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ABSTRACT

The Pathways-to-Man Model was developed at Sandia
National Laboratories to represent the environmental
movement and human uptake of radionuclides. This model
is implemented by the computer program PATHl1. The pur-
pose of this document is to present a sequence of
examples to facilitate use of the model and the computer
program which implements it., Each example consists of
a brief description of the problem under consideration,
a discussion of the data cards required to input the
problem to PATHl, and the resultant program output.
These examples are intended for use in conjunction
with the technical report which describes the model and
the computer program which implements it (NUREG/CR-1636,
vol 1; SAND78-1711). In addition, a sequence of appen-
dices provides the following: a description of a
surface hydrologic system used in constructing several
of the examples, a discussion of mixed-cell models, and
a discussion of selected mathematical topics related to
the Pathways Model. A copy of the program PATHI is
included with the report.
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CHAPTER 1

Introduction

The purpose of this document is to present a
sequence of examples to facilitate the use of the
Pathways-to-Man Model (Cam7€, Hel8lb). Each example
consists of a brief description of the problem under
consideration, a discussion of the data cards required
to input the problem to the computer program which
implements the model, and the resultant program output.

As the Pathways-to-Man Model and the computer pro-
gram which implements it are described extensively in
a previously published report (HelB8lb), such descrip-
tions will not be repeated here, With respect to the
jreceding document, Chapter 2 provides a conceptual
jescription of the model, Chapter 3 provides an over-
view of the computer program which inplements the model,
and Chapter 4 provides a detailed description of data
card structure and arrangement. For the discussions
contained in the present report, it is assumed that
the reader has access to this document,

Five examples are presented. Chapter 2 contains a
relatively simple example which involves one zone and
one radionuclide., This example is then expanded in
Chapter 3 to include ingestion and inhalation calcula-
tione. Chapter 4 presents an example involving three
zones and two radionuclides. This example also includes
ingestion and inhalation calculations. The example in
Chapter 5 uses two zones. However, in contrast to the
preceding examples, only two subzones per zone are
employed. A decay chain with five radionuclides is
considered, but no ingestion or inhalation calculations
are performed. Finally, Chapter 6 presents an example
with five zones. This example differs from the preced-
ing examples in that nonzero initial values are set for
the radionuclide transport equations and the forcing
functions for the transport equations are taken to be
identically zero. No ingestion or inhalation calcula-
tions are performed.

The report ends with a sequence of appendices.
Appendix A describes a hypothetical site which was used
in a sensitivity analysis involving the Environmental
Transport Model and is reprinted from an earlier report
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(Hel80, Chapter 2). This site is used as the basis

for fcur of the examples contained in this report,

The Environmental Transport Model is the part of the
Pathways Model which actually formulates and solves

the radionuclide transport equations. Appendix B
vresents several simple examples of mixed-cell models.
These examples are special cases of the type of mathe-
matical model which underlies the Pathways Model and

are included to help readers unfamiliar with this type
of modeling develop a feeling for the processes involved.
Appendix C presents a brief discussion of several mathe-
matical topics associated with the Pathways Model and
provides additional references. A microfiche listing

of PATH1l, the computer program which implements the
Pathways Model, is provided at the end of the report.



CHAPTER 2

Example 1

This chapter presents a relatively simple example
which illustrates the input data used by PATHI.
Specifically, an example involving one zone and one
radionuclide is considered. No ingestion or inhalation
calculations are performed., This example is expanded
in Chapter 3 to include such calculations. The zone
considered 1is the same as that designated zone 1 in a
sensitivity analysis of the Pathways Model (del8o,
Chapter 2). This zone corresponds to a stretch of
river and the floodplain along the river. Specifically,
the surface water subzone consists of a stretch of river
and the suspended sediments within the river, the soil
subzone consists of an area of floodplain on each side
of the river, the sediment subzone consists of the
stationary sediments beneath the river, and the ground-
water subzone consists of a shallow aquifer beneath
the soil subzone which discharges into the surface
water subzone, For convenience, the chapter of Helton
and Iman (Hel80) which describes this zone is reprinted
as Appendix A of the present report. The radionuclide
considered 1s Ra226. This radionuclide is assumed to
enter the surface-water subzone at the rate of 1.0 mg/yr.

The general nature of example 1 is indicated in
Figure 2-1. Then, the input data to PATH1 associated
with this example are listed in Table 2-1, and the
location in the user manual (Hel8lb) of additional
discussion of the card deck presented in Table 2-1 is
indicated in Table 2-2. Finally, the model output
corresponding to the input in Table 2-1 is listed
on microfiche attached at the end of the report.



SURFACE-
s FLOODPLAIN i
ZONE
(RIVER AND l o I I
ASSOCIATED
FLOODPLAIN) SHALLOW STATIONARY
GROUNDWATER SEDIMENTS

RADIONUCLIDE: Ra226
NO INGESTION OR INHALATION

Figure 2-1. Example 1.
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Table 2-1

Input Data for Example 1

THE DATA READ BY SUBROUTINE DATAL FOLLOWS. THIS DATA DESCRIBES ZONE 1
OF A SITE INVOLVING THREE ZONES WHICH WAS USED IN A SENSITIVITY ANAL-
YSIS OF THE PATHWAYS MODEL. DEFINITION AND/OR DERIVATION OF THE PARA-
METERS WHICH FOLLOW ARE CONTAINED IN CHAPTER 2 OF HELTON AND IMAN,
RISK METHODOLOGY FOR GEOLOGIC DISPOSAL OF RADICACTIVE WASTE: SENSI-
TIVITY ANALYSIS OF THE ENVIRONMENTAL TRANSPORT MODEL (DECEMBER, 1980).
1
1
1.4E12 9.4£12 0 0 2.2€12 0
0 0 0 0
2.0E10 1.1€11 9.8E10 0 4,0£10 1.1€08
n 0
2.2610 3.5E£06 0 0 4,0€10 1.1E08
2.7€08 2.3€08 1.9€13 3.0€09 0 0
2
8.7€09 2,310 0 0 8,7€08 2.3€09
0 0

THE DATA READ BY SUBROUTINE DATA2 FOLLOWS, THIS DATA DESCRIBES RA226.
CONCENTRATION RATIOS ARE FROM TABLE A-8, P, 1,109-31, AND TABLE C-5,
P. 1.109-56, OF L, S. NRC REGULATORY GUIDE 1.109 (MARCH, 1976).

1

1

RA226 2.26£02 1.60£03 1
2 1.00E00
1

5.0E02 5.0E02 5.0E02 5.0£02

1.050? 5.0EC.; 2,502 3.1€-04 B.0E-03 3.4£-02
n 0 2.67e18 0

THE DATA READ BY SUBROUTINE DATA3 FOLLOWS., THIS DATA CONTROLS THE

OPERATION OF THE DIFFERENTIAL EQUATION SOLVER USED FOR THE RADIONU-
CLIDE TRANSPORT EQUATIONS.
1
1.0£-10
1.0e-20 1,0£-08 21 i

THE DATA READ BY SUBROUTINE DATAM FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE MANAGE TO CONTROL THE OPERATION OF THE PATHWAYS MODEL.

0 7.5€02 2
1 -1 -1 -1
1 1 0 0 0
THE DATA READ BY SUBROUTINE DATA4 FOLLOWS. ThiS DATA IS USED BY SUB-
ROUTINE INGEST TO PERFORM INGESTION CALCULATIONS,
NO XNGEéYION DATA IS READ IN THIS EXAMPLE.

THE DATA RFAD BY SUBROUTINE DATAS FOLLOWS. THIS DATA IS USED BY SuB-
ROUTINE INHALE TO PERFORM INHALATION CALCULATIONS.
NO INHALATION DATA IS READ IN THIS EXAMPLE.

0
THE DATA READ BY SUBROUTINE ALTER FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ALTERATIONS TO THE COEFFICIENTS IN THE RADIONUCL IDE
TRANSPORT EQUATIONS,

0

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
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Table 2-1 (Continued)

THE DATA READ BY SUBROUTIN ADC FOLLOWS. THIS DATA IS USED TO DEFINE
AND [MPLEMENT ADDITIONAL COEFFICIENTS IN THE RADIONUCLIDE TRANSPORT
EQUATIONS.

U
TH: DATA READ BY SUBROUTINE REDUCE FOLLOWS. TH'S DATA IS USFD TO DE-
FINE AND IMPLEMENT A REDUCTION N THE NUMBER OF RADIONUCLID. TRANSPORT
EQUATIONS.
0
THE DATA READ BY SUBROUTINE INITIA! FOLLOWS. THIS DATA IS USED TO SET
THE INITIAL VALUE CONDITIONS FOR THE RADIONUCLIDE TRANSPORT ECUATIONS.
1

o
|
-—

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

CARD

55
56
£
58
59
6C
61
62
63
64

A5



Table 2-2

Discussion of Input Data for Example 1

Cards? Discussion SectionsP
1-6 Comments for DATAL 4.2.1:1
7 Option for DATAl 4.2.1.2
8 Number of zones 4.2.2.1
9-10 Description of groundwater subzone 4.2.2.2
1i-12 Description of soil subzone 4.2.2.3
13-15 Description of surface-~water subzone 4.2:.2.4
16-17 Description of sediment subzone 4.2.2.5
18-20 Comments for DATA2 4.3.1.1 |
21 Option for DATA2 4.3.1.2
22 Number of radionuclides 4:3.2.1
23 Description oi decay chain 4.3.2.2
24 Description of decay pattern 4.3.2.:3
25-26 Description of distribution 4.3.2.4
coefficients
27 Description of concentration ratios 4.3.2.5
28~-29 Description of radionuclide 4.3.2.6
input rates
30-32 Comments for DATA3 4.4.1.1
33 Opt.on for DATA3 f.4.162
34 Minimum coefficient size 4.4.2.1
35 Parameters for GEARB 4.4.2.2
36-37 Comments for DATAM 4.5.1.1
38 Option for DATAM 4.5.1.2
39 Option for MANAGE 4.5.2.1
40 Solution of transport eguations 4.5.2.2
41 Subroutine selecticn for SOL, 4.5.2.3
CONC, INGEST, INHALE, and EXT
42 Subroutine options 4.5.2.4
43-45 Comments for DATA4 4.6.1.1
46 Option for DATA4 4.6.1.2
47-49 Comments for DATAS 4.7.1.1
50 Option for DATAS 4.7.1.2
$51-53 Comments for ALTER 4.9.1.1
54 Option for ALTER 4.9.1.2
55=57 Comments for ADD 4.10.1.1
58 Option for ADD 4.10.1.2

Apata card number in Table 2-1.

brocation of additional discussion in user manual
(Hel81b).




Table 2-2 (Continued)

Cards? Discussion SectionsP
59-61 Comments for REDUCE 4.11.3:.1
62 Option for REDUCE 4.11.1:2
63-64 Comments for INITIAL $.128:1.1
65 Option for INITIAL $.02:1:d

dpata Card number in Table 2-1.

Drocation of additional discussion in user manual
(Hel81b) .



CHAPTER 3

Example 2

This chapter illustrates the ingestion and inha-
lation calculations performed by PATHl1. Specifically,
the example presented in Chapter 2 is expanded by the
inclusion of ingestion and inhalation calculations,
Two ingestion patterns and two inhalation patterns are

a‘jded N

The general nature of example 2 is indicated in
Figure 3-1. Then, the input data to PATH]l associated
with this example are listed in Table 3-1, and the
location in the user manual (Hel8lb) of additional
discussion of the card deck presented in Table 3-1 is
indicated in Table 3-2. Finally, the model output
corresponding to the input in Table 3-1 is listed
on microfiche attached at the end of the report.



ZONE 1

(RIVER AND
ASSOCIATED
FLOODPLAIN)

<«—— SURFACE-
FLOODPLAIN WATER
SHALLOW STATIONARY
GROUNDWATER SEDIMENTS

RADIONUCLIDE: Ra226
INGESTION AND INHALATION

Figure 3-1. Example 2.
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Table 3-1

Input Data for Example 2

THE DATA READ BY SUBROUTINF DATAL FOLLOWS. THIS DATA DESCRIBES 20NE 1
OF A SITE INVOLVING THRE® . NES WHICH WAS USED IN A SENSITIVITY ANAL-
YSIS OF THE PATHWAYS MOC... DEFINITION AND/OR DERIVATION OF THE PARA-
METERS WHICH FOLLOW ARE CONTAINED IN CHAPTER 2 OF HELTON AND IMAN,
RISY METHODOLOGY FOR GEOLOGIC DISPOSAL OF RADIOACTIVE WASTE: SENSI-
TIVITY ANALYSIS CF THE ENYIRONMENTAL TRANSPORT MODEL (DECEMBER, 1980).
i
1
1.4012 9.4€12 0 0 2.2E12 0
J 0 0 0
2,0E10 1,811 9.8E10 0 4,0E10 1.1€08
0 0
2,210 3.5€06 0 0 4,0E10 1.1€£08
2.7€08 2.3e00 1.9€13 3.0€09 0 0
2
8.7609 2.3€10 0 0 8.7€E08 2.3€09
0 0

THE DATA READ BY SUBROUT'NE DATA2 FOLLOWS. THIS DATA DESCRIBES RA226,
COV'ENTRATION RATIOS ARE FROM TABLE A-8, P, 1.109-31, AND TABLE C-5,
P. 1.109-56, OF U. S. NRC REGULATIRY GUIDE 1.109 (MARCH, 1976).
1
1
RA226 2.26E02 1.60£03 1
2 1.00£00
1
5.0E02 5.0£02 5.0£02 5.0£02
1.0£0C 5.0E01 2.5£02 3,]E-04 B.0E-03 3.4£-02
1
0 0 2.67E18 0
THE DATA READ BY SUBROUTINE DATA3 FOLLOWS, THIS DATA CONTROLS THE
OPERATION OF THE DIFFERENTIAL EQUATION SOLVER USED FOR THE RADIONU-
CLIDE TRANSPORT EQUATIONS.
1

1.0E-10

1.06-20 1.0€-08 24 1

THE DATA READ BY SUBROUTINE DATAM FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE MANAGE TO CONTROL THE OPERATION OF THE PATHWAYS MODEL.

0 7.5€02 2
1 1 1 -1

-t Bt

1 1 1 0
THE DATA READ BY SUBROUTINE DATA4 FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE INGEST IN THE CALCULATION OF RADIONUCLIDE INGESTION. INGESTION
RATES ARE THE ADULT RATES FROM TABLE E-4, P, 1.109-39, OF U. S. NRC
REGULATORY GUIDE 1,109 (OCTOBER, 1977).
1

THE DEFAULT VALUES FOR AGRICULTURAL PARAMETERS ARE USED.
0
TWO DIETARY PATTERNS ARE CONSIDERED. THE PATTERNS DIFFER IN THAT THE
FIRST INCLUDES IRRIGATION WHILE THE SECOND DOES NOT.
2
3.70E02  6.90€00 0 1.90e02 1.10602 9.50£01
3 4 3.00€02
3.70[0; 6.90(02 0 1.90E02 1.10602 9.50£01
0

——
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Table 3-1 (Continued)

THE DATA READ BY SUBROUTINE DATAS FOLLOWS. THIS DATA IS USED BY SuB-
ROUTINE INHALE IN THE CALCULATION OF RADIONUCLIDE INHALATION. INHALA-
TION RATE [S THE ADULT RATE FROM TABLE E-4, P, 1,109-39, OF U, S. NRC
REGULATORY GUIDE 1.109 (OCTOBER, 1977). CONCENTRATION OF SUSPENDED
MATERIAL IS SELECTED TO BE REPRESENTATIVE OF CONCENTRATIONS LISTED IN
TABLE 1.4-5, P, 66, OF THE HANDBUOK OF ENVIRONMENTAL CONTROL, VOLUME
l.

1
TWO INHALATION PATTERNS ARE CONSIDERED. IN THE FIRST PATTERN, SUSPEND-
ED MATERIAL IS DERIVED FROM THE SOIL SUBZONE, IN THE SECOND PATTERN,
SUSPENDED MATERIAL IS DERIVED FROM THE SEDIMENT SUBZONE.

2

2 3.506-09 B8.00£03 1.00E00

4 3.50£-09 B8,00603 3.B5€-02
THE DATA READ BY SUBROUTINE ALTER FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ALTERATIONS TO THE COEFFICIENTS IN THE RADIONUCLIDE
TRANSPORT EQUATIONS.

0
THE DATA READ BY SUBROUTINE ADD FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ADDITIONAL COEFFICIENTS IN THE RADIONUCLIDE TRANSPORT
EQUATIONS.

0
THE DATA READ BY SUBROUTINE REDUCE FOLLOWS. YHIS DATA IS USED TO DE-
FINE AND IMPLEMENT A REDUCTION IN THE NUMBER OF RADIONUCLIDE TRANSPORT
EQUATIONS.

0

THE DATA READ BY SUBROUTINE INITIAL FOLLOWS. THIS DATA iS USED TO SET
THE INITIAL VALUE CONDITIONS FOR THE RADIONUCLIDE TRANSPORT EQUATIONS.
1

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
L*RD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

57
58
59
60
61
62
63

65
66
67

69
70
1
72
73
74
75
76
I
78

9
81
83
85




Cardsb

36-37
38
39
40
41

42
43-46
47
48
49
50-51
52
53-56
57-63
64
65-67
68
69-70

Table 3-2

Discussion of Input Data for Example 23

Discussion

Comments for DATAM

Option for DATAM

Option for MANAGE

Solution of transport equations
Subroutine selection for SOL, CONC,
INGEST, INHALE, and EXT

Subroutine options

Comments for DATA4

Option for DATA4

Comments for agricultural parameters
Option for agricultural parameters
Comments for ingestion patterns
Number of ingestion patterns
Description of ingestion patterns
Comments for DATAS

Option for DATAS

Comments for inhalation patterns
Number of inhalation patterns
Description of inhalation patterns

A0nly cards 36 through 70 are discussed.

Sections®
4:5.1:1
§:551¢2
4:.5.2,1
$:5.242
4:5.2.13
£:5.2:4%
4.6.,1.1
4.6.1.2
$:.6:3:1
4.6.3.2
4.6.3.5
4.6.3.6
4:6.3.7
$:701¢1
Rl Xnd
£§:.7:3:1
&:7:3:d
4.7.3.3

Cards 1

through 35 and cards 71 through 85 are the same as cards

1 through 35 and cards 51 through 65,

discussed in Table 2-2.

bpata card number in Table 3-1.

respectively,

Crocation of additional discussion in user manual

(Hel81lb).
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CHAPTER 4

Example 3

This chapter presents an example involving three
zones and two radionuclides. Further, ingestion and
inhalation calculations are performed for all zones.

The first zone consists of a 40-km stretch of river,

the stationary sediments beneath the river, a 2-km-

wide strip of floodplain on each side of the river, and
the portions of a shailow aquifer which lie beneath the
preceding strips of floodplain. The second zone begins
immediately below the first zone and consists of a lake
40 km in length, a layer of stationary sediments beneath
the lake, a 2-km-wide strip of land on each side of the
lake, and the portions of the shallow aquifer which lie
beneath the preceding strips of land. The third zone be-
gins immediately below the second zone and consists of a
40-km stretch of river, the stationary sediments beneath
the river, a 2-km-wide strip of floodplain on each side of
the river, and the portions of the shallow aquifer which
lie beneath the preceding strips of floodplain. The site
used in this example was defined for a seasitivity analy-
sis of the Pathways Model (Hel80). The derivaticn of the
parameters which define this site is present:d in Appen-
dix A. The radionuclides are Cm245 and Pu24l. They are
assumed to enter the surface-water subzore of the first
zone at the rates of 1.0 mg/yr for Cm245 and 1.77 x 10-3
mg/yr for Pu24l. The rate for Pu24l was selected for
equilibrium with the parent Cm245.

The general nature of example 3 is indicated in Figure
4-1. Then, the input data to PATH1 associated with this
example are listed in Table 4-1, and the location in the
user manual (Hel8lb) of additional discussion of the card
deck presented in Tabie 4-1 is indicated in Table 4-2.
Finally, the model output corresponding to the input in
Table 4-1 is listed on microfiche attached at the end of
the report.



e———
J= SURFACE
FLOODPLAIN B WATER 4
ZONE 1 - v ! i
(RIVER AND - » 4
ASSOCIATED \ \ |
FLOODPLAIN) SHALLOW STATIONARY
GROUNDWATER SEDIMENTS
RRIGATED |* SURFACE |
ZONE 2 LA i j
| 1 Y
(LAKE AND : :
IRRIGATED 4
LAND) SHALLOW STATIONARY
GROUNDWATER SZDIMENTS
)
4 -
FLOODPLAIN | 3 s‘v’v':'r‘&‘ _-—J:L—
(RIVER AND ‘
ASSOCIATED \ 9 |
FLOODPLAIN) SHALLOW STATIONARY
GROUNDWATER SEDIMENTS
1

RADIONUCLIPES: Cm245, Pu241

INGESTION ND INHALATION

Figure 4-1. Example 3.
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Table 4-1

Input Data for Example 3

THE DATA READ BY SUBROUTINE DATA1 FOLLOWS. THIS DATA DESCRIBES A SITE
INVOLVING THREE ZONES WHICH WAS USED IN A SENSITIVITY ANALYSIS OF THE
PATHWAYS MODEL. DEFINITION AND/OR DERIVATION OF THE PARAMETERS WHICH
FOLLOW ARE CONTAINED IN CHAPTER 2 OF J, HELTON ET AL, RISK METHODOL-

0GY TOR GEOLOGIC DiSPOSAL OF RADIDACTIVE WASTL: SENSITIVITY ANALYSIS
OF THE ENVIRONMENTAL TRANSPORT MODEL, SAND79-1393 (DECEMBER, 1980),
1

3
1.4E12 9.4E12

0 0 2.2612 0

0 0 0 0

1.4€12 9.4€12 0 0 2.2612 0
0 0 0 0

1.4€12 9.4E12 0 0 2.2€12 0
0 0 o 0

2,010 1.1E11 9.8£10 0 4,0£10 1.1€08
0 0

2.0E10 X.lElé 9.8E10 0 4.8£10 1.9€06
0

2.0E10 1.1€11 9.8E1" 0 4.0£10 1.1E08
0 0

2.2610 3.5€06 0 0 4,0E10 1.1€08

8.7€08 2,3E09 1.9€13 3.0£09 0 0
2

1.9€13 7.6£08 0 0 4,8E10 1.9€06

3,0€09 7.9€E09 2.3E13 9,2E08 0 0
3

3.2€10 1.9€06 0 0 4.0E10 1.1€08

1.3€09 3.4£09 2.7E13 1.6E09 0 0
4

8.7€09 2.3t10 0 0 8.7£08 2.3E09
0 0

2.0E10 5.2E10 0 0 2.0E09 5.2609

1.0€09 2.7€09

1.3€10 3.4E10 0 0 1.3E09 3.4E09
0 0

C THE DATA READ BY SUBROUTINE DATA2 FOLLOWS. THIS DATA DESCRIBES A DECAY
C CHAIN SEGMENT CONSISTING OF CM245, PU241. CONCENTRATION RATIOS ARE
C FROM TABLE A-8, P, 1.109-31, AND 1ABLE C-5, P.1.109-56, OF U, S. NRC
C REGULATORY GUIDE 1.109 (MARCH, 1976).
1

C

2
CM245  2.45£02 B,26£03 1
PU24l  2,41E02 1.46E01 1
2 1.00£00
3 1.00£00

1
1.0E03 1.0£03 1.0€03 1.0€03
1.0£03 1.0£03 1.0£03 1.0£03

1.0£00 2.5€01 1.0603 2.56-03 S5.06-06 2.0E-04
1.0€00 3.5€£00 1.0£02 2.56-04 2,06-06 1,4E-05
1
0 e 2.5€18 0 0
0 0 4.4£15 0

0
THE DATA READ BY SUBROUTINE DATA3 FOLLOWS. THIS DATA CONTROLS THE

C OPERATION OF THE DIFFERENTIAL EQUATION SOLVER USED FOR THE RADIONU-
C CLIDE TRANSPORT EQUATIONS.

1
1,0E-25
1.0£-23  1.0E-0§ 22 1

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

D00~ O BN
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Table 4-1 (Continued)

THE DATA READ BY SUBROUTINE DATAM FOLLOLS. THIS DATA IS USED BY SUB-
ROUTINE MANAGE TO CONTROL THE OPERATION OF THE PATHWAYS MODEL.

0 5.0E+02 2
1 1 1 -1

1 1 1 0

IHE DATA READ BY SUBROUTINE DATA4 FOLLOWS, THIS DATA IS USED RY SUR-
ROUTINE INGEST IN THE CALCULATION OF RADIONUCLIDE INGESTION, INGESTION
RATES ARE THE ADULT RATES FROM TABLE E-4, P, 1.109-39, OF U. S. NRC
REGULATORY GUIDE 1.109 (OCTOBER, 1977).

[T ——

1

THE DEFAULT VALUES FOR AGRICULTURAL PARAMETERS ARE USED.
0

THE TWO DIETARY PATTERNS FOR ZONE 1 FOLLOW.

2
3.70£02  6,90£00 0 1.90E02 1.10602 9.50£01
3 B 0
3,70e02 6.90E00 0 1.90e02 1.10E02 9.S0E01
3 4 3.00£02
THE TWO DIETARY PATTERNS FOR ZONE 2 FOLLOW.
2
3.70E02 6.90E00 0 1.,90e02 1.10€02 9.50E01
3 4 0
3.70E02 6.90£00 0 1.90e02 1.10e02 9.S50€01
3 4 3.00£02
THE TWO DIETARY PATTERNS FOR ZONE 3 FOLLOW.
2
3.70E02 6.90E00 0 1.90e02 1.10E02 9.S0E01
3 4 0
3,70E02  6.90E00 0 1.90E02 1.10E02 9.50£01
3 4 3.00£02

THE DATA READ BY SUBROUTINE DATAS FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE INHALE IN THE CALCULATION OF RADIONUCLIDE TNHALATION. INHALA-
TION RATE IS THE ADULT RATE FROM TABLE E-4, P, 1.109-39, OF U, S. NRC
REGULATORY GUIDE 1.109 (OCTOBER, 1977). CONCENTRATION OF SUSPENDED

MATERIAL !S SELECTED TO BE REPRESENTATIVE OF CONCENTRATIONS LISTED IN

TABLE 1.4-5, P, 66, OF THE HANDBOOX OF ENVIRONMENTAL CONTROL, VOL-
UME 1.

1
THE INHALATION PATTERN FOR ZONE 1 FOLLOWS.

1

2 3.50E-09 8.00£03 1.00£E00
THE INHALATION PATTERN FOR ZONE 2 FOLLOWS.

1

2 3.50e-09 B.00E03 1.00E00
THE INHALATION PATTERN FOR ZONE 3 FOLLOWS.

1

2 3.50E-09 8.00£03 1.00£00
THE DATA READ BY SUBROUTINE ALTER FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ALTERATIONS TO THE COEFFICIENTS IN THE RADIONUCLIDE
TRANSPORT EQUATIONS.

0
THE DATA READ BY SUBROUTINE ADD FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ADDITIONAL COEFFICIENTS IN THE RADIONUCLIDE TRANSPORT
EQUATIONS.

0

THE DATA READ BY SUBROUTINE REDUCE FOLLOWS. THIS DATA 1S USED TO DE-
:INEYASD IMPLEMENT A REDUCTION IN THE NUMBER OF RADIONUCLIDE TRANSPORT
QUATIONS.

0
THE DATA READ BY SUBROUTINE INITIAL FOLLOWS. THIS DATA !S USED TO SET
THE INIIXAL VALUE CONDITIONS FOR THE RADIONUCL INE TRANSPORT EQUATIONS.

CARD

CARD
CARD

CARD

CARD

CARD
CARD

CARD
CARD
CARD
CARD

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

116
117
118
119
120
121
122
123



‘ Table 4-2

Discussion of Input Data for Example 3

Cards? Discussion SectionsP
1-6 Comments for DATAl 4.2.1.1
' NDption for DATAL 4.2.1.2
8 Number of zones §.2.2.1
9-14 Description of groundwater 4.2.2.2
subzones
15-20 Description of soil subzones 4.2.2.3
21-29 Description of surface-water 4.2.2.4
subzones
30-35 Description of sediment subzones 0 N B
3639 Comuments for DATA2 4.3.1,1
40 Option for DATA2 4.3.1.2
41 Number of radionuclides 4.3.2.1
42-43 Description «f decay chain 4.3.2.2
44-45 Description of decay pattern 4.3.2.3
46-48 Description of distribution 4.3.2.4
coefficients
49-50 Description of concentration 4.3.2.5
ratios
. 51-53 Description of radionuclide input 4.3.2.6
rates
54-56 Comments for DATA3 4.4.1.1
57 Option for DATA3 4.4.1.2
58 Minimum coefficient size 4.4.2.1
59 Parameters for GEARB 4.4.2.2
60-61 Comments for DATAM 4.5.1.1
62 Option for DATAM 4.5.1.2
63 Option for MANAGE 4.5.2.1
64 Solution of transport equations 4.5.2.2
65 Subroutine seclection for SOL, 4.,5.2.3
CONC, INGEST, INHALE, and EXT
66 Subroutine options 4.5.2.4
67-70 Comments for DATA4 4.6.1.1
71 Option for DATA4 4.6.1.2
78 Comments for agricultural parameters 4.6.3.1
3 Option for agricultural parameters 4§.6.3.2

apata card number in Table 4-1.

Drocation of additional discussion in user manual
(Hel3lb).




Cards?

74

92-98
99
100

101
102

103-108

109-111
112
113~-11$%
116
117-119
120
121-122
123

Table 4-2 (Continued)

Discussion

Comments for ingestion patterns in
zone 1

Number of ingestion patterns in
zone 1

Description of ingestion patterns
in zone 1

Commen.s for, numbers of and
descriptions of ingestion patterns
in zones 2 and 3. Similar to
cards 74 throuch 79.

Comments for DATAS

Option for DATAS

Comments for inhalation patterns
in zone 1

Number of inhalation patterns in
zone 1

Description of inhalation patterns
in zone 1

Comments for, numbers of and
descriptions of inhalation
patterns in zones 2 and 3.

Similar to cards 100 through 104.
Comments for ALTER

Option for ALTER

Comments for ADD

Option for ADD

Comments for REDUCE

Option for REDUCE

Comments for INITIAL

Option for INITIAL

apata card number in Table 4-1.

Sectionsb

4.6.3.5
4.6.3.6

4.6.3.7

EE S
- - -
NN
- - -
e

- - -
N

4.7.3.2

4.7.3.3

. - - -
b e O D
NN~ OOes

Lo S S S
e I e

L I T I R %

e
N N N

Drocation of additional discussion in user manual

(Hel8lb).
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CHAPTER 5

Example 4

This chapter presents an example which involves
two zones., Each zone corresponds to a stretch of
river and the stationary sediments beneath that stretch.
For each zone, subroutine REDUCE is used to eliminate
the groundwater and soil subzones. The groundwater and
soil subzones are assigned nominal water volumes and
solid masses of 1.0; this prevents the possibility of
division by zero. A decay chain involving Cm246,
Pu242, U238, Pu238 and U234 is considered. Each radio-
nuclide enters the surface-water subzone of the first
zone at the rate of 1.0 mg/yr and also the sediment
subzone of the first zone at the rate of 1.0 mg/yr.
No ingestion or inhalation calculations are performed.
To reduce the amount of output, the print flags in sub-
routines COEF and MATPRT have been set to zero; this
eliminates the printing of the coefficients for movement
out of the individual compartments and the coefficient
matrix for the radionuclide transport equations.

The general nature of example 4 is indicated in
Figure 5-1. Then, the input data to PATH1l associated
with this example are listed in Table 5-1, and the
location in the user manual (Hel8lb) of additional
discussion of the card deck presented in Table 5-1 is
indicated in Table 5-2. Finally, the model output
corresponding to the input in Table 5-1 is listed
on microfiche attached at the end of the report.

5=1



SURFACE
WATER

! 51

STATIONARY
SEDIMENTS

SURFACE |«
WATER

==

STATIONARY
SEDIMENTS

\J

RADIONUCLIDES: Cm246, Pu242, U238,
Pu238, U234

NO INGESTION OR INHALATION

Figure 5-1. Example 4.
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Table 5-1

Input Data for Example 4

THE DATA READ BY SUBROUTINE DATA1 FOLLOWS. THIS DATA DESCRIBES A SITC CARD
INVOLVING TWO ZONES. ONLY THE SURFACE WATER AND SEDIMENT SUBZONES ARE CARD
USED. THE DATA IS SIMILAR TO WHAT MIGHT BE USED FOR THE COLUMBIA RIVER CARD
NEAR HANFORD. EACH ZONE IS A 30 MILE LENGTH OF RIVER. g::g
; CARD

1.0 1.0 0 0 0 0 CARD

0 0 0 0 CARD

1.0 1.0 0 0 0 n CARD

0 0 0 0 CARD

1.0 1.0 0 0 0 0 CARD

0 0 CARD

1.0 1.0 0 0 0 0 CARD

0 0 CARD

8.6609  7.905 0 0 0 0 CARD

0 5.2608  1.0613  9.5£08 0 0 CARD

2 CARD

1.8610  2.2606 0 0 0 0 CARD

0  2.2605 1.5613  1.8£09 0 0 CARD

3 CARD

1.3609  5.2609 0 0 0  5.2608 CARD

0 0 CARD

7.3609  2.9€10 0 0 0 2.9£09 CARD

0 0 CARD

THE DATA READ BY SUBROUTINE DATA2 FOLLOWS. THIS DATA DESCRIBES A DECAY CARD
SEGMENT INVOLVING CM246, PU242, U238, PU27R AND U234, BOTH U238 AND CARD
PU238 DECAY TO U234. FACH RADIONUCLIDE ENICXS THE SURFACE WATER CARD
SUBZONE OF ZONE 1 AT Tiit RATE OF 1.0 MG/YR AND THE SEDIMENT SUBZONE CAD
OF ZONE 1 AT THE RATE OF 1,0 MG/YR. CONCENTRATION RATIOS ARE FROM CARD
TABLE A-8, P. 1.109-31, AND TABLE C-5, P, 1.139-56, OF U. S. NRC REGU- CARD
LATORY GUIDE 1.109 (MARCH, 1976). CARD
1 CARD

5 CARD

CM246  2.46£02 4.71€03 1 CARD
PU242  2.42602  3.79€05 1 CARD
U238 2.38E02 4.51£09 1 CARD
PU23I8  2.38£02  8.90E01 1 CARD
U234 2,38E02  2.47E05 1 CARD

2 1.0600 CARD
31,0600 CARD

§  1.0£00 CARD

§  1.0£00 CARD

6  1.0£00 CARD

1 CARD

1.5€03  1.5603  1.5603  1.5£03 CARD
1.0€03  1.0603  1.0603  1.0£03 CARD
5.0602  5.0£02  5.0602  5.0E02 CARD
1.0603  1,0603  1.0603  1.0€03 CARD
§.0602  £.0€02  5.0602  5.0£02 CARD
1.0600  2.5€01  1.0£03 2.56-03 5.06-06 2.06-04 CARD
1.0E00  3.5€00  1.0602 2.56-04 2.0E-06 1.4E-05 CARD
1.0€00  2,0£00  6.0£01 2,56-03 5,06-04 3.4€-04 CARD
1.0600  3,5600  1.0E02 2.56-04 2,06-06 1.4E-05 CARD
1.0600  2.0600  6.0601 2.56-03 5.0£-04 3.4-04 CARD

1 CARD

0 0 2.4618  2.4£18 CARD

0 0 2.5€18  2.5£18 CARD

0 0 2.5€18  2.5€18 CARD

0 0 2.5E18  2.5€18 CARD

0 0 2.6£18  2.6£18 CARD

=3
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Table 5-1 (Continued)

THE DATA READ 8Y SUBROUTINE DATA3 FOLLOWS. THIS DATA CONTROLS THE
OPERATION OF THE DIFFERENTIAL EQUATION SOLVER USED FOR THE RADINNU-
CLIDE TRANSPORT EQUATIONS.

1

1.0E-10

1.0e-20 1.0E-09 11 1

THE DATA READ BY SUBROUTINE DATAM FOLLOWS. THIS DATA 1S USED BY SuB-
ROUTINE MANAGE TO CONTROL THE OPERATION OF THE PATHWAYS MODEL.

1

1

i 0 1.0 2

1 1 -1 -1 -1
1 1 0 0

0
C THE DATA READ BY SUBROUTINE DATA4 FOLLOWS. THIS DATA IS USED BY SuB-

(als R (alalel e lalal aTalal oo

aXal

ROUTINE INGEST TO PERFORM INGESTION CALCULATIONS.
NO INGESTION DATA IS READ IN THIS EXAMPLE.
0

THE DATA READ BY SUBROUTINE DATAS FOLLOWS. THIS DATA IS USED BY SuB-
ROUTINE INMALE TO PERFORM INHALATION CALCULATIONS.
NO [INHALATION DATA IS READ IN THIS EXAMPLE,

0
THE DATA READ BY SUBROUTINE ALTER FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ALTERATIONS TO THE COEFFICIENTS IN THE RADIONUCLIDE
TRANSPORT EQUATIONS,

0

THE DATA READ BY SUBROUTINE ADD FOLLOWS. THIS DATA IS USED TO DEFINE
AND IMPLEMENT ADDITIONAL COEFFICIENTS IN THE RADIONUCLIDE TRANSPORT
EQUATIONS.

0
THE DATA READ BY SUBROUTINE REDUCE FOLLOWS. THIS DATA IS USED TO DE-
FINE AND IMPLEMENT A REDUCTION IN THE NUMBER OF RADIONUCLIDE TRANSPORT
EQUATIONS.

2

1
0 0 1 1
THE DATA READ BY SUBROUTINE INITIAL FOLLOWS. THIS DATA IS USED TO SET
THE INITIAL VALUE CONDITIONS FOR THE RADIONUCLIDE TRANSPORT EQUATIONS.
1

CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD
CARD

61
62
63

65
66
67
68
09
70
71
12
13
74
15
76
17
78
79

81
82
83
85
87
89
91
92
93

95
96

98




Table 5-2

Discussion of Input Data for Example 4

Cards? Discussion SectionsP
1-4 Comments for DATAL 4.2.1.1
5 Option for DATAL 4.2.1.2
6 Number of zones 4.2.2.1
7-10 Description cf groundwater subszone 4.2.2.2
11-14 Description of soil subzone 4.2.2.3
15-20 Description of surface-water subzone 4.2.2.4
21-24 Description of sediment subzone 4.2.2.5
25-31 Comments for DATA2 4.3.1.1
32 Option for DATA2 4.3.1.2
33 Number of radionuclides 4.3.2.1
34-38 Description of decay chain 4.3.2.2
39-43 Description of decay pattern 4.3.2.3
44-49 Description of distribution 4.3.2.4
coefficients
50-54 Description of concentration ratios 4.3.2.5
55-60 Description of radionuclide input 4.3.2.6
rates
61-63 Comments for DATA3 4.4.1.1
64 Option for DATA3 4.4.1.2
65 Minimum coefficient size 4.4.2.1
66 Parameters for GEARB 4.4.2.2
67-68 Comments for DATAM 4.5.1.1
69 Option for DATAM 4:5.1.2
70 Option for MANAGE .5:.2:1
71 Solution of transport equations 4.5.2.2
72 Subroutine selection for SOL, 4.5.2.3
CONC, INGEST, INHALE, and EXT
73 Subroutine options 4.5.2.4
74-76 Comments for DATA4 4.6.1.1
77 Option for DATA4 4.6.1.2
78-80 Comments for DATAS 4.7.1.1
81 Option for DATAS 4.7.1.2
82-84 Comments for ALTER 4.9.1.1
85 Option for ALTER 4.9.1.2
86-88 Comments for ADD 4.10.1.1
89 Option for ADD 4.10.1.2

Apata card number in Table 5-1.

Procation of additional discussion in user manual
(Hel81b).



Table 5-2 (Continued)

Cards@ Discussion SectionsP
90-92 Comments I{or REDUCE f+13:1:%
93 Option for REDUCE 4.11.1,.2
94 Pattern for equations to be zeroed 4.11.4.1
95 Subzones to be considered 4.11.4.2
56-57 Comiments [or INITIAL 4:12:1.1
98 Option for INITIAL 4.12.1.2

dpata card number in Table 5-1.

brocation of additicnal discussion in user manual
(Hel81b) .




CHAPTER 6©

Example 5

This chapter illustrates several options which
exist within PATHl1. A site involving five subzones is
considered. The first three zones involve stretches of
river. The fourth zone is a bay or estuary; unlike the
first three zones, it does uoc have soll or groundwater
subzones. The fifth zone is introduced to record the
total amount of radionuclide which has discharged from
the fourth zone. Specifically, the surface-water sub-
zone of the fifth zone is used to keep track of the
radionuclides which have discharged from the surface-
water subzone of the fourth zone, and the sediment sub-
zone of the fifth zone is used to keep track of the
radionuclides which have been trapped in the sediment
subzone of the fourth zone. The radionuclides con-
siderea are Csl37 and Sr90.

Subroutine REDUCE is used to eliminate the unused
subzones in the fourth and fifth zones. Subroutine
ALTER is used to alter the definition of flows for the
soil subzone of the first zone and the destination of
the flows for the sediment subzone of the fourth zone.
In the latter case, the flows are changed "from the
sediment subzone of the fourth zone to a sink" to
"from the sediment subzone of the fourth zone to the
sediment subzone of the fifth zone." Subroutine INITIAL
is used to set the initial values of the radionuclide
transport equations to one curie for each radionuclide
in the soil subzone of the first zone and to zero every-
where else. Further, the rate of input to the system
is taken to be zero. To reduce the amount of output,
the print flags in subroutines COEF and MATPRT have been
set to zero; this eliminates the printing of the coef-
ficients for movement out of the individual compartments
and the coefficient matrix for the radionuclide transport
equations.

The general nature of example 5 is indicated in
Figure 6-1. Then, the input data to PATHl1 associated
with this example are listed in Table 6-1, and the
location in the user manual (HelB8lb) of additional
discussion of the card deck presented in Table 6-1 is
indicated in Table 6-2. Finally, the model output
corresponding to the input in Table 6-1 is listed
on microfiche attached at the end of the report.
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SURFACE
FLOODPLAIN . WATER me
ZONE 1 4 | -
(RIVER AND : |
ASSOCIATED 1 |
FLOODPLAIN) SHALLOW STATIONARY
GROUMNDWATER SEDIMENTS
{ SURFACE *J
FLOODPLAIN WATER
ZONE 2 . —
(RIVER AND
ASSOCIATED Y
FLOODPLAIN) SHALLOW STATIONARY
GROUNDWATER SEDIMENTS
4 SURFACE -
FLOODPLAIN 1 “waren -
ZONE 3 (
(RIVER AND ‘ f
ASSOCIATED Y ) 1
FLOODPLAIN) SHALLOW STATIONARY
GROUNDWATER SEDIMENTS
¥
TO ZONE 4
Figure 6-1. Example 5.
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FROM ZONE 3

-
SURFACE [«
ZONE 4 WATER
(BAY AND
ASSOCIATED
SEDIMENTS) | I'sTATIONARY
SEDIMENTS
SURFACE | | |
WATER
ZONE 5
(A TRAP)
STATIONARY
SEDIMENTS |

RADIONUCLIDES: Cs137, Sr90
NO INGESTION OR INHALATION

Figure 6-1. (Continued).
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Table 6-1

Input Data for Example 5

THE DATA READ BY SUBROUTINE DATAL FOLLOWS. THIS DATA DESCRIBES A SITE CARD 1
INVOLVING 5 ZONES. THE FIRST THREE ZONES ARE OBTAINED BY SCALING ZONE CARD 2
1 USED IN A SENSITIVITY ANALYSIS OF THE PATHWAYS MODEL. DEFINITION CARD 3
AND/OR DERIVATION OF THE PARAMETERS WHICH DEFINE THIS ZONE ARE CON- CARD 4
TAINED IN CHAPTER 2 OF HELTON AND IMAN, RISK METHODOLOGY FOR GEOLOGIC CARD 5
UISPOSAL OF RADIOACTIVE WASTE: SEMSETIVITY ANAL 1505 OF THE ENVIRONMEN- CARD 6
TAL TRANSPORT MODEL (DECEMBER, 1980). YHE SCALE FACTORS FOR THE FIRST CARD 7
THREE ZONES ARE 0.25, 1.0 AND 15.0, RESPECTIVELY. ZONE 4 CORRESPONDS CARD 8
TO AN ESTUARY OR BAY. ZONE S IS USED TO CALCULATE THE QUANTITY OF UN- CARD 9
DECAYED RADIONUCLIDES WHICH HAVE DISCHARED FROM THE SYSTEM. gxg ;(l)

1
5 CARD 12
3.5€11 2.4£12 0 0 5.5€11 0 CARD 13
0 0 0 0 CARD 14
1.4E12 9.4£12 0 0 2.2E12 0 CARD 15
0 0 c 0 CARD 16
2.1513 1.4E14 0 0 3.3E12 0 CARD 17
0 0 0 0 CARD 18
1.0£00 1.0£00 0 0 0 0 CARD 19
0 0 0 0 CARD 20
1.0£00 1.0£00 0 0 0 0 CARD 1
0 0 CARD 22
$.0£09 2.8£10 2.4£10 0 1.0£10 2.8€07 CARD 23
0 0 CARD 24
2,010 1.1E11 9.8E10 0 4,0E10 1.1E08 CARD 25
0 0 CARD 26
3.0E11 1.6£12 1.5€12 0 6.0E11 1.6E09 CARD 27
0 0 CARD 28
1.0£00 1.0£00 0 0 0 0 CARD 29
0 0 CARD 30
1.0E00 1.0£00 0 0 0 0 CARD 3l
0 0 CARD 32
5.5€09 8,5€05 0 0 0 0 CARD 13
2.2€08 5.8E08 1.5€13 2.3E09 0 0 CARD 34
2 CARD 35
2.2€10 3,5€06 0 0 4,0610 1.1€08 CARD 36
2.7€08 2.3€08 1.9€13 3.0E09 0 0 CARD 37
3 CARD 38
3.3E11 5.3€07 0 0 6.0E11 1.6£09 CARD 39
1.3€10 3.4E10 7.9€13 2.0E10 0 0 CARD 40
4 CARD 4]
9.0£12 4.5£08 0 0 0 0 CARD 42
1.5€11 4.0611 2.4£14 9.8£09 0 0 CARD 43
) CARD a4
1.0£E00 1.0£00 0 0 0 0 CARD 45
0 V] 0 0 0 0 CARD 46
6 CARD 47
2.,2609 5.8£09 0 0 2.2£08 5.8€08 CARD 48
0 0 CARD 49
8.7€09 2.3E10 0 0 8.7£08 2,309 CARD 50
0 0 CARD 51
1.3€11 3.4£11 0 0 1.3€10 3.4€10 CARD 52
0 0 CARD 53
3.0E1]) 7.8E11 0 0 1.5E1! 3.9€11 CARD 54
3.8€09 9.8£09 CARD 55
1.0£00 1.0£00 0 0 c 0 CARD 56
0 0 CARD 57

6-4



C
C
c
c

alalal

zEalal aEalal

e Ralal

2 Eal

Table 6-1 (Continued)

THE DATA READ BY SUBROUTINE DATA2 FOLLOWS. THIS DATA DESCRIBES
€5137 AND SR90, CONCENTRATION RATIOS ARE FROM TABLE A-8, P.1,109-
31, AND TABLE C-5, P, 1.109-56, OF L. S. NRC REGULATORY GUIDE
1.109 (MARCH, 1976).

1

2
€s137  1,37€02 3.0£01 1
SR90 9.0¢01 2.8£01 1
3 1.00€00
3 1.00£00

5
1.0£03 1.0£03 1.0£03 1.0€03
1.5€02 1.5€02 1.5€02 1.5€02
1.0€03 1.0£03 1.0£03 1.0£03
1.5£02 1.5e02 1.5€02 1.5€02
1.0E03 1.0£03 1.0E03 1.0£03
1.5€02 1.5£02 1.5£02 1.5€02
1.0€02 1.0E02 1.0€02 1.0€02
1.5€01 1,5E01 1.5€01 1.5£01
0

0 0 0
0 : 0 0
1.0E00 ¢ Seud 1,0e02 1.0e-02 1.26-02 4,.0E-03
1.0€00 3.0e01 1.0e02 1.7€-02 8.0E-04 6.0£-04
1
0 0 0 0
0 0 0 0

THE DATA READ BY SUBROUTINE DATA3 FOLLOWS. THIS DATA CONTROLS THE OP-
ERATION OF THE DIFFERENTIAL EQUATION SOLVER USED FOR THE RADIONUCLIDE
TRANSPORT EQUATIONS.

1

1.0€-10

1.0£-20 1.0E-10 21 1

THE DATA READ BY SUBROUTINE DATAM FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE MANAGE TO CONTROL THE OPERATION OF THE PATHWAYS MODEL.

1

1

2 0 1.0€01 2

1 1 -1 -1 -1
1 1 0 0 0

THE DATA READ BY SUBROUTINE DATA4 FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE INGEST TO PERFORM INGESTION CALCULATIONS.
NO INGESTION DATA IS READ IN THIS EXAMPLE.

0
THE DATA READ BY SUBROUTINE DATAS FOLLOWS. THIS DATA IS USED BY SUB-
ROUTINE INMALE TO PEFFORM INHALATION CALCULATIONS.
NO INHALATION DATA IS READ IN THIS EXAMPLE.

0

THE DATA READ BY SUBROUTINE ALTER FOLLOWS. THIS DATA IS USED TO DEF'NE
AND [MPLEMENT ALTERATIONS TO THE COEFFICIENTS IN THE RADIONUCLIDE
TRANSPORT EQUATIONS.

1

t

2 2 .10 3
6 2 .10 7
28 3 1.3€.02 36
32 3 1.3e-02 40

THE DATA READ BY SUBROUTINE ADD FOLLOWS. THIS DATA [S USED TO DEFINE

AND IMPLEMENT ADDITIONAL COEFFICIENTS IN THE RADIONUCLIDE TRANSPORT

EQUATIONS.
0
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113
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115
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Table 6-1

(Continued)

THE DATA READ BY SUBROUTINE REDUCE FOLLOWS. THIS DATA IS uSED TO DE-

FINE AND IMPLEMENT A REDUCTION IN THE NUMBER OF RADIONUCLIDE TRANSPORT

EQUATIONS.

O QreperrnN

THE DATA READ BY SUBROUTINE INITIAL FOLLOWS. THIS DATA IS USED TO SET
THE INITIAL VALUE CONDITIONS FOR THE RADIONUCLIDE TRANSPORT EQUATIONS.
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0
0
0
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Table 6-2

Discussion of Input Data for Example 5

Cards@ Discussion SectionsP
1-10 Comments for DATAL 4:.2.1«1
11 Option for DATAl 4.2.1.2
12 Number of zones 4.2.2.1
13-22 Description of groundwater subzone $:2:2:2
23-32 Description of soil subzone 4.2.2.3
33-47 Description of surface-water subzone 4.2.2.4
48-57 Description of sediment subzone 4.2.2.5
58-61 Comments for DATA2 4.3.1.1
62 Option for DATA2 f:3:1.2
63 Number of radionuclides 4.3.2.1
64-65 Description of decay chain §:3+2.2
66-67 Description of decay pattern 4.3.2.3
68-78 Description of distribution 4.3.2.4
coefficients
79-80 Description of concentration ratios 4.3.2.5
8l1-83 Description of radionuclide input 4.3.2.6
rates
84-86 Comments for DATA3 4.4.1.1
87 Option for DATA3 4.4.1.2
388 Minimum coefficient size 4.4.2.1
89 Parameters for GEARB 4.4.2.2
90-91 Comments for DATAM 4.5.1.1
92 Option for DATAM 4.5.1.2
93 Option for MANAGE 4.5.2.1
94 Solution of transport equations 4:.5:.2.2
95 Subroutine selection for SOL, 4.5.2.3
CONC, INGEST, INHALE and EXT
96 Subroutine options 4.5.2.4
97-99 Comments for DATA4 4.6.1.1
100 Option for DATA4 4.6.1.2
101-103 Comments for DATAS 4.7.1.1
104 Option for DATAS 4.7.1.2
105-107 Comments for ALTER 4.9.1.1
108 Option for ALTER 4.9.1.2
109 Number of alterations 4.9.3.1
110-113 Description of alterations 4.9.3.2

apata card number in Table 6-1.

Procation of additional discussion in user manual
(Fel8lb).



Table 6-2 (Continued)

Cards?a Discussion SectionsP
114-116 Comments for ADD 4.10.1.1
117 Option for ADD 4.10.1.2
118-120 Comments for REDUCE 4.11:1.1
121 Option for REDUCE $:1)s1e2
122 Pattern for equations to be zeroed 4.11.4.1
123-127 Subzones to be considered 4.11.4.2
128-129 Comments for INITIAL 4.12.1:1
130 Option for INITIAL 4.12:.1:.2
131-140 Description of initial values 4.12.3

dpata card number in Table 6-1.

Drocation of additional discussion in user manual
(Hel81b).






CHAPTER 2

REFERENCE SITE

2.1 INTRODUCTION

This chapter describes a site which is later modified to produce the sites
used for the sensitivity analyses described in Chapters 3 and 5. Care is taken to
describe the assumptions used to produce this site and the reasons for their adop-
tion. From these assumptions, the input variables for the Environmental Transport
Model are derived. In similar manner, the input variables for the Environmental
Teoaspurt Model f[or seasitivity analysis A and sensitivity analysis B are derived
in Chapters 3 and 5, respectively. Derivation of all model inputs is documented to
permit examination of the assumptions underlying the sensitivity analysis results
presented in Chapters 4 and 6. In *he following discussions, it is assumed that
the reader is familiar with the Environmental Transport Model; descriptions of the
model are contained in this project's interim report (Ca78, Chapter 4) and in the

model's user manual (Heflb).

Section 2.2 contains a general description of the reference site. This site
involves three zones and is defined to be consistent with the reference site de-
scribed in the project's interim report (Ca78). The properties of t'e= groundwater,
soil, surface-water and sediment subzones are derived in Sections 2.3, 2.4, 2.5 and

2.6, respectively.

2.2 GENERAL DESCRIPTION

The hypothetical site described in this section is consistent with the refer-
ence site defined in Campbell et al (Ca/8). The site is located in a symmetrical,
upland valley which is drained by the river L. The upper end of the valley is
elliptical with major and minor axes of length 350 km and 180 km, respectively: a
waste repository is located on the minor axis 43 km from the river. Below the re-
pository, the valley is assumed to have a constant width of 180 km. The preceding
assumption is a slight deviation from the reference site given in Campbell et al
(Ca78), where the valley is described as parabolic. This modification is made to
permit the same aquifer discharge rates into river L to be used both at the reposi-
tory and downstream from the repository. Figures 2-1 and 2-2 provide general rep-
resentations of the site. Further, Table 2-1 contains a synopsis of important site

characteristics.

Three zones are defined for this site, as shown in Figure 2-3. The first
zone consists of a 20-km stretch of river, the stationary sediments beneath the
r ver, a 2-km-wide strip of flood plain on each side of the river, and the portions
of the upper sand and gravel aquifer which lie beneath the preceding strips of
flood plain. This zone extends downstream from the point on river L opposite the
repository. The second zone begins immediately below the first zone and consists
of a lake 40 km in length, a layer of stationary sediments beneath the lake, a 2-km-



Figure 2-1. Physiographic Setting for Reference Site. One sid~»

of the symmetric basin is shown. The upper end of the valley is

elliptic with th: repository located on the minor axis; the sides
of the valley are parallel below the repository.
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Figure 2-2. Geologic Cross Section at Reference Site. This
figure is an adaptation of Figure 1.2.2 in Campbell et al
(Ca78) .




Table 2-1

Properties of the Reference Site*

Property English Units Metric Units .
Rainfal) 4.0 x 101 in/yr 1.0 x 100 m/yr
Water loss due to .
evapo-transpiration 1.6 x 10° in/yr 4.1 x 107} m/yr

Recharge to groundwater 1 1
system 2.4 x 10" in/yr 6.1 x 10" m/yr

Width of valley at and

below repository 6.0 x le ft 1.8 x 10S m
Area of valley above

repository 2.7 x 1011 £t2 2.5 x 1010 m2
Discharge of river L 2 2 13

at repository 1.5 x 10° ft~ /day i.5 x 10 L/yt
Discharge of upper sand

and gravel aqui fer 3

(both sides of river) 1.6 x 10 ft3/day/ft 5.4 x 10 L/yr/m

Discharge of middle
sandstone aquifer

(both sides of river) 1.5 x 10° ft3/day/ft 5.1 x 10’ L/yr/m
Total discharge to

river (both sides of 3 3 8

river) 3.1 x 107 ft~ /day/ft 1.0 x 107 L/yr/m

*These properties are obtained in Campbell et al (Ca78) where the
aqui fer discharge rates are given for one side of the river; the values
in this table are for the discharges from both sides of the river and
were obtained by doubling the discharge rates for one side of the river.

Q REPOSITORY

Figure 2-3. Zone Selection. Three zones are selected. Zones 1l and 3 con-
tain portions of river L, and zone 2 contains a lake on river L. Each zone
consists of a water body 40 km long, a layer of stationary sediments, a 2-km-
wide strip of land on each side of the water body, and the portions of the
upper sand and gravel aquifer which lie beneath the preceding strips of land.




®

wide strip of land on each side of the lake, ¢"d the portions of the upper sand and
gravel aquifer which lie beneath the preceding strips of land. Further, the lake
is assumel to be elliptical with major and minor axes of length 40 km and 6.4 km,
respectively, and to contain a water volume equal to 1 year's flow of the river L
at the head of the lake. The preceding assumptions result in the lake having a
perimeter of 90 km and an area of 200 kmz. The third zone begins immediately below
the second zone and consists of a 40-km stretch of river, the stationary sediments
beneath the river, a 2-km-wide strip of flood plain on each side of the river, and
the portions of the upper sand and gravel aquifer which lie beneath the preceding
strips of flood plain. The zcnes are partitioned in a manner which resuiis in the
previously described strips of land in each zone having the same area. In subse-
quent sections, additional assumptions about zone properties are made, subzones are

| f0f ithe Envirviwmeiital Transport Model are de:zived.

o

- $ o anns - -d by .
, and inpul variavis

<

2.3 GROUNDWATER SUBZONES

For each zone, the gro'ndwater subzone is taken to be the portion of the
upper sand and gravel aquifer extending from the bottom of the soil subrone to the
top of the upper shale layer, which is assumed to be impermeable. The layer com-
priging the groundwater subzones is assumed to have an average thickness of 30
metres, a porosity of 30%, a saturation of 100% and a mean particle density of 2.8
q/cm’. The porosity and density assumptions are consistent with representative
values contained in Tables 2-2 and 2-3, respectively. Water is assumed to move
directly from the groundwater subzones to the surface-water subzones; that is,
there is no discharge from the groundwater subzones to soil or sediment subzones.
This discharge is assumed to equal the discharge of the upper sand and gravel
aquifer, which is 5.4 x 107 L/yr/m, and to involve only dissolved materials; spe-
cifically, there is nc movement of solid material out of the groundwater subzones.
However, if it was assumed that the river was eroding the groundwater subzones,
then one might wish Lo include such a movement. The inclusion of groundwater sub-
zones is not felt to be important and is done primarily for illustration. These
subzones could also be used as second soil or sediment layers or omitted entirely.

The groundwater subzone properties which are supplied as input to the Envi-
ronmental Transport Model are now derived. As required in Section 2.2, the zones
are partitioned in a manner which results in the groundwater subzones having the

same areas and volumes. In particular,

A(T) = 2(2.0 x 10 m)(4.0 x 10 m) for 1 =1, 2, 3

8 2

= 1.6 x 10° m (2.1)
and
V(1) = (30 m)(1.6 x 10% m?) for T =1, 2, 3
= 4.8 x 109 mz, (2.2)

where A(I) and V(I) denote the area and volume, respectively, of the groundwater
subzone of zone 1. The amounts of water and solid material in the subzones are
given by Equations (2,3) and (2.4).

A-5



Table 2-2

Porosity of Selected Sediments and Rocks*

Material

Porosity
(Percent of
Total Volume)

Sand (stream)

Sand and silt (glacial outwash)

Sand and gravel with large pebbles (glaciai outwash)
Glacial clay (till), sandy and gravelly

Clays, assorted

Silt (lake)

S§ilt and clay (Mississippi River delta)

Sandstone (gas bearing, Bartlesville, Okla.)
Sandstone

Limestone, marble, dolomite

Granite, schist, gneiss, quartzite

*Fron Dapples (Da59), p 313 (Table 9.4).

Table 2-3

Approximate Specific Gravities*

Specific
Substance Gravity

Andesite 2.66
Basalt, dense 2.90
Basalt, scoriaceous 2.15
Clay 2.20
Diabase 2.94
Diorite 2.86
Dolomite 2.80
Gabbro 2.98
Gneiss 2.65 - 2.80
Granite 2,65
Gravel, dry 1.55
Gravel, wet 2.00
Limestone 2.60
Marble 2.78
Quartz, porphyry 2.63
Rhyolite 2.50
Sand, dry 1.69
Sand, wet 2:.29
Sandstone 2.60
Shale 2.70
Schist 2.69
Elate 2.75
Syenite 2.74
Trachyte 2.58

48

36

25

21

45 (avg)
36

80-90

23 (avg)
16 {avg)
5 (avg)
<1

*From Cummins and Given (Cu73), p 34-31 (Table 34-20).
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2(1,1,1) = (4.8 x 10 m°)(0.30)(1.0 x 16 L/#’) for I =1, 2, 3

- 1.4 x 10** 1 (2.3)
and
9 3 3 3
z(2,1,1) = (4.8 x 10" m”)(0.70)(2.8 x 10” kg/m”) for I = 1, 2, 3
= 9.4 x 102 kg, (2.4)

respectively. Further, water movement from groundwater subzones to sur face-water
subzones is given by

2(5,1,1) = (5.4 x 10’ L/yr/m)(4.0 x 10* m) for 1 =1, 2, 3

= 2.2 x 102 L/yr. (2.5)

All other inputs which can be supplied to the Environmental Transport Model for
groundwater subzones are taken to be zero. The groundwater subzone properties
obtained in this section are summarized in Table 2-4.

2.4 SOIL SUBZONES

For zones 1 and 3, the soil subzone is assumed to be a 2-km-wide strip on
each side of the river. These strips are assumed to have a depth of 0.5 metre, a
porosity of 508, a saturation of 50%, and a mean particle density of 2.8 q/cm].
The porosity and density assumptions are consistent with representative values con-
tained in Table 2-5. Water flow through the soil to the groundwater below is 0.60
m/yr. Movement of water and sclid material between these two soil subzones ard
their associated surface-water subzones is assumed to be due to overbank flooding.
Rates for such movements are both site specific and difficult to obtain. The fol-

lowing values are selected for use:

l. Annual water flow from i1 soil subzone to the corresponding sur face-water
subzone is the water volume required to fill the pore space of the soil
subzone (see Equatic. (2.11)).

2. Annual solid flow from a soil subzone to the corresponding sur face-water

subzone is 10-3 of the mass of sulids contained in the soil subzone (see

Equation (2.12)).

In subsequent sensitivity analyses, the two preceding rates will be varied
over a range of values to determine their impact on predictions madas by the En-
vironmental Transport Model. To maintain equilibrium, it is assumed that movement
from the surface-water subzones to the soil subzones is equal to movement from the

so1l subzones to the sur face-water subzones.

For zone 2, the soil subzone is assumed to be a 2-km-wide strip on each side
of the lake. Soil subzone properties for zone 2 are taken to be the same as the
soil subzone properties for zones 1 and 3 with the exception that water and solid
material movements between the subzone and the corresponding sur face-wate¢r subzone
are defined differently. For this zone, such movements are assumed to result from

an irrigation rate of 0.30 m/yr. The water is withdrawn from the lake and contains



Z(1,1,1)
2(2,1,1)
£(3,1.,3)
z(4,1,1)
2(5,1,1)
2(6,1,1)
2(7,1,1)
248,:1,1)
z2(9,1,1)
2t108,1:1)

Table 2-4

Groundwater Subzone Properties for Reference Site

Proparey
z(1,1,1)
z(2,1,1)
2(3,1.,1)
z(4,1,1)
Z(5,%;1)
2(6,1,1)
Zi7.1,1)
2(8,1,1)
2(9,1,1)
2(10,1,1)

vol ume

1}

mass of

W

rate of

rate of

]

rate of

= rate of
= rate of
= rate of
= rate of

= rate of

Zone 1

1.4 x 10
12

9.4 x 10
0

0
2:2 X 1012

of water in subzon

12

1.4 x 10'°2 1.4 x 10'2
9.4 x 10'2 9.4 x 102
0 0
0 0
2.2 x 10%? 2.2 x 10%2
0 0
0 0
0 0
0 0
0 0

e (in litres).

solids in subzone (in kg).

water
solid
water
solid
water
solid
water

solid

out flow (in
out flow (in
out flow (in
out flow (in
out flow (in
out flow (in
out flow (in

out flow (in

L/yr) from subzone to soil subzone.

kg/yr) from subzone to soil subzone.

L/yr) from subzone to sur face-water subzone.
kg/yr) from subzone to sur face-water subzone.
L/yr) from subzone to sediment subzone.
kg/yr) from subzone to sediment subzone.
L/yr) from subzone to a sink.

kg/yr) from subzone to a sink.



Tanie 2-5

Porosity of Soils in Natural state”

Mass Per Unit Volume

b Water 3 3
Porosity, Void content, q/cm 1b/ ft
Description % _ ratio~ * Dry Sat Dry Sat

Uniform sand,

loose 46 0.85 32 1.43 1.89 90 118
Uniform sand,

dense 34 0.51 19 1.7% 2.09 109 131
Mixed-grained sand,

loose 40 0.67 25 1.59 1.99 99 124
Mixed-grained sand,

dense 30 0.43 16 1.86 2.16 116 135
Glacial till, very 2

mixed-grained 20 0.25 a 2.12 2:32 132 145
Soft glacial clay 55 1.2 45 -- 1.77 - 1)1
Stiff glacial clay 37 0.6 22 - 2.07 - 129
Soft slightly organic

clay 66 1.9 70 - 1.58 - 99
Soft very organic

clay 75 3.0 110 - 1.43 - 89
Soft bentonite R4 5.2 194 - 1:27 -- 79

fprom Soil Mechanics in Engineering Practice, 2nd ed, K. Terzaghi and R. B.
Peck (New York: John Wiley and Sons, 1967), p 28, Table 6.3.
k

)Poroaxty is the percentage ratio of volume of voids to total volume.

“void ratio is the ratio of volume of voids to moist solids.

the same concentration of suspended solids as the lake. This defines a movement of
water and solid material from the lake (i.e., the surface-water subzone) to the
soil subzone. To maintain equilibrium, it is assumed that movement from the soil
subzone to the sur face-water subzone is equal to movement from the surface-water
subzone to the soil subzone. Here, the tacit assumption is that runoff and ero-
sional materials pass through the soil subzones without significant mixing with the
materials that actually constitute the subzones. Such might be the case if runoff
and erosional materials from the entire valley were primarily transported thro.

the soil subzones to the surface-water subzones in stream channels. If this as-
sunption was felt to be unreasonable for a given situation, the parameter defini-
tions would have to modified in some appropriate manner. Such modifications are

considered in analysis B.

The scil subzone properties which are supplied as input to the Environmental
Transport Model are now derived. As required in Section 2.2., the zones are parti-

tioned in a manner which results in the soil subzones having the same areas and

volumes. In particular,
| B
Al1I) = 2(2.0 x 10" m){(4.0 x 10 " m) for I =1, 2, 3
= 1.6 x 10° n? (2.6)



and

V(1) = (6.50 m)(1.6 x 10® m%) for 1 = 1, 2, 3

= 8.0 x 107 m3, £2:.7)

where A(Il) and V(i) denote the area and volume, respectively, of the soil subzone
of zone 1. The amounts of water and solid material in the subzones are given by

3

2(1,2,1) = (8.0 x 10’ m°)(0.50)(0.50)¢1.0 x 10° L/m’) for 1 = 1, 2, 3

L]

2.0 x 109 (2.8)

and

3

i

2(2,2,1) = (8.0 x 10’ m>)(0.50)(2.8 x 10° kg/m’) for I = 1, 2, 3

]

1.1 x 10'! kg, (2.9)

respectively. Further, water movement from the soil subzones to the groundwater
subzones is given by

8

2(3,2,1) ~ (0.60 m/yr)(1.6 x 10 mz)(l.O X 103 L/m3) for 1 =1, 2, 3

= 9.8 x 10'° L/yr. (2.10)

Water and solid movements from the soil subzone to the sur face-water subzones

are now determined For zones 1 and 3, these rates are given by

2(5,2,1) = (0.50)(8.0 % 10’ m°)(1.0 x 10° L/m°)(1.0/yr) for I = 1 and 3

= 4,0 x 10%° L/yr (2.11)

and
) 11 -3
z(6,2,7) = (1.1 x 10 kg)(1.0 x 10 “/yr) for I = 1 and 3

= 1.1 x 10° kg/yr, (2.12)

respectively, It follows from (2.34) that the suspended solid concentration in the

lake is 4.0 x 10-5 kg/L. Thus, the water and solid movements from the soil subzone

to the surface-water subzone for zone 2 are given by

2(5,2,2) = (1.6 x 10® m%)(0.30 m/yr) (1.0 x 10° L/m°)
= 4.8 x 1019 L/yr (2.13)
and
v 10 5
2(6,2,2) = (4.8 x 10 L/yr)(4.0 x 10 kg/L)
o >
= 1.9 x 10" kg/yr, (2.14)

respectively.
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All other inputs which can be supplied to the Environmental Transport Model
for soil subzones are taken to be zero. The soil subzone properties obtained in

this section are summarized in Table 2-6.

. Table 2-6

S0il Subzone Properties for Reference Site

Property Zone 1 Zone 2 Zone 3
2(1,2,1) 2.0 x 10 2.0 x 109 2.0 x 1010
z(2 2,1) 1.1 x 10! 1.1 x 10t} 1.1 x 10!
2(2,2,1) 9.8 x 100 9.8 x 10'° 9.8 x 10'°
2(4,2,1) 0 0 0
2(5,2,1) 4.0 x 10'° 4.8 x 100 4.0 x 10'°
2(6,2,1) x 108 1.9 x 10° 1.1 x 10°
2(7,2,1) 0 0 0
2(8,2,1) 0 0 0
2(1,2,1) = volunme of water in subzone (in litres).

z(2,2,1) = mass of solids in subzone (in kg).

2{(3,2,1) = rate of water outflow (in L/yr) from subzone to groundwater subzone.
2(4,2,1) = rate of solid outflow (in kg/yr) from subzone to groundwater subzone.
2(5,2,1) = rate of water outflow (in L/yr) from subzone to surface-water subzone.
2(6,2,1) = rate of solid outflow (in kg/yr) from subzone to sur face-water subzone,
2(7,2,1) = rate of water out flow from subzone (in L/yr) to a sink.

z(8,2,1) = rate of solid outflow (in kg/yr) from subzone to a sink.

2.5 SURFACE-WATER SUBZONES

The surface-water subzones for zones 1 and 3 are 40-km-long stretches of
river 1. for each zone. For zone 2, the surface-water subzone is an elliptical lake
with major and minor axes of length 40 km and 6.4 km, respectively. The river is
assuned to have a velocity of 1.0 m/s in zones 1 and 3. This is shown to be a
reasonable assumption in the next paragraph. Further, the lake in zone 2 is as-
suned to hold a water volume equal to 1 year's discharge of river L at the head of
the lake. The amount of sediment carried in the river is derived from assumptions
about erosion in the river's watershed. In particular, it is assumed that (1) the
watershed is eroding at the rate of 5.0 cm/1000 years (see Tables 2-7, 2-8 and
2-9), (2) the material being eroded has a bulk density of 2.8 g/cm3 (see Table 2-3)
and (3) 33% of the eroded material is carried in solution (see Tables 2-10 and
2-11). The figures referred to in the previous sentence indicate the selected
values are consist 1t with values that have been observed. The study by Judson and

Ritter (Ju64) also indicates that this selection is reasonable.

Relations describing the annual flow of river L are now derived. As indi-
cated in Table 2-1, the discharge of river L at the repository is 1.5 x 10l3 L/yr,

and this discharge increases downstream at the constant rate of 1.0 x 108 L/yr/m.
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Table 2-7

Past and Present Rates of Denudation®

2 3 4 5 7 8
Area Volume
lnt;th hs.. Deposits Denudation Past Rate Present Ilt.b Ratio:
. Region (10" km (10 ° yx) (10 xm % ks (em/10 * yr) (cm/10 * yr) 6/
Appalachian 1.0 125 7.8 1.8 6.2 0.8 7.8
3.2
Migsissipps (1.6)C 150 1.1 6.9 4.6 4.2 1.1
Himalaya 1.0 4 a8,% a.5 21 100 0.2
Rociy Mountain,
lower Cretaceous Q.8 25 0.6 0.7 3 - -
Rocky Mountaan,
Upper Cretaceous 0.4 40 2.2 »4.8 12 - 20 - e
. -
Reprinted from Menard (Me6)), p 155 (Table !) by permission of the University of Chicagc Press.
b
Suspended load of rivers.
Area denuded in past.
Table 2-8
Relative Rates of Denudation in Uplands and Lowlands and in Different Climates*

Physiographi: “ivironment

Estimated Rate of Denudation

(cm/1000 yr)

LOWLANDS: Slope ¢ 0.001

Climate with cold winter

Intermediate maritime climate (Lower Rhine,

Hot=dry climate (Mediterranean, New Mexico)

Hot-moist climate with dry season

Equatorial climate (dense rain forest)

MOUNTA' 'S: Slope > 0.01

Semihumid periglacial climate

Extreme nival climate (Southeastern Alaska)

Climate of Mediterranean high mountain chains

Hot-dry climate (Southwestern United States,

Hot-moist climate (Usumacinta)

*
Froir Leopold et al (Le64), p 29,

n« ot

ot suspended load, bed

load,
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Tabie 2-11

Suspended and Dissolved Loads Carried by North American Rivers*

Estimated total load, Dissolved Suspended
Basin Area, mi‘ tons/mi¢. yr load, % load, %
North Atlantic 159,400 169 77 23
South Atlantic 123,900 270 35 65
East Gulf 142,100 261 45 55
West Gul f 315,700 108 33 67
Mississippi River 1,265,000 477 23 77
Laurentian 175,000 117 929 1
Colorado River 230,000 438 12 88
South Pacific 72,700 252 70 30
North Pacific 270,000 120 83 17
Great Basin 223,000 140 64 36
Hudson Bay 62,000 49 57 43

*
From Morisawa (Mo68), p 42 (Figure 4.1; Copyright © 1968, Used with the
permission of McGraw-Hill Book Company.

Thus, the annual discharge D(x) at a point on the river x metres below the reposi-

tory is

D(x) = 1.5 x 10" L/yr + (x m)(1.0 x 19% L/yr/m). (2.15)

The preceding relation is used to determine water flows out of the surface-
water subzones. For comparison with values in Figure 2-4, D(x) must be expressed
in rf3/s rather than L/yr. This yields
13 8

L/yr + (x m)(1.0 x 10° L/yr/m)]
1

D(x) = [1.5 x 10

[(3.15 x 107 s/yr)~) (2.83 x 10} L/ee®)™ ]y

4 1

= 1.7 x x0% €%/ + (x m)(1.1 x 10”7} £3/s/m). (2.16)

4

Thus, the river discharge ranges from 1.7 x 10 ft3/s at the upper end of zone 1 to

3.0 x l()4 ft)/s at the lower end of zone 3, Hence, as indicated in Figure 2-4, an

assumed river velocity of 1.0 m/s is reasonable for this discharge range.

The water volumes for the sur face-water subzones of zones 1 and 3 are now

determined. 1I° is assumed that the water volume for these subzones is given by
V=LA +A,)/2, (2.17)
where

L. = length of surface-water subzone (in metres)
A, = cross-sectional area at upper end of surface-water subzone (in m2)

A, = cross-sectional area at lower end of surface-water subzone (in mz).
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Figure 2-4. Width, Depth, and Velocity in Relation to Mean Annual

Discharge as Discharge Increases Downstream in Various River Systems. From

Leopold et al (Le64), p 242 (Figure 7.21); Copyright © 1964,

for a given point x on the river, the cross sectional area A(x) at x is

A(x) = D(x)/vi(x), (2.18)
D(x) = river discharge at x (in m3/s)
vix) = river velocity at x (in m/s}.

cross-sectional areas and discharges are compiled in Table 2-12.

it follows that

2 2 2

m)(4.8 x 10" m" + 6.0 x 10 3

]

(4.0 x 1n4 mz)(l.o x 10 L/mJ)/2

i

2.2 x 101° 1 (2.19)
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2 =2

2(1,3,3) = (4.0 x 10% m)(7.3 x 102 m? + 8.6 x 102

m?) (1.0 x 10° L/m3)/2

. 3.2 21001 . (2.20)

Further, it is assumed that the lake which constitutes the surrface-water subzone of
zone 2 contains a volume equal to | year's flow of river L at the head of the lake.
Thus, from Table 2-12, it follows that

2(1,3,2) = 1.9 x 10%3 . (2.21)

The amount nf suspended sediments in each sur face-water subzone is now deter-
mined; however, several intermediate calculations will be necessary. If the valley
containing the = .r L is eroding at the rate E cm/1000 yr, the material being

eroded has a ' .l« lensity of D g/cm3 and a fraction F of the eroded material is

carried in s .1, then the annual suspended sediment yield, Y kg/mz, is given by

= (E em/1000 yr)(D q/cma)(l.o - F)

= (E)(D)(1.0 - F)(1.0 x 107> q/cmz/yr)

2

= (E)(D)(1.0 = F)(1.0 x 10" kg/mz/yr)- (2.22)

Further, if the lake in zone 2 traps a fraction T of the suspenced sediments enter-
ing it, then the annual suspended sediment mass S(I) moving downstream from zone I

is given by

1

((1.8 x 10° m) (4.0 x 10% m) + 2.5 x 10'° w?I[Y kg/m?/yr]

3.2 x 10'? ¥ xg/yr, (2.23)
Table 2-12

Selected Discharges and Cross-Sectional Areas for River L*

Distance Below Repository (in Metres)
4.0 x 10° 8.0 x 10% 1.2

River Discharge 13
{(in L/yr) . .9 107" 10

River Discharge 2

(in m°/s) +1 . 10 2

10

River Discharge 4 4
(in ft’/s) . . 10 10

River Cross-Sectional 2 2
Area (in m*) . ( ” 10 . 10

*values in this table are derived from Equations (2.15) and (2.18).




§(2) = [1.0 - TI((1.8 x 10° m)(8.0 x 10% m) + 2.5 x 10'? n?]

LY kg/m?/yr)

3.9 x 102%(1.0 - T) ¥ xg/yr (2.24)
and

§(3)

$(2) + (1.8 x 10° m)(4.0 x 10% m) (¥ kg/m?/yr)
10

3.9 x 10 (1.0 - T) ¥ kg/yr + 7.2 x 107 v kg/yr

10

(3.9 x 10'° (1.0 - T) + 7.2 x 10%] ¥ xg/yr, (2.25)

where 1.8 x 105 m and 2.5 x 1010 m2 are the width of the valley below the reposi-
tory and the area of the valley above the repository, respectively (as given in
Table 2-1) and 40 km is the length of each zone. The preceding three equations are
derived with the assumptions that (1) the surface-water subzones in zones 1 and 2
receive all suspended sediments produced in the valley above the lower end of each
zone, (2) the surface-water subzone in zone 3 receives all suspended sediment flow-
ing downstream from zone 2 plus all suspended sediment produced in the valley be-
tween the upper and lower ends of the zone, and (3) the surface-water subzones in
zones 1 and 3 are in equilibrium in the sense that the amount of suspended sediment
flowing out of each subzone is equal to the amount flowing in. No attempt is made
to incorporate an increased sediment load in zone 3 which might result from in-
creased scouring as the river attempts to increase its sediment load in compensa-
tion for sediments trapped in the lake.

It is assumed that the valley is eroding at an average rate of 5.0 cm/1000 yr,
 and that 33% of the eroded
material is carried in solution. Thus, from Equation (2.22), the suspended sedi-

that the ernded material has a bulk density of 2.8 g/cm
ment yield is

Y = (5.0)(2.8)(1.0 - 0.33)(1.0 x 10”2 kg/m?/yr)

= 9.4 x 1072 kq/mz/yr. (2.26)

The lake in zone 2 is assumed to have a trap efficiencv of 75%. There is wide
variation in observed trap efficiencies; additional info 'mation on lake sedimenta-
tion is given by Brune (Br53), "olby (Colé3), Borland (Bor7l) and Dendy (De74).
With 75% trap efficiency, it fo.lows from Equations (2.23), (2.24) and (2.25) that
the amounts of sediment moving downstream from the sur face-water subzones are given
by

2(10,3,1) = s(1)
= (3.2 x 10'%)(9.4 x 1072) xg/yr

= 3.0 x 10° kg/yr, (2.27)
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2(10,3,2) = s(2)

= (3.9 x 10'%)(1.0 - 0.75)(9.4 x 10°2) xg/yr

= 9.2 x 10° kg/yr (2.28)
and
2(10,3,3) = 8(3)
= 3.9 x 10'% (1.0 - 0.75) + 7.2 x 10°1(9.4 x 1072] kg/yr
= 1.6 x 10° kg/yr. (2.29)

Further, as indicated in Table 2-12, the volumes of water moving downstream from

the sur face-water subzones are given by

2(9,3,1) = 1.9 x 1013 L/yr (2.30)
. 13

2(9,3,2) = 2.3 x 10 L/yr (2.31)
13

2(9,3,3) = 2.7 x 10 L/yr. (2.32)

The amount of suspended sediment in each surface-water subzone is now deter-

mined. The concentration C(I) of suspended sediment in zone I is given by

| c(1) = 2(10,3,1,)/2(9,3,1)

= (3.0 x 10? kg/yr) /(1.9 x 1043 L/yr)
-4
= 1.6 x 10 kg/L, (2.33)
c(2) = 2(10,3,2)/2(9,3,2)
= (9.2 x IO8 kg/yr)/(2.3 x 1013 L/yr)
. -5
= 4.0 x 10 kg/L (2.34)

and

2(10,3.3)/2(9,3,3)

[l

Cc(3)

(1.6 x IOQ kg/yr) /(2.7 x 1013 L/yr)

5.9 x 107> kg/L. (2.35)

n

Thus, tre mass of supended sediment in each sur face-water subzone is given by

z(2,3,1) =cC(1) 2(1,3,1)

4

(1.6 x 10°% kg/L)(2.2 x 109 1)

= 3.5 x 10° kg, (2.36)
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z(2,3,2) = c(2) 2(1,3,2)

= (4.0 x 10°° xg/L)(1.9 x 1213 1)
8
= 7.6 x 10® xg (2.37)
and
212,3,3) = c(3) 2(1,3,3)
= (5.9 x 107> kg/L)(3.2 x 100 1)
6
= 1.9 x 10" kg. (2.38)

For each zone, the soil and sur face-water subzones are assumed to be in equilibrium
in the sense that the rates of water and solid movement from the soil subzone to
tne sur face-water subzone are equal to the rates of water and solid movement from
the surface~water subzone to the soil subzone. Values for these rates are derived

in Equations (2.11) through (2.14) of Section 2.4. 1In particular,

2(5,3,1) = 2(5,2,1) = 4.0 x 10:° L/yr for I = 1 and 3 (2.39)
) 10

2(5.2,2) = 2(5,2,2) = 4.8 x 10 L/yr (2.40)

2(6,3,1) = 2(6,2,1) = 1.1 x 10° kg/yr for I = 1 and 3 (2.41)

2(6,3,2) = 2(6,2,2) = 1.9 x 10® xg/yr. (2.42)

For zones 1 and 3, the surface-.ater and sediment subzones are assumed to be
in equilibrium in the sense that the rates of water and solid movement from the
sur face-water subzone to the sediment subzone are equal to the rates of water and
solid movement from the sediment subzone to the sur face-water subzone. Values for
these rates are derived in Equations (2.71), (2.73), (2.74) and (2.76). In parti-

cular,
2(7,3,1) = 2(5,4,1) = 8.7 x 10% L/yr (2.43)
2(7,3,3) = 2(5,4,3) = 1.3 x 10° L/yr (2.44)
72(8,3,1) = 2(6,4,1) = 2.3 x 10° kg/yr (2.45)
2(8,3,3) = 2(6,4,3) = 2.4 x 10° kg/yr. (2.46)

The movements of water and solid material from the surface-water subzone of
zone 2 to the sediment subzone are now determined. 1If T denotes the fraction of
incoming sediments trapped by the lake and Y is defined as in (2.22), then the an-
nual amount of solid material trapped in the lake is jiven by

10 Y kg/yr, (2.47)

S = 3.9 x 10
which is obtained by replacing the factor 1.0 - T in Equation (2.24) with T. As
jerived in (2.61), the amount of water associated with solids moving between the
sur face-water and sediment subzones is taken to be 3.8 x 10-l L/kg. Thus, the an-

nual amount W of water trapped in lake sediments is given by
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0

W= (3.9 x10'% 7 ¥ xg/yr)~  x 107! L/xg)

0

= 1.5 x 101% 7 ¥ L/yr. (2.48)
Spec’® "ically, with Y = 9.4 x 10_2 kg/mz/yr as calculated in (2.26) and T = 0.75,
the |, eding expressions for S and W become

s = (3.9 x 1019)(0.75)(9.4 x 1072) xg/yr

= 2.7 x 10° xg/yr (2.49)
and
9 -1
W= (2.7 x 10 kg/yr)(3.8 x 10 L/kg)
9
= .0 x 10° L/yr, (2.50)

respectively.

The symbols 2(5,4,2) and 2(6,4,2) denote the rates of water and solid move-
ment, respectively, from the sediment subzone of zone 2 to the surface-water sub-
zone. Hence, by using the values for S and W given in (2.47) and (2.48), it fol-
lows that the corresponding movements Z(7,3,2) ard Z(8,3,2) of water and solid
material, respectively, from the surface-water subzone of zone 2 to the sediment

subzone are given by

2(7,3,2) = 2(5,4,2) + 1.5 x 10% 7 v L/yr (2.51)
and

2(8,3,2) = 2(6,4,2) + 3.9 x 10'° 7 v xg/yr. (2.52)

In particular, with the values for S and W given in (2.49) and (2.50) and the
values for 2(5,4,2) and 2(€,4,2) given in (2.72) and (2.75), it follows that

2(7,3,2) = 2.0 x 102 L/yr + 1.0 x 109 L/yr
9
= 3.0 x 10" L/yr (2.53)
and
9 9
2(8,3,2) = 5.2 x 10” kg/yr + 2.7 x 10° kg/yr
9 /
= 7.9 x 10" kg/yr. (2.54)

All other inputs which can be supplied to the Environmental Transport Model
for sur face-water subzones are taken to be zero. Although annual water movement
rates from sur face-water to sediment are defined, these rates could have been taken
to be zero with very little effect on model predictions. The surface-water subzone

properties obtained in this section are summarized in Table 2-13.
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Table 2-12

Sur face-Water Subzone Properties for Reference Site

Property Zone 1 Zone 2 Zone 3
2(1,3,1) 2.2 x 1040 1.9 x 10'? 3.2 x 101°
2(2,3,1) 3.5 x 10° 7.6 x 10° 1.9 x 10°
2(3,3,1) 0 0 0
2(4,3,1) 0 ) 0
2(5,3,1) 4.0 x 10'° 4.8 x 10'° 4.0 x 1010
2(6,3,1) 1.1 x 10® 1.9 x 10°® 1.1 x 10°
2(7,3,1) 8.7 x 10° 3.0 x 10° 1.3 x 10°
2(8,3,1) 2.3 x 10° 7.9 x 10° 3.4 x 10
2(9,3,1) 1.9 x 1023 2.3 x 10t3 2.7 x 1043
2(10,3,1) 3.0 x 10° 9.2 x 10° 1.6 x 10°
2(11,3,1) 0 9 0
2(12,3,1) 0 0 0
INTZ(I) 2 3 4

Z2(!.,3,1) = volume of water in subzone (in litres).

2(2,3,1) = mass of solids in subzone (in kg).

%(3,3,1) = rate of water outflow (in L/yr) from subzone to groundwater subzone.
2(4,3,1) = rate of solid outflow (in kg/yr) from subzone to groundwater subzone.
z2(5,3,1) = rate of water outflow (in L/yr) from subzone to soil subzone.
2(6,3,1) = rate of solid outflow (in kg/yr) from subzone to soil subzone.
2(7,3,1) = rate of water outflow (in L/yr) from subzone to sediment subzone.
2(8,3,I) = rate of solid outflow (in kg/yr) from subzone to sediment subzone.

2(9,3,1) = rate of water outflow (in L/yr) from subzone to surface-water subzone
in zone INTZ(I).

rate of solid cutflow (in kg/yr) from subzone to surface-water subzone
in zone INTZ(I).

2(10,3,1)

2(11,3,1) = rate of water outflow (in L/yr) from subzone to a sink.
2(12,3,1)

INTZ(I) = number of zone into which the surface water of zone 1 discharges.

L]

rate of solid outflow (in kg/yr) from subzone to a sink.

2.6 GEDIMENT SUBZONES

For zones 1 and 3, the sediment subzones are assumed to have a depth of 2.0
metres, a porosity of 50% and a mean particle density of 2.6 g/cma. The porosity
and density assumptions are consistent with values indicated in Tables 2-2 and 2-3.
The depth assumption of 2.0 metres is rather arbitrary. Table 2-14 contains some
examples of scour depth. Over long periods of time, the maximum scour depth essen-
tially defines the depth of the sediment subzone. Further, it is assumed that 10%
of the sediment is resuspended each year. Again, the selection of this resuspen-
sion rate is arbitrary. The effects of sediment depth and resuspension rates are
considered in the chapters on sensitivity analysis. Further, the sediment subzone
in zone 2 is assumed to have a depth of 20 cm, a porosity of 50%, a mean particle

density of 2.6 q/cm3 and a 10% annual resuspension rate.
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Table 2-14

Selected Data on Amounts of Scour Observed in Various Rivers*

Max imum
Depth of
Scour Below
Normal Bed Particle Size in River Flow
Elevation Bed, or Material Depth Location and Source
(ft) Encountered (ft) of Data
10 to 15 Silt, gravel 20 Pacolet River
22 Sand, gravel 24 stage Colorado River, U.S. Bureau
of Reclamation, 1950
75 Sand, gravel, cobbles 50 stage Black Canyon, Colorado
River (freq. = 1/50 yrs)
126 Sand to gravel (cobbles) 35 Black Canyon
55 2- by 6-in. plank Black Canyon
embedded in sand,
gravel, in gorge
100 - 150 ft wide
32 Cobbles moved, boulders ? 12 to 20 Canadian River at Eufaula
smoothed to bedrock Dam
40 Bank pilings in sand Rio Grande
60 Bridge pier in silt, sand Lane and Borland (1954)
12 to 15 Scoured to bedrock Yellow River w = 600 ft
annual flood
0 Fine sand 10 to 12 Colorado River, cable at
Imperial Dam
20 Very fine sand 10 Colorado River, Yuma, Lane
and Borland (1954)
1.75 to Sand, silt "Regime" Lacey in Blench
2 x regime depth (1957, p. 103)
depth
0.5 vy, Width constricted to 1/2 Yy, = upstream | Bridge piers, Laursen (1960)
that upstream depth

-
From Leopold et al (Le64), p 229 (Figure 7.3); Copyright © 1964

Sediment subzone properties are now derived. Figure 2-4 indicates that a
2.5-metre depth is reascnable for river L in zones 1 and 3. With respect to Figure
2-4, river L has a discharge rate of 1.7 x 10‘ ft3/s at the top of zone 1 and a
discharge rate of 3.1 x 104 ft3/s at the bottom of zone 3 (See Table 2-12). There-
tore, 2.5 metres is assumed to be the mean depth of river L in zones 1 and 3.
Further, it follows from the cross-sectional areas contained in Table 2-12 that the
mean cross-sectional areas C(1) and C(3) of river L in zones 1 and 3 are given by

e 3

c(1) = (4.8 x 10° m? + 6.0 x 10°

m2]/2 = 5.4 x 10° m? (2.55)

and

c(3) = [7.3 x 102 m? + 8.6 x 10° m?1/2 = 8.0 x 102 m2, (2.56)

respectively. Thus, the average widths W(l) and W(3) of river L in zones 1 and 3
are given by
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2

W(l) = (5.4 x 102 m2)/(2.5 m) = 2.2 x 10° m (2.57)

and

. W(3) = (8.0 x 102 m?)/(2.5 m) = 3.2 x 10° m, (2.58)

respectively. The preceding widths match relatively well with those illustrated in

Figure 2-4.

1f A(I) denotes the surface area of the sediment subzone in zone I and D(I)
denotes its depth, then the water volume V(I) and the solid mass 4(1) contained in
the subzone are given by

V(1) (0.50) A(1) D(1) (2.59)

and

3

M(1) = (0.50)(2.6 x 10° kg/m>) A(I) D(I), (2.60)

repectively. Thus, the ratio R of water volume to sediment mass is

R o= v(1)/M(1) = 3.8 x 10”4 n¥/kg = 3.8 » 10”} L/xg. (2.61)
Further,

A(1) = (4.0 x 10% m)(2.2 x 102 m) = 8.8 x 10° m® (2.62)

A(2) = 7(2.0 x 10% m)(3.2 x 10° m) = 2.0 x 10% m® (2.63)

and

. A(3) = (4.0 x !,04 m)(3.2 x 1'"':2 m) = 1.3 x 107 m2, (2.64)

where A(2) is the area of an ellipse with major and minor axes of length 40 km and

6.4 km, respectively.

'he solid mass in each sediment subzone is now determined. Then, the water

volumes are determined by using (2.61). In particular,

2(2.4,1) = (0.50)(2.6 x 10> kg/m>)(8.8 x 10° m?)(2.0 m)

= 2.3 x 10%° kg, (2.05)
2(2.4,2) = (0.50)(2.6 x 10° kq,’m3)(2.o x 10% m?)(0.20 m)
: 10
= 5.2 x 10 kg (2.66)
and
2(2.4.3) = (0.50)(2.6 x 10> kg/m>)(1.3 x 10’ m2)(2.0 m)
= 3.4 x lﬁl} kg . (2.67)
Further,
2(1,4,1) = (3.8 x 10”1 L/kg)(2.3 x 1019 kg) = 8.7 x 102 L (2.68)
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2(1,4,2) = (3.8 x 10™! L/xg)(5.2 x 10'% kg) = 2.0 x 101% L  (2.69,

2(1,4,3) = (3.3 x 10”! L/kg)(3.4 x 10'% kg) = 1.3 x 10*° 1. (2.70)

For each zone, it is assumed that 10% of the sediments are resuspended each
year. Thus, the rates of water and solid movement from sediment subzones to
sur face-water subzones are given by

8

2(5,4,1) = (0.10/yr) 2(1,4,1) = 8.7 x 10° L/yr (2.71)
2(5,4,2) = (0.10/yr) 2(1,4,2) = 2.0 x 10° L/yr (2.72)
2(5,4,3) = (0.10/yr) 2(1,4,3) = 1.3 x 10° L/yr (2.73)
2(6,4,1) = (0.10/yr) %(2,4,1) = 2.3 x 10 kg/yr (2.74)
2(6,4,2) = (0.10/yr) 2(2,4,2) = 5.2 x 10° kg/yr (2.75)
2(6,4,3) = (0.10/yr) z(2,4,3) = 3.4 x 10° kg/yr. (2.76)

The sediment subzone in zone 2 is assumed to be 20 cm thick. However, the
lake is assumed to trap 75% of the sediment entering it. Thus, there must be a
movement from this sediment subzone to a sink, that is, to a deeper sediment layer
which is not subject toc resuspension. It is assuwsed that no compaction occurs in
this lower layer and that the water-solid ratio remains as represented in (2.61).
Specifically, by using (2.49) and (2.61), it follows that the movements of water
+nd solid material from the sediment subzone of zone 2 to a sink are given by

1

2(7,4,2) = (2.7 x 10? xg/yr) (3.8 x 10~} L/kq)
= 1.0 x 107 L/yr (2.77)
and
2(8,4,2) = 2.7 x 10° xg/yr, (2.78)

respectively.

All other inputs which can be supplied to the Environmental Transport Model
for sediment subzones are taken to be zero. As already noted in the preceding sec-
tion, annual rates for water movement between sediment subzones and surface-water
subzones (or sinks) will have little effect on model predictions in the present
context and could have been taken to be zero. The sediment subzone properties ob-

tained in this section are summarized in Table 2-15.

In zone 2, the surface-water subzone is a lake. In modeling radionuclide
discharges from waste repositories, careful consideration must be given as to
whether or not laken in the repository vicinity should be considered. In particu-
lar, lakes are transient genlogic features, For the time scales that must be rep-
resented in such modeling, a given lake rmay not exist for a sufficiently long

period to justify its inclusion in the modeling effort. For this reason, the life

expectancy of the lake in zone 2 is now examined.

A-24




Table 2-15

Sediment Subzone Proper' es for Reference Site

Property Zone 1 Zone 2 Zone 3
2(1,4,1) 8.7 x 10° 2.0 x 10'° 1.3 x 10
2(2,4,1) 2.3 x 100 5.2 x 101° 3.4 x 1040
2(3,4,1) 0 0 0
2(4,4,1) 0 0 0
2(5,4,1) 8.7 x 10° x 10° 1.3 x 10°
216,4,1) 2.3 x 10° 5.2 x 10° 3.4 x 10°
2(7,4,1) 0 x 10° 0
z(8,4,1) 0 2.7 x 10° 0

2(1,4,1) = volume of water in subzone (in litres).

2(2,4,1) = mass of solids in subzone (in kg).

2(3,4,1) = rate cf water outflow (in L/yr) from subzone to groundwater subzone.
2(4,4,1) = rate of solid outflow (in kg/yr) from subzone to groundwater subzone.
2(5,4,1) = rate of water outflow (in L/yr) from subzone to sur face-water subzone.
2(6,4,1) = rate of solid outflow (in kg/yr) from subzone to sur face-water subzone.
2(7,4,1) = rate of water outflow (in L/yr) from subzone to a sink.

z2(8,4,1) = rate of solid outflow (in kg/yr) from subzone to a sink.

The lake is assumed to trap 75% of the sediments entering it. As derived in
{2.78), this amounts to 2.7 x 109 ka/yr. With the assumption that the sediment has
a density of 2.6 q/cm3 and a constant porosity of 50% (i.e., no compaction), it
follows that the lake is being reduced by an annual volume V given by

v = (2.7 x 10% kg/yr)/(2.6 x 10> kg/m’)(0.50)

= 2.1 x 10% m?/yr. (2.79)

The sediment sur face area is given in (2.63) as 2.0 x 108 mz. Thus, the annual

rise R in sediment level is given by

8

R = (2.1 x 10% m*/yr)/(2.0 x 10® m?) = 1.0 x 1072 m/yr. (2.80)

The lake is assumed to initially hold a volume of water equal tc 1 year's discharge

of river L at the head of the lake; as indicated in Table 2-12, this volume is

)10 3

1.9 % 1S m“. Thus, the average depth D of the lake is given by

10 1

D= (1.9 x 10 m3)/(2.0 x 108 mz) = 9,5 x 10" m. (2.81)

Thus, with the annual sediment rise obtained in (2.80), the time T required

for the lake to completely fill in is given by

-2

T = (9.5 x 10' m)/(1.0 x 10”2 m/yr) = 9.5 x 10° yr. (2.82)
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Hence, with no major change in the valle
sume that the lake lasts for at least several thousand years. Further, it is as-

' O ‘
sumed the volume remains at 1.9 x 107 m luring this time. it can be shown that,
although changing the volume of the lake affects the amount of radionuclides that

t contains, it does not have a large effect on the radionuclide concentration.

t seems reasonahle to as-
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APPENDIX B
Examples of Mixed-Cell Models

B-1l. Introduction

The purpose of this appendix is to present a
sequence of examples which motivate and illustrate the
mathematical model which underlies the Pathways Model.
The intent is to give the reader a feeling for the use
of mixed-cell (i.e., compartment) models to represent
the movement of radionuclides. The presentation is
elementary and is intended for individuals who are not
familiar with such models.

In Section B-2, the differential equation for a
single radionuclide in a single uniformly-mixed cell is
developed. Next, in Section B-3, this example is
expanded to include radionuclide partitioning between
liquid and solid phases in the cell. An example oi
additional complexity is considered in Section B-4,
This example involves a single radionuclide which moves
between two uniformly-mixed cells and is partitioned
between the liquid and solid phase of each cell.
Finally, in Section B--5, the preceding example is
expanded to include a decay segment involving two radio-
nucl ides.

B-2. One Cell wWithout Partitioning

The differential equation for a single uniformly-
mixed cell without radionuclide partitioning between a
ligquid and a solid phase is presented in this section.
The situation under consideration is indicated in
Figure B-1l. The cell is assumed to have a constant
volume vw (units: L). Further, it is assumed that
water enters and leaves the cell at a rate rw (units:
L/yr) and that a radionuclide with decay constant A
(units: yr~l) enters the cell at a rate r (units:
atoms/yr). It is desired to determine the amount x(t)
(units: atoms) of the radionuclide present in the cell
at time t (units: yrs). The basic assumption used in
deriving x(t) is that the cell is vniformly-mixed;
mathematically, this means that the radionuclide concen-
tration c(t) (units: atoms/L) at any time t is given by

c(t) = x(t)/vw. (B-1)
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Nvw x(t) .

o rate at which radionuclide enters cell
(units: atoms/yr)

rw: rate at which water enters and leaves cell
(units: L/yr)

A: decay constant for radionuclide (units: yr‘l)
vw: volume of water in cell (units: L)

x(t)s amount of radionuclide in cell at time t
(units: atoms)

Figure B-1. Flows Associated With a Single Uniformly-
Mixed Cell With no Radionuclide Partitioning Between a

Liquid and a Solid Phase.



A differential equation representing the rate of
change of x(t) is now derived. Then, x(t) can be
obtained by solving this equation. The derivative
dx(t)/dt (units: atoms/yr) is defined by the limit

lim x(t + At) - x(t)
t—=0 At (B-2)

and represents the rate at which x(t) is changing. 1In
turn, this rate is equal to the difference between the
rate r) (units: atoms/yr) at which the radionuclide is
entering the cell and the rate rp (units: atoms/yr) at
which the radionuclide is leaving the cell. The rate

ry is given by r. The rate rp is the sum of two com-
ponents: a rate due to physical flow out of the ce.l -rd
a rate due to radioactive decay. The rate due to physi-
cal flow is equal to the product of the radionuclide
concentration x(t)/vw in the cell and the rate of water
flow rw out of the cell; the rate due to decay is equal
to the product of the decay constant A and the amount
x(t) of radionuclide present. Thus,

r; = r and rp = [(rw/vw) + A] x(t), (B-3)

and hence, the desired equation is given by

dx(t)/dt £l - ©3

i

r - [(rw/vw) + A] x(t). (B-4)

Also associated with the preceding equation is an ini-
tial value condition x(0) = XQr which represents the
amount of radionuclide present at time t = 0.

Thus, determination of x(t) reduces to the solution
of an initial value problem of the form

dx(t)/dt = r - ax(t), x(0) = xq, (B=5)



where
a = (rw/vw) + A, (B-6)

Such problens are relatively easy to solve and applica-
ble solution techniques include separation of variables,
introduction of integration factors, and application of
Laplace transforms. The preceding techniques are dis-
cussed in introductory texts on differential equations
(e.qg., S1i72, Bra78, Ros74) and lead to the folicuwing
urnniique solution for the initial value problem in (B-5):

x(t) = e™3% x, + (r/a)(1 - e72%), (B=7)

If the initial value condition is x(0) = 0, then the
preceding solution becomes

x(t) = (r/a)(l - e-at), (B-8)

Further, regardless of the initial value condition, the
steady state or asymptotic solution sx to which any
solution of (B-5) converges is given by

lim
SX = ¢ L.xX(t)

lim - -
= b (€2 x5 + (x/2)(1 - €728

lim lim _
= Xg e (r/a)(l -t en® at)

= x0(0) + (r/a)(1 - 0)
= r/a (B-9)

since a > 0.



An example is row presented., This example 1is
adapted from the description of a site used in a sensi-
tivity analysis of the Environmental Transport Model
(HelB80). Specifically, the surface-water subzone of
Zone 1 with the radionuclide Cm245 is considered. For
this example,

r = 1.0 mg/yr = 2.5 X 1018 atoms/yr,
rw = 1.9 x 1013 L/yr,
A= 8.4 x 1073 yr-1,
vw = 2.2 x 1010 g,
and so
a = (rw/vw) + )

"

((1.9 x 1013 nL/yr)/(2.2 x 1010 )] + 8.4 x 10°5 yr-1

8.6 x 102 yr-1, (B=10)

Thus, the resultant differential equation is given by

1l

dx(t)/dt r - ax(t)

2.5 x 1018 - (8.6 x 102)x(t). (B=11)

As indicated in (B-8), the solution to (B-1l1l) with the
initial value condition x(0) = 0 is given by

x(t) ((2.5 x 1018)/(8.6 x 102)][1 - exp-(8.6 x 102)t])

2.9 x 1015 {1 - exp(-860t)] atoms. (B-12)

B-5



Further, as indicated in (B-9), the asymptotic solution
sx to (B-11) is given by

sx = (2.5 x 1018)/(8.6 x 102) = 2.9 x 1015 atoms.
(B-13)

Since exp(-860t) approaches zero very rapidly as t
increases, the asymptotic solution is approached very
rapidly.

In the preceding, x(t) is used to represent the
amount of radionuclide present at time t in the cell.
As indicated in (B-1), the concentration at time t is
given by the quotient x(t)/vw. Also, x(t) is expressed
in atoms; this simplifies the treatment of decay chains.
However, the units can be changed to grams or curies by
use of appropriate conversion factors. Specifically,
the factor

Cag = ayt/6.024 x 1023 (B-14)

can be used to convert from atoms to grams, where ¢
(units: gm/gm-mole) denotes the atomic weight 35 :ge
radionuclide under consideration and 6.024 x 10 is
Avogadro's number (units: molecules/gm-mole) and the
factor

_ 1n(2.0)/(h1)(3.16 x 107)
ac 3.70 x 1010

A/(3.16 x 107)(3.70 x 1010)

\/(1.17 x 1018) (B-15)

can be used to convert from atoms to curies, where
In(2.0) denotes the natural logarithm of 2.0, hl denotes
the half-life (units: yrs) of the radionuclide under
consideration, A is the decay constant (units: yr-1l) for
the radionulcide unde; consideration and is equal to
In(2.0)/hl, 3,16 x 10’ is the number of seconds per year
and 3.70 x 1010 js the number of decays per second per
curie.
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For Cm245, the conversion factors cag and ¢, are
given by

Cag = 245/6.024 x 1023 = 4.1 x 107%? gn/atom
(B-16)
and
Cae = 8.4 x 1072/1.17 x 10'® = 7.2 x 10723 ci/aton.
(B=17)

Use of these conversion factors in conjunction with the
solutions given in (B-12) and (B-13) yields

x(t) = §2.9 x 1015[1 - exp(-860t)] atoms}
+{4.1 x 10722 gm/atom}
= 1.2 x 1079[1 - exp(-860t)] gm (B-18)
x(t) = {2.9 x 1015(1 - exp(-860t)] atoms|
«{7.2 x 10-23 ci/atom }
= 2.1 x 1077 (1 - exp(-860t)] ci (B=19)
sx = (2.9 x 1015 atoms) (4.1 x 10-22 gm/atoms)
= 1.2 x 1076 gm (B-20)
and
sx = (2.9 x 1015 atoms) (7.2 x 10723 ci/atom)
= 2.1 x 10~7 ci. (B-21)
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Further, as already discussed, the preceding values can
be converted to concentrations through division by
vw = 2.2 x 1010

The function appearing in (B-18) is graphed in
Figure B-2. This is the solution to the differential
equation appearing in (B-11l) with initial value x(0) = 0
and units expressed in grams. As can be seen in this
figure, x(t) increases monotonically from the initial
value to the asymptotic solution given in (B-20). This
pattern of behavior will always be exhibited by solu-
tions to initial value problems of the form indicated
in (B-5) when r > 0, a > 0 and r/a > xg. If r > 0,

a > 0 and r/a < xp, then x(t) would “decrease monotoni-
cally to the asymptotic solutior r/a. The rate at which
the asymptotic solution is approached depends only on
the size of a; the larger a is, the more rapidly the
asymptotic solutiorn is approached. For the equation in
(B-11), a is "large" and so the asymptotic solution is
approached “"rapidly"

B-3. One Cell With Partitioning

The differential equation for a single uniformly-
mixed cell with radionuclide partitioning between a
liquid and a solid phase is presented in this section.
The situation under consideration 1s indicated in
Figure B-3. The cell is assumed to have a constant
volume vw (units: L) and to contain a constant mass
ms of solid material (units: kg). Further, it is
assumed that water enters and leaves the cell at a rate
rw (units: L/yr), that solid material enters and leaves
the cell at a rate rs (units: kg/yr), and that a radio-
nuclide with decay constant A (units: yr~l) enters the
cell at a rate r (units: atoms/yr). The partitioning
of the radionuclide between the liquid and solid phases
of the system is assumed to be described by the ratio

conc., of radlonucl1de sorbed to SOlldS as/ms

KS & e el e aiicnins o Mt i M 23 -

conc. of radlonuclxde dissolved in water aw/vw

(B-22)

where as (units: atoms) is the amount of radionuclide
in the system sorbed to solids and aw (units: atoms)
is the amount of radionuclide in the system dissolved
in water. The ratio in (B-22) is known as a kd-value
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Figure B-2. Solution to Differential Equation
Representing Amount of Radionuclide in Single Uniformly-
Mixed Cell. This figure presents the graph of the func-
tion given in (B-18), which is the solution to the
differential equation in (B-1l) with initial value

X(0) = 0 and units expressed in grams.
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or a distribution coefficient; background on its use
and derivation can be obtained in Appo et al. (Ap77),
Baker et al. (Ba66) and Borg et al. (Bor76).

It is desired to determine the amount x(t) (units:
atoms) of the radionuclide present in the cell at time
t (units: yr). Three basic assumptions underlie the
derivation of x(t). First, it is assumed that the
radionuclide is uniformly distributed through the cell
and is partitioned between the liquid and solid phases
on the basis of its distribution coefficient. A deri-
vation for this partitioning is presented in the next
paragraph. Second, it is assumed that the flow of water
and solid material out ot the cell is the only mechanism
involved in the physical transport of the radionuclide.
Third, it is ass' 'ed that all radionuclides associated
with a phase, liqu.d or solid, remain with that phase
in movements out of the cell. In essence, the cell is
treated as a uniformly mixed "vessel"” in which the
radionuclides are partitioned between the liquid and
solid phases on the basis of the distribution coeffi-
cient and suck *hat radionuclides can be carried out of
this "vessel" a.r out of the system only by movements

of water or solid material.

' A derivation for the partitioning of a radionuclilde
between the liquid and solid phases of a system is now
presented. The following notation is used in the
derivation:

x = amount of radionuclide in system (in atoms),

xs = amount of radionuclide in system sorbed to solids
(in atoms),

xw = amount of radionuclide in system dissolved in
water (in atoms),
ms = mass of solid in system (in kilograms), and

vw = volume of water in system (in liters).

Assume x, ms, vw and kd are known for the system under
consideration. Now, xs and xw are determined. Since

kd = (xs/ms)(x\.r/vv.v/)"l and x = xs8 + Xxw, (B=23)
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it follows that

(kd)(ms) = (xs)(vw)(xw)~l and xw = x - xs. (B=24)

Thus,

(kd) (ms) = (xs)(vw)(x - xs)~1, (B=25)

Further, multiplication by (x - x5) gives

(kd)(ms)(x) - (kd)(ms)(xs8) = (xs8)(vw) (B-26)

or

(kd) (ms) (x) [(kd)(ms) + vw] xs, (B=-27)

i

and hence

XS =| (kd)(ns) + vw (B-28)
Further, since xw = X - xs,
(kd) (ms)
xw = |1l = (kd)(ms) + vw | X+ (B-29)

The relations in (B-28) and (B-29) represent the desired
partitioning.

A differential equation representing the rate of
change of x(t) is now derived. Then, x(t) can be
obtained by solving this equation. The following deri-
vation is similar to that presented in Section B-2 for
a uniformly-mixed cell without partitioning. As there,
dx(t)/dt is equal to the difference between the rate r;
at which the radionuclide is entering the cell and the
rate rp at which the radionuclide is leaving the cell.
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The rate ry is given by r. The rate rp is the sum of
three components: a rate dne to physical flow out of
the cell with solid material, a rate due to physical
flow out cf the cell with water, and a rate due to
radioactive decay. The two rates due to physical flow
are equal to the products of the concentrations xs(t)/ms
and xw(t)/vw with the flow rates rs and rw, where xs(t)
represents the amount of radionuclide in the cell sorbed
to solid material and xw(t) represents the amount of
radionuclide in the cell dissolved in water. The func-
tions xs(t) and xw(t) can be obtained from (B-28) and
(B=29). The rate due to decay is equal to the product
of the decay constant A and the amount x(t) of radio-
nuclide present. Thus,

rp = r (B=30)
and
£y = [xs(t)/ms] [rs] + [xw(t)/vw] [rw] + Ax(t)
[ (kd) (ms) ][ ][rs]
= e e na— x(t) -
(kd)(ms) + vw ms
[ (kd) (ms) ][ ][rw]
41 = S— x(t)]]- + Ax(t)
(kd)(ms) + vw vw
[From (B-28) and (B-29)]
s(rs) (1 - 8)(rw)
= [ s + I + x] x(t); (B=-31)
where
(kd)(ms)
S * (kd)(ms) + vw ° (B-32)

Hence, the desired equation is given by



dx(t)/dt = ry -~ 2

s(rs) (1 - 8)(rw)
= r - | —ma— + oW + Alx(t) . (B=33)

Also assocliated with the preceding equation is an ini-
tial value condition x(0) = xg.

Thus, as in Section B-2, determination of x(t)
reduces to the solution of an initial value problem of
the form

dz{t)/dt = r - ax(t), x(0) = xqg, (B-34)
where
s(rs) (1 - s8)(rw)
W g gy eepp— (B-35)

with s defined as in (B-32). Various forms of the
solution to the preceding initial value problem are
given in (B-7), (B-8) and (B-9).

An example 1s now presented. This example is
adapted from the description of a site used in a
sensitivity analysis of the Envircnmental Transport
Model (HelB80). Specificaily, the soil subzone of Zone 1
with the radionuclide Cm245 is considered., For this
example,

2.5 x 1018 atoms/yr

r = 1.0 mg/yr
rs = 1.1 x 108 kg/yr
rw = 1.4 x 1011 L/yr

A= 8.4 x 1073 yr‘l
ms = 1.1 x 1011 kg
vw = 2.0 x 1610

kd = 1.0 x 103 L/kg.




Thus,

(1.0 x 103)(1.1 x 10ll)

0
= = 1,0 x 10
(1.0 x 103)(1.1 x 10*1) + 2.0 x 1010
(B-36)
and
(1.0)(1.1 x 108) (1.0 - 1.0)(1.4 x 101l) -5
a = - g iy ll"" » B L 10 N + 8.4 x 10
1:1 % 1D 2.0 x 10
= 1.0 x 10=3 yr-1, (B=37)

Hence, the resultant differential equation is given by

dx(t)/dt r - a x(t)

2.5 x 1018 - (1.0 x 10-3) x(t). (B-38)

As indicated in (B-8), the solution to (B-38) with
the initial value condition x(0) = 0 is given by

x(t) = [(2.5 x 1018)/(1.0 x 10"3)] (1 - exp-(1.0 x 10-3)¢t)
= 2.5 x 1021 [1 - exp{(-0.001t)] atoms. (B=39)

Further, as indicated in (B-9), the asymptotic solution
sXx to (B-38) is given by
sx = (2.5 x 1018)/(1.0 x 1073) = 2.5 x 1021 atoms.
(B-40)
Due to the smaller size of a, the asymptotic solution
for (B-38) is not approached as rapidly as the asymp-

totic solution for (B-1ll). The conversion factors
Cag and ca¢ for Cm245 to convert from atoms to grams
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and from aioms to curies are given in (B-16) and (B-17),
respectively. When ca9 is used, the expressions in
(B-39) and (B-40) becofe

x(t) = 2.5 x 1021 [1 - exp(-0.001t)]} {4.1 x 10~22 gm/atom}
= 1.0 - exp(-0.001t) gm (B-41)
and
sXx = 1.0 gm, (B-42)

The function appearing in (B-41) is graphed in Figure
!i—40

The relations appearing in (B-28) and (B-29) can
be used to express x(t) as the sum xs(t) + xw(t),
where xs(t) is the amount of radionuclide in the com-
partment at time t sorbed to solids and xw(t) is the
amount of cadionuclide in the compartment at time t
dissolved in water. Specifically,

xs{t) = (8) x(t) (B-43)
and
xw(t) = (1.0 - 8) x(t), (B-44)

where s is defined in (B-32). In the example of this
section with only two significant digits retained, s
1s calculated in (B-36) to be 1.0, and so xs(t) = x(t)
and xw(t) = 0. However, if calculations are performed
with four significant digits, then

(1.000 x 103)(1.100 x 10ll)

© 7 (1.000 x 10°)(1.100 x 10*Y) + 2.000 x 10

10

9,998 x 10-1, (B-45)

1]
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Figure B-4. Solution to Differential Equation Repre-
senting Amount of Radionuclide in Single Uniformly-
Mixed Cell With Partitioning. This figure represents
the graph of the function given in (B-41), which is
the solution to the differential equation in (B-38)
with initial value x(0) = 0 and units expressed in
jrams.
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Clearly, most of the radionuclide will be associated
with solid material ir the system,

The example of the preceding paragraph indicates
that the solid and liquid components of a compartment
may be of unequal importance in influencing radionuclide
movement, The cause of this is best seen by examining
the definition of a in (B-35) and the definition of s
in (B-32). The coefficient a is the sum of three terms:

s(rs) (1 - s)(rw)
mns ¢ VW ¢ A (B=-46)

If any one of these terms is much larger than the other
two, then its value will dominate the behavior of the
solution to (B-34). Further, the behavior of the first
two terms 1s influenced by the relationship between vw
and the product (kd)(ms) in the definition of s. 1If
(kd)(ms) is much larger than vw, then s is close to 1
and so the second term in (B-46) may be of reduced
importance; if (kd){ms) is much smaller than vw, then s
1s close to 0 and so the first term in (B-46) may be of
reduced importance. However, the relative size of the
ratios rs/ms and rw/vw is also important. Therefore,
as s 1s used as an intermediate quantity in the calcu-
lation of the rate constants in (B-46), care must be
taken in its determination to avoid the introduction of
errors by inappropriate rounding.

B-4. Two Cells With Partitioning

The system of differential equations for two
uniformly-mixed cells with radionuclide partitioning
between liquid and solid phases is presented in this
section. The situation under consideration is indicated
in Figure B-5. A single radionuclide is considered and
the partitioning of this radionuclide between the liquid
and solid phases of each cell is described with a dis-
tribution coefficient, It is desired to determine the
amounts xj(t) and x3(t) (units: atoms) of the radio-
nuclide present in each cell at time t (units: yr).
Three basic assumptions underlie the derivation of a
system of differential equations defining x;(t) and
xp(t). First, it is assumed that the radionuclide is
uniformly distributed through each cell and is parti-
tioned between the liquid and solid phases on the basis
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ms i
VWi

xj(t)

Table B-1

Symhols Appearing in Figure B-5

rate at which radionuclide enters cell 1
(units: atoms/yr)

rate at which solid material enters cell 1 from
outside the system (units: kg/yr)

rate at which water enters cell i from outside
the system (units: L/yr)

rate at which solid material flows from cell i
to cell j, whaere j = 0 is used to designate a
movenment out of the system (units: Xkg/yr)

rate at which water flows from cell i to cell j,
where j = 0 1s used to designate a movement out
of the systen (units: L/yr)

decay constant for radionuclide (units: yr-l)

distribution coefficient for radionuclide in
cell 1 (units: L/tg)

mass of solids in cell i1 (units: Kkg)
volume of water in cell 1 (units: L)

amount of radionuclide in cell i1 (units: atoms)










(s1)(rsyz) (1 - 87)(rwyp)
r21 = r2 + ms + - VW, x1(t) (B~51)

1

and

(%2)(r320 + r921) (l - 52)(rw20 - LWZl)
£yp = S e el I 1 )

2 2
(B-52)

The desired equations can now be stated.
Specifically,

dxl(t)/dt = P11 = Fia = 8 * a12X2(t) - aj) xl(t)
(B-53)
dxz(t)/dt = ¥p] = ¥22 = ry + ajz) x1(t) - azp xa(t),
where

(jl)(rslo + rsy12) (l - sl)(rwlo + rwyo)
Lo o (s _ mbl SR R b "'VWI~'“—‘”_”"'* A

(B-54)

(Sv)(rszl) (1 - s3)(rwpy)

a et e (B=55)
12 msz vw2

(s1)(rsy2) (1 - ol)(rwlz)
azy = - msl‘ : ’vwl ' K (B-56)



(82)(rsyg + rsyy) (1 = s3)(rwyg + rwyy)

azy = + ¥ X
22 ms2 vw2

(B=57)

The representation used for the system in (B-53) was
selected to facilitate its reformulation as the follow-
ing vector differential equation:

q
at x(t) = R + Ax(t), (B=58)
where,
x1(%) £l ~3]11 %12
X(t\ = ' R - r dnd A = - - (B_Sg)
xy(t) €2 L %0 "5

Usually, such systems are easier to deal with when
reformulated in this manner. Various methods exist to
solve systems of the form appearing in (B-53) and (B-58). .
For example, differential operators, Laplace transforms
or eigen-value technigues can be used when the system

is relatively simple. Discussions of such techniques
can be found in Boyce and DiPrima (Boy69) and other
introductory texts on differential equations. However,
in most situations it is necessary to use some type of
numerical scheme to determine an approximate solution.
Elementary discussions of such procedures can be found
in Conti and de Boor (Co80) and other introductory texts
on numerical analysis. Also, if A-l exists, then there
exists a unique vector sx to which every solution of
(B-58) converges; the asymptotic solution sx is given by

sx = -A-1R, (B-60)

Treatments of matrix algebra are provided in Noble and
Daniel (No77), Rice (Ri81l) and numerous other texts.

An example is now presented. This example is
adapted from the description of a site used in a sensi-
tivity analysis of the Environmental Transport Model
(Hel80). Specifically, the soil and surface-water
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subzones of zone 1 with the radionuclide Cm245 are
considered and assumed to correspond to cells 1 and 2,
respectively. The values for the parameters indicated
in Figure B-5 are given in Table B-2.

The vector differential equation appearing in

(B=57) is now derived for the example. First, from
(B-50) and (B-48),

(1.0 x 103)(1.1 x 10ll)

gy » = 0.9998
L™ (1.0 x 10°)(1.1 x 101y + 2.0 x 1010
| (B-61)
and
(1.0 x 103)(3.5 x 106) .
S = = . .
27 (1.0 x 10°)(3.5 x 10%) + 2.2 x 100
(B-62)

Now, from (B-54) through (B-57),

(0.9998)(0 + 1.1x108)

411 = 1.1 x 1041
(1 - 0.9998)(9.3x1010 + 4.0x1010) -5
+ 10 + 8.4 x 10
2.0 x 10
= 1.0 x 1073 + 1.4 x 10~3 + 8.4 x 10-3
= 2,5 x 10”3 yr-1, (B-63)
(0.1373)(1.1 x 108) . (1 - 0.1373)(4.0 x 1010)
a =
12 3.5 x 10° 2.2 x 1010
= 4,3 x 100 + 1.6 x 100
= 5.9 yr-l ’ (8-64)

w
|
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Table B-2

Parameter Values for an Example of a Two

£Sjq0

1 #0

kd l

Cell System

8.4 x 1073 yr-1

Cell 1 Cell 2
(So1il) ' (Surface Water)
25 % 1018 atoms/yr
3.0 x 102 kg/yr
x 1010 L/yr 1.9 x 103 L/yr
3.0 x 102 kg/yr
X 108 kgq/yr el % 108 kg/yr
1010 L/yr 1:9 % lO13 L/yr
1010 1/yr 4.0 x 1010 r/yr
1011 kg 3.5 x 10% kg
1040 2.2 x 1010 ,
103 L/kg 1.0 x 103 L/kg



(0.9998) (1.1 x 108) (1 - 0.9998) (4.0 x 1010)

421 * 1.1 x 10°T ’ 2.0 x 1019
= 1.0 x 103 + 4.0 x 10-4
= 1.4 x 103 yr-l (B-65)
and
(0.1373)(3.0x102 + 1.1x108)
422 © 3.5 x 10°

(1 - 0.1373)(1.9x1013 + 4.0x1010)
2.2 % 10IO

+ 8.4 x 1075
= 1.2 x 102 + 7.5 x 102 + 8.4 x 10-5
= 8.7 x 102 yr-1 | (B-66)
Thus, the desired eqguation is

Xxp(t)

x5 (t) 2.5 x 1018 1.4x10"3 -8.7x102

Xx,(t)
xé(t)].

(B-67)

0 ] l—2.5x10‘3 5.9x100

The preceding equation can be solved numerically to
obtain xj(t) apd x,(t). Further, the asymptotic solu-

tion {qxl sle can be obtained from the product
sxy| _ |-2.5 x 1073 5.9 x 1027 |o
sx;] * "|1.4 x 1073 -8.7 x 102 2.5 x 1018)], (B-68)




The results of such calculations are shown in Figure B-6;
units are converted to grams as discussed in Section B-2,

B-5. Two Cells With Two Radionuclides and Partitioning

The system of differential equations for two
uniformly-mixed cells with two radionuclides and radio-
nuclide partitioning between liquid and solid phases
is presented in this section. Physically, the situation
under consideration 1s the same as that indicated in
Figure B-5 with the exception that there are now two
radionuclides, This necessitates the introduction of
the following additional variables:

rjj = rate at which radionuclide j enters cell i from
outside the system (units: atoms/yr)
Ay = decay constant for radionuclide j (units: yr'l)

kdj4 = distribution coefficient for radionuclide j in
cell i (units: L/kg)

amount of radionuclide j in cell i
(units: atoms).

xij(t)

All other notation is the same as indicated in Figure
B-5. It is assumed that the first radionuclide decays
to the second.

Differential equations representing the rate of
change of xij(t), i, 3 =1, 2, are now obtained. The
two equation$ representing the change of the first
radionuclide are the same as the two equations derived
in the preceding section. Thus, from (B-53) through
(B-57),

dxll(t)/dt = rypp - ayp x11(t) + a3 xp1(t)
(B=-69)
del(t)/dt = ro] + a3 xll(t) - 833 X21(t) v




X4(T) (grams) x 1073
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Figure B-6. Solutions to System of Differential
Equations Representing Amount of Radionuclide in
Two Uniformly-Mixed Cells. This figure represents
the solution to the equation in (B-66) with initial
value x(0) = 0 and units expressed in grams.
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where

(s11)(rsyp + rsy2) (1 - s1]1)(rwyp + rwy2)

aj) = + + A
11 msj le e
(B=70)
(s21)(rsy)) (1 = s21)(rwyy)
313 = + ' (B"?l)
ms AD)
(s11)(rsy2) (1 - s11)(rwy2)
a3; = + . (B-72)
ms | vw]
(s21)(rspg + rsp;) (1 - sp1)(rwyg + rway) N
333 = ﬁz VWZ l'
(B=73)
with

(kdjp)(msj)
Si1 = B-74)
il (kdj1)(msi) + vwj :

for i = 1, 2. The preceding choice of subscripts for
the aj4 is motivated by their use in a later matrix
formulation of the problem.

The two equations representing the change of the
second radionuclide are now given. These equations are
very similar to the equations for the first radionuclide.
The only difference is that 1. is necessary to include
the increase in the second radionuclide due to the decay
of the first radionuclide. Specifically,

dxlz/dt = rjp + azy xll(t) - 823 xlz(t) + anxy x22(t)
(B=75)

dxpp/dt = rp) + agp x12(t) + ag3 x23(t) - agq x22(t) ,

where

az] = ag3 = A1 . (B-76)



(s12)(rsjg + rsyz) (1 - s13)(rwyg + rwyp)
822 | + + AZ:
msl le

(B=77)

(s22)(rssy1) (1 = sp2)(rway)

a = + (B-78)
24 m52 VWz '

(s12)(rs12) (1 = s12)(rwys2)
agy = + (B=79)
msy vw)

(s22)(rspg + rsp1) (1 = sp33)(rwyg + rwyy)
+

644 ) msy Vw2 ' XZ’
(B-80)
with
(kdjz)(msj)
8j2 = (B-81)
(kdjr)(msi) + vwj
for i = 1, 2.

The system of four equations indicated in (B-6.)
and (B-75) can be formulated as a single vector differ-
ential equation. This yields

(xll(t)' (ry| [-amn o a;3 0 rX11(ti

da_|%12(¢} ¥12 a1 -az2 ¢ a4 X12(¢)
. | x21(t) i ra1 ] a3; 0 -a33 0 x21(t) .

| Xx22(t) r22 0 ag2  ag3  -agq| |x22(%)

R WL A T (B-e2)

More compactly, the preceding equation can be represented
as

d
——x{t) = R + Ax(%). (B-83)
dt




The system used in the example of the preceding
section is used again. This system is assumed to be
receiving an inflow of Cm245 and Pu24l into the surface-
water component. Specifically,

0l8

£yp = 12 = 0, £y = 2.5 x 1 atoms/yr,

4.4 x 10ls atoms/yr.

33 °
Further,
Ay = 8.4 x 1070 yr™1, A, = 4.7 x 1072, kdjj = 1.0 x 103.

Now, from the equalities in (B-70) through (B-74) and
(B-76) through (B-8l1), it follows that

aj; = 2.3 x 10-3 yr'l

5.9

I
s
—
o

o
§<
"

'—J

4.9 x 107% yr'l

"33 ©
ajg = 5.9 x 100 yr~!
ag, = 1.4 x 1073 yr:'l



Thus, for this example, the R and A in (B-83) become
K [ -2.5x10-3 0 5.9x100 0
0 8.4x10"% -4.9x10"2 0 5.9x100
r A=
2.5x1018 1.4x10-3 0 -8.7x102 0
4.4x1015 0 1.4x10"3  8.4x10"5 -8,7x102
(B-£4)

The solution and

asymptotic solution of the resultant

system are very similar to the solutions represented in

Figure B-6.

In particular,

the solutions for x and

Xx12 are identical to the solutions graphed for x, and

X2 in Figure B-6.

similar to the solutions for x

The solutions for X921 and x5, are
and x, 1n Figure B-6

but are smaller by a factor of approximately 10-3,




APPENDIX C
Special Topics

C-1. Introduction

The purpose of this appendix is to present back-
ground on various topics which have arisen in the study
of the Pathways Model. The fcllowing areas are consid-
ered: existence and uniqueness of solutions to the
radionuclide transport equations which underlie the
Pathways Model, numerical approximation of solutions to
the transport equations, asymptotic behavior of solu-
tions to the transport equations, sensitivity analysis
of the Pathways Model, and use of the Pathways Model
in the analysi-. of a disposal site. The preceding
topics are treated in Sections C-2, C-3, C-4, C-5 and
C-6, respectively. In these sections, there is no
attempt at a complete treatment., Rather, the intent
is to make the reader aware of the topic and to provide
references where additional information can be obtained.

C-2. Existence and Uniqueness of Solutions

The radionuclide transport equations which under-
lie the Pathways Model are of the form

n il

dqi/dt = hj + I: kijqy = (kpi + 2: kyi) 49i (C-1)
33 i1
41 41

for i=1, ... , n. If a system involving M zones and
N radionuclides is under consideration, then n = 4MN.
Further, if 1 < I < M, 1 < J <N, 1 <K £ 4, and

i = 4N(I-1) + 4(J-1) + K, {C=2)

then the function gj represents the amount of radionu-
clide J in subzone K of zone I. The system of linear
equations indicated in (C-1) can be reformulated in
vector notation as



dg/dt = h + Kq, (C=3) ‘

where q and h are column vectors of the qj and hjy,
respectively, and K is the matrix defined by

—

n -
“(*o1 * 21 kj1 kK12 K1n
]:
1#£1
Ii
K = =1
1#£2
N
Kn1 kKn2 eos =[kon + 20 k4yn})|.
3%
(C-4)

Normally, the matrix K appearing in (C-4) will be

"banded" in the sense that all elements sufficiently .
far from the diagonal will be zero. The nature of this

banded structure can be seen in the coefficient matrix

assocliated with example 3 presented in Chapter 4.

Two fundamental questions can be posed with respect
to the system appearing in (C-1) and (C-3): First, does
the system have a solution? Second, if the system has
a solution, 1s this solution unique? The answers to the
preceding questions are contained in the followiag
theorem:

Theorem. There exists a unique solution to the
initial value problem

d‘;/dt = h + qu (](0) = qo- (C-S)

Further, this solution can be expressed as

t
a(e) = eXtqy +f eR(E=S)hag, (C=6)
0

C=2



Although the theorem is stated for h and K constant-
valued, existence and uniqueness for solutions of the
initial value problem in (C-5) can also be established
when h and K are suitably restricted functions of t.
However, the representation for the solution in this

case will be more complicated than that given in (C-6).
An investigation into some of the effects on the Pathways
Model of making K a function of time is given in Brown
and Helton (Brosl).

Systems of linear equations have been widely used
and studied, Additional information can be found in
numerous references., Included in these are the follow-
ing: Atkins (At69), Funderlic and Heath (Fu7l), Jacquez
(Ja72), Rescigno and Segre (Re66), Rescigno and Beck
(Re72), Sheppard (She62), and Shipley and Clark (Shi72).
References with a more mathematical orientation include
Casti (Cas77), Hirsch and Smale (Hir74), and Michel and
Miller (Mi77).

C-3., Numerical Approximation of Solutions

An initial value problem for a vector differential
equation can be expressed in the form

dg/dt = £(t, q(t)], gla) = qq. (C=7)

The existence and uniqueness of solutions for such
problems can be established in considera generality
with suitable restrictions on f£. Such a‘ult is
given in the preceding section for linea uations.
There, the function £ is defined by

flt, gq(t)] = h + Kg(t). (C-8)

Sometimes it is also possible to give a closed-form
representation for the solution. Such a representation
is given in (C-6). However, such constructions gener-
ally do not provide a suitable way to obtain solutions
to the original initial value problems.

In all but a few special cases, it is necessary to
approximate numerically solutions to problems of the
form indicated in (C-7). Basically, the idea is to go
through a sequence of calculations that will yield a
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step~-function which approximates the solution of (C-7)
within some specified degree of accuracy. The descrip-
tion of numerical methods for the solution of initial-
value problens for ordinary differential equations
rapidly becomes very complicated., No attempt will be
made to provide such a description here. Rather, the
reader will be directed to various references where
discussions of such methods can be found. There exist
many introductory texts on numerical analysis which
contain discussions of techniques for the solution of
ordinary differential equations. Included in such

texts are Conte and de Boor (Co80), Burden, Faires and
Reynolds (Bu78), Dahlquist and Bjorck (Da74) and
Isaacson and Keller (Is66). The preceding texts provide
introductions to the solution of ordinary differential
equations and also additional references. On a more
advanced level, discussions and additional references
can be obtained in Henrici (Hen62). Gear (Ge7l), Stetter
(St73), Lapidus and Seinfeld (La7l), and Shampine and
Gordon (Sha?7s).

The program PATH1 uses a package of solution tech-
niques developed for application to initial value prob-
lems which involve systems of stiff, banded differential
equations., Documentation is available in several tech-
nical reports by Hindmarsh (Hin72, Hin74, Hin75). Stiff
systems arise when the real parts of the eigenvalues of
the Jacobian matrix for the system are negative and
greatly different in size. For constant coefficient,
linear systems, the Jacobian is the same as the coef-
ficient matrix., The system of equations which arises
in the Pathways Model is usually stiff. Background on
stiff systems can be obtained from Enright, Hull and
Lindberg (En75), Curtis (Cu78) ard Robertson (Rob78).

C-4. Asymptotic Behavior of Solutions

For the system in (C=-1) and the equivalent matrix
formulation in (C-3), the expression "asymptotic
behavior” is used in reference to the performance of
q(t) as t—= >, For such systems, it is possible to
obtain various characterizations of asymptotic behavior.
The paper by Thron (Th72) provides a good discussion of
such behavior. The result which is most useful in
characterizing asymptotic behavior for the present study
will be stated. However, several definitions are needed
first., A compartment system is said to be open if
material can move out of the system. Conversely, a
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system is said to be closed if it is not open; that is,
a system is closed if material cannot move out of it,
Finally, a system is said to be completely open if it
is open and contains no closed subsystem.

Various physical systems are represented in
Figures 2-1, 4-1, 5-1 and 6-1. When the Pathways Model
1s used to represent the movement of a decay chain
through one of these physical systems, the resulting
compartment system may or may not be completely open.
If every member of the chain decays, then the resultant
compartment system will be completely open in every
case. This is because decay will generate a movement
out of every compartment. Further, even if there are
nondecaying members in the chain, the resultant
compartment system will be completely open for the
physical systems indicated in Figures 2-1, 4-1 and 5-1.
This is because there is a physical flow out of every
compartment. However, if the decay chain contains a
nondecaying member, then the resultant compartment
system will not be completely open for the physical
system indicated in Figure 6-1. This results because
there are no flows out of the compartments associated
with a nondecaying chain member in zone 5,

The desired result on asymptotic behavior is now
stated; a proof can be obtained in Thron (Th72).

Theorem. For any completely open compartment sys-
tem satisfying (C-3), k-1 exists and a unique constant-
valued solution is given by q = -K=lh. Further, (i)
if q is any solution to (C-3), then lim, ,_, q(t) = -K~1h
and (ii) if hj > 0 for i = 1, ..., n and g(0) = 0, then
each component of g(t) increases monotonically to the
corresponding component of -K-lh,

As indicated in the preceding theorem, the asymp-
totic solution to (C-3) can be obtained by computing a
matrix inverse and performing a matrix m'.ltiplication.
Proper choice of computational procedure: for the
performance of the indicated matrix operations can
significantly reduce the amount of work required., For
example, normal procedure is to determine the product
K~lh without fully determining K~1. Such considerations
are discussed in Rice (Ri8l) and other texts on numeri-
cal linear algebra. LINPACK (Do79) is a collection of
high-quality numerical software which can be used for
matrix computations. This package has baen used to
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perform calculations of the type indicated in this sec-
tion for the Pathways Model.

Additional discussion of the asymptotic behavior

of the Pathways Model can be found in Helton, Brown
and Iman (HelB8la).

C-5. Sensitivity Analysis

Due to the large number of variables which can be
supplied to the Pathways Model as input and the great
amount ol uncertainty which often exists with respect
to the proper selection of their values, it is important
to be able to determine the effects of variables and
their assumed ranges and distritutions on the predic-
tions made by the model. For such determinations, an
approach to sensitivity analysis based on regression
analysis nas been found to be successful.

The overall approach is described in Iman, Helton
and Campbell (Im78). Basically, the idea is (a) to
start with a set of input variables with selected ranges
and distributions, (b) to select model inputs from these
variables according to their ranges and distributions,
(¢) to generate model output with the selected inputs,
and (d) to assess the relationship between model input
and output by stepwise regression. Special techniques
found to be useful include (a) Latin hypercube sampling
to select values of input variables (Mc79, Im80b), (b)
the rank transform to reduce the effects of nonlinearity
in the relationships between model input and output
(Im79, Im8Ca), and (c) the PRESS (predicted error sum
of squares) criterion to indicate overfit during regres-
sion analysis (Al71).

Application of the preceding techniques to the

Pathways Model can be found in Helton and Iman (Hel80)
and Helton, Brown and Iman (Hel8la).

C-6. Analysis of a Disposal Site

This section briefly indicates certain consider-
ations which may arise in the use of the Pathways Model
in the analysis of a disposal site. The possible nature
of such an analysis is indicated in two papers by
Cranwell and Helton (Cr8lc, Crgld). The performance of

an analysis of a hypothetical waste repository constitutes
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one part of the risk methodology project from which the
Pathways Model is derived. Background on this hypo-
thetical site and its analysis can be obtained from
Campbell et al. (Cam78) and Cranwell et al. (Cr8la,
Cr8lb). As review of the cited documents will indicate,
the performance of such an analysis is a very involved
process. First, it is necessary 0 consider a number
of different potential occurrences (i.e., scenarios) at
the repository. Second, much of the data needed to
represent these occurrences is imprecisely known and
often is described with ranges and distributions rather
than specific values. Third, the analysis requires
several different models and resultant data transfers
between these models.

What all this leads to is that it is unlikely that
the Pathways Model will be suitable for use in a repos-
itory analysis exactly as it is programmed and presented.
what is much more likely is that various modifications
will be necessary for its proper incorporation into an
overall site analysis. This is precisely what was done
for the disposal site analysis reported in Cranwell
et al. (Cr8la).

Certain aspects of this analysis which involved the
Pathways Model are now indicated. The Pathways Model
operated between a model which predicted radionuclide
discharge to the surface environment and a model
which predicted human exposure to these radionuclides
and resultant health effects. Thus, it was necessary
to modify the Pathways Model to receive input generated
by the preceding groundwater transport model and to
generate input for the following dosimetry and health
effects model. Implementing these transfers was
complicated by the fact that the nature of the surface
discharges and the resultant pathways calculations were
dependent on the particular scenario under consider-
ation. Further, the groundwater transport model was
generating discharge rates to the surface environment
which were step-functions. To handle such input rates
to the surface environment, it was necessary to modify
the manner in which the Pathways Model solved its under-
lying radionuclide transport equations. In particular,
it was found to be more efficient to calculate a sequence
of asymptotic solutions as indicated in Section C-4
than to use a differential equation solver to gener-
ate a time-dependent solution. Next, as many of the
inputs to the Pathways Model were being varied, it was
necessary to add a procedure for altering these values.
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Also, to reduce the amount of information passed from

the Pathways Model to the dosimetry and health effects
model, the part of the Pathways Model which performs
ingestion and inhalation calculations was moved to this
latter model. Finally, once the preceding modifications
had been implemented, all unused parts of PATH1 were
deleted to reduce the amount of computer storage required
to run the program. The result of all this modifying

and paring was a computer program for the specific anal-
ysis being performed.

Although another analysis may not reguire the
alterations indicated in the preceding paragraph, it is
anticipated that the use of the Pathways Model in con-
junction with other models to represent some complex
system will normally require a certain amount of modifi-
cation and adaptation.

)
|
(¢ &)



References

Al71 Allen, D. M., The Predictiun Sum of Squares as
a Criterion for Selecting Predictor Variables,
Report No. 23 (Lexington, KY: Department of
Statistics, University of Kentucky, 1971).

Ap77 Appo, J. A., J. Lucas, A. K. Mathur and L. Tsao,
Theoretical and Experimental Evaluation of Waste
Transport in Selected Rocks: 1977 Annual Report of
[BL Contract No. 45901AK, LBL-7022, {Berkeley, CA:
Lawrence Berkeley Laboratory, 1977).

At69 Atkins, G. L., Multicompartment Models for
Biological Systems (London: Methuen, 1969).

Ba66 Baker, J. H., W. A. Beetem and J. S. Wahlberg,
"Adsorption Equilibria Between Earth Materials and
Radionuclides," Environment of the Cape Thompson
Region, Alaska, eds N. J. Wilimovsky and J. N. Wolfe
(Washington: United States Atomic Energy Commission,
1966) .

Bor76 Borg, I. Y., R. Stone, H. B. Levy and L. D.
Ramspott, Information Pertinent to the Migration of
Radionuclides in Groundwater at the Nevada Test
Site, Part 1l: Review and Analysis of Existing Infor-
mation, UCRL-52078 (Livermore, CA: Lawrence Livermore
Laboratory, 1976).

Boy69 Boyce, W. E. and R. C. DiPrima, Elementar
Differential Equations (New York: Wiley, 1969;.

Bra78 Braun, M., Differential Equations and Their
Applications (New York: Springer-Verlag, 1978).

BroB81 Brown, J. B. and J. C. Helton, Risk Methodology
for Geologic Disposal of Radioactive Waste: Effects
of Variable Hydrologic Patterns on the Environmental
Transport Model, NUREG/CR-1636 (Vol. 4), SAND79-1909
(Albuquerque, NM: Sandia National Laboratories, 1981)

Bu78 Burden, R. L., J. D. Faires and A. C. Reynolds,
Numerical Analysis (Boston: Prindle, Weber and
Schmidt, 1978).




Cam78 Campbell, J. E., R. T. Dillon, M. S. Tierney,
H. T. Davis, P. E. McGrath, F. J. Pearson, H. R. Shaw,
J. C. Helton and F. A. Donath, Risk Methodology for
Geologic Disposal of Radioactive Waste: Interim
Report, NUREG/CR-0458, SAND78-0029 (Albuquerque, NM:
Sandia Laboratories, 1978).

Cas77 Casti, J. L., Dynamical Systems and Their
Applications (New York: Academic Press, 1977).

Co80 Conte, S. D. and C. de Boor, Elementary Numeri-
cal Analysis (New York: McGraw-Hill, 1980).

Cr8la Cranwell, R. M. et al., Risk Methodology for
Geologic Disposal of Radioactive Waste: Final
Report, NUREG/CR-2452, SAND81-25723 (Albuquerque,NM:
Sandia National Laboratories, 198i).7v be pubiished Uecember 1982.

Cr81b Cranwell, R. M. et al., Risk Methodology for
Geologic Disposal of Radioactive Waste: Scenario
Development, NUREG/CR-1667, SAND80-1429, (Albuquerque,
NM: Sandia National Laboratories, 1982). To be published
December 1982,

Cr8lc Cranwell, R. M. and J. C. Helton, "Uncertainty .

Analysis Associated with Radioactive Waste Disposal:
A Discussion Paper," Proceedings of the 1980 DOE
Statistical Symposium, 1981, pp. 186-196.

Cr81d Cranwell, R. M. and J. C. Helton, "Uncertainty
Analysis for Geologic Disposal of Radioactive Waste,"
Uncertainties Associated With the Regulation of the
Geologic Disposal of High-Level Radioactive Waste,
SANDB2-0596 (Albuquerque, NM: Sandia National
Laboratories, 1982).

Cu78 Curtis, A. R., "Solution of Large, Stiff Initial
Value Problems -- The State-of-the-Art," Numerical
Software -- Needs and Availability, ed D. Jacobs,

1978, pp. 257-278.

Da74 Dahlquist, G. and A. Bjorck, Numerical Methods
(Englewood Cliffs, NJ: Prentice Hall, 1974).

D079 Dongarra, J. J., J. R. Bunch, C. B. Moler and
G. W. Stewart, LINPACK User's Guide (Philadelphia:
Society for Industrial and Applied Mathematics,
1979).




En75 Enright, W. V., T. E. Hull and B. Lindberg,
"Comparing Numerical Methods for Stiff Ordinary
Differential Equations,"™ BIT 15, 1975, pp. 10-48.

Fu7l Funderlic, F. E. and H. T. Heath, Linear
Compartment Analysis of Ecosystems, ORNL-IBP-71-4
(Oak Ridge, TN: Oak Ridge National Laboratory, 1971).

Ge7l Gear, C. W., Numerical Initial vValues in
Ordinary Differential Equations (Englewood Cliffs,
NJ: Prentice-Hall, 1971).

Hel80 Helton, J. C. and R. L. Iman, Risk Methodology
for Geologic Disposal of Radioactive Waste: Sensi-
tivity Analysis of the Environmental Transport Model,
NUREG%CR-1636 (vol. 2), SAND79-1393 (Albuquerque, NM:
Sandia National Laboratories, 1980).

Hel8la Helton, J. C., J. B. Brown and R. L. Iman,
Risk Methodology for Geologic Disposal of Radioactive
Waste: Asymptotic Properties of the Environmental
Transport Model, NUREG/CR-1636 (Vol. 3), SAND79-1908
(Albuquergque, NM: Sandia National Laboratories,

1581) .

Hel8lb Helton, J. C. and P, C. Kaestner, Risk Method-
ology for Geologic Disposal of Radioactive Waste:
Model Description and User Manual for Pathways Model,
NUREG/CR-1636 (Vol. '), SAND78-1711 (Albuquerque, NM:
Sandia National Laboratories, 1981).

Hen62 Henrici, P. K., Discrete Variable Methods for
Ordinary Differential Equations (New York: Wiley,
1962).

Hin72 Hindmarsh, A. C., Linear Multistep Methods for
Ordinaiy Differential Equations: Method Formula-
tions, Stability, and the Methods of Nordsieck and
Gear, UCRL-51186 (Livermore, CA: Lawrence Livermore

Laboratory, 1972}.

Hin74 Hindmarsh, A. C., GEAR... Ordinary Differential
Equation System Solver, UCID-30001, Rev. 3 (Livermore,
CA: Lawrence Livermore Laboratory, 1974).

Hin75 Hindmarsh, A. C., GEARB... Solution of Ordinary
Differential Equations Having Banded Jacobian, UCID-
30059, Rev., 1 (Livermore, CA: Lawrence Livermore
Laboratory, 1975).




Hin74 Hirsch, M. W. and S. Smale, Differential
Equations, Dynamical Systems, and Linear Algebra
(New York: Academic Press, 1974).

Im78 Iman, R. L., J. C. Helton and J. E. Campbell,
Risk Methodology for Geologic Disposal of Radio-
active Waste: Sensitivity Analysis Techniques,
NUREG/CR-0394, SAND78-0912 (Albuquerque, NM:
Sandia National Laboratories, 1978). |

Im79 Iman, R. L. and W. J. Conover, "The Use of the
Rank Transform in Regression," Technometrics 21, 1979,
pp. 499-506.

Im80a Iman, R. L., J. M. Davenport, E. L. Frcst and
M. Shortencarrier, Stepwise Regression with PRESS
and Rank Regression (Program User's Guide), SAND79-
14723 (Albuquerque, NM: Sandia National Laboratories,
1980).

Im80b Iman, R. L., J. M. Davenport and D. K. Ziegler,
Latin Hypercube Sampling (Program User's Guide),
SAND79-1473 (Albuguerque, NM: Sandia National

Laboratories, 1980). ‘

I1s66 Isaacson, E. and H. B. Keller, Analysis of
Numerical Methods (New York: Wiley, 1966).

Ja72 Jacquez, J. A., Compartmental Analysis in
Biology and Medicine (New York: American Elsevier,
1972).

La7l Lapidus, L. and J. H. Seinfeld, Numerical

Solution of Ordinary Differential Equations
(New York: Academic Press, 1971).

Mc79 Mckay, M. D., W. J. Conover and R. J. Beckman,
"A Comparison of Three Methods for Selecting Values
of Input Variables in the Analysis of Output from a
Computer Code," Technometrics 21, 1979, pp. 239-245.

Mi77 Michel, A. N. and R. K. Miller, Qualitative
Analysis of Large Scale Dynamical Systems (New York:
Academic Press, 1977).

No77 Noble, B. and J. W. Daniel, Applied Linear

Algebra (Englewood Cliffs, NJ: Prentice-Hall, 1977).




Reb66 Rescigno, A. and G. Segre, Drug and Tracer
Kinetics (Boston: Ginn Blasisdell, 1966).

Re72 Rescigno, A. and J. S. Bekk, "Compartments,"
Foundations of Mathematical Biology, ed R. Rosen
(New York: Academic Press, 1972), pp. 255-322.

Ri81 Rice, J. R., Matrix Computations and Mathe-
matical Software (New York: McGraw-Hill, 1981).

Rob78 Robertson, H. H., "Scme Factors Affecting the
Ffficiency of Stiff Integration Routines," Numeri-
cal Software -- Needs and Availability, ed D. Jacobs
(New York: Academic Press, 1973), pp. 279-301.

Ros 74 Ross, S. L., Differential Equations (New York:
Wiley, 1974).

Sha75 Shampine, L. F. and M. K. Gordon, Computer
Solution of Ordinary Differential Equations -- The
Initial Value Problem (San Francisco: Freeman, 1975).

She62 Sheppard, C. W., Basic Principles of the Tracer
Method (New York: Wiley, 1962).

Shi72 Shipley, R. A. and R. E. Clark, Tracer Methods
for In Vivo Kinetics (New York: Academic Press,
1972).

Si72 Simmons, G. F., Differential Equations With
Applications and Historical Notes (New York: McGraw-
H1ll, 1972).

St73 Stetter, H. J., Analysis of Discretization
Methods for Ordinary Differential Equations (Berlin:
Springer-Verlag, 1973).

Th72 Thron, C. D., "Structure and Kinetic Behavior
of Linear Multicompartment Systems," Bull. Math.
Biophys. 34, 1972, pp. 277-291.




NRC Form 335

(1.7 US NUCLEAR REGULATORY COMMISSION

BIBLIOGRAPHIC DATA SHEET

-

REPOR ™ NUMBER (Assigned by DOC)
NUREG/CR-2394
SAND 81-2377

4 TITLE AND SUBTITLE (Add Volume No., if appropriate)

.H 1 Self-Teaching Curriculum

2 (Leave biank)

3 RECIPIENT'S ACCESSION NO.

7. AUTHORIS)

Albuquerque, New Mexico 87185

5. DATE REPORT COMPLETED
Jon C. Helton and Nancy C., Finley N?ZE:Lary "fégz
9 PERFORMING ORGANIZATION NAME AND MAILING ADDRESS (Inciude Zip Code) DATE REPORT ISSUED
Sandia National Laboratories il [veaa
P.0. Box 5800 —October —

6 (Leave blank)

8. (Leave biank)

12. SPONSORING ORGANIZATION NAME AND MAILING ADDRESS (include Zip Code)

U.S. Nuclear Regulatory Commission

Division of Waste Management

Office of Nuclear Material Safety and Safegquards
Washington, D.C. 20555

10. PROJECT/ TASK/WORK UNIT NO

11. CONTRACT NO

NRC FIN A-1158

13 TYPE OF REPORT PERIOD COVERED (Inciusve dates)

Formal Report April 1981 to February 1982

15 SUPPLEMENTARY NOTES

14 (Leave oiank)

16 ABSTRACT (200 words or less)

Office of Nuclear Material Safety and Safequards.

TH 1) model developed at Sandia National Laboratories for the Risk Methodology for
ologic Disposal of Radioactive Waste Project. With this document and the PATH 1 User's
Manual (NUREG/CR-1636 Vol. 1), the user may familiarize himself with the computer program,

its capabilities and limitations. When the user has completed this curriculum, he or
she should be able to prepare data input for PATH 1 and have some insights into interpre-
tation of the model output. This report is one of a series of self-teaching curricula
prepared under a technology transfer contract for the U.S, Nuclear Regulatory Commission,

‘;s report contains a series of sample problems and solutions for the Pathways-to-Man

17 KEY WORDS AND DOCUMENT ANALYSIS 17a DESCRIPTORS

't\mo IERS OPEN-ENDED TERMS

18 AVAILABILITY STATEMENT

} SECURITY CLASS
Unclassified

This report 121 NO OF PA ES

Unlimited ‘Unclassified

This page 22 PRICE

NAC FORM 335 (2 770




NUREG/CR-23%4
SANDB81-2377

PATH1 Self-Teaching Curriculum:
Example Problems for
Pathways-to-Man Model

Prepared by J. C. Helton, N. C. Finley

Sandia National Laboratories

Prepared for
U.S. Nuclear Regulatory
Commission



NOTICE
Availability of Reference Materials Cited in NRC Publications

Most documents citeu in NRC publications will be available from one of the following sources:

1. The NRC Public Document Room, 1717 H Street, N.W.
Washington, DC 20555

The NRC/GPO Sales Program, U.S. Nuclear Regulatory Commission,
Washington, DC 20555

3. The National Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority of documents cited in NRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu-
ment Room include NRC correspondence and internal NKC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspondence; Commission papers; and applicant and
lizensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the NRC/GPO Sales
Program: formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regulations in the Code of
Federal Regulations, and Nuclear Regulatory Commission Issuances.

Documents available from the National Technical Information Service include NUREG series
reports and techinical reports prepared by other federal agencies and reports prepared by the Atomic
Energy Commission, forerunner agency to the Nuclear Regulatory Commissicn.

Documents available from public and special technical libraries include all open literature items,
such as books, journal and periodical articles, and transactions. Federal/ Register notices, federal and
state legislation, and congressional reports can usua!'y be obtained from these libraries.

Documents such as theses, dissertations, foreign reports and translations, and non-NRC conference
proceedings are available for purchase from the organization sponsoring the publication cited.

Single copies ¢f NRC draft reports are available free upon written request to the Division of Tech-
nical Information and Document Control, US. Nuclear Regulatory Corinmission, Washington, DC
20555

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the public. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards Institute, 1430 Broadway, New York, NY 10018.

$7.00

GPO Printed! copy price




