06 79ie+00

1.6e06 CO4U+01

3.1e-07 320c+03

3.9e.07 4.94e1-03

2.0c46 1.79c+02

4.3e-06 127co2

6Ae-06 3.05e101

S.Oe6 3.78e+O

9.7c.07 5.06eoi

1Se-06 I.8le+0O

9.9c.07 1.93e-01

63c-07 1.65c03

66e06 231e-11

6&806 1s7e+0l

ZOc-06 3.77e+01

8 c8 1.82e+04

12c.07 1.22e+04

&.le.07 1.32c+03

1M2-05 4.98e+02

4.1c.06 139c-O

1oo

100

100

100

100

100

100

100

100

1O0

100

100

100

100

100

100

100

100

10D

IOD

100

100

10O

100

100

100

100

100

100

100

100

1O

100

100

501 >IE20

501 >1E20

SOl >lE20

SO1 >1E20

51 >120

501 >ZF20

501 >IE20

501 >1E20

So >IE20

501 >1E20

501 > IE20

501 > E20

501 >IE20

SO1 > E20

501 >IE20

501 >lE20

501 >IED

501 >lE20

501 >1E20

501 > E20

5ol >IE2

501 > IE20

501 >1E20

501 >IE20

501 >1220

501 > I20

501 1.Oe+Oi

501 >1E20

SO1 > E20

Sl > 122

501 >E20

501 >1E20

501 >I220

501 >lE20

> E20

>IE20

> I20

>IE20

>1E20

>IE20

>lE20

23e+14

>1E20

>1E20

> EM

> IE20

>IE20

>I2

>IE20

>E20

>IE20'

> IE20

>IE2

>I220.

>IE20

>1E20

>IE20

> IE20

I.IctO7

> I-20

4.8e0-0

>1E20

>IE20

> IE20

>IE20

>1E20

>IE20

S.Oe+04

Rev. 0



C60
Table C1-3 (ninued)

WSRC-RP- 4-218

Nudck TIJ2 DCF Lambda Rd Rf LAW GW LAW bt
&ear) ( mr 4Ppi) (Il-) (Cm*3/ ) gr Triggr

(aM (uft

1I-173

Hf-175

Hf-177m

Hf-178m

Hf-179m

Hf-180m

111-181

Hf-182m

Hf-182

Hf-183

f-184

Ta-172

Ta-173

Ta-174

T-175

Ta.176

Ts-178

Ta-179

Ta.180m
Ta-ISOM
Ts-t80

Ta-182m

Ta-182

Ta-183

Ta-184

Ta-185

Ta-186

W-176

W.177

W.178

W-179

W-181

W-185

W-187

2.69e03

I.92e-1

9.77c.05

3lOe+O1

6.87e-02

6.27c-04

1.16e-01

1.18e04

1.25c.04

4.68e.04

8.37c.0S

4.22c-04

1.4&-04

12De03

9.13e-04

6.46c-03

L79c-05

2.4e-04

1.00e 13

3.02c4-S

3.e-01

1.40.02

9.92c-04

9-51.05

2.OOC.05

2A5c.04

*2.57e-04

5c-02

7.22e.05

331c-1

2.06c401

2.73e-03

9A6c07 257e+02

Ile-06 3.62c+00

2Se-07 7.09c+03
2.Oc-05 224-02

4SBc-6 1.02c+01

.9e.07 1.10e+03

43U-06 5-97e+00

1A4c07 .88e+03

1.4c.05 7.70c.8,

2Se7 S.2e+03

2.Ic-06 1.48e+03

1.4e-07 829e+03;

7Ae-07 1.64c+03'

1.9c-07 4.67e+03#

&Se-07 S.79e+02

1.3c6 7AOc+02

4.1e-07 1.07e+02

2.9c-07 3.88e+04

2.5e07 2.89c+03

2.1e-07 7.50e+02

3.3c-06 6.93c-14

2.4c48 2.29c+04

6.0e-06 2.20e+00

4.6e.06 4.96e+O1

2.7c.0 6.98e+02

2.0c-07 7.29c+03

6.7e-08 3.47c+04

4.8c-07 2.43e+03

2.4c"07 2.70e+03

9.3c07 1.1f8c0

9A-09 959c+03

3.lc07 209e+00

1.9e.06 337c+00

2.6e-06 2.54ei02

10

100

100

100

100

100

100

100

100

100

100

0

a

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

'0

0
0

0

0

So0 >1120 >1E2D

501 >IE20 >1E20

501 > E20 >IE20

501 >ME20 4.5e01

501 >1E20 >1E20

501 >1lE20 >1E20

501 >1E20 >IE20

501 >1E20 >IE20

501 4.7c+00 4.Bc.02

501 >IE20 > 1E20

501 >1E20 >1E20

I >1E22 >1E20

I >lE20 >1E20

1 >1120 >1E20

1 >120 >IE20

I >1E20 >1E20

1 >lE20 >IE20

I >IE20 >E220

I > 1E20 >E20

I >1E20 >1E20

1 4.0e-02 4.84-02

I >1E20 >1E20

1 13e+03 >IE20

1 >1E20 >1E20

I >1E20 >1E20

1 >lE20 >lE20

1 >1E220 >E20

I 1220 >1E20

I >1E20 >I20

1 >1E20 >IE20

I >1E20 >1E20

I I.5c+04 >IE20

I 13e+06 >1E20

I >IE220 >IE20
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C-61
Table C1-3. (contiaued)

WSRC-RP-94-218

Nucde Tin DCF Lmbda Kd
&e) (mrcaiCO (16=) (-'34p)

W-288

Re-177

Re-17B

Re-181

Re-182(64h)

Re182(12b)

Re-184m

Rm-184

Re-186m

Re-186

Re-187

Re-188m

Re-188

Re-189

os6-10

Os-181

Os-182

Os-185

os-189m

Os-191m

Os-19I

Os193

OS-194

Ir-182

Ir-184

ir-185

Ir-186

Ir-187

Jr.188

Ir-189

It-190m

Ir-190

Ir-192m

lr-192

1.89e.01

3205c43

2sc-03

1.45e.03

4."

l4c02

2430e+05

1.3e02

7.0e+10

334C-05

1.91c-03

2.74C03

4.13-OS

4.37eo5
2.51c-03

23s7c0

6.84c-04

1.48&03

4.19C-02

3.48e-03

6.00e+oX1

25c.05

3.6Se-04

1.60e43

183c03

1.20c-03

4.68e03

3.64c.02

3.6Se.04

3.01c02

2.74e-06

2.03c-O1

9.0e.06 3.67e+OO

4Ac-08 2.14c+04

4.& -08 2.43c+04

1be-06 338e+02

3.4c-06 9A9cOI

7.4e-67 478e+02

2Ac-06 1S0e+00

22c 6 6.66c+01

3-3e06 3.47e-06-

2.Ac-06 6.71cO01

8-e-09 9.90e-12

62e43 1.9e+404;

2.8c06 3.64c+02,

Se-06 2.53c+028

4.7c-08 1.68c+04

35e-07 1.59e+04

2.2e-06 2.76e+02

21e-06 2.69C+00

6.6C-08 1.olc+03

3.6Ce07 4.67c+02

2.Oe-06 1.65c+01

3.1c 06 1.99e+02

9.lc06 1.16e.01

1.2eO7 243C+04

6.4c07 1.90c+03

1l.1c06 434e+02

2.le06 3.80e+02

4.8C7 5.79c102

W7C-06 1.48&+02

9.3c-07 1.90C+01

3.0e48 1.90c+03

4.9-06 2.30e+0O

1.Sc06 ZS3C+0S

5.3e.06 3.41c+00

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

C

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Rf LAW GW LAW LIt
Tdsme Tz4xje

(Cihault) (COautt)

I 1.4ee-06 >1E20

I >1E20 >1E20

I >1E20 >1E2D

I ,IE20 >IE20

I >IEZD >IE20

1 >1E20 > IE20

1 9.8e+01 >1E20

1 >1E20 >1E20

1 4.0c.02 42c.02

I >1E20 >1E20

1 L.6e+01 4.Se.02

I > IE2D > IE20

1 >lE20 >1E20

I >1E20 >IE20

1 >1E20 IE2D
I )'1E20 >1E20
I >IE20 >IE2D

I >IE2M > IE2Q.

1 4.4e+04 > IE20

1 >1E20 >1E20

I > 1E20 >lE20

I >IE20 >IE20

I > 1E20 >IE20

1 2.6c-02 5.Oe+03

I ~ 1-O M D2
1 >1E20 sl22
I >IEZD -IE20

I >1E20 >1E20

1 >1E20 >1E20

I >1E20 >lE20

1 >1E20 >1E20

1 >IE20 > 1E20

I >lE2D IE20

I >1E20 >1E20

1 6.4e+05 >IE20

Rev. 0
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C-63
Table C1-3. (coniued)

WSRC-RP-94-218

NucUde TV DCF Lambda Ed Rf LAW GW LAW IM
(e) (MMMO) (l6=) (cm 3Jgm) Trigger Trigger

(Ciwautz) (OMaufl)

1194

11-19S

11-197

T1-198m

11-198

'n-sg
11200

n20I

1-202

11-204

Pb-195m

PbO198

Pb-199

Pb.200

Pb-201

Pb-202in

Pb-202

Pb-203

Pb-205
Pb-209
Pb-209

Pb-211

Pb.212

Pb-214

Bi-200

Bi-201

Bi-202

Bi-203

Bi-20S

Bi-206

Bi-207

Bi-210m

Bi-210

Bi-212

6.27e.05

137e-04

3.19e.04

2.1Sc04

6.OUe04

&44C.04

2.98c.03

833e^03

3.29c-02

3.77e+00

2.74e04

1.71e-04

7.4Se.03

1.07c-03

4.13C.04

3.00e+05

5.94e03

1.40e+07

624e06

2.23c+ol

6e-05

1.2le-03

5.10c.05

6.65c05

2.05e.04

L81e-04

1.35e-03

4.19c02

1.71c-02

7.94c+00

3.SOc+06

1.37e-02

t.15C04

I.9e.08 i.loe+04

7.7e08 5.06e+03

6.9e.08 2.17e+03

1.6c.07 3.2SC-03

2.6c-07 l.tX+03

L2e.08 821t+02

6.7c-07 2.33e+02

2.9c 07 832c+01

Sc-06 2.11c+01

3.2e-06 1.84c-1

8.Sc-08 243e+04

li6e07 253e+03;

22e.07 4.05e+03

1.5c06 283c+02 4

6.7c-07 6.46e+02

55ce07 lASe+03

3.9e05 2.31ce06

9.6e-07 1.17e+02

15c06 4.95e-08

9.0e08 1.21C+lOS

5.lc-03 3.11e02

4.4c47 l.01e+04

4.le05 5.71e+02

S e.07 1.36c+04

l.7c47 1.04e+04

4.5e-07 338e+03

3.6e-07 3S4c+03

2.lc.06 5.1SC-F02

3.7c-06 1.65c+01

&Oc-06 4.06e+0l

4.9c-06 873c-02

.6e-05 1.98e-07

5.9c-06 5.06c+Ol

9.9c-07 6.02e+03

0

0

0

0

0

0

0

0

0

0

100

100

100

100

100

100

100

100

100,

100

100

100

100

100

0

0

0

0

0

*0

0

0

0

0

1 >IE20 :1E20

I >1E20 >1E20

1 >IE20 >1E20

I IE20 >1E

1 >1E20 t1E20

1 >1E20 >IE20

I >IE20 >1E2D

1 >lE20 >aIE20

I >1E20 >1E20

I 1.0c01 4.6e*06

501 >1E20 . E20

S01 >IE20 >IE20

501 >1E20 >IE2

501 >1E20 >lE20

501 >1EZO > 1E2

501 >IE20 >IE20

50 1.7c+00 4.&-02

501 >1E20 >lE20

501 4.4e+D1 48e02

501 > E20 >E20

501 > E20 1.lc+00

501 >1E20 >1E20

501 > E20 >1E20

S01 >IE20 >1E20

I i1E20 >1E20

I >IE20 mlE20

I > IEO >1E20

1 >1E20 >lE20

I > E20 IE20

;i >1E20 >1E20

1 42c-02 30c+02

1 1.5c-03 4Ae02

I >IE20 >1E20

1 > IE20 >IE20

Rev. 



C64
Table C (nu)

WSRC-RP-94-218

Nucc TIJ2 DCF 1ambda Kd Rf IAW GW IAW lot
ear) (mTO) (Wear) (cm63/gm) T gger (t)

(Cault) (C~u

Bi-213
Bi-214

PO203

Po-205

Po-207

Po-210

AI-207

Al-211

Fr-222

Fr-223

Ra-223

Ra-224

Ra-225

R8-226

Rs-227

Ra-228

Ac-224

Ac-2S

Ac226

Ac-227

Ac-228

nh226

lb-227

Tb-228

Th-229

nb230

Tb-231

Th-232

nh234

Pa-227

Pa-228

Pa-230

Pa-231

Pa-232

8.68e.05

3.76c-O5

7.99c-05

2.5c'04

3.79c-01

822e44

2.81c45

4.ise05

3.13e-02

9Slc-03

4.05e-02

1.62e+03

7.c-05

5.75e+oO

3.31e-04

2.74e.02

331c-03

2.18e+01

6.99e-04

5.87c05

S.13e 02

l.9eC+00

7A3c+03

7.70e+04

291e03

1.41c1 10

6.60e.02

728e-05

297c03

4.85t02

3.28e+04

3.59e-03

6.8c07 7.99e+03

2MU07 I.B+04

O.0c7 868c+03

2.4c-07 3.38+03

6.tc07 1.07c+03

1,6e-03 1.83e+00

&9e.07 338e+03

4.ci05 8A3e+02

2Se.06 2.46e+04

8.6e-06 1.66e+04

Se-04 2.21e+O1

33e.04 6.99e+01

3.Ie-04 1.71c+01

1.lc-03 4.27c044

22e-07 885e+03

12ec43 1le1"l

2.6e-06 2.10e+03

95e-05 2.53e+01

4.0e-05 2.10e+02

1.4c-02 3.18e.02

2.1e-06 9.91c+02

9.2e.07 1.1e+04

3.6e-05 1.35e+01

3.e.04 3.62e-l

3.5 03 9.33e05

53c-04 9.00c.06

13e06 2.38e+02

2f.803 4.93c-11

13c45 1.05c+O1

13c-06 9.52e+03

4.Oc-06 234c+02

S.6e-06 lA3e+01

I.lc02 212c-05

3.4e.06 1.93e+02

0

0

0

0

0

0

0

0

0

0

500

500

500
SOO

SOO

SOO

ISO

150

150

150

150

3000

3000

3000

3000

3000

3000

3000

3000

lb

10

10

10

10

1 >1E20 >IE20

I > 1E20 > IE20

I >'lE20 > IE20

1 >IE20 71E20

I >IE20 >lE20

1 7.7c.01 > E20

1 >IE20 >1E20

1 >IE20 >'E20

I >120 >IE2D

I >IE20 >E20

2501 >IE20 >IE20

2501 > E20 > IE20

2501 >1E20 >1E20

2501 63c+01 S.Oe02

2501 >IE20 >lE20

2501 >1E20 8&*+03

751 >1E20 >IE2D

751 >IE20 >lE20

7S1 >1E20 >1E20

751 > 1E20 12c+00

751 >1E20 >1IE20

15001 ,lE20 >IE20

1S001 >1E20 >IE20

15001 >E20 2.6e4-14

15001 6.2c+02 4.9c02

15001 73e+Ot 4.8-.02

13001 > E20 >IE20

lS001 1.6c-01 4&B-02

15001 >IE20 >1E20

St > IE20 >IE20

51 > IE20 > IE20

51 > E20 >1E20

51 6.le-04 4.8c-02

51 >1E20 > E20

Rev. 0



c65
Tabk CI-3 (ccnthiuod)

WSRC-RP-94-218

Nuclide TIA DCF Lmbda Kd Rf
Om) (ufP0) (1rear) (*3Vgm)

Pa-233

Pa-234

U-230

U-231

U-232

U-233

U-234

U-235

U-236

U-237

U-238

U-239

U-240

Np-232

Np-233

Np-234

Np-235
Np-236(lESy)

Jp-236(22h)

Np-237

Np-238

N~p-Z39

Np-240

pu-234

pu-235

Pu-236

Pu-237

Pu-238

Pu.239

Po-20

P-241

Pu-242

Pu-243

Pu-244

7.39e-02

7.64e-4

569e.02

4.30ct00

1AOC+05

2.45c+05

7.04cI-08

234c+07

1SSc-02

4.47c+09

4.47c-05

1.61e-03

2.47c.05

665e05

12O02

1.12e+00

1.10e+05

2.5tc-03

2.14c+06

58t-03

6.38c-03

120e-4

13ec03

494c4-S

295c+00

1.24e.01

&78+c01

2Ale+04

6.57ct03

1.4c+O1

3.76e+05

S.65e04

8.10e+07

33c-06 93&+00

2.lc-06 9.07c+02

&4c.04 12c+01

I.IC06 1.6le-01

1-C03 963c-

2V7c-04 4.3*e-06

26AeW 2e-06

2.Sc04 9.8Se-10

25e-04 2.96e08

2.7e-06 3.75c+01

2.3e-04 15se-10

7.6e-08 1.554+04

4.lc06 4.31e+02'

2.4e48 2280e+04'

S6e-09 1.04c+04

1.7e06 5.75e+0l

2.c-07 6.17"-0t

7.9.04 630e-06

95c-07 2.76e+02

3.9e03 3.24c.07

3.4e.06 120e+02

e-06 I.9c+02

2.0c? S.79c+03

1.2e06 6.75ce02

1.4e0 1.40e+04

13e-03 243e.0l

I.Oe.06 558c+00

3Ue-03 7I90e-03

43e-03 2.87t.05

4.3e.03 1.06e.0

8L6c.05 4Ble.02

4.1e-03 1.84e-06

3.3e.07 1.23e103

4.0c-03 &56e-09

1o

10

so

So

50
SD

SD

50

50

s0SO

so
50

10
10

10

10

10

10

10

10

10

10

10

100

100

100

100

100

100

100

100

100

100

51
51

251

251

251

251

251

251

251

251

251

251

251

51

St

St

St
51
Si

St

51

Sl
51

501

S01

501

S01
501

S01

501Sol

501

Sol

LAW GW LAW b
Trigger T r

(Ciault) (Cuuk)

>JE2D >1I2

>1E20 >1E2

>1320 > 2D

'IE20 4.Bc+05

45c+03 1301

lie-C0 4A8e02

12eO1 4.-02

6!.c<02 48c.02

13c-1 4e.802

>IE20 >IE20

13cO1 4.8e-02

> E20 > 120

>1E20 > IE20

>120 >IE20

>IE20 1E20

.'1E20 >1E20

>IE20 >E20

8.5c-03 4c.02

> E20 > IE20

1.7c-03 4.8c-02

> IE20 > E20

> IE20 > 1E20

>IE20 > E20

>1E20 >IE20

>IE20 >lE20

>12E20 M+09

>IE20 >E20

3.2c+02 .Ic01.

1.6e-02 48e-02

2.0e-02 4.9e 02

3.lc+01 5.9c OD

1.6e.02 4.8e02

>IE20 >12

1.7-02 4.8e.02

Rev. 0
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OM WSRC-RP-94-218

Table CI4 Wephted dose convo ion actor for radionuclides with multiple daulchte

DCF Anva Fraction a@ ted
Part hPropm rcmAi R Tune (year) Ar. Time DCF

Th-232 2.8E+D 10
Ra-228 1.SE+00 2SO
Th-228 7.2E-01 15001

75005 LOE+O0
I.OE+00

I.OE+00 4.8E05

1.9E.04
6.OE04

83E.04

} L.OE03

Th-232 lngrwth Factor (rcmm/) =

u-234 20A1
lb-230 S.3E-01 15001
Rs-226 I1E+O0 2501
Pb-210 6.7EO0 501

251 1255
l.E-01

1O 4+0
3.9E406
2.6E-03
23E03

I.1E06
33E.05

u-234 Ingrowth Factor (reintC) => .1E.03

U-235 2 6E-OI
Pa-231 .lE+O0 51
Ac-227 1SE+01 751

251 125 I.OE+O0 l OE.03
2.6BE02
2.6E-02

S.7E-04
S.OE4

U-235 ngrowth Factor (rcmAxi) =>

251 4

21E-03

U-236 2.5E-01
lb-232 2.8E*O0 15001
Ra-228 12E+00 2501
lb-228 75E.01 15001

12SS
6 2E- 12E.11

62E-08
6IE-08 3.1E-12

I.OE+00 1.OE-03

3.OE-1

U-236 Ingrowth Factor (remuaCi) => 1.OE03

U-238 25E01
U-234 2.6E1 251
1Ib-230 53E-01 15001
Ra-226 I.IE+OO 2501
Pb-210 6VE+O0 501

251 1255 1.OE+OC I 9g8E04
3.7E-063.6E-03

2.OE-OS 7.1E-10
3.2E-06
3.O06

IEQ-09
4.OE-08

U-238 Ingrowth Factor (rftemCi) => 9.SE-04

NP-237 3.9E+0 Sl
U-233 2.7E01 251
Ib-229 3.9E+OO 15001

255 1.O-+O0
l.lE-03

1.3E.05 3.4E-09

7.6E-02
12E-06

Np-237 Ingrowth Factor (remhCi) => 7.6E.02

Pu-238 3.8E+0o
U-234 26E-01 251
Th.230 5.3E.01 150I
Ra-226 L.IE+O0 2501
Pb-210 6.7EFOO 501

s01 2505 2.6E09
3E-04

7.6E-06 2.7E-10
2.9E-06
28E-06

t9E-11
3.7E-07

13E-09
3SE-08

4.IE-07Pu-238 Ingrowrh Factor (rcmhCS) >

Rev. 
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C-69 WSRC-RP-94-218

able C14 (cnfinued)

DCF Arrval Fractio @ Iiwed
Parent Progm - remzia Rf Inme car) Ar.time

ru-239 43E+00
U-235 26E-1 251
Pa-231 .lE+0O St
Ac-227 15E+01 751

501 2505 93"11 &OE-03
24E-06 2AE.09
6.3E-08 1.4E08
61EO8 L13E09

Pu.239 Ingrowmb Factor (rem*Ci) => &O&E

Pu.241 8-02
Am-241 4.5E+00
Np-237 3.9E1+00
U-233 2.7E-01 251
Th-229 3.9E+00 15001

SO
751
51

2505 43E-53
6.2E04
62E-04

7A457
3.7E06
3.7E-06
5.9E-115.E-08

50E-09 E13-12

Pu-241 Ingrowth Factor (rm/uCI) => 42E.06

Pu-242 4.1E+00
U-238 25E-01 251
U-234 2.6301 251
lh-230 S.3E-0 15001
Ra.226 l.lE+00 2501
Pb-210 6.7E+00 501

SO1

I

4

2505
3.9E-07
1.4E-09

L.OE-1 1 3.6E-16
2.3E-t2
2.2E-12

I.OE+OC0 8.IE-03
3SE-10
1.43-12

lOE-IS
2.9E-14

Pu-242 Ingrotb Factor (remuaC) = > 1E-03

Ai-241 45E1+00 751
Np-237 3.9E+00
U-233 71E-01 251
Ib-229 3.9E+0O 15001

3755 2.4E-03
51

1.5E05
2.OE04 lSE45

2.9E-092.7E-06
3.8E-07 9.9E-11

Am-241 Ingrowth Factor (rcm ) r->

AM-243 4.5EtO0
Pu-239 43E+00
U-235 2.6101
Pa-231 1.lE 00
AC-227 15E+01

751
501
2SI
51

751

3755 7.0E-01
&6E-02
1.7E-07
4.6E09
4.5E-09

3.0-0S

4.2E-3
7A-
1.7E-10
.OE09

&8E-1I

4.9E-03

L.1EB4
1.8E-
ISE-10

SA.E-18

Am-243 Ingrowth Factor (rcmha) >

Cm-244 23E+00 SO1
Pu-240 2.1-0 501
U.236 25E.01 251
Ib-232 2.8E+00 15001
Ra-228 12E+00 2501
Th-228 7.5E-01 15001

2505 2.3E42
2.IE-03
1.8E-07
2.1E-18
1.1E-14
5.7E-19

l.lE-14

1.12.14

On-244 Ingrowth Factor (remAuci) => 1.SE-05

Rev. 0
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C-70 WSRORP-94-218

Table CiA. (continued)

DCF Arrval Fractic W0
Parunt Progeny remAh R Time (year) Ar. Tme DC td

a252 9AE01 501 2505 O.OE+0O G.OE+OO
Om-248 1.6E+O1 501 7.5E06 2.4E07
Pu-244 4.OE+O SOI ISElio 1.2E-12
Pu-240 2E03 501 LE.11 1SE-13
U-236 2SE01 251 4AE-16 4.4E-19
lb-232 28E+00 5001 IAE-23 65E.27
Ra-228 1.2E+0O 2501 IAE-23 6.S&27
Th.228 7.5SE,1 5001 1.4E-23 6.8E-28

a-252 Igrowth Factor (rem/a) => 24E-07
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C-71 WSRC-RP-94-218

C2 E-AREA STREAM FLOW DATA

The gauging results for SRS creeks in the vicinity of E-Area are presented in Table
C2-1. In Fig. C2-1, the location of stream flow measurements supporting these results is
shown.

Rev. a



C-72 WSRC-RP-94-218

Table C2-L Stream gaging results for SRS aceels in the vicinqt of B-Area
(field taks on January J, 1993 by Peter Keai)

Location Location Description F Flow,
Number (refer to Fig. C.2-1) _e_

I Crouch, near Upper Three Runs 1.78

2 Tnibutary to Crouch, near Upper Ihree Runs 1.42

3 Crouch, just above confluence with tributary 0.15

12 Crouch, SO ft from stream stage measurement station 1.21

13 Crouch, upstream from station 12 0.78

14 Crouch, upstream from station 13 0.44

15 Crouch, upstream from station 14 0.014

16 Crouch, upstream from station 1$ 0.48

4 Crouch, just below road and NPDES sample site 0.137

17 Lower end of tributary to Upper Three Runs 0.33

18 Unnamed branch, just upstream from railroad crossing near 0.68
Upper hree Runs

19 Unnamed branch, upstream from station 1 0.44

20 Unnamed branch, upstream from station 19 0.10

Rev. O



C-73 WSRC-RP-94-218

ScUS
a no 4w

.Aftera

SAVA4NAH RIVER PLANT

- ~Road
Q S---s CStr L t

Q Stream Callng baeatoa

I I'le
19"Lb

mm

Fig. C.2-1. Locations of stream-gaging stations in creeks near E-Area.
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C-74 WSRCRP-94-218

C3 RADIONUCDE SCREENING RESULIS FOR SUSPECF SOIL

The screening results for radionuclides potentially present suspect soil are given in
Table C3-1.

I

I

;
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C-75 WSRC-RP-94-219

Tabl C3-1. S ing calcubtions and trigger vaucs for the suspect sofl treUches

Nudide Ti/2 DCF Lambda Kd RE SUSP GW SUSP Int
orm) (mrempQ) (16vr) (cm*03/gm)Tiger Trigger

(year) (mrew40) (l,~'car) (cms3/gm) (CIRonch) (ClArczM)

H-3 1.23e+O1 63c08 5.62e-02 0 1 3.3e01 2.4e-3

Be-7 1.47c-O1 I.c-07 4.7Zct00 0 1 Z6e+09 >lE20

Be-10 1.60e+06 4.2.-06 4.33c47 0 1 3.8e-03 8.6e.06

C-Il 326c-O 12e48 1.80eC+04 2 11 >1E20 >IE2D

C-14 S.73e+03 2Ae-06 12le.04 2 11 83e-2 &7c-06

F-18 2.14e-4 1.0c-04 3.2Se+03 0 1 >IE20 >IE20

Na-22 2.Sc+00 l2e-O0 2.69c01 0 1 S.fe.03 4.Ac+06

Na-24 1.71e-03 lAe-06 4.05e+02 0 1 >IE20 >lE20

Mg-28 240e-03 7X.S06 2.89e+02 0 1 >1E20 >
AI.26 7A0e+05 1-U 05 9.37c 07 0 1 1.2e-03 86e06

Si-31 2.9ge-04 5.4c-07 2.32e+03 0 1 > E2 >IE20

Si-32 6.50e+02 1.7c-06 1.07c-03 0 1 9.3c-03 9.6c.06

P-32 3.89c.02 7.7c-06 1.7&+01, 0 1 >lE20 >IE20

P-33 684c-02 &8e-07 L.Oc+01 0 1 >IE20 >IE20

S-35 2.39e-01 43e-07 290e+00 0 1 7Ac+04 >IE20

0-36 3.Ole+05 3.0e.06 230e 06 0 1 S.3c-03 M6.06

0-38 7.07e-05 2.Oe-07 9.80c+03 0 1 >1E20 >IE20

0.39 1.06e04 1.4e-07 657e+03 0 1 > 1E2 >1E20

K40 1.28c+09 .9c-05 S.42e-10 0 1 83e-04 8.6e-06

K.42 lAle-03 I.le-06 4.92c+02 0 1 >IE20 >lE20

K43 256e-03 7.Se-07 2.71e+02 0 1 >1E20 >IE20

K-44 4.18e05 1.Se.07 IA6+04 0 1 >lE20 >lE20

K45 3.04c-0S 93c-08 2.28e+04 0 1 > IE20 > IE20

Ca-41 130e+05 1.2e.06 533e-06 0 1 13c-02 86.06

Ca4 4.46e-01 3.0e-06 lSe+00 0 1 1.2e+02 IE20

Ca47 12e-02 6.2c-06 558c+01 0 1 >1E20 >IE20

Sc-43 4.47e.f 7-3e.07 1SSe+03 0 1 >IE20 >IE20

Sc-44m 6.68c 03 9.9c-06 1.0e+02 0 1 > lE20 > lE20

Sc-44 4A7e.04 lAe06 15e+03 0 I > IE20 > lE20

Sc46 229c 01 5.6e-06 3.02e+OD 0 1 1.Oe+04 >tE20

Sc-47 9.39c-03 1.9e-06 738e+01 0 1 >IE20 >1E20

Sc 48 5.03c-43 6.4c06 1.38e+02 0 1 >1E20 >1E20

Sc49 1.09e-04 U4e-07 6.34c03 0 1 IlE20 >IE20

Rev. 
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C-76
Table C.3-L (continued)

WSRC-RP-94-218

Nudidc TM DCF Lmbda Kd RI
(ear) (rnrm4) (lear) (cm*3Igm)

TI.45

V47

V49

V-9

cr49
Or-51

Ma-5in
M-SXr

Mn-52

Mn-53

Mn-54

Mn-56

Fe-52

Fe-5

Fe-59

Fe.60
c-SS

Co-55

Co-57m
co-Sam
Co58m

Co-6lC 

Co2m

1Ji-56

Ni-57

IMi-59

Ni-63

NWi65

Ni6

Cu-60

4ACi01

3.52e.04

627-O5

4.4le.02

g 03c.01

2.62c.03

7.97C.OS

7s8c.02

856e 05

3.99c06

1.52c 02

2AOOe+06

7.97c-01

9.35-04

2.70e+o0

122e01

3.00e+05

2.08c.03

2.1 lc-l

739c01

1.03Ce03

1.93C.01

.ooe-0

S.27c+00

1A8e44

3.04c.06

1.67e.02

4-1 le-03

&O0e+04

1.OOe+02

2.87c-04

6,23e.3

437c05

19cOS IA4e4O2

S.7c.07 L97c+03

1.G.07 1.lOe+04

73c-06 137c*O1

S.448 7.67e-01

82c-0 2.64e+02

L.7c-07 8.70c+03

13.-01 9.14c+00

2Sc-07 LlOe+03

15e-07 1.74e+04

6.9e06 4.56e+01

9.9.08 3A7c-07

2.7c-06 V7&a01 

9-5e-07 236+03 

5.4C-06 7A1c+02

52-c0 2.57c.01

6.6c06 5.68c+00

I.SX04 2.31e.06

4.1e 06 3.34c+02

12.-0S 3.29e+00

l.le-OS 938cO1

8.Se-OS 6.75e+02

35e-06 355e+OO

3.6c-09 3.47c+04

2f6c-05 132c-01

2.6e07 3A68e+03

9.6e-0 2.28e.05

3X5e06 4.5c+O01

33e-06 1.69c+02

2.0c.07 8.66c46

5.4c-07 6.93e-03

6Ic.07 2.41e+03

LI.-05 1.1 Ie+02

1.7c-07 159c.04

0

0

0

0

0

40

40

40

so

50

SO

so

50

5o

0

0

0

0

10

10

10

10

10

10

10

10

10

300

300

300

300300

300

25

I

I

I
I

201

201

201

251

251

251

251

251

251

I

I

I

I

51

S1

51

51

51

51

51
51

51

1501
1501

1501

1SO0

1501

126

SUSP OW SUSF bt
8ter Triar

(C~uch) (A*O)

&9e-04 3.7c.05

>IE20 >1E20

>1E20 > IE20

>1E20 >1E20

Ide+O1 > IE20

>1E20 > 1E20

>1E20 >lE20

> W20 >IE20

>IE2 >1E20

>7E20 >IE20

>IE20 >1E2D

4.0c+01 86c.06

>IE20 >1E20

> IE20 >IE21

>1E2D >IE20

9Se-02 12cf06

S.Ic-09 >lE20
1.1c04 &6c-06

A1E2D >1E20

IE20 IE2O

> E20 >IE20

•1E20 >1E20

>1E20 >IE20

>IE2D >IE20

.. let+13 4.4.400

>1E20 >1E20

>IE20 IE20

>IE20 >1E20

>IE20 > lEZ

13c+402 806

>1E20 1.7c4-5

>1E20 > IE20

>1E20 > lE20

>1E20 >IE20

Rev. 0
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C-79
Table C3-1. (continued)

WSRC-RP-94-218

NucLide I2 DCF Lambda Rd Rf
(Y) (om) (I&Car) (cm**34m)

Sr89

Sr-90

Sr-91

Sr-92

Y86m

Y86

Y-87

Y-8

Y-90m

Y-91M

Y-91

Y-92

Y-93

Y-94

Y-95

Zr-86

zr-s
Zr4g

zr-93

Zr-95

Zr-97

Nb-8

Nb-89(66m)

Nb-9(122m)

Nb-90

Nb-93m

Nb-94

Nb-95m

Nb-95

Nb-96

Nb-97

Nb-98

Mo-90

138t-1

2.86e+01

IOCe03

3.09c-04

9.13C05

1.67c03

9.13c03

288c01

3.64e..04

2S6e4-01

95le-05

1.67c-01

4.3c04

1.16c03

3.61c-05

2.O0e-05

11;8e03

2.33e.01

&94c03

lSOe+06

1.75c-01

l.92e-03

266e-5

232c-04

1.67e03

Ilc+01

2.00c+04

9Me-03

9.-8c-02

2.67e.03

1.40e-04

887c-08

6-50e-04

M7e-06 S.le+0O

13e.04 2.42e-02

3e-06 6.41c+02

1.9c-06 224c+03

2.4-07 7.Gft+O3

4.lC-06 4.16e+02

2S2C06 7.60e+01

S2c46 241c+00

6.6e.07 1.9tk+03

1.0c05 2.42et02

3.9C08 7.29e+03

&906 4.15e+00

1.9c 06 1.72r+03

4.5c-06 5.96e+02

1.8e-07 1.92c+04

9.7ec18 3.47e+04

3-Set06 3.68e+02

13e06 2.98e+00

3.1e-06 7.75e+01

1.6e-06 4.62c-07

3.4c06 3.96c+00

8.0-06 3.62c+02

72e-08 2.60e+04

4.6e-07 5.52e+03

L.Oe06 2.99C+03

4.9e-06 4.16c+02

5.3e-07 6.84e-02

5.1c06 3.47eM05

2.0c.06 7.02c+01

2.2c-06 723c+00

4.4c-06 260ct02

23e-07 4.95e+03

3.4c-07 7.81c+06

2.5c-06 1.07e+03

10 Si

10 51

10 51

10 51

10 51

10 Sl

10 S

10 51

10 51

10 51

10 Sl

10 51

10 51

10 51

10 51

10 51

0 1

0 1

0 1

0 1

O 1

o 1

0 1

o 1

0 1

0 1

0 1

0 1

0 1

O ;I

0 1

O 1

0 1

0 1

SUSP OW SUSP Int
Trigger Trigger

(Qfdadh (Qyrendh

> E20 > 1E2

3.Oe+00 9.8-05

> IE20 > IE20

>1E20 >1E20

>1E20 >1E20

>IE20 >IE20

>1E20 > E20

> 1E20 > IE20

>E20 >1E20

3.9e+01 95

>1E20 >IE20

>IE20 >IE20

>1I20 > 12D

>1E22 >1£20

>1E20 >1E20

>1E20 >1E20

IE2Q >| E2Q'

3.6e+04 >IE20

>IE20 > IE20

9.9e-03 8.6e-06

lc+06 >122

I1E20 >1E20

>IE20 >IE20

> 1E20 > 120

> E20 >120D

>IE20 >1E20

4.2e12 8.1c-3

3.1e-03 8.7c.06

> IE20 > IE20

3.7e+13 > 1E20

> E20 > IE20

>IE20 >1E20

> 1E20 > E20

> E20 > IE20

Rev. 0



a8o
Table C3- (nti)

WSRC-RP-94-218

Nudid TU2 DCF Lambda Ed Rf SUSP GW SUSP lat
(ya) (We/Q) (l4ear) (Cm0W31m) ) Trigr Th. ner

(CaU;6Eab (life-nch)

Mo.93m

Mo-93

Mo-99

Mo-WIQ

Tc-93m

TC-93

Tc-94m

Tc-94

Tc-96m

Tc-96

Tc-97m

Tc-97

Tc-98

Tc-99m

TC-99

Tc-101

Tc.104

Ru.94

Ru-97

Ru-103

Ru-105

Ru-106

Rh-99m

Rh-99

Rb-100

RhtOlm

Rh-101

Rh-102m

Rh-102

Rh-103m

Rh-105

Rh-106m

Rh-107

Pd-100

7.87e04

3SOc+03

7s3c-o3

2.78t-05

&lAe-05

1.0lc-04

557c.04

1.18e.0

2A6e-01

Z60c+06

1.50e+06

6.87c04

2.11c+05

2.70e40

3A2c45

1.Ofe.04

7.91c.03

1.08e.01

5.07c.04

999e1.0

S.36c44'

4-38c-02

2.28e-03

123e.02

3.10c+00

2.90c+o0

5.75c01

06eZ4

4.05c.03

2.49c-04

4.13c-5

I.lOC02

1.le.06

13c.06

4.4c.06

7.le08

lAC-07

25C07

5S2c-07

3.10-8

1.1-06

I.lc-06

4.8c-06

6.OC-08

1.3c06

3.8e48

1.6e-07

33e.07

6.4c-07

2.7e-06

2. ic-OS

2.Se-07

2.0e-06

3.1e-06

&Be.07

23e.06

3.S06

eooooo
1.4e.06

6.1e.07

S.4c-8

38c.06

8.81e+02

1.98e-4

920c+01

250c+04

L48eiC

2.25e+03

6.88+03

12Ac+43

701c+03

5.89c+01

2.Ble+00

2.67e-07

4.62c.o7 '

1.Olc+03

3.29C.06

237e+04

2.03e+04

6.0e+03

&76c+01

6.43e+00

137c+03

6.94c.1

12%+03

158e+01

3.04c+02

S.63c+01

2.24c-1

Z.39C-1

121e+o0

6.51e+03

1.71e+02

279e+03

1.68c+04

633e+01

0

0

0

0

0.36

036

036

0.36

036

0.36

0.36

0.36

0.36

0.36

0.36

0.36

0.36

100

100

100

100

100

0

0

0

0

0

0

0

0

0

0

0

0

2.

I

1

1

2.8828
Zs

2.8

2B

23
2S

28

2.8

2.8

28

2.8
2*9

SO1

501

501

501

501

1
1

1

1

I
1

1

I

I

I

>t20-

>IE20

> IE20

IE20

>IE20

>lE20

>IE20

>IE2D

>tE20

5.1c+15

2.9c401

9.2c 03

> 1E20

3.4e 02

:il.E2D}

>JE20

>1E20

>1E20

>12

>IE20

>1E20

>IE20

> I2

>lE20

IEZO

15c02

1 2c+00

>IE20

>IE20

I IE20

>IE20

> IE20

>1E20

8 8C06

>1E20

>lE20

> E20

>IE20

>1220

>120

>12EW.

>1E20

>IE20

8.6e-06

.6c-06

>1E20

U6e06

12E20

>E20

>1220

>1220

>1E20

>E20

>1220

> 20

>1E20

>1E20

>IE20

4Ae+04

2.lc+05

>IE2

>1E20

>1E20

>1E20

>IE20

>1E20

Rev. 0
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C-81
Tablc C3-1. (continued)

WSRC-RP-94-218

Nuclide TI2 DCF lambda ld Rf
(yw) (mnrpO) (I&e) (cm3/grn)

Pd-101

Pd-103

Pd-107

Pd-109

Ag4-02

Ag-103

Ag-104m

Ag-104

Ag-105

Ag-106m

Ag-106

Ag-lOm

Ag- lOm

Ag-ll

Ag-112

Ag-11S

cd-104

Cd-107

cd-109

Cd-113m

Cd-113

Cd-lt5m

Cd-1IS

Cd-117m

Cd-117

In-109

In-110(69m)

In-Ill

In-112

bn-113m

In-114m

In-115m

In-llS

In- 116m

958e04

4.65c-02

650e+06

1.53e-03

2^Sc 05

1.25c-04

S.70e-0S

127e-04

I.lOe1

45Ge-05

1.30e+02

690e-O1

2.OSe02

3.57-04

3.99c.O

1.08e04

7.42c-04

1.24e+00

1.46e+O1

930c+15

136e-01

&IOe-03

3.88e-04

2.97c-04

4.9tc-04

1.27c-04

71i9c-03

2.66ec05

129e-04

136e-01

S.13e-04

4.60e415

1.03e-04

3.e07 7.23c+02

6.9e47 1.49e+01

1Ae07 1.07e-07

Ile-O0 4S3e+02

7.9eB 2.43e+04

l.4c-07 5.52c-03

15e-07 1.22c+04

2.3e-07 5.44c+03

l.9e-06 633c+00.

6.1t-06 3QMc+01

7.6c08 152c+04

7.Sc06 533e-03;

.lic-05 l.OOe+00

45c-06 3.39-e+01 

l.6e-06 1.94e+03

le-07 1.74e+04

2.3e-07 6.40e+03

2Ae-O7 93Ie+02

1.2c-05 5.9e-01

I e04 4.75e-02

1.6e-04 7A5e-17

ISe-05 5.llc+00

47e-6 1.14e+02

Ile-06 1.79e+03

tle-06 234c-+03

.7e-07 1.41e+03

3.3c-07 SA4e+03

12e-06 9.OIcai-

0.00000002 260e+04

1.0e47 3A6e+03

0.00o15 SA.le-0O0

3.4c-07 13Sc+03

1.4c-04 151c-16

2.lc-07 6.73e+03

O i

o 1

0 1

0 1

10 51

10 51

10 51

10 SI

10 51

10 St

10 51

10 51

10 Si

10 51

10 51

10 S1

8 41

a 41

8 41

8 41

8 41

B 41

8 41

a 41

8 41

o 1

o 1

0 1

o 1

S.0 ; I

o 1

o 1
o i

0 1

SUSP OW SUSP Int
Tdgger Thgger

(CaeVnch) (Ckften)

>lE20 >1E2D

>1E20 >IE2

l-lC40 8AC-06

>IE2D IE20

>1E20 >'E20

> E20 >lE2O

>IE20 >IE20

>lE20 >lE20

IE2D >IEZO

IEDO ;PIE20

>IE20 >IE20

42c-01 iScO5

>IE2O >IE20

>1E20 >IE20

>1E20 >1E20

>IE20 > IE20

>1E20 >IE20

>1EMO >IEZD
>IE20 IE20
>1E20 >1E20

73e01 1.Oe-03

4.0c-03 86c.06

>IE20 >lE2O

>IE20 >IE20

sIE2O lE20

>1E20 >IE2D

> IEZO > IE20

>lE20 >IEZO

>IE20 :1E20

>IE20 >IE2D

>1IE20 >IE20

13c+08 >E120

>IE20 >IE20

.Ie-04 8.6e-06

>E20 >IE2O

Rev. 0
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C82
Table C3M1. (ntinued)

WSRC-RP-94-218

Nudide T112 DCF LaMbda u Rf
(a) (mmpQ) (Iya) (a**3gm)

b-117m

In-117

In-119m

Sn-ItO

Sn-111

Sn-113

Sn-117m

Sn-119m

Sn-l2lm

Sn-121

Sn-123m
Sn-123

Sn-125

Sn-126

Sn-127

Sn-128

Sb-115

Sb-116cn

Sb-116

Sb-117

Sb-O8m

Sb-119

Sb-120(16m)

Sb-L20(6d)

Sb-122

Sb-24m

Sb-124

Sb-125

Sb-126m

Sb-126

Sb-127

Sb-128(9h)

Sb-128(10m)

Sb-129

221C44

&37e-5

3R2c-O5

456e.04

6Ae.O5

3.15c01

3J e02

102C.01

7.60c+O1

3.08e.03

7.61c.os

3.S3c.01

264-02

1.OOe+05

242e-04

L12C.04

5.89C-05

1.14c04

2 8e-O

3.19e,04

S.2f-04

4.33c03

3.04e05

159e-02

7A5e-03

1.77c-04

1.65c43

240e+00

3.61c-o5

339e02

1.04c-02

1.03e-03

1.90c 05

4.95e.04

4.2c.07 3.13+03

&7e-08 &29e+03

1.0c07 2.0Bc+04

15c-06 152e+03

67c.08 t04c+04

2.7c06 .20e+o0

2.6e.06 1.Sle+01

l2c-05 &64"I1

23c06 9.12eC.3

B9c-07 225c+02

.Oc-07 9.11c+03

7.7c06 l96c+00;

I.lc-05 2.62c+01

1.7c-O5 6.93e-06 8

7.4c 07 2.7c+03

52e-07 6.18e+03

63c08 1J.8e+04

24c-O7 6.08e+03

5.CeOS 2.43e+04

7.4e4-8 2.17e+03

9.3e-7 1.19e+03

3.4c-07 1.60e+02

3.e0e18 228e+04

5.4c-06 4.37e+01

6.3e-06 9.31c+01

lOe.08 3.92e+03

9.3c.06 420e+00

z6c-O 289eX-1

7.3e-08 1.92e+04

9.6c06 2.04e+01

66-e06 666e+01

4-3c-06 6.75e+02

S.Oe-48 3.65e+04

1.7c-06 1.40e 03

0

0

0

130

130

130

130

130

130

130

130

130

130

130

130

130

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

10

1

I

1

651

651

651

651

651

6S1

651

651

651

651

651

651

651

Sl

51

51

51

51

51

St
51

51

51

S1
51

51

51

Si

51

51

SUSP &W SUSP Int
rigger T.gger

-(CnfCh) (MiUch

>1E20 >1E20

>IE20 >1E20

>IE20 >1E20

> 1E20 > 1E20

>IE20 >"E20

> 1E20 >IE20

>1E20 >IE20

>1220 >1E2D

62e+13 2.2c-4S

>IE20 >IE20

>1E20 >1E20

>122 >122O

>1E20 >'E20

6.21 &6e.06

>1E20 >1E20

>IE20 >lE20

>1E20 >1E20

>1220 >1E20

>1E20 >1E20

>1E20 >IE20

>1E20 >1E20

>1220 >1E20

>IE20 >1E20

>1E20 >1E20

>1 E20 >1E20

>IE20 >IE20

>1E20 >1220

>1E20 3.E+07

>1E20 >1220

>1E20 >1E20

> 1E20 > IE20

>1220 >120

>1E20 >1E20

>1E20 >1E20

Rev. 0
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C84
Tl C3-L (aued)

WSRC-RP-94-218

Nudide Tl2 DCF IAznda Kd Rf
O=) (CrcO) (1611) (1**p3/4M)

0-125

0-127

0.129

C9430

0-131

s-132

CS-134m

C-134

C-135m

C0-135

0,136

Cs-137

C-138

Ba-126

Ba-128

Ba-131m

Ba-131

Ba-133m

Ba-133

sa-l35m

Ba-137m

Ea-139

Ba-14O

Eta-141

Ba-142

La-131

la-132

18-135

La-137

La-138

La-140

L*-141

La-142

IU-143

7.07e-04

S.70e-05

2.66e42

1U80c.02

3.31c04

2M6e+00

.01e04

230ei06

3.53e-02

3.Dlc+01

6.12e-05

144

657c03

Z78e45

320c-02

4.44eO3

1.07e+O1

3.27e-03

0.000005

LS8-c04

350c.2

3A4&-0S

Z03e-05

1.12c-04

5.13e-04

2Me.03

6.00e+04

1.06e 11

4.9e.03

4.41c-04

1.76e-04

2.66e05

sse.08 oe+1S03
8.0e-08 9ROe+02

22c-07 1.90c+02

49-08 122e+04

2.c-07 2.61c+01

1.9e06 3Zc+01

4.2e-08 2.10c+03

7A4e0S 5.36e.01

4g-08 6.88e+03

7.lc-06 3.le-07

I.lc-05 1.96c+01

S.OC-O5 2.30e-02

16c-07 1.13c+04

9.Oe-07 3.76e+03

IZ--05 1.05e+02

9.7c-07 2.50e+04

1.6c-06 2.16e+01

2.O-06 1.56c+02

32c-06 6.48c-02

1.6e-06 2.12e+02

1.43e+05

3.9e 07 438e+03

&4e-06 1.98e+01

2.0e-07 1.99e+04

.Oe-07 3.41c+04

L.le-07 6.1e+03

15c.06 1.35e+03

13e-07 3.12ci-02

43c07 1.16C05

59e-46 654c-12

7.7e.06 l.SIe+02

1.4c-06 1.57e+03

&3e-07 3.95c+03

M.c 07 2.60e+04

100

100

100

20D

100

100

100

100

100

100

100

100

100

5

S

5

5

5

5

5

5

5

5

100

I00

100

100

100

100

100

too

501

501

501

501

501

501

SDI

501

501

501

501

501

501

26

26

26

26

26

26

26

26

26

26

26

26

501

501

501

SO5

501

501

501

501

501

SUSP GW SUSP L
Thgger Trger

(cltrench) (& Epchb)

>1E20 >1IM

>1E20 >1E20

> IE20 >1E20

>1E20 >'E2

,IE20 1IE20

>IE20 >1E20

>1E2D >1E20

>IE2 3.sc+09

>1E20 >1E20

1.1cl-00 &6c-06

>1E20 >IE20

> E20 8&6c05

>1E20 >IE20

>1E2D >IE20

>IE20 ,1E20

>1E20 >1E20

>1E20 >2E20

>IE2D > IE20

Sc+02 5.6e03

>1E20 IE2D

>1E20 >1E2D

>IE20 >IE20

>IE20 >IE20

>1E20 >IE20

>1E20 >IE20

>1IEZO IE20

>1E2D >1E20

>IE20 >1E20

1.9c+01 &6.06

13e+0O 8.6e-06

>1E20 >IE20

>1E20 >1E20

>IE20 > 120

>1E2D >1E20

Rev. 0
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C-86
Table C3-1. (continued)

WSRC-RP-94-218

Nucidc T112 KP Lambda Kd Rf
Ca) (=r4a) (14far) (Cm-3Ilm)

Pm-149

Pm-ISO

Pm-151

Sm-141m

Sm-141

Sm-142

Sm-145

Sm-146

Sm-147

Sm-151

Sm-153

SID-ISS

Sm-158

Eu-145

Eu-146

Eu-147

Eu-148

Eu-149

Eu-150(12h)

Eu-150(34y)

Eu-152m

Eu-152

Eu-1S4

Eu-l5

Eu-156

Eu-157

Eu-158

Gd-145

Gd-146

Gd-147

Gd-148

Gd-149

Gd-151

Gd-152

6b03

3.06e-04

3.24e-03

IS94e.05

137C-04

931c.01

7Ake+G7

1.06e+l1

9JOOe+oi
5-33e-03

4522C-5

8.37C-45

1.62e.02

126e02

6.MCe02

IA&-01

2.90e.01

1.37c.03

3.40e+Ol

1.07C-03

1.34e+OI

8.2oe+00

1.70e+00

4.22C-02

1.73e-03

&73e405

4.75e-GS

1.26e02

3S9e-03

13.40+02

2.46c-02

329e-01

1.10e14

36e-06 1.14e+02

9S-7 2.27e+03

28e.06 2.14e+02

1.8e07 1.61c+04

-08 357c+04

6.Oe.07 5.06e+03

&S.0c7 7ASc-1

2.0e-04 9.e-09

1.8.04 654e-12.

3.4c-07 7.70r.03

2e-06 1.30e+02

6.6e-08 1.64e+04;

1.O-06 82c+03'

3.2e05 4.29e401 i
S.le-06 S SOc+01

1Se-06 1.15e+01

5.2e06 4.69e+00

42e07 2.39e+00

1.5e-06 5.06e+02

62e-06 204..02

1.9c06 6,5 c+02

6.Oe-06 S.17ee02

9.e-06 &45e-O

1.3c06 4.08e-01

8.7c-06 1.64c+01

2.3e-06 4.00e+02

2.6e-07 7.94e+03

I.le-07 1.46e+04

3.e-06 5.SOc+Ol

2.6e-06 1.74c+02

2.Ie-04 S33e03

18C4-6 2.81C+01

7.7e-07 2.11e00

.Se-04 630e-15

100

100

100

100

100

100

100

100

1oa

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

10o

100

100

100

100

100

100

100

100

S01

501

S01

S01

501

So1

301

501

S01

501

501

S01

S01

S01

S01

SO1

501

501

501

501

501

501

SO1

501

501

S01

S01

S01

SO3

;So1

So1

501

501

50l

SUSP oW SUSP sw
1dgger 1 au

(Cita a) (aftndi)
>1IE20 :1E20

> IE20 >1E2O

>IE2O >IE20

>IE20 >IE2

>1E20 >1E20

>IE20 >lE20

> E20 >1E20

4.c.02 8.6c.06

4AC-2 8&6.06

56e+09 1.9e-05

>IE20 >1E20

>IE.20 :lPMw

>IE20 >lE20

>lE20 >IE20

>IE2D >IE20

> E20 > E20

>lE20 >1E20

>IE20 >IE20

>1E20 >120

>IE20 66e-05

>1E20 :1E20

>1E20 1Se-O3

>lE20 4.1ec02

>1E20 >IE20

>IE20 >IE20

> IE20 > 1E20

> IE20 > 1E20

> 1E20 >IE20

>IE20 >lE20

>IE20 >IE20

2.4e+04 lSe.05

>lE20 >1E20

>IE2D >1E20

53e-02 &6e-06

Rev. 0
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C-87
Table C3-L (continued)

WSRC-RP-94-218

Nudidt T112 DCF Lambda Kld Rf
O~ear) (mremin ) (4ar) (c*m3 /gm)

Gd-153

Gd-IS9

b-147

Tb-149

lISO

Tb-1S5

Tb-153

Th.154

Wl155

Tb456M(24h)

b-136n(5b)

U-156

b-137

Tb-158

Tl-160

Tb-161

Dy-1SS

Dy-157

Dy-159

Dy.165

Dy-166

Ho-ISS

Ho-IS7

Ho-IS9

Ho-161

HO-162m

Ho-162

Ho-164m

Ho-164

Ho-166am

Ho-166

Ho-167

Er-161

Er-165

61e-1

2.12e-03

436ec05

4.68c04

354c04

205c.03

6 7c 03

9.70c04

lS3C-02

2.74C-03

6.27e04

1.48C02

1<.Se+02

120c+03

1.9&'1

1e88e02

1 2-03

9.24C-04

3-4Oc1

h6t-04

9.3 1c03

9.SleOS

2.6&05

6.27e.O0

28Se-04

1.29e.04

2.85c05

7.13e.05

7.03e-05

120c+03

3.06C.03

354C-04

354e04

1.18&e03

I.Ic-06 1.OSc+00

1.9c-06 3.27e+02

Se07 1.52c-04

95c-7 IA8e+03

9.7e07 196e+03

e.4-06 338e+02

9.9e07 1.lOe+02

2.8e46 7.ISe+02

8.2e-07 452e+01

7.0c-07 253e+02

32e07 1.10+e03

4.6e06 4A%9+01

1.Oe-07 4.62e-03

4.Oe.06 S.78e-04 #
6.4c.06 3.5Oct00

2.6e-06 38c+o1

5.6e-07 5.79e+02

27e.07 750e+02

4.0c.07 1.76c OO

3.6e 07 2.61e+03

6.2e-06 7.45c+01

1.2c-07 7.29c+03

1.9e-08 260e+04

23c-08 1.10e+04

4.7c-08 2.43ct03

9.0e-08 536e+03

6.7e.09 243e+04

4.9cO0 9.72c+03

2.4e-08 9.85e+03

7.-06 S.78c-04

S5c 06 227c+02

3.2c.07 I.96e+03

3.3e07 1.96c+03

7Se.08 S.6e+02

100

100

100

100

100

100

100

100

100

to1

100

100

100

100

100

100

100

100

100

100

100

100

100

IQO

100

100

100
100

100

100

100

100

100
100

501

SO1

501

501

501

501

501

501

501

SO1

501

501

501

501

501

501

501

501

501

SO1

SO1

501

501

501

501

501

501

501

501

,S01

501

501

501

501

SUSP OW SUSP bz
Trngger Tngger

(Ctfnh) (ifrc)

>1E2D I2O

>IE20 >IE20

>1E20 >IE20

>IE20 >IE20

>1E20 1E20

>lE20 >IE2D

>1E20 >IE20

>'E20 >lE20

>lE20 >1E20

>lE20 >IE2o

IE20 >E20

>1E20 >1E20

84e+06 1.c-45

&4e+00 92e.06

>IE20 >1E20

>lE20 >IE20

>1E20 >IE20

>IE20 >lE20

>IMS >lE2D

>IE20 >IE20

>)E20 >IE20

>IE20 >IE0

>IE20 >IE2

•IE20 >I220

• IE20 > 1E20

1E20 >1E20
>IE20 >IE20
>1220 >1220

>IE20 >lE20

4.3e+00 9.2e-06

> E20 >1E20

>1E2D >122

>IE20 >lE20

>IE20 >1E20

Rev. 0



C48
Table C3-L (ntinued)

WSRC-RP-94-218

Nudid Ti2 DCF lambda Kd Rf
byear) (mrcm4)Ci) (16tar) (cm*3gm)

Er-169

Er-171

Er-172

Tn-162

Tm-166

T-167

Tm-170

Th-171

Tm-172

Tm-173

Tm-175

Yb 162

Yb-165

Yb-167

Yb-169

Yb.175

Yb-177

Yb-178

Lu-169

Lu-170

Lu-171

Lu-172

Lu-173

Lu-174m

Lu-174

Lu-176m

Lu-176

Lu-177m

LU-n

Lu-17&n

Lu-178

Lu-179

Hf-170

Hf-1

2576-2

5.S9e-03

IA6e04

&78e.04

2.63e-02

7.26e03

935c.04

3.S~e.05

3"9e-05

l90e 05

3.42e.05

&76e-02

lISe02

2.17e-04

IAOe.04

3S&8.03

5.48e-03

227c 02

lB3e02

137c+00

3.83c-01

31iOe+*O

421c-04

3.00c+10

4AIc-02

1.84e-02

3.so05

5.70eOS

5.25e-04

139e03

5.OOe+coo

1M 06 2.69c+01

1.4-06 &08e+02

3.7e.06 1.24e+02

7.e-08 4.73e+03a

1.2e-06 7.89e+02

2.Ic-06 2.64e+01

S.O-06 1S6e+00

39e.07 3.61c0t

60e-06 9.Sc+Ol

12c06 7A.e+02

S.4e-4 1.82e+04

7.0e-08 1.93e+04

3.e-06 3.65c+04

1.7e-08 2.03e+04

2Se-06 7.91c0o

1.6e 06 6.04c+01

3.1c-07 3.20e+03

3.9c-07 4.94e+03

20c46 1.79et02

43e-06 127e+02

2.6e-06 3.05e+0i

S.Oc06 3.78c+01

9.7e-07 5.06e-01

1.8e-06 .81c+OO

9.9e-07 1.93c-01

6.3e.07 1.6Se+03

6.6c-06 2.3le-11

6.8c06 157ctO1

ZOe-06 3.77e+01

8.408 1.82c+04

1.2e-07 122c+04

8.1e-07 132c+03

1.2c-05 4.98ei02

4.1e06 139e.01

100

100

too
100

100

100

100

100

100

100

100

100

100

1W

100

100

100

100

100

I00

100

100

100

100

100

100

100

100

oD

100

100

100

100

S01

S01

501

501

501

501

501

S01

501

S01

501

501

S01

501

501

501

501

501

501

501

501

501

S01

501

501

501

501

501

So

;501

501

501

SO0

501

SUSP OW SUSP lot
Tngger TriBcr

(CAtnch) (tn) 

>1E20 >IE20

>IE20 >IE20

>IE20 >IE20

>1E20 >IE20

>'E20 >1E20

>IE20 >IE20

>IE20 >IE20

>1E20 4.1e+10

>1E20 ,'1E20

).lE20 >IE20

>IE20 >IE20

> 1E2D >1E20

>IE20 >IE2O

>1E20 >lE20

>IE20 >IE20

>1E20 >IE20

>1E20 t1E20

>IEZO >1E2D

>IE20 >IE20

>1E20 >1E20

> IE20 >1E20

>IE20 >IE20

>IE20 >IEZO

51E20 >1E20

>IE20 2.0e+03

IE20 >1E20

1.2+0O &6c-06

> IE20 > E20

>IE20 >'E20

> IE20 5 lE20

>IE20 >1E20

>1E2D >'1E20

> 1E20 > IE20

>1E20 9.Ic+oo

Rev. 0



C89
Table C.3-L (ntinued)

WSRC-RP-94-218

NUWCde Tk2 DCF Lambda Kd R
Oar) (m=M (ear) (=v*3Igm)

H1-173

}If-175

Hf-177m

Hf-178M

Hf-179m

Hf-lsom

I-181

HI-182m

Hf-182

U-183

Hf-184

Ta-l7

Ta-173

Ts-174

Ta-175

Ta-176

Ta-l7

Ta-178

Ta-179

Ta-1som

Ta-t80

Ta-182m

Ta-182

Ta-183

Ts-184

TA.185

Ta-186

W-176

W-177

W-178

W-179

W-181

W-185

W-187

lS2v03
1.92eX01

9.77c-05

3.10c+O1

6.87e02

6.27e.04

1.16e-01

1.18e.04

9110ei-06

1-25e-04

4.68e*4

&37 05

422e04

lA8c-04

1 20e03

9.13e.04

6A6e-03

1.79e-05

2AOe-04

9.24e-04

l.Oe+ 13

3.02e.05

3.lSe.01

140c-02

9.92c-04

9Sle-05

2.OOe-05

2S.-04

257e-4

589e-2

7.22e05

3.31"I1

2.06e-01

2.73e-03

9.6e.07

1.6e-06

2.Se07

2D-

4Be-06

8.9e.07

4.3e.06

I.4e07

1.4c05

2.Se-07

2.le-06

1.4c47

7Ac07

1.9e4Y7

M807

1.3c.06

4.k4.7

2.9c-07

2.5c07

2.1c-07

3.3ez06

2Z4c.08

6.0e-06

4.6e.06

2.7c'06

2.O-07

6.7e.08

4.8c-07

2Ae-07

9.1e.09

19e-46

2.6e-06

257C+02

3.62e+00

7.09e+03

2.24c-02

1.O1c+01

l.IOe+03

S97c+00

S.M+03

7.70e408

552c+03

I8&c+03

8.29e+03

1.64c+03

4.67c403

5.79e+02

7.60e+02

1.07e+02

3.88c+04

2.89c+03

7SOe+02

6.93e-14

2.29et04

2.20c+00

4.96e401

6.98e 02

7.29c+03

3.47e+04

2.43c+03

2.70e+03

1.18c+01

959e+03

2.09e+00

3.37c+00

2.54e+02

100

100

100

100

100

100

100

100

100

100

100

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

'0

10

0

C

0

0

501

50

501

501

501

501

501

501

501

501

501

1

I

1

1

1

1

1

1

1

1

1

1

1

1

1*

1

1

1

I

I

I

SUSP ow
Trigger

(Clftrench)

>IE2D

>IE20

>IE20

;P-E20

> lE20

> 1E2D

>IE20

S.6e01

>1E2

IE20

> IE20

>1E20>1220

>' 120
>IE20

>IE20

>lE20

> lE20

IE20

4.8-03

16c+02

> IE20

> E20

> IE20

>1E20

> 1E20

>2IE20

>1E20

le+03

1.7c+05

> E20

SUSP ID?
Trigger

(afttich)

>1E20

>1E20

> IE20

>1E20

>IE20

8.6e06
>lE20

>IE20

>IE20

>lIE20

IE20>1E20

>1E20

IE20

> IE20

>1E20

Ue06

>1E20

>E20

>1E20

>IE20

>1E20

,* IE20

> E20
>1E20

1.E20

>1

>1E20

lE20

>1E2D

!12

>lE20

Rev. 0
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C90
Table C3-1. (continued)

WSRC-RP-94-218

Nudide TI/ DC &lmbda d I
(e) (mrci4Q) (Vear) (&an03/gm)

W-198

Re-n

Re-178

RC-e81
Re-182(64b)

Re-J82(12b)

Re-184m

Rm-184

Re-186
Re-3M7
Rc-3817

Re-188m

Re-188

RO-189

0F.180

0>-181

OS-182

OS-1985

Os-189m

OS-191

Os-194

Ir-182

Jr-ho

Ir-17

Ir-Iss
k-lB7

Ir-189

Ir-190n2

Ir-l9

Lr-192

3.2.3O5

2.Ske05

2.OC-0

IASe-03

1.04e02

2.00e+05
1o

1.03Ce42

7.00e+10

354e-05

191c43

274c.03

4.13c05

4-37e.05

25 1c-03

2.57c.01

Gize04

4.19e.02

4S19e-03ASc-3

2s45

i365e-04

1.60e03

1.83e.03

120e03

4.68e03

3.64e.02

3.65t-04

3.Ole-02

7-74C.06

2.03C-01

9M-06

4.4e4S

4.8e.08

1.Oe-06

3Ac-06

7Ae07

2A4c.06

22c06

33e-06

26e-06

8.3e-09

6.2e08

2.8e06

.Se-06

4.7c-08

335e.07

22e46

2.Ic-06

3.6e-07

M406

3.ci06

9.le-06

12e-07

6.4c-07

I.le-06

2.1e406

4.8c-07

2.7c46

9.3c-07

3.0e.08

4.9c-06

.Se-06

5.3e.06

3.67C+00

244e+04

2.43e+04

338c+02

9.49e+01

4.78e+02

150C+00

6.6ft+01

3U47e46

6.71c+01

9-90c-12

1.96e+04

3.64c+02

2.53e+02 i

1.68e+04

135 9+04

2.76e+02

2.69e+00

l.Ole+03

4.67e+02

1.65e+01

19e+t02

1.16C-01

2.43e404

1.90c+03

4.34c+02

3180e+02

5.79C+02

lA.8c+02

1.90c+01

1S-e4O3

2.30e+01

2.53c+05

3.41e+O0

Rtr SUSP OW

1 1.e+05
I >120
1 >IE20

IE20

1 >1E20

I >1220

1 >1E20

1 12e+l0

1 >lE20

I 4.8>IF

I >1E20

> I.9e+00

I >1lE20

1 >1

I >120

I >2 l20

I .1220

1 >1lE20

I 5.3+03

>IE20

I >12

1 >IE20

1 >IE20

I 3.le.03

I >IE20

I xl1E20

1 >IE20

1 >IE20

1 .1E20

1 > IE20

1 >1220

I >1220

1 7.>lE20

7.6c+04

SUSP LU
rgger

>112

>IE20

> IE20

>1220
> IE20

>1E20

> IEao

>IE20

8.6c 06

> IE20&6e.0

>1E20

> MMt

>1E20

> IE20

>IE20'

>122

>IE20

> IE20

> IE2Q

>IE20

> IE20

> IE20

> 1EZD

> IE2D

>IE20

>IE20

IE20

> IE20
>IE20

IE2D

Rev. 0
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C-91
Tabk C3- (ntinucd)

WSRC-RP-94-218

NucWc 112 DCF Lambda Kd Rf
(yar) (emCO) (1p4ar) (c6*'3/1m)

1r494m

Ir-194

Ir-195m

Ir-195

Pl-186

P,-188

Pt-189

Pt-191

Pt-193m

Pt-193

Pz.195m

Pt-197i1

P 1197

Pt-199

Pt-200

Au-193

Au-194

Au-195

Au-198m

Au-198

Au-199

Au-200m

Au-200

Au-201

Hg-193m

H1-193

Hg-194

Hg-195m

H11195

HS.197m

Hg-197

Hg-199m

Hg-203

M-194m

4.68e.O1

222e.03

4.45e-04

4.79c-04

3S2e.04

2.79e.02

124c43

124c03

1.Ige-02

S.OOe+Ol

1.Oe.02

1.79c 04

2.09e-03

5S.6e5

131c-03

1.83c-3

4.51e03

5.Olc-Ol

630c-03

73&e 03

&60c-03

2.13c-03

4.94e.0

1.14e-03

6.84c-04

1.90et0

456e-03

108e.03

2.72c-03

731e.03

128e.1

624e05

8ae-06 1.4e+00 0

S.lc.06 3.12e+02 0

&4c-07 1.56e+03 0

3A.c7 IASec+3 0

3.7c.07 2.03c+3 0

3AIe-06 248e+o1 0

4.9c.07 S.57e+o2 0

13c-06 SS7c+02 0

1.7c-06 5.89e+01 0

l.le07 139c-02 0

22e-06 6.30e+0i 0

3.lc-07 3.88e+03 ; 0

ISc06 3.32c+02 0

1.0cC7 1.1&+04 0

4. 06 5.2&+02 0

6.0e.07 3.0ct+O2 0

20-06 1-54e+2 0

1.e-06 138e+0 0

5.7c.06 1.10e02 0

2.3e-06 939c+01 0

1.c06 &06e+O1 0

4.6e-06 3.2ctOZ2 0

1.9e-07 7.53e-03 0

5.7c-08 1.Ae+04 0

1.6c-06 6.08e+02 1000

3-e-07 l.Olc+03 1000

6.OC-06 3.65e-01 1000

2.2-06 1.52ct02 1000

3.8e-07 6.40c+02 1000

1.7c06 2SSc+02 1000

9.lc-07 9.48e+01 1000

B5c08 896e+03 1000

21c-06 .43e+ OD 1000

I

I

1

I

I

I

1

I

1

I

1

1
1

1

1

1

I

I

I

I

I

I

5001

5001

5001

5001

5001

M00

SUSP GW SUSP Int
Thbger Trigger

(Cihffnch) (Citfenc)

32e+00 >1E20

>1E20 >11E20

> IE20 >1lE20
>1E20 >122

>IE2D >IE20
> IE20 :~1EF20
>1E120 >1lE20

>1IE20 >IE20

>122 >11E20

>IE20 >lE20

1.5c.0l 3-Se-05

>IE20 >IE20

>1IE20 >1IE20

>IE20 >IE20

>1E20 >lE20

s-IEZD >IE20

>IE20 >IE20

>IE20 >IE20

lAe*01 >lE20

>1E20 >1E20

>120 >IE20

>IE20 >1E20

>IE20 >1E2D

>IE20 >IE20

>1120 >1E20

> E20 >1IE20

>1IE20 >1E20

>1lE20 6.0c+10

>IE20 >IE20

>IE20 >1320

>IE20 >1E20

>IE20 >IE20

>IE220 >E20

>12 >11320

7.le4S 1.le+04 0 I >IE20 >IE2D

Rev. 0
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C-93
Table C3-1. (continued)

WSRC-RP-94-218

Nudidc Tf2 DCF Lambda }d Rf
(vr) (mrea) (1/ear) (cm"'3gm)

BI-213

Bi-214

Po-203

Po205

Po.207

Po-210

AI-207

AI-211

Fr-22

Fr-223

Ra-223

Ra-224

Ra-225

Rs-226

Ra-227

Ra-228

AC-224

Ae-225

Ac-226

Ac-227

Ac-22B

Tb-226

lb-227

n-228

lb-229

Th-230

Tb-231

Th-232

Tb-234

Pa-227

Pa-228

Pa-230

Pa-231

Pa-232

&68eO5

3.76c-05

7-99e-05

2.05eM

3.79e-01

2A~e-4

&22e04

2.1e-5

4.18e-05

3.13e-02

991c-03

4.05e-02

1.62c+03

7.83-05

S.75c+00

3.3le-04

2.74c-02

3.31c-03

2.19e+01

&99e.04

5.87e-05

5.13e-02

1.91c+00

7A3e+03

7.70e+04

2.91c03

1.41e+ 10

6.60e-02

728c05

2.97c-03

4.85c-02

3.28e+04

359e03

&&-07 799e+03 0

24e07 1.84e+04 0

2kc-07 &6&+03 0

2AM-07 3.3&+03 0

6.1c-07 1.07c+03 0

16e-03 lSe+00 0

.9c-07 338e403 0

4.1c45 8.43e+02 0

25c06 2.46e+04 0

81ie-06 3.66c+04 0

5SX-04 2.21e+01 500

33c-04 6.99c+01 ; 500

3.le-04 1.71c+01 500

l.lc-03 427c-04 4 500

22c07 B.8Se+03

1.2e-03 1.21c-01

2.6e06 2 10eI-03

9Sc.O5 253ei-01

4.0ce05 IOctO2

1.4c-02 3.18c-02

2.1e06 9.91e+02

9.2c-07 1.18c+04

3.6e-05 1.35c+01

3.8e-04 3.62I01

3Sc.03 9.33c-5

S3e.04 9.00c06

1.3e06 23Be+02

2.8c-03 4.93c-11

1.3e-05 1.05e+01

13e-06 9.52c103

4.0e-06 234e+02

5.6c-06 1.43c+01

1.1c02 2.12c-05

3.4c-06 13+e02

500

S00

150

150

1SO

lSO

150

3000

3000

3000

3000

3000

3000

3000

3000

10

10

10

10

10

I

I

1
1

1

1

1

I

1

2SO1

2501

250,

25Q1
2501

2501

751

751

751

751
751

15001
lSOMl

15001

15001

15001

15001
15001

;51

51

51

Si

51

SUSP Gw SUSP t
Trge Thgr

(Citrench) (Qftrench)

>IE20 IE20

>1120 >IE20

> IE20 >IE20

>lE20 71E20

>IE2D >120

93c-02 >1E20

>1E20 >IE20

>1E20 >1E20

>1E20 I'1E20

>IE20 >11220

> IE20 >IE20

>1E20 >1E20

>IE20 >1F20

7.5c+00 9.0c-06

>11220 >122

>IE20 >1E20
> E20 IX+0

>1E20 >1E20

>1E20 >1E20

>IE20 Zle-04

>11220 >IE20

>1E20 >1E20

>IE20 >1E20

>1120 4.7ct1o

7.4O1 &7e-06

8.8c01 &6e06

>IE20 > IE20

&e5.02 8.6c-06

> IE20 >IE20

>IE20 :IE20

>IE20 >1E20

>1E20 >1IE2

7.4e-05 87e06

>1E20 >1E20
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C-94
Table C3-1. (coninued)

WSRC-RP-94-218

Nudide T12 DCF mbda Ed Rf
Oear) (nmMm) (W-ar) (cm 3fgm)

Pa-233

Pa-234

U-230

U-231

U-2

U-233

U-234

U-235

U-236

U-237

U-238

U-239

U-240

Np-232

Np-233

Np-234

Np-235

Np-236(lESy)

Np-2362)

Np-237

Np-238

Np-239

Np.240

Pu-234

Pu-235

Pu-236

Pu-237

Pu-238

Pu-239

Pu-240

Pu-241

Pu-242

Pu-243

Pu-244

739c-02

7.4e-04

5.69c02

7.20e+F01

1.60c+05

Z4Se+ot5

7.04e+eg

234eC07

1.85e-02

4.47C+09

4.47c-0

1.61c03

2.47c-05

6.65c-05

1e.02

1.12e+00

1.lOc+05

2SIc-03

214e+06

sisoc-03

6.38c03

103c.03

4.94c-45

2.5e+00

124e01

878e+Ol

2.41e+04

6S7c+03

1.44c+01

3.76e+05

S.65c-04

&10eF07

33e06 9.38e+00

2.lc.06 9.07c+02

8.4e-04 I2e+01

1.1c 06 1.6le-Ol

13e-03 9.63c-0

2.7c.04 4.35e06

2.6c04 2A3e06

2.Se04 9.85c-10

2Sc-04 2-96e08

2.7e-06 3.75e+01

23C-04 1.55e-10

7.6c-08 1.55e+04

4.le-06 4.31c+02

2Ac-08 2.80e+04

S.6e.09 1.04e+04

1.7c-06 S.75e+01

2.1e.07 6.17c-01

7.9c.04 6.30e06

9.Se-07 2.76e+02

3.9c-03 3.24c-07

3.4c-06 1.20e+02

2.9-06 1.09e+02

20c-07 S.79c+03

12e-06 h75e+02

lAc08 1.40c+04

1-3e03 2.43c-01

1be-06 S.58c+00

3.8c-03 7.90e-03

43e-03 2.B7c05

403 1.6e-04

8.6e-0S 4S~c-02

4.Ic-3 184e.06

3.3e07 I.23c+03

4.0e.03 856c-09

10

10

so

50

SO

SD

so

so

SO

SD

SO

SO

SO

10

10

10

10

10

10

10

10

10

10

100

100

100

100

100

100

100

100

100

100

100

S1

51

251

251

251

251

251

251

251

251

251

251

251

51

Si

51

Si

Sl

51

51

51

51

S1

So1

501

SOI

501

501

501

501

501

S01

501

501

SUSP OW SUSP t
Tuigger Trigger

(Cltxrnch) (CULferwh

>lE20 >IE20

>lE20 >IE20

> E20 > E20

>lE20 8.7ct0o

SAe+02 23c.O

1.Se-2 &6e-06

1.Se-02 8.6c-06

1AC.02 8.6e-06

lc6-02 &6e.06

>1E20 >1lE20

1.7c-02 &6e406

>IE20 1lE20

>1E20 >IE20

> IE20 > IE20

> nE20 >IE20

>1E20 >IE20

> IE20 >lE20

I.Oe03 &6.06

> IE20 >lE20

2.1e-04 B.c06

> IE20 >IE20

> I20 >IE20

>IE20 >E2D

>lE20 > IE20

> IE20 32e+05

>lE20 >1220

82e+05 1.9c05

2.0e-03 87e-06

2.40c3 &7e-06

>1E20 l.lC.03

1.9c03 8.6e-06

> IE20 > I20

2.0c-03 8.6e
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Tabke C3-1. (continued)

WSRC-RP-94-218

Nuclde TIA DCF Lambda d Rf SUSP OW SUSP L2
(ear) (m ) (Mrear) (cm*03/I) Trigger Tdgg

(aCrenc) (treocb)

Pu-24S

AD-237

Arn-238

Am-239

Am-240

Am-241

Am-242m

Am-242

Am-243

AM-244m

Am-244

m-245

Am-246m

Am-246

Cm-238

Ci-240

Cm-241

Cm-242

Cmx-243

Ci-244

Cnm-245

Cm-246

Cm-247

Cn-248

Cn-249

Bk-245

Bk-246

Bk-247

Bk-249

Bk-2SO

Cf-244

Cf-246

Cf-248

Cf-249

1.14e-03

1.48c-04

2.17e-04

138e-03

S.82e.03

432e+02

152c+02

.83c-03

7.37e+03

4.94e-05

1.lS4c03

2A~e04

4.75e-05

4.75e.05

2tS.04

734e.02

958e-02

4.46-Ol

2.S5e+01

I.81e+01

8SO+c03

4.70e+03

AOc0tO7

350e+05

1.24e-04

136C-02

4.93c-03

L40e+03

&8Oe-01

3.67e-04

4.75eO5

4.1 let03

9M86e-0l

351c1-02

24ce,6 60Oe+02

7AC0S 4.67e+03

1.7e-07 320e+03

1O-06 S.02e+02

2.9e-06 119e+02

4.5e-03 1AOe-43

4.2c.03 4-56e-03

1.2e06 3.0c+02

45c-03 9.40e-05

6k-M8 1.40e+04

2.-Oe06 602e+02

1.8c-07 2.89e+03

SMc-O 1.A6e+04

lXe07 1.46e*04 f

3.6e07 2.43e+03

63c.05 9.4Se+OO

4.6e-06 723+00

I.le-04 156c+00

2.9c03 2.43e-02

23c03 3.83e-02

4.5e-03 8.15c05

4.Se.03 1.47c04

4.le-03 4.33e-8

1.6e-02 198c-06

9.5c-08 5.61e+03

23c-06 5.Oc+Ol

1.9c-06 1Alc*02

23e-03 49Se-04

6.Oe406 7.88e-01

5.0e-07 129c+03

15e47 1.46e+04

1.2e45 1.69e+02

2.8e-04 7.03e.01

4.6c-03 1.97e03

100

150

150

150lSO

lSO

ISO

lSO

ISO

150

ISO150

150

10

100

100

100

100

100

100

100

100

100

too

1O0

100

100

100

100

100

100

100

100

SO1

751

751

751

751

751

751

751

751

751

751

751

751

751

SOI

501

SO1

Sa1

501

501

501

501

501

501

501

501

501

501

SO1

,501

501

501

501

SO1

>122 >IE20

>lE20 >1E2D

>IE2D >IE20

>lE20 >1E20

>1E20 >1E20

I.lc+OO 1.Oe05

7.7e+04 1 Ac0S

>IE20 >1E20

3.7c03 8&7c-06

>1E20 >1E20

>1E20 > E20

>1E20 > 1E20

> E20 > IE20

>1E20 >IE20

>lE20 >1E20

>120 > IE20

>IE20 >lE20

>IE20 >1E20

>IE20 9.B-05

> IE20 4Oe04

22e-3 7e.06

2.Se-03 88C06

1.9e.03 8e06

5.Oc 4 B6e.06

>IE20 >1E20

>IE20 > E20

>IE20 >1E20

12e-02 9.1c.06

>IE20 >1E20

>IE20 >1E20

>1E20 >1E20

>IE20 >1E20

>IE20 > 1E20

2.4c-1 I.lC-0

Rev. 0
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C-96
Table C3- (wntined)

WSRC-RP-94-218

Nudde TlJ2 DCF Lambda Kd Rf SUSP OW SUSP un
(yar) (mrmp) (1near) (cm*031p) Trigr Trigge

(CUzflch) (ffncb)

C-250 131e+01 19e03 5.29c.02 100 501 >1E20 1.7c03

Cfa251 9.OOe+02 4.6e.03 7.70c.04 100 S01 12e-02 93c06

Cf-252 2.62e+00 94c.04 2ASe"l 100 S01 >1E20 2.7c+06

Cf-253 4.87c. 9.2e.06 1.2e+01 100 501 >1120 >1220

Cf-254 1.c01 2Se.03 4.18e+00 100 50 >1E20 aE21>

Es-250 9.13c-04 95c308 70+02 100 501 >1E20 >1E20

Es-251 4.1le.03 67e.07 .69c+02 100 S01 >1E20 o>120

Es-253 5s6e-02 2AC5 124c+01 100 501 2IE20 >IE20

Es-254m 4ASe-03 IS-05 l55c+02. 100 S01 >lE20 1E20

Es-254 736e.01 .Se-W4 9.127cOl 100 501 1E20 >1120

Fm-252 262ce3 9-9e.06 2.64+02 100 501 >1E20 2IE20

Fm.253 821e.03 3-Se06 &44C+01 ; 100 SO >1120 >1E20

FW-254 3.70e44 I.e-06 1.88c+03 100 S01 > IE20 >IE20

Fm-2S2 229e-03 9.7e06 3.02e+02 + 100 S01 >IE20 >lE20

Fin-257 19e-o1 7Se-05 3.16e+00 100 501 >lE20 >1E20

Md-257 3A2e04 5Ac-O7 203e+03 100 S01 >lE20 >IE20

Md-258 153e.01 6.1e05 4.52e+00 100 501 > 120 1lE2)

Rev. 
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C-97 WSRC-RP-94-218

C4 NEAR-FIELD RFSULIS

Figures C4-1 through C4-12 show the time histories of fluxes to the water table.
The fluxes are given in the yearly fraction of a unit inventory in each vault released to the
water table.

ReV. 0
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FI& C4-1. Fractional flux to the water table from the ANT vaults.
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Fig. C44. FRactional flux to the water table rom the A.NT vauli
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C-104 WSRC-RP-94-218
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Fig C4-7. Fractional flur to the water table from the LAW vaults.
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C405 WSRC-RP-94-218
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Fig C4-& Fractional flux to the water table from the LAW vaults.
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Fig C4-9. Fractional flux to the water table from the LAW vaults
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Fig C4-11. Fractional flux to the water table from the LAW vaults.
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C-110 WSRC-RP-94-218

CS GROUNDWATER RESULTS

The fluxs given in Sect. C4 were used in the groundwater transport simulations to estimate

groundwater concentrations at the compliance point for groundwater protection The ground-

water concentrations are given in Figs. CS-1 through C5-31. he groundwater concentra-

tions are given in units of concentration (pCi/cc) per Ci in each vault except for uranium and

plutonium isotopes, which arc solubility limited; for these isotopes, concentrations are given

in units of pCi/cc

Rev. 



C-111 WSRC-RP-94-218

H-3

Groundwater Concentrations

3e-010

2e-010

I
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ig. C-1. Predicted groundwater concentration of H-3 as a function of time.
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C-112 WSRC-RP-94-218

Carbon- 14
Groundwater Concentrations
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Fig. C5-2 Predicted groundwater concentration of C-14 as a function of time.
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Ni-59
Groundwater Concentrations
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Fig. C-5-3. Predicted groundwater concentration of Ni-59 as a function of time.
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Se-79
Groundwater Concentrations
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Fig. C3-4. Predicted groundwater concentration of Se-79 as a function of time.
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C-115 WSRCRP-94-218

Sr-90
Groundwater Concentrations
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Fig. CS-S. Predicted groundwater concentration of Sr-90 as a function of time.
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Tc-99

Groundwater Concentrations
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Pig. C-. Predicted groundwater concentration of Tc-99 as a function of time.
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Sn-126
Groundwater Concentrations
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Fig. C.5-7. Predicted groundwater concentration of Sn-126 as a function of time.
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I-129

Groundwater Concentrations

WSRC-RP-94-218

le-001

C~)

o 5e-002

Oe+000
o 1000 2000

Time (yrs)

Peak Concentration Time (yrs)

LAW 2.40 e-002

ILNT 9.40 e-002

1.70 e003

1.40 e+003 =1
ilz29.sp

Fig. CS-8. Predicted groundwater concentration of I-129 as a function of time
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C-119 WSRC-RP-94-218

Cs- 135
Groundwater Concentrations
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Fig. CS9. Predicted groundwater concentration of CQ-135 as a function of time.
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Th-232
Groundwater Concentrations
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Fig. C5-10. Predicted gromundwater concentration of Il-232 as a function of time.
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U-233
Groundwater Concentrations
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Fig. C5-l1. Predicted groundwater concentration of U-233 as a function of time.
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U-234
Groundwater Concentrations
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le-Oi

Oe+000
0 00 150000

Time (yrs)

Peak Concentration , Time (yrs)

LAW 2.90 e-001 2.01 etO05

ILNT 5.50 e-002 1.53 e+O05

* Based on 10,000 kg U-234 per vault
u234.spg

Fig. C-5-12. Predicted groundwater concentration of U-234 as a function of time.

Rev. 0
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U-235
Groundwater Concentrations

Ze-004

*

0 le-004

C)
Pe

Oe+000
0 100000 200000 300000 400000

Time (yrs)

Peak Concentration . Time (yrs)

LAW 1.30 e-004 J 2.30 e+005

ILNT 1.90 e-004 I1.10 e+005

* Based o 10.000 kg U-235 per vault
U235.SPC

Fig. CS-13. Predicted groundwater concentration of U-235 as a function of time.
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U-236

Groundwater Concentrations

4e-003

3e-003

*

\ 2e-003

le-003

Oe+000
o 100000 200000 300000

Time (yrs)

Peak Concentration , Time (yrs)

LAW 3.90 e-003 3.24 e+005

ILNT 5.80 e-004 2.28 e+005

* Based on 10.000 kg U-236 per vault
u236.spg

Fig. C5-14. Predicted groundwater concentration of U236 as a function of time

Rev. 
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U-238
Groundwater Concentrations

3e-005

2e-005

.

P,

le-005

Oe+000
0 100000 200000 300000

Time (yrs)

Peak Concentration Time (yrs)

*LAW

ILNT

2.00 e-005 2.31 e+005

3.00 e-006 1.44 e+005

* Based on 10.000 kg U-238 per vault
u238.spg

Fig. C5-1S. Predicted groundwater concentration of U-238 as a function of time.
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Np-237
Groundwater Concentrations

Ze-002

I

C) le-002

C

Oe+000
0 50000 100000

Time (yrs)

Peak Concentration , Time (yrs)

1.60 e-003

1.40 e-002

2.00 e004

2.70 e+004

np237.spg

Fig. C5-16. Predicted groundwater concentration of Np-237 as a function of time.

Rcv. 
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Americium-241
Groundwater Concentrations

7e-012

6e-012

5e-012

._
lIJ
c)
._

V
go

4e-012

3e-012

2e-012

le-012

Oe+000
0 10000 20000 30000

Time (yrs)

LAW

ILNT

Fig- C5-17.

Peak Concentration Time (yrs)

1.10 e-012 8.70 e+003 _

6.40 e-012 9.00 e+O03

* Wthout,radioactive daughter contributions.
amZ4l15Pg

Predicted groundwater concentration of Am-241 as a function of time.
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Americium-243
Groundwater Concentrations

4e-005

3e-005

C) 2-0
I

Q 2e-005

._
CD.

le-005

Oe+OOc
0 50000 100000

Time (yrs)

Peak Concentration Time (yrs)

LAW 3.70 -005

ILNIT 1.20 e-005

| 1.80 e+004

-

I
| 2.70 e+004

I

am243.spj

Fig. C5-.I Predicted groundwater concentration of Am-243 as a function of tne.
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Pu-238
Groundwater Concentrations

2e-018

*

0 le-018
I--,

L)a

Oe+000
0 * 1000 2000 3000 4000 5000

Time (yrs)

000

Peak Concentration Time (yrs)

LAW 1.20 e-018 4.83 e+003

ILNT 9.70 e-020 3.33 e+003

* Based on 150 Ci Pu-236 per vault

pu238.*pg
Fig. C5-19. Predicted groundwater concentration of Pu-238 as a function of time.
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Pu-239

Groundwater Concentrations

Ze-004

*

N le-004

Oe+000
0 a60000 100000 150000

Time (yrs)

200000

Peak Concentration I Time (yrs)

LAW

ILNT

* Based on 150 Ci Pu-239 per vault

Fig. C5.20. Predicted groundwater oncentration of u-239 as a function of time

Rev. 
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Pu-240
Groundwater Concentrations

2e-004

0
Q le-004

Oe+000
o . 50000
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100000

Peak Concentration Time (yrs)

LAW .9.50 e-005

ILNT 1.20 e-004

* Based on 150 Ci Pu-240

4.50 e+004

6.60 e+004

per vault

Fig. C-21. Predicted groundwater oncentration of Pu-240 as a function of time.

Rev. 0
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Pu-242
Groundwater Concentrations

WSRC-RP-94-218

3e-005

2e-005

*

U
Uc;,

le-005

Oe-000
0 *400000

Time (yrs)

Peak Concentration , Time (yrs)

LAW

ILNT

* Based on 150 Ci Pu-242 per vault

Fig. C-5-22. Predicted groundwater concentration of Pu-242 as a function of time.

Rev. 0
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Pu-244

Groundwater Concentrations -

2e-006

0
Q le-006
._-
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Oe+000
0 200000 400000 600000 8000DO

Time (yrs)

1000000

Peak Concentration Time (yrs)

LAW 1.50 e-006 6.60 e+005

ILNT 2.50 e-007 4.08 e+D05

* Based on 150 Ci Pu-244 per vault

Fig. C-5-23. Predicted groundwater concentration of Pu-244 as a function of time.
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Cm-244
Groundwater Concentrations

le-057

I
0
U 5e-058

.

Oe+000
0 1000 2000 3000 4000

Time (yrs)

5000

Peak Concentration , Time (yrs)

l

LAW 1.10 e-066

ILNT 9.60 e-058

| 7.30 e+002 I| 1.60 e+003

cm244.spg

Fig. C-5-24. Predicted goundwater concentration of Cm-244 as a function of time
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Cm-245
Groundwater Concentrations

4e-005

3e-005

0CD)
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1.20 e-005

2.10 e+004
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Fig C25. Predicted groundwater concentration of n-245 as a function of time.
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Cm-246
Groundwater Concentrations

WSRCRP-94-218

2e-005

U._

.)

le-005

Oe+000
0 20000 40000 60000
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ILST 

1.00 e-005 I 2.00 e+004 I'1.90 e-006 _I 2.70 e+004

em246.spg

Fig. CS-26 Predicted groundwater concentration of Cm-246 as a function of time.
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Cm-Z47
Groundwater Concentrations
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FMg. C5-27. Predicted gundwater concentration of Cm-247 as a function of time.
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Cm-248
Groundwater Concentrations

4e-004

3e-004

0C
c) 2e-OD4
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Oe+000
0 20000 40000 60000 80000
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100000

Peak Concentration Time (yrs)
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ILNT 3.20 e-004 7.20 e+004

Without radioactive daughter contributions.

orn248.spg

Fig. C-5-28. Predicted groundwater concentration of Cm-248 as a function of time.
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Bk-247
Groundwater Concentrations

WSRC-RP-94-218

le-007

Be-0OB

6e-008
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LAW 8.90 e-008

ILNT 4.40 e-009

1.30 e+004

1.60 e+004 I
bkZ47.spg

Fig. C.5-29. Predicted groundwater concentration of Bk-247 as a function of time.
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Cf-249
Groundwater Concentrations
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Fig. C.5-30. Predicted groundwater concentration of Ca-249 as a function of time.
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Cf-25 1

Groundwater Concentrations

4e-009
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Fig. C.5-31. Predicted groundwater concentration of C-251 as a function of time.
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C6 ATh(OSPERIC TRANSPORT

The atmospheric transport and dose results are given in Table C.6-1.

WSRC-RP-94-218

4

9
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C-143 WSRC-RP-94-218

Table C.&i6. AIRDOSPC data for the volatile radionuclide pathway

FREQUENCIES OF WIND DIRECTIONS AND TRUE-AVERAGE WND SPEEDS

WIND
TOWARD

FREQUENCY WIND SPEEDS FOR EACH STABILITY CLASS
(METERS/SEC)

B C D E F G

N
NNW

NW
WNW

W
WSW

SW
SSW

S
SSE

SE
ESE

E
ENE

NE
NNE

0.089
0.048
0.084
0.043
0.052
0.041
0.056
0.052
0.068
0.049
0.058
0.060
0.101
0.080
0.072
0.049

1.77
1.93
1.95
1.85
2.00
2.09
2.39
1.49
2. 08
1.65
1.87
2.42
1.93
2.39
2.09
2. 35

2.21
-2.08
2.34
2.35
2.40
2.21
2.46
2.23
2.28
2.36
2.21
2.85
2.54
2.35
2.65
2.67

3.56
3.04
3.24
3.25
3.55
3.12
3.57
3.48
3.36
3.54
3.56
3.86
4.1S
3.9,8
4.00
3.2

4.14
3.76
3.69
3.64
3.60
3.21
3.79
3.88
3.41
3.34
4.39
5.71
5.82
4.97
4.65
4.42

3.08
2.87
3.03
2.71
2.74
2.87
3.23
3.31
3.05
3.06
3.44
4.02
3.95
3.57
3.25
3.28

1.71
1.65
1.72
1.59
1.69
1.73
1.80
1.47
1.68
2.02
1.94
1.96
1.88
1.91
1.63
1.68

0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77
0.77

FREQUENCY OF ATMOSPHERIC STABILITY CLASSES FOR EACH DIRECTION

SECTOR FRACTION OF TIME IN EACH STABILITY CLASS

B C D E F GA

N
KNW

NW
WNW

W
SW

SSW
S

SSE
SE

ESE
E

ENE
NE

NNE

0.0043
0.0110
0.0162
0.0105
0.0176
0.0090
0 .0109
0.0103
0.0113
0.0201
0.0040
0.003e
0.0053
0.0037
0. 0052
0.0016

0.0560
0.0664
0.1169
0.1247
0.1525
0.1421
0.1324
0.1296
0.1266
0.1049
0.0892
0.0666
0.0545
0.0797
0.0761
0.0644

0.0920
0.0922
0. 0898
0.1462
0.1478
0.1606
0.1330
0.1377
0.1486
0.1135
0.1217
0.1185
0.1103
0.1222
0.1172
0.0822

0.3666
0.3408
0.3789
0.4085
0.3968
0.4678
0.4765
0.5041
0.4282
0.2989
0.3122
0.4218
0.4107
0.3300
0. 3445
0.3732

0.1142
0.1281
0.1055
0.1026
0. 0690
0.0719
0.0975
0.0745
0.0762
0.1086
0.1215
0.1329
0. 1405
0.1316
0.0918
0.1302

0.1839
0.1663
0.1513
0.1092
0.1192
0.0814
0.0915
0.0725
0.1303
0.2111
0.2218
0.1122
0.1257

'0.1669
0.1541
0.1622

0.1831
0. 1953
0.1415
0.0982
0.0971
0.0673
0.0582
0.0714
0.0789
0.1429
0.1297
0.1440
0.1530

. 0.1658
0.2112
0.1863

Rev. 
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Table C6-1. (continued)

WSRC-RP-94218

CLEAN AIR ACT COMPLIANCE REPORT

Facility: ILT -3 crucibles
Address: City:

Comments: H-3 releases to the off-site individual for
Year:

12/28/93 10:57 AM

State:
vaults.ILT crucible

Dose Equivalent Rates to Nearby
Individuals (mrem/year)_

Effective
Dose Equivalent

Highest Organ
Dose is to

REMAINDER

-------- EMISSION INFORMATION

: : : : :

Radio- Stack
nuclide Class Amad 1

(Ci/y)

H-3 * 0.0 2.6E+02 .. I

Stack eightI (in) 1.00 A
Stack Diameter (m) 0.03

Buoyant (cal/) 0.0E-01

-- - -- - -- __-- ________-

-SITE INFORMATION ___________________________

Wind Data
Food Source
Distance to

Individuals (m)

: - - - - - - - - - :

IAGS018.WND 
LOCAL

1 5000

Temperature (C)
Rainfall (cm/y)
Lid Height (m)

20
100

I 1000I

*NOTE: The results of this computer
They are only to be used for
compliance and reporting per

model are dose estimates.
the purpose of determining
40 CFR 61.93 and 40 CFR 61.94.

Rev. 0
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C-145 WSRC-RP-94-218

Table C61. (continued)

CLOW AIR ACT COCPLIANCE REPORT 2/ 9/94 10:40 AN

Facility: ILI Vaults JW

Address: City: State:
Coments: H-3 releases to the off-site individual for the ILT vults.

Year:

Effective
cose EquivaLent

Highest Organ
cose is to

REMINDER

Dose EquivaLent Rates to Nearby
Individuals (rem/year)_

II 11
II 2.46E-06 11
1l 11
II II
II 2.90E*06 II
1I 11

...................-. EMISSION INFORMATION------------------------

:- - - - ..... . .. :....... _ 

I Radio- I I Area I
I nucLideCtesclAmadl S1 I A

I I I I wCC~y) I

I... .. I. -I----I I
| H3 * I 0.0| M.1E-021

Total Area Cm*2) I 6.4EO21

--------------- SI---------5STE INFORMATION...........................

Wind Dat I
Food Source 
Distance to 

IndIviduals m) :,

............. ................

AGS1016.WND I
LOCAL 
5000 I

Tenperature CC) I
Rainfall (em/Y) 
Lid Height m) 

................
20 1

100 I
1000 I

'NOTE: The results of this coaputer model are dose estimates.
They are only to be used for the purpose of determining
compliance nd reporting per 40 CFR 61.93 and 40 CFR 61.94.

Rev. O



C-146 WSRC-RP-94-218

Tabk C6-1. (tnued)

CLEA AIR ACT COMPLIANCE REPORT 2/ 9/94 10:43 AM

facility: LIT Vaults JCU

Address: City: State:
Comnents: K-3 releases to the off-site individual for the ILUT vaults.

Year:

Dose Equivalent Rates to Nearby

IndividuaLs (wesyear)

IEffective
Dose Equivalent

highest Organ

Dose s to

REMAIHDER

II

I I

I

I 4.4n-06 11
I!I_l

-

'I
1I
It

5.27E-06
If
II
II

., .

-- -----..... .EKISSIOH IHFORMATIOH

Radio- Area

I nucLIdeIClassIAmadI 1 I

I I I I (Ci/y) I
1--.----1- ----- I.1-------I
I H-3 I * °.0I 2.OE-021
I_________ 
Total Area (m"2) .E+.031

--------------------------SITE IFORMATICN---------------------------

Wind Data 

Food Source 

Distance to 

Individuals (n) :

AGS1016.WND

LOCAL

5000

| Teqperature (C) I
I Rainfall (emwy)

I Lid eight (m)I

20
100

1000

I

NOTE: The results of this computer model are doze estimates.

They are only to be used for the purpose of determining

compliance and reporting per 40 CFR 61.93 and 40 CFR 61.94.

Rcv. o
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C-147 WSRC-RP-94-218

Table C6-L (continued)

CLEAR AIR ACT CCW LIANCE REPORT 2/ 994 2:30 PR

Facility:

Address:
Coaments:

Year:

ILNT Vaults JCY

City: State:

C-14 releases to the off-site individual for the ILUT vaults.

Dose Equivalent Rates to Nearby

jndlvduals Coer/year) -

I IIEffective

Dose Equivalent

Highest organ

Dose is to
ENDOSTELM

U I
I 0.1200

If
I~~~~~~~~~~~~~~~~~~~~~~~ I 

11 11
I 0.5100 , I I
II II

-------------------- EMISSION IFORKATION---------------------

Radio- Area
I nuclide|Ctassjemadj #1I I

I I I I (Ci/ 1y)
.i----1- ------- -… -

I C-14 I * 0.01 .OE-011

Total Area Cmt*2) I .7E+031

I-

-.. .. .. . . .. .. .SITE INFORIIATION - ----- -- --- - -

''................................

Wind Data AGS1018.WID I

Food Source LOCAL I
Distance to 5000 |

Individuals m) : :.

*UOTE: The results of this computer

They are only to be used for
compliance and reporting per

I
remperature (C) 

Rainfall (clry) I
Lid Height Cm) 

20
100

1000

I
I

*odel are dose estimates.

the purpose of determining

40 CFA 61.93 and 40 CFR 61.94.

Rev. 0
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C-148 WSRC-RP94218

Table C.- (ntinue)

CLEAR At ACT COWPLIANCE REPOR7 2/ 9/94 2:32 Pm

Facility: LAY Vaults JC4
Address: City; State:
Covients: H-3 eleases to the off-site individual for the LAW vaults.

Year:
Dose Equivalent Rates to Nearby

-individuals (mremyear)_

Effective
oose Equivalent jj 1.l7E-0S

Highest Organ |
bose s to 1.37E-05

REMAINDER | JI

--------------------- E--EMISSION INFORMATION-------------------------

:........ ;------- :........:

Radio- I I Area I
I nuclideIClasslAmadI #1 I

I I I Iw ci/y) I
…-----I---I----I-----I

| K-3 * I 0.0| 5.2E-02I

Total Area (*Z) I 1.8E.051

I !

AlI

--------------------------SITE IFORMATION--..............-----------

Wind Data AGS10IB.hND I
food Source LOCAL I
Distance to 5000 I

Individuals m) :

Temperature (C I

Rainfall (cmy)
Lid Height (m) 

..............

20 I
100
000 I

*NOTE: The results of this computer model are dose estimates.
They are only to b used for the purpose of etermining

comptlance and rporting per 40 CFR 61.93 and 40 CFR 61.9L.

Rev. 0
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Table Cl. (ntinuaed)

CLEAN AIR ACT CHPLIANCE &EPORT 2/ 9/94 2:34 PM

faeflity: LAW Vaults C-14
Address: Cityl State:

Coments: C-14 releases to the off-site individual for the LAW vaults.
Year:

Dose Equivalent Rates to Nearby
Individuals (mreyear)

Effective |1 ||
Dose Equivalent 11 0.2600 II

Highest Organ Ij II
Dose is to I 1.1 II

ENDOStEUM | | 

-............--------EMISSION INFORMATION ----------------------

:-- : -; ------ -...;...... -:

Radio- I I Area I

I nuclidelClasslAmadj #1 I
I I I I (Ci/y) I
I-------I-----I----I…------ 
I C-14 J * I 0.01 2.IE+011

I _ _ _ _ _ _ _ l _ _ _ _ _ _ _ 

1*

Total Area C*2) 1 .UE05 I
I _

_ -------- w----w^*------SITE INFORMATION ...........................

:..................:

Wind Data I AGS1OIU.ND I
Food Source LOCAL I
Distance to I 5000

Individuals (n) :I

Temperature (C)
Rainfatt Ccm/y)
Lid IHeight Cm)

:-- - -- - --- -:

20
1 100 I
I 1000 I

*IOTE- The resuLts of this computer
They are only to be used for
compliance and reporting per

model are dose estimates.
the purpose of determining
40 CFR 61.93 nd 40 FR 61.94.

Rev. O



C-ISO WSRC-RP-94-218

Tale C6-1. (amfinued)

CLEAN AIR ACT COMPLIANCE REPORT 2/ 9/94 2:37 PM

Facility: Suspect Sofl Trenches

Addrest: City; State:

Coaments: H-3 releases for the suspect soil trenches (off-site individual)

Year:
Dose Equivalent Rates to Nearby

Individuals mrem/year)_

I 11IEffeetive

Dose Equivalent

Highest Organ
Dose Is to

REMAINDER

11 I
II
I I

6.48E-06
I

ii 
II 7.64E-06 I

I I I

11
I1

Il

I

Il

.---̂-...--------------EMISSIOW IFORMATION-------------------------

|Radio- I I Area
I nuclideC&ssmadj #1 |J

I I I jCliY)I

1-3 I O.0 29E-021

I_______ I I_1-.......f
Total Area Cm**2) 6.OE03|

----------------------- SITE INFORMATION --------------------

Wind Data 
Food Source 
Distance to 

Individuals Cm) :.

AGS1018.WND I
LOCAL

5000 1

Temperature C) 
Rainfall Cco/y) I
Lid Height Cm)

20
100

W0O
I

*NOTE: The results of this computer model are dose estimates.
They are only to be used for the purpose of determining
copliance and reporting per 40 CFR 61.93 and 40 CFR 61.94.

Rev. 
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Table C6- (ntinued)

CLEAN AIR ACT COMPLIANCE REPORT Z/ 9/94 2:39 H

Facility:

Address:
commoents:

Year:

Suspect Sofl Trenches
City: State:

C-14 releases for the suspect soil trenches (off-site individual)

Effective
Cose Equivalent

highest Orvan

vose i to
ElDOSTEUM

1I
1'

Dose Equivalent Rates to Nearby
Individuals (crecvyar)_ _

~~~~~~~~~~~~~~I I
0.0120 1I

1-I. 11

II 0.0510 II1
II I

.EM--f-IG----I----I--EMISSIO INFORMATION------------------------

Radio- | | Area
I nuceidelClasslAmadl #1 

I I I (Cily) 
1-----1---1--1---- 1.
I C-14 I * I 0.01 E+OO0

Total Area (W**2) I 6CE.031

I-I

^^ -- SITE INfORMATION

:.......... .................

Wind Data ACSIDIB.UND I

Food Source LOCAL I
Distance to 50DO I

Individuals m) :_

Tenperature (C) 20 |

Rainfall (cmiy) I 100 I
Lid Keight (M) I 1000 I

*NOTE: The results of this computer model re dose estimates.
They are onty to be used for the purpocse of determining
compliance and reporting per 40 CFR 61.93 and 40 CFR 61.94.

Rev. 0
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Table Ct& (oniued)

CLEAN AIR ACT COIPLIANCE REPORT 2 9/94 2:41 PK

Facility: Naval Reactor Waste

Address: City: State:

Comments: H-3 releases for the Naval Reactor Waste (off-site individual)

Year;

Effective

Dose Equivalent

Highest Organ

Dose is to

REMAINDER

'I
'I

Dose Equivalent Rates to Nearby
Indfvfduats Cmrentyear)

I
I 0.0002 II
I 11

11
II 0.W02 . ,I

11 I
I0

--------------EMISSIO1 INFORMATIOH-------------------------

|Radio- Area

I nuclidelClasslAwadi #1 I

I I I I (Ci/Y) I
I …I-- -- -- I----I .- ---
| N3 * I 0.01 7.2E-01|

Total Area Cin**2) I 8.OE.021

--..---.----.. ........... SITE INFO..ATION-------------.-.------------

Mind Data I AGS1018.WND I
Food Source I LOCAL I
Distance to 5000 I

Andividuals (m) __

Temperature C) 20 |
Rainfall :Vy) 100

Lid Heig-: (m) 1000

*NOTE: The results of this computer model re dose estimates.

They are only to be used for the purpose of determining

eompliance and reporting per 40 CFR 61.93 and 40 CFR 61.94.
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Table C6L (continued)

CLEAN AIR ACT CMPLIANtE REPORT 2/ 9/94 2:43 PM

Facility;

Address:

Comments:

Year:

Naval Reactor Waste
City: State:

C-14 releases for the aval Reactor aste (off-site Individual)

Effective

Dose Equivalent

Highest Organ

Dose is to
ENDOSTEUIM

i
II

Dose Equivalent Rates to Narby

Individtals (mreyear)

1.2 ii
t_ II

I'~~~~~~~~~~~~~~~~~~~~~ I

Ii 5.1 [ 1
11 11~~~~~~~~~~~~~~I

I.

............ ,-----------EMISSION

| Radio- j | | Area
1 nuelldelClashlAmadj #1 

I I I I(Ci/y)I
… -- I- -t---I .----

I C-16 f * I 0.1 1.0.+021

I I_ Area 1-_ I

Total Area cer%2) I .OE.O2~

INFORMATION----

'I

---....--..--- - ---------SITE INFORMATION------------------------

Wind Data AGS1018.WND

Food Source LOCAL

Distance to 5000 I

Individuals m) :__ :

Temperature (C) I
Rainfall (cTmy) 

Lid etght Cm) 

20 
100 I

1000 
_OO I

'NOTE; The results of this computer model are dose estimates.

They are only to be used for the prpose of determining

compliance and reporting per 40 CFR 61.93 and 0 CFR 61.94.
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D.A DIRODUCIION

Predicting the release of radionuclides from the E-Area disposal facility is difficult

because of the large variety of contaminated material that will be disposed of in the vaults.

Conceptually, waste within steel boxes (B-12 and B-25) or activated metals disposed in the

vaults will remain immobile until contacted by water that has leaked into the vaults. Defen-

sible prediction of water and contaminant movement in the vaults and the effectiveness of

boxes and activated metals in retarding waste release is not possible without development of

a conservative simplified conceptual model. The key features of the conceptual model are

summarized below.

Waste is immobile until contacted by water.

1) Water entering the vault will have a composition that can be represented as a mix-

ture of concrete pore fluid and local groundwater equilibrated with soil levels of

carbon dioxide gas.

2) Steel and activated metals present in the vaults will result in the formation of corro-

sion products (ie., hydrous Fe[Iil oxides) and lead to reducing conditions inside the

vaults.

3) Entire vault inventory is available to react with the reducing water inside the vault.

4) Aqueous radionuclide concentrations are controlled by sorption (represent with a

Kd or isotherm) onto corrosion products (LAW vault) or grout (ILT and LNT

vaults) with a solubility limited (oxide and hydroaide phases) upper concentration

limit.

5) Contaminated water exiting the vault will interact with the concrete vault and radio-

nuclides will be chemically retarded by the vault wall.

Rev. 
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D.2 RADIONUCEMDS CONSIDERED

'Me radionuclides considered in detail for the LAW vaults are H-3, C-14, Ni-59, Se-79,

Ra.226, Th-232, Sn-126, Tc-99, 1-129, Cs-135, Sr-90, Y-90, Am-241, 243, Cm-244, 245,246,

247, 248, Bk-247, 249, Cf-249, 251, 252, Np-237, Pu-238, 239,240, 241, 242, 244, and U-234,

235, 236, 238. These radionuclides were selected for detailed numerical transport simulations

based on the screening calculations disussed in Sect. 4.1.1. The anionic radionuclides C, Tc,

and , as well as tritium are weakly sorbed to corrosion products. If conditions in the vault

are reducing enough, the anion Tc(VII) may be reduced to insoluble TcQT). Tritium release

from tritium crucibles in the ILT vaults was found to be limited by transport through the vault

sufficiently that no leach rate calculations were required to reach adequate performance.

Distribution coefficients for the remaining radionuclides were developed based on hydrous

ferric oxide (HFO) adsorption.

D.3 VAULT WATER COMPOSMON

Water compositions inside the vaults will reflect the interaction of concrete pore water

and vadose water. The composition of the vault water will be dominated by concrete interac-

tions even under conditions of fracture flow through the vault shell. The presence of CO2

gas in the soil and calcite present as a weathering product in the cement will buffer the pH

of the vault water to between 7 and &

D.4 RADIONUCLIDE SORPTION BEHAVIOR

Wastes disposed of in the LAW vaults will be contained in steel boxes (B-12 and B-25).

The basic assumption of the method used to derive distribution coefficients for the LAW

vault waste form is that the corrosion of the boxes will result in the formation of HFO, (eg,

goethite) and that any water contaminated with radionuclides must pass over the corroded

area of the box.

Rev. 
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Distribution coefficients (Kid based on surface area of the adsorbent for the set
radionuclides were estimated by assuming that adsorption occurs exclusively on the corrosion

products (HFO) of these boxes. The total potential concentration of HFO in the vault is
0.07 g/cm3 based on 9730 B-25 at 350 lbs and 4330 B-12 boxes at 300 lbs in a 1,700,000 ft3

vault (Harley 1990ab)]. The surface area of goethite in the vault is predicted to be

32000 cm2/cm3 based on a specific surface area of goethite of 450,000 cm2/g (si and
Langmuir 1985).

Numerous adsorption studies of metal and radionuclides onto hydrous metal oxides are
reported in the literature (see Dzombak and Morel 1990). Specific studies for key radionu-
clides (summarized below) were used to estimate Kd values at pH 8 for the waste assuming
HFO is the only reactive phase. Distribution coefficients for radionuclides that lack adsorp-
tion experiments were estimated using elemental analogs. The Kd is calculated by relating the
experimental data (Le. fraction adsorbed and suspension concentration) to the waste in the
vaults (ie surface area and bulk density of waste). his is accomplished by using the
following equation.

& = SA X r SAq, (-X) (Eq. 1)

where

SA is the specific surface area of the waste (3Z000 cm2 /cm3)
X is the fraction adsorbed

r is the bulk density of the waste (1.6 g/cm3)

SAL is the concentration of solid in the adsorption experiment (cm2%mL)

Estimated K4 values for the IAW vaults are summarized below (Table D.4-1).

Rev. 0



D4 WSRC-RP-94-218

Table DA-L Summay of disution cocients for
selected rionucides on goethite (pH =&).

Radionuclide Chemical Form Distribution Coefficient
(mug)

H-3 HTO 0

C-14 CP2- 0

TC-99 TcO-4 0

I-129 I 0

Cs-135 Cc+ 0

Sr-90 Sr2+ 3

Y-90 Ys+ 3

Sn-126 Sn2+4 55

Ra-226 Ra2 60

Se-79 SeO3 170

Ni-59 Ni2+ 1200

Th-232 Th+ 2200

U-234, 235,236,238 U0 2
2+ 6000

Np-237 NpO2+ 750

Pu-238, 239, 240, 241, 242, 244 PU"+ 2000

Am-241, 243 An?+ 3700

Cm-244, 245,246, 247, 248 Cm34 3700

Bk-247, 249 Bk 4 3700

Cf-249, 251, 252 Ce 4 3700
9p
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Plutonium

Aqueous plutonium speciation is a vey complex because it may be simultaneously present

in four oxidation states (a, IV, V, VI). he dominant oxidation states of plutonium in

oxygenated waters are Pu(V) and Pu(VI) based on calculations and analyses (Nelson and

Lovett 1978 and 1981; Nelson and Orlandini 1979; Bondietti and Trabalka 1980). Because

of the large amount of reducing material, conditions inside the E-Area vaults will not be

oxidizing enough to support Pu(VI) specie The predominant oxidation states expected are

Pu(V) and Pu(W).

Plutonium adsorption on synthetic goethite as functions of pH, ionic strength, carbonate

alkalinity, and dissolved organic carbon was measured by Sanchez et al. (1985). The experi-

ments consisted of a synthetic goethite suspension with a surface area of 285 cm2/mL in a

borosilicate glass reaction vesseL Hydrogen activity was controlled using HC) or NaOH.

Adsorption of Pu(V) is much stronger than PI4(V) on goethite because it is more strongly

hydrolyzed. The adsorption edge for Pu(IV) occurs from pH 3 to S (Fig. D.4-ls) with rela-

tively rapid idnetics (equlibrium reached in Ii). Pu(V) adsorption is much slower and

equilibrium was not achieved after 20 days (Fig. D.4-lb). Ihe Pu(V) adsorption edge changes

with time from pH 7 to pH 5 over the 20 day period. Although Pu(V) is predicted to be

stable based on thermodynamic calculations the slow shift of the adsorption edge toward that

of Pu(1V) suggests that Pu(V) may be reduced to Pu(M. The reduction may take place on

the goethitc surface after adsorption of the Pu(V) or Pu(V) may be reduced as it nears the

goethite surface and the Pu(V) state is adsorbed (Sanchez et al. 1985).

Adsorption of Pu(V) or Pu(V) was not significantly affected by ionic strength in the

range of 0.1 to 3 M NaNO3 or NaCI (see Table D.4-2). A decrease in Pu adsorption on

goethite occurs with increased carbonate alkalinity. However, this occurs at much higher

alkalinity levels than will be found in the E-Area vaults (Fig. D.4-2).

The data used to estimate Pu adsorption for the LAW vault waste is for a pH of 7

(negligible change from pH 7 to 8) and a total Pu concentration of 1041' 1 At these condi-

tions 97.1% of the Pu is on the solid (Table D.4-2). This sorption fraction is consistent with

a Kd of 2,000 mUg for expected bulk density and HFO content in the vaults using Eq. 1.

Rcv. D
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* Fig. D.4-1. Adsorption of Pu on goethite as a function of pH at two plutonium
concentrations (from Sanchez t a 1985). a) Pu(lV, b) Pu(V).

RCv. 



D-7 WSRC-RP-94-218

Table D.4-2. Adsorption of Pu(IV) on goethite as a function of onic strength
(pH1 =7A Total Pu = 101 0) from Sanchez et aL 1985

Eletrobe
Solution

Percent Adsorbed
at Equilibrium

0.1 M NaNO3 97
0.5 M NaNO 3 97
I. M NaNO3 98
3.0 M NaNO3 98
0.5 M NaNO3 98
3.0 M NaN03 97
0.03 M NaNO3 97

.0.15 M NaNO3 97
030 M NaNO3 95

Mean 97.1
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a
a

a
V

Z

,. fZa)
844/6

TOTAL ALIALUTI . "fi

Fig. D.4-2. The effect of carbonate alkalinity on the adsorption of Pu(IV) on goethite
(from Sanchez et at. 1985). Alkalinity in the vault will be approximately
60 meqfL
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Uranium

Uranium partitioning onto HFO under Baong pH, ionic strength, competing cation and

complexing anions is descnbed by Hsi and Langmuir (1985). The HFO used by Mi and

Langmuir were amorphous ferric oxyhydroxide, goethite, and hematite. Uranyl species were

strongly adsorbed to all three of the iron oides considered at pHs above 5 to 6. The most

adsorptive oxide considered was the amorphous ferric oxyhydroxide with natural hematite

providing the least amount of adsorption. These differences in adsorption result from the

difference in specific surface area of the polymorphs. We have calculated the adsorption of

uranium in the waste based on goethite representing the steel corrosion product.

The surface area of the goethite suspension was 450 c 2 /mL HN03 and NaOH were

used to maintain pH with a total uranyl concentration of 10 m. r Goethite removes over 99%

of the U from solution above pH 6 (Fig. D.4-3a). Uranyl adsorption was not affected by the

presence of calcium and magnesium at total solIution concentrations of 103 K The vault

pore fluid concentrations of Ca2+ and Mg2 are anticipated to be lower than this and there-

fore should not result in reduced uranyl adsorption.

Total carbonate concentration influences the adsorption of uranium (VII) on goethite.

Higher CO32- content in solution results in increased uranyl carbonate complexation,

predominantly U02(CO3)2 2- and U0 2 (CO,)3", and decreases adsorption of U0 2
2 ' above

pH 6 (Fig. D.43b). The affect of total carbonate on the adsorption of UO2 ' is very evident

in plots of soluble uranium versus pH with varying carbonate concentrations (Fig. D.-3c).

The dissolved uranium concentration at pH 7 for a carbonate concentration of 10' M was

selected for use in the Kd estimation because this carbonate concentration and pH match the

expected vault pore fluid conditions. A ., for the LAW vault waste of 6000 mUg was

calculated using Eq. 1.

Strontium

Adsorption of strontium onto hydrous ferric oxides has been studied by Kolank (1961),

Kinniburgh et al. (1975), and Kinniburgh et al. (1976). These experiments indicate that

strontium ion adsorbs rapidly and is not significantly impacted by variations in the Na'

Rev. 
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Fig. D.4-3. Adsorption of uranyl on a I gL goethite suspension as a function of pH

in a .1 M NaNO3 solution (from HT and Langmuir 1985). a) uranyl at 10 M, b) dissolved
uranium at 105 M and varying total carbonate, c) effect o changes in total carbonate on the

adsorption of uranyL
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concentration in the solution. These experiments also show that there is no selectivity for

Ca2 * over Sr2 (1ib h et a. 1975). The adsorption edge for Sr2' on the iron oxide

(Kinniburgh et aL 1975) was between pH 6 and 7.5.

Dzombak and Morel (1990) provide a summary of adsorption data for Sr2' on HFO. The

experiments used to determine the adsorption of strontium on HFO are from Kinniburgh et

al. (1975) and Kolarlc (1961). The HFO was prepared by the addition of NaOH to Fe(NO3 )3
solution and the ionic strength of the solution was held at 1.0 m NaN03 . The adsorption

curves used to estimate strontium adsorption at pH 8 are shown in Fig. D.4-4a to k and the

data are summarized in Table D.4-3. The total strontium in the experiments ranged from 102

to 10' M and HFO surface area ranged fom 10700 to 106620 cm2 /mL An average Sr2' Kd

for LAW vault waste of 3 mL/g was calculated from Eq. 1.

Nickel

Dzombak and Morel (1990) provide a summary of adsorption data for Ni2+ on HFQ. The

experiment used to determine the adsorption curve for nickel on EFO is from Leckie et al.

(1984). The RFO was prepared by the addition of NaOH to Fe(NO3)3 solution and the ionic

strength of the solution was held at 0.1 M NaNO3 . The adsorption edge is located between

pH 6.5 and 7.5 (Fig. D.4-5) for the experiment used to estimate nickel adsorption. The tot

nickel in the system is 1i0 M and HFO surface area is 533 cm2/mL Approximately 97% of

the nickel is adsorbed to the goethite surface at pH 8. A Ni24 Kd for LAW vault waste of

1200 mug was calculated from Eq. 1.

Selcnite

Selenium geochemistry is strongly controlled by the geochemistry of iron (Howard 1977).

In the pH range from 2 to 8 selenite (SeO3 ) is strongly adsorbed and decreases from pH 

to 11. Dzombak and Morel (1990) provide a summary of adsorption data for SeO3
2 on HFO.

The experiment used to determine the adsorption curve for selenite on HFO is from

Plotnikov (1958). The HFO was prepared by the addition of NH40H to Fe(N03 )3 solution

Rev. 
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Fig. D4-4. Adsorption of Sr2+ on goethite as a function of pH in a 1.0 M NaNO 3
solution (from Dzombak and Morel 1990). a) 6.9 g goethite/L, b) 8.9 g goethitefL, c) 9g
goethite/L, d) 8.9 g gocthite/L, e) 8.9 g gocthite/L, f) 8.9 g goethite/L, g) 8.9 g goethiteIL,
h) 1.8 g goethite/L, i) 4.4 g goethite/L, j) 8.9 g goethite/L, k) 17.8 g goethite/.
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Table DA-3. Adsorption data fOr stontiu ued to catisape R;

Total Sr Surface Area Percent Adsorbed Kd
(M) (CM?/ML) (mUg)

2.00 10' 41,420 87 3.2
1.00 IP 53,000 90 3A
834 10' 53,000 90 3A
834 i0 53,000 88 2.8
1.00 1 53,000 58 0.
5.00 103 53,000 40 03
1.00 12 53,000 30 02
1.00 107 10,700 51 1.9
1.00 104 26,700 80 3.0
1.00 17 53,300 93 5.0
1.00 17 106,620 95 3.6
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Fig. D.4-5. Adsorption of nickel on goethite as a function of pH in a 0.1 M NaNO3solution (from Dzombak and Morel 1990).
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and the ionic strength of the solution was held at 0.5 M NH4NO3 . The adsorption curve

(Fig. D.4-6) was used to estimate selenite adsorption at pH & The total selenite in the

system is 1.27 10 M and HFO surface area is 3806 cm2/mL At this pH, 97% of the selenite

is adsorbed to the goethite surface. A S' 4Kd for LAW vault waste of 170 fg was calcu-

ated rom Eq. 1.

Radium

No information is available for radium adsorption on HFO. However, Dzombak and

Morel (1990) provide a summary of adsorption data for barium ion on HFO. This barium

data will be used as an analog for radium. The cperiments used to determine the adsorption

curves for barium on HFO are from Kurbatov (1949) and Duval and Kurbatov (1952).

Kurbatov (1949) prepared HFO by the addition of NH4OH to FeC13 solution at ionic

strengths of 0.0038,0.033, and 03 M NH4CL Duval and Kurbatov (1952) prepared HFO by

the addition of NHOH to FeC3 solution at an ionic strength of 0.0.0087 N NH4CL The
adsorption curves (Fig. D.4-7a,bcde) were used to estimate barium adsorption at pH & The

total barium, HFO surface areas, and percentage Ba2+ adsorbed at pH 8 are shown in Table

D.4-4. An average Ba2+ Kd for LAW vault waste of 60 mUg was calculated for radium from

Eq.1.

Thorium

Hunter et al. (1988) conducted Th adsorption studies on goethite that show the

characteristic adsorption edge of hydrolyzable metal ions on oxides. Adsorption was found

to involve Th(OH)2(2 ), Th(OH)3(+), and Th(OH)4 . Experiments were focused on deter-

mining the effects of the major ions Mg, Ca2+, ad SO 2 'on the adsorption of Th on

goethite as compared to adsorption in a NaCI electrolyte. Adsorbent and adsorbate

concentrations were also varied to determine if these concentrations effect Tb adsorption.
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Fig. D.4-6. Adsorption of selenite on goethite as a function of pH in a 0.5 M
NH4NO3 solution (from Dzombak and Morel 1990).
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Tle D." Adm data for bari ued to mgmate raum K4

Total Ba Surface Area Percent Adsorbed Ed
(M) (CE2 ML) (mug)

3.07 110' 330 46 52
3.02 1010 320 39 40
3.12 104 70 23 85
3.12 10' 330 53 68
3.12 104 1000 74 57

II
of

6
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The HFO was prepared by the addition of KOH to Fe(13)3 solution and the ionic strength

of the solution was held at 0.1 M NaNO3 . The adsorption curve (Fig. D.4-8) was used to

estimate thorium adsorption at pH & Tbe total thorium in the system is 6.6 le M and HEQ

surface area is 80 cm2/mL At this pH 90o of the thorium is adsorbed to the goethite

surface. A Ub Kd for LAW vault waste of 2200 mIJg was calculated rom Eq. 1.

Neptunium

Neptunium has been identified in the aqueous phase in the IV, V, and VI oxidations

states with Np(V) being most common for waters in contact with atmospheric oxygen between

pH 5 and 11. Girvin et al. (1991) conducted Np(V) adsorption studies on synthetic iron

oxyhydroiddc. The HFO was prepared by the aldition of NaOH to Fe(N03 )3 solution and

the ionic strength of the solution was held at 0.1 M NaN0 3 . The adsorption curve

(Fg. D.4-9) was used to estimate neptunium adsorption at pH 8. The total neptunium in the

system is 4.7 i0W2 M and HFO surface area is 5330 cm2 /mL At this p1, 99.5% of the Np

is adsorbed to the goetbite surface. A Np Kd for LAW vault waste of 750 mIJg was calcu-

lated from Eq. 1.

Tm

No tin adsorption data is available for iron oxides. However, Dzombak and Morel (1990)

provide a summary of adsorption data for Hg on HFO. The Hg experimental data of Avotins

(1975) was used to determine the analog adsorption curve for tin on HFO. The HFO was

prepared by the addition of NaOH to Fe(C04)3 solution and the ionic strength of the solu-

tion was held at 0.1 M NaCIO4. The adsorption curves (Fig. D.4-10a,b) for mercury were

used to estimate tin adsorption at pH 8. The total Hg in the system is 3.41 I0rf M and HFO

sur-face area is 300 cm2/mL At this pH. 97% of the mercury is adsorbed to the goethite

surface.
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Fig. D.4-8 Adsorption of thorium on goethite as function of pH in 0.422 molt/Kg NaCI

electrolyte at different thorium/oxide ratios (Hunter et aL 1988). Triangles; 9 micromol/L

Th, 8.6 g/L goethite; Circles: 9 micromol/L Tb, 0.54 g/L goethite; Squares: 45 micromol/L

Tn, 054 g/L goethite.
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Fig. D.4-9. Adsorption of neptunium on goethite as function of pH (Girvin et al. 1991).
Triangles: 0.3 g/L goethite; Circles: 0.9 gAL goethite; Squares: 0.09 gAL goethite.
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An average tin Id for LAW vault waste of 55 mUg was calculated from Eq. 1.

Americium and Other Transplutonic Elements

Americium in aqueous environments can be found in the mH, IV, V. and VI oxidation

states. Am (III) is the most predominant oxidation state. No americium adsorption data was

available for HFO so Cr(III) adsorption data summarized by Dzombak and Morel (1990) was

used as an analog for americium. The HFO was used by prepared by the addition of NaOH

to Fe(NO)3 solution and the ionic strength of the solution was held at 0.1 M NaNO 3 (Leckie

et al. 1980). The adsorption curve (Fig. D.4-11) was used to estimate Am adsorption at

pH & The total Cr in the system is 5.0 10' M and HFO surface area is 530 cm2ImL At this

pH, 99% of the chromium is adsorbed to the goethite surface. An americium Kd for LAW

vault waste of 3700 mug was calculated from Aq. 1. Due to chemical similarities of the

transplutonic elements, this Kd was also used for Cm(II]), Bk(IEI), and Cf(II).

D.5 RADIONUCLIDE SOLUBILITY L1}IfM

The release of radionuclides from the ILNT and ILT vaults will depend on the vault

aqueous chemistry, solubility, and sorption behavior of the relevant radionuclides. The

chemical conditions in the vaults will be controlled by the dissolution of the soluble

constituents of the cement and by the corrosion of the iron waste containers and activated

metals (Ewart et a. 1992). Corrosion of the waste containers and infiltration of water

through the vaults will cause slow changes in the vault chemical conditions. Work conducted

by Ewart et al. (1992) has shown that the pH of concrete repositories will remain above 105

for extended periods of time and Sharland et al. (1986) have shown that the oxidation poten-

tial throughout the near field will become reducing approximately 100 years after saturation.

Ewart t al. (1992) have shown that the carbonate concentration in the near-field

groundwater remain at a constant level of about 104 M to 10-5 M by the relatively high

calcium concentration. These conditions provide low solubilities for actinides and provide

Rev. 



D-31 WSRC-RP-94-218

C;

C;

5
0 .
iL

I-
C ,

w

£L.
V;

eo

C

AS. s. a s. q.4 o.S .a

pH
S.S *.O .s

Fig. D.4-1 1. Adsorption of chromium III on goethite as function of pH as an analog for
americium (from Dzombak and Morel 1990).

Rcv. 

. . -is .5.. * V4i'.



D-32 WSRORP-94-218

a valuable chemical component of the multi-barrier containment of the waste. Ibis section

discusses the solubility limits for plutonium and uranium in the LLNT and ELT vault environ-

ments. Adsorption has been discussed in previous sections.

Plutonium

The tetravalent state of plutonium will predominate under the chemical conditions in the

vaults. Solubility of plutonium was estimated assuming the controlling solid phase is

amorphous Pu(OH)4 with the plutonium hydroxides (ie Pu(OH) 3 , Pu(OH) 2 4 , Pu(OWHj,

and Pu(OH)4 ) comprising the soluble species.

A large variance, up to 16 orders of magnitude, in the solubility product va. s has been

shown in experimental or theoretical techniq. Kim and Kanellakopulos (1989) have

redone the experiments in order to provide a more substantiated solubility product value. A

solubility product of log ,,, = -57.85 * 0.05 for amorphous Pu(OH)4 was determined in a

1 M HCI0 4 solution (Kim and Kanellakopulos 1989). This is the lowest value ever measured

for amorphous Pu(OH)4 because the experiment includes the spectroscopic speciation to

measure only the Pu'+ concentration (Kim and Kanellakopulos 1989). The formation

constants for Pu(OWI+, Pu(OH)2 2 , Pu(OH) 3 , and Pu(OH) 4 1 were taken rom Ewart et al.

(1992). he reactions and constants used in the model are listed below in Table D.5-1.

Solubility calculations based on these thermodynamic data show a solubility limit of

approximately 4.4 x 10'- M for Pu(IV at pH greater than 7. This value was used in the

PORFLOW transport simulations. The solubility limit value does not change significantly

above pH 7 (Fig. D.5-1). The solubility limit calculated here is lower than the average value

reported by Ewart et al. (1992) of 7 x 1ll M at high pH because a lower solubility product

was used. The Pu(OH)5 species was not considered in the solubility calculations. Experi-

mental observations by Ewart t al. (1992) indicate that this should not impact the

calculations because Pu(OH)s does not form to a significant extent.
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A

pH

Fig. D5-1. Estimated Pu(IV) solubility under E-Area conditions.

Rev. 0



D-34 WSRC-RP-94-218

Table D.S-1. Plutonium reactions codered

Reactons log K Refrence

PU(OH)4 + 4H+ = PU4+ + 4H20 -1.86 Kimarn ane apuk6199
PU'+ + H 20 == PUOH3+ + H -0.9 Ewart et al. 1992
PU4+ + 220 = Pu(OH)2W +2H -2.2 Ewart et ml. 1992
Pu4+ + 3H20 == Pu(OH)3 + + 3RW -5.1 Ewart et al. 1992
PU"+ + 4H20 == Pu(OH)4 + 4H -10.54 Ewart Ct al. 1992

Uranium

Uranium may be present in more than one oxidation state under the conditions found in

the vaults. he solubility of uranium for both tetravalent and hexavalent states has been

studied. The dominant oxidation state in the high pH and reducing conditions in the vault

will be U(IV). The controlling solid selected for #he calculations is uraninite, ciystalline U0 2,

which is stable under the vault conditions (Brookins 1988) and is also present in nature. The

value used for solubility limited transport calculations were generated by Orebaugh (1993) and

confirmed for higher pH.

Orebaugh modeled uranium solubility using version 3.0 of ESP software from OLT

Systems (OLI 1993). The calculations were based on the thermodynamic data provided with

the software (based on Phillips et al., 1988). The oxidation state of the uranium was assumed

to be reducing based on the presence of large amounts of iron in the vaults. The calculations

were made for the major species U(IV) and U(VI) at concentrations of 10 M for each oxi-

dation state at pH's between 4 and 8. ron was present in equal amounts of 10 M for Fe(U)

and Fe(I) and the redox couple is described by the equation:

UO22+ + 2FeO4 + 4H+ <=====> U4+ + 2Fe3 + + 2H2O

Above pH 7 the solubility is controlled primarily by U(OH)4 in equilibrium with crystalline

UO. A total solubility for uranium of 3 x 1010 M at pH 7 was used to model the release of

uranium from the vaults in PORELOW (Fig. D.5-2).
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Fig. D.5-2. Estimated total uranium solubility under E-Area conditions (Source:
Orcbaugh 1993).

Rev. 



D-36 WSRC-RP-94-218

Solubility calculations conducted for U(V) using Mathematica with uraninite as the

controlling solid phase gave a similar solubility to that calculated by Orebaugh (1993) for the

pH range of 7 to 12. Using the formation constants of Rai et al. (1990) and solubility product

from Parks and Pohl (1988) a solubility of 3 x 1010D M was calculated (Table D.5-2).

Table DS-2. Uranium reactions considered

Reaction log K Reference

U0 2 + 4H+ == U4* + 2(HO) 2.5 Parks and Pohl 1988
U' + H20 - UH 3 + + H+ -0.5 Rai et al. 1990
U"' + 2H20 == U(OH)+ + 2H+ -4.0 Rai et al. 1990
U" + 3H02 == U(OH)3 ' + 3H -8.0 Rai et al. 1990
Ut+ + 4H2O - U(OH)4 + 4H+ -12.0 Rai et a. 1990
U4+ + 5120 == U(OH)4 ' + 5H -26.0 Rai et al 1990

The Orebaugh (1993) solubility calculations and Mathematica solubility calculations based on

the thermodynamic data for U(IV) from Rai et aL. (1990) and Parks and Pohl (1988) are in

good agreement (Fig. D.5-3) above pH 7. Variation in the results below pH 7 is due to

disregarding U(VI) in the Matbematica solubility calculation. This is not significant because

the pH in the vaults should remain above pH 7 due to the high alkalinity of the concrete.

D.6 SORION IN SOILS

There has not been a need to generate Kd's using iron oide content of the soils. The Kjes

used in the PA are documented in tables within the text. Additional material may be added

as required during the course of the PA.
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El GEOLOGY

The surface of the Upper Atlantic Coastal Plain on which SRS is located slopes gently

seaward. The province is underlain by a seaward dipping wedge of unconsolidated and semi-

consolidated sediments that extends from the Fall Line to the seaward edge of the continental

shelf Sediment thickness increases from zero at the Fall ine, where the crystalline

Piedmont prvince gives way to the Coastal Plain, to more than 12 km near the coast of

South Carolina. The SRS is underlain by about 180 to 370 m of Coastal Plain sediments.

The Coastal Plain sediments vary in age from Late Cretaceous to Recent. The Coastal Plain

sediments are divided into several groups based principally on age and lithology. These

groups arc described briefly below. An in-depth treatment of the stratigraphy of the SRS is

given in the Replacement Tritium Facility Draft; Safety Analysis Report (WSRC 1992).

ELU Late &etaccous Lumbee Grop

The Late Cretaceous sediments constitute the Lumbee Group, which includes, from

oldest to youngest, the Cape Fear, Middendorf, Black Creek, and Peedee Formations

(Fig. E1-1). This group has also been referred to as the Tuscaloosa Formation (NTERA

1986). The thickness of the Lumbee Group varies across SRS from 120 m in the northwest

to more than 230 m near the southeastern boundary.

The Cape Fear Formation is composed of poorly sorted silty-to-claycy quartz sands and

interbedded clays. Bedding thicknesses range from 1.5 to 6 m, with sand beds being thicker

than clay beds. The formation is about 9 m thick at the northwestern boundary of SRS, and

it increases to more than 55 m near the southeastern boundary. This formation has not been

observed to outcrop in the vicinity of the SRS.

The Middendorf Formation, which overlies the Cape Fear Formation, is composed

mostly of medium and coarse quartz sand that is cleaner 'and less indurated than the

underlying sediments. Clay casts and pebbly zones occur in several places in the
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Middendorf Formation. A clay zone up to 24 m thick forms the top of this formation over

much of the SRS. In total, the Middendorf Formation ranges from approximately 40 to

55 m thick from the northwestern to southeastern boundary of the SRS. Outcrops of this

formation have been identified northwest of the SRS.

The Black Creek Formation consists of quartz sands, silts and days. The lower section

consists of fine- to coarse-grained sands, with layers of pebbles and clay casts. The upper

section changes in composition as it crosses the SRS from northwest to southeast; from

massive clay to silty sand with interbeds of clay. Thickness of the Black Creek Formation

under the SRS ranges from 34 m in the northwest to 76 m in the southeast. Outcropping in

the vicinity of the SRS has not been confirmed.

The uppermost formation in the Lumbee Group is the Pcedee Formation, which

consists of fine-grained sandstone and siltstone with marine fossils. This formation is subtitled

as the Steel Creek Member in Fig. E1-1 to distinguish this formation from the Peedee

Formation in southwestern South Carolina that is comparable in age, but lithologically

distinct The lower portion of this formation consists of fine- to coarse-grained quartz sand

and silty sand, with a pebble-rich zone at its base. Pebbly zones and clay casts are common

throughout the lower portion of the Peedee Formation. The upper portion of this formation

is a clay that varies from more than l m to less than 1 m in thickness at the SRS. The

Peedee Formation is about 34 m thick at the northwestern SRS boundary, and about 40 m

thick at the southeastern boundary. No nearby outcropping has been identified.

E&1 Palwoone-Eoen Black Mingo Group

The Paleocene-Early Eocene sediments make up the Black Mingo Group. This group

consists of the Early Palcovenz Rhems Formation, the Late Paleocene Williamsburg

Formation, and the Early Eocene Fishburne Formation (Fig. El-1). This group is about

21 m thick at the northwestern SRS boundary, thickens to about 46 m near the southeastern

boundary, and is about 210 m thick at the coast.
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'The Rhems Formation has also been called the Ellenton Formation (INTERA 1986),

but is now believed to be the time-equivalent to the Rhems Formation with some lithological

differen cs in the vicinity of SR& Tus, it is now designated as the Ellenton Member of the

Rhems Formation (Fig. E-i). The Ellenton Member consists mostly of gray, poorly sorted,

micaceous, lignitic, silty and clayey quartz sand interbedded with gray clays. It is

approximately 12 m thick at the northwestern boundary of the SRS and thickens to about

30 m near the southeastern boundary. This formation outcrops about four miles northwest

of the SRS.

The deposits near the SRS that are time equivalent to the Williamsburg Formation

differ from the type Williamsburg and are designated as the Snapp Member of the Williams-

burg Formation. he sediments are typically silty, medium- to coarse-grained quartz sand

interbedded with clay. The Snapp Member is about 9 m thick at the northwestern SRS

boundary and thickens to about 15 m near the southeastern boundary. Sediments of this

formation have not been identified to outcrop norqhwest of the SRS. Although the Fishburne
Formation exists in southwestern South Carolina, only one Early Eocene fossil assemblage

has been found at the SRS The distribution of any Fishburne equivalent at the SRS is not
known at this time.

E13 Middle Eocene Orangeburg Group

The Middle Eocene sediments make up the Orangeburg Group, which consists of the

lower Middle Eocene Congaree Formation and the upper Middle Eocene Santee Limestone

Formation. The sediments thicken from about 30 m at the northwestern SRS boundary to

about 49 m near the southeastern boundary. The dip of the upper surface of this formation

is about .002 mhn to the southeast across the site. The Orangeburg Group is about 100 m

thick at the coast. Thc group outcrops at lower elevations in many places near and on the

SRS.

The Congaree Formation consists of fine to coarse quartz sands. Thin clay laminae

occur throughout with pebbly layers, clay casts, and glauconite present in places. A

glauconitic clay encountered in some wells on the SRS may be at or near the base of this

formation. In many places at the SRS, the upper part of the Congaree Formation is
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cemented with silica, while in other places it is slightly calcareous. The well-sorted sands,

glauconite, and a few fossils indicate that the Congarce is a shallow marine deposit Ihe

formation is about 18 m thick at the northwestern boundary of the SRS and about 26 m thick

near the southeastern boundary.

The Santee limestone Formation consists of carbonates, calcareous quartz sands, quartz

sands, glauconitic sands, and clays. he sediments comprising this formation have been

referred to in the past as the McBean and Lisbon Formations. However, more recently

(WSRC 1992), these sediments are considered to be one of three members of the Santee

Limestone Formation. A fine-grained sandstone occurs at the base of the Santee Limestone

Formation at several locations across the SRS. Ibis sandstone is referred to as the Warley

Hill Member. Green day, which also occurs near the base of this formation, is referred to

as the Caw Caw Member of the Santee Limestone. The remainder of the Santee Limestone

Formation is assigned to the McBcan Member, Which dominates the formation and is made

up of micritic, calcarenitic, and ahelly limestone, calcareous quartz sand, and noncalcareous,

generally fine-gained quartz sand. Previous investigations in the nearby vicinity (Z-Area)

indicate that the green clay is not a discrete clay bed, but rather a series of thin days

interlayered with sandy clays (Dennehy et a 1989). Therefore, the green clay tends to

thicken and thin, and grade laterally into the sands of the overlying McBean Member

(Dennehy et al. 1989).

Above the green clay, the McBean Member is comprised of 13 m of poorly sorted multi-

colored clayey sand with clay lenses. Calcareous components of the McBean Member are

rare in the northwestern part of the SRS, more abundant in central portions, and increase to

the southeast across the SRS where they are widespread and thick. Siplc (1967) noted that

voids and loosely compacted sediments were encountered during well drilling and mentioned

that large amounts of cement grout were used to stabilize the-subsurface before construction

of heavy structures, suggesting that dissolution of calcareous material in the Santee Limestone

has occurred at the SRS. The Formation is about 12 m thick at the northwestern boundary

and thickens to more than 24 ma near the southeastern boundary. All three members of the

Santee Limestone Formation outcrop within the SRS boundary.

Rev. 0

.1



WSRC-RP-94-218

E.1.4 Late Bocene Bamwcl Group

The Late Eocene sediments make up the Barnwell Group, which consists of the Cinch-

field, Dry Branch, and Tobacco Road Sand Formations (Fig. E1-1). The Clinchfield Forma-

tion, the oldest of the three, is made up of quartz sand and has been identified only when the

contrasting carbonates of the Dry Branch and Santee limestone Formations are present, with
the sand of the Clinchfield Formation sandwiched between them. It has been identified at

several areas within the SRS, where it is up to 8 m thick, but it cannot be mapped with

available data.

The Dry Branch Formation consists of three distinguishable members: the Griffins

Landing Member, the Irwinton Sand Member and the Twiggs Clay Member. The latter

member does not appear to be mappable within the SRS, but ithologically similar clay is

present at various levels within this formation. The composition of the tan clay, varies from

a dark brown to tan clayey sand to a red to dafk brown sandy clay. There is no geologic

evidence suggesting a discrete clay layer for the Twiggs Clay Member. Rather, this member

is apparently a series of intercalated clay and sand layers.

The carbonate of the Griffins Landing Member is up to 14 m thick in the southeastern

part of the SRS. This member consists mostly of calcilutite and calcarenite, calcareous quartz

sand, and slightly calcareous clay. It occurs sporadically at the SRS and is not known to be

present northwest of TInker Creek and UTR Creek within the SRS boundaries. The Griffins

Landing Member has previously been considered to be part of the McBean Formation

(Siple 1967; ITERA 1986). The remainder of the Dry Branch Formation within the SRS

is made up of the Irwinton Sand Member, which is composed of moderately sorted quartz

sand, with interlaminated clays abundant in places. The Dry Branch formation is about

15 m thick at the northwestern SRS boundary, and thickens to 24 m near the southeastern
boundary. It outcrops in many places around and within the SRS.

The Tobacco Road Sand overlies the Dry Branch Formation. The base of this unit

is marked by a coarse layer that can contain flat quartz pebbles. The rest of the formation

is made up of moderately to poorly sorted quartz sands. The sediments have the character-

istics of a shallow marine deposit The upper surface of this formation is irregular due to an

incision that accompanied deposition of the overlying Upland" unit and later erosion. The
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thicluiess is variable as a rest of erocs sses but is at least 15 m in places. The

Tobacco Road Sand of Baruweli Group (INTERA 1986), is widely exposed at the SRS. The

combined thickness of the Dry Branch and Tobacco Road formations at the coast is almost

120 m.

E.1.5 Upland Units

The 'Upland Unit" is an informal stratigraphic term applied to terrestrial deposits that

occur at higher elevations in some places in the southwestern South Carolina Coastal Plain.

This unit occurs at the surface at higher elevations in many places around and within the

SRS, but it is not present at all higher elevations. The sediments are poorly sorted, clayey-to-

silty sands, with lenses and layers of conglomerates, pebbly sands, and clays. Clay casts are

abundant. The 'Upland' unit is up to 21 m thick in parts of the SRS. Much of this unit

corresponds to the Hawthorne Formation and be Tertiary alluvial gravels identified in

previous documents (NTERA 1986).

E.16 Quaternary Deposits

Cooke (1936) identified seven marine terraces in the region near the SRS, although the

highest three are extensively eroded and are not easily recognized. Te terrace deposits are

a few tens of feet thick The origin of these deposits is not definitive. Recent alluvium

occurs in the main and tributary channels of the Savannah River and other streams in the

vicinity of the SRS.

E2 GROUNDWATER HYDROLOGY

An alpha-numeric system of hydrostratigraphic nomenclature was developed by Aadland

(1990) for SRS. Figure El-1 illustrates the alphanumeric system and compares it to other

systems developed in previous studies
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E2.1 Aquifer System I

The lowermost aquifer system, referred to as Aquifer System L. is regional in nature and

includes the Middendorf Formation, the Black Creek Formation, and the Peedee Formation

(Fig. E.1.1). These formations are of Cretaceous age and consists of beds of sands, silts, and

clays. Aquifer System I is further divided into aquifer zones and confining zones depending

upon hydraulic properties. This system serves as a major source of water for SRS and the

region.

2.2 Confining System [-

Confining System I-I separates Aquifer System I from Aquifer System I (Fig. E).1

Greater than 30 m thick, it is comprised of the Ellenton Clays. Hydraulically, it restricts flow

between Aquifer System I and Aquifer System If

.2.3 Aquifer System U

Because of relative hydrologic isolation due to Confining System I, only the uppermost

system of the two major aquifer systems is of interest for contamination studies at E-Area.

This aquifer system, referred to as Aquifer System II, is divided into individual units and

further subdivided into zones. These units and zones primarily relate to hydrogeological

characteristics. The units and zones which comprise the aquifer system are as follows:

Nomenclature of Aadland (199O

Aquifer System II

Aquifer Unit B, Zone 2

Confmning Unit IIBl-IH2

Aquifer Unit IB, Zone 1

Confining Unit UA-IIB

Aquifer Unit IIA

Confining System I-I

Common Nomenclature

Water Table Aquifer

Tan Clay

Barnwell/McBeai Aquifer

Green Clay

Congarec Aquifer

Ellenton Clays
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E-Area is located within the GSA of the SRS. Ihe GSA Includes the present burial

grounds and E-Arca.

E.72.1 Qmfing Syatem I-II

Confining System I-E1 (Ellenton Clays) is a silty to sandy lignitic, micaceous clay inter-

bedded with fine to coarse quartz sand. Individual layers of clays, silts, and sandy clays range

in thickness from 0.6 to 6.7 m. Individual layers of clayey sands range in thickness from 03

to 4.6 m. Clay and silt lenses of Confining System I-I1 consist of buff and light gray to black

clay and sandy clay. The interbeds of claycy sands and sands are generally fine to coarse

grained and range from moderate to very poorly sorted. Grains are subangular to angular

(GeoTrans 1992).

Confining System I-E attains a thickness of over 30 m in the GSA. The unit appears

to occur no further northwest than the northwcft boundary of SRS where it is about 12 a

in thickness. Regionally, the unit thickens to the southeast

E.2732 Aquifer Unit lEA

Aquifer Unit HEA (Congaree Aquifer) unconformably overlies Confining System 1-1

(Ellenton Clays) and ranges from 15.8 to 32.6 m thick within the GSA. The unit dips at IS

to 1.7 m per km to the south and southeast. Additionally, the unit thickens in the western

portion of the GSA and to a minor extent, thickens to the southeast.

Clayey layers are encountered to some degree at all depths throughout tc formation

However, by far the majority of such layers occur below an elevation of 24 n MSL which

corresponds to the lower and middle portions of the formation. The unit consists prcdom-

inanty of sands and clayey sands with small interbeds of sandy days, clays, and calcareous

sands. The sands and clayey sands range in thickness from 0.6 to 25.6 n while the sandy clays

and clays range in thickness from 0.3 to 2.7 m. Calcareous sands range in thickness from 0.6

to 0.9 n. Sands and clayey sands of Aquifer Unit HA are largely yellow to orange in color

and consists of fine to coarse grained, subangular to subrounded quartz. The sands vary from

well to poorly sorted.
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Groundwater flow in the aquifer at E-Area is to the west toward UTR Creek (Fig. E2-

1). A local potentiometric map of Aquifer Unit HEA was developed based upon water level

data from E-Area wells (Fig. E2-) which indicates the flow direction. A regional potentio-

metric map of Aquifer Unit IIA is provided in Fig. E.2-3 for comparison purposes. The bori-

zontal gradient of the aquifer is estimated to be 0.006 in the GSA area. Based on a slug test

(WSRC 1991) the hydraulic conductivity of the aquifer was estimated to be 6.46 x 104 cm/s

in the GSA area.

£. 3 Confining Unit I[A-IIB

Confining Unit HA-lIB (Green Clay) separates Aquifer Unit IIA and Aquifer Unit HB.

This confining unit is locally known as the Green aay. Recent investigations have indicated

that this unit is comprised of several lenses of green clay that thicken, thin, and pinch out

abruptly. Thickness can be variable, from 0.6 toj9 m. Although Confining Unit IIA-IIB does

not always appear during drilling to be a significant geologic feature, wells screened above and

below the layer routinely hae very different heads. Thus, Confining Unit IA-IIB retards

downward vertical leakage from Aquifer Unit IIB, Zone 1 (Barnwell/McBean Aquifer), into

Aquifer Unit ETA (Congaree Aquifer). Ie unit is thin to the west and southeast, becoming

thicker to the north. Structural lows in the unit tend to correspond to areas of carbonate

accumulation in the overlying sediments. In addition, the clays of the unit thin or truncate

in these areas.

Confining Unit IIA-IB consists predominantly of clays, sandy clays, and claycy uands.

ILocally, beds of calcareous mud contribute significant thickness to the unit. Minor interbeds

of sands arc also present. The clay and sandy clay lenses in the unit range in thickness from

0.6 to 3.6 m. The clayey sand beds range in thickness from 0.3 to 4.2 m. Calcareous muds

range in thickness from 0.9 to 3.3 m and the sand beds range in thickness from 0.3 to 1.8 m

(GeoTrans 1992).

The clayey sands are generally moderately to poorly sorted with grain sizes ranging from

medium to very coarse. They are described as light tan to orange in color, fine to

very fine grained, well sorted and occasionally indurated. Grains are usually subangular and

in some layers cemented with silica.
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. . . ;



E-11 WSRC-RP-94-218

SOUTH
CAROLWA

Fig. E.2-l. Surface drainage map of the SRS.
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Fig. E.2-3. Regional potentiometric surface of Aquifer Unit A (Christensen and
Gordon 1983).
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From laboratory tests of undisturbed samples, the hydraulic conductivity of Confining

Unit HA-IIB has been determined to range from 1.4 x 10S to 1.6 x 1t7 cm/s (horizontal) and

6.5 x 10g to 4.4 x If- cms (vertical). The vertical gradient has been estimated to be 5.5 mn

(WSRC 1991).

E-.4 Aquifer Unit I[BI

Aquifer Unit [lB. Zone I (Barnwell/McBean Aquifer), overlies Confining Unit IIA-IIB

(Green Clay) and underlies Confining Unit I1B1-HB2 (Tan Clay). This zone ranges in thick-

ness from 11.9 to 27.7 mn. It thins toward the western portion of the GSA, in the vicinity of

the F-Area Seepage Basins. Thickening of the zone occurs to the southeast, in the vicinity

of the H-Area Seepage Basins. Aquifer Unit IB. Zone 1, dips approximately 1.5 to 1.7 mkm
to the southeast (GeoTrans 1992).

This aquifer zone consists predominantly of sand and clayey sand sequences with

localized zones of abundant calcareous sands, sandy and muddy limestones, and limestones.

Minor interbeds of clay and sandy clay are also present. Sands and claycy sands within the

zone range in thickness from 0.6 to 18 m. Calcareous sands range in thickness from 0.6 to

10 m. Sandy and muddy limestones, and limestones range in thickness rom 0.9 to 9 mL

The sand and clayey sand beds are generally yellow to tan, occasionally greenish brown

to light brown. The sand is fine to coarse grained, moderately to well sorted, and generally

subangular. The calcareous sands are white to buff in color and contain up to 50% calcar-

eous materials. The sandy and muddy limestones and limestones are white to buff in color

and contain rater than 80 percent calcareous material. The interbeds of the clays and sandy

clays in this unit are light tan to orange in color. Sand is quartz, fine to medium grained,

subangular, and well to moderately sorted.

The hydraulic conductivity of the zone ranges from 7.39 x 10s to 7.2 x 103 cmas. The

horizontal hydraulic gradient within the zone is stimated to'be 0.01 mi he vertical

gradient in Aquifer Unit IB1 is estimated to be 0.058 mbn (WSRC 1991). A potentiometric

surface for Aquifer Unit IB, Zone 1, was developed based upon water level data taken from

E-Area wells and is provided in Fig. E.2-4.
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E23- Cining Zone IIBI-HB2

Confining Zone IIBI-HB2 (Tan Clay) consists of multiple, discontinuous clay layers,

which separates underlying Aquifer Unit IlB, Zone I (BanwellftcBean), from overlying

Aquifer Unit HIB, Zone 2 (water table). Te two aquifer zones are in direct contact where

this confining zone is absent. Thickness varies Erom 0 to 10 la. Confining Zone IIB1-HlB2

is not always clearly observed during drilling. Where the zone is present in the GSA,

however, head differences between wells screened above and below the zone range from 0.9

to 15 m (GeoTrans 1992).

Confining Zone IIB1-1B2 consists predominantly of cays and sandy clay with minor to

equal interbeds of clayey sands and sands. Clays and sandy clays range in thickness from 03

to 3.3 m. Clayey sands and sands range in thickness from 0.3 to 24 m.

The clays, clayey sands, and sands within Confining Zone IIB--I1B2 are light tan to light

orange in color. The sands are predominantly 4medium to coarse grained with a moderate

degree of sorting. Grain size tends to coarsen upward.

Laboratory analyses of undisturbed samples of Confining Zone IIB1-HB2 yielded a

range of hydraulic conductivities from 6.0 x 10 to 1.2 x l0o cm/s in the horizontal direction

and 1.2 x 109 to 4.0 x 107 cm/s in the vertical direction (WSRC 1991).

E23.6 Aquifer Unit flB, Zone 2

Aquifer Unit IB, Zone 2 (water table), is the uppermost aquifer. Although sometimes

referred to as 'water table', it is defined stratigraphically, not by the degree of saturation. In

portions of the GSA this aquifer is completely desaturated. It overlies Confining Zone IIBI-

IIB2 (Tan Clay) where the confining zone is present and Aquifer Unit HIB, Zone 1 (Barn-

well/McBean), where the confining zone is absent This aquifer zone attains a maximum

thickness of 33.5 m within the GSA. The aquifer zone ranges from 0 to 20 m in thickness

along Four Mile Branch which partially incises it within the GSA. Additionally, the aquifer

zone dips at a rate of 1.5 to 1.7 m/km to the southeast (GeoTrans 1992).

Aquifer Unit IIB, Zone 2, consists predominantly of sands and clayey sands with lesser

or equal amount of clay and sandy clay. Gravel and pebble layers occur locally. The sands

and clayey sands within the zone range in thickness from 6.1 to 32.6 m while the clays and
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sandy clays range in thickness from 03 to SA i. Gravel and pebble layers range in thickness

from 03 to 15 E

Sands and dayey sands are tan to red to purple and are often highly variegated in color.

Sands arc fine to very coarse, subangular to angular and moderately to poorly sorted.

Hydraulic conductivities for Aquifer Unit I1B, Zone 2, range from 13 x 10' to 5. x

104 cms. The horizontal gradient ranges from 0.0035 to 0.018 m/r with the flow direction

to the north and northwest toward UTR Creek (WSRC 1991). A potentiometric surface

based upon water level data from welds located at E-Area is provided in Fig. E.2-5 for Aquifer

Unit fIB, Zone 2.

E24 Hydrologic Chararistics of the Unsaturated Zone

Hydraulic characteristics of unsaturated sil in E-Arca were investigated by Gruber

(1980) and in nearby Z-Area, by Quisenberry (1985). Soil water content - soil water pressure

relationships for soil in both areas were developed, as were relationships between hydraulic

conductivity and water content. Characteristic curves illustrating the relationship between

moisture content and soil pressure head (m), and between moisture content and hydraulic

conductivity (in s'), for soils in E-Area are presented in Fig. E.2-6 and E.2-7. The plotted

data were obtained by Gruber for undisturbed soil cores. Saturated hydraulic conductivity of

these soils was estimated by Gruber to be on the order of I x 10 4 m s, with porosity on the

order of 0.47 to 0.52, and bulk density on the order of 1.6 g cm-3.

Results for the undisturbed soil in Z-Area are presented in Figs. E.2-8 and E.2-9. A

relationship similar to that depicted in Fig. E.2-8 for undisturbed soil cores was found for

disturbed soil, with a somewhat steeper gradient as soil water pressure approached zero. For

the undisturbed soil cores, at pressures less than -1 m, little additional decrease in soilwater

content was measured as pressures were decreased to -5 m. Saturated hydraulic conductivity

of the Z-Area soils tested was estimated by Quisenberiy to be 2 x 10 m si', with a porosity

of 037 and corresponding bulk density of 1.7 g cm-. It is noted by Quisenberry that the field

measurements were made in three well-drained areas. The difference between both investi-

gator's curves illustrate the heterogeneous nature of soils in the vicinity of E-Area.
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OAK RIDGE NATIONAL ABORATORY/GRAND JUNCTION OFFICE

SOFTWARE QUALITY ASSURANCE PLAN FOR PORFLOW-3D

1.0 PuRPO

This plan describes the steps taken by Oak Ridge National Laboratoryls (ORNL) Pollutants
Assessment Group (PAG) to implement software quality assurance (SQA) procedures,
developed with consideration of the ORNL Quality Assurance Manual (re. 10.1), the Martin
Marietta Automated Data Processing Systems Development Methodology (ref. 10.2), and
ASME NQA-2a (reL 103) for the acquired conputer code PORFLOW-3D (ref. 10.4).

2.0 SCOPE

The SQA plan applies to life-cycle phases of PORFLOW-3D as it is used in conducting
radiological performance assessments at th Savannah River Site (SRS), including
identification and acquisition, installation, testing, operation and maintenance, and retirement
of this preexisting custom software. Configuration control and quality control procedures are
also included in the plan.

3.0 TERMSMDETNITIONS

COMPUTER PROGRAMMING ASSISTANT
The Computer Programming Assistant assists the Computer Services Manager in
assignment and management of software.

COMPUTER SECURrIY OFFICER (CSO)
The Computer Security Officer is the person who ensures computer and software
security, and passwords.

COMPUTER SERVICES MANAGER (CSM)
The Computer Services Manager is the person who oversees procurement and
assignment of computer hardware and software, who works to ensure compatibility
of existing and newly acquired products, and who ensures systems have adequate
backup.
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CONFGURATTON CONTROL
Configuration control is the process of identifying and defining the configuration
items in the PORFLOW-3D software system, controlling the release and change of
these items throughout the system life cycle, and recording and reporting the status
of configuration items and change requests.

PERFORMANCE ASSESSMENT PRINCIPAL NVFSTIGAMR (PI)
The Principal Investigator is the person having overall technical responsibility for the
radiological performance assessment (PA) project.

PORFLOW-3D
PORFLOW-3D is a commercially-available computer code acquired by ORNL for use
in simulating unsaturated and saturated flow of mass transport in the subsurface.
Simulation results will provide concentrations of radionuclides originating in low-level
waste (LLW) facilities in groundwater. By sponsor (Westinghouse Savannah River
Company) directive, it is subject to NQA-2a, and thus is considered a Category 4
software, from QA Procedure No. QA-I-9-100 entitled 'Software Quality Assurance
in the ORNL QA Program.

SOFTWARE
Computer programs, procedures, associated procedure manuals, computer source
codes and program disks.

CUSTOM SOFTWARE
Software developed to address a specific technical problem, as opposed to
commercially-available wideusage software such as a word processor or database
manager.

SOFTWARE VALIDATION
Validation of software refers to the testing of the software with respect to the
accuracy of decisions or assumptions incorporated into the software.

SOFTWARE VERICATION
Verification of software refers to the testing of the software with respect to accuracy
of numerical algorithms.
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40 RESPONSEBIT[ES FOR SQA

PERFORMANCE A ESMENT PRINCIPAL INVESTIGATOR
he principal investigator (PI) for the radiological performance assessments for which

PORFLOW-3D was acquired is responsible for defining software needs. Upon
acquisition, the PI is responsible for overseeing that the software life cycle procedures
are correctly implemented and for overseeing configuration control and quality control
procedures. Te- PI is also responsible for maintaining documentation of SQA
procedures.

COMPUTER SERVICES MANAGER
The Computer Services Manager (CSM) is responsible for assisting the PI, when
requested, with identifying software ieds, as well as determining software
compatibility with existing or acquired hardware, the operating system, network system
and other software that it may have to interface with.

COMPUTER SECURITY OFFICER
Software protection measures are defined by and overseen by the Computer Security
Officer (CSO).

50 SOFF WARE LIEE CYCLE

5.1 Identification of Software Requirements

The PI shall examine, in detail, the performance assessment problem(s) that
necessitate software acquisition, and define the purpose, objectives, scope and constraints of
the software need. A feasibility study shall be done to identify alternative pre-existing custom
software solutions.

When a code, such as PORFLOW-3D, is identified as a solution, the PI must define
all significant requirements of PORFLOW-3D pertinent to its:

1) Function - verifiable simulations to be accomplished,
2) Performance - time efficiency,
3) External Interfaces - interactions with hardware, other softwarc, and available

trained operators,
4) Attributes - adequacy of documentation, security, particular attributes specified by

sponsor.

Documentation of identified requirements of PORFLOW-3D will be provided in the
Procedural Logbook, and in an appendix of the performance assessment report.
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52 Software Instalation

Because PORFLOW-3D i proeisting software, installation must be preceded by
tests to assure the software is complete and free of viruses that may infect the computer
system on which it Is installed. Backup copies of the original software shall be made, and
used for installation. Installation will take place in accordance with the installation
instructions provided by the provider of PORFLOW-3D.

Once installed, the original software and the backup copy is stored and protected from
theft, loss and environmental damage. Tbe Configuration Control Logbook shall be initiated,
in which date of installation, version installed, and installation notes are recorded. Ths
Logbook shall contain the name and telephone number of the PI responsible for
PORFLOW-3D and the name of the performance assessment project for which it was
acquired. Source code listing, software documentation and user's manuals will be stored in
a location accessible to designated users of the software, and shall not be removed without
permission of the PL

5.3 Software Testing

Testing is required to confirm that PORFLOW-3D satisfies the objectives and
requirements defined in Section 5.1, Identificain of Software Requirements Verification
testing, described in Section 53.1. below, is a demonstration of whether PORFLOW-3D
meets the requirements specified regarding function, performance, external interfaces and
attributes.

5.3.1 Verification

The capabilities of PORFLOW-3D must be verified by comparing analytical solutions
of the desired simulation equations for a defined problem to PORFLOW-3D output to
evaluate the accuracy of numerical algorithms. Comparison of software simulation results
with results from previously verified versions or codes (termed benchmarking) is acceptable.

5.32 Validation or Benchmarking

Validation of PORFLOW-11D requires data from SRS that are not available in
sufficient quantity or quality to provide meaningful results. Benchmarking of PORFLOW-3D
will therefore be carried out by comparing the results to software that has gained high
acceptability by acknowledged experts.

5.3.3 Documentation of Tcsting

Results of verification and benchmarking of PORFLOW-3D shall be recorded in the
Procedural Logbook which is initiated when requirements are identified
(Sect. 5.1), and in an appendix of the performance assessment report.
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5.4 Software Operation and Mnteance

5.4.1 Operation

Operation of PORFLOW-3D will be conducted by personnel approved by the PI, who
in the Prs judgement, are appropriately trained. These individuals will have access to the
user's manual of the code, the Procedural Logbook, and the Configuration Control Logbook

Operational tests will be performed whenever PORFLOW-3D is installed on a
different computer, or when configurational changes are made to the software or hardware
system. The results of these tests will be documented in the Configuration Control Logbook.

5.42 Maintenance

Maintenance to correct software errors or adapt to changes in requirements or the
operating environments will be made only with the PI's approval, documented in the
Procedural Logbook. Written requests for maintenance actions will be kept in a specified
location by the PL

55 Software Retient

Once the life cycle of PORFLOW-3D is over, it will be retired according to the
developer's requirements, in order to assure future use is in accord with applicable licensing
agreements. All documents pertaining to the life cycle of PORFLOW-3D will be archived,
and a caretaker will be designated by the PI to ensure that the retired software is not made
available for unrestricted use. Documentation of retirement procedures followed will be
made in the Procedural Logbook.

6.0 CONFIGURATION CONTROL

61 Configuration Identification

A configuration baseline shall be defined for PORFLOW-3D, in input data sets
including test cases, simulation results, and hardware as the tested and approved
configuration. A labeling system will be implemented for each of these components of the
system, such that each item is uniquely identified and that configurations resulting from
revisions of each item are uniquely identified.
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6.2 iChange Control

Changes to configuration items, including the PORFLOW-3D code, input data sets,
simulation results and hardware shall be formally documented under the following guidelines.

62.1 Changes to PORFLOW-3D

Changes to the baseline version of PORFLOW-3D must be approved by the PL
Verification shall be performed to ensure that changes are properly reflected in
documentation of the code, and that the changed document is properly archived.

622 Changes to creation of Data Sets and Siniation Results

Changes to, or creation of new, data sets must be documented in a manner that
uniquely identifies each set and corresponding simulation results set.

6.7.3 Changes in HardwareConf iguratio

Changes to hardware may affect the operation of PORFLOW-3D. Therefore, such
changes shall be reflected in the archiving, or tracking procedure, and in the documentation.

63 Configuration Control Documentation

Configuration control documentation shall contain the information needed to manage
the PORFLOW-31) configuration and accompanying data sets, simulation results and
hardware requirements. This information shall identify the approved configuration (via a well
documented naming conventions for software, data sets, and simulation results) and will be
kept in the Configuration Control Logbook. Tis Logbook shall be easily decipherable with
respect to reflecting modifications made to the various configurations.

7.0 QUALYIY CONTROL

7.1 Technical Review of Software

The PI shall periodically review the approach and key assumptions, and evaluate input
data sets to assure that QA procedures have been applied and that proper documentation is
being generated throughout the life cycle of PORFLOW-3D. When necessary, the PI will
call on others to review assunptions and input data to verify their appropriateness and
accuracy.
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72 Sign-off and Approvals

The sip-off and formal approvals on ky assumptions and input data will be
accomplished with cover letters transmitting the information being approved. Individuals
whose approval is sought will be identified by the PI, and will include QA personnel from
ORNL and from SRS, as well as those with particular knowledge of the specific information
from both organizations, and appropriate managers.

7.3 Quality Control Documentation

Documentation of Quality Control procedures will be kept in the form of the sign-off
and approval cover letters that transmit information that has submed to these procedures.
These signature forms and attached information will be kept in a separate notebook, entitled
Quality Control Notebook

&O PROBLEM REPORTING AND CORRECITVE ACON

A formal procedure of software problems and corrective action reporting shall be
established by the PI for PORFLOW-3D errors and failures. The reporting system shall
assure that problems and corrective actions Oaken are promptly reported to affected
organizations, such as Idaho National Engineering Laboratory and SRS. Problems and
corrective actions shall be reported in the form of letters to affected individuals and
organizations, and will be described in the Procedural Logbook

9.0 RECORDS

The following documents will be retained as records:

1) SQA Plan;

2) Procedural Logbook containing information on software requirements, code testing
results, maintenance actions, and retirement procedures followed;

3) Configuration Control Logbook containing installation information, results of
testing when configurational changes are made, and identification of approved or
defined configuration items, including the PORPLOW-3t) version, input data sets,
simulation results and hardware;

4) Documentation of PORFLOW-3D, including user's nanual; and

5) Quality Control Notebook including documentation of approvals on input data and
major assumptions made.

Rev. 
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sOFoWARE o AM MASSUNCE PLAN FR PORFlM-3D

1. PURPOSE

This plan describes the steps taken by the Idaho National Engineering
Laboratory (INEL) Subsurface and Environmental Modeling (SEM) Unit personnel
to implement software quality assurance procedures consistent with the EG&G
Idaho uality Manual Section QP-21 "Computer Software Configuration
Management," and ASME NQA-2a-1990 Part 2.7 Quality Assurance Requirements of
Computer Software for Nuclear Facility Applications.' for the computer code
PORFLOW-3D (Runchal and Saggar 1991).

2. SCOPE

The software quality assurance plar applies to life-cycle phases of
PORFLOW-3D as it s used in conducting radiological performance assessments at
the Savannah River Site (SRS) including acquisition, installation, testing,
operation, maintenance, and retirement. Configuration control and quality
assurance procedures are also included or referenced in this plan.

3. TERMSIDEFIN[mONS

COMPUTER CODE CUSTODIAN - The designated Individual with responsibility
for coordinating the control of computer codes and related documentation.

CONFIGURATION CONTROL Configuration control s the process of
identifying and defining the configuration items in the PORFLOW-3D software
system, controlling the release and change of these tems throughout the
system life cycle, and recording and reporting the status of configuration
items and change requests.

PERFORMANCE ASSESSIMENT PRINCIPAL INVESTIGATOR - The Principal
Investigator (PI) is the person having overall technical responsibility for
the radiological performance assessment project.

Rev. 0
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PORFLOW-3D -- PORFLOW-3D is a comercially-available computer code
acquired by the INEL for use in simulating unsaturated and saturated flow and

mass transport n the subsurface. Simulation results will provide

concentrations of radionuclides originating the low-level waste facilities in

ground water. By sponsor [Westinghouse Savannah River Company (WSRC)J

directive. it is-considered "High-Impact" software (QAP-20-1. Rev 1..

10/01/90). This is equivalent to EG&G Idaho Quality Level B software".

SOFTWARE - Computer programs, procedures, associated procedure manuals.

computer source code, and program disks. -

SOFTWARE VALIDATION - Software validation refers to the testing of the
accuracy of decisions or assumptions incorporated into the software.

SOFTWARE VERIFICATION - Software verification refers to testing the
accuracy of numerical algorithms contained in the software.

4. RESPONSIBILITIES FOR SQA

PERFORMANCE ASSESSMENT PRINCIPAL INVESTIGATOR - The PI for the
radiological performance assessment for which PORFLOW.3D was acquired is

responsible for software quality assurance. Upon acquisition, the PI is

responsible for overseeing that the software life-cycle procedures are
correctly implemented and for overseeing configuration control and quality

control procedures. The PI is also responsible for maintaining documentation
of software quality assurance procedures. The PI may delegate the
configuration control responsibility to the computer code custodian.

a. Quality Level B software failure would degrade the performance or
reliability of operations. data acquisition, or deliverables.

Rev. 0
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5. SOFTWARE LIFE CYCLE

5.1 Software nstallation

Because PORFLOW-3D is pre-existing. commercially available software,
life cycle steps associated with the development of the software a the
responsibility of the-computer code vendor. Installation will take place in
accordance with the instructions provided by the PORFLOW-3D vendor. A backup
copy of the original software shall be made and stored under version control.
Because PORFLOW-3D is stored under version control on the IEL CRAY. it is
protected against theft, loss, and environmental damage.

After installation. PORFLOW-3D will be installed in the INEL Version
Control System (Miller et al. 1991). Thd INEL Version Control System provides
for automated change control and logging4 therefore. a separate configuration
control logbook is not required.

5.2 Software Testing

Testing is required to confirm that PORFLOW-3D functions as the code
vendors assert. Once installed, a FORTRAN analyzer is typically run on the
code to look for potential programming errors. Marshall and Marwil (1991)
contains a description of a typical FORTRAN analyzer. No programming errors
were identified in PORFLOW-3D.

5.2.1 Verification

The capabilities of PORFLOW 3D must be verified by comparing analytical
solutions of the desired simulation equations for a defined problem to
PORFLOW-3D output to evaluate the accuracy of numerical algorithms.
Comparison of software simulation results with results from previously
verified versions or codes (termed benchmarking) is acceptable. An
independent verification of an earlier version of PORFLOW has been performed
(Magnuson et al. 1990).
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5.2.2 Validation or Benchmarkin

Validation of PORFLOW-3D requires data from SRS that are not available
in sufficient quantity or quality to provide meaningful results. Therefore.
PORFLOW-3D will be benchmarked by comparing PORFLOW-3D results to results
obtained using other software that has gained high acceptability from
acknowledged experts. An independent benchmarking of an earlier version of
PORFLOW has been performed (agnuson et al. 1990).

5.2.3 Documentation of Testing

The results of the verification and benchmarking of PORFLOW-3D are
documented in Magnuson et al. (1990). The verification and benchmark testing
of PORFLOW was conducted using Version 1.: However. the version of PORFLOW
used on this project was PORFLOW-3D. Thedtest problems used to verify and
benchmark Version 1 have been run using PORFLOW-3D and equivalent results were
obtained.

5.3 Software Oeration and Maintenance

5.3.1 Opration

Operation of PORFLOW-3D will be conducted by personnel approved by the
PI, who in the PI's udgement. are appropriately trained. These individuals
will have access to the user's manual of the code.

Operational tests will be performed whenever PORFLOW*3D is nstalled on
a computer with a different operating system, or when configuration changes
are made to the software or hardware system.

5.3.2 Maintenance

Maintenance to correct software errors or adapt to changes in
requirements or the operating environments will be made only with the P's
approval. However, the PI may delegate this authority to the code custodian.
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The changes will be logged in the Version Control System. Because the Version
Control System provides an automated log of changes to the source code, no
separate maintenance log will be required.

5.4 Software Retirement

Once the life cycle of PORFLOW-3D s over, it will be retired according
to the code developer's requirements in order to assure future use is in
accordance with applicable licensing agreements. All documents pertaining to
the life cycle of PORFLOW-3D at the INEL will be archived. During the
retirement phase of the software life cycle. the routine use of PORFLOW-3D
will be prevented. The retirement procedures followed will be documented.

6. CONFIGURATION CONTROL

PORFLOW-3D is maintained under configuration control using the INEL
Version Control System. The Configuration Management Plan for PORFLOW-3D is
part of a larger Configuration Management Plan documented in Matthews (1992).
that meets the requirements of the EG&G Idaho Qualitv Manual. P-21. Computer
Software Configuration Management".

7. QUALIm ASSURANCE

The PI shall periodically review the approach and assumptions and
evaluate input data sets to ensure that quality assurance procedures have been
applied and that proper documentation is being generated throughout the life
cycle of PORFLOW-3D. When necessary. the PI will call on others to review
assumptions and input data to verify their appropriateness and accuracy.

Key assumptions (those critical to the project) will be evaluated by
WSRC, Oak Ridge National Laboratory - Grand Junction (ORNL-GJ). and INEL; a
consensus on each key assumption will be reached.

Project notebooks Will be used to document day-to-day project
activities. Formal documentation of analyses conducted using PORFLOW-3D will
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be accomplished using the EG&G Idaho Engineering Design File (EDF) format.

The EDF format provides for formal approval of input data, assumptions, and

output by the author, reviewer (technical), and approver (managerial) of the

calculations. The EG&G Idaho Oualitv Manual. Design Control,' QP-3, Section

4.2.15. describes the elements required in the documentation of a design
analysis. The EDF's generated during this project will be transmitted to SRS

as part of the project documentation.

8. ERROR REPORTING AN) CORRECTIVE ACTION

Any errors found in the code will be reported to the code author and

other affected organizations such as SRS and ORNL-GJ. The error and its
corrective action will be documented in the project logbook maintained by the
analyst.

9. RECORDS

The following documents will be retained as records that will be turned
over to WSRC:

1. Software Quality Assurance

2. Version Control System change log for PORFLOW-3D.

3. Documentation of PORFLOW-3D, including user's manual.

4. EDFs containing results generated using PORFLOW-3D.

5. Project notebooks.

10. REFERENCES

ASME NQA-2a-1990. Part 2.7. Quality Assurance Reguirements of Comouter
Software for Nuclear Facility Applications.
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APPENDIX G
COMPLETENESS REVIEW GUIDE

An attempt was made to address all items identified in DOE/LLW-93 Performance
Assessment Review Guide for DOE Low-Level Radioactive Waste Disposal Facilities and to
specifically address these items in the E-Area Disposal Facility Performance Assessment A

table has been prepared which summarizes all items identified within the guidance document

and connects each item with the appropriate section(s) of the Performance Assessment In
some cases the required items are addressed in two or more sections of the report Addi-

tional details are sometimes presented in an Appendix. This table is provided as an aid to
the reviewers in their completeness review of the E-Area Performance AssessmenL
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RW GUIDE SECIIONS

DISPOSAL FAClTY D PION

Site Characteristi

Hydrogeology (RegionallSite Speciic)
Ecology and Biotic Conditions
Natural Resources, Iand and Water Use
Geography and Demography
Climate and Meteorology
Geology (Regiona/ite Specific)
Seismology
Natural Radiation Background

Waste Generation Process

Waste Characterktir

Volumes
Radionuclide Concentration and Inventory
Chemical and Physical Form
Packaging

ANALYSIS OF PERFORMANCE

Background

Souce Term

Thnpodfflathw y c saribs

AssumptionsiMethodologics

Dose Conversion Factors
Computer Modeling Codes

RESULTS OF ANALYSIS

Dosc to Public and Intruder

Sensitivity and Uncertainty Anaysis

QUALlTY ASSURANC[EtQUAITY C01
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B-AREA PERFORMANCE
SoM

Sect. 2

Sect. 2.1 and Sect 2.2

Sect 2IA, Sect. 22Z and Appendix E.2
Sect. 21.9
Sect. 21.6 and Sect. 22.1
Sect. 2.1 and Sect 2.1.2
Sect 2.1.3
Sect. 2.1.4, Sec. 2Z, and Appendix El
Sect. 2.1.5
Sect. 1.0 and Sect. 2.2-5

Sect. 2.3 and Sect. 24

SecL 2.4

') Sect. 24
Sect. 243 and Sect. 26
Sect. 24
Sect. 2.42

Sect 3

Sect. 3.1

Sect. 3.2

Sect. 3.3 and Sect 3.4

Sect. 3.4.3
Sect. 3.4.1, Sect 3.42, Appendix A
and B

Sect. 4 

Sect 4.1A and Sect. 4.1.5

Sect. 42

CIROL Appendix F
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APPENDIX H

PRIORMANCEASSESSN ER REVIEW
PANEL REOOMMENDAITONS
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ILl JrODUCION

The Performance Assessment Peer Review Panel met on May 26-27, 1993 at the
Savannah River Site to conduct a preliminary review of the radiological performance
assessment (RPA) for the Savannah River Site E-Area Vaults Disposal Facility. Recommen-
dations for improving this assessment were made by the Panel based on a review of an earlier
version of the draft of this report and on presentations that were made to the Panel during
the review. The Panel reached consensus on 19 recommendations which were presented to
SRS, and arc listed verbatim in Sect. R2 How those recommendations which suggested
action were adopted for improving this report a discussed immediately below each
recommendation.

.2 RECOMMENDATIONS OF THE PERFORMANCE ASSESSMENT PEER
REVIEW PANEL

&commendadon #1

'The Peer Review Panel (PRP) is once again very appreciative of the courteous
reception, generous hospitality, and openness of discussion provided by DOE's Savannah
River Field Office, the Westinghouse Savannah River Company, and all review contnibutom"

Response:

No action requested.

Recommendation #2

Te PRP would like to commend the fine efforts of Westinghouse Savannah River
Company for producing a high quality preliminary draft report, of comparable high quality to
the Sattstone preliminary draft report. The basic elements of establishing a conceptual model,
the early application of screening methods to establish the significant radionuclides, pathways,
and scenarios, and the effort to establish waste acceptance criteria consistent with the PA
methods and data are noteworthy.'

Response:

No action requested.
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Recommendation #3

'Again, the multidisciplinary teamworlk approach has been applied and is credited with
the production of this high quality draft. The PRP feels that this preliminary review
successfully met its expectations and objectives and hopes that our comments will be useful
to the development of the final PA.'

Response:

No action requested.

Recommendation #4

1The PRP notes that our final review of the Saltstone PA suffered because of the
decision by the preparers to defer a final editorial review until after distribution to the PRP.
The resulting errata pages and additional analyses that must be considered during the final
review are somewhat awkward to handle. The PRP recommends that the time be spent on
the E-Area PA to conduct a final internal editorial and technical review prior to releas to
the PaneL.'

Response:

The schedule of issuance of the final E-Area PA was adjusted to provide time to
conduct a final internal editorial and technical review. The review included two separate
reviews by WSRC and the PA Team and a review by DOE-SR and their subcontractor.
Results of these reviews have been incorporated in this final PA.

Recommendation #5

Te PRP is concerned that no mention has been made in this PA of the disposal of
post 1988 waste in the existing burial ground.'

Response:

In the Implementation Plan for DOE Order 58202A DOE-SR indicated that, for
continuity of SRS operations, shallow land burial of low-level waste would continue until the
E-Area vault disposal facility was available. The Implementation Plan also indicated that a
radiological performance assessment would be conducted only for the E-Area vault facility.
Consistent with this decision, no mention of post-1988 waste disposal in the existing burial
ground is in the E-Area Vaults Performance Assessment.
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Recommendztion #6

"How are esting plumes and future E-Area plumes covered by this PA going to be
differentiated by the near-term monitoring program?"

Response:

Differentiating future EAV Facility (EAVF) contaminant plumes fom previously
existing plumes will be based upon deviation from groundwater quality trends that will
previously have been established.

Numerous groundwater monitoring wells have been installed in the icinity of the EAVF
to permit monitoring of contaminant plumes emanating from cxsting facilities. These wells
are currently being sampled on a routine basis to define the current extent of contaminant
plumes and to establish groundwater quality trends.

Several of these wells are situated dose to the EAVF, both in the upgradient and
downgradient dirctions. ese wells are capable of detecting the presence of contaminants
in the groundwater which might originate upgradient of the EAVF and flow beneath it. Data
obtained from these wells indicates that contaminants originating at other facilities has already
migrated beneath the EAVE (see Sect. 2.2.5).

Continued monitoring of these wells will allow establishment of future trends such that
deviations due to EAVF operation will be apparent. Statistical analysis methodology will form
the basis for making such a determination. An adequate methodology has not yet been
developed, but is expected to be developed for analysis of groundwater at the Z-Area. The
methodology will be described in a Statistical Analysis Plant which is required to obtain an
Industrial Waste Permit from SCDHEC for operation of the Saltstone Facility. When the
methodology is developed it will serve as a precedent that can be utilized at the EAVE.

Recommendadon #7

BThe PRP is concerned that the cumulative effccts of the future hazardous wastlmixed
waste disposal facility must be integrated with those in the E-Area PA.'

Response:

The cumulative effects of the planned Hazardous Wastc/Mixcd Waste Disposal Facility
and the E-Area Vaults will be addressed in the Performance Assessment for the HWMW
facility. The HWMW PA is currently in the planning stage, but the actual project to design
and construct the facility has not received funding. Integration of the HWMW and EAV PA
results will be an important part of the analysis.
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Recommendation #8

"ie screening analysis used to determine significant radionuclides seems to focus on
near term effects important during operations and the first few hundred years. By contrast,
radionuclides important to low-level waste PAs are often long-lived mobile radionuclides that
may be present in trace quantities (i.e, less than 1% of the total inventory) at the time of
disposal. Efforts should be made to confirm, document, and justify the results of the
inventory screening analysis. This is especially important in light of the changing mission with
future inclusion of decommissioning wastes containing long-lived activation products.'

Response

The screening analysis, for both groundwater and intruder scenarios, was revised to
include all 730 radionuclides assigned dose conversion factors in the DOE Compendium of
dose conversion factors (DOEAEH0071, "Internal Dose Conversion Factors for Calculation
of Dose to the Public, July, 1988). This approacb assures that any radionuclide with the
potential to have an impact, either long-term, or short-term, would be identified. The
screening analyses are discussed in Sects. 3.2.3.4 and 3.2.4.4.

Recommendaion #9

'Provide a discussion and justification of the methodology and criteria used to select the
radionuclides considered in the initial inventory. For example, why were Fe-59, Fe-55, and
Eu-152 not included?"

Response:

See the response to comment #8, above.

RecomEndation #10

The PRP is concerned about the allocation of activity in the inventory for the 'other'
alpha and beta-gamma categories of Pu-239 and Sr-9OICs-137. A review of the groundwater
screening results presented indicates that Np-237 and Sn-126 should not be excluded."

Rcsponse

The Other Alpha' and 'Other Beta-Gamma" categories have been removed from the
Performance Assessment. The comprehensive screening analysis eliminated the need for
these categories.
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Recommendan #11

The presentation material implied that the ILNT and LAW waste could contain less
than 10 Ci of H-3 per package. However, table 2.4-1 shows relatively low H-3 activity levels
for the ILNT and LAW vault categories (ie., 1,000 and 5,000 Ci, respectively). It is not clear
if H-3 is being assigned a value of zero for a portion of these inventories.

Respone

The present analysis no longer relies on estimated initial radionuclide inventories, which
were presented in Table 24-1 in the original draft reports The methodology in the present
RPA uses unit activity inventories or concentrations of radionuclides to determine the
allowable inventory in a gv vault pe based upon the performance objectives for dose.
Details of this methodology are provided in Sect. 3.1.1., 3.3, 3.4, and 4.1.

The reference inventories for the non-tritium vaults (ILNT and LAW) were increased
based on 10 curies per B-25 container, 12,000 Ci for LAW vaults and 10,000 Ci for lLNT
vaults.

Recommendation #12

'Although the PRP applauds the early application of screening methods to make
decisions regarding design features and the choice of data and analysis methods for
conducting the PA, we caution that efforts must be made to replace the screening methods
with a justified site-specific approach. he current analysis may be overly conservative and
is likely to be of little use beyond making initial decisions. For example, the high groundwater
concentrations are apparently a result of conservative assumptions regarding degraded
performance and attempts to simplify a complicated transport analysis. For the final PA, a
more site-specific approach must be developed, justified and applied.

The preparers agree that a site-specific approach must be developed, justified, and
applied. This has been done. A more rigorous analysis of vault degradation has been
performed (Appendix K) and incorporated into the near-field conceptual model (Sect. 3.3.1,
3.4.1, and 4.1.2). A detailed site-spccific three dimensional groundwater flow and transport
model to determine the groundwater contaminant concentrations at the compliance point.
Details of this model are presented in Sect. 3.32, 3.41, and 4.1.3.
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Recommed on #13

'Provide a description of the conceptual model of how the vaults degrade and the
environment evolves to provide an envelope of degraded conditions. The application of the
conceptual model to the numerical methods must be described.

Response:

A special modeling study was conducted on the degradation of the concrete vaults in E-
Area and the study is provided in Appendix K The incorporation of this detailed site-specific
degradation study into the near-field conceptual model is described in Sect. 3.3.1, 3.4.1, and
4.12

Recommendadon #14

'Consider the effects of increased infiltration beyond 40 c/yr in the degraded scenario
for the LAW vault facility after the subsidence event (roof collapse) has occurred."

Response:

An additional run of the unsaturated zone model of the LAW vault was made with the
infiltration rate set at 120 cm/year, the total average annual precipitation at SRS, at the time
of vault failure. Cs-135 and Th-232 were selected for this analysis. The calculated flux to the
water table increased by a factor of about 3, the amount of increase in the infiltration. he
results, in fractional flux to the water table, were:

40 cm/year 120 cm/year

Cs-135 6E-04 26E-03

Th-232 3.0ES05 9.SE-05

Reconmendaon #15

"The treatment of the waste in the LAW vaults needs to be better descrbed (ie., the
lifetime of the waste boxes, the void spaces, and the assignment of soil properties to the
degraded waste forms).'

Response:

Additional detail has been added to the report to address treatment of the void (see
Sect. 3.3.1.1 and Appendix A.2b2). Essentially, the boxes are assumed to collapse to a height
assuming that the voids in the waste are no longer present, thus increasing the void above the
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waste. The void above the boxes is assumed to behave as a high permeability porous media.
No effective life is assumed for the waste boxes as it is assumed that the boxes will fail before
the vault significantly increases in permeability and the boxes provide no structural support
The degraded boxes are also assumed to be a source of iron oxides (rust) that are used to
determine Kds for selected radionuclides.

A sensitivity analysis was conducted (or the hydraulic conductivity of the waste and grout
in the JLNT vault. Increases in hydraulic conductivity of the waste form of 4 orders of
magnitude initially and a 2 order of magnitude increase for the degraded conditions were
considered based on the reference waste form values for the different time periods specified
by Andy Yu. These changes yielded an increase of roughly 3 orders of magnitude in the peak
release rate for H-3. The impact was inimal on releases of C-14, Tc-99, and Ni-59. The
results for the ILNT vault described above suggest that the properties of the waste form can
have a significant impact on the release rate of H-3. Additional sensitivity cases for the LAW
vault are being conducted, but are proving to be difficult to run. Work is continuing on the
additional cases as time permits.

Recommendaion #16

wThe intruder scenario assumptions need to be further discused. In particular, there
needs to be clear descriptions and justificationsif the construction of the house foundation
or basement with respect to the waste material, the potential dilution factors applied, and the
geometry selected for external dose calculations.

Response

The assumptions for the intruder scenarios are described qualitatively in Sect 3.2.4. and
in more detail, including a description of the parameter values, in Appendix A.4. As
described in the appendix, the assumptions regarding construction of a house foundation or
basement that extends into the waste itself and the dilution factor for mixing of exhumed
waste into native soil in an intruders vegetable garden, essentially are the same as those used
by the NRC in developing its regulations for low-level waste disposal in 10 CFR Part 61. The
geometry selected for the external dose calculations also was used by the NRC The
assumption in estimating external dose of a uniform distribution of activity over the source
region is reasonable for the kinds of disposal units in E-Area, particularly when one considers
that intrusion onto the site will occur at random locations. It should also be borne in mind
that while the assumptions for an intruder dose analysis should be reasonable for the
conditions of the site and disposal facility, the primary purpose of the analysis is to establish
waste acceptance criteria in the form of limits on concentrations, rather than to provide
realistic estimates of dose that might be experienced by future inadvertent intruders.
Therefore, it is entirely appropriate to develop simplifying assumptions for idealized exposure
situations for inadvertent intruders as long as the assumptions are reasonably credible. his
is particularly the case when one realizes that most assumptions will tend to result in
estimates of dose that would exceed those that lilely would be experienced by most
individuals who might intrude onto the disposal site.
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Recommendadin #17

wMhe intruder scenarios should be evaluated using an inventory corrected for both decay
and leaching. This correction may reduce the imporance of radon in the long-term dose
asscssment.

Response:

lhe preparers agree that a leaching correction hould be applied to reduce the
concentrations of radionuclides to which an inadvertent intruder would be exposed at times
long after disposal The dose analysis in Sect. 4.1.5 has been recast to display this correction
explicitly (see page 430). However, because the engineered barriers to be used in the
disposal units are expected to maintain their integrity and preclude direct intrusion into the
waste for long time periods after disposal (erg., for perhaps thousands of years or more),
uranium is probably the only radionuclide for which consideration of leaching would be
important in increasing significantly the concentration limit for acceptable disposals As noted
by the Peer Review Panel, consideration of leaching for uranium is potentially important in
reducing the dose estimates from radon at times long after disposaL However, a solubility
limit for uranium has also been implemented (see Sect. 4.122 and Appendix D). This results
in minimal leaching of uranium over the 1OOO#ear compliance period.

Recommendation #18

'The methods used to estimate doses from radon should be evaluated and justified. For
example, the computed ratio of household radon concentration to the radium concentration
is highly variable (not a fixed value). In addition, the concentration in basements is generally
higher than in upper floors. Finally, a comparison of household radon to the concentrations
derived using the ratio to radium in soil should be compared to concentrations estimated
using diffusion models.'

Response:

The fundamental difficulty with performance assessment for low-level waste disposal is
the paucity of data that can be used to validate or justify the assumptions for the various
aspects of system behavior. Therefore, when there are opportunities to use real
environmental data in a dose analysis, these opportunities clearly should be embraced. Data
on exposures of the public to radon due to radium in soil represent such an opportunity. As
noted by the Peer Review Panel, the ratio of indoor radon exposure to radium concentration.
in soil is a variable quantity, depending on many factors, and the concentration of indoor
radon varies with location within a house. However, the assumptions used in the dose
analysis for the E-Area vaults take this variability into account; ie., the assumptions represent
average conditions talking into account a large body of data. Since it is not the purpose of
a dose analysis for low-level waste disposal to estimate the real dose that might result from
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a dose analysis for low-level waste disposal to estimate the real dose that might result from
placing a real house on top of waste at the Savannah River Site, the use of average
assumptions clearly is reasonable. It would be desirable to base the analysis for radon on
average levels of indoor radon and average levels of radium in surface soil in the vicinity of
the Savannah River Site, but the existence of such a data base is not known to the prepares.
Regarding the request by the Peer Review Panel to use a diffusion model to estimate indoor
radon levels, it is difficult for the preparers to see bow this approach could produce a useful
result for the purposes of this analysis. A diffusion model would involve many highly
uncertain assumptions that could only be validated by direct comparison with the type of
natural analog model used in this analysis If a diffusion model could be justified only by
comparison with existing environmental data, then there is no reason not to use the
environment data as the model as in the present analysis.

It should also be noted (see Sect. 1.2 and Appendix A.3) that, although doses from
radon and its decay products are presented in the results of intruder analyses, they are no
longer considered in assessing compliance to the intruder performance objective. Rather, a
radon exhalation rate is estimated and compared with the performance objective of
20 pCi/m 2s.

Recommendation #19

The likelihood of the long-term intruder scenario will be influenced by the depression
in the ground surface resulting from subsidence of the LAW vault roof structure. This should
be considered and discussed in the final analysis.'

Response-

The development of a significant depression in the ground surface due to collapse of the
LAW vault roof could affect the likelihood that an inadvertent intruder would excavate at the
site. However, even after the roof collapses, the concrete presumably would be in the form
of large, relatively intact pieces, in which case excavation into the waste would be precluded
until most of the concrete has degraded to soil-like material. This process presumably would
require at least a few hundred years, by which time the ground surface could assume a more
normal contour due to normal weathering at the site. Therefore, the preparers believe it is
reasonable to assume that collapse of the LAW vault roof should not effect the assumptions
used in the intruder dose analysis, especially since exposure to longer-lived radionuclides at
times long after disposal is the primary concern. Again, it must be borne in the mind that the
primary purpose of the intruder dose analysis is to establish waste acceptance criteria, and the
assumptions used in this process need not replicate actual exposure situations that might
occur. Of course, collapse of the vault roof is potentially quite important in estimating
releases from the vaults, and this factor is taken into account in the analysis.

Rev. 0



WSRC-RP-94-218

APPENDIX I

SUSPEr SOIL PERFORMANCE ANALYS

Rev. 0



I-1 WSRC-RP-94-218

APPENDIX I

SUSPECr SOIL PERFORMANCE ANALYS

LI DESCRIE ON OF SUSPECT SOIL TRENCIEES

Between 2800 and 5600 m5 of soil from regulated areas at the SRS is designated annually

as potentially contaminated soil (henceforth referred to in this appendix as suspect soi,

Cook 1991). Disposal of a portion of this toil in unlined trenches is being considered for the

EAV facility. The performance of these proposed suspect soil trenches is analyzed in this

append

L.1 Physical Characterist of Suspect Soil ,

The suspect soil at the SRS has not specifically been characterized, but can be assumed

to have general characteristics similar to the soil horizons across the site. T'he SRS soils were

described in Sect. 21.8. In general, the SRS soils are sandy, and underlain by a loamy or

clayey subsoil. Excavation activities may result in miing of the sandy soils with the subsoil.

Therefore, it is likely that the suspect soil characteristics are representative of a mixture of

the soil horizons present at the SRS.

LL2 Layout and Capacity of the Trcnchm

For this performance analysis, it is assumed that five below-grade trenches exist within

the EAV facility. The conceptual configuration and dimensions of the trenches are shown

in Fig. Li-1. The width of the top of each trench is 6 in, and the bottom is 4.8 in wide. Each

trench is 200 in long and 6 in deep, but the top 1.2 n of soil in each trench will be clean soil.

The disposal capacity of each of the five trenches is approximately 5200 m3 of suspect soil.

The base of the trenches is assumed to lie approximately 9 m above the water table at an

elevation similar to that of the base of the LAW vaults.
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Fg LI-1. Conceptual drawing of proposed suspect soil trenches.
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LU Radioactive rIncatoty of Suspet Soil

The inventory of radionudlides in suspect soil is not nown. Therefore, a list of

radionuclides that are possibly present was generated These 730 radionuclides are listed in

Table C3-1. The level of contamination of suspect soil is unkmown; therefore, the perfor-

mance assessment of the suspect soil trenches will address allowable inventories that will meet

performance objectives descned in Sect. 1.2

LIA Ckosure Cbicept

Because the suspect soil trenches will be placed within the EAV facility, final closure vn

be the same as that for the entire facility. For the purposes of this assessment, the same

closure concept as for the EAVk (Sect. 2.9) is assumed. Briefly, backfill of Burma Road sand

is assumed to be placed over the filled trenches, above which a laterally extensive moisture

barrier is assumed to be placed. The moisture barrier consists of 0.76 n of clay overlain by

0.3 m of gravel and a geotextile fabric. Over this moisture barrier, 0.76 m of backfill is

assumed, followed by 0.15 m of topsoil. As a result, a minimum of 2.9 m of cover material

is assumed to overlie the suspect soil trenches at closure Revegetation and drainage ditches

are assumed to constitute final closure, for the purposes of stabilizing soil, preventing pine

tree growth, and diverting excess water from the gravel layer.

12 ANALYSIS OF PERFORMANCE OF SUSPECT SOIL

The methods used to analyze the long-term performance of the suspect soil trenches

within the EAV facility are descnbed in this section. A description of the radionuclide source

term posed by the trenches is provided in Sect. L2.1. Pathways to exposure of human recep-

tors are considered in Sect 12.1 The conceptual models developed and computational

approach used to assess the performance of the suspect soil trenches are descned in

Sect. 1.23.
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L2.1 Source Term

The suspect soil trenches provide a source of radionuclides to the geospherc. To

characterize this source, it is necessary to evaluate the mechanisms of release. Release of

radionuclides from the soil matrix may result from desorption from soil particles, dissolution
of precipitated material within the soil matrix, or volatilization into soil gas. Subsequent

release to the geosphere occurs as a result of advective and diffusive processes. Advective

processes arise as a consequence of the infiltration of water through the trenches. Diffusive

processes are driven by the concentration gradient that exists between pore fluids of the

trenches and pores of the surrounding uncontaminated soil.
Degradation of the engineered cover will affect release to the geosphere through the

effect on infiltration of water into the trenches. As was described in Sect. 3.1.3.1, a

reasonable scenario for degradation of the covr is that the cover may be degraded to the

gravel layer approximately 900 years after closure of the E-Area facility. Before that time,

it is possible that infltration may increase through the day layer as a result of head buildup
in the gravel layer, if for example the drains fall to divert sufficient water, or disturbance of

the clay layer by roots or burrowing animals.

L22 Pathways and Scenarios

In this section, the pathways to human exposure to potential suspect soil constituents are
addressed. The time periods of concern for human exposure are identical to those described

in Sect. 32.1.

L22-1 Transport Pathways

Radionuclides released from the suspect soil trenches to the geosphere have the potential

of reaching humans through numerous pathways. Most conceivable pathways for a buried

LLW source such as the suspect soil trenches are described in Sect. 322?1. The same

rationale as was applied in pathway screening for the EAVs applies to the suspect soil
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trenches, with the result that only pathways related to contaminated air and groundwater are

considered to be of potential consequence. These pathways include volatilization of H-3,

C-14, and Rn-22Z leaching of suspect soil, resulting in contamination of groundwater local

to E-Area, and contamination of agricultural crops and animals as a result of irrigation with

contaminated groundwater.

I 2..7 Epsurcs of Off-Site Membel of the Public and Protection of Groundwat

According to the discussion in Sect 3±33, the drinking water pathway is the only

pathway that needs to be considered for off-site releases of radionuclides in groundwater. In
cases where the MCL in groundwater corresponds to a dose equivalent less than the perfor-

mance objective for off-site individuals of 25 mrem per year from all xposure pathways,

compliance with the MCL would ensure that the dose to off-sit individuals would be substan-
tially less than the performance objective. In caes where the MCL in groundwater corre-

sponds to a dose equivalent greater than the performance objective for off-site individuals,
the dose from all exposure pathways other than drinking water would be insignificant

compared with the dose from the drinking water pathway, particularly when the uncertainties
in estimating maxdmum concentrations of radionuclides in groundwater at locations more than

100 m from any disposal units are taken into account.

In order to reduce the number of radionuclides for which a detailed analysis of potential
groundwater concentrations is necessary, a screening analysis was carried out with respect to

groundwater protection requirements. This analysis is essentially the same analysis tat was

applied to the list of radionuclides that was screened for the EAVs. The screening analysis

is described in Sect. 3.2.3A. Of the 730 radionuclides originally listed in Table C3-1 of that
report, 50 radionuclides were identified for which a more detailed analysis was needed.
Radioactive daughters were considered in the screening analysis. These radionuclides are

listed in Table L2-1.

Radionuclides for which radioactive progeny were considered in the detailed groundwater

analysis were selected based on the potential for significant ingrowth and mobilization of the

progeny. For example, radioactive daughters of Pu-239 were not considered significant for

several reasons, including: 1) decay of the parent is slow enough to limit the daughter activi-

ties available for transport to less than 0.001% of the initial Pu-239 activity during the first

Rev. 0



I WSRC-RP-94-218

Table L2-. RaducIides ciaduced in the detailed
_xmdwatcr anais Ear smapect sal ba tm s

H-3
C-14
Al-26
Ni-59
Ni-63
Se-79
Rb-97
Sr-90
Zr-93
Tc-99
Pd-107
Cd-113m
Sn-121m
Sn-126
1-129
Cs-135
Sm-151
Ra-226
Th-229
Th-230 Ra-226)
Th-232
Pa-231
U-232
U-233 (h-229)r
U-234 (h-230, Ra-226)'

U-235 (Pa-231)'
U-236
U-238
Np-237
Pu-238 (U-234#
Pu-239
Pu-240
Pu-241 (Am-241, Np-237)
Pu-242
Pu-244
Am-241 (Np-237)
Am-242n (U-234t
Am-243 (Pu-239)
Cm-242 (Pu-238r

; Cm-243 Pu-239)'
Cm-244 (Pu-240)'
Cm-245
Cm-246 (Pu-242)'
Cm-247 (Am-243, Pu-239r
Cm-248
Bk-249 (Cf-249t
Cf-249 (C-245
C£-250 (m-246t
Cf-251 (Cm-7247, Am-243, Pu-239r
C-252 (Cm-248t

A Radioactive daughter(s), in parentheses, are potentialy significant and are considered,
along with their differential transport, in the groundwater analysis.

b Radioactive daughter(s), in parentheses, arc longer-lived than the relatively short-lived
parent, and the groundwater analysis considers the daughter concentrations.

Rev. 

{ .... Wi.



I-7 WSRC-RP-94-218

10,000 years, even when leaching of Pu-239 is negreted; 2) progeny of Pu-239 are generally

less mobile than Pu-239, with the exception of U-238, and 3) although U-238 is more mobile

(Le, has a lower KA U-238 has a very low specific activity relative to that of Pu-239 and,

thus, is not radiologically significant in this decay chain. For Np-237, the activity of the U-233

daughter fairly quickly approaches that of Np-237 if leaching of Np-237 from the suspect soil

trenches is neglected However, Np-237 is fairly mobile (Kd =S mL/g), and is leached from

the trenches before significant ingrowth can occur, based on groundwater transport simula-

tions for the Np-237 paret.

The radionuclides for which ingrowth of daughters is believed to be nsignificant, either

up to 10,000 years or before the parent radionuclide has been leached from the trenches, are

Np-237, Pu-239, Pu-240, Pu-242, Pu-244, U-236, U-238, Cn-245, and Cm-248 Radioactive

progeny of other radionuclides listed in Table L241 are included in the effective dose equiva-

lents for the parent radionuclides, from which a$Iowable concentrations in groundwater are

calculated.

I J 23 Exposuc Saria for Inadvetnt Intruders

Chronic and acute exposure scenarios were developed in Sect. 324 for inadvertent

intruders. The scenarios developed were based on low-level radioactive waste disposal in

vaults. Te conclusions of Sect. 3.14 were that chronic exposure scenaris will always be

more restrictive than acute scenarios in terms of compliance with performance objectives for

protection of intruders, and that an agriculture scenario, a resident scenario and a post-drilling

scenario should be considered. The same arguments apply for the suspect soil trenches, but

only the agriculture scenario needs to be considered here according to the following

reasoning.

The suspect soil trenches will be constructed without engineered barriers that could

preclude excavation or drilling into the waste. Therefore, only the agriculture and post-

drilling scenarios for inadvertent intruders are relevant. However, since both scenarios could

occur beginning at 100 years after disposal, when active institutional control over the disposal

site is assumed to be lost, and since the dose per unit concentration of radionuclides always
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is greater for the agriculture scenario than for the post-drilling scenario, only the agriculture

scenario needs to be considered in estimating dose to an inadvertent ntruder and limits on

concentrations and inventories of radionuclides that would be acceptable for disposaL

Tie agriculture scenario is described in detail in Sect. 3±4.1. Ibs scenario assumes that

an intruder comes onto the site after active institutional control ceases and establishes a

permanent homestead, including on-site sources of water and foodstuffs. Suspect soil is

assumed to be accessed when an intruder constructs a home directly on top of a disposal

trench, with the foundation of the home etnding into the trench itself, and some waste is

assumed to be mixed with native soil in the intruders vegetable garden. Ingestion, inhalation,

and external exposure pathways are evaluated.

Screening of the ist of 730 radionuclides listed in Table C3-1 with respect to intruder

doses was conducted in the manner described in Sect. 3.2.4.4. In addition to the radionuclides

listed in Table 1.2-1, Co-60, Nb-93m, Cs-137, Eo-154, Eu-155, Pb-210, Ra-228, and Ac-227

were considered in the intruder analysis. Radinuclides not on the list could not pose a
significant dose with respect to any performance objectives, due to their short half-lives and/or

other factors affecting intruder exposures.

12.3 Models and Assumptions

In Scct. .2.1 and L2.2, the potential mechanisms of release of radionuclides from the

suspect soil trenches were defined, the radionuclides believed to be most significant to this

RPA identified, and the relevant human exposure scenarios were described In this section,

the models adopted, and assumptions made, to carry out the computations necessary to esti-

mate doses are dscwbed.

L2.3.1 Near-Fild Model

The near-field model for the suspect soil trenches addresses'retease of radionuclides Erom

the trenches to the surrounding unsaturated soils of the vadose zone, and subsequent trans-

port to the water table. The conceptual models implemented to describe flow and transport

are described below.
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Flow of water through the trenches is limited by the amount of infiltration through the

overlying cover and the characteristics of the suspect soil and surrounding soiL Using the

trench design described in Sect L1, a two-dimensional computational grid was designed to

represent the trenches and surrounding soil for simulations carried out with PORFLOW,

Version 2.5 (ACRI 1993). The model domain is shown in Fig. 12-1, and represents a vertical,

longitudinal slice through the trenches and surrounding soil. The domain extends verticaly

from the water table to the ground surface. The trenches are represented within this domain

by a zone which is 200 m long and 4.8 m high. In two dimensions, the thickncss of the slice

is assumed to be of unit thickness, or 1 cm in this case.

The amount of infiltration entering the top of the domain shown in Fig. 1.2-1 was

assumed to be 40 cm per year, which represents the average infiltration without an engi-

neered cover over the trenches. Although the cover will likely limit infiltration for hundreds

of years if undisturbed, there is considerable uncirtainty in the timing and extent of degrada-

tion. herefore, for this analysis, no credit was taken for reductions in infiltration brought

about by the cover. Tis is a conservative approach, because flux of radionuclides to the

water table is directly proportional to the amount of water available to flow through the

system. Therefore, with an intact cover, and the resulting 4 cm per year infiltration

(Sect. 4.12.1), the flux to the water table is expected to be an order of magnitude lower than

the fluxes estimated with a fully degraded cover. Test simulations were carried out at the

lower infiltration rate, and confirmation of this proportional reduction in the flux rate was

achieved.

Simulation of the path of water through the domain necessitated assumptions of mois-

ture profiles in the suspect soil and surrounding soil. For this analysis, it was assumed that

the suspect soil and surrounding soil were essentially the same hydraulically, and that the

hydraulic properties described in Sect. 3.3.1.1 for native soil at the SRS are appropriate for

these soils. The moisture characteristic data tabulated by Gruber (1980) were used to define

the unsaturated hydraulic conductivity and matrix potential as afunction of moisture content

(Fig. E.2-6, Appendix E). Because the trench soil and surrounding backfill and native soil

were assumed to have identical hydraulic properties, water is assumed to be neither diverted
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into or out of the tench but to flow vertically through. Under steady-state hydrologic

conditions, the amount of water flowing out of the domain at the water table is equal to the

amount of water entering via infiltration; thus, the steady-state flux of water through the

suspect soil trenches and surrounding soil was 40 cralyear. Flow simulations were carried out

with the computer code PORFLOW, for the two-dimensional domain described above. The

PORFLOW input file for these simulations is provided in Fig. 1.5-1. The steady-state flow

field was subsequently used in mass transport simulations to analyze the advective flux from

the trenches.

Release of radionuclides to the geosphere may result from desorption or dissolution

processes, as noted in Sect. L2.1. Advective and diffusive processes act to mobilize the

radionuclides in the pore waters of the trenches. For the suspect soil analysis, radionuclides

were assumed to be completely soluble, and sorption was considered to be a fully-reversible

linear process at equilibrium. Equilibrium paT'tioning between solid (sorbed) and liquid

phases was characterized by the elemental distribution coefficients (}d's) listed in Table 12-2.

The Kd values in this table are average values taken from site-specific literature, when

available, and from a review article by Sheppard and Thibault (1990).

The computer code, PORFLOW, was used to simulate advection and diffusion from the

trenches. The steady-state flow field provided flow rates through the trenches and to the

water table (at the bottom of the domain, Fig. L2-1), and Kd's, effective diffusion and

dispersion coefficients, and radioactive decay constants provided the necessary information

for simulating advective-diffusive transport. An example input file is shown in Fig. 1.5-2.

Effective diffusion (i.c., molecular diffusion corrected for tortuosity of a porous medium) and

dispersion coefficients are not radionuclide-specific, and the values used for these parameters

in the PORFLOW simulations were: 1) longitudinal dispersivity 3 m; 2) transverse disper-

sivity = 0.3 cm; and 3) effective diffusion coefficient = 158 cm2 yr. No data are available

for dispersivities in the unconsolidated sediments of the SRS. In the unsaturated zone, where

flow velocities are very low, dispersion, which is directly proportional to flow velocity, is likely

to be fairly insignificant with respect to plume movement The values chosen for these simu-

lations are believed to be reasonable based on a discussion of field-scale dispersivity in a

reputable groundwater textbook (Freeze and Cherry 1979). Small values of dispersivity are
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Tabk Z2 D iUNm wcffi b asmmd for elemts m upect scg trencheI K4 Value I ~Literature Sourc
Assumed (Mug)_ _

Radionuclide So ay soil .C._|_____l__ay __
Al 1SO0 1500 Bacs and Sharp 1983 assumed same as soil

Am 1900 84 Hoeffuer 1985 Sheppard and Thlbault 1990
Bk 1900 8400 same as Americium same as Americum

C 2 1 McIntyre 1988 Sheppard and 4Thibault 1990

Cd 80 560 Sheppard and Thibault 1990 Sheppard and Thibault 1990

a 1900 8400 same as Americium same as Americium
Cm 1900 6000 same as Americium Sheppard and Thltault 1990

Co 10 550 Hoeffner 1985 Sheppard and 'Thlbault 1990

Cs 330 1900 Hoeffner 1985 Sheppard and Thibault 1990

Eu 245 - assumed the same as Sm

H 0 0 Sheppard and Thibault 1990 Sheppard and Thibault 1990

I 0.6 1 Hoeffner 14 Sheppard and Thibault 1990

Nb 160 900 Sheppard and ThlIbault 1990 Sheppard and Tl7bault 1990

Ni 400 650 Sheppard and Tnibault 1990 Sheppard and Thibault 199D

5 55 Sheppard and Tbibault 1990 Sheppaid and Thibault 1990

Pa 550 2700 Sheppard and lthbault 1990 Sheppard and Thibault 1990

Pb 270 550 Sheppard and Thibault 1990 Sheppard and Thibault 1990

Pd SS 270 Sheppard and Thlbault 1990 Sheppard and 'Thibault 1990

Pu 100 5100 Hoeffner 1985 Sheppard and Thibault 1990

Ra -00 9100 Sheppard and Thibault 1990 Sheppard and Thibault 1990

Rb 55 270 Sheward and Thibault 1990 Sheppard and Thibault 1990

Se 5 740 Ticknor and Ruciger 1989 Sheppard and Tbibault 1990

Sm 245 1300 Sheppard and Thlbault 1990 Shenpard and Thibault 1990

Sn 130 670 Sheppard and lbibault 1990 Sheppard and Thibault 1990

Sr 10 110 Hoeffner 1985 Sheppard and Tfbault 1990

Tc__ 0.36 1 Oblath 1982 Sheppard and lhbult l99D

Th 3000 5800 Sheppard and Thlbault 1990 Shepoard and Thibault 1990

U 35 1600 Sheopard and Thibault 1990 Sheppard and TMibault 1990

Zr 600 3300 Shepprd and Tiibault 1990 Sheppard and Thlbault 1990
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conservative for radionuclides which do not decay significantly before reaching the water

table, as is the case with the great majority of radionuclides in the suspect soil analysis,

because less spreading of the plume occurs with small values and the intruder exposures are

maximized with the smaller loss from the trencbes. Large values of dispersivity are conserva-

tive for radionuclides that decay significantly during transport to the water table, as the arrival

time at the water table will be earlier and thus less radioactive decay can occur.

12.32 Groundwater Transport Model

To simulate transport of radionuclides that are released from the suspect soil trenches

to the water table, the conceptual saturated zone transport model described in Sect. 3.32 was

adopted. Ie flow field established by PORFLOW simulations, which implemented this

conceptual model, was used in the suspect soil anlysis. 11crefore, the groundwater transport

model was identical to that described in Sect. 3.3.2 with the exception that the source zone

was smaller (2 suspect soil source nodes versus 4 nodes for the 1LNT vaults and 35 nodes for

the LAW vaults). The smaller source zone represents the relatively smaller source area

presented by the suspect soil trenches. An example PORFLOW input file for four

radionuclides is shown in Fig. L5-3.

I33 Afspheric Rdease Model for Volatile CImponets

Potential atmospheric release of volatile forms of H-3 and C-14 must be considered in

order to consider all potentially significant pathways of exposure to radionuclides from the

suspect soil trenches. Inadvertent intruders may be exposed to air within residences built on

top of the soil above the trenches, and off-site individuals may be exposed to concentrations

transported to or beyond the SRS boundary. Tbe model described below was used to screen

this pathway, with the purpose of determining whether a more detailed analysis of the poten-

tial significance of this pathway with respect to the 100 mrem per year performance objective

for inadvertent intruders and the 10 mrem per year performance objective for off-site indivi-

duals (Sect. 12) was necessary.
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To estimate fluxes of potentially volatile radionuclides, H-3 and C-14, from the suspect

soil trenches, the model developed to conservatively estimate fluxes of these radionuclides

arising from the LAW vaults (Sect. A35 and A.3.6) was used. For H-3, the vapor phase
concentration in the trenches is first calculated by assuming that the concentration of H-3 in

water vapor in the trenches is the sam as the H-3 concentration in the pore water of the
suspect soil. The ideal gas law is used to estimate the ambient concentration of water vapor

in air in the trenches, the result being 92 g m' at 10C and 1O relative humidity.

Converting to activity concentration units, the H-3 concentration in air in the trenches, in
Ci m-3, is 9.2 x 104 times the H-3 concentration in pore water. For C-14, all of this radionu-

clide was conservatively assumed to exist as 4C00 in the air in the trenche

For off-site individuals, diffusion of H-3, C-14, and Rn-222 through soil overlying the

suspect soil trenches, and subsequent transport to the site boundary were considered. One

meter of soil was assumed to cover the suspect soil, although initially approximately 4 m of

soil will overly the trenches with the engineeredcover in place. Per Ci of H-3 initially in the

trenches, the concentration in the air-filled voids of the trenches is calculated from:

I 9.2xlO4 CV=m
CT.9-3 1460 x Cm 3

where 1460 m3 reprcsents the amount of pore fluid in the trenches. This pore fluil content

is based on the 5200 mn diposal capacity of the trenches (Sect. L14), a total assumed
porosity of 0.40, and a saturation of approximately 0.7 in the trenches, based on flow

simulations with PORFLOW. The resulting trench air concentration is 63 x 10' Ci m. The

flux of H-3 at the soil surface (IH.s3 in m2 yrl) is calculated from:

'N- D (C1 Z-3 )

where D. is the molecular diffusion coefficient in air (754 n2 yr;1 for water vapor, CRC 1981)

and x is the soil thickness, assumed to be one meter. The initial flux of E-3 (ic., at closure)

from the soil is conservatively estimated to be 4.8 x 10 Ci m-2 yrI over an area of 6000 in,
per Ci of H-3 disposed of in the suspect soil trenches.

RCv. 
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For inadvertent intruders, a similar calculation of H-3 flux from soil above the trenches

can be made, but 1O-year radioactive decay is first considered because institutional control

is assumed to preclude intrusion before 100 years. Per Ci of 11-3 in the trenches, no more

than 3.6 x 101 Ci would remain at 100 years after closure based on consideration of radio-

active decay alone. Leaching is neglected. At 100 years, the concentration of H-3 in the

trench air is calculated to be 2.3 x 111 Ci i. The flux of H-3 at the soil surface (H. in

Ci m-2 yr') at 100 years is estimated to be 1.7 x Ci m42 yrI over an area of 6000 m2 .

Similarly, for C-14, the concentration in the trench air (Cjc14), in Ci Mn4 per Ci C-14 in

the suspect sod trenches, is calculated based on a 100-year Ci content of the trenches of one;

that is, decay has been insignificant and leaching is neglected. The trench air concentration

of 1.6 x 104 Ci m-3 was derived from the assumption of an unwetted void space of 624 m3 in

the trenches. The flux at the surface, Jon, is calculated in the same manner as was done for

H-3, using a diffusion coefficient in air of 440 m2 yr-4 (CRC 1981). The flux of C-14 from the

soil overlying the suspect soil trenches is conseytively estimated to be 7.0 x 101 Ci m 2 y l

over an area of 6000 m2. A C-14 flux of 7.0 x 10-1 Ci m-2 yr-2 over an area of 6000 e 2 corre-

sponds to loss of the initial 1 Ci inventory in much less than one year. Therefore, the annual

fluxof C-14was assumed to be Ci per 6000 me, or 1.6 x 10 Ci m-2yrl for every Ci ofC-14

initially in the suspect soil trenches. s flux represents both the initial flux for determining

off-site exposures and the 100-year flux, for estimating intruder exposures.

The flux of Rn-222 through one meter of overlying soil was considered in Sect. A.3.7.

The estimated Rn-222 flux, per Ci of U-234 in the trenches, is 2.3 pCi m 2 s .

L23A Models for Dose Estimation

Doses to off-site members of the public resulting from use of contaminated groundwater

beyond the 100-rn buffer zone around the suspect soil trenches were not directly estimated.

Rather, comparisons of maximum predicted groundwater concentrations with the more restric-

tive of either MCls or allowable concentrations based on 25-mrem per year performance

objective were made. The allowable concentrations were calculated by dividing 25 mrem per

year by the EDE per unit concentration in drinking water (Table A.4-4 Sect. AA). These

calculations are simple, were performed by hand, and checked several times for accuracy.
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Other than the contaminated groundwater, the air pathway is the only potentially

significant means of exposure that is considered for off-site individuals in the suspect soil
analysis (Sect. 1.2.2) Doses to off-site individuals were calculated in the manner described

in Sect. A-3.1.3. This methodology utilizes the source term described in Seat 2.3.3 above,

in Ci yr-1 of H-3 or C-14, and the AIRDOS-PC atmospheric dispersion model to estimate the

all-pathway dose to an individual residing continuously at the SRS site boundary located 5 km

from E-Area The AIRDOS-PC input and output file information is provided in Appendic

C

To estimate dose to the intruder from potentially volatile H-3 and C-14 compounds

released from the suspect soil trenches, the same procedure described in Sect A.3.12 was

used. Assuming that the intruders house resides directly on top of soil, 1 in in thickmess,

overlying the suspect soil trenches, the steady-state air concentration (C=), in Ci zn3, of H-3

or C-14 to which the intruder is cxposed is cstated from:

C h

where

I = flux rate of volatile H-3 or C-14 from soil and into house, ( m-2 yr,

a = air exchange rate in house, assumed to be 8760 yrl, and

h = height of the ceiling in house, 2.4 m.

Conservative estimates of the flux rates were provided in Sect. L2.33 above. The inhalation

dose to the intruder (D,) was calculated from:

D,, C x B. x DCF

where

B, = breathing rate (8000 m' yr'), and

DCG = inhalation dose conversion factor for H-3 or C-14, (mrem Ci").

Rev. 0
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Doses to inadvertent intruders from the agriculture scenario were estimated according to the

procedures described in Sect A.451

124 Pfrmance Analysis Methodology

The models and assumptions described in Seca 123 were applied to analyze the perfor-

mance of the suspect soil trenches. Doses to off-site individuals and inadvertent intruders and

groundwater concentrations at the compliance point for groundwater resource protection per

Ci of each radionuclide listed in Table 12-1 were estimated. Because inventories of radionu-

clides are not known for the suspect soil trenches, the computational results are used to

calculate inventory limits for each radionuclide based on performance objectives of the RPA.

Specifically, the near-field model was implemented, using the PORFLOW computer

code, to estimate fluxes of radionuclides to the water table over time and to track the
inventory in the trenches as a unction of time. The results of the two-dimensional

PORFLOW simulations were obtained in terms of fraction of the initial inventory in the

simulation domain that leaves the bottom boundary of the domain over time, the bottom

boundary representing the water table. Because the simulation domain represents a slice

through the trenches and surrounding soil, a correction was made to the results to account

for osses of radionuclides through the faces at the sides of the trenches. This correction
assumes that the radionuclide loss from the trenches through these faces is geometrically

related to the loss through the ends of the trenches. The losses through the ends are

accounted for in the PORFLOW simulations. By calculating the ratio of the side planes (or
faces) to the area of the end planes of the trenches, and multiplying this ratio by the

PORFLOW-simulated losses through the end planes, the results are corrected by adding this

additional amount to the flux at the bottom of the domain. This correction, although

necessary, did not significantly alter the flux results for the ear-fleld model because the

overwhelmingly significant losses from the trenches are from the base.

Rev. 
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Following estimation of flux to the water table for the trenches, the groundwater model

was implemented, again using PORFLOW, to estimate the time-dependent groundwater

concentrations of each radionuclide at the compliance point for groundwater resource protec-

tion. The compliance point was selected from the groundwater simulation results as the node

with the highest concentration which is at least 100 m from the edge of the suspect soil

trenches. For radionuclides that are relatively short-lived (with half-lives less than 1000 years)

and that decay to longer-lived radioactive progeny, daughter contributions to groundwater

radioactivity per Ci of parent activity originally in the suspect soil trenches were estimated in

the manner described in Sect. 4.13. The parent radionuclide is assumed to decay completely

to the daughter in the trenches. Loss of the parent through leaching during the decay

process is neglected. The initial activity of the daughter per Ci of original inventory of parent

is calculated from:

A D , A

where

ADO = initial activity of the daughter, Ci,

ApM = initialactivity of the parent (= 1 ),

AD = radioactive decay constant (0.693fro2) of the daughter (W), and

AI = radioactive decay constant of the parent (yr-1).

The peak concentration of the daughter, per Ci of parent radionuclide, is calculated by multi-

plying the initial activity of the daughter per Ci of parent activity (AO) by the 10,000-year and

peak groundwater concentration of the daughter (pCi/cc-Ci), which is determined with

PORFLOW simulations. ventoy limits based on groundwater protection requirements and

on the 25 mrcm per year performance objective for off-site individuals were calculated for

the most restrictive requirement. For other radionuclides or which daughters were consi-

dered (Table L2-1), daughter ingrowth and transport were considered explicitly in the vadose

zone and groundwater simulations. Again, the results are expressed as pCicc of daughter

radionucide per Ci of parent originally in the trenches.

Rev. 0
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The air pathway was considered by carrying out the calculations described in Sect 12.33

to calculate Blu of H-3, C-14, and Rn-222 from the top of the trenches, assuming the

approximately 3-m engineered moisture barrier had been removed or eroded away. For H-3

and C14, these fluxes were then used to conservatively estimate doses to intruders residing

over the trenches, or doses to off-site individuals per unit activity in the trenches. Inventory

limits were calculated for the air pathway for H-3 and C-14 based on the performance objec-

tives of 10 mrem per year for off-site individuals, and 100 mrem per year for inadvertent

intruders. For U-234, inventory limits are based on the performance objective of 20 pCi/m2-s

of Rn-222 in addition to consideration of groundwater concentrations of U-234, 1T-230, and

Ra-226.

Intruder doses from the agriculture scenario were calculated using the models referenced

in Sect. L.23A above, for a unit inventory of each radionuclide. Inventory limits were calcu-

lated for intruders based on the performance objective of 100 mrem per year chronic expo

sure.

1;25 Quality Asnnze

As described in Sect. 3.5, this analysis was conducted under the guidance of the provision

of the ANSJ/ASME NQA-1 Program Requirements for Nuclear Facilities (NRC 1989), as

required by DOE Order 5820.2A (U.S.DOE 1988a). Pertinent elements of NQA-1 and rele-
vant documentation are cited in that section of the RPA, and apply directly to the suspect

soil analysis.

L3 RESULTS OF SUSP1ECr SOIL ANALYSIS

In this section, the results of the analysis of performance of the suspect soil trenches are

presented. Predicted releases to the environment (atmospheric releases and releases to the

water table), resulting concentrations, results of dose analyses, and allowable inventories in

the suspect soil trenches are presented in Sect. L3.1. he results arc interpreted in

Sect. 1.32.

Rev. 0
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.3.1 Analysis Rxxults

L3.L1 Ncar-Field Model Result

Table 1.3-1 lists the PORFLOW simulation results for the near-field modeL The fluxes

provided represent the peak flux to the water table per pCi inventory of radionuclide in the

suspect soil trenches (Le, peak fractional flux). These fluxes are based on a 40 cm per year

infiltration rate through the trenches, as was noted in Sect. 2.3.1.

L3.12 Groundwater o ns

The results of the groundwater transport simulations are listed in Table 13-2. The values
listed in this table represent peak groundwater concentration per Ci of radionuclide in the

suspect soil trenches, at the compliance point forsgroundwater protection. If the peak occurs

at a time greater than 10,000 years after closure, the 10,000 year compliance point concentra-

tion is also provided. The compliance point is considered to be the point of maximum

groundwater concentration at least 100 m from the edge of the suspect soil trenches.

13.13 Dae Analysis for Off-Site Releases of Radionuclides

As described in Sect. 3.2.3.3, the only performance objective of concern for off-site

release of radionuclides are those pertinent to consumption of groundwater, provided doses

from airborne release of radionuclides arc insignificant.

Ihc groundwater concentrations per Ci inventory in the trenches are compared to allow-

able groundwater concentrations to derive inventory limits based on consideration of ground-

water resource protection and the 25 mrem-per-year performance objective for off-site indivi-

duals. Inventory limits are based on the more restrictive of the two requirements. In order

to determine which performance objective is more restrictive for each radionuclide, the MCLs

from Table 3.2-1 were compared to the results of the model for estimating dose from the

drinking water pathway for off-site individuals. The annual EDEs, in rem per year, from the

drinking water pathway per unit concentration (1 pCi/L) of radionuclide in groundwater are

summarized in Table 4.1-7.

Rev. 0



I-21 WSRC-RP-94-218

Table L-1. Pak flux to the water table from smpect soil trc

Radionuclide I Predicted Peak Fractional Fluxc j lme of Pak Flux
___________________[ ;(pCiear-p) u (Year)

H-3 1.0 x 10' 3.4

C-14 8.3 x 1Of 65

AI-26 1.3 x 0s 34,000

Ni-59 4.7 x 10- 8,900

Ni-63 1.7 x 1,10 840

Se-79 3.7 x 10S 140

Rb-87 3.7 x 104 1,300

Sr-90 6.7 x 105 100

Zr-93 3.3 x 10 14,000

Tc-99 3A x 10-2 15

Pd-107 3.7 x IW 1.300

Cd-113m 7.4 x 10" 130

Sn-121m .4 x 10" 400

Sn-126 1.5 x 10 3,000

1-129 2.3 x 10-2 23

Cs-135 6.2 x 10- 7,700

Sm-151 2.3 x 10'9 680

Ra-226 2.2 x 106 4,600

Th-229 2.0 X 10-7 25,000

Th-230 3.8 x 10"6 56,000
Ra-226 5.3 x 10 45,000

Ib-232 6.7 10"' 71,000

Pa-231 2.9 x 10' 11.000

U-232 1.0 x 10 280

U-233 :5.7 x 10"' 840
T-229. 4.1 x 104' 3,200

U-234 5.7 x 104 840
Thb-230r 3.1 x or 5,000
Ra-226' 3.9 x 164 9,700
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Table .- 1. (continued)

Y~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Radionuclide Pedicted Peak Fractiomal FI Time of Peak Flux

(PCavear-pC) (Year)

U-235 5.7 x 104 840
Pa-231' 6.3 x 101 3,900

U-236 5.7 x 104 840
U-238 5.7 x 10' 840

Np-237 3.7 x 103 140

Pu-238 2.6 x 107 480
U-234' 2.0 x i7 840

Pu-239 1.9 x 10D 2,300

Pu-240 1.6 x 1.4 2,100

Pu-241 1.7 x 1011 140
Am-241^ 7.0 x 10o13 3,700
Np-237- 2.5 x;10 140

Pu-242 2.0 xr 2.300

Pu-244 2.0 x 10 230

Am-241 2.1 x 10-1 3,700
Np-237a 7.5 x 10 t 140

Am-242m 1.7 x 1 014 1,700
U-234a 3.5 x 10-7 840

Am-243 8 x o-" 19,000
Pu-239a 5.5 x 10 6,600

Cm-242 4.2 x 104° 7.6
Pu-2380 1.3 x 10r' 480

Cm-243 9.0 x 10 2 400
Pu-239_ 2.2x 10xl 2,300

Cm-244 i.4 x 10-n 250
Pu-240- 4A x i0-O 2,100

Cm-245 1.1 10'4 21,000

Cn-246 3.4 x 107 164000
Pu-242' 81 x 0 6,000

Cm-247 1.1 x 05 ,
Am-243 5.0 x 110 9 45,000
Pu-239 3.6 x 10- 29,000

Cm-248 9.8 x 104 42,000

Bk-249 5.4 x OT 18
Cf-2490 1.5 x 01 3,200
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Table 13-1. (continued)

Radionuclide Predicted Peak Fractional Flux Tueyfeak m
_______ (pCLihear-pQi) I ___ear)

Cf-249 5.8 cX 1012 3.200
Cf-250 5.8 x 0.24 190

Cm-2460 9.4 x 1010 16,000

Ca-251 1.1 x 10' 6,100
Cm247F 1.1 x 104 44,000
Am-243 5.0 x 10' 46,000
Pu-239g 35 x 1 30,000

Cf-252 27 x 10 42
Cm-248 7.6 x 0.1 42,000

' Fractional Flux and Time of Peak Flux given for radioactive daughter is per pCi of parent
radionuclide.
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Table .3-2 Predicted groudwater compliance for the mupct so trcnchcs

Groundwater Peak Groundwater Concentration
Concentration at

Radionuclide 10,000 years pci/cc-C Time of peak (year)
_ _ _ _ _ _ _ _ _ _fp D C Cc-a! --- _ _ _ _ _ _ _ _ _

H-3 | 1.8 13

C14 d 3.2 x 10 185

Al-26 9.6 x 104 3A x 1074 130,000

Ni-59 1.9 x 10' 13 x le 30,000

Ni-63 -_ 1.8 x 106 1,800

Se-79 9.2 x 102 370

Rb-87 9.2 x 1O 4,400

Sr-90 * 2.6 x 105 190

Zr-93 3.3 x 1iO q 9.4 x 10 45,000

Tc-99 - 88 x 1 35

Pd-107 a 9.8 x 10 3,900

Cd-113m a_ 1.0 x 1010 2400
Sn-121m a 3.4 x 1O" 610

Sn-126 _ a 4.3 x 103 9,600

1-129 _ __ 7.6 x 1 1 65

Cs-3S 4. x 10-4 1.7 x 10-3 24,000

Sm-151 ' 7.7 x 10-12 1,000

Ra-226 . 4.1 x 10- 2700

Th-229 1A x 10' 5.7 x 10' 45,000

Ih-230 3A x 10-tO 3.3 x i04 180,000
Ra-226k 2.0 x 10 6 2.3 x 104 160,000

Th-232 3.6 x 10-1 2.2.. x 104 240,000

Pa-231 4.1 x 15 4.8 x 10' 33,000

U-232 _ 2.1 x & 500

Itev. 0
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Gromundwatcr Peak Groundwater Concentration
Concentration at

Raionuclide 1 paCi:c p r of pesk Cv)
=~~~~~t~ic-i ,________ _________

U-233 - 1.2 x O2 2,400
Th-229' 8.8 x 1o 1.1 x 10' 16,000

U-234 - 1.2 x 10-2 2,400
Th-230Q 1.2 x 104 2.9 x 10P 43,000
Ra-226b 3.8 x 1 9.7 x 10' 49,000

U-235 - a 1.2 x 102 Z400
Pa-23P 13 x 104 1.7 x 104 25,000

U-236 _ a 1.2 x 1 2 2,400

U-238 _ a 1.2 x 102 2400

Np-237 a 8.1 x 102 330

Pu-238 I x 10-9 790
U-234 j 5.0 x 10' 2,400

Pu-239 a 4.2 x 10-3 6,600

Pu-240 a 2.6 10 6,000

Pu-241 * 4.8 x WI 220
Am-241& * 6.7 x 10" 5,
Np-237 _ _ 55 x 1t7 330

Pu-242 5.0 x 10 6,900

Pu-244 5.1 x 103 6,9

Am-241 _ 2.0 x 10" 5,400
Np-237' _ 1.6 x 10" 330

Am-242m 8 8.3 x 0-9 2Z400
U-234' _ 8V7 x 1' 2,400

Am-243 5.0 x 10 4.0 x 10' 40,000
Pu-239& 4.6 x 10' 5.1 x 104 13,000

Cm-242 _ a
Pu-238 _ 4.1 x 1011 790

Cm-243 a 3.6 l 52D
Pu-239' _ 5.0 x 10 6,600

Cm-244 - 1.4 x 10r" 340
Pu240' a 72 x 0e 6,000

Cm-245 7.6 x 109 7.4 x 17 48,000
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Table L3.2 (ntinual)

WSRC-RP-94-218

Groundwater Peak Gioundwater Concentration
Concentration at

Radinudde 140 Yers Cc- ue of pek6 )

Cm-246 2.9 x 10 6.4 x 10' 31,000
Pu-24t 3.0 x 10 3.3 x 1i0 13,000

Cm-247 1.3 x 10 2.8 x 1 150,000
Am-243 7.8 x 109 2.8 x 10' 160,000
Pu-239 1.6 x 8.7 x 104 40,000

Cm-248 s x 104 2.6 x 10 4 170,000

Bk-249 - a _

Cf-249_ 7.8 x 10.1" 4,500
Cm-245' 7.8 x 10fO3 7.6 x 1011 4000

Cf-249 - £43.1 x 10.I5 4,500
Cm-245 3.1 x 110; 3.1 x 10- 48,000

Cf-250 _ & ' 2.2 x 103E 280
Cm-246' 1.1 x 111 2.7 x 11 30,000

Cf-251 _ . 5.7 x 10,12 9,300
Cm-247' 7.6 x 10I3 1.6 x 104 160,000
Am-243 4.1 x 1013 1.5 x 104 160,000
Pu-239& 6.3 x 10'9 4.7 x 10" 40,000

Cf-252 -
Cm-248 15 x 1l" 2.0 x 10 170,000

Peak oocurs before 10,000 year
'Concentration given is pCi/cc of the daughter per Ci of the parent. Tune of peak applies

to that of the daughter.
Fractional flux less than 1 per year; groundwater concentration not calculated.
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For comparison to MCLs, the performance objective of 25 mrem per year for off-cite
individuals is divided by the EDEs in Table 4.1-7 to derive the concentration limit in drinking

water of each radionuclide based on this dose limit. The results of this calculation, converted

to appropriate units, and the appropriate MCI& from Table 3.2-1 are isted in Table 1.3-3 for

comparison. These results indicate that the 25 mrem per year performance objective is more

restrictive for most of the alpha-emitting radionuclides, with the exception of Ra-226, Th-230,

Am-242n, U-235, and U-238.

The allowable inventories derived for the drinkng water pathway from off-site releases

of radionuclides are give in Table L34. These inventories (Ci) are calculated in the

folowing manner. Frst, the most restrictive performance objective from Table L3-3 is
selected by choosing the lowest allowable groundwater concentration of the two values given

for each radionuclide. Second, the lowest allowable groundwater concentration is divided by

the maximum groundwater concentration up t 10,000 years, per Ci of inventory in the

suspect soil trenches.

In order to evaluate the significance of the air pathway for the potentially volatile H-3

and C-14 radionuclides, doses were estimated using the fluxes derived in Sect. 12.33 and the

inhalation exposure model described in Sect. L2.3.4. For Rn-222, the flux derived in

Sect. A.3.7 was compared to the performance objective of 20 pCi m 2 s for Rn-222 to calcu-

late a disposal limit for U-234. The disposal limit of 8U8 Ci per trench (Sect. A.3.7) translates

to a total of 44 Ci in all five trenches. The estimated fluxes from the soil per Ci of H-3, C-14,

and U-234 present in the trenches, the corresponding inhalation doses per unit activity

(mrermCi), the appropriate performance objectives (mrem/year) and the inventory limits (Ci)

based on the air pathway are given in Table 1.3-5. The doses for H-3 and C-14 are based on

50-year committed dose equivalent factors for inhalation of 6.3 x 104 mrcm per Ci for 3H.0

and 2.4 x 10' mrem per Ci for "IC02 (U.S.DOE 1988b).

[3.1A Dose Analysis for Inadvertent Intruders

The results of the dose analysis for the agriculture scenario for the suspect soil trenches

are given in Table 13-6 Te limits on concentrations and inventories of radionuclides are
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Table I-3. of MCL and allowable goundwatcr comc=nratiom
based on the 2S m~n prr ycar peDformn objecive far off4hc indiduals

IAllowabl Ccentration ~ased on
Radionuclide 25 P&y

H-3 20,00 540,000

C-14 6,400 16,000

Al-26 420' 60

Ni-59 530 160,000

Ni-63 s0 64,000

Se-79 660' 4,100

Rb-B? 270 7,100

Sr-90 8 250

Zr-93 2,100 21,000

Tc-99 800 26,000

Pd-107 36,600 250000

Cd-113m 40 230

Sn-121m 2260 26,000

Sn-126 290 1.900

1-129 0.5 120

Cs-135 800 4,800

Sm-151 1,100 100.000

Ra-226 5 31

Th-229 15 &6

Th-230 is 64

Th-232 1S 7.1

Pa-231 2.4 2.3

U-232 4.3 x 10 17
(20 FJL_

U-233 190,000 125
(20 pgI) _

U-234 124,000 132
(20 uIL)' _

U-235 42.8 139
.__ _ _ _ _ _ _ _ _ (20 PRIL_) I

p
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Table I3-3. (continued)

WSRC-RP-94-218

Allowable Concntration ased on
Radionluclide Pg 25 nprCupVedr ye~,

U-236 1,270 139
(20 ti/L) _.

U-238 6.66 139
._ _ (20 L)

Np-237 1S _ 9

Pu-238 15 _9

Pu-239 15 8.1

Pu-240 15 &1

Pu-241 (based solely on Np-237) 2 (based solely on Np-237)'

Pu-242 15 8.3

Pu-244 15 ;86

Am-241 15 7.6

Am-242m _127 '& 8.1

Am-243 15 7.6

Cm-242 (based solely on Pu-238) ' (based solely on Pu-238)'

Cm-243 (based solely on Pu-239) ' (based solely on Pu-239)'

Cm-244 (based solely on Pu-240) * (based solely on Pu-240r

Cmn-245 15 7.6

Cm-246 15 7.6

Cm-247 15 83

Cn-248 15 2I.

Bk-249 (based solely on Cmn-245) (based solely on Cm-245)'

Cf-249 15 3.4

Cf-250 (based solely on Cin-246) ' (based solely on Cm-246

Cf-251 15 7.4

Cf-252 (based solely on Cm-248 ' e on Cm-ME

Option 1, Table 3.2-1, unless otherwise noted.
lculatod by dividing 25 nrcm per year performance objective by EDE in Table 4.1-7.

O ip n 237 dauhter has s1gnificant higher calculted groundwater concentration than Am-241
or Pu-241, due to greater mobiit, long half-lie, and conservative method of accounting
for daughtes Therefore MCL and allowable concentrations based solely on this daughter.
EDE not provided in Table 4.1-7 because groundwater concentration of parent is negligible.
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Tabec I3-4. Gmmdwater-ba dkpoW limits for the suspect soil tehes

Cmpliance Point Alowable
Groundwater Groundwater Suspect Soil Trench

Radionuclide Concentration Concentration Inventor Limit
(pCifc-C) . (Ci)

H-3 1.8 20,000 pCifl 1.1 x 10l

C14 3.2 x 1 6,400 pCil 2.0 xO'

Al-26 9.6 x 104 420 pCi/L 4A x10

Ni-59 1.9 14 530pCVL 2. x 10

N-63 _ 1x XlO'0 6 4A x 1014

Se-79 9.2X1jW 660 pCi/L 7.2

Rb-87 9.2 x 1r3 270 pCi/L 2.9 x 101

Sr-90 2.6 x 104 g pCUL 3.1 x 102

Zr-93 3.3 x 10 b L _ _ 6.4 x 10

Tc-99 &8 x 1l0' 800 pCiJL 9.1 x 10,

Pd-107 9.8 x 10 36,600 pCi/L 3.7 x 103

Cd-113m 1.0 x IO 40 pCifL 4.0 x 0

Sn-121m 3.4 x 1UY Z260 pCi/L 6.6 x 1010

Sn-126 4.3 x 103 290 pCi/L 7.4 x 1O1

1-129 7.6 x 10' 0.5 pCVL 6.6 x 10'

Os-135 4.4 x 104 0go E/L 1.8 x 10

Sm-151 7.7 x 1Of12 1,100 pCa/L 1A x 10"

Ra-226 4.1 x 1S S pCi/L 1.2 x 2

Th-229 1.4 x 10-10 ' 8.6 CiL 6.1 x 167

Th-230 ' 3.4 x 10' 15 pCUL 2.5 x 13
Ra-226 2.0 x 10 5 pCi/L' 

Ih-232 3.6 x 10 r11 7.1 pCi/L 2.0 x 10W

Pa-231 4.1 x 105 2l3 p 5.6 x 10'

U-232 2.1 x 10 17 pCiJL &1 x 10 3

U-233' 12 x 10.2 125 pCi/L 8.9
lb-229 8.8 x i0s 8.6 pCi/L
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Table 134. (continzd)

WSRC-RP-94-218

Compliance Point Allowable
Groundwater Groundwater Suspect Soil Tench

Radionuclide Concentration Concntration SIentoy Tnmit

U-234 IA x 10'2 132 pCiL 9.4
Th-230 1.2 x 10'' 1° M L,
Ra-226 3.8 x 0-' 5 

U-235 1.4 x 1072 20 pgL 3.1
Pa-231 1.3 x 10d ^ 2.3 pCilL

U-236 1A x 10-2 139 pCUL 9.9

U-238 1.4 x 102 ,20 glL 4.8 x 10

Np-237 &1 x 102 8.9 pC/L 1.1 x101

Pu-238' &1 10 89 pCiIL 2.6 x 10'
U-234 5.0 x 104 132 pCL

Pu-239 4.2 x 103 &1 pCi/L 1.9

Pu-240 2.6 x 10_ 8.1 pCiJL 3.1

Pu-241 ' 4.8 x Ur" -- 1.6 x 104
Am-241 6.7 x 106 --

Np-237 5.5 x 10.7 &9 pCi/L

Pu-242 5.0 x 103 83 pCi/L 1.7

Pu-244 5.1 10-8 &6 pCiIL 1.7

Am-241 2.0 x 1014 7.6 pCiUL 5.6 x 102
Np237 1.6 x 1058 &9 Ci/L.

Am-242m 83 x 10-1 9 1.27 pCiL' 1.5 x 10'
U-234 &7 x 10' 132 pCiJL

Am-243 6.7 x 109 7.6 pCi/L 1.8 x 10'
Pu-239 4.6 x 104_ 8.1 pCiL _

Cm-242 1 _ 2.2 x 108
Pu-238 4.1 x 1011 89 pCiL

Cm-243 ' ' _ 1.6 x 103
Pu-239 5.0 x ' &1 pCitL

Cm-244 __ ' I 1.1 x 1l
Pu-240 7.2 x 10' &1 pCi/L

Cm-245 7.6 x 109 4 7.6 pCi/L 1.0 x 10
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Table 134. (continued)
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Compliance Point Allowable
Groundwater Groundwater Suspect Soil Trench
Concentration Concentration' Inventopr limit

(p>i=C) ()
Cm-246' 3.9 x 109 b 7.6 pCi/L 2.8 x 102

Pu-242 3.0 x 10-' U 83 pCi/L

Cim-247 - 1.9 x 104 83 p U i/ 5.1 x 10'
Am-243 7.8 x 10' 1 7.6 pCi/L
Pu-239 1.6 x 10'4 8.1 pCVL

Cm-248 1.9 10 ' 2 pCi/L 1.1 x o,

Bk-249 ' _ _ 1.0 x 1olo
C-249 7.8 x 1O" 3A pCi/L
Cm-245 7.8 x 103 7.6 pCi/L _

Cf-249 3.1 x 'lO 3.4 pCUL 2.5 x 107
Cm-245 3.1 x 1010 76 pi/_L_

Cf-250 i I _ 6.9 10
Cm-246 1.1 x 141 J 7.6 pC/L

Cf-251 7.2 x 142 7.4 pCi/L 13 x 106
Cm-247 7.6 x 13 ' 83 pCi/L
Am-243 4.1 x 10- 7.6 pi/L
Pu-239 6.3 x10' 1 pC 

Cf-252' -- 1.4 x 10"
Cm-248 1.5 x 113 2.1 pCiL

Limit on inventory in all five trenches; total volume of trenches is assumed to be
26 x 10' m3.

'Selected from Table 1.3-3 as the lower of either the MCL or 25 mrcm-per-year based
allowable concentration.

b Peak occurred after 10,000 year. Value given is the 10,000-year concentration.
Option 3, Table 3.2-1.

' Not available in reference for Option 3. Calculated from CEDE in U.S.DOE 1988b to be
660 pCifL

' Not available in reference for Option 3. Calculated from CEDE in U.S.DOE 1988b to be
40 pVL

J MCL is 5 pCi/L for Ra-226 plus Ra-228, but the inventory limit is calculated separately
hcre.

Inventory limit reflects contribution of daughters listed.
* Limit applies to total uranium.

Insignificant (less than 10-2s pCi/ccCi).
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Table L-S Suspect oil disposal limits based oan the air pathwW

Radionuclide Flux from Soil Dose per unit Performance Inventor
(Ci m y') radioactivity Objective Limit (q)

per i in trenches (mrem/year- (mremlyr)
inventory)

H-3

Off-site 4.8 x 10 4 6.5 x 10 10 1.5 x 10

Intruder 1.7 x 10' 4.1 x 104 100 2.4 x 10'

C-14

Off-site 1.7 x 104 1.2 x 1 2 10 3 x 102

Intruder 1.7 x 104 1.6 100 6.3 x 10'

Rn-222

Flux limit 2.3 pCi m 2 S-- 20 pCi m 2 s-' 44
. __ _ _ ____ _ _ _ _ _ _ _ _ .(of U_234)

Limit on inventory in all five trenches; total volume of trenches is assumed to be
2.6 x 10' .
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Table 1.3-6 Results of dose anayis far intruder
agricultue uiano for suspect $oil diz

1 SDCF' Concentration Inventory
(rn per Limit it '

Radionuclide PCm3) IF p(Pe) (Ci)

H-3 3.9 x 106 1.5 x 1012 _

C-14 1.5 x10 6.9x102 1.6x 10 4.2x103

AI-26 3.9x10 9.4 x 1- 4.5 x 10' 1.2

Co-60 3.S x 104 2.0 x 104 2.4 x 1 7 6.2 x 105

Ni-59 6. x 10 8.8 x 1 2.8 x 10' 7.2 x 10'

Ni-63 1.8 107 4.5 x 1l 2.1 x 5.3 x 10'

Se-79 1.2 x 106 2.1 x 101 66x l0 1.7 x 10'

Rb-87 1.9 x 10 6.8 x f- 1.3 x 105 3A x 103

Sr-90 1.8 x 104 4.4 x 10 2 2.1 x 104 55 x 2

Zr-93 45 x 104 9.1 x lo1 4.1 x 10' 1. x 0 5

Nb-93m 1.9 x 10 8.7 x 103 1.O X 1 2.6 x 10

Tc-99 1.l x 10 2.8 x 10' SA x 6____

Pd-107 32 x 104 6.7 x 101 7. x 10' 2.0 x 105

Cd-113m 13 x e 6.3 x 1 2.0 x 10 53 10

Sn-121m 4.7 x 10' 2.8 x 10' 13 x 106 3.3 x 10'

Sn-126 2.6 x 10 7.9 x 101 &1 x lo 2.1

1-129 83 x 1 3.3 x 103 6.1 x 10'

Cs-135 1.2 x 10' 87 x 10 1.6 x 05 4.2 x 103

Cs-137 7.7 x 10' 1.0 x 101 2.2 x 103 5.6 x 01

Sm-151 1.0 x 104 4.6 x 10 ' 3.6.x 107 9.4 x 

Eu-154 1.7 x 104 3.8 x 104 2.6 x o, 6.7 x 103

Eu-155 4.0 x 05 S X 1 7 4.9 x UP 13 x 1V

Pb-210 3.0 x 104 4.4 x 102 1.3 x 10 33 x 1W
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Table LS.& (continwd)

SDCF & Concentration Inventory
(remear per Limit I Limit ^'

Radionuclide pCihn3 ) F [ (PCamw) (Ci)

Ra-226A 1.2 x 10' 8.6 x 101 1.6 4.2 x 12 

Ra-226 2.7 x 103 8 .6 x 10' 72 x lO 1.9'

Th-229 4.3 x 10' 9.5 x 10-1 4.1 x 102 1.1 x 10'

Th-230 1.1 x o- 9.6 x 101 1.6 x 10' 4.1 x 102

Th-232 1.4 x 10-2 9.6 x 1071 1.2 x 10' 3.2 x 11 k

Tb-232 3.6 x 10 3 9.6 x 1 4.8 x 10 13 i

Pa-231 83 x 104 9.0 x lo-, 2.2 x 102 5.8

U-232 A 1.2 x 102 25 x 1 5.6 x10' 1.4*

U-232' 2.3 104 2.5 x 11 x 102 7.5'

U-233 1.1 x 10'5 6.0 X lOxl 2.5 x lo 6.6 x 2

U-234J 1.1 x ls 6.6 x 10 2 5.1 x 103 1.3 10 A
Th-230 1.1 x 10 9.4 x -_
Ra-226 1.2 x 1 1 2.6 x 104

U-234 1.l x O 5 6.0 x 1, 2. x 10'i 6.6 x 1 2

U-235 1.8 x 04 6.0 x 101 1.5 x 1i3 4.0 x 10'

U-236 1.0 x 10 6.0 x 101 2.8 x 10' 7.2 K 1

U-238 3.9 x 10s 6.0 x 10' 7.1 x 103 1.9 x 102

Np-237 5.0 x 10 2.1 x 101 1.6 x 102 4.1 x 101

Pu-238 3.4 X 10' 3.6 x 101 1A x 10' 3.5 x 102

Pu-239 4.0 x 10' 7.6 x 10-' 5.5 x 10 1A x 102

Pu-240 4.0 x 11 7.6 x 10' 5.5 x 16' 1.4 x 102

Pu-241 7.7 x 104 6.2 x 10 , 1.1 x 105* 2.9 x 103*

Pu-242 3.8 x 10-5 7.6 x 10 1 5.8 x 103 15 x 12

Pu-244 3.7 x 105 7.6 x 10-' 5.9 x 103 1.5 102

Am-241 5.6 x 105 81 x 10.1 3.7 x 1 9.6 x 10
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Table L3- (continued)

SDCF 1 Concentration inventory
(remlya per Limit d LImit 

Radionuclide pCiin) F ' (pCiW) (Ci)

Am-242m 60 x 1o 6.2 x 10 1 3A x 10 ' 8 x10,

Am-243 25 x 104 9.4 x 1-' 7. 102 1.Sx 10

Cm-243 1.6 x 104 83 x 102 1.3 x 10' 3.3 x 1 2

Cm-244 2.0 x l 4 2.1 x 10 2 4. x 10" 

Cm-245 1.1 x 104 9A x 10- 1.6 x 10' 4.2 x 10'

CM-246 4.0 x 10s 9.3 x 10' 45 x 103 1.2 x 1O

Cm-247 4.4 x 104 9.5 x 1' 4.0 x 2 .ox 10'

Cm-248 1.4 x 104 9.5 x 10- 1.3 x 10 3.3 x 10'

Cf-249 4.6 x 104 82 x 1W' 4.4 x 102 1.1 x 10

Ca-250 1.7 x 10 S.0 x 10 4 &2 10 k

-251 1.6 x 104 9.3 x 10' 1.lx f i O 3 2 9 x 10

Concentration and inventory limits are obtained fom Eqs. (4.1-2) and (4.1-3). imits are
calculated for intrusion at 100 years after disposal, except as noted.
Values are obtained from Table 4.1-10.
Fraction of initial inventory of radionuclide remaining in disposal units at time scenario is
assumed to occur.
Limit on average concentration in disposed waste.
Limit on inventory in all renches; total volume of trenches is assumed to be 2.6 x 04 m'.
Value cxceeds NRCs Ciass-C limit in 10 CFR Part 61 of 3 x 10' pCi/m, which applies to
individual waste packages at DOE sites (US.DOE 1988a).
Value exceeds NRCs Class-C limit in 10 CFR Part 61 of 8 x t04 pCi m', which appies to
individual waste packages at DOE disposal sites (U.S.DOE 1988a).
Results include contribution to dose from radon decay product
Results cxdude contribution to dose from radon decay producL
Disposal limits are based on calculations at 1,600 years after disposal, taking into account
buildup of long-lived decay products.
Disposal limits are based on buildup of Am-241 delay product.
Limit takes into account contribution to dose from ingrowth of Pu-238 decay product.
Limit for individual waste packages at DOE disposal sites is 100 nCitg (about 2 x
10' pCi/rn') for all alpha-emitting transuranic radionuclides with half-lives greater than
5 years (U.S.DOE 1988a).
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calculated using Eqs. 4.1-2 and 4.1-3. he SDCF for each radionuclide is obtained from

Table 4.1-10, the geometrical reduction factor (G) for the suspect soil trenches of 0.6 is

obtained from Table 4.1-13, and the fraction of the initial inventory of radionuclides

remaining in the trenches at the time the agriculture scenario is assumed to occur, taking into

account radioactive decay and mobilization and transport in water, was calculated using the

PORFLOW computer code. For relatively mobile radionuclides (e.g., H-3 and Tc-99), the

calculations indicate that the disposal limits are increased substantially when mobilization and

transport in water is taken into account. Since the calculated concentration limit for H-3

exceeds the specific activity of this isotope, there are no linits for disposal based on a dose

analysis for inadvertent intruders.

For Ra-226, Ih-232, U-232, and U-234, two sets of concentration and inventory limits

are calculated and listed in Table L36 The first set of results includes the contributions from

radon decay products (Le., Rn-222 for Ra-226 anr U-234 and Rn-220 for Th-232 and U-232),

but the second set of calculations excludes the contributions from radon. As described in

Sects. 13 and 4.1.5.1, the two options for accounting for radon decay products are

consistent with the present performance objective for protection of inadvertent intruders at

DOE LLW disposal sites and a revision of the performance objective that is being considered

at the present time.

For most radionucides, the results in Table L3-6 are based on the SDCF for the radionu-

clide in disposed waste and depletion of the initial inventory of the radionuclide over

100 years due to radioactive decay and mobilization and transport in water, because the

radionuclide concentrations, and thus the dose for the agriculture scenario, decrease mono-

tonically with time after 100 years. However, there are a few exceptions to this case, which

are described below.

For U-234, the calculations indicate that the maximum dose would occur at about 1,600

years after disposal, taking into account buildup of radiologically significant long lived decay

products, principally Ra-226 and its decay product Rn-222, as well as depletion of the initial

inventory of the parent radionuclide due to mobilization and transport in water. However,

for U-235, U-238, and Np-237, which also decay to radiologically significant long-lived decay
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products, the maximum dose nonetheless is predicted to occur at 10 years after disposal and

is due primarily to the parent radionuclide only, because depletion of the parent radionuclide

due to mobilization and transport in water beyond 100 years more than compensates for any

increase in dose due to buildup of the decay products. If the dose from Rn-222 is not

included, the maximum dose for U-234 also occurs at 100 years.

The concenration and inventory limits for Am-242m take into account buildup of the

Pu-238 decay product. Given the half-lives of 152 years for Am-242m, 87.75 years for Pu-238,

and the assumed rate of depletion of Am-242m due to mobilization of water, the maximum

dose in this case is predicted to occur at 100 years after disposal because the decrease in the

inventory of Am-242m after 100 years more than compensates for the buildup of Pu-23& At

this time, about 75% of the estimated dose is due to Am-242m with the remaining 25% due

to Pu-238.

For Pu-241, Am-241, Cm-243, Cm-244, al Cf-250, the disposal limits are estimated

taking into account buildup of the longer-lived decay products Am-241, Np-237, Pu-239,

Pu-240, and Cm-246, respectively. For each of these radionuclides, the disposal limits are the

more restrictive of the results obtained from two calculations. The first is a calculation for

the parent radionuclide only at 100 years after disposal, taldng into account radioactive decay

and mobilization and transport in water. In the second calculation, the Bateman equations

are used to estimate the maximum inventory of the decay product that would be produced

in the decay of the parent radionuclide. This inventory is approximately equal to the initial

unit inventory of the parent radionuclide times the ratio of the half-lives of the parent and

decay product Ths inventory of the decay product then is conservatively assumed to be

produced at time t = 0, and the disposal limits for the decay product only are calculated for

100 years after disposal. Ts procedure is the same as that used by the NRC in calculating

the concentration limits for Pu-241 and Cm-242 in 10 CFR Part 61.

If the procedure described above is applied to the radionudlides that produce longer-ived

radiologically significant isotopes, only for Pu-241 are the disposal limits based on buildup of

the decay product. In this case, the maximum inventory of the decay product Am-241 is

about 30 times less than the initial inventory of the parent, but the dose per unit concen-

tration of the decay product is nearly two orders of magnitude greater than the value for the
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parent. For the other isotopes of concern, the parent radionuclide rather than the decay

product determines the disposal Emits for the parent radionuclide, because the m um

inventory of the decay product is at least two orders of magnitude less than the initial

inventory of the parent but the dose per unit concentration of the decay product is within an

order of magnitude of the value or the parent.

L3.2 Interpretation of Rmlt

The results presented in Sect. L3.1 are summarized in Table L3-7. The most restrictive

pathway is identified, along with the corresponding inventory limit for each radionuclide.

Actinium-227 and Ra-228 were removed from further consideration for intruders because the

dose is accounted for in the analysis for the parent radionuclides Pa-231 and Th-23Z, respec-

tively. Of the 56 radionucides listed, none are sotentially limited by the air pathway, 30 are

limited by considerations of inadvertent intruders, and 26 are limited by the groundwater

pathway.

These derived inventory limits are generally believed to be low-end estimates of the

allowable inventory in the suspect soil trenches, as uncertainties encountered in data or

models were generally addressed by choosing a conservative assumption. For example, for

the groundwater pathway, no credit was taken for reduced infiltration by the engineered cover

due to uncertainties in the long-term performance of this cover.

L4 PERFORMANCE EVALUATION

L4.1 CBmparison to Performance Objcctvs

The results of the suspect soil analysis arc presented in terms of disposal limits, in lieu

of reliable estimates of the expected inventory in the trenches. Therefore, if the disposal

limits listed in Table 13-7 are not exceeded, and if the cumulative dose from all radionuclides

is considered, this PA provides reasonable assurance that performance objectives will be meL

Rev. 
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Table I3-7. Summaryof dpWal limits r the swpect s trench

Radionuclide____d Suspect SoilT ench iventory Limit
_ _ _ _ _ _ _ _ _ ,clide_ _n_ _ _ g (Ci)

H-3 Groundwater 1.1 x 10

C-14 Groundwater 2.0 x 10'

Al-26 Intruder 1.2

Co-60 Intruder 6.2 x 

Ni-59 Groundwater 2.8 x 105

Ni-63 Intruder 5.3 x 104

Se-79 Groundwater 7.2

Rb-B? Groundwater 2.9 x 10

Sr-90 Groundwater 3.1 x 102

Zr-93 Groundwater 6.4 x 10'

Nb-93m Intruder 2.6 x l

Tc-99 Groundwater I 9.1 x 10-

Pd-107 Groundwater 4 3.7 x 10

Cd-113m Intruder 53 x 13

Sn-121m Intruder 3.3 x 10

Sn-126 Intruder

1-129 ._Groundwater 6.6 x 10

Cs-135 Groundwater 1.8 x l,

Cs-137 Intruder 5.6 x 101

Sm- 151 Intruder 94 x 105

Eu-154 Intruder 6.7 x 103

Eu-155 Intruder 1.3 x 10

Pb-210 Intruder 3.3 x 102

Ra-226 Intruder 4.2 x 12b
_ _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ , .. 9 .

lh-229 Intruder 1.1 x 10

Th-230 Intruder 4.1 x 102

Ih-232 Intruder 3.2 x 1 b
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~ ~ ~~1.3 '

Pa-231 Intruder 5.8

U-232 Intruder 1.4'
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 7 .5 a
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Radionuclide Umitinm Pathway Suspect Soil Trench Inventoy Lumt
R__ _ _ _ _.__ _ ( i7

U-233 Groundwater 8.9

U-234 Groundwater 9.4

U-235 Groundwater 3.1

U-236 Groundwater 9.9

U-238 Groundwater 4.8 x 10-

Np-237 Groundwater 1.1 x 10-

Pu-238 Intruder 3.5 x 102

Pu-239 Groundwater 1.9

Pu-240 Groundwater 3.1

Pu-241 Intruder 2.9 x 10

Pu-242 Groundwater 1.7

Pu-244 Groundwater 1.7

Am-241 Intruder 9.6 x 10'

Am-242m Intruder &B x 101

Am-243 Intruder/roundwater 1.8 x 10

CM-242 Groundwater 2.2 x lO

Cm-243 Intruder 3.3 x 102

Cm-244 Groundwater 1.1 x W

Cm-245 Intruder 5.1 x 10'

Cm-246 Intruder 1.4 x 102

Cm-247 Intruder 1.2 x 10'

Cm-248 Intrudcr 3.9 x 10'

Bk-249 Groundwater 1.0 x 101°

Cf-249. Intruder 1.1 x 0,

Cf-250 Groundwater 6.9 x le

Cf-251 Intruder 2.9 x 10

Cf-252 Groundwater 1 x "

Limit on inventory in all five trenches; total volume of trenches is assumed to be 26 x
lo, m3.

' Considers contribution to dose from radon decay product.
' Neglects contribution to dose rom radon decay product.
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L42 Design Chang= Required to Meet Perfrmance Objectives

Because a reliable estimate of the expected inventory of the suspect soil trenches does

not presently exist, design changes for the suspect soil trenches are not indicated. In general,

the inventory limits for these trenches are estimated to be one to two orders of magnitude

lower than for vault-disposed waste.

L43 Data and Research Needs

The most important information that would improve the assessment of performance of

the suspect soil trenches is an estimate of the expected inventory. Because there are no

engineered barriers designed for the suspect soil trenches, and credit was not taken for the

engineered cover, analysis of performance of thee trenches is a fairly straight-forward proce-

dure involving fewer uncertain parameters than for vault disposal. One critical assumption

is, however, that water ow through the trenches is similar to that in the surrounding soil.

During and after emplacement of soil in trenches, care must be taken to test the validity of

that assumption. If the trenches are more hydraulically conductive than surrounding geologic

materials, an increased flux of water and radionuclides over that predicted in this analysis may

result
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L5 PORFLW hpu FUM

TMLE SUSPECr SOII 40 camtr kflltral
/ PORFLW-3D, Vamioc 2.50
/ Mlle to cstablih flow field in vade zooC for suspect soil endes

t M McDowell-Boyer, last revised January 20, 1994
I
GID 38 s 39
/
COORdioate X
.5E1. S. 1500. 3000. 4500. 6000. 7500. 9000.
9500. 9750 100W0. 10250. 10500. 11000. 12S0. 14000.

15500. 17000 18500. 20000. 21500. 23000. 24500. 26000.
27500. 29000 29500. 297SO. 30000. 30250. 30500. 31000.
32500.34000. 35500. 38500. 300. 40500.
I
COORdinate Y:
-100. 100. 200. 300. 400. 500. 600. 700.
800. 850. 875. 8s 895. 900. 90s. 91S.
925. 950. 1000. 1100. 1200. 1300. 1350. 1375.

1380. 1385. 1400. 1450. 1500. 1550. 1650. 1700.'
1750. 180. 10. 1900. 1950. 1995. 2005.

J
MATrl type I is fom (1,34) to (38,39) &Top Permeable layer
MATEria type 2 Is fom (1,1) to (3,3) SMackfll
MAT~zial type 3 is frm (11,14) to (29.29) Ssuspect Soil Trencb
/
DATUm 0. 0.

FOR 1: S Top permeable r to low bftratioo into domain
ROCK but density 2.65 gmfcc, neff=038, itot-038, idif=038
HYDRaulic prop. ss-l.c-3, Kx=1.6e7, Kyl=6e7 cm per yr
MUL11phase flow: VAN Ocnuchrcn: n=3.70, apha 0.0819, Sr = 0.01

FOR 2: SBackfill
ROCK bulk density 1.60 gm/c, neff=0439, ntot=0.439, ndif.439
HYDRaulic prop. ss=Ix-3, Kx=333., Kyv333. an per yr
I Moisture diaracteristic curv entered in table foat
MULTiphase flow. TABLc opto, 79 acts
I saturation potential in cm

022 378312
0.23 366.3198
0.24 354.556
0.25 343.125
0.26 331.9344

Fig. 1.5-1. PORFLOW input file - flow in the vadose zonec
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0.27 321.0102
028 310-48
029 299.9466
03 289.8
0.31 27954
0.32 27.2592
0.33 260.878
0.34 251.67
.U 242.77S

0.36 234.864
0.37 225.622
038 219.3968
0.39 209386
14 201.6

0.41 194.0274
042 n6672

0.43 1795158
0.44 172-5696
0.45 16S.825
0.46 IS9.2784
0.47 1S2.9262
0.48 146.7648
0.49 140.7906
0.5 135.
0.51 1293894
052 1239552
053 118.6938
054 113.6016
055 108.675
0.56 103.9104
057 993042
0.38 94828
0.59 90.5526
.6 86A

0.61 23914
0.62 78.5232
0.63 74.7918
0.64 71.1936
05 67.725
0.66 633824
0.67 61.1622
0.68 SS.0608
0.69 S5.0746
0.7 522
0.71 49.4334
0.72 46.7712

Fig. 1.51. (con).
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73 4420
0.74 41.74S6
0.75 39375
0.76 37.0944
0.77 34.9002
0.78 32788
0.79 30.7566
0.8 28.8
0.81 26.9154
0.82 25.0992
O83 233478
0.84 21.6576
0M 20.025
0.86 18464
0.87 16.9182

88 1.SA368
0.9 13.9986
0.9 12.6
0.91 112374
0.92 9.9072
0.93 8.058
0.94 73296
0.95 6.075
0.96 4.8384
097 3.6162
098 2.4048
0.99 12006
1.0 0.0000

MULnphae Dow. COND TABLe optio, 79 sets
saturation rclative conductty

0.22 O.O000e+OO
023 2.7016e.08
0.24 43226e.07
OZ 2.1883e.06
0.26 6.9161e.06
0.27 185c05
028 35013e.05
0.29 6.4864e.0S
03 1.1066e.04
0.31 1.7725e.04
032 2.7016c44
0.33 3.9552r-04
0.34 S.6020c-04
0.35 7.7160e-04
0.36 1.0378e-03
0.37 L77c-03

Fig. I5-1. (conL).
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038 1.770oes
0.39 2.2S64.433
OA 260e.M3
0.41 35208c03
042 43226c.03
0.43 52S4lc.03
044 63287c 03
OAS 7 S602c3
0.46 9633e.03
0X7 05Sc012
0.48 L2346c-02
0.49 1.4 357e02
OS l6606e.02

052 2183e-02
0.53 24950W.02
054 28328e.02
055 32039e.02
056 3.6102e.02
057 4.0541e.02
058 45377c.02
059 5.0632e.0Z
0.6 S.6322c.02
0.61 6250OCe02
0.62 6 9161e.02
0.63 7.6341e.02
064 &4066c.02

.65 9.2362c.02
0.66 l.0126i01
0.67 1.1078e.01
0.68 12096e.Oi
0.69 13183e.01
0.7 1.4341e.01
0.71 15574e01
0.72 I.S&%.ol
0.73 I.277e.0
0.74 1.9753e-01
0.7S 2.1317c.0i
0.76 227ol
0.77 24721e"I
0.78 Z6569c.o1
0.79 2 .85 18c-01
08 3M057k-
0.81 32736e.01
0.82 35013e.01
0.83 3.7406e-O1

Fig. I.-. (orn.).
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084 3.9920e.1
0.8 42558e"0I
0.86 4.325e.01
087 4.822Se"I
0.88 5.1262c01
.89 5.4440e.01

0.9 5.7764c41
0.91 6.1238c01
0.92 6.4865e01
0.93 6.8652e-01
0.94 7.2602c01
0.95 7721.cO1
0.96 &1012-01
0.97 854S0e-01
098 9.013le.1
0.99 9.4970e.01
1.0 L0000e+00

FOR 3: SSuspect Soil
ROCK bulk density 160 cm/lc, neffm0A39, nms0.439, ndif=o.439
HYDRaulic prop. ss=1.e.3, Kx=333., Ky=333. zone 2
J Moisture characteristic crves entered n table format
MULfiphase flow: TABLc option, 79 sets
I saturation potential in cm

0.22 378.3312
0.23 366.3198
0.24 3545856
0.25 343.125
0.26 331.9344
0.27 321.0102
028 3103488
0.29 299.9466
0.3 289.8
0.31 279.9054
0.32 2702592
0.33 2608578
0.34 251.6976
0.35 242775
0.36 234.0864
037 225.6282
0.38 219.396B
039 209.3886
04 201.6
0.41 194A0274
0.42 186.6672
0.43 1795158

Fig. L5-1. (coot.).
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L44 17256
0.45 165M.
046 1592
07 152.9262
0.8 146.7648
0.49 140.7906
05 135.
0.51 WM
052 123.9552
0.53 1186938
o.54 113.6016
055 108.675
Q56 103.9104
0.57 993042
038 94.528
0.S9 905526
0.6 864
0.61 823914
0.62 785232
0.63 74.7918
0.64 71.1936
065 67.725
0.66 633824
0.67 61.1622
068 580608
0.69 S5.0746
0.7 52.2
0.71 49.4334
0.72 46.7712
0.73 44.2
0.74 41.7456
0.75 39.37S
0.76 37.0944
0.77 349002
0.78 32.7M8
0.79 30.7566
0.8 28.8
0.82 26.954
0.82 25.0992
0.83 23.3478
0.84 21AX76
0.85 20.025
0.86 14464
0.7 16.9182
0.88 1S.4368
0.89 13.9986

I

I

Fig. 5-1 (cont).
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09 12.6
0.91 112374
.92 9972

0.93 &60S8
0.94 73296
0.95 6.075
0.96 4.8384
0.97 3.6162
0.98 24048
0.99 1.2006
1.0 o.a00X

MULliphase lo COND TABLe eopti. 79 sets
f aturation relativc coducty

022 O.DOOnc+OO
0.23 2.7016e.08
0.24 43226e-07
0.25 2.1883e.06
0.26 6.9161c.06
0.27 1.6885e.OS
028 3.SO13e.05
0.29 6.4864e.5;
03 1.1066e-04
0.31 1.7725e.04
0.32 2.7016c.04
0.33 3-95S2e.04
0.34 560-04
0.35 7.7160e4
0.36 1.0378e.03
0.37 L3677.c03
0.38 1.7705e.03
039 2.2564e.03
0.4 22360e.03
0.41 3.S208e.03
0.4z 4.3226e.03
0.43 5.2541c03
0.44 63287c.03
0AS 7S602c.03
0.46 &9633e.03
0.7 1.05S3e-02
0.48 1.2346c.02
0.49 l.4357c-02
03 1.6606c.02
031 1.9108c42
052 2.1883e2
0.53 249SOe.02
0.54 2.8328e402

Fig. bS-1. (ont.).
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055 3.2039.02
056 3AD2mc2
07 4.0541.02
058 45377.2
059 S0632&M
0.6 S.6322-02
0.61 6.2500..02
0.62 6.9161Ce.02
0.63 7.6341e.
0.64 806602
0.6S 9.2362e.02
0.66 1.0126.01
0.67 1.1078ge01
0.68 1209601
0.69 13183e.01
0.7 A341c-01
0.71 15574c.01
0.72 1.6885.01
0.73 l.8277e.01
0.74 L9753c-Ol
.75 2.1317"1

0.76 22972.01
0.77 .472le-01
0.78 2.6569e41 

'
0.79 2.8518e.01
08 30573e.01

.t81 32736c-Ol
082 S.SO13e.01
0.83 37406e.01
0.84 3.9920.Ol
0.85 4.2Se01
0.86 45325.41
0.87 4.82254c1
088 5.1262e.01
0.89 SM440c-1
0.9 S.7764e.01
0.91 6.123&e.01
0.92 6AS65e41
0.93 6.8S2e.01
0.94 72602c.-o
.95 7.6721.41
096 1.1012.41
097 85480c-01
098 9.0131eO1
099 9A970e.1
1.0 1.OOOOe+OO

Fig. 1.5-1. (cont.).
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/Boumary Conditao for flow simulati

SET S = 0.7
BOUN P .1 FLUX= 0O0
BOUN P + FUXt 0.0
BOUN P -2 NODE- 0.0
BOUN P +2 FLUX= 40O

PROPerty for P 15 HARM 
MAIFDC r P 3 sweeps uslng ADI
CONVergence for P; GLOBat 1.0e-2 mu tatloks
CONVergence for FLOW REFE GLOB L.e.2 max 3 interatios

DIA~nostic node for P and V at (21M28) every 20 steps
OVTPut every 10000 steps
J
FLUX BAlAnce for? in fluxp2out' every 200 steps
t
J Simulate steady state flow field

SOLVe P AUTO 501. 1.1 max I in l.c-10 2.0 100000
SAVE , V, P S NOW In ow4O.bkg'

END

Fig. I5-1. (ont).
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ITII SWECr SO0L 40 cmy h2lratim
/ ORFLOW-3D, Veimc 2.50 F % 04= ae
J Fe to imulat Ma so cut of usped soll seed

U U-234 plus daughtem
/
IL M. McDowXl-Boyer, March 8, 1994

GRID 38 x 39

COORdinate X:
-500. 500. 1500. 3000 4500. 6 75. 0.
9500. 9750. 10000. 102S. 10S00. 11000. 125W. 14000.
1SS00. 17000. 18500. 20000. 21500 23000. 24SO. 2600Q
2750.29000. 29500 29750. 30000 30250 3050 31000.
32500.34000. 35500. 38SOO. 39500. 40500.
r
COORdinate Y.
-100. 100. 200. 300. 400. 500. 600. 700.
800. 850. 875. 885. 895. 900. 90. 915.
925. 950. 1000. 1100. 1200. 1300. 1350. 137S.;

1380. 1385. 1400. 1450. 1500. 1550. 1650. 700.
1750. 180. 130. 1900. 1950. 1995. 2005.

/read n Dow field fr 40 Cm/Jr infiltration
I
READ 'flow4Obkf

MATErial type I s fom (1,34) to (38,39) &Tbp Permeable lyr
MATErial pe 2 is from (1,1) to (38,33) SBackWflh
MATErial typc 3 is krm (11,14) to (29,29) Suspc Soil Trench
MATErial type 10 m (1,38) o (38,39) SNo, diffusioc out op ordomain

DAlUm = 0.

LOCAte MATErial ype 1 In subxcgln D=BKFL
LOCAtc UATErial tpc 2 in subrcgion ID=BKFl
LOCAte subregion (11,14) to (29,25) with I=SUSPct so
LOCAte subregion (1,1) to (38,39) with ID-DOMAin

15pecificatlo fr mm speie C; U-234

FOR 1:
TRANsport properties for C Ed 35., md 1S8., Ld = 300., Td= 30.
ROCK deLty -2 ; porwity 30, A0, 30 Satire domain
FOR 2:
TRANsport propercics for C Kd 3, md 158., d = 300, Td= 30.
ROCK densit = 2; porosity 30 .40, 30 Sedlre domain

Figr LS-2. Eample PORFLOW input file - mass transport in vadose zone.
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FOR 3:
TRANsport pperties for C d 35., md o IS&, Ld 31), Td= 30.
ROCK dnsty = 2.65; potohity = .304030 $are domain
FOR 10.
TRNspnt noperdies for C 3S md 07 Ld * . Tdw 0.
ROCK dasity 2.65; poity * . 40,30 Sentire domain
I
DECAY half. c of C 45S ar g 1s

FASpe 1tioo for ums Weces C7 lb-230

FOR 1:
TRANsport properties for C2 d = 3200., md = 158, Ld - 300, Td- 30.
ROCK densty _ 26S; poraty = .30, .40,0 Set domain
FOR 2:
TRA~sport properts for C2 d - 3200, md - 158, La =300, Td= 30.
ROCK densiy . 2; porosity - 30, A0, 30 Scntirc dain
FOR 3
TRANsport properties for C2 lCd 3200., md = 1S8., Ld = 300., Td= 30.
ROCK density = 2.65; porwity = 30, 40, 30 Sentire domain
FOR 10
TRANsport properties for C2 Xd = 3200., md = 07 Ld 0., Td= 0.
ROCK density 2.5; porodity - 30, .40 30 Sntire do2aisn
I 
DECAy balf Etc of CZ h 7.7e4 years, bmncting ratio h 1.0

/Specifkation for mm species C3; Ra.226

FOR 1:
TRANsport, propenies for C3 Kd =SOo., md 158, Ld = 300., Td= 30.
ROC density 2.65; porosity = 30, _0,30 Seatire domain
FOR 2
TRNSPan properties for C3 = 500, md = 158, Ld = 300, Td= 30.
ROCK density = 2.65; porosity = .30, 40, 30 Sentirc doman
FOR 3:
TRANsport propenies for C3 lCd S00, md = 158, Ld 300, Td 30.
ROCK density = 2.6; porodity = 30, 40,30 Sentire domain
FOR 1:
TRANsport properties for C3 lCd = 500, md = 0., Ld = 0., Td= 0.
ROCK densty =2.65; porosity - .30, .4, 30 Sentire domain

DECAY alf life of C3 Is 1 6e3 years

I Inkt aW boundasy conditions
I
SET C 00 fr ED-=KFL
SET C 1.0 for ID=SUSP
BOUNdary C at - FLUX o0.
BOUNdary C at +1 FLUX w0.0
BOUNdary C at -2 GRAD =0.0
BOUNdary C at +2 FLUX =0.0

Fig. 1.5-2. (cont).
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SET C2 = 0 for ID=BKFL
SET C2 - 0 for M=susP
BOUNdary C2 at -1 FLUX -0.0
BOUNdary C2 at +I FLUX *0.0
BOUNdary C2 at -2 GRAD =0.0
BOUNdary C2 at +2 FLUX =0.0
/
SET C3 - 0. fr D=BKFL
SET C3 = 0 for D=SUSP
BOUNdary C3 at - FLUX -O.o
BOUNdary C3 at +1 FLUX -0.0
BOUNdaiy C3 at -2 GRAD =0.0
BOUNdary C3 at +2 FLUX =0.0

I Specify flux output
I
FLUX for C ID-DOMA i 'Dmout' every 2 step
FLUX for C ID-SUSP in Tuxout' every 2 step
FLUX for C2 ID=DOMA in every 2 step
FLUX for C2 ID=SUSP in every 2 step
FLUX for C3 IDDOMA in every 2 step
FLUX for C3 MDSUSP in every 2 step

I Specify solution criteria
J
MATR in X and Y directions for C, C2, and C3 in I sweep using ADI
CONVergence for C REFE LOCA .e-2, nax ktaam = 3
PROPerty for C, C2, C3 is HARM mean

/ Specif output
I
DIAfnostc U. C at (20.20) every 20 steps Scenter of suspect sil
HMSTory for C, C2, C3 TABLE at (20,20) (20,2) (20,30) equency=S
OUTPUT C, C, C every 100 stps
TIME a 0.0
I

Simulate ms transport with 40 cmnr nfiltration

DISAblc FLOW
SOLVc C, C2, C3 AUTO 10000 10. 1.01 max 10. min .c-1o 2.0 100000
SAVE C, C2, 3 NOW in 'cu234440.arc' $10000 years
I
END

Fig. 1.5-2. (cont.).
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Trtn CONTAMJANT TIRANSPORT FOR E-AREA
FIt u234dgw.dat March 17, 1994

I PORILW verske 250
I

ontaminant transport modeling for Suspec Sod - saturated znwe
AU-234 plus lb-230 and Ra-226 daughters
I
GR1D 38 by 30 tby 28

nlts are in cm's
COORdinate X -10000, 45000, 90000, 1300, 145000, 155000,

165000, 175000, 185000, 195000, 205000, 15000, 225000,
235000, 24500 250 25750 26S00, 272500, 280000,
28750, 295000, 302500, 31000, 317500, 325000, 332500,
340000, 3475 355000, 362500, 370000, 380000, 390000,
42750, 465000, 475000,

J
COORdinate Y -7500, 0, 7500, 1SOW, 22500, 30000, 37500,

45000, 52500, 6000, 67O, 7SOOO, 82500, 90000,
97500, 105000, 115000, 125000, 13500, 145000, 15500O,

165000, 175000, 185000, 195 , 215000, 242500, 292500,
342500,352500,

I e
COORdinate Z 610, 732 2073, 3414, 3536, 3 3780,

3901, 4023, 4785, SS47, S669, 791, 5913,
6035, 6157, 6370, 6553, 6751, 6949, 7148,
7346, 7544, 7742, 7940, 8138, 6336, 8534,

I
I
READ 'efkw40iam $40 C=tr through vault egions

jidentify a no-diffusion zone at top of domain to alow mas consetmon
MATEial type 10 from (1,1J1) to (38,30,8)

FOR 1:
ROCK density = 265; porosity = .30, AO, 30
TRANsport properties for C Kd 35., ad 158., 1d = 300, Td= 30.
TRANSPOt proPerties for C2 Kd e 3000., md = 158., Ld 300, Td= 30.
TRANsport prOPerties for C3 Kd 500., md 158, Ld 300., Tdw 30.
F6IR 2:
ROCK density = .65; porosity .30, .40, 30
TRANsport poperties for C Kd = 160., md 158., Ld 300., Td= 30.
TRANspot propcrtis for CZ l d 5800 aid 1S8, Ld - 300., Td= 30.
TVANsport properies for C3 Ed -9100., md 1S8., Ld 1 300., Td= 30.
FOR 3:
ROCK density =Z.6S; porst = .30, .40, 30
TRANspo popertics for C Kds 3S., d 158, Ld 300., Tdz 30.
TRANsport propcrties for C2 Kd a 3000., d = 158, Ld = 300., Td= 30.
TWANsport propertis for C3 KG = 500, d = 18., Ld = 300., Td 30.

Fig. L5-3. Example PORFLOW input file - mass transport in groundwater.
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FOR 4:
ROCK density = 2.65; posity = 30, AO, 30
TRANsport properties for C Kd * 1600, md - 158., Ld - 300., Td= 30.
IRANsport Properties for C K =50. ad 1 L - 300, Td= 30.
TRANsport properties for C3 Ed - 9100, ad 1S8., Ld = 30D., Td- 30.
FOR 5:
ROCK density - 2.65; poroity = 30, .4, 30
TRANsport properfies for C Kd = 3S., md - 158. Ld - 300., Td= 30.
TRANsport propertes for C2 Kd = 3000, md = 158., Ld = 300., Td= 30.

MRANsport properties for C3 Kd = S00 d = 18 Ld - 30, Td= 30.
FOR -
ROCK density = 2.65; porsity - .30, AO 030
TRANsport properties for C Kd 35., ad - 8, Ld =300., Td= 30.
TRANsport properties for C2 Ed =3000, ad 1S8., Ld = 300., Td= 30.
TRANsport properties for C Ed =500d md- 158 Ld = 300. Td= 30.
FOR 10:
ROCK density = 2.65; porosity = 30, .40,30
TRANsport properties for C Kd = 35., ad =IS8, Ld = 300, Td= 30.

RANsport properties far C2 Ed = 3000, md -258, Ld - 300., Td- 30.
MRANsport properties for C3 Kd = SOO., md =158, Ld 300, Tdu 30.

I
ISpecification for mas species C; U-234
/
DECAy half lif of C is 25eS ycas, branching ratio is 1
INrila! C = 0.0 everywhere
BOUNdary C at - FLUX =0.0
BOUNdary C t +1 FLUX =0.0
BOUNdary C u -2 FLUX -0.0
BOUNdary C at +2 FLUX =0.0
BOUNdary C at-3 FLUX =0.0
BOUNdary C ut+3 FLUX =0.0
I
/Specifications for mass species C2; Tb-230

DECAy balf4fe of C s 7.74 years, branching rato is 1.0
JNIlhi C = 0.0 everywhere
BOUNdary 2at.1 FLUX =0D
BOUNdary C at 1 FLUX =0.0
BOUNdary C .t.2 FLUX =0.0
BOUNdary C at +2 FLUX =0.0
BOUNdary C2 at -3 FLUX 0.0
BOUNdaty C at +3 FLUX =0.0

Specificzios for mass species 0; Ra-226

DECAy balflife of C3 is 6e3 years
INTal C3 = 0.0 everywhere

Fig. 15-3. (cont).
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BOUNdary C: at 4 FLUX nO.0
BOUNdary C at +1 FLUX -0.0
BOUNdary (3 at -2 FLUX 0.0
BOUNday CO at +2 FLUX -0.0
BOUNdary C at 3 FLUX lO.0
BOUNdary M at +3 FLUX =0.0

DISAble FLOW
DIA(nostic U. C at (28,12,20) Sunder Suspect oil rccbes
jMatcrial type 6 km (17,14,2D) to (17,14,20)
/Matrial type 6 from (19,13,20) to (19,IS,20)
/OCAte material type 6 as MD-HNT
A/aterial type 7 s LAW vaults
MAUTErial tp 7 frm (21,14,2D) to (23,14,)
/MAXIrial type 7 rom (21,12,20) to (27.13,20)

.MATEria e 7 frm (27,9,20) t (Z7,9,20)
LATErial 7yp fom (28,7,20) to (28,10,20)

IMATEia type 7 from (29,6) to (299,20)
jMATErial type 7 from (30,4,20) to (30,8,20)
ATEIa te 7 frm (31,3,20) to (31,6,20)
LOCAtc material type 7 as subregion ID=IAWV

I 
/MATErial tpc 8 is Suspet Soil Tnches
IATE7ia type 9 Is Naval Ractoc Components

MAErIal type 8 from (28,12,20) to (28,13,2)
LOCAte material ype 8 as subregion ll=SUS
J

* U-234 parent **-
SOURce C for D=SUS per VOLUme TABIe 31 sets

1.8750E+01 3.5650E-19
S3750E+01 LOISS-17
9.00002+01 1.154E-16
12625E+02 52530E-16
1.6250E+02 lA269E-15
1S875E+02 28602E-15
23500+02 4.7421E&15
2.7125E+02 69266E-1S
3.0625E+02 9.1811E-15
3AS64E+OZ 1.1739E-14
3.9312E+O2 1.4679E14
4.51SE+02 1.7891E14
5.2491E+02 2.1118E-14
6.14102+02 23827E-14
7D0743E+02 2S406E-14
8.1689E+02 2.60162-14
1.0143E+03 Z4939E-14
.3069E+03 2.1094E-14

1.7991E+03 1.4069E-14
2.42772+03 7.6597E-15
3.0749E+03 3.92?4E-t5

Smde per yr per mole U-234

Fig. 1.5-3. (cont).
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3.7409E+03 19402E-1S
44177E'03 9.39S7E-16
5.1193E+03 4A166E16
S.8069E+03 2IOSIE-16
6A973E+03 9993W-17
7.1878E+03 4.743E-17
7.8964E+03 22080E-17
85869E+03 184E.17
9.2842E+03 4.9396E18
99999E+03 2.2819E.18

*'0 Th-230 daught 
SOURc C2 for ID-SUS per VOLUme TAlLc 31 sets Smole per yr per mlc U-234

1.8750E.01 1.1206E25
6.1250E+01 6.9486&24
0500E+02 1a894E22

1.4875E+02 9.2337E-22
l9OE+02 3.3150&E21
2.362E+02 893331E&21
2-800E+02 1.6747E&2D
3.2438E+02 2.9161E-20
3.7737E+02 4.9208E-20
4.4485E*02 8.2429E-20
S.3359E+O2 1.3702E-19
6.4220E+02 2.1557E-19
7.6302E+02 3.1129E-19
9.2271E+02 4.4097E-19
1.1444E+03 6.1212E-19
1.4811E+03 &3246E-19
2.0031E+03 L0729E-18
2.5786E+03 13E.18
3.1790E+03 t3138E-18
3.7938E+03 1.3571E.18
4.4177E+03 1.3751E.18
5.0293E+03 1.381SE-18
S.706E+03 13804E-18
6.1157E+03 13773E-18
6i79E+03 1.3720E-18
7.2241Ei-03 13667-18
7.7692E03 13604E-18
83325E+03 1.3540E.18
8.880SE+03 1.3477E-18
9.4310E+03 13403E-18
9.9999E+03 13340E-18

'* Ra-226 daughter 
SOURce C3 for D=SUS per VOLUme TABLe 31 sets Smole per year per mole U-234

1.8750E+01 s9302E-29
7.00004+01 1.0438E-26
1.2125E+02 3.5701E-25
1.7250E+02 33822E-24
2.2375E+02 15822E-23
2.7500S+02 4.9185E-23

Fig. 1.5-3. (cont.).
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32A4E+02 12226E-22
39312E 02 O 2S87E22
4.7976E+02 69109E-22
S.9848E+02 I1E-21
7-3258E+02 3.4647E.21
9.1221E+02 7.0469E-21
1.1835E+03 lA77SE-20
L6314E+03 31796E-20
2.2786E+03 6.0067E-20
29712E+03 .879sE-20
3.6880E+03 . 7E-19
4.4177E+03 121E-19
5.1732E+03 1A760E19
S.9159E4-03 1S763E-19
66608E+(03 1i448E-19
7.4058E+03 6891E-19
&ME8 03 1.165E.19
8.8988Et03 L731IE-19
9.6512E+03 1.7374E-19
9.7063E+03 I.7373E-19
9.7614E+03 1.7373E.19
9.8164E+03 1.7373E.19
9.87SE+03 1.7373E-19
9.9265E 03 1.7373E-19
9.9999E+03 L7373E-19

HiSTory fbr C, C2, C3 TABE at (,120X28,1,20)(28,15,18)
(28,15,17X28,1,16)(28,15,10213,16)
(30,13,18X(30,13,16)(30,13,10) krquey=3 on utrlst'

OUrPUT C, C2, C3
CONVergencx for C REFE Lc-3, max Iterations =3
DIAGoostic U, C at (28,12,20) Sunder Suspect soil trenches
SOLVE C, 2, C3 AUTO DT=lac=Zmw =10,rnn= L.8d=2,rx==o000
SAVE C, C2, C3 NOW In 'utr.u $1000 yr
SOLVE C, C2, C3 AUTO 13,DT10fc=2,mis-100,mn=l4,df=n-=100000
SAVE C, C2, C3 NOW in 'utrarc' S2000 yr
SOLVE C, C2, C3 AUTO 2.c3,DTS50,ac=2.,m=10jmn= I-,df=2,m-100000
SAVE C, C2, C NOW in utra S4000 yr
SOLVE C, CZ C3 AUTO 2e3DTwS0Ac=24=1O0,um=l.e8,df x=100O00
SAVE C. C2, C3 NOW in utr C6000 yr
SOLVE C, CZ, C3 AUTO 2e3,DT=50fc=2,mxw100,mn1-,df=2,nx 100000
SAVE C, C2, C3 NOW in utrare 8000 yr
SOLVE C, CZ C3 AUTO Ze3.DT_100hhec2.,=100,mn-1.8,df=2,nx=100000
SAVE C,Z C3 NOW i 'utrarc S10000 yr
SOLVE C, C2, CS AUTO 4c4,DT 10O.,t=mm1000n=.e8,df-2,nxwlooooo
SAVE C, C2, C3 NOW in utrarc' SS0000 yr
END

Fig. 1.5-3. (conL).
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1.1 INTRODUCITON

Thesensitivity and uncertainty of the PORFLOWsimulations of the ILNTvault system

were evaluated in terms of the movement of 9'c from the vault area through the vadose

zone and in groundwater. The movement of contaminated water through the system is princi-

paly governed by: 1) infiltration; 2) hydraulic properties of the waste form, vaults, and soil;

3) depth to the water table; and 4) retention of contaminants by various materials in the

waste, vaults and soiL Sensitivity and uncertainty of PORFLDW simulations of vault-

contained low-level radioactive waste were evaluated in the ZArea Radiological Performance

Assessment (WSRC 1992) with respect to variable infiltration rates and hydraulic and diffu-

sive properties of the waste form, vaults, and soil. The results indicated a low sensitivity to

infiltration rate, due to the flux-controlling nature of the low-conductivity concrete materials,

and a high sensitivity to hydraulic conductivity., This study focusses on the sensitivi and

uncertainty in model results with respect to the parameter representing retention of contam-

inants in the waste form, concrete, and soil, which is the solidliquid partition coefficient, or

Since a radionuclide will move through each of the three media (ie., waste form,

concrete vault, and soil) differently according to its IC, in each material, three Kds, and

appropriate probability distributions, were specified for "Tc. In addition to the Kds, the time

to cracking and time to collapse of the vaults roof were specified. The time-to-roof collapse

was the sum of the time-to-roof cracking and the time between roof crackdng and roof

collapse, both of which were varied.

The K. and time parameters together resulted in five factors being specified for the

PORFLOW simulations in this analysis. Since there is considerable uncertainty associated

with these five factors, they are considered to be random variables and distributions were

specified for each factor. Based on the available literature, the Y.s are assumed to be

observations from log-normal distributions. The bounds of te Kg distributions were esti-

mated from available literature. The times associated with roof cracking and time between

cracking and roof collapse are assumed to be distributed uniformly. The bounds of the time-
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to-failure distributions were estimated by assuming the baseline values in Appendix K are

approximately the midpoint of the ranges, and by considering the sensitivity data provided in

Table 10 of that appendi

The distributions and their limits for the five factors were entered into a Latin

Hypercube Sample (LHS) generation program (Iman and Shortencarier 1984), which creates

a sample based on the principles of LHS Theory. Table .1-1 provides the factor information

needed for the sample generation routine.

Table LJ-. Factor speffication for Latin Hypercube Samplc generation

Faaor j Disttion Inwr imit Upper Limit

Kf 9Tc log 1.0 6.2
waste form normal

Kd 9'9Tc 'o' 70 7000
concrete normal

K. 9c log 0.01 0.4
soil normal

Tume to roof uniform 150 years 950 years
cracking _ _ _ _ _ _ _ _ _

Time between roof uniform 175 years 775 years
cracking and

collapse _

J.2 PRELRAINARY SAMPLE

Initially a data file containing the necessary information for a pre-sample of ten LHS

runs was set up and electronically transferred to the PORFLOW program. These runs were

given in terms of five parameters, three Kds and the two vault failure times. The general

purpose of these initial ten runs was the identification of sampling and analysis problems.
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These results were analyzed using linear regression analysis. An camination of the data

indicated the possibility of several linear trends in terms of log responses versus the logs of

the Kg or the log response versus the time factors. So the data analysis was directed towards

the log-transform of the response data.

The data vector consisted of three responses; the maximum groundwater concentration

of -'9 c observed, the number of years after vault disposal that the maximum occurred, and

the location of the sampling point where the maximum was observed.

Since the analysis of the initial ten uns did not raise the possiblty of any real data

problems, the study proceeded with the 100 runs.

J.3 SE uilVYANALYS

The analysis of the full 100 runs invohed the consideration of a full five factor multiple

regression model with all interaction terms and quadratic effects. The form of this multiple
regression model was the following

Multipe RWession Model

Lg(cSponSe) - AD + A1'XI + A2*X2 +A3X3 + A4*X4 + A5*X5 + A12'Xl1X2

+ A13'X1X3 + A14*XlOX4 + A1S*Xl*XS + A23'X3 + A24X2*X4 + A25OX2*XS

+ A34*X3X4 + A35OX3'X5 + A45*X4'XS + A1I*XI*XI + A22*X2*XC + A33*X3*X3

+ A44'X4*X4 + A55X'XS + error.

The definitions of these factors are gwen in Table J3-1. An inspection of the data showed

that 85 of the 100 9tc results occurred at the same node within the simulation domain.

Thus, the location of the response was not included as a variable in the analysis.
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Table J3-1 Variable definitio for multiple region modd

Variable Definition

Xi Log(K4 Waste Form)
X2 Log(K Concrete)
X3 Log(K4 Soil)
X4 Time to Roof Cracking
XS Tine Between Roof Cracking and Roof

ColaMsE

The selection of the important factors combinations was done in terms of the amount

of variation that a group of factors would explain. These groups of factor combinations were

selected by the use of a statistical procedure qalled stepwise regression. This procedure

selects factor combinations in groups of one, two, three, etc., that explain the largest portion

of the existing variation in the data. The intent was to obtain the smallest set of factor

combinations that would explain the most variation The set of factors combinations was

allowed to increase only if the additional factor combination showed a real increase in the

amount of variation explained by the linear modeL

For example, for the log(max GW 'Tc) response, the linear model involving only the

term X2*X2 explains about 96% of the total variation in the data; the addition of any other

factor combinations did not make any real increase in the amount of variation explained by

the modeL Thus one can say that the peak groundwater concentration of rc is most

sensitive to X2, or the Ka in concrete, of the parameters considered.

The factors combinations that have the most influence on the log responses are given

in Table J.3-2.

Table J3-2. Important variable combnation

_ _ _ponseImRoant Valiable Percent of Variation
. ~~~~obinatosExlie _At

______________ ________________I Variables

Max GW c X X2*X2 96%

Years to Maxc OW 9*Tc | _X4 X2'X2 96%
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IA UNCERTAINTYANALYSIS

The amount of variability present in the simulated response data has been illustrated

in two ways. The widths of the 95% confidence intervals for the means of the response

distributions, Table J.4-1, and the width of the tolerance intervals for the response

distributions. The tolerance intervals were computed in terms of 95% coverage of the

response distributions, ith 95% confidence, as shown in Table 1.4-2. In both cases the

intervals were based on the entire sample of 100 simulations. While the limits for the means

are relatively tight, the limits for distributions arc rather broad.

Table J.4-1. Confidence interva for mean

Max GW Tc_3 0.046

Yeats to max GWVr Ti897 2254

Table J.4-2. Tolerance Emis on response distribution

95% n ce that 95% of Distribution
Cu~d Intea l 

ResponeLower _tt e Upper limit

Max GW"Tc 0.008 0.192
Ycox3 to maxGw o9__ 783 5 5460

The plots of the response against the simulation variables, which arc given in Sect. .7,

indicate that the variation in the 'rc groundwater results was dominated by the magnitude

of the concrete K (X2) values. The dominance for the maximum groundwater concentration

is total, while the time to occurrence of the maximum- is also influenced by a small positive

trend associated with the time to cracking of the roof (X4). The variation present in the 9"rc

concentrations are also illustrated by the estimated cumulative distribution functions (plus

95% confidence limits) of the concentrations (Sect .6).

P
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J SMMARY

In general one can say that the 3 TIc responses are dominated by the concrete d, with
some additional influence of the time-to-roof cracking. The Kds for waste form and soil, along
with the time between roof cracking and collapse do not seem to have any real effect on
these responses.

116 RESPONSE PLATS AND CUMUIAUVE PROBABH DISTIBTJTON

Rev. 



MAXIMUM GROUNDWATER CONCENTRATION TC99

I . tbt0 

1 
,to0t

*Kd SIASS IFot

I * 000~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0

DOT -- 100 SAMPI.PM
CIRCUS -- 1 SAH4PLM



MAXIMUM GROUNDWATER CONCENTRATION TC99
. 00-

Pd

M -
A
x
M
I

M 48 . ( oo

*:

it

I

N
'

w 
A
1.

V.

II tI.010

it

I .

0
N

do.

11.001 - I I I 111111 4
10000i

s-a

I

I
10

I I I -I-- - I I I I -

100

I 1 1 1 11 111
1000

Ka co"rCIcET

I)t -- 100 SAMPL.KS
ClIHCIL. -- 10 SAMPE.gS



MAXIMUM GROUNDWATER CONCENTRATION TC99
L. 000 

m

A

r
to
'i

.,

*4 0.x1oo 

a,

I. _
N

w 
A

K 
It

II

K
..

la 43.0143 -
A-

1I)
N

O."~

%0
0

I1!

U.OOl -

I
0 *0I)

O T- T O I I I I I I 

0.10

Kd OIL

1Oo -- 100 SAMPI.V14
CIRCCLE -- to AMP'1.E:S

_a I I I i I I i I
1.00

P.'



MAXIMUM GROUNDWATER CONCENTRATION TC99
* *000 -

M 
XA

II

*:

F.

It

A
*.

.

C
Ka

..

A-

I-
o ,
*4

W

~4
L

S-b
0

*.001 A I~llul~lllllll ll i ll,,,,,,,,,,,,,,l 1 I ,,,,1,I,,l,,,Ill,11,Il,111,,Ilit-WIII IlI IIIIIIIIIM
100 ZOO 300 400 .SOO rp 0 700 eoo 900 10,00o i

TIME O 4005 CAC-TNO

DNOT -- too SMI'I.KS I-
CIR169L -- to fiAMI'Lvs 0



MAXIMUM GROUNDWATER CONCENTRATION TC99
1 .o 00

n oiO10n

CT

S S~~~~~~~~~

N S

A 

1o0 200 300 400 500 <;00 700 coo 

TtMz DIETWEIN aooF CRACKING AND COLAPaCE

DOT -- 100 SAMPLMS
C1IC14R -- 10 RAMPLXR



YEARS TO OCCURRENCE OF MAXIMUM TC99
10000w

If

AX

I.-

A

II

N

A

(r

C,

I AUA

6.4

a

100 --I

1

a I I

0

10

I.A

00

Kd WASTI. roikM

DRCOT -- 100 ° S 1t4 .Ktl
CIRCLE - 10 UAHPLI~5



YEARS TO OCCURRENCE OF MAXIMUM TC99
I oo I

-

A
of

N

0

A

x

'C

H
of

;I

to

ti

w w
A

0 -

N
.

it
A

N

I(Jro -
6-g

-

9

co

10o0

I
10

I i I I I I if

100

I I I I I 11000

1000

I I I I 1 II1

10000

md COMCPECTE

DMcr -- 1 AMPI.1en
C114CtE -- 10 SAMPLEbS



YEARS TO OCCURRENCE OF MAXIMUM TCS9
I 0,{0,. -

v
.

A
I.

Cr

O

A
x

N

IM
Ii

I.
I

.

I
w

0 ~Kit

.
C)

N

I (oW-

'.4

I -

100-)

O.,

.

01

I l- - l- T- I - I l I 

0. 10

ld SOIL

DOT -- oo mJmt4.P.8
CIRCLIE -- 10 ANPlSES

I I I I I I I I I

1.*00

'0



J-15 WSRC-RP-94-218

0

C)
0)

X

C)
F-

z

w
G

a:

a:

0

C:

cc
0
0
R.

Ii

C'4

a
a

a
0
a

0
0f,

a
z
bZ

a .0 I 

ftt

u ,&

I a_

..

_ d I

_ o )

I~~~~~~~~~~~~~~~

I I
I I I I I I ~II I

C

a I I I - a
Io
a

:-xcz4 F--O zcr-z_: ' :^Z 3c-a

Rcev. 



YEARS TO OCCURRENCE OF MAXIMUM TC99
11000 -

:0

1000 -
,a.
a%

-

.

100 -

:e

4
t

I I I I I I I I I I I I I I U XI1 u l I I I I I l j I I I I T I Ij I 'i I I [ ' I I- l lI I " I I
100 200 300 * 400 500 600 700 oo

EMIC DZTWECH OOr ClACKINO AND COLLAPSE

no? -- 100 SAMPT.I.11
CLACL,-- 10 SAHMPLE.S



C
C
C
- *6 0 -

a * e misitmi e * .. rteil
C

S
4

Sa
4
S

- S
S
S

- S
S

S
4

5. 5
4 4

C 5 4 1* 4
S S

5 4

4 C
4 5
* S

44 S
I S

So 5 4 C)
I S
S Sw I S
5 5
� � mc
* . Bz

4 4
* 0
* 5o ; :
* Sa S S
S 5

4 4.C 4 5
SS
* 4

o * S

4
S

"' : I
* S 0CoCD

* S
* 4
4 5

41

0 4 S
44%

* 5S*
4 44
4 S
S
S

o
* S

S
4
4
S
4
S
S
4
0
S

S. S
* S

0 S.4S545***

8iZ-t'6-d�I-3�1SM LVI



J-19 WSRC-RP-94-218

APPENDIX J

REFERENCES

Iman, R. L, and M. 3. Shortencarier. 1984. A Forran 77 Program and User's Guide for the

Generation of Ladn Hypeube and Random Samples for Use with Computer Models.

NUREGICR-3624, SAND83-2365. Sandia National Laboratory.

WSRC 1992. Radiocal Perfamnce Assesent for the ZArea Salsone Diposal

Facikty WSRCwRP-92-1360. Savannah River Site, Westinghouse Savannah River

Company, Alken, SC

Rev. 



WSRC-RP-94-218

APPENDIX K

E-AREA VAULTS
VAULT DEGRADATiON STUDY

Rev. 0

. .



E-A REA VA UL TS
VA UL T DEGRA DA TION

STUD Y

FINAL AEPORT

CLPJSIJUAJSeptember 30, 1993

Prepared for Westinghouse Savannah River Company, Alken, SC 29802

*: .'I ,.



E-AREA VAULTS
VAULT DEGRADATION STUDY

FNAL REPORT

Prepared For:

Westinghouse Savannah River Company
Aiken, SC 29803

Prepared By
Erich R. Brandsteter

Jim L. Lolcama

INTERA Inc.
;501 Greene Street, Suite 200-D

Augusta, GA 30901
Tel*: (706)722-2356
Fax: (706)724-2583

September 30, 1993



EXECTIE SUMMARY

The primary focus of this study was to determine the possible rates of roof and wall failure
and the times to structural collapse of the roof and walls of three vault designs: the
Intermediate Level Non-Tritium (ILM), Intermediate Level Tritium (L'I) and Low Activity
Waste (LAW) Vaults at the Department of Energy's Savannah River Site near Aiken, South
Carolina. Failure was defined as a loss of ability to divert soil wate around the vault
Collapse was defined as the total loss of structural integrity of the vault. Failure and
eventual collapse of the three vault types results from concrete deterioration under stress, in
the presence of corrosive soil water. Degradation rates for reinforcmd concrete were utilized,
and the resultant changes in properties (such as strength, thickness, cacking and hydraulic
conductivity) were evaluated. Baseline times to failure and collapse of the walls and roof
components were modeled, and sensitivity analyses were conducted to provide boundaries
on these estimated times. Thus, the goal of the project was to provide a bounding analysis
of the time to roof and wall failure and potential collapse, rather an an actual prediction
of the time to failure and collapse. The overall approach was to develop an executive model
which linked various pre-existing models of degradation of reinforced concrete and to
integrate that model with structural engineering models which estimate stress in the structure,
for the bounding analysis of failure and collapse.

Degradation processes considered were mignesium and sulfate attack, calcium leaching,
carbonation, and rebar corrosion due to both oxygen diffusion to the rebar (including
breakdown of the passivating layer that initially prevents corrosion of rebar) and due to the
'hydrogen evolution' reaction. Existing empirical models for the individual degradation
processes were combined into a single model to create an overall model of the degradation
of reinforced concrete. The state of stress in the concrete and rebar was calculated and the
roof components and walls fractured in order to eliminate excessive stress which cannot be
borne by the degraded structure. Cack aperture and spacing were computed and used to
estimate hydraulic conductivity.

For each type of vault, a sensitivity analysis was performed to bound the predictions. After
an initial rough sensitivity analysis on a large number of factors, six factors were selected
for detailed sensitivity analysis: rate of rebar corrosion due to the hydrmgen evolution'
reaction, rebar diameter, dcpth of concrete cover over the rebar, size of AASHTO "bridges
beams used to support the vault roof in the LAW vault design, and depth of soil cover over
the vaults, and concrete strength. 0

The ILNT Vault design consists of 7 rectangular cells, each approximately 48.5' long by 27'
wide by 29.75' high. The ELT is a similar design, the main differences being that it consists
of only 2 cells and utiizes a slightly thicker roof. The LAW vault consists of 4 cells, each
approximately 145' x 53' x 26'. It utilizes a significantly different design in that AASHTO
'bridge" beams are used to support the roof span. Baseline times to failure and collapse for
the IlNT vault were 570 and 1,045 years, respectively. Te thicker roof and two-cell
design of the ILT vault result in longer times to failure and collapse for the ET vault; 790
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and 1,300 years respectively. For the LAW vault, failure and collapse are predicted to occur
in 1,420 and 3,100 years. The following table summarizes the baseline results for each vault
type:

Summary of Baseline Results

Vault Cracks Penetate Cracks Penetate Walls Roof
Roof/Failure (Mid-Height) (years)

(years) (years)

_ [ 570 o800 1,045

ILT 790 1,080 1,300

LAW [ 1,420 2,235 3,100

Sensitivity analysis indicated that the rate of rebar corrosion due to the hydrogen evolution
reaction is the most critical and uncertain model parameter. Variation within the bounds of
acceptable values reported in the literature can result in the times to failure and collapse
varying hundreds to thousands of years. 1~or example, for the JLNT vault, the time to
failure varied from 285 years to 2,775 years, based on variation in the hydrogen evolution
corrosion rate. Similarly, the time to collapse varied from 525 years to beyond the 3,000-
year duration of the simulation for the ILNT vault.

Variation in depth of concrete cover over rebar and in concrete strength within design
constraints resulted in variation in times to failure and collapse of less than 100 years.
Variation in depth of soil cover within design constraints resulted in variation in times to
failure and collapse on the order of 100 to 400 years. Changing the rebar diameter has the
potential to significantly impact the longevity of the vaults. For example, changing the bar
designation by I (for example, from #8 to #7 or to #9) changes the time to failure and
collapse on the order of 300 to 400 years. Changing the size of AASETO beams has a
similar impact on the time to collapse of the LAW vault. Utilizing a smaller beam,
however, would result in cracks penetrating the vault (i.e., failure) immediately upon soil
loading.

This study has combined pre-existing models for the degradation of reinforced concrete with
proven structural engineering models to create a performance assessment code capable 6f
predicting the time to failure (loss of ability to divert water) and collapse (loss of structural
integrity) of buried concrete vaults. This code can also be used to estimate the impact of
changes in design parameters on the longevity of reinforced concrete structures, and
therefore has potential for application as a design aid tool for below-ground concrete storage
facilities. The current mandate at DOE facilities to move in the direction of below-ground
disposal in concrete-engineered structures makes this code a potentially important
performance assessment tool.

.i.
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1. NTRODUCTION

The E-Area Vaults (AV), which are the focus of this study, are located at the Savannah
River Site (SRS) in South Carolina. The EAV designs which will be discussed in this report
are the ILermedieLvel Non-Tritium iU1M, Intermediate Level Trtium (a) and Low
Activity Waste (LAW) Vaults. Westinghouse Savannah River Company (WSRC) operates
this site and is currently developing a Radiological Performance Assessment (RPA) for the
EAV. he vault degradation study is a supporting study for this RPA.

The EAY site is located on a 200-acre site immediately north of Building 643-7E at the SRS.
The original SRS Solid Waste Disposal Facility (SWDF) and the added EAV site are
centrally located between the two chemical separations areas near the center of the SRS,
between Upper Three Runs Creek on the north and Four Mile Creek on the south. Of this
200 acre tract, only 100 acres have been developed at this time, he neare site boundary
to the SWDP is about seven miles to the west. The SWDF is in a relatively level highland
region of the SRS at about 300 ft above sea level.

The E-Area Vaults are reinforced concrete structures intended for below ground storage of
low-activity and itemeia l wastes. Each of the EAV designs are intended to house
designated waste types. The LAW vaults, wtdch are located at a separate facility from the
ILT and HNT vaults, are designed to receive and store low-activity waste radiating less than
200 mR/hr at 5 cm from an unshielded container and containing only incidcntal quantities
of tritium. One section of the Intermediate Level ality is designated as the ILNT vault and
receives waste radiating greater than 200 mR/rat 5 cm in engineered metal containers. The
remanung section is designated as the ILT vault and receives tritium-bearing waste contained
in engineered metal containers or as overpacked tritium crumbles with most of the tritium
removed. These two vault sections are aacently located, shar waste package handling
equipment and are to be closed as one facility. The LAW vault facility will be closed
separately. A third fimility, also a part of the EAV Project, designated as the Long-ived
Waste Storage Building (LLWSB) has not been considered as part of this degradation study.

Closure of the vaults will be via below ground burial under about 8 feet of soil cover. The
placement of the soil cover and soil backfill around the vaults will result in loading of the
roof and walls of each unit. Chemical attack on the buried reinforced concrete will weaken
the concrete, and the roof and walls of each vault type could be expected to fail and collapse
over time. Failure defined as a loss of ability to divert water around the vault.
Degradation of concrete by sulfate attack can cause thinning, calcium hydroxide leaching
results in weakening of the concrete, carbonation lqwers the pH of the matrix-bound water,
and oxic (oxygen') and anoxie (hydrogen evolution) rebar corrosion weakens the
reinforced concrete mass. Failure of the vault would result in infiltrating ground water
entering the interior of the vault rather than being diverted around its exterior.

1



NWs approach to this performance assessment problem for the E-Area Vaults has be=n
to constuct a mathematical model which integrates structural loading calculations with
chemical degradation calculatons. The modd runs on a PC-platform and utilizs, as
subroutines, pr-existing empirical models for the chemical degradation calculations, and an
American Concrete Institute code for the dei of reinforced concrt structures to calculate
the state of strss within t structure Adopting this modeling approach facilitates
snsitivity analyses on different design components of the vaults.

This report presents the chemical degradation nechanisms which have been modeled for
degradation of the concrete of each of the vault designs, describe the structural design
model and the approach for integrating these models into one code, and finally, presents the
results of the performance assessment calculations on the he vaults types for baseline (base
case) and variant configurations of several of the design components. Further work which
will likely be accomplished under a separate task will include evalafting the performance of
the vault floors for the three vault designs, and extending the sensitivity aialyses beyond six
parameters-

2



2. DESCRION OF THE CLOSED ElTo ILNT AND LAW VAULTS

The EAV Project consists of three types of facilities to house four designated waste p
and the necessary roadways to allow waste container delivery. Ibis section describes in
brief the three vault types.

2.1 INTERMEDIATE-LEVEL VAULTS

The intermediate-level valts consist of two separate, subsurface reinforced concrete vault
structures. The individual vaults are adjacently located, share a similar design, and are
closed as a single unit. The vaults are identified as the Intermediate Level Tritium (IL¶)
Vault, and the Intermediate Level Non-tritium (LNI) Vault.

2.1.1 INT Vaults

Each LNT Vault consists of seven ce s or subdivided sections within the vault strucue
(Figure 1) and provides a total of approximately 200,000 fe of waste storage capacity. The
vaults are subsurface concrete structures appqitely 189 ft long, 48.5 ft wide, and 29.75
ft deep. Exterior end walls are 2 ft ickside wals are 2 ft thick, and interior walls
(between the cells) are 1½ ft thick. A wal* are structurally mated to a base slab which
is approximately 2½ ft thick and extends past the outside of the exterior walls approximately
2 ft. Tbe base slab rests on two layers of crushed stone placed on the compacted subsurface.
The crushed stone drains to a collection sump to prevent a positive water head against the
vault exterior.

Concrete is reinforced with deformed steel bars. All concrete construction joints are loted
at defined control joints with no horizontal joints in any vertical walL All concrete joints
include a waterstop seal which is continuous around all corners and intersections. All
exterior concrete surfaces exposed to soil are coated with a coal tar-based waterproofing.

2.1.2 LT Vaults

Each ILT Vault consists of two cells or subdivided sections within the vault structure
(Figure 2) and provides approximately 57,000 ft' of waste storage capacity. One cell will
in most cases be fitted with a silo system to permit the disposal of tritium crucibles. The
LT Vaults are structurally very similar to the ILNT, with slight differences such as wall

height and thickness of the (proposed) roof slab. The ILT Vaults are approximately 57 feet
long, 48.5 ft wide, and 28.5 feet deep. Wall arrangement, slab and slab base, and concrete
are all identical for the two-ll configuration ILT vault and the seven-cell configuration
il4T vault.

3
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2.2 LAW VAULT

Each LAW Vaults consists of either two or three aor subdivisions, or modules. Each
module provides approximately 566,500 ft3 storage capacity and will accommodate more than
4,000 B25 boxes. Figure 3 illustrates one module of a LAW Vaul Each module is
approximaely 214.5 ft long and 145 ft wide. Height of the vaults varies from approximately
26 to 27 feet End, side, and interiorwalls of achmodule are all 2 ft thick. Alwals am
structually mated to a 30-inch footer that is continuous under all cells n each module.

A reinforced concrete roof is supported by pres"rsed, concrete beams. he beams run
between each wall the length of the vault The end walls of each module have recessed
beam seats to support a beam end, and the interior walls are equipped with bearing pads
allowing beam ends to rest on the wall. The beams rest on elastomeric bearings which allow
the bases of the beam to move toards achother as soil oad and progressive deterioration
of the structure causes the roof system to bend.

The slightly peaked roof is composed of 3'h-inch thick, prestessed, concrete deck panels
installed directly on the roof beams providing a base for a 16-inch, cast-in-place roof slab.
The roof slab has 2-in. wide expansion joints etween module walls. Each expansion joint
has flashing instalIed to provide waterofing. The roof slab is covered with a bonded-in-
place layer of fiberboard insulation and a layqr of waterproof membrane roofing.

2.3 VAULT CLOSURE

Final closure of the vaults consists of placing an earthen cover with an engineered clay cap
over the entire 21-vault area. The final closure cap will consist of a 2-foot thick compacted
clay layer, on top of which will be a clay geomembrane or claylgeotextile composite. bis
will be overlain with a 1-foot thick granular drainage layer. Above the drainage layer will
be a geotextile filter fabric. The uppermost layer of the closure cap will be a 2-foot thick
topsoil cover. The slope of each of these layers will be 3% over the IHNT and ILT Vaults,
and 3% or 4.3% (depending on location) over the LAW Vaults. he total thickness of the
soil layer will be between 8.5 and 9 ft. The final closure cap' thus accounts for 5 ft of
this thickness. The rmaining volume will utilize compacted fill material. In addition, in
order to reduce the hydraulic conductivity of the layered sol/vault system, a clay layer will
be placed immediately adjacent to the vault roofs.

-.-' .: 4:F; -.4
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3. MODELS OF CEEMICAL DEGRADATION AND STRUCTURAL ANALYSIS

The selection of chemical degradation mechanisms for concrete was based on a process of
liminating mechanisms which demonstrated little or no effect under chemical conditions of

the soil or concrete mix. The chemical degradation models which were included in the
assessment were: S04 and Mg atk, Ca(OHh leaching, carbonation, and rebar corrosion
in oic and anoxic conditions. elow we have presented the models for chemnical
degradation processes, some empirical and some analytic, and have provided a description
of the attack mechanisms for which the models were derived. These mechanisms have been
modeled independenty. For example, thinning of the concrete surface will not result in an
increased te of renorcing steel corrosion due to faster diffusion of oxygen through the
decreased cover. In addition, the structural analysis modeling is described.

3.1 MICAL ATTACK

3.1.1 Sulfate and Magnesium Attack

Sulfate and magnesium are naturally occunigg elements at the Savannah River Site, input
to the soil water from ainfall and weathering of rock minerals. Sulfate reacts with tri-
calcium aluminate (C1A) to form calcium fluminum sulfates leading to expansion and
cracking of ft surfie of the concrete (Walton et al., 1990). A related problem is the
reaction of magnesium ith the cement to form Brucite [Mg(OH)J. As the concrete cracks,
its hydraulic conductivity increases, and water penerates more easily into the interior,
acclerating the deterioraton of the concrete. Sulfte attac also results in a progressive loss
of strength and mass due to deterioration in the cohesiveness of the cement hydradton
products. The reaction products have considerably greater volume than the reactants. This
causes the expansion of the concrete which, in tum, results in cracldng, spaling, and loss
of strength. In addition, formation of gypsum causes a deterioration of the cement paste
which results in a reduction in stiffness and strength, followed by more expansion, cracking,
and loss of cohesiveness. Empirical studies indicate that the rate of attack by magnesium
sulfate is twice that of sodium sulfate, and that the rate of attack Is reduced by low water to
cement ratio and by low C3A content. The rate of surface loss due to sulfate attack was
calculated according to:

X 05SC (C + CX)t,

where:
X distance of corrosion into concrete (cm),
C, CA concentration in solid (mole/cm), and
Csk Mg concentration in solution (mole/cm'),
C8OZ = SO, concentration in solution (mole/cm), and
t =time (s).
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3.1.2 Alkali and Calcium Hydrodde Leaching

When concrete is exposd to water, constituents in the concrete are leached. Alknli are
leached first, followed by calcium hydroxide. Tis process can be described in four stages:

1. Initially, the pH of standard concrete is ximately 13 due to the presence of
alkali metal oxides and hydroxides. These alkali metals leach first.

2. After the alkali metals are leached, the pH is controlled at 12.5 by solid calcium
hydroxide. Free (not bound by C-S-H gel) aium hydroxide is leached first.

3. Following loss of free calcium hydroxide, calcium hydroxide is leached at a slower
rate from the C-S-H gel. The C-S-H gel dissolves incongruously, while the pH drops
to 10.5 and the calcium to silicon ratio drops to 0.85.

4. The pH is held to 10.5 by congruent dissolution of the C-S-H gel.

The loss of calcium results in a decrease in strength of approximately 1.5% for every 1%
loss of total calcium content. 7ke rate of cum hydroxide leaching depends primarily on
the flow of water through fte concrete, but also on diffusion into the surrounding geology,
and diffusion across a reaction zone in the copcrete. Advective transport of leached calcium
hydroxide from the concrete structure will dominate only under high rates of groundwater
flow, and preferential flow of groundwater through the structure.

Atkdnson and Hearne (1984) applied a shrnking core model to calcium hydroxide leaching.
This model assumes that removal of calcium from the exterior of the concrete is rapid
relative to movement of calcium through the concrete. Thus, leaching is controlled by
conditions in the concrete and properties of the concrete, and so this process is referred to
as concrete-controlled leaching'. As an alternative approach, Atinson and Hearne also
developed a leach model controlled by the surrounding geology (geologywontrolled
leaching*). This model uses an equation for diffusion from a fixed concentration into a
si-infinite domain, with concentrations described by an error function (as in Crank, 1975),
and allows for an analytic solution of the amount of calcium lost in a given amount of time.
'Both models predict that it will take over 1,000 years before calcium hydroxide leaching
penetrates the upper 0.05 cm of the concrete. Both analytic models have been added to the
degradation modd. The equations used to approximate concrete-controlled and geology-
controlled leaching, respectively, are:

Xc anD )

and
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X = 2( Z' )CC

where,

Xc= depth of leach penetration due to concrete-controlled leaching (cm),
Xa = depth of leach penetration due to geology-controlled leaching (m),
D, intrinsic diffusion coefficient of Ca` in concrete (m 2/s),
C Ca++ ooncton ain concrete pore water (molecm),

= Ca` concentration in ground/soil water (moldcr/n,
C, = bulk Ca concentation in concrte solid (mole/em),
* porosity of soil (unitless),
}& retardation coefflicient (unitless), and
D= effective dipersivity/dffusivity of Ca++ in the surrounding geologic

mateial (cm/s).

A conservative estimate of the depth of leach; penetration was obtained by summing Xc and
Xc.

3.1.3 Cabonation

Carbonation is the reaction of carbon dioxide with cement to form calcium carbonae
according to the reaction,

Ca(OH)2 + 0 + C 2 > CaCO3 + 2H 1 0

Sources of carbon dioxide are atmospheric gases and soil gases. Carbonation occurs most
aggressively when the concrete i less than fully saturated with water, alowing CO to
dis through the air space in t concrete up to the reaction front within the concete. At
the reaction front, C 2 dissolves in pore water and combines with calcium to precpitate
calcium carbonate. From Walton et aL (1990), the depth of carbonation is proportional to
the square root of time as shown in the equation below. The rate of carbonation dependi
on the moisture content of the concrete and its relative humidity, and ultimately on the type
of cement used i the concrete mnx.

Carbonation does not render the concrete less durable. Some fly-carbonated Roman
concretes has survived to modem times. Shrinkage of the concrete may occur with
carbonation as will a drop in the pH of he pore water. Carbonation of hydrated Portland-
cement pastes also results in reduced hydraulic conductivity and increased hardness
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(Verbeck, 1958). he pH shift can be from over 12 to about 8. At this lower pH, enhanced
corrosion of steel reinforcing in the concret may oocur.

The rate of carbonation is dependent upon water saturation or relative humidity of the
concrete. As relative humidity increases from 0 to 100%, the rate of carbonation passes
through a maximum. Since water Is required in the carbonation reaction,, partially saturated
conditions promote the reaction of CO2 and Ca(OH)2 to form CaC03, however increasing
the water content above that required for this reaction to proceed will slow the diffusion rate
of C0 through the concrete and limit the carbonation reaction. Typical subsurface
environments approach 100% relative humidity, resulting in a water saturated concrete
matrix. herefore slow rates of carbonation are commonly found. Te following analytic
expressin was employed for estimaing cabnaton ate in the degradation model:

X (2D1 ZtM

where,
X = depth of penetration of carbonition (cm)
Di intrinsic diffusion coefficient qf Ca" in concrete (cm2ls)
C.= total inorganic carbon in ground water or soil moisu (molecmS)
C = Ca(OH)2 bulk concentration in concrete solid (molefcmd) and
t = time (s)

Inherent in the use of this expression is the assumption dt the concrete i water-saturad,
and tat the concrete is in direct contact with moisture containing a constant concentration
of dissolved inorganic carbon.

3.1.4 Rebar corrosion

Corrosion of steel reinforcement results in a loss of strength due to loss of cross-sectional
area of the rebar. In addition, a reinforced-concrete structure may suffer structural damage
due to the loss of the bond between steel and concrete. Corrosion of the rebar produces a
reaction product of greater volume han the rebar. Since the concrete surrounding the
rforcmcent prevents free expansion, tis expansion exerts pressurc on t concrete, and
thus causes cracling and potentially spalling of the concrete structure, with consequent lost
of strngth. In the alkaline environment of standard concrete (low akle specialty concrete
is used for the EAV construction), the rebar is protected from corrosion by the formation
of a passivating layer around the rebar. Tis passivating layer, however, may be destroyed
by the diffusion of chloride ions to the embedded steel (Le., depassivation). Water to
cement ratio and depth of concrete cover over the rebar am the most important factors in
concrete construction that effect the time to depassivation. In the corrosion reaction, oxygen
is electrochemically reduced and iron electochernically oxidized, followed by conversion of
the iron to iron oxides. The reaction rate is generally limited by diffusion of oxygen through
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the concrete to the rebar, with oxygen diffsion increaing over fim as process, such as
calcium hydroxide leaching and sulfate attack, decrease the diffusion limitng concet cover
over the rebar.

Thus, the corrosion of reinforcing steel due to oxygen diffusion occurs in two steps. First,
the passivating layer must be broken down before the onset of corron. The time to onset
of corrosion was approxmated by:

12X 0
WC *a

where,

t, time to onset of corrosion (yr),
X, = thicikness of concrete over rebar (inches),
WCR water-cement ratio in cnacrete (kgk), and
C1 = chloride ion concentration in groundwater (ppm).

Ile reaction then proceeds, with a loss of reinforcing stee volume p mated by:

% Rebar Remainng= 1Ol -le sDXC Jt
where,

s spacing between reinforcement bars (cm),
A oxygen diffusion coefficient in concrete (cmnls),
C,,,= oxygen concen on in groundwater (mole/cr),
I time (s),
d diameter of rebar (cm), and
AX depth of rebar below surface (in).

Another mechanism of reinforcing steel corrosion is via the hydrogen evolution reaction.
In this mechanism, H* ion from the water molecule is used as the source of oxidant for
corrosion. is a by-product of this rcaction., If we assume a low, constant ate of
hydrogen evolution corrosion (i.e., a number from the low end of the litratue range is
adopted), then the relative volume of steel remaining is:
where,

9



V; . 2at-d2

Vd t&

a = corrosion rate from hydrogen evolution reaction (cm/yr),
t time (yr), asnd
d = diameter of rebar (cm).
Vu= volume of steel after H 2 corrosion
V initial volume of steel

Literatue review of hydrogen evolution corrosion rates indicated a pH-dependance in fte
reaction rate. In the high pH range of typical concrete, he reaction rate is on the order of
L.SE-4 to lES cm/yr. If the pH drops below approxmaly 9, fte reacion rate increases
to values on the order of 1E-3 to 1E-4 cm/yr.

A bounding analysis for corrosion will be utilized by combining the rates due to oxygen-
based corrosion and hydrogen evolution corrosion.

3.1.5 Vault Interiors

The degradation mechanisms that were considered for the walls and roof in cont with site
sol are: Mg + SO4 attac, Ca(OH)2 leaching, concrete carbonat, and oxic and anoSi
corrosion of the re-bar. Several of these mechanisms will not operate under the conditions
anticipated inside t vaults or will occu so slowly that their net effect over the life of the
vaults will be insignificant. Only anoxic (hydrogen evolution) corrosion is anticipated as
significant degradation process originating inside the vault, as discussed below.

Magnesium and sulfate attack requires a source of dissolved Mg and S04 in contact with the
concrete such as would be provided by a moist soiL There is no continuous source of Mg
and S04 in contact with the concrete in the vault interior, and therefore this mechanism is
not anticipated to operate.

Two forms of calcium hydroxide leaching were considered: concrete controlled and geology
controlled leaching. The concrete controled laching mechanism assumed a ero-
concentration boundary condition at the surfe of the concrete, a condition which would
require ground water to flow over the concrete surface and 9sweep' the calcium away from
the surface as it difflses out of the conrete. Inside the vaults, during the priod of
performance prior to collapse, there is no recoinizable mechanism to create this zero-
concentration boundary. As a result, a chemical diffusion gradient from the interior of the
concrete towards the concrete surface will not be established and diffusion will not occur.

10
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Geology controlled leaching assumes that a concentration gradient can be established into the
(soil) matal adjacent to the concrete. This is physically imossible in the LAW vault
because of the lack of in-filling material and in the case of the ILT and ILNT vaults, where
cement grout will contact the walls, the calcium concentration in the grout porewater will
be identical to that in the concrete at all times. These conditions prevent a concentration
gradient from forming outwards away from the concrete.

Concrete carbonation occurs in the presence of dissolved carbonate and calcium n the
porewater of the concrete. Leaching of calcium hydroxide provides a source of calcium and
diffusion of carbonate ion from soil water in contact with the concrete provides a source of
carbonate. Ihe carbonate in the soil water is replenished from dissolution of CO gas from
the soil air. Inside the LAW vault, the air space will contain C0 2, although most likely at
concentrations much less than in a biologicay-active soil; differences of one to two orders
of magnitude would be a reasonable estimate. Carbonation would most likely occur,
however with only atmospheric levels of CO% driving the reaction, the carbonation front
would advance at a much slower rate than for the outer surfaces of the vaults. From the
empirical relationship that INTERA has been using to describe carbonation, a slowing of the
movement of the carbonation front by an order of magnitude would be possible.

Corrosion of the reinforcing bar in concrete under oxygenated conditions requires an initial
depassivation of the steel surfice. The mecFanism that has been invoked in our modeling
relies on diffusion of chloride to the passivating layer. Depassivation is followed by
oxidation of the exposed steel. The interior of the vaults does not provide a source of
chloride for the depassivation mechanism. Degradation modeling of the interior of the vaults
should therefore not include oxic corrosion of rebar, unless the concrete mix is such that the
pH of the concrete is below 9.

Anoxic corrosion of rebar will occur in the presence of moisture in the concrete. Sinc
water- saturated concrete has been assumed for the modeling of degradation, this mechanism
would proceed at a rate approximately ie same as for the exterior surfaces of the vault
Adjustments to the rate caused by a decrease in pH at the corroding surface following
carbonation of the local concrete will not be required.

*In summary, the dominant degradation mechanism for the interior surfaces of dhe vaults wil
likely be anoxic corrosion of re-bar. Carbonation is also likely to occur, however, the rate
of advance of the carbonation front will be inificantly less than for exterior surfaces. hd
effect of carbonation on anoxic corrosion will likey not be an important consideration.

3.2 STRUCTURALGINEERING ANALYSIS

The RCPC.DHelper models (Furlong, 1991) used as the basis for the structural analysis
portion of this study are available commercially through the American Concrete Institute
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Software Sales Department. The programs hav be in use for the past 4 years by
approximately 300 engineering offices. The programs are intended to serve as a desgn aid
in accordance with governing design documents, the principle one of which is the Building
Code of the American Concrete Institute ACI 319-89. The Building Code is a strength
design document with consideatons for serviceability, but the major consideration for
design is the limit strength of reinforced concrete members. Consequently, the computer
design aids focus on decisions related to strength design instead of sevice load performance.

Strength design employs results from elastic analyses of frame response to the many different
types and configurations of load that concrete structures support. An analytic routine known
as the Portland Cement Association Two-Cycle Method is used for the interpretation of worst
effects from pattern loading on beams. The analytic tools in RCPC.DHelper are just as
appropriate for serviceability analyses as for strength design. The RCPC.DHelper programs
apply required load factors and incorporate apr at reliability factors in the logic
required for design. These programs were modified to bypass load fators and rliability
factors in order simply to use response to service load forces oad and reliability factors 
1) for estimates of service load stress in steel reinforcement and shear stress in concrete
slabs. Steel stress was computed assuming that the concrete had cracked.

The program most appropriate for Vault: Study is the Continuous Beam program in
RCPC.DHelper. That program was prepared for design of floor beams in two-dimensional
rigid frames. Te Vault study involved two structures that consisted of roof slabs cast as
rigid and monolithic with supporting walls. The Iructure represented by a unit width of
wall and roof slab is a two-dimensional rigid fame. Distances between supports were
adjusted such that the actual clear distances between faces of framing elements remained the
same as those in the finished structr

3.2.1 Application to the ILNTIILT Vaults

Because the ILNT and ILT vaults ar virtually identical in their design, the same approach
was used to analyze the two structures. The only changes required were changes in input
parameter such as height of the structure and roof thickness The structures were
represented by a 1-ft wide span of walls and roof in the dictdon of maximum stress. The
direction of maximum stress in the short direction of cach cell, or, for example, along the
189-ft length of the ILNT vault. Hand calculations indicated that this approach is accurate
to within approximately 3 of the fll 2-way slab analysis (Furlong, 1993). Parameter
values were selected to corsond to the respective height, thickness, amount of rebar, etc.
in the walls and roof of each vault.

Stress in concrete and rebar was computed at the locations which experience the maximum
stress. Maximum stress occurs over the walls, in the exterior face ebar, and at midspan,
in the interior face rebar (Figure 4). After the stress in the rebar was calculated, the roof
components and walls may fracture in order to eliminate excessive stress which cannot be
borne by the degraded structure. When the stress in the rbar at a particular location
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exceeds 40 ksi, cracl are assumed to penetrate the concrete. The approach to the
calculation of stress in rebar assumes that the concrete has cracked. Crack width and
spacing were computed as functions of the distance between the neutral axis' and the lower
face of fte concrete, the distance between the neutral axis and the center of the reinforcing
steel, the diameter of the reinforcing steel, the concrete cover over the reinforcing steel, and
the strain on the reinforcing steel.

When the stress in the rebar at a particular location reaches the yield strength of the rebar
(60 ksi), the rebar will yield. In most cells, yield strength is reached first at the midspan
reaion. Excess momcnt is then transferred to other regions in thecell. In the case of the
midspan region reaching yield strength first, excess moment is transferred to the regions over
the walls. This, in turn, increases the stress levels in the rebar over the walls. When the
rebar reaches its yield strength at all three locations, a hinge' is created. This will allow
the roof to sag, and it is presumed that structural integrity will be lost at this point
Therefore, the point in time at which this ocrs has been defined as the time of collapse.
This process can be summarized as follows: -

1. Rebar at center of span reaces yield strength.
2. Excess moment (and corresporkding stress) transferred to region over walls.
3. Rebar over walls reaches yield strength, resulting in severe cracking and

collapse.

For cells 3, 4, and 5 of the LNT vault, the rebar reaches yield strength in the regions over
the wals before reaching yield strength at midspan. in this case, the order is reversed:

1. Rebar over walls reaches yield strength.
2. Excess moment (and corresponding stress) transferred to midspan.
3. Rebar at midspan reaches yield strength, resulting in severe craceng and

collapse.

3.2.2 Application to the LAW Vault

Tbe 3' thck prestressed slabs in the LAW Vault roof design serve to hold the cast-in-place
slab, and are therefore ignored in subsequent calculations. The soil and self weight (of the
slab and the AASRTO beams) will cause the beams to move on the elastomeric bearings.
As the beams move, the upper ends of the precast girders remain separated by a fixed
distance at the slab atop the girders (Figure 5). Only the bases of the beams move toward
each other, leaving at the end of each beam an angle of rotation each side of the supporting

'When a slab deforms under loading, part of the slab will be in compression and part of the
slab will be in tension (e.g., at mid-span, the upper portion of the slab is in compression, and
the lower portion in tension). The neutral axis is the location in the slab where compression
changes to tension; it is therefore an axis of zero strain.
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wall. The angle of rotation remains essenially constant as long as the flexural stiffness of
the girders remains constant under soil loading. Based upon the soil load and self load of
the slab and beams, a curvature Cn the roof, over the walls) of 0.35 radians/mch was
calculated. Ihis will result in a tress of 2.8 ksi in the concrete, sufficient to crack the
concrete Th curvate was then used to calculate the moment in the slab, and stresses in
the cracked concrete and rebar. In the LAW Vault design, the stress level in the rebar
increases relatively slowly as the structure degrades, and generally does not reach the 40-ksi
limit. Therefore, the depth of the neutral axis was calculated in order to approximate the
depth of crack penetration. As the structure degrades, the neutral axis, and therefore the
cracks, peneiate further into the concrete. When the depth of the neutral axis moves to
within inch of the interior surface of the roof, cracks are assumed to penetrate the roof
slab.

Due to the difference in roof design, the IAW Vault roof could not be analyzed in the same
manner as the termediate l vats. he roof slab has only S ft of unsupported span
between the AASHO beams. Preliminary calculations indicated that the 16-inch concrete
slab can support soil loads across the slab cen after significant degradation of the steel.
Therefore, collapse of the vault will be determined by the ability of the AASHTO beams to
support the structure. A moment arm calcuhaion was used to calculate the moment at mid-
span of the beams after soil loading. This was then compared to the ultimate momente of
the beams. Because the moment is approxitetely proportional to the steel area, the ratio of
actual moment to ultimate moment is approxumately equal to the amount of steel area that
can be lost before collapse:

- Ma Au3 - A* * _2a

where:
~A* = critical steel area (the minimum area of steel in the AASHTO beams

which is capable of supporting the soil load),
A = i nitial steel area in the AASEITO beams (7.01 inch),
Mr-W predicted moment in beam after soil loading, and
MK =ultimate moment in beam.

In the model, then, collapse occurs when the steel area in the beams is reduced to A..

Tbe NAWY models (Nawy, 1989) were used to calculate loss in prestess in the beams due
to elasticity loss, creep, shrinkage and relaxation. The model predicted that 90% of the
prestress loss occurs in the first 10 years after release, and was in agreement with the
prestress loss calculations by Tnhdall Concrete Georgia, Inc. (reafter refeed to as

2The ultimate moment is the maximum moment that the system can support before collapse.

14

'.4Me-



aTindall Concrete). A value of 22% prestress loss was used as a conservative upper bound
in the above calcuations.

The LAW Vault walls wee analyzed using the same RCPC-based code that was used for the
intermediate level vaults. To do so, an equivalent roof slab was formulated for input into
the code. After the roof slab of the LAW vault is cast, the system gins redundancy as a
continuous, composite beam. The earth load was analyzed with the RCPC model using end
span and wall models imilar to that used for the internediate level vaults. An equivalent
roof slab width was computed to use a rectangular beam of 70-inch depth (the depth of the
composite roof-cisbAASHTO beam system) and produce the same moment as the composite
slab and beam:

b = 886200* 12 31 in
70,

where:
b equivalent slab width;
886200 -I value of composite slab and beam system (from Tindall, 1993).

In this manner the RCPC-based code can be used to analyze stresses in the LAW vault walls.
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4. MODELING APPROACH

4.1 COMulER CODES

The RCPC code (Furlong, 1991), as it is commercially available, is an interactive progam;
all input is yped in as the program runs, and output can be directed to the screen andlo a
printer. In order to facilitate multiple model runs during the sensitivity analysis, and to
maintain adequate Quality Assurance, the model was first modified to a file-based
input/output systen-T.baddition, minor modifications were added to compute stresses in
rebar.

The NAWY models (Nawy, 1989) were used to evaluate prestress loss in the AASHTO
beams and to confirm various calculations performed by Tindall Concrete. In addition to
calculating time-dependentprestress loss, the NAWY models capabilities include service load
analysis, stngth analysis and design in flexure, shear rinforement selection, and time
dependent defection of prestressed concrete beams.

4.2 LINKNG BETWEEN DEGRADATION AND STRUCTURAL MODELS

The degradation model and structural model modified RCPC) were combined, and a time
loop was added so that the state of the structire through ime could be modeled. The time
loop was implemented as follows: irst, the structural model is run at time zero on the
(undegraded) structure. Next, the degradation model is run to determine the impact of
degradation mechanisms on the physical state (thickness of concrete, diameter of reinforcing
rebar, etc.) of the structure using a user-specified time step. After the degradation model
is run, a temporary file is created that contain the modified concrete and reinforcing steel
specifications. This file is then used as input for the next run of the stuctural model.
Following the structural model run, the degradation model is run again, and the temporarily
file is updated. This process of alternating between the structural and degradation models
continues until the user-specified end of the simulation (e.g., 1,000 years). The state of the
structure is printed at a user-specified time interval (e.g., 50 years).

4.3 HYDRAULC CONDUCTIVITY

4.3.1 Vault Roofs

Walton (1993), presents a calculational method for Effective Hydraulic Conductivity (K.
of the vault roof. This method considers the adjacent porous media overlying the concrete
roof. We have applied Walton's method in our K; dtmina. Te closure design for
each of the three vault designs considered in this report places a clay barrier over the roof
to divert infiltration away from the roof. he filtration flows laterally away from the vault
through a granular drain layer which directly overlies the clay barrier. Only a very small
amount of the infiltration will penetrate the intact clay barrier. During the period of
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performance In which the concrete contains no cracks or during which the cracks do not fully
penetrate e roof, the infiltration which penetrates the clay barrier will drain off of the
sloped roof. The limitng barrier to flow will be thc reinforced concrete. With cracking of
the roof under applied stresses, the clay barrier will limit the ifiltrdon to the roof, and any
infiltrton passing through the clay will liky enter the vault through penetrating cracks.
The clay barrier is assumed to stay intact until collapse of the vault structure.

EL, of fte clay barrier and the concrete roof of the vault were derived using spate
equations. The calculation of K, assumes steady, saturated flow through a set of equally
spaced, parallel fratures in the tvncrete. The following equations after Walton (1993)
derive the Lf of the clay layer In the presence of fully penetrating cracks in the concr.

K& - K, and

( =| + tanh a +b-) + cin(z WI

where
RdW = hydraulic conductivity of the clay layer (mls),

41 = 1/2 of cracc width (m),
s = Xe = dimensionless crack spacing,
z = ZJ dimensionless thickness of the clay layer,
H depth of perched water on top of the vault (m),
X = 12 of the crack spacing (m),
Z = thicmkness of the clay layer (m),
a = .0477, b = .606, c = 0.479, and d 0.845.

The assumption of steady saturated flow through the clay layer can be demonstrated by
calclang the depth of perched water above the clay layer in the granular dran. The
analytic solutions for these equations are provided by McEnroe (1993). For the EAV
geometry and hydraulic conductivity of the clay and granular drainage layer, a perched water
table equal to the thickness of the granular drain was calculated, thereby verifying our
assumptions.

The calculations of Kff assume that the cracks are not infilled with porous materiaL Infilling
of the cracks would result in much lower hydraulic conductivity of the clay/concrete layered
system when the cracks have fully penetrated the concrete.
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4.3.2 Vault Walls

The model for the hydraulic conductivity of the vault roofs assumes ta the soil adjacent to
the roof will be saturated. This will generally not be the case for the vault walls. Similar
models to estimate the hydraulic conductivity of a cracked vault/unsaturated soil system are
not available at this me. Nevertheless, the hydraulic conductivity of the walls will be
limited by the conductivity of the adjacent material. Therefore, the unsaturated hydraulic
conductivity of the adjacent backfill material can be used as an upper bound for the hydraulic
conductivity of the cracked wall/sol system ust as the saturated hydraulic conductivity of
the adjacent clay was the limiting vnlwu for the hydraulic conductivity of the cracked
roof/soil system). Te unsaturated hydraulic conducivt df the bakill maetial (or any
soil) is a function of its moisture content. The Idaho National Engineering Laboratory is in
the process of conducting flow and transport modeling for the vaults. They utilized a
VanGenuchten approach to generate a moisture characteristic curve for the backfill material.
This curve provides te relationship betwee moisture content and hydraulic conductivity.
Model results indicate that the backfill will have a greater moisture content near the top of
the vault, and therefore it will have a correspondingly greater hydraulic conductivity. For
the intermediate level vaults, the unsaturated hydraulic conductivity of the backfill material
adjacent to the walls was estimated as 7.5E4 cm/s near the top of the wals, 6.7B-4 cm/s
at mid-height of the walls, and 6.9E-4 czn/a near the bottom of the walls. For the LAW
Vault, the unsaturated hydraulic conductivitywas estimated as 7E-4 cm/s near the top of the
walls, and 6.3E-4 cm/s at mid-height and at he bottom of the walls. Thus, a value of 7.SEB-
4 cmls can be t as a worst-case assumption for the hydraulic conductivity of the vault
walls.

4.4 MODEL OUTPUT

Model output can be divided into two broad classes; degradation output and structural output
Structural output for the LAW vault includes additional parameters specific to the calculation
of stress and cracking in the roof slab due to curvature over the walls. Output pamameters
are summarized in Table 1. Output is directed to two files. One file contains a summary
of all structural parameters at each print interval. In order to facilitate plotting and
interpretation, the second file contains one line per print interval. Rebar stress in the first
4 spans (for example, the first wall and the first three cell roof spans) and all degradation
parameters arc sent to this file.

4.5 DEFINTION OF FAILURE

Failure of a vault can be defined in three ways:

* Loss of ability to resist penetration from drilling.

* Loss of ability to divert water around the vault.
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* Structural failure (collapse) of the vault.

Resistance to drill penetration is necessary to avoid accidental intrusion after the period of
institutional control, for example, from a future resident attempting to put in a drinking
water well. The geology in the vicinity of the vaults, to depths of approimaly0 ft, is
made up of soft sediments only. Therefore, drill equipment is not outfitted for hard rock
penetration. In the event that an attempt was made to drill over the vaults, the supervising
geologist would almost certainly pull up and move over until a normal amount of resistance
was encountered. Even in the event that the vault was highly degraded (for example,
without rebar and -with the consistency-of limestone),-the-supervising -geologist-would again
probably decide to pull up and move. This information on drilling equipment and procedures
was obtained through a phone conversation with an expeienced geologist in rilling
oversight at the Savannah River Site (Asquith, 1993). Thus, drill penetration of the vaults
is not expected to be of concern.

Intact concrete generally has a very low hydraulic conductivity, the B-Area Vaults concrete
has a hydraulic conductivity of at most lWn mfs. Iherefore, virtually all of the conductivity
of the degraded structure will be through fractures. Calculations by 1NTERA indicate that,
once fractues have penetrated the roof slab, 'the hydraulic conductivity will be very close
to that of the clay overlying the vaults, or l m/s. Thus, loss of ability to divert water
coincides with crack penetration of the roof.

The modeling approach to collapse of the vaults has been described previously. When a
vault roof collapses, the engineered soil cap will also be compromised due to subsidence of
the vault roof. This, in trn, will result in a very dramatic increase in hydraulic conductivity
of the vault/soil cap system.

4.6 SUMMARY OF CONSERVATIVSM

Iis section summarizes the conservative assumptions made and approaches taken during the
development and application of the perfonnance assessment model. One of the assumptions
having the greatest impact on model results was that t concrete was at a relatively low pH
(at most 9.5). This results in more rapid degradation of the structre (basically due to more
rapid rebar corrosion rates), and causes the estimated service life (i.e., time to crack
penetration and collapse) to be several hundred years less han that of high-pH concrete.
The sulfate attack rate is based upon empirical experiments using blocks of concrete. The
equation was based on the observed attack rate at the location of greatest corrosion (at the
corners of the blocls). Rebar corrosion will generally proceed via either anoxic or oxic
corrosion. However, because it is not known at this time which mechanism will dominate
at any given time, the rates were summed to estimate the rebar corrosion rate. This is
clearly conservative because the sum will be greater than cither rate individually. The soil
cover was assumed to be of constant depth throughout the simulation. In reality, some
erosion will take place in the 1,000 to 3,000-year period simulated, resulting in less load on
the vaults and therefore lower stress levels and longer service life. In the structural model,
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a -way analysis was used. This examines the ste in a beam supported at ach end
(Figure 4). Because the roof is supported by four walls a cross-section. receives some
support from adjaoent walls as well as the walls at each end. Thus, estimated stress levels
will be slightly (approximately 3%) higher than those estimated by a 2-way analysis. Tbe
structnal analysis also assumed that there would be no interior support provided by the
contents. Clearly, if the contents provided some support, ther would be less deflection and
therefore less stress in the concrete members. In examining the prestressed bridge beams
in the LAW vault, a 22% loss in prestressing was assumed. This was estimated to be a
maximum loss of prestress. Actual losses can be expected to be less, particularly in the first
5-10 years after release. Cmcks .were assumed to penetrat the ILNT-and LT vault roofs
and walls, and the IAW walls, when ses in rebar reahed 40 ksi This was estimated to
be a conservative estimation of when crack depth would be sufficient to penetration the
concrete members. For the LAW vault roof, crack depth was based upon a calculation of
the depth of the neutral axis. To add conservatism to the estimation, cracks were assumed
to ate when the depth of the nutral axis reached within I inch of the bottom of the
roof slab. Te approach for estimating the bydraulic conductivity of the cracked concrete
assumed that cracks were evenly spaced across the entire surface of the concrete. In reality,
the concrete can be expected to crack in fairly localized regions. This is particularly evident
in the LAW vault roof, which is expected to crack only within a less than 2-foot wide region
over the walls. This assumption is not expected to have a large impact on the calculated-
hydraulic conductivity, however, because a fdw cracks are sufficient to cause large changes
in hydraulic conductivity. In contrast to the model assumpions, most of the input
parameters for the baseline case utilized on average or typical values. For example, all
chemical concentrations In groundwater were based on average values, reaction rates were
based on the midpoint of the range of values found in the literatue, and roof thickness and
wall height used were the average (where variation existed).
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5. INPUT SU ARY

Model input for the structural analyses are listed in Table 2 - Table 4 for the ree vault
types. Structural input essentially consisted of the dimensions of the vaults (wall height and
thiclmess, roof span and thickness), the size and spacing of the rebar, the depth of cover
over the rebar, the compressive strength of the concrete, and the yield strength of the rebar.
The required information was obtained from the design drawings for the B-Area Vaults. A
list of the drawings used is provided in Table 5.

Input required by thedegradation portion of the model is listed in Table 6. Where available
and applicable, ranges of values for the input parameters are presented. Input requirements
include concentrations of corrosive components of the adjacent groundwater, concentrations
of components in the concrete, and reaction rates.

A baseline run was defined to determine a best estimate of the times to crack penetration and
failure of the three vault designs. In the baseline case, average values of environmental
parameters were used (for example, sulfate concentration of the groundwater). Actual or
proposed design parameters (such as rebar site or depth of soil cover) were used. Where
design parameters were variable (such as r4f thickness in the intermediate level vaults),
average values were used.

Soil loading In the baseline case assumed a 9-foot depth of soil cover. A value of 1.7 glcm
(106 albft 3) was used for the density of soil. In order to calculate the self-weight of the vault
roofs, a concrete density of 2.34 gcm3 (146 lb/) was used. Lateral soil pressure on the
walls was computed using a modified Ranidne approach (Das, 1985).
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6. MODEL RESULTS

Figure 6 Is a cross-section of the ILNT Vault after 400 years of simulated degadation. The
sulfate ttac mechanism has removed an avcrage of 0.19 cm from t surface of the
concrete, and the rear radius has been reduced from 1.25 cm to 1.05 cm, from a #8 bar to
a radius somewhat less than a of a # 7 bar. Figures 7 trugh 9 present the effective
hydraulic conductivity of the three vault designs. Prior to crack penetration, the hydraulic
conductivity remains that of intact concrete, 12 mls. When cracks penetrate the roof of
the vaul, the hydraulic conductivity. of.the (cracked).concete increases to-a conductivity
near that of the surrounding clay, 10" mis, followed by a gradual inrease in hydraulic
conductivity as crack apetures and the number of cracks increase, up to a theoretical
maximum of 10- mls.

Table 7 and Table 8 present summaries of the rebar stress for the baseline cases of the ILT
and UM vaults, respectively. Each column in the tables represents a particular location
in the vault In this summary presentation, rebar stresses are tabulated at each time step for
which an Oevent' occrs, with an event defined as crack penetration at some location in the
vault, or collapse of a cell. Shading in the tables indicates that cracks have penetrated at that
location. A box created with thick table lines indicates the time of roof collapse for each
cell.

The ILT scenario is fairly straight-forward. Maximum rbar stress occurs at mid-spa in
the roof, due to the fact that the is twice as much rebar in the region over the wls as
there is at mid-span. Rebar stress is slightly less over the interior wall tan at midspan.
Thus, crack penetration occurs first at mid-span in the roof (year 790) and soon theafter
over the interior wall (year 850). Rebar stres in the walls is much less han that in the roof,
primarily becau fte lateral soil pressure on the, walls is much Iess than the vertical soil
pressure on the roof (lateral pressure is approximately one-third that of vertical). Thus,
cracks do not penetre the center region of the wall, or mid-height of the wall, until year
1,080. he rebar stress level in the roof rebar at mid-span and over the interior wall reaches
its yield strength in years 1,125 and 1,150, respectively (not shown). As moment is
transferred to the remaining rebar stress point at the exterior wal, this causes a rapid
increase in rebar stress levels at this point, and cracks penetrate the roof over the exterior
wall at year 1,225. The rapid increase in roof rebar stress over the exterior wall continues,
and collapse of the roof occurs in year 1,300. Witht e loss of support from the roof, it is
reasonable to assume that, although rebar stress in the walls near the roof and floor have not
reached the levels Indicative of crack penetration, the walls at this point will also falil and
collapse.

Stress paerns in the ILNT Vault are simiar to those in the T V ault, in that the rebar
stress in he roof span of the exterior cells (cells 1 and 7 of Figure 1) over the exterior wall
is much less ian that over the interior wall of the same cell. In the first interior cell (cells
2 and 6), this effect is mediated somewhat, and in the remaining cells the rebar stress levels
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arm equal over each wall for a given cell. e lower stress level over the exterior wall
results in higher rebar stress levels at mid-span of the exterior cell. Thus, crck penetaion
occurs first at mid-span of the exterior cell (year 570), followed by the first interior wall
(year 675). Next cracks penetrate over the remaining walls (yar 750), followed soon
theafler by crack penetrion at mid-span of the renaining cells (year 775). Cracks do not
penetrate the roof over the exterior walls until year 1,000. The first cells to collapse are the
first interior cells (cells 2 and 6), in year 1,045, followed soon by the remaining interior
cells in year 1,075. The exterior cells collapse in year 1,125. In the INT vault, the wals
are slightly higher than the ILT vaul, so the stress levels ar correspondingly greater, with
the result that cracks penetrate at mid-height in year.800,-and.near he top-of the vault in
year 1,050. Stress levels at the bottom of the walls have not reached the levels indicative
of crack penetration at the point at which the roof has collapsed in all cells (year 1,125).

Due to the different design and consequent diffeaent approach to the analysis, the same type
of table cannot be generated to summarize te LAW vault progression through failure and
collapse. While crack penetration in the walls is indicated in the same manner (i.e., rebar
stress above 40 ksi) as in the intermediate level vaults, crack penetration in the roof is
indicated by depth of the neutral axis. Collapse is indicated by ft area of prestressed steel
in the AASHTO beams dropping below a critical level. ite scenario can be described as
follows: Cracks penetrate the roof due to cbrvature over the walls in year 1,420. Next,
cracks penetrate at the top, mid-height, and tottom of the walls in years 2,015, 2,235 and
2,300, respectively. Finally, prestress stel loss is sufficient to cause collapse of the roof
in year 3,110.

23

-. . .



7. SSrWVTY ANALYSIS

There are three classes of model input that could be considered in the sensitivity analysis.
First, sensitivity analysis could be conducted for physical parameters, such as water
demistry or infiltration rates, which are represented by mean values, and are used in the
models for the degradation of concrete. Second, sensitivity analysis could be performed for
concrete degradation model parameters, such as reaction rates for any of the various
degradation reactions. Finaly, sensitivity analysis could be conducted on design parameters,
such as depth of soil cover, .ticiness of roof slab, -or-diameter. of rebar. - ARl-sensitvity
analyses were conducted by varying a single parameter from the baseline case and leaving
all other parameters unchanged. This section presents the rationale behind the selection of
parameters to be included in the sensitivity analysis, and the results of the analysis.

7.1 SELECION OF PARAMETERS AND VALUES

Calcium hydroxide is one of the primary buffers that contribute to the high pH of concrete.
Based on an X-ray diffraction analysis of a sample of the B-Area Vault concrete, the
concrete used for the B-Area Vaults contains no calcium hydroxide. his can be explained
by a combination of two factors. First, the cement used in the concrete has a very low
calcium hydroxide content. Second, the coAcrete is designed so that the calcium hydroxide
will be removed via a reaction with slag in the concrete. Calculations by Chris Langton of
the Savannah River Technology Center determined that the pH of the B-Area Vault concrete
is pproximately 8 that it is at most around 9 to 9.5, and that it may be as low as 7.
Because the E-Area Vault concrete has essentially no calcium hydroxide content and a
relatively low pH, the only degradation mechanisms that apply to fte concrete are oxic and
anoxic ("hydrogen evolution') corrosion of rebar, and sulfate attac. While varying the
parameters relevant to the sulfate attack mechanism caused noticeable changes in the amount
of surface loss due to sulfate attack, the impact on steel stress was minimal. he oxic
corrosion rame has a slightly greater impact on steel stress, but the anoxic corrosion rate by
far dominates the rebar corrosion. Thus, for lgw-pH concrete in the Savannah River site
emironment, the only degradation process of interest in tms of the sensitivity analysis is
hydrogen evolution corrosion of rebar. This process is modeled using only one parameter,
the hydrogen evolution corrosion rate. Therefore, this parameter was selected for inclusion
in the uncertainty analysis. Based on a literature review, the low-pH hydrogen cvolutipn
corrosion rate was varied between 1B3 and IE-4 cm/yr. and the high-pH of hydrogen
evolution corrosion between 15E4 and 1E-5 cm/yr. It is important to note that the low-pH
assumption is generally conservative, in that most degradation mechanisms proceed at higher
rates in the low-pH environment. The only exception, is that, with calcium hydroxide
leaching, there can be some decrease in concrete strength. Since the E-Area Vault concrete
has no calcium hydroxide available for leaching, the concrete strength is assumed to remain
constant throughout the simulation.
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A prdiminary sensitivity analysis was performed to help determine parameters for which to
conduct a detailed sensitivity analysis. Of the parameters included in the initial sensitivity
analysis, hydrogen evolution corrosion rate (discussed above) and depth of concrete cover
over rebar was selected for detailed analysis. Design constraints limited the ange of
allowable cover to between I and 3 inch. In addition, thickness of vault roofs and
numerous parameters related to degradation nbanisms were considered in the initial
sensitivity analysis, but not selected for detailed analysis.

New parameters selected for detailed analysis were rebar diameter, size of AASHTO beams
(LAW Vault.only), concrete strength, and depth of soil cover. over -the..vaults. Rebar
diameter was varied oximately to te minimum and maximum allowable according to
ACI 318. Ite limits varied between vaults and between walls and roofs depending on the
values of the relevant design parameters. Standard AASHTQ beam sz were used in the
sensitivity analysis. Because changing the size by only one increment is very significant both
in cost and in strength of beam, only types.M, IV, and V beams were analyzed for the
sensitivity analysis. Finally, a minimum soil cover of 8 ft Is required to meet performance
requirements. This was varied up to a maximum of 16 fL For all paramets, intermediate
values (Le., between the extremes and the baseline) were selected as appropriate.

7.2 OUTPUT SUMMARY

In the sensitivity analysis, the fi time of crack penetration of the roof and wail of the
intermediate level vaults are reported, and, for the ILNT vau, the fit cell to collapse. The
first crack penetration occus at mid-span of the exterior cell (for the ILT vault, the two cells
are equivalent). The first cells to ollapse in the INT vault are the first interior celis
towards each end (cells 2 and 6). Collapse in a cell is indicated when the rear reaches yield
strength at mid-span and over the adjacent walls of that cell. In cells 2 and 6, the first
location at which the rebar reaches yield is at mid-span, followed by te wall towards the
exterior end of the vault. Collapse, then, occurs when the rebar in the roof reaches yield
strength at the remaining location, over the wall towards the interior of the vault. Thus, for
the sensitivity analysis of the LNT Vault, this is the location of interest. By observing the
stres in the roof rebar at this location, the time to collapse can be determined. Similarly,
for the LT vault, the last location in the cells to reachyield strength in the bar is over the
exterior wall. Finally, crack penetration of the walls at mid-height was used to indicate
crack penetration of walls.

For the LAW Vault, collapse is indicated by prestress steel in the AASHTO beams reaching
a critical level. Therefore, observing changes in the area of prestrss steel will provide the
determination of time to colapse. Crack penetration of the roof is indicated by the neutral
ais approacing to withininch of the bottom of the roof slab. As in the case of the
intermediate-level vaults, crack penetration at mid-height of the walls was selecd to indicate
crack penetration of the walls.
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Thus, for each vault, three critical output parameters have been selected on which to base
the sensitivity analysis of the six input parameters. The output parameters can be used to
determine the time to crack penetration of the roof, time to crack: penetration of the walls,
and collapse of the vaults. Thes pivotal times are summarized for the baseline case in
Table 9.

Table 10 through Table 12 summarize the same pivotal times for each sensitivity run. For
the LAW Vault, differences existed in some of the parameters between the different vault
components, and these differences are indicated in the left-hand colum of Table 12. For
example, the AASHTO beams are made of a high-pH .concrete. .. herefore, they will be
subject to the lower, high-pH rate of hydrogen evolution rebar corrosion. Furthermore,
since they are on the interior of the vault, there are no corrosive processes available to lower
the pH of the beam concrete and thereby increase the reaction rate. In addition, the rebar
used in the roof and walls are different. In order to understand fte dynamics of the vaults
in greater detail, plots of steel stress vs. time are also presented for most of the sensitivity
runs.

7.2.1 ILNT Vault Sendivity Analysis

Pivotal times (time to crack penetration of the roof, time to crack penetraton of the walls,-
and time to collapse) for the ILNT vault are, summarized in Table 10.

All pivotal times are sensitive to hydrogen evolution corrosion rate (Figures 10, 11 and 12).
Varying the corrosion rate over a range of one order of magnitude changed the pivotal times
by an order of magnitude as well. The change in pivotal times is very close to proportional
to the ratio of the baseline corrosion rate divided by the new corrosion rate. Increasing the
corrosion rate from 5B-4 to 1E-3 changed the time to crack penetration (of the roof) from
570 years to 285 years, a decrease of 285 year. and decreasing the corrosion rate to 1E4
increased the time to crack penetration to 2,775 years, an increase of over 280%.
Decreasing the corrosion rate to only 2.5E-4 almost doubled the time to crack penetration
of the roof.

Altering the depth of the soil has less impact on the pivotal times (Figures 13, 14 and 1).
Decreasing the soil cover from 9 ft to 8 fincrases the pivotal times by approximately 0
to 100 years. Increasing the soil cover to 12 ft decreases the pivotal times by approximately
200 years, and increasing to 16 f deeases the pivotal times by 300 to 400 years from the
baselie values.

Changing the rebar size has the potential to create large changes in the pivotal times.
Reducing the bar size to #6 would result in cracks penetrating the roof immediately upon soil
loading (Fig 16), and the wall aft 175 years (Figure 17); collapse would occur in 425
years (Figure 18). Using a #7 instead of the present #8 would result in crack penetration
of the roof after 250 years, and collapse after 735 years. Increasing the rebar size has
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similarly dramatic effects. Using #9 rebar would increase the pivotal times to on the order
of 1,000 years, and #11 to on the order of 2,000 years.

Depth of concrete cover over the rebar has little impact on the longevity of low-pH vaults
(Figures 19, 20 and 21). Note that ihis statement applies to the range of %- to 3-inch depth
of concrete cover. Furte deasing the depth of cover further could have significant
effects. Also, concrete cover over rebar can have very signifint impacts if high-pH
concrete is used; with increased cover reducing corrosion and thus extending the service life
of the vault. Stress is slightly higher with greater depth of cover, and remains so throughout
the simulation. Analysis of high-pH concrete (not shown) by lNTERA demonstrated that
depth of concrete cover over rebar can be very important. In high-pH concrete, several
diffusion-limited process become important. The result is that rebar with greater depth of
cover degrades at significantly slower rates, and therefore, in the long term, experiences
la= stress levels.

Concrete strength also has little impact on the longevity of the vault (Figures 22, 23, and
24). The reasn for this is that concrete has very low teasile strength, and the rebar
therfore provides the majority of the tensile strength in reinforced concrete. Thus,
incrasing the concrete strength decreases the .stress levels in the rebar only slightly. High-
strength concrete provides other advantages, iowever, such as resistance to shear stress and
reduced hydraulic conductivity. 

7.2.2 LT Vault Sensitivity Analysis

Pivotal times for fte 1LT Vault are summarized in Table 11. Mm results are qualitatively
very similar to those of the LN vault, with quantitative differences caused by the slight
differences in some of the design parameters. Again, changes in pivotal times am roughly
proportional to changes in hydrogen evolution corrosion rates. At the lowest rate, cracks
did not penetrate the 1LT Vault prior to the end of the 3,000-year simulation (Figures 25,
26 and 27). At the minimum depth of soil cover, pivotal times decreased by approximately
50 years, and at the maximum, decreased by 300 to 400 years (Fligures 28, 29 and 30). Due
to the bicker roof in the LT Vault, #6 rebar did not result in cack peneraion of the roof
until year 155 (Figure 31). Otherwise (Figures 32 and 33), changing rebar size had similarly
dramatic effects on the LT Vault as was the case wihthe LNT vault. Due to the overall
more conservative design of the JLT Vault, depth of concrete cover over rebar (Figures 34,p
35 and 36 and concrete strength (Figures 37, 38 and 39) had even less impact on the ELT
vault than on the ILNT vault.

7.2.3 LAW Vault Sensitivity Analysis

Pivotal timet for the LAW Vault sensitivity analysis are summarized in Table 12. Figure
40 shows the location of the neutral axis as a function of time for various rates of hydrogen
evolution rebar corrosion. he depth is given in terms of the distance from the interior
surface of the slab. This is done for two reasons. First, at the same time that the neutral
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axis is moving to lower positions in the slab, sulfate attack is removing surface material from
the top of the slab. Therefore, indicating the depth of the neutral axis as a distance from the
exterior could be mislading, and, at best, confusing. Second, cracks are assumed to
penetrate the roof sb when the depth of the neutral reaches 1 inch. Thus, displaying
the depth of the neutral axis in this manner provides a graphical int ion of the time
to crack penetration. Il spite of the differences in design between the LAW and intemedat
level vaults, and the resultant differences in the structural calculations, the changes in the
time to crack penetration of the roof remain roughly proportional to the changes in the
corrosion rate. Cack penetration of the LAW walls also maintains this proportionality
(Figure 41).

Figure 42 shows the results of the sensitivity of time to roof collapse of the LAW vault for
both hydrogen evolution corrosion rate and depth of soil. The curves represent the area of
prestressed steel remaining for different hydrogen evolution corrosion rates, as a unon
of time. The horizontal nes indicate the area of prestressed steel required to support
different depths of soil. The intersection of a curve with a line, then indicates the pint in
time at which collapse wl occur for a given combination of corrosion rate and soil depth.
To interpret the impact of hydrogen evolution corrosion ate, consider the borizontal line
corresponding to the baseline soil depth (9 ft)j and disregard the other horizontal lines. ids
line indicates the rebar a necessary to uort the weight of the vault and 9 f of soil.
When a particular curve crosses that line, dtt point in time is the time of collapse for that
hydrogen evolution rate and the baseline (9 ft) depth of soil These are the times that are
presented under Hydrogen Evolution Corrosion Rate! in Table 12. The propordonalities
is maintained here as well, but not quite as close as in the other cases. At the highest
corrosion rate, collapse is predicted at 1,600 years, and, at the lowest rate, the vault did not
collapse prior to the end of the 10,000-year simulation.

Because crack penetration of the roof is based upon a neutral axis calculation, and the depth
of the neutral axis is not calculated as a function of loading, soil loading does not change the
time to crack penetration of the roof. In reality, because increased soil loads will increase
the stress lvl in the rebar, changing soil depth would be expected to have a small impact
on the depth of cracks, and therefore on the time to crack penetration. It may appear from
the graph of wall stres for different soil depths (Figure 43) that soil load has less impact an
LAW wals an on e walls of the intamiate-level ts. The absolute change,
however, remains close to that of the intermediate level vaults: pivotal times arw
approximately 100 years greater tan baseline times for the minimum depth of soil, and 200
to 300 years less for the maximum depth of soil. To examine theimpact of soil depth 
collapse of the vault, return to Figure 42. This time, consider the baseline hydrogen
evolution rate (8-5) curve only, and neglect the-other caves. When the baseline crve
crosses the horizontal line for a particular soil depth, that indicates the time to collapse for
that depth of soil. These are the values tabulated in Table 12 under 'Depth of Soil Cover'
(of course, other corrosion rate/soil depth combinations can also be interpreted from this
graph). Depth of soil has a much more dramatic impact on time to LAW Vault coLapse than
on any other pivotal time (for the LAW Vault and the intermediat level vaults). At the
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minimum depth of soil, roof collapse increases by almost 200 years, and at the maximum,
decreases by over 1,000 years.

Figure 44 shows the impact of changing rebar size on the time to crack penetration of the
roof, using the same format as Fcgur 40. Because the rebar in fte roof slab is close to the
AC: minimum, only one increment smalwer (from #6 to #5) was used mi the sensitivity
analysis. Again, the effects are significant, decreasing the time to crack penetration by
approximately 300 years. Nevertheless, this is still several hundred years greater than the
time to crack penetration of the roof in the intermediate level vaults. Increasing the rebar
size also has a significant impact on the tme to crack penetration of the roof. Increasing to
a #8 bar inreases he time to crack penetration by 600 years, and, to #14, by approximately
2,400 years. Note that, in this case, the roof will collapse due to structural failure of the
AASHTO beams before cracks penetrate the roof. Changes in crack penetration of the walls
(Figure 45) are similarly drmatic, with a change of approximately 300 years for every unit
increment in bar size Because roof collapse is determined by the AASHTO beams,
changing the bar size in the roof slab has no impact on- time to collapse.

IMceasing the size of the AASHTO beams from the current Type IV to Type V will have
a relatively light impact on the depth of cracks and threfore on the time to crack
penetration. This is due to the neutral axis' lack of dependance on load factors and on the
moment in the AASHTO beams. Due to tht decreased stress levels in the roof slab rebar
(not shown), some decrease in the time to crack penetration would be expected. Decreasing
to Type E beams will result in increased stress levels in the roof slab rebar, caused by
increased curvatur over the walls. Stress levels will be sufficient to cause cracks to
penetrate the roof slab (that s, greater than 40 ksi) im ly upon soil loading.
Therefore, use of smaller beams is not recommended unless spacing bween beams is
decreased to compensate. Figure 46 illustrates the impact of using different sized AASHTO
beams on the time to collapse, using the same format as Figure 42. The curves for various
hydrogen evolution corrosion rates have been retained n order to maximize the amount of
information available in the graph. In Figure 46, however, the horizontal lines represent the
area of prestress steel required to maintain the structure for the different sizes of AASRITO
beams. Using a re beam results in a smaller requirement in terms of the area of
prestress steel required. Using the baseline hydrogen evolution corrosion rate, changing the
beam size changes the time to collapse by approximately 300 to 400 years.

7.3 SUMMARY OF THE IMPACT OF DESIGN CHANGES

Within the range of values selected (3,000 to 6,000 psi), concrete strength has little impact
on the service life of the vaults, due to the fact that it is prWdominately the rebar that resists
tensile stresses. It is important to note that concrete strength has other important
contributions to the vaults, such as reducing permeaility and resisting shear stress. Depth
of concrete cover over rebar also had little impact on the service life of the vaults. There
are two sgificant caveats to this statement, however. First, this statement applies to the
range of lh- to 3-inch depth of concrete cover. Further decreasing the depth of cover
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further could have significant effects. Second, concrete cover over rebar can have very
significant impacts if high-pH concrete is used, with increased cover reducing corrosion and
thus extending the service life of the vault.

Rcbar size has notable impacts on the service life of the vaults. Increasing or dc sing the
rebar by one Inem t (for example, from #8 to 19 or fl) will increase or decrease,
respectively, the service life of the vaults by from 200 to 300 years. Further increments in
rebar size have similar effects. This is due to the increased cross-sectional area of the rebar.
Thus, increasing or decreasing the rebar spacing would be expected to have impacts of the
same type and magnitude.

The size of the AASHTO bridge beams that are used for the roof system in the LAW vaults
has a significant influence on serviceability. In addition to the Type IV beams now used,
smaller Type m and larger Type V beams were considered for this study. It was assumed
that the spacing, amount of prestress steel, and amount of prestress applied were the same
for each beam type. The nominal stiffness of beams is reflected by the I value. The ratio
between Type m and Type IV beams is 125,3901260,741 = 0.48. After the 16-inch slab
is cast for composite action with the girders, the relative siffness ratios will be higher,
perhaps 0.6 to 0.7. The curvatur of the slab over supports will be 30 to 40% larger as the
smaller gdrs rotate at supports more an the Type IV girders when soil is placed over the
hardened slabs. Consequent cracking will rdeult in larger and deeper craks over supports,
and probable crack penetration upon soil loading. he limit strength at midspan will be
proportional to the overall depth from the top surface of the slab to the centroid of
prestressed strands at midspan. As a consequence, roof collapse is predicted to occur
approximately 400 years earlier if the smaller beams are used. The ratio between the
nominal stiffness of Type V and Type IV beams is 521,1001260,741 = 2.0. After the 16-
inch roof slab is added, the stiffness ratio will become 1.6 to 1.8. With greater stiffhness,
the deeper girders will rotate at supports through smaller angles than will Type IV beams,
and the curvature in the slabs will be smaller for slabs supported on deeper girders.
Cracling from such smaller curvatures will be smaller and less deep than those for the slabs
supported on Type IV beams, although the neutral axis calculation indicates the same depth
of cracking. The time to collapse is extended by slightly over 300 years using the larger
girders. In summary, the use of the smaller Type m beams is not recommended. Although
some of the increased curvature could be compensated for by closer spacing of the beams,
it is not likely that this will be practical, as the beam spacing is already relatively small. Op
the other band, increaing the beam size will likely have only a slight impact on the time to
crack penetration, and a relatively small impact on the time to collapse (increased from 3,110
years to 3,430 years, or by about 10%). hus, the present beam size seems to be
appropriate. It may be possible to alter the beam spacing, however, and retain adequate
service life. Larger beam spacing would result in greater curvatm and thus decr the
time to crack penetration; and, of course, decrease the time to collapse. In addition,
consideration would need to be given to whether the 16-inch roof span could support the
larger distance between girders, particularly as the structure degrades. Nevertheless, it
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seems likely that beam spacing could be altered and the vaults still satisfy t perfoman
critmia.

Finally, depth of soil covr has significant impacts on the service life of the vaults,
Decreasing the soil cover from the assumed 9 ft to the minimum of 8 ft increased the sevice
fife of the vaults by SO to 100 years. Increasing the soil cover to the maximum considered,
16 ft, decreased the service life by approximately 20D to 400 years. he notable exception
to this is ft time to collapse of the LAW Vault, which decreased by over 1,000 years when
the soil cover was increased.
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8. FUTURE RESEARC3 AREAS

This study was limited to the roof and walls of the ILT, ILNT and LAW vault types. If
cracks penetrate the roof or walls of a vault before cracks penetrate the floor, there is the
potential for infiltration water to enter and accumulate in the vault, resulting in leaching of
the vault contents. When the floor does crack, toxic substances could then be released.
Clearly, in order to accurately assess flow out of the vaults, it is neessary to estimate the
time to crack penetration of the vault floors. This should be the first priority for additional
work in this area.

This project has demonstrated the ability of the model to evaluate the impact of changes in
design parameters on the longevity of reinforced concrete structres. A number of other
design parameters were not considered in this study due to time and budget limitations.
Additional sensitivity analyses could be conducted for structural parameters such as roof
thickness, rebar spacing, AASHTO beam s ng, l th, width and height of the vaults, and
wall thickness, as well as degradation model inputs such as oxygen diffusion rate in the
concrete, leach rate, carbonation rate, or time to depassivation of the rebar.

One issue that has not been addressed in this project is the potential for loss of bonding,
between the concrete and rebar as t rcb~r degrades. Corrosion products have greater
volume than the rebar, and this can result in cckidng or spalling of the concrete, or other
mechanisms may result in loss of bonding.

If high-pH concrete is to be considered, sensivity analysis should be conducted for other
corrosion processes as welL Figures 47 and 48 demonstat the importance of other
processes in the corrosion of high-pH concrete. Figure 47 shows a worst-case degradation
scenario at 50 years after burial. Sulfate attack has caused some surface loss. Oxic
corrosion has caused the exterior face rebar to corrode at a sightly greater rate than the
interior fhce rebar, which will remain passivated (and thus not subject to oi corrosion)
throughout t simulation. Leaching has resulted in a low-pH zone to a depth of 5.9 cm into
the concrete. At 400 years (Figure 48), the low-pH zone has encompassed the exterior face
rebar. s causes the hydrogen evolution corrosion reaction to proceed at an accelerated
rate, resulting in significant corrosion of the exterior face rebar. The interior face rebar, still
protected from oxic corrosion, corrodes much more slowly, at the high-pH rate of hydrogen
evolution corrosion. In a low-pH concrete, both exterior and interior rebar corrode at the
higher hydrogen evolution corrosion rate. Thus, the high-pH concrete has to basic
differences in terms of its corrosion rates: First, there is a delay, both before the onset of
oxic corrosion (minor impact) and before the high rate d hydrogen evolution corosion
(major mpact). Second, the interior rebar corrodes only at the lower rate of hydrogen
evolution corrosion throughout the simulation (major impact). Because of this, carbonation
(which, in some scenarios, may be the mechanism for lowering pH), leach penetration, and
time to depassivation of the rebar all become important. Table 13 presents the results of a
baseline analysis of baseline results for the different vault types, under the assumption that
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high-pH concrete is used. This can be compared to Table 9. LAW Vault results for high-
pH concrete are not presented because changes were made to the LAW approach such that
the initial high-pH results are not directly comparable with the final low-pH results. With
high-pH concree, the time to crack penetration of the roof increases by approximaey 600
years for both intermediate level vaults, and the time to collapse increases by approximately
800 years.

An issue that was beyond the scope of this project was the performance of the clay layer
overlying the vault. It may be worthwhile to investigate whether cracks in the concrete can
result in.cracks in the clay. is would in s the hydraulic conducttvity of the clay
layer and therefore of the clay/roof system. Furthermore, the clay layer is assumed to
maintain the same thckess and size over the long time frames of the simulation. The
accuracy of this shoud be investigated, as wlas the impact of changes in the clay layer on
the performance of the vaults.

Other issues not addressed in this project include the log-term performance of waterstops
and control joints, of waterproof coatings placed on the exterior of the vaults, and the
longevity of the sealed shrinkage cracks.

Finally, the hydrogen evolution corrosion rute is a igificant source of uncertainty in the
model. Any work that could determine this fte with greater accuracy would decrease the
uncertainty in the model predictions.
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9. SUMMARY AND CONCLUSIONS

'his study has demonstrated a capability to estimate the degradation of the B-Area Vault
structures and to utilize information on the degraded vaults to predict the times to failure
(loss of ability to divert water) and collapse of ft structures. The primary source of
uncertainty in the model is the rate of rebar corrosion due to the anoxic hydrogen evolution
reaction, which results in uncertainty of approximately one order of magnitude.

Degradation processes considered wer magnesium and sulfate attack, calcium leaching,
cbonation, and rebar corrosion due to both oxygen diffusion to the bar (including
breakdown of the passivating layer that initially prevents corrosion of rebar) and due to the
*hydrogen evolution' reaction. Existing empirical models for the individual degradation
processes were combined into a single model to create an overall model of the degradation
of reinforced concrete. The degradation processes were used to predict the condition of the
concrete, including its strength, thickness and hydraulic conductivity. The evaluation of
structural response to loads and other influences (e.g., slow and steady degradation of
reinforced concrete) is made on the basis of the equilibrium of forces and compatibility of
deformation within the structure and in the-surrounding media using the RCPC computer
code as a foundation. In addition, the NAWY models were used to calculate loss in
prestress in the beams due to elasticity lossf creep, shrinkage and relaxation. The state of
stress in the concrete was calculated and the roof components and walls fiatured in order
to eliminate excessive stress which cannot be borne by the degraded structure. Crack width
and spacing were also computed. By combining the degradation and structural models into
a single perfon assessment tool, sensitivity analysis can be conducted to determine the
impact both of variation in Important degradation processes and of cages in design
parameters on the service life of the vaults.

Structural data for each vault type was based on a review of design drawings provided to
WItERA by WSRC. Relevant environmental data (such as sulfate concentration in
groundwater) were obtained through the Idaho National Engineering Laboratory (NEL).
Corrosion rates were based upon an extensive literature review. A structural and
degradation parameters were reviewed by WSRC and INEL. Structural analysis and
calculations were reviewed by an expert structural engineer who specializes in the field of
design of reinforced concrete structures. 0

For each type of vault, sensitivity analysis was performed to bound the predictions. After
an initial rough sensitivity analysis on a large number of factors, six fctors were selected
for detailed sensitivity analysis: rate of rebar corrosion, due to the hydrogen cvolution'
reaction, rebar diameter, depth of concrete cover over the rebar, size of AASHTO bridges
beams used to support the vault roof in the LAW vault design, and depth of soil cover over
the vaults, and concrete strength. Output parameters for the sensitivity analysis were the
time to first crack penetration of the vault roof, time to first crack penetration of the vault
walls, and time to structural failure (collapse) of the vault roof. Times to crack penetration
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are important because fte hydraulic conductivity increases by 3 orders of
magnitude (over that of intact concrete) upon crack penetration.

Prom the calculations in this study, we have concluded:

That concrete strength, and, for the low-pH concrete being used in the B-Area vaults, depth
of concrete cover over the rebar, have lite impact on the vault performance. Depth of soil
cover can alter the service life of the vaults on the order of hundreds of years, and rebar size
can alter the service ife of the vaults on the order of hundreds to thousands of years.
Changingct size of the AASHIO beams in the LAW Vaults will change the time to
collapse of the vaults on the order of several hundred years Using a smaller beam,
however, is not recommended (unless beam spacing is decreased apriatly), as stress
levels In the roof-slab-rebar ove the walls wil result in crack penetration of the roof upon
soil loading.

Future work should include a similar analysis of cracking of the vault floors; in order to
accurately assess flow out of the vaults, it is necessary to estimate the time to crack
penetration of the vault floors. Sensitivity analyses beyond those conducted for this study
could be conducted for structural parameters such as roof thickness, rebar spacing, AASHTO
beam spacing, length, width and height of the vaults, and wall thickness, as well as
degradation model inputs such as oxygen', diffusion rate in the concrete, leach rate,
carbonation rate, or time to depassivation of the rebar. In addition, if high-pH concrete is
used, additional sensitivity analysis should be conducted on degradation mechanims
iporant in high-pH concret Mechanisms that may result in loss of bonding between
rebar and concrete should be investigated and quantified. In addition, performance of the
clay layer overlying fte vaut, of waterstops and controljoints, of waterproof coatings placed
on the exterior of the vaults, and the longevity of the sealed shrinkage acks ll could
warrant further study. Finally, any work that could determine the anoxic (hydrogen
evolution) corrosion rate in rebar with greater accuracy would decrease the uncrinty in
the model predictions.

Ihis project has demonstrated the ability of the code to estimate the impact of changes in
design parameters on the longevity of reinforced concrete structures. he code therefore has
potential for application as a design aid tool for below-ground concrete storage facilities.
The current mandate at DOE facilities to move in the direction of below-ground disposal in
concrete-engineered structures make this code a potentally mportant performance
assesment tool.
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Table 1. Summary of Output Parameters

Parmeter Descdpsc i t nUits

rebar volume lost due to the oxygen-diffusion limited 9
reaction

% of rebar volume lost due to the hydrogen evolution 5
razton
total loss of rebar at the exterior and interior face of the % volume loss
slab emaining diameter (cm)

depth of SO, penetration cm

Ca(OH)2 leach penetration via the conre-controlled cm
assumption
Ca(OH leaIch penertion via the geology-controlled cm
assumption ;

total leach Ca(Oh penetration cm

depth of arbonaion penetramon cm

Im

fracture spacing m

effective hydraulic conductivity m/s
Structural Parameters

moments at critical stress regions ft-Jdp

shear at critical stress regions HP

cacrete stresses at critical Stress regons psi

rebar stress at critical stress regions ksi

concrete cracking stress psi

concretc shear limit stress psi

LAW Vault Curvature Parameters

curvature over walls adiansl

depth of neutral axis inch and cm

ste in rebar due to curvature _ksi
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Table 2. Structural Input for the JILNT Vault

Variable *mcan_ =_nejustfication

roof cater to firstwall 27 ft
center
inner wal center to center 26.5 ft
roof ihickness 33 inches 27 - 39 inches

1umns _

outer wail thickness 30 inches _ _7

inner wall thickness 18 inches

concrete cover over rebar 2.375 inches 1.5 - 3 inches 2.375 actual on blueprint,
2-3 accepted range; may
want to go to 4

exterior face bar area 1.58 in2 _ .

interior face bar area .79 in
concrete compressive 4750 psi midpoint of minimum
strnt spec (4,O andmnimmum tst (5,500)
rebar yield strength 60 ksi
de=raaon _

maximum spacing 12 inches
(outside, at stress points)
rebar diameter I inches =

2.5cm

(1) based on 29'8 wall and 2'3' to 3'30 roof thickness
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Table 3. Structural lnput for the ILT Vault

Variable baseline range ufiao

roof center to first wall 27 ft
ce:ntr

irwer wall center to center N.A. _

roof thickness 48 inches 42 - 54 Inches

outer wall thickness 30 inches
inner wall thickness 18 inches

concrete cover over rebar 2.375 inches 1.5 - 3 inches allowable range
exterior face ear area 1.58 __ 

interior face rebar area .79 0__

concrete o peie 4750 psi midpoint of minimum
sngth spec (4,000) and

minimum test (5,500)

r____yiel 6d sii

maximum spaing 12 inches
(outside, at stress points)

rebar diametr I inches=
____________________ 2.5cm _ _

(1) based on 28'6' wall and 3'6' to 4'6' roof thickness
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Table 4. Structural Input for the LAW Vault

Variable value Source

AASHTO I-Beams

Length of I4eam 52' Tidall

Top flange width 206 Tindall
Top flange depth 11' Tindall
Bottom flange width 26" Mndall
Bottom flne depth s Tindall
Total depth 540 Tndall
Web width so Thiall
Concrete compressive strength at 28 days 6,000 psi Tndall
Concrete compressive strength at prestress 5,00 psi Thidall
Eccentricity at midsan 17.13 Tindall
Eocentncidt at sport , 12 MM
Ultimate strength of prestre steel 250,000 psi Tindall

_ i pst_ __ 202,500 psi lindall
Yield strength of prestress steel 240,000 psi Tindall
Young's modulus of presuess steel 28,700,000 Tnda
Area of pestrss ste_ 7.01 inch2 Tindall

Number of tendons 42 hindall
Thickness of roof panels 3 Design drawings
Thickmess of roof slab 16 Design drawings
rebar area in oof slab 0.88 n2/foot Design drawings
p tress loss 22% .hidall, confirmed by

NAWYI0
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Table S. Design Drawings Used

Drawing Number Revision Title
Number __

AA98143C-11-A-TC3 AASHTIO BEAMS AND ROOF PANELS (BY
TINDALL CONCRETE, INC.)

SE56-2003303 2 BURIAL GROUND EXPANSION ILT
VAULT JOINTS.LOCATIONS & DETAILS
(U) CONCRETE

SE5-&2003304 1 BURIAL GROUND EXPANSION ILT
VAULT BASE SLAB PLANS (U)
CONCRETE

SEO-6-200330S 0 BURIAL GROUND EXPANSION I.T
VAULT WALLS RENFORCING
ELEVATIONS CONCRETE

SES-6-2003306 0 BURIAL GROUND EXPANSION ILT
VAPJLT WALS SECIIONS & DETAILS
CONCRETE

SES-62003307 0 BURIAL GROUND EXPANSION ILT
VAULT WALLS & CRANE RUNWAY
PLAN AND SECTIONS CONCRETE

SES-62003308 2 BURIAL GROUND EXPANSION ELNT
VAULT JOIS LOCATIONS & DETALS
(U) CONCRETE

SES-62003309 0 BURIAL GROUND EXPANSION ILNT
VAULT BASE SLAB PLANS CONCRETE

SE5-6-2003310 1 BURIAL GROUND EXPANSION ILNr
VAULT WALLS REINF'G ELEVATIONS
(U) CONCRETE

SE5-62003311 1 BURIAL GROUND EXPANSION ILNT
VAULT WALLS SECTIONS & DETAILS
(U) CONCRETE

SBS-62003315 0 BURIAL GROUND EXPANSION ILT
VAULT PERMANENT ROOF SLAB PLAN

_ _ __ & SECTIONS (FUUR) CONCRETE
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Drawing Number Revksdon Itle
Number

SES-6-2003317 0 BURIAL GROUND EXPANSION IINT
VAULT PERMANENT ROOF SLAB PLAN
& SECTIONS (FUTURE) CONCRETE

SE5-&2003318 2 BURIAL GROUND EXPANSION ILT &
ILNT VAULTS GENERAL NOTES AND
LEGEND (U) CONCRETE

SES-62008800 1 BURIAL GROUND EXPANSION LAW
VAULT JO LOCATIONS & DETALS
CONCRETE

SE5-6-2008801 I BURL GROUND EXPANSION LAW
VAULT GENERAL NOTES AND LEGEND
CONCRETE

SE5-2008802 0 BUI4IAL GROUND EXPANSION LAW
VAULT FOUNDATION, SLAB & ROOF

____________ FP4MING KEY PLANS CONCRETE

SE5-6-2008803 1 BURIAL GROUND EXPANSION LAW
VAULT FOUNDATION & FLOOR SLAB
PLAN - MODULE 1 CONCRETE

SE5-2008806 0 BURIAL GROUND EXPANSION LAW
VAULT ROOF FRAING & SLAB PLAN -
MODULE 1 CONCRETE

SE5-2008809 0 BURIAL GROUND EXPANSION LAW
VAULT WALLS ELEVATIONS SHEET I
CONCRETE

SE5-62008810 I BURIAL GROUND EXENSION LAW
VAULT WALLS ELEVATIONS SHE 2
CONCRETE

SES-6-2008811 0 BURIAL GROUND EXPANSION LAW
VAULT WALLS ELEVATIONS SHEET 3
CONCRETE

SE5-62008812 1 BURIAL GROUND EXPANSION LAW
VAULT WALLS SECTIONS & DETAILS

___ ___ __ _ _ SHEET I CONCRETE
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Draing Number Revision rae
Number

SE5-6-2008813 I BURIAL GROUND EXPANSION LAW
VAULT WALLS SECIONS & DETAILS
_ SHEET 2 CONCRETE

SE5-&2008814 1 BURIAL GROUND EXPANSION LAW
VAULT WALLS SECTIONS & DETAILS
SHE 3 FUTURE) CONCRETE

SE5-2008815 1 BURIAL GROUND EXPANSION LAW
VAULT WALLS SECTIONS & DETAILS
ST 4 CONCRETE

SE5-62008816 0 BURIAL GROUND XPANSION LAW
VAULT ROOF FRAMhG & SLAB
SECIONS & DETAILS CONCRETE

SE5-62008817 0 BURIAL GROUND EXPANSION LAW
VAULT PETED1 ROOF BEAMS
SEqIIoNs&`DEIAILSCONCRET`E

W2017824 IC BURIAL GROUND EXPANSION ILT, ILNT
& LAW VAULTS CLOSURE CONCEPT
SITE PLAN CIV1L

W2017825 BURIAL GROUND EXPANSION IT &
ELNT VAULTS CLOSURE CONCEPT SITE
CROSS SECTIONS CIVL.

W2017826 B BURIAL GROUND EXPANSION LAW
VAULTS CLOSURE CONCEPT SITE
CROSS SECIONS CIVIL

W2017827 BURIAL GROUND EXPANSION ILT &
ELNT VAULTS CLOSURE CONCEPT PLAN
AND SECTIONS CIL

W2017828 B BURIAL GROUND EXPANSION LAW
VAULTS CLOSURE CONCEPT PLAN &
__ SECTONS CIVL

W2020320 -1 BURIAL GROUND EXPANSION ELT
VAULT CRUCIBLE SILOS PLAN AND

__________ SECIONS CONCRETE
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Drawing Number Revision Tle
Number

W2O20372 B BURIAL GROUND EXPANSION IAW
VAULTS CONSTRUCION STRATEGY

_____________ _______ SITE CROSS SECTIONS CIVIL

W2020422 I BURIAL GROUND EXPANSION ILT
VAULT CRUCIBLE SILOS DETAILS

___ __ __ ___ __ __ __ __ __ _ CMCR HEE

I
I
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Table 6. Summary of Degradation Model Variables and Values

U I I

Variable Definition Scenaro
MeanJ
Mediant
Maximum

Reference

H2RATEI
Rate of rebar corrosion due to hydrogen evolution (cm/yr) at
high pH (bfore calcium leaching or carbonation penetate to
)e"#

Minimum I lB-5

B aselne J 8B-5 (6)
(6)

Maximum 1.5134 (6)Maximum 1.5BA* I I -

H2RATH
Rate of rebar corrosion due to hydrogen evolution (cm/yr) at
low pH (after calcium leaching or carbonation penetrate to
rebar).

Minimum 1B-4

Min me lE (6)

If^

Minimum 7.62 design drawings
COV Required clear cover ove bars (cm).

Basefine j 6.03 I design drawings

Maximum 5.08 design drawings

minimum 0.44 (1), p.2
CLSOIL Chloride ion concentration in groundwater (ppm). Baseline 1.3 (1), p.2

Maximum 5.3 (1), p.2
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t Y.

mnmum 0.40 Asumed
WCR Water to cement ratio (kgl).

Baseline 0.44 F. (2p.4

Maximum 0.48 Assumed

COV Required clear cover over bars (cm).
Minimum 7.62 design drawings

Baseline 1 6.03 design drawings
maximum 5.08 design dwings

Minimum 21-8 (1), p.4; from
02DICONC Oxygen diffusion coefficient in concrete (cmls). (2)

Baseline 1&7 (2), p.4

Maximum 26 (2), p.4

Minimum 1.25B-7 (1), p.4
02SOIL Oxygen concentration in gro ter (molelcm). 2.47U7 ( p.4

Maximum 3.1 7 (1), p.4

All B-? (2)p.4
CADICONC Intrinsic diffusion coefficient of Ca++ in concrete (cm2/s).
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Minimum 4.82E-7 (1), p.7
CASOIL Ca++ concentration in ground-soil water (molelcn). Baseline 2.35E-8 (1), p.7

Maximum 2.5E,9 (1), p.7

Mindmum' 0.0035 (2, p,4
CASOLII) Ca+ + concentration in onsoe sowad (molelcm). _ane-_m 0.0035 (1), p._

________________________________________Baximum 0.003 (2), p.7

Madimum 0.0025 (2), p.4

Inktrinsic diff-uslon coefficient of Ca++ in concrete (cndls). AU1117 o) p4
CADICONC

Ca + concentraion in concrete po liquid (mole/cm). All 2.6 (2), p.4
CAPORB

Minimum -4.82B7 (1), p.?
CASO L Ca++ concentdon in ground-soil water (mbeni). Beline 2.35B-8 (1), p.7

Maximum 2.- (1), p.7

s ~~~~~~~~~~~~~~~~Mmum 0.002S (2, p.4
CASQL1D Bulk Ca++ oncentaton in concrete solid (moloen), .0 o .

_ - _ _ ~~~~bimum' 0.W035 o2 p4

.~ ~ ~ ~~~~~~~~~~~~~~WU .mu l6 (2 P5
DE Effective dispervity/difflusivit of Ca in geologi'c material Bs~¢ 2 ;) ,

_~ ~~~~~~~~~~~~~~~~~Bsln _ 21mm 3-6 (2), p.5
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Minimum 2 (2), p.4
RD Retardation factor of Ca in geologic material (ml/cm'). _ 3 (2 p.4

Maximum 5 (2), p. 4

Diffusion coeffcient of CO3 in oncrete (cm%/) alt 17 (2
CODICONC

minimum 1.887 (7)
CSOIL Inorganic carbon content in the soil (mole/cm') baseine 4.331-7

maximum 6.78B7 (7)

CAOHCONC minimum 0.0072 (2)
Ca(OH)2 concentration in concrete (moleci) b e .001485 _ra

maximum 0.00225 (2)
.s.... 60.. ..~ 

minimum 7 assumed
C3A C3A content in concrete (weight %; e.g. 8 for 8%). baseline 8 (1), p.6; (2), p 4

maximum 9 assumed

minimum l.51&5 (1), p.6
SO4MGSOL Sum of S04 and Mg concentrations in soil solution (moleI). baseline l.08E,4 (1), p.6

___________ _____________________________________________ maximum 3.77E-4 (1), p.6
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(1) Dicke, 1993.
(2) Walton and Dicke, 1993.
(3) Walton, Plansky, and Smith, 1990.
(4) Walton, J.C. 1993. Unpublished.
(5) Langton, Chds. 1993. Personal communication.
(6) Summarzed from Graver, a at., 1991, Hansson, 1985, Marsh and Taylor, 1988, and Morley, 1986.
(7) Seitz, 1993.
* CASOLID acts in opposite directions for geology-controlled and concrete-controlled leaching; therefore it is not possible

to maximize or minimize 1h leach rates in the ame simulation run.
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Table 7. Suimmary of Rebar Stress Ax in ILT Basele Scenario

p -

Walls Roof Spans
Time
(a)

U � U 4.

Bottom Mid-
Height

Top over
Exterior

Wall

MiPan Over
Interior

Wall

%R- I800 1 14.2 1 27.9 1 16.9 1 i6.9

850 15.1 29.6 18.0

1,100 20.9

1,225 25.3

1,300 28.3

._~~~~~~4

24.9

30.0

33.9
MIEWM _
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Table 8. Summary of Rebar Stress (fk In ILNT Baseline Scenario

'I -� I, �

Time Walls - Exterior Cell First interlor Cell Central CellsO'

Bottom Mid- Top Over Mid. Over Over Wall Mid f Over Wall Over Mid- Over

Walt Wan Exterior Interior

575 16.0 31.3 23.4 23.4

675 17.8 34.8 25.9 25.9

750 19.3 37.8 28.1_f 28.1

775 - 19.8 39.9 2S.9 28.9_ 

goo0 20.4 Ni 29.8 29.8- |
1,000 38.1 3, 

1,050 27,9 vim || 

1,075 28.8 . -*fer tn

1,125 314 

(1) "Central Cells" refers to cells 3, 4, and 5 in Figure 1.
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Table 9. Summary of Baseline Results

Vault CUis Penetate Roof Crcs Penetate Walls Roof Collapse1w)fid-Idight) i ear)

ILNT 570 800 1,045

LT 790 1,080 1,300

LAW 1,420 2,235 3,100

I
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Table 10. Summary of ILNT Vault Sensitivity Analyses

Scenario Cracks Penetrate Roof Cracks Penetrate Walls Roof Collapse

__________ ____________________jd-ei=ght)
Baseline [ 5701 0o 1,045

Hydrogen Evolution Corrosion Rate (Baseline = 5E-4 cmyr)

1E-3 285 400 525

7.SE-4 380 535 700

2.5E-4 1,130 1,590 2,075

1E4 2,775 3,000+ 3,000+

-_____ Depth Of Soil Cover (Baseline 9 feet) _ _-_

8 feet 680 850 1,130

12 feet 400 , 590 925

16 feet 130 # 360 725

Rebar Size (Baseline = #8)

#6 0 175 425

#7 250 485 735

#9 875 1,105 1,350

#11 1,785 1,965 2,150

#18 3,000+ 3,000+ 3,000+

Depth of Concrete Cover Over Rebar (Baseline = 238-)

Isho .600 825 1,060

3 550 780 1,030

Concrete Strength (Baseline 4,750 psi)

3,000 psi 5701 800 1,040

6,000 psi 5701 8001 1,045

A +' indicates that the event did not occur prior to the end of the simulation.
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Table 1t. Summary of ILT Vault Sensitivity Analyses

Scenario Crzk Penetrate Roof Cracks Penetae Walls Roof Collapse
I___ _I__ (M9id-Height) _

Baseline 790 ,080 1,300

Hydrogen Evolution Corrosion Rate (Baselne = 5E-4 cmlyr)

lE-3 395 535 655

7.5E-4 525 725 865

2.5E-4 1,560 2,155 2,565

I-4 3,000+ 3,000+ 3,000+

Depth of SOi Cover (Beasdie 9 feet)

8 feet 850 1,140 1,340

12 feet 625 940 1,180

16 feet 415 _ 735 1,035

Rebar Size (Baseline #8)

#6 155 460 680

#7 470 770 985

9 _ 1,190 1,380 1,600

#11 1,950 2,185 2,340

#18 3,000+ 3,000+ 3,000+

Depth of Concrete Cover Over Rebar eine = 2)

11hA 800 I,100T 1,300

3" - - 775 1,075 1,29b

Concrete Strength = 4,750 psi)

3,000 psi 790 1,080 1,300

6,O0psi 790 1,080 1,300

A +' indicates that the event did not occur prior to the end of the simulation.
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Table 12. Summary of IAW Vault Sensitivity Analyses

Scenario Cracks Cracks Penetrate Walls Roof
Penetrate r otm Collap~se
__ Roof Tap _jMid-Height Bottom

Baseline 1,420 2,0151 2,235 2,300 3,110

Beam/Roof & Hydrogen Evolution Corrosion Rate
Walls -_. -(Baseline = 8B-515E-4 cmlyr)

1.5E11E-3 710 1,010 _ 1,150 1,150 [ 1,600

l.ISE-407.SE-4 950 1,350 1,550 1,550 2,100
4.5E-5/2.5E4 2,820 4,OOO 4,480 4,550 5,400
1-5I/E-4 6,900 9,750 . 10,000+ 10,000+ 10,000+

Depth of Soil Cover (Baseline = 9 feet)

8 feet 1,420 2,100 2,360 2,410 3,290
12 feet 1,4 20 l900 2,185 2,235 2,610
16 feet 1,420 1,730 2,050 2,115 2,060

Walls/Roof Slab Rebar Size (Baseline = #101#6)

| __7/#S 1,120 1,100 1,325 1,400 3,110

191- -1 1,700 1,9401 2,000 3,110
11418 2,020 (3,150) (3,410)T (3,450) 3,110
1181114 (3,800) (4,440) (4,710) (4,750) 3,110

[ AASHTO Beam Size (Baseline = Type IV)
Type i 1 o 2,015 2,235 2,300 2,700
Type V 1,420 2,015 2,235 2,300 3,430

Depth of Concrete Cover Over Rebar (Baseline 2 &-)

1'iS 1,420 | 2,015 2,250 2,300 3,110
3K 1,415 j 2,015 2,250 1 23001 3,110

Concrete Strength (Baseline = 4,750 psi) 7_ |

3,000 psi I 1,4201 2,015 2,235. 2,3001 3,110
6,000 p 1 1,420] 215 1 2,235 2,300 3,110

A + indicates that the event did not occr prior to the end of the simulation.
Values in parentheses 0 indicate that roof collapse will occur prior to the indicated crack
penetration.
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Table 13. Summary of Baseline Results Assuming Eigh-pH Concrete

Vault Craks Penetrate Roof Roof collapse

.N 1,200 1,840

iLT 1,375 2,225

LAW --Not Avaible

i
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ACRONYM AND ABBREVATIONS

ACI American Concrete Institute
cm centimeter
C 3A td-calcium aluminate
EAV B-Area Vaults
ft feet
in inch
ILT intermediate-level non-tritium
ILT intrnediate-level tritium
INEL Idaho National Engineering Laboratory
kip 1,000 pounds
ksi 1,000 pounds per square Inch
LAW low-activity waste
LLWSB Long-Lived Waste Storage Building
m meter
mm millimeter
ppm parts per million
psi pounds per square inch
s second
SRS Savannah River Site
WSRC Westinghouse Savannah River Company
yr year
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APPENDIX: QUALMY ASSURANCE

This Appendix is divided into three parts. First, the implementation of the Project Quality
Assrance Plan is discussed. Next, the letter report describing NERA's plan and
procedures for software and technical reporting quality assurance for the E-Area Vaults
Degradation Study is provided. Finally, forms used in maintaining Quality Assurance
Control during the project are provided.

A.1 DIMPLENTATION OF THE PROJECT QUALITY ASSURANCF FLAN

The RCPC.DHelpr models (urlong, 1991) used as the basis for the structural analysis
portion of this study re available commercially through the Ameicn Concrete Institute
Software Sales Department. The programs have been in use for the past 4 years by
approximately 300 engineering offices.

The RCPC computer software for the analysis of reinforced concrete structures has formed
the basis for this project This software has been validated by the author. The software is
divided into five main subroutines which do not interact, with each subroutine appropriate
for a partiular application. For the EB-Area Vaults, the Continuous Beams program was
utilized. This program was tested by usin# a sample data set available in the manual
(Furlong, 1991), and comparing the computed results with results printed in the manual. All
results were identical. Another program, NAWY10, was used to analyze the time-dependant
loss of prestress in the AASEITO beams. In the same way, a sample data set available in
the manual (Nawy, 1989) was used for testing the program. Computed results matched
results printed in the manual.

There were four main revisions to the RCPC code:

I. Original program was designed for screen-based input and output. In order to
facilitate the multiple runs necessary for the sensitivity analysis and calculation of
stress levels through tme, the program was modified to utilize file-based input and
output.

2. Degradation subroutine was added.

3. A time loop was added to recursively calculate the vault condition through time.

4. For the LAW vault case, a section was added to compute the stress due to curvatur
and the depth of the neutral axis in the roof 'sab.

After the code was modified to utilize file-based input and output, an additional test was
performed using the manual-supplied input and output. In addition, a data set was created
appropriate for the E-Area Vaults. This data set was run in both the original model and in
the modified model. Again all results were identical.
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Next the degradation subroutine and time loop were added. Degradation model components
included:

* Time to depassivation of rebar.

* Oxie corrosion of rebar.

* Anoxic ('hydrogen-evolution) corrosion of rebar.

* Sulfate attack

* Calcium hydroxide leaching.

Carbonation.

* Calculation of fracture aperture and spacing.

Testing of this modification consisted of two phases. F=t, results of the degradation model
were compared to results obtained by modeling performed at INEL. There were extremely
slight differences between INS model its and IRTERA results, easily attributed to
rounding error. Next, testing was performe4 on the structural component of the code. The
time zero results for the code were compared to the results obtained from the unmodified
RCPC code. Because no degradation has taken place at time zero, these results should be,
and were, the same. For the LAW vault modifications to calculate stress due to curvature
in the roof, testing was performed by comparing model results to spreadsheet calculations.

All changes are documented in detail within the modified code, both at the point of
modification and, in chronological order, at the top of the code.

Performance and Design Specifications were generated for the modifications to the
RCPC.DHelper code, in order to incorporate concrete degradation, and were established as
controlled documents (i.e., they were approved by the program manager and quality
assurance manager and had a control date assigned). Performance and Design Specifications
for RCPC.DHelper and NAWY1O were taken fom the documentation for these codes and
established as controlled documents. Performance Specifications for both acquired codes and
modifications included the following components: 0

* a general description of RCPC.DHelper, NAWY10, and modifications to the
RCPC.DHelper code, and the intended use of information expected from the codes,
including relevant contract specifications. '

a description of physical and chemical phenomena accounted for and any important
phenomena neglected.

* statement of relevant mathematical equations and derivations.
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statement and rationalization of applicable assumptions, limitations and
simplificati.s

a general description of the type of output information.

* a general description of the type of input information.

* references.

Design Specifications for both acquired codes and modifications included the following
components:

* Description of numerical tecniques used to solve governing equations.

Statement of relevant discretized (or otherwise transformed for numerical solution)
equations and derivations.

* Statement and onalization of applicable assumptions and limitations.

* Description of the structue and orgnizadtion of the computer programs, including
logic flow.

* Description of program input and output

* Description of codelsystem interfaces.

* Glossary of model variables.

RCPC.DHdeper and NAWY1O software was baselined (i.e., entered into the Control File
Index at our Austin, IX headquarts). Modifications to software were identified,
documented, and tracked through the Control File Index. All data and results which were
used in formal code testing and applications were baselined. The project report was
baselined and subjected to internal (i.e., within 1NTERA) review before being submitted to
WSRC. The review was documented in the form of required changes, recommended
changes and other observations, in writing on a copy of the draft document. After changes
were made in response to the internal review, the report was again baselined and submitted
to WSRC with the subtitle Draft ReporL Al comments in response to WSRC review were
received verbally only. Terefore, NTERA prepared a memo summarizing the review
comments and distributed copies to WSRC and to the Control File Index at TrERA
headquarters. After response to WSRC comments' was completed, the report was again
baselined and submitted to WSRC as the final report for this Task 7.
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A.2 ROJECT QUALInY ASSURANCE PLAN

Mr. Shawn Reed
WSRC
Savannah River Technology Center
Solid Waste Enginring
#742-7G
Aiken, SC 29802

May 20, 1993

k Quslity Assurance Procedures for Software and Technical Reports Under
C~ontract N#AA2018OP-Task Order 7

Dear Mr. Reed:

The following letter report describes INMAs pan and procedures for software and
technical reporting quality assurance for the B-Area Vaults Degradation Study. This letter
report is intended to satisfy Paul Lowe's request at the May 10 status meeting for a summary
QA plan for the structural analysis software currently being used on this project and report
deliverables. Software for this project has been developed primarily outside of INA. The
sowae is two structural analysis codes for concret structures obtained from the University
of Texas at Austin and Rutgers University. Through a co-operative effort between the code
authors and nwrAu susT the codes are currently being modified to allow, (1) input of
concrete thicimess and re-bar spacing, (2) the use of file handling for input and output rather
than the intev default mode, and (3) chemical degradation of the reinforced concrete.

The QA plan and procedures for computer software and report deliverables have been aken
from I rERs Project Quality Assurance Manual prepared for the Westinghouse Savannah
River Company (Draft; December 20, 1990). This NQA-1 manual has been submitted for
approval with WSRC, however this approval is pending. We anticipate a review of the
manual prior to the end of the current fiscal year.

PART A PROJECT QUALIY ASSURANCE PLAN

Quality assurance calls for baselining software and supporftg documentation through the
assignment of Control Identification Numbers (CIN's) and entry into the project Control File
Index (CF1). The QA plan requires, for codes eveloped outside of INTrA, review,
verification, validation (when possible) and documentation of software modification activities.
Changes to basclined software shall also be identified and tracked through the CFI and shall
be subject to review, approval, verification and validation as appropriate. Changes to
baselined software shall require documentation and this documentation shall be entered into
the CR. In addition, procedures for the revision of baselined software shall require
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identification of any baselines which might require changes as a result of the revision, and
that users of affected software be notfied of any revisions.

IMrA shall verify the suitability of previously developed computer codes by:

1. Reviewing previous applications of the code(s);

2. Performing a validation of the code(s) for the contract application by inputing data
repesentative of the application;

3. Exering the code(s) under expected use conditons; and

4. Evaluating the limitations of the ode(s).

Results of the validation process shall be documented and entered into the prqject CF1. A
summary report of the results shall be provided to the client.

The structural analysis code(s) adapted for this prqject are considered proprietary to the
author, Dr. Richard Furlong, University of Texas at Austin and Dr. Edward Nawy, Rutgers
University. The source code and do ntation have been provided to IN for
adaptation and use on this project without cost to WSRC.

PART B PROJECT QUALITY ASSURANCE PROCEDURES

TITLE: OA Control File and Index

The LrA - AUGUA staff will be responsible for prepaig and documenting records that
will enter the QA Control File at our Corporate Headquarters in Austin. We will also be
responsible for filing QA documents and documentation of client communications with the
QA Administrao in Austin.

Tbe IM - AsTIN QA Administrator will be responsible for reviewing control
documents, maintaining proper records storage, and maintaining the Control File Index.'

TTLE: Baselining and Revising Baselined Secifications

Performance, Design, and Test Specifications shall be baselined for the major codes acquired
and applied on this project.
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When revising a code, Performance, Design, and Test Specifications shall be developed,
baselined, and established as conirolled documents (Le., be approved by the program
manager and quality assurance manager and have a control date assiged).

An example of a QA Control Document which shall be completed for Speifiions has been
included as an attachmet.

TLE: Baslining and Rsig Baselined Vades

All structural analysis codes shall be documented fowing acquisition for the project and
during modification and testing. he documentation of the unmodified code(s) shall include:
Test Data, Test Results, Validation History (if any), Code Abstract and Users Manual.
Modifications which are completed by INA-AuGUA to the codes to allow, (1) the use
of file handling for input and output rather than the interactive default mode, and (2)
chemical degadtion of the reinforced concrete will be documented with brief performance
specifications, design pecifications, and a comparison of the code output with empirical
results from INEL.

In addition, each code should be accompanied by the following documentation, as
appropriate: Code Name and Version Number, Brief Description of Code, Original Source
Code and.Onal Auto(s), Brief History of MaJor Modifiations, Proprietary Details,
Disclaimer, Language and Level, Machine Where Operative, and References.

An example of a QA Control Document which shall be completed for Computer Codes has
been included as an attachment

TTLE: Baselining and Revising Baselined Test, Aplication and Oher Data

Al data which are to be used in formal (i.C., documented) code testing or in code
applications shall be baselined. Data should be c terizd in detail. The documentation
should include, at a minimum, the following: source and method of acquisition,
appropriateness for the intended model application, and derivation of input data (pocessed
data) from raw data. P

All test and application data baselines shall be write to diskete with copies firnished to the
QA Administrator.

Baseline data shall be revised as necessary to correct problems or to improveensure quality.
Revised baselines shall include justification for the revision.

An example of a QA Control Document which shall be completed for Test/Application/Other
Data has been included as an attachment.
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TITLE Baselinine and Revis Baselined Test Results

All output data from the code testing phase shall be baslined. Testing of the unmodified
structural analysis codes shall be limited to execution of the test problem provided with the
code on the PC with which the structural analysis is to be completed. A formal review by
the project engineer of the Test Results shall be completed to ensure the accuracy of the
installed code.

Testing.of the code modifications concning deterioration .of theceinforced concrete shall
be linited to accurate reproduction of empirical data provided by INEL Formal testing shall
be reviewed by person(s) not involved int modificaon of the code(s). Test Results shall
be analyzed for satisfaction of Test Specificans.

The Test Results, and the analyses thereof, must be documented and baselined. A print-out
of the Test Results and the Test Data shall be filed with the QA Administator when Results
are baselined.

An example of a QA Control Document which shall be completed for Test/Application
Results has been included as an attachment.

q

TI E: ln n

The results of all code applications to be transmitted outside of, or relied upon by, INA
or which yield significant information about the code's capabilities or limitations, or about
measured data, or about the system or process being modeled shall be baselined.

Where possible input data should be printed in conjunction with the corresponding
Application Results output. A copy of the Application Results and Application Data shall
be filed with the QA Administzator when results are baselined.

TILE: Baselininz and Revising Baselined Technical Reoors and Code Documentadon

All Reports which are considered deliverbles shall be baselined before transmission outsiae
of INTEzM. Code Documentation shall be baselined for internal control. For proprietary
reasons, these Baselines will not be allowed outside of INmA.

Topical Reports and Letter Reports which are specified as contract deliverables shall undergo
formal technical review. Baselined reports shall be revised as necessary to correct problems,
improve quality, or expand scope.
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An example of a QA Control Document which shall be completed for Report/Code
Documentation has been included as an attachment

Each Technical Report, Model Documentation Report, Letter Report, or other document
containing technical information that is a project deliverable prepared to satisfy contra
requirements shall be the subject of one of more technical reviews before being transmitted
outside IN SM&

Documents and data shall be baselined before being submitted for technical review.

Reviews of reports and other documents should consider, as a minimum, the following items:
* Organization, clarity, and conciseness of the material presented;
*. Correctness of any ahssumponsat are made;
* Adequacy of the discussion of variables;
* Validity of the conclusions and recommendations;
* Adequacy of illustrations, graphs, tabular data, etc.; and
* Appropriate acknowledgement, of contributions and referenced material.

I
Reviews hall be documented with written comments in the form of required changes,
recommended changes, and other observations. Th review shall also document the material
being reviewed (title or description), the author of the material, date of the review, and
persons performing the review.

Review comments must be stated in terms which will clearly convey the meaning of the
comment to others knowledgeable on the subject.

Review comments may be in the form of annotations on the document being reviewed if the
comment can be adequately recorded n this manner. Whe such annotation is inadequate
or inappropriate, the omment(s) shall be recorded on separate sheets.

Each review comment shall be responded to and resolved and the response/resolution shall
be documented. When review comments are recorded on the document being reviewed
responses may also be recorded on the document

All review comments recorded on separate sheets shall be responded to either on the review
sheets or on separate sheets. I

Editorial recommendations may be acknowledged in summary fashion, e.g., 'implemented
where possible.
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When the technical reviewer is unable to accept the task manager's response to one or more
required cnges, the program manager shall be calld upon to resolve the issue unless the
program manager is involved in te disa ent, in which case one of the program
manager's peer hall resolve the issue.

A example of a QA Control Document which shall be completed for Technical Reviews has
been included as an attachment.

cc: Paul Lowe
rim cook
Keith Dykes
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YY MM DD

Control Date (OAAA Only): |11131]

SPECIFICATION BASELINE

o Original Baseline (Complete Secton 1 only)

o Revision to Previous Baseline (Complete Sections 1 and 2)

Project Title: Project Nurmber.

Contract No.:

CFI Description:

Section 1 - ase1ne

1. Code Name: Code CIN:

2. Source (Check one and complete):

This o baseine revision was developed by:

Sgnure /Pnted Name.

This baseline revision was acquired from:

-- nted Name/Orgzaton

* a SpecdcalonType (check one only):

o A. Peformance Specs.

o B. Design Specs.

O D. Test Specs. .

4. Reference and ocalion of Specication (f not attached):

5. Cross-Reference to other Specifications for this code: (where possible):

OA CIN Control Date: .

QA CIN Control Date:



VA UHN:
00/00/00

YY MM DD

1--1- --Control Date (OAAA Only):

Section 2 - Baseline Revision

1. Reason for Revision:

a. Response to Revew -OA GN:

b. D Problem Re OA CIN:.
Corrective Acn

c. Code Enhancement

d. 3 Other.

2. Doscription of Revson:

_ =
- ontrof Date:

Control Date:,

3. BaselInes whih mnay require reision ss a resultt of thi revison:~

. , .~~~~~~~~~.

' . ,-;. :.. ;--,**. t'.: ,- ..: .. ,..*~' -~ * -, . .:;;~ i _ ,, .,,5 ,

* . , - ' . , . * . ,, -4.,. - .., - , * ...............................

. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . * . * 

V .. ..*. .

Date:Recommended by.

Approved by: _

PM
.-

YY MM DD

YY MM DD

OAM Date:_ _ 



A CN: I I-
08/15/90 1-i __ I --- -1-

YY MM DD

Control Date (AAA Only): [111111]
CODE (C

o Original Baseline (Complete Section 1 only)

o Revision to Baseline (Complete Sections 1 and 2)
Project Name: Project Number.
Contract No.:

CF Description:

Section 1: Code Baseline

1. Code Name:

Major Code o Minor Code o Commercial Utility Code

2. Source (check one and complete):

a. ThIs baseline revision was develo~ed by:D O ~~~~~~~~~Signaturets)/Pninted Name

b. Tiis o baseline n reiionwas acquired from:____
- dnted Name -

3. References:

a. Performance Specs. OA CIN Control Date:

b. 0 Design Specs. GACIN:_ Control Date:

c. n Test Specs. A CIN: - Control Date:__ _
I.

d. 0 Test Data OA CIN: Control Date:

e. 0 Test Results OA CIN: Control Date:

S. Hardware:

a. PC b. Other (specify): -

c. Special Requirements:

6. Compiler/Linker Options:

a. FORTRAN a. o PASCAL c. Other (Specify):

d. Compiler & Options: e. tinker & Options:

, : . . . .



-------

08/15/90 I --- _I-I--Li_ _ 

7. Code Storage:

a. Tape Tape No:_

Exectable Fe Tie:

b. o Disk Disk No:_

Executae File Ttle: .-

C. O her (give deals):

Source Fle fl1e:

_Fa~miat.

urce Fie tle: -

Fonat-

-

.

s artinn - tripD Rmiiln

1. Reason for Revision;

a. 0 Response to Review GA CIN: Control Date:_ _

b. Problem Report/ OA (IN: I
Corrective Action 8

c Code Enhancement/Evohtion

Control Date:

d. QCOher

2. Description I Revision:

. may-requ~redmri8es as a . . .. .. .*** .
*~~~~~~~~~ ~~~ ~ ~~~ ~~~ ~~~~ ~~~~ ~~~~~~~~~~~~ . .. . .. --. . . .

3. Baselines which may require L*anges as a es of ths revislon. .r

4. Revision approved by Code Custodian:
Signature

Date:

. I YY MM DD

Recommended by:

Approved by: _

PM Date:

YY MM DD

__ __ l 1 __
OAM Date:
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uA uontrOl Document

08/15/90
OA CIN: -i- ,i| E

YY MM DD

Control Date (OAAA Only): - ]- -

TEST/APPUCATION/OTHER DATA (E)

o Original Baseline (Complete Section 1 only)

o Revision to Previous Baseline (Complete Sections 1 and 2)

'roject Title: Proiect Number:
Dontract No.:
ZFI Description:

Section 1 - Data Baseline

I. Data Type (check one):

a Test Data
° Code Name:

b. D Application Data
QA CIN: __ ConwI

c ) Ubrar Data

d. z Generic Data (describe):

L Source of Data:

a. r-i Documented internall by:

)ate:

L - -- -- -- - -. 0 Signature/Printed Name

signature/pinted Name
References made to: 5Laborato .

O3 Model Literature

Reference(s) to source(s) (d not attached):

' 
O

'.Field

Judgement

b. n Acquired From:

L Data Storage

a. C Tape/Disk

Pretsd Name

L Tape/Disk Number:
B. File Names:
ii. Format:

b. cDOther:



QA Control Document

08/15/90
OA CIN:

|---1- -- 1 --- |- |

4. Data Documentation Description (if not attached):

Section 2: Data Revision
1. Reason for Revision

a. Response to Review

b. Problem Report/
Correcve Action

c. Other. -

2 Description of Revsion:

I-
OA CIN: -

OA IN:-

Control Date:

Control Date:

-~ ~ , .- * . .. 

.~~~~~~~~~~~~~~~~~~~~~~~~ . .M. .1 .

3. 8aseInes wc nmay requilre changes as a resl of this resion: '- -

YY MM DD

Recommended by.

Approved by: _

_PM

QAM

Date:

Date:

-- K-- ].

YY MM DD

-- [I--I-- 



QA Control Document

08/15/90
QA CIN:

YY MM DD

Control Date (QAAA Only): LW
TEST/APPUCATION RESULTS (F)

o Test Results (Complete Section 1 only)

o Application Results (Complete Section 2)

Project Name: Project Number:

Contract No.:

CR1 Description:

Section 1: Test Results;

1. Code Name:

2. Code OA GIN: _

3. Test Data OA CIN:

4. LIbrary Data OA CIN:

-(f a ble) . . .- . . .

5. Description ot Tests) (iro ata h d:

Control Date:,

Control Date:,

Control Date:
. ... .

.

6. Analis and Interpretation of Results (fd not attached):

7. Storage of Resufts:

a. [ Tape/Dsk L Tape/Disk Number:
i. File Names:
ii. Format

b. Other:



OA Control Document

08/15/9
CA CIN: I--- V jj~~Ff~~

8. Test Performed by: _________________Name Date: __
Si&atre/Prnted Name

9. Results and AnaWis Verie b Date:
Signature/Printed Name

Section 2: Application.Results

1. Code Name:

2. Code QA CIN: Control Date:_

3. Test Data QA CIN: Control Date:

4. Test Results OA CIN: __ Contro Date:

S. Apprcation Data OA CIN: Control Date:

6. Description of Appication (f not attached):

7. Anaysis and interpretation of results (if not attached):

8. Storage of Results:

a zTape/Disk LT eDs Number.
E e Names
E Format

b. EOther. 

S. Application Performed by:_ Date:
igRaePinted Name

10. If known. give references to docunts where results wll be preserned:-

Description . . OA N (ff known)

b.

C. -

T Mm DU
Recommended by:

Approved by: _

PM Date:

YY MM DD

Date: LOAM
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OA Control Document

08/15/90
OA CIN:

YY. MM Do

I I - I
Control Date (QAAA Only): - 1-

REPORTJCODE DOCUMENTATION fG)

o Ogkial Baseline (Complete Section 1 only)

o Revision to Baseline (Complete Sections 1 and 2)

Project Name: Project Number.
Contract No.:

CH Desription:

sect0o 1 Baseline

1. Report Type:

a. Topical Report

b. Letter Report

. 3 Model Docurnentaon Code QA CIN: __ ControDate:

2. TItle (or Subject):

S. Tis b aseline 015revisn deveoped by:. - ;
Sigre/Pnnted ame

* Signatwre/Pinted Name

SignaUre/Painted Name

0

4 his baseline ] revision was acquired from:e
Pined Name

5. References:

a. No reference to baserined data or results

b. 0 Reference is made to data/results with the following baserine QA CtN's:



QA Control Document

08/15/90
QA CIN: I ---I- I-I I --- I -

Section 2: aseltne RevisLon

1. Reason for Revision:

a. Response to Review QA CIN: Control Date:
.

b. OA IN: Control Date:
0 Corrective Action

C. Other

2. Description of Revision:

ta.nsw*.: , - ..

9. Baselines whc may require chne as 8 resul of ths reion:

' YY MM D

Recommended by:

Approved by: 

PM Date:

YY MM DD

1-- Li--QAM Date:

* -,



OA Control Document

08/15/96
OA CIt:

1- - -1I- 111--Z-1
YY M DD

W_ _ _Control Date (OAAA Only):

REVIEW (I

Project Name:

Contract No.:
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Li DFSCllON OF NAVAL REACIOR (NR) WASTE DLSPOSAL

Heavily shielded shipping/disposal casks containing NR waste are planned to be disposed

of in E-Area. Large quantities of activation products are associated with the metal matrix of

the waste forms within the disposal containers. The purpose of this appendix is to assess the

performance of the planned method of disposal of the NR waste.

LLI Desaiption of NR Waste Forms

Naval reactor waste consists of a variety of solid activated metal NR components,

including core barrels, adapter flanges, closure heads, and other similar equipment. A concise

description of the waste forms likely to be present in the disposal containers is not available

because of the classified nature of this nformiaion. The total volume of the metal waste

alone is expected to be about 3.5 a 3 per disposal container. About 3.8 x 103 m3 (I gal) of

water is epected to be present in each disposal casL

The shipping/disposal containers in which the NR wastes are planned to be disposed are

cylindrical in shape, and composed of carbon steel, with 304 stainless steel inner containers.

The containers are Typc B or Type-B equivalent, and thus, are designed to be impervious to

water. Across-section of a typical disposal container is illustrated in Fig. LI-i (WSRC 1992).

The inner volume of this typical container is approximately 27 in3
.

LL2 Layout and Capacity of NR Waste Disposal Site

In this assessment, it is assumed that 100 disposal casks containing NR waste will be

disposed of in E-Arca at grade. Given the dimensions provided in Fig. L-1i, the minimum

area for disposal of 100 casks is 1,024 n2 , which corresponds to the area required if 100 casks

are placed immediately adjacent to each other in any type of rectangular arrangement. It is

likely that there will be a spacing between casks at the time of disposal, and the layout

assumed for this assessment is shown in Fig. L1-2. Here, the spacing between casks is 1 m.

Rev. 0



TYPICAL DISPOSAL CONTAINER

3.2 m

34 own 304 15 cm Steel Closure Cap

34 cm 304~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~l Stainless

Conceptualized Waste

5.4 i
- - ~~~~~N

L>15 cm Steel Bottom Plate 4 K-10 cm Steel Wall 14 cm 304 StaInless
Interior Volume27 m3

SRSt2 00

Fg. LI-I. Naval reactor waste disposal container.
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JZ1
-::5

Dimensions 3.2 m X 5.4 m
Interior Volume-27 m 3

Fig. LI-2. Proposed layout of Naval Reactor Waste Disposal Area in the EAV facility.
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ILL3 Radioactnlmcntaoy of NR Waste

A radionuclide inventory supplied by the waste generators is presented in Table Li-I

(WSRC 1992) This inventory applies to 41 casks of five different types that are planned to

be delivered to E-Area. The total activity of these casks is estimated to be 5.84 x 10 CL

This assessment considers, however, that up to 59 more disposal containers will be accepted,

with the same general mix of cask types. Allowable inventories for 100 casks will be

developed for the radionuclides listed in Table Li-I.

L1.4 Cksr Cc oept

Because the NR waste disposal containers will be placed within the EAV facility, final

closure will be similar to that for the entire facility. For the purposes of this assessment, the

same closure concept as for the EAVs (Sect. 2.9) I assumed. Briefly, backfill of Burma Road

sand is assumed to be placed over at-grade casks, above which a laterally extensive moisture

barrier is assumed to be placed. The moisture barrier consists of 0.76 m of clay overlain by

0.3 m of gravel and a gotxile fabric. Over this moisture barrier, 0.76 m of backfill is

assumed, followed by 0.15 m of topsoiL As a result, a minimum of 2.9 m of cover material

is assumed to overlie the NR disposal casks at closure. This requires that the casks be placed

in a topographically low spot so as not to project into the cover materials. Revegetation and

drainage ditches are assumed to constitute final closure, for the purposes of stabilizing soil,

preventing pine tree growth and diverting access water from the gravel layer.

L.2 ANALYSIS OF PERFORMANCE OF NR WASTE

The methods used to analyze the long-term performance of the NR waste disposal unit

within the EAV facility are descnbed in this section. A desription of the radionuclide source

term posed by the disposal containers is provided in Sect. lI. Pathways to exposure of

human receptors are considered in Sect. L2. The conceptual models developed and

PRv. o
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Table L1- Radoacive hwentory for 41 NR d&poal ah to be shpped to E-Arca

Number of units: 1 8 16 8 TOal
Descriptioo CEDC CorBarret Holcldodw C311T3CH Adapter af casks

Hardware Ba.s Hardware Flanges (a)

Isotopes

H-3

C-14

Sc-46

C,-S1

Mo-S4

Fe-SS

CD-58

Fe-59

NI-59

Co60

Ni-63

Zr-65

Sr-90

Nb-94

Nb-95

Zr-95

Tc-99

In-113

Sn-113

In-114

Sn-119m

Sn-123

Sb-125

1-129

C-137

Hf-181

Ta-182

Pu-239

Pu-241

9.6 x lo-,

3.1 x 10.1

3.3 x 103

1.8 x 1

3.1

2.1 X 102

15 x 10+1
15 K 0V2

.8 xl+S1 x 143.0 x 1042

12 x 10.'

64 x 10.3

4.1 x 102

3.3 x 1

1.6

3.1 10

1.5 x 10+'

2.3 x 10+'

3.7 x 10,V

1.4 x 102

7.8 x 11

6.3 x 10+

5.9 x 10+3

6.3 x 10+3

_ 5.B ' x 10

1.1 ^ 10"1

1.6 1.

1.8 x l-,

2.2 x 1041

1B8

1.1 x l'

7.8 x 1'

5.8 x bW,

7.8 x to41

2.8K 10.'

1A x 10"'

22K 1|O

9A X 10'

8.Ix 1 3

5.7 x 1042

2.1 10+4

2.1 X 10+4

1.5 K 10*2

2.1 X 10+2

4.5 x 10"

2.9 X 104

3.2 x o4

1.6 x 104

2.4 x 13

1.0 X 103

3.7

2.9

3.2

1.5

x 10+

x-,

K IV,
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computational approach used to assess the performance of the NR waste unit are described

in Sect. 2.3.

12.1 Source Term

The NR waste provides a source of radionuclides to the geosphere. To characterize this

source it is necessary to consider mechanisms of release. The NR waste is composed of solid

activated metal, with less that 1% of the radionuclide ntory in the form of rface

contamination (WSRC 1992). Release of radionuclides frm the waste form to the - erior

of the casks will be governed by corrosion of the metal matrix. Corrosion rates are directly

proportional to the surface area of the wastes, and are a strong function of the type of metal

making up the waste and the chemistry of water contacting the waste. Release to the

geosphere requires a 6reach of the disposal continer, such that water contacts the ws- :.and

requires the presence of corrosion products on the surface of the waste. Upon contact with

water, radionuclides present in corrosion products are partitioned between pore water and

the iron compounds constituting the corrosion products. The mechanisms relevant to

partitioning include: 1) desorption from corrosion products; 2) dissolution of precipitated

material within the corrosion product matrix and/or 3) volatilization into soil gas. Transport

in the geosphere occurs as a result of advective and diffusive processes. Advective processes

arise as a consequence of the infiltration of water through the disposal unit. Diffusive

processes are driven by the concentration gradient that exists between pore fluids of the waste

matrix and pore fluids of the surrounding uncontaminated soiL

Corrosion of the steel disposal casks is an important consideration in developing a soure

term model. The disposal containers prevent release of radionuclides to the environment as

a result of leaching until such time that the containers are no longer impervious to water.

The outer carbon steel of the disposal casks (Fig. Li-I) is less resistant to degradation than

the inner stainless steel portion.

Degradation of the engineered cover will affet release to the gosphere through the

effect on infiltration of water into the trenches. As was described in SecL 3.1.3.1, a

reasonable scenario for degradation of the cover is that the cover may be degraded to the
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gravel layer approximately 900 years after dosure of the E-Area Facility. Before that time,

it is possible that infiltration may increase through the clay layer as a result of head build-up

in the gravel layer, f for example the drans fail to divert sufficient water, or as a result of

disturbance of the clay layer by roots or burrowing animals.

L22 Pathways and Scenarios

In this section, the pathways to human exposure to potential NR waste constituents are

addressed. The time periods of concern for human exposure are identical to those described

in Sect. 3.21.

I21 Tansport Pathways

Radionuclides released from the NR wasts to the geosphere have the potential of

reaching humans through numerous pathways. Most conceivable pathways for a buried LLW

source such as the NR wastes are described in Sect. 3.2.1. The same rationale applied in

pathway screening for the EAVz applies to the NR wastes, with the result that only pathways

related to contaminated air or groundwater are considered to be of potential consequence

for off-site exposures. For off-site exposures, pathways considered include leaching of

corroded NR wastes, resulting in contamination of groundwater local to E-Area, and

volatilization of H-3 and C-14. Intruder exposure scenarios are considered separately in

Sect L22-3.

!- 7 v Exposures of Off-Site Members of the Public and Protection of Groundwater

From the discussion in Sect. 32.3.3, only the drinking water pathway needs to be

considered for off-site releases of radionuclides in groundwater. In cases where the MCL in

groundwater corresponds to a dose equivalent less than the perfomance objective for off-cite

individuals of 25 mrem per year from all exposure pathways, compliance with the MCL would

ensure that the dose to off-site individuals would be substantially less than the performance

objective. In cases where the MCL in groundwater corresponds to a dose equivalent greater
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than the performance objective for off-site individuals, the dose from all exposure pathways,

theoretically, should be considered. However, as discussed in Sect. 3.2.3.3, the dose from

pathways other than drinng water would be insignificantt compared with the dose from the

drinking water pathway.

Other than the groundwater pathway, exposure to atmospheric concentrations of volatile

radionuclides must be considered. For atmospheric releases of H-3 and C14, the calculated

dose is compared to the performance objective of 10 mrem per year EDE in this analysis.

L2.G.d Exposure Scenaris for Inadvet Intruders

In Sect. 3.24, several exposure scenarios for inadvertent intruders that could be applied

to disposal of LLW in concrete vaults were descnd Two chronic exposure scenarios (the

agriculture and post-drilling scenarios) and two acute exposure scenarios (the construction and

drilling scenarios) were based on the assumption that an inadvertent intruder could access

disposed waste while excavating or drilling at the disposal site. An additional chronic

exposure scenario (the resident scenario) and an additional acute exposure scenario (the

discovery scenario), were based on the assumption that an inadvertent intruder was prevented

from accessing disposed waste while cexcavataig at the disposal site by the presence of intact

engineered barriers, but nonetheless, could receive an external exposure while residing or

working at the site.

As described in Sect. L1.1 and indicated in Fig. LI-1, the NR wastes will be contained

in thick-walled carbon steel and stainless steel casks. These casks presumably will degrade

only very slowly by corrosion and, thus, reasonably can be presumed to prevent inadvertent

intrusion into the waste for a considerable period of time after disposal. For as long as the

casks maintain their integrity, an inadvertent intruder presumably could only receive an

external exposure according to scenarios similar to the resident or discovery scenario used in

the analysis for waste disposal in concrete vaults.

In the analysis for the NR wastes, three scenarios for exposure of inadvertent intruders

are considered. The first is external exposure to waste inside an intact waste cask immediately

upon loss of active institutional controls at 100 years after disposal, which is the earliest time
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that inadvertent intrusion is assumed to be credible (U.S.DOE 1988a). At this time, a conser-

vative, upper-bound estimate of external dose is obtained on the basis of (1) reported inven-

tories of photon-emitting radionuclides in the waste given in Table Li-I, (2) the known

spectrum of photons in the decay of each radionuclide (Kocher 1981), (3) consideration of

the shielding provided by the waste casks for different photon-emitting radionuclides in the

waste, and (4) the assumption that the external dose rate at the surface of the waste casks

at the present time does not exceed 200 mremih, which is an acceptance criterion for the

waste casks specified in 49 CFR Part 173.

The second exposure scenario for inadvertent intruders considered in the analysis for the

NR wastes is the agriculture scenario, which involves direct excavation into the waste itself

This scenario reasonably can occur only at times long after disposal when the waste casks

have been degraded by corrosion. The agriculture scenario assumes that an inadvertent

intruder constructs a home directly on top of deposed waste and that some of the waste is

exhumed while constructing the foundation for the home. Some of the exhumed waste is

mixed with native soil in the intruder's vegetable garden, and the intruder is assumed to

receive exposures from ingestion of contaminated vegetables from the garden, direct ingestion

of contaminated garden soil, external exposure while working in the garden, residing in the

home on top of the waste, and inhalation exposure while working in the garden and residing

in the home.

The third scenario considered is a post-drilling scenario which also could occur when the

casks have failed. Although, as indicated in Sect. 324.1 and Appendix A4, the dose from

the post-drilling scenario will always be less than the dose from the agriculture scenario when

the two scenarios are presumed to occur at the same time after disposal, the post-drilling

scenario is considered because it could occur at an earlier time than the agriculture scenario.

In this scenario, waste exhumed by drilling is assumed to be mixed with native soil in the

intruder's vegetable garden, and the intruder is assumed to receive exposures from ingestion

of contaminated vegetables from the garden, direct ingestion of contaminated garden soil, and

external and inhalation exposures while working in the garden.
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S23 M idch and A sumptom

In Sect. L21 and L2.2, the potential mechanisms of release of radionuclides from the

NR wastes were defined and the relevant human exposure scenarios were described. In this

section, the models adopted and assumptions made to carry out the computations necessary

to estimate doses are described.

L231 Near-FId Model

The near-field model for the NR wastes addresses release of radionuctides from the waste

in the containers to the surrounding unsaturated soils of the vadose zone, and subsequent

radionuclide transport to the water table. The conceptual models implemented to simulate

flow ahd transport are described below.

Flow of water through the NR waste is limited by the integrity of the disposal container,

the amount of infiltration through the overlying cover, and characteristics of the waste and

surrounding soil Using the disposal container design described in Sect. LI.1, a two-

dimensional computational grid was designed to represent a vertical cross-section through the

NR waste disposal facility and surrounding soil The model domain (Fig. L2-1) forms the

basis of the simulations carried out with PORFLOW, Version 2.5 (ACRI 1993), to estimate

flow and mass transport through the waste to the water table. The waste is represented

within this domain by a zone which is 43 m long and 5.4 in high. The thickness of the slice

is assumed to be of unit thickness, or I cm in this case.

The amount of infiltration entering the top of the domain shown in Fig. L2-1 was

assumed to be 40 cm/year, which represents the average infiltration without an engineered

cover over the waste. Although the cover will likely limit infiltration for hundreds of years

if undisturbed, there is considerable uncertainty in the timing and extent of cover degradation.

Furthermore, the simulations begin when the disposal containers are assumed to fail, at which

time slumping of the cover may occur due to loss of integrity of these containers. Therefore,

for this analysis, no credit was taken for reductions in infiltration brought about by the cover.
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Simulation of the path of water through the domain nec
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is breached before significant radioactive decay has occurred. For the short-lived radionu-

clides, this assumes that the container breaches immediately (at t = 0). he second scenario

assumes that the container breaches at 6,000 years and that the activated metal wasteform is

completely in the form of corrosion products. The first scenario is not considered realistic,

but rather a means of screening out radionuclides that are insignificant from the standpoint

of potential groundwater contamination. The second scenario may be very conservative if the

metal wasteform is a corrosion resistant material, like stainless steeL

Hydraulic properties described in SecL 3.3.1.1 for native soil at the SRS are appropriate

for the soil surrounding the NR disposal containers. The moisture characteristic data

tabulated by Gruber (1980) were used to define the unsaturated hydraulic conductivity and

matrix potential as a function of moisture content. Because the waste and surrounding

backfill and native soil are assumed to have identical hydraulic properties, water is assumed

to be neither diverted into or out of the NR waite following disposal container failure, but

to flow vertically through all materials. Under steady-state hydrologic conditions, the amount

of water flowing out of the domain at the water table is equal to the amount of water

entering via infiltration; thus, the steady-state flux of water through the NR waste and

surrounding soil was 40 cm/year. Flow simulations were carried out with PORFLOW for the

two-dimensional domain described above. The PORFLOW input file for these simulations

is provided in Fig. L5-1. The steady-state flow field was subsequently used in mass transport

simulations to analyze the advective flux from the casks.

Release of radionuclides from corrosion products of the waste to the geosphere may result

from desorption or dissolution processes, as noted in Sect. L2.1. Advective and diffusive

processes act to mobilize the radionuclides in the pore waters of the corroded waste. For the

NR waste analysis, radionuclides in the corrosion products are assumed to be completely

soluble, and sorption is considered to be a fully-reversible linear process at equilibrium.

Equilibrium partitioning between solid (sorbed) and liquid phases is characterized by the

distribution coefficients (ds) listed in Table L2-2. Te K. values in this table are average

values for sandy soil taken from site-specific literature, when available, and from a review

article by Sheppard and Thibault (1990).
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TabMe L2-2 Distribution weildeats assumed for subsuface
tdnspoft uimulation or adionu c NR waste-

RadionucLide Kd Value Assumed[ litcrature Source

H-3 0 __

C-14 2 McIntyre 1988

Sc-46 0 not available

Cr-Si 70 Sheppard and Thibault 1990

Mn-54 SO Sheppard and Thibault 1990

Fe-55 220 Sheppard and Ihibault 1990

Co-58 10 Hoeffner 1985

Fe-59 220 Sheppard and Thibault 1990

Ni-59 400 Sheppard and TIhibault 1990

Co-60 10 Hoeffner, 1985

Ni-63 400 Sheppard and Thibault 1990

Zn-65 200 Sheppard and Thibault 1990

Sr-90 10 Hoeffner 1985

Nb-94 160 Sheppard and Ibibault 1990

Nb-95 160 She pard and Thibault 1990

Zr-95 600 Sheppard and Thibault 1990

Tc-99 0.36 Oblath 1982

In-113 0 not available

Sn-113 130 Sheppard and Thibault 1990

In-114 0 not available

Sn-119m 130 Sheppard and Thibault 1990

Sn-123 130 Sheppard and Thibault 1990

Sn-125 130 Sheppard and Thibault 1990

1-129 0.6 Hoeffner 1994

Cs-137 330 Hoeffner 1985

Hf-181 450 Sheppard, and Thibault 1990
Ta-182 220 Sheppard and Thibault 1990

P_-239 100 Hoeffner 1985

Pu-241 100 Hoeffner 1985
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The steady-ate flow field from PORFLOW provided flow rates through the waste and

to the water table (at the bottom of the domain, Fig. L2-1), and Kds, effective diffusion and

dispersion coefficients, and radioactive decay constants provided the necessary information

for simulating advective-diffusive transport An example input file is shown in Fig. LS-2.

Effective diffusion (i.e., molecular diffusion corrected for tortuosity of a porous medium) and

dispersion coefficients are not radionuclide-specific, and the values used for these parameters

in the PORFLOW simulations were: 1) longitudinal dispersivity = 10 m; 2) tiransverse disper-

sivity = 2 cm; and 3) effective diffusion coefficient = 158 cm2 yr. No data are available for

dispersivities in the unconsolidated sediments of the SRS. In the unsaturated zone, where

flow velocities are very low, dispersion, which is directly proportional to flow velocity, is likely

to be fairly insignificant with respect to plume movement. The values chosen for these

simulations are believed to be reasonable based on a discussion of field-scale dispersivity in

a reputable groundwater textbook (Freeze and Cherry 1979).

$

L2&2 Groundwater Transport Model

To simulate transport of radionuclides that are released from the NR component waste

to the water table, the conceptual saturated zone transport model described in Sect. 332 was

adopted. The flow field established by PORFLOW simulations, which implemented this

conceptual model, was used in the NR waste analysis. Therefore, the groundwater transport

model was identical to that described in Sect. 3.3.2 with the exceptions that the source zone

was smaller (1 NR waste source node versus 4 nodes for the ILNT vaults and 35 nodes for

the LAW vaults), and the Kjs listed in Table L.2-2 were used. The smaller source zone

represents the relatively smaller source area presented by the NR waste. An example

PORFLOW input file for four radionuclides is shown in Fig. L-3.

12.3x Atmospheric Release Model for Volatile Components

Potential atmospheric release of volatile forms of H-3 and C-14 must be considered in

order to consider all potentially significant pathways of exposure to radionuclides from the

NR waste. Inadvertent intruders may be exposed to air within residences built on top of the
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soil above the waste, and off-site individuals may be exed to concentrations transported

to or beyond the SRS boundary.

To estimate flu of potentiallyvolatile radionucides, H-3 and C-14, from the NR wastes,

the model developed to conservatively estimate fluxes of these radionuclides arising from the

LAW vaults (Sect. A.3.5 and A.3.6) was used. The conservatism of this model lies mainly in

the estimates for C-14 flux, because all of the C-14 available for volatilization (Le., the C-14

in corrosion products of the waste form) is assumed to be in the form of gaseous CO2?

Tritium, on the other hand, is more realistically partitioned into water vapor in air according

to the concentration of tritium in water calculated for the casks.

The flux calculations are normalized to a unit of availabLe activity (Ci) of each radionu-

clide per disposal container. The availability of H-3 and C-14 after disposal is a function of

the degree of corrosion of the steel waste form, and the amount of radioactive decay, that has

occurred when release occurs.

For H-3, the vapor phase concentration in te NR waste is first calculated by assuming

that the concentration of H-3 in water vapor in a disposal cask is the same as the H-3 concen-

tration in any water contacting the wasteform. Te ideal gas law is used to estimate the

ambient concentration of water vapor in air in a disposal container, the results being 92 g m-3

at 10C and 100%o relative humidity. Converting to activity concentration units (Sect. A2.3.1),

the H-3 concentration in air in the disposal casks, in Ci m 3, is 9.2 x 10' times the H-3 concen-

tration in water. As noted above for C-14, all of the C-14 in corrosion products in the

disposal casks is conservatively assumed to exist as 14C02 in the air in the disposal casks.

For off-site individuals, diffusion of H-3 and C-14 through soil overlying the NR disposal

containers, and subsequent transport to the site boundary were considered. One meter of soil

was assumed to cover the casks, although initially approximately 3 m of soil will overly the

casks with the engineered cover in place. Per Ci of available H-3 (i.e., undecayed H-3 in

corrosion products) in each of the 100 disposal casks, the concentration in the air-filled voids

of the casks is calculated from:

CJ.-3 1 0 92X10 e Ci/m3'(
-~ 3.8X10' ml I m3 m lm
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where 3.8 x 10-3 1 (approxmately one gal) represents the amount of pore fluid in a disposal

container. is pore fluid content is based on amount of water expected for in average

disposal container (Sect. L1.1). The resulting air concentration of H-3 in the NR waste

containers is 2A x 103 Ci m- for every Ci of H-3 in the corrosion products of a container.

The flux of H-3 at the soil surface (1H 3 in Ci m 2 yr4) is calculated from:

where D. is the molecular diffusion coefficient in air (754 m2 yr for water vapor, CRC 1981)

and x is the soil thickness, assumed to be 1 m. The initial flux of H-3 (ie., at closure) from

the overlying soil is calculated to be 1.8 Ci ml yr-' over an area of 800 m2 (i.e., 8 m2 per

cask), per Ci of H-3 available for volatilization in each of the 100 NR waste disposal casks.

With this flux rate, all of the available H-3 would be released fom each disposal container

in much less than one year. Therefore, to obtain an average annual flux rate, the total

available H-3 in a disposal cask is assumed to be released in one year, and is divided by the

individual cask area (8 m2) to obtain a flux rate of H-3 from the NR waste disposal

containers The flux rate will depend strongly on when and how the disposal container is

breached such that gaseous components can escape. If it is assumed that all H-3 is available

for volatilization (ie., corrosion of the waste form is instantaneous at closure), the flux rate

from the disposal containers is calculated to be 0.13 Ci m-2 yr'.

Similarly, for inadvertent intruders, H-3 flux from soil above the disposal containers is a

function of the time that the gaseous components escape and whether there is a gradual

release or instantaneous release. For intruders, however, exposure cannot occur prior to the

100 years of assumed institutional control, and thus, significant decay of H-3 has occurred by

that time. Per Ci of total initial H-3 in each NR waste cask, no more than 3.6 x 1i0 Ci

would remain at 100 years after closure based on consideration of radioactive decay alone.

Leaching is neglected. If it is assumed that all undecayed H-3 ,is available for volatilization

at 100 years, the flux rate of H-3 from the soil overlying the disposal containers is 3.6 x 13

times the initial flux rate (0.13 Ci m 2 yr ) calculated above, or 4.7 x 10 Ci m 2 yri'. This

represents the maximum flux of H-3 assumed to enter the intruder's residence at any time.
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For C-14, the concentration in the NR waste containers (Cr 14), in Ci m-3 per Ci of

available C-14 (ie., C-14 in corrosion products) in each of the 100 containers, is calculated

based on a 100-year Ci content of one; that is, decay has been insignificant and leaching is

neglected. The "CO2 air concentration per Ci available C-14 is calculated for an unwetted

void space of 23.5 m3 (Z7 3 total minus3.5 m3 of metal waste) in ach cask to be 43 x 102

Ci m3. The flux of C-14 at the soil surface, Jc.14, is calculated in the same manner was done

for H-3, using a diffusion coefficient of CO2 in air of 440 m2 yr 1 (CRC 1981). The flux of

C-14 from the soil overlying the NR waste containers, per Ci of available C-14 in corrosion

products, is conservatively estimated to be 1.8 x 101 Ci m2 yr4 over a total cask area of

approximately 800 m2 (8 m2 per cask). A C-14 flux of 1.8 x 10' Ci m-2 yr" over an area of

800 n2 corresponds to a loss of the initial I Ci per casks available C-14 in much less than one

year. Therefore, to obtain an average annual El rate, the total available C-14 in a disposal

cask is assumed to be released in one year, and is divided by the individual cask area (8 m2)

to obtain a flux rate of C-14 from the NR waste disposal containers The flux rate will

depend strongly on when and how the disposal container is breached such that gaseous

components can escape. If it is assumed that all C-14 is available for volatilization (ie.,

corrosion of the waste form is complete at the time of volatile release), the flux rate from the

disposal containers is calculated to be 0.13 Ci m-2 yr' per Ci of C-14 in each disposal cask

This flux rate represents the maximum flux, based on mass balance considerations, that can

be assumed for determining off-site exposures and for estimating intruder exposures.

Radioactive decay is assumed to be negligible at the time of release.

To more realistically estimate flux rates for H-3 or C-14, corrosion rates of the waste form

and mode and time of release need to be considered. The worst case scenario would occur

if the majority of the steel waste form corrodes before any release of volatile components,

and if the release occurs before radioactive decay significantly diminishes the radionuclide

content within the containers.
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12.3.4 Models for Doe Estkation

Doses to off-site members of the public resulting rom use of contaminated groundwater

beyond the IO-m buffer zone around all of the projected 100 NR disposal containers were

not directly estimated. Rather, comparisons of maximum predicted groundwater concentra-

tions with the more restrictive of either MCLs or allowable concentrations based on 25-mrem

per year performance objective were made. The allowable concentrations were calculated by

dividing 25 mrem per year by the EDE per unit concentration in drinking water (Table A4-6,

Sect. A.4). These calculations are simple, were performed by hand, and checked several times

for accuracy.

Other than contaminated groundwater, the air pathway is the only potentially significant

means of exposure that is considered for off-site individuals in the NR waste analysis

(Sect. L2.2.2). Doses to off-site individuals via tbp air pathway were calculated in the manner

described in Sect. A3.1.3. This methodology utilizes the source term described in Sect. L2.3.3

above, in Ci yr1 of H-3 or C-14, and the AIRDOS-PC atmospheric dispersion model to esti-

mate the all-pathway dose to an individual residing continuously at the SRS site boundary

(5 km from E-Area).

To estimate dose to the intruder from potentially volatile H-3 and C-14 compounds

released from the NR waste disposal containers, the same procedure described in Sect. A.3.1.2

was used. Assuming that the intruder's house resiles directly on top of soil, 1 m in thickness,

overlying the disposal containers, the steady-state air concentration (C.), in Ci m 3 , of H-3 or

C-14 to which the intruder is exposed is estimated from:

Co = Ja

where

J = flux rate of volatile H-3 or C-14 into house, Ci m-2 yr-1,

a = air exchange rate in house, assumed to be 8760 yr , and

h = height of the ceiling in house, 2.4 m.
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The metod for obtaining conservative estimates of the flux rates were provided in

Sect. L2.3.3 above. The inhalation dose to the intruder (D,,) can be calculated rom:

Dv C xB, xDCF,

where

B, breathing rate (8,000 m yr'), and

DCF1 = inhalation DCF for H-3 or C-14, (rem Ci').

Doses to inadvertent intruders from the external exposure, agriculture, and post-drilling

scenarios were estimated according to the procedures described in Sect. L.3.1A below.

L2.4 Performance Analysis Methodolo 

The models and assumptions described in Sect. L23 were applied to analyze the perfor-

mance of the NR waste disposal containers. Doses to off-site individuals and inadvertent

intruders and groundwater concentrations at the compliance point for groundwater resource

protection per Ci of each radionuclide listed in Table L2-1 were estimated. The computa-

tional results are used to calculate inventory limits for each radionuclide based on perfor-

mance objectives of the RPA.

Specifically, the near-field model was implemented, using the PORFLOW computer code,

to estimate fluxes of radionuclides to the water table over time and to track the inventory in

the disposal casks as a function of time. The results of the two-dimensional PORFLOW

simulations arc expressed in terms of fraction of the inventory in the simulation domain that

leaves the bottom boundary of the domain over time, the bottom boundary representing the

water table. The simulation domain represents a 'slice' through the contents of the breached

disposal containers and surrounding soil.

Following estimation of flux to the water table from the NR waste, the groundwater

model was implemented, again using PORFLOW, to estimate the time-dependent ground-

water concentrations of each radionuclide at the compliance point for groundwater resource
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protection. he compliance point was selected from the groundwater simulation results as

the node with the highest concentration which is at least 100 m from the edge of the 100 NR

waste containers. Inventory limits based on groundwater protection requirements and the

25-mrem performance objective for off-site individuals were calculated from applicable MCs

and allowable inventories derived rom dose estimates for the drinking water pathway.

ie air pathway was considered by carrying out the calculations described in Sect. L2.3.3

to calculate fluxes of H-3 and C-14 from the soil overlying the NR waste disposal containers,

assuming the approximately 2 m of the engineered moisture barrier had been removed or

eroded away. These fluxes were then used to conservatively estimate doses to intruders

residing over the casks, or doses to off-site individuals per unit activity in each of the 100

disposal casks. Inventory limits were calculated for the air pathway based on the performance

objectives of 10 mrem per year for off-site individuals, and 100 mrem per year for inadvertent

intruders.

As described in Sect. L2.Z3, three scenarios for exposure of inadvertent intruders are

considered in the performance analysis for disposal of the NR wastes. The first scenario

involves external exposure to intact waste casks at 100 years after disposal when the external

dose that could be received would attain its maximum value. For this scenario, a simple

model is developed to provide a conservative, upper-bound estimate of dose that might be

received at this time, based essentially on the reported activities of photon-emitting radionu-

clides in the waste and the requirement that the external dose rate at the surface of a waste

cask not exceed 200 mremlh at the time of disposal. The second and third scenarios for

inadvertent intrusion considered in this analysis are the agriculture and post-drilling scenarios,

described in Sect. 3.2.4.1, which are assumed to occur only at a time long after disposal when

the waste casks have been degraded by corrosion and excavation or drilling into the waste

could occur. Estimates of potential doses to inadvertent intruders are provided on the basis

of (1) the reported inventories of long-lived radionuclides in the waste given in Table 1-1,

(2) the scenario DCFs for the agriculture and post-drlling scenarios given in Tables 4.1-9

and 4.1-11, but modified to take into account those radionuclides that are in the form of

activated metals, and (3) the total volume occupied by the waste casks after disposal, as

obtained from Fig. L1-2. However, the primary emphasis of the analysis for the agriculture
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and post-drilling scenarios is the very long time after disposal at which the scenarios first

would become credible, rather than the doses that might be received at that time.

L25 Quality Assurance

As described in Sect. 3.5, this analysis was conducted under the guidance of the provision

of the ANST/ASME NQA-1 Program Requirements for Nuclear Facilities (US.NRC 1989),

as required by DOE Order 5820.2A (U.S.DOE 1988a). Pertinent elements of NQA-1 and

relevant documentation are cited in that section of the RPA, and apply directly to the NR

waste analysis.

L3 RESUL1S OF NR WASTE ANALYSIS

The results of the anabsis of performance of the NR waste disposal containers are

presented in this section. Predicted releases to the environment (atmospheric releases and

releases to the water table), resulting concentrations, results of dose analyses, and allowable

inventories in the disposal casks arc presented in Sect. L3.1. The results are interpreted in

Sect. L3.2.

L3.1 Analysis Results

In this section, results are presented for the near-field model simulations, the groundwater

transport simulations, the atmospheric transport calculations, and the intruder dose analysis.

L3.1.1 Near-Field Model Results

Table I3-l lists the PORFLOW simulation results for the near-field modeL The fluxes

provided represent the peak flux to the water table per Ci inventory of radionuclides (in

available form; i., as corrosion products of activated metal) in all of the 100 shipping casks
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Table L3-1 Peak flux to the water table from NR waste.

Predicted Fractional Flux
Radionucide

H-3
C-14
Sc-46

Cr-51
Mn-54
Fe-55

Co-58

Fe-59

Ni-59

Co60

Ni-63

Zn-65

Sr-90
Nb-94

Nb-95

Zr-95

Tc-99
In-113
Sn-113
In-114

Sn-119m
Sn-123

Sb-125

1-129

Cs-137

Hf-181
Ta-182

Pu-239

Pu-241

2.7 x 102
2.8 x 10.2

1.0 x lo-,"

-- a

7.7 x 1o

3.3 x 10

1.9 x 10"
a

Time of Peak Flux
1y4e10

1.4 x 11
7.4 x 10'

3.1

2.2 x 10'

5.0 x 10'
4.1

1.0 x 1'
9.3 x 10'

2.1 x 1
1.8 x lo
1.6 x 102

4.7 x 103

1.0 x 10
1.2 x 104

1.6 x 10

1.6 x 10'
5.9 x 10-

3.1 x 104

a

I

2.5 x 101

a

a

2.6 x104
a

1.8 x 10e
6.4 x 12

7.7 x 104'

-

5.9 x 1o

1A x e

2.1 x 10'

5.0 x 10

3.2 x 10'

7.5 x 102

2.9 x I03

3A x P

L than 10-99 yr'.
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which potentially will be disposed of in E-Area (ie, peak fractional flux) Tese fluxes are

based on a 40 cmtyear infiltration rate through the NR waste, as was noted in Sect. L23.1.

L.3.1.2 Groundwater Concentrations

The results of the groundwater transport simulations are listed in Table L3-2. The values

listed in this table represent peak groundwater concentration per Ci of radionuclide (assuming

all of the radionuclide as avaizble for leaching) in all of the 100 NR waste disposal casks, at

the compliance point for groundwater protection. If the peak occurs at a time greater than

10,000 years after closure, the 10,000 year compliance point concentration is also provided.

The compliance point is considered to be the point of maximum groundwater concentration

at least 100 m from the edge of the disposal casks.

The groundwater concentrations per Ci inventory in all of the 100 NR disposal casks are

compared to MCs or allowable concentrations derived from the 25-mrem performance

objective in Table L3-3 below, to calculate total inventory limits for all 100 casks. Only the

radionuclides in Table L3-2 with peak groundwater concentrations exceeding 10`2 pCi/cc per

Ci were considered further in this analysis. Inventory limits for individual casks were not

determined because the results depend on the spacing of the casks at disposal, and thus, the

limits calculated are only relevant to the spacing assumed (Fig. L1-2) for this assessment.

The MCUs listed in Table L3-3 are those promulgated under the Safe Drinking Water Act,

except where noted. Deviations occur only when current MCIs are not available. Allowable

inventories for Pu-239 and Pu-241 (based on Am-241 daughter contributions) are calculated

by dividing the 25 mrem per year performance objective by the EDEs per unit groundwater

concentration for these isotopes (Table 4.1-7). his alternate to the MA s is invoked

because it results in a more restrictive requirement for groundwater concentration for Pu-239

and Pu-241 daughters.

The groundwater-based inventory limits were determined for the two scenarios assuming

different times of breaching of the disposal container (Sect. L23.1) by dividing the MCL or

allowable concentration, by the compliance-point groundwater concentration per Ci of

available inventory, after converting the concentration to appropriate units. The available
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Table L3-2 Pted gndwater wompia= w atration for the NR vaste.

Groundwater Peak Groundwater Concentration
Concentration at _

Radionuclide 10,000 years pCi/ce-Ci rime of peak (year)_ _ _ _ _ _ _ _ _ _ I (p C iccC ) -__ _ _ _ _ _ _ _ _ _ _ _ _

H-3 6.7 1.7 x 10

C14 2.2 1.1x102

Sc-46 _ 9.0 x 1D 3 _ 7.0

Mn-54 1.2 xle 2.5 x 101

Fe-55 _ _ b_- __

Co-58 6 .0 x 10-61 1.1 x 101

Ni-59 12 x 10 .2 x 103 1.5 x o,
Co-60 .4 x lD-s 1.5 x 12

Ni-63 5.8 x 10 3.9 x10'

Zn-65 -

Sr-90 7.8 x 104 2.4 x 102

Nb-94 2.4 x 1 2 7.6 x 10

Tc-99 8.1 3.5 x 1O

Sn-1l9m_ -

Sb-125 _ _ _ _

I-129 __ 5.8 4.7 x 1O0

G-137 _ 4.8 x 1iw" 1.5 X 10'

Pu-239 _ - 4.4 x 10-2 4.8 x 103

Pu-241 2.4 x 1029 6.5 x 102
Np-237 1.3 x 1046

'If blank, peak occurs before 10,000 years.
b Groundwater concentration less than 10 9 pCi/cc per Ci inventory in 100 casks.

Concentration reported for Np-237 is per Ci of Pu-241 originally present
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Table L3-3 I[" rIUweasea dispal limitz for the NR waste

Compliance Point bnentory limit for 100 NR
Groundwater Waste Disposal Containers

Concentration Allowable (Ci)
(pCUcc-Ci) Concentration

Radionuclide Container er Lmit Container Container
Container. i (jCIJ[ontine -Cntane

Breach at Breach at Breacb at Breach at
Oyears 6,000 year __years O600 yeas

H-3 6.7 NA b 20,000 3.0 NA

C-14 2.2 1.1 6400 2.9 6.1

Ni-59 1.2 x 10 3.8 x 10'1 530 4.4 x 102 1A x 109

Sr-90 7.8 x 10-4 NA& 8 ; x 1 NA b

Nb-94 2.4 x 10-2 7A x 104 .707c 2.9 x 101 9.6 x 102

Tc-99 8.1 &0 800 9.9 x 10 1.0 x 10-

I-129 5.8 5.8 0.5 8.6 x 10& 86 x t0-

Pu-239 4.4 x 10W2 29 x 102 8.1 ' 1.8 x 10- 2.8 x 10.

Pu-241 2.4 x 10-" NA 530 6.8 x 103 6.8 x 10
Np-237 1.3 x 10 1.3 x 104 _9 _

' Allowable concentrations are MCLs promulgated under Safe Drinking Water Act, cept
where noted.

' Radionuclide decays to insignificant levels by 6,000 years.
' No MCL given; value used is the new MCL proposed by the EPA in its modifications of

DWS.
d Value reflects the allowable concentration based on consideration of the 25 mrem per year

performance objective, which is more restrictive than te MCL in this case.

NA = not applicable
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inventory is considered to be the entire inventory for these calculations, which conservatively

assumes that the wasteform is entirely corroded at the time of disposal cask breaching. The

first, and most conservative, scenario assumes that breaching occurs instantaneously. The

second scenario assumes that water does not enter and leave the cask until the year 6000.

As expected, these results indicate that the assumed time of failure of the containers is very

important in setting inventory limits for the relatively short-lived radionuclides (H-3 and

Sr-90) in the NR waste based on considerations of potential groundwater contamination. For

Ni-59 and Nb-94, delayed failure of the casks of at least 6,000 years delays the peak concen-

tration of these more strongly sorbing radionuclides beyond the 10,000 year time at which

groundwater concentrations are considered for compliance. For the more mobile radionu-

clides (C-14, Tc-99, 1-129, and Np-237), the results indicate that if the casks fail prior to

10,000 years and if the waste form has entirely corroded by that time of cask failure, the

inventory limits will not be significantly affected by the time of failure.

L.3.1.3 Dose Analysis for Off-Site Releases of Radionucldes

As described in Sect. 3.2.3.3, the only performance objective of concern for off-site release

of radionuclides is groundwater protection, provided doses from airborne release of radionu-

clides are insignificant. In order to evaluate the significance of the air pathway for the

potentially volatile H-3 and C-14 radionucides, doses were estimated using the fluxes derived

in Sect. L2.33 and the inhalation exposure model described in Sect. L2.3.4. Flux rates above

the soil were calculated assuming the entire waste form had corroded before release occurred,

and that the entire inventory of H-3 and C-14 in corrosion products were released over a one

year period. The estimated fluxes from the soil per Ci of H-3 and C-14 present in the vaults,

the corresponding inhalation doses per unit activity (mrem/Ci), the appropriate performance

objectives (mremlyear) and the inventory limits (Ci) based on the air pathway are given in

Table L3-4. The doses are based on 50-year committed dose equivalent factors for inhalation

of 6.3 x 10' mrem per Ci for 3 H2 0 and 2.4 x 10' mrem per Ci for "CO 2 (U.S.DOE 1988b).
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Table L3-4 Dipoa hims for NR wste based on the air pathay.

Dose per unit
radioactivtyr PerformanceRadionuclide Flux fro Soil (mremearm/ Objective Inventoy Limit

(Ci ml vr) in each cask) (mremhcar) (Ci/cask)

H-3

Off-Site 13 x 10', 2.2 x 10' 10 4.5 x 101

Intruder 4.7 x 10r 1.1 x 10' 100 9.1

C-14

Off-Site 1.3 x ID' 1.2. 10 8.3

Intruder 1.3 x 104 1.2 x 1(_ 100 8.3 x 102

L3.1A Dose Analysis for Inadvertent Intruders

As described in Sect. I2.23, three exposure senarios for inadvertent intruders are

considered in the PA for disposal of the NR wastes. Ihe first scenario involves external

exposure to photon-emitting radionuclides inside an intact waste cask and is assumed to occur

at 100 years after disposal when the external dose to an inadvertent intruder would attain its

maximum value. The second and third scenarios are the agriculture and post-drilling scenarios

involving excavation or drilling into the waste. Ihese scenarios are assumed to occur only at

times long after disposal when the waste casks have been degraded by corrosion.

L A3.1.1 Analysis of External Exposure of Inadvertent Intruders

This section discues the analysis of potential external exposures of inadvertent intruders

immediately upon loss of active institutional controls at 100 years after disposal. For the

reasons described below, a conservative approach is used in estimating external dose at this

time.
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In principle, given information on the activities of pboton-emitting radionuclides in the

waste (see Table L1-1) and the amount of shielding provided by the waste casks (see

Fig. LI-1), estimates of cernal dose rates near the surface of intact waste packages can be

obtained. However, as illustrated by the following example, the available information on the

disposed wastes appears to be insufficient to provide the basis for a reasonable estimate of

external dose.

Based on the radionuclide inventory data in Table Li-i and the known spectrum of

photons emitted in the decay of the various radionuclides, the most important photon-

cmitting radionuclide in the waste appears to be Co-60. hat is, for an average waste cask

at the present time, a substantial fraction of the external dose rate at the surface of an intact

waste package should be due to the inventory of Co-60. From Table Li-I, the maximum

inventory of Co-60 in any waste cask is reported as 4.5 x 104 Ci. If we assume for simplicity

that this activity is in the form of a point source ft a distance of 1 m from the surface of the

waste cask, then the external dose rate at the surface of the cask can be estimated from the

known spectrum of photons emitted in the decay of Co-60 and the amount of shielding

provided by the walls of the cask. At a distance of 1 m from a point source, the unshielded

external dose rate in air per unit activity of Co-60 has been calculated from the decay data

of Kocher (1981) as 1.4 rem/h per Ci (Unger and Trubey 1982). From Fig. LI-1, the mini-

mum thickness of shielding provided by the walls of a waste cask is 24 cm; and, from Fig. 13

of NCRP (1976), a thickness of 24 cm of iron, which is a reasonable approximation for the

shielding provided by carbon and stainless steels, reduces the external dose rate from Co-60

by a factor of 6 x 10 4. Thus, the estimated dose rate for the simplified case considered here

is (45 x 104 Ci) x (1.4 rem/h per Ci) x (6 x 104) = 38 rem/h. This estimate far exceeds an

acceptance criterion for the waste casks, specified in 49 CFR Part 173, that the external dose

rate at the surface not exceed 0.2 rem/h (200 mrem/h). Indeed, measurements on selected

waste casks indicate that the external dose rate is less than 10 mrem/hL

There are two possible explanations for the unreasonably high estimate of external dose

given above. The first is that the inventories of photon-emitting radionuclides in the waste

could be greatly overestimated. le second, and perhaps more likely, explanation is that the

waste is in the form of solid activated metals (see Sect. Ll.1), and the shielding provided by
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the waste forms was not taken into account in the simple calculation given above. is

shielding undoubtedly is substantial, but there is insufficient information on the waste forms

themselves to provide the basis for any reasonable estimate of shielding they provide.

Given the inability to develop a reasonable estimate of cxternal dose based on the avail-

able information on the waste forms, waste casks, and reported inventories of radionuclides,

a simplified approach is used to obtain a conservative, upper-bound estimate of the external

dose that could be received by an inadvertent intruder at 100 years after disposal, which is

the earliest time that exposures could occur. Thbis approach is described below.

The expected isotopes in the NR wastes are listed in Table L1-1. A majority of the

isotopes listed are photon-emitters. However, only three radionuclides-ize, Co-60, Nb-94,

and Cs-137 have half-lives sufficiently long that they could occur in substantial quantities in

the waste after 100 years of decay. Most of the other radionuclides have half-lives of less

than one year and, thus, would decay to minuscule levels within 100 years for any initial

activity. The only other radionuclide that possibly could be of concern is Sb-125, which has

a half-life of 2.77 years, but the inventory of this radionuclide is reduced by nearly eleven

orders of magnitude after 100 years and, thus, would not be of concern for any reasonable

levels of initial activity.

Conservative, upper-bound estimates of external doses from Co-60, Nb-94, and Cs-137 at

100 years after disposal are obtained as follows. As stated previously, Co-60 is the most

important photon-emitting radionuclide in disposed waste, due to its high average activity in

the waste casks (see Table Li-i) and the high energies and intensities of the emitted photons

(Kocher 1981). We first make the conservative assumption that the external dose rate at the

surface of a waste cask at the present time is 200 mremlh, which is the limit for any cask

specified in 49 CFR Part 173 but apparently is not approached for any cask. We then assume

that al of the dose rate of 200 mrem/h is due to Co-60. This assumption also is conservative

(i.e., the dose rate from Co-60 is overestimated), because a substantial fraction of the external

dose at the present time is due to other photon-cmitting radionuclides in the waste.

Then, if the dose rate from Co-60 at the present time is assumed to be 200 mrem/h, the

dose rate at 100 years after disposal would be reduced by a factor of 1.95 x i0, based on the

known half-life. Thus, a conservative, upper-bound estimate of the external dose rate from

Co-60 at 100 years after disposal would be (200 mremnh) x (1.95 x 106) = 3.9 x 104 mremAh

Rev. 



L-31 WSRC-RP-94-218

In order to estimate the contributions to external dose fom Nb-94 and Q-137 at

100 years after disposal, we assume that the activities of Co-6, Nb-94, and Cs-137 in disposed

waste are in the same proportions as the total activities of these radionuclides in all casks

given in Table LI-I. That is, the activities of Co-60, Nb-94, and Cs-137 in an average cask

arc assumed to be in the ratios (7.7 x 105):(6.2):(0.12). Then, taldng into account the decay

of Co-60 and C0-137 after 100 years (Nb-94 experiences negligible decay over this time), the

activity ratios at 100 years would be (1.5):(6.2):(0.012). We then assume that each radionu-

clide is a point source, in which case the dose rates per unit activity of each radionuclide

calculated by Unger and Trubey (1982) can be used. The values in units of mrcnx/h per Ci

are 1,400 for Co-60, 980 for Nb-94, and 380 for Cs-137. We further assume that the only

shielding between the source and receptor locations is the 24 cm of steel at the sides of the

casks (see Fig. LI-I) and use the transmission curves for iron in Fig. 13 of NCRP (1976) to

estimate the reduction in dose rate due to shieting for Nb-94 and Cs-137 relative to the

reduction for Co-60. The latter assumption provides conservative overestimates of dose rate

(i.e., underestimates of shielding) for Nb-94 and Cs-137, because the actual amount of

shielding will be greater than 24 cm and the transmission of photons from Nb-94 and Cs-137

relative to the transmission of photons from Co-60 decreases as the amount of shielding

increases. The transmission (shielding) factors for Co-60 and Cs-137 for 24 cm of iron are

obtained directly from Fig. 13 of NCRP (1976) as 6 x 10 and 5 x 1015, respectively, and the

value for Nb-94 is estimated by interpolation, based on the known photon spectrum for this

radionuclide (Kocher 1981), as 1 x 104.

With the information on dose rate per unit activity and transmission through 24 cm of

iron given above, a conservative, upper-bound estimate of the external dose rate from Nb-94

can be obtained from the previous upper-bound estimate of the dose rate from Co-60 of 3.9 x

10' mrem/h as (3.9 x 104) x (6.211.5) x (980/1,400) x (1 x 10')/(6 x 104) = 1.9 x 10

mrem/h. A similar calculation for Cs-137 yields a dose rate of 7.1 x 104 mrem/b. Thus, the

dose rate from Cs-137 apparently will be negligible relative to the dose rate from Co-60 and

Nb-94.
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From the calculations described above, we obtain a conservative, upper-bound estimate

of external dose rate next to a waste cask at 100 years afte disposal of 5.8 x 104 mremlh,

which is due essentially to Co-60 and Nb-94. This estimate is conservative because (1) the

dose rate from Co-60 alone is overestimated by at least a factor of 20, based on the accep-

tance criterion on external dose rate for the waste caskcs of 200 mremlb and measured dose

rates for casks at the present time of less than 10 mremAi. and (2) the transmission of

photons from Nb-94 through all shielding materials relative to the transmission for Co-60 has

been overestimated. The analysis would provide an underestimate of the dose rate only if the
activity of Nb-94 in the waste relative to the activity of Co-60 has been greatly underest-

inated.

The conservative, upper-bound estimate of external dose rate obtained above corresponds

to a dose from continuous exposure of 5 mrern per year. If an inadvertent intruder were

located next to a waste cask continuously throughout the year, with no additional shielding

assumed, the conservative, upper-bound estimate of the external dose rate indicates that the

dose received from external exposure would be only a small fraction of the dose limit of

100 mrem per year in the performance objective for protection of inadvertent intruders

(US.DOE 1988a). Thus, although the foregoing analysis is not intended to provide an
accurate estimate of cxtemal dose at future times, the analysis clearly shows that the etermal

dose to an inadvertent intruder due to exposure to intact waste casks should not be of

concern in regard to meeting the performance objectives for disposal of the NR wastes.

External dose to an inadvertent intruder could be of concern only if the inventory of Nb-94

in the waste casks relative to the inventory of Co-60 were much larger than reported in

Table L1-1.

L3.1.4.2 Analysis for Agriculture Scenario

At some distant time in the future, it is conceivable that the carbon steel and stainless

steel waste casks will have degraded by corrosion and that the waste could be accessed by

excavation, resulting in exposures of inadvertent intruders according to the agriculture

scenario described in Sect. 3.2.4.1. iis section considers potential doses to inadvertent

intruders that could result from this scenario.
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On the basis of the design of a typical waste cask shown in Fig. LI-I and estimates of

corrosion rates of carbon steel and stainess steel, excavation into the waste would not be a

credible occurrence for a very long time after disposal. For excavation into the waste to

occur, the top of the casks would need to be degraded by corrosion, and Fig. LI-I indicates

that the thicknesses of carbon steel and stainless steel on top of the casks is 15 cm and 34 cm,

respectively. In this analysis, corrosion rates of 4 x 103 cm/year and 2 x I0& cm/year are

assumed for carbon steel (Sullivan et aL 1988) and stainless steel (Sullivan and Suen 1989),

respectively. Thus, the estimated time for complete corrosion of the carbon steel layer is

about 4,000 years, and the estimated corrosion time for the layer of stainless steel is about

2 x 106 years. Uless the corrosion rate for stainless steel has been underestimated by more

than two orders of magnitude, which does not appear likely, it seems reasonable to conclude

that direct intrusion into the waste by excavation is not a credible occurrence for the first

10,000 years after disposal which, as described 9 Sect. 1.2.1, is the assumed time period for

compliance with the performance objective for protection of inadvertent intruders. There-

fore, on the basis of the agriculture scenario, no limits on average concentrations or inven-

tories of radionuclides in waste casks need to be imposed to provide protection of future

inadvertent intruders.

Simply for the purpose of providing a perspective on potential doses according to the

agriculture scenario, a dose analysis for this scenario can be performed for the radionuclides

listed in Table LI-I. Only the long-lived radionuctides C-14, Ni-59, Nb-94, Tc-99, 1-129, and

Pu-239 possibly could be of concern at times far in the future. A dose analysis for these

radionuclides can be performed taking into account the following factors: 1) the total inven-

tory in all 41 casks reported in Table Li-i, 2) the total volume of a waste cask, as estimated

from Fig. LI-1, of 43 m3 , 3) the scenario DCFs for the agriculture scenario given in

Table 4.1-9, 4) the assumption used in the NRC's 10 CFR Part 61 that the dose per unit

concentration of a radionuclide should be reduced by a factor of ten if the radionuclide is in

the form of an activated metal, and 5) the assumption based on Fig. L1-2 that the waste

casks will occupy about 40% of the total area of the disposal facility. A scenario DCF for

Nb-94 is not given in Table 4.1-9. However, since this radionuclide is a high-energy photon
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emitter, the analysis in Appendix A4 for other such radionucides indicates that the only

important pathway in the agriculture scenario is external exposure while residing in the home.

Using the model for this pathway described in Appendix A.4, the scenario DCF for Nb-94 is

estimated to be 2.1 x 107 rernyear per p*Ci/m5 .

If the calculations described above are carried out using Eq. (4.1-1), and a reduction in

dose by a factor of ten is included for C-14, Ni-59, and Nb-94 in activated metals, as assumed

in the NRCs 10 CFR Part 61, the following dose estimates in units of nrem per year are

obtained: 60 for C-14, 6 for Ni-59, 290 for Nb-94, and 75 for Tc-99. he estimates for 1-129

and Pu-239 are very low, due to the law inventories in the waste.

The dose estimates for the agriculture scenario given above are conservative because they

do not take into account reductions in activity by radioactive decay, nor do they take into

account any depletion of activity due to transport in infiltrating water. For example, if we

assume that the lifetime of the waste casks is 2 y1 6 years, as estimated previously, then the

dose from the agriculture scenario at that time, taking into account depletion of the radionu-

clide inventories by radioactive decay only, would be about 0.1 mrem per year for Tc-99 and

essentially zero for the other radionuclides listed above. If, as a more pessimistic alternative,

we assume that the corrosion rate for the stainless steel on top of the waste casks could be

as high as 10% of the assumed corrosion rate for carbon steel, the predicted lifetime of the

casks would still be about 90,000 years. If the agriculture scenario could occur at this time

and if only radioactive decay were taken into account in estimating depletion of radionuclide

inventories over time, the estimated doses in mrem per year would be about 60 for Tc-99,

13 for Nb-94, 3 for Ni-59, and 0.001 for C-14.

The dose estimates for the agriculture scenario for times far beyond 10,000 years after

disposal are provided only for the purpose of providing a perspective on the significance of

the inventories of long-lived radionuclides in the waste. Because of the considerable thickness

of the walls and top of the waste casks and the expected resistance of the casks to corrosion,

especially the thick layer of stainless steel, excavation into the waste should not be a credible

occurrence for a very long time after disposal, perhaps for as long as one million years or

more. Even if the predicted lifetime of the casks is optimistic and excavation into the wastes

could occur as soon as about 100,000 years, the estimated dose for the agriculture scenario,
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based on the estimated inventories of radionuclides in the waste, would be less than the dose

Emit in the performance objective for protection of inadvertent intruders. The dose estimates

at this time undoubtedly are conservative, because they do not take into account any

depletion of radionuclide inventories by mobilization in infiltrating water. This should be a

particularly important factor in reducing the inventory of Tc-99 in the waste at times after

water could access the waste.

L3.1A.3 Analysis for Post-Dilling Scenario

The analysis of exposures of inadvertent intruders according to the agriculture scenario

considered in the previous section was based on the assumption that the scenario would not

be credible until the top of the waste casks is degraded by corrosion and excavation into the

waste could occur. However, it also is possiblethat, at some time before the casks have

completely corroded away, the physical state of tlhe casks would be such that drilling into the

waste through a cask that is no longer completely intact could occur. For example, since the

sides of the casks are thinner than the top, the top of the casks could collapse after the sides

have mostly corroded away, thus providing openings through which drilling could occur.

Based on the thicknesses of carbon steel and stainless steel at the sides of the waste casks

shown in Fig. Li-1 and the estimated corrosion rates of the two materials given previously,

we estimate that the lifetime of the sides of the casks should be about 7 x 105 years. Even

if this estimate were optimistip and the casks lasted a considerably shorter period of time, the

lifetime would be well in excess of 10,000 years even if the corrosion rate for the stainless

steel were as high as 10% of the assumed corrosion rate for carbon steel. Therefore, only

the long-lived radionuclides considered previously for the agriculture scenario could possibly

be of concern for a scenario involving drilling into the waste, Le., the post-drilling scenario

described in Sect. 324.1.

The analysis of the post-drilling scenario presented in Appendix AA and summarized in

Table 4.1-11 indicates the following. For radionuclides that do not emit significant intensities

of high-energy photons, the dose from the post-drilling scenario would be approximately a

factor of ten less than the dose from the agriculture scenario when the two scenarios would
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occur at the same time (eg., see Tables 4.1-9 and 4.1-11). Of the long-lived raion of

concern for the NR wastes, this result would apply to C-14, Ni-59, Tc-99, 1-129, and Pu-239.

For photon-emitting radionuclides, the dose from the postdilling scenario is about three

orders of magnitude less than the dose from the agriculture scenario, because the pathway

involving external exposure during indoor residence, which is by far the most important

pathway in the agriculture scenario, does not occur in the past-drilling scenario. Therefore,

based on the estimates of dose for the agriculture scenario presented in the previous section,

the dose for the post-drilling scenario, based on the inventories of radionuclides listed in

Table Li-I, would always be considerably less than the dose limit of 100 mrem per year in

the performance objective for protection of inadvertent intruders (USDOE 1988a), even if

the post-drilling scenario could occur well before the agriculture scenario. Again, however,

the post-drilling scenario is not expected to be a credible occurrence until well beyond

10,000 years after disposal, due to the expectedifetime of the waste casks.

L3.1.44 Oher Considerations Related to Intruder Protection

In addition to the requirement for limiting potential doses to future inadvertent intruders,

which the waste casks apparently would have no difficulty in meeting, the DOE requires that

the concentrations of radionuclides in individual waste packages not exceed the Class-C limits

established in the NRC's 10 CFR Part 61, which also are related to requirements for intruder

protection. For the radionuclides listed in Table LI-I, the NRC's Class-C limits in units of

CWm3 are as follows: 80 for C-14 in activated metal, 220 for Ni-59 in activated metal, 7,000

for Ni-63 in activated metal, 0.2 for Nb-94 in activated metal, 3 for Tc-99, 0.08 for [-129, and

4,600 for Cg-137. In addition, the concentration limit for all alpha-emitting transuranic radio-

nuclides with half-lives greater than five years, which would apply to Pu-239 in the NR wastes,

is 100 nCi/g, and the limit for Pu-241 is 3,500 nCi/g.

For the radionuclides for which the NRC has specified dass-C limits, the maximum

concentration in any waste cask can be estimated from the inventory data in Table Li-I and

the assumption described in Sect. Li-1 that the total volume of waste in each cask is 3.5 m3.
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With these assumptions, we obtain the following estimates of maxinum concentrations of

radionuclides in the waste in units of Ci/m': 3.1 for C-14, 60 for Ni-59. 8,300 for Ni-63, 0.091

for Nb-94, 1.1 for Tc-99, 3.7 x 10- for I-129,3A x 10' for Cs-137, 7.1 x 104 for Pu-239, and

2.5 x 10'4 for Pu-241. If we assume that the average density of the waste form is approx-

imately the same as the density of iron (7.86 gtcm3), the maximum concentrations of Pu-239

and Pu-241 correspond to 0.06 nCl/g and 2 nCilg, respectively. Thus, if the inventory data

in Table Li-1 are reasonable, the maximum concentrations of Ni-63 slightly exceed the

NRCs Class-C limit, which the DOE applies as a waste acceptance criterion for individual

waste packages at its disposal sites (U S.DOE 1988a), and the reported mxidmum concentra-

tions of Ni-59, Nb-94, and Tc-99 are within a factor of 34 of the NRCs Class-C limits.

L.3.1.45 Summary of Dose Analysis for Inadvertent Intruders

The analyses of potential exposures of inadvertent intruders to NR wastes contained in

thick-walled steel casks may be summarized as follows.

Fist, on the basis of the acceptance criterion limiting the external dose rate at the surface

of waste casks to 200 mrem/h at the present time and the available data on the inventories

of short-lived and longer-lived photon-emitting radionuclides in the waste, external exposures

of inadvertent intruders to intact waste casks at any time after loss of active institutional

controls at 100 years after disposal could result in doses that are only a small fraction of the

dose limits in the performance objective for protection of inadvertent intruders. The external

dose to an inadvertent intruder could approach the dose limits only if the average inventory

of the long-lived radionuclide Nb-94 in all waste casks were much greater than the maximum

inventory reported in any of the waste casks. Furthermore, measurements on selected casks

indicate that the dose rate at the present time is at least an order or magnitude less than the

acceptance criterion, which provides an additional degree of confidence that the external dose

to future inadvertent intruders would be considerably iss than'the dose limits and that the

inventory of Nb-94 and any other long-lived photon-emitting radionuclides would have to be

greatly underestimated in order for the external dose at future times to be of concern.
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Second, because of the considerable thicknesses of carbon steel and stainless steel used

in constructing the waste casks and the expected kw rates of corrosion of these materials,

there is a reasonable expectation that the waste casks will maintain their integrity and prevent

direct intrusion into the waste, either by excavation or by drilling, for a time far in excess of

10,000 years, which is the assumed time period for compliance with the performance objective

for protection of inadvertent intruders. That is, the available data on corrosion rates of steel

indicate that the waste casks wI be a highly effective barrier to intrusion into the waste for

a very long time into the future, perhaps for one million years or more.

If excavation into the waste at some time beyond 10,000 years were a credible occurrence,

calculations based on the agriculture scenario indicate that doses to inadvertent intruders

could exceed the dose limit in the performance objective, due primarily to the estimated

inventories of Nb-94 and Tc-99, but only if the scenario could occur within about

50,000 years. However, the agriculture scenario could occur at this time only if the corrosion

rate of stainless steel has been greatly underestimated, which does not appear likely. If the

scenario could reasonably occur only at times beyond 100,000 years, then the dose from the

agriculture scenario would always be less than the dose limit in the performance objective,

unless the inventory of Nb-94 and Tc-99 in the wastes has been underestimated.

Drilling intrusion into the waste also might become credible at some time far into the

future. However, the post-drilling scenario could not reasonably occur for thousands of years

after disposal, and the dose from this scenario at any such times, based on expected radionu-

clide inventories in the waste, would only be a small fraction of the dose limit in the perfor-

mance objective The post-drilling scenario also could be of concern only if the inventory of

Nb-94 and Tc-99 in the wastes has been considerably underestimated.

Tbe analysis of the inventories of long-lived radionuclides in. the waste has indicated a

concern in addition to the concerns about potential doses to future inadvertent intruders. In

particular, the reported maximum concentration of Ni-63 in the waste slightly excceds the

NRCs Class-C limit in 10 CFR Part 61, which has been adopted as a waste acceptance

criterion at DOE disposal sites. In addition, the reported maximum concentrations of Ni-59,

Nb-94, and Tc-99 are within a factor of 34 of the NRCs Class-C limits, so these radionu-

clides also could be of concern with regard to meeting the DOE's waste acceptance criterion

if the maximum concentrations in the waste have been underestimated by these amounts or

more.
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L3 p of Resuls

Ihe results of the analysis of performance of the disposal casks for NR waste indicate that

the groundwater pathway is the most limiting pathway for calculation of disposal limits, based

on the conservative assumptions made. However, only nine of the 29 radionuclides listed in

Table LI-I are of any concern with respect to the groundwater pathway. Of these nine,

calculated inventory limits are lower than the expected inventory for 100 casks for five radio-

nuclides; H-3, C-14, Ni-59, Sr-90 and Tc-99 (Table L3-5). The intruder analyses indicated

the following: 1) the external exposure to intact casks is not likely to result in doses that are

significant with respect to dose limits; 2) the agriculture scenario is not likely to occur before

10,000 years, based on the corrosion resistance;of the disposal containers, and thus is not

likely to lead to doses exceeding the performance objectives before 10,000 years; 3) the post-

drilling scnario would lead to doses that are only a small fraction of the dose limit in the

performance objective for inadvertent intruders; and 4) the air pathway results for C-14 indi-

cate a limiting inventory (&3 Ci), which is less than the expected inventory (44 Ci) for 100

casks.

The derived inventory limits in Table L3-5 are considered to be very low-end estimates

of the allowable inventory in the NR waste, as uncertainties encountered in data or models

were addressed by choosing a conservative assumption. In the groundwater pathway calcula-

tions, the activated metal waste form is assumed to be completely degraded at the time of

disposal cask failure; an assumption necessitated by the lack of information on the composi-

tion and configuration of the waste form. Furthermore, no credit was taken for containment

afforded by the disposal containers because of the uncertainty in the time that the welds

might faiL For the air pathway calculations, all of the C-14 in the NR waste was assumed to

be in the form of "CC 5, to be released during a one-year period, and to be released at a time

when radioactive decay has been insignificant; an obvious overestimate of the source term to

the atmosphere.
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Table L3-5 Groundwater-based dispmsal limits venum
czpected irventory for the NR wate

Estimated NR Waste Inventory Limit
(Ci/100 casks) Expected NR Waste

Radionuclide ~~inventory
Air Breach at Breach at ,Ci,. Casr 

Pathway 0 yearsb 6000 years J as

H-3 9.1 3.0 NA! 5.4 x 101

C-14 &3 x 10-2 2.9 6.1 4.4 x 10'

Ni-59 4.4 x 102 1.4 x 109 95 x 13

Sr-90 1.0 x 101 NA! 1.1 x 103

Nb-94 2.9 x 101 9.6 x 102 1.5 x 10'

Tc-99 9.9 x 102 1.0 x 1' 7.3 x 10'

1-129 8.6 x 10-5 j 8.6 x 10- 3.2 x 104

Pu-239 1.8 x 101 2.8 x 10- 6.3 x 1iO

Pu-241 6.8 x 10 6.8 x 10 x 10-2
Np-237

' Inventory limit based on the air pathway (Table L34).
b Inventory limit based on most conservative scenario, where breaching of disposal casks

occurs at time 0 (Table L3-3).
' Inventory limit based on scenario where breaching of disposal casks occurs at 6,000 years

(Table L3-3).
Expected inventory for 100 casks based on Table Li-l inventory for 41 casks, scaled to 100
casks by assuming the same general mix of casks.

' Radionuclide decas to insignificant levels by 6,000 years.

NA = not applicable.
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L4 PERFORMANCE EVALUATION

L4.1 Comparison to Performance Objectives

The results of the KR waste analysis are summarized and interpreted in Sect. L32 The

results of the intruder analysis suggested that the performance objectives for intruders will be

meL The groundwater-based disposal limits, when compared to the expected inventory,

suggest that the performance objectives for groundwater protection may not be met for this

waste. However, the results in Table L3-S do not indicate that the NR disposal casks are

unsuitable for disposal in E-Area; rather, they indicate that the analysis must consider the

containment provided by the casks and the corrosion rate of the waste form. The analysis

is severely limited because of the lack of information available on the expected lifetime of

welds in the disposal casks, and the composition and physical configuration of the waste form.

If the wasteform is composed of stainless steel, the groundwater-based disposal limits would

be considerably greater due to the corrosion resistance of stainless steel, and the fact that the

uniform corrosion rate of stainless steel would control the source term.

L42 Design Changes Required to Meet Performanc Objectives

Unless it can be assumed that no more than 1% of the C-14 in the casks is released as

"CO2 in any one year, or that atmospheric releases will not occur before the time that 1%

of the C-14 remains in the casks (i.e., about 38,000 years), a means of mitigating potential

"CO2 release must be addressed. Venting of the casks would assure a slower release of any
14C02 produced during corrosion of the activated metal wasteform, but would likely contribute

to faster breaching of the waste container.
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L43 Data and Research Needs

As was noted earlier, this assessment suffers from a lack of information on the composi-

tion and physical configuration of the waste form and on the expected lifetime of the welds

in the disposal containers. In order to develop a defensible source term, an estimated rate

of corrosion, based on composition and size and shape of the waste form is needed. If it is
confirmed, as expected, that the waste form is composed of stainless steel, the release of
radionuclides from even a breached cask would be significantly ess than is estimated here.

Other critical types of information needed to improve the assessment of performance of the

NR waste are: 1) a means of estimating the chemical behavior of C-14 in air-tight casks, and
2) information pertinent to when the casks might fail with respect to release of volatile

compounds in the containers.

The available data on inventories of long-lived radionuclides in the waste casks indicate

that the maximum inventories of Ni-59, Ni-63, Nb-94, and Tc-99 in any cask could approach

or slightly exceed the NRCs Class-C limits in 10 CFR Part 61, which are applied as WAC at

DOE disposal sites (U.S.DOE 1988a). Thus, a re-evaluation of the inventories of these
radionuclides in the waste is potentially important in ensuring that the NR wastes meet the

DOE's WAC.
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LS PORIOW INPUT FLES

llTLE E-AREA NR nsaturated Flow Field
/
IP. S. Lam &A D. Yu
/ Feb 3, 1994
/

= === ===== ======== ==== == ==~==== =============== -=
= =_= = = ==== = == =

GRID 52 by 83
SCALE I0000
COORDINATE X

.25.0 25.0
225.0 275.0
475.0 52S
72S.0 775.0
97S.0 1025.0
1225.0 1275.0
1475.0 1525.0
1725.0 1775.0
1975.0 2025.0
2225.0 2275.0
2475.0 2525.0

SCALE 1.0000
COORDINATE Y

0.0 19.9
109.6 134.
247 280.8
425.5 466.2
650.0 699A
874.9 913.8
1051.R 1082.3
1190.7 1214.7
1300.0 1320.0
1400.0 1420.0
1500. 1520.0
1600.0 1620.0
1700.0 1720.0
1800.0 1820.0
1900.0 1920.0
2000.0 2020.0
2100.0 2120.0

I

75.0 125.0 175.0
325.0 375.0 425.0
575.0 625.0 67S.0
825.0 875.0 925.0
1075.0 1125.0 1175.0
1325.0 1375.0 1425.0
1575.0 1625.0 1675.0
1825.0 1875.0 1925.0
2075.0 2125.0 2175.0
2325.0 2375.0 2425.0

40.7
1613
314.4
508.9
746.5
950.8
1111A
1237.6
1340.0
1440.0
1S40.0
1640.0
1740.0
1840.0
1940.0
2040.0
2140.0

62.6 85.5
189.0 218.2
349.7 386.7
553.7 600.7
791.4 834.2
986.1 1019.7
1139.1 1165.6
1259.4 12802
1360.0 1380.0
1460.0 1480.0
1560.0 1580.0
1660.0 1680.0
1760.0 1780.0
1860.0 1880.0
1960.0 1980.0
2060.0 2080.0

ZONE I is fm ( 1 ) to ( 52, 83) S soi
ZONE 2 from ( 1, 41) to ( 45, 68) vse

DATUm = 0.0.
GRAVity compments are: 0.0, -1.

Fig. L5-1. PORFLOW input file - flow in the vadose zone for NR waste analysis.
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DENSity of ud Is constant and cqual to 1. gm/cc
I
FOR 1 Ss
MATErial PROPCrcs: ho 1.60 gM~, neff c 0.439, nto = 0.439,ndif * 0.439
MULT VAN n a 1.70 pha 75e-2 r = 0.088
HYDR s = -3 x 315.0 y = 315.0 k = 315.0
/
FOR 2 Swaste
MATEr PROPertLes: rbo L60 gmai, neff = 0.439, atot Q439, ndif = 0.439
MULT VAN a 1.70 dph a 7.5e-2 r =-0088
HYDR ss c-3 kx 315.0 y = 315.0 * 315.0

LOCAte Subregio ( 1, 1) to (52, 83) with ID=SOIL
LOCAtesubeegio ( 1, 41) to 45, 68) withI =WAST
I
SET S = 10 In ID=SOIL
I
BOUN P - FLUX- 0.
BOUN P +1 FLUX 0.
BOUN P -2 VALU = O.
BOUN P +2 FLUX 5 40.
J
J OPERATIONAL CONTROL
I 
PROPery for P is HARM mean
MATRIX in X and Y directiocs for P in 3 weeps using ADI
RELAx P = 0.7
I
DIAGnostic node for V and S at (20, 20) every S steps
OUTMut every 900000 steps
I
FLUX BALAnce ror P in ruiLfi' for ID)=sOIL every so stps
FLUX BALAnce for P In ruo.fx' for MD=WAST every S0 stps

TIME=0.

CONV for P REFE; GLOB mode; value - 1.04, mac 5 itcr, 2 4
SOLV P 100 Init Ic-7 Inc 1.001 max 0.01 min 1e-9 2.0 900000

SAVE UYPS V 'n arc
END

Fig. L.5-1. (conL)
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**** -14 0.*.....**

I E-Area NR Tmanspot (Uwazmred)
I
/ P. S. Lam & A. D. Yu
J Feb 4, 994

/ - a a e ~ e - - = e - = = = e = ~ w e =~

GRID 52 by 83
SCALE 1.0000
COORDINATE X

-25.0 25.0
225.0 275.0
475.0 525.0
725.0 775.0
975.0 1025.0
1225.0 1275.0
1475.0 1525.0
1725.0 1775.0
1975.0 2025.0
2225.0 2275.0
2475.0 2525.0

SCALE 1.0000
COORDINATE Y

0.0 19.9
109.6 134.8
248.7 280.8
4255 466.2
6S1.0 699.4
874.9 913.8
1051.8 1082.3
1190.7 1214.7
1300.0 1320.0
1400.0 1420.0
l500.0 1520.0
1600.0 1620.O
17000 1720.0
1800.0 1820.0
1900.0 1920.0
2000.0 2020.0
2100.0 2120.0

75.0
325.0
575.0
825.0
1075.0
1325.0
1575.0
1825.0
2075.0
2325.0

40.7
161.3
314A
508.9
7465
950.8
1111A
1237.6
1340.0
1440.0
1540.0
1640.0
1740.0
1840.0
1940.0
2040.0
2140.0

125.0 175.0
375.0 42S.0
625.0 67S.0
875.0 925
1125.0 1175.0
1375.0 1425.0
1625.0 1675.0
1875.0 1925.0
2125.0 2175.0
2375.0 2425.0

I
I

AI

62.6
189.0
349.7
553.7
791A
9861
1139.1
12s9.4
1360.0
1460.0
IS60.0
1660.0
1760.0
1860.0
1960.0
2060.0

85S
2182
386.7
600.7
834.2
1019.7

1165.6
1280.2
1380.0
1480.0
1580.0
1680.0
1780.0
1880.0
1980.0
2080.0

I
ZONE I as M ( 1, 1) to ( 52, 83) S i
ZONE 2 is fim ( 1, 41) to ( 45, 68) S waste

Fig. LS-2. Example PORFLOW input file - mass transport of NR waste radionuclides
in vadose zone.
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DATUM 0
/
READ reord flawuns arc
J
GRAVLy coamponcnts are: 0.0, -1.
I
DENSity of Ruid is constant and equal to 1. gmcc
I
FORI $soil
MATErial PROPeries rho 1.60 gmn/c, neff = 0.439, ntot =0.439, ndif = 0.439
IMULT VAN n = 1.70 alpha = 7Xe-2 sr w 0.088
HYDR ss = Le3 kx = 315.0 kyle1.0 kz-31S.0

TRANsport fo C ld 2A0OE+D0 D 1& al= 10. at- 2.
I 
FOR 2 Swate
MATErial PROPrUes. rho 1.60 gm/cc, neff = 0.439, atot = 0.439, dif . 0.39
AMULT VAN n = 1.70 alpha = 75e-2 sr = 0.088
MHYDR s = l.e-3 kx - 315.0 ky = 315.0 kz = 315.0
TRANsport for C Kd= 2.00E+00 D= 158. al= 10. at= 2.

LOCAte subregion ( 1, ) to ( 52, 83) Vith IDwSOIL
LOCAte subreion ( 1, 41) to (45, 68) with I)DWASr
J
SET C to lb D=WASTc

/DECAy alf if fr C s .7313+03

ABOUN P .1 FLUX= 0.
JBOUN P +1 FLUX = 0.
IBOUN P -2 VALU 0.
/BOUN P +2 FLUX = -40.
/

BOUN C -1 FLUX - 0.
BOUN C 1 FLUX- 0.
BOUN C -2 VALU = 0.
BOUN C +2 VALU = 0.

I OPERATIONAL CONTROL

PROPerty for C is HARM mean
MATRIX in X and Y directions for C in 3 eweeps using ADZ
RELAx P = 0.
I
DICnostic node for V and C at (20, 5) every 5 steps
IOUPut every 900000 steps

Fig. L5-2. (cont.).
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FLUX BALAnce for C In Wn.c for D-SOEL cvmy 10 p
F X BALAnce for C In Wu f ID=WAST evey 10 aps
J

lMEe.
/
CONV for C REFE GLOB mode value = .Oe-04 max 5 iter 2 4
HMSToby for C (25. 50) ey 20 in runjils'

DISAble FLOW

SOLV C SO in! 1.E-O5 inc 1O5 max .OE-01 min IE-10 2.0 9
SOLV C SO I-OS inc 1.05 mc= .OE-1 min I10 20 9
SOLV C 900 mi LO-044 inc 15 mmm LOE+00 min E-10 2n

WSRC-RP-94-218

D0000
D0000
fi900000

/
OLrTPut U V P S C NOW

SAVE U V P S C in runArC'
END

Fig. L5-2. (cont.).
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C.14
J
/ NAVAL REACTOR TRANSPORT IN THE SATURATED ZONE
I
/ ASSUMING TOTAL INTIAL INVENTORY = IE+12

PORPFLOW versam 2.50
I

P. S. LAM AND A. D. YU
/211194
I
GRID 38 by 30 by 28
Aznits are in w't
COORdinate X -10000, 0, 45000, 90000, 135000, 145000, 15500 ,

165000, 175000, 18000, 195000,200 25000,22M0,
235000, 24S000, 250 , 2S7500, 26S , 272500, 28000
287500, 295000, 30SO0, 310000, 317500, 325000, 332500,
340000,347500,35500, 362500,370000, 380000, 390000,
427500, 46SO00, 47S0O,

I
COORdinate Y -7500, 0, 7500, 15000, 22500, 30000, 37500,

45000, 52500, 60000, 67500, 7500, 825q0, 90000,
97500, 105000, 115000, 125WO, 135000, 145p00, 155000,
165000, 175000, 18S000, 195000, 215000, 24YS00, 292500,
342500, 352500,

I
COORdinate Z 610, 732, 2073, 3414, 3536, 3658, 3780,

3901, 4023, 4785, 5547, 5669, 5791, 5913,
6035, 6157, 6370, 6553, 6751, 6949, 7148,
7346, 7544, 7742, 7940, 8138, 8336, 8534,

I

READ 'cfw40z' $40 cmiyear tbrough vault regions
I
,Identify a no-diffusion zone at top of domain to allow ma conservation
MATErial tpe 9 from (1,1, 1) to (30,28)
MATErial typ 10 frm (1,1,21) to (38,30,28)
I
FOR 9
ROCK density = 2.65; porsity = 30, .40,30
IRsport for C Kd= 2.OOE+00 D= I a= 10. at= 2.
FOR 10:
ROCK density -2.65; porosity - .30, AO, .30
TRANspot for C Kd= 2.00E+00 D= Wm 0. at= O.

DECAy half life for C is S.73E+03

DMhI C z 0.0 everywhere

Fig. L5-3. Example POFOW input file - mass transport of NR waste radionuclides
in groundwater.
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BOUNdary C at -1 FLUX -O0
BOUNdary C at +1 FLUX -0.0
BOUNdary C at -2 FLUX =0.0
BOUNdary C at +2 FLUX =0.0
BOUNdary C at -3 FLUX =0.0
BOUNdary C at +3 FLUX -0.0
I
DISAble FLOW

DIAGnmtic C, V at (2S,14,18) every I step SEXPECTED NAVY PEAK
I
HISTory or C TABLE at 'RUN.HIS'

(28,14, 6) (28,14,7) (28,14, 8) (,I4, 9) (8,14,10)
(28,14,11) (28,14,12) (28,14,13) (28,14,14) (28,14,15)
(28,14,16) (28,14,17) (28,14,18) (28,14,19) (28,14,20)
(29,13,16) (29,13,17) (29,13,18) (29,13,19) (29,13,20)
frequencr=5

LOCAte subregion (28,13,20) (28,13,20) as ID=NAVY

JSource Units in pCt/cc-year per Ci of inventory
J q

C.14
SOURce C for MD=NAVY per VOLUme TABLc SO sets

.O00E+O QOOOE+00
3.014E-G1 4.410E.67
2.122E+00 3.479E-35
6.122E+00 1.094E-21
1.012E+01 1.372E-15
.412E+01 1.037E-11

2.012Et 01 6.833E-0
2.412E+01 4.017E-06
2.812E+01 9.338E-05
3.212E+01 l.095E0
3.612E+01 7.593E.03
4.012E+01 3.490E.02
4.612E+01 L893EmI
5.OOOE+01 4.8S5E-01
S.084E+01 4.840E 01
S.422E+01 8.039E-01
5 27E+01 1.266E+00
6.E+01 1.747E+00
6.82201 2.3162E400
7.022E+01 2.431E+00
7.2222+01 250E+00
7A22+01 2519E+00
7.622E+01 2.491E+00
7.22+01 2.417E+00

Fig. -5-3. (cont).

Rev. 0



L-o0 WSRC-RP-94-218

&022E+01
R8F2+Ot
8.622+ol
9A2+O1
9A22E+O1
9SM+01
1.O05E+02
1.033E+02
13N2E+02

A32E+02
2.03ZE+02
Z432E+02
2.B32E+02
3.032E+M
3A32E+02
3.832E+02
4.32E+02
4.632E+02
5.032Ei02
5.432E+02
S32E+02
6.232E+02
6.632E+02
7.032E+02
7A32E+02
7.832E102

2303E+00
L15SE+o0
I.789E+O0
L384E+OO
9S93E.O1
6.757E-01
5.270E.01
3.736E-O1
1.799E.02

*4383E.06
1.617E-10
I.895B-l5
LOSlE-20

018E&23
SSO9E29
LIO8E-34
1.78E
2448E-46
297IE-S2

3E8
3.405E-64
3-338E-70
3.142E-76
2.863E.82
154SEAS
2.219E.94

I

T m = 0. yes
CONVrgence fr C GLOB REFE .3, max Itcrations = 3

SOLV C 59 ini 12E.03 inc max 12EO1 min l.E-10 2.0 90000
SOLV C 29 ini 5S.9E.04 inc 10S mau S9E-02 min LE0 2.0 90000
SOLV C 850 ai 7E02 nc 1.05 max 1.7E+00 min IEIO 2.0 90000
I
END

Fig. LS-3. (cont).
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M-1

hLI PORFLOW NPUT FIES - NEARFRELD

T1TLE E-AREA ILNT vault pst PA run, 4 an ft now run.

Intact Dow run for the IINT vault.

USER CS Cary S. Smith

GRID 46 by 72 S itial gid bas on z aruns

SCREen on
COORdinatc X

-25.0 25.0 100.0 200.0 300.0 400.0 500.0 590.0 
72D.0 740 755.0 S <- badcfM

765.0 780.0 800. 830.0 70.0 910.
990.0 1020.0 1040.0 105S.0 S <- sand

WSRC-RP-94-218

S500 690.0

0 950.0

1065.0 1078.0 1090.0 1102.0 1115.0 S wall
1125.0

1140.0 1160.0 1185.0 1225.0 1275.0 1325.0 1375.0 1425.0 1475.0 1525.0
1575.0 1625.0 1675.0 1725.0 1775.0 1825.0 S<- waste

I 
COORdinate Y:

-10.0 10.0 35.0 65.0 10S.0 15S.0 21S.0 2950 380.0 460.0
535.0 600.0 655.0 700.0 735.0 760.0 780.0 795.0 S -backfil

805. 0
840.0 855.0 870.0 885.0 S c-sand

895.0 906.0 917.0 928.0 939.0 950.0
961.0 S <-concrete

971.0 985.0 1005.0 1030.0 1065.0 1110.0 1165.0 1230.0 1310.0
1400.0 1490.0 1560.0 1615.0 1660.0 1695.0 1720.0 1740.0 1753.0 Swaste

1763.0
1775.0 1787.0 1800.0 1812.0 1824.0 $ <-concrete

1834.0 1844.0 1854.0 1864.0 S<clay
1874.0

1884.0 1894.0 1904.0 1914.0 S -4sand
1924.0 1939.0 1960.0 1985.0 2005.0 2040.0

2075.0 2125.0 S <-backfill
/
READ 2 nd record from 'end.2'

ZONE I is firxm 1, 1) o 46, 72) S BACKFILL
ZONE 2 i m( 14, 19) to (46, 64) S SAND
ZONE 3 is from (25, 50) to ( 46, 55) S CONCRETE (ro00)
ZONE 4 is from (30, 32) to (46, 49) S WASTE
ZONE S is from( 25, 56) to (46, 60)5 ClIAY
ZONE 6 is from ( 25, 25) to ( 46, 31) S CONCRETE (floor)
ZONE 7 is from ( 25, 25) to (29, 49) S CONCRETE (walls)
J

Fig. MAl-I. PORFL-OW Input File - Hlow simulation through intact ILNT vault.
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DATUm = 0. 0.
GRAVIty compoocnts arc 002, .1.
I
DENSity of 9uld is constant and equal to 1. gm/c

FOR 1 SBACKFILL
MATErial ROPcrtis rho 1.60 gp/c, neff - 0.439, not 0.439, ndif = 0.439
HYDRaulic psoperics s 1, e3, Xx = 315.4 Ky = 315A cmr
MULTiphase ow, VAN, n - 1.7. alpha a 0.075 -cm,.Swr .02000

FOR 2 SSAND
MATErial PROPeties rho 2.60 gVxc, neff = 0.375, mot = 0.375, adif = 0.375
HYDRaulic prop. ss * I1e-7, Kx = 3.154e+4 Ky - 3.1S4e+4
MULlIphasc Dow: VAN, o - 25, alpha = 0.055 cm, Swr = 02000

FOR 3 SCONCRETE roof
MATErial PROPerties rho 2.60 p%0c6, neff = 0.150, ntot = 0.150, ndif = 0.1S0
HYIDRaulic prop. ss = .e-7, Kx = 3.154e-3 Ky - 3.154e-3
MULTphase flow: VAN, n 3.43, alpha = 5.98e.4 /cm, Swr = 0.9800
l
FOR 4 WASTE
MATErial PROPertics rbo 1.70 mcc, neff = 050, atot 050, ndif = 050
HYDRaulic popericis as Ic-?, Kx - 3.154e-3 Ky = 3.I54c-3 cnyr
MULphase Vow. VAN, n 3.43, alpha S.98c.4 Jcm, Swr 0.9800
f
FOR 5 SCLAY
MATErial PROPertie rho 2.60 gm/cc, neff 0.386, not =0386, ndif = 0386
HYDRaulic properties ss t 6.e4, Kx 3.154 Ky = 3.154
MULlIphase Row. VAN, a 151, alpha = 1.75c3 /cm, Swr = 0.0
I
FOR 6 SONCRETE oor
MATExa PROPerties: rho 2.60 gm/cc, neff = 0.150, otot = 0.150, ndif 0.150
HYDRaulic propertics: ss = 1e-7, Xx - 3.154c-3 Ky = 3.154e-3
MULTIphase flow. VAN, n = 3.43, alpha 5.98e-4 /cm, Swr . 0.9800
I
FOR 7 SCONCRETE walls
MATErial PROPert= rho 2.60 gm/c, neff - 0.150, ntot - 0.150, ndif - 0.150
HYDRaulc propcries: as 1c-7, Kx = 3-154e-3.Ky - 3.154e-3
MULTiphase fow: VAN, a = 3.43, alpha = 5.98.4 /cn, Swr - 0-9800
I
LOCAtc subregion ( 1, 1) to ( 46, 72) with ID=TOTL
LOCAtt subregion ( 25,25) t 46, 55) with IDVALT
LOCAte subregion ( 30,32)10 ( 46, 49) with IDeWAST
LOCAte subregioa ( 25, 6) t ( 46, 60) with ID=CILAY
I
/SET S for ID=TOTL to 0.70
/SET S for ID=VALT to 1.00
JSET S for ID=WAST to 2.00
ASET S for ID=CIAY to 1.00

Fg. Ul-l. (continued).
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BOUN P -1
BOUN P +1
BOUN P 2
BOUN P +2

FLUX 0.
FLUX 0.

VALU 0.
FLUX 4.

/ OPERATIONAL CONTROL

PROPery for P is HARM mean
MATRIX in X and Y.direc for P In 2 eps using ADI
CONVergence for P; LOCAl mode; value - 1.Oe-04, max of I iterations
CONVergence for FLOW REFEerence LOCAI mode; al - lc-3, maxof S iterations
I
DIAGnostic node at (30, 40) every 50 srcx
OUthit every 100000 steps
II
FLUX BALAnce for P in 'fiuxout' for ID=TOTL every SOO stps
FLUX BALAnce for P for ID-VALT every 500 stps
l
SOLV for P SW in AUTO it le-4 inc 1.0S max5 min le-9 20 900000
SAVE U V P S NOW in 'end3
SAVE S NOW in 'nd3
I
END 4

Fig. K1-1. (continued).
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TLE E-AREA IULTvauk pSt PA run, 4 cm rate Bow run.

/ Ilntactf rn ffor ftb UNT auXlt

USER CS Cary S Smith

GRID 46 by 72 S initial grid basedon z -ara runs

SCREen on
COoRdinate X

-25.0 25.0 100.0 200.0 300.0 400.0 5.0 590.0 6
720.0 740. 75S.0 S - beaz±

765.0 780.0 8.0 830.0 8700 910i
990.0 1020.0 10400 1055.0 S <-sand

WSRC-RP-94-218

50.0 690.0

D 950.0

1065.0 10780 1090.0 1102.0 1 15.0 S wall
1125.0

1140.0 1160.0 1185.0 1225.0 1275.0 1325.0 1375.0 1425.0 1475.0 1525.0
1575.0 1625.0 1675.0 1725.0 1775.0 1825.0 S<-waste

I
COORdinate Y:
I

-100 10.0 35.0 6S.0 105.0 155,0 215.0 295.t 380. 460.0
S35.0 600.0 655.0 700.0 735.0 760.0 780.0 795.0 S c-backfill

805.0 820.0
840.0 855.0 870.0 88S.0 S <-sand

893.0 906.0 917.0 928.0 939.0 950.0
961.0 $ <-Conc te

971.0 985.0 1005. 1030.0 1065.0 1110.0 1165.0 1230.0 1310.0
1400.0 1490O 560.0 1615.0 1660.0 695.0 720.0 1740.0 1753.0 Saste

1763.0
1775.0 1787.0 1800.0 1812.0 1824.0 S concrete

1834.0 1844.0 1854.0 1864.0 S<clay
1874.0

1884.0 1894.D 1904.0 1914.0 S c-sand
1924.0 1939.0 1960.0 1985.0 2005.0 2040.0

2075.0 2125.0 S <-backfill
J
ZONE I is om( 1, 1) to 46, 72) S BACKFIUL
ZONE 2 is from( 14, 19) to (46, 64) S SAND
ZONE 3 is fro( 25, SO) to (46, 55) S CONCRETE (roof)
ZONE 4 is m (30, 32) to (46, 49) S WASTE
ZONE 5 is n ( 25, 56) to (46, 60) S CLAY
ZONE 6 is fom (25, 25) o (6, 31) S CONCREME (oor)
ZONE 7 Is from (25, 25) to (29, 49) S CONCRETE (walls)
I
DATUm =0 . 0
GRAVIty components am: 0.02, -1.
/
DENSity of fluid Is constant and equal to 1. gmicc

I
Fg MA-2 PORFLOW Input le - Flw simulation through craced ILNT vault.
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FOR I SACKFIL
MA1Frial PROPcrties o 1.60 gmke, Reff = 0.439, utat = 0.439 , adif = 0.439
HYDR~ufic PrOPftIes Ss - I-C3, KR = 315.4 Ky = 31S.4 cn$
MU lpbase 0o. VAN, n 1.7, alpha = O7S 1m, Swr = 02000
I
FOR 2 SSAND
MATErial PROPcrties rho 2.60 Sncr, neff = 0375, atot = 0375, dif = 0.375
HYDRaulic prop. s = e-7, Kx 3.154e+4 Ky = 3.154c+4
MULcps Dow. VAN, a= 2.5, alpha = 005S -M,. Swr = 02000
I
FOR 3 SCONCRETE roof
MATErial PROPerts rho 2.60 gm/cc, neff .150, ntot = 0.150, ndif = 0.150
HYDRaulic prop. ss = Ix-7, K1 = 3.154e.0 Ky = 3.134c-0
MUL phe Glw. VAN, a - 151, alpha = .75e-3 /cm, Swr .8800
J
FOR 4 SWASTE
MATErial PROPcries: rho 1.70 gm/cc, neff = 0.50, ntot = 0.50, ndif = 0.50
HYDRaulic properties: as = Ic-, K = 315.4 Ky = 315.4 cm/yr
MULTiphase flow VAN, n 1.7, alpha -. 07S cm, Swr = 02000

FOR 5 SCLAY
MATErial PROPerties rbo 2.60 gcc, eff = 0386, ntot 0.386, ndif =0386
HYDRaulic properties: s = 6.e.4, Kx = 3.154 Ky = 314
MULlIphas Bow. VAN, D - 1.51, alpha = 1.75e-3 /cm, Swr = 0.8800
I
FOR 6 SCONCRETE foo
MATErial PROPerties: rho 2.60 gm/cc, neff = 0.150, ntot = 0.150, ndif =0.150
HYDRaulc properties: s = Le-7, Kr = 3.154c-3 Ky = 3.154e-3
MULTIpha Dow. VAN, n = 3.43, alpha - 5.98e-4 /cm, Swr = 0.98s
/
FOR 7 SCONCRETE wals
MATErial PROPertics; rho 2.60 gmtc, neff 0.150, ntot = 0.150, ndif - 0.1S0
HYDRaulic prop. ss = 1e-7, Kr = 3.154e+4 Ky = 3.154e+4
MULTophase ow: VAN, n = 2.5, alpha - O.0SS cm, Swr = 0.2000
/
LOCAt subrcgion ( 1, 1) o 46, 72) ith ID=TOTL
LOCAte subregiot ( 25, 25) to ( 46, 55) with I=VALT
LOCAte subregion ( 30,32) to ( 46, 49) with ID=WAST
LOCAte subregion 25, 56) to ( 46, 60) with IDCIAY
J
SET S for ID=TOTL to 0.70
SET S fr ID=VALT to 1.00
SET S for ID=WAST to 030
SET S for D=CLAY to 1.00

F
BOUN P -1 FLUX = 0. 
BOUN P +1 FLUX= 0.
BOUN P -2 VALU 0.
BOUN P +2 FLUX = -4.

F

Fag. M.-2.. (contiued).
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I OPERAIONAL CONTROL
/
PROPerty for P s HARM
MATRDC in X and Y directios for P in 2 swcep using ADI
CONVergence for P LCAI mode; value 3 1e.04, max of itertfos
CONVergence for FLOW REFEercnx; LOCAI modc; val -= le-3, max of S iterations
I
DIAGnostic node at (30, 40) every So steps
OUTPut every 100000 steps

FLUX BALAnc for P in Muxot' for ID=TOTL every 500 stps
FLUX BALACe for P for ID=VALT every 500 stps
I
SOLV for P 0.1 in hit 5C-4 c .00 max mi C-9 2.0 900000
SOLV for P 0.9 In AUTO tnit IC-7 inc 1.05 mu I min c-9 2.0 900000
SAVE U V P S NOW inead.0'
SAVE S NOW in 'end.0'
I
SOLV for P 4 in AUTOIntt le-7 inc 1.05 max mlin C-9 0 900000
SAVE U V P S NOW in 'nd.0'
SAVE S NOW in 'nd.0'
f
SOLV for P S n AUTO initle-6 inc 1.05 naX min ie-9 Z0 900000
SAVE U V P S NOW in'cnd.0' t
SAVE S NOW in 'Cnd.0'
I
SOLV for P 10 O AUTO init IeG Inc 1.05 max I ain IC-9 2.0 900000
SAVEUVFS NOWi 'end.1'
SAVE S NOW in 'nd.1
l
SOLV for P 30 in AUTO init le-S inc 1.05 mx I in l-9 0 900000
SAVE U V P S NOW in 'cnd.1'
SAVE S NOW in 'nd.1'
I
SOLY for P S0 in AUl init lc-5 inc 1.05 max I min le-9 20 900000
SAVEUVPS NOWin'cnd.I'
SAVE S NOW n 'cndI'
I
SOLV for P 100 in AUTO init lc4 nc 1.05 ax I min le9 2.0 900000
SAVE U V P S NOW in 'cnd.2'
SAVE S NOW in 'end2'
I
SOLV tor P 300 in AUTO init le-4 inc .5S max 3 min le-9 2.0 900000
SAVE U V P S NOW in'end.
SAVE S NOW in 'cnd2'
/
END

Fig. M1-2. (ontinued).
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IME E-AREA IUNT vault pot PA run, 4 c rate flow run.
J
I Intac w run fIr the ILNT vault.
I
USER CS Cary S. Smith
/
GRID 46 by 72 S initial grid based on z ra runs
/
SCREen on
COORdinate X
/

-25.0 25.0 100.0 200.0 300.0 400.0 500.0 590.0 6
72D.0 7400 755.0 S c-badd=

765.0 7800 800.0 8300 870.0 910.1
990.0 1020.0 1040.0 1055.0 S c-sand

50.0 69D.0

0 950.0

1065.0 1078.0 1090.0 1102.0 i115.0S wall
1125.0

1140.0 1160.0 1185.0 1225.0 1275.0 1325.0 1375.0 1425.0 1475.0 1525.0
1575.0 1625.0 1675.0 1725.0 1775.0 1825.0 Sc-waste

r
COORdinate Y:

-10.0 10.0 35.0 65.0 105.0 155.0 215.0 295A4 380.0 460.0
535.0 60Mfi 6SS.0 700.0 735.0 760.0 78D.0 795.0 S <bacll

805.0 820.0
840.0 855.0 870.0 885.0 S -sand

895.0 906.0 917.0 928.0 939.0 950.0
961.0 S <-concrete

971.0 95.0 1005.0 1030.0 1065.0 1110.0 1165.0 1230.0 1310.0
1400.0 1490.0 1560.0 1615.0 1660.0 1695.0 1720.0 1740.0 1753.0 Swaste

1763.0
1775.0 1787.0 1800.0 1812.0 1824.0 S <-concrete

1834.0 1844.0 854.0 1864.0 S<clay
1874.0

1884.0 1894.0 1904.0 1914.0 S <-sand
1924.0 1939.0 1960.0 1985.0 2005.0 240.0

2075.0 2125.0 S c-backfill
/
ZONE 1 is trn ( 1, 1) to 46, 72) S ACFILL
ZONE 2 is from ( 14, 19) to (46, 64) S SAND
ZONE 3 is from ( 25, 50) to (46. 55) S CONCRETE (roof)
ZONE 4 is fom ( 30, 32) to ( 46, 49) S WASTE
ZONE Is from ( 25, 56) to ( 46, 60) S CLAY
ZONE 6 is rom ( 25, 25) to ( 46, 31) S CONCRETE (oor)
ZONE 7 is from ( 25, 25) to ( 29, 49) S CONCRETE (walls)
I
DATUm =0. 0.
GRAVity components are: -0.02, -1.
I
DENSity of fluid is constant and equal to 1. gnVcc

Fig. MA-3. PORFLOW Input Fle - Flow simulation through failed NT vault
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FOR I SBACKFILL
MAErial PROPerties: rbo 1.60 Bfc, neff = 0.439, ntot = 0.439, udif = 0.439
HYDRaulic f per$ Le-3, KIx 315A Ky = 31SA crmr
MULTlphe G VAN, a = 1.7, alpha = 0.07S m, S = Q 2000
I
FOR 2 SSAND
MATErial PROPcnies: rbo 2.60 gm/c, neff = 0.375, ctot = 0.375 , di = 0.375
HYDRaulic prop. Is - 1-7, Kx - 3.154C+4 Ky = 3.154e+4
rULThm flaw. VAN, n -25 ,alpha = 00S .Am, Swr.= 0w

FOR 3 SCONCRETE roof
MATErial PROPerties rho 2.60 gmc, neff * 0.150, ntot - 0.150 ndif - O.150

HYDRaulic popenis: ss = I7, x 31SA K = 315A cncr
MULTphase Bw: VAN, a t7, alpha 0.07S /cm, Swr 02000

FOR 4 SWASTE
MATErial PROPerdies: rho 1.70 gm/c, neff - .50, ntot *00, adif - 0.50
HYDRaulic proptiesss e-7, KX 31.4 y= 31.4 ca35r
MULTiphase f. VAN, a = L7, alpha = 0.075 /nM Swr 02000
I
FOR S SCLAY
MATErial PROPerties: rho 2.60 Vn/cc, neff = 0386, ntot, = 0386, ndif = 0386
HYDRaulic prperties: s = 1c-7, Kx = 315.4 Ky = 3114 cc*
MUl.phase flow VAN, a a 1.7, alpha 0.075 n, Swr - 0.2000
I
FOR 6 SCONCRETE foor
MATErial PROPerties rho 260 gm/cc, neff = 0.150, otot - 0.150, ndif = 0.150
HYDRaulic prop. Ls * le-?, Kr e 3.154c+4 Ky = 3.154c+4
MULTiphase flow VAN, n 2. S, alpha = Q05S .kn, Swr = 02000
I
FOR 7 SCONCRETE walls
MATErial PROPerties: rho 2.60 gm/cc, nff = 0.150, not = 0.150, ndif = 0.150
HYDRaulic prop. ss = e-7, Yx 3.154+4 Ky 3.154c+4
MtLTIphase low VAN, a = 2.5, alpha = 0.055 /cm, Swr 02000

LOCAte subregion ( 1, ) to ( 46, 72) with ID=TOT
LOCAte subregion ( 2S, 2S) to ( 46, 5) with ID=VALT
LOCAte subregtoo ( 30, 32) to 46, 49) with I1=WAST
LOCAte subregion ( 25,56) to ( 46, 60) with IDwCLAY

SET S for ID=TOTL to 0.75
SET S for ID=VALT to 0.75
SET S for ID=WAST to 0.75
SET S for ID-CLAY to 0.75
I
BOUN P -1 FLUX= 0.
BOUN P +1 FLUX 0.
BOUN P -2 VALU a 0.
BOUN P 2 FLUX w -40.
I

Fg M.1-3. (ootinucd).
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M-9 WSRC-RP-94-218

I OPERATIONAL CONTOL

PROPerty for P s HAM man
MATRI in X and Y dirctio for P in 2 sweps using ADI
CONVcrgence Ibr F, LOCAI mode; vlue = 1.0e.04, max of I iterations
CONVergce for FLOW REFEcrencc; LOCAI mode; val = -3, max of S iterations

DIAGnosdc node at (30, 40) every So steps
OUITut every 100000 sp

FLUX BALAnce for P in 'fluxout for ID=TOTL every 500 stps
FLUX BALAnce for P for ID-VALT every SO stzps
l
SOLV for P 0.1 I init S4 Inc 1.00 mas 1 win le-9 2.0 900000
SOLV for P 09 in AUTO inlt c-7 inc 1.0 n I min l-9 20 900000
SAVE U V P S NOW In'end.0'
SAVE S NOW in 'end.0'
I
SOLV for P 4 in AUTO init le-7 inc 1.05 ax I min le-9 2.0 900000
SAVE U V P S NOW in'end.0'
SAVE S NOW in 'nd0' !

SOLV fbr P 5 in AUTO it le c 1.05 max I min 49 92.0 90ooo
SAVE U V P S NOW in 'endO
SAVE S NOWin 'cn
I
SOLV for P 10 in AUTO init 1eC6 lnc 1.05 ma I 1 l9 20 900000
SAVE U V P S NOW in'cnd.1'
SAVE S NOW in 'end.1'
/
SOLV for P 30 in AUTO Iit le-S inc 1.05 m I min le-9 0 900OO
SAVE U V P S NOW in 'cal'
SAVE S NOW in 'nd.1'
J
SOLV for P S0 in AUTO init l-S inc l. max min le-9 900000
SAVE U V P S NOW in 'cnd1'
SAVE S NOW in'nd.1'

SOLV for P 100 in AUTO Init l4 inc 105 max I min e9 20 900000
SAVE U V P S NOW in 'nd.2'
SAVE S NOW in 'end.2'
I
SOLV for P 300 in AUTO Init 14 inc 1.05 zax 3 min le-9 2.0 900000
SAVE U V P S NOW tn.'=
SAVE S NOW in 'end.t

END

Fig. M1-3. (contined
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1TLE E-A1EA ILNT vault poast PA run, 4 cm rate flow run.
I
I Tasport run for H3, C14, N159, and Tc99
I
USER CS Cuy S. Smith
J
GRID 46 by 72

SCREen on
COORdinate X

.25.0 25.0 100.0 200.0 300.0 400.0 500.0 90.0 6
72D.0 740.0 755.0 S c- backfill

765.0 78D.0 800.0 830.0 870.0 910.
990.0 1020.0 10404) 1055.0 S c- sand

WSRC-RP-94-218

50.0 690.0

0 950.0

1140.0 1160.0 1
1575.0 1625.0 1

J
COORdinate Y:

1065.0 1078.0 1090.0 1102.0 1115.0S wall
1125.0

1185.0 1225.0 1275.0 1325.0 1375.0 1425.0 1475.0 1525.0
675.0 725.0 1775.0 1825.0 Sc-waste

-10.0 10.0 35.0 65.0 10S.0 155.0 215.0 295.4 380.0 460.0
535.0 600.0 655.0 700.0 735.0 760.0 780.0 795.0 S c-bafil

805.0 820.0
840.0 855.0 870.0 885.0 S csand

895.0 906.0 917.0 928.0 939.0 950.0
961.0 S <-comte

971.0 985.0 1005.0 1030.0 1065.0 1110.0 1165.0 1230.0 1310
1400.0 1490.0 1560.0 1615.0 1660.0 1695.0 1720.0 1740.0 1753.0 Swaste

1763.0
1775.0 1787.0 1800.0 1812.0 1824.0 S <-concrete

1834.0 1844.0 1854.0 1864.0 Scday
1874.0

1884.0 1894.0 1904.0 1914.0 S -sand
1924.0 1939.0 1960.0 1985.0 2005.0 2040.0

2075.0 2125.0 S -backfil
I
READ 1 st record from 'start'

ZONE l from( I, ) to ( 46, 72) S BACKF1LL
ZONE 2 as from( 14, 19) o 46, 64) S SAND
ZONE 3 is from (25, 50) to ( 46, 55) S CONCRETE (root)
ZONE 4 is from (30, 32) to (46, 49) S WASTE
ZONE is om (25, 56) to 46, 60) S CLAY
ZONE 6 is from ( 25, 25) to 46, 31) S CONCRETE (oor)
ZONE 7 is from ( 25, 25) to ( 29, 49) S CONCRETE (walls)
I

Fi&~ M1-4. PORFLOW Input FRe - Masw transprt simulation for intact I1NT Vault.
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M-11 WSRC-RP-94-218

DATUm = 0.
GRAVity componets arm: 402, 1.
I
DENSity of fluid is constant and equal to 1. gmlcc
J
FOR I BACFLL
MATErial PROPeries rho 1.60 gmc. neff = 0.439, ntot = 0.439, dif = 0.439
TRANspmt for C d 0.0,-D 158.0, a i.0 at= 20 $ C is H3
TRAN port rC2 kd - 2, D LAS, al a 10.0, at = 2.0 S C2 s C14

RANspOM for C tkd - 300.0, D Oz O, al-10.4 at 2.0 S C3 is Ni59
TRANspot for C4 kd = 0.36, D 8., l = 1.0, at 2.0 S C is Tc99
/
FOR 2 SSAND
MATErial PROPaties: rho 2.60 gnV:c, neff = 0375, nto 0.375, ndif - 0375
TRANsport for C kd 0.0, D =158.0, al - 10.0 at Z20 S C is H3
TRANsport for C2 kdw S.0, D 158.0, aIl 10.0, at =ZO $ C2 s C4
TRANsport for C3 kd= 0.0, D 158.0, al= 10.0, at 2. S C3 Ni59
TRANsport for C4 kd= s 1, D 158.0, al 10.0, t s2.0 S C4 is Tc99

FOR 3 SCONCRET roof
MATErial PROPerties: rho 2.60 gal:c, ncff = 0.150, ntoV, 0.150 N ndif = 0.150
TRANsporl br C kd= 0.0, D = 031, al = 5.0 at 2 S ki H3
TRANsport for Cad= S000.O, D = 0.315, a= 5.0, at = 2.0 S C2 is C14

RANsPort for C3 Id 1000.0, D 0315, a Sat-OS C is NiS9
TRANsport for C4 td - 700.0. D = 0315, al = 5.0, at 2.O S C4 is Tc99
I
FOR 4 WASTE
MATErial PROPcrties rho 1.70 pzmcc, neff - 0.50, ot = 0.50, df - 050
TRANsport fr C kd= 0.0, D .158, al = 5.0 at 20 S C is i3

Nsport fo C L = S000.0, D = .1SS, al S.0, at - 2.0 S C2 is C14
TRANsport for C3 d = 1000.0, D = 0.158 a = S., at 20 S C3 isi N9
TRANspor orC4 kd- 1.0, D 0.158, aI = 5.0, at = 2.0 S C4 is Tc99
/
FOR SCLAY
MATErial PROPernes rho 2.60 gm/c, neff - 038, ot = 0386, ndit = 0386
TRANsport for C d= 0.0, D 47.0, a - 5.0, at 1.0 S C is H3
TRANspot br C2 = 00, D 47.0, al 5.0, at 2.0 S C2 is C14
TRANsport for C3 d 650.0, D 47.0, al S.0, at 1.e S C3 is NiS9
TRANspoft for C4 kd= 22,1D= 47.0, al= 5.0 at 2.o S C is Tc99

FOR 6 SCONCRETE floor
MATErial PROPerties: rho 2.60 Snwhc, neff - 0.ISO, ntot - 0.150, dlf = 0.150
EANport for C kd= 0.0, D = 031S, al .0 at 20 S C b 1H3

TRANsport for c2 kd 500.0, D 0.35, al 5.0. at = 2.0 S C2 is C4
TRANspor for C3 d 1000.0, D 0315, al S. at = 2.0 t C3 is Ni59
TANspotfor C kd 700.0, D = 0315, at S.O, at = 2. S C4 is Tc99

FIg. 14. (continue)
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FOR 7 SCONCRETE wa
M/ATFal FROPerfics rho 2.60 gn2br, neff = 0.150, atot = 0.150, ndif = 0.150
MtANsport for C dr OA D 0315, al S . 2Ot 0 S C is H3
TIANsport for C2d S000., D 0315, al = .0, at 2. OS C2 Is C14
TANsport fr C3 d - 10000, D = .315, al .0, at 2.0 S C s Ni59
TRANsport for C4 kd - 700.0, D = 0.315, a! = 5.0, at = 2.0 S C4 is Tc99

LOCAte subregioo ( 1, 1) to ( 46. 72) wIth ID=TOTL
LOCAtc subrcgion ( 25, 25) to ( 46; -55) with !D=VALT
LOCAte subregion ( 30.32) to ( 46, 49) with ID=WAST
LOCAte subregion ( 25, 56) to ( 46, 60) with ID=CLAY
I
SET C to 1.0 in ID=WASTe
SET C2 to 10 hI ID=WASle
SET C3 to 1.0 In ID-WASTe
SEI C4 to 1.0 in ID=WASTe
I
DECAy half life for C is 12.3
DECAy half fe for C2 Is 5730
DECAy balf lfe for C3 is 75000
DECAy half life fr C4 is 2.13e+S

BOUN C -1 PFLUX 0.
BOUN C +1 FLUX .
BOUN C 2 VALU = 0.
BOUN C 2 VALU = 0.
I
BOUN C2 -1 FLUX = 0.
BOUN C2 +1 FLUX= 0.
BOUN C2 -2 VALU = O.
BOUN C2 +2 VALU 0.
I
BOUN C3 - FLUX - 0.
BOUN C3 +1 FLUX = 0.
BOUN C3 -2 VALU 0.
BIOUN C3 2 VALU = 0.
/
BOUN CA -1 FLUX = 0.
BOUN C +1 FLUX= 0.
BOUN C4 2 VALU = 0.
BOUN C4 +2 VALU = 0.
/
/ OPERATIONAL CONTROL

PROPerty for C C2 C3 C4 is HARM mcan
MATRIX in X and Y Girecti=s for C C2 C3 C4 in I sweeps using AD)
CONVergence for C REFErence; LOCA mode; value = 1.&4)4, max of 5 iterations
ONVergence for C2 REFErcncc; LOCAl mode; value 1.0e-04, max of 5 iterations

CONVergence for C3 REFErence; LOCA1 modc; value = 1.0e.04, max of 5 iterations
CONVergence for C4 REFErence; LOCAJ mode; value - 1.0e.04, max of 5 iterations
J

Fig. MI-S4. (continued).
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DIAGntwdc node for C2 and C3 at (30, 40) cvery 4 ps
OUTfTut Cvir 900000 steps
J
FLUX BALAnce for C in 'fuxout'for ID=TOTL ever 20 Up
FLUX BALADwC for C for ID=VALT cvcry 20 stps
FLUX BALAnce for C2 for DT=on ezy 20 stps
FLUX BALAnce for C2 for ID=VALT every 20 ups

FLUX BALAnce for C3 (or lDuTOTL every -20 stps
FLUX BALAnce for C3 for ID=VALT evcry 20 stps
FLUX BALAnce for C4 for =DTOTL cvcry 20 stps
FLUX BALA= for C4 for ID-VALT cvery 20 stps
I
HISTory for C CZ C3 C4 (31,33) (40,33) (45,33) every 2 in 'bist.out'
DISAble FLOW
I
SOLV for C C2 C3 C4 100 WIt 0050 Inc 1.000 max 0.100 ma l14 1.1 900000
SAVE C C2 C3 C4 NOWin 'end.0'
r
SOLV for C C2 C3 C4 1W 0 ini0.inc .0I max 01Q0 mu .c 1.1900000
SAVE C C2 C3 C4 NOW In 'nd.0'

SOLV for C C2 C3 C 100 init 0200 inc 1.001 max 0.10 mn L.e4 1.1 900000
SAVE C (2 C3 CA NOW in 'end.0
I
SOLV for C2 C3 C4 100 init 0.100 inc 1.001 ma 0.100 mn 1.c-4 1.1 900000
SAVE C2 C3 CA NOW in 'end.1'
I
SOLV for C2 C3 CA 100 init 0.100 inc 1.001 max 0.100 mn 1.e-4 1.1 900000
SAVE C2 C3 C4 NOW in 'end.1'

SOLV for C2 C3 C4 75 ini 0.100 inc 1.001 max 0.100 mn 1c-4 1.1 900000
SAVE C2 C3 C4 NOW in 'end.1'
/
END

Fig. 1I-4. (continud).
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TITE E.AREA ILNT vault pot PA run, 4 rate &w ru.
I
/ Solubility limfted run for Pu239, Pu240, Pu242
/
USER CS Cary S. Smith

GRID 46 by 72

SCREen on
COORdinate X

-25.0 25.0 100.0 200.0 300.0 400.0 S00.0 590.0 f
720.0 740.0 755.0 S - backfill

76S.0 780.0 800.0 830.0 870.0 910
990.0 10200 1040.0 1055.0 S c- sand

650.0 690.0

.0 950.0

1140.0 1160.0
1575.0 1625.0

I
COORdinatc Y

1065.0 1078.0 1090.0 1102.0 IllS.0 S wall
1125.0

1185.0 122S.0 1275.0 1325.0 1375.0 1425.0 1475.0 1525.0
1675.0 1725.0 1775.0 15.0 S-waste

':~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-10.0 10.0 35.0 65.0 105.0 155.0 215.0 295.0 380.0 460.0
535.0 600.0 655.0 700.0 73S.0 760.0 780.0 795.0 S c-backfill

805.0 820.0
840.0 855.0 870.0 885.0 S <-sand

895.0 906.0 917.0 92.0 939.0 950.0
961.0 S <-coocrete

971.0 985.0 1005.0 1030.0 106S.0 1110.0 1165.0 1230.0 1310.0
1400.0 1490.0 U60.0 161.0 1660.0 169S.0 1720.0 1740.0 17S3.0 Swaste

1763.0
1775.0 1787.0 1800.0 1812.0 1824.0 S c-concrete

1834.0 1844.0 1854.0 1864.0 Scclay
1&74.0

1884.0 1894.0 1904.0 1914.0 S <--and
1924.0 1939.0 1960.0 1985.0 2005.0 2040.0

207S.0 2125.0 S <-backfil
f
READ I st record fom 'start'
I
ZONE isf om ( 1, 1) to ( 46, 72) S BACKFILL
ZONE 2 is oX ( 14, 19) to 46, 64) S SAND
ZONE 3 from ( 2S, S0) to 46, 55) CONCRETE (roof)
ZONE 4 s fom ( 30, 32) to ( 46, 49) S WASTE
ZONE S is ft 25, 56) to ( 46, 60) S CLAY
ZONE 6 foum 2S, 25) to ( 46 31) S CONCRETE (floor)
ZONE 7 sfkm( 25, 25) to ( 29, 49) S CONCRETE (walls)

Fg A1-S. PORFLOW Input Fi - Mass transport simulation for intact ILNT vault,
solubility-limited source.
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DATUm = .
GRAVity cmpoents are 40Z *1.
I
DENSity of fluld is costat and equal to 1. pzft
/
FOR I SBACKFIL
MATErial PROPertks rho 1.60 gmcc, neff - 0.439, ntot = 439, ndif = 0.439
TRANsport for C d = 100.0, D 8.0, al 10.0 at = 2.0 S C is P239
TRANsport for C2 kd 100.0 D 15D, l - 0.0, at 2.0 C s Pu240
TRANsport orC3 kd - 100.0, D =15 l 10.0, at = 2.0 S C3 is Pu242

FOR 2 SSAND
MATErial PROPerties: fro 2.60 &micc. neff = 0375, met = 0375 , il - 0.375
TRANsport for C kd 50A D = IS0, l = 10.0 at -ZO S C P239
TRANsport for C2 hd 550.0, D = 158&, aI = 10.0, at 2.0 S C2 is P240
TRANsport or 3 kd 550.0, D 158D, al = 0.0, at = S C3 is Pu242

FOR 3 SCONCRETE roof
MATErial PROPerties: rbo 2.60 gm/cc, neff = 0.150, ntot 0.150, ndif 0.150
TRANsport for C d 5 S000.0,D = 0315,al 5.0 at 20 S C s Pu239
TRANsport for C2 kd= 5000.0, D 031S, al S.0, a= 2.0 S 2 is Pv240
TPANsport fbr C3 kd = 5000.0, D = 0.31, a = S.0, at vp 20 S C3 is Pu242

FOR 4 SWASE
MAMWial PROPerties: rho 1.70 smc, ctf = 0.50, mtot = 050, ndif = 0.50
TRANsport or C td 0.0, D = 0.158, =5.D at = 2.0 S C is Pu239
TRANsport for C2 kd = OA D = 0.158, al = 5., at = 2.0 S C2 is Pu240
ThANsport fr C3 kd 0.0, D = O.IS8 a - S., at =2 O S C3 is Pu242

FOR S SCLAY
MATE FROPenies: rho 2.60g ncc, neff = 0386, nx = 0386, ndf = 0386
TRANsport fr C d S100.0. D = 47.0, l S.0,A t D S C is Pu239
ThANspor for C2 d 5100.0, D = 47.0,al = S., at 2.0 S C2 is Pu7O
TRANsport for C3 kd S100.0, D = 47.0, = .0t l. S C Pu242

FOR 6 SCONCRETE oor
MATErial PROPerties rbo 2.60 sloc, neff - 0.150, atot 0.150, ndif = 0.150
IRA~spo for C td = 5000.0, D = 0315, A S.0 t 2.0 S C Is Pu239
TRANsport fr CZkd 5000.O, D = 031, sl S.0, at 2.0 S C2 Is Pu24o
TRAsport for C d SOO.O D 0.315,al- 5.0, at 2.0 S C3 is PuZ42
I
FOR 7 SCONCREIE watls
MATErial FROerti Mo 2.60 gm/c, ncf- 0.150, otot 0.150 , ndif = 0.150
TRANsport for C d 5000.0, D= 0315, a= 5.0 at Z= S C is Pu39
lRAN o C d= S000p D = a .0, a 0315,I= .0at2.0 S C2 is Pu240
TRANspaft br C3 kd S00o0, ) 031S, al D, at =2.0 S C3 is Pu242

Fig. MK-S. (continued).
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LOCAte subregon ( 1, 1) to ( 46, 72) with ID-TOIL
LOCAte subregiao ( 25,25) to( 46, S5) with ID=VALT
LOCAte 4ubregn ( 30, 32) to ( 46, 49) wi ID=WAST
LOCAte subregion (25, S6) to ( 46, 60) wMi MD=CLAY
/
SOURce C; SOLUb. im CONSt I.Oe-13 gcC, s= 4.0214-1 g, t= 0.0 in ID=WASTe
SOURce C2; SOLUb. Iim CONSt = 1.0-13 g/cc, s= 12354c-1 g, t= 0.0 In ID=WASTe
SOURce C3; SOLUb. im CONSt = tbe-13 ghc, s= 7.1335eO g t 0.0 in ID-WASTc
f
DECAy balf lif for C s 241c+4
DECAy half fife for C2 is 6.56c+3
DECAy half ife for C3 is 3.75c+5
J
BOUN C -1 FLUX 0.
BOUN C +1 FLUX 0.
BOUN C -2 VALU 0.
BOUNIC 4-2 VALI .Q
/
BOUN C2 -1 FLUX = 0.
BOUN +1 FLVX = 0.;
BOUN C2 -2 VALU =0.
BOUN C2 +2 VALU 0.

BOVNC3 -1 FLUX = 0.
BOUN C3 +1 FLUX e 0.
BOUN C3 -2 VALU 0.
BOUN C3 +2 VALU = Q
I
I
I OPERATIONAL CONTROL

PROPerty for C C2 C3 s HARM mean
MATRIX in X and Y directions for C C2 C3 in I sweeps using ADI
CONVergence for C REFEreace; LOCAI mode; value 1.Oe-04, max of 5 iterations
CONVergence for C2 REFErence; LOCAl mode; value = I.Oe-04, max of 5 iterations

CONVergncce for C3 REFErence, LOCAl mode; value 1.0c-04, max of 5 iterations

DIAGnosic node for C2 and C3 at (39, 3) every 4 steps
OUTPut cvey 900000 steps

FLUX BALAnce for C in 'tluxout' for ID=TOIL every 20 stps
FLUX BALAnce for C for MDVALT every 20 stps
FLUX BALAnce for C2 for ID=TOTL every 20 stps
FLUX BALAnce for C2 for ID=VALT vary 20 6tps
I 
FLUX BALAnc for C3 for ID=TOTL every 20 stps
FLUX BALAnce for C3 for ID-VALT every 20 5tps
I

Fig. I-5. (continued).
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DISAble FLOW
MrS~ay for C C2 C3

/
SOLV for C C2 C
SAVE C C2 C
I
SOLV for C C2 C
SAVE C C2 C3
f
SOLV for C C2 C3
SAVE C CZ C3

SOLV for C C2 C3
SAVE C C2 C3
J
SOLV for C C2 C3
SAVE C C2 C3
I
SOLV for C CZ C3
SAVE C C2 C3
J
END

(39, 29) (39, 21) (39, 3) every 20 in ULout'

100 int 0.050 inc 1.000 max 0.100 mn 14 1.1 900000
NOW in 'endm

100 Init 0.100 inc 1.001 tnax 0.100 mn 1e4 1.1 900000
NOW in 'end.0

100 Init Q200 inc 1.001 max 0.100 mn i4 1.1 900D00
NOW in 'cnd.0'

100 Ink 0.100 inc 1.001 max 0.100 mrn l.e-4 1.1 90000D
NOW in 'ced.1'

100 bit 0.100 inc 1.I0 - 0.100 m I4 1.1 900000
NOW in 'end.1'

7S init 0.100 inc LO1 max 0.100 m ls4 1.1 900000
NOW i 'cnd.l' i

of

Fig. MA-5. (continue.
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M2 PORPLOW INPUT FIL - GROUNDWATER

TIc Flow Code for Cotaminant Transpor Modeling
JFSke Efim4ODt September 14,1993
JPORFLOW-3D Version 2.50
jMase &w file for E-Area Simulations
Vcrsion for constant heads along internal streams

xRecharge=40c=T
GRD 38 by 30 by 28
t
/Note: Length units are In cm, time units are in years
I
COORdinate X -10000, 0, 45000, 90000, 135000, 145000, 15SOO,

16500. 175000, 185000, 195000, 205000, 215000, 225000,
2300, 24500, 25000,257500, 265000, 272500, 280000.
287500, 295000, 30250D, 310000, 317500, 325000, 332500,
340000, 3475W, 300 362500, 370 , 380, 390000,
42750,465000, 475000,

COORdinate Y -750, 0, 7500, 1SOO, 22500, 30000, 37500,
45000, S2500, 60000, 67SOO, 750OO, 82500, 90000,
97500, 10500O, 115000, 125000, 135000, 145000, 155000,
165000, 175000, 185000, 195000, 2150O0, 242#oo, 29250,
342500, 352500,

COORdinate Z 610, 732, 2073, 3414, 3536, 3658, 3780,
3901, 4023, 485, 5547, S669, S791, 5913,
6035, 6157, 6370, 6553, 6751, 6949, 7148,
7346, 7544, 7742, 7940, 8138, 8336, 8534,

/Note: Boundary conditions for Upper Three Runs
LOCAte region (1,1,6) to (1,2,6); ID=UT1
LOCAte region (1,3,6) to (1,5,6); ID=UT2
LOCATE region (2,5,6) to (2,7,6); ID=UfL
LOCAte region (2,8,7) to (2,11,7); ID=UT4
LOCAte region (2,12,7) to (2,15,7); MD=UT5
LOCAtc region (246,8) to (2,19,8); ID=UT6
LOCAte region (3,19,8) to (3,22,8) ID=UT7
LOCAte region (4,22,) to (4,23,8); IDUT
LOCAte region (5,23,9) to (5,24,9X ID=J9
LOCAlC region (6,24,9) to (6,25,9); ID=UT1O
LOCAic region (7,25,9) 10 (9,25,9); ID=UT11
LOCAte region (10,25,9) to (14,2,9); ID=UT12
LOCAte region (1S,25,9) to (16,25,9); ID=UT13
LOCAle region (16,24,9) to (224,9); ID=UT14
LOCAte region (21,24$9) to (21,25,9 ID=UTI1S
LOCAle region (22,25,9) to (24,25,9); ID=UT16
LOCAte region (24,26,9) to (28,26,9) D=UT17

Fg. M2-1. PORPLOW-3D input filCs for the groundwater flow ic&L
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LOCAle region (29,26,9) to (32,26,9). IDUT18
LOCAte region 27,9) to (337, ID=1r19
LOCAte region (33 9) to (35,2,9) ID=U20
LOCAte regon (35,29,9) to (37,29k ]D=U 1
LOCAte region (37,30,9) to (38,30,9); ID=UT22
/
/JNote: Boundary Conditions for the wUnnamed Branch'
LOCAte region (6,22,9) to (6,23,9)X ID=UBI SReach 18-19 #2
LOCAt region (7,219) to (7,21,9) ID-UB2 - Rcach 18.19 .1
LOCAtc region (7,20,10) to (5,20,10); D=UB3 SReach 18-19 #2
LOCAte region (8,19,10) to (9,19,10); ID-UB4 SReach 19-20 #2
LOCAte region (9,18,10) to (10,18,10) ID=UB5 SReach 19.20 #2
LOCAte region (20,17,11) to (11,17,11); ID=JB6 SReach 19-20 #2
LOCAte region (11,16,16) to (11,16,16X IDEUBi SReach 19-20 #1
LOCAte region (11,15,16) to (11,15,16); ID=UB8 $Reach 2D-POE #1
LOCAte region (12,15,17) to (12,15,17) ID=UB9 SReach 20-POE #1
LOCAte region (12,14,18) to (12,14,183 ID=UBIO SRcach 20-POE #1
LOCAte region (13,14,19) to (13,14,19); ID=UBII SReach 20-POE #1
LOCAtt region (13,13,20) to (13,13,20) ID=UB12 SReach 20-POE #1
LOCAte region (13,12,21) to (13,12,21). ID=UB13 SReach ?0.POE #1
LOCAte region (14,12,22) to (14,12,22X ID=UB14

/Note. Boundary Conditions for Crouch Branch 4

LOCATe region (24,23,9) to (24,24,9); ID=CBI SReach 1-2 #2
LOCAtz region (25,22,9) to (262,9 M=CB2 SReach 2-12 #2
LOCATe region (27,21,9) to (28,21,9). lD=CB3 SReach 12-13 #2
LOCAte region (28,20,10) to (29,20,10) ID=CB4 SReach 12-13 #2
LOCAte region (30,19,10) 1o (32,19,10) ID-CBS SReach 13-14 #3
LOCAte region (32,18,10) to (32,18,10); ID-CB6 SReacb 13-14 #1
LOCAre region (33,1S,11) to (33,17,11) ID-CB7 SReach 14-16 #3
LOCAte region (34,15,16) to (34,15,16); D=CB8 SReach 14-16 #1
LOCAte region (34,14,16) to (34,14,16) ID=CB9 SReach 14-16 #1
LOCAte region (34,12,16) to (34,13,16); ID=CBIO SReacb 16-4 #2
LOCAte region (35,12,17) to (35,12,17). 1DuCB11 SReach 16-4 #1
LOCAtc region (35,11,18) to (35,11,18). ID=CB12 SReach 16-4 #1
LOCAtc region (35,10.19) to (35,10,19), ID=CB13 SReach 16-4 #1
I

entral tributary
LOCAte region (17,22,9) to (17,23,9); ID=CENT SRcach 17-POE #2
I
/Rcgions of initial head conditions for problem domain
I
LOCAte region (2,2,12) to (38,30,28); ID=doml
LOCAte region (2,2,5) to (38,30,11); IDtdor2
LOCAte region (2,1,1) to (38,30,4) ID=dom3
LOCAte region (1,25,I) to (35,30,2); ID=dom4
LOCAte region (1,1,1) to (2,24,28); ID=dom5

o

Fig. M24. (continused).
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MATErial type 1 fio= (1,1,1) to (38,30,28) SBarnwei
MATErial tpe from (1,1,12) to (38,30,15) STan CMay
MATEriaI tpe 3 &m (1,1,9) o (38,30,11) SMcdaII Foton
MATEr te 4 km (1,1,5) to (30,) SGre Clay
MATErial p S from (1,1,1) to 38,30,4) SCongarce Formatou
MATEria typc S from (1,5,1) to (2,30,28) SCongarme Formation
MATErial type 5 from (2Z=I) to (4,30,28) SCongaree Formation
MATErial ype 5 from (,25,1) to (25,30,28) SCongarec Formation
MATErial type-S hftr (23,23,1) to (24,24,) SCongaree Formation
MATErial type S from (25,26,1) to (31,30,28) SCongaree Formation
MA7Erial ype 5 from (32,26,1) to (33,30,28) SCongarce Formation
MATErial pe S *om (34,Al) to (353,) SCoqgrc Formtion
MATErial type 5 from (36,29,1) to (36,30,28) SCongare Formation

tia1 Head conditons for probem domain

SET LNEr func P = 7224e3 A001 * Y for ID-doml
SET LINEar fuc P = 688e3 401 * Y for IDdadm2
SET LNEar fuc P = S.90e3 .0047 * Y for ID=dom3
SET LINEar func P = 4.115d +0.00106 * X for ID=doln#
SET LINEar func P 3.962c3 +0.00076 - Y for ID=dom$

/Note: Boundary conditions for Upper Tbree Runs '
FlXEd P is 3.627c3 fr ID-UT
FIXEd P is 3.657C3 for ID-UT2
FDEd P is 3.719e3 for IDUT
FIXEd P s 3.780e3 for ID=UT4
FIXEd P Is 3340e3 for II-TM
FIXd F Is 3.901e3 or MD=UT6
FIXEd P s 3.962e3 for D=UT7
FTXEd P is 3.993c3 for ID=UT8
FIXEd P is 4.023c3 for ID=UT9
FIXEd P s 4.054C3 for ID=UTIO
FDCEd P is 4.084e3 fr ID=Url
FIEd P is 4.145e3 for ID=UT12
FlXEd P is 4.176C3 r IDUT13
FI:Ed P Is 4.206c3 for ID=UI4
FIXEd P is 4237c3 for ID=UT1S
FDXEd P is 4.267c3 for ID=UT6
FUCEd P is 4.328e3 for ID-UT17
FDCEd P is 4.389e3 for ID-UTI
FDEd P Is 4.450e3 for ID=UT19
FlXEd P is 4.S11e3 for ID=UT2o
FDXEd P is 4.572c3 far ID=UtZI
FIXd P is 4.633e3 for JD=UT22

Fig M2-1. (continued).
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/Note Boundary Cdit for the BUnamed Branch-
FIXED - 4.267c3 for ID=UBl
FDED P - 43 f 13=UB2
FIXED P - 4876e3 fr ID-UB3
FIXED P - S.182c3 for ID=UB4
FIXED P = 5.486e3 for ID-UBS
FUCED P S.791e3 for ID=UB6
FIXED P = 6.096e3 for ID-UU7
FED P 624&3 for ID=UB8
FIXED P - 6401e3 for ID'UB9
jFIXED P = 6353c3 for ID=UBIO
/ffXED P 6.76c3 for ID=UB1I
/FIXED P 7.010e3 for ID=UB12
JFWXED P 7.163c3 for ID=UB13
AMT P = 73463 for ID=UB14
f
jFote. Bounday Conons for Crouch Brancb
FIXED P = 4267e3 for 1D=CB1
FED P = 4.420e3 for ID=CB2
FMED P = 4S3 for ID=CB3
FIXED P = 4.783 for ID=CB4
FIXED P = S.293 for ID=CBS
FIXED P - S.c1513 for ID=CB6
FIXED P = 5.791c3 for ID=CB7
FIXED P =6.0C 3 for ID=CB8
IED P = 62483 for ID=CB9

FlXED P = 6350e3 for ID=CBlO
FIXED P = 6A01c3 for ID=CBll
FIXED P m 6553e3 for U)=CB12
FXED = 6.767c3 forIDCB13

BOUNdazy P for -l FLUX O0
BOUNday P for +1 FLUX = 0
BOUNday P fr +2 FLUX = 0
LOCAzc regioa (2,1,5) to (37,1,28; IDsDJV
BOUNdary P for -2 FLUX =0 for ID=DIV SDrainagp divide for the McBeanl~arwefl
LOCAle region (Z,1l) to (37,1.4); MD=REG
BOUNdary P for -2 FLUX = 9.Qc2 cmnlr for ID=REG S Regional Congarec flow
BOUNdary P for -3 FLUX 3.65c-S cimar S Recharge from the Eilenton
BOUNay P for +3 FLUX = -4.00el cu4 S Rcchargc from precipitation
I
FOR 1:
HYDRauc ss=.0001, Bx = 4.Oc4, Ky - 4.0e4, Kz = I.Oe4 cmv
FOR 2:
HYDRaulic ss=O.0001, Kx w 6.4c1. Ky c 6.4cl, Rz e 43cl cm4y
FOR 3: SBarowellMcBcan
HYDRaulic ss=O0OO1, Kx = 4.1c4, Ky = 4.14, KZ = 3.1e4 Czmy
FOR 4:
HYDRaulc ss=0.000l, Kx = 3.0, Ky = 3.0, Kz = 2.0 cam/r

Fig. M.2-1. (continued)
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FOR 5:
BYDRaulc ss=OOO0I, K = 42e5, Ky = 4.2eS, Kr = 4.2e4 cmwr
I
/Note: Flux Balance for Unnamed Branch
FLUX BAlAnce for P for ID-UBI every 500 steps
FLUX BAlAnce for P for IID=UB2 every 500 steps
FLUX BAAnce for P for ID=UB3 every 500 steps
FLUX BALAnce for P for !D=UB4 every 500 steps
FLUX BALArIc for P -for ID-UBS every SQ steps
FLUX BALAnce for P (or ID-UB6 every 500 steps
FLUX BALAnce for P for ID=UB7 every 500 steps
FLUX BAIAnce for P for ID=UDS every 500 steps
FLUX BALAnce for P for ID=UB9 every 50 steps
FLUX BALAnc for P for ID=UBIO every SOO steps
FLUX BALAnce for P for IlD=UBII every 500 steps
FLUX BALAnce for P for ID=UB12 every 500 steps
FLUX BALAnce for P for ID=UBl3 every 500 steps
r
totc: Flux Balane for Crouch Branch
FLUX BALAnce for P for ID-CB1 every 500 steps
FLUX BALAnce for P for D=CB2 evcry 500 steps
FLUX BALAnce for P for ID=CB3 every 500 steps
FLUX BALAnce for P for IDwCB4 every 500 steps
FLUX BALAnce for P for ID-CBS every 500 steps
FLUX BALAnce for P for JD=CB6 every 500 steps
FLUX BALAnce for r for ID'CB7 every 500 steps
FLUX BALAnce for P for ID-CB8 every 500 steps
FLUX BALAnce for P for ID=CB8 every 500 steps
FLUX BALAnce for P for ID=CB9 every 500 steps
FLUX BALAnce for P for JD=CBI0 every 500 steps
FLUX BALAnce for P for ID=CBI every 500 steps
FLUX BALAnoe for P for D=CB12 every 500 steps
FLUX BALAnce for P for Dm=CB13 every 500 steps
/
jNote Flux Balance for entire domain
FLUX BALAnce for P everywhere every 500 steps

/jNote: ux Balance for entire domain

CONVergence for P; GLOBal mode; vahe -1-5, 3 iterations
DIAgnostic for P and U at node (33,16,11)

/MATRix P = 3

SOLVe in STEAdy state mode: naximum steps 1000
OUTPut; PU,V.W
A)UITUT P, U, V W in XZ plane
SAVE on file eflcow4O.are
END

Fig. M2-L (continued).
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Me CONTAMIANT TRANnSPORT FOR E-AREA
/Ot ErunIiAt Jannaqy 18, 19
I PORFLOW wsiO 20
/
/DsMlnat tanspx modeling LAW, ILW, INR1
C-14, Tc-99
J
GRID 38 by 30 by 28
Azoits are i an's
COORdinaw X . .10000, %.. .4500, .90000, 135000, 145000, SS,

165000, 175000, 185000, 195000, 205000, 21500, 225000,
2350O, 245000, 2SWO, 2S750Q, 265000, 272500, 280000,
287500, 295000,302500,310000,317500,325000,332500,
340000, 347500, 355000, 362500, 370000, 30000, 390000,
42750, 4650 4750,

COORdinatc Y -7500, 0, 7500, IS000, 22500, 30000, 37500,
40M, 2500, 60000, 67S00, 75000, 82500, 90000,
97500, 105000, 115000, 125000, 135000, 145000, 155000,

165000, 175000. 185000. 19000, 215000, 242500, 292500,
342500,352500,

COORdinate Z 610, 732, 2073, 3414, 3536, 36;8, 3780,
3901, 4023, 4785, 5547, 5669, 5791, '913,
6035, 6157, 6370, 6553, 6751, 6949, 7148,
7346, 7S44, 7742, 7940, 838, 8336, 8534,

I

READ 'iw4Oarc 40 cnm/r through vault regions

/Identify a nolffuslon zone at top of domain to allow mass consavation
MATEral type 10 n (1,1,21) to (38,28)
/
FOR 1:
ROCK density = 2.6S; porsity = .30, .40,.30
TRANsport properties for C lCd 2.0, md e 158., Ld = 300., Td= 30.
TRANsport properties for C3 Kd - 2.0, tad - 158., Ld 300., Td= 30.
TRANsport properties for C2 Kd = 036, md 158, Ld = 300, Td= 30.
TRANsport proprties for C4 Kd t 0.36, and = 158, d = 300, Td- 30.
FOR 2:
ROCK density = 2.65; porosity = 30, .40.30
TRANsport properties for C ld - 2.0, md = 158, Ld = 300, Td= 30.
TRANsport properties for C3 d - 2.0, md - 158, Ld 300, Td= 30.
TRANsport properties for C2 Kd * 1, md = 158, Ld 300, Td= 30.
TRANsport properties for C4 lCd = 1, nd = 158, Ld =300., Td= 30.
FOR 3:
ROCK density 2 65; poromty = .30, .40, 30
TRANsport properties for C Kd - 2.0. md - 18, Ld - 300, Td- 30.
TRANsport properties for C3 lKd 20, and - 158., Ld = 300., Td= 30.
TRANsport properties for C Kd = 0.36, and = 158., Ld = 300., Tde 30.
TRANsport properties for C4 Cd 0 Q36, md = 18., Ld 300, Td= 30.

Fi& M2-2. PORFLOW-3D input ile for the groundwater m transport of C-14 and Tc-99.
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FOR 4:
ROCK density 2.6S; prosity - .30, AO, .30
TRANsport Propenies for C Xd c 20, md - 158., Ld300., Td= 30.
TRANsport properties for C3 LI - 2.0, u4d 1 58, Ld 3 Td= 30.
ThANsport properties for C2 Rd = 1, md 158., Ld 300, Td- 30.
TRANspot propeies for C4 Kd 1, d = 158, Ld = 300, Td 30.
FOR 5:
ROCK density 2.6S; porosity w .30, .40, .30
TRANsport properties for C Kd = 2.0, md = 158., Ld = 300, Td= 30.
TRANsport properties for C:3 Kd 2.0, md = 15&, L = 300., Td= 30.
TRANsport properties for C2 M = 0.36,md - 158,Ld 300., Td- 30.
TRANsport properties for C4 d = 0.36, md = ., Ld = 300., Td= 30.
FOR 6:
ROCK density = 2.65; porosity .30, .40, .30
TRANsport properties for C Ed = 2.0, md = 8, Ld 300., Td= 30.
TRANsport properties for C3 Kd = 2.0, d =158, Ld 300, Td= 30.
TRANsport properties for C2 Xd =036, md = 58, Ld 300, Td= 30.
TRMANsport properties for C4 Kld = 0.36, md 3. 1.4 ='300., Td= 30.
FOR 7:
ROCK density = 2.65; porosity = 30, .40,30
TRANsport properties for C }d = 2.0, nd = IS&, Ld=300, Td= 30.
TRAsport properties for C3 1d =2.0, md = 158., Ld 00., Td= 30.
TRANsport properties for C Cd = 0.36, md = 158., Ld =300, Td= 30.
ITRANsport properties for C4 d - 0.36, md = 1S8, Ld 300., Td= 30.
FOR 10 it
ROCK density = 265; porosity = 30, .40, .30
TRANsport properties Mor C lfd =2.0, id 0, Ld = 0., Td = 0.
TRANsport properties for C3 Kd = 2.0, md = 0, Ld = 0., Td= 0.
MANsport properties for C2 Ed = 036, mnd w 0., L = ., Td= 0.

TRANsport properties for C4 Kd = 0.36, md o., Ld = 0 Td= 0.

JSpecificatian for mass species C C-14
I
DECAy half fc of C is 5730. years
INwTial C = 0.0 everywbere
BOUNdary C at 1 FLUX =0.0
BOUNdary C at +1 FLUX =0.0
BOUNdary C at 2 FLUX =0.0
BOUNdary C at +2 FLUX -0.0
BOUNdary C at 3 FLUX =0.0
BOUNdary Cat +3 FLUX -0.0
I
iSpecifications for mass species C3; C-14

DECAy half-llfe of C3 is 5730. years
INITd C3 0.0 cvzwhcr
BOUNdary C3 at -I FLUX =0.0
BOUNdary C3 at + I FLUX =0.0
BOUNdary C3 at -2 FLUX =0.0
BOUNdary C3 at +2 FLUX =0.0
BOUNdary C3 at -3 FLUX =0.0
BOUNdary C3 at +3 FLUX =0.0
r

Fg MI-2 (coniued).
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ISpecificatlos for mam species 2; Tc-99

DECAy half-ifc of C2 is 2.135 y=an
IIal Ca e 0 eveywbere

BOUNdazy C2 t - FLUX -0.0
BOUNdary C2 at +I FLUX -0.0
BOUNdary C2 at -2 FLUX =0.0
BOUNdary C2 at +2 FLUX =0.
BOUNdary C2 at -3 FLUX =c.0
BOUNdary C at 3 FLUX 0.0
/
ISpecifications for mass species C4; T-99
I
DECAy allife of c4 Is 2.136 yeam
DNiTra CA 0.0 everyWbefe
BOUNdary C4 at -1 U =0
BOUNdary C4 at +1 FLUX 0.0
BOUNdary C4 t -2 FLUX 0.0
BOUNdary C at +2 FLUX =0.0
BOUNdary C4 at -3 FLUX =0.0
BOUNdary C4 at +3 FLUX =0.0

DISAble FLOW 1

DIAGnostic U C at (19,14,20) Sunder LTIALNT vaults
/DIAGnostic U and C at 26,11,20
IMaterial type 6 is LT/LNT vaults
Material type 6 from (17,14,20) to (17,14,20)
Material type 6 from (19,13,20) to (19,15,20)
LOCAte material type 6 as ID=ILNT
/Material type 7 is LAW vaults
MATErial type 7 from (21,14,20) to (23,14,20)
MATErial type 7 from (21,12,20) to (27,13,20)
MATErial type 7 from (27,9,20) to (27,9,20)
MATErial type 7 from (28,7,20) to (28,10,20)
MATErial type 7 from (29,6,20) to (29,9,20)
MATErial type 7 from (30,4,20) to (30,8,20)
MATErial type 7 from (31,3,20) to (31,6,20)
LOCAte matcrial pe 7 as subregion ID=LAWV
I
IMATErial type is Suspect Soil Trenches
JMATErial type 9 s Naval Reactor Components

Fig. M.2-2. (oninucd).
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00* C-14 Sue

SOURce C for IDuILNT per VOLUme TABLe 30 sets SpCyr per pC in%=toty
o.OOOOEt-+O 0.o o+o00
3.2400E+02 2.55652E49 Stoo low
S3600E+02 4.S3132-47 Stoo w
7.4700E+02 60532E-32
9.6100E+02 1.0934E-27
1.1720E+03 2.8703224
13840E+03 31634E-23
1.6610E+03 3.0947-22
32775E+03 3.2781E-19
t.2003E+04 3.7479E-17
12739E+04 3.7194E-17
13552E+04 3.62317
1.441E+04 3.4615E-17
15444E+04 32400E17
1.6542E+04 .96722-17
1.77562+04 2.6593E-17
1.9096E+04 2.3300E-17
2.0568E+04 1.9975E-17
220682E+04 1.6954E-17
23568E+04 1.4326E-17
25060E+04 12081E-17
2.6643E+04 1.00512-17
28393E+04 8.1957E-18
3.0326E+04 6.5288E-18
3.2463E+04 S.07162-18
3.4824E+04 3.8321&-18
3.7323E+04 28456E-18
3.9823E+04 2.1102E-18
4.2323E+04 15631E-18
4.5323E104 1.0894E-18

** TC-99 *-
SOURce C2 for IDILNT per VOLUme TABLe 30 ts SpCi/ccyr per pCi mentory

0.0000E+00 0.0000E+00
2MOOE+02 4.3160E-40 Stoo bw
4.1600E+02 1.1503E-38 to bw
5.8700E+02 6.4031E,36 Slao low
7.5900E+02 8.6662E-20
9.3100E+02 2.8593E-17
1.1020E+03 1.6113E-15
1.2740E+03 6.4433E-15
1.4460E+03 12834E-14
1.7318E+03 1.7823E214
1.8478E+03 1.7147£-14
1-9949E+03 1.5001E-14
Z1674E+03 1.1852F,14
2.4008E+03 80364E-15
2.71S8E+03 4.6094E-15
3.1409E+03 2.3118E.15

Fig. M.2-2. (continued).
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3.7147E+03 1.1117E-1S
4.4892E+03 S.9122E16
S.4129E03 3.8314E-16
6.6992E+03 2.3791E.16
&1896E+03 12646E-16
9.6896E+03 S.8195E-17
1.1336E+04 2.1068E-17
13552E+04 4.21IOE-18
A6U42E+04 1368E.19

2.0568E+04 7.9468E-21
25060E+04 74467E.23
3.0326E+04 28667E-25
3.7323E+04 9.8763E.28
45323E404 1.2356E-29

¢* C-14 ***
SOURce C3 for ID=LAWV per VOLUme TABLe 30 sets SpCcc-yr per pC' inventory

O.OOOOE+OO GLOOOOE+OO
3.0400E+02 5.7979E-34
5.5600E+02 2.0641E.32
8.08OE+02 13554E-31
1.0600E+03 4.7169E-31
1.3120E+03 1.1846E-30
18788E+03 2.1227E-20
2.6348E+03 8&7186E-19
3.9246E+03 2.5340E.16
4.8129E+03 3S774E-16
4.9329E+03 3.5656E-16
5.3992E+03 33065E-16
6.3208E+03 23462E-26
7-5696E+03 1.1693E-16
&8696E+03 4.5E-17
1.0065E+04 1.9969E-17
1.1569E+04 6.1735E-18
1.3349E+04 15338E-18
15827E+04 2.8952E-19
1.9040E+04 82027E-20
22608E+04 3-5230E-20
26577E+04 24225E-20
3.1071E+04 4.6617E-20
3.7223E+04 9.0923E-22
43723E-04 1.2B40E-22
4.9723E+04 1.8533E-23
S.7033E+04 I.5780E-24
65716E+04 7.4287E26
7.7725E+04 9.1264E-28
9.0725E+04 6.45 13E-30

'e TC-99 *'

Fig. M2-2. (continued)*
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SOURce C4 for IDMIAWV per VOLUme TABLc 30 sets SpC~wyr per p a ircnoy
Q0000E+00 O.000E+00
23600E+MZ 2.6308E-30
4.5600E+02 4A468E-29
67400E+02 21524E.28
&9400E+02 63177E28
1.1120E+03 15236E-27
13300E+03 3.0497E-27
1.8368E+03 S5216E17
2A908E+03 29471E.16
3.246E+03 45871E15
35106E+03 2423SE-15
3A166E+03 7.1396E-16
4.0146E+03 28688E16
4.0609E+03 23003E-16
4.1261E+03 1834E-16
4.2175E+03 1.0851E-16
43460E+03 S.9049E-17
45129E+03 2.8162E-17
4.6829E+03 IA811E17
4.8529E+03 9.1349E-18
5.1380E+03 5.6391E-18
6.4080E+03 1.9519E-18
8.0696E+03 3.1007E-19 4
9.7696E+03 26895E-2D
1.1701E+04 1.1990121
1.4413E+04 9.1349E-24
l23E+04 6-2253E-27
23208E+04 29453E 31
2.8689E+04 4.2633E-36 SUoo bw
3.6723E+04 3.4483E-43 Stoo low

HISTbry for C, C2, C3, C4 TABLE at (17,14,20)(19,17,18)(19,17,16)
(19,17,20X30,1 1,10)(23,16,2DX23,1618)(22,16,20)
(22,16,18) fiequcncy=3 an 'ctch'

OUTPUT C, C, C3, C4
CONVergence for C2 REFE LIe-3, max iterations 3
DIAGnastic U, C2 at (19,14,20) Sunder ILTINT vaufts
SOLVE C C2, C3, C4 AUTO 1.7c32,DT=1Jc=2,n=100,mn=cdf=2,m=100000
SAVE C2, C4 NOW in 'cmcma
SOLVE C, C2, C3, C4 AUTO l.e2,DT-l.ac=,m=1,mn=1. 8,df-2nx-100000
SAVE C2, C4 NOW in 'ctc.arc'
SOLVE C, CL2 C3, C4 AUTO le2DT= .,fac=2.,xo100nn -e.8,df=2,nx=100000
SAVE C2, C4 NOW hn ctarc'
SOLVE C, C2, C3, C4 AUTO 1.le3,DT=1.,fac=2.,mx=100,mn=l..8,df2,x=100000
SAVE C2, C4 NOW in 'ctcarc'
SOLVE C, C2, C3, C4 AUTO 2.e2,DT=m1ac=2.,n=1o0,mn=lc8,df=2,m=100000
SAVE C, C4 NOW in 'ctarc' 
SOLVE C, C, C3, CA AUTO I.OeZDT=1..fac=2,n= 100,mn=1.c4,df=2,nx=:100000
SAVE C2, C4 NOW n 'ctcare
SOLVE C, C2, C3, C4 AUTO .Oe2,DTl .,ac=2,mu=100,mn= .e,df=2,nx=100000
SAVE CZ2 C4 NOW in 'ctc.arc' S3.4e3

Fig M.2-2 (cotinued).
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CONVage for C3 REFE 1.-3, ua= itcralos 3
DIAG dc U, C3 at (19,14,2) $under MTALNT vaufts
SOLVE C, C2, C3, C4 AUTO l.e3,DTw14ac-2,= 100,=clxW=Zm= D000D
SAVE C, CZ C3, 04 NOW ln 'we SM3
SOLVE q, CZC3,04 AUTO 1MeS T >==l0m lcdf2
SAVE C, C2, C3, C4 NOW in iecarc S3 years
SOLVE C, C2, C3, C4 AUTO 6.c3,DT= 1acw2mnx= 100,mn= I.e-,df=2,nx=0D0
SAVE C C2, C3. C4 NOW in 'ctc.arc' S2c4 years
SOLVE C, 3 AUTO 1 e3,DT=L4ac=2,mn00,nnl.cdf2,nx00000
SAVE C, C3 NOW in 'czarc' S13e4 yearn
SOLVE C, C3 AUTO t.0,4DTIc=2,==00Omnn-18dL=2,nx=10000
SAVE C, C3 NOW in tc-arc S2.34 ycars
SOLVE C, C3 AUTO l.04 DT= fac-2.,I00,xjn=le4,df=2,x 100000
SAVE C, C3 NOW in 'Wtee $33e4 yea
SOLVE C, C3 AUTO le4DTic=2fna=m1O0mn=Ile4,dfm2ax=OOO0
SAVE C, C3 NOW in 'ctc' S43e4 years
END

Fs& K- (iue).
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