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ABSTRACT

The Fuel Cycle Risk Analysis Division of Sandia I .aboratories is funded by the Nuclear
Regulatory Commission (NRC) to develop a methodology for assessment of the long-term risks
from radioactive waste disposal in deep, geologic media. The first phase of this work, which is
documented in this report, involves the following: (1) development of analytical models to represent
the processes by which radioactive waste might leave the waste repository, enter the surface
environment and eventually reach humans and (2) definition of a hypothetical 'reference system'
to provade a realistic getting for exercise of the models in a rick or safety assessment. The
second ptase of this work, which will be documented in a later report, will involve use of the
analytical models in a demonstration risk or safety assessment of the reference system. The
analytical niethods and data developed in this study are expecte’ ‘o ' m the basis for a portion
of the NRC repository licensing methodology.
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INTRODUCTION

The Fuel Cycle Risk Analysis Division of Sandia Laboratories is funded by the Nuclear
Regulatory Commission (NRC) to develop a methodology for assessment of the long-term risks
from radioactive waste dispusal in deep, geologic media. The first phase of this work, which
is documented in this report, involves the following: (1) development of analytical models to
represent the processes by which radioactive waste may leave the waste repository, ente: the
surface environment and eventually reach hun.ans and (2) definition of a hypothetical "reference
system'’ to provide a realistic setting for exercise of the models in a risk or safety assessment.
The second phase of this work, which will be documented in a later report, will involve use of
the analytical models in a demonstration risk or safety assessment of the reference system.
The analytical methods and data developed in this study are expected to form the basis for a por-
tion of the NRC repository licensing methodology.

The long-term risk from radioactive waste results fromthe possibility of a relesse of pre-
viously contained wastes to the human environment, The risk may be expressed as a time-dependent
probability of consequences such as somatic or genetic health effects which arise from a release of
radioactive waste. The magnitude of thig risk, and its time dependence, have not been completely
assessed. A complete assessment would take into consideration all mechanisms which could
result in, or contribute to, movement of waste from the repository to the biospr re. Once the

waste en ers the biosphere, iis long-term distribution, accumulation, and uptake man must be
t' » biosphere need tu be quantified,

The models and limited data bases supplied in this report are oaly the first steps toward
an assessment of the levels of risks, However, it is expected that the insight derived from the
construction of the analytical models and the compilation of a data base will, ultimately, lead to
the placing of hounds on the risk, In view of t.e lack of experience with deep, geologic disposal
systems, such insight and data will be indispensable in the evaluation of proposed repositories

against waste management regulations,

analyzed, Finally, the human health effects that are implied by such a distribution . «aste in

|
The major elements and the organization of our methadology for the analvsis of deep, geo-

logic repositories are shown in Figure 1. The 'site description” and "radioactive waste description’ ‘

|

blocks represent information and numerical data that must be supplied to the analvtical moedels, |

which are shown as .he four, central blocks of the diagram, These models are treated in self- |

contained chapters of the present report,

e e BB Rl e R - ——— — P LIRSS RRRRERRRERN N, —— - RS e ——— R S —— P ——
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[ "RADIOACTIVE |
SITE | WASTE
DESCRIPTION DESCRIPTION

RADIONUCLIDE
TRANSPORT

PATHWAYS
T0
MAN

DOSIMETRY
| AND

[HEALTH EFFECTS

Figure 1. Structure of the Meth/ Aology

Parts of the site description and radioactive waste dascription are presented in Chapter 1.

Because a real repository in deep geologic media does not presently exist, we have defined a

hypothetical facility, called the reference repository. The reference repository definition includes

design specifications of the repository, a description of the wastes contained in the repository,
summary statements of the local stratigraphy and hydrology, and assumptions about the topograpaic
setting of the waste disposal site. Orher information required for the analysis of the reference
repository is supplied, as necessary, in each of the chapters devoted to the models. The numrerical
values quoted for the paramerers that deseribe the referen~e site in this report should be cor-
sidered exemplary and not as final values. An imporiant pa-t of rigk assessment is the study of
the sensitivity of the risk to the waste facility charac eristics. Thus, many of the site, waste,

and facility paramelers introduced in the report will ! e varied over reasonable but perhaps large

, ranges in the course of sensitivity studies.

Models of the potential waste release mechanisms that mayv operate at the reference repository
are discussed in Chapter 2. These models attemp! to provide insight into the evolution of the
repository site and to estimate the time-dependent probability of local release of radiocactivity from
the immediate surroundiags of the repogitory, Included in this study are those procesgses that are
inftigted by excavation and waste emplacement (the self-induced release mechanisms) and those
processes that are, roughly speaking, independem of the presence of the repository (the external

) relesse mechanisms), The evolution of the repository site in the presence of thermally hot wastes
and the conseguences for self-induced release are studied by means of computer sisnulation of the
waste/liost rock and mine/Host rock interaciions, The basis for the simulation and some results
aré presented in an extensive appendix to Chapter 2, The external release mechanisms are studied

in Chapter 2 by means of direct, probabilistic modeling of the phenomena,
. O\
AR
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the reference site are discussed in Chapter 3. The transport model described in that chapter
calculates the movement of waste-derived radionuclides dissolved .n groundwater from the time
of their release at the repository, to the time of their appearance in surface waters or in grou d
water used by humans. During transport by groundwater, radioactive decay and production o1
* daughter radionuclides are calculated. The model also accounts f r sorption of the nuclides in
the geologic media. The output of the radionuclide transport mcdel is radionuclide discharge rates
- at preselected points in the biosphere.

The transport of radionuclides by ground water through the subsurface to the biosphere is the
most likely process for bringing the waste into contact with man. There are, however, certain
other potential modes of release (e.g., volcanism, meteorite impact, and very large explosions)
that might produce prompt and substantial ejection of waste material to the atmosphere and surround-
ir.  soils. As yet, no effort has been made to model the ejection and subsequent atmospher, trans-
port of waste that follows these types of release. If further study .ows that these release modes
are significant contributors to risk, models . ¢ atmospheric transport of radioactive materials are

available.

A pathways-to-man model is presented in Chapter 4. Starting with radionuclide discharge

{ A model for the transport of radionuclides in cir -ulating groundwater and the hydrology of
J

]

|

r

]

I

E rates from the groundwater transport model (Chapter 3), or the fallout pattern from an atmaspheric
" transport model, the pathways model first calculate. time-dependent concentratiors of radionuclides
E in environmental components such as soil, surface waters, or sediments. These concentrations

' are then used to estimate *he rates of radionuclide inhalation or ingestion by human beings who use
i

;. water or food products derived from the affected environmental components.

The pathways-to-man model is constructed to handle a variety of environmental scenarios in
which the waste radionuclides could come in contact with humans. Such flexibility is necessary
because we are unable to predict the social and climatological variables that might characterize a
region affected by a release at some future time, Th 3, it is necessary that we consider different

environments and use the pathways model to study the rates of human uptake in each eavironment

e

to gain insight into the potential risk from waste disposal,

The models for dosimetry and human health eifects are described in Chapter 5, The rate of

radionuclide intake provided hv the pathways model in a given scenario is translated by the dosimetry
model inio radiation dose 'o specific body organs. A health effects model then converts the radiation

dose 'o probabilities of specific latent somatic effects and genetic effects, Onlv latent somatic

i e S

effects are addressed in the heaith effects model because we believe that the radiation doses arising

from release of waste material preclude anv early somatic effects.

T S =S

A final Chapter 6 provides a brief description of the manner in which the models represented

in this report might be used in the assesument o' a radioactive waste repository,
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RISK METHODOLOGY FOR GEOLOGIC DISPOSAL OF RADIOACTIVE WASTE:
INTERIM REPORT

CHAPTER 1. THE REFERENCE SITE AND REFERENCE REPOSITORY

1.1 Introduction

A comparison o the merits and demerits of any system requires a thorough knowledge of
the parts of the system and the ways iu which those parts interact, Thus it has been necessary
in the present study to |, stulate a detailed but entirely hypothetical system -- a disposal facility
for nuclear waste in bedded salt -- to serve as a guide for conutructing the requisite models, and
to provide a consistent set of data for testing the models. The present chapter contains a brief
summary description of the hypcthetical system, herein called the reference site in the geographi-
cal and geological context, or the reference repository in the engineered structure context.

Some of the physiographic, geologic, and hydrologic aspects of the reference site are
mentioned in Section 1.2. Other physical properties of the site, particularly tirse elements bear~
ing on the gite's long-term capacity for waste containment, are described in later chapters as
they are needed for analysis, The reference repository mentioned in Szction 1.3 is taken from a
design for a waste isolation facility in bedded salt; the subject matter of Section 1,3 is concerned
more with the means by which the design isolation facility could be realistically converted to
serve in the disposal mode. Finally, in Section 1.4, assumptions are made about the kinds and

amounts of nuclear waste that are placed in the reference repository.

The background provided by this chapter and its referenced material will be used and

supplemented throughout the remainder of this report,

1.2 The Ifleference Site

The reference site is entirely hypothetical, yet its physiographic setting and geologic and
hydrologic properties are analogous to several regions of the continental USA. Such a relatively
complicated reference site was used to exercise the several models developed in this study,

The ultimate purpose of the models is to analyze th behavior of real, potential repository sites,
The site i3 located in a symmetrical upland valley, half of which is shown schematically in

Figure 1.2.1. The crest of the ridge surrounding the valley is at an elevation of 6000 feet: the

crest is a surface and groundwater divide so that only water moving in the valley falls in the

405 O
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valley itself. The valley is drained by a major river, River L, which is at elevation 2500 feet
opposite the surface structures of the repository. Stream valleys tributary to River L exist, such
as River U, but these are normally dry. The valley receives a mean annual rainfall of 40 inches

per year of which 16 inches are lost by evapotranspiration and the remaining 24 inches recharge

the groundwater system.

2500 o=

6000’

5500

5000 < %& River U

- /’
- /
p ‘0— Repository Location

4500 e
§ 4000 __«
e 3500 — ——
2 000" et ?(__
- -

River L

Figure 1,2,1 Physiographic Setting for Reference Site
{One-Half of Parabolic Basin Shown)

The geology of the area near the site is shown in cross section in Figure 1. 2.2. The valley
is underlain by crvstalline bedrock which crops out only over a narrow strip ly.ag at the ridge
crest s.rrounding the valley. This bedrock is assumed impermeabls to groundwater flow. Above
the bedrock is the sequence of sedimentary rocks roughly sketched in Figure 1. 2. 2. A more
detailed petrographic description 0 *“o sedimentary sequence is not necessary at this point.
Values of hydraulic parameters, and assumed values of rock thermal-elastic parameters, are
provided in tables appearing later in this report, as needed. The thermal-elastic parameters
have been used in preliminary calculations of the response of the site's host rocks to thermal
loading: these parame‘ers are listed in Section 2.4 of Chapter 2. The h iraulic parameters used
in preliminary caleulations of groundwater flow and radionuclide transport are provided in the

appropriate sections of Chapter 3.

\s stated in the introduction to this chapter, the othe. assumptions about the geologic setting
of the site (these generally relate t¢ site location within a geologic province, regional tectonics,
and man-made alterations of rock structure) are made in the chapters where such material 18
required; but usually they are made in a way that is consistent with the structures postulated in

Figures 1,2, 1 and 1,2,2,
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Figure 1,2,2 Geologic Croi;s Section at Reference Site
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1.3 The Refererce Repository

Like the choice of roference site, the choice of a ref :rence repository for analysis is entirely
hypothetical. The repository is a waste isolation facility designed for the Office of Waste Isolation,
Union Carbide Corporation, at Oak Ridge. Tennessee.l' . A perspective of this facility is shown

|
’_
i in Figure 1.3.1.
:

The facility consists of (1) service structures located at the surface of the site and (2) the
single, working level of the repositcry located in the middle of the bedded salt layer at a depth of
625 meters (2050 ft) below the surface. For the study of the long-term effects of such a facility,
the details of the service structures are immaterial. However, deta’ls of the repository at the
working level are imporrant. Some of these are shown schematically in the mine master plan of
Figure 1.3.2, which also exhibits the sectors of the repository reserved for high-level waste (HLW),
intermediate-level waste and cladding waste (ILW and CW), and low-level waste (L.LLW). Most of
the relevant dimensions of the underground repository can be read from the mine master plaa i)
Figure 1.3.2. Other dimensions (drift widths and lengths, etc.) can be found in the engineering
spuoifications, bt The working level of the repository has access to the surface during operational
pngse through four shafts: a rmen and materials shaft 7.9 meters (26 ft) inside diameter; an LL
waste loading shaft 3 meters (10 ft) ID; a HL waste loading shaft 1,8 meters (6 ft) ID; and a ventila-
tion shaft 6.1 meters (20 ft) inside diameter. All access shafts are lined with 12 inches of 3000 ps:

concrete,
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Assumptions About Conversion from Isolation to Disposal

It is necessary to make assumptions about the techniques to be used in converting the isola-
tion facility just described into the mode of permanent disposal, " 'he facility design provided in
Reference 1.1 says nothing about plans for conversion to a dispos: 1 mode, and other relerencell' .
only suggest some possible techniques,

First of all, a summary description of the encapsulation and local storage procedures for
the several waste forms is needed. The more detailed assumptions about the amount and form of
the waste to be placed in the repository are treated in the following Section, 1.4, of this chapter,

It is assumed that solidified HL waste is ‘ormed in stainless steel containers about ~2 inches
outside diameter and 10 feet long. Each suc.: container is to be placeu in a hole bored in the floor
of waste drifts located in the HL sectors of the mine. The holes for the cannisters are 20 inches in
diameter and 20 feet deep, lined with a carbon steel sleeve. The void between the sleeve and can-
nister is filled with crushed salt. During the operational phase the ¢ nings of tne cannister holes
in the floor of the drifts are closed ~ith concrete plugs. The encapsulation and storage of cladding
hulls and the ILW-TRU waste is assumed to be the same as that just describe ' for ' » HL waswe,
These latter wastes are stored in their appropriate sectors,

The LL waste is stored in 55-gallon, carbon steel drums in the LL waste sectors, The
drums are stacked in the L.L. chambers and the interstices are filled with crushed salt,

At the time of conversion from the isolation (operatiural) mode to the disposa! mode, it is
assumed that;

1. The cement plugs ccvering the HL, ILW-TRU cannister holes would he removed

and the remaining voids would be filled with crushed salt up to floor level,

2. The drums of LL waste would be rearranged and the salt fill would be compacted

to a high density compatible with the structural integrity of the containers,

3. All HL, ILW-TRU waste chamhers, LI waste storage rooms, passagewsys,
equipment storage vaults, and the access shafts up to the top of the salt level,
would be filled with crushed salt and compacted to 707 density of the undisturbed

salt density (about 2.2 gm cm-al.

4. The concrete liners surrounding the access shafts above the salt level (those
portions of the access shafts that pass through the other rocks in the sedimentary
sequences) would be removed and the open shafts would be filled with a suitable,

impermeable material up to the ground level.

o

The service structures at ground level above the repository would be removed,
the site would be decontaminated, and an area surrounding the site would be
fenced off to define an exclusion area over which some agency or firm could

'3 »
exercise control for an indefinite time. 4 UJ (j '32
&8
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The assumption about plugging the access shafts in item (4) is vague because, at present,
there is no proven technology for sealing such large holes in a way that guarantees 'heir imper-

meability for the long times required by waste disposal.

1.4 Description of *he Waste Stored in the Reference Repository

The quantities and types of radioactive waste assuined placed in the reference repository
are based on the "low growth" projections of Blomeke and Kee. 13 In the "ow growth" case, it
is assumed that the installed nuclear electric generating capacity rises from 70 GW(e) in 1980 to
825 GW(e) in the year 2000, The accumulated isotoric inventories calculated with the ORIGEN1 -

-nputer program were provided by ", W. Kee of the Oak Ridge National Laboratory for use in
wiis study. bk
Based on these projections, the reference repository is assumed to accept all the HLW
generated by the nuclear power industry through 1995 and shipped to the repository by 2005. In
addition, all the cladding, ILW and low-level transuranium wastes generated through 2000 are

assumed shipped to the repository by 2005,

1.4.1 Ht‘h—bevel Wastes

High-level wastes are composites of all liquid waste streams from reprocessing spent
fuels. They contain more than 29, 9 percent of nonvolatile fission products, 0.5 percent of the
uranium and plutonium plus other actinides produced by transmutation of uranium and plutonium.

The final volume of solidified HLW is assumed to be 0.085 mleT reprocessed fuel. The solidified
HLW is shipped to the repository 10 years after reprocessing.

1.4.2 Intermediate-lLevel Wastes

Intermediate-level wastes consist of solid or solidified materials (excluding HL'W and
cladding) which contain greater than 10 n Ci/gm long-lived alpha emitters and after packaging,
have surface dose rates between 10 and 1000 mrem/yr from fission product contamination, About
283 m3 of 1LW is generated at reprocessing plants per ton of plutonium processed. [LW is assumed

reduced in volume by factors of 3 to 7.5 between 1976 and 1987 and by a factor of 10 thereafter,

ILW 1s shipped to a repository 5 vears after generation.

1.4.3 ('laddiniWastes

Cladding wastes consist of solid fragments of Zircaloy and stainless steel cladding and other
structural components of the fuel assemblies that remain after the fuel cores have been dissolved.
Cladding wastes are assumed to contain 0. 05 percent of the actinides and 0.05 percent of the non-
volatile fission products in additicn to neutron-induced activity. The cladding wastes are assumed

compacted to 70 percent theoretical density and stored at the rerrocessing plant vefore being shipped

to the repository.

QLo



1.4.4 Low-Level Transuranium Waste

These wastes are defined as solid or solidified materials which are known or suspected to
contain long-lived alpha emitters in concentrations greatver than 10 n Ci/gm while having suf-
ficiertly low external radiation dose levels after packaging that they can be handled directly. Low-
level transurarium wa..> is assumed to undergo the same volume reduction as [LW. Low-level

TRU wastes are shipped to the repository 5 years after operation.

For this study the HLW form is assumed to be glass.

in concrete,

The LL and ILW are assumed fixed

The quantities of wastes accumulated at the reference repository through 2005 (the assumed

year of decommissioning of the repository) are shown in Table 1,4, 1,

Year

1983
1984
1985
1986
1987
1988
1939
199t

1891
1992
1883
1994
1995
1296
1897
1098
1899
2000
2001
2002
2003
2004
2005

TABLE 1.4,1

Volume Accumulated at the Repository Through End of Year

(Thousands of m3)

High Level

Waste

=
-0~
~0=

D
w
w

o N R " N B %
~
[+

Cladding

Waste

0,04
0.11
0.24
0.39
0.54
0.69
0.87
1.10
1.35
1,68
1.98
2.32
2.70
3.12
3.58
4.09
4.85
5.26
5.93
6,66
7.45
8,31
9,24

Intermediate

Level Waste

0.3

—
o

- 3 O BN
DN W e O M e - e O W

12.
13.
15.
16.
18,
20.
22.
25.
217.
30.
34.
38,

©

o W

46.8

407

Low-Level
TRU Waste

0.
0
1.
4
8.
15.
18,
22.
26.
31.
36,
41.
46,
51.
58.
65.
72,
80.
89,

9

=

110.

124,
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The most likelv .node of entry of radionuclides into the enviro~nent is by transport through
groundwate.. Thus an initial screening has been performed, based on injestion tovicity index, to
select the most important isotopes for each waste type. Ingestion toxicity for a given isotope 1s
defined as isotopic quantity in microcuries divided by the maximum permissible tSucentration
(pci Ims) in water for that isotope. i The screening procedure used here was to keep the
isotopes comprising the upper 99 percent of the total ingestion toxicity for each waste type. Two
time periods were considered: 0 to 1000 years and 1000 to 10e years. The thermal output of the
waste it important because of its potential adverse effect on the ab’ .ty of the repusitory to isolate
wastes from groundwater. Therefore, a similar screening proce jy; * based on thermal outputs
was applied to the high-level waste, Thermal screening was not applied to other waste types
because their thermal output is small compared to that of the high-level waste. The results of
this preliminary screening are shown in Tables 1, 4,2 through 1.4,5, Figures 1.4, 1and 1. 4,2
show the ingestion toxicity and thermal output for the total Figh-level waste inventory, Figures
1.4, 3 through 1, 4,5 show the ingestion toxicity for the total cladding, intermediate and low-level
TRU waste inventories,

TABLE 1,4,2

important [sotopes in High-Level Wastes

; 3 ]
0~ 0 Years 10" - 10 years

ingestion hermal Ingestion " Thermal
Foxicity 4 nitput Toxieity Crutput
SR 0 ol (AL L N 9%
¥ 0 ) %13 210 e o
{ i 210 SN 128
[ 11 108 RA 22 1. 128
i 4 C 225 SIS 126
¢ 137 HA 226 1* 210
'y 22 W 225
I 1| \ 22
4 ) HA 226
i 2 Wi 257 22
{ i 23 Iy 230
1* 2 21
( | 241 A 2
241
- ! 4 PR
{ 4 245 Ni* 2
» { 4R 3y 9
L 2
1L 240
VM 24
247
1 24
€5 24
( 246
i |
L\
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TABLE 1,4,3
Important Isotopes in Clidding Waaste

0 - 10° Years 10° - 10" Years
Ingestion Toxicity ingestion Toxi ity

VE 55 NI 59

NI 59 NI 63

CO 80 ZR 93

NI 63 NB 93m

SR 90 1129

Y 90 PB 210

SB 125 RA 226

TE 125m TH 229

CS 134 TH 230

CS 137 NP 237

PU 238 PU 239

PU 239 PU 240

PU 240 AM 241

AM 241 PU 242

AM 243 AM 243

CM 244 CM 245

TABLE 1 4.4

Important [sotopes in Intermediate- Level Waste

0 - 103 Years 103 - 196 Years
[ngestion Toxicity Ingestion Toxicity
SR 90 1129
Y 90 PB 210
C5 137 AC 225
PU 238 RA 225
PU 239 RA 226
PLU 240 TH 229
AN 241 TH 250
AM 243 NP 237
Py 239
PU 240
AM 291
PU 242
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TABLE 1,4.5

Important [sotopes in Low-Level Waste

3

0-10" Years
Ingestion Toxicity

NP 237
PU 238
PU 239
PU 240
PU 241
AM 241
PU 242

E)_a - 106 Years
Ingestion Toxicity
PB 210
PO 210
AC 225
RA 225
RA 226
TH 228

Figure

o4

~
i

Ingestion

1

oxicit

r High-l.evel Was




Output (Kw)

Lermal

Time (Years)

Figure 1, 4.2 Thermal Output of High-l.evel 'Vaste

Time (Years

Figure 1, 4,3 Ingestion Toxicity for Cladding Wastes
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Ingestion toxicity as used here does not take into account dynamic phenomena such as different
relative rates of migration of various nuclides through soils and different biosphere pathways
which can affect actual risks. Thus, the lists of isotopes in Tables 1,4, 2 through 1, 4,5 may be
subject to further additions or deletions as this study progresses.
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CHAPTER 2 CHANCES OF A RELFASE OF RADIOACTIVE WASTE
FROM THE REFFRENCE REPOSITORY

2.1 Introduction

This chapter i8 concarned with the possibility that rad oactive waste may be released from
the confines of the reference repository at .om.e time in the future, The subject matter 18
restricted to those processes and events that lead to a release of radioactivity in the immediate
neighborhood of the reposi‘ory, The processes and events that contribute to the dispersal of waste
and 118 distribution on a recional or worldwide scale are treated in later chapters of this report,

The definitions of release are stated in Section 2. 2 and several scenarios are provided to
give meaning to these definitions and to indicate their relative importance in any assessment of the
hazards posed by a repository in deep, geologic media, The presently identifiable natural
processes and events that contribute to conditions favoring release are listed in Section 2,3 and
are then subjectively organized in Section 2.4. This subjective organization leads to a tentative

choice of nine release sequences, or failure mcdes, one of which is complex and involves any
adverse effects of the placement of the repository upon the repository's capacity to contain the
waste. This latter failure mode is called the self-induced failure, and is studied by simulation in
Appendix 2A of this chapter. In Section 2,5, mathematical models are constructed to provide
estimates of the probability that release occurs at a given time through any one of the identified
release modes. The mathematical formalism that i8 used to combine these models is described
in Subsection 2.5,1. That formalism is based on the notion of system failure in the presence of
several competing but statistically independent causes of failure. The formalism requires that
failure rates be prescribed for the nine release modes: these failure rates are constructed in
Subsections 2.5.4.1 through 2, 5.4. 7, using plausible models of the sequence of events occurring
in each release mode. The failur rates depend upon a set of parameters that--though they are
themselves ''random variables''--have a more operational, or measurable, gquality than the release
mode probatilities possess, In this interim report, only nominal values of the parameters are
quoted. Results of a sample calculation with the simple competing risk model are presented in
Section 2.6, using most of the failure rates for the release mechanisms digcussed in Sub-

gections 2.5.4.1 through 2. 5.4. 9.

The reader of this chapter will note tu, ndeling efforts described in the chapter are
incomplete, The authors acknowledge that they are indeed incomplete; but they believe that enough
material has been included to illustrate ways in which a truly effective treatment of release from a

radioactive waste repository could be implemented,
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35



2.4 FEvenis That Define System Failure

By sealing potentially harmful radioactive wastes in stable, deeply buried rock strata, it is
expected that these wastes will be kept out of the M until their activity is reduced to harm-
less levels, The biosphere--those parts of the earth and its atmosphere that support life--consists
of the lower atmosphere (below the troposphere), the uppermost few meters of the earth's crust,
all surface waters on the continents, and the oceans and seas to great depths, If radioactive waste
somehow reaches any of the elements of the biosphere during the term when it is hazardous, one
can say that the disposal system has failed (although the consequences of such a failure are
uncertain and remain to be explored) Conversely, if the radioactive wastes are kept eway from
th~ elements of the biosphere during their hazardous term, the disposal system may be regarded
as having been successful from the standpoint of waste isolation,

Such a distinction makes easy the definition of the events that define system failure. Any one
of the following four broadly defined events will thus imply failure of the disposal system:

1. Release to Deep Groundwater -- Radionuclides from the disposal chamber

become digsolved in circulating groundwaters (phreatic zone).

2. Release to Soil -- Radionuclides from the disposal chamber become digsolved
in groundwaters percolating through the soil (vadose zone), or become

chemically fixed to the soil.

1. Release to Surface Water -- Radionuclides from the disposal chamber become
digsolved in gurface warters, or become fixed in sediments within the basins

of surface waters.

4. Releasge ‘o the Atmosphere -~ Radionuclides from the disposal chamber are
digpersed and suspended in the earth's aimospl.ere.
Though deep groundwaters are not normally considered part of the biosphere, event 1 is
included because deep groundwater is a pathway to thy biosphere by way of the hydrologic cycle,
Similarly, event 4 is not confined to the lower atmosphere, per se, because of the known

connection hetween the stratosphere and the lower atmosphere,

In addition, the existence of regional hydrologic cycles and global atmospheric circulation
imply that the occurrence of any one of the four even's above leads 10 the eventual occurrence
{to some degree) of the other three. The net effect 18 an obvious one: once the radionuclides
escape containment in the viciniiy of the waste disposal site, there is a gradual dispersal away
from the site by means of groundwater transport, sediment transport, and aerosolization followed
by transport by winds. These processes are diagrammed in Figure 2, 1. 1 for the case of a re-
lease to the deep groundwaters near the disposal chamber. However, the present chapter is
concernec only with the mechanismes of releage and the assessmert of probabilities for those
meLhanisms. Figure 2. 1.1 has been included here mainly to show the logic behind the chioice of

emphasis upon failure by release to deep groundwater.
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Figure 2, 1,1, Processe . Radionuclide Dispersal After Release

The analysis of the hazards of waste dispnsal must address the question: in what ways may
the radionuclides (RN's) be injected into those elements of the biusphere mentioned in the definitions
of events 1 through 47 Whatever thogse mechanisms may be, it is clear that, with the possible
exception of volcanism and exhumation, they must first have a local effect, and that they must
operate prior to the dispersive mechanisms shown in Figure 2.1.1. The requirement that releas-
mechanisms act locally already orders the importance (likelihood) of the four failure events, and
justifies emphasis on the release to deep groundwater. Furthe~ qualitative justification is supplied
in the next four subsections that supply examples of the ways each failure event might be realized.
Before studying these examples, the reader should gain a mental picture of the features of a waste
disposal site by studying Chapter 1, which describes the reference site, or "type site', used as a
focus for the analysis in this study.

2.2.1 Event 1 - Releases to Deep Groundwater

Example: The access shafts 1o the waste vaults are possible points of vulnerability in the
design of a waste reposite -y, These shafts must necessarily pass through all layers of rock above
the wuste disposal leve” including any layers that contain flowing groundwa'er. Although the
shafts are to be sealed or filled with some impermeable material after the repository is de-

P, s

commissioned, the technology for sealing such large-diamerer holes,;ir.sgll imperfect, and it is
-
reasonable to suppose that the seal between native rock and shaft filﬁ:ﬁly)evemwg'}mrionle

“
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in such a way that pathways for water are created. Once these pathways are fully developed,
water conceivably could begin dissolution of the salt backtill and, in time, reach the waste vaults.
Provided that the waste canisters have degraded at the time of inf Itration by water, the leaching
of the RN's into the brine could begin and some of the concentrat: could, by diffusion, find its way
back into “he flowing groundwater above the vaults. The process of diffusion proceeds slowly; but
if two 0. more shaft seals fail, the possibility exists that convective flow would be established
between the opened pathways, leading to accelerated dissolution of the salt backfill, and eventually
to enh 1ced transport of the dissolved RN's out of the digsolution cavity and into the aquifer.

Example: Even if the access shaft seals remain intact, the thermal stresses induced in
the surrounding rock strata by the flow of heat away from the hot waste in the vaults may produce
{ractures in the barrier rocks that separate ‘he vaults from the aquifers. If the thermal stress is
severe, it is plausible that connected {raciures could provide pathways for water and imtiate a
sequence of events similar to *hat just described in the example of shaft seal failure. Note that
thermal stress cracking is not necessarily restricted to only the overlying rocks but could con-
ceivably also affect the underlying units such that water could ultimately reach the vaults from
water-bearing strata below, as well as from those above.

Example: A different kind of potential release mechanism is posed in the example of
undiscovered pathways for water infiltration. These pathways might be: undiscovered, unsealed

boreholes; voids adjacent 1o the waste vaulis (perhaps the so-calied breccia pipes); or extensive

fractures in the barrier layers separating host rocks from the water-heawing layers. Numerous
possibilities exist and the presence of any one of these pathways could initiate (or could already

have initiated, at the rime of decommissioning) a sequence of events leading to a release 10

ground water in a manner similar to that quoted for the shaft failure example.

These few examples should suffice o make the point that a relatively small rate of energy
inpu® is required o eventually effect a release of the radionuclides to deep groundwater, Energy
required to grow cracks in the shaft seals might be supplied by seismic activity acting over a long
period of time. Existing gravitational potentials supply energy for water convection, and the { ¢2
energy required to establish the density gradients that drive diffusion is supplied by the salt/ water
system. The potential for energy release through undiscovered structures seems large, depending
upon the likelihood of the existence of suck structures. For these reasons, it is believed that
releases to deep groundwater are the most likely of the four failure events and warrant the most
attention. However, circumstances of direct release to the biosphere elements (events 2, 3, and

4) need also to be examined.
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2,2,.2 FEvent 2 - Direct Releases to the Vadose Zone

If waste is deeply buried below the vadose zone and layers of rock, perhaps 100 m thick,
are interposed between the waste and surface s8oil, it is obvious that rather special circumstances
v* 'd be required to drive tiie waste RN's directly to the soi’ without making substantial contact
with deep groundwaters, Some examples of singular circumstances are given below,

Example: Suppose that several boreholes are inadvertently drilled in the exclusion area to
depths sufficient .5 reach the waste vaults, With very small probability, - .e or more of the waste
containers could be damaged and some radioactive fragments could “e brougiit up into contact with
the soil, If the local containment of the waste RN's has falled by 'z . time of penetration and the
RN's are dispers=d into the immediate volumes surrounding t'eir vaults, the chances of bringing
radioactivity up to contaminate the soil would be higher, particularly if dispersion is first

accomplished by a release to the groundwater,

A much more probable consequence of inadvertent exploration would be the cr...ion of
new pathways for water infiltration, thus initiating a sequence of events leading to a deep ground-
water release and, perhaps. Jdepending on the hydraulic head, transport of contaminated water

directly to the surface.

It is possible to bring RN's directly into contact with the soil through a borehole if the
radionuclides are gaseous or velatile, and if the canisters are ineffective as containers 'ong enough
before penetration time to permit the diffusion of the RN's into the surrounding rock. Tu: only

gaseous or volatile RN's present in the reference repository are 1291, 2mltn, and 222Rn. 2

ALy

the last of these has a substantial inventory in the ra2ference site,

Example: Consider a rapid excavation of the waste vaults produced by the detonation of a
high-yield nuclear weapon over the site, or the impact of a large meteorite, Such an agent would
certainly bring part of the waste directly into contact with the soil (and simultaneously into contact
with the local surface waters and atmosphere), Claiborne and Gemz'1 have studied such events
and conclude they are unlikely, though their consequences could be significant, depending upon the
depth of the repository,

It is reasonable to expect that smaller explosions over and around the site are much more
probable than the explosions or impacts of the magnitude required for excavation, Such lower-
intensity events would most likely contribute to local fracturing of the rocks, It is doubtful that
this could lead to new pathways for water infiltration,

These twe ex.  ‘es of direct release to the vadose zone (and it is hard to think of other
examples) indicate that the direct failure event is unlikely, Either persistent and deep penetrations
of the exclusion area or huge releases of energy on or within the site are required, Both can be
largely discounted by placing the repository at sufficient depth,

405 035,
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2.2.3  FEvents 3 and 4 - Direct Releases to Surface Water and Direct Releases to the Atmosphere

The examples and comments in the previous subsection apply éven more forcefully to
direct releases to lonal surface waters and to the atmosphere,

In fact, all of the examples quoted so far in this section are intended to show informally
that failure of the disposal system is most likely to occur by slow releases of energy over long
times by natural processes, All such "slow" processes that have been conceived so far lead first
to infiltration of the waste vaulty by water,

2.3 FEvents and Processes That [nfluence System Stability

If the waste disposal site were entirely an engineered system and if all the notential hazards
could be realized on time scales small compared with the facility lifetime, then the appropriate
methods for identifving factors that influence stability would be the event tree and fault tree
formalisms. 3 But it has already been noted in Chapter 1 that engineered features of a waste
disposal site in deep geologic media are only a part of the total system, the rest being natural and
largely unpredictable to a degree that presently exceeds engineering design capabilitivs, It was
also noted in Chapter ! ““~¢ natential hazards could be realized over time scales extremely long
in comparison with the lifetime of a facility, e are dealing with a very poorly understood system
a! the present time in contrast with the admonition that:

"Jefore the construction of a fault tree can proceed, the analyst must
acquire a thorough understanding of the system, "2. 3
One purpose of the material in this chapter is to begin building an understanding of the system in
question, The approach taken will, therefore of necessity be one based on the plausibility of

assertions that certain factors might influence system stability,

A list of events and processes thnt might influence stability of a waste disposal site is given

in Takle 2.3, 1, The list is a composite of those items considered importa. .y workers concerned

with gite selection criteria“ 425

2.6.2,7

and by analysts who have attempted the fault tree or logic
diagram methods,

108t items contained in Table 2, 3,1 were revicwed by & panel of experts who were assembled
to provide input on the importance of these factors, 58 The following paragraphs describe some
of these phenomena and are intended to indicate the relative imnportance as seen by individual
members of the group  The remarks app.y to the generic concepts of waste disposal in deep
geologic media and are in response to the question: How importast is the factor under considera-

tion for the long-term stabilitv of a waste disposal site”
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TABLE 2, 3.1

Events or Processes that May Influence the Stability of a Waste
Disposal Site in Deep Geologic Media

I. SUDDEN DISRUPTIVE EVENTS AND PROCESSES

1, Meteoritc Impact

. Hurricanes

Earthquakes, Seiches, Tsunamis
Landslides

. Volecanic Activity

. Faulting

mu:buu

II. SLOW DISRUPTIVE EVENTS AND PROCESSES

I,

v.

A,

B,

Subsurface Processes
7. Dissolution
8. FRock Deformation
9. Rock Permeablility Change
10, Thermal Expansion and Related Effects
Surficial Processes
11, Erosion and Sedimentation
12. Regional Subsidence a ‘plift (applies also to subsurface)
13, Glaciation, Pluvial Periods, and Sea Level Variations

EVENTS AND PROCESSES INITIATED BY MAN (LONG-TERM PHASE)

A,

Effects of Engineered Repository

14, Subsidence and Caving

15, Shaft and Borehole Seal Failures

16, Thermally or Excavation Induced Stress in Hos! Rocks
17. Radiation Effects (radiolysis and energy storage)

18, Chemical Effects

19, Other Physical Effects (e. g., migration of brine bubbles)

. External Events Independer* »f Repository

20, Inadvertent Intrusion (by drilling, mining, or hydrofracture)
21, Hydrologic Stresses (irrigation, dams)
22, Explosions (including nuclear warfare)

UNDETECTFD FEATURES AND PROCESSES

A,

Geologic Features

23, Voids or Hydraulically Interconnected Fracture Systems Near Site
24, Undiscovered Perched Water Table Near Site

25, Undiscovered Potentially Valuable Mineral Resources Near Site

. Man-Made Features

26, Undiscovered Boreholes and Mines (sealed or unsealed) Near the Site
27, T.ocation o: Site Near Strategic Industrial Centers 4 O -
o
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z ", Meteor "Ly, act

Recause the frequency of impacts or meteorites large enough to cause direct damrge is
e~ _.cly low, meteorite ' .npact events are not important in relation to certain other events that

could lead t> damage,

2.3.2 Hurricanes

Hurricanes may be important to *he safery of disposal sites located on the margins of the
Gulf of Mexico, the State of Florida, and on the east coast of the I'nited States during the opera-
tional phase, In the postoperational phase, adverse effects might conceivably arise from altera-
tion of groundwater flow patterns and from imposed hydrostatic loacing on the site; however, such
effects are likely to be transient and of no long-term consequence, The effects of seiches and

tsunamis would likely be similar to that of hurricanes,

2.3.3 FEarthquakes (seiche/tsunami)

The phenomenon of earthquakes, their frequency of occurrence in a region (seismicity),
and the magnitude of induced acceleration might be important to site stability but mainly because
of the relationship of seismicity to other geologic events (e.g., faulting, rock deformaticn, and
other changes in rock properties), Small induced accelerations might, if prolonged, alter rock
permeability, thermal conductivity, and enhance fracturing along joints between native rock and
the fill material of mined cavities, The effects of large seismic accelerations on buried site
structures need to be further studied Large accelerations have a positive probability of occurrence,
even in seismically quiet regions, The effects of seiches and tsunamis induced by carthquakes are

considered with those of hurricanes (see previous paragraph),

2.3.4 Landslides

f andslides, in the sense of abrupt flows of rock and earth in terrain of high relief, are
probably not important for considerations of site stability because a site probably would not be
located in terrain of high relief, Regional scale "sliding" of rock structures, on the other hand,

might be important, Thic class of "landslide” i8 related to regivnal tectonics (see secticn 2,5, 11).

2.3,5 Volcanic Activity

Voleanism is obviously important, but in a site-specific context, For instance, it might
be important in considerations of formations at NTS, Nevada, as a candidate site, but not very
important for Pierre shale, bedded salt, or .alt domes, The distinction between surficial
maaifestations of igneous activity (volcanism) and subsurface phenomena {magmatic intrusion)
should be maintained, The former are associated with the so-called volcanic provinces, whose
time-history is becoming better known (e, g, , the Hawaiian Island chain) and, thus, somewhat

predictable, Subsurface manifestations are less well known,
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2 1,6 Faulting

Faulting is a potential hazard for waste repositories in that it could affect pathways for
the movement of groundwater, The distribution and ages of active faults in the several geologic
provinces of the USA have been mapped to some extent, and these maps are currently being updated,

2,.3.7 Dissolution

Dissolution, the dissolving of rock by water, is obviously very important on a site-
specific basis, Salt, gypsum, and limestone formations have the potential for dissolution, The
rate of dissolution depends, in a large part, upon the availability of the water and its flow pattern.
Consequently, strong connections exist with other items in the list: rock permeability, climate
(glaciation, pluvial periocs, and sea level variations) and many of the events and processes
initiated by man (gee T:b « 2 3 1, M),

2,3.8 Rock Deformation and Permeability Change

The elastic and anelastic responses of the host rocks to applied stress are obviously
important and are closely related to faulting, earthquakes, and diapirism in salt. Important
related problems concern the response of the mined cavity to static loading over the designed
load. Fach problem is likely to be specific to the hazard item and site under consideration and
should be considered individually (evaluation research),

2,3,9 Thermal Chaq;is_g'r ime-~Dependent)

Naiurally occurring, time-dependent thermal changes might be important as indicators
of more hazardous items (e, g., subsurface igneous activity), Changes in the temperature profile
might possibly change permeability, Thermal changes related to the emplacement of waste in the
hest rocks can be more important than naturally occurricg changes in causing the hazards

(see Sections 2, 3, 15 and 2, 3, 17),

2.3,10 Frosion and Sedimentation

Frosion and sedimentation are important primarily through their connection with regional
tectonics, FKrosion alone, at a worldwide average of ~ 1 mm year, is unlikely to be a hazard for
an emplacement 800 m under the surface; however, rates of erosion could be higher in uplifting
regions, “edimentation may influence the cistribution of surface waters and increase che static

loading ove: a site, It is also a factor in diapirism,

2,311 Regional Subsidence and Uplift

This item refers to the tectonics (deformation and structure) of the earth's crust and its
local manifestations of regional uplift and subsidence, Such regional manifestations are directly
important only if they occur rapidly (as in the " Palmdale bulge”, uplifted 1 m in 10 years),
Indirectly, they might be important as indicators of the potential for more hazardous phenomena,
such as faulting and accelerated erosion. [n general, coastal and shield regions are rising while

certain interior basins are subsiding. 4 O 3 O 3 9
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2.3.12 Glacial-Pluvial Period, Sea-Level Variations

These items can be particularly important for disposal schemes in the unsaturated zone
(arid lands) and in rock structures showing evidence of dissolution, In other instances, the effects
of a glactal-pluvial period or of a sea-level variation must be assessed on a site-specific basis,

Data on the distribution of the Pleistocene lakes in the continental United States have been
compiled and the approximate margins of recent glaciers have been mapped, But, in spite of
advances in the understanding of past climates, arising out of the CLIMAP program, certain infor-
mation about continental climate in pluvial periods is missing, such as rainfall and stream flow,
Some inferences can be made from indirect geological and biological evidence,

2.3 13 Subsidence and Caving

Subsidence and caving in and around the waste emplacement following backfill are
potentially important factors, mainly because of the possibility of opening pathways for water flow.
These factors are obviously site specific and are partly under the control of site design and
current technology.

2.3,14 Shaft and Borehole Seal Failures

The consequences of deterioration of the joints between native rock and sealing material
would be important in connection with other modes of failure, Possible mechanical failure modes
are associated with earthquakes, subsidence, and thermally induced stress (see Section 2, 3, 15),
There inight also be failure modes associated with chemical reactions at the shaft fill and host

rock interface,

2 3.15 }_’hermallw Induced Stress in Host Rocks

Thermal loading from emplaced waste was deemed to be important in the initiation of
more hazardous events (shaft seal failure, fracture of barrier rocks). Its conuection with other
factors could be highly complex. The role of thermal loading might be determined by calculations
of the degree of thermal cracking induced in host rocks or by actual in-situ measurements of

near-ficld stressg change during a pilot plant phase of the facility,

2.4, 16 Radiation Ffiects (Radiolysis and Ener;y_StoraE)

i he principai eftect considered here is the change in mineral stability caused by the
absorption of gamma radiation from radionuclide dezay, A certain amount of hydrolysis of water
is also to be expected, The effect is not important in salt and probably not important in other

rock types although some further research might be warranted,
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2,3,17 Chemical Effects, Other Physical Effects

Further research is needed before the importance of these items is known, Naturally
occurring chemical changes of the host rocks are probably not important, but chemical changes
induced by the mined emplacement might be, S3uch induced interactions seem to be least signifi-
cant in granites and more important for salt and shales.

Chemical effects could influence radionuclide transport by fluids; and, although transport
is not a factor, per se, in considering site stability, the role of chemistry in enhancing radio-
nuclide leaching and transport requires further study. The in‘roduction of organics and chelating
agents in a waste « nplacement could accelerate the local transport of radionuclides, However,
the "far-field transport properties of the host rocks are probably the most important items in the

consideration of the time to reach the biosphere, given waste release.

2,3,18 Inadvertent Intrusion (by Drilling. Mining, or Hydrofracture)

The possibility of intrusion of the repository at some time in the future was not seen as a
Although the chances of intrusion might be influenced by the presence

of valuable natural resources under or near the disposal site, the attitudes towards resources in

the distar* future were regarded as being bevond speculation,

question for geoscientists,

23,19 Hydrologic Stresses (Irrigation, Dams)

Hydrologic stresses produced by human diversion and impoundment of water have about
the same hazard potential as the stresses produced by natural confinement. Comments on the
glacial-pluvial period item also apply here. [Determining the likelihood of future, man-made
changes in the hydrologic system is not the responsibility of earth scientists, However, there
are many case histories of such man-made changes of which geologists and hydrologists may be

aware,

2,3,20 Explosions (Including Nuclear Warfare)

The probability of spontaneous explosion in a wast. emplacement is virtually nonexistent
during the post-nperational phase, given proper site design technology and an understanding of the
at the surface might be

chemical interactions between waste materials and host rocks, Expl~

very hazardous for emplacements in the unsaturated zone, but could be scounted for emplacement
at considerable depth (e g., 500 m),

2,3.21 Undetected Features and Processes

The importance of undetected features and processes was not considered by the panel,
However, undetected voids, fracture systems, boreholes, and mines located near the site might
be important factors in assessing risk from waste emplacement. The potential for causing harm
to the site integrity through each of these natural or man-made features needs to be investigeted
Item 235, Table 2, 3, 1 (undiscovered valuable mineral resources) is

405 f|"
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on a gite-specific basis,
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connected with the possibility of intrusion of the site by man. Item 26, Table 2.3.1 (the future
location of a strategic or industrial complex over or near the site) has ‘atuitive connections with
inadvertent intrusion and nuclear warfare, But it seems unlikely that these connections can ever
be reliably identified and quantified,

The preceding paragraphs should reveal the need for further study and organization of the
phenomena that influence the long-term stability of a disposal system. In the next section, sub-
jective judgment and physical reasoning are applied to the organization of some of the phenomena
cited in Table 2, 3,1, in preparation for making models of waste release mechanisms and site
stability,

2.4 Mdentifving Some Waste Release Modes

The 27 events, processes, or features listed in Table 2. 3.1 are already ocganized into frur
broad categories:

I. Sudden Disruptive Events and Processes
1. Slow Disruptive Events and Processes
11I. Events and Processes Initiated by Man

IV, Undetected Features and Processes

An identification of some of the more obvious release mechanisms and their associated release

modes can be made by examining the items in each of these four categories.

() the items in Category I, only (1) meteorite impact and (5) voleanie activity could lead to
instantaneous release of radionuclides to the biosphere; (6) faulting could also be a direct cause of

release, although a long period of time would likely be required for this to be effected. Items (2)

and (4) could not lead directly to a release of waste fram the reference site, since they are

surficial phenomena,

OF the items in Category iI, only (7) dissolution and (11) erosion could initiate a direct
relense of waste when acting alone in the context of the refereace site, All other items in this
category can only contribute indirectly to release, A possible exception is glacial erosion {13},

Hut glaciers are not known to erode rock lavers to the depths considered here for waste hurial.

Two diffarent classes of Events and Processes Initiated by Man (Category 111) are worth
considering for the long-term phase of the repositors: a class pertaining to the effects of the

engineered repository (Class A) and & class of events that occur external to and may be independent

of the presence of the reposgitory (Class B), Of the items liste

and caving, (15} shaft seal and borehole failures, and ) thermal or excavation induced stress of

nost rocks can lead to water intruding the repository, perhaps in concert with solutioning, A con-

sideration of the remaining Class A effects, items (17) through (19), suggests that their role in
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causing release is presently uncertain: they are energetically weak phenomena in the context of
the reference site, but they may contribute indirectly to conditions favoring release, Fvents listed
under Class B are quite different: only 1.ems (20) and (22), inadvert nt intrusion (by drilling, mining,

or hvdrofracture) and explosions, respectively, would be capable of initiating release. In the latter
event, a nuclear explosion of extremely large yield would be required and to exhume the waste would
require a direct hit over a repository located at depths less than those currently being considered.
Hydraulic stresses caused by man's activity (21) may only accelerate (or inhibit) other conditions
that would directly lead ¢~ release of radionuclides from the repositury.

Finally, the only features among the Category IV list that are associated directly with a

release are Items (23) and (26): undiscovered voids and hxdnulicnllz interconnected fracture systems

and undiscovered, man-made penetrations, The other features (24), (25), and (27) are only factors

to be considered in assessing conditions that {avor release,

Thus, there appear to be 12 potential causes of failure (underlined in preceding paragraphs)
and 15 events, processes, or features that may influence or catalyze the potential causes of release,

but mav not initiate release when acting alone,

The 12 potential causes of release can he further organized into two groups:

1. Those events and processes that are initiated by the excavation of the repository

and the placing of heat-producing radicactive waste within it,

2. Those events, processes, or features that could initiate or contribute to release
of radionuclides (by excavation or solution) in ways that are mdeggndem of the

presence of the repository,

Only solutioning (7) and subsidence/caving (14) are common to the two groups. Group 1 can

reasonably be called a self-induced release because the processes within it are initiated by the

creation of the facility and because they also contribute to a failure of the facility, On the other
hand, the processes and events in group 2 arc potential release modes that are, in first approxima-

tion, indifferent to the presence of the repository.

An appeal to physical and geological causality gives the most obvious release mechanisms
in groups 1 and 2, A summary of the processes that contribute to self-induced release are shown
in Table 2.4, 1; release mechanisms that are roughly independent of the repository are listed in

Table 2,4, 2,



TABLE 2. 4.1

Interacting Events or Processes that Determine
Self-Induced Release

e THERMAL OR EXCAVATION STRESS OF HOST ROCKS (16); followed
by fracture formation and solutioning 17); interacting with other factors,

@ SURBSIDENCE AND CAVING (14); accelerated by: Earthquakes (3),
Landslides (4), Solutioning (7), Regional Subsidence (12), Pluvial
Periods (13), Explosions (22), Hydrologic Stresses (21). Interaction
with other factors.

® SHAFT SEAL FAILURE (15); accelerated by: Earthquakes (3), Land-
Slides (4), Solutioning (7), Regional Subsidence (12), Pluvial Periods
(13), Explosions (22), Hydrologic Stresses (21), Interaction with
other factors,

® RADIOLYSIS AND ENERGY STORAGE (17); interacting with other
factors,

® CHEMICAL EFFECTS (18); interacting with other factors,

® OTHER PHYSICAL EFFECTS (19); interacting with other factors.

TABLE 2,4.2
Some Causes of Release Independent of Presence of the Repository
@ UNDISCOVERED BOREHOLES AND MINES (26); followed by: Solutioning (7) and

Subsidence (14) if unsealed, If initially sealed: Solutioning and Subsidence are
preceded by shaft seal failure (15),

® UNDISCOVERED vOIDS AND FRACTURE SYSTEMS (23); followed by: Solutioning
[7) and Subsidence (14) if initially inactive, some o[ the processes in Shaft Seal
Failure (15), Figure 1, apply to activation,

@ FROSION AND SEDINENTATION (11); influenced by the processes: Landslides
{3}, Regional Subsidence and Uplift (12), Glaciation and Pluvial Periods (generally,
climate) (13)

® FAULTING ON OR NEAR SITE (8); followed by: Solutioning (7) and Subsidence (14),

® EXPLOSIONS ON OR NEAR SITE (22), influenced by: Location near Strategic or
Tndusirial Centers (271, followed hy Solutioning (7) and Subsidence (14).

® VOLCANIC ACTIVITY (5); hig' ly correlated with Faulting (8},

& METEORITE IMPACT ON OR NEAR SITE (1)

® INADVERTENT INTRUSION (20); followed by: Solutioning (7) and Subsidence (14);
influenced by: Existence of Mineral Resources near Site {25), and Location of Site
sear Strategic or industrial Centers (27),

.F,
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In the mathematical modeling of these release mechanisms, it has proved cot venient and
insightful to separate the two groups identified above into two distinct kinds of models. We first
treat the release mechanisms of group (2) in terms of a probabilistic model of competing risks
{of release) by the eight modes listed in Table 2, 4. 2, This is done in the following sections 2,5
and 2,8, where the eight causes of release shown in Table 2, 4, 2 will be treated as though they
are swatistically independent modes in the analysis presented in later sections, However, it
should be emphasized that the assumption of independent modes is made only to simplify a first
analysis of the phenomena and to establish their ordering of priority for further investigations,
It is easy to find examples where one or more of the eight causes of release shown in Table 2,4, 2
interact with one another, or with the self-induced release mode, Whether the interactions are
significant remains o be determined,

The self-induced release mechanisms require a different kind of modeling effort, to be
described in Appendix 2A of this chapter. Briefly, the model of the combined self-induced release
mechanisms is a deterministic, lumped-parameter simulation of the geological stability of the
repository when it is stressed by heat-producing waste and subsidence of the overburden, Since
the repository simulati ‘n is deterministic, the outputs of the model (e, g., times required for
solutioning to progress t. the repository level) are incompatible with the probabilistic model of
compe'ing risk used for the eight mechanisms deemed to be independent of the repository (Table
2,4.2), One way to get around this incompatability - and thus be able to uniformly compare the
importance of all identified release modes - is suggested but not implemented in Section 2,5
(Subsectior 2.5, 4. 1),

2,5 Estimating Probabilities of Release--External Modes

In this section, we construct models tha* provide estimates of the probabilities of release of
waste through most of the release modes described in Section 2,4, Emphasis is placed upon the
causes of release that were judged to be essentially independent of the presence of the repository
(Table 2,4,2), However, an attempt is made to cast the results of the simulations of self-induced
release (Appendix 2A, this chapter) in & form that is compatible with the mathematical formalism
used to analyze the other release modes, This attempt should be regarded as a temporary
measure, since it is clear that the self-induced mode of release is not entirely independent of the

so-called "external” modes,

The formalism of the probabilistic models is first presented in the following Subsection
2,5.1, without discussion of the supporting logical and physical assumptions. The justification
for the formalism is briefly treated in Subsection 2,5, 2. Physical principles that are common to
certain of the models of release mechanisms are explained in Subsection 2. 5, 3; the models are
then derived and explained in Subsection 2. 5.4,
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2.5.1 Formalism of the ic Models

It is assumed that N independent release mechanisms have been identified for the sys!
in question; and that probability distribution functions, P, ., for the waiting times, “l‘i , until release
occours by the ith mechanism have been prescribed for each of the N modes:

P Pr{T St b L e, N

Each waiting time is a positive random variable and the origin of time is chosen at the
roint when the system is placed in operation (for a waste disposal facility, this is the time at
which the facility is sealed).

If it is assumed that the probability of initial release equals zero, it can be shown that

the Pi‘s are all of the form:

t
Pi(t) =1~ exp -f g shas| . (2,5. 1)
o

The function 2 i defined here is called the failure ntez’g for the ith mode. It must be an inte-
grable, non-negative function on the interval (0, =), The failure rate is usually interpreted as a
probability density conditioned on the event: no failure occurs up to time t, The probability

density function associated with each P‘ is obtained by formally differentiating Eq (2.5. 1k

t
p‘(t) - :i(t) up{-f oi(n)da . {3.5:2)
[+]

Note that, by Eq (2,5, 2):

p.(t)

. 8 A -
2,0 T.p—-jﬁ.) . (2.5, 3)

The system under study is now assumed to ha 2ot in aneration and, henceforth, subject to
failure through the action of any one of the N release mechanisis, The probability that the system

survives to n time © > 0 is then

N
P . ﬂ (1 - P ) » (20 5- 4)
O i

{where the implied dependence on t is dropped for brevity),
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The consequences of release” may be quite differe: t for each mode and one needs the
probability of a releasc by time t for each of the N, competing release mechanisms, These prob-
abilities can be calculated from the failure ~ates, defined by Eq (2,5, 3), in the following way,

Define vo(!) and "(l). i*1, 2, «os N, as respectively the probabilities of: no release
prior to time t, and release by the ith mechanism prior to time t. Then, using Eqs (2.5.1 and
2. 5. ‘)3

N t
qo(t) s P. = exp |- ; I ol(-) ds | , (2,9, 5)
o o
and
N
"‘ n by
'i(n = pi(s) 1-P(s)ds = 1-P(s)|ds ,
J > j 1-Pls) J
° i=1 s A L3 |
jti
or
t
"(!) :fo axtni to(s) ds , (2.5, 6)

by use of Eq (2,5.3).

It is seen that the probabilities of release by the ith mechanism prior to time t can be
computed by performing the integration over functions involving the @i'l. as indicated in Eq (2, 5, 6)
1f the a"s are constants (expoaentia'ly distributed failure times), then the integration may bs
performed analytically.

When the modes of 'release’ are statistically independent, the formalism just described is
called a model of competing risks from independent causes. For a survey of competing risk
methodologies, some of which are more general than the present one, see References 2,10 and 2. 11,

The basic ingredients of the formalism just described are the failure rates: :i(!). t>0,
i# 1, 2, oos N, Failure rate functions for most of the N = 8 modes of release described in
Figure 2,4, 2 are constructed in later subsections, using physical reasoning and certain assump-
tions concerning the statistical occurrence of natural and anthropogenic features in the vicinity of

047
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‘The consequences of release in the present chapter are the rates of release of the radio-
nuclide  to the sever ospnere elements,



2,5.2 Justification of the Formalism
The formalism described in the preceding section provides a means for estimating the
a priori probabilities of release of waste from the repository, provided that either the probability
distribution functions for the times until release or the associnted failure rates are given for each
of the N, identified rclease modes, Three ways to construct probability distributions, failure
rates, or any other measures of likelihood are:
1. Use of physical data obtained by making repeated trials of system
performance, combined with statistical theory.
2, Use of data obtained by making repeated trials (simulations) with
a suitable mathematical model of the system, or parts of it, A
variant of this approach bypasses the trials by simulations, and
attempts to construct the mathematical forms of the distributions
from simple assuruptions, leaving their numerical scale to be
determined by a small number of paramet. rs that have physical
|
I

meaning and are measurable,

3., Use of professional judgment (the guess of an expert, or the con~

sensus of a group of experts),

These three techniques are listed in order of decreasing objectivity, Item (1) is, of course, the
mainstay of quality control and epidemiology. For complex but well understood systems, a com-
bination of iterns (1) and (2) might be brought to bear on the problem when performance statistics
are available for the system components: a mathematical model is constructed that logically
comiects the system components, and the rules for combining probabilities are then used to
estimate the overall probability of certain system performance events, A combination of tech-
niques 1) and (2) has been used in the Reactor safety Studyz'u to assess the probabilities of

various kinds of "accidents" that a4 nuclear reactor may experience.

However, in most problems of risk assessment, the system belig considered is complex
and there is a poor understanding of the function and interconnections of its subcomponents, and/or
the tvpe of performance statistics that characterize the subcomponents. In such problems, a
combination of the methods outlined under (1) and professional judgment, (3), are used as a last
recourse in order to gain insight into the order-of-magnitude of the risks. The attendant loss of
objectivity is accepted in the bargain that returns increased insight in a timely fashion. Most of
the complex and poorly understood systems faced by the analyst fall into the categories of purely

natural systems, or engineered systems that strongly involve some natural phenomena, We have

already stressed the point (Section 2, 3) that a waste disposal site in deep geologic media is in the

mtter category,
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2,5.3 Physical Content of the Probabilistic Models

The a priori failure rates to be constructed in the following subsection require estimates
of the rate of growth of solution cavities in bedded salt. This subsection provides some rough
formulae to estimate such growth in a context that {s appropriate to the probability models. Much
of the material presented here overlaps the treatment of solutioning in Appendix 2A of this chapter.

Natural salt, or Halite, has a very low permeability - -about 10° 13 cmz--accordtng to

=13 but, because of inclusions of other minerals, the bulk permeability

2.14
In any case,
the speed of flow of brine through salt at the reference site is small, about 1077 to 1072 miyr,

The more likely mechanism for bringing large volumes of water (or brine) into contact with the

laboratory n easuremernts;

of bedded salt could be four orders of magnitude greater than that of pure Halite.

radioactive waste is the mechaniam of soluticning in which columns of fresh water gain access to
the salt beds through fissures or cracks in the relatively impermeable shale. The small amounts
of fresh water that first reach the salt layer would dissolve some of the layer and become saturated;
then, in principle, no further dissolution would occur unless certain processes operate to reduce
the salt concentration in the brine columns (one such process is ordinary molecular diffusion of salt
ions through water). If the salt concentration is reduced, further dissolution of the layer becomes
possible, and a cavity may begin to grow in the salt bed at the junction of the salt layer and the
water conduit, The situation is shown in the following highly idealized diagram.

!
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salt layer and, in cases of convective brine transport, to the location of inlet and outlet openings

l
|
The shape of the developing brine cavity is uncertain, owing to possible inhomogeneities in the
through the shale layers., The cavity is likely to be convex, however, and its volume can be

approximated by the volume of an ellipsoid = (4m/3) abe; where a, b, and ¢ are the three semi-
major dimensions of the ellipsoid. To further simplify matters, a geometric mean of the cavity

dimensions,

1/3
4n
R -(-5- abc) i

will be used as a measure of the cavity size. The rate of growth of the cavity is then given by

d .3 o
-&-H = V() , (2,5, 7)
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where V(1) is the volumetric rate of flow of salt (say, in ma yr l) out of the cavity (by, for
example, the processes cf diffusion or convective brine transport), The rate of flow of salt out
of the cavity chang~. in time, mainly because of changes in the effective areas of the inlet/outle!
channels connecting the aquifers to the salt layer, This time variation of V will not be considered
here. Instead, we replace V(t) with its constant, "average' value, \'I and integrate kq (2,5, 7)
to get

Rw = v, (2,5,8)
where time, t, is measured from the time of cavity initiation, In other words, a typical cavity

dimension increases as the cube root of time elapsed since the formation of a channel for water

flow,

Some of the processes for salt removal from brine cavity are discussed below. These
examples show how to make crude numerical estimates of the magnitude of V for the possible
brine removal mechanisms.

2.5.3.1 Diffusion -~ If the water in the channel is static, the only means for salt removal
is by diffusion. One can show that, approximately,

Ve=AV ¥ ma'yr-l " (2,5.9)

where
v < D/i, the diffusive flux velocity (m Y"-])

A = effective opening area of channels (mz)
v = pore velocity of fsesn water in aquifer (m wvr 1)

D - effective diffusion coefficient of salt in water mn® yr b

i -+ effective lenpth of channel or fissure (m),

For true molecular diffusion, it is almost always true that v << vaq; in which case:

o
. v

Va=Av ma"yr-l . (2,5, 10)

Ome numerical example will show why molecular diffusion alone cannot be important in the forma-
tion of solution cavities, Consider the case of solutioning through an open 60-m channel, 0.1 m in
diameter, The diffusion constant for salt ions (.\’a+, cr 1) in water at 20°C is about

3,6x10 2 m’ yr 1 Then, U~ 4.7x107° > yr 1, and it would take 10° years to solution less

than 5 m3 of salt,

e el —




However, there are very special circumstances in which the e‘cective diffusion coefficient
can be many orders of magnitude larger than the coefficient of simple molecular diffusion. The
circumstances are those in which the mechanical equiiibrium of the water column is first made
unstable through an adverse thermal or concentration gradient. Turbulent convection ihen proceeds
in order to return the system towards equilibrium and in the process, a rapid mixing of materials
in adjacent layers of the water ensues. The net mass transport of salt may then be calculated in
terms of Fick's luw for diffusive mass transport, but with an anomalous diffusion constant, Dﬂ,

sometimes called the eddy diffusivity or turbulent diffusivity, $.10 The anomalous diffusivity may

2 -1 2,16

be of the order of 1 «:m2 s'l (or about 7 x 103 m yr )

sing the example of a 60 m-long crannel, one finds that the effective mass transport velocity

in this instance, U./ 2, is of the order of 50 m _vr'l. This is on the order of the pore velocity of

fresh water in the aquifers bounding the reference repository: ‘V.q = 185 m yr.l. From (2. 10),

and for the 10 cm diameter channel, V= 0.3 m3 yr‘l. In other words, about 3 x 105 m3 of salt

would then be removed from the cavity produced by the channel in l()‘s Years.
Note that the aquifer pore velocities always define the upper limit for the diffusive flux
velocity at which salt can be removed from a soluiioning cavity. This limit holds for convective

processes of removal as well as the diffusive ones.

2.5.3.2 Convection -- Removal of salt from a soiution cavity by brine co~veciion is also

possible under special conditions, two of which are sketched below.

L1 Channels connecting cavity to one aquifer,

: /// 7 / // /mm,
[ e /]

(2) Channei connects both aguifers through salt,

T[” [ 1 brr fice 1’711’1//
" ’ no I l«hue
l | S SR , o
..k.. .o. Brine ...Shlz...'.
P §5 ¥ ¥ £ % % 1 1
X o ' st oY, '-
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In the case (1) diagrammed above, fresh water flows in the inlet (left); mires in the cavity.
and becomes saturated brine, The difference in head, Ah/1., allows some of the brine to be
convected through the outlet (right) and into the fresh water aquifer, ’‘he mechanics of this
"siphoning' effect are described in Appendix 2A of this chapter.

The convective flow of water in case (2), diagrammed above, woula require a hydrologic
model for a complete analysis since the normal flow of water in the aquifers could be significantly
changed--not merely perturbed as in case (1). But conservation of mass suggests th=t the limiting
speed of transport of salt would be dictated by the specific discharge times unit area allowed in the
aquifer with the highest hydraulic conductivity.

The foregoing examples suggest that one take v to be the larger of the normal aquifer flow

velocities near the repository and therefore set

C=Av_ ., (2.5.11)
g

where A is the effective arca of the open channels through the shale, connecting the aquifer tu the
salt bed. Although this assumpticn contributes a conservative element, other factors might also

affect the degree of conservatism. For exampie:

1, The potential for cavity collupse is ignored. The neglect of collapse of rock
over the growing solution cavity leads to an underestimate of the growth rate.
In general, it is believed that collapse would increase the effective area, Ac.
for infiltration of fresh water thus increasing the volumetric removal rate of
salt according to Eq (2,5, 11),

2. 'The effects of sal. “low in retarding (or altogether precluding) cavity growta
are ignored, Hamstrnz’ a? has suggested that, below a certain depth, the
=alt would creep and tend to fill the cavity faster than solutioning coul? keep
it open., Neglect of this effect in the present formulae tends to be con-
servative; i.e., gives an overestimate of the rate of solutioning,

3, The model cavity geometry is highly idealized. The idealization of the cavity
shape makes uncertain the effective cavity dimension by a factor that could be
as much as 5 or 6, An overestimate of cavity size is as likely as an undere-

estimate of it,

For the present work, the rules for solutioning will be taken from Egs (2,5, 8) and (2,5, 11),
though medifications will certainly have to be made in any future assessments of the effects of
solutioning, The most crucial modification needed is some way of taking into account the potential

time-dependence of A (the effective area of the open channels through shale).
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2,5.4 Construction of Failure Rates for External Modes of Release

In the following paragraphs, we attempt the construction of a priori probability distributions

and associated failure rates for most of the release modes described in Section 2,4, The rileuse
modes are considered in no special order, except that the release through undiscovered boreholes
is outlined first because we believe it best illustrates the approach to modeling that is used,

2.5.4.1 Failure Rate From Undiscovered Boreholes -- Because of exploration or mineral
extraction activities in times prior to the siting of the waste disposal facility, the = may be
numerous boreholes penetrating the rock strata that border and contain the waste, The location
and mapping of such man-made penetrations has a high priority in the final site selection process,
and normally the waste emplacement would not be located in a region that has known extensive
drilling and mining in the past,

He wever, there can never be total aseurance that all boreholes are located, The possibi-
lity trat one or more undetected boreholes remain, even after a thorough search, must be taken
ir‘o accouni in assessing the hazards of water intrusion,

It is assumed that the only potentially hazardous boreholes are the ones that penetrate at
least to the level of the salt beds enclosing the vaults, so only this population of undetected pene-
trations will be considered, Such holes may be sealed (perhaps imperfectly) or wi.sealed, If they
are unsealed, the process of salt soluticning may already have begun at the time of shutdown of
the facility,

Jt is here assumed that the area surrounding the disposal gite is punctured with undetected
boreholes with mean density 5 holes per square kilometer. Though the pattern of previous
exploratory drilling may have dictated a nonrandom placement of the holes, it will be assumed
that the ones remaining undetected occur randomly over the arsa surrounding *he site: hence,

4 is the parameter of a Poisson distribution,

Let f denote the fraction of the undiscovered holes that are unsealed. Then the mean
density of unsealed holes is f8 and the mean density of sealed holes is (1 - f)8. The seals on a
borehole cannot last forever, and at some random time after sealing the plug will no longer be
effective in blocking the flow of wa'er, Without being too specific about its meaning, let ¢ (t) be
the failure rate of the seals; i.e., ¥ (t) is the probability per unit time that a plug has ceased to
block the flow of water. [t is assumed that the plugs fail independently, and in that case, the
expected number of sealed boreholes that have failed in the time interval (O, t) is given by:

¢
Bit) = (1 - f).i:l ¥ exp[-[ e(s) ds] :km‘z . (2,5, 12)
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In deriving a failure rate, one must consider separately the cases of the initially unsealed
boreholes, and the sealed but failed boreholes, It is rearonably assumed that a failed borehole will
conduct less water than an open one, owing to the nonsoluble material that remains in the shatt,

1. Unsealed, Undetected Boreholes -~ Since the boreholes are randomly distributed, the
probauility that exactly n unsealed borehcles penetrate within the area, A, of the working level is

n
Mn) = (nA’ e aA{ ne= o, 1. 3 s {2' 5' 19)

Now, for any borehole that penetrates the salt layer, tnere is a shortest distance from the axis
of the hole to the nearest waste drift. If boreholes are randomly located in the region rurrounding
the site, this minimum distance, S, is a random variable. The distribution of 5 (under these
assumptions) is site-specific but unknown: it could be estimated bty a numerical simulation that

explicitly takes account of the geometry of the mined cavities. For purposes of iliustration, we

will assume a general distribution of S:

A
w
I~
8

Pris <st= Gts) , 5

and specialize later,

As a final ingredient, one needs to connect the time at which any waste drif* is overrun by
n solution cavity trom a borehole, to the initial, shortest distance to the borehole. Suppose s s
the shortest distance and T is the random time at which water from the cavity reaches a waste 2

drift, then:
Pr{'f:‘ tls = s’ = ul! - afs)| .

where

’o if x<0
u{x) = -
'l if x>0

and ofs) is the solutioning time required to open a cavity of radius =~ s.

the unit step function,

model of Section 2,5.3,

3

7

'v

a(s) = -

<

A derivation of a cumulative distribution function (cdf) far the waiting time until a drift is overrun

by solutioning cavities initiated at any unsealed borehcles now follows,

In the simple solutioning



For any one unsealed borehole in the region surrounding the repository, the random
variable, T, has cdf:

Pr{T < 2}-/0'.!’1-{1'5 t]s = s} dlow)

. f . uft - ots)] a(ais) = Glo~ ) {2,5.14)

where o~ '(t) is the inverse function to o(s) and it ia assumed that:

-1

g (t) »= as t e ,

G(8) »1 as s == ,
If there are n > 1 unsealed voreholes in the region surrounding the site, and if each such bore-
hole is randomly placed, then there will be times T‘. ‘l". e Tn , at which the solution
cavities from each borehole, 1, 2, 3, ... n, will overrun a waste drift, According to the assump-
tions, these times are independent and identically distributed, The time of first overrun of a waste
drift from any of n unsealed boreholes is then:

T(n) = min (Tx. Tz, “ces Tn) .

and from (2, 5. 14),
-l n
Pr]'f(n)st} = 1 - ’l 'G[G (l)]z " !\‘o, 1. 2, T (2.5.15)

The «df for the first time, Tu, of overrun, from any unsealed borehole 18 obtained by us.ang
(2,3, 13) to remove the conditioning on n boreholes:

-
b <2t o | I
Priz, -t ;Pr"r(n) s tp(o)

b ] n
.l Z;' - afo 2yt -£3A
1 ) £ o[o (t.)]‘ 1%“- .
or
F(¢) = a-:-r“ St|=1-expl-fed c[c"(t)]: ) 2.5, 16)

e e i e e e e e .—_-.—-.-—-—1



NOTES:

It is worth noting that, by Eq (2,5, 16), there is a positive probability that waste drifts will
never be overrun by solutioning cavities .nitiated at unsealed bor-holes:
fiiA

< 3 s

Mo F () 51 - e

t = =

-3
{The tet.n, e VA

, is the probability that there are no unsealed boreholes penetrating area Al
The function F () is not what is usually referred to as a cumulative distribution function
gince lim Fyt) < 1, Peller [2,34] refers to such a function as a defective distribution function,

tae

To illustrate further, take the hypothetical case where:

8= 10 uml R

n
and iet A be equal to four times the area of the site (32,3 kmz). Then

- oA oA - 23x1078

In other words, using these hypothetical parameter alues, there is only a 3 percent chance that
water will intrude a aste 4r.®t from ¢ .lavioning cavities initiatel .t uns-aled bereholes,

2. Sealed .t Failed Boreholes -~ The wait! .g time distribution for T'. the random time
at which water reache: a waste drift owing t2 solutioning through a sealed but failed borehole, is
depived in a manner ideatical to the one used to derive Eq(2, 5, 16k In fact, one can simply make

b
the replacemonts: - i

0= Bl |
where bLit) is given by (2,5,12), and
VoW ,

where W is the rate of salt removal from a cavity in :-n3 . yr ! when the cavity is formed from the
failure of a sealed borehole. It s reasonable 10 expect that the rate of salt remroval is less for a

sealed borehole than for an unsealed boreheole ( W= T

With the replacements indicated above, the cdf for the first time, Tf. ¢ overvun from any

gealed but failed borehole follows from Eq (2.5.18):

| | : =LAl 5
#g(t) « Prlty s 8] = 1« exple an(e) ofs7w)]] 2,5, 17)
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3, The Total Failure Rate -~ The failure rate from undiscovered boreholes (unsealed,
or sealed but failed) follows frc-a the distribution of:

T = min (Tu. Tl‘) .

which is
b
. Pr%‘l‘stz-1-[1-%(2)][1-!’,(1:)1 .

From the definition of failure rate, Eq (2. 5.3)

¥ (t) Zalt) .
‘(t) 'r.—,;r‘-’#vl-—:m s L) )

where the primes, {’), denote the time derivative., Note that 2/t) is just the sum of the respective
failure rates from: (a) undiscovered, unsealed boreholes, and (b) undiscovered, sealed but failed
borehcles,

NOTES:

(i) The derivation of the failure rate, Eq (2,5, 18), used two as-yet unspecified functions,

randomly placed borehole and a waste drift, and the solutioning time required to enlarge a cavity
to a characteristic size equal to s. In the sample calculations (Section 2, 6), we will use the

|
r
|
l G(s) and o(s), that were defined respectively as: the cdf for the minimum distance between a
1
! solutioning law derived in Section 2,5, 3 and set

;

Thus,
o) = )3, or ()3

Furthermore, it will be assumed that G(s) is a uniform distribution on an interval [s,, Sl'j ,

with density
0 s ir 5 < 'O ,
1 - o
gle) = o= , A s, 5858 , (2.5, 19)
- 0
0 > ig 8 > 81

oo
<
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The assumption of a uniform distribution should be conservative and is cenvenient: the
empirical distribution of the minimum distance could be determined by solving the implied problem
in geometric 1::rcabahumy,c using a map of the mined facility, But that problem has not been solved
in this study, The empirical distribution of minimum distance would be more heavily weighted
towards large values of s than the uniform distribution assumed here; hence, the uniform dis-
tribution is probably conservative. Whatever distribution is chosen, the assumption of a finite
support [so, sl], for it is a natural one, The undetected boreholes that occur within the site's
perimeter either terminate just below the salt-shale interface, in which case the nearest waste

chamber is at most 113 meters away; or, at the other extreme, the boreholes can pass entirely

through the working level and remain undetected in supporting pillars or dividers between the

chambers, in whicl: case a minimum distance would be about 1/2 the pillar dimension plus drift
dimension, The chances of a very close pass-through at the working level seem small, because
such a feature would be easily detected during the operational phase of the facility (via the appear-

ance of wet salt or even caving of drifts),

(ii) Though the results will not be used in the present study, it is interesting (and perhaps
even useful) to present the failure rate of water intrusion from sealed boreholes whose positions

are known, in contrast to the randomly placed, undetected boreholes.
Suppose that there are N of these, located at known minimum distances, X 0= 0, 1, 2,

ves N, from waste drifts. It is assumed that the plug failure rates are identical and equal to

¢(t), Then one can show that the failure rate of water intrusion from any one or more of these

mapped boreholes is:

P 3
F(t - x“/w)

¢(t) = -——-———'TI"
n=

1-F(t - xn/w)

whe re

loexp:- /:v(s)u:, t20 ,

o] S -0 e

F(t) =

i, e,, find the empirical distribution of the minimum distances between random lines that
normally penetrate and terminate in a layered medium, and a set of regular voids (here, the
backfilled waste drifts) imbedded in a layer, The solution to this problem miight require a direct
simulation such as Monte Carlo, 0 ¢ %

&QB )
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If the plug failure rate is constant, y(t) = 7°1, and Eq (2, 5, 20) reduces to a pacticularly
simple form:

’(t'.lz "3. »
) =7 u‘I.u( xu/\l)

where uft) is the unit step function defined earlier. The failure rate increases in "jumps" of

magnitude r ! occurring at the times, x:/\'v. n=1, 2, 3, ... N. It becomes constant and

equal to N ! tor

3
‘n
i ?.:)-

Discussion of Parameters

1. 8 = mean density of undiscovered boreholes (km~ 2).

For the reference site, it might be reasonable to assume a value of
l().2 km-z. In practice, the mapping of the detectable penetrations in the
region surrounding the site and the detection (or nondetection) of pene-
trations in the working level openings during operational phase should
provide data that could be used to place a high-confidence upper bound

Cmd-

2, f = fraction of undiscovered boreholes that are unsealed,

It is agsumed that this parameter at the reference site is f >0, 1,
Again, the mapping of detectable penetrations would give information
on the range of f,

3, yflt) = failure rate for the plugs or seals of boreholes (yr~ 1').

There is no quantitative basis at present for assigning a reliable
mean time-to-failure of a borehole plug. ''Failure" can also mean
different things, Here, it is suggested that failure be defined as the
creation of a continuous channel along the perimeter of the borehole,
having a cross-sectional area equal to 10 percent of the open borehole
area, It is also suggested that the failure rate be assumed a constant,

r-l. with 7 = 200 years,

4, A = area of working level = 8,088 kmg.

¢

J

9
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5, V, W - the removal rate of salt in m>+yr | from a solution
cavity by, respectively, transmission through an unsealed and
a sealed but failed borehole.

For an open, 10 ¢m diameter borehole, a conservative value at the

reference site is, \'i = 1,8 m? . _vr" .

For a sealed but failed borehole of the same size, W= 0,15 m3. yr'1 .

6, 8, ° maximum possible distance in meters, between the waste
drifts and the shaft of a borehole that penetrates at least to the
salt level within facility perimeter,

For the reference site, s - 113 meters.
7. 8, - a subjectively determined minimum distance in meters,

0
between a waste drift and the shaft of a borehole that penetrates
through the salt layer within facility perimeter.

For the reference site, Sy ° 27 meters,

2.5.4.2 Failure Rate From Undiscovered Voids and Fracture Systems -~ In addition to the

pathways for water provided by man-made boreholes (treated in 2,5.4. 1), there are naturally
occurring penetrations that connect either upper or lower aquifers with the salt bed through the
shale layers that bound the salt. These voids, or fracture systems in the shale, will here be
called simply "features’ to avoid specialization to any one of their geologic causes, most of which
are poorly understood. Existing features (e.g., breccia pipes) may be associated with active
solutioning, or they may be dry; in the latter case it is prudent and conservative to presume that
their intrusion by water is inherent. The largest features may have surficial manifestations (sub-
sidence troughs or collapse structures) and, subject to a proper geological interpretation, can be
mapped. The very small or very young features are probably not detectable, so their density

must be inferred from indirect geologic evidence,

For the ~urpose of this model, it is simply assumed that all classes of existing features
occur in the vicinity of the site with a mean density, J\o per squure kilometer. The fracture
systems are not necessarily points in two dimensions whose projections to the surface may be
linear and interconnected. However, their true geometry is not too important at this point " in
model development, and one may regard ‘-0 as the two-dimensional point density of the centroids

of such features,

W-V\Jote, howewvar, that the uncertainty in feature dimensions, such as lengths and opening { Q
sizes introduces a wide uncertainty in the V parameter defined in this subsection. Q)u

AE

e e S — I PSRN ——



The rate of creation of such features in the future, after site closurs, is almost beyond
speculation, Here it will be allowed that features are created randomly in the shale formation
near the facility at a mean rate, xx iur.-a- yr-l . If the processes that lead to feature formation
are stationary in time, then an estimate of ‘1 may be found by dividing Ao by the youn 'est age
of the shale formation, The geologic interpretations of these features at 1 give.. site may require
a time-dependent rate of formation, in which case the assumption of a constant rate could be
changed without complicating the present model much,

With constant xo and XI' it follows that:

At = g + At — (2.5,21)

can be interpreted as the mean density of features in the region surrounding the site at some time
t > 0, following site closure at time zero, The features are assumed to occur randomly, so that
the probability of exactly n of ‘hem occurring in an area A, by time t, is

-
p(n,t) = M exp [-Ax(t)] s Bk B srien : (2,5, 22)

n!

Given relations in Eqgs (2, 5, 21) and (2, 5, 22), the derivation of a failure rate from water
intrusion via a feature can proceed in the same way that was used to derive the failure rate from
undiscovered boreholes, The details need not be repeated again; one finds that

Blt) - pils (2,5,29)

where

F(t) = 1 - exp | -AN(E) s[c’l(t)]{ . (2,5,24)

and the functions G(s) and o(s) have the same forms as were given in Subsection 2,5.4.1, In
particular, 't is again assumed that G(s) is a uniform distribution on [so, slj, see Eq (2,5, 19),
However, the m nimum distance S requires a different interpretation. As in the case of un-
detected borenoles, it again seems necessary to assume that the presence of a void or fracture
system near the working level excavations would become evident during the operational period

of the facility--particularly if the feature carried water., But here, the minimum distance should
be dictated by considerations of remote sensing of such features. The minimum distance, R
should be set equal to that thickness of salt which is ¢~pable of shielding from detection (by any
means) the presence of a typical (say) breccia pipe during the ten to twenty-year operational

lifetime,

405 06
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Discussion of Parameters

lo = mean density (in km'z) of centers of voids or centroids of

fracture systems that connect either the upper or lower aquifers
with the salt bed.

This parameter can obviously be measured only indirectly. For the
sake of illustration, suppose thai two sink holes have been observed in the
reference site basin (covering an area of 1,86 x 10‘ kmz). it is determined
.hat these sink holes are the result of local dissolution of ihe salt layer at
§29-meter depths, Based on the extent of coverage of the basin by Pleistocene
sediments, geologists estimate that there could be about ten times the number
of sink holes visitle if the sediments were removed. A good guess of xo in

this case would be:

20 ~ -3, -2
& se——— 1 % 20 = -
% 1.86 x 10
- A A‘ = rate of creation, per unit area, of voids or fracture systems
that connect either the upper or lower aquifers with the salt bed

(units: s yr L,

Given xo and the youngest age of the shales, T = 1,9 x 108 yrs (Triassic),

’*1 :-)‘-9 =56 x10°% @ . gyl

2
3, A - area of mined emplacement - 8,088 km .

4. VU = volume rate of solutioning in mo.yr L

This parameter is highly variable, since even a conservative estimate
of it requires a knowledge of the average dimensions and opening size of the
relevant fractures. Here, it will be assumed that the fracture has an eflective
length of 1 km and an opening size of 1 mm. The effective area is then ~ 1 mz.

Accordingly, a conservative rate of solutioning at the reference site is
. ] -1
vV = 185 m's .y -

- * minimum thickness of natural salt capable of shielding from

s
0
detection the presence of a void in the salt with characteristic dimen-

sion ~ ! m, during the operational phase.

A guess: 8y = 50 meters.
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6. 'l (see 2,5.4.1).

s, = 113 meters,

2.5.4.3 VFailure Rate of Excavation by Erosion -~ Though the probability of excavation by
erosion per se can always be reduced to virtually zero by choosing a depth of burial well below
global base level, it is worthwhile to estimate that probability for arbitrary depths of burial,
just to provide perspective, The following model of the erosion/sedimentation processes acting

over the site will be used.

Let xi be the net thickness of overburden removed by erosion (or deposited as sediment)
in the ith year after closing the waste vaults, Count distance downwards as being positive so that
X‘ is positive for net erosion, and negative for net deposition. Each xi is assumed to be
normally distributed with mean = m, and variance equal to 62. Then the total thickness of

material removed (or deposited) in n years is

S(n) = Xl*Xz*X:’*... +Xn .

Going over to "continucus” time, one can set

t 4
) nto. toa 1l yr

80 that the continuous analogue of S(n) is S{(t), a Brownian motion processz'lg with a mean = ut

and & variance = at.

meters/yr ,

©
L)
o".a

2
a = g—- metersz/yr - a>0 .
0

A represeniation of this random process is sketched below.

t (years)

depth (m)
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One is interested in the probability distribution of the time of first passage through a layer
originally at a depth d, say, below the surface, This distribution corresponds t9 the distribution
of waiting times, T, until first excavation by erosice, given that none of the other failure mecha-

nisms operate. For u > 0, the cdf “:2.30

t 2
F(t) = . m’--‘-T—lLd'"' ' ar (2, 5,25)
L Il B :

and the associated failure rate is found from Eq (2, 5, 25) by the usual formula:

FA(t)_
1 - F()

plt) =

Note that the integral in Eq (2, 5, 25) can be evaluarad in terms of the tabulated error function, or

the complimentary error function. o

Parameters

The parameter, 4, can be interpreted as the regional erosion/deposition rate.
The world-wide, continental average of this rate is of the order of 10'3 m/yr. The
parameters 02 and a have less direct meanings, and might be connected with
terrain relief, geomorphic forces, and cli-nate. Some guesses of the nominal

values for these parameters in context of the reference site follow,

u = 0% 10-3 meters yr.l 2
a=2x 10.3 meter52 yr-l .

d - 629 meters (depth to emplacement) ,

2,5.4.4 Failure Rate From Faulting -- The possibility that one or more large faults pass

through the repository is considered here., This problem was considered by Claiborne and

Gera, 53 who also estimated the chances of faulting through a repository (similar to the reference
repository) located in southeastern New Mexico, They claim that the probability per vear of a
fault intersection is about 4 x 10-ll per year, for their particular hypothetical site. The model
for a failure rate to be presented in this subsection is similar to that of Claiborne and Gera, but
certain different assumptions will be made in order ro make it more widely applicable, The

assumptions are listed and discussed below,

1. It is assumed that there are no detectable faults near the site at closure time.
The possibility that one or more undetected faults exist is treated in the
failure rate calculation for U'ndiscovered Voids and ¥ racture Systems (Sub-
section 2,5.2,2). In z more realistic treatment of the problem than is
possible heve, there would be no distinction made between the small-scale -
fractures considered in Subsection 2.5, 2, 2 and the larger faults considered {)

in the present section,

-
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2. It is assumed that the reference site lies within a specific fault zone, For
purposes of this study, a fault zone is a geographical region in which the
observed faulting is predominantly of one type. Because of errors and
biases which arise in the process of fault detection, the boundaries
between fault zones are only roughly defined. The reference site's fault zone is
assumed to have area A, with faults occurring in this area with a frequency v
faults per year., It is possible to assign a rough faulting frequency within a
particular zone, though the values obtained are highly uncertain owing to
ambiguities in the measured ages of mapped faults. The frequency of appear-
ance of faults of detectable size (generally 1 km or greater in length) within the

continental USA ranges from 10-7 yr i to 10'3 yr 1. &8

It is impossible, at present, to tell whether the faulting frequency characterizing a zone is
changing in time, The parameter v postulated above is a constant--but a time-dependent fre-
quency could easily be incorporated into the present model if the geologic evidence provides the

Justification,

3. The lengths of all faults are exponentially distributed with a mean length,

A-_~,3Km.

There is ample empirical evidence for this hypothesis if one considers the statistics for the
observable faults that are usually of length > 1 km. %33 It is then natural to suppose the observed
fall-off in frequency of faults with lengths < 500 m is simply a consequence of observational errors,

and to extend the size spectrum downwards to features of arbitrarily small length.

However, becanuse of analytical difficulties, only the fact that the mean fault length is ~ 3 km
will be used in the present model. )

4. It is assumed that the faults grow so slowly that their intersections with the
salt bed remain closed, i.e,, the salt has time to flow and reconsolidate. Thus
the openings presented by faults are such that no paths of high permeability are
maintained for very long througn the salt beds. This point is a controversial
one, though the evidence pertaining to the reference site's assumed faul* zone

indicates that salt healing will predominate,

hft is possible, but analytically messy, to compute a failure rate that takes into account the

fact that faults intersecting the repository may have a distribution of lengths--hence a distribution
of effective openings for water infiltration of salt beds, 4 U - O 5

¥ 5

J



5. Finally, the probability, q, that a single fault of lengtn £ intersects the
repository (given that the fault occurs randomly within the fault zone) is taken
from Claiborne and Gera's work. 2.3 This probability is given approximately

by:
(2,5, 26)
where

Py * (r/R)z. a = LR ,

2
a *] -1 [ 1 I
P = p sin  — - — .
2 i Ta . ) af 2
2 g a3 ed-a
Py * 2= (Pl) cos l._..__—2§ .

and

;2

o e

In the abave, r is the efiective radius (in km) of the reference site; and R is the

effective radius in kilometers of the fault zone ('Ra = A),

The probability of intersection, q, is a function of r, R and the fault length, i, For analytic

simplicity, it is assumed that 4 =21, the mean fault length,

From assumptions (1), (2), and (5), it foliows that the probasbility that the repository is

intersected by exactly N faults in the time interval (0, t} is

N
pov, 0 = B W xe0, 1,2, (2,5.27)

and a constant failure rate, quv, follows from Eq (2,5, 27), provided that cne ignores the implica-
tions of assumption (4) and the t'me interval reqiired to solution the salt lying above the waste

drifts, The required time interval is taken to be

at = 33/\:' yr

70 &%)
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(see Subsection 2,5,3), where s = 113 meters at the reference site, and V is the volume

rate of salt removal through the fault opening. Here, V is clearly proportional to the total length
of the faulting that intersects the site, and this fact should be taken into account, The total length
of faulting intersecting the repository is random, but an upper limit of its mean value, 1,is
N(t)\, where N is the expected number of faults that intersect the site in the time interval (0, t).
From (Eq 2,5,27), N(t) = qut. Thus,

Vs owi s wAqut (2,5, 28)

where w is the effective volume removal rate for salt per unit length of fault (units: m2 . yr- l).

Thus, the condition that t > At before water may infiltrate the waste drifts implies that

t2 ssl(wlqvu

or that

s3 1/2
ta (wlqv) )

The failure rate for water infiltration, owing to massive faulting is therefore:

$ 0 if t < (salw).qv)uz

plt) = . (2,5,29)
1/2
l gV  if t 2 (sslwxqv)

In the above, A should be expressed in meters.

Discussion of Parameters

1. V = faulting irequency that characterizes the fault zone in which site

is located,

The hypothetical reference site is located in a zone that contains very few
faults relative to its size. However, the gite also !ies very near the boundaries
of a rift zone similar to the one in the Rio Grande Valley of New Mexico. Given
the uncertainty in the boundaries of fault zones, it seems prudent to assign the
faulting frequency according to the site's nearness to the more active zone,
Accordingly, one sets

e lL.3Ix 10-‘yr-l .

As mentioned, a possible range for v is 10 7 3 yr'l.

403 g7
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2. A, R = respectively, the area and the effective radius of the fault zone.

The rift zone mentioned in (1) has a roughly defined area of 2 x 105 kma.
The effective radius would be abour 252 kilometers. The effective radius of the
repository is 1.6 km,

3. A = mean linear length of faults in kilometers, Here, A = 3 km,
Note that the value of g, the probability cf intersection of the repository,
is about 10-3 for a 3 km long fault and the values of R, r assigned in (2),

4. s = the vertical distance "com the waste drifts to the boundary of the

salt layer. s = 113 meters.

5. w = the effective volume removal rate of salt per unit length of fault

(units; mz & yr' l).

From the considerations of Section 2.4,

¥
w - dvy
where d is here the effective opening thickness of a fault and v~ is the
maximum velocity of brine in the fault opening. it is assumed that
d~1mm= 10‘3 meters, and for hydraulic conditions at the reference

=) ) -
site, assume that v* ~paqg, or 18 myr , Thus w is 0, 185 m2 s ¥ l.

2.5.4.5 Failure Rate From Igneous Intrusions -- The chances of intrusion of magma upon

the waste repository appear to be proportional to the rate of faulting in the zone containing the
site;: almost all forms of igneous intrusion are associated with faulting (or vents and fissures)
wherea: many faults are not associated with magma flows. Thus one may tentatively take the

frequency of intrusion by magma to be

kav

where q, v are as defined in Subsection 2.5.4.4, and k is a dimensionless parameter that is
positive but < 1, The parameter k can have various physical interpretations, depending upon

the type of igneous intrnsions being referenced.

The types of intrusions to be considered are important because vnly the consequences of an
intrusion and the time delays associated with those consequences matter in an agsessment of the
failure rate (as defined in this section), Many scenarios for magmatic intrusion upon the site con
bhe imagined; and for mos. of these, the immediate consequences are uncertain but probably
negligible, Two examples will suffice,
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1. Suppose that a fault intersects the lower aquifer and shale layer and magma
flows into it, forming a dike or sill. The "immediate'' effects would be a
change in the local permeability of the lower aquifer. The deep groundwater
flow might be redirected and some solutioning of the salt layer could be
initiated, However, the time delays and release rates for the scenario
would not be radically different from the postulated effects of faulting

alone,

2, The same dike or sill (above) now penetrates the salt layer through the
repository and also the upper shale layer. In the process of formation,
a small amount of the waste could become dissolved in the magma, but
the major effect would still be the change in local permeability, leading
to a redirection of ground water flow with perhaps a small amount of
contamination of the groundwater that contacts the dissolved waste on the
magma. In this example, it still seems that the bulk of the waste would
be isolated from water until solutioning developed., Again, the effects
would not be substantially different from the postulated effects of faulting
on the repository.

On the other hand, if the magma vents at the surface, there is the possibility of a hazard
different from the one posed by faulting, since some of the waste could be entrained in the flow,
carried upwards and distributed over the surface near the vents, The venting of lava may proceed
rapidly in comparison with the slow process of salt solutioning, so that time delays between
initiation and completion of the release event could be small. The extreme examples of venting
are volcanoes: the scale of these makes it easy to believe that a significant amount of waste could

be interc- pted by the flow and widely dispersed. Once it is dispersed, there is the possibility of

I R R R O R R R R ETTURESTRE=

direct contact with soil and surface water, though much of the ejected waste would be fixed in the
solidified lave or ash. The degree of exposure of the waste radion iclides in ejected lava is hard
to quantify, but the possibility of making direct contact *ith the " ments of the biosphere is real
enough.

These examples illustrate the plausibility of the folloewing assignment of a failure rate:

2 kqu, t20 (2,5, 30)

where k is estimated by the ratio: (the number of cbserved faults in the site's fault zone that are

associated with coeval vented igneous material)/(the total number of observed faults in the site's
fault zone). For the reference site context, a rough estimate of k is ~ 10-2 « The parameters

g, v are those defined in Subsection 2, 5, 4. 4.
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2,5.4,6 Fallure Rate From Explosions -- The derivation of a failure rate of water intrusion,
or excavation of the site, owing to the effects of an explosion is a highly speculative exercise., Much
of this subject--like the subject of inadvertent intrusion--requires subjective judgments concerning
the actions of huma:s in the future, One begins by considering the energy that is necessary to
substantially change the rock formations bounding the salt and then - ~akes rational assumptions
about the usefulness of energy releases of such magnitudes, The fuilowing discussion is con-

ducted within the context of the reference site,

'seful empirical relations between crater dimensions and explosive yield are given for
surface nuclear bursts in Effects of Nuclear Weapons, "ae According to these relations, a
surface explosion of 635 megaton (MT)t yield would be required to excavate a crater 628 meters
deep, To excavate through the shale layer (51¢ m depths) requires a 356 MT yield. Nuclear ex-
plosions oi such yield are unknown, though it is perhaps possible to build such a device. More
typically, a thermonuclear weapon o’ the kind that might be deployed against strategically im-
portant targets would have a yield of 200 kilotons (KT) to 10 MT. Such a weapon would most
likely be delivered by a ballistic missile or released from a satellite; and t! re seems to be no

incentive for the use of larger-yield weapons in warfare. Thus, one must rationally reject the
possibility of explosions in the 100 “IT range over the site, and inquire of the potential effects
of a surface burst in the 10 MT range.

If it is assumed that the fracture zone surrounding a burst crater in hard rock extends to a
radius that is 1.5 times the apparent crater radius, as for smaller yvield weapons, one finds that a
10.5 MT burst is barely sufficient to fracture the upper shale layer and perhaps provide pathways .‘
for water infiltration of the salt. In this case, the fracture zone lies mostly in the sandstone

aquifer and covers an area of ~ 0.8 kmz; the apparent crater depth is 160 meters.

What is the effect of small yield explosions” Perhapa it is now obvious why explosions of
the type used for construction or seismic exploration--a few hundred pounds of TNT at most-~-are
not seriously considered here: their effects may be indistinguishable from seismic "noise." In
general, "For very low-yield weapons, it is difficult to produce significant damage to a buried

A s 2,25
structure unless it is within the rupture zone around the crater, "

The most plausible scenario for failure by explosions iz therefore the following one.

One or more nuclear weapons in the 10 MT yield range are, by accident or in the event of
war, detonated on or near the surface of the reference site. The explosions cause some fracturing
in the upper shale layer; water infiltrates the salt layer, and a solution cavity is formed that may

in some time reach the waste drifts.

1 MT = 4,2 x 1015 Joules. &Q—Z)
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The probabilities of the events that build the scenario described above ¢  highly uncertain,
Some speculation on these probabilities "ollows.

3 Probability of War

The appeal is to the hictoric incidence of war, although there is evidence that the
advent of nuclear weapons may iave invalidated the use of historic statistics for estimating the
future probabilities of war. At any rate, using the data of Quincy Wright, 2.26 vy . p. Richardson ks
found that the number of wars which begin in each year from 1500 to 1931 fit a Poisson distribution
with mean number of outbreaks'' equal to 0,692 per year.z' " Thus, the "failure rate' for war is
relatively large, and probably represents an upper limit in modern (and future?) times. The small

sample, apparent frequency for modern world conflicts (two in past 77 years is 0,026 per year),

2, Probability of Accidental Release

One would have to examine the statistics on armaments inventories, preparedness
exercises and the incidence of "a>cidents" during those exercises, to infer a realistic number.
But it is reasonable to suppose that the requency of accidental release is proportional to the fre-
quency of war, the proportionality constant being a number << 1, The frequency of any release,

accidental or intentional, is therefore nearly the apparent frequency of war.

% Probability of Impact on Site, Given Release

There 1s no rational reason for targeting the waste disposal site directly; rather, the
impact of a vehicle carrving a weapon would be accidental or could occur as a result of missing
an intended target, The likely intende targets for a large-yield weapon would be: large indus.rial
centers, missile silos, strategic bomber bases and large naval bases. Assuming that one or more
of these intended targets are near the waste disposal site, the probability of impact on the site can
be estimated. The estimate is made for one target that is assumed 1 be at a ground distance = ro
from the center of the waste disposal site. : The variable r is the distance between target and
site measured in units of o , the standard deviation of the weapon delivery vehicle's miss dis-
tance, assuming that the miss distance is distributed with a circular normal distribution with
mean equal to target coordinates and variance equal to 02. For convenience, the waste disposal
site is here assumed to be a circular area of radius = Ro . With these definitions, the probability

G
of impact on the site, given an attack against the nearby target is, to a good approximatt.on.z’ .

T

If there is more than one potential target of the indicated class near to the site, a proba-
bility for each one should be calculated by Eq (2, 5, 30) and the result summed to give the overall

estimate. 4 U j 8. 4 ’
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——3 exp Rt ,
4+ R ' 4+ R ‘
g= 'P(xlb i R>1, (2.5.31)
P(xz) if R>§ ,

where P(x) = 1/271 +erf (x/N2) 7, and

1/3 2
[32//(24-:'2)] -h %ﬁl%
(5« ¢2)
s LA
1 2 172
2 2+ 2r
9 p]
2+rz)
12 * P-‘R ‘1 .

““he probability that the given target is attacked with a weapon of yield > 10 MT, given the advent

of war, is assumed to be one for conservatism,

4. Fracturing of Shale and Water Infiltration

Given some fracturing of the shale and the attendant water infiltration, solutioning is
assumed to proceed according to the rule given in 2,35,3. The time interval required to infiltrate

waste drifts following shale fracture is

3 .
at = sl/v . (2, 3,32)

where 5 is the distance from the drifts to the top of the salt layer, and ¥V is a volume removal

rate for salt (ma' yr- 1) tkrough the fractured shale.

The discussions in paragraphs 1 - 4, above, lead immediately to a failure rate of

wuter intrusion, owing to explosions initiated on the site surface,
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If ).' is the mean frequency of war, and q, At are given in Eqs (2,5, 31 and 2, 5, 32)

3 .
‘0 if1<sl/v

oty = (2,5, 33)
3 .
lq}w if t2 al/v

Discugsion of Parameters

1, x' = the mean frequency of war (yr l). assuming the occu rence of

war is a stationary process.

A guess: )\v = 0,026 yr'l (see text, para. (1)),

~

-

Q
"

standard deviation of weapon delivery system miss distance (km).
Unclassified o's are of the order of 1 km.

Lo

-

-
°

distance between nearest potential target center and center of
waste disposal site, measured in units of o,

For illustration, it will be assumed that a strategic center lies 145 km to the
northwest of the reference site, Thus r = 145,

4. R = effective radius of reference site, measured in units of ¢ .

For the present reference site, w(Ra)2 = 8,08 km2 gives R = 1,6,

5. Note that with o = 1 km, r = 145, and R = 1.6, the formula for q gives

a value << 10~ “. Hence the calculated q is vanishingly small. Accord-

ingly, it seems prudent to always set g equal to
max (calculated g, 1,568 x 10-8) .
The second number, ~ 10'8 in the parentheses, is simply the ratio:

site area
area of earth's surface

This ratio is the probability of impact on the site for a completely random
impact point distribution over the earth's surface, A random impact point
distribution would be appropriate if missile guidance failed entirely,
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[N 8, * 113 meters for the reference site.

7. V = the volume removal rate of salt in m3 . yr : through the fractured
shale produced by a 10 MT surface burst.

The area presented for infiltration by water is probably much less thm the total .
area estimated for the fracture zone (0.8 kmz) A guess is that about 10 or the
fracture zone area represents the effective opening area. Accordingly, v for the

4

relerence site is about 1,5 x 10 m3lyr.

2.5.4.7 Failure Rate From Meteorite Impact -~ Claiborne and Gera have thoroughly re-
viewed the possibility that a waste disposal facility in deep, geologic media might be excavated by
the impact of a large meteorite. For a facility having an area of 8 kmz and burial at 600 meter
depths, they estimate the changes of excavation to be 2 x 10 in a one-million year period. i
This probability is based on estimates of the frequency of impacts of meteorites capable of pro-
ducing craters with diameters greater than 2 km (it is assumed that crater depth is one-haif
erater diameter), The physical basis for estimates of impact frequency, i.e., the frequency

versus mass and diameter versus impact speed relationships, are adequately reviewed in papers

by Brovm;z‘ 3 ghoemaker, Hackman and Egglestm;z' 32 nd Hartmann,”® -

The present model for the failure rate from meteorite impact will adopt the estimate of

Claiborne and Gera, with scaling to a facility of arbitrary area, A kmz:

s < dArex10 Wyt (2.5, 34)

No attempt is made to scale the result to arbitrary depths of burial, although the relationships
provided in References 2,20 and 2,22 are easily applied if it proves necessary, I'or the refer-

ence site, A - 8,088 I(\m2 and the depth of vurial is 629 meters.

2.5,4.8 Speculations on Inadvertent Intrusion -- The potential failure of disposal owing to

inadvertent intrusion of the waste repository is the mest poorl) defined issue among the ones that
have so far been considered, A quantitative treatment of the problem seems impossible so none

will be made in this study, though models of failure by intrusion based on definite assumptions

about future scenarios for society could easily be constructed, Thus, the lollowing remarks are

intended only to present one subjective view of the subject.

The standard, general scenario for accidental .ntrusion is the following.
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At some time in the future, there is a loss of administrative control of the exclusion area
surrounding the ;ite; and after loss of control there is ultimately a loss of social 'memory’' re-
garding the site's location and purpose. It is then assumed that, once location and purpose are
forgotten, the surface features above the site would become indistinguishable from the neighboring
terrain and would thereby become equally vulnerable to intrusion by some future society that is
l ‘ searching for mineral resources or scientific knowledge. In fact, one might add curiosity to the
list of motives for intrusion and claim that some kind of exploration would occur with high proba-
bility, since the surface temperature over the reference site would be slightly higher than ambient:
t the 8 kmz area would probably be visible on infrared photographs taken from an aircraft,

The hazards attending an intrusion according to the scenario are alleged to be small. Some

radioactive material might be accidentally raised to the surface and cause local contamination.
But, more likely, the purpose of the site would be recognized, decontamination measures would
be taken, and the exploratory holes would be sealed. The area would, in effect be placed again

under some form of administrative con.rol. The first exploratory drilling would thus add only a

T ——

long-term hazard very similar to that postulated for undetected boreholes in Subsection 2.5.4. 1.

A failure rate model for the long-term hazard from future exploratory drilling would require

, two modifications of the treatment in 2.5.4. 1.

- 1. The introduction of a delay in time to represent the sum of the lifetimes of
administrative control and social memory concerning the site, The time delay
is a random variable whose distribution is beyond speculation. That part of it

representing the waiting time until loss of control might be related to the fre-

quency of large wars (see 2, 5. 4.6); but there are no suggestions forthcoming

for the lifetime of social memory.

2, The exploratory drilling from the surface would in principle allow a borehole
to pass arbitrarily close to a waste drift, in contrast to the non-zero lower
limit placed on the drift-shaft distance in the treatment of boreholes created

contemporaneously with the repository.

One expects that these two modifications would have an opposing effect in their contribution

to a failure rate, The delay time until exploratory penetration would be compensated by the

| possibly shorter solutioning times required to bring water in contact with the waste, But since
the delay time required by modification (1) is highly uncertain, the model of a failure from

future exploratory drilling has not been followed up in the present work.
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2,5,4,9 Incorporating Self-Induced Release Modes in the Competing Risk Model -~ The ways
by which the reference repository could adversely affect the long-term stability of its own surround-
ings have been called the "self-induced" release modes (Section 2,4), Study of this class of com-
plex and ill-defined mechanisms for release of waste has been deferred to Appendix 2A of this

chapter, where methods for sorting out the more important modes are proposed and some simu-
lation tools for quantitative studies of identified modes are developed.

It will be seen that the simulation models developed in Appendix 2A are deterministic in
nature: the model results express a unique, physical state of the system (repository + host rocks)
as functions of time. This deterministic nature of the present simulation contrasts with the models
of the so-called external release modes (treated in Subsections 2.5. 4,1 through 2.5.4,7) which
provide estimates of the probability that the system is in a given physical state during a given
interval of time., Granting the need for a uniform, probabilistic treatment of all identified release
modes, the question that arises is: how does one incorporate deterministic results into a proba-
bilistic formalism, such as the Competing Risk Model proposed in Subsection 2,5, 17 One way of

forcing an incorporation is described below,

We first anticipate the developments given in Appendix 2A and briefly describe the essential
features of the simulation model, The latter consists of a system of non-linear, ordinary differ-
ential equations whose independent variables describe the time-dependent state of a highly idealized
{lumped-parameter) repository and its surroundings. During a simulation run, the equations are
numerically integrated to obtain the values assumed by the dependent variables over prescribed
intervals of time., The results of a run are usually plotted or printed to allow for their subsequent

study and interpretation,

Among the many variables that are output by the simulator, the more relevant to the present

discussion are ones that specity the thickness of salt ’ayer removed by solutioning mechanisms.

There are several of these variables because there are several assumed mechanisms in the model:
however, for purpose of illustration, we will assume that there is only one such variable and will
call it {Mt) in this subsection, The first time of waste drift overrun through the mechanism that

generates INt) will be called T, Then it is clear that
T min (t: Dit) 2 113 m: , (2,5, 35)

where 112 m is the approximate thickness of salt separating the waste drifts from the layers of
shale, Though T is not a random variable, a formal cumulative distribution function (cdi) can

still be defined for it, If D(t) is nondecreasing,

0 if D(E) < 113 m
F(t) = PriT < t]| =

1 4f D(t) > 113 m 463 076



In other words, the formal cdf is just the unit step function (defined in 2,5, 4. 1) centered on
113 m.

Once could use the formal cdf given above to derive a formal "failure rate,' though the
result is numerically inconvenient, Instead, we modify the unit step function slightly by introduc-
ing a slope on its front edge and defining a new function:

- 0 if <0
wix) = -:- if 0 <x<e¢ (2, 5, 36)
1 if z2>¢

where ¢ is a small nhumber with the same units as x. If ¢ is small (in this case: if € << 113 m),

then the modification is inessential and one has the numerically tractable, formal cdf,
F(t) = w{D(t) - 113 m] , (2,5,37)
and an associated failure rate, which is explicitly given by

Q(t) = '——rtl)-;-‘-t)—b-r-r if 113 m < D(t) < 113 m + ¢ . (2,5,38)
lc* m - t - * Ko

0 otherwise

r The failure rate, Eq (2,5, 38), could be used in the competing risk model of 2. 5. 1 along with the
failure rates for the external release modes to place all release modes on an equal footing, so to
speak, This would of course reguire that the two codes for im» lementing the two different models
Le combined. The derivative of [Xt) indicated in Eq (2,5, 38 .+ easily computed in the process
of evaluating the derivatives in the differential equations that describe the waste/host rock simu-
lation scheme. A choice of ¢ should be made that reflects the uncertainty in the distance of
overrun by solutioning but is not too small: for the reference repository we suggest that ¢ = 6 m

(or about the vertical dimension of a waste drift),

The method indicated above for incorporating deterministic simulation results into the
competing risk model would permit the parallel exercise of both types of models in an integrated
computer code, This possibility is important for several reasons, but mainly for reasons that

bear upon the needs of model sensitivity analyses. We note that many of the uncertain parameters

appearing in the failure rates for the external release modes (Subsections 2. 5.4, 1 through 2,5.4,7)
also appear in the models of waste/host rock interactions of Appendix 2A: for example, the
specific discharge rate of the aquifers, the mean density of boreholes and the mean density of
fractures. When there are so many statistically dependent parameters common to the models,

a separate sensitivity analysis for each model would be difficult to implement, and might lead to

incorrect conclusions if parameter dependence were ignored.
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2.6 Sample Calculations of External Mode Probabilities

A computer code has been written to implement the competing risk formalism and the failure
rate models described in Section 2.5. The purpose of the code is simply to illustrate the feasibility
of numerical calculations with the formalism at thie stage of development.

Results of a sample calculation with the code are plotted in Figure 2.5.4, which gives the
logarithms (base 10) of the probabilities of release by way of the external release modes versus
the logarithm of elapsed time since site closure. The failure rates derived in Subsections 2. 5.4.1
through 2.5, 4.7 were used in the sample calculation: the values used for the appropriate parame-
ters in the sample calculation ure also the nominal parnmeter values quoted in the subsection
treating each failure rate. A cut-off probability of 107 wu used to delimit the ordinate of
Figure 2.5.4. Thus any mode that does not achieve a computed probability greater than 10 o
within 106 : years is not represented on the plot. This was the case for erosion and meteorite

impact.

No particular conclusions concerning long-term repository stability should be drawn from
‘he results that appear in Figure 2.5.4. Note that these estimates ot probabiluy are highly sen-
sitive to changes ir certain of the parameter values, In turn, the ranges of the parameter values
are uncertain and may be large. These example calculations do, however, point out certain in-
consistencies between the geological assumptions made about the reference site and our choice of
parameters used to illustrate the models. The relatively high ’probabihties achieved for modes (1),
(2) and (4) (respectively: boreholes, voids and fractures, faulting) after 10 years ar- consequences
of a high rate of salt solutioning that is implicit in our choice of aquifer discharge rate and areas
for the several kinds of penetrations of the shale barriers. 1f such a high rate of solutioning had
prevailed at the reference site in the past, then the hypothetical salt lens in which the repository
is placed would probably not be present. The inconsistency serves to emphasize the point that we

are dealing with models that require real data to test their validity.

The most sensitive parameters in the prezent model appear to be the ones specifying a
vo! imetric removal rate of salt from solution cavities initiated through undiscovered boreholes,
undiscovered voids, explosions and faulting. The rates of salt removal were thought to be con-
servative (overestimates) when assigned. However, thig presumption may be wrong. In addition,
the conceptual assumptions made in the models of salt solutioning may be incorrect (see Section

2. 5.3 for a discussion of the salt solution models).
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APPENDIX 2A

Methods of Simulation Analysis Applied to Questions
of Geolegical Stability of the Reference System

2A.1 Introduction

At the present stage of development there is relatively little cohesion between the model
types described earlier in this chapter. Need exists to integrate the several modeling efforts
to: (&) quantify their implications in a comprehensible format, and (b) test for interactions
between different models and for feedback loops connecting two or more process models

Toward this goal several integrating methodologies are available, in principle to define
the scure of such relationships. One of these cousists of various forms of fault tree analysis, in
the broau sense discussed by Barlow and Lambert(zA‘ ”; another is simulation analysis using
some form of the many computer simulation languages available today * The analysis in previous
parts of this chapter explores some of the difficulties in trying to describe a geologic system in
probabilistic terms  These difficulties include: (a) problems of scale-- i e , what are the
physical and temporal bounds of the system which must be analyzed? (b) problems of knowledge --
there is a lack of rigorous numerical constitutive relations for geologic behavior and a lack of
geophysical data and time series to generate probabilities, (c) problems of coupling and feedback-
there is usually no simpie way to take account of complicated interactions using probabilistic
methods, and (d) probabili~tic methods often cbscure some of the common sense physical relation-
ships in the system. Point () is analogous to problems of weather predictions, except that we
have the additional problem of analyzing both the geological system (the geological "weather"
system) and an engineered structure that interacts with and affects geological "weather' changes .
With respect to probability analysis, we also have the problem of generating the geological analog
of the performance characteristics normally supplied for the analysis of engineered structures,
Simulation methods seem necessary to make any substantial progr-ss toward that goal in the
loreseeable future, Geological data colle tion is notoriously slow and difficult by comparison

with engineered systems because of the limited accessibility and long times involved,

-—

We have chosen in this report to use the languaye, DYNAMO, distributed and maintained
by Pugh-Roberts Associates, Inc., Five Lee sureet, Cambridge, Mass., 077'79; see references
2A,4 and 2A, 11,
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24.1.1  Simnlation Models and Geological Perapectives

The method of simulation used in this report was chosen because it is highly developed
in many fields of systems nnalyah‘”"’ and is particularly useful in problems where boundary
conditions and system variables .re poorly known - e g., as in applications to economic
models A 512A. 0 Application to natural systems is not known to us, but the method is
promiging in that context because of the ability to simplify system behavior both conceptually

and mathematically. To us, this approach to geological simulation has the following : dvantages:

1. It does not obscure common sense relations or mask the identity of

simplified functions,

2. It is very easily modified or completely rearranged as experience
accrues on boundary conditions or as other research modifies various

constitutive relations,

3. It provides a united framework against which to view total system

behaviar,
4. It allows for feedback loops of conceptually any length or complexity,

5. By its physical simplicity it keeps the analyat aware of model

limitations that are sometimes lost in a more mathematical format

This last point cannot be overemphasized, We are dealing with idealogical models that simply
reproduce relationships that are either known or reasonably suspected and are permitted to
interact in ways that suggest, but do not predict, how the real world may behave. We repeat

this for emphasis

Simulation cal-ulations of the sort described remind us by their very simplicity that
they are |vat idealized models. They only reproduce phenomena already known or reasonably

suspected and suggest, but do not predict, how the real world may behave.

2A .1.1.1 Questions of Geological Stability -- Three types of questions challenge our

ability to evaluate the containment prtential f a reposgitory sice: (1) How crcurately can we
describe the naturs . changes that affect the Integrity of a given volume of rock over specified
intervals of time rom tens of years to a million yearn? (2) With what confidence can we state
how these natur «l changes will be modified by the distirbances invoked by a radioactive waste
repository? | 3) How comprehensively can we describe and analyze the behavior of the waste
repository tfacility -- an engineered structure which pr “zents problems somewhat analogous in

difficulty to those of nuclear reactor safety studies.
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2A.1.1.2 Strategies cf Sy.items Analysis -- We view the methodology development as an
evolving process dependent on interaction of many analytical methods, The examples cited above

indicate that geological analysis is a key phase without which others may be meaningless exercises,
There may be stages at which analytical progress will be directly contingent on the laborious
process of geological data collection. In the meantime, however, the array of problems that

may have to be addressed geologically can be sorted and organized by the artificial creation of
system structures involving sinulation analyses. These may take the form of detailed geochemical

transport modeling, thermochemical-mechanical interaction simulation, simulations of multiple
dynamic feedback processes, or possibly even some forms of fault-tree/event-tree analyses

when there develops a sufficient understanding of processes to warrant them. Though feedback
simulation is addressed in this part of the chapter, there is no recommendation that it supersede
any other, except in the sense of explorir: new terrain for study and in the possibility of providing
a communications medium for coordinating other techniques,

2A.1.1,3 Role of Approximations in Systems Analysis -- Approximations are implicit,

though often hidden, in all analytical efforts however sophisticated the final product may appear,
To address analytical goals of system behavior, the system must be defined in terms of consistent
relationships between the dimensional scales of the phenomena involved, For instance, in
petrography we do not go directly to the oil immersion lens or scanning electron microscope,
First we examine the rock in the field setting, in hand specimen, in rough cut, in bino ular

field, petrographic microscope, etc,, sometimes winding up with highly frcused and sophisticated
x-ray structure analysis of one of the mineral graine, There are many levels of meaning and
information at all stages of this process which inter act and potentially form part of what we call
our knowledge of that rock, Even this multistage process is a small part of the total effort,
There are chemistry, geochronology, physical property measurements, other field surveys

(such as provided by mapping, paleontological and geophysical technignes), and . ¢ forth,

The point is that numerical simulation analysis consists of similar hierarchies of
@.oort,  The recor: aissance survey is often of crucial impeitance in either the actual or simulation

¢a 5 to the value o any highly sophisticated analysis,

Taken together, these questions pose a problem of incredible intricacy No unequivoe~"
statement seems possible concerning the precise nature of future svstem states. With respect
to question (1) alone, our understanding cf ...~ ~omposite history of any given geologiral site on
this dynamic planet is insufficient to give evaluations otner than by educated opinion or assertion.
Entire continents are postulated to move distances commensurate wih their half-widths on time
scales of the order of 100 million vear- . To be sure, old rocks of relatively undisturbed character
exist, but the -ocks that are now of entirely different character or have been chemically broken
down, dispersed and reconstituted in various w ys were once represented by st *2g resembling
these so-called stable rock types. The problem is that usually we are not able to say exactly

whe -~ and when these changes have taken place or will take place. An example pertinent to this
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report is shown by 200 million-year-old salt beds that still exist today, except for those beds

that have been partly or totally dissolved away. This would be a conundrum but for the traces

derived from indirect geological deductions based on local and regional studies of structural, :
geochemical, stratigraphic, and geochronological continuity .

Another case in point is the phenomenon of the 1 8 billion-year-old "fossil nuclear
reactor ' Oklo in the Republic of Gabon. 2A.3) pie natural site tion demonstrates the potential
retention capacity of some geological settings. Oklo, however, also illustrates some of the
above questions. With what assurance can we state that another site has exactly the same
characteristics > Although "most' of the fission products generated at Oklo have been retained,
what precisely is that amount and what is the geometric scale of dispersal of the percentage
lost? ls it poasible to say what percentage of the radionuclides reached surface waters? Is
there any major distinction between 10 percent, 1 percent, etc , from the staadpoint of potential
pathways to humans? An event of major chemical alteration apparently affected some of the
Oklo rocks about 10 million years ago (Ref. 2A 3, p. 257). Could that have been predicted at a

million years or less before its occurrence”

The point concerning Oklo is that evidence of radionuelide retention does not necessarily
answer the more relevant questions concerning conditions and mechanisms of fractional loss,
It does demonstrate, however, that geological data, if extensive enough, can delimit a time-space

framework against which evaluations of dispersal mechanisms can be tested,

Another aspect of geological stability is that macroscopic chemical integrity is possible
even though there has been extensive chemical exchange at the levels of trace element concentra~
tions (e.g , less than parts per thousand; see Ref, 2A.15), The fact that a rock has existed with
mineralogical and textural integrity fo. . long time is not in itself admissable testimony to its
chemical integrity, Documentation of the sort partially compiled for Oklo is essential to such
claims . The opportunity to document analogous cases for other geological media exists at the
sites of past underground nuclear explosions {e.g., the Gnome Site near Carlsbad, N. M, which
is in rocks similar to those of another site in that vicinity which is being considered for a possible

radioactive waste facility).

In ony view the most important, and seemingly contradictory, value of approximate
{"lumped parameter ') analyses, is that the very nature of the gimplifications used for numerical
relationghips enforces the reminder that numerical simulation under any circumstance is an

approximation technique, We are continuously warned against belivving the result simply because
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we know that the primary relationships themselves are incomplete approximations, 'Belief' is
often a subtle and powerful tendency when great effort and intricacy has gone into building a sophis-
ticated model, *

It is usually easier to change or abandon parts of a DYNAMO simulation, for example,
than it is to change or abandon results of sophisticated finite difference or finite element modeling,
Reconnaissance calculations also are many times faster and much cheaper, A hundred DY!.AMO
runs involving many coupled phenomena can be made probably with less expenditure of time and
money than one relatively refined (but still incomplete) three-dimensional heat conduction calculation
{(presupposing similar levels of prior analytical experience and insight in the twc casez), In
either case the greatest time, effort, and importance goes into "'setting up the problem :¢
formulating the ideas and numerical content of the system structure, Once a question can he
addressed hypothetically or approximately, however, simulation languages like DYNAMO can
give conditional answers very quickly,

2A.1,1.4 Conceptual Importance of Feedback Phenomena -- There are three general

categories of functional relationships important to system behavior: (a) independent phencmena,
() directly coupled phenomena, and (c) phenomena that are part of feedback cycles, These
categories are artificial in the sense that (b) may partly imply (a), and (¢) usually involves
aspects of both (a) and ),

Independence was assumed, for example, in the probabilistic discussion cf this
report (Section 2,5) and requires no further explanation here, However, one qualification s
offered, Events or processes that can be treated in isolation from other events or processes in
one time-space framework may be influenced by feedback mechanisms on other sca’es of behavior,
A patently distorted, but graphic, example of this sort of effect can be imagined relative to
meteorite impact, Suppose that the current incidence of impacts were sufficient to effect changes
in the earth's orbital parameters so as to bring it into more direct intersection with asteroid
orbits which resulted in much higher incidences of meteorite impacts? The independence of the
event is no longer defined only by external conditions, In this case the energy and time scales
indicate that the effect is inappropriate to the scale of our problem, but the existence of this type
of behavior requires diligent searching for analogous cases that may be relevant, Other large-
scale examples can be found in relationships between atmospheric circulation, elimate, and

vegetation zones,

¥
There is a major distinction between building an isolated sophisticated model and a

sophisticated numerical scheme that is capable of rigorous calculations involving many variables,
The latter is used in ¢onjunction with reconnaissance techniques and field obscrvations to force
part of the analysis to its logically rigorous conclusion if justification exists, This capability
(like the transport modeling capability described in the main report) will be of crucial importance
to any future abilities to make more specific statements, The rougher structural framework,
however, remains as a check on tendencies to follow this special path to the exclusion of others,
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Coupled phenomena represent the class of problems most often encountered in
engineered systems, For example, flow of the working fluid in some sort of chemical reactor
may influence the behavior of other parts of the system by heat and/or chi mical transfers, but
the resulting changes in behavior may have no reciprecal influence on the thermal or chemical
gources. Evaluation of the consequences is in practice often difficult and intricate, but it is
relatively straightforward,

Feedback phencmena exist in a varicty of forms, There are types involving phenomena
that are also highly coupled and types involviag remote and circuitous paths, We can never say
that we have discovered all of the latter, Lut we must continue to look for their existence if we
are to cperats by other than blind faith in functional independence, Feedback may be positive (or
regenerative) leading to unstahle system states, or negative tending toward steady or equilibrium

states,

An example of a aighly coupled feedback phenomenon that is eazily grasped and
documented, and i1s of potentially major concern to the behavior of mechanical systems, consists
of the relation between mechanical work, dissipation as heat, and thermal effects on system
properties. In many cases a feedback loop is established in which the mechanical work rate
itself becomes influenced by this chain of events, thereby perpetuating the cyzle, The situation
is easily visualized in the flow of viscous liquids, particularly as it has been placed in dimensional

perspective by Gruntfest, #4.6,7)

Here the heat generated by frictional resistances in viscous
flov decreases the viscosity and thereby increases the flow rate, the local heat generation rate,
and the rate of decrease of viscosgity for a given driving potential, This sort of positive feedback

eycle is highly unstable,

Positive thermal feedback phenomena have been shown to be important to the flow
behavior of rocks at high temperatures and pressures by scveral workers (see Ref, 2A,12 for
relationsh:ps Setween melting and deformation phenomena), Since we are concerned with rock
deformation in connection with repository stability, a simple test of this sort of feedback was
performed relative to possible stresses and deformation rates that could be encountered in a
repository in a bedded salt deposit, At shallow depths, low stress differences and temperatures
in the neighborhood of 100°C {+10°C), energy balance calculations indicate that the time scale
of a possible thermal feedback instability is much greater than the time scale of interest (i,e.,
>>1 million years). Hence we conclude that the laboratory and the in situ field measurements
concerning behavior of salt deformation are applicable to salt deposits at shallow depths and low

stress concentrations to the extent that other sorts of phenomena are not involved, *

—
Thermal feedback effects become enhanced av higher pressures and temper 3, Q%T
hence further analyses are indicated relative to behavior of large-scale salt diupirisr&. )
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Several other phenomena in salt deposits appear to call for feedback analyses which we
have not performed, Important among these are the behavior of fluid inclusions and possible
interactions between the chemical stability of mineral hydrous phases and the mechanical pro-
perties of the rocks,

The migration of fluid inclusions in salt caused by thermal gradients is known to
represent a form of feedback (Ref, 2A.2, p, 164), Without going into details, the temperature
dependence of the solubility of salt in liquid water leads to inclusion migration up the thermal
gradient, This effect is countered by an invers= solubility relation if temperatures become
high enough to form a vapor phase, In that case the migration tendency is reversed and inclusion
distributions in principle would become stabilized, This would seem to represent a form of
negative feedback tending toward dynamic equilibrium and quasisteady inclusion distributions,

In our opinion, however, the reality of this conclusion is not completely established, and further
work is needed from the standpoint of mechanical interactions and relation to temperature
nistorles. This report has given attention only to some questions of potentially greater whole-
sale consequences,

2A,1,2 Numerical Simulation Methods

2A,1,2.1 Choice of Simulation Language -- Several simulation languages are in wide-

spread use., We have chosen DYNAMO as the initial vehicle because of immediate availability,
simplicity, and convenience of operation, We plan to explore the possibility of using GASP
“.(QA 30 or other such languages, that offer greater options for handling digcrete and discon-

tinuous phenomena,

2A,1.2.2 Characteristics of DYNAMO -~ DYNAMO is a computer technique for the
ordering and approximate solution of sets of ordinary differential equations, Its advantages stem

from many years of widespread use and consequently many built-in conveniences involving
automatic equation ordering, internal tests for consistency and redundancy, automatic or
specified plotting limits, relatively complete and convenient error nessages, speed, and flexi-
bility, The equations are essentially statements concerning quantities (Level Equations), their
rates of change (Rate Equations), and statements concerning any other relaticnships required to
define the Rate and lLevel Equations (Auxiliary Equations),

The calculation consists of evaluation of all Auxiliary Equations at a given time based
on previous statements for the Levels (obtained either from specified initial values or previous
calculations) followed by calculations of the Rate Equations and their inputs to the Level

quantities over some specified time change, The output is in a form displaying the continuous
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functions (ten functions at a time can be pl~. d),* Depending on purpose, it may be desired to
compare different functions on the same plot or the same function with several choices of para-
meter variations, In the latter case one need only be sure that the equations are uniquely
specified for the different choices, Equation listings for examples of the two modes are given
in the section or results,

Although time is plotted linearly, the effect of logarithmic variation can be examined
by means of repeated calculations with lengths and plotting periods progressively increasing,
for example, by factors of ten, A time sequence can thereby be pieced together which
simultaneously (llustrates on the same plot contrasts of short-term and long-term variations
of the prescribed sets of quantities,

More complete descriptions and instructions for DYNAMO are given in Refs 2A 4 and
2A.11, With these guides in hand, the more specific characteristics of DYNAMO are quickly
picked up by making test runs of functional behavior using test problems with real or invented

equations,

2A.2 Reference System for DYNAMO Simulation

The refecence system used for DYNAMO calculations is similar to that described in Chapter 1,
Any differences reflect approximations assumed for the sake of illustrating numerical capability,

All numerical quantities and relationships in this report are subject to review, correction, or

revision,

2A.2,1 Rudimentary Geometric Structure

The gimplified reference system is shown in Figure 2A.1, The approach is to portray
as many physically meaningful relationships as possible with the fewest possible geometric
constraints. In other words, as many parameters as possible are lumped into relationships that
approximate general behavior as though describing u one-cell model, For example, heat distri-
butions are treated only in terms of conservative input-output balances for a single volume
element, As will be shown, considerable information is obtained from such a simplistic "model”
even though little spatial detail is available, The latter sort of information is independently
available from the multi=cell modeling techniques (thermal-elastic modeling and transport
modeling). Comparison with DYNAMO results ghown later illustrates the degree of approximation
available from ti.e one-cell approach and reinforces our position that several different integrated

techniques are needed to build understanding of system performance,

The fact that the functions are continuous is sometimes an apparent drawback, [t is possible,
however, by judicious consideration of system structure to simulate discontinuities by continuous
but rapidly changing functions, Many kinds of variation can be considered so long as care is used
in choices of time steps and in checks for physical plausibility, etc,
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igure 2A.1, Simulation Reference Volume for DYNAMO

Other relationships such as thermal expansion uplift, compaction, subsidence, cracking
and so forth are also lumped or averaged over the same volume element, The form of these

approximations will be evident when the system equations are defined,

The several groundwater pathways schematically portrayed in Figure 2A 1 are used
only to guide the form of potential access of water to the salt horizons, Mass transport mechaniams
appropriate to a given path are then examined for their potential magnitude limits, The potential
reality of these conditions are subject to other considerations (further modeling, geological data
synthesis, etc.), Our general im will be revealed more clearly when we describe flow diagrams

of functional system structure.

2A.2.2 Capabilities of increased Geometric Complexity Using DYNAMO

There is no theoretical restriction on the number of cells that might be defined for feed-
back calculations, We feel that such refinements should only be attempted, however, when the
system interactions of interest are well known in the lumped parameter mode so that deviations
originating in geometric factors (including variations of physical properties, etc,) can be
meaningfully isolated. Therefore, we restrain our calculations to aspects that are, or may be,
generically meaningful in the absence of spatial detail, recognizing that greater detail is obtainable
at a price, The price is not primarily computer time and money, but the potential distraction of
analysis from pursuit of unexplored causal relationships for the sake of numerical precision in

relationships that are only partially understood,
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There are times, however, when detail may be very important ‘0 other aspects of
feedback approximation if aystem responses are sensitive to, or triggered by, small fluctuations
in some specific variable (e, g., temperature), Recognition of such situations inevitably depends
an the insight of the analyst, Again, this emphasizes the need for parallel and simultaneous
analytical tools,

2A.3 Systems Diagrams

The beginning of any numerical simulation consists of organizing the active functional
relationships. For consistency with DYNAMO and previous practice, we have used the form of

systems diagram and symbols described by Forrester, 3.4

2A.3,1 Descriptive System

An attempt is made to verbally describe the nature of the reference system structure
as it is viewed from the standpoint of potential feedback relationships, The terms described in
Section 2A.3.1.1 are given no quantitative values, Explicit terms for numerical work are

defined in Section 2A.,3,2,

2A,3,1,1 System Structure == Figure 2A, 2 shows a schematic diagram of system structure

as it pertains to questions addressed to the reference system shown in Figure 2A.1. Minimum
complexity is again emphasized. An effort is made to involve the fewest possible level and Rate
Equations that still might be capable of identifying processes in the schematic system affecting
geological stability and radionuclide dispersal. Actuai mechanisms of dispersal, however, have
not been addressed in the numerical demonstrations subsequently described, because considerably
more elfor: is desirable in probing the kinds of behavior symbolized in the lower portions of the
diagram. Currently, we have only studied some questions relevant to possible access of ground-

water 10 the salt horizons of Figure 2A.1,

The Levels of Figure 2A,2 (rectangles) are mostly self-explanatory and simply
represent conservation statements concerning the respective quantities, Most of the Levels are
composite, For example, the mechanical work (MW) Level represents several effects such as
thermal expansion (TE), compaction (C), work of earthquakes a 1 faulting (EF), and other

mechanical work terms (OMW),

The ways in which the levels are organized depends on the aim of the analysis, Our
idea in this particular scheme is to explore various eftects on potential groundwater access to the
repository, Levels labeled FRACTURES and OPENINGS are separated because, in principle,
fracturing does not necessarily create porosity (in fact, it could create barriers to flow with con-

gequent ma or changes in flow paths),
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The interactions portrayed in Figure 2A,2 involve effects of the following general
kinds: (1) effects of radionuclide decay on thermal mechanical and chemical states, (2) effects of
mining and backfill properties on lithologic integrity, porosity and compaction, (3) effects of these
work mechanisms and faulting mechanisms on fracturing, (4) the above compoasite effects on rock
openings, (3) composite effects on groundwater quantities and flow states, (8) effects of ground-
water on rock apenings via influences on mechanical and chemical properties (particularly salt
solubility in the context of the reference system), (7) effects of all processes on the potential
access of groundwater to radionuclides and rates of their incorporation in the groundwater system,
and (8) net effects on dispersal of radionuclides out of the system via either aquifer or surface

water pathwavsa,

Changes in the above relations are schematically described by a series of rate
equations that govern input-output balances via the schematic valve symbols, The source-sink
“eloud" symbols simply indicate that the quantity may relate to mass and energy reservoirs of
different kinds that are defined outside the system; physically, they remind us of various possible
initial conditions, boundary conditions, and time dependent influences of external origins (changes
in geothermal flux, tectonic effects, and 50 on), Some types of point events (e, g., meteorite
impact) and intermittent or pulse events (e,g,, earthquakes) might be crudely approximated
as to very simplified conzequences using DYNAMO, but this is an area of simulation technique

that needs innovative research attention,

Level and Rate Equations are related by sets of Auxiliary Fquations, In a completed
diagram the interrelautionships are displayed by a network of dashed Information Lines, In
Figure 2A,2, the Auxiliary Equations are completely lumped in one general symbol for each
Level; many different kinds of functions are implied by each symbal, Here the Information Lines
are ghown only to indicate their purpose; i,e,, the Information Lines of Figure 2A,2 are not
complete and are not necessarily even rigorously correct, We have included some iniprobable
connections to emphasize that faet, It ls suggested that other persons involved in the analysis of
radioactive waste management study this diagram or reconstruct others of their own in terms of

attempts to identify functional dependencies, *

-

The Information [.ine between RNSW and SWA | for example, may be misleading in the
present piysical context. The amount of radionuclides in surface waters is not expected to have
an effect on the hydrology, unleas there is a bizarre effect like influence on growth of massive

algae deposits that influence stream flow, Effects of radionuclide interactions on agquifer properties

are possibly less farfetched {e,g,, as regards heat),




The symbols for the Auxiliaries in Figure 2A,2 are simply the Level symbols
followed by A, Later on, the terms included in the various equations will be assigned specific
descriptive name symbols, Symbols in the schematic Rate Equations are .lso the same as the
Level symbols, with the following additions:

HRN

HT
GF

HMW

TE

C

EF

OMW

RSP

OC

PH

FG

sC

ST

R

'

Heat produced by RadioNuclides as originally placed in the
repository,
Heat Transfer by conduction and convection,

Geothermal Flux balances,

Heat produced by dissipation of Mechanical Work.
Note: Dissipation ig included as an example of an
input that might be overlooked; as discussed in the
text, this term probably is not significant in the
context of the general balances relative to the
conditions of the reference system

Thermal Expansion (in context of reference system,
this takes the form of uplift)

Compaction of pore space (such as produced by residual
porosity of mining activities, salt dissolution, etc )

Tectonic energy induced by Earthquakes and/or Faulting.

Other Mechanical Work (e, g , induced by buoyancy forces
of various origins).

Rock Solubility Parameters (mineralcgical phases present,
their stabilities, solution properties, etc )

Openings Connectivity (in part overlaps with FG).

Pressure Head (in present context defined externally by

reference tc hydrologic modeling; see discussion in Chapter 3).

Flow Guides (in present context, identified by geometric structure
and specified assumptions relative to Figure 2A 1! . -petitive
modeling of hydrologic options is essential to sorting the relative

importances of artificially imposed flow conditions ),

Solute Concentration (as it affects solubility, hydraulic properties
of water, thermodynamic stabilities of minerals and so on).

Source Terms (local conditions of water access to canisters,

canister stability, leaching, etc )
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FTP - Fluid Transport Properties (relative to hydrology,
radionuclide distributions influenced by distribution
coefficients, etc ).

AW = Aquifer Water thydrologic factors in aquifer flows),

SW - Surface Water (hydrologic factors in surface flows).

Inspection will show that this is not a comprehensive list of the Rate Equations and variables,
It is given to indicate the general idea and to stimulate searches for the relevant vai lables and

thelr interdependencies.

Closer inspection of Figure 2A 2 will disclose various types of potential Feedback
Loops. Possibly, the most conspicuous type of feedback is of the sort already described (e. g, ,
mechanical work-heat cycles). Another fundamental kind is the effect of a Level quantity on the
rate of change of that quantity In one way or another this form of feedback affects every Level
For example, the amount of heat stored in the reference system atfects the rate of heat loss and
hence the subsequent heat quantity. The amount of mechanical deformation (relative to some
initial reference configuration) performed on a system influences the mechanical states and
properties of the rocks of the system, hence the future mechanical work rates, Similar statements
are true of fracturi g .nd production of rock openings. Groundwater quantities influence future
Level states via ¢...sequent hydrologic flow rates. Radionuclide quantities in solution influence

future rates of incorporation by depletion of the finite source. and 8o on,

Many types of indirect Feedback Loops can be found by careful study of diagrams
like Figure 24 2. Formally, all closed circuits in the directions of Information Arrows represent
Feedback Loops. There is virtually an infinity of involutions ~d convolutions of these possible
connections, The problem forced on us by questions of radioactive waste containment in geological
media is to find the dominant loops and to understand their magnitude-time relations as regards
geological stability, Diligent and repetitive construction of such Systems Diagrams, Information

Lines, and Feedback Loops assists these hierarchical sorting processes.

Only two indirect Feedback Loops will be mentioned as tyy examples. The first of
these is very simple to understand, but it is the most indirect and is quantitatively contingent
on some form of numerical solution of all system variables which has not been accomplished to
this date. Starting with the Heat Level on the lower right of the diagram, Information Lines can
be traced through the entire diagram and back to the Heat Level, That is, the amount and distri-
bution of heat generation by radioactivity simply depends on what happens to the radionuclides other
than simple decay in their original configurations. From the standpoint of the overall system
this represents a Negative Feedback Loop tending toward thermal equilibrium ., This conclusion,

however, should not encourage complacency concerning other forms of potential thermal feedback,

a%
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Local Positive Feedback Loops of thermal origins are conceivable within this system-wide
negative feedback cycle (a simple case being thermally induced chemical reactions triggered by
transport of hot solutions),

- The second specific example considers feedback between Mechanical Work, Fracturing,
Openings and Groundwater, The Heat Level is an input via Thermal Expansion (TE) and via the

3 temperature dependence of mechanical properties. Hydrologic parameters, in particular the
Pregsure Head (PH), can be defined outside this particular subsystem, but it should be possible
to incorporate the hydrology as part of the Feedback Loop by judicious iterations in sequence
with the Hydrologic Transport Model of this Report (Chapter 3).

The main feedback of this artificial subsystem, which will be referred to as the
H-MW -F-0-GW Sector, is a consequence of salt solubility and brine transpurt, The feedback is
strongly positive, The rest of this appendix, other than the section on Recommendations, deals

with numerical approximationz for this Sector,

2A.3.2 Specific Diagram and Equations for the H-MW-F-O-GW Sector
The bottom half of the system diagram of Figure 2A,? is redrawn more explicitly in
Figure 2A,3, For practical reasons, some Levels, particularly M echanical Work, were sub-
i divided into several Levels, The remainder of Section 2A,3 identi’ies the respective equations
within a DYNAMO format, without going into their physical content., Section 24,4 discusses the
l physical approximations and dimensional content of the equations and #‘tempts to identify their

limitations, Section 2A,5 gives the computer results,

2A,3,2,1 Heat Level -~ Letter symbols at the left margin for each equation shown in the
following paragraphs indicate its type: L evel (L), Rate (R), Auxiliary (A), Constant (C), Initial
Value (N), Table (T), Supplementary (S), Continuation (X).

L H,K, H,J+« DT*HINR,JK - HOUTR.JK) HEAT

The indices J, K, L refer, respectively to an immediately preceding time (J), the current
time (K) and immediate future time (1.), The time step of the calculations is DT and corresponds
in length to the past interval (JK) and future interval (KL), Algebraic symbols are standard,
except that the asterisk indicates multiplication, For algebraic conventions and other elabor. tions

(2A.11) (2A.4)

of equation writing for DYNAMO, see Pugh and Forrester,

Te s + : 403 0(‘.‘6
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Figure 2A.3. System Diagram for H-MW-F-0O-CW S

The active equations for the Hea' Level are as follows {in this sectic dations are
simply named without derivations or dimensional quantities; where equations coula wut be completed

without discussion of physical principles, their types are indicated parenthetically - sec 5o~ 4)

R HINR,KL - DUP*FD. K HEAT INPUT RATE

A FD,K - (Table function) FRACTIONAL DECAY

¢ DCP = {Constant) DINMENSIONAL CONSTANT FOR THERMAL POWER

R HOUTR.KL - DELAY (SHLR.JK, DSHF) HEAT OUTPUT RATE
{(Nate: "DELAY" refers to huilt=in DYNAMO functions that introduce
delayed respongses of output to input functions; see Ref, 9,4, Chapter 9)

R SHLR, Ki. = (Analytic function) STEADY HEAT LOSS RATE

® DSHE = (Time Constant) DELAY OF SURFACE HEAT FLUX
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2A,3,2,2 Thermal Expansion Level -« Thermal expansion is, of course, directly coupled
with the Heat lLevel via equations of the following type:

L TE.K - TE.J + DT*TER.JK) THERMAL EXPANSION UPLIFT

R TER,KL : UEC*HINR,JK - HOUTR, JK)*HC THERMAL EXPANSION RAT.
C  UEC - (Constant) UNIT EXPANSION COEFFICIENT

€ HC - (Constant) HEAT CAPACITY (AVERAGE)

2A,3,2,3 Compaction Level -- Compaction refers primarily to average vertical dis=-
placements caused by collapse of pore space in the salt horizons due to the weight of the overburden
A ta; the pore space arises from both mining activities and imagined salt solutioning mechanisms,
1. . egnations are written for the one-dimensional case as follows:

L CL.K = MCL,J - LPV.,J COMPACTION LENGTH

A MCL.K - (Constant + Output of Solution Openings Level
MAXIMUM COMPACTION LENGTH

L LPV.K - LPV.J + DT* (LPVCR, JK) LINEAR PORE VOLUME

R LPVCR.KL - (Analytic + Table Functions) LINEAR PORE VOLUME
COMPACTION RATE

2A,3,2,4 Net Displacement Level ~- This Level represents simple algebraic summation

of the Thermal Expansion and Compaction Levels:
L NEC.K: TE. K- CL.K NET EXPANSION MINUS COMPACTION

2A,.3.2,6 Fracturing Levels == In any rigorous analysis, this composite Level involves

many intricate and complex phenomena which in themselves depend on other forms of interactica
and feedback not explicitly represented in the simplistic system structures of Figures 2A. 2 and
2A.3. In order to carry through with the demonstration, these relations have been given con-
ditional roles. For the purposes of the feedbac’. demonstration, the dominant relation appears to
be the connection between net vertical di' placements (NEC) and fracturing:

L. NECC,K - NECC,J + DT*CREC, JK) NET EXP \NSION COMPACTION
CRACKING

S =
o |
LN

(9
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R CREC,KL - (Analytic function of NEC,K) CRACKING RATE FROM
EXPANSION AND COMPACTION

I CTLF.K =+ CTLF.J + DT*CRF.JK) CRACK TRACE LENGTH FROM,
FAULTING

o CRF, KL = (Analytic function of external sources)
CRACKING RATE FROM FAULTING

2A,3,2,6 Solution Openings Level == The production of openings by salt dissolution is
explored artificially by means of assumed pathways like those shown in Figure 2A.1 using externally
defined hydrologic parameters. Each of these modes requires internally consistent madeling to
ascertain pressure-velocity relations and pathways resulting from special permeability distributions
such as are caused by fracture networks and solution cavities. solutioning, however, depends on

some of the following specialized forms of transport:
| SO.K - 80,J + DT*O} 3B, 'K + ORSCUA, K <« ORSCLAS,JK
+ ORSEDLA . JK’ SOLUTION OF ININGS

R ORSD. KL - (Analytic function of fracture « jenings) OPENING
RATE FROM SOLUTIONING BY DIFFUSION

R ORSCUA, KL - (Analytic function of fracture openings)
OPENING RATE FROM SOLUTIONING BY CONVECTION TO
UPPER AQUIFER

R ORSCLAS. KL - (Analytic function of fracture openings)
OPENING RATE FROM SOLUTIONING BY CONVECTION FROM

LOWER AQUIFER TO SURFACE

R ORSEDLA.KL = (Analytic function of fracture openings)
OPENING RATE FROM SOLUTIONING BY EDDY DIFFUSION

TO LOWER AQUIFER
ACLS.K - SO.K/SA  AVERAGE COMPACTION LENGTH FROM SOLUTIONING
SA - (Constant) SURFACE AREA (REPOSITORY)
MCL, K = BMCL + ACLS, K MAXIMUM COMPACTION LENGTH

BMCL = (Constant) BACKFILL MAXIMUM COMPACTION LENGTH

R ———
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2A.3,2,7 Dominant Feedback Loops Investigated in the H-MW-F-O-GW Sector -- Two loops
are considered. In the first loop, lHeat affects Thermal Expansion (TE) directly and Compaction
(C) indirectly via influence on the effective viscous response of a porous salt medium (EVISC) to
loading. The Net Displacement (NEC) affects Fracturing (F) by directly coupled responses;
Fracturing is additionally affected by externally defined inputs from Faulting (CRF). The amount
of Fracturing affects Solutioning (SO) which affects the amount of pore space (L.PV) available for
renewed Compaction (C). At this stage a Positive Feedback Loop is established and the solutioning
effects progressively increase.

The second loop considers the effect of the transport cycle on the cooling history
(HOUTR) and hence on the TE-NEC-F-S0-C locop, This coupling has not been examined in detail
to date, however, because the solutioning feedback is so strong that small perturbations are
sufficient to set it in motion, This latter point is explored quantitatively in Section 5 on Computer
Caleulations, Groundwater effects on coaling have been studied using the Hydrologic Transport
Model of Chapter 3. Heat transfer by groundwater is very ‘mportant to the long term cooling
history but does not significantly influence early thermal effects relative to the feedback processes
discussed in this section,

2A.4 Physical Content of System Equations

2A. 4.1 The Basic Assumption

The working principle adopted for the trial calculations was to keep them simple
enough that the roles of the individual effects could be detected “vhen the composite system was
permitted to interact, Thus, heat transfer functions mechanical equations of state, etc., are
simplistic without being totally hypothetical, Rock properties are essentially those of the

reference site: for convenience, rock properties are listed in Table 2A.1,

2A,4.2 Simplified Physical Relationships

The equation forms are described o words and then in DYNAMO format (i,e,, as typed
on computer input cards); quantities usually are in ¢, g,s. {centimeter, gram, second) units which
are then scaled to dimensions more suitable to the scope of the problem (meters, kilometers,

vears, etc), DYNAMO equations are normally labeled with their numerical units,

2A.4.2.1 Heat Inpu - Heat input (HINR) is determinzd from the waste load specifications
given in Chapter 1., I* ig expressed as a Table Function of decay fraction versus time which s
multiplied by a dimensional constant representing the assumed initial thermal power:

HINR = (sec/yri){Initial Power; watts/acre)(Fractional Decay Table)
(joules /call{sq.cm/acre)(Depth to Source;cm){Density;gm/cu,cm, )

cal/gm/yr,
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For an Initial Power of 61 kw/acre, this function in DYNAMO
is written:
R HINR,KL = 0,004*FD, K RN POWER (CAL./GM/YR)

The Dimensional Coefficient of Power (DCP = 0,004 cal/gm/yr) is an amount that would produce
an initial average thermal rise in overlying rock of roughly 1/2°C per year, a rate which rapdily
decreases with time because of radionuclide decay, This decay is described by the nondimensional

ratio:

. Thermal Power at TIME

e Initial Thermal Power

Note: TIME is the built-in DYNAMO name for the value of time starting from
a specified zero, or from a specified initial value,

For the numerical work, a TABLE Function was generated in DYNAMO Language
making use of Auxiliary relations for logarithmic transformation (see the DYNAMO User's
Manual; Ref, 2A,11), where N at the left margin indicates an Initial Value Equation and T
indicates the values of the TABLE Function; X indicates a Continuation Card when more than one

card is needed to list the values,

A FD.K = EXP(2.303 *LOGFD, K) RN DECAY FRACTION
N FD=1.0

A LOGFD.K = TABLE(FDTAB,LOGT.K,0, 6, 0.5) LOGTEN DECAY FRACTION

Note: The values of FDTAB are LOG10 values of FD at values of LOGm TIME

ranging from 1 to 106 years at intervals of LOGm TIME = 0,5,

T FDTAB :0/-0,03/-0,11/-0,38/-1.00/-1,80/-2,17/-2,51/-2, 80/
X -3,84/-4.0/-4.0 LOGTEN DECAY FRACTION TABLE
Note: Any date identifies a particular set of data when more than one set is
used in the same context,
A LOGT.K » LOGN(TIME,K)/2,303 LOGTEN TIME (YEARS)
Note: The built-in Log function in DYNAMO, LOGN, is to the Base e,
N LOGT -0

Note: The starting time for DYNAMO runs as displayed here is at 1 year;
initializing the TIME depends on the problem scale of interest,
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2A,4,2.2 Heat &--Hucomhn&hutsourceventurmdonat'rma=ona
specified depth in the earth, a steady-state heat flow from source to surface would be approached
in a time given roughly by the ratio (depth;cm) /{Avg, Thermal Diffusivity Rock: em I sec), The
source depth of roughly 600 m (see Chapter 1) indicates that this characteristic time would be of
the order 10,000 vears, although detectable surface loss would begin at a time of the order of
1000 years,

Thig zimple test gives an idea of the time delay involved in the average thermal
response, though the actual heat source decreases with time, The response near the repository
level is, of course, much faster and requires detailed calculations of transient heat transfer
rechanisms, The point is that a range of delay functions is indicated by this kind of relation
that will give an idea of thermal responses over different length scales, Some of these choices
are displayed later and are compared with the more complete calculations,

For an initial estimate, we let the output be defined as proportional to twice the
mean temperature (e, g., as though the steady gradient were linear between a surface at 20°C and
the repository source), We also imposed an initial geothermal gradient of 20°C/km and assumed
that all radioactive heat iz eventually lost to the surface, This means that the initial temperature
at the repository depth is 32°C, for a surface temperature of 20°C, and the initial mean
temperature is 26°C,

The mean temperature is given by the mean heat content divided by the mean heat

capacity. This defines the initial value for the Heat Level:

i - (Mean Temperature;*C)(Mean Heat Capacity;cal/gm/°*C)

N H 5.2 CAL/GM INITIAL HEAT (MTEMP - 26°C)

Thus, the Heat output in the steady state can be written as Steady Heat Loss Rate
(SHLR) (note that the geothermal flux is both input and output and therefore cancels out):

(2) (Mean Heat Content; cal/gm) (Thermal C nnducuvxg. cal/cm/sec/>C) (sec/yr)
{Heat Capacity; cal/gm/*CHDepth to Source; cm)2(Density: gm/cu em)

SHLR -

. (Steady Geothermal Flux; cal/sq cm/sec) (sec/yr) | cal/gm/yr
(Depth to Source; cm) (Density: gm/cu em)
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which in DYNAMO becnmes the approximate equation (using averages of physical properties from
Table 2A,1):

R SHLR.KIL = 25 ,0%(H,K-4,0)/1,32E5-%,273 E-4
STEADY HEAT LOSS RATE (CAL/GM/YR)

N SHLR -0

The Heat Output Rate is then related to SHLR by means of a Delay function, The
sharpness of the output wave can be determined by the order of the Delay, For these preliminary
purposes a third-order Delay illustrates the general form of the therma! history (The mathematical
structure of the Delay function in terms of Levels and Rates is described graphically and numerically
by Forrester, Ref. 2A 4, Chapter 8):

R HOUTR.XL - DELAY3 (SHLR,JK, DSHF) HEAT LOSS RATE (CAL/GM/YR)

N HOUTR =0
Note: The expected initial value is oftcn written only as a reminder to check the
numerical printout for internal consistency; DYNAMO automatically
initializes if equations are complete,

C DSHF - 1000 YRS DELAY SURFACE HEAT FLUX
Note: We experimented with delays of various lengths and order, The values
used are indicated in the equation listings for particular calculations
cited later, The terms in parentheses on the right of HOUTR represent
the input and delay intervals in three cascaded first-order delays, each
with intervals DSHF/3.

The above equations define the Heat Level at subsequent time intervals, from which
the updated values of mean temperature are calculated;

A MTEMP.K « (H.K-4,0)/0,2 +20 MEAN TEMP FOR STEMP = 20°C

N MTEMP -26 DEGC

Although the implied surface heat flux is already computed by the above equations,
it is sometimes convenient to write it (or other output variables) in other forms, For this purpose
Supplementary Equations can be written for printing and plotting purposes which otherwise play
no active role in the computations, For example, the Surface Heat Flux in units of geological

heat flow units (microcalories per square cm per sec) i written as follows:

S SURFLX.K - 1,0 +1,32E5*HOUTR,JK/30)
SURFACE FLUX (MICROCAL/SQ CM/SEC)

N SURFLX = 1,0 MICROCAL/SQ CM/SEC
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2A.4.2.3 Thermal Expansion -- Expansion of the planar slab is simply given by the :
change of mean temperature times the thermal expansion coefficient times the thickness, The !
latter two *erma are combined as the Unit Expansion Coefficient (UEC), Details of expansion near '
the reposito. y margins require detailed study by means of two-dimensional thermal stress

calculations. The Therma! Expansion Rate (TER) is directly obtained from the Heat Rate equations

as follows:

{(Unit Expansion Coemc:c_gﬁ' em [ C) »
T ¢ ' at Capacity;

(Heat Input Rate-Heat Output Rate; cal/gm/yr)
Sllgm G |

R TER.KL - UEC*(HINR.JK -HOUTR.JK)/0,2
LINEAR THERMAL EXPANSION RATE (CM/YR)
Note: The ieat Capacity and Thermal Expansion coefficients are averages for
relatively dry rock, Effects of the more r=alistic variations of these
coeffi-ients as shown in Table 2A.1, are quite significant and are

discussed following presentation of computer results,

e IS

N TER -0.423 CM/YR

¢ UEC=0,9 CM/DEGC UNIT EXPANSION CONSTANT
The cumulative expansion is computed from the Level Equation:

L TE.K=TE,J + DT*TER.JK) LINEAR THERMAL EXPANSION (CM) I

N TE:=0 INITIAL THERMAL REFERENCE STATE

2A.4.2,4 Compaction -~ Two principal effects are considered, One is the quantitative
settling and compaction of unfilled pore space in the backfill material which is assumed to be salt, -
We also assume a uniform distribution of voids with bulk poresities ranging from 3 to 30 percent,
Sinceé the backfill layer is designed to be about 8 m thick, we assume maximum possible com=

paction lengths ranging from 20 cm to 18t em,

The second effect is compaction of porosity caused by solutioning, In order to make
the caleulation similar to the above mechanism, we assume that solutioning was uniformly
distributed, Local compaction or collapse rates (e g., as occurs in the formation of at least . |
some brecein zones in salt) have not been explicitly simulated, though some estimate of the

possible growth rate of a localized cavity is made later in the solutioning calculation,

o
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The simplistic assumption from the mechanical standpoint is that the response to
loading is approximately similar to the collapse of cavities in a viscous material, We emphasize
that the rheology of salt is highly complex and incompletely known, An assumption such as ours
gives, at best, an estimate of gross displacements averaged over long times, The averaging is
based on comparisons with effective times for viscous deformation obtained from data given by
Hearda"'m and from the in situ measurements made during Project Salt Vault, BA.2) The
validity of the assumption depends cn the phenomenon being simulated, Average subsidence rates
in a widespread planar layer may be approximated on this basis, whereas it may have no validity

at all for the deformation around a single waste canister,

The relationship used is based on some experiments by one of the authors on collapse

(2A.14) It was found that the approximate

of cavities in a viscous matéerial simulating molten rock.
compaction rate was exponentially dependent on the time interval multiplied by the ratio of

effective pressure acting on the voids to the effective viscosity of the matrix. This relationship

was checked against average convergence rates in the Salt Vault experiments using an estimate

of viscosity for salt from Ref. 2A.8, The comparison agreed within a factor of about three; this
agreement is considered good in terms of the assumptions and the fact that 1 - are dealing with
effective viscosities of the order of 1018 to lo19 tlyuelwclcm2 (poigse). The compaction function
was roughly adjusted to the Salt Vault data and a TABLE Function was derived for the effective
vigcosity. It is emphasized, however, that this "'calibration’’ cannot be considered general, because
every site is to a degree structurally and compositionally distinct, We therefore tested variations
differing by a factor of ten,

The Compaction Equations involve relations between the three lengths (one-dimensional
case): Compaction Length (CL), Maximum Compaction Length (MCL) and Linear Pore Volume
{LPV). The latter represents the uncollapsed void space at a given time:

I. CL,K:MCL.K-LPV.K COMPACTION LENGTH (CM)

L LPV.K:LPV.] +DT*LPVCR.JK LINEAR PORE VOLUME (CM)
N LPV = BMCL

N CL=0 INITIAL COMPACTION REFERENCE STATE

C BMCL = 60 CM BACKFILL MAX COMPACTION LENGTH (CM)
Note: A value of about 10 percent initial porosity was assumed in most calculations
as an estimate of the best possible backfill procedures; values two or three

times larger are considered likely by many observers,

o
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The Linear Pore Volume Cumpection Rate (LPVCR) is based on the function given in Reference
2A,14,
LOG, Linear Pore Volume at TIME K

l%lwur Pore Volume at TIME J

- (Effective Load Pressure; /8q em)
(Effective Viscosity; dyne sec/sq cm (TIME JKisec)

Rewritten in DYNAMO format this becomes:

R LPVCR,KL - LPV K*EXP(-2 - ‘ELP*IET*DT/EVISC,. K)/DT-LPV, K/DT
LINEAR PORE VOLUME C JMPACTION RATE ‘CM/YR)

¢ ELP - 1,3ES8 DYNE/SQ CM EFFECTIVE LOAD PRESSURE

A  EVISC,K - TABLE (EVTAB,BFTEMP. K, 0,250,25) EFFECTIVE
VISCOSITY (POISE)

EVTAB - 1.15E19/7.08E18/4,4TE18/2, 81E18/1,78E18
1,26K18/8, 91E17/6,61E17/5,01E17/3, £0E17/3,02E17

Note: The effective Viscosity is tabulated at intervals of 25°C from 0 to 250°C,

7

The temperature dependence was estimated from Ref, 2A,8,

A BFTEMP.K - 32 + 2%(MTEMP, K-26) APPROX BACKFILL
TEMPERATURE (DEGC)

N HBFTEMP - 32 (DEGC)
Note: The temperature near the Repository depth is assumed to dominate
the compaction rate. It is taken to be the initial steady state
temperature plus twice the change in mean temperature of the

overburden,

The Maximum Comps.tion Length (MCL) is introducec above as a variable because
later it is related to the amount of solutioning, We also reiterate that the above equations are of
the most simplistic form for the mechanics of compaction, We could, for example, have written
a atress-s'rain-time-temperature function from results like those given by Bradshaw and
Mc(‘.lainu'\'z,, but the complexity would only add confusion to the demonstration calculations at
thiz stage, When the simulation results are better understood, however, it may well become

critically important to simulate the rheoclogy in great detail,

!
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2A.4.2.5 Cracking -- Relationships describing fracturing phenomena are based
largely on intuitive guesses constrained by some simple observations of limits, These guesses
are required to carry through a numerical example of how such generic functions can be coupled
together, It is hoped that they will also serve to encourage more realistic agsessment,

The potential multiplicity of cracking phenomena is reduced to two kinds of input
functions: (1) cracking caused by bending and layer extensions as consequences of vertical
maotions, (2) cracking related to existing and created fracture zones produced by any faulting
phenomena

Figure 2A,4 schematically illustrates the reasoning applied to cracking caused by
vertical motions of layers, Here, the distributions and orientations of cracks are drawn only
in the intuitive sense that some distributed cracking will occur and there are likely to be zones
of more concentrated cracking related to regions of greatest flexure, The only quantitative tests
made to date are from numeriral modeling of maximum elastic stresses caused by thermal
expansion, As shown ir Figure 2A .5 the loci of maximum tensile stresses are near the
repository margins and are concentrated in the shale layers.* Although some incompetent
rocks fail at thease stress levels in laboratory tests, most rocks have higher apparent strengths.
The view expre~sed here, however, is that whereas this is true for short-term experiments,
most rocks will fail in one way or another under such s staired stresses if the stresses are
maintained for periods exceeding 100 years,

The limiting condition for the amount of extension cracking was estimated on the
assumption that if the layer is agsumed to be "clamped' at some lateral diztance from the
repository site, then any vertical motion implies a change in length which is compensated by
fracture porosity, This dces not allow for ductility and a compensating attenuation of thickness,
which is one point, among 'nany, that will requir~ detailed analysis of all relevant rheological
parameters (etress, strain, rime, temperature, mineralogical state, textural state and
anisotropy, pore fluid pressure, etc ),

405

-
The calculations behind Figure 2A,5 will be discussed in 2A,4,2,5,1,
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The magnitude of the extensional fracturing car be expressed in terms of numbers
of Reference Cracks of trace dimengions 1 millimeter width by about 3 km in length (roughly the
diameter of the repository). The volume of fractures depends on the number and depth range of
such cracks. During uplift or subsidence, imaginary horizontal lines will be stretched by amounts
depending on flexural form and any compensating ductile flow For example, a simple conical
uplift of a meter would produce a change in surface area of a stratigraphic horizon (e.g., change
from the area of a plane circular disc to the surface area of a right circular cone) of the order
of 2 x 20‘ cm2 This would correspond to the trace area of roughly one Reference Crack Convex,
concave, or even more abrupt punch-like forms of uplift or subsidence create greater and more
1calized forms of extension near the margins of the deformation. A change of surface area of
a punch-like up'.ft or depression (which seems likely for such a tabular source horizon, either
fron thermal expansion or compaction) could produce an areal stretcning of some horizontal
reference plane by something like 1 x 108 cr‘n2 per meter of vertical motion. The volume of
cracks ‘ormed s impossible to estimate, and their distributions would be complex, but in termas

of areal t 1tios of extension to trace area of & Reference Cruck one can estimate about 5000 cracks,

Ancther way of looking at limits is to consider the displaced volume of one meter
vertical displaement over the repository area (a meter is used as a comparison length because
of the backfill maximum compaction lengths, BMCL, discussed in the preceding section). This
would amount to a‘out 1013 ¢:ma volumetric displacement  If even one percent of this volume is
not totally compens.ted by displacements at the griund surface, an internal fracture space
amounting to seme hundreds of cracks of Reference Volume 50 meters x 3 kilometers x | millimeter
(= 1.5 x 108 cms) could be tormed. Cracks oi this dimension are chosen for comparison because

' they dimensionally represent the scale of cracking that could significantly hreach the shale layers
; above and below the salt horizons of the Reference Site.

These general bounds suggest that cracking may be roughly proportional to vertical
displacement with a proportionality constant ranging from about 1 to 1000 Reference Cracks per
meter digplacement. In later calculations we have usually used the factor 5% Reference Cracks,
where h is vertical displacement in centimeters. Intuitively, this factor is probably near the
upper bounds of estimate, 20 we have also made calculations over several decades of decreasing

magnitudes
The corresponding DYNAMO equations are written as follows:

I. NECC.K = NECC.J + DT*CREC, JK) NUMBER OF REFERENCE CRACKS
FROM NEC

N NECC=0 INITIAL STATE OF CRACKING

405 110
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R CREC.KL - 5*SQRT(NECR. JK*NECR. JK) CRACKING RATE
FROM NEC RATE (REF CRACK/YR FOR CM/YR)
Note: The square root function is used because NECR may be either positive
or negative, One Reference Crack corresponds to 2 x loacm’ fracture

pore space, The coefficient 5 is probably a high estimate, though under
gpecial circumstances the value conceivably could be several times larger,

Estimates of cracking produced by fault motions are even more tenuous than the
above estimatez  oward this goal we made compila‘ions of fault measurements based on
. 8. Geological Survey maps, and also made some preliminary statistical analyses of the
results . The results were used to guide our initial assumptions, but they are highiy tentative
and must be studied in much greater detail, We have chogen high and low estimates of both the
initial amount of fracturing related to fault zones and the rate of production of new cracking, In
these cases the fracture trace lengths at the ground surface are assumed to represent plunes that
cut all strata of the Reference Site,

One of the initial states assumes that there are no fault-related fractures at the
beginning of the simulation period but that they are created at rates ranging from a millimeter
to a tenth of a kilometer trace length per year, Geologically, this might represent the situation
in a stable tectonic region adjacent to an actively evolving tectonic province that is encroaching
with time on the stable region, The low rate of 1 mm/year is probably imperceptible either by
mapping or aeismology unless it has been operating for some time, The high rate represents a
region of major faulting and earthquakes during a period of very intense activity. The value of
0.1 km/yr, however, does not correspond to single fault plane slips of that magnitude, but
repreasents the imegrated trace lengths of fault-related cracks in a complex fault zone, For this
purpose we agaume that there are roughly 100 times the fracture trace lengths as fault zone
length, meanin~ that the zone itself is growing at a rate of about i m/yr (this is many tin.es
faster than mean crustal piate motions and therefore represents an episode of abnormally high

strain releasge),

Aithough the high rate represents a very active fault region that would be seismically
congpicucus, it ia included o give 2ome insight on solutioning consequences of high faulting rates
that are either undetected berause of poor historical records or represent unexpected rejuvenation

or initiation of major faulting.

The statistical data base for these agsumptions is very sensitive to data selection,
age biasing and g0 on, It may be proven in time that the growth rate estimates are partly artifacts
of sampling and age criteria, It is important to notice, however, that even if th» lowest rate that
might be estimated were permitted to proceed very long, there would be a great deal of fracturing
already in existence, Anyone who has spent any time in man-made underground openings of various
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kir 4= cannot help bul be impressed by this fact, Therefore, whereas our estimates may be
incorract in space-time distributions, there is no doubt that fracture pathways are inportant
even in relatively stable geologic domains, These older frectures may have an important role
in that even if the .ertical digplacement of the previous section caused by combined thermal
expangion and compaction are insufficient to cause failure of intact rock, they still may induce
extengional opening of existing fractures, Therefore, partly as a - »minder of the above impor-
tance, we write the following tentative equations including an option for an initial value of 100 km
cracking trace length that has accumulated within the repository area over geologic time:

L CTLF.K = CRLF,J + DT*CRF.JK) CRACK TRACE LENGTH
FROM FAULTING (CM)

N CTLF -0 ASSUMED MIN INITIAL RFFERENCE STATE (CM)

N CTLF = 1.0E7 AVERAGE INITIAL REFERENCE STATE (CM)
Note: This last figure is based on an areal averaging o” neasurements of all
mapped faults younger than about 15 millivn years in the conterminous
I, S, normalized to trace length per 100 sq, km, It also assumes 100
fractur - lengths per unit fault length (i.e,, for the zone of influence),

R CRF.KL = 1,0E-1 MIN CRACK RATE FROM FAULTING (CM/YR)

R CRF.KL = 1,0E4 MAX CRACK RATE FROM FAULTING (CM/YR)

Note: It is assumed that fracturing of given trace length penetrates all strata
vertically, The crack volume associated with above faulting depends
vu faulting style, We have assumed that all cracks have a mean width
of 1 millimeter,

2A.4.2,5.1 Digression on Two-Dimensional Stress Analysis Calculations -- Figure
2A.5 shows a representation of ..e loci of maximum tensile stress near the repository margins,
We digress momentarily to explain the source of that figure.

To chek some of the results obtained with the present DYNAMO simule

dimensional tr.nsient thermal stress analysis of the reference repository was performed using

<, & two-

a finite element computer code, The goals of these calculations were to (1) determine the thermal,
stress and displacement response of a reference geclogical sall formation to a reference nuclear
waste decay function, and (2) evaluate the effect of selected unknown vari-hles in order to Adentify
important parameters for future analytical modeling,
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Figure 2A,8, Idealized Site Geometry for Thermal and Structural
Calculation

A schematic of the reference geological salt formation used in the calculations is
shown in Figure 2A,6, The model of the formation was assumed to be axisymmetric about the
z-axis, extending 4000 m in the radial direction and 2500 m in depth. In addition, the waste
repository was located at a depth of 631,5 m and had a radius of 1600 m, Of considerable
importance are the overall dimensions of the model, which must be large so that the boundary
conditions do not affect the thermal and stress states of interest near the repository, This
distancs can be determined from the thermal diffusion constant of the material and the time of the

problem,

\ cloge-up view of the model and the zoning used in the vicinity of the repository is

gshown in Figure 2A.7,

\\2

5

E‘(\) J



-450

-500

-550

- 800

-650

-800

BN R T A
L N W A7

=
-

AN
\ \ \ Shale

7
/.

/
/.

NN

Figure 2A.7.

For the thermal problem
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Close-up View of Finite Element Zoning at Edge of Nuclear

Waste Repository

the boundary conditons are:

Prescribed heat flux as a function of time from nuclear waste,

Constant temperature at 20°C at top surface and 70°C at bottom

surface,

Zero heat flux across outer circumferential surface,

The tempera‘*ure difference between top and bottom surfaces reflects a geothermal

gradient of 20°C/km,

with the geothermal gradient,

The initial condition to the thermal problem is the steady state solution

The boundary conditions for the stress problem are:

i,

2,

Stress-{ree top surface,

Zero normal displacement at bottom surface and outer ui:@ua:fervnfnl A

surface,
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Initially, at t - 0 years, the entire region is considered to be stress-free. Because
of the initial thermal gradient and the fixed displacement boundaries, the thermal stresses were
not everywhere zeroatt - 0. The stress-free condition was determined by first calculating the
initial stresses and displacements and then subtracting these from the same quantities calculated
at all subsequent times,

Physical and mechanical properties of the various geological layers are given in
Table 2A.1, The effects of temperature and anisotropy have been included; however, all materials
were assumed to be linear elastic,

The reference waste heat Jdecay function is given in Table 2A,2, Upon closing the
repository, it is required to have an initial heat generation rate of 81,3 kw/acre based upon a
1000-acre site,

TABLE 2A.2

Assumed Thermal Power, W(t), of Waste in Repository
as a Function of Time

log,, (time in years) log, [W{t) /W)

0
~6.3
-0,6
-1.45
-2.2
~3.8
~3.2

@ U e W N = O

Some of the results of the calculations on the reference geological formation are
summarized in Figure 2A.8, From these plots, and other calculations in which selected variables

were changed, the following conclusions can be drawmn:

1, With regard to the far-field thermal calculations, the maximum
temperature occurs at the center of the reposgitory (r = 0, z =
~-631.5 m), Thig temperature peaks at 94°C at 35 years,

Local temperatures near the canisters in the plane of the

repository may be higher but were not considered, \\%
1

A\
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2, The largest positive normal stress “.max, occurs in the lower shale

L

layer radially outward from the repository, Stress contours for

t = 50 years are shown in Figure 2A.5, The maximum shear stress
"max) occurs in the salt layer directly above and below the repos-
itory, This is also the location of the maximum compressive stress

( ), The largest value for ® max ® 4.6 MPa, for Tmax # 22.5

“min
MPa and ior(:mm) is =45 MPa, All are a maximum at approxi-
mately the same time, Superimposed upon these thermal stresses,
however, is a hydrostatic compression stress of 14 MPa. Hence,

there are no resultant tensile stresses,

The shape of the waste heat decay function, especially for t - 100

years, has considerable effect on the temperature distributicns,

The maximum ground uplift occurs directly over the center of
the repository, Its magnitude and distribution with time is
strongly affected by the thermal expansion coefficient of the
salt layer, since this is where the largest temperature dif-
fsrences occur,
1.0
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. }
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Figure 2A.8. Summary of Results of 2-D Calculation for Reference
Repository and Waste Heat Function A 75
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2A.4,2,6 Openings From Solutioning Effects -- Only the openings related to the
fracturing effects discussed in 2A,4.2.5 are considered numerically, Other openings, such as

dilations caused by uplift, subsidence, and deformations of other origins (geothermal effect of
igneous phenomena, tectonic blu~k sliding, vertical tectonic motions such as the "Palmdale
Bulge" in California, and so on) are not evaluated, though all of such phenomena are candidates
for feedback analyses,

First, we write an expression for the volume of solutioning related to various
mechanisms and then discuss the assumed limits of the respective rate equations, as follows:

L SO.K - SO,J + DT*ORSD.JK + ORSCUA,JK ¢« ORSCLAS.JK + ORSEDLA,JK)
SOLUTION OPENINGS (CU CM)

N SO=1CUCM MIN INITIAL REFERENCE STATE
Note: This latter value is assigned as the minimum limit in case logarithmic
transformations or inverse ratios become involved in the calculations
{i.e., functions often need checking to see that they do not involve the
Log of zero or zero in a denominator), Other initial values are implied

by the agsumptions on initial fracture states,
The rate equations were previously named and are discussed below,

2A.4.2,8.1 Opening Rate From Solutioning by Diffusion (ORSD) -~ This rate is
assumed to depend primarily on pathways between the salt horizons and groundwater in aquifers,

which depend, according to our assumptions, on intersecting crack volumes,

The calculation supposes that all cracks defined above intersect the aquifers and pro-
vide a diffusion path of brine from the salt horizons (we are not considering radionuclide d.ffusion

at this stage),
The mass transfer depends on the following approximate relation:

(Mass Diffusion Flu.x;gmlcmzlse':) 3 -(Dlmxsivity;cmz/sec)

*(Gradient of Concentration; gm!cm‘)

Agsuming an average gradient between pure water and saturated brine over a path length of

. . - 4
about 50 meters shale thickness, we obtain an order of magnitude estimate of 10 ¢ glem, which
for a diffusivity of 10-5 cmzlsec (typical of aqueous solutiong at room temperature) gives a mean

flux of 3 x 10’2 gm/cmz/yr.
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There are, of course, factors like concentration and temperature dependence of
solubility and diffusion, tortuosity of paths, and so on, but these refinements are masked by
the coarseness of the assumptions on fracturing, We note this but also try not to forget that
whereas our agsumptions may be reasonable for gross transport, the details of diffusion would
be important in any situax - where a chemicai species might act as a catalytic trigger to some
other form of instability (e.g., access of even small amounts of water can be of crucial importance

to the mechanical stability cf glass).

! There are three contributions to the integrated mass flux or mean mass transport

' rate: (a) crack trace lengths from NEC, () crack trace lengths from faulting rates, and (c¢) initial
| fracture trace lengths, The combined effect leads to the combined proportions:
i
)

R ORSD,.KL = 1. 0E4*SQRT(NEC.K*NEC.K) + 1,0E2*TIME K + 1,0E5
OPENING RATE FROM SOL BY DIFFUSION (CU CM/YR)
Note; We have rounded to the nearest factors of ten and have ignored corrections

for the density of brine,
The first term on the right depends on the non-linear history of compaction and

I
expansion, the second term represents the high estimate of constant fault fracturing rate, and
the last term represents the high estimate of initial fractures, These terms illustrate that if
NEC is of the order of 1 meter, then the second term only becomes more significant than the
first term for solutioning after about 104 years, The last term on the right initially dominates
the other two but is exceeded by the first terra when NEC exceeds 10 em:, With feedback, however,

even if NEC caused by thermal expansion and backfill porosity were initially negligible, the

porosity from solutioning by the latter two terms eventually will allow the first term to dominate,
It is also noted, and displayed later, that the volumetric magnitudes for diffusion transport are
not large (e.g., of the order of one cubic meter per year per meter of NEC for the first term,

This value occurs after 104 veuirs for the second term),

2A.4,2.6.2 Opening Rate From Solutioning by Convective Transfer to Upper Aquifer
(ORSCUA) --Figure 2A .9 shows the assumed pathway, This is a U-tube

=inhoning effect dependent on the hydraulic gradient of the upper aquifer, the cracking distribution

in the shale horizon above the salt, the permeability of the shale-salt interface, and the salt

content of interbeds in the shale,
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Figure 2A,9, Assumed Water Pathway for Solutioning by Convection to Upper Aquifer
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Initially, we assume that the crack set= are localized near the repository margins,
that the permeability of the salt-shale interface is not rate determining, and that there is enough
salt in the shale sequence to saturate water in fractures, The second assumption is consistent
with the existence of fragmented and structurally chaotic zones between shale and salt in at least
some evaporite sequences; the last assumption is consistent with the existence of both salt inter-
beds and salt admixtures in shales of evaporite sequences, The hydraulic gradient is roughly the

same as that of the Reference Site (see Chapter 3),

With these conditions outlined, we simply estimated laminar flow in narrow slot-like
conduits corresponding to 1| millimeter wide fractures, We did not allow for growth of crack
width or for the much higher transport rates of wider cracks, These effects and various forms
of channel focussing represent other types of feedback that remain to be included in more

detailed calculations,

With these boundary conditions, we applied a relation given in Reference 2A.13 for

vigcous fiow in narrow tabular slots:

(Volume rate; cmalsec) .

{Pressure Difference; dyne/ cmz)m’idth:cm)a(‘rnce Length, cm)
(12)(Viscosity of Fluid; poise}(Transport Length; cm)

Taken literally, this equation gives very high transport rates (water that encounters
salt is assumed to be instantly saturated relative to the time scales of interest), Limiting
factors, however, are the flow rates of the aquifer and changes of the pressure head. For
example, when the effluent of the fracture U-tube is injected into the aquifer at a given rate it
will tend to "pile up" to an extent determined by how fast it is swept away by the mean flow, This
pile-up occurs to a maximum value equivalent to a factor that compensates the pressure head by
the brine density, If the water in the shale is saturated and the aquifer contains pure water, the
effluent brine column could grow to about 2/3 the head difference (4h), This would be the case

if the conduit flow is large for small pressure differences, as it .s in the assumed situation.

That is, the brine plume quickly builds up until it approaches hydrostatic equilibrium
and thereafter it is replenished at a rate determined by how fast it is carried away by the aquifer

flow. Thus, for the hydrology of Chapter 3, the total discharge rate across the wid'h of the

3 cm3/yr),

repositc~y is of the order of 0,3(300 m){100 m/yr)(3000 m) - 3 x 107 mal'yr (=3 x 10
From toe head balances, the height of the brine plume 114 be about 4 pe: cent of the aquifer

thickness, giving a maximum brine digcharge of the or. ¢ 1012 cm3 lyr.
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On the basis of this limit, we estimated the transport rate as follows (the maximum
possible rate is not reached until NEC ~ 100 m, i,e., when the salt above the repository layer
is nearly all removed):

R ORSCUA.KL - 1,0E8*SQRT(NEC, K*NEC.K) OPENING
RATE FROM SOL BY CONVECT TO UP AQUIF, (CU CM/YR)

Note that we have included only the cracking from vertical motions, because as mentioned in the
last section, it is assumed tu dominate, If for some reason, however, there is assumed to be
negligible thermal expansion or backfill porosity, then additional terms like those included in
ORS" -ust be added. Those terms then provide potential feedback inputs to NEC in ORSCUA

as written above,

Note: Numerical calculations with terms of this type have not been
carried out as yet in as many combinations as would be desirable,
They should be included in future work,

2A.4.2.6.3 Opening Rate From Solutioning by Convective Transfer from Lower
qulfer to Surface {ORSCLAS) -- This solutlomng rate depends

principally on the number of throughgoing cracks and the pressure head in the aquifer below the
salt horizons, Since the minimum rate is zero, we have written a relation only for the maximum
rate, in the form

R ORSCLAS,KL = 6.0E10*TIME MAX OPEN RATE BY CONVECT L,
AQUIF TO SURFACE PER ATM HEAD (CU CM/YR)

These rates are potentially very high and are limited only by the potential total discharge rate

of the aquifer (e, g., for the above equation this could be achieved in less than 1000 years), They
are, however, subject to the difficult question of pressure distributions in fractures relative to
the lower aquifer, which may have zero or negative values, The latter implies downward flow,
Such a flow regime may be analogous to ORSCUA Sut with potentially higher rates because they
are not limited by the salinity plume effect, Even without the forced convection term, however,
there could be a substantial mass transfer to the lower aquifer by free ~onvection. This is

examined in the next section,

2A.4.2.6,4 Opering Rate From Solutioning by Eddy Diffusion to Lower Aquifer
{ORSEDLA) -~ An important reservation and admonition concerning

either forced or free convection transport to horizons below the salt is that gravitatinnal forces
favor instabilities of various types thai may have quite different forms from those associated with
strata above the salt, One of these effects relative to brine flow is considered below, A potential
major effect, however, that has not been studied in adequate dimensional perspective is the
mechanical instability that will occur in th~ galt strata when solutioning from below occurs. We

expect that certain conditions coul i lead to ropid propagation o brec via zones, These invilve
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forms of localized fracturing that are not accounted for by any of the equations for fracturing we
have discussed so far, Some perspective is given by the time required to form large single
cavities, his is shown later in the numerical results, However, feedback leading to even

faster local penetration seems possible, because gravity favors higher fracturing potentials,
larger fracture spacings and higher local brine transport rates by either free or forced convection,
Understanding this problem from the feedback standpoint is an important future goal and should be
high on the list of demonstration calculations for all projects related to waste repositories in salt

media,

A start on this problem has been made by evaluating the transport in terms '~ a one-
dimensional diffusion analogy, This form is suggested by work in progress by several investigators
elsewhere relative to the Solution Mining industry. The assumption also simplifies the calculation
in that the discharge rate can be estimated in a manner parallel to that for ORSD, except that
because the fracture pathways are below the repository we can't assume the same proportionality
to NEC, That is, at present we have no intuitive feel for where the fracture permeability will
occur below the repository even though extensional stress concentrations are indicated by
Figure 2A,5 in the underlying shale layer. It seems possible, for example, that part of the
compaction displacement could be taken up by upward displacements ~f the floor of the repository
by virture of isostatic and thermally buoyant adjustments in rock immediately around and below
this depth,

Our interpretation of this form of transport is that turbulent brine eddies can propagate
downward with mean diffusivities at least as great as 0,1 cmz./ sec, At present this must be
considered an unsupported assumption until the relevant investigations have been described in
detail, On this assumption, transport occurs at a rate 104 times faster than with the coefficient
in ORSD, If there is a relation for NEC analogous to that in the equation for ORSD, the new
coefficient is 1, 0ES8 in the first term of the ORSD equation, which gives a transport rate of the
sam= magnitude as ORSCUA, Though we are not able to dccument that assumption, the consequence
of it is indicated by the ORSCUA output (except for the brecciation mechanisms ment.oned above),
Therefore, at present we write ORSEDLA only in terms of fractures produced by the faulting

equations, as follows:

R ORSEDLA KL - 1,0E8*TIME + 1 0E? OPENING RATE SOL
EDDY DIFF TO L AQUIF (CU CM/YR)
Note: This equation does not account for all potentially important mechanical
faedback mechanisms, The transport rate assumes constant rates of

fracture creation from faulting sources only, See discussion in text.



In concluding the section on salt transport it is appropriate to comment again on ‘he
relationships of simulation models and more detailed transport modeling of Chapter 3, The
hydrologic model is capable of giving very good estimates of transport rates and geometric
distributions of species when the permeability regimes are known, It cannot, however, handie
variable rock properties and boundary conditions during a calculation, Therefore, we envisage
a coupled mode of calculation in which DYNAMO (or other languages) simulates the time changes
of these variable conditions, the transport model then computes the amounts znd distributions of
chemical transport (salt removal, etc.) for some specified time interval, DYNAMO recomputes
changes in system properties, fracture pathways, etc,, and the transport model performs another
iteration in that r .de, and so on, In practice, a set of permeability regimes could be defined by
reconnaissance DYNAMO calculations (or prescribed by other modeling or geological constraints),
From #.s set the transport model can generate tables of transport data which then became table
fup_tions to be used by DYNAMO whenever a calculation encounters the appropriate conditiors,

.n this way, a large catalog of transport functions could be accumulated and used interactively
with a variety of different simulation sequences,

2A.5 Computer Runs: H-TE-C-F-0-GW Sector

It is evident from the repeated warnings in the foregoing text that numerical calculations
reported here are strictly test cases designed to provide the flavor of this approach to geologiecal
simulation without implying any rigid substantive conclusions, We have made over two hurdred
computer calculations during the report period in learning by trial and error some of the combina-
tions possible using DYNAMO, The total costs in computer time are trivial (only a few dollars
per calculation), We mention this to illustrate that: (a) the present report of work represents
a bare beginning on problems of Geological Feedback Simulation using a very simple form of
Simulation Language, and (b) rapid progress can be made, however, with inexpensive simulation
techniques once a problem is defined,

We cannot display many of the calrulations in this report, Therefore we give equation
listings and examples of time pi ts in the form =l direct computer outputs for two types of
calculations: (1) a composite plot of simultaneous parameter variations, as an example of
solutioning feedback, and (2) a series of plots showing results of single parameter variations
(we refer to these later as "multiplots”), Because of their length, the time plote. representing
items (1) and (2) are supplied at the end of Appendix 2A,

The multiplots, shown in Figure 2A, 11 (a-1) are computed in the same way as he plot of
simultaneous parameter variation shown in Figure 2A,10, However, the multiplots demonstrate
the effects of varying some of the paranieters individually; these effects are shown sequentially
on a series of plots each of which contains outputs for a single type of variable computed from

several different choices of input assumptions,
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2A 5.1 Kquation Listings

" hrto compile the equations discussed in Section 2A .4 in one concise format, we
show a typical listing from one of the solutioning calculations in Table 2A.3. (The equation list
for each plot displayed in Figures 2A.7 and 2A .8 is given in a key that precedes the Tables and

Figures at the end of Appendix 2A .

rallel, but somewhat abbreviated, listings are given for the actual calculations dig-
played, The names of functions were necessarily modified for multiplots of single variables, The
general scheme for the multiplots was to write the same equations repeatedly with similar but
unigue equation variables, We chose this approach in order to be explicit about data and equation

sets, although there are automatic rerun options that can make use of sets of redefined Equation
Constants (see Ref, 2A,11),

2A.5.2  tComputed Time Series

Fxamples of computer plots are shown in Figure 2A,10% and 2A,11(a-1) for the Equation
Listings in Table 2A.4 and Table 2A.5, These calculations are shown on a time scale of 10,000
Years as u compromise that gives some idea of both short term and long term behavior, Other
caledlations have been made on time scales ranging from a thousand to a million years,

Generally a short title and other [, 1), are shown at the top {or at the left margin if the
TIME axis runs from left to right) followed by the correspondence of Equation Variables and Plot
Symbols (HINR - P, etc,), The plotting scale is next identified for each plotting symbol for the
chosen chart divisions (cither by assignment or automatically by DYNAMO); the letter symbol
immediately following the number scal represents the order of magnitude: A represents 10’3
T represents lf"‘, ete, (see Ref. 2A,11), Symbols that happen to plot at the same point on the
chart are listea .  er at the margin (e, g., E and N plot together at the upper limit of the
variable at 1000 year . .n Figure 2A,10, and P, C and M plot together at the lower limit of the
variable at the same value of TIME),

The equation list and function plots for the multiplots (Table 2A,3 and Figures 2A.11)
may seem confusing, but a complete explanation would be excessively long, The idea in generating
these plots was to pick a set of functions for display and perform the caleulations with several
different cholees of inpoas pariruwtey s, The foll semg vables gis Frokes functions whose
input parameters were varied in Figure 24,11,

AT \'?13

A oend of Appestix 24,




e e e

Function Name Figure 2A,11
MTEMP
HOUTR
TE
HINR
SURFLX
EVISC
CL

NEC

NECSD (NEC with solutioning
by diffusion) i

SCDD (SCDIAM with solution-
ing by diffusion) i

NECSC (NEC with sclutioning
by convect..n) k

SCDC (SCDIAM with solution-
ing by convection) 1

TFom S 0 O o oW

The functions related to Heat content (Figures 2A.11 a-f) were varied by choosing three
different values of thermal loading (roughly 30, 60, and 120 kw/acre) with various Delay times.

The compaction calculations of Figure 2A,11g were included to show comparisons of
results using constant viscosities ranging from 1018 poise (curve A) to 1019 poise (curve C), and
using variable viscosities from table functions (curves D, E, F), Curve D in 2A.11g represents
a different compaction function from the other curves and has a somewhat lower final value of CL,

The multiplots in Figures 2A,11 i-1 show the range of solutioning effects for the range
of pliysical property variations in the preceding multiplots, Particularly, note the small range
of .umes in Figure 2A, 11k where NEC goes off scale {exceeds 100 meters of sclutioning and

compactivn) despite the fairly wide range of variations in the input parameters,

Table 2A.6 and Figure 2A,12(a~b) give results for a time scale of one million years
to show the long-term behavior of temperature and of solutioning compaction when the solutioning

rate is decreased progressively by four orders of magnitude,
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2A.5.3  Discussion of Computer Cale uiations
2A.5.3.1 General Summary -- As a guide to examination of the charts, some of the general

points are summarized as follows: (1) the thermal steady state is achieved between 10, 000 and

100, 000 years, at which time temperatures and heat flux are indistinguishable from the normal

geothermal gradient at a resolution of loc. {2) mean temperatures (MTEMP) quickly rise to

maxima. generally less than 100°C. on a time scale of 1000 years or less and fall to below 50°C

in the first 10,000 years; the position of the maximum is sensitive to assumed values of heat loss

delays and distributions of thermal properties, (3) backfill temperatures (BFTEMP) are shown as

roughly twice the mean terrperature in order to represent the approximate average temperatures

near the repository level ignoring short-term variations relative to canister distributions; the

true values and the.r tim > distributions are very sensitive to the depth regions of averaging and

to differences of thermal properties of the rock strata, (4) thermal expansion is eguivalent to
uplifts measured in 1-ns of centimeters when compaction is not taken into account; the maximum
follows soon after the thermal peak, (5) simple compaction of backfill porosity occurs rapidly in
the first few hundred yes ~s and has nearly reached equilibrium in times of the order of 1000 years,
(6) disturbance of the surface geothermal flux may be detectable within ‘L. first 10,000 years or so
in dry environments, but convective hez* transfer by groundwater pr obably will obliterate this
effect in most systems (see Chapter 3}, (7) soluticning effects relat :d to the assumed fracture
paths are very large relative to the scales of thermal expansion and “ackfill compaction because
( of feedback and may be commensurate with the thickness of the entire sale formation on a time
scale of 10,000 vears.

These general results are important for comparison with the calculations provided by
| the multicell model dizcussed in 2A,4.2,5,1. Figure 2A,8 shows some results of the finite-

(W R —— |

element thermal stress caleulation, The differences emphas=ize the inaccuracies of the lumped
parameter nature of the DYNAMO calculations but confirm the general magnitudes, The sharp
contrast of o larger thermal expansion coefficient of halite relative to the rock average (see
Table 2A, . ‘tiy explains why the tiermal expansion peak occurs much sooner in Figure 2A.8
than in the DYNAMO runs, This contrast combines with the more accurate representation of
peak temperature in salt at the repository level (rather than a value based on the mean of average
rock preoerties) to greatly shorten the peak response time, Factors of this tyne must be watched
for continually in thinking about the results of simplified calculations, It is ir.portant, however,
to have a feel for both this sort of response scale and the average response on the larger scale

as represented by the DYNAMO calculations, Apparently, the very simple . YNAMO calculations

categorically reproduce the kinds of responses found in much more sophisticated thermal calculations,

The most important general result, however, is that DYNAMO simulation is able to
anticipate phenomena, such as item (7) above, that could nct be predicted with the more specialized
models and which are not intuitively obvious. This ¢ nceptual conclusion supports our introductory
deterze of simulation modeling es the simplest and quickest basgis for discovering hidden effects

that arise from feedback meéechanisms \""3

>
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2A.5 3.2 Conclusions on Salt Solutioning-Compaction Fredback -- The results of
simulation calculations indicate the possibility for removal of a 100-meter layer of salt in less
than 5000 years (Figure 2A 10, curve C; Figure 2A 1ik) and the local penetration of the entire
salt formation in less than 1500 years (Figure 2A_10, curve D; Figure 2A 112). These are
drastic consequences, at face value, and aeed some explanation,

The reason for this rather dramatic solutioning behavior is two-fold: (1) any mechanism
at all that initiates cracking and establishes a convective siphon of the type pestulated in Figure
2A .9 catalyzes the rapid acceleration of solutioning rates via the Feedback Looep of Figure 2A 3,
and (2) the maximum rate of solutioning is large because of the large capacity and discharge rate
of the Upper Aquifer of the Reference System in Figure 24 1

This simulation conclusion is made more severe by the fact that liberal variations in
thermal loading (Figure 2A 11 a-d), effective viscosities (Figure zA 11f) and backfill porosity
{Figure 2A 13*%) have only minor effects on the solutioning tir.e (Figure 2A 11k and 1; Figure2A.13%),
Figure 2A 13 is the result of a calculation in which the be kfill maximum compaction length, BMCIL.,

us reduced to 20 cm (about 4 percent initial porosity) and the thermal load was halved As shown
by curves C, N, and D of that figure, the solutioning times cited above are increased only by 20
to 30 percent. In fact, other calculations were made with zero initial backfill porosity and a low
value of thermal load, and the solutioning times were still less than 10,000 years. The main
conclusion is that if the conditions permit any cracking of the sort postulated, and if the hydrologic
conditions are sufficiently dynamic, solutioning instabilities of layered salt media could oceur
on short time scales and hence represent major hypothetical threats to release of radionuclides

to aquifers,

In order to test these phenomena for less active hydrologic environments, we made
several runs on a million year time scale with solutioning rate coefficients (constants in functions
like ORSCUA) progressively smaller by factors of ten. On. example is shown in Figure 2A,12
(a=b), * Two main conclusions are indicated: (a) the "incubat’ i time" before the solutioning
instability becomes conspicuous increases more or less in inverse proportion to the coefficient
(the correspondence is not exact because of the nonlinearities of the various responses; this point
needs additional "sorting"), and () by the same token, the system may appear stable to solutioning
effects for long times (say on the 10,000 or 100,000 year scales), and still it may be susceptible

to wholesale solutioning on the million-vear time scale,

At end of Appendix 2A.
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Geologically, it is clear even in other kinds of rock (e.g., limestone), that any pro-
cess that initiates chemical transport along fracture pathvays may act as a catalyst to increased
transport. This general form of solutioning cycle is consistent with geoclogical phenomena like
Carlsbad Caverns of similar volumetric scale to the repository that occurred on a time scale
roughly a hundred times longer in less soluble rock. There 2: 7, however, major scale differences

in depth, deformation rate phenomena, chemistry, and presumably in hydrclogy so that only
qualitative comparisons may be meaninful .

The reality of the higher solutioning rates will require much more careful analysis,
The rates depend critically on the criteria of fracturing, which are very difficult to specify with
rigor, The ranges of possibilities, however, can be narrowed by making calculations based on
other forms of fracturing criteria than the simplistic assumptions used for the sake of demon-
strating the simulation method. These refinements combined with a more appropriate rheological
equation of state for salt may greatly modify the results,

Much geological evidence exists that can be Lrought to bear on these apparent
conclusions. Unfortunately, geological knowledge of solutioning mechanisms has not been
adequately systematized in a form that permits very great restrictions on maximum rates, Also,
conditions of the sort artificially catalyzed by the local and rapid thermal loading are not pre-
sently known in the geologic record (to our knowledge), It is very difficult to state, however,
from the existing statistically small sampling of the vast areas of salt deposits, that such

phenomena as described in this report have not taken place at similar rates in some circum -
stances,

2A. 8 Recommendations

There is a major and sometimes confusing distinction between the use of numerical results
of simulation analysis and belief in those results, We do not believe the foregoing consequence
curves in a context much stronger than confirmation of existing geological knowledge and intuition
that such instabilities can happen, We suggest that the results be nsed to continue building on
these combined experiences until some confidence is gained on how likely is the possibility, Here
again we need be careful on subjective probabilities versus empirical probabilities, though to

some degree they will have to be combined (e.g., as occurs in weather "prediction),

We conclude that simulation analysis adds an important new dimension to methodology
development that can be expanded and can add new perspectives to other analytical schemes,
However, conclusions drawn from feedback calculations simply mirror and potentially amplify
the insight (or lack thereof) of the analyst, Hence, progressive incorporation of greater geological
insight is also desired. Feedback systems analysis can in itself provide a form of communications

medium if it is used within comnion sense geological perspectives,

1O
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Thougn we have not tried to do so in the time available for preparation of this report, it
is i ecommended that problems be classified by means of System Diagrams and Feedback Loops
of the sorts we have discussed, Several have been mentioned in addition to solutioning proceises,
In these efforts we particularly recommend emphasis on searches for hidden effects that may
have significant consequences on specified .ime scales (e g., time scales that may be specified
as important from the standpoint of exposure of the biosphere to radiation), One example of 1
hidden effect is the time scale for the "incubation period'' of solutioning feedback.

As examples of application of simulation techniques to other forms of analysis, we recom-
mend exploration as a tool for generating statistical populations of undersirable consequences
with associated time scales. This might be approached from the standpoint of Monte Carlo serfes
calculated from fairly unrestricted sets of input parameters, coutrasted with other calculations
from specified ranges and weighted interdependence of parameters (e, g., as might be speciied
for ranges of mechanical behavior limited according to deformation functions such as those
described by Heard), (34.8) These methods could provide one basis for "quick and dirty"
Sensitivity Analysis; the main value of this would be to explore the relevant numerical techniques
within a context that has some specific physical meaning from the standpoint of a hypothetical
gimulation model, It would still be understood that the results have no other specific import
than possibly identifying most likely outcomes among a set that are already known in the simu-
lation mode, For example, families of results for solutioning feedback might be illustrated this
way, but the results would say nothing about triggering mechanisms not recognized irn the

simulation,

Another application implied by our discussions, and one we also recommend, is the use of
DYNAMO and other Simulation Languages to provide the footwork to map out problems, boundary
conditions, and specific questions to be more rigorously ": slved” by multicell modeling techniques.
The example highlighted is the relation of fracture permeability to chemical transport in the
variety of regimes postulated, That is, are the paths, pressure heads, discharge rates, etc.,

realistic or are they artifacts of geometrical assumptions?

The statements of this report are not intended to represent alarmist or defeatist viewpoints
in fact, we feel that this sort of approach suggests some optimism for an eventual ability to

characterize a repository sufficiently to greatly reduce fears that have grown from doubts raised

concerning partial analysis .

Statements concerning the ultimate aims of assessing risks to the health and genetic future
of mankind have been avoided in this report. For example, no position has been taker on the
undesirability of release of radionuclides to active groundwater systems Questions of dilution
factors, absorption factors and path lengths are also relevant to the criteria of radiation hazards.
More comprehensive systems analysis is required before geologic instabilities of the gort described

can be considered catr illy bad. It is suggested, however, that Systems Diagrams and Simula-
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tion Plots like those presented can also be helpful in this broader context

BT T & TR E = sl ree T R— e b N e N g — i —




134

Tables
24,2
2A 4
24.5
21,6
2A.7

Tables of DYNAMO Program Listings
and Plots of Simulation Runs,

Eigures

None relevant
2A.10

2A . 11(@@-))
2A.12(a & b)
2A.13
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TABLE 2A.3

Typical Listing from a Solutioning Calculation
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TABLE 2A.4
Equation Listing for Plots in Figure 2A, 10

GEHANG LIF, VERSION 3.02
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TABLE 2A.5

Equation Listing for Plots in Figure 2A,11(a - 1)
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Equation Listing for Plots in Figure 2A, 12 (a = b)
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