
*** RMIS View/Print Document Cover Sheet ***

This document was retrieved from the Boeing ISEARCH System.

Accession #: D196071819

Document #: SD-WM-RPT-163

Title/Desc:
CONSEQUENCE RANKING OF RADIONUCLIDES IN HANFORD
TANK WASTE



ENGINEERING DATA TRANSMITTAL
Page 1 of

602824
2. To: (Receiving Organization)

Distribution
3. From: (Originating Organization)

Risk Assessment/Environmental
Modeling " ___

4. Related EDT No.:

N/A

5. Proj./Prog./Dept./Div.: 6. Cog. Engr.:

F. A. Schmittroth
7. Purchase Order No.:

N/A
8. Originator Remarks:

for
9. Equip./Component No.:

N/A
10. System/Bldg./Facility:

N/A
11. Receiver Remarks: 12. Major Assm. Dug. Mo.

N/A
13. Permit/Permit Application No.:

N/A
14. Required Response Date:

NIA
15. DATA TRANSMITTED (G) (H) (I)

(A)
Item
No.

(B) Document/Drawing No. Sheet
No.

(Dl
Rev.
No.

(E) Title or Description of Data
Transmitted

Approval
Desig-
nator

Reason
for

Trans-
mrtta)

Origi-
nator

Dispo-
sition

Recaiv-
ar

Dispo-
sition

WHC-SD-WM-RPT-163 Consequence Ranking
of Radionuclides in
Hanford Tank Waste

NA

16. KEY

Approval Designator (F1 Raaaon for Transmittal (Q) Disposition (H) & (I)

E, S, Q, D or N/A
(see WHC-CM-3-5,
Sec. 12.7)

1. Approval 4. Review
2. Release 5. Pott-Review
3. Information 6. Dirt. (Receipt Acknow. Required)

1. Approved
2. Approved w/comment
3. Disapproved w/comment

4. Reviewed no/comment
5. Reviewed w/comment
6. Receipt acknowledged

(Q) IHI 17. SIGNATURE/DISTRIBUTION
(See Approval Designator for required signatures)

IG) (H)

Rea-
son

Disp. (J)Name (K) Signature (L) Date (M) MSIN (J) Name (K) Signature (1) Date (M) MSIN Rea-
son

Disp.

Cog.Eng. F. A. Schmi 7* HO-35,

Cog. Mgr. F. M. Mann *•

QA

Safety

Env.

18.

f. jittroth

Signature of EDT
Originator

Date Authorized Representative Date
for Receiving Organization

20.

. Mann

Cognizant Manager Date

21. DOE APPROVAL ( i f required)
C t r l . No.

[] Approved
[] Approved w/comments
[] Disapproved w/conments

BD-7400-172-2 (04/94) GEF097

BD-7400-172-1 (07/91)



RELEASE AUTHORIZATION

Document Number: WHC-SD-WM-RPT-163, Rev. 0

Document Title* Consequence Ranking of Radionuclides in Hanford Tank
Waste

Release Date: 10/13/95

This document was reviewed following the
procedures described in WHC-CM-3-4 and is:

APPROVED FOR PUBLIC RELEASE

WHC Information Release Administration Specialist:
\

/Q//3/9S
V. L. Birkland

TRADEMARK DISCLAIMER. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States Government or any agency thereof or its
contractors or subcontractors.

To obtain copies of this report, contact:
Westinghouse Hanford Company - Document Control Services
P.O. Box 1970, Mailstop H6-08, Richland, WA 99352
Telephone: (509) 372-2420; Fax: (509) 376-4989

A-6001-400.2 (09/94) UEF256



SUPPORTING DOCUMENT

2. Title

Consequence Ranking of Radionuclides in Hanford
Tank Waste
5. Key Words

Inventory, Low-Level Waste, Radionuclide,
Performance Assessment, Tanks

1. Total Pages /45 ^3&

3 . Number

WHC-SD-WM-RPT-163

4 . Rev No.

0

6. Author

Name: F. A. Schmittroth

Signature

Organization/Charge Code 0M621/D44A6

7. Abstract

Radionuclides in the Hanford tank waste are ranked relative to their consequences
for the Low-Level Tank Waste program. The ranking identifies key radionuclides
where further study is merited. In addition to potential consequences for intrude
and drinking-water scenarios supporting low-level waste activit ies, a ranking based
on shielding criteria is provided. The radionuclide production inventories are
based on a new and independent ORIGEN2 calculation representing the operation of all
Hanford single-pass reactors and the N Reactor.

a RELEASE STAMP

OFFICIAL RELEASE ($£>
BYWKC

DATE QCT 2 7 1995

A-6AOO-073 (08/94) WEF124



WHC-SD-WM-RPT-163
Rev. 0

Consequence Ranking of Radionuclides in Hanford Tank Waste

F. Schmittroth
T. H. De Lorenzo

September 1995

Issued by
WESTINGHOUSE HANFORD CONPANY

for the

U.S. DEPARTMENT OF ENERGY
RICHLAND OPERATIONS OFFICE

RICHLAND, WASHINGTON



WHC-SD-WM-RPT-163
Rev. 0

CONTENTS

1.0 INTRODUCTION 1

2.0 RADIONUCLIDE PRODUCTION CALCULATIONS 1
2.1 SINGLE-PASS REACTORS 2
2.2 N REACTOR 5
2.3 COMPOSITE RESULTS 5
2.4 COMPARISONS WITH OTHER STUDIES 6

3.0 WASTE REDUCTION FACTORS 9
3.1 EXPECTATIONS FROM THE PRETREATMENT 10
3.2 EXPECTATIONS FROM CONTAMINANT IN THE SOIL 10

4.0 CONSEQUENCE RANKINGS 11
4.1 DRINKING WATER 11
4.2 RETARDATION AND LONG-TERM RADIOACTIVE DECAY 14
4.2 INTRUDER 14
4.3 SHIELDING 17

5.0 CONCLUSIONS AND RECOMMENDATIONS 18

6.0 REFERENCES 20

TABLES

1. Global Power and Production Inventories Calculated from 0RIGEN2 ... 6
2. Comparison of RHO (1985) values to 0RIGEN2 8
3. Waste Reduction Factors 10
4. Relative Rankings for Drinking Water Consequences 12
5. Relative Rankings for Drinking Water Consequences 13
6. Relative Rankings for Intruder Consequences 16
7. Relative Rankings for Shielding Consequences 18

FIGURES

1. Power History for Both Single-Pass and N Reactors 3
2. Actinide Decay Chain 15

APPENDIXES

A 0RIGEN2 Input Runstream A-l
B Contaminant Retardation in Unsaturated Soils B-l
C Complete 0RIGEN2 Curie Inventories C-l



WHC-SD-WM-RPT-163
Rev. 0

CONSEQUENCE RANKING OF RADIONUCLIDES IN HANFORD TANK WASTE

1.0 INTRODUCTION

Sampling and analysis of Hanford Tank Waste is very expensive, and a
reliable assessment of the most important contaminants is paramount. Although
many detailed studies have been completed in the past, a new examination was
deemed worthwhile. Part of the difficulty with past studies is the sheer
volume of information. These studies are based on numerous overlapping
assumptions and data, and it is sometimes difficult to assess the overall
quality of these rankings. As the Hanford cleanup effort becomes a reality,
it is timely to review which contaminants are of most concern.

The strategy of this study is to provide a ranking basis that includes
the entire waste stream process beginning with calculations of the production
reactor inventories through final disposal of the waste. To maintain a
reasonable scope, the focus is on radionuclides especially in the context of
low-level waste performance. As much as possible, generally valid assumptions
are made in preference to more precise and detailed evaluations. The merit in
this approach is that the results derive from clear and concise bases,
assumptions, and data.

The dose consequences for the low-level waste follow from a natural
sequence of operations that are documented in the following sections. First,
the total radionuclide inventories are calculated based on the complete
operating history of all the Hanford production reactors including N Reactor.
Next a series of "splits" or reduction factors are identified that describe,
at each step, the fraction of each radionuclide that contributes to the low-
level waste stream. For example, plutonium and uranium were extracted from
the waste sent to the double and single-shelled tanks as well as some other
isotopes including cesium and strontium. Pretreatment of the waste will then
further reduce the radionuclides in the low-level waste stream, notably
cesium, followed by vitrification that is expected to reduce (i.e.,
volatilize) iodine and carbon 14. Chemical retardation in the soil gives the
final inventory reduction prior to entering the unconfined aquifer. The last
step in the analysis is the conversion of contaminant concentrations to dose
consequences.

2.0 RADIONUCLIDE PRODUCTION CALCULATIONS

A new calculation of the total Hanford radionuclide production was
completed using the 0RIGEN2 code (Croff 1980). The calculation is documented
by the input runstream given in Appendix A. To understand the consequences of
simplifying assumptions that were necessarily made, a brief discussion of the
radionuclide production process is appropriate.
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The overall integrated power of the Hanford production reactors is well
known (Roblyer 1994). Since the energy released per fission is also well
known, the total number of fissions is thus established. The total production
of most of the important fission-product radionuclides is then readily
obtained from their fission-product yields, independent of other assumptions.

The production of transuranic nuclides is more complicated; although the
relatively low burnup of the production reactors simplifies this problem as
well. The main pathway to most of the transuranic radionuclides is through
the production of Pu via transmutation of 238U. Thus, the well-documented
Pu conversion factor provides a good check on the first step in the production
of most transuranics. A significant exception to this is Np which arises
from a two-step transmutation of U and via (n, 2n) from 238U.

Unlike the other categories, the calculation of activation products is
fraught with difficulties. The amount of trace impurities may be poorly known
or documented, and the activation rate is difficult to calculate. Thus, the
production calculation of radionuclides such as C and Co is highly
uncertain without detailed studies.

The explicit ORIGEN2 production model consists of three sections. The
first section models the single-pass reactors, the second section models the
N Reactor history, and the final section combines the results into composite
values decayed to 1990. Additional decay steps are added to obtain production
inventories at 2010 and 2030 (approximately representing treatment operations
and closure respectively), then +100 y and +500 y (for intruder scenarios),
and finally +5000 y, +10,000 y and +100,000 y (for long term dose
consequences). Not all times are reported here.

The complete power history for both the single-pass reactors and
N Reactor is shown in Figure 1. The integrated operating powers add up to a
total of 67.1xlO6 MWd for the single-pass reactors and about 14.6xlO6 MWd for
N Reactor (the latter value includes operations through the time of N Reactor
shutdown in 1987). These values give a strong constraint on total production
of fission-products such as wTc, The specific power for both the single-pass
model and N Reactor was fixed at 10 MW/MTU, a value typical of N Reactor
values.

2.1 SINGLE-PASS REACTORS

The 0RIGEN2 model of the single-pass reactors represents the power
history as a power histogram of 4 y intervals. The fuel is assumed to be
natural uranium. Although some enriched spiked fuel was used, this level of
detail is not warranted here. One metric ton of natural uranium is first
irradiated with a specific power of 10 MW/MTU for the relatively low burnup of
800 MWd/MTU. It is then decayed for 100 d and reprocessed with extraction
coefficients of 99% for plutonium and 99.5% for uranium (only plutonium and
uranium had non-zero coefficients). The complete production histogram was
obtained by repeatedly rescaling this unit and adding it to the accumulated
results. At each step prior to the final one, the accumulated results were
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decayed 4 years to take them to the next time step. The final results are
then renormalized to the 67.1 GWd total integrated power. The ORIGEN2 cross
sections used were developed for N-Reactor Mark IV fuel, and in order to match
the plutonium conversion ratios, the U fission cross section was adjusted
to 100.0 barns. The rational for this adjustment is as follows.

The burnup, B (MWd/MTU), is given by

B = St

for a constant specific power, S (MW/MTU). The specific power is given by

5 =

where Ef (MeV) is the energy released per fission, and the factors within
parentheses represent the fission rate given in terms of the initial neutron
flux #0, the initial amount n0 of U, and its fission cross section of

U5.

The ^'Pu production is given in terms of the initial 238U inventory by

2i239(t)=nJ

where the notation is the same as above except for the subscripts c and a to
denote capture and absorption cross sections, respectively.

Keeping only the first order term in the exponential and combining the
result with the previous equations readily yields the following expression for
the plutonium conversion factor:

n 239
—

.238

°f
23S

H-i

where the enrichment € is defined by

€ =
,235

^235+^238

Since the neglected higher order terms represent, in part, the
i

gl p p
transmutation of Pu to other plutonium isotopes, this approximation is
consistent with reinterpreting the
plutonium conversion factor.

on
Pu conversion factor as the total
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As this simple expression for the plutonium conversion factor shows, for
a fixed enrichment only the 238U capture and the 235U fission cross sections
are important. (The energy-released per fission Ef is fixed near 200 MeV.)

In addition to the assumed natural uranium fuel, the cladding was
represented by 5.0 wt% aluminum. Cladding impurities were not included;
however, fuel impurities developed for N Reactor were arbitrarily added
(Hedengren and Goldberg 1987). As noted, the calculation of trace impurities
can be difficult, and this question may need to be revisited.

2.2 N REACTOR

The 0RIGEN2 N Reactor simulation was patterned after the single-pass
reactor model in using five-year intervals to model the power history. The
same uranium and plutonium extraction efficiencies were used; however, the
decay time from discharge to reprocessing was increased from 100 days to
300 days. This adjustment is significant because it increases the amount of

Am that builds up from the decay of Pu. The fuel was assumed to be
enriched to 0.95% and included 234U and a 6U. (Much of the N Reactor fuel was
enriched to 0.94% with spiked values to 1.25%.). Fuel impurities and
cladding were included based on earlier N Reactor calculations (Hedengren and
Goldberg 1980), The cladding model represented 7.0 wt% Zircaloy and also
included trace impurities.

The 235U fission cross section was reduced to 55 barns which is a little
lower than typical N Reactor values. As for the single-pass model, this value
was used to adjust the plutonium conversion rate. An alternative approach
would have been to modify the enrichment slightly from the assumed value of
0.95%.

2.3 COMPOSITE RESULTS

Plutonium production values and uranium inventories provide good global
checks on the 0RIGEN2 calcuiational model. The values calculated with 0RIGEN2
are given in Table 1. (The burnup values in column 4 are input values.) Note
that the uranium values are not independent input but are derived as a
consequence of normalizing to the given total burnups. The uranium values
also provide an indirect check on the assumed specific powers.

The plutonium production numbers are in excellent agreement with recently
reported values (Roblyer 1994). The single-pass 0RIGEN2 value is about 2%
lower while the N Reactor value is about 10% higher giving total production
values well within 1%. (Note that most of the plutonium production is from
the single-pass reactors.) The total uranium production given in Table 1 is
6% below fuel discharge values obtained from a related database reported as
96.4x10 MT). This small difference could be easily corrected by adjusting
the specific power.
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Global Power and Production Inventories Calculated from ORIGEN2
Burnup values in column 4 are input parameters.

Reactor

Single-pass

N Reactor

Total

U
(9)

8.37x1010

0.73x1010

9.10X1010

Pu
<g>

55.0x106

12.1X106

67.1x106

BU
(MUd)

67.1x106

14.6x106

81.7x106

Pu Conv.
Cg/MUd)

0.820

0.829

2.4 COMPARISONS WITH OTHER STUDIES

The comparisons just discussed provide a good global check on the 0RIGEN2
production model. More detailed comparisons with prior studies are presented
next. However, the comparison values are not as well supported. The
assumptions are weaker or not well documented; indeed it is this very problem
that, in part, motivated developing a new global production model.

The comparison chosen is based on the Hanford Defense Waste Environmental
Impact Statement, [HDW-EIS] (DOE 1987) and a supporting document, Hanford
Defense Waste Disposal Alternatives (RHO 1985). This report focused on
disposal alternatives for the six waste types identified at the Hanford Site
(existing tank waste, transuranic-contaminated soil sites, pre-1970 TRU buried
solid waste sites, retrievably stored and newly generated solid TRU waste,
strontium and cesium capsules, and future tank waste).

Table 2 shows the predicted Site waste inventory (in Curies) for each
radionuclide modeled by 0RIGEN2 and included in the Hanford Defense Waste
Disposal Alternatives. Since the 0RIGEN2 estimates were decayed to 1990, each
of the inventory estimates in (RHO 1985) were decay-adjusted to the end of
1990 to facilitate the comparison. This allows direct comparison between each
set of estimates. To further facilitate the comparison, 0RIGEN2 values were
obtained for production through 1971 while the future tank waste category from
(RHO 1985) was not included.

A summary of Table 2 follows,
can be compared.

The first column lists each nuclide that

The second column contains the 0RIGEN2 values with the following
assumptions: All single-pass reactor operations and N Reactor production
through 1971 with 99.5% uranium and 99.0% plutonium extraction coefficients.

The third column displays the reported inventory in the tanks based on
TRAC data as referenced in (RHO 1985),

The fourth column gives the total inventory of the four other waste types
(transuranic-contaminated soil sites, pre-1970 TRU buried solid waste sites,
retrievably stored and newly generated solid TRU waste, strontium and cesium
capsules), with each type decayed-corrected to the end of 1990.
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The "Total" (5th column) is the sum of the existing tank waste
(column 3) and the "other four types" (column 4). The remaining waste type
(future tank waste) was not included in the total because the values for this
waste type assumed that N Reactor and the Plutonium Finishing Plant operated
through 1995, and PUREX continued operation beyond 1995.

The comparison is shown in the last column of Table 2 as the ratio of the
"Total" values from RHO (1985) to the ORIGEN2 results.

The following observations are made (Ratios to the ORIGEN2 values are
shown in parentheses).

The "Tc values are in close agreement (0.94). Another radionuclide 129I
with potentially high environmental consequences is in fairly good agreement
(0.75) but not as close as expected. For Cs and 90Sr the agreement is
reasonable (0.71, 0.88) but again not as good as expected. The 13 Cs to 90Sr
ratio indicates that the accounting in the RHO (1985) values is suspect. The
RHO (1985) ratio is 0.92 (8.36xlO7 Ci / 9.09xl0rCi) versus the 0RIGEN2 ratio
of 1.16 (1.19xlO8 Ci / 1.03xl08 Ci).

The plutonium (S9Pu, 240Pu) and uranium (S5U, 238U) estimates in
(RHO 1985) are approximately a factor of three (2.47 to 3.41) higher than the
estimates generated by 0RIGEN2. Part of the uranium difference may be
attributed to the relatively high (99.5%) extraction efficiency assumed. This
discrepancy is not unexpected. The results are sensitive to the extraction
efficiencies, and reliable uranium and plutonium values have not been publicly
available.

Many of the other radionuclides are more difficult to calculate, and the
agreement is inconsistent. For example, another environmentally sensitive
radionuclide, C, is off by a factor of seven. However, 14C is an activation
product whose production is known to be very sensitive to trace impurities
such as 14N. Although previous studies have investigated this issue, no
attempt was made to adjust the 0R1GEN2 calculation in this screening study.
The RHO 1985 value is a better estimate.

The 237Np value from 0RIGEN2 is higher by a factor of six. This isotope
is sensitive to the 0RIGEN2 cross section data which may be incorrect.
Furthermore, the recovery of neptunium during reprocessing was not included in
the 0RIGEN2 model. Again, the RHO 1985 value is much more likely to be
correct.

Another discrepancy of concern is the result for 233U. The severe
underestimate by 0RIGEN2 is most likely a consequence of not including known
thoria campaigns in the 0RIGEN2 model. This process should be included in
revised models. A newer model could also include the use of recycled uranium
which would effect the ^ U and a 6U values as well as 237Np.
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Table 2. Comparison of RHO (1985) values to ORIGEN2. The RHO (1985) report
is the supporting document for the Hanford Defense Waste Environmental Impact
Statement (HDW-EIS). The 0RIGEN2 values represent production only through
1971 to effect a more direct comparison. All values are given in curies
decayed to the end of 1990.

Radio-
nuclide

Am-241

Am-243

C-14

Cm- 244

. Cs-135

Cs-137

1-129

Hi-63

Np-237

Pu-238

Pu-239

Pu-240

Pu-241

Ra-226

Sm-151

Sn-126

Sr-90

Tc-99

Th-230

U-233

U-234

U-235

U-238

Zr-93

0RIGEN2

3.42E+04

1.92E+01

6.89E+02

1.68E+03

1.02E+03

1.19E+08

6.15E+01

1-67E+04

4.10E+02

2.37E+03

3.49E+04

6.24E+03

8.84E+04

1.91E-03

3.49E+06

1.47E+03

1.03E+08

3.19E+04

1.73E-01

S.09E-02

1.42E+02

5.92E+00

1.44E+02

9.84E+00

RHO 85
(In Tank)

4.40E+04

3.40E+01

5.00E+03

1.70E+02

1.40E+02

2.40E+07

4.60E+01

3.2QE+05

6.50E+01

4.70E+02

2.20E+04

5.30E+03

5.80E+04

3.30E-07

8.50E+05

7.60E+02

S.60E+07

3.00E+04

5.90E-05

8.30E-03

1.70E-01

2.00E+01

4.80E+02

4.40E+03

RHO 85
(other)

1.36E+04

4.50E-02

4.80E+00

O.OOE+00

0.00E+00

5.96E+07

O.OOE+00

O.OOE+00

8.00E-02

3.30E+04

7.90E+04

1.01E+04

2.69E+05

O.OOE+00

O.OOE+00

O.OOE+00

3.49E+07

O.OOE+00

O.OOE+00

6.40E+0Q

5.80E+00

1.60E-01

4.30E+00

O.OOE+00

Total
(In tank +
other)

5.76E+04

3.40E+01

5.00E+03

1.70E+02

1.40E+02

8.36E+07

4.60E+01

3.20E+05

6.51E+01

3.34E+04

1.01E+05

1.54E+04

3.27E+05

3.30E-07

8.50E+05

7.60E+02

9.09E+07

3.00E+04

5.90E-05

6.41E+00

5.97E+00

2.02E+01

4.84E+02

4.40E+03

Ratio
Total/0RIGEN2

1.68

1.78

7.27

0.10

0.14

0.71

0.75

19.16

0.16

14.10

2.89

2.47

3.70

<0.01

0.24

0.52

0.88

0.94

<0.01

125.90

0.04

3.41

3.36

447.1
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3.0 WASTE REDUCTION FACTORS

Starting from the 0RIGEN2 production values, reduction factors in the
radionuclide inventories are defined for three phases in the low-level waste
stream: reductions from the production inventories to the tank values,
reductions from the tank inventories to the low-level glass, and finally
reductions from retardation in the soil. These reduction factors are denoted
by rT (to tank), rG (to glass), and rv (to well), respectively. Reductions
from radioactive decay are accounted for in 0RIGEN2. As noted, reductions in
uranium and plutonium via reprocessing are explicitly treated in 0RIGEN2
rather than as separate reduction factors.

Both cesium and strontium were partially encapsulated. Based on the
HDW-EIS, the tank inventories for these two elements were reduced by the
factors 0.56 and 0.77, respectively. The corresponding daughter elements,
barium and yttrium, were scaled by the same factors (see Table 3).

The strategy in this ranking assessment is to focus attention on those
contaminants where additional study is required. Consistent with this effort,
is the application of reduction factors only when they are reasonably well
known (or at least conservative). Thus, for a given contaminant, a high
ranking may reflect either a high potential consequence or simply a lack of
specific data at this point. Several contaminants are in this latter
category. The blank entries in Table 3 reflect a lack of information •
(reduction factor = 1 ) .

The radionuclides 14C, "Tc, and 129I all have potential losses (reduction
factors) not accounted here. They may be volatile under some conditions and
be lost, for example, in evaporators and boiling tanks. Furthermore,
technetium has a known affinity for uranium, and significant fractions may
have been sent offsite with uranium or entered the soil. Tank leaks as well
as intentional distributions to cribs and other facilities represent other
depositions not credited here. Some of these are noted in the "other"
category in Table 2.
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Table 3. . Waste Reduction Factors.

Element

C

Cs

Ba

Sr

Y

Tc

I

U

Np

Pu

Am

Sn

Th

Pb

Prior to Tanka'b

0.56

0.56

0.77

0.77

Pretreatment 'c

0.01

0.01

0.01

0.04

0.04

0.60

0.10

0.06

0.10

0.05

0.06

kd(ml/g)
d

26.0

26.0

1.0

1.0

1.0

21.0

6.0

99.0

99.0

99.0

"(DOE 1987)
Blanks denote an assumed factor of 1.
'(Boldt 1994)
Distribution coefficient used to calculate a reduction factor,
(Blanks denote an assumed value of 0.)

3.1 EXPECTATIONS FROM THE PRETREATMENT

The tank wastes will undergo pretreatment to separate the wastes into
low-level and high-level components prior to vitrification. This includes a
sludge wash and other processing steps. Current estimates for these
reductions in the low-level waste stream are taken from (Boldt 1994) and are
also included in Table 3. The largest reduction factors are for carbon,
cesium, strontium, uranium, plutonium, and americium. Large reductions are
also expected for neptunium and iodine but not currently technetium.

3.2 EXPECTATIONS FROM CONTAMINANT IN THE SOIL

The transport of emplaced waste to a potential drinking water site is a
significant contributor to estimated health consequences. The drinking water
dose was thus selected as one basis for ranking the important radionuclides.
Although there are multiple mechanisms that may impede contaminant transport,
chemical retardation in the soil can be very significant and is used here to
represent a waste reduction factor in going from the emplaced waste to the
concentration in drinking water.

10
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Simple formulas for estimating this effect are given in Appendix B.
Distribution coefficients needed to quantify it are given in Table 3. The
values in Table 3 do not represent either best estimates or conservative
bounds. They are values typical of other studies. Results in the next
section are given both with and without the effect of retardation so that one
can explicitly note the effect. Three of the elements in Table 3, tin,
thorium, and lead, were arbitrarily assigned a distribution coefficient k̂  of
99.0. Thorium and lead are acknowledged to be highly retarded but specific
values were not readily available. The value for tin reflects the strong
expectation that it will precipitate in the Hanford soil chemical environment.

4.0 CONSEQUENCE RANKINGS

Three categories of consequences are examined, drinking water dose,
intruder dose, and shielding dose rates. The rankings are all relative.
Absolute activities in curies are given in the Appendix C for reference,
decayed to the end of 1990. The projected waste includes all of N Reactor
operations. Although a significant fraction of the N Reactor spent fuel will
not be reprocessed, the rankings given here should not be generally altered.
Some changes are possible as for Am where a significant portion resides in
the unprocessed N Reactor fuel.

4.1 DRINKING WATER

For each radionuclide, the drinking water consequence, denoted by QH, is
determined by multiplying the activity A (computed by 0RIGEN2) by the waste
tank reduction factor, rT, the pretreatment reduction factor, rG, the
reduction factor, ru, representing retardation in the soil, and finally by the
specific drinking water dose conversion factor, f0:

Qw = f

The conversion factors, fD, are taken from (Rittmann 1983) whose values
are based on internal dose conversion factors given in (DOE 1988).

Two decay times (5000 y and 10,000 y) were selected to give two
consequence measures for the drinking water results. Reduction factors from
retardation at these times are based on the contaminant flux kernel given in
Appendix B. The results are shown in Table 4.
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Table 4. Relative Rankings for Drinking Water Consequences

Nuclfde

Tc-99

Se-79

Zr-93

U-233

U-234

Nb-93m

U-23S

1-129

Ac-227

Pa-231

Ra-226

Cm-245

U-236

U-235

Ni-59

Pd-107

C-14

Cm-246

Stn-147

Nb-94

U-232

DU (5000 y)

1.00E+00

3.09E-01

2.97E-01

1.11E-01

1.02E-01

9.36E-02

7.93E-02

7.09E-02

3.57E-02

2.70E-02

1.83E-02

1.66E-02

1.08E-02

5.07E-03

1.42E-03

5.67E-04

3.54E-04

2.62E-04

1.65E-04

2.16E-05

6.75E-06

DU (10.000 y)

1.00E+00

2.99E-01

3.03E-01

2.23E-01

1.04E-01

9.50E-02

8.09E-02

7.24E-02

6.73E-02

5.08E-02

3.70E-02

1.13E-02

1.61E-02

6.58E-03

1.39E-03

5.78E-04

1.97E-04

1.28E-04

1.68E-04

1.85E-05

6.68E-06

For typical Hanford conditions (see Appendix B) the travel time is long,
even for unretarded radionuclides, so that even mild retardation greatly
reduces the ranking. Compared to the unretarded travel time, the retarded
travel time, ta, is increased by the retardation factor, Rf. For the
parameters given in Appendix B, the unretarded travel time is about 6000 y,
and Rf is given by

Rf = l+14Jcd .

Thus, even a kd as small as one implies a travel time near 90,000 y.

Table 5 shows the results if retardation is neglected. Long-lived
nuclides such as 239Pu, 240Pu, and Np now move to the top of the list.
Neptunium is of particular interest since it may only be weakly retarded.
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Relative Rankings for Drinking Water Consequences
(no retardation)

Nuclide

Pu-239

Pu-240

Np-237

Sn-126

Tc-99

Th-229

Se-79

Zr-93

Am-243

Am-241

Pb-210

U-233

U-234

Nb-93m

U-238

1-129

Ac-227

Pa-231

Ra-226

Cm-245

Th-230

U-236

Pu-242

U-235

Cs-135

Ni-59

Pd-107

C-14

DU (5000 y)

1.00E+00

1.41E-01

2.81E-02

4.12E-03

3.80E-03

1.25E-03

1.18E-03

1.13E-03

1.13E-03

8.84E-04

4.25E-04

4.21E-04

3.88E-04

3.56E-04

3.01E-04

2.70E-04

1.36E-04

" 1.03E-04

6.95E-05

6.29E-05

4.89E-05

4.12E-05

2.36E-05

1.93E-05

6.24E-06

5.41E-06

2.15E-06

1.34E-06

DU (10,000 y)

1.00E+00

9.59E-02

3.22E-02

4.58E-03

4.30E-03

4.95E-03

1.29E-03

1.30E-03

8.12E-04

3.24E-06

9.74E-04

9.59E-04

4.45E-04

4.08E-04

3.48E-04

3.11E-04

2.89E-04

2.18E-04

1.59E-04

4.S4E-05

9.40E-05

6.93E-05

2.70E-05

2.S3E-05

7.17E-06

5.98E-06

2.48E-06

8.47E-07

Another consideration is that the peak dose may occur for times much
greater than 10,000 years. For the peak dose, retardation still gives a large
reduction (see Appendix B), not, however, as large as the reductions one sees
for a fixed point in time.

Many of the radionuclides in this table have been the focus of previous
studies including 99Tc, I, and 237Np. Selenium 79 has also been previously
recognized but is usually not as highly ranked; a key issue is whether or not
it can be assumed to be retarded. Other nuclides that have drawn little
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previous attention include the uranium daughter products, 231Pa and 227Ac.
Although their immediate parent ^ T h (see Figure 2) is retarded, it is not an
effective barrier because of its short 26 half-life. The expected retardation
of 231Pa and Ac needs to be confirmed.

Another nuclide in the list that merits additional study is 233U.
Although it is not dominant here, the current ORIGEN2 model did not include a
significant amount of 233U generation from thoria irradiations. Because they
are more difficult to calculate, two other uranium isotopes, S 4U and U,
also merit further investigation.

The ranking of 14C is artificially low. The calculation of 14C is
uncertain, and the current 14C value should be adjusted upward to be more
consistent with estimates from previous studies that have examined this
problem in more detail. However, it still would not be highly ranked, most
likely because of the 99% reduction credited in pretreatment.

4.2 RETARDATION AND LONG-TERN RADIOACTIVE DECAY

In most cases, application of the waste reduction factors is independent
of the production and decay calculations carried out in ORIGEN2. An
exception, noted earlier, is for the reprocessing separations that occur at an
early time.

Another exception is for the long-lived uranium daughters. These
include, among others, ^ P a and 227Ac, which are daughters of 235U noted
earlier. An artifact of applying the soil reduction factors at long times
after the uranium isotopes have partially decayed is to increase the rank the
corresponding daughters. For this reason, the ORIGEN2 calculation was
modified to explicitly include the uranium pretreatment reduction factor shown
in Table 3. To retain the simplicity of the ORIGEN2 run to the extent
possible, all other reductions were treated as discussed.

4.2 INTRUDER

As for the drinking water consequence, the intruder consequence, denoted
by Qr, is determined by multiplying the activity A, computed by ORIGEN2, by
the corresponding waste tank reduction factor rT, the pretreatment reduction
factor, rG, and by the specific intruder dose conversion factor, fl:

For the intruder consequences, no credit is taken for retardation in the
soil. The conversion factors, f,, are taken from (Rittman 1983) whose values
are based on internal dose conversion factors taken from (DOE 1988). The
results are shown in Table 6 for both 100 y and 500 y decay times.
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Figure 2. Actinide Decay Chain,
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Table 6. Relative Rankings for Intruder Consequences

Nuclide

Sr-90

Cs-137

Sn-126

Am-241

Pu-239

Tc-99

Pu-240

Mp-237

Sm-151

PU-238

Eu-154

Cm-244

Eu-152

Cd-113m

Am-242m

Am-243

Nj-63

Zr-93

U-238

Se-79

U-234

Hb-94

Cm-243

1-129

Nb-93m

Ac-227

Pu-241

U-235

Cm-245

Ra-226

C-14

Th-230

U-233

Ni-59

Intruder (100 y)

1.00E+00

7.00E-01

1.35E-01

3.27E-02

1.64E-02

5.78E-03

3.39E-03

9.59E-04

8.67E-04

5.72E-04

1.81E-04

1.35E-04

1.17E-Q4

7.99E-05

7.89E-05

4.05E-05

2.52E-05

2.45E-05

2.39E-05

2.15E-05

1.94E-05

7.92E-06

7.41E-06

7.12E-06

7.10E-06

2.34E-06

2.08E-Q6

1.8IE-06

1.59E-06

1.00E-06

8.95E-07

8.87E-07

6.05E-07

5.76E-07

Intruder (500 y>

1.00E+00

9.26E-01

1.84E+03

2.36E+02

2.22E+02

0.79E+02

4.43E+01

1.32E+01

5.44E-01

5.03E-01

2.48E-14

4.14E-07

2.24E-09

6.07E-09

1.74E-01

5.34E-01

1.69E-02

3.35E-01

3.27E-01

2.92E-01

2.79E-01

1.07E-01

6.02E-06

9.73E-02

9.69E-02

3.68E-02

1.69E-05

2.57E-02

2.09E-02

4.72E-02

1.16E-02

1.42E-02

3.17E-02

7.83E-03
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The results in Table 6 are sorted on the 100 y column. However, except
for the short-lived nuclides, Sr and Cs, there is little difference
between the 100 y and 500 y rankings for the top-ranked radionuclides. After
strontium and cesium, Sn is the dominant contributor followed by Am and
" 9Pu. These results are uncertain. The amount of 239Pu is highly dependent
upon on the assumed reprocessing efficiencies, and the Am inventory
includes all the N-Reactor production, some of which never enters the waste
stream. Furthermore, in contrast to most radionuclides, N Reactor dominates
the Am production because of its relatively high burnup and long cooling
times prior to reprocessing.

4.3 SHIELDING

A shielding consequence measure, Q., was obtained by taking the
activities (decayed 20 y from 1990 to 2010) and multiplying them by the tank
reduction factor, rT, and a shielding consequence factor, fs:

Qa -

The shielding consequence factor was defined as the relative dose that
would penetrate a shield in plant operations and is given by

where ai is the intensity of a photon of energy Et, and the sum is over all
photons for the given radionuclide. A generic form was used to approximate
the mass attenuation coefficient:

where the energy E is in MeV and /x/p has units cnr/g.

To provide a gage of the sensitivity to the character of the shield, two
shields were examined, a relatively thin shield of 0.635 cm (1/4") of iron and
a thicker shield of 4.45 cm (1 3/4") of lead. (The values are sorted on the
latter values.)
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Table 7. Relative Rankings for Shielding Consequences

Huclide

Ba-137m (Cs-137)

Eu-154

Co-60

Eu-152

Sb-126m CSn-126)

Kr-85

Sb-125

Sb-126 (Sb-126)

Cs-134

Mi-59

Y-90

Pm-146

Pa-233 (Np-237)

Np-238 (Am-242m)

Am-241

1/4" Fe

0.257E+08

0.539E+05

0.166E+04

0.971E+03

0.250E+04

0.371E+04

0.145E+04

0.593E+03

0.317E+03

0.112E+03

0.629E+00

0.376E+01

0.111E+03

0.542E+00

0.189E+02

1 3/4" Pb

0.266E+06

0.169E+04

0.812E+02

0.282E+02

0.224E+02

0.141E+02

0.686E+01

0.665E+01

0.425E+01

0.101E+01

0.620E-01

0.329E-01

0.262E-01

0.172E-01

0.473E-02

The rank of most nuclides is not especially sensitive to the shield type.
241Some, however, such as Am with its relatively low-energy photons would be

ranked higher for the thinner iron shield. Caution must be exercised in
interpreting these results since they are based solely on the photons of the
identified radionuclide._ The top ranked entry Ba is, for example, the

137,short-lived daughter of Cs. (Parents of short-lived nuclides are noted in
parenthesis in Table 7.) Also, while Y (the short-lived daughter of 90Sr) is
also on the list, its ranking is underestimated because of neglected
bremstrahhlung radiation.

60,Two europium isotopes show up prominently as does Co. The latter is an
activation product, difficult to estimate, and could be seriously in error.
Note finally that Kr is a noble gas.

5.0 CONCLUSIONS AND RECOMMENDATIONS

The motivation for the current effort was to provide a basis for ranking
contaminants important to a low-level waste performance assessment. Starting
from a new calculation of total radionuclide production, independent results
were obtained with a clearly documented basis. Most previous studies have
been based on TRAC or closely related work which focused more on transaction
processing and individual tank inventories.
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By focusing on global inventories, the current work should provide an
excellent constraint on ongoing work that seeks to evaluate more detailed tank
and process inventories. Thus, the methods and results are applicable to
other phases of the cleanup program including high-level waste, plant design,
and database activities.

In general, the results support previous studies of important
radionuclides such as wTc, I, and others. Radionuclides such as 154Eu
important to plant design are also identified.

Several areas were found that need further consideration. A better
estimate of U production is required as well as for the minor uranium
isotopes, 234U and U. Unless the retardation of Np can be better
established, further work is needed here, both in its production and its
subsequent processing.

Based on the intruder scenario, the reduction, if any, of 126Sn in the
low-level waste stream needs to be established. The intruder results also
place increased emphasis on the ^'Pu and 241Am estimates.
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Appendix A 0RIGEN2 Input Runstream
92 1 0.995
94 1 0.99
92 10 0.06
-1
-1
-1
TIT Composite Hertford Radionuclide Production
LIP 0 0 0
RDA Assume MtC IV Inner cross sections
RDA Increase U235 Sigf to 100.0 barns
LPU 922350 -1
LIB 0 1 2 3 411 -412 413 9 3 0 1 0
RDA
RDA 1 Metric ton Natural uranium
IMP - 1 1 - 1 - 1 1 1
RDA 1 Metrtc ton 0.95 % enriched uranium
INP -2 1 -1 -1 1 1
RDA Trace Impurities for 1 metric ton on uranium
INP - 3 1 - 1 - 1 1 1
RDA 1 metric ton zircaloy
IMP - 4 1 - 1 - 1 1 1
RDA 1 metric ton aluminum
IMP - 5 1 - 1 - 1 1 1
RDA
RDA « SINGLE PASS PRODUCTION »
RDA Create a vector with 1 metric ton of natural uranium
BAS One metric ton of natural uranium
MOV -1 1 0 1.0 URANIUM VECTOR
RDA Add uranium trace impurities
ADD -3 1 0 1.0
RDA Add 5.0 wtX aluminum cladding
ADD -5 1 0 0.05
RDA
RDA Strategy is to irradiate a single HTU and then decay and
SDA accumulate it to model the operating histogram.
RDA
RDA Assume burnup of 800 HUd/HTU with a spec, power of 10 HU/MTU.
BUP
IRP 80.0 10.0 1 2 4 2
BUP
RDA Decay for 100 days. Then extract 99% of Pu and 99.531 of U
RDA (unrecovered to vector 5)
DEC 100.0 2 3 4 1
PRO 3 4 5 1
MOV 5 -7 0 1.0 Save results for single HTU
MOV 1 -6 0 1.0
RDA
RDA Now begin decay and accumulation sequence
RDA 1st step includes 1944-1947.
MOV -7 1 0 6.0 Norm. * 6 units for 1st step
DEC 4.0 1 2 5 1 Decay for 4 years
RDA
ADD -7 2 0 16.0 1948-1951
DEC 4.0 2 3 5 1
ADD - 7 3 0 5 4 . 0 1952-1955
DEC 4 .0 3 4 5 1
ADD -7 4 0 148.0 1956-1959
DEC 4.0 4 5 5 1
ADD -7 5 0 205.0 1960-1963
DEC 4.0 5 6 5 1
ADD -7 6 0 180.0 1964-1967
DEC 4.0 6 7 5 1
ADD -7 7 0 62.0 1968-1971
RDA For the last step, assume the end of reprocessing takes place
RDA (on an average) at the end of 1969.
RDA Now decay 21 more years to take the result to end of 1990.
DEC 21.0 7 8 5 1
RDA
RDA Save and normalize Single-pass results to a total 67.1E+6 MUd
MOV 8 - 8 0 125.0 * 67.1E+6 / (671 x 800.0)
RDA
RDA Preliminary output
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MOV
MOV
MOV
CUT
OPTA
OPTL
OPTF
OUT
RDA
STP

-8 3 0 1.0
-6 1 0 1.0
-7 2 0 1.0
5 1.0E-10 -1
S 8 8 8 7 8 8 8 8 8 8 8 8 8 S 8 8 8 8 8 8 8 8 8
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8

3 1 - 1 0

5
0
2
2
0
4
4
4
4
0
4
4
4
4
4
4
0
4
0
RDA
RDA
RDA
RDA
LPU
LIB
RDA
RDA
BAS
MOV
RDA
ADD
RDA
ADD
RDA
RDA
BUP
IRP
DEC
IRP
BUP
RDA
RDA
DEC
PRO
MOV
MOV
RDA
RDA
HOV
DEC
RDA
ADD
DEC
ADD
DEC
ADD
DEC
ADD
DEC
ADD
RDA
RDA
RDA
DEC

920000 1.0E+6 0 0.0

922350
922340

0.00950E+6
0.00008E+6

400000 19.0
130000 790.0
250000 9.2
50000 0.1

290000
10000
120000
70000

922380
922360

18.0
1.3
3.0
8.0

0.99002E+6
0.00040E+6

480000
140000
260000
60000

0 0.0
0 0.0

0.19 40000
93.0 280000

240000330.0
520.0

1.0
56.0
22.0
0.0

130000 75.0
280000 550.0
50000 0.5
720000 200.0
250000 50.0
110000 20.0

130000 1.0E+6

500000 1.45E+4 260000 1350.0
60000 275.0
480000
10000

420000
220000

0.5
25.0
50.0
50.0

0.0

920000
270000
820000
70000
740000

2.5
10.0
100.0
80.0
50.0

240000 1000.0
400000 0.9814E+6
290000 50.0
120000 20.0
140000 100.0
230000 50.0

« N-REACTOR PRODUCTION »

Assume MK IV Inner cross sections
Set U235 Sigf cross section to 55.0 barns
922350 -1
0 1 2 3 411 -412 413 9 4 0 1 0

Create a vector with 1 metric ton of 0.95% enriched uranium
One metric ton of 0.95% enriched uranium
-2 1 0 1.0 . URANIUM VECTOR
Add uranium trace impurities
-3 1 0 1.0
Add 7.0 ut% zircaloy cladding
-4 1 0 0.07

Assume burnup of 2000 MUd/MTU with a spec, power of 10 MW/MTU.

100.0
120.0
220.0

10.0 1 2

10.0

4 2
2 3 4 0
3 4 4 0

100 day irrad.
20 day decay
100 day irrad.

Decay for 300 days. Then extract 99% of Pu and
(unrecovered to vector 7)

99.5% of U

300.0
5 6
7 -7
1 -6

4 5 4 1

Save results for single MTU

First step is for 1964-1967.
-7
4.0

1 0 22.0
1 2 5 1

-7
4.0
-7
4.0
-7 4
4.0
-7
4.0
-7 6

2 0 27.0

3 0 29.0

0 28.

5 0 21.0
5

0 19.0

2 3 5 1
)
3 4 5 1

D
4 5 5 1

3
5 6 5 1

22 units for 1st step
Decay for 4 years

1968-1971

1972-1975

1976-1979

1980-1983

1984-1987
For the last step, assume the end of reprocessing takes place
(on an average) at the end of 1985.
Now decay 5 more years to take the result to end of 1990.
5.0 6 7 5 1
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RDA
RDA Save and normalize N Reactor results to a total 14.6E+6 MUd
MOV 7 - 9 0 50.0 = 14.6E+6 / <146 x 2000.0)
RDA
RDA Save N Reactor results at end of 1971 and normalize.
MOV 2 3 0 SO.O
RDA Decay 21 more years to take the result to end*of 1990.
DEC 21.0 3 4 5 1
MOV 4 -10 0 1.0 save result
RDA
RDA Preliminary output
MOV -9 3 0 1.0
MOV -6 1 0 1.0
MOV - 7 2 0 1.0
CUT 5 1.0E-10 - 1
OPTA 8 8 8 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
OPTL 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
OPTF 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
OUT 3 1 - 1 P
RDA
STP 2
RDA « Composite calculations »
RDA
RDA First, calculate Composite for end of 1971; store in vector 12
MOV -8 12 0 1.0 Get single-pass values
ADO -10 12 0 1.0 Add in N Reactor to end of 1971
HED 12 71cmpsit
RDA
RDA Hoy do full composite calculations for all of N production
MOV -8 1 0 1.0 Put single-pass values in vector 1
MOV -9 2 0 1.0 Put N-reactor values in vector 2
MOV 1 3 0 1.0
ADD 2 3 0 1.0 Put composite values in vector 3
8AS Total Hanford production (include pretreatment)
HED 1 Sngl-pass
HED 2 N-reactor
HED 3 Composite
RDA Apply Pretreatment reduction factor for uranium
RDA (Save result in vector S; use 5 to start OK below)
PRO 3 5 6 10
RDA
RDA Decay composite, assume end of 1990 is time t * 0.
RDA Assumptions:
RDA Operations in 2010 - +20
RDA Closure in 2030 +40
RDA Intruder 1, Closure +100 years +140
RDA Intruder 2, Closure +500 years +540
RDA Closure +5000 +5040
RDA Closure +10,000 +1C040
RDA Closure +20,000 +20040
RDA Closure +100,000 +100040
RDA
DEC 20.0 5 4 5 1
DEC 40.0 4 5 5 0
DEC 140.0 5 6 5 0
DEC 540.0 6 7 5 0
DEC 5040.0 7 8 5 0
DEC 10040.0 8 9 5 0
DEC 20040.0 9 10 5 0
DEC 1.0E+5 10 11 5 0
RDA
CUT 5 1.0E-10 7 1.0E-20 -1
OPTA 8 8 8 8 7 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
OPTL 8 8 8 8 7 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
OPTF 8 8 8 8 7 8 7 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
OUT 12 1-1 0
STP 4
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Appendix B Contaminant Retardation in Unsaturated Soils.

Simple formulas are developed to estimate the contaminant flux reduction
factor that arises from retardation. The following concepts are presented in
standard groundwater texts. Since the interpretation and use of these
concepts varies somewhat, especially for unsaturated flow and transport,
specific details are summarized here.

Contaminant flux in the vadose zone

The peak contaminant concentration in drinking water is proportional to
the contaminant flux, fw(x,t), entering the aquifer from the vadose zone. The
flux is calculated by convoluting the release rate R(t) with a flux kernel
6(x,t):

Tw(x, t) =JR(tl) G{x, t-t') dtl

where the kernel is related to the infinite media Green's function, K(x,t),
for the contaminant concentration by

and where K(x,t) is given by

(ar-u.t)

K(Xlt)=

The pore velocity, ue, and the dispersion coefficient, De, are effective
values defined by

where v is the discharge velocity, and Q is the volumetric moisture content
The retardation factor Rf, in turn, is related to the distribution
coefficient, kd by
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where p B is the bulk density.

There are two situations where the convolution integral can be
approximated to" give a simple result for the contaminant flux, F , when the
release time is short compared to the spread in the kernel and when it is
long. There are two distinct time scales for the flux kernel.

Diffusive and advective time scales are defined by the following
relations:

2DB

respectively. With these definitions, the flux kernel can be rewritten as

G(x,t)'4

Approximate peak flux for longer release times

For a slow release where the width of the kernel is relatively narrow in
time, the kernel is approximately a delta function, and the flux is
represented by the source release rate R(t) slightly dispersed. For a
normalized source constant over a release period, T, the peak flux is simply
Fw - 1/T. It is worth noting that this is only true when the character of the
kernel is advective. For a diffusion-dominated kernel, the functional
dependence at longer times (but still short compared to the advective time
scale) is not controlled by the exponential decrease that is characteristic of
the advective kernel.

Approximate peak flux for shorter release times

For a fast release where the source release rate function, R(t), is
narrow, the kernel G(x,t), approximates the contaminant flux. For advective
behavior, the peak in G(x,t) is near the peak in the exponential (i.e,, for
t«ta). By inspection, the peak value for this condition is

:\ 2nt.

The purpose of this development is to obtain a simple expression for the
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impact of the distribution coefficient kd. Unretarded time scales for
diffusion and advection, td(0) and ta(0), can be defined by factoring out the
retardation factor Rf:

td=Rffcd(O),

Note that the ratio t./t is thus independent of kd. Since ta is
proportional to Rf the peak flux is thus inversely proportional to Rf

Numerical values

Typical parameter values will provide the explicit numerical values
needed for this consequence ranking study. A volumetric moisture content $ -
0.1 ml_/cm3, a recharge rate of v - 0.1 cm/y, and a vadose transport distance,
x = 60 m are assumed leading to an advective transport time of

ta(0) =6000 y .

Assume further that the effective dispersion coefficient, defined by
factoring 1/Rf from De is given by De{0)« 30 cm

2/y. This value yields a
diffusive transport time large compared to the advective time:

td(0)=600,000 y .

These results lead to the following simple expression for the peak
contaminant flux:

?©*Jc

Rf 6000 y

For this set of assumed numerical values, the unretarded contaminant flux
is roughly equivalent to a unit source released over a 6000 y period.
Retardation reduces the peak contaminant flux by the factor 1/Rf. For the
assumed volumetric moisture content of 0.1 and a bulk density of 1.4 g/cm3, Rf
becomes (l+14kd). Values for kd near one and higher give significant
reductions.
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