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Appendix A 

RADIONUCLIDE INVENTORY DATA AND EVALUATION OF 
UNCERTAINTY IN INVENTORY DATA IN SUPPORT OF 

THE SWSA 6 PERFORMANCE ASSESSMENT 

A.l INTRODUCTION 

This appendix provides the radionuclide inventory data used for the Solid Waste Storage 
Area (SWSA) 6 Performance Assessment (PA). The uncertainties in the radionuclide inventory data 
are also provided, along with descriptions of the methods used to estimate the uncertainties. 

A.2 BACKGROUND 

U. S .  Department of Energy (DOE) Order 582O.2Ay “Management of Low-Level Radioactive 
Waste,” Chapter 111, requires field organizations with disposal sites to prepare a site-specific 
radiological PA for the disposal of low-level radioactive waste (LLW) for the purpose of 
demonstrating compliance with the performance objectives stated in the order. 

ORNL submitted a draft PA in September 1990 to DOE for review. DOE Headquarters’ 
LLW Peer Review Panel completed their preliminary review in March 1991 and issued comments 
and recommendations to be addressed in the final PA to DOE Headquarters in April 199 1. One 
recommendation of the Peer Review Panel was to determine the potential radiological dose impact 
due to uncertainty in the SWSA 6 transport and dose models. The uncertainty in the radionuclide 
inventory was identified as one of seven major model components that influenced simulation results 
and was evaluated in the 1994 SWSA 6 PA. 

at five of the seven SWSA 6 disposal units. The draft radionuclide concentration limits, developed in 
January 199 1, were based upon the results of the draft PA, which covered waste disposed in the 
period from September 1, 1988, until October 4, 1989. Disposals beyond October 4, 1989, were 
projected based on past disposal history and operational peaks. Key radionuclides were identified 
based upon the total activity, volume, and concentration limit. The 1994 SWSA 6 PA covered the 
period from September 26, 1988, to April 7, 1992. The start date was revised from September 1 to 
September 26, 1988, to reflect the effective date of DOE Order 5820.2A. Some of the key 
radionuclides in the draft PA were relatively insignificant in the 1994 SWSA 6 PA. Examples of 
some of these radionuclides include 232Th in the low-range silos and 232Th, 233U, and ? 4 p  in 

The draft PA raised concerns regarding the concentration of several-radionuclides disposed 
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Tumulus I and 11. This difference was due to (a) errors found in the original inventory data for 232Th 
in the low-range silos and Tumulus I and 11, and (b) lower average concentrations resulting from 
increases in total volume disposed vs small or no increase in activity. Other key radionuclides 
identified in the draft PA were still of concern in the 1994 SWSA 6 PA because of the large 
inventory in disposal. The key radionuclides expected in the 1994 PA were "Sr, "Tc, I3'Cs, and "'Eu 
in high range wells; 13'Cs, 235U, usU in fissile wells; and %3r in high-range silos, low-range silos, 
Tumulus I and 11, and the Interim Waste Management Facility (IWMF). 

In 1997, another PA of SWSA 6 was conducted. This time, the period of the PA covered 
waste disposed in the period since September 26, 1988. The approach used for the PA was different 
from that used in 1994. This time, SWSA 6 was modeled in two parts: The first part comprised of 
modeling the non-IWMF disposal units within SWSA 6, and the second part consisted of modeling 
the operationally active Interim Waste Management Facility (IWMF). For the non-IWMF disposal 
units, the radionuclide inventory was taken from the ORNL Waste Tracking System (WTS) database, 
as described in Sect. A.3. The radionuclide inventory was used to simulate releases from non-IWMF 
disposal units for comparison with performance objectives. Radionuclides that resulted in a predicted 
concentration greater than 0.1 % of the groundwater limit were considered in the uncertainty analysis. 
The uncertainty analysis of the inventory for the radionuclides identified by this method is described 
in Sect. A.4. 

A.3 RADIONUCLIDE INVENTORY 

The radionuclide inventory data used in this PA were taken from the WTS database. This 
database is maintained by the ORNL Waste Management and Remedial Action Division (WMRAD). 
This inventory was grouped by zone (Le., physical location within SWSA 6) and by type of disposal 
facility. 

To reduce the number of radionuclides required to be evaluated by the PA, the inventory was 
screened in two steps: First, radionuclides with radiological half-lives less than 5 years were 
eliminated. Next, screening was performed that compared the estimated radionuclide concentration in 
the leachate generated in the disposal facility with the concentration limits presented in Table A. 1. 
These limits are based on (1) a dose limit of 4 mrem per year effective dose equivalent and (2) the 
annual effective dose equivalents from drinking water pathway per unit concentration of 
radionuclides in water (presented in Table G.7, Appendix G). 

calculated from the concentration of the radionuclide in solid waste and a dimensionless waste 
distribution coefficient. The following formula, based on Table C.2 of Appendix Cy was used to 
calculate the liquid (or leachate) concentration: 

The estimated concentration of a radionuclide in leachate in the disposal facility was 
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Radionuclide Inventory Data 

c , = -  cs , 
EK 

where 
C, = radionuclide concentration in leachate (pCi/L), 
C, = radionuclide concentration in solid waste (&in), 
E 

K = dimensionless distribution coefficient (dimensionless). 
= average open pore void fraction in the waste (dimensionless), 

For these calculations, it was assumed that E = 0.3. 

through Table A. 13. These tables provide (a) the radioactivity for each nuclide as reported in the 
WTS database, (b) the nuclide mass, (c) the nuclide inventory per unit facility, and (d) the values 
used in the nuclide screening [Le., dimensionless distribution coeficient (K) and solid and liquid 
concentrations]. The solid concentration is calculated based on the reported radioactivity and the 
volume of waste disposed (as indicated in the footnotes of the tables). The liquid concentration was 
calculated by using Eq. (A. 1) and was compared with the screening limits presented in Table A. 1. 
Radionuclides that were screened out are indicated with a footnote. The inventory values presented 
in Table A.2 through Table A.13, with the exception of the radionuclides that were screened out, 
were used in the calculations for this PA. 

The radionuclide inventories for each zone and disposal facility are presented in Table A.2 

A.4 EVALUATION OF UNCERTAINTY IN INVENTORY DATA 

This section describes the general considerations involved, and the methods used, to develop 
estimates of uncertainty in the SWSA 6 inventory data. The SWSA 6 waste inventory data were 
reviewed twice-the first time in 1993-1994, and the second time in 1996-1997. The first review 
was very extensive and involved analyzing the waste inventory records and observing how the 
generators derived their reported data. A flow diagram of the steps taken for estimating the 1994 
SWSA 6 PA radionuclide inventories is shown in Fig. A. 1. The second review focused mainly on 
changes in the quality of the reported data since the 1994 SWSA 6 PA. In the second review, the 
waste inventory records for a number of waste packages were reviewed and several phone calls were 
made to waste generators in order to verify certain pieces of information. 
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Table A.l Concentrations in water for radionuclide screening. 

Nuclide" Half-life Concentration 
Ole=) WWb 

'H 
"Be 
l4C 
26Al 

'% 
41Ca 
V O  

'9Ni 
63Ni 
79Se 
87Rb 
"Sr+d 
')Zr+d 
""Nb 
"Nb 
%Tc 
'07Pd 

36c1 

I13mCd 
121mSn 

lz6Sn+d 

'33Ba 
l 3 t s  

137cs 
"'Sm 
'"Eu 
lS4Eu 
'"Eu 
'"os 

1291 

207~i 

1.23 x 10' 
1.60 x lo6 
5.73 x 103 
7.20 x 105 
3.01 x 105 
1.28 x 109 
1.03 x 105 

7.50 x 104 

6.50 x 104 

5.27 x 10' 

1.00 x lo2 

4.80 x 10" 
2.85 x 10' 
1.53 x lo6 
1.36 x 10' 
2.03 x 104 
2-13 x 105 
6.50 x lo6 
1.37 x 10' 
5.50 x 10' 
1.00 x 105 
1-57 x 107 
1.05 x 10' 
3.00 x lo6 
3.00 x 10' 
9.00 x 10' 
1.33 x 10' 
8.80 x loo 
4.96 x 10' 
6.00 x 10' 
3.22 x 10' 

8.7 x lo-' 
1.2 x 10-3 
2.7 x 10-3 
3.6 x 10-4 
1.8 x 10-3 
2.9 x 10-4 
4.2 x 10-3 
2.0 x 10-4 

9.5 x 10-3 
6.3 x 10-4 
1.1 x 10-3 
3.6 x lo-' 
2.5 x 10-3 
1.1 x 10-2 
7.7 x 10-4 
3.6 x 10-3 
3.6 x 10'' 
3.3 x 10-5 
3.3 x 10-3 
2.7 x 10-4 
2.0 x 10-5 
1.6 x 10-3 
7.7 x 10-4 
1.1 x 1 0 - ~  

8.5 x 10-4 
5.8 x 10-4 
3.6 x 1 0 - ~  
5.0 x 10-4 
9.8 x 10-4 

2.7 x lo-' 

1.4 x lo-' 

Half-life Concentrat ion 
(Year) 

Nuclide" 

2.23 x 10' 
1.60 x 103 
7.34 x 103 
7.54 x 104 

3.28 x 104 

1.59 x 105 
2.45 x 105 

2.34 x 107 
4.47 x 109 

1.41 x 10" 

6.89 x 10' 

7.04 x 10' 

2.14 x lo6 
8.77 x 10' 
2.41 x 104 
6.56 x 103 

3.76 x 105 
8.26 x 107 

1.44 x 10' 

4.33 x 102 
1.41 x 10' 

2.85 x 10' 
1.81 x 10' 

7.37 x 103 

8.50 x 103 
4.73 x 103 
1.56 x 107 
3.40 x 105 
3.51 x 10' 
1.31 x 10' 
9.00 x 10' 

7.5 x 10-7 
6.3 x 10-7 

1.0 x 10-5 

2.1 x io-' 

1.9 x 10-5 
2.0 x 10-5 
2.0 x 10-5 

2.1 x 10-5 

1.4 x 

1.1 x 10-6 

2.7 x. 

2.0 x 10-5 

1.3 x 

1.7 x 

1.5 x 

1.5 x 

8.0 x 10-5 
1.6 x 

1.7 x 

1.5 x 

1.5 x loe6 
1.5 x 

2.2 x 10-6 
2.7 x 

1.5 x 

1.5 x 

1.6 x 

4.0 x 10-7 
1.2 x 

2.7 x 

1.1 x 10-6 
"+d" with some entries denotes shorter-lived decay products that are assumed to be in secular equilibrium 

with parent radionuclide. 
Concentration screening value based on (1) a dose limit of 4 mrem per year effective dose equivalent and 

(2) the annual effective dose equivalents from drinking water pathway per unit concentration of radionuclides in 
water (presented in Table G.7, Appendix G). 
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Table A.2 Radionuclide inventory in Zone 3 high-range silos" 
Concentration (pCi/L) 

(Ci) 6) (g/silo) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

;H 
I4C 
40K 
T o c  
63Ni 
%Sr 

137cs 
'"Eu 
'"Eu 
'"Eu 
U O W  

U2Th 
u3uc 

USUC 

UsU 

1 0 7 ~ 8  

242puc 
244Cm 

Total 

1.00 x 10' 
4.11 x IO-' 
1.74 x lo-' 
1.57 x 10' 
1.41 x lo-' 
1.35 x 10' 
6.50 x 

1.62 x 10' 
3.03 x 10' 
1.27 x 10' 
2.90 x 

6.50 x IO9 
1.36 x IO4 
1.00 x 10-7 
9.90 x 

1.03 x 10-3 
9.97 x 10" 

2.00 x 

5.11 x lo-' 

6.05 x 10' 

1.04 x 10-3 
9.22 x 10-3 
2.45 x 10' 
1.39 x 

9.93 x lo-' 
1.26 x lo2 
1.86 x lo-' 
1.75 x 

6.24 x lo-' 

2.29 x 10-3 

4.69 x 10-3 

3.08 x 10" 
1.24 x 103 
1.03 x 10-5 

2.97 x 104 
4.58 x lo-' 

1.66 x 

5.24 x lod 
6.31 x 10" 

2.88 x 10-5 
2.56 x lo4 
6.81 x 10' 
3.86 x IO4 

2.76 x lo-; 
3.51 x 10' 

4.87 x lo4 
1.30 x lo4 
1.73 x 10" 

3.43 x 10' 

1.27 x 

8.24 x 10' 
4.60 x lo4 

1.75 x lo4 

6.35 x 10-5 

5.16 x 10-3 

8.56 x IO-' 

2.87 x 10-7 

1.46 x 10-7 

1.00 x loo 
5.50 x 10' 
3.50 x 10' 

3.20 x 10' 
4.40 x 10' 
7.21 x lo6 
1.00 x lo2 
1.90 x 10' 
1.90 x 10' 
1.90 x 10' 
2.70 x lo2 
2.70 x lo2 
2.80 x lo2 
2.80 x lo2 
2.80 x lo2 
2.90 x lo2 
2.90 x lo2 
2.90 x 10' 

2.00 x 107 

2.33 x 10' 
9.58 x 

4.05 x 10" 
3.66 x 10' 
3.29 x lo-' 
3.15 x 10' 
1.52 x lo-' 
3.77 x 10' 
7.07 x 10' 
2.95 x 10' 
6.76 x IO-' 
1.52 x IOd 
3.17 x IO4 

2.31 x lod 
2.32 x lo-' 
2.40 x lo-' 
4.66 x 10" 
1.19 x 10' 

2.33 x 10-7 

7.77 x 10' 
5.81 x IOv2 
3.86 x lo4 
6.11 x 10" 
3.42 x lo-' 
2.39 x 10' 
7.01 x IO4 
1.26 x 10' 
1.24 x 10' 
5.18 x lo-' 
1.19 x 

1.87 x lo4 
3.91 x 10" 

2.75 x lo4 
2.77 x IO4 

5.36 x 1O-Io 
1.37 x lo-' 

2.78 x 10-~ 

2.76 x 10-5 

'Inventory reported for 36 of 37 high-range silos. Disposals occurred during the period 9/88 to 7/93. Volume reported 
disposed = 428,940 L. 

bDimensionless distribution coefficients taken from SWSA 6 PA rev. 0 (OWL 1994). 
"Radionuclide screened out since estimated liquid concentration is less than the screening value. 

Table A.3 Radionuclide inventory in Zone 5 high-range wells" 
Concentration (pCiL) 

(Ci) (g)  (dwell) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

137cs 
1-33 x io3 
1.33 x 10; 

9.78 x 10' 1.09 x 10' 4.40 x 10' 
1.53 x 10' 1.70 x 10' 1.00 x 10' 

2.38 x 105 
2.38 x 10' 

1.81 x io4 
7.95 x 10; 

Total 2.66 x 10; 
'Inventory reported for 9 of 9 high-range wells. Disposals occurred during the period 9/88 to 12/92. Volume reported 
disposed = 5,580 L. 

bDimensionless distribution coefficients taken from ORNL (1994). 
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Table A.4 Radionuclide inventory in Zone 5 high-range wells-in-silos” 
Concentration ($VI,) 

Liquid 
Kb Radioactivity Mass Inventory 

(Ci) (8) (dwell) Solid 
Nuclide 

14cc 

4’Ca 
6oco 
90Sr 
”Tc 
137cs 
I5’Eu 
ls4Eu 
2 2 9 n  

=’Th 

usuc 

2 3 5 ~  

Tots 

1.20 x io6 2.69 x io-’ 5.49 x 10-~ 5.50 x ioo 1.00 x io4 6.09 x 10-5 
6.80 x lo-’ 7.68 x 10’ 1.57 x lo-’ 2.32 x IO’ 5.69 x 10’ 8.18 x 10’ 
2.32 x lo3 2.05 x 10’ 4.19 x lo-’ 2.00 x lo7 1.94 x 10’ 3.24 x lo-* 
2.08 x 10’ 1.53 x 10’ 3.12 x lo-’ 4.40 x 10’ 1.74 x lo4 1.32 x lo3 
4.00 x lo-’ 2.35 x 10’ 4.80 x lo-’ 6.50 x 10’ 3.35 x 10’ 1.72 x 10’ 
1.10 x lo3 1.27 x 10’ 2.58 x lo-’ 1.00 x 10’ 9.21 x lo* 3.07 x lo3 
1.34 x lo3 7.75 x 10’ 1.58 x lo-’ 1.90 x 10’ 1.12 x 10’ 1.97 x lo4 
5.79 x 10’ 2.14 x IOo 4.38 x lo-’ 1.90 x 10’ 4.85 x IO‘ 8.50 x lo3 
7.50 x IO” 3.52 x lo-’ 7.19 x lo4 2.70 x 10’ 6.28 x lo-’ 7.75 x lo5 
3.73 x 10” 3.39 x lo2 6.92 x 10’ 2.70 x 10’ 3.12 x IO-’ 3.85 x 

1.51 x lo4 6.99 x lo-’ 1.43 x lo-’ 2.80 x 10‘ 1.26 x IO4 1.50 x 10“ 
4.23 x lod 1.26 x 10’ 2.57 x lo-’ 2.80 x 10’ 3.54 x IO4 4 2 1  x 10“ 

5.55 x 103 
’Inventory reported for 49 of 53 high-range wells in silos. Disposals occurred during the period 9 8g IO 1292 Volume 
reported disposed = 11,950 L. 

’Dimensionless distribution coefficients taken from ORNL (1 994). 
‘Radionuclide screened out since estimated liquid concentration is less than the screening value 

Table A.5 Radionuclide inventory in Zone 7 fissile wells’ 
Concentration (pCL‘L) 

(Ci> (g> (dwell) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

l3’CS 4.25 x 10’ 4.89 x IO-’ 2.44 x lo-’ 1.00 x 10’ 1.25 x lo5 4.17 x IO3 
232Th 1.21 x lo4 1.10 x 10’ 5.50 x 10’ 2.70 x 10’ 3.56 x 4.40 x lo-’ 
2 3 5 ~  5.87 x lo4 2.72 x 10’ 1.36 x 10’ 2.80 x IO’ 1.73 x 10’ 2.06 x lo-’ 
2 3 8 ~  4.89 x loW3 1.46 x lo4 7.28 x IO3 2.80 x IO’ 1.44 x 10’ 1.71 x lo-’ 

Total 4.25 x 10’ 
’Inventory reported for 2 of 2 fissile wells. Disposals occurred during the period 3/89 to 12/92. Volume reported 

bDimensionless distribution coefficients taken from O W L  (1994). 
disposed = 340 L. 
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Table A.6 Radionuclide inventory in Zone 8 Quadrex trenches' 
Concentration (pCi/L) 

(Ci) (€9 (dtrench) Solid Liquid 
Kb Radioactivity M a s  Inventory Nuclide 

3Hc 
6ococ 
%r 
137cs 
230Tn 
u2Th 
u3uc 

2 3 5 ~  

238u 

237NPc 
238pu 
239puc 
2"Cm 

Total 

8.50 x lo4 
2.60 x lo-' 
4.25 x io4 
6.51 x lo-' 
1.95 x 10-3 
1.25 x 10" 
1.05 x 10-5 

1.25 x 10" 
4.74 x 10-7 
1.70 x 10-3 
1.60 x 10-7 
1.20 x 10-3 

1.70 x lo4 

6.59 x lo-' 

8.81 x 10" 
2.30 x lo4 
3.13 x 10" 
7.48 x 10-3 
9.24 x 

1.14 x 104 
1.08 x 10-3 

3.72 x 103 

9.94 x 10-5 

1.48 x 10-5 

7.87 x 10' 

6.72 x lo4 

2.57 x 10" 

2.20 x 

5.75 x 10-5 
7.81 x 10-~ 
1.87 x 10-3 

2.84 x 103 
2.31 x 

2.71 x lo4 
1.97 x IO' 
9.30 x lo2 
1.68 x lo4 
2.49 x 10-5 
6.43 x 10-~ 
3.71 x lo4 

1.00 x loo 

4.40 x 10' 
1.00 x lo2 
2.70 x 10' 
2.70 x 10' 
2.80 x lo2 
2.80 x IO' 
2.80 x lo2 
2.80 x lo2 
2.90 x IO2 
2.90 x lo2 
2.90 x lo2 

2.00 x 107 
1.51 x 

4.63 x 10' 

1.16 x 10' 
3.47 x 

2.23 x IO5 
1.87 x IO4 

2.23 x IO-' 
8.45 x IO4 
3.03 x 10" 
2.85 x 10" 
2.14 x 

7.57 x 10-3 

3.03 x 10-3 

5.05 x 

5.74 x lo4 
3.86 x lo-' 
4.29 x lo4 
2.75 x lo4 
2.23 x 10" 

2.65 x lo4 

3.48 x lo4 
3.28 x lo-* 
2.46 x lo4 

7.72 x io-' 

3.61 x 10-5 

1.01 x 10-7 

"Inventory reported for 4 of 5 Quadrex trenches. Disposals occurred during the period 9/88 to 5/89. Volume reported 

'bDimensionless distribution coefficients taken from ORNL (1 994). 
'Radionuclide screened out since estimated liquid concentration is less than the screening value. 

disposed = 56,120 L. 

A-7 



Solid Waste Storage Area 6 Performance Assessment 

Table A.7 Radionuclide inventory in Zone 8 low-range silos' 
~ ~~~~~ ~ 

Concentration (pCi/L) 

Solid Liquid 
Kb Radioactivity Mass Inventory 

(Ci) (€9 (g/silo) Nuclide 

3H 
I4C 
M)coc 
63Ni 
"Sr 
99Tc 
137cs 
'"Eu 
154Eu 
226Ra 
2 3 2 n  

232u 

233u 

usu 
238u 

UWp= 
238Pu 
239Pu 

"'Am 
243Am 
244Cm 
24qCf 
UNID" 

Total 

242puc 

1.69 x 10' 
6.21 x 
5.81 x 10' 
1.00 x lo-' 

5.74 x 10" 
1.47 x 10' 
4.67 x 10' 
2.67 x IO' 

1.88.x 10' 

6.40 x 10-3 
6.94 x 10-3 
9.90 x 10-5 
9.71 x 10-3 
8.31 x lo4 
1.61 x lo-' 

6.82 x lo4 
1.09 x lo-' 
1.00 x lo-% 
9.80 x lo-' 
2.63 x lo4 
3.20 x lo-' 

1.51 x lo5 

6.40 x 10' 

4.74 x IO-' 

1.13 x 10-3 

1.75 x 10-3 
1.39 x 10-3 

1.62 x 10-3 
5.14 x IO4 

1.38 x IO-' 
3.38 x 10' 
1.69 x lo-' 
2.70 x 
9.89 x 10-3 
6.48 x 10" 
6.31 x 104 
4.63 x lo* 
1.00 x 10' 
3.85 x 10' 

6.72 x lo4 

1.75 x 10' 
2.62 x lo4 
2.86 x IO-' 

4.79 x 104 

3.99 x 10-5 

1.36 x 

3.96 x io4 
2.76 x lo4 

7.30 x 10-5 

2.14 x 10-5 
6.75 x 10" 
5.76 x 10-3 

7.04 x 10-3 
1.12 x 10-3 

2.70 x io4 
2.63 x 103 
1.93 x 10-7 

5.80 x lo-' 

1.41 x lo-' 

4.12 x lo4 

4.18 x lo-' 
1.60 x 10' 
2.00 x 103 
2.80 x 10-5 
1.66 x 10" 
7.30 x 10" 

1.19 x lo-) 
1.09 x 10-7 

5.68 x 10-5 
1.65 x 10-5 
1.15 x 10-5 

1.00 x 10' 
5.50 x 10' 

3.20 x 10' 
4.40 x 10' 
6.50 x 10' 
1.00 x lo2 
1-90 x 10' 
1.90 x 10' 
1.00 x lo2 
2.70 x lo2 
2.80 x lo2 
2.80 x 10' 
2.80 x lo2 
2.80 x lo2 
2.80 x 10' 
2.90 x lo2 
2.90 x 10' 
2.90 x lo2 
2.90 x lo2 
2.90 x lo2 
2.90 x lo2 
3.00 x 10' 

2.00 x 107 

6.08 x 10' 
2.23 x lo-' 
2.09 x 10' 
3.60 x lo-' 
6.76 x 10' 
2.06 x lo-' 
5.29 x 10' 
1.68 x 10' 
9.60 x 10' 
2.30 x 10" 
2.50 x 
3.56 x lo4 
3.49 x lo5 

5.79 x 10" 
1.70 x lo4 
2.45 x 10-3 
3.92 x lo-' 
3.60 x lo4 
3.52 x lo-' 
9.46 x lo4 
1.15 x lo-' 

2.99 x 10-3 

4.06 x 10-3 

2.03 x 10' 
1.35 x lo-' 
3.48 x 10" 
3.75 x 
5.12 x 10' 
1.06 x IO-' 
1.76 x 10' 
2.95 x 10' 
1.68 x 10' 
7.67 x lo4 
3.08 x lo4 
4.24 x lo4 
4.16 x 10"' 

6.89 x lo4 
2.03 x lo4 
2.82 x 10-5 
4.51 x 10-3 

4.05 x 10-3 
1.09 x 10-5 
1.32 x 10-3 
4.51 x 10-5 

3.56 x 10-5 

4.13 x lo-'' 

"Inventory reported for 24 of 24 low-range silos. Disposals occurred during the period 9/88 to 4/90. Volume 

bDimensionless distribution coefficients taken from ORNL (1994). 
"Radionuclide screened out since estimated liquid concentration is less than the screening value. 
dUnidentified. Screened out because reported activity was only 0.02% of total. 

reported disposed = 278,100 L. 
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Table A.8 Radionuclide inventory in Zone 15 biological trenches* 
Concentration (pCi/L) 

Liquid Solid 
Kb Radioactivity Mass Inventory 

Nuclide (Ci) (8) (g/trench) 

3Hc 1.80 x lo4 1.87 x IO-’ 4.66 x lo4 1.00 x 10’ 5.45 x lo4 1.82 x 
14cc  1.70 x lo4 3.81 x 9.53 x 10“ 5.50 x 10’ 5.15 x IO4 3.12 x lo4 
6ococ 2.60 x lo4 2.30 x lo-’ 5.75 x lo4 2.00 x lo7 7.88 x lo4 1.31 x lo-’’ 
’OSr 1.21 x 10” 8.90 x 2.23 x 4.40 x 10’ 3.67 x lo-’ 2.78 x 10” 
137cs 2.86 x 3.29 x 10” 8.23 x 10“ 1.00 x 10’ 8.67 x IO” 2.89 x lo4 

Total 1.52 x lo-’ 
’Inventory reported for 4 of 4 biological trenches. Disposals occurred during the period 3/89 to 3/93. Volume 

bDimensionless distribution coefficients taken from ORNL (1994). 
‘Radionuclide screened out since estimated liquid concentration is less than the screening value. 

reported disposed = 330,200 L. 

Table A.9 Radionuclide inventory in Zone 16 asbestos silos’ 
Concentration (pCin) 

(Ci) (g) (g/silo) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

3Hc 
I4c 
@Toc 
wSr 
99TC 

‘37cs 
ls2Eu 
‘%Eu‘ 
lBOSC 
=’Th 
233uc 

235uc  

2 3 8 ~  

238puc 
239Pu 
24‘Am 
244cmc 

1-00 x 10-3 
1.69 x 10-3 
8.95 x 10-3 

1-37 x 10-3 

LOO x 10-3 
1.00 x 10-5 
5.10 x 104 

2.78 x 

8.37 x lo-‘ 

8.41 x 

1.03 x lo4 

4.80 x IO4 
1.00 x lo4 
1.24 x lo-’ 

6-94 x io-’ 

1.70 x io4 
3.22 x 10-5 

1-04 x 10-7 
3.80 x lo4 
7.92 x lo4 
2.04 x lo4 
8.06 x lo-’ 
9.62 x lo4 
5.78 x 10“ 
3.70 x lo4 
1.64 x IO“ 
7.65 x 10’ 
1.06 x 

3.21 x lo-’ 
1.43 x IO3 
5.85 x lo-* 
1.99 x lo-’ 
4.96 x 10-5 
3.98 x 10-7 

9.42 x 10-9 
3.45 x 10-5 
7.20 x 10-7 
1.86 x 10-5 
7.33 x 10-3 
8.75 x 10-5 
5.25 x 10-7 
3.37 x 10-9 
1.49 x lo-’ 
6.95 x 10‘ 
9.67 x lo4 
2.92 x IO9 
1.30 x 10’ 
5.32 x 10-9 
1.81 x lo-’ 
4.51 x 10“ 
3.62 x lo4 

1.00 x 10’ 
5 . 5 0 x  10’ 

4.40 x 10’ 
6.50 x 10’ 
1.00 x 10’ 
1.90 x IO’ 
1.90 x 10’ 
1.70 x 10’ 
2.70 x lo2 
2.80 x 10’ 
2.80 x 10’ 
2.80 x 10’ 
2.90 x 10’ 
2.90 x 10’ 
2.90 x IO2 
2.90 x 10’ 

2.00 x 107 

6.75 x 10-3 
1.14 x lo-’ 
6.04 x 

1.88 x lo-’ 

5.65 x lo-’ 
9.25 x 10-3 

6.75 x 

6.75 x 10-5 
3.44 x 10-3 
5.68 x lo4 
6.95 x IO4 
4.68 x 10“ 

6.75 x 10“ 
8.37 x lo-’ 

2.17 x lo4 

3.24 x 10-3 

1.15 x 10-3 

2.25 x lo-’ 

1.01 x lo4 
1.42 x 10” 

1.88 x lo-’ 

6.93 x 10-3 

4.74 x 10-3 

1.18 x 10-3 
1.18 x 10-5 
6.75 x 10” 
7.01 x 10“ 
8.27 x lod 
5.58 x lo4 
3.85 x 10-5 
7.76 x lo4 
9.62 x lo4 

2.50 x lo4 
1.32 x 10” 

Total 1.38 x lo-’ 
”Inventory reported for 1 1 of 1 1 asbestos silos. Disposals occurred during the period 2/89 to 9/91. Volume reported 

bDimensionless distribution coefficients taken from ORNL (1 994). 
‘Radionuclide screened out since estimated liquid concentration is less than the screening vaIue. 

disposed = 148,200 L. 
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Table A.10 Radionuclide inventory in Zone 20 biological trenchesa 
Concentration (pCi/L) 

(Ci) (g) (g/trench) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

6ococ 3.52 x 3.12 x IO-'' 1.56 x IO-'' 2.00 x lo7 3.13 x IO" 5.22 x IO-" 
"Sr 5.88 x IO" 4.32 x IO-' 2.16 x lo-' 4.40 x 10' 5.23 x lo9 3.96 x 
I37CSC 3.41 x 10"' 3.92 x 10" 1.96 x 10" 1.00 x lo2 3.03 x 10" 1.01 x 10"' 

Total 6.22 x 10-3 
'Inventory reported for 2 of 2 biological trenches. Disposals occurred during the period 9/88 to 5/89. Volume 

bDimensionless distribution coefficients taken from ORNL (1994). 
'Radionuclide screened out since estimated liquid concentration is less than the screening value. 

reported disposed = 112,400 L. 

Table A.l l  Radionuclide inventory in Zone 26 Tumulus II" 
Concentration (pCi/L) 

(Ci) (g) (ghault) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

3H 
I4C 
6ococ 
"Sr 
wTcC 
T S  

Is2Eu 
ls4Eu 

232Th 
232uc 

23suc 

238u 

237NPc 
238Pu 

241Am 
244Cm 

1 9 4 0 ~  

2 3 3 ~  

239pu 

Total 

1.51 x 10' 
4.24 x 10" 
3.60 x 10' 
2.81 x 10' 
5.32 x 10"' 
7.66 x 10' 
1.08 x IO-' 
1.08 x lo-' 
9.52 x 10" 

1.10 x 10" 
4.18 x 

6.35 x 10" 

5.02 x io4 

3.49 x 10" 
2.37 x 10-7 
5.77 x 10"' 
8.55 x 10-3 
1.25 x 

1.94 x 

1.60 x 10' 

1.56 x IO"' 
9.51 x 10"' 
3.19 x 10"' 
2.07 x lo-' 
3.13 x lo-' 
8.80 x 10" 
6.24 x 10"' 
4.00 x 10"' 
3.06 x 10"' 
4.56 x lo3 
5.14 x lo-' 
4.32 x 10' 
2.94 x 10' 

3.36 x 10"' 

1.37 x lo-' 

2.40 x 10"' 

1.04 x io4 

3.37 x 10-5 

3.64 x 10-3 

7.15 x 10-7 
4.34 x 10" 
1.45 x 10" 
9.43 x 10-~ 
1.43 x 10"' 
4.02 x IO"' 
2.85 x lo4 
1.83 x 10" 
1.40 x 10" 
2.08 x IO' 
2.35 x lo-'' 
1.97 x 10" 
1.34 x lo-' 
4.74 x 10' 
1.54 x 10" 

6.28 x 10"' 

1.09 x 10" 

1.54 x 10-~ 

1.66 x 10-5 

1.00 x 10' 
5.50 x 10' 
2.00 x 107 
4.40 x 10' 
6.50 x 10' 
1.00 x 10' 
1.90 x 10' 
1.90 x 10' 
1.70 x 10' 
2.70 x IO' 
2.80 x lo2 
2.80 x lo2 
2.80 x lo2 
2.80 x lo2 
2.80 x lo2 
2.90 x lo2 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 

2.54 x 10' 
7.12 x 10" 
6.05 x 10' 
4.72 x 10' 
8.94 x 10"' 
1.29 x 10' 
1.81 x IO-' 
1.81 x lo-' 
1.60 x IO-' 
8.43 x 10"' 
1.85 x 10" 
7.02 x lo-' 

5.86 x 10-3 

9.69 x IO"' 
1.44 x 

2.10 x lo-' 
3.26 x lo-' 

1.07 x 10-5 

3.98 x 104 

8.46 x 10' 

1.01 x lo4 
3.58 x lo-' 
4.58 x 10" 
4.29 x lo-' 
3.18 x 

3.18 x 

3.14 x 10" 
1.04 x 10-5 
2.20 x 10-8 
8.36 x 10"' 
1.27 x IO-' 
6.98 x 10-5 
4.74 x 10-9 
1.11 x 

4.32 x 10-3 

1.65 x IO"' 
2.41 x 10"' 
3.75 x 10"' 

"Inventory reported for 219 of 220 vaults. Disposals occurred during the period 10/90 to 3/92. Volume reported 

bDimensionless distribution coefficients taken from ORNL (1994). 
"Radionuclide screened out since estimated liquid concentration is less than the screening value. 

disposed = 595,190 L. 
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Table A.12 Radionuclide inventory in Zone 27 Tumulus P 
Concentration (pCi/L) 

(Ci> (g) (glvault) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

3H 
14C 
60C0c 
63Ni 
wSr 
w T ~  
137cs 
"'Eu 
IS4Eu 
'loPb 
='Ra 

232uc 

2 3 2 n  

233u 

234uc 

235uc 

2 3 8 ~  

237Np 
238Pu 
239pu 
240Pu 

%'Am 
243Am 

%rn 
249Cf 
MFP 
UNID' 

242puc 

243cmc 

2.70 x 10' 
3.83 x 10" 8.59 x 
1.04 x 10' 

1.20 x 10' 
7.31 x lo-* 
2.47 x 10' 

2.80 x lo4 

9.20 x lo4 

8.82 x lo-' 
4.30 x 10' 
2.84 x lo-' 

2.02 x io-' 3.27 x 10-3 

8.56 x 10-1 4.95 x 10-3 
1.13 x 10' 4.19 x 

1.71 x lo-' 2.24 x lo4 

6.21 x 10"' 5.65 x lo3 
1.16 x 10"' 5.42 x 10" 
4.87 x 5.03 x 10' 
1.00 x lo4 1.60 x 10" 
1.51 x lo4 6.99 x 10' 

8.00 x 10" 1.13 x 10' 
5.10 x IO4 2.98 x lo-' 
5.10 x 10" 8.20 x lo-' 
6.80 x lob3 2.98 x lo-' 

6.06 x lo-' 1.77 x 
1.22 x lo-' 

2.62 x lo-' 

3.30 x lo"' 
1.02 x lo-' 

1.70 x 10-3 1.72 x 10-3 

7.63 x 10-3 2.27 x 104 

2.30 x 10-7 6.02 x 10-5 

6.13 x lo-' 

3.24 x lo4 
1.11 x 10-5 

1.01 x io-' 

2.15 x 10-7 

2.46 x 10-3 

9.61 x 10-~ 
2.95 x 10-5 

1.13 x 10" 
3.16 x 10" 

3.03 x 10"' 
1.48 x lo-' 
9.76 x lo4 
1.70 x 10-5 
1.44 x lo-' 
7.68 x 10-~ 
5.91 x 10" 
1.94 x 10' 
1.86 x lo-* 
1.73 x lo-' 

2.40 x lo-' 
7.80 x 10' 
3.90 x lo-' 

2.82 x 
1.02 x 10"' 

6.07 x 10" 
2.11 x 10"' 
7.39 x lo-'' 
1.11 x 10" 
8.47 x 10" 

5.51 x 10-~  

1.02 x 10-7 

2.07 x 10-7 

1.00 x loo 
5.50 x 10' 

3.20 x 10' 
4.40 x 10' 
6.50 x 10' 
1.00 x 10' 
1.90 x IO' 
1.90 x 10' 
2.29 x 10' 
1.00 x lo2 
2.70 x 10' 
2.80 x 10' 
2.80 x 10' 
2.80 x 10' 
2.80 x 10' 
2.80 x 10' 
2.80 x 10' 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 
2.90 x 10' 
3.00 x 10' 

2.00 x 107 

3.63 x 10' 
5.15 x lo-' 
1.40 x 10' 

2.72 x lo-' 
1.61 x 10' 

9.83 x IO-' 
3.32 x 10' 
1.15 x 10' 
1.52 x 10' 

2.30 x lo-' 
2.29 x 10-3 
8.35 x lo4 
1.56 x lo4 
6.55 x 

1.35 x lo-' 
2.03 x 10" 
1.03 x IO-' 
1.08 x IO-' 
6.86 x IO4 
6.86 x IO-' 
9.15 x lo-' 
3.09 x IO-' 
8.15 x lo-' 
1.64 x lo-' 
1.49 x 10-5 
3.52 x lo-' 
1.36 x IO-' 

1.21 x 10' 
3.12 x 10" 
2.33 x lo4 
2.83 x lo-' 
1.22 x 10' 

5.04 x 

1.11 x 10' 
2.02 x lo-' 
2.67 x lo-' 
3.35 x lo4 
7.62 x lo-' 

1.86 x IO4 
7.80 x IO4 
1.60 10-'O 
232 x IO4 
1.22 x IO4 
1.28 x IO4 
7.89 IO" 
7 89 10" 
1.05 x 10" 

1.03 x  IO-^ 

3.56 x 10-~  
9.37 x lo4 
1.89 x lo"' 
1.72 x 

4.05 x lo4 
1.51 x lo4 

Total 5.24 x 10' 
Snventory reported for 291 of 291 vaults. Disposals occurred between the period 9/88 to 12/90. Volume reported 

bDimensionless distribution coefficients taken from ORNL (1994). 
'Radionuclide screened out since estimated liquid concentration is less than the screening value. 
dMixed fission products. Sreened out because reported activity was only 0.006% of total. 
"Unidentified. Screened out because reported activity was only 0.02% of total. 

disposed = 743,290L. 
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Table A.13 Radionuclide inventory in Zone 30 low-range silosa 
~~ ~~ ~~~~~ 

Concentration (pCi/L) 

(Ci) (g) (g/siio) Solid Liquid 
Kb Radioactivity Mass Inventory Nuclide 

3H 
14C 
3 6 c r  
4 0 ~ c  

6ococ 
Y3r 
99Tcc 
I3'CS 

'"Eu 
lS4Eu 
'"Eu 
226Ra 
'"Th 
230Th 
232Th 

1 3 3 ~ ~ ~  

232uc 

2 3 3 ~  

234uc 

23SW 

=*U 
237Np 
238Pu 
239pu 
240pUc 

"'PU 

241Am 
243Am 
'Wm 
249Cf 

2 3 6 ~  

9.65 x 10' 
6.92 x 10" 
9.00 x 10" 
2.77 x 10"' 
6.61 x 10' 
9.26 x 10' 
2.70 x io4 
1.25 x 10' 
1.19 x 10-5 
5.00 x 10' 
4.57 x 10' 
2.81 x lo-' 
5.50 x IO"' 
1.70 x lo4 

3.79 x lo-; 
1.64 x 10"' 
6.15 x 

1.21 x 10"' 

1.17 x 10-3 

5.57 x 10-5 
6.85 x 10-5 

1.17 x 10-3 
2.88 x lo-' 

8.61 x lo4 
2.40 x 

7.22 x 10-7 
1.00 x 10-3 
2.37 x lo-' 
1.60 x lo-' 
1.15 x 10" 
1.01 x 10-j 

Total 4.81 x 10' 

1.00 x 10-3 
1.55 x lo-' 
2.73 x 10"' 
3.91 x 10' 

6.81 x lo-' 
1.59 x lo-' 
1.43 x lo-' 
4.76 x lo-' 
2.89 x lo-' 
1.69 x lo-' 
6.04 x lo4 
5.57 x lo4 
7.98 x 10"' 
5.55 x lo-' 

7.66 x 10" 
6.35 x 10' 
1.94 x 1 0-' 
2.58 x 10' 
1.06 x 10' 

1.66 x 10' 

3.86 x lo-' 
3.17 x 10" 
2.62 x lo-' 
6.91 x 

8.05 x lo-' 
1.42 x lo4 
2.47 x 10"' 

5.85 x 10-3 

3.44 x 104 

8.57 x io4 

5.04 x 10-5 

9.52 x lod 1.00 x 10' 
1.48 x 10"' 5.50 x 10' 
2.60 x 10" 1.00 x 10" 
3.73 x lo-' 3.50 x 10' 

6.49 x 10"' 4.40 x 10' 
1.51 x 10"' 6.50 x 10' 

4.53 x lo-'' 6.50 x 10' 
2.75 x lo4 1.90 x 10' 
1.61 x lo4 1.90 x 10' 
5.76 x 10" 1.90 x 10' 
5.30 x 10" 1.00 x 10' 
7.60 x 10" 2.70 x 10' 
5.28 x 10"' 2.70 x 10' 
3.28 x 10' 2.70 x lo2 
7.30 x lo-' 2.80 x 10' 
6.05 x lo-' 2.80 x 10' 
1.84 x lo4 2.80 x 10' 
2.46 x lo-' 2.80 x 10' 
1.01 x lo-' 2.80 x 10' 
8.16 x 10' 2.80 x 10' 
1.58 x lo-' 2.80 x 10' 
4.80 x 2.90 x 10' 
3.67 x 2.90 x 10' 
3.02 x 10" 2.90 x 10' 
2.49 x 2.90 x 10' 
6.58 x lo-' 2.90 x lo2 
7.66 x lo"' 2.90 x lo2 
1.35 x lod 2.90 x 10' 
2.35 x 10" 3.00 x 10' 

5.57 x 10-5 2.00 x io7 

1.36 x 10-3 1.00 x io2 

8.81 x 10' 
6.32 x lo-' 
8.22 x lod 
2.53 x 10"' 
6.04 x 10' 
8.46 x 10' 
2.47 x 10"' 
1.14 x IO' 

4.57 x loo 
4.17 x 10' 
2.57 x lo-' 
5.02 x 10"' 

1.09 x 10-5 

1.55 x 104 
1.07 x 10-3 
3.46 x 10-3 
1.50 x 10"' 
5.62 x lo-' 
1.11 x 10"' 

6.26 x 10" 
2.63 x lo-' 

7.86 x lo4 
2.19 x 

9.13 x 10"' 
2.16 x lo-' 
1.46 x 10" 
1.05 x lo-' 
9.23 x 10" 

5.09 x 10-5 

1.07 x 10-3 

6-59 x 10-7 

2.94 x 10' 

2.74 x lo-' 

1.01 x 10" 
6.41 x lo-' 
1.26 x lo4 
3.79 x lo-' 

8.01 x lo-' 
7.32 x lo-' 
4.50 x 10" 
1.67 x lo-' 
1.92 x 10" 

3.83 x io-' 

2.41 x 10-5 

5.57 x 10-7 

1-32 x 10-5 
4.27 x 10-5 
1.78 x 10" 
6.69 x lo4 
1.32 x lod 
6.06 x 10-7 
7.45 x 10-7 
3.13 x lo4 
1.27 x lo-' 
9.04 x lo4 
2-52 x io4 
7.58 x 10-9 
1.05 x lo-' 
2.49 x lo4 
1.68 x lo4 
1.21 x lo4 
1.03 x 10" 

"Inventory reported for 105 of 105 low-range silos. Disposals occurred during the period 9/88 to 12/93. Volume 

bDimensionless distribution coefficients taken from O W L  (1 994). 
'Radionuclide screened out since estimated liquid concentration is less than the screening value. 

reported disposed = 1,094,900 L. 
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Made copies of archived 
records for the packages 
identified in the previous 

step 

Fw each disposal facility 
(e.g.. fissile wells. Tumulus I. 

(from draft PA) for each -+ etc.). identified the waste 
packages with the most key 

radionudide activlly 

Identified key radionuclides 

disposal facility in SWSA 6 

For the period of 1989 to 1994, the data recorded on form UCN16114, "Log-In Data Sheet for 
Generators of LLW" and form UCN2822, "Request for Disposal or Storage of Radioactive Solid 
Waste or Special Materials" were reviewed. (The form currently used at ORNL, in lieu of UCNl6 1 14 
and UCN2822 is UCN2109, "Waste Item Description.") The review revealed several pieces of 
information that relate to radionuclide activity. This information, its validity, and its usefulness in 
terms of activity estimation and reporting by the waste generators, is discussed in Sects. A.4.1 
through A.4.6. Sections A.4.7 and A.4.8 describe the method used for the 1994 PA to determine the 
most probable and lowerhpper bound activities for the waste inventory. This method was used to 
provide a more robust estimate of radionuclide activities for cases where a viable exposure rate 
measurement of the waste package was available. For cases where the measured exposure rates were 
not viable (e.g., for alpha and beta decay radionuclides), bounding and expert opinion were used to 
estimate the activities. 

uncertainty estimates for the SWSA 6 disposal facilities, excluding the IWMF. Thus, the non-IWMF 
In this PA, a change in the PA modeling approach resulted in the need for updating the inventory 

Based on the disposal 
documentation. identified 

disposal of the packages 
personnel involved with the - 

For poorly characterized photon emitters. used 
propagation of error techniques to estimate waste 
package activities, based on recorded exposure 

rates, measurement distances, and other 
unceltainties. MiMShield. a point-kernel photon 
shielding code was used to model waste matrix 

attenuation effects 

' - Performed field interviews (with Waste ' 
generators, radiation protection 

- Investigated & observed waste 
characterization methods 
and instrumentation used. 

-Studied and collected information on 
relevant waste generation processes. 

personnel. facility managers, etc.). - 

\ 

For poorly character*ed 
hard to measure (external to 

container) alpha & beta 

expert opinion estimates. 

For TRU used For TRU radionuclides. used 
a 10 n a g  

bounding value. emitters, used a 10 n w  bounding value. 

d \  

Analyzed the waste disposd 
records and field notes 

For each radiMUclide in each disposal 
facility, applied the magnitude of the 

upper and lower bounds for the largest 
packages (by activity) to the remainder of + 

Analyzed the waste disposd 
records and field notes 

Provided a "weighting" of 0 to 1 for the 
activity estimates to subjeaively quantify 
how "good" the estimate is (0 is poor, 

1 is 9006). 

~~ 

Dimded the key ndionuchdes into 2 groups 
(1) Poorly CharacIenzed - Photon emtters 

-Alpha and beta decay radionuclides 
- TRU radionuclides 

(2) Well dwactenzed 
N M W  assayed radionuclides 

-Sample and analyzed 
-Computed amnhes (e 9.. based on radiatmn flux, 

iiIadiabOn BmeS. decay. etc ) 

the inventocy. 

Fig. A.l Flow diagram of the uncertainty estimation method used for the 1994 SWSA 6 PA. 
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inventory uncertainties were reviewed and updated to account for changes since the last PA. The 
changes and uncertainty updating method are described in Sect. AS. 

A.4.1 Principal Radionuclides 

For most facilities, facility operations personnel inferred the listed radionuclides based upon 
their knowledge of the facility operation or the material being processed. In general, it cannot be said 
with certainty that any specific package contained the specific radionuclide(s) reported. It also cannot 
be stated that a package did not contain additional radionuclides [other than the one(s) reported]. On 
rare occasions, the waste was sampled and appropriate analyses were performed to specifically 
identify the radionuclides present. The identification of the principal nuclide was straightforward for 
certain facilities that handled only specific nuclides and where the waste represented process waste. 
However, for many facilities, the waste form consisted of contaminated components or irradiated 
materials that likely contained several different radionuclides. In these cases, the principal nuclide 
identified as being present in each waste package was the nuclide or nuclides that were considered by 
the generator to be the most significant. This significance was typically based upon a nuclide's 
activity and its radiological half-life. An example of this is the irradiated metal waste (stainless-steel- 
clad hulls) from Building 3525. A variety of activation products were present in the metal shortly 
after irradiation, but 6oCo was reported as the only principal nuclide because it is most significant in 
terms of activity, half-life, and radiation energy. In the case of Building 35 17, the principal nuclides 
were listed as I3'Cs and 90Sr. Operations personnel based these choices on the general operating 
history of the facility. Even though source production processes were operating in different hot cells, . 
all packages of waste from the facility were considered to be composed of equal activities of '"Cs 
and "Sr. 

A.4.2 Radiation Survey Data for Waste Packages 

Radiation survey data were obtained on waste packages using either in-cell probes or portable 
ion chambers. For the highly radioactive packages, in-cell probes were typically used whenever 
available. These measurements were made by facility operators and were usually taken in close 
proximity to the waste package. The distance was usually within 1 fi from the surface of the package, 
but, in the case of the "5-gal lard can" typically used by most isotopes facilities for highly radioactive 
in-cell waste, this distance would have been within 1 ft from the center of the can. Note that the in- 
cell probes were calibrated only prior to installation and most have been in place for many years. The 
portable survey meters are calibrated semiannually by Radiation Standards and Calibration 
Laboratory personnel to an accuracy of 10%. 

ion chambers were used in the measurement of large activity packages. In these cases, each facility 
used a method unique to the facility to obtain the measurements. Because of limitations imposed by 
the facility design and the range of the available portable instruments, measurements were taken at 

Some facilities did not have in-cell probes and were forced to rely on methods by which portable 
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distances typically ranging fiom 3 to I O  ft. The distance to the container was also somewhat 
uncertain. In these cases, however, facility personnel corrected the dose rate to a 1-ft reading using an 
inverse-square relationship (based upon the assumed distance from the dose point to the surface of 
the package) prior to multiplying by the conversion factor to determine the curie content. 

For the low-activity waste packages, most measurements were made by Radiation Protection 
personnel using portable ion chambers. In the majority of these cases, dose rates were taken on small 
plastic bags of contaminated materials in very close proximity to the package surface, if not on 
contact. Particularly in these cases, the measurement was taken at several locations along the 
periphery of the bag. The value recorded was the highest dose rate observed, not the average dose 
rate. 

A.4.3 Quantity of the Principal Nuclide 

Most ORNL waste generators estimated the quantity of radioactive material in waste packages 
by multiplying the beta-gamma dose rate (as discussed above) for each waste packet by the 
conversion factors listed in the instructions for completing form UCN- 16 1 14, “Log-In Data Sheet for 
Generators of LLW.” If the waste was considered to be composed of a single radionuclide, the 
activity so calculated would be assigned to the principal radionuclide. If the generator considered that 
muItiple radionuclides were present (as discussed above), the activity was divided equally among the 
radionuclides. Facilities such as Building 35 17 split the total activity equally between 13’Cs and ?3r. 
As a general rule, facilities who reported both 13’Cs and %Sr assigned half of the total activity to 
each. 

to packages that are thought to contain radionuclides which emit only alphas, betas, or very low- 
energy gammas or X rays, such as 3H, 14C, 63Ni, %Sr, 99Tc, 233U, 238U, 239Pu, 241Am, and 243Am. In 
certain cases however, typically those involving disposal of fissile material, the activity values are 
based upon those found on the UCN268 1, “ORNL Nuclear Materials Intralaboratory Transfer.” 

The 1 -MeV photon dose-rate-to-curie conversion factor was typically used in assigning activity 

A.4.4 Radiation Survey Data for Waste Carriers 

Initially, radiation survey data for waste carriers were considered tools to veri@ the estimated 
package activities. The manner in which surveys were taken and recorded varied considerably fiom 
package to package and facility to facility. Radiation protection personnel typically located and 
recorded the “hot spot” dose rate on the carrier, even though the survey was not always identified as 
such. The hot spot was usually a streaming pathway of some sort, associated with a joint or seam in 
the cask. For these reasons, calculating source activity in a package from the carrier dose rates was 
judged to be of doubtful value and was not used in the uncertainty analysis. 
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A.4.5 Package Weight 

The weight of each package is also required to be entered on the UCNl6 1 14, and the total weight 
is required for the UCN2822. Facilities typically do not weigh each package of waste. The package 
weight is estimated by facility personnel based upon their knowledge of the package contents. 

A.4.6 Shortcomings of the ORNL Exposure-Rate-to-Curie Conversion Factors 

The table of conversion factors listed on the back of the UCNl6 1 14 is provided to facilitate 
determination of the package activity based upon the measured exposure rate. This exposure rate to 
curie conversion factor was calculated at a distance of 1 ft for a 1-Ci point source emitting a single 1 
MeV photon per disintegration. This is the familiar 6 C E n formula, where E = 1 MeV per photon 
and n = 1 photon per disintegration. Thus, the exposure rate at 1 ft from a 1-Ci point source is 
approximately 6 R/h. Conversely, an exposure rate of approximately 1 R/h at 1 ft is attributed to a 
0.17 Ci point source. Thus, to determine the activity (in curies) of a point source, a conversion factor 
of 0.17 Ci per R/h (as used on the UCNl6 1 14) is multiplied by the exposure rate, in R/h, measured at 
1 ft. 

Many potential sources of error are possible when using this conversion factor. Some typical 
errors might be: 

The radionuclide emits a gamma ray with an energy other than 1 MeV (E). 
The radionuclide emits a gamma ray with an abundance other than 1 .O (n). 
The exposure rate measurement was not taken at 1 ft. 
The waste package was not a point source. 
The radionuclide only emits alpha or beta particles, or soft X rays. 
The waste package provides self-shielding. 

The first two factors are evident when considering the gamma factors for common radionuclides as 
listed in The Health Physics and Radiological Health Handbook (Shleien 1989). Table A.14 shows 
the exposure rates at 1 f t  for a 1 Ci point source of each of the specified radionuclides. 

Table A.14 Exposure rates at 1 ft for 
a 1-Ci point source 

Radionuclide Exposure rate (wh) 

l3’CS 3.55 
6oco 14.21 
lS2Eu 6.24 
lS4Eu 6.67 
l9*1r 5.17 

~ 
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The ORNL conversion factor is based upon a exposure rate of 6 FUh. The above table indicates, 
for example, that a 1 -Ci 6oCo point source gives a exposure rate which is a factor of 2.4 times greater 
than would be estimated from the ORNL factor. On the other hand, 3.55 R/h would be observed for a 
1-Ci source of 137Cs. This value is only 59% of the 6 R/h used to calculate the ORNL conversion 
factor. The inverse of the factors in the table above would be used to determine the curie content of 
the specific radionuclide associated with a measured exposure rate (at 1 ft). Using the ORNL 
conversion factor (0.17 Ci per W), the @Co activity would be overestimated by a factor of 2.4; the 
137Cs activity would be underestimated by a factor of 1.7. Activities of I5’Eu, 154Eu, and I9*Ir would be 
more accurately represented (within 15%) using the ORNL conversion factor. 

The above factors are, as indicated, for a distance of 1 ft from a point source. For a point source, 
measurements taken at other distances, if not corrected to a 1-ft reading, could introduce significant 
errors in the activity estimates, particularly for surveys taken in close proximity to the source. 
Measurements taken at distances less than 1 ft  from the source would lead to overestimates of source 
activity, while a measurement at greater than 1 ft  would give an underestimate. These errors are in 
addition to those mentioned above for specific radionuclides. 

In the field however, true point sources are rarely encountered. High activity radioactive 
materials are often disposed of in 5-gal lard cans. The cans are typically wrapped in several layers of 
plastic to avoid contamination of the carrier. The physical dimensions of the can and plastic wrap 
allow a measurement no closer than a few inches from the wall of the can. The exposure rate from a 
non-point source, such as the lard can, will begin to approach that from a point source as the distance 
from the source increases. The use of a point-source response dictates that when this approximation 
is made, the distance used must be relative to the center of the can, not the distance to the wall of the 
can. In the case of the lard can, measurements made with incell probes are typically made with the 
can near the detector, perhaps several inches from the surface of the can. With the can radius of 5 in., 
the probe could be placed perhaps 3 to 5 in. from the wall of the can, which would be 8 to 10 in. from 
the center of the can. This distance would result in a higher exposure rate than would be measured at 
1 ft, which, for a point source, would overestimate the activity by factors of I .4 to 2.3. 

In those cases where the exposure-rate-to-curie conversion factor was applied to a survey 
measurement taken at a distance of 1 ft from the surface of the can instead of the center of the can, 
the resulting activity would be underestimated. In the case of a measurement at 1 ft  from the surface 
of a lard can, since the distance to the center of the can would be 17 in., the resulting activity would 
be underestimated by a factor of 2.0. For larger waste containers, such as the 55-gal drum, this 
underestimation would be larger depending on the particulars of the specific situation. For a 55-gal 
drum measured at 1 ft from the drum surface, the curie content would be underestimated by a factor 
of 3.8. 

At small distances, waste containers do not behave like a point source. A small distance is 
dependent upon the size of the particular container: For the lard can, this distance would be 
approximately 1.5 ft measured from the center of the can. Surveys taken closer than this distance 
would result in higher exposure rates per unit activity than would be observed for a point source at 
the same distance. At 8 in. from the center of the can (3 in. from the wall), the effects due to 
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geometry give a exposure rate higher by 1.2 than that for a point source. In this case, the geometry 
effect would result in an underestimation of the curie content by this factor. 

Another impact of the non-point source geometry is that of self absorption of the source and 
attenuation by the walls of the container. These effects cause an underestimation of the package 
activity, the significance of which is dependent upon the density and material composition of the 
waste, the size of the package, and the energy of the photon. Most waste packages have a fairly low 
density, typically from 0.2 to 1.0 g/cm3. The impact is greater with increasing density and size and 
decreasing photon energy. For 13’Cs in a lard can, for example, the underestimation varies from a 
factor of 1.1 to 1.3 as the density increases from 0.2 to 1.0 g/cm3. For the larger 55-gal drum, the 
activity would be underestimated by a factor of 1.3 to 2.1. For lower energy photon emitters 
(including both low-energy gamma and X rays) as well as bremsstrahlung photons, the degree of 
underestimation would be even greater. 

In most cases, the inventory of alpha-emitting radionuclides was determined by applying the 
1-MeV photon conversion factor. Depending upon a number of factors, the extent of Underestimation 
of the activity may be quite significant. In some cases, the alpha emitter may also emit gamma rays of 
relatively high energy. In other cases, low-energy gammas, X rays, or beta particles are emitted. In 
most cases, the alpha-emitting radionuclides have radioactive daughters which in turn may decay by 
emission of measurable radiation. Some level of uncertainty is associated with the degree of 
equilibrium which exists. If it can be assumed that a sufficient period of time has elapsed since 
production of the source to establish some degree of equilibrium, the daughter’s photon emissions can 
be used to estimate the source activity of the parent. If the daughter decays by beta emission, the 
ensuing bremsstrahlung photons can also be used. A significant limiting factor for the alpha emitters 
is the sensitivity of the portable survey instruments used to make the measurements, as well as the 
background radiation present in many of the ORNL facilities. The typical ion chamber has a 
sensitivity of 0.1 mR/h. However, using this value along with the radionuclide’s true dose-rate-to- 
curie conversion factor may result in calculated quantities of the radionuclide which are far from 
insignificant given their relatively low concentration limits. In addition, the radiation background at 
many facilities is at the very least a few tenths of a mR/h if not higher. At these values, any waste 
package surveys taken within a facility may represent background levels, in which case there is no 
activity present in the package being surveyed. It is also quite possible that any low-level radiation 
measurements are not caused by the alpha emitter in the waste package, but by insignificant levels of 
photon-emitting contaminants in the package. For all of these reasons, the actual activity of the 
alpha-emitting materia1 calculated for this uncertainty analysis could then be significantly lower. The 
calculated most probable value assumes that the exposure rate reported for the package is entirely 
due to the alpha-emitting radionuclide; thus the activity is quite conservative. 

Consideration of the significance of the disposal of the calculated quantity of the radionuclide 
may also permit the application of some “reasonableness” criterion to estimate the uncertainty of the 
calculated activity. The total activity of a transuranic (TRU) radionuclide calculated using its specific 
dose conversion factor may lead to an unreasonable activity, one which obviously is not physically 
possible. For the case of the transuranic radionuclides, a limiting factor (Le., upper bound) was 
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applied to the package, such that, based upon the weight of the package contents, the total activity 
would not exceed 10 nCi/g. This value is 10% of the limit of 100 nCi/g, above which waste must be 
classified as TRU waste and may not be disposed of in SWSA 6. The value of 10% was chosen 
instead of the limit itself because an evaluation of all wastes disposed of in SWSA 6, using quite 
conservative assumptions, showed that essentially all waste packages were well under the limit. In 
fact, almost all were under 10 nCi/g. The use of 10 nCi/g is then considered to be a conservative 
upper bound for TRU activities. For those cases in which the disposal activity of fissile materials is 
determined from the UCN268 1 form, the uncertainty would be rather low, especially relative to the 
other methods outlined above. Activities in these cases are determined either directly or indirectly 
from analytical measurements of the source material and are known to be within the uncertainty of 
the measurement. 

Strontium 90 (and its daughter "Y) is a very significant contributor to the SWSA 6 inventory. 
This radionuclide emits only beta particles. However, the same 1-MeV-photon conversion factor is 
used to determine its activity in waste packages, which significantly underestimates the activity of 
90Sr. Fortuitously, 90Sr (and its daughter "Y) does emit relatively high-energy beta panicles so that 
enough bremsstrahlung photons are produced in many waste packages to allow a measurable 
exposure rate from a package of pure "Sr. For the case of components contaminated w ith 'OSr, the 
fraction of the incident beta energy converted into photons is only 2%. For other materials. the 
production of bremsstrahlung photons in that material varies with the energy of the beu particle and 
the atomic number of the absorber. The bremsstrahlung photons frorng0Sr exhibit a continuous 
spectrum with the peak energy flux occurring around 0.15 MeV. A similar distribution IS produced 
for bremsstrahlung photons from radionuclides with lower-energy beta particles, but w ith a lower- 
energy peak. The exposure rate significance varies as a function of the same parameters as mentioned 
in the prior paragraph, with source and package playing an even greater role. Relative to a photon 
emitter such as 137Cs, the conversion factor for ? 3 r  in a lard can is 40 times lower, while in a %-gal 
drum it is about 50 times smaller. Compared with the 1-MeV photon emitter upon which the ORNL 
conversion factor is based, the "Sr activity would be underestimated by even greater factors. A 
situation typically encountered is that in which the facility considers both 137Cs and wSr as the 
principal radionuclides and believes that each is present in equal quantities. Upon determining the 
curie content using the ORNL conversion factor, one-half of the total is assigned to each 
radionuclide. The error in this approach is that essentially all of the measured exposure rate is due to 
the 137Cs, while little is due to the 90Sr. The total activity calculated via the conversion factor should 
be attributed to 13'Cs, but, by dividing this activity in half, the facility introduces a factor of 
2 underestimation in both the I3'Cs and %Sr activities. A fortuitous aspect of this assumption is that 
by assuming that ?3 r  is present in equal quantities with 137Cs (as is assumed in almost all cases), the 
error in the "Sr activity is still much less than if "Sr alone was present. 

In most cases, waste generators estimated the activity of certain very low-energy pure beta 
emitters, in particular 3H and I4C, by some means that they considered to be appropriate to the 
specific situation at hand (Le., they did not use the 1-MeV point-source conversion factor). These 
estimates were taken as accurate but with some significant level of uncertainty. However, in some 
cases, activity for these radionuclides was calculated using the measured exposure rates and the 
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standard O W L  conversion factor. With the very low energy of the beta particle emitted, an 
appreciable quantity of the radionuclide is required to give any detectable exposure rate due to 
bremsstrahlung. The degree of underestimation of the reported activity is certainly quite significant 
but is difficult to quantify. In these cases, the most probable value for the activity in this uncertainty 
analysis was estimated to be 50 to 1000 times greater than that reported. This order of magnitude 
correction was somewhat arbitrarily chosen, but was empirically based upon the data available for 
the abovementioned estimated 3H and 14C activities. 

A.4.7 Uncertainty Calculations for Activity Estimates 

A.4.7.1 Deterministic Model Calculations 

Calculations were performed using a deterministic model to compute the source activity and 
values for the low- and high-activity estimates. The results from the calculations were then used to 
check the reasonableness of the probabilistic model calculations. The deterministic model is based 
upon the following equation: 

where 
A = estimated source activity, 
D = measured exposure rate at distance x from the source, 
R = expected exposure-rate-per-curie conversion factor for a material of density r at 

distance x from the source, 
C = distance correction factor for the error in the source-to-detector distance x. 

The parameter D is nothing more than the actual value of the exposure rate measurement. R 
is the exposure-rate-to-curie conversion factor and is the most complex aspect of the calculation. It is 
radionuclide dependent, and is a function of the type of radiation emitted in the decay, the source 
geometry, composition, and density, and the distance from the source to the point of the exposure 
rate measurement. The exposure-rate-to-curie conversion factor has been used for all radionuclides of 
interest, including those that emit high- or low-energy gamma rays, X rays, or beta particles (with the 
ensuing bremsstrahlung photons). This group includes any radionuclides that have radioactive 
daughters that may emit such radiation, which is particularly important for some of the transuranics. 
The parameter C is one that has been added to reflect the effect on the exposure rate caused by an 
error in the source-to-detector distance. 

the assumptions made are pointed out as they appear in the calculation. The example calculation 
consists of a waste package (the “5-gal” lard can) from Building 3525. The principal nuclide is60Co. 

To describe the methodology used, a simple example calculation is provided. The basis for 
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Although the exposure rate used in the activity determination was 648 R/h, the actual measured 
exposure rate was 72 IUh, taken at approximately 3 ft  using a portable ion chamber. Facility 
personnel used an inverse square relationship to derive a 1-ft exposure rate of 648 R/h that was used 
in the activity calculation with the standard 1 -MeV-photon conversion factor. Uncertainties are 
associated with the measured exposure rate due to calibration tolerances and the energy dependence 
of the instrument response. The response of the standard ORNL ion chamber is fairly linear over a 
wide range of energies, hence the overall uncertainty attributed to the measured exposure rate was 
assumed to be 10%. 

For this example, shielding calculations were performed using a cylindrical source (for the 
lard can) of 6oCo with dimensions of 10-in. (diarn) by 14 in. (height). An iron shield (0.06-cm 
thickness) was included in the calculations to approximate the attenuation effects of the steel lard can 
wall. The source material density was varied from 0.5 to 2.0 g/cm3 in increments of 0.5 g/cm3. 
Because the density of iron is 7.86 g/cm3, a lard can filled completely with 2.0-g/cm3- density 
material corresponds to a lard can with 25 vol % steel (iron) and 7 5 ~ 0 1 %  void space (this void space 
might contain a very small volume of low-density material such as paper and plastic waste). The 
weight of such a can would be approximately 100 lbs. Since the reported weight for the waste 
packages ranged from 20 to 100 lb, the use of 2.0 g/cm3 as the upper bound for the average waste 
material density is appropriate. The lower bound for density of the waste material was 0.5 g/cm3. 
This value translates to a 20 lb lard can completely filled with this material. This value is deemed to 
be reasonable in terms of a lower bound. The exposure rate at a distance of 3 ft was calculated for a 
1 Ci source of T o ,  which represents an exposure-rate-to-curie conversion factor for this distance as 
a fiinctions of source density and geometry. At 3 f3, the exposure rate for material densities of 
0.5 g/cm3 and 2.0 g/cm3 ranged from approximately 1.4 to 1 .O R/h per curie respectively. 

Exposure rates as a function of distance were also calculated for the cylindrical source used 
above with a density of 1 .O g/cm3. This calculation was done to examine the effect on the exposure 
rate, since there is uncertainty associated with the distance at which the measurement was obtained. 
For this example, an uncertainty of I ft was considered to be reasonable, taking into consideration the 
manner in which the measurement was made. The calculations showed that the exposure rate at a 
source-to-detector distance of 2 fl was 2.5 times greater than the response obtained at 3 ft. 
Conversely, the exposure rate response at 4 ft  was 0.6 times that obtained at 3 ft. At these distances, 
the lard can approximates a point source reasonably well. 

Even though in the above example the exposure rate was obtained with a portable ion 
chamber, many facilities use in-cell probes to obtain exposure rate measurements on waste packages. 
The uncertainty associated with these detectors is undoubtedly greater than that for the portable ion 
chamber, perhaps in the range of 25%. 

A.4.7.2 Source-Activity Estimate 

In the example above, an exposure rate of 72 IUh was measured at a distance of 3 ft. The 
source activity estimate is determined as follows: 
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A = (7211.2) = 60 Ci, 

where 
72 Wh = measured exposure rate at 3 ft, 
1.2 R/h/Ci = average exposure rate per curie (for r = 0.5 and 2.0 g/cm3 ). 

Since the source activity estimate is based upon the measurement at 3 ft, there is no distance 
correction factor (i.e., C = 1.0). 

A.4.7.3 Low-Activity Estimate 

In order to estimate the lower bound of the activity, the values of D and C should be 
minimized, while R should be maximized. Substituting into the above equation gives: 

A = (64.811.4) x 0.6 = 27.7 = 28 Ci, 

where 
64.8 R/h = lower bound of the measured exposure rate at 3 ft (90% of 72 Rh),  
1.4 R/h/Ci = exposure rate per curie for r = 0.5 g/cm3, 
0.6 = distance correction factor for x of 4 ft. 

A.4.7.4 High-Activity Estimate 

In order to estimate the upper bound of the activity, the values of D and C should be 
maximized, while R should be minimized. Substituting into the above equation gives: 

A = (79.211.0) x 2.5 = 198 = 200 Ci, 

where 

(A.3) 

79.2 R/h = upper bound of the measured exposure rate at 3 ft (1 10% of 72 Rlh), 
1 .O W / C i  = exposure rate per curie for r = 2.0 g/cm3, 
2.5 = distance correction factor for x of 2 Et. 
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A.4.7.5 Deterministic Model Conclusions 

As can be seen, this deterministic model gives an estimated activity for 6oCo in the waste 
package of 60 Ci, with a range of 28 to 200 Ci. The activity as determined on the UCN16114 for this 
package (using the O W L  1-MeV photon conversion factor) was 11 0 Ci. The activity estimate using 
the 6 C E n formula for '%o (with a exposure rate of 648 lUh exposure rate at 1 ft, 1.25 MeV energy 
and 2 photons per disintegration) is 43 Ci. 

source activity and range, but do not allow for the independent variability of the uncertainties 
associated with the input parameters, such as the ion chamber exposure rate response, the 
exposure-rate conversion factor associated with the waste material density, and the distance at which 
the measurement was taken. This approach gives the range of source activities that are possible, but 
does not tell what is probable. 

The deterministic values for the source activity calculated above provide the estimated 

A.4.7.6 Probabilistic Model Conclusions 

The most probable source activity and its associated uncertainty for each radionuclide was 
calculated using Crystal Ball0 for WindowsTM by propagating the uncertain parameters through a 
model of the joint distribution to produce a distribution of activity predictions. Latin Hypercube 
Sampling (Iman and Shortencarrier 1984) was used as the numerical method for propagation. 
Typically, Crystal Ball@ uses Monte Carlo sampling, generating random numbers for a probability 
distribution over the entire range of possible values for that distribution. For this reason, a large 
number of trials is required to obtain results that approximate the true shape of the distribution. With 
Latin Hypercube sampling, an assumption's probability distribution is divided into intervals of equal 
probability. Crystal Ball@ then generates an assumption value for each interval according to the 
interval's probability distribution. Compared with conventional Monte Carlo sampling, Latin 
Hypercube sampling is more precise because the entire range of the distribution is sampled in a more 
even, consistent manner, 

Hypercube Sampling was used to determine a probability distribution for the source activity. For the 
Building 3535 '%o example, three input parameters, consisting of the measured exposure rate at 3 ft, 
the exposure-rate-per-curie response at 3 ft, and the distance correction factor, were used. The 
uncertainties associated with these parameters were propagated. A normal distribution with a mean 
of 72 R/h and a standard deviation of 2.4 FUh was used to describe the probability distribution for the 
measured exposure rate. A uniform probability distribution with a range of 1 .O to 1.4 R/h/Ci was 
used for the exposure-rate-per-curie response. The distance probability distribution was described 
using a distance correction factor that was distributed normally with a mean of 3 .OO ft and a standard 
deviation of 0.34 ft. The parametric information for the input parameters are shown in Fig. A.2 

A run with 1000 iterations was made for this example: This calculation allows for the 
determination of a 6oCo activity probability distribution, with a most probable activity, and an upper- 

To account for the uncertainties in the input parameters, a numerical method using Latin 
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Assumption: Measured exposure rate 

Normal distribution with parameters: 

Mean 
72.00 

Standard deviation 
2.40 

Assumption: Exposure rate per Curie 

Uniform distribution with parameters: 

Minimum 
1.00 

Maximum 
1.40 

Assumption : Dis tance 

Normal distribution with parameters: 

Mean 
3.00 

Standard deviation 
0.34 

b 0 a 
64.80 68.40 72.00 75.60 79.20 

i 

b a 
1.00 1.10 1.20 1.30 1.40 

R h  per Ci 

1.68 2.49 3100 3.51 i .02 

Ft 

Fig. A.2. Input parameter uncertainty for the 6oCo example. 
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and lower-bound value, each with an associated confidence interval. The most probable activity (i.e., 
the mode of the calculated activity probability distribution) was 54.4 Ci, with a range minimum at 
95% confidence of 3 1.9 Ci and a range maximum at 95% confidence of 92.1 Ci. The 95% confidence 
interval represents 1.96 standard deviations about the mean of the calculated activity probability 
distribution. Recall that the deterministic model gave an estimated activity ofmCo in the waste of 
60 Ci, with a range of 28 to 200 Ci. The activity as determined on the UCN16114 for this package 
(using the ORNL 1-MeV photon conversion factor) was 110 Ci. The probability distribution 
resulting from the Latin Hypercube Sampling forecast is shown in Fig. A.3. 

SimiIar uncertainty analyses were performed for other radionuclides and source geometries. 
An additional uncertainty distribution was introduced into the calculation whenever it was assumed 
that a package contained equal quantities of two or more radionuclides. In most cases, this was for 
packages containing I3’Cs and %Sr. The uncertainty represents the extent to which the radionuclides 
are present in equal quantities. For most cases, the fraction of the total represented by I3:Cs was set 
equal to 0.5, and was represented by a uniform probability distribution with a low of 0.2 and a high 
of 0.8. The ”Sr fraction is then 1 minus the I3’Cs fraction. The addition of this uncertainty results in a 
larger range in activity (from the minimum to the maximum activity estimates) than would be 
observed for each individual radionuclide. 

based upon the principal radionuclide(s) identified, the measured exposure rate at the specified 
distance, the instrument used for the measurement, the exposure-rate-per-curie response for the 
specified distance (a function of source density and geometry), and, if present, the mixture of 
multiple radionuclides in a package. 

This probabilistic approach facilitates the estimation of source activity for packages of waste 

A.4.8 Shielding Calculations 

The exposure rate response calculations were performed using MicroShieldN, a product of 
Grove Engineering, Inc., and a personal computer (PC) version of the shielding code, ISOSHLD. The 
latter program uses point kernel integration (with buildup) to calculate the radiation exposure rate at 
a detector point for bremsstrahlung and/or decay gamma rays emitted by radionuclide sources. For 
each waste package type considered, information about the geometry of the problem, radionuclides in 
the source, and the material composition of the source and shield regions were used as input to 
MicroShield.TM The MicroShieldTM code libraries contain the information used to calculate the 
exposure rate and radiation spectra, (Le., attenuation coefficients, gamma ray decay energies and 
probabilities, maximum beta energies and probabiIities, and buildup factor data). AI1 shielding 
calculations that were performed to determine the detector response to the waste packages in which 
the waste material was disposed used a cylindrical source and, if appropriate, with a cylindrical 
shield to account for the wall of the waste package. For the low-activity waste that was typically 
disposed of in small plastic bags, there would be no shield. 
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Fig. A.3. Probability distribution of 6oCo source activity 

A.5 NON-IWMF INVENTORY 

A.5.1 Key Radionuclides 

The non-IWMF key radionuclides were selected based on a groundwater analysis of the 
inventories presented in Tables A.2 to A. 13. The radionuclides that came within a factor of 1000 of 
the groundwater limit were initially chosen. This analysis resulted in the following list of key 
radionuclides: 

The key nuclides from the 1994 PA were: 

Combining these two lists results in: 
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Cobalt 60 was dropped fiom this list for three reasons: (1) it has a relatively short half-life, (2) it is 
not a problem in the non-IWMF facilities based on calculations for groundwater and surface water, 
and (3) the disposal capacity for @‘Co in the I W  is very large. Thus the final key radionuclides 
were: 

The location of key radionuclides present in the SWSA 6 non-IWMF disposal facilities are presented 
in Table A. 15. 

A.5.2 Uncertainty in the Non-lWMF Inventory 

Uncertainties in the non-IWMF radionuclide inventory were estimated to support uncertainty 
analyses for the revision of the 1994 PA. Since the 1994 PA, several changes to the non-IWMF part 
of SWSA 6 had occurred: (1) the number of disposal facilities under each disposal facility type 
accounted for in the 1994 PA had changed, (2) new disposal facility types had been added, and 
(3) the radionuclide inventory had changed in some cases. 

associated with the radionuclide inventories: 
To account for these changes, the following steps were used in estimating the uncertainties 

1. Applied the uncertainties in the radionuclide inventory to the reported inventories instead of 
the most probable activity (MPA). The 1994 PA modeling was based on the MPA values 
and its associated uncertainty. 

2. Used the same magnitude of uncertainty from the 1994 PA for cases where the inventory had 
not changed appreciably (within approximately +/- 20%). 

3. Used the largest (most conservative) magnitude of uncertainty used for the radionuclide from 
the 1994 PA for cases where the inventory had changed appreciably or the radionuclide was 
not considered or did not exist in the inventory of the 1994 PA. [Changes to the inventory 
(from the PA standpoint) could be due to several reasons. Since the last PA, waste packages 
had been added or removed from certain disposal units. New disposal facility types have 
been added (Le., the Quadrex trenchs). Use of “zones” has resulted in a redistribution of the 
inventory for calculational purposes. Review of inventory records resulted in an update of 
the WTS database.] 

4. Computed a relative most probable activity for each radionuclide by multiplying the MPAs 
with the ratio between the 1994 inventory and the current reported inventory. If no MPAs 
values were available, the relative MPAs were simply the reported inventory multiplied 
by 10. 

5 .  Used the relative MPA as the upper or lower bound for cases where the upper or lower 
bound for the uncertainty (associated with the activity for each radionuclide) did not 
encompass the relative MPA value. 
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- Table A.15 Key radionuclides in SWSA 6 non-IWMF disposal facilities 
Disposal Facility Key Radionuclides Present 
High-range silo 
Zone 3 
High-range wells 
Zone 5 
High-range wells-in-silos 
Zone 5 
Fissile wells 
Zone 7 
Quadrex trenches 
Zone 8 
Low-range silos 
Zone 8 
Biological trenches 
Zone 15 
Asbestos silos 
Zone 1 6 
Biological trenches 
Zone 20 
Tumulus I1 
Zone 26 
Tumulus I 
Zone 27 
Low-range silos 

"Sr 

'Osr 

'"Sr 99Tc 

90Sr 

%Sr 99Tc 

"Sr 

"Sr wTc 

1 3 7 ~ ~  232% 

137cs 
137cs 2 3 2 n  

1 3 7 ~ ~  2 3 2 n  

137cs 232% 

1 3 7 ~ ~  2 3 2 ~ h  2331 

l3'CS 

1 3 7 ~ ~  2 3 2 n  

137cs 

Zone 30 - 

The results for the uncertainties associated with the non-IWMF key radionuclide inventory 
are presented in Table A. 16 through Table A.27 These tables provide the mode, minimum, and 
maximum amounts (in grams) of key radionuclides for each facility. The first column contains the 
list of key radionuclides. The second column contains the reported inventory in g/facility. The third 
column contains the distribution type assigned to the radionuclide inventory data. The fourth and 
fifth columns contain the minimum and maximum inventory. These columns were derived by taking 
the reported inventories and applying the magnitude of uncertainty ("spread") determined in the 1994 
PA. The inventory uncertainty in the 1994 PA was applied with respect to the MPAs. Thus, the ratios 
of the maximum and minimum activities with respect to the MPAs (from 1994) were multiplied with 
the current reported inventory to obtain most of the values in columns four and five. (since the 
current reported inventory is used in this PA instead of the MPAs). The ratio multiplication method 
was not used wherever significant changes to the inventories, since 1994, were encountered. In these 
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Table A.16 Radionuclide inventory uncertainies for the high-range silos (Zone 3). 
1994 I994 Ratio of Relative Revised Revised 

94MPA 94to 94 MPA Mode minimum maximum 
current per facility (dfaCility) inventory inventory 

(dfacility) (g/faciIity) ('facili') inventory (g/facility) (glfacility) (glfacility) 

94 MPA per facility Distribution Minimum Maximum Nuclide inventory" 
(dfacility) type inventory inventory (Ci) 

3H 2.88 x IO-' Triangular 1.44 x lo-' 4.32 x lo-' 1.00 x 10' 2.87 x lo-' 1.00 2.87 x 2.88 x 10" 1.44 x lo-' 4.32 x 10" 
I4c 
"Sr 
137cs 
232Th 
2 3 8 u  

2.56 x lo-" Triangular 1.28 x IO4 3.84 x lo4 4.00 x 2.49 x lo4 0.97 2.42 x lo4 2.56 x lo4 1.28 x 10"' 3.84 x lo4 

2.76 x Triangular 1.83 x 4.69 x IO" 3.51 x lo2 6.99 x 1.67 1.17 x lo-' 2.76 x 1.83 x lo5 1.17 x lo-' 
5.16 x 10" Triangular 3.10 x 7.22 x 2.57 x 10' 8.21 x 1.59 1.31 x IO-* 5.16 x 3.10 x IO" 1.31 x lo-* 
3.43 x 10' Triangular 3.09 x 10' 3.77 x 10' 1.36 x lo4 3.44 x 10' 1 .oo 
8.24 x 10' Triangular 7.42 x IO2  9.06 x IO2 1.10 x 9.08 x IO2 1 .oo 

3.46 x 10' 3.43 x 10' 3.09 x 10' 3.77 x 10' 
9.06 x 10' 8.24 x lo2 7.42 x 10' 9.06 x IO2 

239Pu 4.60 x lo4 Triangular 4.60 x lo-' 4.60 x 1.50 x IO-' 6.72 x 0.98 6.61 x lo-' 4.60 x lo4 4.60 x lo-' 6.61 x lo-' 
"Inventory based on 36 silos. 

Table A.17 Radionuclide inventory uncertainies for the high-range wells (Zone 5). 
1994 1994 Ratio of Relative Revised Revised 

Mode minimum maximum 
inventory inventory 

(glfacility) (dfacility) ('facili') inventory (g/facility) (dfacility) (gfacility) 

94 MPA Reported 
Nuclide inventory" 

(dfacility ) 
94 to 94 MPA (dfacility) current per facility 94 MPA per facility Distribution Minimum Maximum 

type inventory inventory (Ci) 

''sr 
'37cs 

1.09 x 10' Triangular 7.30 x lo-' 1.45 x 10' 1.36 x 10' 1.08 x 10' 
1.70 x 10' Triangular 1.53 x 10' 1.96 x 10' 1.40 x lo3 1.79 x 10' 

0.99 
1.05 

1.08 x 10' 1.09 x 10' 7.30 x lo-' 
1.88 x 10' 1.70 x 10' 1.53 x 10' 

1.45 x 10' 
1.96 x 10' 

~ ~ _ _  
'Inventory based on 9 wells. 
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Table A.18 Radionuclide inventory uncertainies for the high-range wells-in-silos (Zone 5). 
1994 1994 Ratio of Relative Revised Revised 

Reported Distribution Minimum Maximum 94MPA 94to 94MPA Mode minimum maximum 
Nuclide inventory' 

(@facility) (gfacility) (dfaCiliv) inventory (dfacility) (@facility) (gfacility) (@facility) type inventory inventory 

90Sr 3.12 x IO-* Triangular 1.97 x 7.68 x lo-' NA NA NA 3.12 x IO-* 3.12 x lo-' 1.97 x lo5 7.68 x IO-' 

99Tc 4.80 x lo-' Triangular 4.56 x lo-' 5.04 x lo-' NA NA NA 4.80 x 10' 4.80 x lo-' 4.56 x lo-' 4.80 x 10' 
137cs 2.58 x lo-' Triangular 1.55 x lo-' 3.61 x lo-' NA NA NA 2.58 x 10' 2.58 x lo-' 1.55 x lo-' 2.58 x 10' 

232Th 6.92 x 10' Triangular 6.23 x 10' 7.61 x 10' NA NA NA 6.92 x 10' 6.92 x 10' 6.23 x 10' 6.92 x 10' 

"Inventory based on 49 wells-in-silos. 

Table A.19 Radionuclide inventory uncertainies for the fissile wells (Zone 7). 
1994 1994 Ratio of Relative Revised Revised 

Reported Distribution Minimum Maximum 94 MPA per 94MPA facility 94to 94MPA Mode minimum maximum 
current per facility (dfaCili') inventory inventory 

inventory (glfacility) (@facility) (gfacility) ($facility) (@facility) (@facility) type inventory inventory (g/facility) 
Nuclide inventory" 

137cs 2.44 x lo-' Triangular 1.46 x lo-' 3.42 x lo-' 4.25 x 10' 2.44 x lo-' 1 2.44 x 10' 2.44 x lo-' 1.46 x lo-' 2.44 x 10' 

232Th 5.50 x 10" Triangular 3.85 x 10' 6.38 x 10' NA NA NA 5.50 x 10' 5.50 x 10' 3.85 x IO' 5.50 x LO' 
23Su 1.36 x IO2 Triangular 1.36 x 10' 1.36 x lo3 8.75 x lo4 2.02 x 10' 1.49 3.01 x lo2 1.36 x IO2 1.36 x 10' 1.36 x lo3 
23811 7.28 x lo3 Triangular 6.55 x lo3 8.01 x I O 3  4.83 x 7.18 x lo3 0.99 7.08 x lo3 7.28 x 10' 6.55 x lo3 8.01 x lo3 

"Inventory based on 2 wells. 



Table A.20 Radionuclide inventory uncertainies for the Quadrex trenches (Zone 8). 
1994 1994 Ratio of Relative Revised Revised 

94MPA 94to 94MPA Mode minimum maximum 
current per facility (dfaCility) inventory inventory 

inventory (glfacility) (dfacility) (dfacility) 

94 MPA per facility 
(“) (dfacility) 

Distribution Minimum Maximum 
type inventory inventory 

(g/faci I ity) (dfacility ) 
Nuclide inventorya 

(dfacility) 

’OSr 7.81 x Triangular 4.92 x lo-* 1.92 x lo4 NA NA NA 7.81 x lo6 7.81 x 4.92 x lo-’ 7.81 x lo4 
‘37cs 1.87 x lo5 Triangular 1.12 x 2.62 x 10” NA NA NA 1.87 x 1.87 x 10” 1.12 x 1.87 x lo-* 
232Th 2.84 x lo3 Triangular 1.99 x lo3 3.29 x lo3 NA NA NA 2.84 x 104 2.84 x 103 1.99 x 103 2.84 x 104 

1.97 x 10’ Triangular 1.97 x 10’ 1.97 x lo2 NA NA NA 1.97 x lo2 1.97 x 10’ 1.97 x 10’ 1.97 x lo2 
9.30 x IO2 Triangular 7.10 x lo2 1.28 x lo3 NA NA NA 9.30 x lo3 9.30 x lo2 7.10 x lo2 9.30 x lo3 

235u 

2 3 8 ~  

“Inventory based on 4 trenches. 



Triangular 3.63 x 10“‘ 1.42 x lo-’ 5.34 
Triangular 1.41 x lo-’ 1.41 x 10’ 3.26 
Triangular 4.22 x lo5 9.84 x 3.23 
Triangular 1.84 x lo3 3.05 x lo3 1.08 x 10” 
Triangular 4.18 x 10” 4.18 x lo-’ 2.75 x 

Triangular 1.44 x 10’ 1.76 x 10’ 

Triangular 1.53 x lo3 2.75 x lo3 
NA 

1.37 x lo-’ 

~~ ~ ~ 

Triangular 3.65 x lo-’ 1.10 x 10“ 1.02 x 10’ 
Triangular 2.90 x lo-’ 8.70 x lo-’ 7.23 x 10’ 

7.30 x 10-5 NA 7.30 x 10“ 7.30 x lo-’ 3.65 x 7.30 x lo4 

5.80 x io-* NA 5.80 x 10“‘ 5.80 x lo-’ 2.90 x lo-’ 5.80 x 10“ 

5.76 x 10-3 NA 5.76 x 10” 5.76 x 10” 3.63 x lo4 5.76 x lo-’ 

1.41 x lo-’ NA 1.41 x 10’ 1.41 x lo-’ 1.41 x 10” 1.41 x 10’ 

7.03 x 10” NA 7.03 x 10” 7.03 x 10” 4.22 x 10” 7.03 x lo-* 

2.63 x 103 NA 2.63 x 104 2.63 x 103 1.84 x 103 2.63 x 104 

4.18 x lo-’ NA 4.18 x lo-’ 4.18 x lo-’ 4.18 x 10” 4.18 x lo-’ 
1.60 x 10’ NA 1.60 x lo2 1.60 x 10’ 1.44 x 10’ 1.60 x 10’ 
2.00 x 103 NA 2.00 x 104 2.00 x 103 1.53 x 103 2.00 x 104 

I 24‘Am 1.19 x Triangular 1.19 x lo4 1.19 x lo-’ 2.76 x lo-’ NA NA 1.19 x lo-’ 1.19 x 1.19 x lo4 1.19 x lo-’ 

~ 

7.30 x Triangular 7.30 x 7.30 x lo-’ 3.47 x lo-’ NA NA 7.30 x lo-’ 7.30 x 7.30 x 7.30 x lo-’ 

243Am 5.68 x 10” Triangular 5.68 x 10“ 5.68 x 10“ 1.08 x lo-’ NA NA 5.68 x 10“ 5.68 x lo-’ 5.68 x 10” 5.68 x 10“ 
“Inventory based on 24 silos. 

Table A.21 Radionuclide inventory uncertainies for the low-range silos (Zone 8). 

94 to 94 MPA (g/facility) 

1994 1994 Ratio of Relative Revised Revised 
Mode minimum maximum 

inventory inventory 
(dfacility) (g/facility) (glfacility) inventory (dfacility) (glfacility) @/facility) 

94 MPA Distribution Minimum Maximum 94 MPA per facility Nuclide inventorya type inventory inventory (Ci) current per facility 

NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
NA 
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Table A.22 Radionuclide inventory uncertainies for the biological trenches (Zone 15). 
1994 1994 Ratio of Relative Revised Revised 

94MPA 94to 94MPA Mode minimum maximum 
current per facility inventory inventory 

(glfacility) (glfacility) (dfaCiliQ) inventory (g/facility) (glfacility) (@facility) 
94 MPA per facility Reported Distribution Minimum Maximum Nuclide inventory" 

(dfacility) type inventory inventory (Ci) 

90Sr 2.23 x lo-' Triangular 1.56 x lo-' 2.90 x lo-' 1.81 x lo-' NA NA 2.23 x lo4 2.23 x lo-' 1.56 x lo-' 2.23 x lo4 

137cs 8.23 x 10" Triangular 6.58 x 10" 1.07 x lo-' 2.25 x 6.47 x 10" 0.79 5.08 x 10" 8.23 x 10" 5.08 x 10" 1.07 x IO-' 
"Inventory based on 4 trenches. 

Table A.23 Radionuclide inventory uncertainies for the asbestos silos (Zone 16). 
1994 1994 Ratio of Relative Revised Revised 

94MPA 94to 94MPA Mode minimum maximum 
current per facility ('facili') inventory inventory 

Reported Distribution Minimum Maximum 
type inventory inventory 

(glfacility) (dfacility) (dfacility) (dfaCili') inventory (g/facility) (glfacility) (dfaci lity) 
per facility Nuclide inventory" 

I4C 3.45 x lo-' Triangular 1.73 x lo-' 5.18 x lo-' 5.79 x lo-' 1.18 x 3.42 4.04 x 3.45 x lo-' 1.73 x lo-' 4.04 x lo-' 
"Sr 1.86 x lo-' Triangular 4.84 x lo4 4.05 x lo-' 4.71 x 3.07 x lo" 1.49 4.56 x lo-' 1.86 x lo-' 4.84 x 10" 4.56 x 10" 
99Tc 7.33 x lo5 Triangular 3.96 x lo4 1.97 x lo-' 1.02 x 5.47 x 0.88 4.81 x 7.33 x 10" 3.96 x lo4 1.97 x lo-' 

137cs 8.75 x IO-' Triangular 7.00 x lo-' 1.14 x lo4 5.67 x IO-* 5.93 x lo-' 0.68 4.02 x lo-' 8.75 x lo-' 4.02 x lo-' 1.14 x IO4 
232Th 6.95 x 10' Triangular 4.87 x I O '  8.06 x I O '  NA NA NA 6.95 x IO2  6.95 x I O '  4.87 x 10' 6.95 x 10' 
2 3 8 ~  1.30 x lo2 Triangular 9.67 x IO' 1.79 x IO '  ( 0 8  10 ' 1 17 I O '  0 5 0  7 73 x 10' 1.30 x I O 2  9.67 x 10' 7.73 x lo2 
239Pu 1.81 x Triangular 1.81 x I O  ' 1.81 1 IO ' N A  N I1 N h  I81 I O  ' 1.81 x I O  * 1.81 x IO-' 1.81 x lo-' 
24'Am 4.51 x 10" Trianeular 4.51 x I O  ' 4.51 x I O  ' N h  N A  N A  4.51 x I O '  4.51 x I O 6  4.51 x l o 7  4.51 x lo-' 
"Inventory based on 11 silos. 
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Table A.24 Radionuclide inventory uncertainies for the biological trenches (Zone 20). 
Revised 

94MPA 94to 94MPA Mode minimum maximum 
current per facility ('facili') inventory inventory 

(&facility) (gfacility) inventory (&facility) (&facility) (dfacility) 

1994 1994 Ratio of Relative Revised 
94 MPA per facility Distribution Minimum Maximum 

type inventory inventory (Ci) Nuclide inventory" 
(&facility) 

'OSr 2.16 x lo-' Triangular 1.51 x lo-' 2.81 x 10" 1.81 x lo-' NA NA 2.16 x lo4 2.16 x lod5 1.51 x IO-' 2.16 x 10"' 
"Inventory based on 2 trenches. 

Table A.25 Radionuclide inventory uncertainies for Tumulus I1 (Zone 26). 
1994 1994 Ratio of Relative Revised Revised 

Reported Distribution Minimum Maximum 94 MPA 94MPAper facility 94to 94MPA Mode minimum maximum 
current per facility (dfaCili') inventory inventory Nuclide inventory" 

(g/faci lity ) (&facility ) ('facili') inventory (&facility) (glfacility) (&facility) (&facility) type inventory inventory (Ci) 

7.15 x lo-' Triangular 3.58 x lo-' 1.07 x lod 1.61 7.60 x 1.00 7.60 x lo-' 7.15 x 3.58 x lo-' 1.07 x 10" 
4.34 x 10" Triangular 2.17 x 10" 6.51 x 10" 2.12 2.17 x 10" 1.00 2.17 x IO" 4.34 x lo4 2.17 x IO" 2.17 x lo5 
9.43 x lo-' Triangular 2.45 x IO-' 2.06 x 10"' 3.29 1.08 x 10" 2.76 2.98 x lo4 9.43 x IO-' 2.45 x lo-' 2.98 x 10"' 
4.02 x lo4 Triangular 3.22 x 10"' 5.23 x 10'' 12.9 6.77 x IO4 1.69 1.14 x IO" 4.02 x 10" 3.22 x IO4 1.14 x 

2.08 x 10' Triangular 1.46 x 10' 2.41 x 10' 3.97 x lo4 1.65 x 10' 1.00 1.66 x 10' 2.08 x IO' 1.46 x 10' 2.41 x 10' 
1.97 x IO-' Triangular 1.97 x 10" 1.97 x lo-' 5.19 x 2.46 x lo-* 1.00 2.45 x 1.97 x 10" 1.97 x lo5 1.97 x lo-' 
4.74 x 10' Triangular 3.62 x 10' 6.52 x 10' 7.33 x lo5 9.95 x 10' 0.33 3.25 x 10' 4.74 x 10' 3.25 x 10' 6.52 x 10' 
6.28 x 10"' Triangular 6.28 x lo-' 6.28 x 1.24 4.77 x IO" 6.28 x 10"' 6.28 x IO-' 6.28 x IO-' 

1.66 x lo-' Triangular 1.66 x 10" 1.66 x lo4 1.05 x lo-' 1.40 x 10" 1.00 1.40 x lo4 1.66 x IO-' 1.66 x 10" 1.66 x lo4 

5.21 x lo-' 3.84 x 

"Inventory based on 219 vaults. 
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Table A.26 Radionuclide inventory uncertainies for Tumulus I (Zone 27). 
1994 1994 Ratio of Relative Revised Revised 

Reported Distribution Minimum Maximum 94 MPA 94 to 94MPA Mode minimum maximum Nuclide inventory" 
(glfacility) (glfacility) ('facili') inventory ('facility) (glfacility) (glfacility) (g/faci 1 ity ) type inventory inventoty 

3H 9.61 x 10-7 
I4c 2.95 x 10-5 
90Sr 3.03 x 10"' 
"Tc 1.48 x 10" 
137cs 9.76 x lo4 
232Th 1.94 x 10' 

1.73 x 233u 

238u 7.80 x 10' 

237Np 3.90 x lo-' 
239Pu 2.82 x 10-3 
240Pu 1.02 x lo4 
241Am 6.07 x 10-5 
243Am 2.11 x 10"' 

Triangular 4.81 x 1.44 x 10" 2.7 9.60 x 10-7 
Triangular 1.48 x lo-' 4.43 x lo-' 9.76 7.52 x 10-3 
Triangular 1.91 x 7.45 x 10"' 3.71 9.14 x 10-5 
Triangular 1.48 x IO5 1.48 x lo-' 3.69 x lo-' 7.48 x loW2 
Triangular 6.83 x IO-" 1.13 x 1.40 x 10' 5.53 x 10"' 
Triangular 1.36 x 10' 2.25 x 10' 1.11 x 10"' 3.48 x 10' 
Triangular 1.73 x 10" 1.73 x lo-' 9.81 x 3.50 x lo-' 
Triangular 5.95 x 10' 1.07 x 10' 4.55 x 10" 4.65 x lo2 
Triangular 3.90 x 3.90 x lo-' NA NA 
Triangular 2.82 x IO"' 2.82 x 9.03 x lo-* 5.01 x 

Triangular 1.02 x 1.02 x 10" 0 0.00 x 10' 

Triangular 6.07 x 10" 6.07 x IO"' 8.27 x lo-' 8.29 x 

Triangular 2.11 x 10" 2.11 x 10" 1.86 x 3.21 x 

1.00 9.60 x lo-' 9.61 x low7 4.81 x 1.44 x 10" 
0.51 3.83 x 2.95 x lo-' 1.48 x lo-' 3.83 x 

0.27 2.46 x lo-' 3.03 x IO-" 1.91 x lo-' 7.45 x 10"' 
0.03 2.40 x 1.48 x lo-' 1.48 x 10" 1.48 x lo-' 
0.57 3.14 x 10"' 9.76 x 10"' 3.14 x 10"' 1.13 x lo5 
0.27 9.32 x lo-' 1.94 x 10' 9.32 x lo-' 2.25 x 10' 
0.21 7.35 x 1.73 x lo-' 1.73 x 1.73 x lo-' 

1.39 x lo2 0.30 1.39 x lo2 7.80 x 10' 5.95 x 10' 
NA 3.90 x lo-' 3.90 x lo-' 3.90 x 3.90 x lo-' 
0.23 1.15 x low3 2.82 x 2.82 x 10"' 2.82 x 

1.01 1.02 x 10-3 1.02 x 104 1.02 x 10-5 1.02 x 10-9 
0.37 3.05 x lo-' 6.07 x lou5 6.07 x 10" 6.07 x 10"' 
0.18 5.81 x 10+ 2.11 x lo4 5.81 x 10" 2.11 x 

"Inventory based on 291 vaults. 
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Table A.27 Radionuclide inventory uncertainies for low-range silos (Zone 30). 
Revised 

Reported Distribution Minimum Maximum 94 MPA pre 94MPA facility 94to 94MPA Mode minimum maximum 
type inventory inventory (Ci) current per facility ('fac*ll') inventory inventory 

(gfacility) (gfacility) (dfacility) (dfaciliQ) inventory (g/facility) (gfacility) (gfacility) 

9.52 x 10" Triangular 4.76 x 10" 1.43 x lo-' 1.02 x 10' 

1994 1994 Ratio of Relative Revised 

Nuclide inventory' 

'H NA NA 9.52 x 10" 9.52 x 10" 4.76 x 10" 9.52 x 

I4c 1.48 x 10'' Triangular 7.40 x 2.22 x 10'' 7.23 x 10' NA NA 1.48 x lo5 1.48 x lo4 7.40 x lo-' 1.48 x 10-3 

90Sr 6.49 x lo4 Triangular 4.09 x lo-' 1.60 x 10" 5.34 NA NA 6.49 x 6.49 x 10" 4.09 x lo-' 6.49 x 10-3 

232Th 3.28 x lo2 Triangular 2.30 x lo2 3.80 x 10' 1.08 x NA NA 3.28 x lo3 3.28 x 10' 2.30 x lo2 3.28 x 103 

238u 8.16 x 10' Triangular 6.23 x lo2 1.12 x lo3 NA NA NA 8.16 x IO3 8.16 x lo2 6.23 x lo2 8.16 x 103 

')'CS 1.36 x 10" Triangular 8.16 x 10" 1.90 x 3.23 NA NA 1.36 x lo-' 1.36 x 8.16 x 10'' 1.36 x 10" 

2 3 3 ~  6.05 x Triangular 6.05 x lo-' 6.05 x lo-' 2.75 x loa2 NA NA 6.05 x lo-' 6.05 x lo-' 6.05 x 6.05 x lo-' 

1.58 x lo-' 237Np 1.58 x 10" Triangular 1.58 x 1.58 x lo-' NA NA NA 1.58 x lo-' 1.58 x 1.58 x 10" 
239Pu 3.67 x 10" Triangular 3.67 x lo4 3.67 x 3.47 x lo-' NA NA 3.67 x 10" 3.67 x 3.67 x lo4 3.67 x lo-' 

6.58 x lo4 24'Am 6.58 x Triangular 6.58 x 10" 6.58 x 10'' 2.76 x IO-' NA NA 6.58 x IO4 6.58 x lo-' 6.58 x 10" 
243Am 7.66 x lo4 Triangular 7.66 x 10" 7.66 x loa3 1.08 x NA NA 7.66 x 7.66 x 10'' 7.66 x lo-' 7.66 x 10-3 

"Inventory based on 105 silos. 



Radionuclide Inventory Data 

instances, the most conservative ratio (of maximum and minimum activities to the MPAs) used for 
the radionuclide in the 1994 PA was applied. 

Once the minimum and maximum inventories based on the current reported inventories were 
determined, the next step involved making sure that the MPAs fell within the uncertainty range for 
that radionuclide. Since the inventories had changed in some cases, a "relative MPA" was computed. 
This computation was done by multiplying the the MPA (column 8) with the ratio between the 1994 
inventory and the current inventory (column 9). For cases where an MPA was not available, the 
relative MPA was generated by multiplying the reported inventory by 10. If the relative MPA is 
larger than the previously calculated maximum activity, or smaller than the minimum activity, the 
relative MPA was then used to replace the maximum or minimum activity. This added conservatism 
was done to maintain some consistency between the current approach of using reported inventories 
vs the previous approach of using W A S  to model the source term. The mode (column 13) is the 
reported inventory value. Columns 14 and 15 contain the final minimum and maximum activity 
values. The nuclear data used to convert the MPAs from units of curies to grams are provided in 
Table A.28. 

Table A.28 Nuclear data for the non-IWMF 
key radionuclides 

Half-life Specific activity 
(days) (C@ 

NucIide 

3H 
I4C 

99Tc 
2 3 2 n  

2 3 3 u  

2 3 5 ~  

238u 

"WP 
239Pu 
240Pu 
241Am 
243Am 

4.50 x io3 

1-04 x io4 

7.78 x 107 

5.81 x io7 

2.09 x lo6 

5.13 x 1OI2 

2.57 x 10" 

1.63 x 10" 

7.82 x 10' 
8.81 x lo6 
2.40 x lo6 

1.58 x 105 

2.70 x lo6 

9.67 x 103 
4.46 x 10' 

1.39 x lo2 
1.69 x lo-' 

1.10 x 10-7 

9.64 x 10-3 

3.36 x 10-7 

2.16 x lod 

7.04 x lo-' 
6.20 x lo-' 
2.27 x IO-' 
3.43 x IO0 

1.99 x lo-' 
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A.6 IWMF INVENTORY 

A.6.1 Key Radionuclides 

A review of the 63 radionuclides used to model the IWMF inventory showed that most 
radionuclide activities were well below the groundwater based activity limits, i.e., within 1% of the 
groundwater activity limit. Application of the Most Probable Activity Factor results in exceedance 
of the groundwater activity limit for 14C and ='PU. Technitium-99, 233U, and "'Am were below the 
activity limits even when the Most Probable Activity Factors are used. However, the ratio of current 
inventory to limit for these radionuclides are sufficiently high that the sum of fractions (inventory to 
limit) for all the 63 radionuclides will exceed 1. These 5 radionuclide and 8 others, chosen based on 
sensitivity (in terms of analyses and significance in terms of dose contribution, were retained for 
uncertainty estimation. The 13 radionuclides are: 

The activities of the remaining radionuclides modeled in this revised PA were very small 
(even when the upper bound of the activity uncertainties were considered) relative to the activity 
limits. For these radionuclides, the estimated uncertainties (where applicable) from the initial 
version of the PA are considered adequate in view of the relatively small amounts of activity 
involved. 

A.6.2 Uncertainty in the IWMF Inventory 

The source term uncertainties were investigated and updated (from the initial PA) for the 13 
radionuclides identified above. When uncertainty estimation was being performed for the initial PA, 
the IWMF had only been in operation for over one-and-a-half years. Since then, the amount of 
activity placed on the IWMF has increased significantly in most cases. Thus, an update for the key 
radionuclides was deemed necessary to investigate the changes, if any, in waste characterization and 
reporting practices. Improvements in waste characterization will reduce the uncertainties associated 
with the reported waste inventories. The method used to update the waste inventory uncertainties for 
the 13 radionuclides is listed as follows: 

1. 
2. 
3. 

Obtained the list of I W  waste containers containing the radionuclides of interest . 
Sorted the containers by activity for each radionuclide. 
Identified the few containers containing the most activity for each radionuclide (Le., the few 
containers which contain the 60 to 90% of IWMF activity inventory for a particular 
radionuclide) . 
Obtained a list of items in each of the containers identified in Step 3. 4. 
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5 .  Reviewed the disposal records for each item. Identified the method used to determine the 
reported activity and determined the quality of the reported values. 

The results of the uncertainty update are provided in Table A.29. 

the waste has improved since the initial PA. Sampling and analysis and assay measurements are 
being required for the radioactive waste, as well as better documentation of process knowledge. 
Notes from the review of the five most sensitive radionuclides (relative to the activity limits), out of 
the 13 key radionuclides, are provided below. 

A trend that was generally observed is that the quality of reported radionuclide activities in 

Table A.29 Summary of Updated Inventory Review Results for the IWMF 
Quality of reported 

activities Percent of inventory reviewed Basis of reported activity Nuclide 

99TC 

"SP 
2 3 2 n  

233u 

2 3 5 ~  

W 

='Np 
239pu 

241Am 

240pu 

243Am 

90% (3 containers) 
n/a 
89% ( I  container) 

48% (3 containers) 
90% (2 containers) 

69% (1 container) 

66% (1 container) 
6 1 % (3 containers) 
98% (1 container) 
75% (7 containers) 

88% (2 containers) 

3H 97% (1 container) Analysis by SEG 
I4c 69% (7 containers) Mostly 6CE, with 1 

container analyzed by 
SEG (2.1 mCi, 9% of the 
inventory) 
6CE 
nJa 
6CE and generator 
estimation 
Lab analysis 
6CE and generator 
estimation 
Calculation based on 
weight % 
6CE 
Lab analysis 
Lab analysis 
Analyzed (49% of 
inventory), 6CE for the 
remaining inventory 
reviewed 
SEG analysis (60% of 
inventory), 6CE for the 
remaining inventory 
reviewed 

Good 
Poor 

Poor 
n/a 
Poor 

Good 
Poor 

Average 

Poor 
Good 
Good 
Average 

Average 

(I "Sr activity is spread over many containers. 
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239Pu 

0 

0 

2 3 8 u  

0 

Reviewed the data for 3 containers (XIOC9401248, XlOC9501864, XlOC9502282) which 
make up 6 1 % of the IWMF 239Pu inventory. There were 29 items in the 3 containers. There 
were 1 13 containers with 239Pu on the IWMF at the time the records were reviewed. 
The waste was mainly ion exchange resin (in plastic drums), contaminated debris wrapped in 
plastic, and pieces of process line piping. The chemical form was reported as oxide. 
Based on the records (Waste Item Description - UCN-2 109) and a discussion with the 
generator, it was confirmed that all the items were sampled and lab analyzed. Pieces of 
piping were cut and sent to a laboratory for analysis. 
Uncertainty in reported laboratory result will arise from sampling uncertainty and analytical 
uncertainty. 
The Most Probable Activity Factor is 78. The original results were underestimated (the 
radionuclide has a low yield photon emission). The estimated inventory was derived by 
bounding the weight of the waste by 10 nCi/g. At the time of the initial PA, the IWMF 239Pu 
inventory was 5.98E-04 Ci. This represents only 4.6% of the current I W M F  inventory. 
The Most Probable Activity Factor in this case is meaningless when applied to other waste 
packages since it is based solely on the mass of the waste. 

Reviewed the data for 1 container (X1 OC96002 18) which makes up 69% of the IWMF 238U 
inventory. There were 19 items in the container. There were 224 containers with 238U on the 
IWMF at the time the records were reviewed . 
Based on the records (Waste Item Description - UCN-2109), the waste appears to be mainly 
depleted uranium powder, &Os. 
In item X10195 13969, there appears to be a revised gram quantity of 238U that was not 
reflected in the total U-238 mass, and hence activity, for the container. The correct =‘U 
activity for the container should be 2.35E-02 Ci as opposed to the 3.04E-02 Ci reported. 
The Most Probable Activity Factor is 21.4. The original results were underestimated. There 
is relatively minimal betdgamma emission by daughters. A modified dose rate conversion 
factor was used to estimate the most probable activity. At the time of the initial PA, the 
IWMF 238U inventory was 2.71E-03 Ci. This represents only 6.2% of the current reported 
I W  inventory or 7.3% of the “corrected” inventory (where the mistake is accounted for). 
The records of one of the containers examined shows that the mass of the waste was used for 
determining the activity. The mass was converted to activity using a specific activity 
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constant for 238U. Any errors in the activity reported would arise from an error in the mass 
value. The magnitude of this error can only be speculated. From the records, it appears that 
the weight was estimated at 100 kg and the reported number used was derived by subtracting 
oxygen from the U30,. 

233u 

e 

e 

e 

e 

e 

e 

e 

e 

e 

e 

Reviewed the data for 3 containers (XlOC9402223, XlOC9502282, XlOC9402941) which at 
4.OE-03 Ci makes up 48% of the IWMF 233U inventory. There were 125 items in the 3 
containers. There were 128 containers with 233U on the IWMF at the time the records were 
reviewed. 
The waste was mainly pieces of piping removed from Building 30 19A. The chemical form 
was reported as oxide. 
Based on the records (Waste Item Description - UCN-2109) and a discussion with the 
generator, it was confirmed all the items were sampled and lab analyzed. Pieces of piping 
were cut and sent to lab for analysis. 
The Most Probable Activity Factor is 86.5. The original results were underestimated. There 
is relatively minimal betdgamma emission by daughters. The estimated inventory was 
derived by bounding the weight of the waste by 10 nCi/g. At the time of the initial PA, the 
IWMF 233U inventory was 1.07E-03 Ci. This represents only 12.8% of the current reported 
IWMF inventory. 
The Most Probable Activity Factor in this case is meaningless when applied to other waste 
packages since it is based solely on the mass of the waste. 

Reviewed the data for the following 7 containers: X1 OCSLLNO7521, XlOCSLLN07525, 
X1 OCSLLNO7526, X1 OCSLLNO8523, XlOCSLLNO7522, X1 OCSLLNO8535, 
XlOC9400929. These containers contain 69% of the IWMF I4C inventory. 
containers with I4C on the IWMF at the time the records were reviewed. 
The I4C activity in the containers above, with the exception of container XlOC9400929, were 
estimated using the 6CE method. 
Container X1 OC9400929 contains approximately 9% of the IWMF 14C inventory. The 
reported 14C activity in container X1 OC9400929 was based on analytical results provided by 
Scientific Ecology Group (SEG). 
The waste was mainly pieces of material and equipment (wood, plastic, paper, metal). 
The Most Probable Activity Factor is 500. This number was a pure estimate based on the 
potential magnitude of the error in the reported inventory, i.e., could be greater than 100, but 
maybe less than 1,000. Hence, 500. Note that the 500 was used as a measure of 
conservatism. Since the error was estimated to be between 2 to 3 orders of magnitude, 0.05 

There were 5 1 
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”Tc 

e 

could have been used instead (though it would not be conservative). Another consideration 
is that 14C is relatively difficult (ie., nearly impossible) to measure with an “open-window’’ 
ion chamber. Thus, any relatively minor reading detected with an ion chamber corresponds 
to a very large amount of I4C. 

Reviewed data for 3 containers (X1 OCSLLNOO7529 [3.4E-03 Ci reported], 
X1 OCSLLNOO8523 [3.4E-03 Ci reported], and XlOC9400932 [4.07E-5 Ci]). The containers 
contain 90% of the IWMF %Tc inventory. There were 32 containers with 99Tc on the IWMF 
at the time the records were reviewed. 
The waste was reported as metal, plastic, cloth, and rubber. The chemical form was reported 
as oxide. 
The rationale for reporting the presence of ”Tc is not well founded. The method for 
reporting the quantity of ”Tc was based on the 6CE rule, using an “unknownJJ instrument to 
perform the dose rate measurement. 
uncertainties. The 6CE rule is not applicable to 99Tc. And it is doubtful that the HP Tech 
used a proper instrument (that responds to the presence of 99Tc) to conduct the dose rate 
measurement. Breaking this down by container: 

When combined, these “unknowns” lead to large 

X1 OCSLLNOO7529 
Technitium-99 is reported in conjunction with 15 packets from the same building, 3029. 
Using an ion chamber, the dose rate was measured for each packet. Each packet had only 1 
radionuclide, one of four: I3’Cs, ’ T m ,  99T~ ,  or Ig2Ir. There is likely to be large uncertainty as 
to the guess of the radionuclide present in each packet, since it is highly unlikely that the 
waste was segegated to that level (i.e. by radionuclide). Two packets (#9 and #lo) had 
measured dose rates of 1 mremh, with the corresponding 99Tc activity reported as 
1.7E-04 Ci (Activity = 1/6* Dose Rate (mrem/h}/lOOO). There are several questions that 
arise: 

1. 
2. 
3. 

What process generated this odd “mix” of radionuclides? 
How were the radionuclides isolated into individual packets? 
Did the HP Tech really measure the bag to be 1 mremh, did he measure background, 
or were there other radionuclides in the bag? If the HP Tech measured 1 mremh in 
a bag full of pure ”Tc, then the 6CE underestimates the real activity by over a factor 
of 1000. This argument is dismissed on the basis that measuring any %Tc (short of 
many thousands of curies) with a “closed-window” ion chamber is incredible. It is 
much more likely that either the background radiation rate was measured (since the 
majority of packets are marked as I mremh} or other unreported radionuclides in 
the single packet (perhaps 13’Cs) actually contributed to the measured dose rate. In 
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either case, there is no direct measurement that allows one to confirm or question the 
presence of T c  in a single packet. Theie is a complete lack of knowledge on the 
basis for reporting the presence of 99Tc and computing its activity. 

X1 OCSLLNOO8523 
The quantity of 99Tc reported in this container was derived from the 6CE rule as well. The 
same conclusions apply to this container. 

Uncertainty in reported 99Tc is from lack of knowledge. There is no measurable statistical 
error. 
The Most Probable Activity Factor is 432. The rationale used in the initial PA was to accept 
the generator’s dose rate measurement. In the single reported case of *Tc, it was not found 
in a mixture with other radionuclides. A dose rate factor of 73.5 Ci/R/h was derived and 
applied to the measurement. When the dose-rate estimated activity content was divided by 
the reported inventory, the result was a MPAF of 432. At the time, this factor was thought to 
provide sufficient conservatism in the huge uncertainty in the data. As pointed out above, 
the dose to curie conversion for 99Tc may lead to huge error much greater than 432. On the 
other hand, we feel that this type of error to be so erroneous that it is believed that the dose 
rate was caused by background (packets of waste in the surrounding area) or by some other 
radionuclide, not reported, in the packet. 
The Most Probable Activity Factor in this case is meaningless when applied to other waste 
packages since it is based solely on ratio of the reported %Tc activity to the “hypothetical” 
dose to curie conversion factor developed for one package. 
Technitium-99 is reported in a small fraction of IWMF containers. The bulk of the activity 
is reported in only a few containers. ’ The basis for indicating the presence of %Tc and for 
determining the quantity is poorly understood. If the dose rate from *Tc was really 
measured, there are many curies in the facility (rather than a few millicuries). Fortunately, it 
seems incredible to expect %Tc in reasonable quantities to register a response on an ion 
chamber. The generators must have had a good reason for reporting the presence of T c ,  so 
its presence cannot be dismissed completely. 

Reviewed the data for 7 containers (XlOCSLLNOO8 109, XlOCSLLNOO8 11 0, 
XlOCSLLNOO8115, XlOC9502282, XlOCSLLNOO6642, XlOC9501864, and 
XlOCSLLNOO6643)) which make up 81% of the IWMF 241Am inventory. 
containers with 241Am on the IWMF at the time the records were reviewed. 

There were 114 

0 The waste was mainly filters and contaminated laboratory debris. 
Based on the records (Waste Item Description - UCN-2 log), it was observed that two of the 0 

containers, with approximately 40% of the total disposed 24’Am activity, were characterized 
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using the MSHLD code for dose rate verification. The two containers were generated in 
1992. The remaining containers were characterized using the 6CE method and were 
generated in 199 1. 
At least 40% of the 241Am inventory appears to be well characterized. 
The Most Probable Activity Factor is 30. The original results were underestimated (the 
radionuclide has a low yield photon emission). The estimated inventory was derived by 
bounding the weight of the waste by 10 nCi/g. At the time of the initial PA, the IWMF 
24'Am inventory was 2.21E-04 Ci. This represents only 0.7% of the current IWMF 
inventory. 

packages since it is based solely on the mass of the waste. 
The Most Probable Activity Factor in this case is meaningless when applied to other waste 
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Appendix B 

DESCFUPTION OF THE SOURCE1 AND SOURCE2 
COMPUTER PROGRAMS 

Version 2.0 of the SOURCE1 and SOURCE2 computer codes (Icenhour and Tharp 1996) 
were used to calculate source terms for this performance assessment. The original version of these 
computer codes, Version 1 .O, was developed by Rogers and Associates Engineering Corporation 
(Shuman 1992). This appendix provides an overview of the SOURCE1 and SOURCE2 (collectively 
called SOURCE) computer codes. A more detailed description of the codes (including algorithms, 
input requirements, and output options) can be found in the user’s manual (Icenhour and Tharp 
1996). 

codes is discussed in the following subsections. This discussion considers the approaches taken in 
(1) modeling concrete degradation, (2) performing the structural and cracking analyses for the 
disposal structures, (3) partitioning water through the disposal unit, and (4) modeling advective and 
diffusive releases of radionuclides from waste. 

The conceptual and mathematical modeling methodology used in the SOURCE computer 

B.l CONCRETE DEGRADATION MODELING 

Modes of concrete degradation are considered in terms of surface- and bulk-attack 
mechanisms. Surface-attack mechanisms are initiated at the surface of the concrete component and 
progress inward, over time. Bulk-attack mechanisms modify the properties of the entire concrete 
component uniformly. 

Sulfate attack is generally considered the most significant surface attack mechanism in the 
context of waste repositories (Atkinson and Hearne 1984). In areas characterized by cold winters, 
freeze-thaw cycling may also represent a serious threat to concrete in disposal facilities. In terms of 
the bulk-attack processes, the most notable degradation processes are likely to be calcium hydroxide 
leaching and alkali-aggregate attack. 

Corrosion of reinforced steel may also undermine the ability of engineered disposal facilities 
to isolate waste therein from the environment. This process differs from the surface- and bulk-attack 
processes noted previously because it does not directly alter the properties of the concrete. 

B. 1.3. The deterioration processes considered in the SOURCE computer codes include sulfate 
attack, calcium hydroxide leaching, and corrosion of steel reinforcement. 

The models used in simulating concrete degradation are discussed in Sects. B. 1.1 through 

B- 1 



Solid Waste Storage Area 6 Performance Assessment 

B.l.l Sulfate Attack 

Sulfate attack generally manifests itself in the form of expansion and, ultimately, cracking of 
concrete. It may also result in a progressive loss of strength and mass resulting from deterioration in 
the cohesiveness of the cement hydration products. 

(Atkinson and Hearne 1990): 
Three steps are recognized in the deterioration of concrete as a result of sulfate attack 

Sulfate ions from the environment penetrate into the concrete, usually by diffusion. 
Sulfate ions react expansively with certain aluminum-containing phases in the concrete to 
form ettringite. 
The resulting internal expansion causes stress, cracking, and exfoliation of the concrete 
surface. 

These aspects of the degradation process are incorporated into the sulfate attack model used in the 
SOURCE computer codes. 

model, the reaction zone is assumed to spa11 out when it reaches a critical thickness given by 
The sulfate attack model is based on the work of Atkinson and Hearne (1 990). In this 

where 
X,,,, = reaction zone thickness at which spalling occurs (m), 
a = roughness factor for fracture path (unitless), 
y 
p, = Poisson’s ratio for concrete (unitless), 
E = Young’s modulus (Pa), 
p 
C, 

= fracture surface energy of concrete (J/m*), 

= linear strain caused by a mole of sulfate reacted in I m3 (m’/mol), and 
= concentration of sulfate as ettringite at the time at which spalling occurs (mol/m3). 

This critical thickness is achieved at a time 

where 
tspd, = time at which spalling occurs (s), 
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Di = “intrinsic” diffusion coefficient of sulfate ions in water-saturated cement (m%), 
and 

co = groundwater sulfate concentration (mol/m3). 

The rate of degradation, R, is defined as Xspdl/fspdl (m/s). Then, based on Eqs. (B.l) and (B.2), R is 
given by 

E p2 C,C, D~ 
R =  , . .  (B.3) 

As sulfate attack progresses into the concrete member, it is assumed that the affected layers spa11 off, 
thus effectively reducing the thickness of the concrete member. 

It is necessary to use an iterative method to determine the concentration of sulfate as 
ettringite, C,, and the degradation rate caused by sulfate attack. The starting approximation for C, is 
calculated assuming that the alumina has been completely converted to ettringite in the reacted zone 
(Atkinson and Hearne 1990). Zero-order values of the Jzpdl, tspall, and R are calcuIated on this basis, 
and tVdl is compared with the time required for the reaction to go to completion. If <pall is not great 
enough to permit complete reaction, ball and C, are iterated to self-consistency using the reaction 
kinetics expression described in Atkinson and Hearne (1990). 

B.1.2 Calcium Hydroxide Leaching 

Calcium hydroxide [Ca(OH),] leaching results in a loss of strength in the concrete as well as 
a lowering of the pH of the material. A loss of strength will affect the concrete structure’s ability to 
withstand the loads placed upon it. Declines in the pH of the concrete may lead to depassivation of 
the steel reinforcement, thereby promoting corrosion of the steel. 

Ca(OH), may be leached from the concrete because of diffusion and advection. The loss of 
Ca(OH), from concrete members from diffusion is calculated by solving the following equation: 

dft - - - -  
dt (B.4) 

where 
f ,  

t = time (s), 

D,, 
y = distance from centerline (m). 

= fraction of Ca(OH), remaining in concrete member as a function of position and 
time (unitless), 

= effective diffusion coefficient of Ca(OH), in concrete (m2/s), and 
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The initial conditions that apply are 

A 
W I for iyl < - 
2 
W O for lyl > - 
2 

f*(y,t = 0) = 

where A 

W = width of concrete member (m). 

The equation for f, is given by 

(y -t- 612)R, (y - G12)Rf ft = 0.5 erf - 0.5 erf 
2 (DJ)o.~ 2 (D,,ty 

Y 

where 
Rf = retardation factor for Ca(OH), in concrete (unitless). 

The Ca(OH), retardation factor, Rf, is given by 

(B.5) 

where 
Ca, = Ca(OH), concentration in concrete (mol&), 
E, = concrete porosity (dimensionless), and 
Ca, = Ca(OH), concentration in concrete pore solution (moVL). 

The potential for leaching of Ca(OH), through advective mechanisms will depend upon the 
nature of the groundwater. If the groundwater is saturated or supersaturated with calcium carbonate, no 
dissolution of Ca(OH), will occur. Groundwater which is not saturated with calcium carbonate may 
leach Ca(OH), as the groundwater passes through the concrete. 

Langelier (1 936) has developed the calcium carbonate saturation (or Langelier) index as a means 
of characterizing the degree of calcium carbonate saturation of groundwater. The index takes into 
account the effects of temperature, total dissolved solids, total alkalinity, pH, and calcium content on the 
saturation characteristics of the groundwater. A negative value for the LangeIier index denotes a 
groundwater which is not saturated with calcium carbonate [Le., one capable of leaching Ca(0HX fiom 
concrete]. Index values equal to or greater than zero indicate calcium carbonate saturation. 
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Data taken fiom Langelier (1 936) are used in a regression to estimate the saturation index as a 
function of the total dissolved solids and temperature of the groundwater. When predicted values of the 
index are positive, losses of Ca(OI-9, are modeled to occur as a result of diffusion only. When the 
groundwater is not saturated with calcium carbonate (i.e., the Langelier index is negative), advective 
leaching of Ca(OH), is calculated using (Atkinson 1985) 

where 

Ca, 
I = water percolation rate through vault (dyear), and 
C, = concrete-member thickness (m). 

= fractional groundwater release rate of Ca(OH), (year-'), 

The presence of other ions in the groundwater may influence the rate at which &(OH& is 
leached from the concrete. Atkinson (1985) reports that magnesium and carbonate are among the species 
most likely to speed the loss of Ca(0HX. The effect of these species is modeled using Q. (B.8), 
replacing the pore solution concentration of Ca(OH),, Cq, with the sum of this concentration and the 
groundwater concentrations of magnesium and carbonates. 

The quantities of Ca(OH), lost from the concrete member by difhsion and advection are 
summed to determine the total amount of the constituent leached from the concrete. The concentration 
of Ca(OH), in the concrete is adjusted downward to reflect these losses. All Ca(0H): leach4 from the 
concrete is assumed to be drawn from the calcium-silicate-hydrate (C-S-H) system of the concrete. The 
calcium incorporated into the relatively less-soluble phases of the concrete is not considered. 

Changes in the pH of concrete as a result of the loss of Ca(OH), have been well documented 
(Atkinson 1985). The pH of the concrete is maintained at levels greater than approximately 12.5 in the 
presence of alkalis, NaOH, and KOH. As these highIy soIuble species are lost because of leaching, the 
pH declines until it reaches 12.5, at which point the pH of the concrete is controlled primarily by the 
Ca(OI3, content of the concrete. 

Changes in the pH of the concrete are modeled as alkalis and Ca(0HX are leached from the 
concrete. Based on the data of Greenberg and Chang (1969, the pH is modeled to decline linearly from 
the initial pH of the concrete, as specified by the user, to 12.5 in direct proportion to the reduction in 
NaOH and KOH in the concrete. The rates of loss of these species from leaching by difision and 
advection are calculated using Eqs. (B.6) and (B.8), respectively. 

Following the complete loss of NaOH and KOH from the concrete, changes in the pH of the 
concrete are modeled as a function of the Ca(0I-Q content. Using data from the work of Greenberg and 
Chang (1965), concrete pH was regressed on the Ca:Si ratio of the material. As C a ( 0 Q  is leached from 
the concrete, the Ca:Si ratio is updated, and the pH of the concrete is estimated using this regression. 
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In addition to the pH effects noted, the loss of Ca(OH), will result also in a reduction in the 
strength of the concrete. The loss in strength has been estimated to be approximately 1.5% for every 
1 .O% of the Ca(OH), leached from the concrete (Lea 1970). Based on this relationship, the compressive 
strengths of the concrete members are updated to reflect losses of C a ( 0 a .  

B.1.3 Corrosion of Steel Reinforcement 

The damage to concrete resulting from the corrosion of steel reinforcement manifests itself in 
expansion, cracking, and spalling of the concrete member. The reinforced concrete member may suffer 
structural damage because of (a) the loss of the bond between the steel and concrete and (b) the loss of 
reinforcement cross-sectional area. 

Steel reinforcement is generally passivated because of the alkaline nature of the liquid phase in 
the concrete pores and, hence, does not undergo corrosion. The passive layer on the steel may be 
destroyed through a direct lowering of the pH of the concrete via carbonation or because of chloride ion 
penetration to the steel. Both mechanisms of depassivation are considered in the SOURCE computer 
codes. 

Carbonation of the concrete occurs as a result of the diffusion of carbon dioxide (CO,) into the 
material. The depth of carbonation is given by (Tuutti 1982) 

X = k t 0 - 5  , 
where 

X = depth of carbonation (m) and 
k = carbonation coefficient (m/sO'). 

Given the value of k, the depth of penetration of the carbonation front into the concrete can be 
determined for any specified time. 

The carbonation coefficient is calculated using (Tuutti 1982) 

(B.10) 

where 
c x  
cs 
c f 
g(k/2D::2) = function, where 

= concentration of CO, bound in concrete (moVL), 
= CO, concentration at surface of concrete (moVL), 
= CO, concentration ahead of carbonation front (mom), and 

D, = diffusion coefficient of CO, in concrete (m'/s). 

The function g(k/2D::2) is given by 

B-6 



Description of SOURCE1 and SOURCE2 

g(k/2D:i2) = x0.5 - k exp( z) e#( A) . 
2D:i2 4%02 2Dc02 

(B.11) 

Eqs. (B.lO) and (B. 11) are combined to arrive at a solution fork, the carbonation coefficient. 
Assuming that the concentration of CO, ahead of the carbonation front is zero (Le., that the carbonation 
front is discontinuous), this solution can be simplified to yield 

(B.12) 

When using Eq. (B.12) to evaluate k, the model takes into account that a portion of the CO, 
diffusing into the concrete is bound by concrete constituents and does not penetrate to the steel 
reinforcement. This bound CO, plays no role in depassivation. The amount of CO, bound in the 
concrete is set equal to amount of hydrated lime in the concrete (Tuutti 1982). The quantity of hydrated 
lime is calculated as the product of the CaO content in the concrete and the degree of hydration. The 
degree of hydration, estimated based on the waterkement ratio for Portland cements (Tuutti 1982), is 
given by 

H, = 0.4 + OS(WCR) , (B.13) 

where 
H, = fraction of hydrated CaO (unitless) and 
WCR = water-cement ratio (unitless). 

Given the carbonation coefficient, k, the depth of carbonation is calculated using Eq. (B.9). As 
stated previously, this solution assumes that the carbonation front is discontinuous. At that time when 
the fiont has penetrated to the depth of the steel reinforcement, depassivation of the steel is assumed to 
occur, and corrosion is thus initiated. 

Steel reinforcement may also be depassivated as a result of the penetration of chloride ions to 
the steel surface. Using a standard solution to Fick’s first law of diffusion, the chloride ion concentration 
at the steel is calculated as 

C L ~  = CL, + ( C L ~  - CL,) 1 - erf [ [2(D:;r511 , 
(B.14) 
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where 
CL, = chloride ion concentration at steel reinforcement ( m o a ) ,  
CLi = initial chloride ion concentration in concrete (mol/L), 
CLsw = chloride ion concentration in groundwater (mom), 
C, = concrete cover thickness (m), and 
D,, = effective diffusivity of chloride in concrete (m2/s). 

The concentration of chloride ions at the steel reinforcement required to depassivate the steel 
has been considered by numerous investigators. Hausmann (1 967) found that the pH of the concrete had 
an effect on the level of chloride ions required to initiate corrosion. In studies carried out using NaOH 
and Ca(OH), solutions, it was found that a chloride ion to hydroxide ion concentration ratio of 0.6 1 was 
sufficient to depassivate the steel. 

Using the results of Hausmann, a chloride-ion-to-hydroxide-ion ratio of 0.61 is assumed to result 
in depassivation of the steel. The hydroxide ion concentration used in calculating this ratio is determined 
using the modeled concrete pH. As discussed in Sect. B.1.2, the pH of the concrete changes with time 
as NaOH, KOH, and Ca(Ol3, are leached from the material. 

Upon depassivation of the steel reinforcement by either carbonation or chloride penetration, 
corrosion is modeled to occur at a rate determined by the rate of diffusion of oxygen to the steel. The 
molar flow of oxygen to the surface of the steel reinforcement is modeled using Flch's first law of 
diffusion: 

d [O2] 
dx 

Jo = - DoA 7 (B.15) 

where 
Jo 

Do 
A 

a = dissolved oxygen concentration gradient (g/cm4). 

= oxygen flux at the steel reinforcement (g /s ) ,  
= effective diffusivity of oxygen through concrete (cd/s), 
= surface area over which oxygen diffuses to the reinforcement (cm'), and 

dx 

The rate of oxygen consumption by the corrosion reaction is assumed to be greater than the rate of 
oxygen diffusion to the reaction surface. Under these conditions, the corrosion rate is limited by the flux 
of oxygen at the steel reinforcement. 

The use of epoxy-coated steel reinforcement may delay the onset of corrosion by isolating the 
steel from aggressive ions and oxygen. The use of epoxy coating is not assumed to delay the time of 
depassivation of the reinforcement. However, upon depassivation, the coating is assumed to prevent 
corrosion as long as it remains intact. 
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The effectiveness of epoxy coating on steel reinforcement is modeled using a linear failure 
function. Using the time at which failure of the coating begins and the time required for all epoxy 
coating to fail, a fraction of the reinforcement coating which has failed is calculated. This failure 
fraction is used to linearly adjust the projected rate of corrosion downward. 

Corrosion of components other than steel reinforcement will also affect the Iong-term 
performance of LLW disposal facilities. For example, the metal boxes placed inside tumulus vaults, the 
corrugated steel liners used in the construction of disposal silos, and the cast iron pipes used in well 
construction will all eventually fail as a result of corrosion. 

Corrosion of steel and iron barriers used in the tumulus, silo, well-in-silo, and well disposal 
technologies is considered in the SOURCE computer codes. Failure rates of these barriers are modeled 
using linear failure functions. The user specifies the time at which corrosion of the metal component 
begins and the number of years required, following this time, for the member to fail completely. Using 
these input data, a failure fraction is calculated for each year of the simulation. 

B.2 CONCRETE STRUCTURAL AND CRACKING ANALYSES 

The structural and cracking analyses serve two distinct purposes in modeling the long-term 
performance of LLW disposal units. The structural analysis considers the loads placed on the disposal 
unit to determine the bending moments, shears, axial tension, and compressive forces placed on the 
various structural components. Because these loads vary with the structural component under 
consideration, this analysis is carried out for the roof, walls, and floor of each disposal unit. 

The cracking analyses are concerned with the ability of the disposal unit to bear the loads placed 
upon it. Bending moments, shears, axial tensions, and compressive forces calculated as part of the 
structural analysis are compared with loads and forces at which structural failure will occur to determine 
the structural integrity of the disposal unit. The cracking analyses must account for the changes in 
concrete properties projected to occur because of physical and chemical attack. As such, it is conducted 
for each year of the simulation, or until hydraulic failure of the disposal unit is complete. 

The structural and cracking analyses must address the structural features of each disposal unit. 
Even though the disposal silos and wells share a number of common features, both of these technologies 
differ significantly from the tumulus technology. Consequently, the following discussion considers the 
silos and wells, and tumulus separately. 

The modeIs used in the structural and cracking analyses are generally applicable to performance 
analysis of concrete, steel, and iron structural components. However, the manner in which some of these 
models are applied is specific to the disposal technologies in use at SWSA 6. Consequently, general 
application of the SOURCE computer codes to other disposal configurations requires extreme caution. 
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B.2.1 Tumulus Technology 

The long-term performance of a tumulus disposal unit is a function of the performance ofthe 
individual vaults of which it is composed. The structural and cracking analyses performed to model the 
behavior of these vaults are discussed in Sects. B.2.1.1 and B.2.1.2, respectively. I Additionally, models 
for the degradation and failure of the tumulus pad and leachate collection system are presented in Sects. 
B.2.1.3 and B.2.1.4. 

B.2.1.1 Structural Analysis 

Each structural component of the vaults has unique loading conditions placed upon it. As such, 
separate structural analyses are conducted for the roof or lid, walls, and floor of the vaults. A description 
of these analyses follows. 

B.2.1.1.1 Vault roof 

The roof is analyzed structurally as a simply supported, or hinged, slab. The uniform load on the roof 
of a vault in layer i of the tumulus disposal unit is calculated as 

(B.16) 

where 
uniform load on vault roof in layer i (Ib/in?), 
soil cover thickness (in.), 
density of soil cover (lbh?),  
layer number (unitless), 
roof thickness (in.), 
density of reinforced concrete (Ibh?), 
waste thickness (in.), 
density of waste (lb/in.3), and 
floor thickness (in.). 

Thermal loads on the vaults are not considered because the insulating properties of the cover material 
minimize thermal gradients across the concrete structural components. 

The deflection of the simply supported rectangular roof resulting from the uniform load is given 
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mnx nny sin - sin - 
a b 

mn[ 5 + $1 2 

where 
W(x, y) = deflection of roof at location (x, y) (in.), 
wr 
m, n 
a 
b 
Dr 

= width of roof in (x, y) direction (in.), 
= 1,3,5, . . ., 
= width of waste cell (in.), 
= length of waste cell (in.), and 
= flexural rigidity of the roof (lb-in?). 

The flexural rigidity of the roof is calculated using 

(B.17) 

(B.18) 

where E, = modulus of elasticity of concrete (Iblin?). 

Based on Eqs. (B. 17) and (B. 1 S),  the bending moments resulting from uniform loading as a function of 
location on the roof are calculated as 

2 16 - 
n4 

= qra .c 
m = l  

c 
n = l  

. mnx . nny sin - sin - 
a b 
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MY c 
n = l  

+ 

mnx . nny sin - sin - 
a b 

mnx . nny sin - sin- 
a b 

I (B.20) 

where 
M, 

M,, 

= bending moment resulting from uniform loading in the x-direction parallel to width 
of roof (lb-inhn.) and 

= bending moment resulting from uniform loading in the y-direction parallel to length 
of roof (lb-in./in.). 

Uniform loads on the vault roof result in shear forces upon that component as well. These forces 
are calculated as 

0 0 0 0  mnx . nxy Q, = q r a { 4 x  cos--’sin- 
X m=l n=1 a b 

(B.21) 

and 
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m m  

mxx nxy sin- cos - 
IT m = l  n=l  a b 

m + n2 1 1  
(B.22) 

where 
Q, 
Q,, 

= shear force resulting from uniform loading in the x-direction (lbhn.) and 
= shear force resulting from uniform loading in the y-direction (lbh.). 

B.2.1.1.2 Vault walls 

The vault walls are subject to vertical, or uniform, loads and hydrostatic pressures. The uniform loads 
are calculated for a vault in layer i of the tumulus disposal unit using 

i + (h f+  hw)(i- I )  + s  

where 
q, 
f, = friction angle of soil backfill around tumulus (deg). 

= uniform load on vault wall in layer i (Ibhn?) and 

(B.23) 

Hydrostatic pressures on the vault walls are a result of lateral soil pressures from the soil backfil 
from the waste and grout inside the vault. This pressure is calculated as 

where 
P 
f, = friction angle of waste (deg). 

= maximum hydrostatic pressure (lbhn?) and 

and 

(B.24) 

Bending moment calculations for the vault walls must account for the uniform loads and 
hydrostatic pressures on the structural components. Bending moments resulting from the uniform load 
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_. 

are calculated using Eqs. (B.19) and (B.20), substituting the uniform load on the wall for the uniform 
load on the roof and changing roof dimensions to those of the wall. Bending moments caused by 
hydrostatic pressures are calculated using 

and 

(B.25) 

(B.26) 

where 
h&, 

h4,,,, 

= bending moment resulting from hydrostatic pressures in the x-direction parallel to the 
width of the wall (lb-in./in.) and 

= bending moment resulting from hydrostatic pressures in the y-direction parallel to the 
length of the wall (Ib-inhn.). 

The quantities A,,, and B, are given, respectively, by 

(2 i- a, tanh a,)(-l)m+1 A = -  
m x'm * cosh a, 

and 

(- I),+' B, = 
x5m ' cosh a, ' 

(B.27) 

(B.28) 
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where 

- mxb a m - -  . 
2a (B.29) 

Bending moments calculated for the uniform load and hydrostatic pressure on the wall are 
summed to arrive at the final bending moments for the wall as a hnction of location. The calculations 
of the bending moments are repeated for each wall geometry comprising the disposal vault. 

Shear forces caused by hydrostatic pressures on the vault walls are calculated as 

0 Qxh = 2Pa (mx) 3 [- (-ly+' - B, cosh ( y) ]cos ( y) 
m=l  x5m ' 

and 

Q Yh = - 2Pa m=l f: (mn)'B,sinh( 7) sin( y) 7 

(B.30) 

where 
Qxh = shear force resulting from hydrostatic loading in the x-direction (tb in and 
Qyh = shear force resulting from hydrostatic loading in the y-direction (Ib In J 

The shear forces on vault walls resulting from uniform loads are calculated using Eqs. (B.21) 
and (B.22) and substituting appropriate parameters for the wall. Shear forces caused by uniform and 
hydrostatic loads are summed for each wall location. Calculations of shear forces are performed for each 
wall geometry comprising the vault. 

The walls of the vaults are subject to compressive forces from the roof reaction and the weight 
of the walls. The compressive force, calculated as a function of height on the wall, is given by 

(B.32) 

where 
F, = compressive force on wall at height z (lb/in.)7 

Rr, = roof reaction in y direction at height z (lb/in.)7 
h,, = thickness of wall (in.)7 and 
Z = wall height (in.) 
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B.2.1.1.3 Vault floor 

The floor of a given vault must bear loads from the walls, including the wall weight and loads 
transmitted to the walls from the roof, and loads from the waste within the vault. Based on the floor 
geometry illustrated in Fig. B. 1, the bending moments in the region x (or y ) I  a of the beam subjected 
to a concentrated force and moment are calculated as 

D T  
x 5 p x  

2hx [sinh2 (hxwf) - sin2 (hxwf)] 
Mx = 

and 

My = pY I,, 
2hy[sinh2(h,lf) - sin*(h, lf)] ' 

where 
M, 
P, 

= bending moment in x-direction parallel to width of floor (lb-inh.), 
= applied concentrated load caused by wall in x-direction (Ibhn.), 

k 
1, = length of floor (in.), 
Df, 
w, = width of floor (in.), 

My 
P, 
11, = trigonometric function (unitless), 

= modulus of the subgrade reaction (Ib/in?) 

= flexural rigidity of floor in the x-direction (Ib-in?), 

, 

= bending moment in y-direction parallel to length of floor (lb-in./in.), 
= applied concentrated load caused by wall in y-direction ( l b h ) ,  

0.25 

A, = [2] (in:'), and 

D, = flexural rigidity of floor in the y-direction (lb-in?). 

(B.33) 

(B.34) 
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ORNL-DWG 94-5975 

* b< a C b 

Fig. B.l Schematic diagram of floor geometry used in the calculation of bending moments. 

Applied moments caused by the wall are not considered in the bending moment calculations because it 
is assumed that the floor and walls are hinged. 

The concentrated load on the floor, P, or P,, is calculated as a function of location using 

and 

(B.35) 
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h r + h  
PY = Rry + hwi( hw + ?f)(P. - Pw) Y 

(B .3 6) 

where 
R, = roof reaction in x-direction (lbhn.). 

The flexural rigidity of the floor is calculated using Eq. (B.18). To calculate the quantity D, the 
thickness and width of the floor are substituted for h, and wry respectively. The thickness and length of 
the floor are substituted for h, and w,, respectively, to calculate Dfy. 

The parameters I,, and I,, are complex trigonometric functions of &, A,,, and the geometry of 
the structural member and are given by 

Ilpx = 2 sinh(Axx) sin(Axx) [sinh(Axwf) cos(Axa) cosh(Axc) 

- sin(Axwf) cosh(A,a) cos(Axc)] - binh(Axx) cos(Axx) 

- cosh(Axx) sin(Axx)] binh(hxwf) (sin(hxa) cosh(hxc) 

- cos(Axa) sinh(Axc)} + sin(Axwf) (sinh(A,a) cos(Axc) 

- cosh(hxa) sin(Axc)>] 

and 

Ilpy = 2 sinh(Ayy) sin(Ayy) [sinh(hylf) cos(hya) cosh(Ayc) 

- sin(Aylf) cosh(Aya) cos(Ayc)] - [s'.hih.yy) cos(Ayy) 

- cosh(Ayy) sin(Ayy)] [,inh(Aylf) (sin(Aya) cosh(Ayc) 

- cos(Aya) sinh(Ayc)) + sin(Ay'$ (Sinh(Aya) cos(Ayc) 

- cosh(Aya) sin(Ayc)}] Y 

(B.37) 

(B.3 8) 

B-18 



Description of SOURCE1 and SOURCE2 

where the parameters a and c are indicated in Fig. B.l. 

Shear forces on the floor of the vault are calculated as a function of location using 

PXI2, Q, = 
[sinh2 (Axwf)- sin2 (AXwf)] 

and 

Q, = PY 12, 

[sinh2(Ay If)- sin2 (Ay lf)] ' 

(B.39) 

03-40) 

where 
I,, 
I,, = trigonometric function (unitless). 

= trigonometric function (unitless) and 

The parameters 
given by 

and I, are functions of A,, A,,, and the geometry of the structural member and are 

I,, = bh(Axx) sin(A,x) + sinh(Axx) cos(Axx)] [sinh(Axwf) 

cos(Axa) cosh(A,c) sin(Axwf) cosh(Axa) cos(AXc)] 

+ sinh(Axx) sin(Axs) [sinh(Axwf) (s'n(Axa) cosh(Axc) 

- cos(Axa) sinh(A,c)) + sin(Axwf) (sinh(Axa) cos(A,c) 

- cosh(Axa) sin(Axc))] (B.41) 

and 
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I,, = bh(Asy)  sin(Ayy) + sinh(AYy) cos(A,y)] [sinh(hywf) 

cos(Aya) cosh(Ayc) sin(Aylf) cosh(Aya) COS(A~C)] 

+. sinh(Ayy) sin(hys) [sinh(hylf) (sin(Aya) cosh(Ayc) 

- cos(A,a) sinh(hyc)} + sin(hylf) (sinh(hya) cos(hyc) 

- cosh(A,a) sin(hyc)}] . (B.42) 

B.2.1.2 Cracking Analyses 

The cracking analyses are performed to assess the ability of the structural components of each 
vault to bear the loads placed upon it. In the event that the roof, wall(s), or floor of a vault cannot bear 
these loads, cracking will occur. Cracking of these components may occur as a result of shear forces or 
bending; cracking of the vault walls may also result from compressive loads on the structure. The 
manner in which these modes of cracking are modeled is discussed in the following. 

Shear cracking will occur if the shear force on a concrete member exceeds the cracking shear 
of the member. The cracking shears for the roof, floor, and wall in the horizontal direction are calculated 
as the minimum of 

V,, = dt(1.9C;: + 2500SbQ,/Mx) (B.4.3) 

or 
0.5 Vcr = 3.5 C, d, , (B.44) 

where 
V,, = shear force at which cracking occurs (lbh.), 
d, 

' C,, = compressive strength of concrete (lbh?),  and 
S ,  

= distance from steel reinforcement in tension to compression face of concrete (in.), 

= area of steel reinforcement in tension per unit width (in?/in.). 

The cracking shear for the wall in the vertical direction is the minimum of Eqs. (B.43) and (B.45). 
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V,, = 3.5 CSti 0 5  dt(l. + Fw/(500 hw,)T5 
(B.45) 

In the event of cracking caused by shear failure, crack characteristics are determined. The depth of the 
single crack is the thickness of the concrete member, and the crack width is 0.0 13 in. 

Cracking caused by bending will be initiated if the bending moments calculated for a given 
concrete member exceed the cracking moment for that structural component. The cracking moment is 
given by 

(B.46) 

where 
M,, = cracking moment per unit width 

I, 
f ,  
yt 
a,, = unit width of concrete member. 

= moment of inertia of concrete section (in:), 
= modulus of rupture (lbh?), 
= distance from the centroidal axis to the tensile face of the concrete (in.), and 

For a rectangular slab 

3 
I g = -  a,hm , 

12 

where 
h, = concrete member thickness (in.). 

The value of yt is given by 

hm y t = - .  
2 

(B.47) 

(B.48) 

Axial compression force is conservatively neglected in the roof and floor. 
If the bending moments exceed the cracking moment but do not exceed the ultimate strength of 

the concrete member, cracks will not propagate through the entire member. If, however, the bending 
moments exceed the ultimate strength of the structural component, cracks will span the thickness of the 
member. The ultimate flexural strength of a member without compressive steel is approximated using 
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where 
Mu = ultimate flexural strength (lb-idin.), 
@ = strength reduction factor (unitless), 

f, 
C, = depth of the compression block (in.). 

= yield strength of steel reinforcement (lb/in?), and 

The depth of the compression block is calculated using 

Stn fy c, = 
0.85 Cstr 

(B.49) 

(B.50) 

If all reinforcement has been lost because of corrosion, the ultimate strength is equal to the cracking 
moment. 

Crack characteristics are calculated as fractures due to loading and propagate through a given 
structural component. The depth of cracking caused by bending is calculated as the distance from the 
surface of the concrete to the neutral axis. Crack depth is computed using the strain compatibility 
relation wherein the tensile crack depth is given by 

(B.5 1)  

where 
d,, = crack depth (in.), 

= shrinkage strain of concrete (inhn.), 
d, = concrete cover thickness on tension face (in.), 
St, = tensile stress in steel reinforcement (Ibhn?), 
St, = maximum concrete compressive stress (lb/in?), and 
E, = modulus of elasticity of steel reinforcement (for this application, taken as 200,000 

MPa) (MPa). 

The tensile stress in steel reinforcement is calculated using 
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where 
M 
1, 

= bending moment due to uniform loading in x or y direction (lb-idin.) and 
= effective moment of inertia per unit width of concrete member (in?). 

The quantity R, (in.) is given by 

h A 

The quantities a, (unitless), PI (in.), and P2 (in.) are calculated by 

a, = 0.5 , 

and 

where 

(B.52) 

(B.53) 

(B.54) 

(B.55) 

(B.56) 

S,, 

S,, 

= diameter of steel reinforcement in direction 1 , and closest to concrete outer tension 
face (in.) and 

= spacing of steel reinforcement in direction 2, perpendicular to direction 1 (in.). 
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The quantity I, is given by 

(B.5'7) 

where 
I, = cracking moment of inertia in the x- or y-direction (in."). 

The cracking moment of inertia is calculated using the following equation: 

The maximum concrete compressive stress is given by 

St, = h4[ ?) 

(B.58) 

(B.59) 

In modeling the water flow characteristics of failed concrete, it is assumed that cracks achieving 
a depth equal to three-fourths of the remaining slab thickness functionally penetrate the slab. Prior to 
this, flow through the concrete is the same as that through intact concrete. If the bending moment 
exceeds the ultimate strength of the concrete slab, cracks penetrate immediately through the slab. 

Numerous equations have been proposed for the prediction of crack spacing and width in 
flexural members. Nawy (1966) developed a formula for calculating mean crack spacing for a two-way 
concrete slab: 

(B.60) 

where 
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S,, = mean crack spacing in direction 1 (in.). 

The variables K,, and Qd are given by 

Kn = 1.6 + 2.4 - - 0.5 0.29 1 (; 11 
and 

(B.61) 

(B.62) 

If the bending moment exceeds the cracking moment, but not the ultimate strength of the 
concrete member, the mean crack width is given by 

where 
W, = mean crack width (in.) and 
S ,  = mean crack spacing (in.). 

The quantity p, is given by 

(B.63) 

(B.64) 

If the bending moment exceeds the ultimate strength of the concrete member, the crack width is 
calculated as 

(B.65) 
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If the compressive forces on the wall exceed the ultimate strength of the wall in compression, 
cracking will occur. The ultimate strength of the wall in compression is calculated as 

(B.66) 

where 
Mu, 
h, = height of vault wall (in.). 

= ultimate strength of the wall in compression (lb/in.) and 

Cracking because of compression results in a single crack extending through the concrete member; the 
crack width is one-tenth of the height of the wall section under consideration. 

Cracking of a reinforced concrete member may occur also as a result of corrosion of the steel 
reinforcement. As the concrete surrounding the reinforcement prevents free expansion, the steel- 
corrosion products will exert pressure within the concrete. Based on elasticity theory (Saada 1974), the 
magnitude of this internal pressure is approximated using 

(B.67) 

where 
Pi = internal pressure due to corrosion (Ib/in?), 
A = thickness of the free expansion layer (in.), 
ro = original radius of steel reinforcement (in.), 
pr = Poisson’s ratio of corrosion product (unitless), 
d,, 
E, 

= distance from concrete face to center of steel reinforcement (in.), and 
= modulus of elasticity of corrosion product (Ibhn?). 

The thickness of the free expansion layer is given by 

A = re + C, - ro , 

where 

(B.68;) 
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re = radius of remaining steel reinforcement (in.) and 
C, = thickness of corrosion layer under conditions of free expansion (in.). 

A genera1 series form of the stress h c t i o n  in bipolar coordinates was given by Jeffrey (1920). 
This function has been applied to the situation of a semi-infinite region with a circular hole under a 
uniform radius pressure (Fig. B.2). Based on this work, the stress on the surface of the concrete is given 
by 

r:(x2 - d:" + r:) 

(x2 + dzv - r i r  
ox = -4pi > (B.69) 

where 
ox = stress at surface of concrete (lbhn.2) and 
x = distance from point A (Fig. B.2) along the surface of the concrete (in.). 

The point of maximum stress occurs at point A (Fig. B.2), where x = 0. For this case, Eq. (B.69) reduces 
to 

The tangent stress at any point, Q or Q', around the circular hole is given by 

OOQ = Pi(l + 2tan2@) 3 

where 

oOq = tangent stress at point Q (lbjin.2). 

(B.70) 

(B.71) 
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ORNL-DWG 94-5976 

Y 

Fig. B.2 Schematic diagram of steel and concrete geometry used in calculating stress resulting 
from corrosion of steel reinforcement. 

- 
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This relationship exhibits a maximum tangent stress at point E and is calculated using 

where 'JeE = maximum tangent stress (lbhn?). 

(B.72) 

The magnitude of the maximum stress around the circular hole is a function of the ratio of 
the concrete cover thickness and the radius of the remaining steel reinforcement. The following 
dependencies are noted: 

These relationships provide a simple method for determining where cracking fiom corrosion will 
begin. 

steel, the tensile stresses around the circular boundary will approach the applied pressure Pi. Plain 
concrete has minimal tensile strength to resist these stresses-only 6 to 8% of the specified 
compressive strength of concrete. Consequently, the maximum tension stress can readily exceed the 
tensile strength of concrete, at which point cracking begins. 

ratio of concrete cover thickness to the original radius of the steel is usually greater than 1.73 
(Jeffrey 1920). As corrosion progresses, accompanied by the deterioration of the concrete cover, 
cracking will propagate toward the surface of the concrete slab. When the tension stress at the 
concrete surface equals or exceeds the tensile strength of the concrete, the cracking will penetrate the 
concrete cover. This cracking will occur along the length of the steel reinforcement. 

small (d, 5 1.73r.J. Under these conditions, the stresses at the concrete surface exceed both the 
stresses at the steel surface and the tensile strength of concrete and spalling along the reinforcement 
occurs. 

When the concrete cover thickness is greater than three times the diameter of the reinforcing 

Cracking from corrosion is typically initiated internally, along the circular boundary, as the 

Spalling out of the concrete will occur if the concrete cover over the steel reinforcement is 

B.2.1.3 Concrete Pad Degradation Model 

Tumulus-type disposal facilities may use a steeI-reinforced concrete pad upon which 
disposal vaults are placed. This pad, while intact, should divert water to the leachate collection 
system. To incorporate the performance of the concrete pad into SOURCE 1 , a compressive failure 
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model is assumed. Failure is estimated by calculating the reinforcement ratio (Cowan 1982), which 
is defined by 

p = ( a ) i  Y (B.73) 

where p = reinforcement ratio (dimensionless), 

= cross-sectional area of steel reinforcement per unit width of slab (m), and 

d = effective depth of steel (distance from the top of the slab to the center of the steel 
reinforcement) (m). 

The reinforcement ratio at which compressive failure may occur is called the limiting reinforcement 
ratio and is given by (Cowan 1982) 

fL 
E, i. Ey fY 

I 

0.85p,- , p .  = - E, 
lim , (B.74) 

where 
Plim = limiting reinforcement ratio (dimensionless), 

E; = ultimate concrete strain (for this application, taken as 0.003) (dimensionless), 

ey = yield strain of steel (dimensionless), 

p, = a factor used in the equivalent rectangular stress diagram for concrete at the 
ultimate load (dimensionless), 

f: = specified compressive strength of concrete (MPa), and 

fy = specified yield strength of steel reinforcement (MPa). 

The yield strain of the steel reinforcement can be calculated by 

where E, = modulus of elasticity of steel reinforcement (for this application, taken as 
200,000 MPa) (MPa). 

The value of P I  is determined as follows (Cowan 1982): 

(B.75) 
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p, = 0.85 for f: I 30 MPa 

or 

p, 0.85 - 0.08 for f,' >30 MPa . [ f,' io3') 

(B.76) 

(B.77) 

The values of the reinforcement ratio and the limiting reinforcement ratio are evaluated at annual 
time steps in SOURCEl . These two values are compared, and when the reinforcement ratio exceeds 
the limiting value, the pad is said to have failed hydraulically. Pad failure allows leachate to pass 
through it. Values of both p and prim will change because of the degradation of the concrete. The 
concrete is simulated to degrade by using the sulfate attack and calcium hydroxide leaching 
subroutines in SOURCEl . Sulfate attack results in the spalling off of the concrete cover on the 
reinforcing steel. Hence, as the effective depth of the steel decreases, the reinforcement ratio 
increases. Leaching of calcium hydroxide from the concrete pad results in reduced concrete strength. 
Therefore, as the compressive strength of the concrete decreases, the limiting reinforcement ratio 
decreases. Both of the concrete degradation mechanisms result in a decrease of the margin between 
the reinforcement ratio and the limiting reinforcement ratio, ultimately resulting in pad failure. 

B.2.1.4 Leachate Collection System Degradation Model 

Water that reaches an intact concrete pad of a tumulus-type disposal unit will be diverted to 
a leachate collection system. This system consists of piping, valves, collection sumps, and 
monitoring equipment. Ideally, with a properly functioning system, all leachate will be collected, 
and no release of radionuclides to the environment will occur. 

The leachate collection system degradation model describes the functionality fraction of the 
collection system as a function of time. The functionality fraction is defined as the ratio of the 
amount of radionuclide in the collected leachate to the total radionuclide release from the disposal 
vaults and can vary from 0 to 1. With a value of 1, the leachate collection system is filly functional, 
and no radionuclides are released to the environment. A zero value indicates a fully degraded system 
that allows all leached radionuclides to be released to the environment. 

The initial functionality fraction and the length of the institutional control period are input 
parameters to the SOURCE1 code. The functionality fraction degrades linearly to zero from the 
beginning of the simulation until the end of the institutional control period. The degradation of the 
collection system is assumed to result from piping and valve leaks or failures, flow obstructions 
within the system, leakage or overflow of collection sumps, degraded monitoring equipment, etc. At 
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the end of the institutional control period, no maintenance of the collection system is assumed to 
occur. Hence, no credit is taken for the collection system after the end of institutional control. 
Additionally, if the concrete pad is predicted to fail hydraulically before the end of institutional 
control, the functionality fraction is set to zero at the time of pad failure. 

B.2.2 Disposal Silo and Well Technology 

The structural and cracking analyses of the disposal silos, wells, and wells-in-silos are 
discussed in Sects. B.2.2.1 through B.2.2.2. Even though these analyses are similar in many respects 
to the analyses conducted for the tumulus disposal technology, features unique to these disposal units 
require additional modeling considerations. 

B.2.2.1 Structural Analysis 

The structural analysis of the silo and well disposal technologies considers the three 
structural components of each-loosely referred to as the roof, wall, and floor. These analyses differ 
depending upon whether the silo or well configuration is being considered. For the analysis of wells- 
in-silos, structural analyses of both the silo and well are performed. 

B.2.2.1.1 Silo or well roof 

A polar coordinate system is used in, the structural analysis of the roof of the silo or well 
disposal unit. The roof is modeled as a simply supported circular plate under uniform loading. The 
load upon the roof is calculated as 

(B.78) 

where 
qr = uniform load on silo or well roof (lb/in.2). 

The final bending moments on the roof caused by the uniform load consist of radial and 
tangential components, which are given by 

M, = - 9, (3 + pc)(r: - r2) 
16 

(B.79) 
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where 

and 
M, = radial component of bending moment (lb-in./in.), 

(B.80) 

M, = tangential component of bending moment (lb-inhn.), 
r, = radius of silo or well (in.), and 
r = distance from center of silo or well roof (in.). 

These components are summed to arrive at the total bending moment at location (0, r), namely 

Mx = MrcosZO + M,sin20 (B.81) 

and 

My = Mrsin28 + M,cos28 . (B.82) 

The shear force on the roof at distance d, from the interior face of the wall is calculated using 

(B.83) 

where 
. Q = shear force on roof of well or silo (lbh.). 

B.2.2.1.2 Silo or well wall. 

The wall of the silo or well is subject to uniform and hydrostatic pressures. Setting the 
origin of the coordinate system at the mid-height of the wall, the uniform pressure or load is 
calculated as 

(B.84) 
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where 
qw 
h, = silo or well height (in.), 
f, 
f, 

= uniform load on silo or well wall (lb/in.2), 

= friction angle of soil backfill around silo or well (deg), and 
= friction angle of waste inside silo or well (deg). 

The corresponding maximum antisymmetrical hydrostatic pressure on the wall is calculated using 

P = -(ps(l-sin h S  fs) - p,(l-sin fw)) . (B.85) 
2 

Bending moments and shear forces due to uniform pressure are calculated for the silo or 
well wall using 

Solid Waste Storage Area 6 Performance Assessment - 

where 
qw 
h, = silo or well height (in.), 
f, 
f, 

= uniform load on silo or well wall (lb/in.2), 

= friction angle of soil backfill around silo or well (deg), and 
= friction angle of waste inside silo or well (deg). 

The corresponding maximum antisymmetrical hydrostatic pressure on the wall is calculated using 

P = -(ps(l-sin h S  fs) - p,(l-sin fw)) . 2 
(B.85) 

Bending moments and shear forces due to uniform pressure are calculated for the silo or 
well wall using 

My = - 9, C( sina sinha cospy coshPy 
4a2 C O S ~ C X  + C O S ~ ~ C X  

- sinpy sinhpy 
cos2a + cosh2k 

and 

q,h, [ sina sinha (cospy sinhpy - sinpy coshpy) 
Qy = 2a cos2a f cosh2a 

I ’  (cospy sinhpy + sinpy coshpy) cosa cosha 
cos2a + cosh2a 

- 

(B.86) 

(B.87) 

where 

My 
Q, 

= bending moment resulting from uniform loading in the y-direction (lb-in./in.) and 
= shear force resulting from uniform loading in the y-direction (lbhn.). 

The quantities a and p are given by 

B-34 



Description of SOURCE1 and SOURCE2 

(B.88) 

and 

(B.89) 

The silo and well walls are also subject to axial and ring compression forces. The axial 
compressive force on the silo wall is calculated using Eq. (B.32). This same equation is used for the 
well-wall calculation by substituting the density of the cast iron for the density of concrete. The ring 
compression force resulting from a uniform load is calculated as 

where 

sinpy sinhpy 2sina sinha 
cos2a + cosh2a 

N, = qwrs 1 - 

cospy coshpy 

[ 
1 - 2cosa cosha 

cos2a + cosh2a 
7 

= ring compression force (Ibh.2). 

(B.90) 

The bending moments and shear forces resulting from antisymmetrical hydrostatic pressure 
are calculated using 

MY = - sina cosha cospy sinhpy 
c0sh2a - COS~LX 

cosa sinha - 
c0sh2a - C O S ~ U  

(B.9 1) 
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The ring compression force caused by hydrostatic pressure is calculated using 

sinpy coshpy sina cosha N, = - 2prs Z- - 
h, c0sh2a -  COS^^ I 

cospy sinhpy . 1 - cosa sinha 
c0sh2a - C O S ~ C X  

(B.93) 

Bending moments, shear forces, and ring compression forces calculated for the uniform and anti- 
symmetrical hydrostatic pressures are summed at each location on the wall to arrive at the final 
values. 

B.2.2.1.3 Silo or well floor 

The circular floor plate is subjected to a distributed line load, or concentrated force, along 
its perimeter. This concentrated force is calculated as 

(B.94) 

where 
F, = concentrated force (lbhn.) and 
R, = roof reaction (lbhn.). 

The radial and tangential components of the bending moments for the circular floor are given 
by 
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and 

The final bending moments are calculated using Eqs. (B.81) and (B.82). 
The maximum shear force on the floor is calculated using 

where 
Q,, = maximum shear force on floor (lbhn.). 

The quantities D, C,, C,, and LDK are calculated, respectively, as 

(B.95) 

(B.96) 

(B.97) 

(B.98) 

(B.99) 
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(B.lOO) 

and 

LDK = (p)"'j (B . 1 0 I. ) 

I I The quantities Z,,, Z,,, Z,,, and Z,, are calculated using the following equations. 

(B. 102) 

1-1 (B.103) 

m ,,(+)""' 
z;, = (-1)" 

((2nY 
3 

n = l  

(B.104) 

and 

4n-3 

m 

z;, = (-1>" 
((2n - I>!>* 

7 

n = l  

(B.105) 
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where 
n = 1,2,3 ... . 

The variable 9, used in Eqs. (B.99) and (B.100), is calculated as 

I I The quantities Z,, , z,,, Z,, , and Z, are calculated using Eqs. (B. 102) through (3.1 OS), 
substituting the silo or well radius, r,, for the parameter r. 

B.2.2.2 Cracking Analyses 

(B. 106) 

Cracking or failure of the disposal silos, wells, and wells-in-silos occurs at the point at 
which the structural components can no longer bear the loads placed upon them. Cracking of the 
roof, wall, and floor of the silo or well may occur as a result of shear forces or bending. Cracking of 
the wall may occur as a result of compressive forces on the structure. 

The cracking analyses for the disposal silos are similar to that performed for tumulus-type 
facilities in that these analyses model the initiation and propagation of cracks in concrete barriers and 
caiculate fracture characteristics. In contrast, the cracking analyses for the wells simply determine 
when the roof, wall, or floor undergoes initial failure and does not calculate fracture characteristics. 

Shear cracking of a silo or well occurs if the shear force on the structural member exceeds 
the cracking shear of the member. The cracking shears for the roof and floor in the silo and well are 
calculated using Eqs. (B.43) and (B.44). 

The cracking shear for the silo wall in the vertical direction is the minimum of 

VCr = h w 1 ( 1 . 9 C ~ ~  + 2500S,Qx/Mmy) 

and 

V,, = 3.5C,ir 0 5  hwl(l. + F,/(500hw,))0.5 . 

where 
M,, = modified moment (lb-in.). 

(B.107) 

(B. 108) 
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The modified moment, M,,,y is given by 

Mmy = MY - 0.3SFwhw, . (B. 109) 

F, is determined from Eq. (B.32). 

The width of the fracture is 0.013 in. The shear force at which failure of the cast iron wall of the 
well occurs is given as 

A single fracture will extend through the entire concrete member because of shear cracking. 

V, = 0.7hw,fw,, , (B.110) 

where 
V, 
f,, = yield strength of cast iron (Ib/in.*). 

= shear force at which well wall fails (lbhn.) and 

The roof and floor of the silos and wells crack if the bending moment at a given location 
exceeds the cracking moment. The cracking moment is calculated using Eq. (B.46). Cracks will not 
extend through the entire member unless the bending moments exceed the ultimate strength of the 
member. The ultimate flexural strength of the roof and floor is calculated using Eq. (B.49). The 
ultimate strength for the silo wall is calculated using 

7 

where 
L, 
L, 

= thickness of corrugated steel liner on tension face (in.) and 
= thickness of corrugated steel liner on compression face (in.). 

The depth of the compression block is given by 

(B.lll) 

(B.112) 

B-40 



Description of SOURCE1 and SOURCE2 

Fracture depth, spacing, and width are calculated as cracks initiate and propagate in concrete 
members comprising the silos and wells-in-silos. These characteristics are calculated using the 
approach discussed for the tumulus-type unit (Sect. B.2.1.2). 

the silo wall will crack if the axial compression force on the member exceeds the ultimate strength of 
the wall in compression or critical buckling strength. The strength of the wall in axial compression 
is calculated as the minimum of 

The wall of the silo or well may fail from axial or ring compression. In terms of the former, 

N, = 0.39hw,Cs,, 

and 

Dw 2 2 h: 2 2  

Wfh: rs 
Nac = - m x + Echw,Im x , 

(B.113) 

(B.114) 

where 
N, 
D, = flexural rigidity of wall (Ib/in.2), and 
m = 1,2,3 ... . 

= ultimate strength or critical buckling strength under axial compression (Itk’in.), 

The flexural rigidity of the wall is calculated using Eq. (B.l S), substituting the thickness and unit 
width of the wall for h, and w, respectively. 

If the ring compression force on the silo exceeds the ultimate or buckling strength of the 
wall, cracking will occur. The strength of the wall subject to ring compression is given by the 
minimum value calculated using 

(B.115) 

where 
N, 
n = 2,3 ,4  ... . 

= ultimate strength or critical buckling strength under ring compression (lbhn.) and 
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The parameter A is calculated using 

A = [ $ )  2 

(B.116) 

Compressive forces and bending moments on the wall of the disposal well may result in 
failure of the well. If the combined stresses on the wall exceed the yield strength of the cast iron, 
failure will occur. The combined stresses are calculated as 

(B.117) 

The wall will also fail if the ring compression force on the well wall exceeds the buckling strength of 
the wall. The ultimate strength of the wall subject to ring compression is the minimum of 

N,, = 2hw, 2 x lo6"' 1 - 33.3 - [ 2 1 [ 9 
and 

(B.118) 

(B.119) 

Cracking of reinforced concrete resulting from the corrosion of the steel reinforcement is 
modeled using the same methodology developed for the tumulus disposal unit. This portion of the 
cracking analyses is performed for the roof and floor of the disposal silo only. The walls of the silo 
and the roof and floor of the well do not contain steel reinforcement. 

B.3 FLOW PARTITIONING 

A benefit of the concrete engineered barriers used in the tumulus, silo, and well disposal 
untis is the material's low hydraulic conductivity. When intact, the concrete largely prevents water 
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from contacting the disposed waste. As the concrete members deteriorate with time, cracks form and 
greater amounts of water may contact the waste. Eventually, the conductivity of the concrete will be 
no better than that of the soil backfill around the disposal unit. 

amount of water percolating through the waste. The water entering a disposal area is divided into 
two components: a component which flows around the disposal unit and a component which 
contacts the waste. 

The flow partitioning scheme used in the SOURCE computer codes is based on the 
assumption of a saturated steady-state system under a unit hydraulic gradient. Under these 
conditions, the amount of water percolating through the intact vaults, silos, and wells is equal to the 
saturated hydraulic conductivity of the concrete. As the concrete members deteriorate and crack, 
preferential flow of water through the fractures occurs at much greater rates. 

of the ability of a disposal unit to exclude water is lost when fractures penetrate through one or more 
concrete members. Based on these observations, the amount of water percolating through the waste 
is set equal to the amount of water entering the disposal area when fractures first penetrate the 
disposal unit. From this point on, the amount of water contacting the waste is solely a function of the 
hydraulic characteristics of the site soils and soil backfill. 

. To calculate radionuclide releases as a result of advection, it is necessary to estimate the 

Preliminary analyses conducted with the SOURCE computer codes have indicated that much 

B.4 RADIONUCLIDE RELEASE MODELING 

The SOURCE codes incorporate two mass-transport mechanisms (advection and diffusion) 
that are modeled in one dimension. The concentration that is calculated to be released by these two 
mechanisms cannot exceed the solubility limit of the assumed chemical form of a nuclide. Rates of 
release fiom disposal units which have not undergone significant structural failure will generally be 
low-that is, below detection limits. These releases are dependent largely on the relative water 
saturation of the waste and concrete and, for the most part, are the result of diffusion. As a disposal 
unit deteriorates and undergoes cracking, water may percolate more easily through the waste. Under 
these conditions, leaching of radionuclides by advection can accelerate and may overshadow 
leaching by difision. 

contacting the waste and inversely proportional to the degree to which radionuclides are sorbed by 
the waste matrix. An analytical expression in which the radionuclide inventory is updated at preset 
time-steps is used to evaluate advective leaching. Leaching by diffusion is calculated using the 
FLOTHRU computer program (a subroutine in the SOURCE codes) ( O W L  1994). A description of 
these two leaching mechanisms is provided in the following sections. 

Leaching of radionuclides by advection is directly proportional to the amount of water 
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B.4.1 Advective Transport Model 

The analytical model for advective transport is based on work presented in Baes and Sharp 

The total radionuclide release during a time-step is calculated by the following formula: 
(1983). A detailed derivation of the model can be found in Icenhour (1995). 

where 
L = mass of radionuclide leached because of advection (g), 
AL = leach rate constant (SI), 
hd = radioactive decay constant (SI), 
Q, 
t,, 

= initial mass of radionuclide in the waste (g), and 
= the bounds of the time period of interest (s). 

The leach constant, hL, is given by 

where 
q = water infiltration rate (cm/s), 
W = waste thickness (em), 
8 

& = retardation factor (dimensionless). 

= relative saturation (i.e., volume of water in wasteholume of waste) 
(dimensionless), and 

Finally, the retardation factor, &, can be calculated by the following equation: 

where 
pb 
Kd = distribution coefficient (mL/g). 

= bulk density of waste (g/cm') and 

(B. 120) 

(B. 12 1) 

(B.122) 
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B.4.2 Diffusion Transport Model 

The difisive transport model that is outlined in this section is a summary of the work by 

Consider the two-layer slab representation of a waste disposal unit presented in Fig. B.3. 
Nestor presented in ORNL (1994). 

The inner layer, which is of half-thickness a, initially contains a contaminant with concentration G. 
The outer layer, which has thickness b-a, is initially uncontaminated. This situation is analogous to 
the grouted waste initially placed inside an uncontaminated concrete vault (e.g., tumulus-type 
disposal). If there is little bulk fluid flow through this system, then diffusion will be the dominant 
transport mechanism. Diffusion equations can then be written for the inner and outer layers of the 
disposal unit. The concentration of contaminant in the inner layer is denoted by q, while that in the 
outer layer is denoted by q. 

center 
line 

I 
I 

Material 1 
C(x,O) = c, 

Material 2 
C(x,O) = 0 

0 

Fig. B.3 Representation of the system modeled by the FLOTHRU computer code. 
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The diffusion equation for the inner layer is 

(B.123) 

where 
C, 
D, 
X = spatial position (cm). 

= concentration of contaminant in the inner layer (g/cm3), 
= effective diffusion coefficient for the contaminant in layer 1 (cm*/s), and 

Similarly, a diffusion equation can be written for the outer layer: 

(B.124) 

where 
C, 
D, 

= concentration of contaminant in the outer layer (g/cm3) and 
= effective difTusion coefficient for the contaminant in layer 2 (cm2/s). 

Eqs. (B.123) and (B.124) can be solved with appropriate initial and boundary conditions. In 
this case, the initial conditions are 

C,(x, 0) = C, for 0 -< x < a 

and 

C,(x, 0) = 0 for a I x < b 

The boundary conditions are 

(B. 125) 

(B. 126) 

(B. 127) 
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C,(a,t) = C,(a,t) 3 (B. 129) 

and 

(B.130) 

The solution to Eqs. (B.123) through (B.130) is implemented using the FLOTHRU computer 
code ( O W L  1994), which is incorporated as a subroutine into the SOURCE codes. 

B.4.3 Calculation of Total Radionuclide Release 

In order to calculate the total amount of radionuclide leaching fiom a disposal unit using the 
SOURCE codes, the advective and diffusive components are determined separately. These two 
components are then added together to calculate the total release. This calculated total is compared 
with the soIubiIity limit of the radionuclide for the amount of water flowing through the unit. If this 
limit is exceeded, then the release is limited to the amount determined by solubility. 

Radionuclides leached from the waste will be transported away from the disposal unit with 
the water percolating through the disposal unit. Two flow components are observed on the Oak 
Ridge Reservation (ORR). A vertical component represents recharge to the underlying aquifer at the 
site, while a lateral subsurface component discharges to surface waters. 

Radionuclide releases from the disposal units are partitioned between the recharge and 
lateral flow components in proportion to the vertical and lateral fluxes. The amount of water which 
flows vertically to the aquifer is calculated as the minimum of the amount of water percolating 
through the disposal unit and the saturated hydraulic conductivity of the site soils. Water in excess 
of the saturated hydraulic conductivity is modeled as lateral sub-surface flow. 

the amount of material entering the recharge component in a given month is given as 
Based on the assumption that radionuclide concentrations are equal in each flow component, 

(B.131) 
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where 
Q, 
Q, = total radionuclide release from disposal unit (g/month), 
I, = vertical water percolation rate (cm/month), and 
I, = total water percolation rate (cm/month). 

= radionuclide release entering recharge flow component (g/month), 

The mass of material entering the lateral flow component is simply the difference of the total release 
and the mass of material transported to the aquifer. Annual releases for each flow component are 
calculated by summing the monthly releases. 
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I Appendix C 

TRANSPORT-RELATED PROPERTIES OF RADIONUCLIDES IN WASTE 
AND CONCRETE USED IN THE PERFORMANCE ASSESSMENT 

OF SWSA 6 DISPOSAL FACILITIES 

C.l INTRODUCTION 

Modeling radionuclide release rates from a low-level radioactive waste facility involves the 
use of many parameters, including properties of waste, concrete (the engineered barrier). and 
pertinent radionuclides. Table C.l shows many of the necessary transport-related properties used in 
this performance assessment (PA). Even though there is a large amount of experimental data in the 
literature, it is rare to find values for all the properties required in a detailed PA. Further. those values 
found are frequently not at the conditions [e.g., acidity or alkalinity (pH), redox potential (Eh), and 
concentrations] of interest. If available, data based on accurate inventories, reliable field tests, and 
carefully controlled laboratory experiments are used in PAS. In the absence of such data. 
interpolations, extrapolations, and relationships based on experimental results are u x d  If none of 
these techniques are available, the procedure used is a correlation based on established theories. A 
last recourse is empiricism based on established engineering practice. The correlations (baxd on 
theories) used in this campaign were selected on the basis of generality and simplicit) The 
empiricisms used are minor modifications of reliable relationships selected on the basis of overall 
comprehensiveness. 

C.2 BACKGROUND 

An understanding of the flux (amount per unit surface area per unit time) from a porous 
medium requires a knowledge of the properties of the medium that affect transport. The flux of a 
contaminant is a function of both physical and chemical properties. Physical properties include 
permeability, porosity, pore distribution, pore geometry, and water content. Chemical properties 
include those that describe mechanisms for taking contaminants out of or pulling them into the pore 
solution. These properties range from weak sorption-desorption (e.g., distribution coefficient) to 
strong chemical bonds (e.g., solubility product constant). With these properties and computer codes 
(based on appropriate models), predictions can be made of the flux for a contaminant from various 
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Table C.l. Transport-related properties of radionuclides in waste and concrete used 
in the performance assessment of SWSA 6 disposal facilities 

Constituent Property Definition - 
Waste Porosity 

Density 

Chemical type 

Volume of voids (air, pore water, etc.) per volume of waste 
Mass of waste per volume of waste 
Inorganic (metal, ceramic, glass, salt, etc.) or organic (cloth, paper, 
plastic, wood, etc.) 

Nuclide 
concentration 

Ion exchange 
capacity 

Concrete Porosity 
Density 

Composition 

Permeability 

Pore water PH 

Eh 

Buffer capacity 

Complexation 
capacity 

Ionic stren,* 

Dielectric 
constant 

Tortuosity 

Geometry factor 
Distribution 
coefficient 
Effective 
diffusion 
coefficient 

Radionuclide Atomic number 

Amount of nuclide per unit amount of waste 

Total number of sites available for exchange in the ion exchanger 
[largely a function of the exchanger (acidic or basic) and the solution 

Volume of voids (air, pore water, etc.) per volume of concrete 
Mass of concrete per volume of concrete 
Portland cement plus additives (e.g., sand, crushed rock, fly ash, 
clay, etc.) 
Amount of a substance which passes through a material under a 
given hydraulic pressure (head) 
Negative log of the hydrogen ion concentration 
Measured potential difference between an inert electrode and a 
reference electrode 
Response of a system, in terms of pH change, to the addition of 
hydrogen (P) or hydroxide (OH-) ions 
Formation of a complex from a metal ion with another ion by means 
of one or more chemical bonds 
A measure of the concentration of an ion and its charge summed over 
all ions in the solution 
The force of attraction between two charges separated by a fixed 
distance in a uniform medium 
Choking effect that depends on the shape, size, and size distribution 
of pore space 
The ratio of the actual tortuous path length for diffusion to the 
mathematical (i.e., shortest) difhsion path length 
Tortuosity squared divided by constrictivity 
The distribution or division of a substance between two layers or 
materials in a definite constant manner (under given conditions) 

A free diffusion coefficient that may be slowed down or speeded up 
by physical and chemical effects in a heterogeneous system 

PHI 

Number of protons in the nucleus of an atom 
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Table C.l. (continued) 

Constituent Property Defrnition 

Atomic weight 

Atomic (or ionic) 
radius 

Half-life 

Solubility 

Limiting 
equivalent ionic 
conductivity 

Electronegativity 

Free diffusion 
coefficient 

Total number of neutrons and protons making up the nucleus of an 
atom 
Closest distance to which an atom or ion will approach another atom 
or ion of any size under the conditions specified 
Time required for half the atoms of identical radioisotopes to 
undergo radioactive decay 
Maximum amount of a substance that can dissolve in a solvent under 
the given conditions 

Contribution made by each ion species of a salt toward an 
electrolyte’s equivalent conductance in the limit of infinite dilution 

Relative attraction of an atom for the valence electrons in a covalent 
bond 

Diffusion coeEcient of an ion in water, or pore liquid, in the limit of 
infinite dilution 

matrices as a function of shape, size, and time. The SOURCE computer codes (SOURCE1 and 
SOURCE2) used at Oak Ridge National Laboratory ( O m )  ( O W  1994) for this purpose are 
examples. 

transport parameters needed to evaluate source terms in the complex systems that most waste 
disposal facilities represent. In a few cases, values obtained through small-scale experiments and 
large-scale field tests are available for comparable systems and can be applied with judicious 
modification. However, in most cases, the needed transport parameters are estimated by the 
application of equilibrium (e.g., thermodynamic) and kinetic (e.g., diffusion) models to simple 
heterogeneous systems taken to represent or model the components (e.g., waste and engineered 
barriers) making up a waste disposal facility. In other words, a transport parameter of a multiphase 
system is determined from a ‘‘mixture law” (relationship or model) that describes its variation with 
other known or more readily determined properties (measured or estimated from first principles) of 
the constituents or phases making up the system. This approach to parameter estimation is widely 
applied to engineering materials that may be considered homogeneously heterogeneous. Examples of 
such systems include the magnetic properties of composites, the molar heat capacity of solids, and 
the thermal conductivity of powders. 

In most cases, values determined by experimentation are not available for the majority of the 
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C.3 TRANSPORT MECHANISMS 

In this analysis, the waste and concrete are considered to be unconsolidated and consolidated 
porous media, respectively. The transport of various species through such media can usually be 
analyzed and explained in terms of advection and diffusion. In this study, the dominant transport 
mechanism is assumed to be either advection or diffusion, depending on the leaching time. For 
example, if there is little to no water movement through the waste (i.e., before failure of engineered 
barriers), diffusion dominates the radionuclide transport. However, after the concrete cracks and 
water can contact the porous, grouted waste, advection dominates the transport process. (Note that 
the SOURCE computer codes used in this PA calculate the release rate by advection and diffusion 
and compares that value with the solubility limit of the particular species. If the calculated release 
rate exceeds the solubility limit, then the solubility limit is used to determine the release rate.) 

C.3.1 Advection 

Release of radionuclides resulting from advection can be modeled using a firstsrder 
leaching process accounting for both sorption and decay (Icenhour 1995). Advective leaching is 
proportional to the amount of water contacting the waste and concrete, and it is inversely 
proportional to the degree to which the radionuclides are retained by the waste and Concrete matrices. 
For this model, the radionuclide inventory is assumed to be homogeneously mixed w ithtn a finite- 
waste volume that is contacted by a constant infiltration rate of water. The first-order ad\ cction 
equation is given by (Icenhour 1995). 

where 
L = mass of radionuclide leached because of advection (g), 
A' = leach rate constant (s-'), 
Ad = radioactive decay constant (s-I), 
Q, = initial mass of radionuclide in the waste (g), 
t,, t2 = the bounds of the time period of interest (s). 

The leach rate constant, hL, is given by (Icenhour 1995) 

A,=- 9 , 
WeR, 
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where 
. q = water infiltration rate (cmh), 

W = waste thickness (cm), 
8 
Rd = retardation factor (dimensionless). 

= relative saturation (Le., volume of water in wasteholume of waste) (dimensionless), 

Finally, the retardation factor, %, can be calculated by the following equation (Icenhow 1995): 

where 
pb = bulk density of waste (g/cm3), 
Kd = distribution coefficient (mL/g). 

C.3.2 Diffusion 

In addition to advection, the transport of various species through cement-based waste forms 
can also be anaIyzed and explained in terms of effective diffusion coefficients (Atkinson, Nelson, 
and Valentine 1986; Johnston and Wilmot 1992; Godbee et al. 1993). This coefficient for a given 
species with no solubility constraint can be expressed as (Godbee et al. 1993) 

where 
D = 

D, = 

G = geometry (or matrix) factor (dimensionless), 
K = distribution coefficient (dimensionless), 
H = relative saturation of pores with liquid (dimensionless). 

effective diffusion coefficient for the species in the porous body (cm’/s), 
diffusion coefficient of the species in an infinite or free volume of pore liquid 
(cm’is), 

The geometry factor, G, is defined as t i y ,  where z is tortuosity and y is constrictivity. 
Tortuosity is a measure of the diffusion path length in a porous body, and constrictivity is a measure 
of the choking effect of the pores. In other words, tortuosity is the ratio of the actual tortuous 
diffusion path length to the mathematical (Le., shortest) diffusion path length. Similarly, 
constrictivity is a normalized measure of the filtering and trapping effects of pores. Both factors have 
sound physical meaning, and independent methods to determine them are available. Tortuosity is a 
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parameter characterizing the asymmetry of the pore space, whereas constrictivity is a factor that 
depends on the shape, size, and size distribution of the pore space. Thus, G generally represents a 
physical containment (retardation) factor of the matrix. The expression (1 + K) can account for 
phenomena such as sorptiorddesorption and ion exchange. Thus, (1 + K) represents a chemical 
containment (retardation) factor. Table C.2 shows the relationship of K to other commonly measured 
distribution coefficients that have mixed units. Relative pore saturation is the ratio of the water 
(liquid) volume actually in the pores to the water (liquid) volume in the pores when full. Thus, H 
represents a retardation factor reflecting the inventory of the transport medium (liquid). 

Table C.2. Relationship of the dimensionless distribution coefficient (K) to some other 
commonly measured distribution coefficients" 

Types of 
distribution Units of distribution coefficient 
coefficient 

Relationship of K 

amount of species/mass of pore-free solid l - €  Mixed,b Km amount of species/volume of liquid 

amount of species/mass of porous body 
Mixed,' Km amount of species/volume of liquid E 

amount of species/volume of pore-free solid 
amount of speciesholume of liquid Volume, K, 

amount of species/volume of porous body 
amount of species/volume of liquid Geometry, KGV 

"Source: Godbee et al. 1993. 
'pp is the density of the pore-free solid (Le., mass of pore-free solidlvolume of pore-free solid). F. is the void 

'pb is the density of the porous body (mass of porous bodyhoiume of porous body). 
fraction (i.e., volume of poredvolume of porous body). 

If there is a solubility constraint for a species (i.e., the pore liquid can be saturated) the 
expression (1 + K) is replaced by p-*, where p is defined as the relative saturation concentration of 
that species in the porous body. The diffusion coefficient for a given species with a solubility 
constraint can be expressed as (Godbee et al. 1993) 

- 
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Df 
G@-~)H-’ 

D =  

The relative solubility constraint is calculated using the relationship (Godbee et aI. 1993) 

where 
S ,  = 
V = volume of waste form (porous body) (cm’), 
A, = initial amount of radionuclide (g), 
E = average open-pore void fraction (dimensionless), 
p = density of liquid (g/cm3). 

solubility limit of species in pore liquid (g of specieslg of pore liquid), 

Species treated as solubility constrained were Be (as BeO), Pd (as PdO), and Pb [as PbCl,*Pb(OH),]. 

data can be used to estimate an effective diffusion coefficient (Godbee 1974) by 
When necessary (Le., data needed for the previous methods are unavailable), corrosion rate 

where 
a,, = amount leached during time interval t, (g), 
f = duration of leaching interval (s), 
S = surface area of sample in contact with leachant (cm3). 

The term in brackets represents a penetration or corrosion rate (length per time). This corrosion-rate 
approach for estimating a D was used with the metals A1 (2 mil per year), Co (1 mil per year), and Cd 
(3 mil per year). 

should be determined from leaching tests that determine both a diffusion coefficient and a 
distribution coefficient, namely, those that approach equilibrium or steady state. Frequently, tests for 
distribution coefficients that involve grinding the sample and shaking it in a fixed liquid volume 
(e.g., conventional batch method) or crushing the sample and flowing liquid over it (e.g., 
conventional column method) often give results that are different from those obtained in diffusion 
experiments. Among the reasons for this difference is that batch and column tests (because of 

Speaking broadly, if possible, the distribution coeficients used in Eqs. (C.3) and (C.4) 
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crushing, grinding, flow, etc.) may not adequately mimic the surface and pore solution conditions of 
the porous medium in bulk form. 

obtained from leaching tests carried out at ORNL (Mrochek, Gilliam, and McDaniel 1986) and 
Pacific Northwest Laboratory (PNL) (Serne et a]. 1987). Diffusion (effective) and distribution 
(dimensionless) coefficients were evaluated from the data using an equation that describes the test 
configuration (Crank 1993) mathematically (i.e., diffusion into a limited volume of leachant). The 
expression is of the form (Godbee et al. 1989) 

In this campaign, the distribution coefficients to be used in correlative expressions were 

At 6a(a + l)e~p[-Dq:t/9(V/S)~] = I - C  
9 + 9a 4- q:a* 

3 

A0 - A, n = l  

where the qns are the nonzero roots of 

3% 

3 + W n  

tanqn = 
2 (C..9) 

and 
A, = 
A, = 
A, = 
D =  
t =  
v =  
s =  
a =  

v, = 
E =  

K =  

total amount leached in time t, mg (pCi), 
initial amount in specimen, mg (pCi), 
amount in specimen at equilibrium, mg (pCi), 
effective diffusion coefficient (cm*/s), 
time (s), 
volume of specimen (cm3), 
surface area (geometric) of specimen (cm2), 

(dimensionless), VL - A0 - A, 
EKV A, 
- -  

volume of leachant (cm3), 
void fraction (porosity) (dimensionjess), 
distribution coefficient (dimensionless). 

Rearrangement of the expressions given for a above shows that 

K =  [ +) 
.[ . (C. 1 0) 
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The parameters A,,, V, S, and E. are properties of the specimen, whereas V, is a property of 
the leachant. All are determined at the beginning of the experiment. The parameter A, is a property of 
the system and is generated during the experiment as a function of time t. The specimen properties D 
and A, are evaluated by fitting the data [&(t)] to Eq. (C.8). A value for K is then obtained using 
Eq. (C.10). 

computer program NEWBOX (Nestor, Godbee, and Joy, in press) developed at O N .  NEWBOX, 
which is executable on a personal computer, caIcuIates the fiactionaI release of material from four 
different geometrical shapes (semi-infinite medium; finite slab; finite, circular cylinder; and sphere) 
and accounts for several different boundary conditions. 

appropriate initial and boundary conditions, are usually nonlinear in some parameters (diffusion 
coefficient, reaction rate constants, etc.). Thus, use of a method of parameter adjustment involving 
first partial derivatives can be complicated and prone to errors in the computation of the derivatives. 
In addition, the parameters must satisfy certain constraints; for example, the diffusion coefficient 
must remain positive. For these reasons, a variant of the constrained simplex method (Box, Davies, 
and Swann 1969) is used in NEWBOX to estimate parameters. It is similar, but not identical, to the 
downhill simplex method welder and Mead 1965). In general, NEWBOX calculates the fraction of 
material transferred as a function of time from an expression obtained by the inversion (Abramowitz 
and Stegun 1964) of the Laplace transform of the fraction transferred, rather than by taking 
derivatives of a calculated concentration profile. 

that they are transported (by both advection and diffusion) at a rate which is limited by their 
solubilities. If the pore liquid concentration of a species is at its solubility limit concentration, the 
effective diffusion coefficient D is calculated using Eq. (C.5). In this case, the relative solubility 
constraint p is evaluated with Eq. (C.6) using solubility limit data from the literature. 

nuclide of concern in the environment of interest. In this campaign, a semiempirical expression is 
used for estimating geometry factors of related (i.e., similar chemical and physical characteristics) 
nuclides in the same porous medium, namely (Godbee 1996), 

The ORNL and PNL experimental data cited above were fitted to Eq. (C.8) using the 

The solution of mass transport equations (e.g., Fick’s first and second laws), subject to 

Under certain conditions, some nuclides (e.g., Pd, Thy and Zr) may have low solubilities such 

In many cases, a geometry factor G [e.g., in Eqs. (C.4) and (CS)] is not available for a 

(e. 1 1) 

where 
G, = 
G, = 

r, = ionic radius of x (A), 

geometry (matrix) factor of nuclide to be estimated (dimensionless), 
geometry factor of known similar (e.g., chemical group, oxidation state, etc.) 
nuclide (dimensionless), 
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r, = ionic radius of a (A). 

The relationship is derived largely from an analysis of the data in Mrochek, Gilliam, and McDaniel 
(1986) and Serne et al. (1987) when fitted to Eq. (C.8). 

An empirical correlation is used for estimating geometry factors of the same nuclide in 
related (i.e., comparable physical retardation factors) porous media. The expression is based on one 
of the earliest and simplest concepts to relate geometry factor and porosity (Brown et al. 1950), 
namely, 

G, = Ga( :I2[ ") 1 - Ea , 

where 
E, = porosity of medium a (dimensionless), 
E, = porosity of medium x (dimensionless). 

(C. :I 2) 

Often a distribution coefficient K is not available for a nuclide of concern in the environment 
of interest. In a manner similar to that used with G, an unsophisticated semiempirical expression 
[based on an analysis of the data in Mrochek, Gilliam, and McDaniel(l986) and Serne et al. (1987), 
coupled with the rules for ionic selectivity summarized in Lin (1973)l is used to estimate the needed 
distribution coefficient from that of a similar nuclide (i.e., same chemical family or group, oxidation 
state, etc.). The form of the relationship is 

(C.  I. 3) 

where 
K, = distribution coefficient of nuclide to be estimated (dimensionless), 
K, = distribution coefficient of known similar nuclide (dimensionless), 
2, = atomic number of nuclide x (dimensionless), 
Z, = atomic number of nuclide a (dimensionless). 

A correlation that allows the distribution coefficient of a given nuclide in a porous medium 
to be transposed to a different (but comparable) porous medium is required. The elementary 
relationship used in this campaign is 
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(C.14) 

where 
K, = distribution coefficient of nuclide to be estimated (dimensionless), 
K, = distribution coeEcient of nuclide in medium a (dimensionless), 
E, = porosity of medium x (dimensionless), 
E, = porosity of medium a (dimensionless), 
1;, 
I, 

= 
= 

number (n) of ion exchange sites per volume of medium x ( d c d ) ,  
number (n) of ion exchange sites per volume of medium a, (dcd ) .  

In this campaign, largely because of the dearth of information, a value of 1 .O for I, / I, is 
considered to be reasonable, except for the alkali metals, in which case it is assumed to be 
proportional to the average pH of the two media. 

The free-diffusion coefficient D,, sometimes referred to as the self-diffusion coefficient 
(Godbee 1996), is a property of the nuclide in the pore liquid. In other words, it is the diffusion 
coefficient of the nuclide in the pore liquid if the nuclide is free of the constraints imposed by 
surfaces, ionic (molecular) filtration, dead-end pores, etc. The free-diffusion coefficients in this 
campaign were taken from an embryonic database on mass transport parameters compiled at OWL.’ 
The majority of the D, values in this database were obtained from the literature. However, when not 
readily available, they are calculated* using the Nernst-Einstein equation (Atkins 1990), namely, 

where 
R = gas constant (8.3144 J K-’ mol-’), 
T = absolute temperature (K), 
F = Faraday constant (9.6493 x lo4 C/mol), 
h = equivalent ionic conductance (cm’ S mol-’), 
z = charge number of the ion. 

(C. 15) 

*S. L. Loghry, Oak Ridge Natl. Lab., “Property Summary,” correspondence to H. W. Godbee, 
Delta-21 Resources, Inc., Oak Ridge, Tenn., July 7, 1995. 
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In Eq. (C. 1 S ) ,  note that the elementary entity used in a mole (mol) is an electron. Values for 
h are available in handbooks on physical chemistry, the literature on electrochemistry, and the O N  
database previously mentioned. 

In this campaign, the value of H (relative saturation of the pores) is set equal to 1 .O. In other 
words, the pores are full of liquid. Saturation is usually assumed in PAS so that a predicted release is 
conservative (Le., higher than if H < 1 .O). 

C.4 SUMMARY AND CONCLUSIONS 

The direct results of the methodology described in this appendix are estimates of the needed 
diffusion and distribution coefficients for the radionuclides considered in this PA. Further detail on 
this step-by-step procedure to estimate mass transport parameters when experimental data are not 
available can be found in Godbee (1996). In summary, this methodology basically involves the use of 
three kinds of relationships (arranged in a hierarchy of preference): 

1. 

2. 

3. 

expressions based on established theories that relate a parameter to more fundamental 
physicochemical properties of the materials making up the system [e.g., Eq. (C.15) for Df]; 
correlations based on the statistically meaningful analyses of reliable experimental data on 
similar systems [e.g., Eq. (C.13) for K]; and 
empiricisms based on engineering judgment derived from experience with related 
applications [e.g., Eq. (C.ll) for GI. 

The estimated transport parameters used in the SWSA 6 PA are presented in Table C.3, 
Table (2.4, and Table (2.5. Calculations for some elements are detailed in Godbee (1996). The 
methodology outlined in this appendix was used in developing all of the parameters presented in 
Table C.3, Table C.4, and Table C.5. The estimated values in these tables appear to be reasonable 
and should be applicable to assessment studies in the absence of system-specific experimental results 
(compare Serne et al. 1993). These conclusions are supported largely by the following: 

The values are within the range of experimental results available in the literature for such (or 
comparable) species in porous media. 
The values are based on representative and internally consistent ancillary parameters that are 
combined using relationships that range from those grounded in established theories to those 
rooted in defensible empiricism. 
The values are recognized as estimates of parameters that have unequivocal meaning only in 
the system in which they are intended to be surrogates for experimental results. 

- 
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Table C.3. Distribution coeficients and solubility limits of elements evaluated 
in the SWSA 6 performance assessment 

Element Formula 

Waste distribution Concrete distribution 
Solubility" coefficientb coefficientb 

K Kd K Kd 
( m o w  

(dimensionless) (mL/g) (dimensionless) (mL/g) 

H 
Be 
C 
A1 
c1 
K 
Ca 
c o  
Ni 
Se 
Rb 
Sr 
Zr 
Nb 
Tc 
Pd 
Cd 
Sn 
I 
Cs 
Sm 
Eu 
os 
Pb 
Bi 
Ra 
Ac 
Ac' 
Th 
Th' 
Pa 
Pa' 
U 
u' 

NP 

T2O 
Be0 
BaCO, 
AI 
KCI 
KCI 
CaCO, 
c o  
NiCO, 
NaSeO, 
Rb'CO, 
SrCO, 
Zr(OH)4 
NbOF3-2KF 
NH4Tc04 
PdO 
Cd 
SnC1, 
KI 
cs,co3 
Sm(C13) 
Eu203 

OsO, 
PbCl,*Pb(OH), 
Bi(OH), 
RaSO, 

A m  
Tho2 
Tho2 
PaO, 
PaO, 
UOZ 
UOZ 
NP203 

1.11 x lo2 
8.00 x lo4 
1.11 x lo4 
5.24 x 10' 
4.61 x 10' 
4.61 x 10' 
1.53 x lo4 
3.46 x 10' 
7.83 x lo4 
4.45 x 10' 
1.95 x 10' 
7.45 x 10" 
2.19 x 10-3 
2.60 x lo-' 
9.12 x 

3.76 x 10-9 
7.64 x loo 
1.37 x 10' 
7.68 x 10' 
1.60 x 10' 
3.60 x 10' 
2.84 x 10" 
2.24 x IO-' 
5.16 x 10" 
5.40 x lo4 
6.21 x lo-' 
1.55 x 10-5 
1.55 x 10-~ 
3.00 x 10-9 
7.57 x lo-* 
5.71 x lo4 
5.71 x lo-" 
3.00 x lo-'' 
1.46 x 10" 
3.00 x lo4 

1.00 x 10' 

5.50 x 10' 

8.88 x IO-' 
3.59 x 10' 
2.32 x 10' 
1.04 x 107 
3.21 x 10' 
1.11 x 10' 
7.02 x 10' 
4.40 x 10' 
2.50 x 10, 
2.56 x 10' 
1.60 x 10' 
7.00 x lo6 
7.17 x 10' 
1.52 x IO2 
2.77 x 10' 
1.00 x lo2 
3.12 x 10' 
3.17 x lo2 
1.73 x 10' 
2.49 x 10' 
2.41 x 10' 
1.02 x 10' 
1.85 x 104 
2.67 x 10' 
1.87 x 104 
2.70 x 10' 
1.89 x 104 
2.73 x 10' 
1.92 x 104 
2.76 x 10' 
1.94 x 104 

1.57 x 107 

8.45 x 105 

1.99 x lo-' 
3.12 x IO6 
1.09 x 10' 
1.68 x 10' 
1.77 x lo-' 
7.14 x IO' 
4.61 x IO' 
2.07 x lo6 
6.38 x 10' 
2.21 x 10' 
1.40 x 10' 
8.75 x 10' 
4.97 x 10' 
5.90 x 10' 
3.18 x 10' 
1.39 x IO6 
1.42 x lo5 
3.02 x 10' 
5.51 x lo-' 
1.99 x 10' 
6.20 x 10' 
6.30 x 10' 
3.44 x 10' 
4.95 x 10' 
4.79 x 10' 
2.03 x 10' 

5.31 x 10' 

5.37 x 10' 

5.43 x 10' 

5.49 x 10' 

3.69 x 103 

3.73 x 103 

3.77 x 103 

3.82 x 103 

3.85 x 103 

1.31 x 10' 
6.05 x 10' 
7.19 x 10' 
2.50 x 10' 
1.16 x 10' 
6.91 x 10' 
3.02 x 10' 
4.05 x 10' 
4.20 x 10' 
1.45 x 10' 
1.35 x IO' 
5.75 x 10' 
3.27 x IO2 
3.35 x lo2 
2.09 x 10' 
6.90 x 10' 
7.20 x 10' 
1.99 x 10' 
3.62 x 10' 
2.00 x 10' 
4.08 x 10' 
4.15 x 10' 

3.26 x 10' 
3.15 x 10' 
1.33 x 10, 
2.42 x io4 
3.49 x lo2 
2.45 x 104 
3.53 x 10, 
2.48 x 104 
3.57 x 10' 
2-51 x 104 
3.61 x 10' 
2.53 x io4 

1-23 x 103 

8.53 x 

3.93 x lo-' 
4.68 x IO-' 
1.63 x 10' 
7.55 x lo-' 
4.50 x 10' 
1.97 x 10' 
2.64 x 10' 
2.73 x 10' 
9.44 x lo-' 
8.79 x 10' 
3.74 x 10' 
2.13 x 10' 
2.18 x 10' 
1.36 x IO' 
4.49 x 10' 
4.69 x 10' 
1.30 x 10' 
2.36 x lo-' 
1.30 x 10' 
2.66 x 10' 
2.72 x 10' 
8.01 x 10' 
2.12 x 10' 
2.05 x 10' 
8.66 x 10' 

2.27 x 10' 

2.30 x 10' 

2.32 x 10' 

2.35 x 10' 

1.55 x io3 

1.57 x 103 

1.59 x 103 

1.61 x io3 

1.62 x io3 
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Table C.3. (continued) 

Waste distribution Concrete distribution 
coefficient* coefficientb - Solubility" 

( m o w  K Kd K Kd 
Element Formula 

(dimensionless) (mL/g) (dimensionless) (mL/g) 

NP' NPzO3 4.05 x IO" 2.79 x 10' 5.55 x 10' 3.65 x 10' 2.38 x 10' 

Pu' PUO, 1.71 x lo4 2.82 x 10' 5.61 x 10' 3.69 x 10' 2.40 x 10' 
Am Am(W3 4.00 x lo-'' 1.98 x lo4 3.93 x 103 2.59 x 104 1.66 x lo3 
Am' Am@, 3.27 x 10" 2.85 x 10' 5.67 x 10' 3.73 x 10' 2.43 x 10' 

1.00 x  IO-*^ 2.00 x 104 3.98 x 103 2.61 x 1 0 4  1.67 x 103 
Cm' Cm203 2.84 x 10" 2.88 x lo2 5.73 x 10' 3.77 x 10' 2.45 x 10' 
Cf Cfg'r0313 3.49 x io0 2.04 x 104 4.06 x io3 2.64 x 104 1.69 x lo3 

2.48 x 10' Cf Cfg\r03)3 3.49 x 10' 2.91 x 10' 5.79 x 10' 3.81 x 10' 
"Sources: D. R. Lide, ed., CRC Handbook of Chemistry and Physics, 73rd ed., CRC Press, Boca Raton, Fla, 1992; 

Freie Universitat Berlin and Institut fur Anorganische und Analytische Chemie, Solubility and Speciation ofActinides in 
Salt Solutions and Migration Experiments of Intermediate Level Waste in Salt Formations, FUB/FI 53 132-415f85, 1986; 
M. Schweingruber, Actinide Solubility in Deep Groundwaters-Estimates for Upper Limits Based on Chemical 
Equilibrium Calculations, EIR-Bericht Nr. 507, EIDG Institut fir Reaktorforschug, Wiirenlingen, Switzerland, 1983; 
Agence Internationale de 1'Energie Atomique, Seminaire sur les Techniques &Etude et les Methodes &Evaluation des Sites 
en vue du Stockage DeJinitifSouterrain des Deckets Radioactif, IAEA-SR-104/25, Vienna, 1984; I. G. McKinley and 
W. R. Alexander, "A Review of the Use of Natural Analogues to Test Performance Assessment Models of a Cementitious 
Near Field," Waste Management 12,253-59 (1992); N. A. Chapman and R. H. Flowers, "Near Field Solubility Constraints 
on Radionuclide Mobilization and Their Influence on Waste Package Design," Philosophical Transactions of the Royal 
Society of London, 319,83-95 (1986). 

bSources: H. A. Friedman and A. D. Kelmers, Laboratory Measurement of Radionuclide Sorption in Solid Waste 
Storage Area 6 SoiUGroundwater Systems, ORNL-TM- 1056 1, Martin Marietta Energy Systems, Inc., Oak Ridge National 
Laboratory, Oak Ridge, Tenn., June 1990; I. Neretnieks, "Diffusivities of Some Constituents in Compacted Wet Bentonite 
Clay and the Impact on Radionuclide Migration in the Buffer," Nuclear Technology 71,458-70 (1985); J. G. Moore, 
H. W. Godbee, A. H. Kibbey, and D. S. Joy., Development of Cementitious Grouts for the Incorporation of Radioactive 
Wastes. Part I Leach Studies, ORNL-4962, Oak Ridge National Laboratory, Oak Ridge, Tenn., April 1975. 

'Values used for mixtures of actinide wastes and soils (i.e., trenches). In trenches, the pH is not expected to be basic; 
therefore, more conservative transport parameters (for the actinides) based on ORNL (1994) are used. 

- 
Pu PUO, 1.00 x IO-" 1.96 x lo4 3.90 x 103 2.56 x io4 1.64 x 103 

Cm Cm(OH13 

- 
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Table C.4. Transport parameters used to calculate diffusion coefficients for waste (D,,.) 

Transport parameters (dimensionless) for D/ 

Geometry Distribution Retardation 
factor G coefficient K factor R 

Waste 
diffusion 

coefficient D,,, 
(m'/s) 

Free-diffusion 
Element coefficient D, 

(m'/s)b 

H 
Be 
C 
AI 
c1 
K 
Ca 
c o  
Ni 
Se 
Rb 
Sr 
Zr 
Nb 
Tc 
Pd 
Cd 
Sn 
I 
cs 
Sm 
Eu 
Pb 
Bi 
Ra 
Ac 
Ac' 
Th 
Th' 
Pa 
Pa' 
U 
u' 
NP 
NP' 
Pu 
Pu' 

9.3 I x 10-9 
5.99 x lo-'' 
9.20 x lo-'' 
5.41 x lo-'' 
2.03 x 10-9 
1.96 x 10-9 
7.92 x lo-'' 
7.32 x lo-'' 
6.60 x lo-'' 

2.07 x lo4 
7.91 x IO-'' 
7.92 x lo-'' 
4.84 x lo-'' 

7.50 x lo-'' 
7.19 x lo-'' 
7.05 x lo-'' 

1.18 x 10-9 

1.50 x 10-~ 

2.05 x 

2.06 x 10-~ 
6.08 x lo-'' 
6.02 x IO-'' 
9.45 x lo-'' 
8.10 x lo-'' 
8.89 x lo-'' 
4.59 x lo-" 
4.59 x lo-'' 
5.10 x lo-'' 
5.10 x lo-'' 
5.24 x lo-'' 
5.24 x lo-'' 
5.61 x lo-'' 
5.61 x lo-'' 
5.61 x lo-'' 
5.61 x lo-'' 
5.61 x IO-" 
5.61 x IO-'' 

1.20 x 10' 
1.05 x 10' 
9.12 x IO' 
5.00 x 10' 
1.48 x 10' 
1.83 x 10' 
1.02 x 10' 
2.20 x 100 
1.99 x IO' 
7.30 x 10' 
2.29 x 10' 
1.47 x 10' 
7.90 x 10' 
4.97 x loo 
3.50 x 10' 
2.42 x 10' 
3.47 x 10' 
2.05 x 10' 
2.18 x 10' 
2.81 x 10' 
3.90 x 10' 
3.75 x IO' 
4.12 x 10' 
1.53 x 10' 
2.10 x 10' 
8.24 x 10' 
8.24 x 10' 
5.80 x 10' 
5.80 x 10' 
5.68 x 10' 
5.68 x 10' 
5.57 x 10' 
5.57 x 10' 
7.16 x 10' 
7.16 x 10' 
5.12 x 10' 
5.12 x 10' 

1.00 x 10' 
1.57 x io7 
5.50 x 10' 
8.45 x 105 
8.88 x lo-' 
3.59 x 10' 
2.32 x 10' 
1.04 x 107 
3.21 x 10' 
1.11 x 10' 
7.02 x 10' 
4.40 x IO' 
2.50 x IO2 
2.56 x IO2 
1.60 x 10' 
7.00 x IO6 

1.52 x lo2 
2.77 x 10' 
1.00 x 10' 
3.12 x lo2 
3.17 x lo2 
2.49 x lo2 
2.41 x 10' 
1.02 x IO' 
1.85 x lo4 
2.67 x 10' 

2.70 x lo2 

2.73 x lo2 

2.76 x IO2 

2.79 x lo2 

2.82 x lo2 

7.17 x 105 

1-87 x io4 

1.89 x 104 

1-92 x io4 

1.94 x io4 

1-96 x io4 

2.40 x 10' 

5.93 x 10' 
4.23 x lo6 
2.79 x 10' 
6.75 x 10' 
2.47 x 10' 

6.59 x 10' 
8.83 x 10' 
1.63 x 10' 
6.62 x 10' 

1.65 x 107 

2.29 x 107 

1.98 x 103 
1.28 x 103 
5.95 x lo2 
1.69 x 107 
2.49 x lo6 
3.14 x 103 
8.22 x 10' 
2.84 x lo2 
1.22 x 104 
1.19 x io4 
1.03 x io4 
3.84 x lo2 
2-16 x 103 
1.52 x lo6 
2.21 x 104 
1.08 x IO6 
1.57 x io4 
1.07 x lo6 
1.56 x 104 
1.07 x lo6 
1.54 x io4 
1.39 x lo6 
2.00 x 104 
1.00 x lo6 
1.45 x 104 

3.88 x 10-9 
3.63 x 10-17 
1.55 x lo-'' 
1.28 x 

7.28 x lo-'' 
2.90 x lo-'' 
3.12 x 

3.21 x 10-17 
1.00 x lo-" 
1.34 x lo-'' 
1.27 x lo-'' 
1.19 x IO-'' 
4.00 x 10-13 
3.78 x 10-13 

4.44 x 10-17 

2.25 x 10-13 

2.52 x 

2.89 x 

2.49 x lo-'' 
7.26 x 

4.98 x 1044 
5.06 x 10-14 
9.17 x 1044 
2.11 x 

4.12 x 

3.01 x 

4.70 x 

2.08 x 10-14 

3.25 x 10-14 

3.36 x 10-14 

3.64 x 10-14 

2.81 x 10-14 
5.59 x 10-I6 
3.87 x 10-14 

4.88 x 

5.25 x 

4.04 x 
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Table C.4. (continued) 

Transport parameters (dimensionless) for D," Waste 
diffusion 

(m%) 

Free-diffusion 
Element coefficient D, 

(m2/s)b Geometry Distribution Retardation coefficient D, 
factor G coefficient K factor R - 

Am 5.10 x lo-'' 6.78 x 10' 1.98 x 104 1.34 x lo6 3.80 x 

Cm 5.10 x IO-'' 5.80 x 10' 2.00 x 104 1.16 x IO6 4.40 x 

Cf 5.10 x IO-'' 5.68 x 10' 2.04 x 1 0 4  1.16 x IO6 4.40 x 

Am' 5.10 x lo-'' 6.78 x 10' 2.85 x lo2 1.94 x 104 2.63 x 10-14 

Cm' 5.10 x lo-'' 5.80 x IO' 2.88 x lo2 1.68 x io4 3.04 x 10-14 

Cf 5.10 x IO-'' 5.68 x IO' 2.91 x IO2 1.66 x 104 3.07 x 10-14 

"D, = D#R where R = G( 1 + K)H-'. The term H is defined as the relative saturation of the pores with uatcr. The 

'Sources: D. G. Miller, Estimation of Tracer Diffusion Coefflcients ofions in Aqueous Solution. UCRL-533 19, 
pores are assumed to be full in the calculations shown in this table; that is, H = 1 .O. 

Lawrence Livermore Laboratory, University of California, Livermore, Calif., 1982; C. J. Geankoplir Mart Transport 
Phenomena, Holt, Rinehart and Winston, New York, 1972; F. Kepak, "Adsorption and Colloidal Propenics of 
Radioactive Elements in Trace Concentrations," Chemical Review 71(4), 1972; E. L. Cussler, Drflusiorr-MPss Trunsjer 
in Fluid Systems, Cambridge University Press, New York, 1984; CRC Handbook of Chemistry and Ph31cs. cd. 
D. R. Lide, 74th ed., CRC Press, Boca Raton, Fla., 1993; Lunge S Handbook ofChemistv, ed. J. A Dcan. 14th cd., 
McGraw-Hill, Inc., New York, 1992. 

therefore, more conservative transport parameters (for the actinides) based on ORNL (1994) are used 
'Values used for mixtures of actinide wastes and soils (Le., trenches). In trenches, the pH is not expected IO be basic; 
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Table C.5. Transport parameters used to calculate diffusion coefficients for concrete 0 3  

Transport parameters (dimensionless) for DP Concrete 
diffision 

(m%) 

Free-difhsion 
Element coefficient D, 

(mz/s)b Geometry Distribution Retardation coefficient D, 
factor G coefficient K factor R 

H 9.31 x 10-9 8.54 x 10' 
Be 
C 
A1 
Cl 
K 
Ca 
c o  
Ni 
Se 
Rb 
Sr 
Zr 
Nb 
Tc 
Pd 
Cd 
Sn 
I 
Cs 
Sm 
Eu 
Pb 
Bi 
Ra 
Ac 
Th 
Pa 
U 

pu 
Am 
Cm 

NP 

5.99 x lo-'' 
9.20 x lo-'' 
5.41 x lo-'' 
2.03 x lo4 

7.92 x lo-'' 
7.32 x lo-'' 
6.60 x lo-'' 
1.18 x lo4 
2.07 x 10-9 
7.91 x IO-'' 
7.92 x lo-'' 
4.84 x lo-'' 

7.50 x lo-'' 
7.19 x lo-'' 
7.05 x IO-'' 

1.96 x 10-9 

1.50 x 10-9 

2.05 x 10-9 
2.06 x 10-~ 
6.08 x lo-'' 
6.02 x lo-'' 
9.45 x lo-'' 
8.10 x lo-'' 
8.89 x lo-'' 
4.59 x lo-'' 
5.10 x lo-'' 
5.24 x lo-'' 
5.61 x lo-'' 
5.61 x lo-'' 
5.61 x lo-'' 
5.10 x lo-'' 
5.10 x lo-'' 

7.48 x 10' 
6.50 x 10' 
3.56 x 10' 
1.05 x 10' 
1.30 x 10' 
7.26 x 10' 
1.57 x 10' 
1.42 x 10' 
5.20 x 10' 
1.63 x 10' 
1.05 x lo2 
5.62 x 10' 
3.54 x IO' 
2.49 x lo2 
1.72 x 10' 
2.47 x 10' 
1.46 x lo2 
1.55 x lo2 
2.00 x 10' 
2.78 x lo2 
2.70 x lo2 
2.93 x 10' 
1.09 x lo2 
1.50 x lo2 
5.87 x lo2 
4.13 x lo2 
4.04 x lo2 
3.97 x lo2 
5.10 x lo2 
3.65 x lo2 
4.83 x lo2 
4.13 x 10' 

1.31 x 10' 
6.05 x 10' 
7.19 x 10' 
2.50 x 10' 
1.16 x 10' 
6.91 x 10' 
3.02 x 10' 
4.05 x 10' 
4.20 x 10' 
1.45 x 10' 
1.35 x lo2 
5.75 x 10' 
3.27 x lo2 
3.35 x lo2 
2.09 x 10' 
6.90 x IO' 
7.20 x 10' 
1.99 x lo2 
3.62 x IO' 
2.00 x lo2 
4.08 x 10' 
4.15 x lo2 
3.26 x lo2 
3.15 x 10' 
1.33 x lo2 
2.42 x io4 
2.45 x 104 
2.48 x 104 
2.51 x io4 
2.53 x 104 
2.56 x 104 
2.59 x 104 
2.61 x 104 

1.97 x 10' 
5.27 x 10' 
5.33 x lo2 
9.26 x lo2 
2.26 x lo2 
9.11 x 102 

6.52 x lo2 
6.11 x lo2 
8.06 x lo2 
2.22 x 103 
6.14 x 103 
1.84 x io4 
1.19 x 104 
5.45 x 103 
1.20 x 103 
1.80 x 103 
2.92 x 104 
7.16 x lo2 
4.02 x 103 
1.14 x los 
1.12 x los 
9.58 x 104 
3.54 x 103 
2.01 x 104 
1.42 x 107 
1.01 x 107 
1.00 x 107 

1.29 x 10' 

1.25 x 107 
1.08 x 107 

2.27 x 103 

9.97 x lo6 

9.34 x lo6 

4.73 x lo-'' 
1.14 x lo-'' 
1.73 x 10-l2 
5.84 x 10-13 
8.98 x 
2.15 x 
3.49 x 10-13 
1.12 x 1O-l2 
1.08 x 
1.46 x 
9.32 x 10-13 
1.29 x 10-l3 
4.30 x 10-l4 
4.07 x 10-14 
2.75 x 10-13 
6.25 x 10-13 
3.99 x 10-13 

5.12 x 10-13 
5.33 x 10-is 
5.38 x 10-15 
9.86 x 10-15 
2.29 x 10-l3 
4.42 x 10-14 
3.23 x 10-17 
5.04 x 10-17 
5.23 x 10-l7 
5.63 x 10-1~ 
4.35 x 10-17 
6.00 x 10-17 
4.08 x 10-17 
5.18 x 10-17 

2.41 x 
2.86 x 10-l2 

2.64 x io4 1.07 x io7 5.01 x 10-l7 Cf 5.10 x lo-'' 4.04 x lo2 
"D, = Dfi  where R = G( 1 + K)H-'. The term H is defined as the relative saturation of the pores with water. The 

'Sources: D. G. Miller, Estimation of Tracer Diffusion Coefficients ofIons in Aqueous Solution, UCRL-53319, 
pores are assumed to be fuIl in the calculations shown in this table; that is, H = 1.0. 

Lawrence Livermore Laboratory, University of California, Livermore, Calif., 1982; C. J. Geankoplis, Mars Transport 
Phenomena, Holt, Rinehart and Winston, New York, 1972; F. Kepak, "Adsorption and Colloidal Properties of 
Radioactive Elements in Trace Concentrations," Chemical Review 71(4), 1972; E. L. Cussler, Dimion-Mass Transfer 
in Fluid Systems, Cambridge University Press, New York, 1984; CRC Handbook of Chemistry and Physics, ed. 
D. R. Lide, 74th ed., CRC Press, Boca Raton, Fla, 1993; Lunge's Handbook of Chemistry, ed. J. A. Dean, 14th ed., 
McGraw-Hill, Inc., New York, 1992. 
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Appendix D 

HYDROLOGY AND SUBSURFACE TRANSPORT MODELING 

This appendix contains subsections describing technical aspects of terrain analysis, the 
Unified Transport Model (UTM), and the PADSIM and HOLSIM codes. 

D.l TERRAIN ANALYSIS 

D.l.l Introduction 

Land surface topography has a large influence on water flow within and through a watershed. 
Current land surfaces reflect water flow and erosion processes determined by interactions between 
climate, vegetation, soil profiles, and bedrock. Methods for incorporating the topographic features of 
watersheds into hydrologic modeling were initiated by Beven and Kirkby (1979) and have been 
applied extensively in hydrologic research (e.g., Quinn et al. 1991). Application of these methods for 
hydrologic characterization of SWSA 6 was undertaken. 

hydrologic processes that are significantly affected by 
The movement of water into and over a watershed may lead to stream flow caused by 

the intensity and duration of precipitation, 
the porosity and permeability of soil and bedrock in the watershed, 
the antecedent water storage in the watershed, and 
the shape of the landform that gathers water flow to the stream bed. 

Change in soil water storage (wetness) at a particular place is a function of the rates of water arrival 
and departure. As soil water storage increases toward saturation, overland flow may develop. Surface 
water wiil collect or disperse depending upon topography. For exampIe, where contours converge, as 
in a stream valley, water will collect favoring the development of saturated areas; where contours 
diverge, as on ridges, water will disperse (toward convergent flow zones), reducing the tendency for 
soil saturation. The combination of basin convergence or divergence and land slope can be used to 
derive a spatial distribution of topographic index. This index describes the propensity for each place 
in a watershed to become saturated. Topographic index is of significant value for its use in modeling 
the hydrologic behavior of a watershed in response to precipitation. Simulated flow may be 
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calibrated with stream flow measurements, and additional flow measurements may be used for model 
testing and validation. 

topographic index to simulate hydrologic processes in hilly basins in humid temperate climates. They 
conceived the idea that the dynamics of land areas that become saturated during storm events 
(variable source areas) are largely determined by topography. Runoff usually originates from 
saturated soil (source) areas near stream channels, and these areas expand and contract during rain 
events. This expansion and contraction reflects the state of wetness of the watershed and enables the 
delivery of high volumes of surface runoff when these source areas comprise a significant proportion 
of a watershed. Overland flow generated from source areas contributes to the storm hydrograph, 
often displaying a quick rise in flow rate during a rain event. Flow rate decays to base flow after the 
event. The modeling of source area dynamics requires an understanding of three-dimensional water 
flow over the land surface. Basin convergence or divergence determines how much water from 
upslope areas arrives at a given point. The rate of water flow from this point is determined by slope 
and soil transmissivity (subsurface flow rate at a unit gradient). 

upslope area (a), which converges on a unit contour width divided by the tangent of the local slope 
angle (,@, all expressed as a natural logarithm: ln(a/tan A. Locations with similar index values have 
similar soil wetness characteristics. Places that drain large upslope areas and have low local slope 
(e.g., valleys) have high index values and tend to be wet. Other places, like ridge tops, have low 
index values and tend to be dry due to small upslope areas with divergent slopes. 

AppIication of TOPMODEL to a watershed requires a histogram of ln(a/tan P, values for the 
site, and these are used in a semidistributed fashion on the assumption that locations with similar 
index values have similar hydrologic response. TOPMODEL has been applied on two instrumented 
watersheds (Walker Branch and Center Seven Creek) on the Oak Ridge Reservation (ORR) with 
satisfactory results. The creation of a histogram of topographic indices for a watershed is the goal of 
digital terrain analysis. 

Beven and Kirkby (1 979) developed a hydrologic model, TOPMODEL, that uses a 

The topographic index used by Beven and Kirkby for a particular location is given by the 

D.1.2 Digital Terrain Analysis Methods 

Digital terrain analysis requires the conversion of a contour (vector) map to a grid cell or 
raster form to permit discrete cell-by-cell analysis of topographic properties such as slope, flow 
direction, and topographic index. Each cell represents a small map area and is an approximation of a 
continuous landform. Thus the accuracy of the results increases as the cell size decreases. The major 
advantage of using a matrix of elevations is that computer analysis can be much more readily 
undertaken with digital values than with line segments from a contour map. 

Modern workstations are useful for applying algorithms to digitize a contour map and 
calculate topographic properties from the digital elevation model (DEM). A view of the land surface 
can be created by drawing continuous lines through the discrete elevation values of the DEM. Grid 
cells are typically square and range in size from 3 to 70 m on a side. At the low end of this range, 
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continuous surfaces are closely approximated. Nevertheless, discrete representation alone does not 
provide the interpolation of water flow direction needed for hydrologic studies. Specific digital 
terrain analysis algorithms are required to extract topographic properties from DEM-derived 
matrices. 

beds and intermittent flow paths must be characterized without unnatural dams or depressions. This 
requirement is not trivial, particularly in landscapes with stream channels smaller than the size of a 
grid cell. Once this runoff constraint is satisfied, a reliable determination of the derived properties of 
slope, upslope area, and flow direction can be made. Lines of grid cells with the same elevation 
(contours) can be viewed as equipotential lines across which flow occurs perpendicularly 
downgradient. 

Current methods for producing digital elevation models use either linear, spline, or minimum 
curvature algorithms to interpolate values between irregularly spaced contours (Schwartz et al. 
1995). The best methods use specifically defined input locations for streambeds and ridge lines and 
apply runoff constraints such that (1) flow cannot cross a ridge and (2) flow along a stream must 
occur without artificial dams or depressions. Such dams and depressions (or pools) are undesirable 
because they introduce artificial surface water storages. This problem is determined in pan by cell 
size resolution and in part by the interpolation method used in the digitizing step. The interpolation 
method is not as important as the cell size resolution in determining the extent of this problem. A grid 
size of 3 m is used for development of the DEM for the SWSA 6 site. The quality of the DEM is 
checked by generating views to confirm the absence of spurious features and using flow matrices to 
confirm the positions of flow pathways. 

Terrain analysis of the SWSA 6 site requires that the site contours be modified to m u n t  for 
the landscape grading needed for construction of caps on the three aboveground waste sites (Tumulus 
I and I1 and the Interim Waste Management Facility). The site plan is altered to include the proposed 
contours, and new contours are drawn to show the expected site grading. This map (Fig. 4.9 ) is 
modified where necessary to reflect drainage patterns. 

Clapp 1989), which uses linear interpolation between contours and the ridge and channel lines to 
develop the digital model. Contours at a 2-ft interval and stream and ridge lines are digitized and 
used to produce a DEM with 0.1-ft vertical resolution and 10-ft horizontal resolution. The nominal 
0.1-ft vertical resolution permits differencing for calculation of slopes. The raw DEM is viewed as a 
three-dimensional model to remove spurious features, and a check-and-replace algorithm in the 
CGRID program is used to smooth any irregularities. DEM values for which the absolute value of the 
elevation minus the mean of the surrounding eight values exceeds a tolerance of 0.2 feet are replaced 
by the mean. About 3% of the values were edited to obtain the final DEM for the SWSA 6 site. 

A DEM must retain the original runoff pathways evident on the contour map. Thus, a11 stream 

The DEM for the SWSA 6 site is prepared with the CGRID program (Timmins, Huston, and 
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D.13 Terrain Analysis of the SWSA 6 Site 

An overlay mask is made to provide appropriate boundaries for the SWSA 6 site. The DEM is 
clipped to these boundaries and used in calculation of topographic indices from upslope area and 
slope angle properties of the landscape (Schwartz et al. 1995). The frequency distribution 
(histogram) of topographic index values is used in TOPMODEL for hydrologic modeling. This 
histogram shows a characteristic lognormal distribution (Fig. 4. IO), indicating large areas with low 
soil wetness and relatively small areas of wetlands and stream channels. This map of topographic 
indices is used to assign spatially varying recharge values for groundwater modeling (Fig. 4.1 1). 

D.2 UNIFIED TRANSPORT MODEL DETERMINATION OF SWSA 6 
WATER BUDGETS 

UTM is a water budget simulator that includes algorithms for interception storage, 
interception evaporation, infiltration, soil water drainage, soil evaporation, transpiration, and 
subsurface lateral flow (Fig. 3.6). The code is documented in Patterson et al, (1974) and Huff et al. 
(1977b), and hydrologic simulations have been tested with data from Walker Branch watershed on 
ORR (Huff et al. 1977a; Lwunoore and Huff 1989). The code operates with 15-min time steps when 
raining, otherwise hourly, to generate the water dynamics for up to seven soil-plant segments of a 
watershed. The lateral flow and drainage from each land segment can be assembled to generate 
stream-flow simulations, but this option is not required for site water budget calculations. 

The meteorological data needed for simulation with UTM are hourly precipitation, daily 
maximum and minimum air temperature, daily total solar radiation, daily average dew point 
temperature, and daily average wind speed (Fig. 4.13). Records from the Walker Branch watershed 
and from the meteorological station at Oak Ridge townsite have been compiled into the model forrnat 
for application at sites in the vicinity of Oak Ridge National Laboratory. An evaluation of the data 
for the 1968-1989 period showed that 1971 was a year with average precipitation (1372 mm/year), 
1968 was a dry year (933 mmlyear), and 1973 was a wet year (1895 mm/year). These three 
contrasting sets of data were selected for simulation to provide a range of hydrologic transport 
regimes. The data for the average year were used in the SWSA 6 assessment simulations. Model 
applications are initialized by repeating simulations with the same weather data for a second year, 
using soil water results at the end of the first year to initiate the repeated simulation. The change in 
annual soil water storage is close to zero with this initialization procedure, and thus there is little or 
no influence of initial conditions on the simulated water budgets for the various stages of SWSA 6 
operations. 

even if the volume is small. Because of the dilution effect of drainage water mixing with leachate, 
chemical solubility is not a limitation. During pad loading operations for tumulus units, water budget 

It is assumed that all chemicals leached from waste sites are transported in drainage water, 
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simulations are not used for estimation of seepage into concrete vaults because it was assumed that 
vaults are exposed to precipitation before completion of the compacted soil cap. Monthly 
precipitation values are used as seepage input for simulations with the SOURCE models (Table 4.8 
and Table 4.9). 

Water budget simulations are conducted for a unit with a compacted soil cap. The soil 
hydraulic properties used in these simulations (Table D. 1) involved 60 cm of top soil in two layers 
over three layers of compacted soil. The saturated conductivity of the top soil layers was 3.5 x 

lo-’ m/s. The three compacted soil layers ofthe cap (60-80,80-100, and 100-120 cm) were given a 
saturated hydraulic conductivity of 1.2, or 2.3 x lo-’ m/s (Table D. 1). These three layers were 
effective in reducing drainage and enhancing lateral flow in the second layer. The soils of the 
SWSA 6 site have been described and classified by Davis et al. (1987), and many of the profiles are 
shallow, having been formed on weathered interbedded shale and limestone (saprolite). The 
hydraulic properties selected to represent these soils are derived from published sources reporting 
investigations conducted for the same geologic formation. The hydraulic properties of the subsoil 
deeper than 120 cm (Table D.l) are based on data from Rothschild et al. (1984). The water retention 
data are obtained from Luxmoore (1982) and Davis et al. (1987). Water budget simulations for the 
belowground waste zones during the active use period were conducted with the soil hydraulic 
properties shown in Table D.2, with one exception. The saturated hydraulic conductivin for the 60- 
to 120-cm soil layer is 1.5 x 1 W5 m/s in this case. These simulations are conducted for both passy 
and gravelly surface conditions to represent the dominant surface types at SWSA 6 (Table 4 1 5 1 

represent the influence of cracks and channels that develop through the matrix material with tune These 
preferential flow paths progressively negate the hydrologic impedance of the compacted soil matnx. The same 
water retention data are used for simulation of cap failure and for the post-institutional-control pcnod with 
forest vegetation (Table D.2). Total porosity varied from 0.390 to 0.476 m3/m3 in the 5-m profile. T h e  water 
retention data are obtained from Luxmoore (1982) and Davis et al. (1987). Saturated conductivity data for the 
natural soil layers above a 3-m depth @e., excluding cap) are obtained from Rothschild et al. (1  984). The 
saturated hydraulic conductivity values for the bottom two layers are decreased from the values given by 
Rothschild et al. (1984) in an approximately exponential decrease such that the conductivity of the lowest layer 
is 5.8 x lo-’ m/s (0.5 mm/d). Simulations using these hydraulic properties (Table D.2) gave lateral flow and 
drainage results that agreed with the hydrologic framework outlined in Sect. 3.1.5. This framework 
projects that about 10% or more of the subsurface flow will become recharge to aquifers, with the 
remainder generating lateral subsurface flow through a storm-flow zone located in the upper 2-3 m 
of the soil profile. In agreement with recent analyses (Sect. 3.1.5.2), our simulations allow about 30% 
of subsurface flow to become recharge. Saturated hydraulic conductivity measurements show a 
decrease with depth, and values are about three orders of magnitude smaller at a 4- to 5-m depth than 
at the surface (Moore 1988). 

At the next stage in the tumulus water budget simulations, soil macropores are introduced Lnto the cap to 
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Table D.l. Volumetric soil water content (m3/m3) at selected matric pressures and the saturated 
hydraulic conductivity for a compacted soil cap with grass vegetation and for soil layers bdow 

tumulus pads -- 
Soil layer 

-- Matric (a> 

(-kPa) -- Top soil Compacted soil cap Subsoil pressure 

0-30 30-60 60-80 80-100 100-120 120-130 130-140 140-160 
0 
1 
2 
3 
4 
5 

10 
15 
18 
33 

100 
200 
400 
800 

1500 
Saturated 
hydraulic 

conductivity 
W S >  

0.476 0.476 
0.472 0.472 
0.468 0.468 
0.466 0.466 
0.463 0.463 
0.462 0.462 
0.452 0.452 
0.439 0.439 
0.430 0.43 0 
0.370 0.370 
0.355 0.355 
0.340 0.340 
0.310 0.310 
0.250 0.250 
0.140 0.140 

3.5 x io-s 3.5 x 10” 

0.390 0.390 0.390 0.455 
0.384 0.384 0.384 0.432 
0.378 0.378 0.378 0.418 
0.373 0.373 0.373 0.410 
0.369 0.369 0.369 0.402 
0.366 0.366 0.366 0.396 
0.352 0.352 0.352 0.372 
0.342 0.342 0.342 0.354 
0.336 0.336 0.336 0.347 
0.330 0.330 0.330 0.330 
0.305 0.305 0.305 0.305 
0.295 0.295 0.295 0.29 5 
0.275 0.275 0.275 0.275 
0.250 0.250 0.250 0.250 
0.230 0.230 0.230 0.230 

1.2 x 2.3 x 10-7 1.2 x 10-7 9.8 x 104 

0.455 0.455 
0.432 0.432 
0.418 0.418 
0.4 10 0.4 10 
0.402 0.402 
0.396 0.396 
0.372 0.372 
0.354 0.354 
0.347 0.347 
0.330 0.330 
0.305 0.305 
0.295 0.295 
0.275 0.275 
0.250 0.250 

0.230 0.230 
9.8 x lo4 2.3 x lo-.‘ 

-- 

Spatial variability of hydraulic properties in soil profiles similar to the SWSA 6 site have been 
determined for the surface soil (Wilson and Luxmoore 1988) and for subsoil (Luxmoore, Spalding, 
and Munro 1981; Wilson, Alfonsi, and Jardine 1989). These three studies show lognormal frequemy 
distributions for soil-water flow rates, with little or no spatial correlation between measurement sites. 
Spatial variability of soil properties at the SWSA 6 site is not included in the present analysis. 

D.3 ALGORITHMS IN THE PADSIM AND HOLSIM MODELS 

The PADSIM/HOLSIM models are developed to simulate vertical and lateral chemical 
transport through the vadose zone using annual time-step calculations. The choice of annual time 
steps to represent the dynamics of storm event-driven solute transport was based on the need for 
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Table D.2. Volumetric soil water content (m3/m3) at selected matric pressures and the 
saturated hydraulic conductivity of a failed compacted soil cap and soil layers with grass or 

forest vegetation 

Matric 
Soil layer 
(cm) 

Subsoil pressure 
(-kpa) 

Topsoil Cap 

0-60 60-120 120-150 150-200 200-250 250-300 300-400 400-500 
0 0.476 0.419 0.455 0.456 0.390 0.390 0.390 
1 0.472 0.4 10 0.432 0.448 0.384 0.384 0.384 
2 0.468 0.403 0.418 0.440 0.378 0.378 0.378 
3 0.466 0.397 0.410 0.433 0.373 0.373 0.373 
4 0.463 0.392 0.402 0.429 0.369 0.369 0.369 
5 0.462 0.388 0.369 0.425 0.366 0.366 0.366 

10 0.452 0.369 0.372 0.406 0.352 0.352 0.352 
15 0.439 0.352 0.354 0.389 0.342 0.342 0.342 
18 0.430 0.346 0.347 0.380 0.336 0.336 0.336 
33 0.370 0.310 0.330 0.350 0.330 0.330 0.330 

100 0.355 0.300 0.305 0.325 0.305 0.305 0.305 
200 0.340 0.285 0.295 0.3 15 0.295 0.295 0.295 
400 0.310 0.270 0.275 0.295 0.275 0.275 0.275 
800 0.250 0.250 0.250 0.270 0.250 0.250 0.250 

1500 0.140 0.230 0.230 0.250 0.230 0.230 0.230 
Saturated 3.5 x lo-' 2.3 x lo-'" 9.8 x IOd 2.3 x lo6 5.8 x 5.8 x 3.5 x lo-* 
hydraulic 

conductivity, 
m/s 

0.390 
0.384 
0.378 
0.373 
0.369 
0.366 
0.352 
0.342 
0.336 
0.330 
0.305 
0.295 
0.275 
0.250 
0.230 

5.8 x 10-9 

" Conductivity was enhanced by a macropore algorithm. 

assessment simulations for many thousands of years. PADSIM is designed for simulation of 
aboveground tumulus structures, and calculations are made on a per pad basis. HOLSIM is applied to 
belowground waste units and accounts for units of differing ages resulting from sequential filling 
during the active use period. PADSIM and HOLSIM have algorithms for (1) preferential flow as a 
function of Kd for soil within 3.5 m of the surface, (2) an annual increment in reactive soil path length 
as a function of&, (3) half-life calculations of nuclide decay, (4) chemical partitioning between 
solution-phase concentration and adsorption on soil surfaces, (5) matrix difision of nuclide into 
matrix during bypass flow, and (6)  mass balance calculations. An outline of these algorithms is given 
below and includes some FORTRAN coding statements. FORTRAN variables are given in capital 
letters; for example, CKD represents KJ. 
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D.3.1 Preferential Flow Algorithm 

Preferential flow from the shallow subsurface is not connected to the water table below a 
depth of 3.5 m in the vadose zone. However, preferential flow has been shown to be a significant 
component of lateral flow through the shallow subsurface above a depth of 3 m (Wilson et al. 1993). 
The annual proportion of bypass flow to surface water is made an arbitrary function of Kd such that a 
smaller proportion of bypass flow results for nuclides with higher &. 

All nuclides with a Kd (CKD) greater than 10 are allowed to migrate a maximum annual 
distance (BYLEN) of 10 m. Nuclides with a lower Kd have a linearly greater annual transport 
distance with decrease in Kp The following FORTRAN statements calculate BYLEN (m) and 
determine the proportion of bypass flow, SBYPAS, as a function of STLEN, an input value for the 
distance (m) of the lateral flow path from each waste zone to the nearest surface drainage channel. 
The proportion of bypass flow to the water table (RBYPAS) is a function of the distance between the 
bottom of the waste units and the water table (GWDIS). 

IF(CKD.GT.10.) THEN 

ELSE 

ENDIF 
RBYPAS = 0.0 
SBYPAS = 0.0 

IF(GWDIS.GT.3.5) RBYPAS = 0.0 

BYLEN = 10.0 - (O.O03*CKD) 

BYLEN = 270.0 - (26. * CKD) 

IF(GWDIS.LT.BYLEN) RBYPAS = 1 .O - (GWDISBYLEN) 

IF(STLEN.LT.BYLEN) SBYPAS = 1 .O - (STLENBYLEN) 

Nuclides with a Kd of zero have a BYLEN value of 270 m; thus, with a STLEN value of 47 m for tlhe 
site, the value for SBYPAS is 0.826. SBYPAS decreases to zero for a Kd of 9 or more (Table 4.16). 
This simplistic treatment of preferential flow could be refined in continuing work. 

D.3.2 Annual Increment in Soil Path Length 

An annual increment in the soil path length (ANINC) exposed to nuclide is determined as a 
proportion of the maximum annual transport distance (BYLEN) obtained in the preferential flow 
calculations. An arbitrary fraction (FPAINC) of 0.05 is applied to BYLEN to obtain ANINC values 
that decrease from 4 m for nuclides with a zero &to 0.75 m for nuclides with a Kd 2 100. The 
FORTRAN statement is 

ANINC = BYLEN * FPAINC . 
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These calculations result in small annual increments in the soil matrix path length that add to the 
maximum annual transport length given by BYLEN. These increments increase the soil volume 
interacting with nuclides. Because the maximum recharge path length of 4.7 m is much shorter than 
the maximum annual transport distance for many adsorbed nuclides (& I 1 000), the whole of the 
soil volume in the recharge path interacts with these nuclides in all years. However, 75 years are 
required for transport of cesium (with a Kd of 3000) through the 4.7 m of the vadose zone to the 
water table (Table 4.17). Adsorbed nuclides in the lateral subsurface flow path take decades to 
millenia to reach a stream channel. For example, cesium takes 921 years to be transported 47 m 
(Table 4.17). Unretarded species (those with a Kd of 0) interacted with the whole lateral flow path in 
all years. 

D.3.3 Half-Life Calculations 

Nuclide decay is calculated each year for the nuclide mass in the vertical and lateral 
subsurface flow paths. Nuclide decay for the adsorbed phase in the recharge path (RSOLID) reduces 
this phase according to the FORTRAN statement 

RSOLID = RSOLID*DEXP[-(HARATE/HALIFE)] , 

where HARATE is log 2.0 in double precision and HALIFE is the nuclide half-life in years. A 
similar statement is used for solution-phase calculations. 

D.3.4 Chemical Adsorption 

The relationship between solution-phase and solid-phase partitioning of nuclides is calcula-2d 
on two occasions in PADSIM. The first is for incorporation of the annual addition of nuclide from 
SOURCE1 into the soil column; the second is the adjustment in nuclide partitioning after nuclide 
export from the soil column. Calculations of transport through the lateral flow path to surface water 
and through the recharge path to groundwater are conducted independently for independent soil 
volumes. 

variables beginning with the letter R) as an example. The determination of the new solution 
concentration (RSOLU) in the recharge path after the annual addition of nuclide and water from 
SOURCE 1 calculations involves the following statements. 

The key equations for adsorption calculations are shown using the recharge path (FORTRAN 

1. The sum of adsorbed chemical (RSOLID, pg) and chemical in solution (RLIQUD, pg) in the 
soil column from the previous time step plus the new nuclide addition [RLCH (I), pg] gives 
the total nuclide content of the soil column (RTCE-IEM, pg). New values [identified by "?' in 
Eq. (D.l)] for RSOLID and RLIQUD need to be determined for the revised total nuclide in the 
soil column. 
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RSOLID + RLIQUD = RTCHEM . 
? ? (known) 

2. The water content of the recharge path (RWATER, mL) is also adjusted from field capacity 
(RFDCAP, mL) by the addition of the vertical water flux (RFLOW, mL) from SOURCE1 
calculations. The current soil mass (RSMAS, g) in the flow path is given by the product of the 
current soil volume (RSVOL, mL) and the mean bulk density (BD, g/mL). 

3. The Kd (CKD, mWg) relationship has the form 

RSOLID/RSMAS 
RLIQUIDRWATER 

CKD = 

4. The determination of solution concentration (RSOLU, &mL) at the new equilibrium is 
obtained in the following steps: 

(a) The left-hand side of Eq. (D.2) is multiplied by RSVOLRSVOL to give 

RSOLIDBD CKD = 
RLIQUDRWPOR ' 

where RWPOR is the water-filled matrix porosity given by RWATERRSVOL in units of mL/mL. 

(b) Substituting Eq. (D.l) in Eq. (D.3) to define RSOLID in terms of RLIQUD and 
rearranging to obtain an expression for RLIQUD: 

(RTCHEM - RLIQUD)/BD = CKD*RLIQUD/RWPOR 

RTCHEM - RLIQUD = CKD*BD*RLIQUDRWPOR 

RLIQUD[l + (CKD*BD/RWPOR)] = RTCHEM 

RLIQUD = RTCHEM/[ 1 + (CKD*BD*RWPOR)] . 

(c)  Divide RLIQUD by RWATER to get RSOLU from Eq. (D.4): 

RSOLU = RTCHEM/[RWATER + (CKD*BD*RSVOL)] . 
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5. The flux of nuclide to groundwater (FVLUX, pg) is given by the product of solution 
concentration (RSOLU, pg/mL) and the recharge volume (RFLOWV, mL). 

The second adjustment of solid and liquid chemical partitioning is made after outflow of 
nuclide in recharge to groundwater. RTCHEM is reduced by the amount of chemical loss @FLUX) 
in recharge, and RWPOR is reduced to RFDCAPRSVOL. Thus, the total nuclide mass remaining in 
the soil path (RSOIL) is given by 

RSOIL = RTCHEM - WLUX . 

The proportion of the total nuclide associated with the solution phase (RLIQUD) is given by 

RLIQUD = RSOIL/[ 1 + (CKD*BD*RFDCAP/RSVOL)] , 

and the adsorbed phase is given by 

RSOLID = RSOIL - RLIQUD . 

These revised values of RLIQUD and RSOLID are used in calculations at the next time step. 

D3.5 Matrix Diffusion During Bypass Flow 

Research has shown that solutes moving through preferential flow paths can transfer into 
the matrix. We have incorporated this effect into PADSIM and HOLSIM such that the proportion 
of solute transferred to the matrix (RDM, SDM) increases with increase in pathlength (GWDIS, 
STLEN) up to a limit of 95%, as follows: 

RDM = 0.0035*GWDIS 

IF(RDM.GT.0.95) RDM = 0.95 

SDM = O.O035*STLEN 

IF(SDM.GT.0.95) SDM = 0.95 

D.3.6 Mass Balance Test 

PADSIM and HOLSIM conduct a calculation to determine the difference between the sum of 
inflow and outflow of nuclide at a particular time step and the change in nuclide content within the 
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soil column for the time step. An error message is printed if this difference exceeds machine round- 
off error. No error messages were obtained for the simulation results presented in this PA 
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Appendix E 

GROUNDWATER FLOW AND CONTAMINANT 
TRANSPORT MODELING FOR THE SWSA 6 

PERFORMANCE ASSESSMENT 

This appendix presents a brief summary of the theory of porous-medium contaminant 
transport, followed by the development and application of a groundwater model for Solid Waste 
Storage Area 6 (SWSA 6) .  SWSA 6 is the only low-level radioactive waste (LLW) disposal facility 
currently operating on the Oak Ridge Reservation (ORR) and is the subject of this performance 
assessment (PA). 

E.l POROUS-MEDIUM CONTAMINANT TRANSPORT THEORY 

Transport equations are founded on the principle of the conservation of mass: the net rate of 
increase of mass in a control volume is equal to net mass flux into the volume plus the increase of 
mass within the volume. This statement of continuity is expressed in the equation 

where 
m = bulk concentration (units of mass/lengW), 
t E time (units of time), 
J = 

S + = 

the mass flux vector, representing the mass transport across a unit surface per unit 
time, normal to the surface (units of mass/length2/time), 
strength of mass production within the control volume (units of mass/Iength3/time), 

and V - J is the divergence of the flux vector. The bulk concentration rn of the constituent includes all 
of the mass in the volume, be it sorbed or in solution. Assuming local equilibrium and a linear 
sorption isotherm, the sorbed concentration C, can be expressed as a function of the aqueous 
concentration Caq: 

where KJ is the distribution coefficient for the constituent. The bulk concentration is the sum of the 
aqueous and sorbed concentrations: 
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or 

where 

above: 

where 

p b  = soil density (units of mass/lengW), 
n 

The mass flux vector J includes both advective and dispersive components as described 

total porosity (volume of voids/total volume). 

Darcy flux, or specific discharge vector (units of length3/time/length2), 
dispersion tensor (units of 1engthVtime). 

The rig,,t-hand s J e  of Eq. (E.l) contains the source term, S'. The only process considered in the P. L 
which affects this value is decay as a first-order function of mass, so that 

S ' = - ; l m  . (E4 

Substituting these expressions into Eq. (E.l) gives 

+ + p b K d ) c ]  a t  + V . [ q C - n D . v c  1 1  = - A  ( n + p , K d ) c ]  . (E-7) 

To simplify, let us assume steady flow, with no volumetric sources or sinks. In this case, 

v . q = o  . (Ea 

By the chain rule, 

v - ( q C )  = cv ' 4  + q - v c  , (E.9) 

the second term of which disappears by Eq. (E.8). Assuming also a constant fluid density and 
porosity, Eq. (E.7) can be written 
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( n + p , K d ) g  + q - V C  - nV * ( D * V C )  = - A C ( n + p b K d )  . 

The definition of retardation can simplify this equation further: 

ac 
a t  

nR- + q * V C  - nV - ( D . V C )  = - A C n R  . 

Dividing through by the porosity n gives the general form 

ac 
a t  

R- - V * ( D . V C )  + V - V C  + ARC = 0 . 

This is the principal governing equation for the following exercise in modeling advection-dispersion. 
One of the central issues in modeling contaminant transport is the derivation of the flow 

field. If the hydraulic conductivity tensor K is isotropic, groundwater flows in the direction of the 
largest gradient in the hydraulic head surface. Even though it is a common assumption that K is 
isotropic, in the vicinity of Oak Ridge it is strongly anisotropic, and groundwater flow does not 
simply follow the largest gradient, but rather follows the strike of the tilted geologic strata. This 
behavior still falls within the domain of classical porous medium physics and can be modeled by 
application of the head equation (Bear 1972), 

-(e) a ax aY at 
+ $ ( K  ") +s,- ah , (E.13) 

together with appropriate initial and boundary conditions. Here & and K,, are x- and y- components of 
the aquifer hydraulic conductivity tensor, h is the hydraulic head, and S, is the specific storage. The 
solution of this equation may be constrained in several ways, principally by adjusting boundary 
conditions and flow in and out of the system. In the best case, the computed head replicates the 
measured head at measurement locations. 

E.2 GROUNDWATER MODELING FOR SWSA 6 

This section discusses the development and application of the computer groundwater model 
used to evaluate contaminant transport from SWSA 6 disposal units. The model is an application of 
the U.S. Geological Survey's (USGS's) Method of Characteristics (MOC) computer program, with 
specialized material properties and boundary conditions imposed in order to represent the SWSA 6 
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site. The purpose of the groundwater model is to transport contaminated recharge to various points of 
exposure. 

Some data for the SWSA 6 groundwater flow and contaminant transport model are provided 
by other models used in the PA. The principal link to the other models is via surface recharge, which 
defines volumes of water and associated contaminant concentrations introduced to groundwater over 
its entire modeled area. This recharge-induced flow is routed through a discretized array of cells 
which represent the subsurface as a porous medium. After traveling through and interacting with 
subsurface materials, this water eventually returns to the surface water system as discharge to creeks. 

(hypothetical water supply wells) and in the surface water system in order to evaluate the dose to a 
hypothetical future individual who would use these waters for drinking. 

Concentrations of radionuclides are monitored at specific locations in the groundwater 

E.2.1 Conceptual Model 

SWSA 6 is situated on the southern slopes of a midvalley mound in western Melton Valley, 
straddling the contact between the Maryville and Nolichucky formations (Fig. E. 1). Near the surface, 
the weathered regolith is fairly uniform in consistency, so the model does not distinguish between the 
two source lithologies. This upper layer of the subsurface dominates the local subsurface flow 
regime, and is modeled as a single layer in a two-dimensional (2-D) groundwater flow and transport 
model. Below this lies more massive bedrock, with a significantly lower conductivity, and which is 
assumed to be impermeable, making the “floor7’ of the model. The model area is dissected by small, 
intermittent streams that serve to drain surface recharge and may be outlets for deeper groundwater 
as well, so that no groundwater is expected to cross these tributary drainages. These creeks run in a1 
southerly direction to join White Oak Creek (WOC) or White Oak Lake (WOL). Ultimately, all 
surface waters drain to WOL, which is impounded by White Oak Dam (WOD). The dam is therefore 
the outlet of all surface waters that encounter wastes in SWSA 6, as shown in Fig. E.2. For the 
purposes of this PA, it is assumed that all groundwaters in the WOD watershed also drain to creeks; 
and subsequently to WOD. This assumption is conservative because no contaminants are allowed to 
exit the model by any other pathway: WOD integrates all contaminant transport. 

diffhse recharge (with that recharge through waste disposal units being contaminated), chemical 
retardation, and discharge of groundwater to streams and surface water drains. Within an annual time 
step, all groundwater discharges to streams or drains are combined with the discharge from the 
shallow subsurface transport model. 

Major features of the groundwater conceptual model include a steady-state flow field, 
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Fig. E.1. Generalized geologic map of SWSA 6. 
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E.2.2 Computer Model 

Based on conceptualization of SWSA 6 presented in the previous section, it was determined 
that groundwater flow and the associated contaminant transport within SWSA 6 could be adequately 
simulated using an existing 2-D numerical model. 

E.2.2.1 The USGS MOC Computer Program 

The computer model used to analyze groundwater flow and associated contaminant 
transport within SWSA 6 was built using MOC, a computer program developed for USGS (Konikow 
and Bredehoeft 1988). The program may be used to perform 2-D analyses of both steady-state and 
transient-flow simulations, as well as associated contaminant transport calculations for filly 
saturated porous media. The "flow" portion of the program solves for hydraulic head (the state 
variable) based on a finite-difference approximation to the governing equation (E.13). It assumes an 
invariant water density and viscosity. It can effectively model a wide range of physical geometries 
including aquifers with both spatially variable hydraulic conductivities and volumetric recharge rates. 
Additional features allow for the simulation of manmade features such as injection wells. The 
"transport" portion of the program uses the method of characteristics solve the governing equation 
for solute transport (E. 12). It incorporates the mechanisms of advection, dispersion, linear reversible 
adsorption, and radioactive decay. 

transport problems, MOC was chosen for the analysis for a number of reasons. Features that made it 
a desirable choice included the relative simplicity and ease of operation of the code, the abiliy to 
specify spatially dependent volumetric recharge and associated contaminant concentrations, and the 
familiarity of the user with the code. The USGS MOC code is written in FORTRAN and has 
undergone significant modifications as detailed in later sections. All groundwater model runs were 
conducted on a Hewlett-Packard Model 9000 Series 730 UNIX workstation running HP-UX version 
10.00. 

Although there are numerous programs available for solving saturated flow and mass 

E.2.2.2 Groundwater Flow Model 

Estimation of contaminant transport phenomena requires the foundation of a calibrated 
fluid-flow computer model. This section describes the development of a porous medium-flow model 
for the SWSA 6 site. 

E.2.2.2.1 Spatial Discretization 

A rectangular region of Melton Valley measuring 2500 by 2750 ft (an area of about 64 ha, 
or 158 acres, identified in the rectangle drawn in Fig. E.2) surrounding the SWSA 6 site was selected 
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as the modeling domain based on the location of a number of natural features that served as logical 
boundaries for a groundwater model. These boundaries include WOL to the south, the creek 
bordering SWSA 6 to the east, and watershed divides to the north and west. This area was discretized 
into a regularly spaced, finite-difference grid consisting of 50 cells in the X(easting, strike parallel) 
direction and 55 cells in the Y(northing, strike perpendicular) direction, for a total of 2750 cells, 
each 50 ft square. A plan view of the model grid in relation to selected natural features and the 
SWSA 6 boundary is shown in Fig. E.3. Distances are given in feet rather than meters because the‘ 
administrative grid (the origin of the easting and northing coordinate system) is defined in feet, and 
all references to locations of wells and other geographic elements are given in this system. About 
one-third of the cell in the rectangular boundary are not part of the modeling domain proper because 
they lie outside the natural boundaries mentioned above. These inactive cells are given the “no-flow” 
boundary condition to effectively remove them from the model. 

Waste disposal units of various types are distributed throughout the modeling domain. From 
the perspective of the groundwater model, the type of unit is irrelevant - contamination is 
introduced simply as a concentration of each radionuclide in a given volume of recharge water added 
to each cell in the domain. Cells that do not contain disposal units provide clean recharge, but those 
with wastes must be identified. For the purposes of the PA, only those wastes emplaced after 
September 26, 1988, are assumed to exist. These disposal units were grouped into zones of like and 
generally proximal units, and each zone was then assigned to one or more cells. This discretization of 
sources is shown in Fig. E.4. 

E.2.2.2.2 Hydrogeologic and Modeling Assumptions 

The computer model developed for groundwater flow and transport calculations at SWSA. 6 
is of a degree of sophistication consistent with the data used to drive it. As described in the following 
section, most of the essential material properties defining the porous medium are not sufficiently 
characterized to justify spatial variation, and are therefore given constant values throughout the 
domain. Among these constant-valued properties are hydraulic conductivity and transmissivity, 
which results in a constant aquifer thickness. The bulk of contaminant transport is assumed to occur 
in the weathered regolith, which is modeled as a 2-D array of cells of a constant thickness, and with a 
confined bottom. Water enters the cell array through cell tops as recharge, and exits the model only 
through discharge to surface waters, modeled as drains. Ultimately, all surface waters from SWSA 6 
exit the watershed over WOD. The flow field is steady-state, as governed by the constant recharge 
flux. 

A summary of modeling assumptions follows: 

Groundwater flow and contaminant transport may be modeled as a 2-D phenomenon. This 
implies that material properties do not change with depth and that contaminants are mixed 
uniformly over the depth of the aquifer. 
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Relationship of SWSA 6 Groundwater 
Flow Model Cells to Waste Sites 
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Fig. E.3. Discretization of the model grid and location of modeled LLW disposals in SWSA 6. 
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Discretization of Post-9/88 SWSA 6 
Disposal Facility Zones 
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Fig. E.4. Discretization of waste disposal zones in SWSA 6. 
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Groundwater flow may be modeled as a steady-state phenomenon. This implies that material 
properties and flow velocities do not change over time. 
The fractured, weathered subsurface media may be modeled using an effective porous 
medium model. 
Darcy’s law is valid at all points, in that the groundwater flow can be modeled as a single 
porous medium; unstressed flow is determined solely by hydraulic gradient, and natural 
stresses such as recharge and discharge may be described as driving terms that are consistent 
with Darcy’s law. 
The fluid is assumed to be fiesh water, with no variation in density, salinity, or temperature 
throughout the domain. 
Ionic and molecular diffUsions do not effectively influence dispersive flux. 
The hydraulic stresses on the aquifer are given solely by recharge and discharge to streams, 
drains, and WOL. 
The aquifer at SWSA 6 may be modeled as homogeneous and anisotropic with respect to 
hydraulic conductivity and homogeneous and isotropic with respect to dispersivity. 
The movement of each radionuclide is retarded in the porous medium by equilibrium- 
controlled sorption or ion exchange; the sorption-concentration may be described by a Iinear 
isotherm. 
The radionuclide solutes are independent in the sense that the concentration of one is not 
coupled to the concentration of another. Thus, the superposition of concentrations is valid. 

E.2.2.2.3 Material Properties 

Material properties defined for the groundwater flow and transport model include porosity, 
aquifer thickness, and solid-phase bulk density. Properties involving both the fluid and soIid phases 
are hydraulic conductivity and dispersivity. All of these properties are constant-valued over the 
model, with values presented in Table E. 1. Detailed discussion of the derivation of these values 
follows. 

Table E.l. General SWSA 6 groundwater model input 
Darameters 

Porosity 
Longitudinal dispersivity 
Transverse dispersivity 
Hydraulic conductivity, K, 
Anisotropy of conductivity tensor, KJKy 
Aquifer saturated thickness 
Soil bulk density 
SDecific storage 

0.05 
3.0 ft 
0.3 ft 
1.73 Wd 
3.0 
9.8 ft 
1.35 g/mL 
0.0 x 
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BuZk density. The bulk density of all geologic materials is set at 1.35 g/mL, consistent with the 
shallow subsurface modeling. 
Porosity. A value of 0.05 (5%) effective porosity was used. This value is obtained from aquifer 
tests performed at the Engineered Test Facility (ETF), located in SWSA 6 (Davis et al. 1984). 
Dispersiviv. The following fixed values of dispersivity are used: a, = 0.9 m (3 -0 ft), and 
a, = 0.09 m (0.3 ft). These values are consistent with those reported by Lee et al. (1989). 

Many of the parameter values used for the simulations were determined by simply using those 
calibrated at the Bear Creek test site or the ETF. Others were determined by other means, such as 
adjustment by iterative processes. Those which benefitted from more detailed analyses are described 
below. 

Hydraulic Conductivity 

The hydraulic conductivity ( K )  field used for modeling the SWSA 6 site is uniform and 
anisotropic. After analyzing the available information concerning estimates of K at a number of 
wells, no spatial correlation or anisotropy to the field could be justified, and the use of an single 
value of K is reasonable. This value was the primary variable adjusted in order to calibrate the MOC 
groundwater model. A discussion of the K dataset and the ensuing geostatistical analysis follows. 

An extensive set of estimates of hydraulic conductivity for wells in Melton Valley was obtained 
from the Oak Ridge Environmental Information System (OREIS) database, and was filtered to 
include just those wells within 1000 f t  (300 m) of the SWSA 6 modeling grid. Since the bulk of 
groundwater moves in the upper layers of the subsurface, it was necessary to examine the distribution 
of hydraulic conductivity as a function of depth. Saturated hydraulic conductivity at the SWSA 6 
site, as elsewhere in Conasauga terrain, generally decreases with depth, and at any discrete depth the 
conductivity may vary within two to three orders of magnitude (see Fig. E.5). The K estimates were 
further filtered to include only those from tests performed at less than 10 m (about 30 ft) below 
ground surface. The complete list of these  shallow^' hydraulic conductivity estimates is given in 
Table E.2, and constitutes the data set used for geostatistical analysis. 

Table E.2 In situ estimates of hydraulic conductivity used in the 
derivation of groundwater modeling parameters for SWSA 6 

37 1 25090.0 16393.0 29.8 24.8 0.1608 -oms 
373 25208.0 16945.0 33.9 28.9 0.0007 -3.1830 
372 25042.0 16570.0 33.2 28.2 0.1312 -0.8820 

374 25346.0 17462.0 30.9 25.9 0.2789 -0.5546 
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Table E.2. (continued) 

Kdepth K Iog(K) 
(fi) (fw (fw depth 

(fi) 

Eating Northing 
( f t )  (fi) 

Well ID 

3 76 
380 
381 
3 82 
3 83 
642 
644 
645 
735 
73 6 
737 
73 8 
739 
740 
74 1 
742 
743 
744 
747 
748 
749 
833 
835 
836 
838 
840 
842 
843 
845 
849 
85 1 
852 
853 
854 
859 
1062 
1063 
1074 
1076 
1078 
1080 
1082 
1185 
1188 
1189 
1191 
1192 
1659 
1660 
1661 
1662 
1663 
1664 

23479.0 
23320.0 
24266.0 
24025.0 
24895.0 
2403 5.6 
24848.4 
25274.6 
25907.1 
25969.3 
25992.6 
25498.8 
23604.0 
23372.4 
23352.1 
23338.6 
23248.6 
23438.7 
25064.6 
25534.6 
26038.6 
23842.4 
2395 1.8 
24 138.8 
24934.8 
2525 1.7 
25298.4 
2522 1.4 
24988.3 
242 15.2 
24058.2 
2391 1.6 
24047.5 
2385 1.9 
23246.2 
22371.5 
22302.2 
25707.5 
25858.9 
25613.7 
2597 1.4 
26347.6 
26464.8 
24267.2 
23281.0 
23388.0 
23 3 5 8.4 
23641.2 
23665.2 
23672.8 
23673.3 
23665.3 
2365 1 .O 

16584.0 
15977.0 
16248.0 
158 14.0 
16165.0 
16581.0 
16748.9 
17 173.7 
16707.9 
16562.7 
16434.9 
16 134.2 
15628.9 
15779.0 
15596.7 
15304.2 
15098.2 
15165.2 
15488.1 
1589 1.1 
163 14.9 
16056.9 
15767.7 
15748.2 
16308.7 
16928.6 
17216.1 
17597.1 
171 08.2 
1678 1.8 
6485.0 
6346.9 
6695.1 
671 1.9 
6009.4 
5552.1 
5356.1 
8128.1 
7882.7 
7406.9 
6854.9 
691 1.0 
6343.9 
5 170.5 
5146.8 
5373.8 
5542.4 
6756.0 
6778.3 
16764.9 
16749.2 
16732.5 
16724.1 

34.7 
31.3 
35.4 
23.1 
33.2 
30.0 
13.5 
25.0 
8.9 
9.0 
6.8 
8.5 
33.0 
23.9 
22.0 
33.0 
25.7 
31.5 
22.1 
22.2 
22.1 
31.0 
27.5 
28.5 
22.8 
26.9 
26.8 
21.0 
41.0 
32.9 
21.6 
25.3 
27.7 
27.5 
26.5 
30.1 
16.0 
30.0 
20.0 
20.0 
20.0 
15.0 
27.5 
27.5 
27.5 
26.2 
18.8 
28.7 
31.8 
30.8 
30.8 
30.3 
30.1 

29.7 
26.3 
30.4 
18.1 
28.2 
22.5 
12.0 
20.0 
7.5 
6.5 
6.0 
6.0 
28.0 
19.0 
17.0 
28.0 
22.0 
28.0 
17.5 
17.5 
17.0 
20.1 
16.2 
17.6 
13.3 
18.8 
15.6 
11.4 
29.6 
21.6 
12.0 
13.4 
15.2 
16.2 
15.8 
25.1 
11.0 
22.5 
14.4 
13.8 
14.7 
10.0 
21.9 
22.0 
19.8 
20.8 
12.8 
23.7 
26.8 
25.8 
25.8 
25.3 
25.1 

2.1981 0.3421 
1.2139 0.0842 
0.1706 -0.7680 
0.0558 - 1.2536 
0.2198 -0.6579 
0.0787 -1.1038 
0.0558 - 1.2536 
0.4265 -0.3701 
0.3609 -0.4426 
0.0558 - 1.2536 
1.0827 0.0345 
0.1 148 -0.9400 
0.4921 -0.3079 
0.0755 - 1.1223 
0.7874 -0.1038 
4.9212 0.6921 
0.9514 -0.0216 
0.4593 -0.3379 
0.0689 -1.1618 
0.2592 -0.5863 
0.3051 -0.5 155 
0.4422 -0.3544 
0.6888 -0.1619 
0.7455 -0.1276 
0.3118 -0.5061 
1.3464 0.1292 
0.2500 -0.602 1 
0.2976 -0.5263 
0.9694 -0.0135 
0.6208 -0.2071 
0.3090 -0.5101 
0.9043 -0.0437 
0.1709 -0.7672 
1.6696 0.2226 
1 S590 0.1929 
0.0656 - 1.1830 
0.0722 -1.1416 
0.0045 -2.3473 
0.0998 - 1.0010 
0.0349 - 1.4575 
0.1310 -0.8828 
1.0488 0.0207 
0.0672 - 1.1727 
0.0847 - 1.0719 
0.4082 -0.3891 
0.71 15 -0.1478 
6.1006 1.2068 
0.8858 -0.0527 
0.0656 - 1.1830 
0.1411 -0.8506 
0.3609 -0.4426 
0.8530 -0.0690 
1.1 155 0.0475 
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Table E.2. (continued) 

1665 
1666 
1667 
1675 
1678 
1679 
1680 
1681 
1682 
1683 
1684 
1685 
1686 
1687 
1688 
1689 
1690 
1691 
1692 
1693 
1694 

' 1695 
1696 
1697 
1868 
T- 1 
T- 5 
T- 7 
T- 10 
T- 17 
T-18 
T-20 
T- 22 
T-27 
T-36 
1036 
1037 
1038 
1039 
1040 

ETF- 17 
ETF-25 
ETF-36 
ETF-39 

23633.6 16723.2 
23618.6 16729.2 
23610.3 16745.3 
23606.4 16782.9 
23606.7 16769.5 
23621.5 16776.5 
23641.2 16788.0 
23659.2 16797.9 
23620.2 16762.6 
23638.0 16773.9 
23655.5 16785.0 
23616.4 16745.6 
23632.1 16756.5 
2365 1.4 16769.4 
23628.8 16743.2 
23646.4 16753.2 
23662.1 16764.5 
23623.7 16732.4 
23641.6 16741.0 
23658.6 16749.1 
23674.9 16757.0 
23637.8 16727.8 
23654.9 16735.8 
23671.4 16743.6 
22 183.8 17064.4 
23552.8 16398.8 
23695.7 16343.8 
23550.0 16299.7 
23401.1 1625 1 .O 
23550.5 16199.9 
23653.4 16201.3 
23750.5 16201.0 
23405.9 16137.5 
23253.9 16098.9 
23455.1 15998.8 
24231.1 16328.6 
24175.7 16228.1 
24096.9 16251.4 
24093.3 16313.3 
24103.1 16373.1 
23606.4 16782.9 
23637.9 16773.9 
23658.6 16749.1 
23654.9 16735.8 

30.4 
29.8 
30.9 
18.5 
21.8 
19.3 
22.2 
20.2 
21.8 
21.6 
21.1 
20.4 
20.3 
20.7 
17.3 
19.8 
20.0 
22.9 
20.6 
21.2 
21.3 
22.0 
22.3 
20.7 
33.6 

25.4 
24.8 
25.9 
13.5 
16.8 
14.3 
17.2 
15.2 
16.8 
16.6 
16.1 
15.4 
15.3 
15.7 
12.3 
14.8 
15.0 
17.9 
15.6 
16.2 
16.3 
17.0 
17.3 
15.7 
28.6 

0.5577 
0.8858 
0.141 1 
0.0272 
0.6562 
0.03 12 
0.1280 
0.1706 
1.7060 
0.2165 
0.1345 
0.0623 
0.0259 
0.0623 
0.0689 
0.0820 
6.8897 
0.0591 
0.0427 
0.0853 
0.223 1 
0.2756 
0.1214 
0.1575 
0.4265 
02200 
0.4394 
0.1043 
0.41 10 
1.2983 
0.4564 
0.4082 
0.1301 
0.280 1 
0.41 10 

10.5 164 
10.4030 
7.9086 
8.3054 
7.3133 
0.0272 
0.2160 
0.0431 
0.1210 

-0.2536 
-0.0527 
-0.8506 
- 1 5649 
-0.1830 
- 1.5063 
-0.8930 
-0.7680 
0.2320 

-0.6645 
-0.87 12 
- 1.2053 
- 1 5864 
- 1.2053 
-1.1618 
- 1.086 1 
0.8382 

- 1.2287 
-1.3701 
- 1.0690 
-0.6515 
-0.5597 
-0.9158 
-0.8028 
-0.3701 
-0.6576 
- 0.3 572 
-0.9817 
-0.3861 
0.1 134 

-0.3407 
-0.3891 
-0.8857 
-0.5527 
-0.3861 

1.0219 
1.0172 
0.8981 
0.9194 
0.8641 

- 1.5648 
-0.6656 
- 1.3657 
- 0.9 17 1 

ETF-40 23671.4 16743.6 0.1570 -0.8040 
Data sources: Wells 371-1 868 from R. H. Ketelle, O W ;  wells T- 1 

through TF-40 from Bechtell99 1, Appendix A, Table 3A. 1. 
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Fig. E.5. Hydraulic conductivity estimates as a function of depth at the SWSA 6 site. 
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Spatial Correlation and Anisotropy of the Hydraulic Conductivity Field 

In an effort to characterize the spatial distribution of hydraulic conductivity estimates, the 
shallow Kvalues from Table E.2 were subjected to a geostatistical analysis. The Geo-EAS program 
(EPA 1988 ) was used to generate a variogram of the data, using 100-ft lags (plus one initial 50-ft 
lag), as shown in Fig. E.6. Superimposed on the data points are four models of the variogram, none of 
which produces a satisfactory fit, an expected result given the wide scatter in the plot. It is clear that 
no spatial correlation can be justified in the K field. Additional variograms were generated to assess 
oriented correlation, since the K field might be expected to correlate better along geologic strike than 
across it. These directional variograms, however, showed no more spatial correlation than the 
variogram shown in Fig. E.6. This information supports the interpretation of the weathered regolith 
over SWSA 6 as a fairly uniform material. 

continuous field interpolated from point data exists (Journel and Huijbregts 1978). For that teason, a 
single value for hydraulic conductivity is appropriate for modeling purposes. This value was 
determined by calibration of the groundwater flow field to average measured water table elevations, 

Since no spatial correlation in the Kfield for SWSA 6 is to be found, no basis for generating a 

Anisotropy of the Hydraulic Conductivity Tensor 

The hydraulic conductivity K discussed above is actually a tensor, K, which varies w ith the 
direction in which it is applied. In the case of the 2-D. MOC model, K is a 2-D tensor, w ith the major 
axis oriented along geologic strike. This orientation corresponds with “easting” (the x-axis) in the 
modeling grid. The degree to which the major axis dominates the minor is referred to as anisotropy 
of the K tensor (as opposed to any anisotropy of the K field), and is expressed as the ratio E;+,. 
Values for the anisotropy of the hydraulic conductivity tensor were determined from Conasauga 
Group aquifer pump tests on the ORR. Estimates range from 3: 1 to over 30: 1 with maximum 
conductivity parallel to strike. (Davis et al. 1984; Lozier, Spiers, and Pearson 1987; Lee et al. 1989:). 
A value of 3 : 1 was used for the base case of the PA, with 1 : 1 , 3: 1, and 30: 1 used in the uncertainty 
analysis. 

Partition Coefficients (Kp) 

Radionuclide specific data (half-life and decay coefficient) and chemical-specific data (soiVwater 
partition coefficients) relevant to groundwater transport modeling are presented in Table E.3. 

using K as the calibration variable. 
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Variogram of log(K) estimates at SWSA 6 

1 .o 

0.75 

0.25 

0 
0 500 1000 

distance (ft) 
1500 2000 

model nugget sill range 
linear 0.3 .45 2000 
gaussian 0.3 0.4 600 
exponential 0.25 0.45 1000 
spherical 0.25 0.4 600 

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

Fig. E.6. Variogram of shallow hydraulic conductivity estimates at the SWSA 6 site. 
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Table E.3. Element-specific soiYwater partition 
coefficients used for environmentaltransport analyses 

Soillwater Kd a 

(mL/g) 
Element 

H 0 
Be 1000 
C 0 
A1 3000 
c1 0 
K 30 
Ca 30 
co 800 
Ni 2000 
Se 0 
Rb 30 
Sr 30 
Zr 50 
Nb 100 
Tc 0 
Pd 2000 
Cd 200 
Sn 100 

I 
Cs 
Sm 
Eu 
os 
Bi 
Pb 
Ra 
Ac 
Th 
Pa 
U 

pu 
Am 
Cm 
Cf 

NP 

0 
3000 
1000 
40 

1000 
500 
100 
3000 
40 

3000 
400 
40 
40 
40 
40 
40 
40 

Sources: See Sect. 2.6.3.5. 

Retardation-R is a function of Kd and the soil bulk density pb and total porosity n, defined as 

Retardation factors have a major influence on all components of the transport analysis. For the 
groundwater component, larger values of & effectively slowed the advective transport so that 
diffusion became an important factor for very large values for time. 

E.2.2.2.4 Surface Recharge 

Vertical recharge rates were assumed to vary spatially over the model domain. The values used 
in the analysis were taken directly from results for the digital terrain/UTM analyses described in 
Sect. 4.3.1.1.2. These analyses identified three primary recharge zones, which along with their 
corresponding recharge rates, are replicated in Table E.4. Additional factors such as the type of 
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disposal unit, the presence of engineered barriers such as caps, and the type of surface coverage (Le, 
grass, gravel, etc.) were assumed to affect the recharge rates beneath the individual disposal units 
within SWSA 6. Additional UTM analyses were conducted in order to determine these recharge rates 
for all disposal units considered in the analysis. Fig. 4.1 1 shows the location and magnitude of these 
“modified” recharge values, along with the base recharge rates from Table E.4. 

Table E.4. Model recharge rates 

Recharge rate 
Model recharge zone 

(mdyear) tin/yea) 
Stream channels 180 7.1 

Ephemeral wetlands 140 5.5 
Remaining landscape 90 3.5 

Below-ground disposal units 175 6.9 
Above-wound dimosal units 628 25 

E.2.2.2.5 Model Boundary Conditions 

A number of physical features are addressed in the USGS MOC model through the used of 
specialized boundary conditions. These features include water table divides (modeled using inactive 
or no-flow boundaries), a proposed slurry wall near the high-range wells (modeled as no-flow cells), 
and creeks, other major surface water bodies, and the French drain located southeast of zone 8 
(treated as constant head nodes by assigning large leakance values). Fig. E.7 shows the locations at 
which speciaIized boundary conditions were applied. 

E.2.2.2.6 Groundwater Flow Model Calibration 

Fig. E.8 shows the estimated water table configuration at SWSA 6 based on average observed 
water table elevations at wells located on the map. The water table contours shown are constrained 
by the ground surface elevations at perennial streams and by the invert elevation for the French drain. 
In preparing this contour map, it was observed that in all cases use of these features as constraints on 
water table elevation resulted in lowering the water table elevation in those areas. This characteristic 
indicates that in the average condition groundwater discharges to the streams and the French drain. 
Well water elevation responses to seasonal variations in precipitation and evapotranspiration vary 
depending on well location and depth. Observed water level fluctuations in wells at SWSA 6 range 
from less than 1.5 m (5  fi) to more than 3 m (10 ft). 
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Boundary Conditions for the 
SWSA 6 Groundwater Model 

I 8,250 

17,500 

17,000 

16,500 

16,000 

15,500 
23,000 23.500 24,000 24,500 25,000 25.500 

easting (f t)  
R no flow boundary 

0 specified head boundary X inactive cell 
0 drainboundary 

Fig. E.7. Boundary conditions used in the groundwater modeling of SWSA 6. 
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SWSA 6 Average Measured Head Elevations (ft) 

Fig. E.8. Water table at SWSA 6, interpolated from average well measurements. 
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Given the material properties (Sect. E.2.2.2.3) for the porous medium and the recharge values 
imposed on the model (Sect. E.2.2.2.4), a field of water table head elevations can be calculated and 
compared with the average measured water table by interpolating between grid cell centers. By 
adjusting the hydraulic conductivity, this calculated water table can be brought into acceptable 
agreement with the measurements, and the model is said to be calibrated. The average measured 
water table elevations and those predicted by the calibrated groundwater flow model are presented in 
Table E.5. The calibrated water table elevations are displayed as a map in Fig. E.9. 

The required velocities are obtained by solving the head equation subject to the constraint that 
the root-mean-square of the residuals between the computed and data-derived heads are minimal. 
This is an iterative process wherein the parameters and forcing terms are adjusted within reasonable 
limits. The MOC program is used to solve the differential equation for head on the 50 x 55 grid of 
block-centered cells. Given the yearly recharge rates supplied by the surface and shallow subsurface 
analysis in Sect. 4.3.1.1, a numerical solution for head was found by the program, and Darcy’s law 
provided the bulk velocities from which the seepage velocity vectors were deduced, assuming fixed 
porosity. The steady-state groundwater velocity field for the area, shown in Fig. E. 10, implies that 
groundwater starting at any point in the simulation area evidently reaches a stream, drain, or WOL. 
(Thus, the simulation does not provide for excursion of contaminated groundwater under WOL or 
otherwise off-site.) 

E.2.2.3 Groundwater Contaminant Transport 

Once the steady-state calibration of the flow model was completed, the next phase of the analysis 
was to use MOC to evaluate the transport in groundwater for each of the 63 radionuclides listed in 
Table 4.2. For all transport calculations, the effects of radioactive decay and retardation of 
contaminant due to linear adsorption were considered. This evaluation was performed by 
simultaneously ( 1) imposing the vertical component of the time-dependent release of contaminant 
fiom each disposal unit within SWSA 6 (calculated from the shallow subsurface transport analysis) 
onto the calibrated, steady-state flow field; and (2) performing a transient analysis for each nuclide to 
determine both the concentration in groundwater at proposed compliance points and the total 
contaminant flux discharged fiom groundwater to SWSA 6 surface waters. This flux was then 
combined with the lateral component of contaminant fluxes calculated from the shallow subsurface: 
transport analysis to determinethe total radionuclide concentrations in WOD at WOD. For each 
radionuclide, these transient calculations were repeated for several hypothetical inventories at the 
Interim Waste Management Facility ( I W )  in order to determine the disposal limits at IWMF for 
the drinking water pathway (see Sect. 4.3). 

- 
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Table E.5 Water table elevations used for calibration of the 
SWSA 6 groundwater flow model. 

Calibrated Difference 
water table in 
elevation elevations 

(ft) (fi) 

Average 
measured 

Northing water table 
(ft) (*) elevation 

Easting Well ID 

(ft) 
763.0 762.3 0.6 266 

267 
268 
272 
273 
274 
275 
276 
277 
278 
279 
284 
292 
295 
305 
310 
3 13 
3 17 
318 
341 
342 
344 
345 
346 
347 
350 
35 I 
355 
356 
357 
359 
361 
362 
363 
364 
365 
367 
368 
368 
3 69 
369 
370 
37 1 

23327.0 
2322 1 .O 
23307.0 
23520.0 
23633.0 
23347.0 
23737.0 
23895.0 
24 182.0 
24223.0 
24205.0 
23983.0 
23821.0 
23992.0 
239 14.0 
23939.0 
23605.0 
24328.0 
24323.0 
25165.0 
25 154.0 
24810.0 
2488 1 .O 
2463 1 .O 
24604.0 
24649.0 
2466 1 .O 
2499 1 .O 
2445 1 .O 
24599.0 
24867.0 
24166.0 
237 18.0 
23748.0 
23838.0 
23681 .O 
25091.0 
25 155.0 
25155.0 
24805.0 
24805.0 
2498 1 .O 
25090.0 

15968.0 
161 18.0 
16365.0 
16221 .O 
16126.0 
162 10.0 
16206.0 
16211.0 
16207.0 
16552.0 
16696.0 
16750.0 
16773.0 
16703 .O 
16660.0 
16697.0 
16798.0 
16766.0 
17225.0 
16837.0 
16562.0 
16495.0 
16361 .O 
16435.0 
1653 1.0 
161 52.0 
16028.0 
16909.0 
16481.0 
16747.0 
16904.0 
16446.0 
16588.0 
16420.0 
16407.0 
16454.0 
I7723 .O 
17348.0 
17348.0 
17476.0 
17476.0 
17145.0 
16393.0 

779.5 
792.4 
765.0 
758.1 
772.7 
757.5 
756.6 
757.4 
768.2 
773.5 
773.8 
775.9 
773.3 
777.4 
774.8 
784.0 
783.3 
'789.0 
766.2 
757.8 
762.1 
75 1.6 
763.3 
769.9 
778.6 
763.5 
783.1 
767.9 
778.7 
777.5 
765.0 
770.0 
762.8 
764.6 
765.5 
790.9 
788.8 
794.7 
808.0 
802.9 
786.0 
746.6 

769.1 
773.8 
768.8 
761.7 
770.8 
760.4 
756.6 
758.4 
768.5 
772.4 
773.3 
776.2 
772.5 
772.0 
772.9 
778.7 
774.1 
787.4 
757.7 
75 1.3 
757.8 
750.1 
760.5 
764.7 
753.4 
75 1 .O 
768.4 
765.3 
771.6 
773.5 
764.3 
77 1 .O 
762.9 
763 .O 
766.7 
784.9 
772.6 
772.6 
792.1 
792.1 
777.0 
748.3 

10.4 
18.6 
-3.8 
-3.6 

1.8 
-2.9 

0.0 
- 1.0 
-0.2 

1.1 
0.6 

-0.3 
0.9 
5.3 
2.0 
5.2 
9.2 
1.7 
8.5 
6.5 
4.3 
1.5 
2.8 
5.2 

25.2 
12.5 
14.7 
2.6 
7.1 
4.1 
0.6 

- 1.0 
-0.1 

1.6 
-1.1 
6.0 

16.2 
22.1 
15.9 
10.8 
9.0 

-1.7 
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Table E.5. (continued) 

Calibrated Difference 
water table in measured 

water elevation elevations 
(ft) (fi) 

('1 elevation 
Easting Northing 

(ft) 
Well ID 

(fi) 
372 
373 
374 
376 
377 
378 
381 
382 
3 83 
3 84 
3 85 
386 
3 87 
388 
3 89 
390 
391 
3 93 
3 94 
395 
397 
399 
400 
40 1 
402 
403 
404 
405 
636 
639 
640 
644 
645 
648 
649 
739 
83 1 
835 
836 
837 
838 
840 
842 
843 
845 

25042.0 
25208.0 
25346.0 
23479.0 
23297.0 
23092.0 
24266.0 
24025.0 
24895.0 
24377.0 
24669.0 
24828.0 
24886.0 
24886.0 
24203.5 
24 199.7 
24 192.4 
24259.0 
24420.1 
24235.3 
24227.3 
24349.5 
24304.6 
24380.2 
24277.5 
24163.1 
24159.1 
24158.0 
24326.2 
24138.1 
247 19.6 
24848.4 
25274.6 
24524.2 
25075.5 
23604.0 
24133.5 
23951.8 
24138.8 
24352.6 
24934.8 
2525 1.7 
25298.4 
2522 1.4 
24988.3 

16570.0 
16945.0 
17462.0 
16580.0 
166 10.0 
16474.0 
16248.0 
15814.0 
16165.0 
16131.0 
17903.0 
16892.0 
16986.0 
17111.0 
16798.4 
1684 1.6 
16899.9 
16953.1 
17010.6 
16896.2 
16925.3 
16881.3 
17065.1 
17022.3 
16816.7 
16777.7 
16786.3 
16791.8 
17668.0 
17395.4 
17614.7 
16748.8 
17 173.7 
17374.6 
17375.5 
15628.9 
17387.4 
15767.7 
15748.2 
15845.6 
16308.7 
16928.6 
17216.1 
17597.1 
17 108.2 

759.6 
762.0 
763.5 
785.5 
795.1 
789.6 
758.4 
748.6 
746.4 
754.8 
817.7 
776.9 
78 1.5 
786.3 
777.4 
782.2 
783.5 
786.0 
786.1 
786.0 
786.8 
785.7 
788.7 
786.8 
785.7 
770.3 
769.7 
769.9 
804.8 
796.3 
802.2 
769.8 
757.7 
799.8 
792.0 
745.7 
795.3 
746.0 
745.6 
747.7 
748.5 
748.0 
759.0 
779.9 
786.8 

754.4 
758.4 
761.8 
775.2 
777.2 
776.5 
759.6 
749.0 
746.4 
756.7 
808.8 
774.0 
777.9 
785.9 
773.5 
774.3 
776.0 
777.7 
780.1 
776.0 
776.9 
775.2 
782.1 
780.8 
774.4 
772.8 
772.8 
772.8 
802.9 
790.8 
797.0 
765.0 
760.3 
792.9 
778.7 
746.7 
790.6 
747.5 
747.8 
750.1 
747.6 
755.5 
760.1 
774.0 
774.8 

5.2 
3.5 
1.7 

10.3 
17.9 
13.1 
- 1.2 
-0.4 
0.0 

-1.9 
8.8 
2.9 
3.6 
0.4 
3.9 
8 .O 
7.5 
8.2 
6.0 

10.0 
9.9 

10.5 
6.6 
6.0 

11.3 
-2.5 
-3.1 
-3.0 

1.9 
5.5 
5 -2 
4.8 

-2.6 
7.0 

13.2 
- 1.0 
4.7 

-1.5 
-2.2 
-2.4 

0.9 
-7.5 
-1.1 . 

6.0 
12.1 
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Table E.5. (continued) 

Average Calibrated Difference 

water elevation elevations 
Eating Northing water table in 

(ft) (ft) 
(*) elevation 

848 24656.3 16942.4 779.0 778.2 0.8 

(*I Well ID 

(fi) 

850 24793.5 
852 23911.6 
853 24047.5 
854 23851.9 
857 23106.3 
859 23246.2 
1036 24231.1 
1037 24175.7 
1038 24096.9 
1039 24093.3 
1040 24103.1 
1157 25192.4 
1158 25102.5 
1159 25062.1 
1160 25002.5 
1161 24928.2 
1162 25086.4 
1163 25141.2 
1165 25041.8 
1166 24945.9 
1167 25256.0 
1168 252952 
1169 25151.4 
1225 24603.7 
1227 23838.2 
1228 23878.8 
1229 24072.7 
1232 24218.9 
1233 24211.9 
1242 25344.8 
1243 25239.0 
1257 24251.2 
1659 236412 
1660 23665.2 
1661 23672.8 
1662 23673.3 
1663 23665.3 
1664 23651.0 
1665 23633.6 
1668 23609.8 
1675 23606.4 
1676 23624.8 
1680 23641.2 
1683 23637.9 

16595.4 
16346.9 
16695.1 
16711.9 
16538.0 
16009.4 
16328.6 
16228.1 
1625 1.4 
16313.3 
16376.1 
17807.0 
1781 6.1 
17752.3 
17654.2 
17549.8 
17609.0 
17689.5 
17879.5 
17697.2 
17709.8 
17645.7 
17895.1 
17754.8 
16569.4 
16334.7 
16453.3 
17020. I 
17005.3 
17367.9 
17085.6 
16493.3 
16756.0 
16778.3 
16764.9 
16749.1 
16732.5 
16724.1 
1 6723.2 
16763.5 
16782.0 
16791.2 
16788.0 
16773.9 

765.3 
76 1.4 
771.3 
773.7 
792.0 
762.5 
762.5 
755.8 
757.6 
759.3 
759.4 
797.9 
800.0 
800.9 
800.8 
799.6 
794.4 
795.2 
787.7 
795.8 
783.1 
777.3 
783.3 
817.0 
768.3 
760.3 
76 1.4 
788.3 
782.4 
760.1 
760.1 
766.7 
783.0 
782.3 
780.1 
781.4 
78 1.2 
781.1 
78 1.4 
783.1 
787.6 
787.6 
783.6 
782.9 

762.0 
76 1 .O 
771.7 
774.1 
777.2 
764.8 
761.5 
758.9 
758.8 
759.3 
760.6 
782.6 
786.6 
787.1 
787.5 
788.5 
782.2 
78 1.4 
788.8 
791.2 
775.6 
770.8 
785.4 
808.8 
768.9 
760.8 
762. I 
779.8 
779.3 
760.4 
759.8 
766.5 
777.5 
777.9 
777.5 
777.1 
776.7 
776.6 
776.8 
778.0 
778.4 
778.5 
778.3 
778.0 

32 
0.3 

-0.4 
-0.4 
14.8 
-2.3 

1 .O 
-3.1 
- 1.3 

0.0 
- 1.2 
15.2 
13.4 
13.8 
13.3 
11.1 
12.3 
13.8 
-1.1 
4.6 
7.5 
6.5 

-2.1 
8.2 

-0.7 
-0.5 
-0.7 

8.4 
3.1 

- 0.4 
0.3 
0.2 
5.4 
4.4 
2.6 
4.3 
4.5 
4.4 
4.6 
5.1 
9.2 
9.2 
5.3 
4.9 

I 
. I  

. 
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Table 33.5. (continued) 

Well ID Eating 
(fit) 

Northing 
(fi) 

Average 
measured 

water table 
elevation 

(ft) 

Calibrated 
water table 
elevation 

(ft) 

Difference 
in 

elevations 
(fi) 

1685 23616.4 16745.5 782.8 777.5 5.3 
1687 
1693 
1696 
1697 
1717 
1718 
1719 
1720 
1721 
1722 
1723 
1724 
1725 
1726 
1727 
1728 
1863 
1864 
1865 
2385 
2388 
2390 
239 1 
2392 
2393 
2394 
2395 
2396 
2397 
2398 
2399 
245 1 
2452 
2469 
2599 

23651.4 
23658.6 
23654.9 
2367 1.4 
24375.0 
24541.0 
2433 1 .O 
24409.0 
24405.0 
24393.0 
243 78.0 
24363.0 
24352.0 
24348.0 
24379.0 
24377.0 
23847.0 
23734.0 
23782.0 
24474.9 
24 178.2 
24467.9 
24467.0 
24464.5 
24458.0 
24452.4 
24449.0 
24446.0 
24443.2 
24440.8 
24438.0 
24424.3 
24432.5 
24620.8 
24469.2 

16769.4 
16749.1 
16735.8 
16743.6 
16002.0 
15872.0 
15762.0 
15882.0 
15867.0 
15855.0 
1585 1 .O 
15856.0 
15867.0 
15881.0 
15882.0 
15946.0 
16687.0 
16679.0 
16689.0 
16527.3 
16810.9 
16674.2 
16696.0 
16724.1 
16773.1 
16818.3 
16840.9 
16870.6 
16893.8 
16922.8 
16943.3 
17017.6 
16927.8 
17627.7 
16625.3 

781.9 
782.1 
78 1.8 
78 1.3 
747.6 
748.1 
746.8 
749.7 
749.8 
749.8 
749.6 
750.0 
75 1.6 
750.4 
75 1.5 
749.2 
772.5 
776.0 
773.1 

772.2 
772.2 
772.7 
774.9 
775.0 
775.0 
774.9 
775.0 
775.0 
775.0 
775.0 
785.0 
777.9 
802.5 
77 1.6 

.770.7 

777.8 
777.2 
776.9 
777.0 
753.8 
749.2 
747.8 
750.7 
750.3 
750.1 
750.1 
750.3 
750.6 
75 1 .O 
750.9 
752.5 
773.3 
773.9 
773.6 
766.8 
773.4 
772.1 
773.3 
774.9 
775.0 
774.3 
773.9 
773.5 
773.2 
773.5 
774.4 
780.7 
774.1 
799.4 
772.0 

4.1 
4.9 
4.9 
4.4 

- 6.2 
-1.1 
- 1.0 
- 1.0 
-0.5 
-0.3 
-0.5 
-0.3 
0.9 

-0.6 
0.6 

-3.3 
-0.7 

2.1 
-0.5 

3.9 
- 1.2 

0.1 
-0.5 
0.1 
0.0 
0.8 
1 .o 
1.5 
1.8 
1.5 
0.5 
4.3 
3.8 
3.1 

-0.4 
2607 25150.6 17273.9 779.6 769.4 10.2 
Data sources: The X-10 Wells Database and EBASCO 1992. 
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SWSA 6 Calibrated Head Elevations (ft) 

easting (ft) 

Fig. E.9. Modeled water table at SWSA 6, calibrated to well measurements. 
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Fig. 33.10. Modeled groundwater seepage velocities at SWSA 6. 

E-28 



Modeling of Groundwater Flow and Radionuclide Transport 

E.2.2.3.1 Time-Dependent Contaminant Loading 

As indicated previously, groundwater contaminant transport calculations were performed using 
the vertical component of the time-dependent contaminant fluxes calculated during the shallow 
subsurface transport analysis by the PADSIhUHOLSIM codes as input. The contaminant flux rates 
for each of the disposal units within SWSA 6 were converted to a “recharge concentration” based on 
the volumetric recharge rates associated with the unit (see Sect. E.2.2.2.4) and introduced 
simultaneously into the groundwater flow model. 

The fluxes calculated by PADSIM for the IWMF represent the release of contaminant fkom any 
one of the unit’s disposal pads. These six pads were assumed to be filled at the rate of one pad every 
18 months. As a result, it wouid be possible for some IWMF pads to release contamination before 
others are loaded. For short-lived, highly mobile nuclides, this irregular loading pattern could have a 
considerable effect on the time, location, and magnitude of ground and surface water concentrations. 
Therefore, in order to reflect a loading rate at IWMF of one pad every 18 months, the fluxes 
calculated by PADSIM were applied at each pad location on a staggered basis. 

~ 

E.2.2.3.2 Location of Compliance Points 

One of the primary goals of the contaminant transport analysis was to determine disposal limits 
at IWMF such that the maximum groundwater concentrations for each nuclide at designated receptor 
locations were in accordance with the 4 mrem per year dose limit presented in Sect. 2. For purposes 
of this analysis, two sets of receptor locations were considered. The first corresponded to grid cells 
located 100 m from all disposal units within SWSA 6. Fig. 4.15 shows the location of these model 
cells. The second set of receptor locations, shown in Fig. 4.16, corresponds to the expanded buffer 
zone described in Sect. 4.3.1. 

E.3 MODIFICATIONS TO THE USGS MOC PROGRAM CODE 

The modeling of contaminant transport in groundwater for the SWSA 6 site was a complicated 
process involving long-term simulations with expansive multiple plumes, as well as incorporation of 
site-specific details, such as spatially variable recharge rates. Furthermore, the Latin hypercube 
(LHC) analysis (Sect. 5.4) required that multiple simulations be conducted for each radionuclide 
analyzed. Since the ability to perform these functions was beyond that of the USGS MOC Version 
3 .O code, in-house modifications were necessary. 

E.3.1 Description of Code Modifications 

The chief modifications made at ORNL to the USGS MOC 3.0 computer code can be 
summarized as follows: 
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1. 

2. 
3. 

4. 

5. 

Most of the array dimensions found in the original code were increased. This increase was made 
primarily to allow larger model grids (the grid size of the original MOC code was only 40 x 40) 
and more observation nodes (used for computing concentrations and fluxes at compliance 
points). 
All floating-point and integer model inputs were converted to free format. 
Numerous output statements were added to the code in which relevant various model results 
were reformatted or summarized. For example, files listing yearly values for total contaminant 
discharged to surface water locations were generated. 
The LHC analyses described in Sect. 5.4 and Appendix I required modifications to enable runs 
using multiple parameter sets as input. Additional modifications were made for storing and 
summarizing the LHC results. 
In addition to the original MOC input file, incorporation of item 4 above required the creation of 
two additional input files: 
(a) multiple input files containing time-dependent contaminant concentrations in recharge for 

(b) an LHC parameter file, containing the multiple sets of input parameters and associated 

The LHC file consisted of parameters describing the number of LHC iterations to be performed, 
the number of simulation years for each iteration, the number of and associated iterations for 
which output is generated, scale factors used to modify values for the LHC input parameters 
(hydraulic conductivity, distribution coefficient, etc.), the number and names of input files 
containing time-dependent concentrations of contaminant in recharge, and finally, the values for 
the input parameters considered in the LHC analysis for each LHC iteration. 

each disposal unit at SWSA 6 

control variables required for performing LHC analyses. 

AI1 of the above modifications were written in FORTRAN. The OFWL version of the USGS MOC 
code was compiled and run on an HP 9000, series 730 workstation. 

E.3.2 Code Verification 

To verify that the modifications made to enable MOC to perform LHC analyses were 
performing as expected, deterministic model runs were made using representative sets of input 
parameters from the LHC analysis. In all cases, results from the deterministic analysis matched those 
from the corresponding LHC sample. 
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Appendix F 

PREDICTED AMOUNTS OF RADIONUCLIDES LEACHED 
FROM SWSA 6 DISPOSAL UNITS 

This section presents additional results fkom the environmental pathways transport analysis. 
These are designed to provide the reader with additional insight regarding the individual contribution 
fiom the various disposal units within SWSA 6 to the total radionuclide concentration in surface 
water at White Oak Dam (WOD). All the results presented in this appendix assume that the 
inventories of inactive facilities are those presented in Table 4.6, an that the inventory in the IWMF 
is that allowable inventory based on the expanded buffer zone scenario, corresponding to the 
inventories presented in Table 5.27. Note that the peak concentrations in that table are in the 
groundwater, while those presented in this appendix are in the surface water at WOD. 

F.l DISPOSAL FACILITY RELEASE ESTIMATES 

Releases fiom the various disposal units in SWSA 6 are calculated by the SOURCE1 and 
SOURCE2 programs, the results of which are discussed and in Sect. 5.1 .l. 1. Tables in that section 
provide peak mass fluxes for all radionuclides fiom each disposal facility analyzed in the PA. Much 
insight can be gained, however, by examining the behavior of the releases through time, rather than 
just the peak values. Given the number of radionuclides analyzed (63) and the number of waste 
facilities included (12 inactive facilities plus the IWMF), it is impractical to provide the reader with a 
comprehensive set of release curves. 

ten radionuclides: 3H, 14C, %r, 99Tc, I3’Cs, =’Th, 233U, 238U, 239Pu, and 241Am. These were chosen to 
represent a wide range of the major environmental transport characteristics: half-life, &, and 
solubility. Mass release rates for these ten nuclides fiom all modeled facilities are provided in the 
figures in this appendix, interleaved with corresponding graphs of surface water concentrations. 

The behavior of the radionuclides is captured by a subset of the 63, containing the following 

F.2 SURFACE WATER CONCENTRATION ESTIMATES 

The following figures are graphs of surface water concentration at WOD vs time, with 
contributions from each modeled disposal facility within SWSA 6, for the selected subset of ten 
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Table F.l Abbreviations used for SWSA 6 disposal facilities 
Disposal Facility Abbreviation 

High-Range Silos 
High-Range Wells 

High-Range Wells-in-Silos 
Fissile Wells 

Quadrex Trenches 
Low-Range Silos 

Biological Trenches 
Asbestos Silos 

Biological Trenches 
IWMF 

Tumulus 11 
Tumulus I 

Low-Range Silos 

Zone 03 
Zone05 wh 
Zone05 whs 

Zone 07 
Zone 08 tq 
Zone 08 tl 
Zone 15 
Zone 16 
Zone 20 
Zone 25 
Zone 26 
Zone 27 
Zone 30 

~ 

Solid Waste Storage Area 4 Perjormance Assessment - 

radionuclides. These figures are useful for identiQing the primary contributors to dose. 
Abbreviations used for SWSA 6 disposal facilities in each of these figures are presented in Table F. 1 .  
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Appendix G 

DOSE ANALYSIS FOR OFF-SITE INDIVIDUALS 
AND INADVERTENT INTRUDERS 

G.l INTRODUCTION 

This appendix presents the models and data bases used to estimate radiation doses to 
individuals per unit concentration of radionuclides in various exposure media following disposal of 
low-level waste in the different types of disposal units in the SWSA 6 facility. The dose analysis 
considers two groups of exposed individuals: 

08-site individuals, i.e., members of the public who are assumed to be located outside the 
boundary of the disposal site; and 
inadvertent intruders, i.e., individuals who are assumed to come onto the disposal site 
following the loss of active institutional controls. 

Off-site individuals may receive exposures from radionuclides transported beyond the site boundary 
at any time after disposal. However, in accordance with current Department of Energy (DOE) policy 
(DOE 1988% 1996), inadvertent intrusion onto the disposal site is assumed to be precluded by active 
institutional controls for at least 100 years after disposal. 

The performance assessment for low-level waste (LLW) disposal in the SWSA 6 facility 
assumes that groundwater and surface water pathways are the primary means for the transport of 
radionuclides from disposal units into the environment beyond the boundary of the disposal site. 
Therefore, off-site individuals are assumed to receive radiation doses as a result of exposure to 
contaminated groundwater or surface waters. 

The dose analysis for inadvertent intruders considers four different exposure scenarios 
involving direct intrusion into solid waste in disposal units. In accordance with current DOE policy 
(DOE 1996), scenarios involving exposure of inadvertent intruders to contaminated groundwater or 
surface water on the disposal site are not considered, because allowable releases of radionuclides in 
water are determined by performance objectives for off-site releases. 

off-site individuals or inadvertent intruders and the models and parameter values used in calculating 
doses for each exposure scenario and pathway. For exposures of off-site individuals to contaminated 
water, the results of the dose analysis are presented in the form of annual effective dose equivalents 
per unit concentration of radionuclides in water. For exposures of inadvertent intruders resulting 
from direct intrusion into disposal units, the results are presented in the form of annual effective dose 

The following sections discuss the assumed exposure scenarios and exposure pathways for 
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equivalents or total effective dose equivalents per unit concentration of radionuclides in disposal 
units, depending on whether the scenario involves chronic or short-term exposure. 

G.2 RADIONUCLIDES CONSIDERED IN DOSE ANALYSIS 

As indicated in Appendix A, LLW previously sent to SWSA 6 for disposal has contained a 
large number of radionuclides. However, not all of these radionuclides are potentially important in a 
dose analysis for off-site individuals or inadvertent intruders. Many of these radionuclides have 
occurred only in very low concentrations, and others are sufficiently short-lived that they would 
decay to innocuous levels before off-site transport in water or inadvertent intrusion onto the disposal 
site could occur. 

intruders are listed in Table G.1. The choice of radionuclides was based on the following 
considerations. First, all radionuclides with half-lives of about 5 years or greater that were reported 
in significant quantities in previous disposals in SWSA 6 (see Appendix A) are included. As noted 
above, radionuclides with half-lives less than about 5 years could not result in significant doses to 
off-site individuals or inadvertent intruders and, thus, are not included in the dose analyses. Second, 
other radionuclides with half-lives greater than 5 years are included if they could arix from 
operations of the nuclear fuel cycle or the production of nuclear weapons, including production in 
nuclear fission or by neutron activation of materials that would be present in reactors. because these 
radionuclides are likely to be the most important sources of radioactive wastes on the OaL Ridge 
Reservation (ORR). If additional radionuclides from other sources or processes are found to be 
present in wastes intended for disposal in SWSA 6, they can easily be included in the dose analysis. 

The radionuclides considered in the dose analyses for off-site individuals and inadvertent 

6.3 ASSUMED EXPOSURE SCENARIOS AND EXPOSURE PATHWAYS 

This section describes the exposure scenarios and exposure pathways assumed in the dose 
analyses for off-site individuals and inadvertent intruders. The model equations and parameter 
values for each exposure pathway are presented in Sect. G.5, except the dosimetry data used in the 
analyses are presented in Sect. G.4. 

6.3.1 Exposure Scenarios and Exposure Pathways for Off-Site Individuals 

The performance assessment for disposal units in the SWSA 6 facility assumes that 
radionuclides are transported to locations beyond the facility boundary primarily via the groundwater 
and surface water pathways. Based on historical data on airborne releases from all sources on the 
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Table G.l. Radionuclides considered in dose analyses for 
off-site individuals and inadvertent intruders 

Nuclide" Half-lifeb 
3H 
"Be 
14C 
26A1 

40K 
41Ca 
Y o  
W i  
63Ni 
"Se 
87Rb 
90Sr 

93Zr 

3 6 c 1  

(1.0) 

%"Nb (1 .O>c 
9 3 m m  

94Nb 
99Tc 
"'Pd 
11fmCd 
121msn 

12'Sn 
126mSb (1 .O) 
12%b (0.14) 

1291 

l 3 T S  

137cs 
137mBa (0.946) 

12.28 y 
1.6 x 106y 
5730 y 
7.2 x 105 y 
3.01 x 105y 

1.03 x 105 

7.5 x 104 y 
100.1 y 
6.5 x 104y 
4.73 x 10'Oy 

1.277 x l o g y  

5.271 y 

28.6 y 
64.1 h 
1.53 x 106y 

14.6 y 
2.03 x io4 y 
2.13 x 105 y 
6.5 x 106y 
13.7 y 
55 Y 
1.0 x 1 0 5 ~  
19.0 m 
12.4 d 
1.57 x 107 y 
2.3 x 106y 
30.17 y 
2.552 m 

Nuclide" Half-lifeb 

"'Sm 90 Y 
152Eu 
154Eu 
'55Eu 
1 9 4 0 ~  
2 0 7 ~ i  

210Pb 

226Ra 
210Po (1 .O) 

222Rn (1 .O) 
'14Pb (1 .O) 
'14Bi (1 -0) 
'l0Pb (1 .O>e 

228A~ (1 .O) 

224Ra (1 .O) 

212Pb (1 .O) 
*'*Bi (1 .O) 
'08T1 (0.3593) 

227Th (0.9862) 
2uRa (1 .O) 
211Pb (1 -0) 
211Bi (1 .O) 
207Tl (0.99727) 

228Th (1 .O) 

220Rn (1 .O) 

U 7 A ~  

13.6 y 
8.8 y 
4.96 y 
6.0 y" 

22.26 y 
138.378 d 
1600 y 
3.8235 d 
26.8 m 
19.9 m 

33.4 y 

5.75 y 
6.13 h 
1.9132 y 
3.62 d 
55.61 s 
10.643 h 
60.55 m 
3.053 m 
21.773 y 
18.718 d 
1 1.434 d 
36.1 m 
2.13 m 
4.77 m 
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Table G.l. (continued) 
Nuclide" Half-lifeb 

"'Th 7.34 x 103 y 
='Ra (1 .O) 14.8 d 
2 2 5 A ~  (1 .O) 10.0 d 
"lFr (1 .O) 4.8 m 
'13Bi (1 .O) 45.65 m 
"'TI (0.0216) 2.20 m 

230Th 7.7 x 1 0 4 ~  
232Th 1.405 x 10" y 

3.276 x lo4 y 
228Ra (1 .O)c 

2 2 7 A ~  (1 .O>c 

231pa 

72 Y 2 3 2 ~ ~  

233u 

234u 
1.5952 x lo5 y 
2.445 x lo5 y 

235u 7.038 x 10'y 
231Th (1 .O) 25.52 h 

2.3415 x 107y 
4.468 x lo9 y 

2 3 6 ~  

238u 

234Th (1 .O) 24.10 d 
234mPa (1 .O> 1.17 m 
234Pa (0.0016) 6.70 h 

u3Pa (1 .O) 27.0 d 
237Np 2.14 x 106y 

238Pu 87.85 y 

Nuclide" Half-lifeb 
239Pu 
240Pu 
241Pu 
242Pu 
244Pu 

240mNp (1 .O) 
2 4 1 h  

2 4 2 m h  

242Am (0.99524) 
242Cm (0.823) 
='Np (0.00476) 
238Pu (0.827)c 

243Am 

243Cm 
'-Cm 
245Cm 
'&Cm 
247Cm 

24gCm 
249Cf 
250Cf 
25 Cf 

%p (1 .O) 

243Pu (1 .O) 

24131 y 
6569 y 
14.4 y 
3.758 x 105y 

7.4 m 
432.2 y 
152 y 
16.02 h 
163.2 d 
2.117 d 

8-26 x 107 y 

7380 y 
2.355 d 
28.5 y 
18.11 y 
8.5 x 103 y 
4.75 x 103 y 
1.56 x 107y 

3.39 x 1 0 5 ~  
4.956 h 

350.6 y 
13.08 y 
900 y 

%dented entries are radiologically significant shorter-lived decay products of parent 
radionuclide listed. For each decay product, branching fraction in decay of parent radionuclide obtained 
from Kocher (1 98 1) is given in parentheses. 

m = minutes, s = seconds. 

and radionuclide could exist in disposed waste separate from longer-lived parent. 

Values from Kocher (198 l), except as noted. Units are y = years, d = days, h = hours, 

'Radionuclide and its decay products are listed separately when half-life is greater than 5 years 

qalf-life from Tuli (1995). 
'Shorter-lived decay products 228Th, u4Ra, 220Rn, '"Pb, 212Bi, and 208T1 are listed following entry 

b 

for 228Ra. 
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ORR off-site transport via the atmospheric pathway following suspension into the air of 
radionuclides in solid waste is assumed to be relatively unimportant. Potential exposures of off-site 
individuals from atmospheric releases are considered further in Appendix H. 

the following exposure pathways are assumed to occur: 
Off-site individuals are assumed to use contaminated groundwater for domestic purposes, and 

direct ingestion of contaminated drinking water, and 
ingestion of milk and meat obtained from dairy and beef cattle that drink contaminated water. 

Use of contaminated groundwater by off-site individuals for irrigation of food crops or pasture land, 
which would result in additional exposure pathways, is not considered to be a credible occurrence, 
because rainfall typically is abundant in Oak Ridge and irrigation is not commonly practiced near the 
disposal site at the present time. 

recreational purposes, and the following exposure pathways are assumed to occur: 
Off-site individuals are assumed to use contaminated surface water for domestic and 

direct ingestion of contaminated drinking water, 
ingestion of milk and meat obtained from dairy and beef cattle that drink Contaminated water, 
ingestion of fish obtained from contaminated water, and 
external exposure while swimming in contaminated water. 

The first two pathways are the same as those from the use of contaminated groundwater, and the two 
additional pathways are credible only for the use of surface water. For the reasons described above, 
the use of contaminated surface water by off-site individuals for the irrigation of food crops or 
pasture land is not considered to be a credible occurrence. 

6.3.2 Exposure Scenarios and Exposure Pathways for Inadvertent Intruders 

Inadvertent intruders are assumed to come onto the disposal site at any time after loss of active 
institutiona1 controls over the site at 100 years after disposal, and without prior knowledge of waste 
disposal activities at the site. Inadvertent intruders then are assumed to receive radiation exposures 
from direct intrusion into solid waste in the various disposal units. In accordance with current DOE 
policy (DOE 1996), exposure scenarios involving the use of contaminated groundwater or surface 
water on the disposal site are not considered in the dose analysis for inadvertent intruders. 

For direct intrusion into the various disposal units in the SWSA 6 facility after the loss of 
active institutional control over the disposal site, exposures are assumed to occur according to one of 
four different scenarios: the agriculture, resident, discovery, and post-drilling scenarios. In all 
scenarios, an intruder is assumed to reside on the disposal site and to establish on-site sources of 
foodstuffs. The four exposure scenarios and their associated exposure pathways are described as 
follows. 
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In the agricuZture scenario, an inadvertent intruder is assumed to construct a home on top of 
disposal units, with the foundation extending directly into exposed waste. In addition, some of the 
radioactive wastes and other waste materials exhumed during construction of the foundation for the 
home, which are assumed to be indistinguishable from native soil, are assumed to be mixed with 
native soil in the intruder's vegetable garden. Based on these assumptions, the following pathways 
involving exposure to radionuclides in solid waste are assumed to occur: 

ingestion of vegetables grown in contaminated garden soil, 
direct ingestion of contaminated soil fiom the garden in conjunction with vegetable intakes,, 
external exposure to contaminated soil while working in the garden or residing in the home on 
top of the disposal units, and 
inhalation of radionuclides suspended into the air from contaminated soil while working in the 
garden or residing in the home. 

In the resident scenario, an inadvertent intruder is assumed to dig a foundation for a home at 
the location of disposal units, as in the agriculture scenario described above, but is assumed to 
encounter an intact and impenetrable engineered barrier (e.g., reinforced concrete) on top of the 
disposal units. The intruder then is assumed to construct a home directly on top of the intact 
engineered barrier above the waste. Because the engineered barrier is assumed not to be breached 
during excavation, the only exposure pathway of concern for the resident scenario is externai 
exposure to photon-emitting radionuclides in the waste during the time the intruder resides in the 
home on top of the disposal units. 

Because of the presence of an engineered barrier in the resident scenario, which provides 
considerable shielding, the external dose per unit concentration of radionuclides in disposed waste 
while residing in the home on top of disposal units will always be less in the resident scenario than in 
the agriculture scenario. Therefore, the resident scenario is intended to be applied only when 
inadvertent intrusion onto the disposal site first becomes a credible occurrence at 100 years after 
disposal and the engineered barriers presumably are intact. At this time, the external dose from 
shorter-lived radionuclides in the waste could be considerably higher than the dose at later times 
when the engineered barrier has degraded and residence on top of exposed waste could occur but the 
concentrations of the shorter-lived radionuclides would be greatly reduced by decay. The resident 
scenario is not relevant for disposal units constructed without engineered barriers. 

at the location of disposal units and (2) to encounter an intact and impenetrable engineered barrier 
(e.g., reinforced concrete) used in constructing the units, as in the resident scenario described above. 
However, shortly after encountering the engineered barrier, the intruder decides to abandon digging 
at that location and moves elsewhere. Since waste in the disposal units is not directly accessed 
during excavation, because of the assumed impenetrability of the engineered barrier, the only 
exposure pathway for this scenario is external exposure to photon-emitting radionuclides in the 
disposal units during the time the intruder digs at that location. 

In the discovery scenario, an inadvertent intruder is assumed (1) to dig a foundation for a home 
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For a given thickness of an engineered barrier, the external dose per unit concentration of 
radionuclides will always be greater in the resident scenario than in the discovery scenario, because 
of the much longer exposure time for the resident scenario. However, some disposal units in the 
SWSA 6 facility are constructed with engineered barriers at the top that are considerably thicker than 
the engineered barriers at the sides. Therefore, the discovery scenario is intended to take into 
account that, in excavating at the disposal site, an inadvertent intruder could approach disposal units 
from the side, rather than the top, and the lesser exposure time in the discovery scenario could be 
compensated by the reduced shielding at the side of disposal units. The discovery scenario presumes 
that an intruder would not construct a home immediately beside engineered disposal units. The 
discovery scenario also is not relevant for disposal units constructed without engineered barriers. 

In the post-drilling scenario, direct intrusion into disposal units by excavation is assumed not 
to occur during construction of a home. Direct intrusion into disposal units during construction 
could be precluded by the presence of impenetrable engineered barriers, by burial of waste at depths 
greater than the normal depth of a foundation for a home, or by the constructjon of a home at a 
location away from disposal units. However, an inadvertent intruder is assumed to access solid waste 
by drilling through a disposal unit (e.g., for the purpose of constructing a well for a domestic water 
supply) and, during drilling, a small volume of radioactive waste, which is assumed to be 
indistinguishable from native soil, is brought to the surface. All of the drilling waste then is assumed 
to be mixed with native soil in the intruder's vegetable garden, and the following pathways involving 
exposure to radionuclides in the solid waste are assumed to occur: 

ingestion of vegetables grown in contaminated garden soil, 
direct ingestion of contaminated soil from the garden in conjunction with vegetable intakes, 
external exposure to contaminated soil while working in the garden, and 
inhalation of radionuclides suspended into air from contaminated soil while working in the 
garden. 

These pathways correspond to some of the pathways assumed for the agriculture scenario. However, 
in the post-drilling scenario, external and inhalation exposures while residing in the home are not 
considered, because all of the drilling waste is assumed to be mixed with soil in the vegetabIe garden. 

G.4 DOSE CONVERSION FACTORS FOR INTERNAL AND EXTERNAL 
EXPOSURE 

From the descriptions of the assumed exposure scenarios given above, doses to off-site 
indivicluals or inadvertent intruders are assumed to result fi-om ingestion and inhalation of 
radionuclides and from external exposure to photons emitted by radionuclides in contaminated water, 
contaminated soil, or in the disposal units themselves. This section presents the factors used in the 
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dose analyses to convert (1) intakes of radionuclides via ingestion and inhalation to internal doses 
and (2) concentrations of radionuclides in water, soil, or disposal units to external dose rates. 

analysis are given in Tables G.2 and G.3, respectively. The internal dose conversion factors give 
50-year committed effective dose equivalents per unit activity intake of a radionuclide. These values 
were developed by the International Commission on Radiological Protection (ICRP), and have been 
adopted by Federal agencies for use in assessing radiation doses to the public (Eckerman et al. 1988). 
Dose conversion factors for inhalation of isotopes of radon and their short-lived decay products are 
not listed in Table G.3, but are calculated using a natural analog model described in Sect. G.5.2.1. 

For some radionuclides, more than one dose conversion factor for ingestion or inhalation is 
given by Eckerman et al. (1988). If ingestion dose conversion factors are given for two values of the 
GI-tract absorption fraction (f,), the dose conversion factor corresponding to the higher absorption 
fraction is adopted in Table G.2, because radionuclides that are transported in water or through 
terrestrial food chains should be in relatively soluble form and more easily absorbed in the GI tract. 
In all cases, this choice gives the higher dose conversion factor. If inhalation dose conversion factors 
are given for more than one lung clearance class (D, W, or Y),  the clearance class giving the highest 
dose conversion factor is adopted in Table G.3 for most radionuclides. However, ?3r and 99Tc are 
assumed to be Class D, because their solubility in the environment is expected to be relatively high, 
and all isotopes of thorium are assumed to be Class Y ,  because thorium in soil is expected to be 
highly insoluble (e.g., in oxide or hydroxide form). On the other hand, the particular choices of 
inhalation dose conversion factors for %r, "Tc, and isotopes of thorium do not have a significant 
impact on the results of the dose analyses, either because inhalation pathways are relatively 
unimportant or because the inhalation dose conversion factors for other clearance classes are not 
significantly different. 

Dose conversion factors for external exposure give effective dose-equivalent rates per unit 
concentration of radionuclides in specified source regions. These factors depend on the distribution 
of radionuclides in the source region, the amount of self-shielding provided by the source region, and 
the amount of shielding between the source region and the location of the exposed individual. 
Therefore, separate sets of external dose conversion factors are required for the assumed exposure 
pathways involving immersion in contaminated water while swimming, exposure to contaminated 
soil while gardening, and exposure to waste in disposal units during indoor residence or while 
excavating at the site. 

For external exposure to radionuclides while swimming in contaminated water, the 
radionuclides are assumed to be uniformly distributed in a source region of infinite extent. The 
external dose-rate conversion factors for immersion in contaminated water, which have been adopted 
by Federal agencies for use in assessing radiation doses to the public (Eckerman and Ryman 1993), 
are given in Table G.4. For radioactive decay chains, the dose-rate factor for each shorter-lived 
decay product takes into account the branching fraction in the decay of its parent radionuclide given 
in Table G. 1. 

The internal dose conversion factors for ingestion and inhalation of radionuclides used in th is 
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Table 6.2. Internal dose conversion factors for ingestion of radionuclides" 

Rem per pCi 
ingested Nuclideb A' 

3H 
"Be 
I4c 

26A1 

36c1 

40K 
41Ca 
Y o  
'Wi 
63N i 
79Se 
87Rb 
90Sr 

9oY 
93Zr 
93mNb 

94Nb 
"Tc 

lo7Pd 
113mCd 
121msn 

'"Sn 
Iz6Sb 

1291 

l3'CS 

137cs 
"'Sm 

1 .o 
0.005 

1 .o 
0.01 

1 .o 
1 .o 
0.3 
0.3 
0.05 

0.05 
0.8 
1 .o 
0.3 
0.0001 

0.002 

0.01 
0.01 

0.8 
0.005 
0.05 
0.02 

0.02 

0.1 

1 .o 
1 .o 
1 .o 
0.0003 

6.4 x lo-' 

4.7 x 10-3 

2.1 x 10-3 

3.0 x 10-3 

1.3 x 10-3 

1.5 x 

1.9 x lo-2 

2.7 x 10" 

2.1 x IO4 
5.8 x lo4 

8.7 x 10-3 
4.9 x 10-3 
1.4 x lo-' 

1.1 x 10" 
1.7 x 10-3 
5.2 x lo4 

7.1 x 10" 

1.5 x 10-3 
1.5 x lo4 

1.6 x lo-' 
1.6 x 10-3 

1.9 x 

1.0 x 

2.8 x lo-' 

7.1 x 10-3 
5.0 x 

3.9 x lo4 

- 
Rem per pCi 

ingested Nuclideb A' 

0.00 1 
0.00 1 

0.00 1 

0.0 1 

0.05 
0.2 
0.1 
0.2 

0.2 
0.0002 
0.2 
0.2 
0.001 
0.2 
0.0002 
0.2 

0.00 1 
0.0002 
0.0002 

0.001 

0.05 

0.05 

0.05 
0.05 

6.5 x 10-3 

9.5 x 10-3 

1.5 x 10-3 

5.5 x 10-3 

1.1 x lo3 

5.4 
1.9 
1.3 

1.4 

4.0 x lo-' 

3.7 x lo-' 
4.6 x 

1.4 x 10' 

6.6 x lo-' 

3.5 

3.8 x lo-' 

1.1 x lo-' 
5.5 x lo-' 
2.7 

1.1 x 10' 

1.3 
2.9 x lo-' 

2.8 x lo-' 
2.7 x lo-' 
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Table 6.2. 

Rem per pCi 
ingested Nuclideb f i r  

2 3 6 u  

2 3 8 ~  

234Th 
237Np 
238Pu 
239Pu 
240Pu 
"'PU 
242Pu 
244Pu 
241Am 

0.05 
0.05 
0.0002 
0.001 
0.001 
0.001 
0.00 1 
0.001 
0.001 
0.001 
0.001 

2.7 x lo-' 
2.5 x lo-' 
1.4 x 

4.4 
3.2 
3.5 
3.5 

6.8 x 

3.4 
3 -3 
3.6 

:ontinued)" 

Rem per pCi 
ingested Nuclideb fi' 

0.00 1 
0.001 

0.001 
0.00 1 
0.00 1 
0.00 1 
0.00 1 
0.001 
0.001 
0.00 1 
0.00 1 
0.00 1 

3.5 
1.1 x lo-' 
3.6 
2.5 
2.0 
3.7 
3.7 
3.4 
1.4 x 10' 
4.7 
2.1 
4.8 

'Values from Eckerman et al. (1988) give 50-year committed effective dose equivalent per unit 

*Indented entries are radiologically significant shorter-lived decay products of parent 

Traction of ingested radionuclide absorbed into blood from gastrointestinal tract. 
Values for radionuclide and its decay products are listed separately. 
'Values for shorter-lived decay products 228Th, 224Ra, and *12Pb are listed following entry for 

activity ingested. 

radionuclide listed. 

"'Ra. 
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Table 6.3. Internal dose conversion factors for inhalation of radionuclides" 

Clearance Rem per pCi 
classC inhaled 

Nuclideb 

Y 

D 
W 

D 
W 
Y 
D 
D 
W 
D 
D 
Y 
D 
Y 
Y 
D 
Y 
D 
W 
W 
w 
D 
D 
D 
W 

9.6 x 10-5 

2.1 x 10-3 
3.5 x lo-' 

8.0 x 

2.2 x 

1.2 x 

1.3 x 10-3 

1.3 x 10-3 
3.1 x 10-3 
6.5 x 10-3 
3.2 x 10-3 

8.4 x 10-3 

2.2 x lo-' 

2.4 x lo-' 

3.2 x lo-' 
2.9 x 

4.1 x lo-' 
1.0 x 10-3 

1.2 x 

1.5 
1.2 x 

1.0 x IO-' 
1.2 x 

1.7 x lo-' 

4.6 x 10-3 

3.2 x lo9 
3.0 x lo-' 

Clearance Rem per pCi 
class' inhaled 

Nuclideb 

Is2Eu 

Is4Eu 

lssEu 

1 9 4 0 ~  

!07~i 

!lopb 

210Po 

"&$! 

"6Ra 

210pbh 

"Ra 
228Th 
220Rng 

97Ac 

29Th 
!30~h 

1 3 2 n  

228Rah 
!3 1 pa 

2 2 7 ~ ~ h  

! 3 2 u  

'33u 

134u 

135u 

36u 

1 3 8 ~  

57Np 

W 
W 
W 
Y 
W 
D 
D 
w 

Y 

D 
Y 
Y 
Y 

W 

Y 
Y 
Y 
Y 
Y 
Y 
W 

2.2 x IO-' 
2.9 x lo-' 

4.1 x 

6.7 x lo-' 

2.0 x 

1.4 x 10' 

9.4 
8.6 

- 
3.4 x lo2 

6.7 x 103 
1.7 x 103 

1.2 x 103 
2.6 x lo2 

1.3 x 103 

6.6 x lo2 
1.4 x lo2 
1.3 x lo2 
1.2 x lo2 

1.3 x lo2 
1.2 x lo2 
5.4 x lo2 
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Table G.3. (continued)" 
~~ 

Clearance Rem per pCi Clearance Rem per pCi 
classe inhaled 

Nuclideb class' inhaled ~ ] J u i d e b  

W 

W 
w 
w 
W 
w 
w 
W 

w 

3.9 x lo2 

4.3 x lo2 

4.3 x lo2 
8.3 

4.1 x lo2 

4.0 x lo2 

4.4 x lo2 
4.3 x lo2 
1.7 x 10' 

~ 

W 
W 
W 
w 
W 
W 
W 
W 
W 
W 

__ ~~~ 

4.4 x lo2 
3.1 x 10' 

2.5 x 10' 
4.6 x 10' 

4.5 x IO2 
4.1 x lo2 

1.7 x 103 
5.8 x lo2 
2.6 x 10' 

5.9 x 10' 

"Values from Eckerman et al. (1 988) give 50-year committed effective dose equivalent per unit 

%dented entries are radiologically significant shorter-lived decay products of parent radionuclide 

'Clearance from respiratory passages for radionuclides in particulate form in a matter of days (D), 

Qalue applies to tritiated water and is increased by factor of 1.5 to include dose from absorption 

'Radionuclide is assumed to be in organic form. 
hdionuclide is assumed to be in inorganic form. 
-?Inhalation doses from isotopes of radon and their short-lived decay products are estimated using 

Walues for radionuclide and its decay products are listed separately. 
'Values for shorter-lived decay products "*Th and 

activity inhaled. 

listed. 

weeks (W), or years (Y). 

through the skin (ICRP 1979). 

model described in Sect. G.5.2.1. 

are listed following entry for 
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Table 6.4. External dose-rate conversion factors for immersion 
in contaminated watef 

Dose-rate factor 
(rem/year per pCi/L) 

Nuclideb 

3.4 x 10' 
2 .o 
3.2 x 10' 
2.0 x 10' 
1.6 x lo9 
5.6 x lo-' 
1.9 x 10' 
4.9 
1.0 x lo-' 

6.9 
1.4 x 10' 
1.6 x IO' 
6.6 x IO-' 
1.9 x 10' 

3 -0 
1.9 x 10' 

1.2 x 10' 
1.8 
2.3 
1.6 x 10' 

- 

- 

- 

Dose-rate factor 
(rem/year per pCi/L) 

Nuclideb 

2 7 A ~  
2 2 7 m  

'=Ra 
211Pb 
211Bi 

2 0 7 ~ 1  

29Th 
'=Ra 
225A~ 
221Fr 
213~i 

2 0 9 ~ 1  

"Th 

"Pa . 

UsRa' 

227ACC 
32ud 

35u 
9 - h  

*4Th 
"4mPa 
234Pa 

- 
1.2 
1.6 
6.3 x IO-' 
5.7 x IO-' 
3.9 x IO-' 
1 .o 
7.6 x lo-' 
1.9 x lo-' 
3.8 x IO-' 
1.6 
5.6 x IO-' 
- 

4.4 x lo-' 

- 
1.9 
1.4 x 10'' 

8.9 x 

1.8 x lo-' 
3.8 x 

- 
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Table G.4. (continued)" 

Dose-rate factor 
(remlyear per pCi/L) 

Nuclideb 

~ ~- 

Dose-rate factor 
(rem/year per pCi/L,) 

Nuclideb 

237Np 

'j'Pa 

244Pu 
24hNp 

"'Am 
2 4 2 r n ~ ~  

242Am 

238Np 

2.7 x lo-' 

2.4 
- 

4.1 
2.2 x lo-' 

8.5 x 10-3 

1.6 x 10-1 

3.3 x 

243 Am 

23wp 
243cm 
24Scrn 
247Cm 

243Pu 
249Cf 
251Cf 

~ 

5.8 x lo-' 

2.0 
1.5 
1 .o 
3 -8 
2.7 x IO-' 

4.0 

1.4 

'Values from Eckerman and Ryman (1993) give external effective dose-equivalent rate 

'Indented entries are radiologically significant shorter-lived decay products of parent 
per unit activity concentration in water. 

radionuclide listed; dose-rate factor for each decay product takes into account branching 
fraction in decay of parent radionuclide given in Table G. 1. 

Values for radionuclide and its decay products are listed separateiy. 
"Values for shorter-lived decay products "'Pb, 212Bi, and "'T1 are listed following entry 

for 228Ra. 

For external exposure to radionuclides in contaminated soil while gardening or to 
radionuclides in disposal units, either during indoor residence or while excavating near disposal 
units, the source region is assumed to be a uniformly contaminated slab of infinite lateral extent. 
Depending upon the exposure scenario, as described below, the slab source is assumed to have either 
finite or infinite thickness, and the shielding provided by uncontaminated material between the 
source and receptor locations is taken into account. The idealized distributions of radionuclides in 
the source region assumed in the dose analysis probably are reasonable, because only about 1 m of 
soil-equivalent material between a slab source and a receptor location provides nearly complete 
shielding (Kocher and Sjoreen 1985). In all calculations of external dose fiom radionuclides in 
contaminated garden soil or in disposal units, an exposed individual is assumed to be located at a 
distance of 1 m fiom the source region. The small amount of shielding provided by 1 m of air can be 
neglected in all cases compared with the much greater shielding provided by the soil in the source 
region itself or by an engineered barrier. 

be a slab extending from the ground surface to a depth of 15 cm, which is a typical thickness of a 
plowed layer. The external dose-rate conversion factors for this case are given in Table G.5. For 
external exposure while residing in the home on top of exposed waste, the source region is assumed 

For external exposure while working in the vegetable garden, the source region is assumed to 
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Table 6.5. External dose-rate conversion factors for radionuclides 
uniformlv distributed in 15 cm of surface soil" 

Dose-rate factor 
(remlyear per pCi/m3) 

Nuclideb 

9.0 x 10-3 

5.3 x lo4 
8.5 x 10" 

5.3 x 10-3 

9.2 x 10-5 

5.2 x 10-3 

1.3 x 10-3 

1.2 x 10" 

8.1 x 10" 
- 

1.9 x 10-3 
3.8 x 10-3 
4.1 x 10-3 

5.1 x 10-3 

7.8 x 104 
5.1 x 10-3 

3.2 x 10-3 

6.3 x io4 

4.1 x 10-3 

1.1 x 10" 

- 

- 

4.2 x lo4 

Dose-rate factor 
(remlyear per pCi/m3) 

Nuclide' 

2 7 A ~  - 
227Th 3.1 x lo4 
223Ra 3.6 x 10" 

"'Pb 1.7 x 10" 

211Bi 1.5 x lo4 
2 0 7 ~ 1  1.1 x 10-5 

29Th 2.0 x 10" 
225Ra 6.9 x 10" 
u5Ac 3.9 x 10-5 
221Fr 9.2 x 10-5 

2wT1 1.5 x 10-4 
4.4 x lo" 2 1 3 ~ i  

32Th - 
2 2 S h C  

"Pa 
U 7 A ~ c  

32ud 

35u 
231Th 

j8U 
234Th 
234mpa 

234Pa . 

1.1 x lo4 

- 
4.6 x lo4 

2.3 x 10-5 
- 

1.5 x 10-5 

4.9 x 10-5 

1.0 x 10-5 

G-15 



- Solid Waste Storage Area 6 Peflormance Assessment 

Table G.5. (continued)" 

Nuclide' Dose-rate factor Dose-rate factor 
Nuclideb 

(rem/year per pCi/m3) (remiyear per pCi/m3> 

4.9 x 10-5 

6.0 x lo-" 
- 

1.1 x 10-3 

2.7 x 10-5 

3.1 x 10-5 

8.8 x IO" 

1.1 x 10" 

8.9 x 10-5 

4.6 x IO-" 
3.5 x lo4 
2.1 x lo4 
1.0 x 10" 
4.9 x 10-5 

1.1 x 10-3 

3.2 x lo4 
~~ ~ 

Values from Eckerman and Ryman (1 993) give external effective dose-equivalent rate 

bIndented entries are radiologically significant shorter-lived decay products of parent 
per unit activity concentration in soil at distance of 1 m from source region. 

radionuclide listed; dose-rate factor for each decay product takes into account branching 
fraction in decay of parent radionuclide given in Table G. 1. 

Values for radionuclide and its decay products are listed separately. 
Values for shorter-lived decay products 212Pb, 212Bi, and 208T1 are listed following entry 

for 228Ra. 

to be a slab of essentially infinite thickness, with no shielding assumed between the source region 
and the receptor location other than that provided by the soil in the source region (shielding provided 
by the walls of the home during indoor residence is taken into account by a separate parameter in the 
exposure pathway analysis itself). The external dose-rate conversion factors for this case are given in 
the column in Table G.6 labeled "No shielding." In both of these cases, the external dose-rate 
conversion factors have been adopted by Federal agencies for use in assessing radiation doses to the 
public (Eckerman and Ryman 1993). For all radioactive decay chains, the dose-rate factor for each 
short-lived decay product takes into account the branching fraction in the decay of its parent 
radionuclide given in Table G. 1. 

assumed to be a slab of infinite thickness, but a thickness of uncontaminated shielding material 
between the source and receptor locations, equivalent to 15 or 30 cm of soil depending upon the 
particular disposal unit, is assumed to be provided by the engineered barrier used in constructing the 
units. The external dose-rate conversion factors for these two thicknesses of shielding are given in 
the last two columns in Table G.6. Since values for these cases were not given by Eckerman and 
Ryman (1 993), the dose-rate factors in Table G.6 were obtained from calculated absorbed dose rates 
in air for monoenergetic photon sources in soil (Kocher and Sjoreen 1985) and the spectrum of 

For external exposure in the resident and discovery scenarios, the source region also is 
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Table 6.6. External dose-rate conversion factors for radionuclides 
uniformly distributed in infinite thickness of soila 

~ ~ ~ ~~~ 

Dose-rate factor (rem/year per pCi/m3) 
Nuclideb 

No shielding' 15-cm shielding 3 O-cm shielding" 

1.1 x 3.0 x 10-3 9.4 x IO4 
6.5 x lo4 1.9 x lo4 5.9 x 10-5 
1.0 x 2.9 x 10-3 8.2 x lo4 

6.1 x 10-3 1.4 x 10-3 3.1 x lo-" 

1.2 x 10" - - 
9.2 x 10-5 

5.8 x 10-3 
1.5 x 10-3 
8.1 x 10" 
- 

2.1 x 10-3 
4.4 x 10-3 
4.8 x 10-3 

5.9 x 10-3 

1.1 x lo4 

- 
8.4 x lo4 
6.1 x 10-3 

3.7 x 10-3 

- 

4.4 x IO4 

7.3 x lo4 
5.2 x 10-3 

- 
1.2 x 10-3 

3.1 x lo-" 

- 
4.5 x lo4 
1.1 x 10-3 

1.2 x 10-3 
2.0 x 10" 

1.4 x 10-3 
- 

1.1 x lo4 

1.7 x 10-3 

8.7 x 10-4 
- 

1.8 x lo4 

1.6 x 10-3 

- 
2.4 x lo4 

6.3 x 10-5 
- 
- 

9.0 x 10-5 
2.8 x lo4 
3.2 x lo4 
5.7 x lo4 
3.5 x lo-? 
- 

1.6 x 10-5 

5.2 x lo-" 

2.2 x lo4 
- 

4.8 x 10-5 
6.0 x lo4 
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Table G.6. (continuedy 

Dose-rate factor (rem/year per pCi/m3) 
Nuc 1 ideb 

No shielding' 15-cm shielding 30-cm shielding 
- 

3.2 x lo4 
3.8 x lo4 

1.9 x lo4 
1.6 x IO4 
1.2 x 

2.0 x lo4 

6.9 x lo4 

4.0 x 10" 
9.6 x 10-5 

4.8 x lo4 
1.7 x lo4 
- 

1.2 x lo4 

- 
4.5 x lo4 
2.3 x 10" 
- 

1.5 x 10" 

5.6 x 10-5 

1.2 x 10" 

4.9 x 10" 

6.4 x lo4 

- 
3.0 x 10" 

3.3 x 10" 

3.9 x 10" 

2.3 x 10" 

2.1 x 10" 
6.6 x IO" 
- 

1.5 x 10" 
6.3 x 10" 
8-3 x 10" 
4.9 x 10" 
- 

1.1 x 10" 

- 

1.1 x 10" 

2.8 x 10" 
1.1 x lod 
8.0 x lo-5 

- 
3.2 x 10" 
3.8 x 10" 

8.0 x 10" 

3.2 x 10" 
5.0 x 10-7 
3.7 x 10-7 
- 

1.1 x 10-7 
4.9 x 10-7 

1.5 x 10-5 

1.4 x lo-' 

- 

1.3 x 10" 

- 
1.6 x 10" 
- 

- 

2.7 x 10" 

6.8 x 

5.1 x lo-' 

9.9 x 10" 
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Table 6.6.  (continued)" 

Dose-rate factor (rem/year per pCi/m3) 
Nuclideb 

No shielding' 15-cm shielding 30-cm shielding 
- 

1.3 x 10-3 
2.7 x 10-5 

1.1 x 10" 

3.1 x 10-5 
1.0 x 10-5 

8.9 x 10-5 

4.7 x lo4 

3.6 x 10" 
3.6 x lo4 
1.1 x 10-3 

5.0 x 10-5 
1.2 x 10-3 

- 
2.7 x lo4 

3.6 x lo4 
1.2 x lo4 

7.9 x 10-7 

6.0 x 10-7 

3.3 x 10-5 

2.5 x 10-5 

2.6 x lo4 

5.6 x 10" 
1.7 x IO4 
- 

1.7 x lo4 

- 
6.0 x 10-5 

- 
2.8 x lo4 

6.7 x 10-7 
- 

3.0 x lo4 
2.2 x lo4 
2.8 x 10-7 
2.4 x 10-5 
- 

2.3 x 10-5 
25 Cf 3.3 x lo4 1.6 x 10-5 1.1 x lo4 

Values from indicated sources give external effective dose-equivalent rate per unit activity 
concentration in soil at distance of 1 m from source region and assumed thicknesses of shielding 
by soil-equivalent material between source and receptor locations. 

radionuclide listed. 
%dented entries are radiologically significant shorter-lived decay products of parent 

Values from Eckerman and Ryman ( 1993). 
"Values based on calculations of absorbed dose in air from monoenergetic sources in soil 

by Kocher and Sjoreen (1985), spectrum of photons in decay of each radionuclide from Kocher 
(1981), and assumed factor for converting absorbed dose in air to effective dose equivalent of 0.8. 

"Values for radionuclide and its decay products are listed separately. 
Qalues for shorter-lived decay products '"Pb, "'Bi, and 208Tl are listed following entry for 

228Ra. 

photons emitted by each radionuclide (Kocher 1981). The calculated absorbed dose in air was 
converted to effective dose equivalent in an exposed individual by multiplying by a factor of 0.8. 
This is an excelIent approximation for all photon energies above about 0.1 MeV and provides a 
conservative estimate of dose for lower photon energies. For the exposure pathways represented in 
Table G.5 and the second column (No shielding) in Table G.6, the calculations from Kocher and 
Sjoreen (1985) agree with those from Eckerman and Ryman (1993) within a few tens of percent, but 
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generally are higher. Thus, the dose-rate factors in the last two columns of Table G.6 should be 
somewhat conservative. The dose-rate factor for short-lived radionuclides in decay chains again 
takes into account the branching fraction in the decay of the parent radionuclide given in Table G. 1 

G.5 MODELS AND PARAMETER VALUES FOR EXPOSURE PATHWAYS 

This section presents the models used to calculate doses to off-site individuals from use of 
contaminated water and doses to inadvertent intruders from direct intrusion into disposal units for the 
various exposure pathways described in Sects. G.3.1 and G.3.2, respectively. For each exposure 
pathway, the parameter values assumed in implementing the models are presented, and the results of 
the dose analyses are presented in summary tables which give effective dose equivalents per unit 
concentration of radionuclides in water or in disposal units at the time exposures are assumed to 
occur. 

The parameter values selected for use in the models usually are intended to represent 
reasonable best estimates rather than worst-case values. This approach is appropriate when the 
hypothetical and conservative nature of the assumed exposure scenarios is considered, particularly 
the assumptions that exposures occur only at the locations of greatest estimated radionuclide 
concentrations in the environment or that inadvertent intrusion into the disposal facility will occur as 
postulated. 

G.5.1 Exposure Pathways for Off-Site Individuals from Use of Contaminated Water 

Intakes of contaminated groundwater or surface water by off-site individuals are assumed to1 
result from the use of a contaminated source as a drinking water supply and from the ingestion of 
milk and meat obtained from dairy and beef cattle that drink contaminated water from the same 
source. Off-site individuals also are assumed to receive internal exposures from the consumption of 
contaminated fish obtained from surface water and to receive external exposures while swimming in 
contaminated surface water. As noted previously, exposures to contaminated groundwater or surface 
water are not considered in the dose analysis for inadvertent intruders (DOE 1996). 

from direct ingestion of radionuclide i in drinking water (w) is given by 
Drinking Water Pathway. The annual committed effective dose equivalent (rem per year) 

where 

C,,, = concentration of radionuclide i in drinking water (pCi/L), 
U,, = annual consumption of drinking water (Ljyear), 
0, = dose conversion factor for ingestion of radionuclide i (rem/pCi ingested). 
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In implementing the model, a daily consumption of contaminated drinking water of 2 L (Le., an 
annual consumption of 730 L) is assumed (EPA 1989). 

The annual dose per unit concentration of a radionuclide in water is obtained by multiplying the 
assumed annual consumption of drinking water by the ingestion dose conversion factor given in 
Table G.2. 

from ingestion of radionuclide i in milk (m) and meat v) are given by 

The model for estimating dose from the drinking water pathway is summarized in Table G.7. 

Milk and Meat Pathways. The annual committed effective dose equivalents (rem per year) 

respectively, where 

C, = concentration of radionuclide i in milk (pCi/L), 
C, = concentration of radionuclide i in meat (pCi/kg), 
Urn = annual consumption of milk &/year), 
U, = annual consumption of meat (kdyear), 
0; = dose conversion factor for ingestion of radionuclide i (rem/pCi ingested). 

The dairy and beef cattle are assumed to drink only contaminated water, and the radionuclide 
concentrations in milk and meat are given by 

and 

respectively, where 

C,,” = concentration of radionuclide i in drinking water (pCi/L), 
Q,, = daily consumption of drinking water by dairy cattle (L/d), 
Q,@ = daily consumption of drinking water by beef cattle (L/d), 
F,, = ratio of equilibrium concentration of radionuclide i in milk to daily intake by dairy 

cattle (pCi/L in milk per pCi/d intake), 
Ffl ratio of equilibrium concentration of radionuclide i in meat to daily intake by beef 

cattle (pCi/kg in meat per pCi/d intake). 
= 
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_I 

Table G.7. Annual effective dose equivalents from drinking water pathway 
per unit concentration of radionuclides in water" 

Nuclide' 
Annual dose 

(remlyear per pCi/L) 
~ 

3H 
"Be 
14C 

26A1 

36c1 

40K 
41Ca 

T o  
'9Ni 
63Ni 
79Se 

87Rb 
90Sr + d 

93Zf 
93mNb 

94Nb 
99Tc 
Io7Pd 
f13mCd 
121msn 

Iz6Sn + d 
1291 

135cs 
137cs 

~~ 

4.7 x 

3.4 

1.5 
1.1 x 10' 

2.2 
1.4 x 10' 
9.5 x lo-' 

2.0 x IO' 
1.5 x lo-' 

4.2 x lo-' 
6.4 
3.6 
1.1 x lo2 

1.2 
3.8 x lo-' 

5.2 
1.1 

1.1 x IO-' 
1.2 x lo2 

1.2 
1.5 x 10' 

2.0 x IO2 
5.2 
3.7 x 10' 

Nuclide' 
Annual dose 

(redyear per pCi/L) 
~~ 

IS' Sm 
lS2Eu 
Is4Eu 
"'Eu 

2 0 7 ~ i  

'"Pb + d 
2 2 6 ~ , d  

228Ra + d 
227Ac + d 

229Th + d 
230111 

232The 

231Pd 
232U + d 
233u 

234u 

2 3 5 ~  

2 3 6 ~  

238U + d 

237Np 
u8Pu 
239Pu 
240Pu 

~~~ 

2.8 x lo-' 

4.7 

6.9 

1.1 

8.0 
4.0 
5.3 x 103 
9.5 x 10' 
1.6 x 103 
1.1 x 104 
2.9 x 103 

2.0 x 103 
8.0 x 103 

1.5 x 103 

4.0 x 10' 

2.1 x lo2 
2.0 x lo2 
2.0 x lo2 
2.0 x lo2 
1.9 x lo2 

3.2 x io3 
2.3 x 103 
2.6 x 103 
2.6 x 103 
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Table 6.7. (continued)" 

Annual dose 
(redyear per yC&) 

Nuclideb 

241Pu 
242Pu 

244Pu 
241Am 
242mAm + @ 

243Am 
243Cm 
244Cm 

5.0 x 10' 

2.5 x 103 

2.4 x 103 
2.6 x 103 

2.6 x 103 

2.6 x 103 
1.8 x 103 

1.5 x 103 

Annual dose 
(rem/year per pCi/L) Nuclideb 

2.7 x 103 

2.7 x 103 

2.5 x 103 

1.0 x 104 

3.4 x 103 

z°Cf 1.5 x 103 

W f  3.5 x 103 

Values give 50-year committed effective dose equivalent from one-year intake of 

b"+ d" with some entries denotes shorter-lived decay products that are assumed to be 
drinking water. 

in secular equilibrium with parent radionuclide; see Table G.1 for decay products and 
branching fractions. 

'Possible contributions to dose from 93mNb decay product are not included. 
'Possible contributions to dose from *'OPb decay product are not included. 
"Possible contributions to dose from usRa decay product are not included. 
fPossible contributions to dose from 227Ac decay product are not included. 
Tossible contributions to dose from 2 3 8 ~  decay product are not included. 

In implementing the models, the assumed intake-to-milk transfer coefftcients for dairy cattle 
(F,) and intake-to-meat transfer coefficients for beef cattle (I$) are given in Tables G.8 and G.9, 
respectively. The other parameter values assumed in the models are as follows: a daily consumption 
of water for dairy and beef cattle of 60 L and 50 L, respectively, and an annual consumption of milk 
and meat by an average adult of 110 L and 90 kg, respectively (NRC 1977). 

The models for estimating dose from the milk and meat pathways are summarized in 
Tables G. 10 and G. 1 1 , respectively. The annual dose per unit concentration of a radionuclide in 
water for each pathway is based on the models and parameter values described above and the 
ingestion dose conversion factor given in Table G.2. 

ingestion of radionuclide i in fish (4) is given by 
Fish Pathway. The annual committed effective dose equivalent (rem per year) from the 
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where 

C,q = concentration of radionuclide i in fish ($fig), 
Uq = annual consumption of fish (kgyear), 
L), = dose conversion factor for ingestion of radionuclide i (rem/yCi ingested). 

Table 6.8. Elemental intake-to-milk transfer 
coefficients for dairy cattle 

Element 

H 
Be 
C 
AI 
c1 
K 
Ca 
c o  

Ni 
Se 
Rb 
Sr 

Y 
Zr 
Nb 
Tc 
Pd 
Cd 
Sn 

1.4 x 

9.0 x 10-7 
1.5 x 

2.0 x lo4 

1.5 x 

7.0 x 10" 

2.0 x 10-3 
1.0 x 10-3 
4.0 x 10-3 

1.5 x 10-3 
2.0 x 10-5 

1.0 x 

1.0 x 

3.0 x lo-' 

2.0 x 10" 

1.0 x 

1.0 x 

1.0 x 10-3 

1.0 x 10-3 

Element 

Sb 
I 

Cs 
Sm 
Eu 
os 
Pb 
Bi 
Po 
Ra 
Ac 
Th 

Pa 

U 

NP 
Pu 
Am 
Cm 
Cf 

1.0 x lo4 
1.0 x lo-' 
7.0 x 10-3 

2.0 x 10-5 
5.0 x 10-3 

2.0 x lo-' 

2.5 x lo4 
5.0 x lo4 

3.5 x lo4 
4.5 x lo4 
2.0 x lo-' 
5.0 x lo4 

5.0 x 10" 

6.0 x 104 

1.0 x 10-7 
4.0 x 10-7 
2.0 x 10-5 

5.0 x 10" 

2.0 x lo-'' 

'Values from Fig. 2.24 of Baes et al. (1984), except as noted. 
bValue from Table 4 of Ng (1982). 
'Value from Table 7 of Ng et al. (1 977). 
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Table G.9. Elemental intake-to-meat transfer 
coefficients for beef cattle 

H 
Be 

C 
A1 
c1 
K 
Ca 

c o  
Ni 

Se 
Rb 

Sr 
Y 
Zr 
Nb 

Tc 
Pd 
Cd 
Sn 

1.2 x 

1.0 x 10-3 

1.5 x 10-3 

3.1 x 

8.0 x 

2.0 x 

7.0 x lo4 
2.0 x 

6.0 x 10-3 

1.5 x 

1.5 x 

3.0 x lo4 
3.0 x lo4 
5.5 x 10-3 

8.5 x 10-3 

4.0 x 10-3 

2.5 x lo-' 

5.5 x lo4 
8.0 x lo9 

Element F p m ) "  
Sb 1.0 x 10-3 

I 7.0 x 10-3 

Sm 5.0 x 10-3 
Eu 5.0 x 10-3 

Pb 3.0 x 10-4 

Po 9.5 x 10-5 

Ra 2.5 x 10-4 
Ac 2.5 x 10" 

Pa 1.0 x 10-5 

u 2.0 x 10-4 
NP 5.5 x 10" 

Pu 5.0 x 10-7 

Am 3.5 x lo4 
Cm 3.5 x lo4 
Cf 3.6 x lo4' 

cs 2.0 x 

os 4.0 x lo-' 

Bi 4.0 x lo4 

Th 6.0 x lo6 

Values fiom Fig. 2.25 of Baes et al. (1984), except as noted. 
Value fiom Table E- 1 of NRC (1977). 
Value from Table 5.37 of Peterson (1983). 
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Nuclideb Annual dose 
(redyear per pCi/L) 

Table G.lO. Annual effective dose equivalents from milk pathway 
per unit concentration of radionuclides in water" 

Nuclideb Annual dose 
(rem/year per pC&) 

3H 

"Be 
14C 
26A1 

36c1 

40K 
4'Ca 

T o  
'Wi 
63Ni 
"Se 
"Rb 
"Sr 

93zf 
93mNb 
94Nb 

"Tc 
"'Pd 
113rncd 
121msn 

lZ6Sn 
1291 

I3Ts 

137cs 

5.9 x 10-3 

2.8 x 10-5 
2.1 x lo-' 

2.0 x 

3.0 x lo-' 

8.8 x IO-' 
8.6 x 

3.6 x lo-' 

1.4 x 10-3 
3.8 x 10-3 

2.3 x lo-' 
3.2 x lo-' 

1.4 

3.4 x lo4 

6.9 x lo-' 

9.4 x lo-' 

9.9 x 

9.9 x 10-3 
1.1 
1.1 x 

1.3 x 10-1 

1.8 x lo2 

3.3 x lo-' 

2.3 

"'Sm 

lS2Eu 
ls4Eu 

"'Eu 

1 9 4 0 ~  

2 0 7 ~ i  

210Pb + d 
2 2 6 b d  

'"Ra + d 

*'Ac + d 

229Th + d 

230Th 
232~he 

231P6 
232u + d 
233u 

234u 

235u 

2 3 6 u  

2 3 8 ~  

237Np 

238PU 

239Pu 
I 24oplJ 
1 

5.1 x 10-5 

1.3 x 10-3 
8.6 x lo4 

2.0 x IO4 

3.6 x IO-' 
1.5 x IOd2 
1.3 x 10' 

3.9 
5.4 
3 -8 
1.2 
1.8 x lo-' 

8.9 x lo-' 
3.6 x lo-' 

6.3 
1.1 
1.1 

1.1 
1.1 
1 .o 
1.5 x lo-' 

2.1 x 10-3 
2.3 x 10-3 

2.3 x 10-3 

- 
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Annual dose 
(remlyear per pCi/L) 

Nuclideb 

241Pu 
242Pu 
244Pu 
24 ' Am 
242mAm + @ 

243Am 
243 Cm 

244Cm 

4.5 x 10-5 
2.2 x 10-3 

2.2 x 10-3 

9.5 x 10-3 

9.5 x 10-3 
2.1 x 

3.3 x lo-' 
2.6 x lo-' 

Annual dose 
(rem/year per pCi/L) 

Nuclideb 

W m  
246Cm 
"'Cm 
248Cm 
249Cf 
250Cf 
25 Cf 

4.9 x lo-' 

4.9 x lo-' 
4.5 x lo-' 
1.8 
6.2 x lo-' 
2.8 x lo-' 

6.3 x 10-3 

Values give 50-year committed effective dose equivalent from one-year intake of 

""+ d" with some entries denotes shorter-lived decay products that are assumed to be 
milk. 

in secular equilibrium with parent radionuclide; see Table G. 1 for decay products and 
branching fractions. 

'Possible contributions to dose from 93"'Nb decay product are not included. 
!Possible contributions to dose from '''Pb decay product are not included. 
"Possible contributions to dose from "*Ra decay product are not included. 
Qossible contributions to dose from 227Ac decay product are not included. 
Tossible contributions to dose from 238Pu decay product are not included. 

~~ 
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Table G.ll .  Annual effective dose equivalents from meat pathway 
per unit concentration of radionuclides in water" 

Annual dose 
(remlyear per pC&) 

Nuclideb 

3H 
"Be 

14C 
26A1 

36c1 

40K 
41Ca 
6oco 
'9Ni 
63Ni 

79Se 

87Rb 
"Sr + d 
9 3 2 f  

93mNb 

94Nb 
99Tc 
Io7Pd 
113mCd 
l 2 1 m s n  

12%n 
1291 

135cs 
137cs 

3.5 x 10-3 
2.1 x 10-7 

2.9 x lo-' 
1.0 x lo-' 

1.1 

1.7 

4.1 x 10-3 

5.7 x 10-3 
2.4 

1.6 x 

5.9 x lo-' 

3.3 x lo-' 

2.1 x lo-' 

4.2 x 

5.9 x lo-' 

8.0 
5.7 x 

2.7 x 10-3 
4.0 x lo-' 
5.8 x lo-' 

6.8 

8.8 
6.4 x lo-' 

4.5 

Nuclideb 
Annual dose 

(remlyear per pCi/L) 

ls'Sm 
lS2Eu 

lS4Eu 
ls5Eu 

1 9 4 0 ~  

2 0 7 ~  i 

210Pb + d 
2 2 6 ~ , d  

228Ra + d 
227A~ + d 
229111 + d 
230m 

232The 
231P6  
2 3 2 u  + d 
233u 

w4u 
235u 

2 3 6 ~  

237Np 
238Pu 
239Pu 
"OPU 

8.8 x 

1.5 x IO-' 

2.1 x lo-' 
3.4 x lo-? 
2.0 x 10' 

9.9 x 1 0 - ~  

8.1 

1.5 
2.1 

2.3 
5.4 x lo-' 

1.5 x 10.' 

7.3 x 10 

5.0 x IO-' 

1.7 
2.6 x 10.' 
2.5 x lo-' 

2.4 x IO-' 
2.4 x lo-' 

2.3 x IO-' 
1.1 
7.2 x 10-3 
7.9 x 10-3 

7.9 x 10-3 
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Table G.11. 

Annual dose 
(rem/year per pCi/L) 

Nuclideb 

241Pu 

242Pu 

244Pu 

241Am 
242"Am + dg 
243Am 

243 Cm 
244Cm 

1.5 x lo4 
7.7 x 10-3 
7.4 x 10-3 
5.7 x 

5.6 x 10" 

5.7 x 

3.9 x 

3.2 x 

continued)" 

Annual dose 
(remiyear per pCi/L) 

Nuclideb 

5.8 x 

5.8 x 

5.4 x 

2.2 x lo-' 

7.6 x 

3.4 x 

7.8 x 

"Values give 50-year committed effective dose equivalent from one-year intake of 

b"+ d" with some entries denotes shorter-lived decay products that are assumed to be 
meat. 

in secular equilibrium with parent radionuclide; see Table G. 1 for decay products and 
branching fi-actions. 

'Possible contributions to dose from 93"'Nb decay product are not included. 
'Possible contributions to dose fkom "OPb decay product are not included. 
'Possible contributions to dose from '"Ra decay product are not included. 
fPossible contributions to dose from 227Ac decay product are not included. 
SPossible contributions to dose fkom 238Pu decay product are not included. 

Radionuclide concentrations in fish are given by 

where 

B, 

Cil, = concentration of radionuclide i in water (pCi/L), 
p,,, = density of water (kgh). 

= fish-to-water concentration ratio for radionuclide i (pCi/kg wet weight in fish per 
pCiL in water), 

In implementing the model, the assumed fish-to-water concentration ratios are given in 
Table G. 12. These values, which apply to freshwater fish, were adopted for use in a generic dose 
assessment for the NRC (Kennedy and Strenge 1992), based on a review of published values. The 
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TabIe G.12. Elemental fish-to-water concentration 
ratios for freshwater fish 

H 
Be 

C 
AI 
c1 
K 
Ca 

c o  
Ni 
Se 

Rb 

Sr 
Y 
Zr 
Nb 
Tc 

1 .o 
2.0 

4.6 x 103 

1.0 x 

5.0 x 10' 

1.0 x 103 

4.0 x 10' 

3.3 x IO2 
1.0 x lo2 
1.7 x 10' 
2.0 x 103 

5.0 x 10' 
2.5 x 10' 

2.0 x 10' 

2.0 x 10' 

1.5 x 10' 
Pd 1.0 x 10' 
Cd 2.0 x lo2 
Sn 3.0 x 103 

Sb 

I 
Cs 
Sm 

Eu 
os 
Pb 

Bi 

Po 
Ra 
Ac 
Th 
Pa 
U 

NP 
Pu 
Am 
Cm 

Cf 

2.0 x 10' 

5.0 x 10' 
2.0 x 103 

2.5 x 10' 

2.5 x 10' 

1.0 x 10' 

1.0 x 10' 
1.5 x 10' 

5.0 x lo2 
7.0 x 10' 
2.5 x 10' 
1.0 x 10' 

1.1 x 10' 

5.0 x 10' 

2.5 x lo2 
2.5 x lo2 
2.5 x 10' 

2.5 x 10' 

2.5 x 10' 

"Values from Table 6.19 of Kennedy and Strenge (1992), except as noted. 
'Value from Table 6 of Chapman et al. (1968). 

annual consumption of fish by an average adult was assumed to be 7 kg (NRC 1977), and the density 
of water is 1 kg/L. 

annual dose per unit concentration of a radionuclide in water is based on the model and parameter 
values described above and the ingestion dose conversion factor given in Table G.2. 

The model for estimating dose from the fish pathway is summarized in Table G.13. The 
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External Exposure Pathway. For external exposure (e) while swimming in contaminated 
surface water, the annual effective dose equivalent (rem per year) from radionuclide i is given by 

where 

C,," = concentration of radionuclide i in water (pCi/L), 
qv 

D,, 

= fraction of the year during which external exposure to contaminated water while 
swimming occurs, 
dose conversion factor for external exposure to radionuclide i in water (rem/year 
per pCi/L). 

= 

In implementing the model, a fraction of the year during which exposure while swimming occurs of 
0.01, which corresponds to an exposure time of about 100 hours per year, is assumed (DOE 1988b). 

surface water is summarized in Table G.14. The annual dose per unit concentration of a radionuclide 
in water is obtained by multiplying the assumed fraction of the year during which exposure occurs by 
the external dose-rate conversion factor given in Table G.4. 

radionuclides in water from all exposure pathways combined are summarized in Table G. 15 for 
contaminated groundwater and in Table G. 16 for contaminated surface water. For exposure to 
contaminated groundwater, the dose in Table G. 15 is the sum of the doses from the drinking water, 
milk, and meat pathways given in Tables G.7, G. 10, and G.11, respectively. 

small surface stream (i.e., White Oak Creek) or in a large river (i.e., the Clinch River), and separate 
doses for these two cases are given in Table G. 16. For exposure to contamination in the Clinch 
River, all exposure pathways would contribute to the dose, and the dose for this case in Table G. 16 is 
the sum of the doses from the drinking water, milk, meat, fish, and swimming pathways given in 
Tables G.7, G.10, G.11, G.13, and G.14, respectively. For exposure to contamination in White Oak 
Creek, the fish pathway is assumed not to be relevant, either because fish consumed by off-site 
individuals would be obtained primarily from the Clinch River or because fish that might be obtained 
from White Oak Creek would spend most of their time in the Clinch River and, thus, the 
concentrations of radionuclides in the fish would be based primarily on the concentrations in the 
river. Therefore, the dose from exposure to contamination in White Oak Creek in Table G. 16 is the 
sum of the doses from the drinking water, milk, meat, and swimming pathways only. 

The model for estimating dose from external exposure while swimming in Contaminated 

All Exposure Pathways. The annual doses to off-site individuals per unit concentration of 

For releases to surface water, off-site individuals could be exposed to contamination in a 
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Table 6.13. Annual effective dose equivalents from fish pathway 
per unit concentration of radionuclides in watef 

Annual dose 
(rem/year per pCi/L) 

Nuclideb 

3H 
"Be 

14C 
26A1 
36c 1 
40K 
41Ca 
6oco 

5Wi 
63Ni 
79Se 
87Rb 

+ d 
93zf 
93mNb 
%Nb 

99Tc 

'07Pd 
113mCd 
121msn  

12%n + d 
1291 

135cs 
I3Cs 

4.5 x lo4 

6.6 x 

6.8 x 10' 
1.1 x 10' 

1.1 
1.3 x lo2 
3.6 x lo-' 

6.2 x 10' 
1.5 x lo-' 

4.1 x lo-' 
1.0 x 10' 
6.9 x 10' 

5.1 x 10' 
2.4 
7.3 x lo-' 
9.9 
1.6 x lo-' 

1.1 x 

2.2 x lo2 

3.4 x 10' 
4.1 x lo2 

9.8 x 10' 
9.9 x 10' 

7.0 x lo2 

Annual dose 
(remlyear per pCi/L) 

Nuclideb 

15'Sm 
15'Eu 
'%Eu 
'"Eu 

1940s 
2 0 7 ~ i  

210Pb + d 
2 2 6 ~ ~ "  

228Ra + d 

2 2 7 A ~  + d 

229Th + d 
230Th 
232~he 

='Pd 
232U + d 
2 3 3 u  

2 3 4 u  

2 3 S u  

2 3 6 ~  

238U + d 

237Np 
238Pu 
239Pu 
240Pu 

6.8 x 

1.1 
1.7 
2.6 x lo-' 

7.7 x lo-' 

5.8 x lo-' 
1.1 x 104 
6.4 x lo2 
1.2 x 103 

2.8 x io3 
2.7 x 103 

1.9 x 103 
3.9 x lo2 

8.5 x 10' 

9.5 x lo2 
1.0 x 10' 

9.8 x 10' 
9.5 x 10' 
9.5 x 10' 
9.8 x 10' 
7.7 x 103 
5.6 x 103 
6.1 x 103 
6.1 x 103 
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Annual dose 
(rem/year per pCi/L) 

Nuclideb 

241Pu 

242Pu 

244Pu 

241Am 
24hAm + dg 
243Am 
243Cm 
244Cm 

1.2 x IO2 
6.0 x 103 

5.8 x 103 

6.3 x 103 
6.3 x 103 
6.3 x 103 
4.4 x 103 
3.5 x 103 

~~ ~ 

Annual dose 
(remiyear per pCiL) 

Nuclide' 

6.5 x 103 

6.5 x 103 

6.0 x 103 

2.5 x 104 
8.2 x I O 2  
3.7 x IO2 
8.4 x lo2 

"Values give 50-year committed effective dose equivalent from one-year intake of 
fish. 

br'+ d" with some entries denotes shorter-lived decay products that are assumed to be 
in secular equilibrium with parent radionuclide; see Table G. 1 for decay products and 
branching fractions. 

"Possible contributions to dose from 93mNb decay product are not inchded. 
9ossible contributions to dose from 210Pb decay product are not included. 
'Possible contributions to dose from 228Ra decay product are not included. 
fPossible contributions to dose from 227A~ decay product are not included. 
Tossible contributions to dose from 238Pu decay product are not included. 

. 

However, off-site individuals who obtain their domestic water supply from White Oak Creek 
also are assumed to obtain fish from the Clinch River. Therefore, for individuals who are assumed to 
use water from White Oak Creek, the dose from all exposure pathways would be obtained as the sum 
of two terms: ( 1) the dose for White Oak Creek in Table G. 16 applied to the radionuclide 
concentrations in the creek and (2) the dose for the fish pathway in Table G.13 applied to the 
radionuclide concentrations in the river. Because of the much higher flow rate in the Clinch River 
compared with White Oak Creek, the radionuclide concentrations in the river used in estimating the 
dose for the fish pathway would be substantially less than the concentrations in the creek used in 
estimating the dose for all the other exposure pathways. 
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Table 6.14. Annual effective dose equivalents from external exposure while 
swimming per unit concentration of radionuclides in water 

Annual dose 
(rem/year per pCi/L) 

Nuc 1 idea 

26A1 
40K 
6oco 
94Nb 
121msn 

'*%n + d 
1291 

137Cs + d 
1 5 2 E ~  
lUEu 
ls5Eu 
2 0 7 ~ i  

226Ra + d 
228Ra + d 

2 2 7 A ~  + d 
229Th + d 

3.4 x lo-' 

2.0 x 

3.2 x 

2.0 x 

1.6 x 

2.4 x 

1.0 x 

6.9 x 

1.4 x 

1.6 x 

6.6 x 

1.9 x 

2.2 x 

0-' 

0-' 
O+ 

0-' 
0-3' 

0-2 
0-' 
0-' 
0-3 
0-' 

0-' 
3.2 x lo-' 

4.0 x 

3.8 x lo-* 

Annual dose 
(rem/year per pCi/L) Nuclide" 

232Thb 

23 lpac 

232U + d 
235U + d 

238U + d 

237Np + d 
244Pu + d 
241Am 
242mAm + d 

243Am + d 
243 Cm 

24sCm 
247Cm + d 
249Cf 
251Cf 

- 
4.4 x 10-3 

2.0 x lo-' 
2.0 x 

3.1 x 10-3 
2.7 x lo-' 

4.1 x 

2.2 x 10-3 
2.0 x 10-3 

2.6 x 

1.5 x 

1.0 x 

4.1 x lo5 

4.0 x lo-' 

1.4 x 

'"I+ d" with some entries denotes shorter-lived decay products that are assumed to be 
in secular equilibrium with parent radionuclide; see Table G.l for decay products and 
branching fractions. 

'Possible contributions to dose from 228Ra decay product are not included. 
'Possible contributions to dose from 227Ac decay product are not included. 

- 
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Table G.15. Annual effective dose equivalents to off-site individuals per unit 
concentration of radionuclides in groundwater from a11 exposure pathways' 

Annual dose 
(redyear per pCi/L) 

Nuclideb 

3H 
"Be 

l4C 

2 4 ~ 1  

3 ~ 1  

40K 
41Ca 

4 0 c ~  
Wi 
43Ni 
79Se 

'lRb 
90Sr + d 
93zf 
9 3 m m  

94Nb 
99Tc 
'"Pd 
113mCd 

121msn 

12%n + d 
1291 

1 3 - 1 ~ ~  

5.6 x 

3.4 

2.0 

1.1 x 10' 

3.6 

1.7 x 10' 

1 .o 
2.3 x 10' 

1.7 x lo-' 
4.4 x lo-' 

7.2 

4.3 

1.1 x lo2 
1.2 

1 .o 
1.4 x 10' 

1.3 

1.2 x lo-' 

1.2 x lo2 
1.8 

2.2 x 10' 

3.9 x lo2 

6.2 

4.4 x 10' 

Annual dose 
(rem/year per pCi/L) 

Nuclideb 

' 3 m  

ls2Eu 
IwEu 
"'Eu 
l M 0 s  
20713 i 

210Pb + d 
22Qad 

228Ra + d 
227A~ + d 
2 2 9 n  + d 

230Th 
232me 

231Paf 
232u + d 
2 3 3 u  

234u  

235u 

236u 

238U + d 

237Np 
='PU 

=9Pu 
"OPU 

2.9 x lo-' 
4.9 

7.1 

1.1 

2.8 x 10' 
4.0 

5.3 x 103 

1.6 x 103 

1.1 x 104 

2.9 x 103 

2.0 x 103 

8.0 x 103 

1.5 x 103 

9.6 x lo2 

4.0 x 10' 

2.1 x lo2 
2.0 x lo2 
2.0 x lo2 
2.0 x lo2 
1.9 x lo2 

3.2 x 1 0 3  
2.3 x 103 

2.6 x 103 
2.6 x 103 
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Table G.15. (continued)" 

Annual dose Annual dose 
Nuclideb Nuclideb 

(rem/year per pCi/L) (rem/year per pCi/L) 
~ 

241Pu 
242Pu 
2-Pu 
2 4 1 b  

242mAm +@ 

243Am 
243 Cm 
2uCm 

~ 

5.0 x 10' 
2.5 x 103 
2.4 x 103 
2.6 x 103 
2.6 x 103 

1.8 x 103 
1.5 x 103 

2.6 x lo3 

~ ~~ 

245Cm 2.7 x lo3 
246Cm 2.7 x lo3 
247Cm 2.5 x 103 
248Cm LO x io4 
249Cf 3.4 x 103 
=OCf 1.5 x 1 0 3  

251Cf 3.5 x 103 

"Values give sum of effective dose equivalents per unit concentration in water for 

b"+ d" with some entries denotes shorter-lived decay products that are assumed to be 
drinking water, milk, and meat pathways given in Tables G.7, G. 10, and G. 1 1, respectively. 

in secular equilibrium with parent radionuclide; see Table G. 1 for decay products and 
branching fractions. 

'Possible contributions to dose from 93"'Nb decay product are not included. 
qossible contributions to dose from "'Pb decay product are not included. 
"Possible contributions to dose from ='Ra decay product are not included. 
4ossible contributions to dose from "'Ac decay product are not included. 
Tossible contributions to dose from 238Pu decay product are not included. 
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Table 6.16. Annual effective dose equivalents to off-site individuals per unit 
concentration of radionuclides in surface water from all exposure pathways" 

Annual dose 
(rem/year per pCi/L) 

Nuclideb 
White Oak Clinch 

Creek' Rive8 

3H 
"Be 

I4c 
26A1 
36c1 

40K 
4'Ca 
@CO 
'9Ni 
63Ni 
79Se 

87Rb 
"Sr + d 
93zf 
93mNb 
94Nb 
%Tc 
lo7Pd 
Il3rnCd 
121msn 

lZ6Sn + d 
1291 

5.6 x lo-' 

3.4 

2.0 

1.1 x 10' 
3.6 

1.7 x 10' 

1.0 
2.3 x 10' 
1.7 x lo-' 

4.4 x lo-' 
7.2 

4.3 
1.1 x 10' 
1.2 

1 .o 
1.4 x 10' 

1.3 
1.2 x lo-' 

1.2 x lo2 

1.8 
2.2 x 10' 
3.9 x lo2 

5.6 x lo-' 

3.5 

7.0 x 10' 

2.2 x 10' 

4.7 

1.5 x IO2 
1.4 
8.5 x 10' 
3.2 x lo-' 
8.5 x lo-' 

1.7 x 10' 
7.3 x 10' 
1.6 x 10' 

3.6 

1.7 
2.4 x 10' 
1.5 
1.3 x lo-' 

3.4 x lo2 

3.6 x 10' 
4.3 x lo2 
1.4 x 103 

- - 
Annual dose 

(rem/year per pCi/L) 

White Oak Clinch 
Creek' Rive8 

Nuclideb 

l3'CS 

137cs 
's'Srn 
152Eu 
lS4Eu 

"'Eu 
1940~ 

207~i 

210Pb + d 

226Rd 
*'*Ra + d 
2 2 7 A ~  + d 

229Th + d 
2 3 0 n  

2 3 2 n g  

23 1 pah 

232U + d 
233u 

234u 

235u + d 

u6U 
238U + d 

6.2 
4.4 x 10' 

2.9 x lo-' 

5 .O 
7.3 

1.1 
2.8 x 10' 
4.2 
5.3 x 103 

1.6 x 103 

1.1 x io4 

2.9 x 103 

2.0 x io3 
8.0 x io3 

1.5 x 103 

2.1 x lo2 
2.0 x 10' 
2.0 x lo2 

2.0 x lo2 

1.9 x lo2 

9.6 x 10' 

4.0 x 10' 

1.1 x I O 2  
7.4 x I O 2  
3.6 x IO-' 
6.1 
9.0 

1.4 

2.9 x 10' 

4.8 
1.6 x 10' 
1.6 x 10; 

2.8 10' 

1.4 * IO' 

5.6 L. 10' 
7.9 x 10: 

3.9 x 10' 
8.9 x 103 

2.5 x 103 

3.1 x I O 2  
3.0 x 10' 
3.0 x IO2 
3.0 x lo2 
2.9 x lo2 
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Annual dose 
(rem/year per pCi/L) 

White Oak Clinch 
Creek' RiveF 

Nuclideb - 

237Np 3.2 x 103 1.1 x io4 

Table G.16. (continued)" 
Annual dose 

(rem/year per yCi/L) 
Nuclideb 

White Oak Clinch 
Creek' Rivef' 

1.8 x 103 6.2 x 103 243Cm 
7.9 x io3 
8.7 x lo3 
8.7 x lo3 
1.7 x lo2 
8.5 x lo3 
8.2 x 103 

8.9 x 103 

24rPU 

242Pu 

2-Pu 
24'Am 
242mAm + 8 

W m  

245Cm 

246Cm 
247Cm 

248Cm 
2 4 9 ~  

25ocf 

2.3 x 103 

2.6 x 103 

2.6 x 103 

5.0 x 10' 

2.5 x 103 

2.4 x 103 

2.6 x 103 

243Am 2.6 x 103 

1.5 x 103 

2.7 x 103 

2.7 x 103 

2.5 x 103 

1.0 x 104 

3.4 x 103 

1.5 x 103 

3.5 x 103 

5.0 x 103 

9.2 x 103 

9.2 x 103 

8.5 x 103 

3.5 x 104 
4.2 x 103 

1.9 x 103 

4.3 x 103 

"Assumed exposure pathways include drinking water, milk, meat, fish, and swimming; 
effective dose equivalents per unit concentration in water for these pathways are given in Tables G.7, 
G.10, G.ll, G.13, and G.14, respectively. 

equilibrium with parent radionuclide; see Table G. 1 for decay products and branching hctions. 

milk, meat, and swimming pathways only. Off-site individuals who use White Oak Creek as domestic 
water supply also are assumed to obtain fish from Clinch River, and contribution to dose from fish 
pathway is based on doses per unit concentration of radionuclides in water in Table G.13 and 
radionuclide concentrations in Clinch River. 

pathways (i.e., drinking water, milk, meat, fish, and swimming). 

'"+ d" with some entries denotes shorter-lived decay products that are assumed to be in secular 

'Dose from exposure to radionuclides in White Oak Creek is sum of doses from drinking water, 

dDose from exposure to radionuclides in Clinch River is sum of doses from all exposure 

'Possible contributions to dose from 93'"Nb decay product are not included. 
fPossible contributions to dose from 210pb decay product are not included. 
Tossible contributions to dose from "*Ra decay product are not included. 
"Possible contributions to dose from "'Ac decay product are not included. 
'Possible contributions to dose from 23*Pu decay product are not included. 
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6.5.2 Exposure Pathways for Direct Intrusion into Disposal Units 

Exposures of inadvertent intruders resulting from direct intrusion into disposal units after 
loss of active institutional controls over the disposal site are assumed to occur according to the 
agriculture, resident, discovery, or post-drilling scenarios. This section presents the models and 
parameter values used to estimate effective dose equivalents per unit concentration of radionuclides 
in disposal units for the different exposure pathways assumed for each exposure scenario. 

6.5.2.1 Agriculture Scenario 

In the agriculture scenario, an inadvertent intruder is assumed to exhume waste materials 
from disposal units in digging a foundation for a home on top of the units, and some of the exhumed 
material is assumed to be mixed with native soil in the intruder's vegetable garden. The pathways for 
chronic exposure assumed for this scenario then include (1) ingestion of vegetables grown in 
contaminated soil, (2) direct ingestion of contaminated soil from the garden in conjunction with 
vegetable intakes, (3) external exposure to contaminated soil while working in the garden and during 
indoor residence on top of the disposal units, and (4) inhalation of activity suspended in air while 
working in the garden and during indoor residence. 

ingestion of radionuclide i in vegetables (v) is given by 
Vegetable Pathway. The annual committed effective dose equivalent (rem per year) from 

where 

Ci, = concentration of radionuclide i in vegetables (pCi/kg), 
, U, = annual consumption of vegetables (kg/year), 
0, = dose conversion factor for ingestion of radionuclide i (rem/pCi ingested). 

Radionuclides are assumed to be transferred to vegetables via root uptake from the contaminated 
garden soil. Radionuclide concentrations in vegetables then are given by 

(G. 10) 

where 

B,, 

Cis 

= plant-to-soil concentrahn ratio for rac ionuclide i (pCi/kg wet we& in vegetal 
per pCi/kg dry weight in soil), 
concentration of radionuclide i in soil in vegetable garden (pCi/m3), = 

on 

G-39 



- Solid Waste Storage Area 6 Performance Assessment 

ps = density of soil (kg/m3), 
C, = concentration of radionuclide i in disposal units (pCi/m3), 

J ;  = dilution factor for mixing of materials exhumed from disposal units into soil in 
vegetable garden. 

In implementing the model, the assumed plant-to-soil concentration ratios in vegetables are 
given in Table G.17. Although limited site-specific data are available for a few radionuclides and 
plant types [e.g., see Garten et a]. (1987)], site-specific data for the many radionuclides of concern to 
this analysis and for a variety of food crops are lacking. Therefore, except for the value for ‘*Cy 
which is based on a single set of measurements (Sheppard et al. 1991), and the value for’H, which is 
recommended by the NRC (1977), the plant-to-soil concentration ratios adopted in this analysis are 
generic, and were obtained from the compilation by Baes et al. (1984). Although this approach 
clearly is judgmental for application to the ORR, selection of the concentration ratios primarily from 
a single source at least ensures some degree of consistency among the values for the different 
elements, because similar biases presumably were applied by the evaluators in developing the 
adopted concentration ratios from the variety of published data. 

portions of food crops, which would apply to leafy vegetables, and the other for the nonvegetative 
(reproductive) portions, which would apply to nonleafy vegetables. The values for nom cgetative 
portions of food crops were adopted for use in this analysis, because consumption of nonleac 
vegetables generally is about an order of magnitude greater than consumption of leaf? \ egetables 
(Baes et al. 1984; Hamby 1992). In addition, the reported concentration ratios on a dq-weight basis 
for nonleafy vegetables were converted to a fresh-weight basis by multiplying by a factor of 0.43, 
which represents the average dry-weight-to-fresh-weight conversion factor for all fypes of nonleafii 
vegetables (Baes et al. 1984). Taking into account the concentration ratios for lea5 vegetables 
would not significantly change the adopted values in Table G.17, because of the relatively low 
consumption of leafy vegetables and the much higher fresh-weight-to-dry-weight ratio for leafy 
vegetables than for nonleafy vegetables (Peterson 1983). 

a dilution factor for mixing of exhumed materials, including both contaminated (i.e., waste) and 
uncontaminated materials, from the disposal units into native soil in the vegetable garden of 0.2 
(Oztunali et al. 1981; NRC 1982; Napier et al. 1984); a density of soil of 1,400 kg/m3 (Baes and 
Sharp 1983); and an annual consumption of contaminated vegetables, including both leafy and 
nonleafy vegetables, of 90 kg. The dilution factor for mixing exhumed materials with native soil in a 
vegetable garden is based on the reasonable assumption that no more than a relatively small fraction 
of the soil in the garden could be exhumed materials in order for the garden to be fertile, since 
essentially all exhumed materials would be obtained from well below the ground surface and, thus, 
would be nonfertile. The assumed annual consumption of leafy and nonleafy vegetables from the 

Baes et al. (1984) give two sets of concentration ratios in vegetation-one for the vegetative 

The other parameter values assumed in the model for the vegetable pathway are as follows: 

- 
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Table 6.17. Elemental plant-to-soil concentration 
ratios in vegetables 

Element B," 
H 4.8b 
Be 6.5 x lo4 

C 5.6 x lo-'' 

AI 2.8 x lo4 

c1 3.0 x IO' 
K 2.4 x lo-' 
Ca 1.5 x lo-' 
e o  3.0 x 10-3 
Ni 2.6 x IO" 
Se 1.1 x lo-* 

Rb 3.0 x lo-' 
Sr 1.1 x lo-' 

Zr 2.2 x 10'' 
Y 2.6 x 10-3 

Nb 2.2 x 10-3 
Tc 6.5 x IO-' 
Pd 1.7 x 10" 
Cd 6.5 x 

Sn 2.6 x 10-3 

Element B," 
Sb 1.3 x 10" 

I 2.2 x lo9 
cs 1.3 x lo-* 

Sm 1.7 x 10-3 

os 1.5 x 10-3 
Pb 3.9 x 10-3 
Bi 2.2 x 10-3 

Eu 1.7 x 

Po 1.7 x IO+ 
Ra 6.5 x lo4 
Ac 1.5 x lo4 
Th 3.7 x 10-5 

U 1.7 x 10-3 
NP 4.3 x 10-3 
Pu 1.9 x 10-5 

Pa 1.1 x 10'' 

Am 1.1 x 10'' 

Cm 6.5 x lo6 
Cf 6.5 x 10"" 

"pCikg fresh weight of vegetation per pCikg dry weight of 
soil; except as noted, values are obtained from concentration ratios 
for dry weight of vegetation given in Fig. 2.2 of Baes et al. (1984) 
multiplied by factor of 0.43 to convert to fresh weight of vegetation 
(Baes et al. 1984). 

*Value from Table E- 1 of NRC (1 977). 
Value from Sheppard et al. (1 99 1) for carbonate form in 

acidic soil with low organic matter content; concentration ratio for 
dry weight of vegetation is multiplied by factor of 0.43 to convert to 
fresh weight of vegetation (Baes et al. 1984). 

"Value is assumed to be the same as that for Cm. 
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Table G.18. Annual effective dose equivalents to inadvertent intruders from 
vegetable pathway per unit concentration of radionuclides 

in disposal units for agriculture scenario' 

Annual dose 
(remjyear per pCi/m3) 

Nuclideb 

3H 
"Be 
14C 

26A1 
3 6 c 1  

40K 
41Ca 
6oco 

'9Ni 

63Ni 
79Se 

87Rb 
90Sr 

9 3 2 f  

93mNb 
94Nb 
99Tc 
"'Pd 
1lhCd 
lZlmSn 

lZ6Sn + d 
1291 

135cs 

4.0 x 10" 

4.0 x IO-* 
1.5 x 10-5 

1.2 x 10-3 

5.9 x 10-5 

5.5 x 

2.5 x 10" 

1.1 x 10" 

7.1 x lo-' 

2.0 x 10-7 

1.2 x 10" 
1.9 x lo6 

2.0 x lo4 
4.9 x 10-9 

2.0 x 10-7 
1.3 x 10-5 

1.5 x lo-' 

3.3 x lo4 

1.4 x lo4 

5.4 x lo4 
8.8 x 

8.0 x 10-5 

1.2 x 10" 

Annual dose 
(redyear per pCi/m3) 

Nuclideb 

137cs 
'"Srn 
' 52E~  
lS4EU 

155Eu 
1940s 

207~i 

210Pb 
2 2 6 ~ ~ d  

228Ra + d 
227A~ + d 

vgTh + d 
"'Th 
='The 
231Pd 
232U + d 
2 3 3 u  

2 3 4 ~  

u5u 
u6U 
2 3 8 u  

u7Np 
"'PU 

8.5 x lo6 
8.6 x lo-' 

1.4 x 10-7 

2.1 x io-' 

2.1 x 10-7 

1.6 x 10-~ 
2.7 x IO4 
1.1 x 10-5 

1.7 x 10-5 
3.3 x 10-5 

2.6 x 10-7 

1.6 x 10-5 

3.5 x 10-5 

3.3 x lo4 

5.1 x IO6 

1.3 x lod 

6.4 x 10" 
6.2 x 10" 
6.0 x 10" 
6.0 x lod 
5.5 x 10" 
2.5 x lo4 
7.9 x 10-7 

- 
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Table G.18 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

8.6 x lod7 

8.6 x 

24'Pu 1.7 x lo4 
242Pu 8.4 x 10-7 
244Pu 8.2 x 10-7 

"'Am 5.1 x lo6 
242mAmS 5.0 x lo4 
243Am 5.1 x 10" 

243Cm 2.1 x 10-7 

continued)" 

Annual dose 
(rem/year per @m3) Nuclideb 

1.7 x 10-7 
3.1 x 10-7 
3.1 x 10-7 
2.9 x 10-7 

4.0 x 10-7 

1.8 x 10-7 
4.1 x 10-7 

1.2 x 10" 

'Values give 50-year committed effective dose equivalents from one-year intake of 

b"+ d" with some entries denotes shorter-lived decay products that are assumed to be in 
vegetables. 

secular equilibrium with parent radionuclide; see Table G. I for decay products and branching 
fractions. 

'Possible contributions to dose from 93"'Nb decay product are not included. 
qossible contributions to dose from 2'oPb decay product are not included. 
"Possible contributions to dose from 228Ra decay product are not included. 
fPossible contributions to dose from *'Ac decay product are not included. 
Qossible contributions to dose from 238Pu decay product are not included. 

garden is consistent with data obtained near the Savannah River Site (Hamby 1992), which should be 
reasonably representative of data near the ORR and the assumption that half of an intruder's entire 
intakes of vegetables would be obtained from the home garden. An assumption that an intruder's 
entire intakes of vegetables would be obtained from the home garden is unreasonably conservative. 

The model for estimating dose from the vegetable pathway is summarized in Table G. 1 8. The 
annual dose per unit concentration of a radionuclide in exhumed waste fi-om a disposal unit at the 
time intrusion occurs is based on the model and parameter values described above and the ingestion 
dose conversion factors given in Table G.2. 

Soil Ingestion Pathway. The annual committed effective dose equivalent (rem per year) from 
direct ingestion of radionuclide i in contaminated soil (s) is given by 

His = CisU'Di , (G. 1 1) 

where 
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C, 
Us = annual consumption of contaminated soil (kg/year), 
0, 

= concentration of radionuclide i in soil in vegetable garden (pCi/kg), 

dose conversion factor for ingestion of radionuclide i (rem/pCi ingested). = 

In this analysis, ingestion of contaminated soil is assumed to occur as a result of incomplete washing 
of vegetables from the garden before consumption. At humid sites with extensive vegetation, such as 
the ORR, direct ingestion of contaminated soil from sources other than the garden should be 
relatively unimportant for an average adult. Radionuclide concentrations in soil in the vegetable 
garden are given by 

(G. 12) 

where 

C,, = concentration of radionuclide i in disposal units (pCi/m3), 
J;  

ps = density of soil (kg/m3). 

= dilution factor for mixing of materials exhumed from disposal units into soil in 
vegetable garden, 

In implementing the model, a dilution factor for mixing of exhumed materials from the 
disposal units into native soil in the vegetable garden of 0.2 and a density of soil of 1,400 kg/m3 are 
assumed, as in the model for the vegetable pathway described above. The daily consumption of 
contaminated soil from the vegetable garden is assumed to be 0.1 g, which corresponds to an annual 
consumption of 0.037 kg. The assumed consumption of contaminated soil is appropriate for average 
adults (EPA 1989). 

The model for estimating dose from the soil ingestion pathway is summarized in Table G. 19. 
The annual dose per unit concentration of a radionuclide in exhumed waste from a disposal unit at 
the time intrusion occurs is based on the model and parameter values described above and the 
ingestion dose conversion factors given in Table G.2. 

occur while working in the vegetable garden containing contaminated soil and while residing in the 
home on top of disposed waste. For external exposure ( e )  to contaminated soil while working in the 
vegetable garden, the annual effective dose equivalent (rem per year) from radionuclide i is given by 

External Exposure Pathways. External exposure of inadvertent intruders is assumed to 

Hi, = CiSU$D, , (G. '1 3) 

where 

C, = concentration of radionuclide i in soil in vegetable garden (pCi/m3), 
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Us 

D, 

= fraction of the year during which external exposure to contaminated soil in 
vegetable garden occurs, 
dose conversion factor for external exposure to radionuclide i in garden soil 
(rem/year per pCi/m3). 

= 

As in the models for the vegetable and soil ingestion pathways described previously, the radionuclide 
concentrations in soil in the vegetable garden are given by 

(G.14) 

where 

C,, 
J;  

= concentration of radionuclide i in disposal units ( pCi/m3), 
= dilution factor for mixing of materials exhumed from disposal units into soil in 

vegetable garden. 

In implementing the model, a dilution factor for mixing of materials exhumed from the 
disposal units into native soiI in the vegetable garden of 0.2 is assumed, as in the models for the 
vegetable and soil ingestion pathways described above. The fraction of the year during which 
external exposure while working in the garden occurs is assumed to be 0.01 (Oztunali et al. 1981); 
i.e., the assumed exposure time is about 100 Myear. 

The model for estimating external dose while working in the garden is summarized in 
Table G.20. The annual dose per unit concentration of a radionuclide in exhumed waste in a disposal 
unit at the time intrusion occurs is based on the model and parameter values described above and the 
external dose-rate conversion factors given in Table G.5. 

For external exposure to exposed waste during indoor residence on top of disposal units, the 
annual effective dose equivalent (rem per year) from radionuclide i is given by 

. 

(G.15) 

where 

C,, = concentration of radionuclide i in disposal units (pCi/m3), 
U, 

D,, 

S = shielding factor for radionuclides during indoor residence. 

= fraction of the year during which external exposure to waste in disposal units 
during indoor residence occurs, 
dose conversion factor for external exposure to radionuclide i in disposal units 
(rem/y per pCi/m3), 

= 
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Table G.19. Annual effective dose equivalents to inadvertent intruders from 
soil ingestion pathway per unit concentration of radionuclides 

in disposal units for 

Annual dose 
(rem/year per pCi/m3) 

Nuclide' 

3H 3.4 x 10-l0 
"Be 
14C 
26A1 
3 - 5 ~ 1  

40K 
4'Ca 
6oco 
'"Ni 
63Ni 
79Se 

87Rb 
"Sr + d 
9;zrc 

93mNb 
"Nb 
*Tc 
"'Pd 
1l3mCd 
12Imsn 

12'Sn + d 
1291 

lj5Cs 

2.5 x lo-' 

1.1 x lo4 
8.0 x 

1.6 x lo-' 

1.0 x 10-7 

4.9 x 10-9 
1.4 x 10-7 

1.1 x 10-9 
3.1 x 10-9 
4.6 x lo-* 

2.6 x 10" 

8.0 x 10-7 

9.0 x 

2.8 x 10-9 

8.0 x 10-9 

8.5 x 10-7 
8.5 x 10-9 
1.1 x 10-7 

3.8 x lo-' 

8.0 x lo-'' 

1.5 x 10" 
3.7 x lo-* 

Zriculture scenario" 

Annual dose 
(remlyear per pCi/m3) 

Nuclide' 

';'Cs 
'"Sm 
1 5 2 E ~  
'%Eu 
ls5Eu 
1 9 4 0 ~  

2 0 7 ~ i  

'l0Pb + d 
226md 

228& + d 

227Ac + d 
"'Th + d 
230m 

232~he 

"'Pd 
232U + d 

233u 
"4u 
9-J 
2 3 6 u  

238U + d 
u7Np 
238Pu 

2.7 x 10-7 

2.1 x 10-9 
3.4 x lo-* 
5.0 x 10" 
8.0 x 10-9 
5.8 x lo4 

2.9 x 10" 
3.9 x 10-5 

1.2 x 10-5 

7.8 x 10-5 

2.1 x 10-5 

1.4 x 10-5 
5.8 x 10-5 

1.1 x 10-5 

6.9 x 10" 

2.9 x 10" 

1.5 x 10" 

1.5 x 10" 
1.4 x 10" 

1.4 x 10" 
1.4 x 10" 
2.3 x 10-5 
1.7 x 10-5 
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Table G.19 (continued)" 

Annual dose Annual dose 
Nuclideb Nuclideb 

(rem/year per pCi/m3) (redyear per pCi/m3) 

239Pu 1.9 x 10-5 
240Pu 1.9 x 10-5 

244Cm 1.1 x 10-5 

245Cm 2.0 x 10-5 
"'PU 3.6 x 10-7 2 4 6 ~ m  2.0 x 10" 

242Pu 1.8 x 10-5 247Cm 1.8 x 10-5 
2"Pu 1.7 x 10-5 248Cm 7.4 x 10-5 

1.9 x 10-5 
242mAm + @  1.9 x 105 

1.9 x 10-5 

2 4 1 h  

2 4 3 h  

249Cf 2.5 x 10-5 
=OCf 1.1 x 10-5 

='Cf 2.5 x 10-5 

243Cm 1.3 x 10-5 I 
"Values give 50-year committed effective dose equivalents from one-year intake of soil. 
'"+ d" with some entries denotes shorter-lived decay products that are assumed to be in 

secular equilibrium with parent radionuclide; see Table G. 1 for decay products and branching 
fractions. 

'Possible contributions to dose fi-om 93Wb decay product are not included. 
qossible contributions to dose from '"Pb decay product are not included. 
'Possible contributions to dose from "'Ra decay product are not included. 
fPossible contributions to dose from "'Ac decay product are not included. 
Tossible contributions to dose fi-om 238pU decay product are not included. 

The shielding factor takes into account the reduction in external dose provided by the walls and floor 
of the home. 

In implementing the model, the fraction of the year during which exposure in the home is 
assumed to occur is 0.5 (Oztunali et al. 1981); i.e., the assumed exposure time is about 4000 Myear. 
The indoor exposure time could be as much as about a factor of 2 higher, but the assumed value is 
intended to be representative of an average individual residing on the disposal site. A shielding 
factor during indoor residence of 0.7 is assumed for all photon-emitting radionuclides (NRC 1977). 

The model for estimating external dose during indoor residence is summarized in Table G.2 1. 
The annual dose per unit concentration of a radionuclide in a disposal unit at the time intrusion 
occurs is based on the model and parameter values described above and the external dose-rate 
conversion factors for "No shielding" given in Table G.6. 



Solid Waste Storage Area 6 Performance Assessment - 

Table G.20. Annual effective dose equivalents to inadvertent intruders from 
external exposure while working in vegetable garden per unit concentration of 

radionuclides in disposal units for agriculture scenario 
~~ 

Annual dose 
(remlyear per pCi/m3) 

Nuclide" 

26A1 
40K 
6oco 

94Nb 
121msn 

12%n + d 
1291 

137Cs + d 
1 5 2 E ~  
1 5 4 E ~  
"'Eu 
2 0 7 ~  i 

226Ra + d 
228Ra + d 

227Ac + d 
229Th + d 

1.8 x lo-' 

1.1 x 10" 

1.7 x 10-5 
1.1 x 10-5 

2.4 x 10-9 
1.3 x 10-5 
1.6 x 10" 
3.8 x lo" 

7.6 x 10" 
8.2 x 10" 

2.2 x 10-7 

1.2 x 10-5 

1.7 x 10-5 

1.0 x lo-' 

2.0 x 10" 
1.9 x 10" 

Annual dose 
(rem/year per pCi/m3) 

Nuclide" 

u2Thb 
231pac 

232U + d 
235U + d 
238U -k d 

23'Np + d 
244Pu + d 
241Am 
242mAm + d 

243Am + d 

243Cm 

245Cm 
247Cm + d 
249Cf 
2s1Cf 

- 
2.2 x 10-7 
1.0 x 10-5 

9.6 x 10-7 
1.5 x 10-7 
1.3 x 10" 
2.2 x 10" 
5.4 x lo4 
8.2 x lo4 

1.1 x 10" 

7.0 x 10-7 

4.2 x 10-7 

2.1 x lo4 
2.2 x lo" 

6.4 x 10-7 

""+ d" with some entries denotes shorter-lived decay products that are assumed to be in 
secular equilibrium with parent radionuclide; see Table G. 1 for decay products and branching 
fractions. 

'Possible contributions to dose from "'Ra decay product are not included. 
'Possible contributions to dose from 227Ac decay product are not included. 
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Table G.21. Annual effective dose equivalents to inadvertent intruders from 
external exposure during indoor residence per unit concentration of 

radionuclides in disposal units for agriculture scenario 

Annual dose 
(rem/year per pCi/m3) 

Nuclide" 

26A1 
40K 
6oco 

%Nb 
1 2 l m s n  

+ d 
1291 

137Cs + d 

1 5 2 E ~  

1 5 4 E ~  
'"Eu 
2 0 7 ~ i  

226Ra + d 

=*Ra + d 

227A~ + d 
229Th + d 

3.9 x 10-3 

3.5 x 10-3 

2.1 x 10-3 

4.2 x 10-7 

2.6 x 10-3 

2.3 x lo-" 

2.8 x lo4 
7.4 x lo-" 
1.5 x 10-3 

1.7 x 10-3 
3.9 x 10-5 
2.1 x 10-3 

2.4 x 10-3 

3.5 x 10-3 
3.7 x IO-" 
3.5 x lo+ 

Annual dose 
(redyear per pCi/m3) 

Nuclide" 

2 3 2 n b  

231pac 

232u + d 
235U + d 
238U + d 

237Np + d 

244Pu + d 
"'Am 
242mAm + d 

243Am + d 
243Cm 
245 Cm 
?47Cm + d 

249Cf 
251Cf 

- 
4.2 x lo-' 
2.2 x 10-3 

2.9 x 10-5 

1.6 x lo-' 

2.4 x lo-' 
4.6 x IO4 

9.5 x io4 
1.5 x io-' 
2.0 x lo4 
1.3 x 10' 

7.4 x 10' 

4.0 10' 

4.2 * 10' 
1.2 x io4 

a"+ d" with some entries denotes shorter-lived decay products that are assumed to be in 
secular equilibrium with parent radionuclide; see Table G.l for decay products and branching 
fractions. 

'Possible contributions to dose from 228Ra decay product are not included. 
Tossible contributions to dose from 227Ac decay product are not included. 

Inhalation Pathways. Inhalation exposure of inadvertent intruders is assumed to occur 
while working in the vegetable garden containing contaminated soil and while residing in the home 
on top of disposed waste. For either exposure pathway, the annual committed effective dose 
equivalent (rem per year) from inhalation of radionuclide i suspended into air (a) in particulate form 
is given by 

(G.16) 
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C, = concentration of radionuclide i in air (pCi/m3), 
f, 
U, = annual air intake (m3/year), 
0, 

= fraction of the year during which inhalation exposure occurs, 

dose conversion factor for inhalation of radionuclide i (rem/pCi inhaled). = 

Concentrations of suspended radionuclides in particulate form in air are estimated using a 
mass-loading model (Anspaugh et al. 1975), which is based on observations of airborne 
concentrations of naturally occurring materials, such as uranium and thorium, relative to their 
concentrations in surface soil. In a mass-loading model, airborne concentrations of radionuclides are 
given by 

(G. 17) 

where 

Cis = concentration of radionuclide i in surface soil (pCi/m3), 
Lo = atmospheric mass loading of surface soil (kg/m3), 
p, = density of soil (kg/m3). 

This model is applied to all radionuclides except isotopes of radon and their short-lived decay 
products. The model for estimating inhalation dose due to radon released from contaminated soil or 
disposal units is described later in this section. 

For inhalation exposure while working in the vegetable garden, the concentration of 
radionuclide i in soil again is given by 

(G.1.8) 

where 

C,, 
A. 

= 
= 

concentration of radionuclide i in disposal units ( pCi/m3), 
dilution factor for mixing of materials exhumed from disposal units into soil in 
vegetable garden. 

In implementing the model, a dilution factor for mixing of materials exhumed from disposal units 
into native soil in the garden of 0.2, a density of soil of 1,400 kg/m3, and a fraction of the year during 
which exposure while working in the garden occurs of 0.01 (Le., about 100 Wyear) again are 
assumed, as in the model for external exposure while working in the garden described above. The 
annual air intake (breathing rate) is assumed to be 8,000 m3/year (NRC 1977). Finally, as described 
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below, the atmospheric mass loading of contaminated soil while working in the garden is assumed to 
be kg/m3. 

The assumed atmospheric mass loading of contaminated soil while working in the vegetable 
garden of lo-’ kg/m3 is somewhat greater than the average background dust loading for non-urban 
areas in the United States of about 4 x lo-* kg/m3 (Anspaugh et al. 1975). Furthermore, the assumed 
value is in good agreement with an average dust loading of 6 x 1 @ kg/m3 measured above two 
agricultural fields at the Savannah River Site (Shinn et al. 1982), where meteorological conditions 
and soil moisture levels should be similar to those on the ORR. The choice of an atmospheric mass 
loading for this exposure pathway is based primarily on these data, but it also takes into account the 
following considerations. 

of suspended soil well above average background levels. However, for the following reasons, the 
average concentration during all gardening activities probably would not be much greater than the 
average background level in the United States. First, the average background level of suspended soil 
originating from the ORR should be substantially lower than the average level in the United States, 
due to the high annual precipitation, extensive vegetation, and low average wind speed at the site. 
Second, at any location, airborne concentrations of suspended soil consist of material originating 
from a wide area, not just from the location where inhalation exposures occur. Finally, the model 
assumes that all suspended soil particles are respirable. However, particularly during more vigorous 
gardening activities that could result in unusually high atmospheric mass loadings, some particles are 
likely to be too large to be respirable. 

1 0-7 kg/m3 to represent the average atmospheric mass loading during gardening activities on the ORR 
appears to be a reasonable assumption for this highly uncertain parameter. 

Table G.22. The annual dose per unit concentration of a radionuclide in exhumed waste in a disposal 
unit at the time intrusion occurs is based on the model and parameter values described above and the 
inhalation dose conversion factors given in Table G.3. Again, the results for isotopes of radon are 
estimated using a model described later in this section. 

For inhalation exposures while residing in the home, the airborne concentration of 
radionuclide i is given by 

Some gardening activities (e.g., hoeing or tilling) should increase atmospheric concentrations 

Taking the available data and the other factors described above into account, the choice of 

The model for estimating inhalation dose while working in the garden is summarized in 

where 

C,, = concentration of radionuclide i in disposal units (pCi/m3), 
Lu = mass loading of soil in the atmosphere (kg/m3), 
p, = density of soil (kg/m3). 

(G.19) 
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Table G.22. Annual effective dose equivalents to inadvertent intruders from 
inhalation exposure while working in vegetable garden per unit concentration of 

radionuclides in disposal units for agriculture scenario" 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

3H 
"Be 

I4C 

26A1 
36c1 

40K 
41Ca 

6oco 
'%i 
6jNi 

79Se 
87Rb 
'OSr + d 
9 3 ~  

93mNb 
94Nb 

"Tc 
lo7Pd 
113mCd 
121msn  

I2%n + d 
1291 

1 2 5 ~ ~  

1.1 x 10-13 

3.9 x lO-'O 

2.5 x 

8.8 x lo-11 

2.4 x lo-" 
1.3 x lo-'' 
1.4 x 1 0-l2 

2.4 x lo-'' 
1.4 x 1 0-l2 
3.4 x 10-I2 
7.2 x 

3.5 x 

2.8 x 

3.5 x 10-'O 

3.2 x lo-" 

4.5 x 10-l0 

1.1 x 10-l2 

1.3 x lo-'' 
1.7 x 10-~ 
1.3 x lo-" 

1.1 x lo-'' 
1.9 x lo-'' 

5.1 x 

Annual dose 
(redyear per @m3) 

Nuclideb 

137cs 
"'Sm 

1 5 2 E ~  
Is4Eu 
IssEu 
1940~  

2 0 7 ~ i  

'loPb + d 
226Rad e 

v2Rn 

uORn 
22XRa + de 

227Ac 
229Th 
2 3 0 n  

232Tnf 

ulPag 
232u + d' 

2 2 0 a  

2 3 3 u  

2 3 4 u  

2 3 5 u  

236u  

3.5 x lo-" 
3.3 x lo-" 
2.4 x lo-'' 

3.2 x lo-'' 
4.5 x lo-11 
7.4 x 10-l0 

2.2 x 10-l1 
2.5 x lo4 
9.5 x 10-9 

3.7 x 10-7 

1.3 x IO4 

2.1 x lo-' 
7.4 x 10" 
1.9 x 10" 

1.3 x 10" 

1.4 x 10" 

1.1 x 10" 

2.1 x 10-5 

1.5 x 10-7 
1.4 x 10-7 
1.3 x 10-7 
1.4 x 10-7 

2.9 x 10-7 
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Table G.22 
Annual dose 

(rem/year per pCi/m3) 
Nuclideb 

2 3 8 u  

237Np 
238Pu 
239Pu 
240Pu 
24 Pu 
242Pu 
244Pu 
241Am 
242mAm + dh 

1.3 x 10-7 

5.9 x 10-7 
4.3 x 10-7 
4.7 x 10-7 

4.7 x 10-7 

9.1 x 

4.5 x 10-7 

4.4 x 

4.8 x 10-7 
4.9 x 10-7 

continued)" 

Annual dose 
(rem/year per pCi/m3) Nuclideb 

243Am 

243Cm 
'*Cm 

245 Cm 
246Cm 
247Cm 
248Cm 
249Cf 
250Cf 

25 Cf 

4.8 x 10-7 

3.4 x 10-7 

2.8 x 10-7 
5.1 x 10-7 
5.0 x 10-7 
4.5 x 10-7 

6.4 x 10-7 
2.9 x 10-7 

6.5 x 10-7 

1.9 x lod 

Values give 50-year committed effective dose equivalents fiom one-year intake of 

h"+ d" with some entries denotes shorter-lived decay products that are assumed to be 
air. 

in secular equilibrium with parent radionuclide; see Table G.l for decay products and 
branching fractions. 

'Possible contributions to dose fiom 93'"Nb decay product are not included. 
4ossible contributions to dose from 210Pb decay product are not included. 
'Contribution to dose fiom radon decay product is listed separately. 
fPossible contributions to dose fiom decay product are not included. 
Tossible contributions to dose from 2 2 7 A ~  decay product are not included. 
hPossible contributions to dose from 238Pu decay product are not included. 

In implementing the model, a density of soil of 1,400 kg/d, a fraction of the year during which 
exposure in the home occurs of 0.5 (Le., about 4,000 Myear), and an annual-air intake of 8,000 
m3/year again are assumed, as in the models for other exposure pathways. The atmospheric mass 
loading of contaminated soil at the location of the home on top of disposal units is assumed to be 1 O4 
kg/m3, which is approximately one-fourth of the average dust loading in the United States (Anspaugh 
et a]. 1975). The assumed atmospheric mass loading is based on the following considerations. 

From the previous discussion of the atmospheric mass loading of contaminated soil while 
working in the vegetable garden, it seems unreasonable to assume that the mass loading of largely 
undisturbed surface soil on the ORR during indoor residence would be as high as the average dust 
loading in the United States. The assumption that the average mass loading at the disposal site is 
one-fourth of the average background level in the United States is intended to take into account the 
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abundant precipitation, extensive vegetation, and low average wind speed at the disposal site, as well 
as the presence of uncontaminated soil suspended from other locations. In addition, the model for 
inhalation exposure indoors does not reflect the possibility that indoor concentrations of suspended 
soil particles may be somewhat less than the concentrations outdoors (e.g., due to filtering of air by 
doors and windows). 

The model for estimating inhalation dose during indoor residence is summarized in 
Table G.23. For all radionuclides except isotopes of radon, the annual dose per unit concentration in 
disposal units at the time intrusion occurs is based on the model and parameter values described 
above and the inhalation dose conversion factors given in Table 6 3 .  The results for radon are 
estimated using the model described below. 

In this analysis, doses from inhalation of isotopes of radon and their short-lived decay 
products (1) while working in the vegetable garden containing contaminated soil or (2) while 
residing in a home on top of exposed waste in disposal units are estimated using a natural analog 
model. Specifically, known average doses from indoor and outdoor exposure to 222Rn and 220Rn, 
which result from known average concentrations of their respective long-lived parent radionuclides 
226Ra and 232Th in surface soil, are used to estimate doses from the radon isotopes per unit 
concentration of the parent radionuclides in disposed waste for the inhalation pathways of concern 
for the agriculture scenario. The analysis based on the natural analog model proceeds as follows. 

The National Council on Radiation Protection and Measurements ( N O  1987) has 
estimated that the average effective dose equivalent from exposure to radon in the United States is 
about 0.2 rem per year. This estimate applies only to exposure to 222Rn and its short-lived decay 
products in homes and, furthermore, assumes continuous residence indoors (NCRP 1987). The 
estimated dose from 222Fb indoors results from an average concentration of the parent radionuclide: 
226Ra in surface soil of about 0.6 pCi/g (NCRP 1984), which, for an average bulk density of soil of 
1.4 g/cm3 (Baes and Sharp 1983), corresponds to a concentration of 0.84 pCi/m3. Therefore, for 
continuous residence indoors, the annual effective dose equivalent from exposure to 222Rn and its 
short-lived decay products per unit concentration of 226Ra in surface soil is estimated as 

222Rn, continuous residence indoors - 

(0.2 rem/year)/(0.84 pCi/m3) = 0.24 rem/year per pCi/m3. 

For application to the agriculture scenario, the average dose from "Rn during continuous 
residence indoors can be used to estimate the dose from inhalation during indoor residence in a home 
on top of exposed waste in disposal units containing 226Ra by taking into account the fraction of the 
year during which residence in the home at the disposal site occurs. As described previously, this 
factor is assumed to be 0.5. Therefore, for inhalation exposure while residing in a home on top of 
exposed waste in disposal units, the annual effective dose equivalent from 222Rn and its short-lived 
decay products per unit concentration of U6Ra in the disposal units is estimated as 
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222Rn, indoor residence in agriculture scenario - 

(0.24 rem/year per pCi/m3)(0.5) = 0.12 redyear per pCi/m3. 

This dose estimate is given in Table G.23. 

Table 6.23. Annual effective dose equivalents to inadvertent intruders from 
inhalation exposure during indoor residence per unit concentration of 

radionuclides in disposal units for agriculture scenario" 

Annual dose 
(redyear per pCi/m3) 

Nuclideb 

3H 
"Be 

l4c 
26Al 
36c1 

40K 
41Ca 

T o  
'Wi 
63Ni 
79Se 
87Rb 
90Sr + d 

93zf 
93mm 

94Nb 
%Tc 

Io7Pd 

2.8 x 

1.0 x lo-* 

6.1 x lo-" 
2.3 x 10-9 
6.4 x lo-'' 
3.5 x IO-'' 
3.8 x lo-'' 

6.4 x 10-9 
3.8 x lo-'' 
9.0 x lo-" 

1.9 x 10-'O 

9.3 x 10-I' 
7.3 x 10-9 

9.3 x 10-9 
8.4 x lo-'' 
1.2 x lo4 
2.9 x lo-" 
3.5 x 10-1° 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

137cs 
"'Sm 

Is2Eu 
'54Eu 

"'Eu 
1940~  

2 0 7 ~ i  

'I'Pb + d 
2 2 6 ~ ~ d , e  

2 2 2 h  

2 2 8 b  + 8 

9.3 x 10-'O 
8.7 x lo-'' 
6.4 x 10-9 

8.4 x 10-9 
1.2 x 10-9 
1.9 x lo4 
5.8 x lo-'' 

6.7 x 10-7 
2.5 x 10-~ 
1.2 x lo-' 

9.9 x IO4 
1.0 x lo-2 
1.9 x lo4 

7.5 x lod 

4.9 x 10-5 

3.5 x 10-5 
3.8 x 10-5 

2.9 x 10-5 
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Table G.23 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

l l 3 m c . j  4.4 x 

3.5 x 10-l0 121msn 

12'Sn + d 2.9 x 10-9 
4.9 x 10-9 1291 

l 3 T S  1.3 x 10-l0 

3.5 x lo6 2 3 8 ~  

237Np 1.6 x 10-5 
238Pu 1.1 x 10-5 
239Pu 1.2 x 10-5 
240Pu 1.2 x 10-5 

241Pu 2.4 x 10-7 
242Pu 1.2 x 10-5 
244Pu 1.2 x 10-5 

"'Am 1.3 x 10-5 
242mAm + df  1.3 x 10-5 

:ontinued)" 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

2 2 0 h  

2 3 3 u  

2 3 4 u  

235u 

236u 

243Am 

243 Cm 
244Cm 

245 Cm 
246Cm 
247Cm 
'&Cm 
249Cf 
=OCf 
251Cf 

1.0 x 

4.1 x lo6 

3.8 x lod 
3.5 x IO6 

3.8 x IO6 
1.3 x 10-5 

9.0 x IO4 
7.3 x IO4 

1.3 x 10-5 

1.3 x 10-5 
1.2 x 10-5 
4.9 x 10-5 
1.7 x IO-' 

7.5 x lo6 

1.7 x 10-5 

"Values give 50-year committed effective dose equivalents fiom one-year intake of 

"'I+ d" with some entries denotes shorter-lived decay products that are assumed to be 
air. 

in secular equilibrium with parent radionuclide; see Table G.l for decay products and 
branching hctions. 

"Possible contributions to dose from 93mNb decay product are not included. 
qossible contributions to dose from "'Pb decay product are not included. 
"Contribution to dose from radon decay product is listed separately. 
Qossible contributions to dose from 22sRa decay product are not included. 
!Possible contributions to dose from ='Ac decay product are not included. 
hPossible contributions to dose from 238Pu decay product are not included. 

The agriculture scenario also considers inhalation doses while working in a vegetable garden 
containing contaminated soil. The inhalation dose from 222Rn while working in the vegetable garden 
contaminated with 226Ra is estimated as follows. The United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR 1988) has estimated that, for continuous exposure, the 
average effective dose equivalent from outdoor 222Rn would be about 28% of the average dose from 

G-56 



Dose Analysis 

indoor 222Rn. Therefore, for continuous exposure outdoors, the annual effective dose equivalent from 
222Rn and its short-lived decay products per unit concentration of 226Ra in surface soil is estimated 
from the previous result for continuous indoor residence as: 

222Rn, continuous exposure outdoors - 

(0.24 remiyear per pCi/m3)(0.28) = 0.067 rem/year per pCi/m3. 

The dose from during continuous exposure outdoors can be used to estimate the dose 
from inhalation while working in the vegetable garden containing 226Ra by applying two corrections. 
The first is the fraction of the year that an intruder spends working in the garden, which is assumed to 
be 0.01. The second is the dilution factor for mixing of radionuclides in exhumed waste materials 
from disposal units into soil in the garden, which is assumed to be 0.2. Therefore, for inhalation 
exposure while working in the vegetable garden, the annual effective dose equivalent fiom 222Rn and 
its short-lived decay products per unit concentration of "'Ra in exhumed waste is estimated as: 

' 222Rn, exposure in vegetable garden in agriculture scenario - 

(0.067 rem/year per pCi/m3)(0.0 1)(0.2) = 1.3 x IO4 rem/year per pCi/m3 

This dose estimate is given in Table G.22. 

indoor residence and while working in the vegetable garden are obtained from the data on average 
doses fiom indoor and outdoor exposure to u2Rn presented above and the following information. 
First, for continuous residence, the average dose from indoor 220Rn is estimated to be about 14% of 
the average dose from indoor u2Rn, and the average dose from outdoor 
26% of the average dose from outdoor "*Rn (UNSCEAR 1988). Second, the estimated doses from 
220Rn result from an average concentration of the long-lived parent radionuclide u2Th in surface soil 
of about 1 pCi/g (NCRP 1984), which, for an average bulk density of soil of 1.4 g/cm3 (Baes and 
Sharp 1983), corresponds to a concentration of 1.4 pCi/m3. 

Using the data on doses from 222Rn for continuous residence indoors and outdoors presented 
previously, the data on doses from 220Rn relative to the doses from 222Rn and the average 
concentration of 232Th in surface soil, which also applies to 228Ra, given above, and the assumptions 
in the agriculture scenario for the indoor residence time, the residence time while working in the 
vegetable garden, and the dilution factor for mixing of exhumed waste materials in garden soil, the 
following dose estimates for '"Rn are obtained. For inhalation exposure while residing in a home on 
top of exposed waste in disposal units, the annual effective dose equivalent from 220Fb and its short- 
lived decay products per unit concentration of u2Th in the disposal units is estimated as: 

The dose estimates for inhalation exposure to 220Rn and its short-lived decay products during 

is estimated to be about 
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220Rn, indoor residence in agriculture scenario - 

(0.2 rem/year)(O.14)(0.5)/(1.4 pci/m3) = 0.010 rem/year per pCi/m3. 

This dose estimate is given in Table G.23. For inhalation exposure while working in the vegetable 
garden, the annual effective dose equivalent from vORn and its short-lived decay products per unit. 
concentration of 232Th in exhumed waste is estimated as: 

220Rn, exposure in vegetable garden in agriculture scenario - 

(0.2 rem/year)(O.28)(0.26)(0.01)(0.2)/(1.4 pCi/m3) = 2.1 x 10” redyear per pCi/m3. 

This dose estimate is given in Table G.22. The dose estimates for ’”Rn during indoor residence and 
while working in the vegetable garden given above also apply to uORn produced in the decay of 232U. 

intruder from all exposure pathways per unit concentration of radionuclides in disposal units at the 
time intrusion is assumed to occur are summarized in Table G.24. As described below, the total dose 
from all exposure pathways involving contaminated soil in the vegetable garden is presented 
separately from the total dose from all exposure pathways involving residence on top of exposed 
waste in the disposal units. 

The different exposure pathways assumed in the agriculture scenario can be divided into 
those involving exposure to contaminated soil in the intruder’s vegetable garden (i.e., vegetable, soil 
ingestion, external exposure, and inhalation pathways) and those involving exposure to waste during 
indoor residence on top of exposed waste in the disposal units (i.e., external exposure and inhalation 
pathways). Calculating the total dose as the sum of the doses from all exposure pathways would be 
appropriate only if the ratio of the volume of radioactive waste to the volume of uncontaminated 
waste materials that is excavated from the disposal units and mixed with native soil in the vegetable 
garden is the same as the ratio of the volume of radioactive waste to the volume of uncontaminated 
waste materials in the exposed disposal units themselves. However, most disposal units are 
constructed with thick covers of uncontaminated material, and the fraction of the volume of 
excavated material that contains radioactive waste would be substantially less than the corresponding 
fraction of the volume of exposed waste materials remaining in the disposal units after excavation. 
Therefore, for the agriculture scenario, it is appropriate to separate the dose per unit concentration for 
the vegetable, soil ingestion, external exposure, and inhalation pathways due to exposure to 
contaminated soil in the vegetable garden given in Table G. 18, G. 19, G.20, and G.22, respectively, 
from the dose for the external exposure and inhalation pathways during indoor residence on top of‘ 
disposal units given in Tables G.21 and G.23, respectively. 

All Exposure Pathways. For the agriculture scenario, the annual doses to an inadvertent 
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Table 6.24. Annual effective dose equivalents to inadvertent intruders from 
all exposure pathways per unit concentration of radionuclides 

in disposal units for agriculture scenario" 

Nuclideb 

Annual dose 
(remiyear per pCi/m3) 

Garden 
pathways' 

Residence 
pathways" 

3H 
"Be 
I4C 
26A1 
36c1 

40K 
41Ca 

Y o  
59Ni 
63Ni 
79Se 

87Rb 
"Sr + d 
93Zf 

93mNb 
%Nb 
%Tc 
Io7Pd 
Il3mCd 
121111s~ 

4.0 x lod 

6.5 x lo-' 
1.5 x 10-5 
1.8 x 10-5 
1.2 x 10-3 
6.0 x 10-5 

1.8 x 10-5 

2.0 x 10-7 

2.5 x 10" 

7.2 x 10" 

1.2 x 10" 
1.9 x 10" 
2.0 x lo4 
1.4 x lo4 

1.8 x lo-* 
1.1 x 10-5 

1.3 x 10-5 
3.4 x lo4 
1.4 x lo4 
6.5 x lo-' 

2.8 x 10-l2 
1.0 x 

6.1 x lo-" 

3.9 x 10-3 
6.4 x lo-'' 

2.3 x lo4 

3.8 x lo-'' 
3.5 x 10-3 
3.8 x lo-" 
9.0 x lo-" 
1.9 x 10-'O 

9.3 x lo-" 
7.3 x 10-9 
9.3 x 10-9 

2.1 x 10-3 
8.4 x lo-'' 

2.9 x lo-'' 
3.5 x lO-'O 

4.4 x lo4 
4.2 x 10-7 

Nuclideb 

Annual dose 
(redyear per pCi/m3) 

Garden 
pathways' 

Residence 
pathwaysd 

'*%n + d 
1291 

135cs 
137Cs + d 

"'Sm 

152E~ 
'"Eu 
lS5Eu 

207~i 

"'Pb + d 
zz6Ra + @ 

2 2 2 h  

'%Ra + dg 
uoRn 

227A~ + d 
2zgTh + d 

232Thh 
231pai 

1.4 x 10-5 
8.2 x 10-5 

1.3 x 10-5 

1.2 x 10" 

1.1 x lo4 

7.8 x 10" 
8.5 x 10" 

2.6 x 10-7 
2.7 x 10-7 
1.0 x 10-5 

3.0 x 10-5 

4.6 x 10-5 

2.1 x 10-5 

3.0 x 10-5 

1.7 x 10-5 

7.6 x 10" 

3.1 x lo4 

1.3 x lo4 

1.2 x lo+ 

3.5 x lo4 

2.6 x 10-3 
2.8 x 10" 
1.3 x lO-'O 
7.4 x 10" 

8.7 x lo-'' 

1.5 x 1-04 
1.7 x 103 
3.9 x 10-5 

1.9 x IO4 
2.1 x 10-3 
6.7 x 10-7 
2.4 x 10-3 

3.5 x 10-3 
1.2 x lo-' 

1.0 x 

5.6 x 10" 

4.0 x lo4 

7.5 x 10" 
3.5 x 10-5 

8.0 x 10-5 
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Table 6.24. t' 

Annual dose 
(redyear per pCi/m3) 

Garden Residence 
pathways' pathways" 

Nuclideb 

u2U + dg 

233u 
2 3 4 u  

235U + d 

u6U 
238U + d 

237Np + d 

238Pu 
239Pu 
"OPU 

241Pu 
242Pu 

5.7 x 105 

2.1 x 10-5 

8.1 x 10" 

7.8 x 10" 

8.5 x 10" 

7.5 x lo4 
7.2 x 10" 

2.7 x lo4 
1.8 x 10-5 

2.0 x 10-5 

2.0 x 10-5 

3.9 x 10-7 

1.9 x 10-5 

2.2 x 10-3 

1.0 x 

4.1 x 10" 

3.8 x 10" 

1.6 x 10" 

3.8 x 10" 

3.3 x 10-5 

1.1 x 10-5 

1.2 x 10-5 

1.2 x 10-5 

2.4 x 10-7 

1.2 x 10-5 

2.6 x lo4 

ion timed)" 

Annual dose 
(remlyear per pCi/m3) 

Garden Residence 
pathwaysc pathways" 

- Nuclideb 

244Pu + d 
2 4 1 h  

242"Am + & 
2431\m + d 

243 Cm 
244Cm 
245Cm 

246Cm 
247Cm + d 
248Cm 
249Cf 
z°Cf 
z'Cf 

2.0 x 10-5 

2.5 x 10-5 

2.5 x 10-5 

2.6 x 10-5 

1.4 x lo-' 
1.1 x 10-5 

2.1 x 10-5 

2.1 x 10-5 

2.1 x 10-5 

7.7 x 10-5 

2.8 x 10-5 

1.1 x 10-5 

2.7 x 105 

4.7 x 10-4 

2.3 x 10-5 

2.8 x lo-' 
2.1 x 10-4 

1.4 x 10-4 

8.7 x 104 

7.3 x 10" 

1.3 x lo-' 
4.1 x lo4 
4.9 x 

4.4 x lo4 
7.5 x IOA5 
1.4 x 10"' 

"Assumed exposure pathways include vegetable, soil ingestion, external exposure, and inhalation 
exposure; effective dose equivalents per unit concentration in disposal units for these pathways are given in 
Tables G. 184.23. 

equilibrium with parent radionuclide; see Table G. 1 for decay products and branching fractions. 

vegetable, soil ingestion, external exposure, and inhalation pathways given in Tables G. 18, G. 19, G.20, 
and G.22, respectively. 

external exposure and inhalation pathways given in Tables G.21 and G.23, respectively. 

b''+ d" with some entries denotes shorter-lived decay products that are assumed to be in secular 

'Dose from exposure to radionuclides in contaminated soil in vegetable garden is sum of doses from 

"Dose from exposure to radionuclides during residence on top of disposal units is sum of doses from 

"Possible contributions to dose from 93"'Nb decay product are not included. 
fPossible contributions to dose from *'OPb decay product are not included. 
Xontribution to dose from radon decay product is listed separately. 
'Possible contributions to dose from =*Ra decay product are not included. 
'Possible contributions to dose from 227A~ decay product are not included. 
'Possible contributions to dose from usPu decay product are not included. 
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6.5.2.2 Resident Scenario 

In the resident scenario, an inadvertent intruder is assumed to construct a home on top of 
disposal units, as in the agriculture scenario described in the previous section. However, in digging 
the foundation for the home, an intruder is assumed to encounter an intact engineered barrier above 
the waste that cannot be penetrated by normal excavation procedures, and the intruder’s home is 
assumed to be constructed on top of the intact barrier, rather than on top of exposed waste as in the 
agriculture scenario. An intruder then is assumed to receive external exposure while residing in the 
home on top of the disposal units, but ingestion exposures and inhalation exposures to radionuclides 
in particulate form are precluded by the presence of an intact engineered barrier. Inhalation of radon 
and its short-lived decay products during indoor residence also is assumed to be mitigated by the 
presence of an intact engineered barrier above the waste. 

External exposure while residing in the home in the resident scenario is estimated using the 
model given in Eq. (G.15). As in the agriculture scenario described in the previous section, the 
fraction of the year during which external exposure in the home occurs is assumed to be 0.5, and the 
shielding factor for all photon-emitting radionuclides during indoor residence is assumed to be 0.7. 
The dose conversion factor for each photon-emitting radionuclide is the external dose-equivalent rate 
per unit concentration in the disposal units taking into account the shielding provided by the source 
region and the engineered barrier on top of the disposal units. For most of the disposal units in 
SWSA 6 constructed with engineered barriers, the intact barrier on top of the disposal units is 
assumed to provide shielding equivalent to a layer of soil 30 cm thick. 

The annual dose per unit concentration of a radionuclide in the disposal units at the time intrusion 
occurs is obtained from the assumed exposure time and shielding factor during indoor residence 
given above and the external dose-rate conversion factors for “30-cm shielding” given in Table G.6. 

The model for estimating external dose in the resident scenario is summarized in Table G.25. 

G.5.2.3 Discovery Scenario 

In the discovery scenario, an inadvertent intruder is assumed to encounter an intact and 
impenetrable engineered barrier in disposal units while digging a foundation for a home, as in the 
resident scenario described in the previous section. However, the discovery scenario differs from the 
resident scenario in two respects. First, an intruder is assumed to receive an external exposure only 
for a short period of time while attempting to excavate at the disposal site, but the intruder does not 
construct a home at the location of the disposal units. Second, an intruder is assumed to receive 
external exposure while working at the side of disposal units, rather than on top. Thus, the discovery 
scenario is appropriate for disposal units in which the engineered barrier is thinner at the sides than at 
the top. As in the resident scenario, ingestion exposures and inhalation exposures to radionuclides in 
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Table 6.25. Annual effective dose equivalents to inadvertent intruders per unit 
concentration of radionuclides in disposal units for resident scenario" 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

26A1 
40K 

6oco 

"Nb 
Iz6Sn + d 

13?Cs + d 
"'ELI 
154E~ 
"'Eu 
2 0 7 ~ i  

226Ra + d 
228Ra + d 

227A~ + d 
229Th + d 

3.3 x lo4 

2.1 x 10-5 

2.9 x lo4 
1.1 x lo4 

1.1 x lo4 
3.2 x 10-5 
9.8 x 10-5 

1.1 x lo4 
2.0 x 

1.2 x lo4 

1.9 x lo4 
3.0 x lo4 
6.7 x lo6 
1.1 x 10-5 

Annual dose 
(rem/year per $Urn3) Nuclide' 

232mc 

231pad 

232U + d 

='U + d 
238U + d 

237Np + d 
'&Pu + d 
242mAm + d 

243Am + d 
243Cm 
245Cm 
247Cm + d 
249Cf 
251Cf 

- 
4.6 x lo-? 

2.3 x lo4 

5.6 x 10-7 
1.2 x lo" 

3.5 x lo4 
2.1 x 10-5 
2.5 x 10-7 

7.7 x 10-7 
1.1 x 10" 

9.8 x lo4 
8.4 x 10" 

8.1 x lo6 
3.9 x 10-7 

"Values give effective dose equivalent per unit concentration of radionuclides in 
disposal units from one-year external exposure during indoor residence on top of waste 
covered with intact engineered barriers with a thickness of 30 cm. 

in secular equilibrium with parent radionuclide; see Table G.l for decay products and 
branching fractions. 

'"+ d" with some entries denotes shorter-lived decay products that are assumed to be 

'Possible contributions to dose from 228Ra decay product are not included. 
JPossible contributions to dose from ='Ac decay product are not included. 

~ 
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particulate form are precluded by the intact engineered barrier, and inhalation of radon and its short- 
lived decay products is assumed to be mitigated by the presence of an intact engineered barrier 
between the waste and the receptor location. 

using the model given in Eq. (G. 13). The only parameters in the model are the time during which 
external exposure while excavating at the site occurs and the amount of shielding provided by the 
engineered barrier at the side of the disposal units. 

The choice of an exposure time for the discovery scenario is rather subjective. The time 
spent excavating at the disposal site probably would be at least 10 h (i-e., about 0.1% of the time 
during a year), but seems unlikely to exceed 100 h (about 1 % of the time during a year) before an 
intruder would decide to abandon digging at the site and move elsewhere. An exposure time of 100 
hours during a year is assumed for this analysis, which should provide a prudently conservative 
estimate of dose. 

For the different types of disposal units in SWSA 6 constructed with engineered barriers, the 
intact barrier at the sides of the disposal units is assumed to provide shielding equivalent to a layer of 
soil of thickness either 15 or 30 cm. However, doses for the discovery scenario need to be estimated 
only for disposal units with shielding at the sides equivaIent to 15 cm of soil. For disposaI units with 
thicker walls, the thickness of the engineered barrier at the top and sides would be the same, and the 
dose from the resident scenario, which assumes exposure for 50% of the time during the year, would 
always be much greater than the dose from the discovery scenario, which assumes exposure only for 
about 1 % of the time during a year. 

The model for estimating external dose in the discovery scenario is summarized in 
Table G.26. The annual dose per unit concentration of a radionuclide in the disposal units at the time 
intrusion occurs is obtained from the assumed exposure time given above and the external dose-rate 
conversion factors for “1 5-cm shielding” given in Table G.6. 

External exposure while digging next to disposal units in the discovery scenario is estimated 

G.5.2.4 Post-Drilling Scenario 

In the post-drilling scenario, an inadvertent intruder is assumed to drill through a disposal 
unit (e.g., for the purpose of constructing a well for a domestic water supply), and the entire amount 
of drilling waste is assumed to be mixed with native soil in the intruder’s vegetable garden. The 
pathways for chronic exposure assumed for this scenario then include (1) ingestion of vegetables 
grown in the contaminated garden soil, (2) direct ingestion of contaminated soil in conjunction with 
vegetable intakes, (3) external exposure to contaminated soil while working in the garden, and 
(4) inhalation of suspended activity while working in the garden. 

The exposure pathways for the post-drilling scenario are conceptually the same as the 
corresponding four pathways for the agriculture scenario described in Sect. G.5.2.1. However, 
external and inhalation exposures during indoor residence do not occur in the post-drilling scenario, 
because all exhumed waste is assumed to be mixed with native soil in the vegetable garden and the 
intruder’s home is not located on top of any disposal units. Therefore, the models given by 
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Table 6.26. Effective dose equivalents to inadvertent intruders per unit 
concentration of radionuclides in d 

Dose 
(rem per pCi/rn3) 

Nuclideb 

26A1 

40K 
6oco 

"Nb 
Iz6Sn + d 

137Cs + d 
'"Eu 

lS4Eu 
"'Eu 
2 0 7 ~  i 

226Ra + d 
usRa + d 

='Ac + d 
2 2 9 ~  + d 
232ThC 

3.0 x 10-5 

1.9 x IO4 
2.9 x IO-' 
1.4 x 10-5 

1.5 x 10-5 

1.1 x 10-5 

1.2 x 10-5 

1.4 x 10-~ 

1.8 x 10-5 
2.7 x 10-5 

4.5 x IO4 

2.0 x lo4 

1.3 x 10" 

1.5 x IO" 
- 

posal units for discovery scenariou 

Dose 
(rem per pCi/m') 

Nuclide' 

9 a d  

2321J + d 

2351J + d 
238U + d 

237Np + d 
2Q4Pu + d 

241Am 

242mAm + d 

243Am + d 

243Cm 
245Cm 

1.1 x 10-7 

2.5 x 10-7 

1.4 x 

8.1 x io-' 

1.8 x IO-' 

2.7 x IOd 
3.6 x IO-'' 
3.4 x IO-' 

3.4 x lo-' 
2.5 x IO-' 
5.6 x lo"  

247Cm + d 1.7 * I O 4  
249Cf 1.7 x 10' 
251Cf 1.6 x IO-. 

Values give effective dose equivalent per unit concentration of radionuclides m 
disposal units from external exposure for about 100 h next to waste shielded by intact 
engineered barriers of thickness 15 cm. 

in secular equilibrium with parent radionuclide; see Table G. 1 for decay products and 
branching fractions. 

b'l+ d" with some entries denotes shorter-lived decay products that are assumed to be , 

'Possible contributions to dose from "*Ra decay product are not included. 
dPossible contributions to dose fi-om u7Ac decay product are not included. 
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Eqs. (G.9) and (G.lO) for the vegetable pathway, Eqs. (G.ll) and (G.12) for the soil ingestion 
pathway, Eqs. (G.13) and (G.14) for external exposure while working in the garden, and Eqs. (G.16), 
(G. 17), and (G. 18) for inhalation exposure while working in the garden, as well as the natural analog 
model for estimating inhalation dose from exposure to radon and its short-lived decay products while 
working in the garden, also apply to the post-drilling scenario. 

In implementing the exposure pathway models for the post-drilling scenario, most of the 
parameter values are the same as the values assumed for the agriculture scenario. The one exception 
is the dilution factor for mixing of exhumed materials from a disposal unit with native soil in the 
vegetable garden, which is denoted byx. For all exposure pathways in the post-drilling scenario, the 
dose per unit concentration of a radionuclide in a disposal unit is directly proportional to this dilution 
factor. 

soil in the vegetable garden, the dilution factor for mixing of drilling waste in garden soil is given by 
the ratio of the volume of waste exhumed by drilling to the volume of soil into which the waste is 
mixed. These two volumes are estimated as follows. 

the thickness of buried waste in disposal units and the diameter of a well. For the different types of 
disposal units in SWSA 6 for which the post-drilling scenario would be relevant, the thickness of 
buried waste is about 2.4 m for Tumulus I and 11, about 3.6 m for the IWMF, and about 4.3 m or less 
for the different silos and wells. The post-drilling scenario is not relevant for the biological trenches, 
which are constructed without engineered barriers, because the agriculture scenario discussed 
previously would always result in the most restrictive limits on concentrations of radionuclides for 
disposal. Considering that some fraction of the thickness of waste in the various disposal units 
contains uncontaminated backfill material, a nominal thickness of radioactive waste of 4 m is 
assumed for all disposal units. This value should provide a conservative estimate of the actual 
thickness of radioactive waste in any units. The diameter of a well drilled through the waste then is 
assumed to be 0.15 m (Le., about 6 in.). This value should not underestimate the diameter of a well 
that would be established for domestic use on the disposal site. From the assumed thickness of 
buried waste and diameter of a well, the assumed volume of waste exhumed by drilling then is about 
0.07 m3. 

assumed to be about 200 m2 in area. A garden of this size should be sufficient to provide half of the 
entire yearly intake of vegetables by an intruder, as assumed in this analysis. The waste is assumed 
to be mixed to a depth of 0.15 m, which is a typical depth of a plowed layer in garden soil. 
Therefore, the volume of soil into which the waste exhumed from the disposal units is mixed is 
assumed to be about 30 m3. 

Therefore, from the estimated volume of contaminated drilling waste of 0.07 n? and the 
assumed volume into which this waste is mixed of 30 m3, the dilution factor&, assumed in the 
analysis for the post-drilling scenario is 0.002. This value is 1% of the corresponding dilution factor 
of 0.2 assumed in the agriculture scenario. This difference reflects the much smaller volume of 

With the assumption in the post-drilling scenario that all drilling waste is mixed with native 

The volume of radioactive waste that would be exhumed by drilling can be estimated from 

The intruder's vegetable garden into which a11 of the exhumed drilling waste is mixed is 
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waste that would be exhumed by drilling compared with the volume of material that would be 
exhumed in digging a foundation for a home. 

mixing of exhumed waste with native soil in the intruder's vegetable garden was assumed to be 0.02, 
which is a factor of 10 greater than the value derived above. In the previous analysis, the volume of 
contaminated material exhumed by drilling was assumed to be 0.5 rd. However, this volume, which 
was based on an estimate for a disposal site on the Hanford Reservation (Kennedy et al. 1983), 
clearly is much too large for disposal units in SWSA 6, which are limited in the thickness of buried 
waste by the shallow depth of the water table. The value of the dilution factor used in this analysis 
more properly reflects the site-specific thickness of buried waste. 

For the post-drilling scenario, the annual doses to an inadvertent intruder from all exposure 
pathways per unit concentration of radionuclides in disposal units at the time intrusion is assumed to 
occur, as obtained from the models and parameter values described above, are summarized in 
Table G.27. Based on the comparison of the waste dilution factors,f,, for the post-drilling and 
agriculture scenarios described above, and taking into account that exposure during indoor residence 
does not occur in the post-drilling scenario, the total dose for each radionuclide is 1% of the sum of 
the doses from the vegetable, soil ingestion, external exposure, and inhalation pathways for the 
agriculture scenario given in Tables G.18, G.19, G.20, and G.22, respectively (Le., 1% of the dose for 
the garden pathways in the agriculture scenario given in Table G.24). 

In the previous analysis of the post-drilling scenario ( O N  1994), the dilution factor for 

G.6 SUMMARY 

This appendix has presented the models and data bases used in estimating effective dose 
equivalents to off-site individuals resulting from exposure to radionuclides in contaminated 
groundwater or surface waters and to inadvertent intruders resulting from direct intrusion into waste 
disposal units in the SWSA 6 disposal facility. In each case, particular exposure scenarios and 
associated exposure pathways have been assumed. For each exposure pathway, simple models for 
estimating dose have been developed, and doses per unit concentration of radionuclides in water or in 
disposal units have been estimated on the basis of assumed parameter values for the particular 
pathway models. In the absence of site-specific data for most parameters in the models, the assumed 
parameter values were based on generic data available in the literature. 

exposure pathway have been added to obtain the total dose per unit concentration from all relevant 
pathways. The following summary tables give the total dose per unit concentration of radionuclides 
at the time intrusion is assumed to occur for the different exposure scenarios: 

For each exposure scenario, the doses per unit concentration of a radionuclide for each 

Table G. 15, exposure of off-site individuals to radionuclides in contaminated groundwater; 
Table G. 16, exposure of off-site individuals to radionuclides in contaminated surface waters; 

~ 
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Table 6.27. Annual effective dose equivalents to inadvertent intruders from 
all exposure pathways per unit concentration of radionuclides 

in disposal units for post-drilling scenario" 

Annual dose 
(rem/year per pCi/m3) 

Nuclideb 

3H 
"Be 

I4C 
26A1 
36c1 

40K 
41Ca 

6oco 
'N 
63Ni 

9 e  
87Rb 
wSr + d 
%Zf 
93mNb 
94Nb 
99Tc 
lo7Pd 
113mCd 
121msn 

I2%n + d 
1291 

l 3 T S  

4.0 x lo-' 
6.5 x lo-'' 
1.5 x io9 
1.8 x 10-7 
1.2 x 10-5 
6.0 x 10-7 

1.8 x 10-7 

2.0 x 10-9 

2.5 x lo-' 

7.2 X lo-'' 

1.2 x 10% 

1.9 x lo-' 

2.0 x 10" 
1.4 x lo-'' 

1.8 x lo-'' 
1.1 x 10-7 
1.3 x io-' 

3.4 x lo-" 

1.4 x IO4 
6.5 x lo-'' 

1.4 x IO-' 

8.2 x 10-7 
1.2 x IO4 

Annual dose 
(rem/year per @Urn3) 

Nuclideb 

I3'Cs + d 
'"Sm 
152Eu 
154Eu 
"'Eu 
'%os 
2 0 7 ~ i  

'lOPb + d 
u6Ra + dde 

"Rn 
228h + de 

220Rn 
227A~ + d 
229Th + d 
2 3 0 n  

u2Th' 
u'Pag 
232u + d" 

2 2 0 b  

233u 

134u 

"U + d 
1 3 6 ~  

1.3 x 10-7 
1.1 x lo-'' 
7.8 x lo4 

8.5 x 10% 
2.6 x 10-9 

2.7 x 10-9 
1.0 x 10-7 

3.0 x 10-7 

1.3 x 10" 
4.6 x 10-7 
2.1 x 10-7 
1.2 x 10" 

3.0 x 10-7 

1.7 x 10-7 
7.6 x 10-7 
5.7 x 10-~ 
2.1 x 10-7 

3.1 x 10" 

3.5 x lo4 

8.1 x lo-' 

7.8 x 10% 

8.5 x IO4 
7.5 x IO4 
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Annual dose 
(remiyear per pCi/m3) 

Nuclideb 

Table 6.27 (continued)" 

Nuclide' Annual dose 
(rem/year per pCi/m3) 

23sU + d 

237Np + d 

238Pu 

"9Pu 
24Opu 

241Pu 
242Pu 
2*Pu + d 

24'Am 
242mAm + dh 

7.2 x lo4 
2.7 x 10" 

1.8 x 10-7 

2.0 x 10-7 

2.0 x 10-7 

3.9 x 10-9 

1.9 x 10-7 

2.0 x 10-7 

2.5 x 10-7 

2.5 x 10-7 

243Am + d 
243 Cm 

'*Cm 

245Cm 
246Cm 

247Cm + d 
"*Cm 
249Cf 

250Cf 
25'Cf 

2.6 x 10-7 

1.4 x 10-7 

1.1 x 10-7 

2.1 x 10-7 

2.1 x 10-7 

2.1 x 10-7 

7.7 x 10-7 

2.8 x 10-7 

1.1 x 10-7 

2.7 x 10-7 

"Values are 1% of annual effective dose equivalents per unit concentration in disposal 

*'I+ d" with some entries denotes shorter-lived decay products that are assumed to be in 
units for garden pathways given in Table G.24. 

secular equilibrium with parent radionuclide; see Table G. 1 for decay products and branching 
fractions. 

'Possible contributions to dose from 93"'Nb decay product are not included. 
"Possible contributions to dose from "OPb decay product are not included. 
'Contribution to dose from radon decay product is listed separately. 
qossible contributions to dose from =*Ra decay product are not included. 
Tossible contributions to dose from 227A~ decay product are not included. 
hPossible contributions to dose from "'Pu decay product are not included. 

Table G.24, agriculture scenario for exposure of inadvertent intruders to radionuclides in 

Table G.25, resident scenario for exposure of inadvertent intruders to radionuclides in disposal 

Table G.26, discovery scenario for exposure of inadvertent intruders to radionuclides in disposal 

Table G.27, post-drilling scenario for exposure of inadvertent intruders to radionuclides in 

disposal units; 

units; 

units; and 

disposal units. 

In Table G. 16, separate results are given for releases to a small surface stream (i.e., White Oak 
Creek) or to a large river (Le., the Clinch River), because off-site individuals who use water from the 
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small surface stream for a domestic water supply are assumed to consume fish from the large river, 
rather than from the small stream. For assumed users of the small surface stream, the dose from the 
fish pathway would be based on the calculated concentrations of radionuclides in the large river and 
the doses per unit concentration for this pathway given in Table G.13. In Table G.24, separate 
results are given for the pathways in the agriculture scenario involving exposure to contaminated soil 
in the vegetable garden and exposure to waste in the disposal units during indoor residence, because 
the ratio of the volume of radioactive waste to the volume of uncontaminated waste materials that is 
excavated from the disposal units and mixed with native soil in the vegetable garden generally would 
not be the same as the ratio of the volume of radioactive waste to the volume of uncontaminated 
materials in the exposed disposal units, due to the layer of uncontaminated cover material on top of 
most disposal units. The summary results in Tables G.15 and G.25-G.27 give the total dose from all 
exposure pathways for each exposure scenario. 

parameters depend on the particular radionuclide or chemical element, whereas other parameters are 
the same for all radionuclides. The radionuclide- or element-specific parameter values are given in 
Tables G.2-G.6, G.8, G.9, G.12, and G.17. The parameter values that are independent of 
radionuclide are summarized in Table G.28. 

For the four scenarios involving direct intrusion into solid waste in disposal units, the 
radionuclide concentrations to which the doses are normaIized are the concentrations in the disposal 
units at the time intrusion is assumed to occur, rather than the concentrations at the time of disposal. 
The dose analyses for these scenarios presented in this appendix do not include any assumptions 
about the time after disposal at which intrusion occurs. Such assumptions are applied when the 
results of the intruder dose analyses are combined with the results of the performance assessments 
for the various types of disposal units, which yield predictions of the concentrations of radionuclides 
remaining in disposal units as a function of time after disposal. 

In the dose analysis for each exposure scenario and exposure pathway, some of the model 
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Table G.28. Summary of radionuclide-independent parameter values used 
in dose analyses for off-site individuals and inadvertent intruders 

Parameter description Symbol Parameter value 

Consumption of contaminated drinking water- 
humans" 
dairy cattle" 
beef cattle' 

Consumption of contaminated fishb 

Consumption of contaminated vegetables' 

Density of wateP 
Density of soil' 
Dilution factor for mixing of materials exhumed 

from disposal units with native soil in 
vegetable garden 

Consumption of contaminated soil' 
Exposure times- 

swimming 
working in garden' 
residing in homd 
excavating at disposal sit# 

Shielding factor for external exposure during 
indoor residencef 

Air intake (breathing rate>c 
Atmospheric mass loading of contaminated 

surface soil- 
working in garden' 
residing in home" 

730 L per year 
60 L per day 
50 L per day 

7 kg per year 

90 kg per year (fresh weight) 

1 k g n  
1,400 kg/m3 

0.037 kg per year 

1 YO per year 
1% per year 
50% per year 
100 h 

0.7 

8,000 m3/year 

lo-' kg/m3 
1 O4 kg/m3 

"Parameter applies to exposure of off-site individuals from use of contaminated groundwater or 

'Parameter applies to exposure of off-site individuals from use of Contaminated surface waters. 
Tarmeter applies to agriculture and post-drilling scenarios for inadvertent intruders. 
qarameter applies to agriculture scenario for inadvertent intruders. 
'Parameter applies to post-drilling scenario for inadvertent intruders. 
fparameter applies to agriculture and resident scenarios for inadvertent intruders. 
Tarmeter applies to discovery scenario for inadvertent intruders. 

surface waters. 

G-70 



G.7 REFERENCES 

Anspaugh, L. R., J. H. Shinn, P. L. Phelps, and N. C. Kennedy. 1975. “Resuspension and 
Redistribution of Plutonium in Soils,” Health Physics 29,57 1. 

Baes, C. F. 111, and R. D. Sharp. 1983. “A Proposal for Estimation of Soil Leaching Constants for 
Use in Assessment Models,” Journal of Environmental Quality 12, 17. 

Baes, C. F. 111, R. D. Sharp, A. L. Sjoreen, and R. W. Shor. 1984. A Review andAnaIysis of 
Parameters for Assessing Transport of Environmentaliy Released Radionuciides Through 
Agriculture, ORNL-5786, Oak Ridge National Laboratory, Oak Ridge, Tenn. 

Chapman, W. H., H. L. Fisher, and M. W. Pratt. 1968. Concentration Factors of Chemical Elements 
in Edible Aquatic Organisms, UCRL-50564, Lawrence Radiation Laboratory, Livermore, 
Calif. 

DOE (US. Department of Energy). 1988a. “Management of Low-Level Waste,” Chap. I11 in 
Radioactive Waste Management, Order 5820.2AY Washington, D.C. 

DOE (U.S. Department of Energy). 1988b. Externul Dose-Rate Conversion Factors for Calculation 
of Dose to the Public, DOE/EH-0070, Washington, D.C. 

DOE (U.S. Department of Energy). 1996. Interim Format and Content Guide and Standard Review 
Plan for US. Department of EnergV Low-Level Waste Disposal Facility Performance 
Assessments (October 3 1). 

Eckerman, K. F., A. B. Wolbarst, and A. C. B. Richardson. 1988. Limiting Values of Radionuclide 
Intake and Air Concentration and Dose Conversion Factors for Inhalation, Submersion, and 
Ingestion, Federal Guidance Report No. 1 1, EPA-520/1-88-020, Oak Ridge National 
Laboratory and US. Environmental Protection Agency, Washington, D.C. 

Eckerman, K. F., and J. C. Ryman. 1993. External Exposure to Radionuclides in Air, Water, and 
Soil, Federal Guidance Report No. 12, EPA 402-R-93-08 1, Oak Ridge National Laboratory 
and U.S. Environmental Protection Agency, Washington, D.C. 

EPA (US. Environmental Protection Agency). 1989. Risk Assessment Guidance for Superfund. 
Volume I. Human Health Evaluation Manual (Part A), EPAl540/1-89/002, Washington, D.C. 

Garten, C. T., Jr., E. A. Boudietti, J. R. Trabalka, R. L. Walker, and T. G. Scott. 1987. “Field 
Studies on the Terrestrial Behavior of Actinide Elements in East Tennessee,” p. 109 in 
Environmental Research on Actinide Elements, ed. by J. E. Pinder 111, J. J. Alberts, K. W. 
McLeod, and R. G. Schreckhise, CONF-841142, US.  Department of Energy, Washington, 
D.C. 

Hamby, D. M. 1992. “Site-Specific Parameter Values for the Nuclear Regulatory Commission’s 
Food Pathway Dose Model,” Health Physics 62, 136. 

G-7 1 



_I 

Solid Waste Storage Area 6 Performance Assessment 

ICRP (International Commission on Radiological Protection). 1979. Limits for Intakes of 
Radionuclides by Workers, ICRP Publication 30, Part 1, Annals of the International 
Commission on Radiological Protection 2, No. 314. 

Kennedy, W. E., Jr., B. A. Napier, and J. K. Soldat. 1983. “Advanced Disposal Systems for 
Transuranic Waste: Preliminary Disposal Criteria for Plutonium-239 at Hanford,” Nuclear 
and Chemical Waste Management 4,103. 

Kennedy, W. E., Jr., and D. L. Strenge. 1992. Residual Radioactive Contaminationfrom 
Decommissioning, NUREGICR-5 5 12, PNL-7994, Vol. 1, Pacific Northwest Laboratory, 
Richland, Wash. 

Kocher, D. C. 1981. Radioactive Decay Data Tables, DOE/TIC-11026, U.S. Department of Energy, 
Washington, D.C. 

Kocher, D. C., and A. L. Sjoreen. 1985. “Dose-Rate Conversion Factors for Photon Emitters in 
Soil,” Health Physics 48, 193. 

Napier, B. A., R. A. Peloquin, W. E. Kennedy, Jr., and S .  M. Neuder. 1984. Intruder Dose Pathwtry 
Analysis for the Onsite Disposal of Radioactive Waste: The O N S I T E / U l  Computer 
Program, NuREG/CR-3620, PNL-4054, Pacific Northwest Laboratory, Richland, Wash. 

NCRP (National Council on Radiation Protection and Measurements). 1984. Exposuresfrorn the 
Uranium Series with Emphasis on Radon and Its Daughters, NCRP Report No. 77, NCRP, 
Bethesda, Md. 

NCRP (National Council on Radiation Protection and Measurements). 1987. Exposure of the 
Population in the United States and Canada from Natural Background Radiation, NCRP 
Report No. 94, NCRP, Bethesda, Md. 

Ng, Y. C. 1982. “A Review of Transfer Factors for Assessing the Dose from Radionuclides in 
Agricultural Products,” Nuclear Safey 23, 57. 

Ng, Y. C., C. S .  Colsher, D. J. Quinn, and S .  E. Thompson. 1977. Transfer Coeficients for the 
Prediction of the Dose to Man via the Forage-Cow-Milk Pathway from Radionuclides 
Released to the Biosphere, UCRL-5 1939, Lawrence Livermore Laboratory, Livermore, Calif. 

NRC (U.S. Nuclear Regulatory Commission). 1977. Regulatory Guide I .  109. Calculation of Annual 
Doses to Man JLom Routine Releases of Reactor Efluents for the Purpose of Evaluating 
Compliance with IO CFR Part 50, Appendix I, Washington, D.C. 

NRC (U.S. Nuclear Regulatory Commission). 1982. Final Environmental Impact Statement on IO’ 
CFR Part 61 “Licensing Requirements for Land Disposal of Radioactive Waste ”, NUREG- 
0945, Vol. 1, Washington, D.C. 

ORNL (Oak Ridge National Laboratory). 1994. Performance Assessment for Continuing and 
Future Operations at Solid Waste Storage Area 6,0RNL-6783, Oak Ridge, Tenn. 

G-72 



Oztunali, 0. I., G. C. Re, P. M. Moskowitz, E. D. Picazo, and C. J. Pitt. 1981. Data Base for 
Radioactive Waste Mmagement, NUREGKR-1759, Vol. 3, Dames and Moore, Inc., U.S. 
Nuclear Regulatory Commission, Washington, D.C. 

Peterson, H. T., Jr. 1983. “Terrestrial and Aquatic Food Chain Pathways,” Chap. 5 in RadioZogicaZ 
Assessment, ed. J. E. Till and H. R. Meyer, NUREG/CR-3332,ORNL-5968, U.S. Nuclear’ 
Regulatory Commission and Oak Ridge National Laboratory, Washington, D. C. 

Sheppard, M. I., S. C. Sheppard, and B. D. Amiro. 1991. “Mobility and Plant Uptake of inorganic 
14C and 14C-Labelled PCB in Soils of High and Low Retention,” HeaZth Physics 61,48 1. 

Shinn, J. H., D. N. Norman, and D. D. Gay. 1982. “Plutonium Aerosol Fluxes and Pulmonary 
Exposure Rates During Resuspension from Bare Soils Near a Chemical Separation Facility,” 
p. 113 1 in Precipitation Scavenging, Dry Deposition, and Resuspension, Vol. 2. ed. by H. R. 
Pruppacher, R. G. Semonin, and W. G. N. SIinn, Elsevier Science Publishing Co.. N. Y. 

Tuli, J. K. 1995. Nuclear Wallet Cards, fifth edition, Brookhaven National Laboratory, Upton, 
N. Y. 

UNSCEAR (United Nations Scientific Committee on the Effects of Atomic Radiation). 1988. 
Sources, Effects and Risks of Ionizing Radiation, United Nations, New York. 



Appendix H 

ANALYSIS OF ATMOSPHERIC EMISSIONS FROM THE 
SWSA 6 DISPOSAL UNITS 

D. A. Lombardi 
M. L. Socolof 



Appendix H 

ANALYSIS OF ATMOSPHERIC EMISSIONS FROM THE 
SWSA 6 DISPOSAL UNITS 

The volatile radionuclides 3H and 14C may be transported from the waste disposal unit to the 
soil surface through a variety of mechanisms, including diffusion, burrowing animals, plant root 
uptake, and desiccation cracks. When these radionuclides reach the soil surface, they may become 
airborne and then be transported via atmospheric dispersion to receptors located downwind of the 
waste disposal unit. 

from Solid Waste Storage Area 6 (SWSA 6).  The assumptions that were incorporated into this 
analysis to provide an upper-bound estimate of emissions that may occur due to diffbsion are as 
follows: 

The diffusion mechanism was selected to estimate impacts of volatiIe radionuclide emissions 

8 The waste is assumed to be completely mixed into the soil. Therefore, no credit is taken for 
reduced diffusion that would result from the various engineered barriers in the SWSA 6 disposal 
units. This assumption particularly bounds 3H because of its relatively short half-life (12.3 years). 
The amount of 3H in the waste at time of closure would be reduced significantly by radioactive 
decay during the time in which the engineered barrier maintained its integrity. 

8 The radionuclide is assumed to diffuse upward only. Radionuclides would actually diffuse in all 
directions from the waste. Therefore, approximating the flux as one-dimensional and toward the 
surface leads to the maximum amount that would be diffused upward. 

Diffusive flux is approximated as first-order, linear, and steady-state. Since the radionuclide 
concentration is the primary mechanism of diffusion, a high concentration in the waste would 
lead to a higher diffusive flux at the source. Near the surface, the radionuclide concentration 
would approach zero, and therefore flux would be significantly reduced. 

Loss of radionuclides via radioactive decay is ignored for this analysis. This again has the 
greatest bounding effect for 3H due to its relatively short half-life. Only a small amount of 14C 
(half-life of 5730 years) would decay during the active institutional control period (100 years 
after disposal); however, a significant amount of 'H would decay before the end of institutional 
control. 
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These assumptions are likely to conservatively bound any combination of subsurface 

Both ’H and 14C are assumed to be transported to the soil surface by diffusion in the vapor 
pathway mechanism such as burrowing animals, desiccation cracks, or plant root uptake. 

phase. Assuming that the volatile radionuclide in a disposal unit is completely bound in the pore 
water, the concentration of 3H or 14C in the pore water, Cp (Ci/m’), is calculated as 

where 

C ,  = total projected activity concentration in the waste disposal unit, 
n = void space of the surfkial soil at atmospheric pressure, approximately equal to 0.39 

(see Table D.2), 

saturated). 
s = fraction saturation in the soil void space, assumed to be equal to 1 .O (Le., completelly 

Table H.l (3H) and Table H.2 (“C) list values of C,for each disposal unit in SWSA 6.  For 
all disposal units except the Interim Waste Management Facility (IWMF), values of C, were 
obtained directly from Table 4.7. For the IWMF, C,values (9.12 x lo3 Cum3 for ’H and 1.28 x 10’ 
Cum3 for 14C) were back-calculated using the method described in this appendix in order to ensure 
that the performance objective for atmospheric releases (10 mrem per year from all potential 
exposure pathways associated with the atmospheric releases) was not exceeded at any atmospheric: 
pathway receptor location (seePig. 4.18). Therefore, the C, values back-calculated for the IWMF 
represent the inventory limit imposed by the atmospheric pathway. 

’H in the water vapor to the ’€I concentration in the liquid water bound in the waste was determined. 
If the air is saturated with water at 10°C (the assumed annual average soil temperature), then the 
concentration of water vapor in air, or absolute humidity, is 9.2 g of water vapor per cubic meter of 
dry air (MMES et al. 1994). Assuming that the density of liquid water is 1 .O x lo6 g/m3, the ratio ( I - )  

of the density of water in the air to that in the liquid phase is 

To calculate the concentration of ’H vapor in the soil, the ratio between the concentration of 

H-2 



Atmospheric Emissions Analysis 

Table H.l. SWSA 6 activity concentration and diffusive flux data used in the atmospheric 
pathway analysis for 3H 

Diffusive flux, J 
(Ci/m'-s) 

Waste activity Pore water activity Vapor activity 

(Cum3) (Cum') (Cum3) 
Disposal unit concentration, Cw concentration, Cp concentration, C, 

IWMF 9.12 x 103" 2.34 x 104" 2.15 x lo-'" 1.86 x 

Tumulus I 3.63 x 10-3 9.31 x 10-3 8.56 x IO" 1.84 x 10-I* 
Tumulus 11 2.54 x 10-3 6.51 x 5.99 x lo-* 1.28 x 10-I* 
Low-range silos, 
north (zone 8) 
Low-range silos, 
south (zone 30) 

6.08 x lo-' 1.56 x lo-' 1.43 x lo6 

8.81 x 10-3 2.26 x low2 2.08 x 10-7 4.46 x 10-14 

High-range silos 2.33 x lo-' 5.97 x 5.50 x 10-7 1.18 x 10-13 
(I Concentration and diffusive flux values for the IWMF were back-calculated to ensure that the performance 

objective for atmospheric releases (10 mrem per year from all potential exposure pathways associated with the 
atmospheric releases) was not exceeded at any atmospheric pathway receptor location. 

Table H.2. SWSA 6 activity concentration and diffusive flux data used in the atmospheric 
pathway analysis for I4C 

Diffusive flux, J 
(Ci/m2-s) 

Waste activity Pore water activity Vapor activity 

(Ci/m3) (Cum') (Cum') 
Disposal unit concentration, Cw concentration, CpN concentration, C, 

IWMF 1.28 x 10'" 3.28 x IOou 1.39 x 10-3' 7.05 x 10-'I' 
Tumulus I 5.15 x 10-5 1.32 x IO4 5.61 x lo4 7.05 x 10-15 
Tumulus I1 7.12 x lo4 1.83 x 10-5 7-76 x 10-~ 9.74 x 10-l6 
Low-range silos, 
north (zone 8) 

Low-range silos, 
south (zone 30) 

2.23 x 10-5 5.72 x 10-5 2.43 x IO" 

6.32 x 10-5 1.62 x lo4 6.89 x 10" 

High-range silos 9.58 x 10-5 2.46 x IO4 1.04 x 10-7 1.31 x 

Asbestos silos 1.14 x 10-5 2.92 x 10-5 1.24 x lo4 1.56 x 10-l~ 
uConcentration and diffusive flux values for the IWMF were back-calculated to ensure that the performance 

objective for atmospheric releases (10 mrem per year from all potential exposure pathways associated with the 
atmospheric releases) was not exceeded at any atmospheric pathway receptor location. 
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The relation between the concentration of 14C in the air to the 14C concentration in the liquid 
water bound in the waste was calculated using Henry’s law. This law is a linear, first-order 
relationship derived by approximating equilibrium conditions between dissolved gas with a particular 
concentration in liquid water and the same gas with a particular concentration in the air adjacent to 
the liquid water. All of the 14C in the disposal unit is assumed to be in the volatile form of 14C02. It is 
likely that I4CO, would be a small fraction of the total 14C, most of which would probably exist in ;a 
nonvolatile form. 

For use in Henry’s law, the unit mole fraction (x) of 14C02 in the liquid water was 
determined as 

where 
vCo2 = number of moles in 1 g of C02, 
nHz0 = number of moles in 1 m3 of liquid water. 

Approximating the density of liquid water as 1 .O x 106 g/m3, x is equal to 4.1 x lo-’. The 
partial pressure of CO, in the air [p (atm)] is calculated using Henry’s law: 

p = k x  7 (H4 

where k is the Henry’s law constant for CO,. At 10°C, k is equal to 1040 atm/mol fraction (Copper 
and Alley 1986). 

Substituting the values for the unit mole fraction and Henry’s law constant for C02 at 10 “C, 
p is calculated to be 4.3 x 1 O4 atm. If the air is at atmospheric pressure, the concentration of CO, in 
the air is approximately equal to 4.3 x lo4 g/m3, and therefore the ratio of CO, in the air to that 
dissolved in the water is 

Because the 3H is assumed to be completely bound with water and 14C is assumed to be in the 
form of 14C02, the r values can be used to calculate the vapor concentration [C,, (Ci/m3)] of 3H and 
I4C as 
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Values of C, for each disposal unit are shown in Table H. 1 and Table H.2. 

assumed to occur from the top of the waste disposal unit (for all units except the IWMF, where flux 
is assumed to occur from the center of the unit) to the soil surface. Based on these approximations, 
the vapor flux is calculated as 

The vapor flux [J(Ci/m2 s)] was approximated to be a first-order, linear process; and flux is 

D cz4' CVq 
J =  , 

X 
(33.7) 

where 
D = 3H diffusion coefficient in air, reported as 2.39 x m2/s, or the I4CO2 diffusion 

coefficient in air, reported as 1.40 x 1 0-5 m2/s (Weast and Astle 198 1, as cited in 
MMES et al. 1994); 

E = soil air content, assumed to be equal to 0.046 (see Table D.2); 
x = soil thickness above the waste disposal unit (m), approximately equal to 1.8 m for all 

units except the IWMF, and equal to 4.5 m for the IWMF. 

For all units except the IWMF, the assumption that flux would occur as if the entire 
concentration of waste were at the top of the unit is an upper-bound approximation. Much of the 
waste would actually be well below the top of the disposal unit, and diffusion would occur over a 
greater length. Therefore, the concentration gradient and subsequent diffusive flux would be less. For 
the IWMF a nominal diffusion length has been selected (Le., from the vertical center of the unit to 
the soil surface). Values of Jcalculated for each disposal unit are also shown in Table H. 1 and Table 
H.2. These values were input as emissions for air dispersion model calculations. 

(EPA 1995) was used to determine ambient 3H and I4C concentrations for receptors located 
downwind of SWSA 6. ISCLT3 is a Gaussian dispersion model approved by the U.S. Environmental 
Protection Agency @PA) for refined analyses in which annual average atmospheric concentrations in 
simple terrain are to be calculated (40 CFR 5 1, App. W). The following basic assumptions are 
incorporated into Gaussian models (Turner 1994). 

The Industrial Source Complex-Version 3 Long-Term Air Dispersion Model (ISCLT3) 

Pollutant emissions are continuous and do not vary over time. 
The emitted mass of pollutant is conserved from the source to the receptor. Therefore, none of 
the pollutant is removed from the atmosphere via chemical reaction, gravitational settling, or 
turbulent impaction. 
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Meteorological conditions are assumed to be steady state during the time in which the pollutant 
is transported from the source to the receptor. 
Concentration profiles in the crosswind direction (perpendicular to the path of transport) and the 
vertical direction are assumed to be well represented by a Gaussian distribution. 

For receptors located within a few hundred meters of the source, the accuracy of Gaussian 
model estimates of ground-level plume centerline concentrations should be within a factor of 3 
(Turner 1994). 

pathway receptor locations are shown in Fig. 4.16.h-site meteorological data recorded between 
1989 and 1993 were used in the analysis. Hourly data were compiled into stability array (STAR) 
format for use in ISCLT3. 

The maximum annual average 3H concentration calculated using ISCLT3 was about 
1.2 x lo4 pCi/m3, and for 14C, was about 4.5 x 10' pCi/m3. Maximum annual average concentrations 
occurred at a receptor located to the southwest of the IWMF (see Fig. 4.18). 

The performance objective for atmospheric releases, 10 mrem per year, includes doses from 
all potential exposure pathways associated with the atmospheric releases. The annual doses for the 
two volatiles of interest (3H and I4C) are calculated from four exposure pathways: 

For this analysis, each waste disposal unit was treated as an area source. Atmospheric 

1. inhalation of airborne radionuclides, 
2. ingestion of vegetation exposed to airborne radionuclides (Le., airborne-contaminated 

vegetation), 
3. ingestion of beef from cattle that have consumed airborne-contaminated vegetation, and 
4. ingestion of milk from cattle that have consumed airborne-contaminated vegetation. 

No external doses are expected, since these beta-emitting radionuclides have external dose 
conversion factors equal to zero (DOE 1988). The total dose from the atmospheric transport pathway 
is the sum of the doses from each of the four exposure pathways listed above. The equations used to 
calculate each exposure pathway dose are described below, and the parameter values used in these 
equations are listed in Table H.3. This methodology is based on a conservative specifictactivity 
model presented in NRC Regulatory Guide 1.109 (NRC 1977). Because this is an upper-bound 
screening assessment, radioactive decay is not included in the calculations. 

The dose from direct inhalation of volatiles is calculated using the following equation: 

where 
H,nh,,i = annual dose from inhalation of radionuclide I in air (rem per year), 
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C,i = concentration of radionuclide I in air (pCi/m’), 
Ira = intake rate of air (adult inhalation rate) (m’/year), 
DCF,h,i = internal dose conversion factor from inhalation for radionuclide I (rem/pCi). 

Table H.3. Parameter values used to determine dose from all potential exposure 
pathways associated with atmospheric emissions 

Nuclide-specific value 

3H 14C 
Parameter Value Source 

IRu (adult average), m’lyr 
DCF,&,,, rem/pCi 
AH, kglm3 
&,,,ha (dimensionless) 
fwy (dimensionless) 

cam,, kdm3 
fcv (dimensionless) 

1% WYr 

Fh.n a g  

IRV,,, WYr 
F,,? 
IR,? WYr 
IR,? L/Yr 

DCF,,,,, redpCi 

8000 

0.0092 

0.5 

0.75 

0.0001 6 

0.1 1 

90” 

5694 

85 

112 

ICRP 1975 

6.4 x 10” 2.4 x EPA 1988 

MMES et al. 1994 

NRC 1977 

NRC 1977 

NRC 1977; Napier et al. 1988 
NRC 1977 

M M E S  et al. 1994 
6.4 x 10-5 2.1 x 10-3 EPA 1988 

3.3 x IO-’ 8.5 x 10” NRC 1977 

EPA 1992 

2.7 x 10” 3.3 x 10” NRC 1977 

EPA 1992 

EPA 1992 

a Assumes approximately half of an individual’s vegetable intake is from locally grown, contaminated 
vegetation. 

Carbon as CO,. 

To calculate the 3H doses from contaminated food, it is assumed that the concentration of 3H 
in vegetation is from the air surrounding the vegetation. The concentration in the vegetation is based 
on the amount of water in the vegetation and the amount of 3H that would be in the plant water. The 
equation for calculating the concentration of ’H in vegetation is as follows: 

(R.9) 
- Ca?H 

cy,3H - - Rwvlwa x f w v  ’ AH 

where 
G 3 H  = concentration of 3H in vegetation (pcikg), 
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C a , 3 ~  = concentration of 3H in air (pCi/m3), 
AH = absolute humidity of the atmosphere (kgh?), 
%/wa 

fwv  = fraction of vegetation that is water (dimensionless). 

= concentration ratio of 3H in vegetation water to 3H in atmospheric water 
(dimensionless), 

The concentration of 3H in air (Cu,3H) divided by the absolute humidity (AH) is equivalent to 
the concentration in water. This, when multiplied by the fraction of water in the vegetation gVv) and 
the concentration ratio of 3H in vegetation water to atmospheric water (R,,,v,,va), equals the 
concentration of 3H in the vegetation. 

To calculate the doses from 14C-contaminated food, the concentration of "C in vegetation is 
assumed to be from the air surrounding the vegetation. Also, the ratio of 14C to the natural carbon in 
vegetation is assumed to be the same as the ratio of "C to natural carbon in the atmosphere 
surrounding the vegetation. For airborne releases, plants are assumed to obtain all their carbon fi-orn 
airborne CO, and animals are assumed to obtain all their carbon through ingestion of plants (NRC 
1977 p. 1.109-26; Napier et al. 1988, p. 4.86). 

The equation for calculating the concentration of I4C in vegetation from contaminated air .is 

where 
Cv,~+ = concentration of 14C in vegetation (pCi/kg), 
C,,,II, = 
Caw, c = concentration of natural carbon in air (kg/m3), 

fcv = fraction of natural carbon in vegetation (dimensionless). 

concentration of 14C in air (pCi/m3), 

The concentration in vegetation is then used to calculate the dose from ingestion of 
contaminated vegetation: 

9 

where 
H,, 
cv. I 

IRV 
DCF,,, 

= annual dose from radionuclide I in vegetation (rem per year), 
= concentration of radionuclide I in vegetation (pcincg), 
= adult intake rate of vegetables (kdyear), 
= internal dose conversion factor for ingestion of radionuclide I (rem/pCi). 

As shown in Table H.3, approximately 50% of the exposed person's vegetable intake is assumed to 
come from the contaminated vegetation (MMES et al. 1994). 
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The concentration in vegetation is also used to determine the concentration in beef and milk 
that will be consumed by humans. The cow's vegetation consumption is assumed to be totally from 
grazing on fresh pasture grass contaminated with airborne radionuclides. The concentrations in beef 
and cow milk are calculated as follows: 

'b,i = ' v , i  Fb,i 'Rv(cow) 7 

and 

where 
Cfi,m),l 

ell, I 

Ffi.ml.1 

IRyO 

= concentration of radionuclide I in beef (b) or dairy (m) cattle that consumed 
contaminated vegetation (pCi/kg for beef and pCi/L for dairy), 

= concentration of radionuclide I in vegetation (v) consumed by beef or dairy 
cattle (pCi/kg for beef and pCi/L for dairy), 

= transfer coefficient for beef (b) (d/kg) and milk (m) (a) for radionuclide 
element I, 
consumption rate of vegetation by beef or dairy cattle (kgyear). = 

The annual radiation doses from the ingestion of beef and milk are calculated b? multiplying 
the concentration in each medium by the human intake rate and the radionuclide-specific internal 
dose conversion factor: 

Hb,i = c b i x I R b x D c F .  ingr . ' (3.14) 

and 

Hm,i = Cm,i x IR, x DC<,,g,i , 

where 
Hp+m).l = annual dose from radionuclide I in beef (b) or milk (m) (rem per year), 

Cp,m),l = concentration of radionuclide I i n  beef (b) (pCi/kg) or milk (m) (pCi/L), 

I R , ,  = adult intake rate of beef (b) (kg/year) or milk (m) (kg/L), 
DCF,,,,, = internal dose conversion factor for ingestion of radionuclide I (rem/pCi). 

The annual dose from atmospheric releases of radionuclide I(&,) is the sum of the annual 
doses from the four exposure pathways described above (i.e., inhalation of contaminated air and 
ingestion of contaminated vegetables, beef, and milk): 
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The annual effective dose equivalents (EDEs) from the atmospheric transport pathway, using C, 
values of 1.2 x lo-* pCi/m3 (1.2 x lo4 pCi/m') and 4.5 x 

I4C, respectively, are presented in Table H.4. The annual doses from all exposure pathways resulting 
from atmospheric releases (HT) are 10 mrem per year for both 3H and 14C . These annual doses equal 
the performance objective. 

pCi/m3 (4.5 x 10' pCi/m3) for 'H and 

Table H.4. Calculated annual dose per unit concentration values and annual effective dose 
equivalents (EDEs) from the atmospheric transport pathway" 

~~ ~ ~~ -~ ~~ ~ 

Annual EDE per unit Annual EDE per unit 
concentration Annual EDE" concentrat ion Annual EDE" 
(mredyear (mrem per year) (mredyear (mrem per year) 
per pCi/m3) per pCi/m3) 

H,"h 5 12 6.14 

H" 235 2.82 

Hb 41.7 0.500 

Hnl 44.9 0.538 

HT 833 10.0 

188 0.000854 

130,000 5.91 

59,400 2.70 

30,400 1.38 

220,000 10.0 

"The cahlations are based on 3H concentration of 1.2 x 1W2 pCi/m3 and I4C concentration of 
4.5 x 10" pCilm'. See text for equations used to calculate doses. 

The approximations and assumptions detailed above were chosen to provide a probable 
upper-bound estimate of EDE that would be received on an annual basis. Comparisons between these 
results and on-site ambient monitoring data were made to check the analysis. The relationship 
between emissions and ambient concentration can be described by an atmospheric dispersion term, 
A ,  (Ci/y per pCi/m3), defined as ' 

A , = -  Q ., 
C 

where 
Q = annual 3H point source emission rate (Ci/year), 
C = annual ambient 3H concentration (pCi/m3). 

(H.1'7) 
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To caIcuIate the potential SWSA 6 A, value, area emission rates for the SWSA 6 waste 
disposal units were converted to an equivalent point source emission rate. Equivalent point source 
emissions can be calculated by 

Q = JA 3600- 8760- i Y 3  ’ 
where 

J = vapor flux out of a waste disposal unit (Cum’ - s), 
A = waste disposal unit surface area (m2). 

Table H.5 shows J,  A,  and the calculated Q value for each disposal unit at SWSA 6. If all the 
sources are approximated as a single point in the SWSA 6 facility, then the total emission rate is 
equal to 1630 CYyear. Since the maximum average annual concentration predicted by the ISCLT3 
model is 1.2 x lo4 pCi/m3, A, was calculated using Eq. (H.18) and found to be 
0.14 Ci/year per pCi/m3 (Table H.6). 

For on-site calculations, almost all of the ’H emissions on the Oak Ridge Reservation (ORR) 
occur from the Building 3039 stack at Oak Ridge National Laboratory ( O M )  (MMES 1991, 1992, 
and 1993). The nearest ambient 3H monitor is located about 1100 m (3600 ft) to the southwest of this 
stack. Table H.6 shows emission rate and monitored ambient concentration values for 1990 through 
1992 and the calculated.& values. The value of A, ranges between 94 and 364 Cuyear per pCi/m3 
for these years. 

than the A, calculated from SWSA 6 modeling results. A lower AD value indicates that atmospheric 
dispersion is less and that overall impact from the atmospheric pathway would be higher. Two 
reasons that the A ,  value calculated for SWSA 6 is lower are that the on-site source is elevated and 
that the distance between the stack and monitor is about 1100 m. For the SWSA 6 modeling analysis, 
the source is at ground level and receptors were placed at a downwind distance very close to the site. 
Accounting for these differences would probably bring the modeled A, value within about two orders 
of magnitude (Turner 1994) of the on-site AD values. This two-order-magnitude difference is 
attributable to the conservatism employed in the analysis. Although there is no monitoring for I4C on 
the ORR, results would probably be similar to those discussed above for 3H. Therefore, the upper- 
bound assumptions in this analysis support the decision discussed in Sect. 3.2.1 to dismiss further 
analysis of atmospheric releases. Emissions of volatile radionuclides, as well as nonvolatiles, would 
lead to maximum off-site doses that are well below the 10 mrem per year performance standard. 

The A ,  values calculated using on-site data are approximately one order of magnitude higher 
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Table H.6. Emission rate, ambient concentrations, and calculated atmospheric dispersioin 
term values for the SWSA 6 disposal units and the Oak Ridge Reservation 

Location 

Av. annual ambient 
atmospheric 

(pC i/m') 

Emission Atmosphcnc dispersion 

(CVy ear) 
rate, Q t m .  A,, 

concentrations, C (Cilyear per pCi/m')" 
- - 

SWSA 6 1,630' 12,00OC 0.14 

Oak Ridge Reservation, 1990 1 2,00Od 33= 364 

Oak Ridge Reservation, 1991 16,000d 4,700" 94 

- Oak Ridge Reservation, 1992 2,140d 2,250' 113 

"The atmospheric dispersion term is calculated as the ratio of the emission rate to the ambient 
concentration. 

bThe emission rate for SWSA 6 was calculated as the sum of the products of the radionuclide diffisive flux 
and the surface area of each disposal unit. 

'Ambient atmospheric concentrations were calculated using the Industrial Source Complex-Version 3 
Long-Term Air Dispersion Model (ISCLT3) (EPA 1995). The maximum annual concentration was calculated to 
occur at a receptor located to the southwest of the IMWF. 

(MMES 1991,1992, and 1993). 

monitor is located about 1100 m to the southwest of the Building 3039 stack (MMES 1991, 1992, and 1993) 

dAlrnost ail of the3H emissions for the ORR emanate from the Building 3039 stack located at O W L  

'Ambient atmospheric 3H concentrations are measured at a monitor located at the perimeter of ORNL. This 
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Appendix I 

SENSITIVITY AND UNCERTAINTY ANALYSIS FOR 
THE SWSA 6 PERFORMANCE ASSESSMENT 

1.1 INTRODUCTION 

1.1.1 ,Background 

Calculated radionuclide concentrations presented in this performance assessment are 
determined by the Composite Transport Model (CTM), a linked series of numerical models, which 
approximates the transport of radionuclides from source units to drinking water pathways at 
SWSA 6.  Because the maximum allowable dose of radiation from a given radionuclide in drinking 
water corresponds directly to a maximum concentration of that radionuclide, the uncertainty 
associated with such a dose is also directly proportional to uncertainties in calculated concentrations. 
Such uncertainties are assumed to come from two basic sources. The first of these is that, although 
the model is an accurate representation of the contaminant transport process, the physical parameters 
are never exactly known. For example, uncertainties arise due to the fact that both the type and 
quantity of past disposals of radionuclides at various SWSA 6 locations were generally poorIy 
documented, making it necessary to conduct the analysis using reported inventory values. Other 
uncertainties exist because most probable or “average” values were used for many of the associated 
model input variables that vary significantly with space and/or time (e.g., material properties and 
environmental transport parameters). The second major source of uncertainty comes from the fact 
that the composite model may not be sufficiently specific to adequately describe the current site and 
its details and, at the same time, may not be sufficiently robust to describe the site for thousands, or 
even millions, of years. 

Consequently, the sensitivity of the models used to analyze the performance of SWSA 6 and 
the uncertainty associated with the calculated environmental concentrations presented in Sect. 5.1 are 
important considerations in evaluating compliance of SWSA 6 with the performance objectives in 
DOE 0 5820.2A and the water resource protection performance objectives described in Sect. 2.5.3. 
Hence, in addition to comparing predicted environmental concentrations to some theoretical limit, 
consideration must also be given to these uncertainties to ensure that these objectives will be met. 
The requirements necessary for compliance with these objectives, based on deterministic analyses for 
a number of possible limiting scenarios (e.g., groundwater well and surface water), are presented (see 
Sect. 5.1.2.2). Depending on future regulatory policy, the actual limiting scenario is subject to 
change. Therefore, rather than provide an absolute value for the probability that a given 
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concentration associated with a particular scenario results in compliance with the performance 
objectives of DOE 0 5820.2AY the intent of this uncertainty analysis is to give the user a means of 
evaluating the nature and magnitude of uncertainties associated with the deterministic calculations: so 
that performance objectives can be met. 

From the initial list of 63 radionuclides considered in the PA analysis of SWSA 6 (Table 4.3, 
the following radionuclides, chosen to encompass a diverse range of environmental transport 
characteristics (e.g., combinations of I(d, half-life, and solubility), were analyzed to illustrate the 
effects that these uncertainties have on predicted environmental concentrations: 

Table 1.1. Radionuclides selected for SWSA 6 performance assessment 
uncertainty analysis 

3H 2 3 2 n  

For purposes of this discussion, the models and databases related to waste disposals, 
performance of engineered systems, and release and transport of radionuclides through the 
environment to assumed human receptor locations are treated separately from the models for 
estimating dose per unit concentration of radionuclides at assumed receptor locations. This 
separation of the treatment of uncertainties can be justified on the grounds that predictions of 
radionuclide concentrations in the environment at assumed human receptor locations are based on 
analyses of physical systems, whereas the analysis of doses per unit concentration of radionuclides in 
the environment is based on largely hypothetical constructs that do not depend on the physical 
disposal system. 

1.1.2 Definitions 

1.1.2.1 Uncertainty/Entropy Relation 

The uncertainty (U) associated with a radionuclide concentration, Cy calculated using the 
CTM, is directly associated with the probability that C s C‘ (Pc), where C‘ is some reference 
concentration. If P, = 0.5, then no confident conclusion can be drawn as to whether or not C -c C‘; 
there is an “even chance” that C s c* or C > C‘, and the analysis supplies no statement as to whether 
C does or does not exceed C‘. A quantitative measure of uncertainty, borrowed from information 
theory, is the computable quantity (the “entropy”): 

1-2 



Sensitivity and Uncertainty Analysis 

U=-[P; log*(P,) + (1-P,) lO&(l-P,)] . 

If P, = 0.5, the uncertainty is at its maximum: U= 1.  If P, = 0 or P, = 1 , then U= 0. Thus, any feature 
of the SWSA 6 analysis that has the effect of driving P, nearer to 0.5 is a feature that contributes to 
the uncertainty of the assertion that C I c*. With this approach, the uncertainty in the judgment is 
scaled between 0 and 1. If P, = I, then the model predicts that C I C‘ with no uncertainty (U= 0). If 
P, = 0, then the model predicts that C > C‘, again with no uncertainty. But, if P = 0.5, essentially no 
definite conclusion can be made as to whether C is less than, equal to, or greater than c“. 

It is assumed that the actual concentration, C, of a given radionuclide at a given point in time 
and location is a random-valued quantity. The maximum value of the (unknown) concentration over 
all time, starting at 1988, is assumed to be a random variable determined by a plethora of random and 
planned events, including inventory, weather and climate, concrete and steel durability, and future 
geologic and hydrologic events. Since some radionuclides (e.g., 238U and =*Th) have half-lives in the 
billions of years, some of the modeled predictions occur on a geological time scale. Hence, the 
random events that determine actual concentrations are virtually limitless in scope, and any model 
must be put in proper perspective with some evaluation of accompanying uncertainty beyond routine 
Latin hypercube (LHC) analysis. 

1.1.2.2 Parametric or Objective Uncertainty 

Engineering calculations such as the PA of SWSA 6 generally require extensive amounts of 
information to describe a physical quantity or process. Consequently, the uncertainties have a 
potentially significant impact on both the validity and usefulness of the analysis results. For example, 
considerable uncertainty may be associated with both the types and amounts of radionuclides present 
at a given disposal unit. Another obvious form of uncertainty associated with these calculations is the 
fact that inputs to numerical contaminant transport models, such as physical or environmental 
parameters, rarely are represented by a single value. Material properties generally vary with 
temperature, pressure, or time. Similarly environmental transport parameters are seldom 
homogeneous across a site such as SWSA 6 .  Often values for these quantities can vary significantly 
even over small distances at a site. In theory, most numerical models allow for the input of multiple 
values for these quantities; however, many of these quantities can only be determined through costly, 
experimental measurements. Furthermore, it is essentially impossible to estimate future values for 
parameters, such as annual rainfall, that vary with time. Therefore, a single “representative” or 
“mean” value is generally used to quanti& these parameters in the modeling process. 

random sampling techniques such as Monte Carlo analysis in which each input parameter is 
characterized by a probability density function (PDF), rather than a single, determistic value. A series 
of model input data sets are then constructed by randomly sampling from these distributions. Model 

Generally the magnitude of these parametric objective uncertainties can be quantified using 
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iterations are then performed using these input sets to obtain distributions of desired output variable 
such as contaminant .flux rates or concentrations at given receptor points. These resulting 
distributions can be used to determine the probability that a given output variable will fall within a 
certain range. Obviously with this method, the accuracy of the probabilities obtained from these 
distributions is directly proportional to the number of random samples. Even with the power of 
modem computers, for complicated numerical models this can lead to significant amounts of 
computational time and mass storage requirements. Therefore, a more desireable approach is to use 
systematic sampling techniques such as LHC sampling. LHC is similar to Monte Carlo analysis, but 
rather than randomly samping from the input parameter distributions, the distributions are first 
divided into N equal probability intervals (where N is the number of model iterations to be 
performed). This ensures that the entire range of each parameter will be evenly sampled and results 
in the same accuracy as simple rendom sampling techniques while requiring about ten times fewer 
samples (Gardner, Rojder, and Bergstrom 1983). 

in this PA can be extensive. For many of these parameters, determination of representative input 
distributions may be a difficult or time-consuming task. Thus, just as techniques such as LHC 
analysis can be used to reduce the number of model iteration required in an uncertainty analysis, it is 
also desirable to limit the number of parameters considered in the analysis to only those that have the 
greatest impact on desired output. For such cases, common practice is to perform sensitivity analyses 
in which the response of selected output quantities to perturbations of model input parameters are 
calculated. These results can then be used to identify the parameters with the greatest influence on 
model output, thereby reducing the number of variables that must be considered for the uncertainty 
analysis. 

The list of input variables required to perform numerical calculations such as those conducted 

1.1.2.3 Subjective Uncertainty 

The uncertainty due to parameter variance is only one component of the total uncertainty 
associated with the environmental transport modeling of radionuclides at SWSA 6. Additional 
uncertainties exist because the models and assumptions used in such analyses are only 
approximations of an actual system and may be inadequate for making long-term predictions. 
Quantitative values for these uncertainties are not explicitly calculated or measured but subjectively 
estimated based on experience. In attempting to factor into the analysis subjective assessments, these 
perceived sources of uncertainty should be kept separate. That is to say, it is useful to draw a 
distinction between “objective uncertainty” and “subjective uncertainty,” where the former is 
associated solely with the propagation of parameter variance through a model or series of models. 
The objective uncertainty is expressed by the PDFs derived from the LHC simulations. These PDF:; 
do not account for the uncertainty associated with a judgment about the actual “validity” of the 
model. This is a subjective assessment best made by the model developer, or expert, who can express 
his or her confidence in the fundamental validity of each model segment. If expressed appropriately, 
this subjective judgment of confidence can then be incorporated into the uncertainty analysis, thus 
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modifying the objective LHC PDFs. The effect of incorporating subjectivity in this fashion is to 
smear the objective distributions somewhat, hence increasing the uncertainty associated with model 
calculations. To show where judgments of validity in a model may arise, it is useful to break down 
each component of the transport model into the elements listed in Table 1.2. Sources of subjective 
uncertainty can occur for any of the reasons noted. All of these hierarchical elements may contribute 
to a greater or lesser extent to an overall subjective judgment about the validity of the model. 

Table 1.2. Sources of subjective uncertainty in the transport model 
Element of modeling process Course of uncertainty 

Conceptual model 

Mathematicsfphysics 

Numerical 

Computer model 

Incomplete understanding of all aspects of the 
transport process or uncertainty in underlying 
assumptions of the model 

Failure to adequately capture or express conceptual 
understanding in mathematical language 

Failure to formulate the mathematics in usable 
algorithms 
Failure to eliminate errors in resulting computer 
codes 

Interpretation of results Difficulty in interpreting results in terms of the 
conceptual model 

1.1.3 Methods for Quantifying Uncertainties Associated with Calculated Radionuclide 
Concentrations at SWSA 6 

1.1.3.1 Approach for Quantifying Parametric or Objective Uncertainties 

To demonstrate the effect of parametric uncertainties associated with calculated environmental 
contaminant concentrations at SWSA 6, a parametric uncertainty analysis was performed on the ten 
radionuclides listed in Table I. 1. For this analysis, limiting inventories based on maximum 
groundwater concentrations at 100-m compliance points (see Sect. 5.1.2.2, Table 5.27) were used for 
the Interim Waste Management Facility (IWMF) and were assumed to contain no uncertainty, as 
indicated in Sect. 1.2. Inventories for the remaining disposal sites were subject to uncertainty and are 
reported in detail in Sect. 6 of Appendix A. 

As described in Sect. 1.1 -2.2, the effects of the parametric uncertainties associated with a given 
model are typically quantified by applying sampling techniques such as LHC analysis to determine 
distributions for selected output quantities. However, rather than a single model component, the 
CTM used in the performance assessment of SWSA 6 consists of six components (or stages): 
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determination of initial mass (inventory), 
determination of representative precipitation at SWSA 6 for tens of thousands of years, 
prediction of release rates for each site and each radionuclide, 
prediction of transport through the saturated groundwater system, 
prediction of transport to surface water from the shallow subsurface and groundwater 
discharge, and 
prediction of doses based on future contaminant concentrations and presumed future consumer 
behavior. 

Each of these components introduces its own, unique uncertainties, which contribute to the overall 
parametric uncertainty associated with model calculations. Thus, to quantify this total parametric 
uncertainty associated with CTM calculations, a coupled sampling procedure, which both propagated 
uncertainties due to the previous model stage’s calculations and introduced new uncertainty 
associated with the current model stage, was conducted independently for each of the radionuclides 
in Table I. 1. This procedure, shown in Fig. I. 1 ., is described in detail below. 

within SWSA 6 by a probability distribution (Sect. 1.2). Next, a similar process was conducted in 
which probability distributions were assigned to critical input parameters of the SOURCE and 
Unified Transport Model (UTM) models (See Sect. 1.4 and Sect. 1.3). LHC sampling techniques were 
then used to generate 50 SOURCE model input data sets from these distributions. These data sets 
were then processed using the SOURCE model, resulting in 50 data sets of contaminant fluxes and 
associated volumetric water fluxes in the vertical direction, as well as 50 data sets of contaminant 
fluxes and associated volumetric water fluxes in the lateral direction. Using these output data sets 
and the data sets obtained from LHC sampling of probability distributions assigned to critical input 
variables of the PADSIM/HOLSIM model (See Sect. IS), 50 input data sets to the 
PADSIMiHOLSIM were created and input into PADSIWOLSIM, resulting in 50 data sets of 
contaminant fluxes to surface water and recharge. An analogous process was then performed where 
the 50 data sets of contaminant flux to recharge output from PADSIM/HOLSIM, along with the 50’ 
data sets obtained from LHC sampling of distributions of critical input parameters to the U.S. 
Geological Survey’s (USGS’s) Method of Characteristics (MOC) groundwater model (See Sect. I.@, 
were used to create 50 input data sets for MOC. Using this input, 50 MOC iterations were performed 
resulting in 50 data sets of maximum groundwater concentrations at receptor locations and 50 data 
sets of contaminant fluxes to surface water. The latter were combined with the 50 data sets of 
contaminant fluxes to surface water calculated by PADSIMEIOLSIM to give 50 data sets of total 
contaminant flux to surface water. 

The first step was to characterize the disposal of each selected radionuclide at each site 

- 
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Fig. 1.1 Figure showing coupled sampling procedure. 
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1.1.3.2 Approach for Quantifying Subjective Uncertainties 

Below are described two possible approaches for incorporating the subjective expert’s 
opinion about whether a model (or model component) is “valid.” The first approach (Sect, I. 1.3.2.1) 
uses a very simple, but crude, weighting scheme that yields a lower bound on the probability that zt 
calculated value for a physical quantity (such as contaminant concentration at a receptor location) is 
less than or equal to the actual value. This approach requires a subjective assessment from each 
expert in the form of a single number between 0 and 1 that attempts to assign a weight to the validity 
of his or her model component. The second approach (Sect. 1.1.3.2.2) attempts to incorporate expert 
opinion in a more rigorous fashion but requires a more quantitative expression of the model’s validity 
from the expert, as explained below. This method was used in the present analysis to illustrate the 
additional effects of subjective uncertainties associated with calculated concentrations for the 
following radionuclides: 3H, I4C, %-, 137Cs, and 238U. 

1.1.3.2.1 Lower Bound Method for Quantifying Subjective Uncertainty 

In the lower-bound approach, an expert assigned to a particular segment of the CT!ii is ask:ed 
to provide a weight, w, with 0 I w 5 1, where the choice w = 1 means that his or her scpment is 
(completely) valid in the sense that the expert has a significant degree of confidence in all elements 
of the model, as listed above. Conversely, the weight .w = 0 means that the expen has no confidence 
that his or her segment is capable of representing the physical system, and is, therefore. not suitable 
for prediction. Thus, choosing w amounts to a subjective estimate of how relevant the model is in 
representing the physical system and making predictions. I.E., w is a measure of the degree of 
confidence that a model component is valid. The goal will be to incorporate the choice for H’ into the 
more standard “objective” uncertainty analysis of parameter variance based on LHC sampling. To 
this end, it is convenient to define w as the probability of validity: 

wi: Pr(mode1 segment i is valid) . 

Each component in the model may also be assigned a validity weight, as follows: 

wI: Pr(initia1 mass approximation is valid) 
w2: Pr(hydro1ogic model is valid) 
w3: Pr(contaminant release model is valid) 
w,,: Pr(transport to shallow subsurface and groundwater recharge model is valid) 
w5: Pr(groundwater transport model is valid) 
w6: Pr(consumer scenario is valid) 
w7: Pr(dose calculation is valid). 
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For the purpose of identifLing the "weakest link" in the model, it is reasonable to take the overall 
validity as the minimum: 

w: Minimum (w,,w~,w~,w~,w~,w~,w,) . 

This weight can now be combined with the computational uncertainty estimates derived from the 
LHC sampling simulations as follows. 

Viewing C (contaminant concentration) as an example random variable, the event C I c' 
occurs with a certain probability. This event can evidently happen in two ways: 

or 
C 5 C' and (model is valid) 

C I c* and (model is not valid) . 

Let A and A" be events defined as follows: 

A : Model segment is valid 

2 : Model segment is not valid . 

Note that the definition w = Pr(A) implies Pr(2) = 1 - w. Then the event can be related to the 
probability that the composite model actually predicts C s c" by the formula for total probability: 

or 

P~(CIC*) = Pr(C<C*IA) * w + P~(CIC*/A") * (1 - W) . 0.3) 

As a simple, common sense check, notice that if w = 1, then Pr(C I c') = Pr(C 5: CIA) ,  which is to 
say that the sought result Pr(C I c*) is given wholly by Pr(C .I CIA).  That is, Pr(C I 6) can be 
determined computationali'y from an analysis of the model. [This is precisely the assumption when 
parameter propagation studies are used solely to determine uncertainty (e.g., via LHC sampling 
simulations).] If w = 0, then Pr(C I c") = Pr(C I C'IX), which is to say that the desired quantity 
should be determined somehow with no regard for the model. Finally, because it is always true that 
0 5 Pr(C I CIA") I 1, Eq. (1.3) implies the following: 
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The lower half of the inequality, Pr(C 5 C I A )  - w I Pr(C s C‘), shows that an LHC sampling-derived 
value for Pr(C s d / A )  and a subjective weight w, chosen for model validity, yield a lower bound for 
the probability that C s C‘. 

1.1.3.2.2 Method for Quantifying Subjective Uncertainty Based on Treatment of Expert 
Opinion as a “Clue” 

This section describes a more rigorous method in which an expert’s opinion is treated as a 
clue that can be used to modify an objective probability distribution. This was the approach chosen 
for the current study. 

To use subjective information to modi@ the LHC cumulative distribution finctions (CDFs) 
using the rules of probability, an expert assigned to a particular model segment is queried as follows: 
“Under the assumption that the concentration predicted by the model is based on the true parameters, 
express your confidence in this value by drawing a confidence band around the predicted value.’’ 
Using 6 and C to denote, respectively, the predicted and true contaminant concentrations associated 
with the model segment, one can then approximate the conditional probability distribution 
P s”bj.(CI C?‘) from this confidence band. (Below, the symbol P will refer to a PDF.) The modified 
distribution is then derived from the rule of total probability: 

(1.4) 

where PLHc( 6) is the LHC sampling-derived distribution. The above ..itegration has the effect of 
broadening the original PLHc (e) , and, hence, of increasing the uncertainty that C I c‘. Eq. (1.4) 
shows how subjective information is used to modify the LHC sampling distribution in one model 
segment. In the propagation of probabilities through the daisy chain, subjective information can be: 
incorporated at each stage. This process is described by the next three equations. Below, Cii 
represents the contaminant concentration entering the i-th stage, and Coit is the contaminant 
concentration predicted (or “output”) from the i-th stage. The term Coit denotes the LHC 
sampling-derived (“objective”) output probability from the i-th stage. Recall that the output 
concentration of one model component is used as the input for the next component, that is, 

= c . This implies cd,;‘ 

P(Cit) = P(cO:l) (I.§) 

_. 
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Now let PLHc( e;,,) I C,:) denote the conditional probability distribution that expresses model 
uncertainty as estimated by the LHC sampling simulations for component i. Then the following 
relation shows how the contaminant PDF predicted by the previous model component, 
P(C0$’) [ = P(Cii)] , is affected by parameter variability in the present component: 

The next step is to modify the “objective” distribution, P(C&,), using the expert’s subjective 
assessment about the “validity” of model segment i. This information is expressed by the conditional 
PDF, P s”bJ(Ci,JC~ut). This conditional distribution is constructed from the expert‘s opinion as follows: 
given the model prediction of based on the LHC sampling simulation, a probability distribution 
(or codidence band) is drawn around this predicted value that expresses the expert’s confidence in 
this value and, hence, in the validity of the model. When this is done, the following relation shows 
how the output (LHC sampling) distribution for the i-th segment, P(eoLJ, is modified by the 
subjective uncertainty to yield the new output distribution for the i-th segment P(Cd,s : 

This is merely a restatement of Eq. (1.4) for segment i. 

from that of the previous segment. A sequence of such equations can then be linked together to 
obtain the probability distribution associated with the composite model, namely, the output 
distribution from the final segment, P(C:>, where N is the total number of segments. The composite 
distribution is then used to compute the probability that C I C*: 

The above equations define how the probability distribution of the i-th segment is derived 

c‘ being the same reference concentration. From this result, one can compute the compIiance 
uncertainty defined by the entropy relation [Eq. (I.1)J. It can be shown that the effect of incorporating 
subjective information into the analysis in this way almost always results in an increase in 
uncertainty as defined by Eq. (I. 1). (Exceptions can be found if the subjective probability distribution 
is significantly skewed in one direction-for example, to convey a judgment that the LHC sampling 
predictions are extremely conservative.) This can be seen by noting that subjective information tends 
to “smooth” the objective (LHC sampling) distribution function, with the result that the probability 
“density” is distributed more evenly above and below the point c“; this drives Pr(C s c‘) toward 0.5 
and, hence, Utoward 1. In other words, if the LHC sampling-predicted probability, Pr(C s C), is 
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initially far from 0.5, subjective information will tend to force it closer to 0.5; as a consequence, the 
addition of subjective information can increase Pr(C I c‘) if it is initially below 0.5. The more 
important case, however, occurs when the LHC sampling analysis predicts Pr(C I c‘) between 0.5 
and 1 .O. Here, additional subjective information will tend to decrease Pr(C I c‘) and again push the 
uncertainty, U, closer to 1. 

overall (composite) objective and subjective probability distributions separately and then to combine 
these composite distributions using a relation similar to Eq. (1.4). That is, one first performs the LIIC 
sampling simulation on the composite model without incorporating subjective information at each 
stage. The individual subjective distributions are combined separately to form an overall subjective 
distribution. This is then used to modify the composite LHC sampling distribution according to 
Eq. (1.4). The separate computation of the objective and subjective distributions can be justified if 
Eq. (1.6) and Eq. (1.7) are approximate convolution integrals. The latter assumption holds if the 
transport models are linear in the contaminant concentration (Le., given that doubling the “input” 
contaminant concentration implies a doubling of the “output” concentration). Although a particular 
model segment may be highly nonlinear in the total flow field (e.g., groundwater transport), if the 
contaminant concentration itself represents a small perturbation of the total flow volume, it is 
reasonable to expect that the model will behave linearly in the contaminant concentration to first 
order. With this assumption and an appropriate normalization of the concentration scales, Eq. 
0.6) and Eq. (1.7) can be expressed as convolution integrals. Then the composite probability 
distribution of an N-stage model may be written as 

Under certain conditions, it is possible, and computationally convenient, to compute the 

LHC * p,”-?] * [ P Z  * P,”!?] * ... * [PI LHC * P F I  , p~ = lPN-I (19) 

where * denotes convolution and the subscript indicates model segment. Because the convolution 
operation is commutative, the order of the convolutions can be rearranged to yield 

, 

where 

and 

(I.10) 

(I.11.) 

(I. 12) 
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Here, Eq. (1.1 1) is computed by an LHC sampling simulation applied to the entire composite model, 
and Eq. (1.12) shows that the total subjective distribution can be estimated by convoluting the 
individual (properly normalized) subjective distributions of the separate model segments. 

1.1.3.2.3 Computer Algorithm for Incorporation of Subjective Uncertainty 

The methods presented in Sect. I. 1.3.2.2 for incorporating subjective uncertainties with the 
parametric uncertainties associated with the LHC analyses of CTh4 are implemented through the use 
of a computer program. The code consists of about 300 lines written in FORTRAN. It is compiled 
and run on an HP 9000, Series 700, workstation. The code uses the following approximation to 
Eq.(I.4) to combine subjective information with modeled, “objective” results: 

where 

PJYC( 6 )  

probability that the actual concentration is in interval i; 
subjective probability for a given model segment that the 
actual concentration, C, is in interval i given the modeled 
concentration, e is in intervalj; 
probability that the modeled concentration, 6, is in a given 
interva1,j (originally this probability corresponds to the “objective”, 
LHC analysis results). 

The following are brief descriptions of the steps used by the computer code. 

Step 1 

for a given nuclide, as well as the value associated with the 4mrem/year dose limit, Clim, is 
determined. This range is then divided into n unit-width intervals. While the actual number of 
intervals, n, is nuclide-specific, the values used in this analysis ranged from 20 to 60. 

A concentration (or flux) range that encompasses all values generated by the LHC analysis 

Step 2 

PsubJ ( C; I <) . The code allows input of 1 1 subjective values, corresponding to PsubJ (C,] ei-*) to 
PsubJ( CJ These probabilities are based on distributions provided by experts on the particular 
CTM segment. A “rest-of-the-world” probability, uniformly distributed over the remaining (n- 1 1) 
intervals, is also input. 

For each of the five model segments, subjective probabilities are assigned for the n intervals, 
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Step 3 
Once the intervals and subjective probabilities have been stored, initial values for P,””( e) 

based on the objective distributions obtained from the LHC analysis, are generated. These 
probabilities are simply the ratio of the number of objective values that fall within each interval and 
the total number of objective values (i.e., 50). 

Step 4 

segment, values for P(C,) are calculated for each interval using Eq. (H.12). 
Using the estimates for P,yc( e), and the subjective probabilities for the first model 

Step 5 

calculated in Step 4. 
The previous probabilities, P,?‘( e), are then replaced by the corresponding values of P(C,) 

Step 6 

model segment, Steps 4 and 5 are repeated for each of the remaining model segments. 
Using the updated values for P y ( d )  and subjective probabilities PsdJ( CJ 2,) for the next 

Steps 4 and 5 are then repeated for each of the remaining model segments. These values are then 
used with the subjective estimates for the next model segment and Step 4 is repeated. 

1.1.3.2.4 Subjective probability distributions 

The subjective probability distributions for selected radionuclides (3H, I4C, %r, I3’Cs, and 
238U), which required that experts on each component of the CTM estimate the distribution of actual 
values relative to predicted concentrations (or fluxes) of value C, are summarized in Table 1.3. Using 
the computer code described in Sect. I. 1.3.2.3, the subjective distributions associated with 
contaminant inventory, UTM, the SOURCE1 and SOURCE2 models, and the PADSIM and 
HOLSIM were convoluted with the PADSIM and HOLSIM output distributions obtained from the 
parametric uncertainty analysis (Sect. 4.6.1.3) to obtain modified distributions of total concentration 
in surface water due to flux from the shallow subsurface. Similarly, by convoluting the subjective 
distributions associated with contaminant inventory, UTM, the SOURCE 1 and SOURCE2 models, 
PADSIM and HOLSIM, and MOC, with the MOC output distributions obtained from the parametric 
uncertainty analysis, modified distributions (which reflected both subjective and parametric 
uncertainties) of: (1) contaminant concentration in groundwater, and (2) total contaminant 
concentration in surface water due to flux from groundwater were also obtained. Finally, 
distributions for total contaminant concentration in surface water were generated by combining the: 
modified distributions of contaminant flux from shallow subsurface and flux from groundwater 
described above. 

- 
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Table 1.3. Description of subjective probability distributions for each segment of the 
Composite Transport Model 

CTM model Assumed 
segment Nuclide distribution Comments 

Inventory Uniform 50% of actual values within f 50% of predicted 
value 

Inventory I4C Uniform 20% of actual values within f 50% of predicted 
value 

Inventory Uniform 60% of actual values within f 100% of predicted 
value 

I3'Cs 

2 3 S u  

All 

Uniform 

Uniform 

Uniform 

Inventory 80% of actual values within f 25% of predicted 
value 

Inventory 40% of actual values within f 35% of predicted 
value 

90% of actual values within 20% of predicted 
value 

UTM recharge 
values 

SOURCE model Lognormal Mean equal to modeled concentration; standard 
deviation of 0.9 

SOURCE model Lognormal Mean equal to modeled concentration; standard 
deviation of 1.5 

PADSIIWHOLSIM 
model 

Uniform 90% of actual values within f 1 order of magnitude 
of predicted values 

PADSIIWHOLSIM 
model 

Uniform 90% of actual values within f 2 orders of 
magnitude of predicted values 

90% of actual values within f 1 order of magnitude 
of predicted values 

'H, I4C Lognormal USGS MOC model 

USGS MOC model 

USGS MOC model 

Lognormal 

Loguniform 

90% of actual values within 3t 2 orders of 
magnitude of predicted values 

Lo,wiform over * 5 orders of magnitude of 
predicted values 

Acronyms: CTM =Composite Transport Model, UTM =Unified Transport Model, USGS = U.S. Geological 
Survey, MOC = Method of Characteristics. 
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1.2 UNCERTAINTIES ASSOCIATED WITH INVENTORIES 

Appendix A of this report presents results from statistical analyses on the reported 
inventories at non-IWMF SWSA 6 disposal sites. The parametric uncertainty analysis was conducted 
using the reported inventories and the corresponding statistical parameters determined from the 
analysis in Appendix A (Tables A. 16 - A.27). 

The performance of SWSA 6 with respect to transport of radioactive contaminants in 
groundwater was initially evaluated by calculating limiting inventories for IWMF based on maximum 
groundwater concentrations at 1 OO-m receptor locations (Fig. 4.1 5) .  The parametric uncertainty 
analysis was conducted using these limiting inventories for the IWMF facility. No uncertainty is 
assumed to exist in these values because it is assumed that quality assurance procedures implemented 
at the IWMF would guarantee that future disposals are accurately reported. Uncertainties associated 
with previous disposals at IWMF are discussed in Sect. 6 of Appendix A. 

After completion of the parametric uncertainty analysis, it was realized that the associated 
groundwaters between the 100-m buffer zone and White Oak Lake in the vicinity of IWMF would 
certainly be protected to the same extent as the groundwaters inside the 1 OO-m buffer zone. 
Therefore, the buffer zone for the various SWSA 6 disposal units was expanded (Fig. 4.16); and, 
revised limiting inventories for IWMF based on maximum groundwater concentrations at this 
expanded buffer zone were determined. However, due to lack of sufficient time and funding, it was 
not possible to redo the parametric uncertainty analysis using these revised IWMF inventories. 

1.3 UNCERTAINTIES ASSOCIATED WITH UTM 

Uncertainty analysis on UTM using LHC sampling is not conucted. a number of sensitil L,Ly 
analyses showing the influence of inputs on water budgets and chemical transport have been 
conducted with UTM (Luxmoore, Stolzy, and Holdeman 1976; Begovich and Luxmoore 1979; 
Sharma and Luxmoore 1979). The heterogeneity of plant physiological variables and soil physical 
properties have complex interacting effects that do not need to be included in this report. Such 
heterogeneity causes the quantity of water interacting with waste units to vary. Water budget 
calculations are performed for dry, average, and wet years (Table 4.14), and in general higher rainfall 
results in relatively more lateral flow and has essentially no effect on recharge. In the programming 
sequence, recharge is calculated first and this results in recharge being limited by hydraulic 
conductivity and not the supply of water. Thus, recharge is insensitive to variation in rainfall whereas 
lateral flow is highly sensitive to rainfall amount. 

concentrations of nuclides entering surface water. Because the surface water flow from SWSA 6 is 
diluted with surface runoff from a perennial stream, the consequence of uncertainty in water budget 
components calculated by UTM is unimportant and is not included in the uncertainty analysis. 

More or less lateral flow interacting with waste units results in lower or higher 
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1.4 UNCERTAINTIES ASSOCIATED WITH SOURCE MODEL 

The SOURCE1 and SOURCE2 computer codes require more than 100 input parameters for a 
performance simulation. However, sensitivity analyses can be used to reduce the number of 
parameters to be considered in uncertainty analyses. For conditions expected at Oak Ridge, previous 
studies (Icenhour and Tharp 1995; Icenhour, Tharp, and Miller 1997) have summarized the sensitive 
parameters for SOURCE1 and SOURCE2. These analyses were performed with the use of the 
PRISM computer code (Gardner, Rojder, and Bergstrom 1983). The sensitive parameters and 
associated values are shown in Table 1.4, Table 1.5, Table 1.6, and Table 1.7 provide information by 
nuclide for the input parameters that are radionuclide-specific. 

including waste density, distribution coefficient, moisture content, radionuclide diffusion coefficient 
in concrete, radionuclide solubility, and radionuclide inventory. For the mechanism of sulfate attack, 
the sulfate diffhion coefficient and sulfate concentrations were identified as sensitive parameters. 
The water seepage parameters of soil hydraulic conductivity, concrete hydraulic conductivity, and 
disposal unit area were also sensitive. Finally, soil density; corrosion times for metals in containers, 
liners, and wells; and the initial functionality of the tumulus-type concrete pad and leachate 
collection systems were sensitive parameters. 

used in conjunction with the PRISM computer code to create 50 input data sets for each radionuclide 
in each disposal unit. These input data sets were thenwed in either SOURCE1 or SOURCE2 
simulations to obtain 50 sets of computer code outputs. These outputs then served as part of the input 
parameters for PADSIM or HOLSIM. 

Several parameters that related to the waste (or waste form) were identified as sensitive, 

The parameter distributions indicated in Table 1.4, Table 1.5, Table 1.6, and Table 1.7 were 

1.5 UNCERTAINTIES ASSOCIATED WITH SHALLOW SUBSURFACE 
MODELS 

The PADSIM and HOLSIM codes for simulation of chemical transport in the shallow 
subsurface contain five variables that are used with LHC sampling for uncertainty analysis. These 
variables are: 

bulk density, 
chemical adsorption coefficient (Kd) (Table 1.8), 
disposal unit area (Table I.9), 
distance to groundwater (Table I. lo), and 
distance to stream channel (Table 1.1 1). 

The regolith of the shallow subsurface transport path at SWSA 6 has a mean bulk density of 
1.35 g/cm3 (Luxmoore 1982). A normal frequency distribution is assumed with a standard deviation, 
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T& 1.4 SOURCE1 and SOU-ters -included in the -analysis 
Standard 

Parameter SOURCE1" SOURCET Mean deviation Distribution Minimum Maximum 

Earthen cover density, g/cm3 
Waste density, glcm' 
Relative saturation of waste, unitless 
SO:- diffusion coefficient in concrete, m'ls 
SO:- concentration (inside unit), moIL 
SO:- concentration (outside unit), molL 
Pad initial functionality fraction (1 WMF), unitless 
Pad initial functionality fraction (TUM I & TUM 
It), unitless 
Disposal unit area, m2 
Steel-vault failure time, year 
Epoxy-coating failure time, year 
Steel-liner failure time, year 
Steel-well failure time, year 
Saturated hydraulic conductivity for recharge 

under unit (IWMF), c d s  
Saturated hydraulic conductivity for recharge 

under unit (TUM I & TUM II), cm/s 
Saturated hydraulic conductivity for recharge 

under unit (SOURCE2), c d s  
Saturated hydraulic conductivity in concrete, cm/s 
Distribution coefficient in waste, mL/g 
Diffusion coefficient of nuclide in concrete, m2/s 
Solubility of nuclide, m o w  
Inventow. dunit 

Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 
Yes No 

Yes No 

Yes Yes 
Yes No 
Yes Yes 
No Yes 
No Yes 

Yes No 

Yes No 

No Yes 

Yes Yes 
Yes Yes 
Yes Yes 
Yes Yes 

1.76 
1.76 
0.35 

1.06 x lo-'* 
2.62 x 10-4 
2.62 x 10-4 

0.8 

0.5 

b 
60 
20 
60 
75 

1.90 x 10-5 

1.50 x 1 0 - ~  

5.80 x 10-7 

1.00 x 10-l0 
C 

C 

C 

d 

Uniform 
Uniform 

Triangular 
Triangular 

1.30 x 10-5 Normal 
i.30'x 10-5 Normal 

Uniform 

b 

1.90 x 10-5 

1.50 x 10-5 

5.80 x 10-7 

Uniform 

b 
Uniform 
Uniform 
Uniform 
Uniform 

Lognormal 

Lognormal 

Lognormal 

Triangular 
C C 

C C 

C C 

d d 

1.50 
1 .oo 
0.15 

1.06 x lo-'* 
2.23 x 10-4 
2.23 x 10-4 

0.6 

0.3 

b 
30 
10 
30 
25 

1.00 x 10.' 

1.00 x 10-1 

1.00 x lo-" 

1.00 x IO'" 
C 

C 

C 

d 

2.00 
2.50 
0.55 

1.06 x lo-'' 
3.01 x 10-4 
3.01 x 10-4 

1 

I 

b 
90 
30 
90 
125 

1.90 x 

1.50 x lo-' 

5.80 x 10-4 

1.00 x 10-9 
C 

C 

C 

d Yes Yes 
I - -  

Acronyms: IWMF = Interim Waste Management Facility, TUM = Tumulus. 
""Yes" indicates that the parameter is applicable to this computer code (Le., SOURCE1 or SOURCE 2). 
bValues for this parameter are unit-specific and are given in Table 1.9. 
'Values for this parameter are nuclide-specific and are given in Table 1.5, Table 1.6, and Table 1.7. 
dValues for this parameter are nuclide- and unit-specific and are given in Appendix A .  

b 

i3 



Sensitivity and Uncertainty Analysis 

Table 1.5 Uncertainty values for distribution coefficients used in the 
SOURCE1 and SOURCE2 computer programs 

Distribution coeficient in waste 
( m W  

Nuclide Probable Low High Distribution 

1.99 x 10" 0.00 x 10' 1.99 x IO0 
1.09 x 10' 0.00 x loo 1.09 x 10' 
8.75 x 10' 8.75 x lo-' 8.75 x 10' 
3.18 x 10' 0.00 x 10' 3.18 x 10' 
1.99 x 10' 1.99 x 10' 1.99 x lo2 
3.73 x 103 3.73 x IO2 3.73 x 104 
5.37 x 10' 5.37 x loo 5.37 x lo2 
3.82 x 103  3.82 x 10' 3.82 x io4 
3.82 x 103 3.82 x IO2 3.82 x io4 
5.49 x lo1 5.49 x loo 5.49 x lo2 
3.90 x lo3 . 3.90 x IO2 3.90 x 104 
3.93 x 103 3.93 x lo2 3.93 x 104 

Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 
Triangular 

Values used for Quadrex trench calculations. 

Table 1.6 Uncertainty values for diffusion coefficients used in the 
SOURCE1 and SOURCE2 computer programs 

Diffusion coefficient of nuclide in concrete 
(m2/s) 

Probable Low High Distribution Nuclide 
'H 4.73 x 1O-Io 9.46 x 9.46 x lo-'' Triangular 

0-13 5.50 x 10-14 5.50 x 10-13 ~rianguiar 
0-13 1.02 x 1.02 x 10-l2 Triangular 
0-17 1.01 x 1.01 x Triangular 
0-14 6.50 x 6.50 x Triangular 
0-17 1.13 x IO-]' 1.13 x Triangular 

1.73 x 

1.29 x 10-13 

3.46 x 3.46 x Triangular 
2.58 x 2.58 x Triangular 

I4C 
"Sr 
"TC 2.75 x 

I3'Cs 5.12 x 

232m 5.04 x 
2 3 2 n u  3.25 x 

233u 5.63 x 

2 3 8 ~  5.63 x 1.13 x 1.13 x Triangular 
238uu 3.64 x 7.28 x lo-'' 7.28 x Triangular 
239Pu 6.00 x 1.20 x 1.20 x Triangular 
241Am 4.08 x 8.16 x lo-'* 8.16 x Triangular 

"Values used for Quadrex trench calculations. 
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Table 1.7 Uncertainty values for solubilities used in the SOURCE1 
and SOURCE2 computer programs 

Solubility of nuclide 
(mom) 

Nuclide Probable Low High Distribution 
3H 1 . 1 1  x lo2 a a Constant 
I4c 1.11 x 10-4 a a Constant 
"Sr 7.45 x 10-5 a a Constant 
99TC 9.12 x a a Constant 
137cs 1.60 x 10' a a Constant 
232Th 3.00 x 10-9 3.00 x lo-'' 3.00 x IO-* Triangular 

7.57 x lo-* 7.57 x 10-9 7.57 x 10-7 Triangular 
3.00 x lo-'' 3.00 x lo-'' 3.00 x lo-' Triangular 

=*U 3.00 x IO-'' 3.00 x lo-" 3.00 x lo-' Triangular 
1.46 x 1.46 x 1.46 x 10-5 Triangular 

239Pu 1.46 x io-1o 1-00 x 10-11 1.00 x 10-9 Triangular 
24'Am 4.00 x lo-'' 4.00 x lo-" 4.00 x lo-' Triangular 

SWSA 6, solubility limits would not be exceeded. 

2 3 2 n b  

233u 

2 3 8 ~ 6  

"Not applicable. For the inventories reported to be disposed of in 

bValues used for Quadrex trench calculations. 

minimum value, and maximum value of 0.15,0.90, and 1-80 g/cd, respectively. The mean, standard 
deviation, minimum value, and maximum value for the four other variables are given in Table 1.8 
through Table I. 1 1. In most cases the standard deviation is 20% of the mean, and the range of values 
used in LHC is given by *3 standard deviations. The frequency distributions of values are normal in 
all cases except for the lognormal distributions used for the Kds of 3H, 14C, and *Tc (Table 1.8). 
These choices provide a modest range of variability for inclusion in uncertainty analyses. The five 
input frequency distributions are divided into 50 equal probability classes. These are sampled 
without replacement to generate 50 input data sets which give 50 sets of output values from the 50 
simulations. 

with the SOURCE models are also needed as inputs for uncertainty analyses with the PADSIM and 
HOLSIM codes. These latter codes provide the uncertainty of chemical transport to groundwater 
used in the MOC modeling, and they also provide the shallow subsurface component of nuclide 
transport to surface water. These surface water results are later combined with the surface water 
outflow from groundwater modeling to evaluate the probability of nuclide concentrations in surface 
water exceeding the 4 mrem drinking water limit. 

The outputs of vertical and lateral chemical transport obtained from uncertainty calculations 
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Table 1.8. Attributes of the frequency distributions selected for chemical 
adsorption (&) that were used in Latin hypercube sampling 

Kd Standard 
Nuclide (mL/g) deviation Distribution Maximum MinimUIIl 

0.0325 
0.0325 
30 

0.0325 
3000 
3000 
40 
40 
40 
40 

0.1004 
0.1004 
6 

0.1004 

600 
600 
8 
8 
8 
8 

Lognormal 
Lognormal 

Normal 
Lognormal 

Normal 
Normal 
Normal 
Normal 
Normal 
Normal 

1 
1 
48 
1 

4800 
4800 
64 
64 
64 
64 

0.000 1 
0.0001 
12 

0.000 1 
1200 

I200 
16 
16 
16 
16 

Table 1.9. Attributes of the frequency distributions selected for disposal unit nrea that 
were used in Latin hypercube sampling 

Disposal unit area 

Disposal unit type 

~~ 

. Mean Standard 
Zone (mZ) deviation Maximum hiinimum 

High-range silos 
High-range wells 
High-range wells in silos 
Fissile well 
Low-range silos 
Quadrex trenches 
Biological trenches 
Asbestos silos 
Biological trenches 
Interim Waste Management Facility 

3 
5 
5 
7 
8 
8 
15 
16 
20 
25 

10 
10 
10 

1 
10 
9 
47 
10 
47 
499 

0.50 
0.50 
0.50 
0.05 
0.50 
0.45 
2.40 
0.50 
2.40 
25.00 

~~ - 

11.50 

11.50 
11.50 
1.15 

11.50 
10.35 
54.20 
11.50 
54.20 
574.00 

8.50 
8.50 
8.50 
0.85 
8.50 
7.65 
39.80 
8.50 
39.80 
424.00 

Tumulus I1 26 499 25.00 574.00 424.00 
Tumulus I 27 634 32.00 730.00 538.00 
Low-range silos 30 10 0.50 11.50 8.50 
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Table 1.10. Attributes of the frequency distributions selected for distance to groundwater 
that were used in Latin hypercube sampling - 

Distance to water table - 
Mean Standard 

Zone (m) deviation Maximum Minimum Disposal unit type 
High-range silos 
High-range wells 
High-range wells-in-silos 
Fissile well 
Low-range silos 
Quadrex trenches 
Biological trenches 
Asbestos silos 
Biological trenches 
Interim Waste Management Facility 
Tumulus I1 
Tumulus I 
Low-range silos 

3 
5 
5 
7 
8 
8 
15 
16 
20 
25 
26 
27 
30 

2.9 
4.3 
4.7 
4.0 
3.1 
4.7 
0.8 
0.6 
0.6 
1.2 
0.5 
1.8 
2.5 

0.58 4.64 
0.86 6.88 
0.94 7.52 
0.80 6.40 
0.62 4.96 
0.94 7.52 
0.16 1.28 
0.12 0.96 
0.12 0.96 
0.24 1.92 
0.10 0.80 
0.36 2.88 
0.50 4.00 

1.16 
1.72 
1.88 
1.60 
1.24 
1.88 
0.32 
0.24 
0.24 
0.48 
0.20 
0.72 
1 .oo 

Table 1.11. Attributes of the frequency distributions selected for distance to a stream 
channel that were used in Latin hypercube sampling - 

Disposal unit type 

Distance to stream - 
Mean Standard 

Zone (m> deviation Maximum Minimm 

High-range silos 
High-range wells 
High-range wells-in-silos 
Fissile well 
Low-range silos 
Quadrex trenches 
Biological trenches 
Asbestos silos 
Biological trenches 
Interim Waste Management Facility 
Tumulus I1 
Tumulus I 
Low-range silos 

3 
5 
5 
7 
8 
8 
15 
16 
20 
25 
26 
27 
30 

170 
189 
189 
142 
99 
99 
109 
156 
165 
96 
47 
47 
156 

34.0 272.0 
37.8 302.4 
37.8 302.4 
28.4 227.2 
19.8 158.4 

. 19.8 158.4 
21.8 174.4 
31.2 249.6 
33.0 264.0 
19.2 153.6 
9.4 75.2 
9.4 75.2 

31.2 249.6 

68.0 
75.6 
75.6 
56.8 
39.6 
39.6 
43.6 
62.4 
66.0 
38.4 
18.8 
18.8 
62.4 
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1.6 UNCERTAINTIES ASSOCIATED WITH GROUNDWATER FLOW A N D  
CONTAMINANT TRANSPORT MODEL 

The effects of parametric uncertainty on the calculation of flow and radioactive contaminant 
transport in groundwater were evaluated in a manner consistent with the methods used to quantify the 
uncertainties associated with the calculation of contaminant leaching from disposal units and their 
transport through the shallow subsurface. Major reasons for the parametric uncertainty in these 
calculations include the nature of the contaminant source (Le., the 50 calculated contaminant flux vs 
time profiles for each disposal unit described in Sect. 1.5) and the following nine model input 
variables used by the MOC code: 

anisotropy ratio (K, : K,J, 
annual recharge, 
aquifer thickness, 
chemical adsorption coefficient (KJ, 
hydraulic conductivity, 
longitudinal dispersivity, 
ratio of transverse to longitudinal dispersivity, 
regolith bulk density, and 
regolith porosity. 

Based on information in Lee (1989), which reported conductivity anisotropy ratios of s 30, the 
relation between strike-parallel(&), and strike-perpendicular transmissivity (K,.,,) were assumed to 
be discretely distributed in ratios of 1 : 1,3: 1, and 10: 1. Annual recharge values were assumed to be 
normally distrubuted about the mean values reported in Sects. 4.3.1.1.2 and 4.3.1.1.4, with a standard 
deviation of 0.2. Aquifer thickness was assumed to be uniformly distributed with values between 
3.05 and 15.24 ft (Solomon, et al. 1992). Distributions for &values were nuclide-specific and 
identical to those given in Table 1.8 . The logs of measured hydraulic conductivity values at SWSA 6 
were analyzed and found to be normally distributed with a mean of -5.45 ft/s and standard deviation 
of 0.68. Based on information in Lee (1989) and on the work of Tauxe (1994) (for an average 
groundwater travel distance of 100 m), the log of longitudinal dispersivity was assumed to be 
normally distributed with a mean of 0.47 ft and a standard deviation of 1 .O. The log of dispersivity 
anisotropy was also assumed to be normally distributed about the mean value of I .O (Lee 1989), with 
a standard deviation of 0.5 (Tauxe 1994). Consistent with Sect. 1.5, regolith bulk density was 
assumed to be normally distributed, with a mean of 1.35 g/cm3 and a standard deviation of 0.15. 
Porosity was assumed to be uniformly distributed with values between 0.02 and 0.10 (Lee 1989). 

PRISM (Gardner, et al. 1983) computer code to construct 50 random input data sets per nuclide. 
Each of these 50 data sets, in conjunction with the corresponding 50 contaminant flux vs time 
profiles for each disposal unit (described in Sect. 1.5) , were then used as input for nuclide-specific 

Using the distributions for these nine parameters, LHC sampling was performed using the 

1-23 



- Solid Waste Storage Area 6 Pe$omance Assessment 

simulations performed using the MOC model. Unlike the previous uncertainty analyses in which 
separate simulations were performed for each disposal unit, all units associated with a given nuclide 
were analyzed simultaneously in each of the 50 MOC runs. The results of this analysis yielded 
distributions of 50 values of maximum groundwater concentration (for each radionuclide) at each of 
the 1 79 groundwater receptor locations for each radionuclide. Furthermore, 50 distributions of 
contaminant flux to surface water due to contaminant transport in groundwater were also generated. 
These were combined with the 50 distributions of contaminant flux to surface water due to shallow 
subsurface transport (Sect. 1.5) to obtain distributions of total contaminant concentrations in surface 
water. 

1.7 SENSITIVITYRJNCERTAINTY ANALYSIS FOR DOSE ASSESSMEN’I: 
MODELS 

This section discusses the sensitivity and uncertainty analysis for the exposure pathway and 
dose assessment models used in estimating annual effective dose equivalents (EDEs) to off-site 
individuals from releases of radionuclides in groundwater and surface water. This discussion is based 
on the models and results presented in Appendix G, Sect. G.5.1. The sensitivity and uncertainty 
analysis for the models used to estimate doses to inadvertent intruders for the various disposal units 
in the SWSA 6 facility is discussed separately in Sect. 6.4. 

1.7.1 Discussion of Dose Assessment Models 

In the dose assessment for releases of radionuclides in water, the assumed exposure pathways 
for off-site individuals include direct ingestion of contaminated water, ingestion of milk and meat 
obtained from dairy and beef cattle that drink contaminated water, ingestion of fish obtained from 
contaminated water, and external exposure while swimming in contaminated water. The drinking 
water, milk, and meat pathways apply to contaminated groundwater and surface water, but the fish 
and swimming pathways apply only to contaminated surface water. 

concentration of radionuclides in water at assumed receptor locations. The doses per unit 
concentration of radionuclides for the different exposure pathways are used in conjunction with the 
performance objectives for limiting dose to off-site individuals from the drinking water pathway only 
and from all exposure pathways combined to derive maximum allowable concentrations of 
radionuclides in groundwater and surface water at off-site locations. 

radionuclide in water is a linear function of the input parameters, which include transfer factors foir 
radionuclides through food chain pathways (milk, meat, and fish pathways), intakes of water and 
foodstuffs (drinking water, milk, meat, and fish pathways) or the exposure time (swimming 
pathway), and doses per unit intake of radionuclides by ingestion (drinking water, milk, meat, and 

Simple multiplicative-chain models are used to estimate doses to off-site individuals per unit 

In the model for any exposure pathway, the estimated dose per unit concentration of a 
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fish pathways) or dose rates per unit concentration of radionuclides in water (swimming pathway). 
The sensitivity analysis for a linear model is particularly simple because a change in a particular 
parameter value by an assumed factor, with all other parameter values remaining fixed, results in a 
change in the model output by the same factor. 

1.7.1.1 Uncertainty in Dose Assessment Models for Groundwater Pathways 

As described above, only the drinking water, milk, and meat pathways are assumed to result 
fiom exposure to contaminated groundwater. The doses per unit concentration of radionuclides in 
water for these pathways are given in Appendix G, Table G.7, Table G.10, and Table G.11. 

water is considerably higher for the drinking water pathway than for the milk and meat pathways, and 
the dose from all exposure pathways from use of contaminated groundwater thus is determined 
almost entirely by the dose from the drinking water pathway. In the worst case (Le., f ~ r ~ ~ N b ) ,  the 
dose fiom the milk and meat pathways is almost a factor of two higher than the dose from the 
drinking water pathway. Thus, in the unusual cases where the milk and meat pathways are important, 
the dose from all exposure pathways exceeds the dose from the drinking water pathway by less than a 
factor of three for the parameter values assumed in this assessment. 

Furthermore, different performance objectives are applied to exposures of off-site 
individuals from the drinking water pathway and from all exposure pathways. Specifically, the 
performance objective for the drinking water pathway of 4 mrem/year EDE is about six times more 
restrictive than the performance objective for all exposure pathways of 25 mredyear EDE. 

Therefore, taking into account the doses per unit concentration of radionuclides in water for 
the different exposure pathways and the difference in the performance objectives for the drinking 
water pathway and all exposure pathways, the maximum allowable concentrations of all 
radionuclides in groundwater at off-site locations are determined entirely by the dose per unit 
concentration for the drinking water pathway only, given the parameter values assumed in the dose 
assessment models. 

The dose from the drinking water pathway per unit concentration of a radionuclide in water 
depends on two parameters: the assumed intke of contaminated water and the ingestion dose 
conversion factor for the radionuclide [see Appendix G, Eq. (G.l)]. In any population of exposed 
individuals, these parameters would be variable quantities and, thus, would be subject to uncertainty 
for any real individual. However, for purposes of performance assessment or, more generally, any 
type of prospective dose assessment involving hypothetical exposures of reference individuals, both 
of these parameters normally are assumed to be fixed quantities, without uncertainty, that are 
prescribed by regulatory authorities and radiation protection experts. That is, consistent with current 
practices in radiation protection and in applying drinking water standards, dose assessments for the 
drinking water pathway are based on prescribed intakes of water and prescribed ingestion dose 
conversion factors for radionuclides, and no uncertainty is assigned to these parameters. Therefore, 

For nearly all radionuclides considered in this assessment, the dose per unit concentration in 
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for purposes of performance assessment, the dose from the drinking water pathway per unit 
concentration of radionuclides in water essentially has no uncertainty. 

with the dose from the drinking water pathway for all radionuclides, given the parameter values 
assumed in this assessment. However, the dose from the milk and meat pathways is subject to 
uncertainty because of uncertainties in the intake-to-milk and intake-to-meat transfer coefficients of 
radionuclides for dairy and beef cattle [see Appendix G, Eq. (G.2) through Eq. (G.5)]. All other 
parameters in the models for these pathways are fixed quantities prescribed by regulatory authorities 
and radiation protection experts and, thus, can be assumed to have no uncertainty. If the transfer 
coefficients for the milk and meat pathways were considerably higher than the values assumed in this 
assessment, the dose from all exposure pathways could be more important than the dose from the 
drinking water pathway and the uncertainty in the dose from all exposure pathways could result in an 
uncertainty in the maximum allowable concentrations of radionuclides in groundwater derived froin 
the dose assessment. 

As noted previously, the milk and meat pathways are important compared with the drinking 
water pathway only for a very few radionuclides. Data on the transfer coefficients for the milk and 
meat pathways for these radionuclides are rather sparse [see Baes et al. (1984) and references 
therein] and, thus, it is difficult to estimate uncertainties in the assumed values. For this discussion, it 
is assumed that the transfer coefficients for %b, which is the radionuclide with the highest dose per 
unit concentration in water for the milk and meat pathways, could be an order of magnitude higher 
than the values used in the dose assessment. This assumption, although somewhat arbitrary, may be 
reasonable for radionuclides for which few measurements are available because uncertainties in the 
transfer coefficients for well-studied radionuclides (e.g., 'OSr, 13'1, and 13'Cs) appear to be 
substantially less than an order of magnitude [see NRC and CEC (1997)l. An increase in the transfer 
coefficients for 94J% by a factor of 10 would result in a dose from all exposure pathways that is a 
factor of about 20 higher than the dose from the drinking water pathway. Taking into account the 
difference of a factor of 6 between the performance objectives for the drinking water pathway and all 
exposure pathways, the maximum allowable concentration of 94Nb in water then would be 
determined by the dose per unit concentration from all exposure pathways, and the maximum 
allowable concentration would be about a factor of 3 less than the value determined by the dose per 
unit concentration from the drinking water pathway alone. 

Therefore, in the worst case, taking into account uncertainties in the transfer coefficients of 
radionuclides for the milk and meat pathways probably would affect the maximum allowable 
concentrations of radionuclides in groundwater by no more than a factor of about 3. Such an 
uncertainty clearly is insignificant compared with uncertainties in the models for estimating the 
maximum concentrations of radionuclides in groundwater at off-site locations (Le., uncertainties irn 
estimated releases from disposal units and transport in the environment) and, in the case of the closed 
disposal units, uncertainties in the inventories of radionuclides disposed. Furthermore, for most 
radionuclides, including those that are expected to be the most important in wastes disposed in 
SWSA 6, the dose from the milk and meat pathways is sufficiently less than the dose from the 

As discussed previously, the dose from the milk and meat pathways is unimportant compared 

1-26 



Sensitivity and Uncertainty Analysis 

drinking water pathway that uncertainties in the transfer coefficients for the milk and meat pathways 
should not affect the maximum allowable concentrations in groundwater derived from the dose 
assessment, again because the performance objective for the drinking water pathway is considerably 
more restrictive than the performance objective for all exposure pathways. 

1.7.1.2 Dose Assessment Models for Surface Water Pathways 

As described previously, the drinking water, milk, meat, fish, and swimming pathways are 
assumed to result from exposure to contaminated surface water. The doses per unit concentration of 
radionuclides in water for these pathways are given in Appendix G, Table G.7, Table G.10, 
Table G.11, Table G.13, and Table G.14. In addition, the fish pathway is assumed to be credible only 
for exposure to water in the Clinch River, but the other exposure pathways are applied in White Oak 
Creek, where the concentrations of radionuclides are assumed to be a factor of 330 higher than the 
concentrations in the Clinch River. Thus, off-site individuals receiving the highest doses are assumed 
to obtain fish from the Clinch River but are assumed to be exposed to water in White Oak Creek for 
the other pathways. 

The discussions in the previous section about the importance of the milk and meat pathways 
relative to the drinking water pathway for radionuclides in groundwater are directly applicable to 
exposures to contaminated surface water. Thus, based on the assumed exposure pathway models and 
parameters and taking into account the difference between the performance objectives for the 
drinking water pathway and all exposure pathways, the milk and meat pathways are unimportant 
relative to the drinking water pathway in determining the maximum allowable concentrations of all 
radionuclides in surface water, and the maximum allowable concentrations derived from the dose 
assessment for the drinking water pathway essentially have no uncertainty. Furthermore, if 
uncertainties in the transfer coefficients in the models for the milk and meat pathways are taken into 
account, the maximum allowable concentrations in surface water could be reduced by a factor of 
about 3 in the worst case, but consideration of these uncertainties would not significantly change the 
maximum allowable concentrations for most radionuclides. 

For all radionuclides, the dose from the swimming pathway per unit concentration in water is 
much less than the dose from the drinking water pathway. In the model for the swimming pathway 
[see Appendix G, Eq. (G.8)], the only uncertain parameter is the exposure time. However, even if the 
actual exposure time were an order of magnitude higher than the value of 100 Myear assumed in this 
assessment, which would be unreasonable, the dose from the swimming pathway still would be 
substantially less than the dose from the drinking water pathway for all radionuclides. Therefore, 
given the difference between the performance objectives for the drinking water pathway and all 
exposure pathways, the uncertainty in the dose from the swimming pathway can have no effect on the 
maximum allowable concentrations of radionuclides in surface water derived from the dose 
assessment. 

considerably higher than the dose from the drinking water pathway. For 14C, which is the worst case, 
For several radionuclides, the dose from the fish pathway per unit concentration in water is 
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the difference is a factor of 35. However, as noted previously, an off-site individual is assumed to 
obtain drinking water from White Oak Creek but to consume fish from the Clinch River, and the 
concentrations of radionuclides in the river are assumed to be a factor of 330 less than the 
concentrations in the creek. Therefore, for the parameter values assumed in this assessment, the dose 
from the fish pathway would be at least an order of magnitude less than the dose from the drinking 
water pathway for all radionuclides and, thus, would be insignificant. 

from water to fish [see Appendix G, Eq. (G.6) and Eq. (G.7)]. Uncertainties in this transfer 
coefficient for different radionuclides are unknown. However, even if the transfer coefficients wen: 
an order of magnitude higher than the values assumed in this assessment, the dose from the fish 
pathway would be no higher than the dose from the drinking water pathway in the worst case, and 
would be considerably less for most radionuclides. Therefore, given the difference between the 
performance objectives for the drinking water pathway and all exposure pathways, it is highly 
unlikely that uncertainties in the transfer coefficients of radionuclides for the fish pathway would 
have any effect on the maximum allowable concentrations of radionuclides in surface water derived 
from the dose assessment. 

The only uncertain parameter in the model for the fish pathway is the transfer coefficient 

1.7.1.3 Summary of Uncertainties in Dose Assessment Models 

Based on the discussions in the previous two sections, it is evident that uncertainties in the 
dose assessment models for exposure of off-site individuals to contaminated groundwater or surface 
water are insignificant for this PA, especially in comparison with uncertainties in radionuclide 
inventories in disposal units and uncertainties in the models for estimating release of radionuclides 
from disposal units and transport to assumed off-site receptor locations. The key factors leading to 
this conclusion are summarized as follows. 

drinking water pathway is higher than the dose from all other exposure pathways combined for most 
of the radionuclides considered in this assessment. For those few radionuclides for which the dose 
from the other exposure pathways is unusually high, the dose from all exposure pathways exceeds the 
dose from the drinking water pathway by only about a factor of 3. 

Second, the performance objective for the drinking water pathway for off-site individuals is 
about a factor of 6 more restrictive than the performance objective for all exposure pathways. Thus, 
for all radionuclides, the difference between the two performance objectives is greater than the 
difference between the dose from all exposure pathways and the dose from the drinking water 
pathway only, and the maximum allowable concentrations of radionuclides in groundwater and 
surface water can be based entirely on the dose assessment for the drinking water pathway, which 
essentially has no uncertainty. 

of magnitude higher than assumed in this assessment, based on consideration of uncertainties in the 
transfer coefficients for the milk, meat, and fish pathways, the resulting maximum allowable 

First, for the models and parameter values assumed in this assessment, the dose from the 

Finally, even if the dose from the exposure pathways other than drinking water were an order 
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concentrations of radionuclides in water would be reduced by no more than a factor of 3 in the worst 
case and by considerably less for most radionuclides. The magnitude of any such uncertainties 
clearly is insignificant for this PA. 

1.7.2 General Considerations of Uncertainties in Dose Assessment Models 

In evaluating the importance of the different sources of uncertainty in the dose assessment 
models for off-site individuals (Sect. 1.7. l), it also should be recognized that an important source of 
uncertainty is the definitions of the exposure scenarios themselves, notwithstanding any parameter 
uncertainties that could be quantified and regardless of whether the results would represent the 
variability in doses that could be received by individuals near the disposal site. The dose assessments 
for exposure of off-site individuals to contaminated groundwater or surface water are based on 
assumptions that the scenarios will occur as postulated, but many of the assumptions used in defining 
and implementing the scenarios are conservative. 

Perhaps the most important assumption that is likely to be conservative is the assumption that 
off-site individuals will be exposed at those locations where the highest concentrations of 
radionuclides in water are calculated to occur. This is particularly the case for exposure to 
contaminated groundwater. In addition, the assumptions about the quantities of contaminated 
drinking water, milk, meat, and fish that would be consumed by individuals should overestimate the 
exposures for these pathways that would be experienced by most individuals [e.g., see Rupp (1980) 
and Yang and Nelson (1986)l. Thus, the exposure scenarios for off-site individuals assume 
conditions that tend to overestimate the doses that would be received by most individuals. 

More fundamentally, it is not the purpose of a dose assessment for off-site individuals to 
provide best estimates of doses that likely would be received and to quantify the uncertainties in 
these estimates. Rather, the primary purpose of the exposure pathway modeling is to determine the 
maximum allowable concentrations of radionuclides in groundwater or surface water that would be 
adequately protective of off-site individuals, without undue concern for the magnitude of doses that 
any individuals might actually receive. Furthermore, quantitative estimates of the uncertainty in 
calculated doses per unit concentration of radionuclides in water based on parameter uncertainty 
analysis may not be particularly meaningful because the results are conditional on the occurrence of 
the assumed exposure scenarios at the locations of maximum radionuclide concentrations in water. 
Therefore, the most important factor in determining whether the maximum allowable concentrations 
in water derived from the dose assessment are reasonable is the credibifity of the assumed exposure 
scenarios and pathways (i.e., whether the assumed scenarios and pathways reasonably could occur 
near the disposal site) rather than any estimates of uncertainties in the results due to uncertainties in 
the parameters used in the dose assessment models. 

1-29 



- Solid Wmte Storage Area 6 Performance Assessment 

1.8 RESULTS 

1.8.1 Results of Parametric Uncertainty Analysis 

Results that illustrate the effects of parametric uncertainties on predicted radionuclide 
concentrations in groundwater and surface water are presented in the following section. Fig. 1.2 
through Fig. I. 1 1 depict histograms and the associated CDFs for the maximum groundwater 
concentration (at the receptor location corresponding to the maximum groundwater concentration 
calculated during the deterministic analysis) obtained from each of the 50 LHC iterations. Similarly, 
Fig. 1.12 through Fig. 1.21 show histograms and CDFs for the maximum surface water concentration 
at White Oak Dam obtained from each of the same 50 LHC model iterations. For reference purposes, 
the maximum concentration (groundwater or surface water) calculated from the deterministic 
analysis and the drinking water concentration corresponding to the 4 mredyear dose limit (C””) are 
included in both sets of figures. 

associated entropy-based value (determined by Eq. I. 1). Although the PDFs displayed in Fig. 1.2 
through Fig. 1.2 1 represent values determined using inventories for the groundwater limiting 
scenario, similar results would be expected had inventories for other surface-water-limiting cases 
been used. Based on the distributions of maximum groundwater concentrations (Fig. 1.2 through Fiig. 
I. 1 l), for many radionuclides, the use of the disposal limits from the deterministic analysis presented 
in Sect. 5 provides reasonable assurance that the performance objectives of DOE 0 5820.2A will be 
met. This is true for radionuclides such as 3H with extremely small & values or for those with 
relatively long half-lives and moderate 16 values such as 233U. However, for radionuclides with 
combinations of large & values and short half-lives (”’Cs), or those with extremely large & values 
and half-lives (232Th), the results suggest that considerable uncertainty exists in the calculated values 
found in Sect. 5.1.2.2. Hence, simply basing disposal limits on the results of the deterministic 
analysis is not sufficient to ensure compliance with performance objectives. Instead, the parametric 
uncertainty analysis suggests that it is necessary to modify the limits presented in Sect. 5.1.2.2, based 
on the results of this uncertainty analysis, to obtain “reduced” disposal limits that do provide a 
reasonable probability that SWSA 6 is in compliance. 

Measures of uncertainty associated with these results include the spread of the PDF or the 

1.8.2 Results of Subjective Uncertainty Analysis 

The following section summarizes the results from the subjective uncertainty analysis in 
which probability distributions obtained from the parametric uncertainty analysis (Sect. 1.8) were 
combined with the subjective estimates presented in Sect. 1.1.3.2.3. The effects of subjective 
uncertainties are illustrated by showing their impact on the probability that predicted environmental 
radionuclide concentrations are less than some reference (in this case, the 4 mrem/year drinking 
water limit, C rm) value. Table 1.12 lists the probabilities and the associated entropy-based 
uncertainties, based on results of the parametric uncertainty analysis, that groundwater 
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concentrations for the five radionuclides evaluated in the subjective uncertainty analysis are less than 
C lm, as well as the modified values due to the inclusion of subjective uncertainties. Similarly, Table 
I. 13 lists the “before and after” probabilities and entropy-based uncertainties that total surface water 
concentrations for these radionuclides are less than C 
provide a more detailed account of the effects of subjective uncertainties. These tables show the 
changes in the probability that the deterministic result is within the drinking water performance 
objective as the subjective uncertainties associated with each phase of the modeling process are 
incorporated. 

First, it is of interest to note the differences between the initial probabilities that the 
deterministic result is within the drinking water performance objective given in Table I. 12 and 
Table 1.13 and the corresponding values given in Table 4.35 and Table 4.36 of the SWSA 6 I994 PA 
( O W  1994). With the exception of 14C, the inventories analyzed in the current analysis were 
significantly higher than those analyzed in the 1994 analysis. Consequently, with the exception of 
3H (in groundwater) and ’OSr (in surface water), the initial probabilities that the deterministic result is 
within the drinking water performance objective determined from the parametric analysis are now 
equal to or lower than those calculated in the 1994 analysis. In the case of 3H, Probabilities 
presented in the 1994 analysis are based on the maximum groundwater concentrat ion that occurs at 
any point in time. For a given inventory, these concentrations are significantly higher than the 
maximum concentration that occurs after the 1 OO-year institutional control period (3s w t r t  used in 
the current analysis). For ”Sr, differences between results calculated during the currcnt anal? sis and 
those presented in the 1994 analysis are attributed to changes in the PADSIM/HOLSI!iI models. For 
14C, the inventory analyzed in the current analysis is less than that used in the 1994 anal! s t s  Hence 
the initial probabilities that the deterministic result is within the drinking water performmce 
objective increased in both groundwater and surface water. 

radionuclides, basing disposal limits on values calculated using the CTM may not be sufficient to 
ensure SWSA 6 complies with the performance objectives of DOE 0 5820.2A. The inclusion of 
subjective uncertainties further illustrates the limitations of any modeling procedure, such as that 
used in this PA, in accurately predicting environmental concentrations of radioactive contaminants. 
For example, Table 1.12 and Table 1.13 indicate how the convolution of subjective opinion with 
parametric results from the LHC analysis tends to drive the probability that radionuclide 
concentrations in groundwater and surface water are less than C 
Hence, the associated uncertainty [based on Eq. (I. l)] approaches the maximum value of 1 .O. 
However, the effect of time on the magnitude of the uncertainty increase associated with model 
predictions is demonstrated by the changes in uncertainty shown in the last columns of Table 1.12 
and Table I. 13. Generally, the radionuclides that experience the greatest increase in uncertainty with 
the inclusion of subjective opinion are those whose peak concentrations occur at large time values. 
For example, 3H groundwater and surface water concentrations reach maximum values within about 
100 years from the time of disposal. And, as expected, there is only a relatively small increase in the 
associated uncertainty in model predictions. Conversely, environmental concentrations of 238U, 

In addition, Table 1.14 and Table I. 15 

Considering the effects of parametric uncertainties, Sect. 1.8 illustrated that, for some 

toward 0.5 for all radionuclides. 
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which experience an increase in uncertainty of 0.94, reach their maximum values thousands of years 
after the time of disposal. Thus, inclusion of subjective uncertainty effects emphasizes the fact that 
accurate determination of disposal limits based on environmental transport of radioactive 
contaminants is a difficult, subjective process that becomes even more complicated as the 
environmental travel time of contaminants increases. 

Subjective uncertainty may also be used to identify the segments of modeling processes that 
are the chief contributors to the total uncertainty in predicted values, thereby identifying areas that 
would benefit most from further research. For example, consider the change in the probabilities that 
the deterministic result is within the drinking water performance objective (and, therefore, the 
change in overall uncertainty) that occurs with the successive convolutions of the subjective 
uncertainties associated with each component of the model process with the concentration 
distributions obtained from the parametric uncertainty analysis. The results presented in Table I. 14 
(groundwater) and Table 1.15 (surface water) show that, in all instances, inclusion of the subjective 
uncertainties associated with disposal inventory results in the greatest overall increase in the 
uncertainty associated with predicted radionuclide concentrations. Therefore, the logical first step to 
reduce the overall uncertainty associated with predicted radionuclide concentrations would be to 
develop a more reliable method for estimating the inventory of disposed radioactive material. 
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Table 1.12. Probabilities and associated entropy-based uncertainties that 
maximum groundwater concentrations at selected receptor locations I 4 mrem 

drinking water limit 
~ ~ 

Parametric 

Parametric Subjective 
+ 

4 mrem 
Receptor drinking water 

Nuclide ID limit (pCiL) PC U PC U 

AU 

3H 16 8.50 x IO-’ 0.90 0.47 0.60 0.97 +OS0 

14C 16 2.70 x 10-3 0.90 0.47 0.53 0.99 +OS2 

90Sr 17 3.60 x lo-’ 0.38 0.96 0.46 0.99 +0.03 

’3’CS 52 1.10 x 104 1 .oo 0.00 0.82 0.69 +0.69 
16 2.10 x lo-’ 1 .oo 0.00 0.64 0.94 +0.94 7 . 3 8 ~  

Table 1.13. Probabilities and associated entropy-based uncertainties that maximum 
surface water concentrations at selected receptor locations I 4 mrem drinking 

water limit 

4 mrem 
drinking water Parametric 

Parametric 

Subjective AU 
+ 

3H 8.50 x lo-’ 0.92 0.40 0.45 0.99 +OS5 

14C 2.70 x 10-3 1 .oo 0.00 0.32 0.91 +0.91 

’‘ST 3.60 x lo-’ 0.94 0.33 0.50 1 .oo +0.77 

I3’Cs 1.10 x lo4 1 .oo 0.00 0.65 0.94 +0.94 
238u 2.10 x 10-5 1 .oo 0.00 0.42 0.98 4-0.98 
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Table 1.14. Changes in the probabilities and associated entropy-based uncertainties that maximize groundwater concentrations at 
selected receptor locations i; 4 mrem drinking water limit due to inclusion of subjective uncertainties associated with each segment 

of the modeling process 

(1) (2) (3) (4) (5) (6) 

Initial Values (1) t Subjective (2) + Subjective (3) + Subjective (4) + Subjective (5) + Subjective 

Nuclide Uncertainty Associated with Associated with Associated with Associated with Associated with 
Uncertainties Uncertainties Uncertainties Uncertainties from Parametric Uncertainties 

Analysis Inventory UTM Source 1fSource2 PADSIWHOLSIM MOC 

pc U p c  u p c  u p c  u p c  u p c u  
3H 0.90 0.47 0.69 0.89 0.67 0.9 1 0.65 0.93 0.61 0.97 0.60 0.97 
I4C 0.90 0.47 0.57 0.98 0.56 0.99 0.55 0.99 0.54 0.99 0.53 0.99 
90Sr 0.38 0.96 0.44 0.99 0.44 0.99 0.45 0.99 0.45 0.99 0.40 0.99 
l3'CS 1 .oo 0.00 0.90 0.47 0.86 0.59 0.86 0.59 0.82 0.69 0.82 0.69 

I .oo 0.00 0.70 0.88 0.68 0.91 0.67 0.9 1 0.65 0.93 0.64 0.94 2 3 8 u  



Table 1.15. Changes in the probabilities and associated entropy-based uncertainties that maximize surface water concentrations at 
selected receptor locations 2 4 mrem drinking water limit due to inclusion of subjective uncertainties associated with each segment 

of the modeling process 

(1) (2) (3) (4) ( 5 )  (6) 

(5) + Subjective 

Associated with Associated with Associated with Associated with Associated with 

Initial Values (1) + Subjective (2) + Subjective (3) + Subjective (4) + Subjective 
from Parametric Uncertainties Uncertainties Uncertainties Uncertainties Uncertainties 

Analysis Inventory UTM Sourcel/Source2 PADSIM/HOLSIM MOC 
Nuclide Uncertainty 

PC U p c  u p c  u p c  u p c  u p c u  
'H 0.92 0.40 0.53 0.99 0.49 0.99 0.49 0.99 0.45 0.99 0.45 0.99 
I4c 1.00 0.00 0.35 0.94 0.34 0.93 0.34 0.92 0.32 0.91 0.32 0.91 
?3r 0.94 0.33 0.6 1 0.97 0.57 0.99 0.56 0.99 0.52 0.99 0.50 1 .oo 
'37cs 1.00 0.00 0.81 0.70 0.14 0.83 0.13 0.84 0.65 0.94 0.65 0.94 

1.00 0.00 0.48 0.99 0.46 0.99 0.45 0.99 0.43 0.98 0.42 0.98 2 3 8 ~  
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Appendix J 

RESPONSES TO COMMENTS AND RECOMMENDATIONS: 

Responses to 

DOE Headquarters Review of the “Performance Assessment for 
Continuing and Future Operations at 

Solid Waste Storage Area 6” 

and the 

Performance Assessment Peer Review Panel Recommendation 
on the “Performance Assessment for Continuing and 
Future Operations at Solid Waste Storage Area 6,” 

ORNL-6783, February, 1994 

The Performance Assessment for Continuing and Future Operations of Solid Waste Storage 
Area 6 (ORNL-6783), February 1994, was submitted to DOE Headquarters for review by the Peer 
Review Panel on March 24, 1994. The review was concluded on January 25, 1995, with the finding 
that the performance assessment (PA) and the supplemental information were technically acceptable. 
The Peer Review Panel submitted several recommendations to DOE Headquarters for consideration. 
The Office of Waste Management, DOE Headquarters, completed its review of the PA on September 
8, 1995, and concluded that the PA was technically adequate. Headquarters also concluded that 
several actions should be taken with respect to the PA and that these should be incorporated into a 
revision of the PA to be resubmitted to Headquarters. 

Headquarters directed on May 3 1 , 1995, that the PA be revised to consider additional source terms 
from wastes disposed of prior to September 26, 1988. This directive was amended to require the 
preparation of a composite analysis (CA) to address all contributing sources of contamination either 
in a separate document or as part of the PA, subject to guidance issued on October 3 1 ,  1996. This 
appendix responds to the comments made by Headquarters in the review of the PA and to the 
comments made by the Peer Review Panel. Consideration of contributing sources of contamination 

In response to the Defense Nuclear Facilities Safety Board (DNFSB) Recommendation 94-2, 

J- 1 



- Solid Waste Storage Area 6 Performance Assessment 

from wastes disposed of prior to September 26, 1988, is addressed in the CA for SWSA 6, which is a 
separate document. 

J.l DOE HEADQUARTERS COMMENTS 

The SWSA 6 PA should be revised and resubmitted for Headquarters approval. The revision 
should address the following items: 

Item: Impacts of actions taken as a result of the PA on continuing operation of the Interim Waste 
Management Facility ( W . . )  have not been analyzed. Thus, the PA presently does not provide 
documented assurance that continuing W.W operation .will comply with performance objectives 
defined in DOE Order 5820.2A. 

Response: The revised PA addresses all changes made in operations following the publication 
of the initial version of the PA and provides concentration and inventory limits for 
radionuclides in wastes for continued IWMF operations. The limits provided in this revised 
PA were determined to ensure that continuing operations will be in compliance with the 
performance objectives of DOE Order 5820.2A. The limits provided in this revised PA will be 
incorporated in the Waste Acceptance Criteria for IWMF operations. 

Item: The Department is adopting new requirements for the scope of low-level waste disposal 
facility PAS in response to Defense Nuclear Facilities Safety Board (DNFSB) recommendation 94-2. 
The new requirements are that a PA for a low-level waste disposal facility include impactsfrom 
other disposed waste and other sources of radioactive contamination in the ground (leaks, etc.) that 
potentially contribute to the dosesfrom the disposal facility in the analysis. The results of the 
analysis are then to be compared with the performance objectives of the Order. 

Response: The CA for SWSA 6 has been prepared according to the guidance issued on 
October 3 1, 1996, and is being submitted to Headquarters coincident with the submittal of this 
revised PA. The CA considers all sources of contamination in the ground that could 
potentially contribute to the doses from SWSA 6. 

Item: Supplemental information deveIoped during the course of the review by the Peer Review Panel 
should be incorporated into the revision. Additionally, detailed comments on the PA and 
supplemental information developed by the Peer Review Panel should be considered as the revision 
is prepared. 

Response: All supplemental information developed in the review of the SWSA 6 PA has been 
incorporated into this revision of the PA. Additional information developed since the 
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Responses to Comments and Recommendations 

publication of the initial version of the PA has also been incorporated into this revision of the 
PA. The written comments made by the Peer Review Panel at the conclusion of its review are 
addressed below. Comments made by the Peer Review Panel in its review of the PA and the 
supplemental information that is recorded in the minutes of the Pqer Review Panel meetings 
have been considered in this revision of the PA. 

5.2 PEER REVIEW PANEL COMMENTS 

Comment: The Panel feels strongly that there is an urgent need for revision of the PA. The revision 
is needed to provide assurance that continuing operation of the Interim Waste Management Facility 
(IW..F) will comply with DOE performance objectives. 

Response: This revision of the PA provides the needed assurance that IWMF operations will 
comply with DOE performance objectives by establishing radionuclide concentration and 
inventory limits for wastes to be disposed of at the IWMF. These limits were defined so the 
performance objectives would not be exceeded at the IWMF. The limits calculated in this 
revision of the PA will be incorporated into the Waste Acceptance Criteria for the IWMF. 

Comment: i%e PA revision is also needed to document the efect of waste management operational 
actions taken due to the results of the PA and the supplemental information developed during the 
review. 

Response: All of the changes in IWMF operations that have occurred since the publication of 
the SWSA 6 PA have been incorporated into this revision of the PA. The supplemental 
information developed during the review of the PA has also been incorporated into this PA. 
Additional information that has been developed since the conclusion of the PA reviews has 
also been included. Finally, the revised PA has been restructured to adhere to the guidance for 
the preparation of PAS issued on November 1, 1996. 

Comment: The Panel would like to commend the Oak Ridge Field Oflce and ORNL personnel for 
waste management actions taken as a result of the PA. 

Response: No response required. 
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