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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
a

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 may leave the waste repository, enter 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 repositorv licensing methodology.

The long-term risk from radioactive waste results from the possibility of a relee.se of pre-

viously contained wastes to the human environment. The risk may be expressed as a time-dependent

prob tbility of consequences such as somatie or genetic health effects which arise from a release of

radioactive wa ste. The magnitude of this risk, and its time dependence, hau? 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 biosp re, Once the

waste en ers the biosphere, i's long-term dist ribution, accumulation, an ! uptake man must he

a nal v z e d. Finally, the human health effects that are implied by such a distribution t .aste in

t' = biosphere need to be quantified.

The models an ! limited data bases supplied in this report are only the first steps toward

an assessment of the les els of risks. However, it is expected that the insight derised from the

construction of the anal.tical models and the compilation of a data base will, ultimately, lead to

the placing of bounds on the risk. In view of t.ie lack of experience wi*h deep, ceolcgic disposal

syste ms, such insight and data w ill be indispensable in the evaluation of proposed repositories

ac unst w aste management regulations.

.

The major elements and the orcaniza' ion of our methadology for the analvsis of deep, ceo-

locic repositories are shown ir l'icure !. The site desc rimion'' and " radioactive waste desc ription

' bloc ks represent information and numerical da'a that must be supplie:I to the anals tical mcdels,

whic h are shown as he fou r, cent ral blocks of the diacram. These models are treated in self-

con amed chap *ers of the preser * report,
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POTENTI AL RADI0 ACTIVE
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- WASTE RELEASE,- WASTE
DESCRIPTION
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-

RADIONUCllDE b,
- .

TRANSPORT

PATHWAYS
'

- TO
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DOSIMETRY
AND

HEALTH EFFECTS

l'i n u re 1 St ruct ure of the 11eth< dologv

l'a r t of the site description arel ra ! inactive waste J ?scription are presented in Chapter 1.

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

hypo'het ical f a cili'v, calle.1 t he reference reposi*ory. The reference repository definition i.ncludes

design specifications of 'he r eposi t orv , a description of the vastes contained in t he repository,

sumrn a ry s'a* em ent s of t ht local st raticraphy and hydrology, an 1 assumptions about the topograp 1ic

se" nw ot t he was'e W s;,osal si'e. (r her informa+ ion required for the analysis of the reference

re po m o rv is s ipplie<!, as ne< essa ry, m ea ch of the chap'ers devo ed to t he models. The nurT erical

values q :ote i tor t he p.u anu . rs 'ha' describe he referen^e sue in this repor* should be coc-

side re i exempla ry an,i ro* as tir.al values. .\n important pa " of rlsk assessment is the study of

t he senwiri's of 'he risk 'o he as'e f acili+v charae "ris'ics. Thus, many of the sit e, waste,

and f aali' lia ranu ? crs tr + ro: heed m * he re por+ 111 i e varied ove r reasonable but perhaps large

rances- ' L cou rse of sens: tivi * s s: h . s.

*I'k} =r4*e re'le a s(> r, tar $;a ri- r , !!'a * f r.a v (in(2ra'e at !I.e refe re tire re pf)sitorV'.','i, ^ t !;s e v1 .

," r o '.' i de i n s i. h' in'o t h e ev olut ion r,f ' Feare !i s "e ! ir ( .i r e . r 2. T ' e s. - r!el s a' e 'o

t i m e - '. pe n !" robabilit of 1 u al release of rmi' oar ivi's fronrepm t si', an1>cc, e. 't e ,

*F. repori*<'rs in'-lv!P-1 u this s . !v are t hose proce se.es t hat areir ..'ive + 1 r r .1 - h" - ',

' |]Iit t ft i ( ! ! .e se l f- t r, !';r e 'I re }P a ne net h a n i $ r.1 s ) and t!;oseI !!' e ' X t ' : t '. :l t l e : i! ti e *J- i'i i' i

|) F e s'' < ' ' * ! . I' I'o pii s t * J r V (? t:e exte rnal
,|' rt i < - - ' !.t? :a re, ri t !,l . - Iklr inh''* P'** +)?'3 8'

du't r <J *E. r+ >w or 41 e in the pre u nee of the rrn allv t.ot w a s'esA ui s r:-d. T! i, , , , .

c ..i e.! In m ins of , on'pute r sin:ula lon of the. ,,ir ael -inim A r c!ea si area ,- ! e h , - , < . t
.
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A model for the transport of radionuclides in circulatine groundwater and the hydrology of
the reference site are discussed in Chapter 3. The transport model described in that chapter

calculates the movement of waste-derived radtonuclides dissolved in 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 01

daughter radionuclides are calculated. The i odel also accounts f 'r sorption of the nuclides in

the geologic media. The output of the radionuclide transpor* mrdel 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-

in J o ils . 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 e atmospheric transport of radioattive materials are

available.

A pathwavs-to-man model is presented in Chapter 4. Starting with radionuclide discharce

rates from the croundwater transport model (Chap'er 3), or the fallout pattern from an atmospheric
transport model, the pathwavs model first calcula*em time-dependent concentratior s of radionuclides
in environmental component s such as soil. surface waters, or sediments. These concentrations

are then used to estimate 'hc rates of r adionuclide inhalation or ingestion by human beings who use

water or food products derived from the affected env ronmental components.i

The pathwa',s-to-man model is const ructe i to handle a variety cf environmental scenarios in

which the waste radionucli:!es could come in contact with humans. Such flexibility is necessarv

because we are unable to predict the social and climatolecical variables that might characterize a
recion affected by a release at some future time. Th a, it is r.ecessarv that w e consider different
environments and use the pathwavs moiel to st aiv the rates of human uptake in each environmer.t

to cain insicht into the poten*ial risk from waste disposal.

The mcdels for dosimetrv and human health effects are described in Chapter 5. The rate of

radionuclide in'ake provided bv the pathwavs model in a civen sc enario is translated bv the dosimetrv

model mia radiation dose 'o si ecific bo<!v orcans. A health effects model then converts the radiation
dose 'o probabilities of specific la'ent somatic effects and cenetic effects. ()niv latent somatic

effects are addressed in the heach effec's model because we believe tha' the radiation doses arisinc
from release of was'e ma'erial preclude am early soma'ic effects.

A final Chapter 6 provides a hrief description of the manner in which the models represen'ed
in this report micht he used in the assesement o' 1 radioactive waste repositorv.

3
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RISK hlETHODOLOGY FOR GEOLOGIC DISPOSAL OF RADIOACTIVE WASTE:
INTERIAl REPORT

- CHAPTER 1. THE R EFER ENCE SITE AND R EFER ENC E 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 ia which those parts interact. Thus it has been necessary

in the present stt.dy to , stulate a detailed but entirely hypothetical system -- a disposal facility

for nuclear waste in bedded salt -- to s erve as a guide for com.tructing 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 hypothetical system, herein called the reference site in the geographi-

ca'. and geological context, or the reference repositorv 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 tl ese elements hear-

ing on the site's long-term capacity for waste containment, are described in lat er chapters as

they are needed for analysis. The reference repository mentioned in Section 1. 3 is taken from a

design for a waste isolation facihtv in bedded salt: the subject matter of S"ction 1. 3 is concerned

more with the means by w hich the design isolation facility could be realistically converted to
serve in the disposal mode. Finally, in Section 1. 4, assumptions are made about th" kinds and

amounts of nuclear w.iste that are placed in the reference repository.

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

supplemented throughout the remainder of this report.

1.2 Tha Reference Site

The reference site is entirely hypothetical, yet its physiogrunhic setting and geologic and
hyd rologic properties ar" analogous to s everal regions of th" contin"ntal i S A. Such a rela'ivelv

complicated reference site was used to exercise the several modols developH in this study.
TFe ultimate purnos" of the models is to anah , th~ hol.avior of real, potentt il repository sites.

.

The sit ' is located in a symmetrical upland valley, half of w hich is shoa n schematically in
Figure 1. 2.1. The crest of the rtige surroundtrg the valley is at an elevation of 0000 feet: the

c rest is a surf ace and groundwater divido so that only w ater moving in the valloy f alls in th.

40j 018
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valley itself. The valley is drained by a major river, Iliver L, which is at elevation 2500 feet
opposite the surface structures of the repository, Stream valleys tributary to Iliver L exist, such
as Itiver U, but these are normally dry. The valley receives a mean annual rainfall of 40 inchos

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

the groundwater system.

6000' - -

.i
YN

3500'

Hiver U3000' _

/"
s

'
Q *- Ileposito ry I.oc ation

,

5 _
4300' - .'
4000' '

~-
3300' / N

1000' -

N
--

2300 -< _ __ _ _ __ _ )(p. _ -2 , _ g_ _Il , v e r I .--
=

_-
-

F igu re 1. 2. I l'hysiographic Settine fo r l{efe rence Site
(One-11alf of Parabolic Basin Shown)

The geoloav of t he area nea r 'he site is shown in cross sec tion ir. l'icu re 1. 2. 2. The valle:

is unJerlain by crystallme bedrock which crops ou' only over a nar row s+ rip ly,ng at the rid e

c res' s . rroun'h nc t he valley. I his bedrock is assun e i impe rmeable to g roundwa'er flow. .\bove
.

'he be f rock is the sequence of sedimer.'ary rocks rouchlv ske*c heti : Iigure 1.2.2. .\ m o re

de'a:1+- 1 pet rog raphic des c ripn ;n o' % sedimen ar sequ ence is no' nece ssa ry a' this poin'

Value s of hydraulic parame'ers, an d assmed values of rock *hermal-clastic parame*ers, are

p r wc 4d in ' ables appearina la'er in t his report as cede The U c rrnal-clas+1c paramet ers.

bas e b"en use:f in preliminary calcula+1ons of 'ho r e s po n ,4 - ot he ,ite's hos* rock i t o *he rrn al

Sec' ion 2. 4 of ( hap * e r 2. I he. h' iraulic parame'e rs se iloafim 'he se parar ewrs a e lis+e i : 4

in preHunarv calcula'io:.s of c rour. ! water flow and ra hcnuclik t ranspor' a re provided in 'he

approp: la*e sections of (' hap er

i;3tiin, Aout the geolocit settincs s , tat ed in t he int ro E.ctio *o this ( l.a pt e r t he o' h e. a,,

ef the .ite (these generalls relate to site Iration s ithin a geol"4:e prosince, recional tet tonic s,

'.J ? - aade alterations of roc k st ructu re) are in tde m the ( L ip'ers v.he re s :ch rn aterial is
.

i

reTu re !; b,:t usually thev are m Ide in a w as that is < o uste ;t . ith t!.e wt actures postulated in

l'ic ire 1. 2. I a n r ! 1. 2. 2

h 1.
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Figure 1. 2. 2 Geologic Cro :s Section at Reference Site
(Vertical Exsggeration X20)

1. 3 The Hefe! ' e Repositorv-

Like the m uce of reference site, the choice of a re' erence repository for analysis is entirely

hypothetical. 'Ihe repository is a waste isolation facility designed for the Office of Waste Isolation,
*

I'nion Carbide Corpora + ion, at Oak llidge. Tennes see. A perspective of this facility is shown

in I'igu re 1. 3.1.

The facilits consists of (1) service structures located at the surface of the sit- and (2) the
sinJ1e, workinJ level r'f the repositcry located in the miadle of the hedded salt layer at a depth of

625 meters (2050 ft) below the surface. For the study of the long-term effects of such a f acility,

the details of the service structures are immaterial. Ilowever, deta'Is of the repository at the

workinc level are impor+ ant Some of these are shown schematically in the mine master plan of

Figure 1. 3. 2. which also exhibits +he sectors of the repository reserved for high-level waste (III W),

intermediate-level was*e and cladding was'e (ILW and CW), and low-level waste (LLW). Most of

the relevant dimensions of the underground reposi*ory can be read from the mine master plaa in

Ficu ro 1. 3. 2. O'he r dim ensions (drift wid'hs and lengths, e'c. ) can be found in the engineering

spe s ifica tions. * The working level of the repository has access to the surface during operational

po se throuch four shaf ts: a men and materials shaft 7. 9 meters (26 ft) inside diameter; an Lt.

,

'cante loading shaft 3 meters (10 ft) II); a IIL waste loading shaft 1.3 meters (6 ft) II); and a ventila-
tion shaft 6. I meters 420 ft) inside diameter All access shafts are lined with 12 inches of 3000 pai

c onc ret e.
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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

1 ''Reference 1. I says nothing about plans for conversion to a disposi1 mode, and other references ' ~

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 IIL waste is formed 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 drifta located in the IIL sectors of the naine. The holes for the cannisters are 20 inches in
diameter and 20 feet deop, lined with a carbon steel sleeve. The void betw een the sleeve and can-

nister is filled with , * :shed salt. During the operational phase the t nings of tne cannister holes

in the floor of the dr: ts are closed .sith 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 - ' IIL wasw.
These latter wastes are stored in their appropriste sectors.

The LL waste is stored in 55-gallon, carbon steel drums in the LL waste sectors. The

drums are stacked in the LL chambers and the interstices are filled with crushed salt.

At the time of conversion frorr the isolation (operatne.aD mode to the disposa'. mode, it is
assumed that:

1. The cement plugs cc /ering the llL, ILW-TItU cannister holes woula be removed

and the remaining voids would be filled with crusPed salt up to floor level.

2. The drums of LL waste would be rearranged and tre alt fill would be compacted

to a high density compatible with the structt.ral integrity of the containers.

3. All HL ILW-Tilt waste chambers, LL waste storage rooms, passageways,

eT.npmer.t storace vaults, and the access shafts up to the top of the salt level,

vould 1-e filled with crushed salt and compacted to 70'1 density of the undisturbed
salt density (about 2. 2 gm em 1

4. The concrete liners surro mding the access shafts above the salt level (those

portions of the ucess shafts that pass through the other rocks in the sedimentary
sequences) would be remos ed and the open shafts rould be filled 4 ith a s'utable.

tmpermeable material up to the ground level.

5. The se: vice structures at ground les el above the repository would be removed,

the site a o ild he decontaminated, and an area surrounding the site would be

fenced off to define an exclusion area over v.hich some agency or firm could

h (,Iexercise etctrol for an indefinite time. /

m



The assumption about plugging tl'e 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, * In the " low growth" case. it

is assumed that the installed nuclear electric generating capacity rises from 70 GW(e) in 1980 to .

625 GW(e) in the year 2000. The accumulated isotopic inventories calculated with the OllIGEN *

mputer program sere provided by C W. Kee of the Oak Ridge National Laboratory for use in

.ais study. *

Ilased on these projections, the reference repository is assumed to accept all the IILW
Ingenerated by the nuclear power industry through 1995 and shipped to the repository by 2005.

addition, all the cladding. ILW and low-level transuranium wastes generated through 2000 are

assumed shipped to the repository by 2005.

1.4.I liigh-l.evel Wastes

liigh-level wastes are composites of all liquid waste streams from reprocessing spent

fuels. They contain more than '19.9 percent of nonvolatile fission products. 0.5 percent of the

uranium and plutonium plus other actinides produced by transmutution of uranium and plutonium.
The final volume of solidified IIIE is assumed to be 0.085 m lilt reprocessed fuel. The solidified

IILW is shipped to the repository 10 years after reprocessing.

1.4.2 Intermediate- Level Wa stes

Intermediate-level wastes consist of solid or solidified materials (excluding lilN and

cladding) which contain greater than 10 n Cilgm long-lived alpha emitters and after packaging,
have +1rface dose rates between 10 and 1000 mrem lyr from fission prod 2ct contamination. About

2M m of ILW is generated at reprocessing plants per ton of plutonium processed. IiX is assumed

redace J in volume by factors of 3 to 7.5 betweer 1476 arci ltis .na by a factor of 10 thereafter..

I I .W 1, shipped to a r epository 5 years after generation

1. 4.1 Claddinc Wastes

Clad'hrg wastes consist of solid fragments af Zirtalov ar.d statrtless steel cladding and other

st ruc tural components of the fuel as semblies that remain after the futl cores have been dissol.ed.

Clai! c wastes are assumed to contain 0. 03 percent ' the act nides ind 0. 05 percent of the non- ,

volatih- fission products in additten to neutron-induce 1 activity. The cladding w astes are assurned

ro:npai ted to 70 percent theoretical densit- and stored at the re: roces sing plant oefore being shipped

to the r+ pository.
l'T
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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 greater than 10 n Ci/gm while having suf-

ficier.tly low external radiation dose levels after packaging that they can be handled directly. Low-

level transurarium wa t: is assumed to undergo the same volume reduction as ILW. Low-level

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

.

For this study the HLW form is assumed to be glass. The LL and ILW are assumed fixed

in concrete.

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

year of decommissioning of the repository) are shown in Table 1. 4.1

TABLE 1.4.1

Volume Accumulated at the Repository Through End of Year

(Thousands of m )

High Level Cladding Intermediate Low- Level
Year Wa st e Waste Level Waste TRU Waste

1933 -0- 0.04 0.3 0,

1984 -0- 0.11 1. 0 0.

1995 -0- 0.24 2. 3 1.

1986 -0- 0.39 4.0 4.

1987 -0- 0.54 5.4 8.

1938 0.04 0.69 6.5 15.

1939 0.13 0.87 7.8 18.

19 9t' O.23 1.10 9. 2 22,

1991 0.46 1.35 10.7 26.

1992 0.64 1.68 12.4 31.

1993 0.82 1.98 13.6 36,

1994 1.04 2.32 15.0 41.

1995 1.30 2.70 16.6 46.

1036 1.61 3.12 13.4 51.

1997 1.99 3.58 20.5 58.

1993 2.35 4.09 22.7 65.

1999 2.76 4.65 25.2 72.
~

2000 3.21 5.26 27.9 80.

2001 3.71 5.93 30.9 89.

2002 4.26 6.66 34.3 99.

2003 4.37 7.45 33.0 110.

2004 5.53 S.31 42.1 124.

il l4 [a a(2005 6.25 9.24 46.8
149, j ||iu
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The most likely ; node of entry of radionuclides into the enviro-: lent is by transport through

groundwate. Thus an initial screening has been performed, based on injestion to9 city index, to

select the most important isotopes for each waste type. Ingestion toxicity for a given isotope is

define <1 as intopic quantity in microcuries divided by the maximum permissible coin.entration
1 1.6(aci/m' ) in water for that isotope. 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 10 years. The thermal output of the

waste it important because of its petential adverse effect on the abi .ty of the repu itory to isolate -

wastes from groundwater Therefore, a slutlar screening proce;.u t based on thermal outputs

was applied to the hign-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 Figums 1. 4.1 and 1. 4. 2

show the ingestion toxicity and thermal output for the total F igh-level waste inventory. Figures

1. 4. 3 through 1. 4. 5 show the ingestion toxicity for the total cladding, intermediate and low-level

TIlU waste inventories.

T AI3 LI: 1,4.2

Imi,ortant Isotope., in Iligh-I.evel Wastes
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TA BLE 1. 4. 3

Important Isotopes in Cladding Waate

0 - 10 Years 10 - 10 Y ea rr.
Ingestion Toxicite Ingestion Toxi ig

FE 55 NI 59

NI 50 NI 63

CO 60 Zil93

NI 63 Nil 93m

Sit 90 1129

Y 90 PH 210

Sli 125 ItA 226

Tl: 125m TII229

CS 134 Til 230

CS 137 NI' 237

l'U 238 l'U 239

Pl!239 Pt' 240

PU 240 A 7.1 2 41

All 211 Pl!242

A ',1 24 3 A .\1 24 3

Cal 244 C?,1 24 5

TAllIL 1 4. 4

Important Isotope., in Intermediate-I.es el Waste

0 - 10 Years 10 - 10 Years

Ingestion Toxicitv Incestion Toxtetty
NH 90 1129

Y '+ 0 Pil210

Ci 137 AC 223

PI 238 11\ 225

PL 239 ItA 226

PL 240 Til 22:i

A ,1 241 Til 2.,0

A ',1 2 41 N P 2'17

P1 239

l'1 240

All 211

l'l 24 2

l' "- fi -) /
3 ULO"

29



TABLE 1,4. 5

Important Isotopes in Low-Level waste

6
_10'3

3 - 10 Y ea rs0 - 10 Years

ingestion Toxicity Ingestion Toxicity

NP 237 Pli210

PC 238 PO 210

PU 239 .\U 225

PC 240 ItA 225

Pl'241 ItA 226

All 241 Til 229

PU 242 Tl!210

U 233-

NP 237

PI' 239

P 240

All 241

I tf 24 2
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Ingestion toxicity as used here does not take into account dynamic phenomena smh as different

relative rstes 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.

Iteferences - Chapter 1
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Itidge, TN, Y 10Wl /SUH-76 /16 506, Sept. 1976.
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CIITPTillt ' Cil ANCI:S OF A lll:Li'ASI: OF ITADIOACTI'/I: WASTI:
FIlOM TIIE ILEFI III:NCI: HEPOSITORY

2.1 Int rodu ction

This chapter is concarned with the possibility that rad oactive waste may be released from

the confines of the referen e repository at some time in the future. The subject matter is

restricted to thos" procest es 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 its distribution on a rr nonal or worldwide scale are treated in later chapters of this report.

The definitions of release are state d in Section 2. 2 and several scenarios are provided to

g.ve m ean;n;: to these definitiors and 'o indicate their relative importance in any assessment of the

hazards posed bv a repository in deep, geologic media. The presently identiftable natural

processes and events that contribute to condi+ ions f avoring release are listed in Section 2. 3 and

are t hen subjectively organized in Sec+ ion 2. 4. This subjective organization leads to a ten +ative

choice of nine release sequences, or failure mcdes, one of which is complex and involves any

adverse effects of the placement of +he repository upon the repository's capacity to contain the

wa s+ e. This la'ter failure mode is called the self-induced failure, and is studied by simulation in

Appendix 2 A of this chap +er. In Section 2. 5, mathematical models are constructed to provide

estima+es of the probability that release occurs at a given time through any one of the identified

release modes. The mathema'ical formalism that is used to combine these models is described

i n Sub s e c+ ion 2. 5.1. That formalism is based on the no+1on of system failure in the presence of

several competing bu* sta+istically independen+ causes of failure. The formalism requires that

failure rates be prescribed for +he nine release modes: these failure rates are constructed in
Subs e ct ions 2. 5. 4.1 'h rou c h 2. 5. 4. 9, using plausible models of the sequence of events occurrinc

in each release mode. The failure rates depend upon a set of parameters that--though they are

themselves ' random variables '--have a rnore operational, or measurable, quality than the release

m ole probabili+ies possess. In this in*e rim report, only nominal values of the parameters are

q u o' e d. Itesults of a sample calculation with the simple competing risk model are presen+ed in

Sec*lon 2. 6, using most of the failure rates for the release mechanisms discussed in Sub-

s e et ions 2. 5. 4. I t b rou ch 2. 5. 4. 9.

The reader of this chapter will note tu odeling efforts described in the chapter are

in omplete. The authors acknowledge that they ar" indeed incomplete; but they believe that enough
material has been included to illustrate ways in which a truly ( frective treatment of rrlease from a

radionti' e waste repository could be implemented.
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2. 4 1:ven'.s That Define System Failure

Ily scaline potentially harmful radioactive wastes in stable, deeply buried rock strata, it is
expected that these wastes will be kept out of the biosphere until their activity is reduced to harm-

less levels. The biosphere--thone 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 surfice s aters on the continents, an i the oceans and seas to great depths. If radioactive waste

somehow reaches anv of the elements of the biosphere durir g the term when it is hazardous, one

can sav that the disposal system has failed (although the consequences of such a failure are

uncertain aml remain to Le explored) Converse ly, if the radioactive wastes are kept tway from

tb' elements of the biosphere durine their hazardous term, the disposal system may be regarded

as has inc been successful from the St.indpoint of waste isolation.

Such a didtin: tion makes easy the def.nition of the events that define system failure. Any one

of the following four broadly defined events will thus irnply failure of the disposal system:

1. Helease to Irep GrounJwater -- Madionuclides f rom the disposal chamber

become dissolve:1 in ci rc ula* me g roundwa+ e rs (ph rea'ic zor.e ).

2. Helease + o Soil -- Ha lionuclides from the disposal chamber become dissolved

i croun l xa'e rs pe rcola'inc 'brouch the soil (vadose zone), or become

cL. .r ic ally f1w i 'o t he soil.

3. Helease 'o S tr! ice 'sa*er -- Harhonuclides from 'he disposal charnber become

d:ssolve 1 in . r f ace wa e rs, or become fixe ! in sedtrnen's within the basins

of surface wa'e rs.

4. H elt a s e ' o * * * A: osphere -- Harhonuclides f rom the disposal chamber are

dispersed an ! - aren leti m 'h" ea r-h's a mospac re.

'I hough deep g roun h aters art not normally considered part of thc biosphere, event 1 is

is a p 1thw ay to th, biosphere bs w ay of the hy !rologic cycle.mcluded i ec au- d'u p grou:. !x Tie -

S t rn il a r : eve nt 4 is no renfined to the lower atmosph'?re, per se, b( cause of the know n

connection t etw et n the ntratosphere and the low e r atrno-phere.

In a i L' u 'Le e t ,'e: i of recional hydrolocic cycles and clobal a'rnospheric circulation
.

* ;p! * h.c ' he oc cu r r e r.cc of an' _one of 'he fou r even's above lea d s 'o t he even* ual occu rr *

ito some < cree)of'Le o*her*Lre+ The net ef fe c' is an obru m one: once the radionuclides
of + he was*e ch sposal sit e, t h e re is a gradual dispersal awaye s ape c or.* a m m e: m% vu v '

fron he s:+e b, neans of cro ' tw.v e r * ran spo rt , sedimer * 'ranspor', an i aerosolita' ion followe;i.

h- +ranspor* hs s mls. T hese p roces s._ s a r e riia g ram rn ed m l'icu re 2.1.1 for the case of a re-

lease *o 'L. deep . : ouna va* e rs ea r 'he disposal chamber. lioweve r, the preser' chap * er is

concerne- or.l s w h *he m echan:stn s of r elease and t he assessmer t of probabili'les for t hose

met Lam s:n s. I itu re 2.1.1 Las been melu led here rnainly 'o shox +he logic behind 'he choice of

emphasis upon f ailu re b' relea se t o deep c ro:md ra'e r.

-9
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Figure 2.1.1 Processe Radionuclide Dispersal After Release,

The analysis of the hazards of waste disposal must adJress the question: in what ways may

the radionuclides (RYs) be injected into those clernen's of the biosphere men'ioned in the definitions

of even's I through i' W hat eve r t hos e mechanism s r-ay be, it is clear t hat, wit h the possible

excep' ion of volcanism and exhumation. they must first have a local effect. and that they must

opera *e prior to the dispe rst'.e mechanisms shown in l'igure 2.1.1. The requirement that rel(ase

mechanisms act locally already orders 'he importance (likelihood) of the four failure events, and

justifies emphasis on the release to deep croundwa'er. l'urthe qualitative justification is supplied
in the next four subsections that supply examples of the ways each failure event might be realized.

Before s'udying these examples, the reader should cain a men *al picture of the features of a waste

disposal site by studyinc Chap *er 1, .hich describes the reference site, or " type sit e~ . used as a

focus for the analysis in this s'udv.

, 2.2.1 1: vent 1 - lleleases 'o Deep Groundwa'er

Example: The access shafts to the was+e vaults are possible points of vulnerability in the

design of a waste reposite y. These shafts must necessarily pass throuch all layers of rock above

the w s'e disposal leve' including any layers that centain flowing croundwa cr. Al+ hough the

shafts are +o be sealed or filled with some impermeable material after 'he reposit ory is de-

commissioned, the technology for sealing such larce-diame'er holes.ig s!.ill imperfect, and it is

heven*kkilt
'reasonable to suppose tha' the saal between native rock and shaft fil et eriorat e

n



in suc h a way that pathways for water are crea'ed. Once these pathways are fully develope f,

water conceivably could begin dissolution of the salt backtill and, in time, reach t he waste vaults.
the le ic hir:cProvided that the waste camsters have degraded at the time of inf ltr ition by w ater,

of t he It N's into t he brine could begin and some of the concent rat' could, by diffusion, fin f it s way

back mt o he flowing g oundwate r above t he vaults. The process of diffusion proceeds slowly; but
.

if two o. more shaft seals fail, the possibility exists that convective flow would be established

between the opened pathw ays, leading to accelerated dissolution of the salt backfill, an i eventually

to enh aced t ransport of t he dissolved ItN's out of the dissolution cavity and into the aquifer,

1:xample: 1:ven if the access shaft seals remain intact, the thermal st resses induced in

t he surrounding rock stra+a by the flow of heat away from the ho' w aste in the vaults may produce

f ractures in the barrier rocks that separate 'he vaults from the aquifers. If the thermal stress is

it is plausible that connec+e i tracwres could provide patlnvays for wate r and imtiate asevere,

No' e t hatsequence of events similar to * hat just described in the example of shaft seal failure.
thermal s'ress cracking is no' necessarily restricted to only the overlying rocks but coul f con-

ceivablv also affect the underlying units such that wa+er could ultimately reach +he vaults f rom

wa+er-bearing strata below, as well as f rom those above.

1:xample: ,\ differen* kind of potential release mecFanism is posed in the example of

undiscovered ra'hways for wate r infilt ration. These pathways might be: un dis co ve r e d, unseale f

boreholes; voi is adjacent to the waste vault s 1perhaps the so-calh i breccia pipes h or ex+ensive

frac +ures in the harrier layers separa'ine host rocks f rom * H m M, H n la ve rs. Namerous

possibilities exist and the presence of any one of *hese pathways could initia'e (or could already
have ini'la'e 1, a+ the +1me of decommissioninc) a sequent e of even's leading to a release to

ground wa'er in a manner similar 'o 'ha+ quo'n i for 'he shaf' failure example,

'I hese few examples should suffice to n.ake the poin' that a rela'ivelv srnall ra+e of enerc ,

inpu is required m even* ually effect a release of +he ra bonuclides to deep gro'mdwa'er. I:nercy

r ep re'l to grow cracks in the shaf+ seals mich' be supplied by seismic ac'ivi+y acting over a lonc

pe rio ! of 'irne. 1:xis'ine gravi'a'ional po'entials supply , nerg c for water convec' ion, and t he ' my

energ required to es'ablish +he densi'v gradien's tha+ d rive du tusion is supplied by 'he salt / u ater

The potential for energ, release throuch undiscover e i s'ructures seems large, dependingsy s' em.

upon 'he likelihool of t he exis+ ence of such st ruc+ ures. I~or 'hese reasons, it is believed t ha'

relea n s t o deep groundwa'e r are t he mos' lik ely of t he f ou r f ailure e ven's an<i wa rran' t he mos'

liowever, circum stances of direc' release 'o t he biosphe re a lemer 's (events 2, 3, an 1
a'it Um.

4) ner i also to be examined.
.
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2.2.2 f: vent 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 soil, it is obvious that rather special circumstances

'd be required to drit e the waste RN's directly to the sot' without making substantial contacts-

with deep groundwaters. Some examples of singular cir 'utances are given below.

I:xample: Suppose that several boreholes are inadvertently drilled in the exclusion area to

depths sufficient io reach tne waste vaults. With very small probability, ..e or more of the waste

containers could be damaged and some radioactive fragments cotild he brought up hto contact with

the soil. If the local containment of the waste RN's has failed by 'c time of penetration and the

RN s are dispers?d into the immediate volumes surrounding t'ieir vaults, the chances of bringing

radioactivity up to contaminate the soil would be higher, particularly if dispersion is first

accomplished by a release :o the ground s it e r.

A much more probable consequence of inadvertent exploration would be the crmion of

new pathways for w ater inf tltration, thus initiating a sequence of events leading to a deep ground-

water release and. pe rhaps, depending on tne hydraulic head, t ransport of contaminated water

directly to the surface.

It is possible to hring RN's directly into conta t with the soil thr ough a borehole tf the

dionuclides are gaseous or volatile, and if the canisters are ineffective as containers long enouch

before penetration time to permit the diffusion of the RN's into the surrounding rock. Tw only
'gaseous or volatile RN's present in the reference repository are I, R n, and R n. .

the last of these has a substantial inventory in the a aference site.

I:xample: Consider a raril excavation of the waste vcults 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 Gera"* I 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 mu<h more

probable than the explosions or impacts of the magnitude required for ex avation. Suth 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 two ex, 'es of direct release to the vadose zone (and it is hard to think of other

examples) indicate that tne direet failure event is unlikely. 1:ither 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 eufficient depth,

403 035 ,



2.2.3 I: vents 3 and 4 - Direct lleleases to Surface Water and Direct Iteleases to the Atmosphere

The examples and comments in the previous subsection apply even more forcefully to
direct releases to local 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 ccnceived so far lead first
.

to infiltration of the waste vaults by water.

2. 3 1: vents and Processes That Influence System Stability

If the waste disposal site xere entirelv an engineered system and if all the potential hazards
could be realized on time scales small comparcd with the facility lifetime, then the appropriate

nu thods for identifying factors that influence stability would be the event tree and fault tree

formalisms. Ilut it has already been noted in Chapter 1 that encineered features of a waste

disposal site in deep geologic media are only a part of the total system, the rest being natural and

largely unprr dictable to a decree that presently exceeds engineering design capabilitit s. It was

also not ed in Chapter ' " mtential ha7;irda could be realized over time scales extremt ly lonc

in ccuparison with the lifetime of a racility. "Je are ceahng with a very poorly understood system

a_ the present time in contrast with the admonition that:

"Before the construction of a fault tree can proceed, the analyst must
acquire a thorouch under standmg of the sys tem. "2. 3

One purpose of the material in this chapter is to begin butlJing an understanding of the system in

question. Th. acproach taker will, therefore of necessity I e om based on the plausibility of
assertio: s * hat certain fetor' might influence system stability.

T lis' of event s and processe s th" nicht influence stability of a waste disposal site is given

a composite of those it"ms considered importa._ .y workers concernedin Ta% 2. 3.1 The lie is

w-th site s4 lection criteria'' and by analysts who have attempted the fault tree or logic'

2.G.2.7
diacran m e t h m.s.

.1ost i'e m7 contained in T able 2. 3.1 n ere revi< wed by u panel of experts who were assembled

to provi? incut on the importance of these facto-s. * The following paragraphs describe some

of these nher.omena and are intended to indicate the relmive iirportance as seen b: individual

memb. r3 of t he craup The remarks app.y to the generte concepts of waste disposal in deep

genloc'c media and tre in response to th" question: llow importaY is the factor under considera-
.

t ron for th- long-term snbility of a waste dispo.wal site ?

-9
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TABLE 2. 3. I

1: vents or Processes that Atay Influence the Stability of a % aste
Disposal Site in Deep Geologic Aiedia

I. St'DDI:N DISRt'PTIVE EVENTS AND PROCESSES

1 Aleteoritt Impact

2 Ifurricanea

3 Earthquakes, Seiches, Tsunamis

4 Landslides

5 Volcanic Activity

6 Faulting

II. SLOW DISRI'PTIVE EVENTS AND PROCESSES

A. Subsurface Processes

7. Dis solution

8 Iiock Deformation

9 Rock Permeability Change

10 Thermal Expansion and Related Effects

B. Surficial Processes
11 Erosinn and Sedimentation

12 Regional Subsidence a 'plift (applies also to subsurface)
13 Glaciation, Pluvial Periods, and Sea Level Variations

III. I: VENTS AND PROCESSES INITIATED BY AIAN (LONG-TER AI PIIASE)

A. Effects of Engineered Repository

14 Subsidence and Caving

15 Shaft and Borehole Seal Failures

1G. Thermally or Excavation Induced Stress in Ilost Rocks

17 Radiation Effects (radiolysis and energy storage)

18 Chemical Effects

19 Othe:- Physical Effects (e. g. migration of brine bubbles)

B. External 1. vents Independer* Sf Repository

20 Inadvertent Intrusion (by drilling, mining, or hydrofracture)

21 Ilydrologic Stresses (irrigation, dams)

22. Explosions (including nuclear warfare)

IV. ITNDETECTFD FEATURES AND PROCI:SSI:S

A. Geologic Features

23 Voids or Ilydraulically Interconnected Fractun Systems Near Site

24 Undiscovered Perched Water Table Near Site

23 1:ndiscovered Potentially Valuable Alineral Resources Near Site

B. Alan- Alade Features

26 1*ndiscovered Boreholes and 11ines (sealed or unsealc d) Near the Site

27 Location oi Site Near St: att gic Industrial Cen+ers
4' u a, 03;r
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2 ' }leteor' I:ny

Hecause the frequency of impacts or me teorites large enough to cause direct damye is

.f ly low, meteorite '.npact events are not important in relation to certain other events thate-

coull lead ' a damage.

2. 3. 2 llurricanes

llurricanes may be important to *he safety of disposal sites located on the margins of the

Gulf of Mexico, the State of Florida, and on the east coast of the l'nited States during the opera-

tional phase. In the postoperational phase, adverse effects might conceivably arise from altera-
suchtion of croundwater flow patterns and from imposed hydrostatic loating on the site; however,

The effects of seiches andeffects are like ly to be transient and of no long-term consequence.

tsunamis would likely be similar to that of hurricanes.

2.3.3 I:arthquakes (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
andof the relationship of seismicity to other geologic events (e.g., f aultine, rock deformatien,

other chances in rock properties). Small induced accelerations might, if prolonged, alter rock

permeability, thermal conductivity, and enhance fracturing along joints between native rock an 1
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 pmitio probability of occurror.c < ,

even in seismically quiet regions. The effects of seiches and tsunamis induced b:, eart! quakes are

considered with those of hurricanes (see previous paragraph).

2.3.4 I.andslides

I.andslides. in the sense of abrupt flows of rock and earth in terrain of high relief, ar=

probely not important for conside rations of site stability because a site probably would not be
located in terrain of high relief. Ilegional scale "sliling ' of rock structures, on the other hand.

might be important. Thic class of " landslide" is re11ted to regional tectonics (st e set tinn 2. 11),

2. 3, 5 Volcanic Activity

Volcanism is obviously important, but in a site-specific context. For instance, it might

be important in considerations of formations at NTS, Nevada, as a car.didate site, but not very

important for Pierre shale, bedded salt, or cult domes. The distinction between surficial
n.ufe stations of icneous activity (volcanism) and subsurface phenomena (m.igmatic intrusion)

should be m aintained. The former are asnociated with the so-called volcanic provinces, whose

time-history is becoming better knov n (e. g. , the llavraiian Inlad chain) and, thus, somewhat

predic table. Subsurface m1nifestations are less well known,

n
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2.1. 6 F aulting

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 fissolving of rock by water, is obviously very important on a site-

specific basis. Salt, gyp. um, and limestone formations have the potential for dissolution. The

rate of dissolution depend s, in a large part, upon the availability of the water and its flow pattern.

Consequi ntly, strong connections exist with other items in the list: rock permeability, climate

(glaciation, pluvial periot s, and sea level variations) and many of the events and processes

initiated b.v man (see T. t 2 3.1, III).

2.3.8 Rock Deformatica 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. 1:ach 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 Changes (Time-Dependent)

Nacurally occurring, time-dependent thermal changes might be important as indicators
of more hazardous items (c. g. , subsurface igneous activity). Changes in the temperature profile

might possilly change permeability. Thermal changes related to the emplacement of waste in the
hest rocks can be more important than naturally occurring changes in causing the hazards

(- ee Sec t ions 2, 3,13 and 2, 3,17).,

2. ~i,10 l'rosion and Sedimentation

Erosion and sedimentation are important primarily through their connection with recional

t e c t onic s. 1:rosion alone, at a worldwide average of ~ l mm ' year, is unlikely to be a hazard for

an emplacement 800 m under the surf ace; however. rates of erosion could be 1.igher in uplifting

regions. edimentation may influence the distribution of surface waters and increase .he staticc

loa.itng ovet a site. It is also a factor in diapirism.

2.3.Il llegional Subsidence and Eplift

This item refers to the tectonics (deformation and structure) of the earth's crust and _ts
local manifestations of regional uplift and substdence. Such regional manifestations are directly

important only if they occur rapidiv (as in the 'Palmdale bulge", uplifted 1 m in 10 years).

Indirectly, they might be important as indicators of the potential for more ha7ardous phenomena,

such as faulting and accelerated erosion. In general, coastal and shield regions are rising while

]r
, .,

certain interior basins are subsiding. I
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2,3.12 Glacial-Pluvial Period. Sea-I.evel 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 glacial-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, llut, in spite of
a<!vances in the understanding of past climates, arising out of the CLIllAP program, certain infor-
matic'n about continental climate in pluvial periods is missing, suc h as rainfall and stream flow.

Some inferences can be made from indirect geological and biological evidence,

2.1 13 Subs ide nc< and Cwinc

Subsidence and caving in and around the waste emplacement following backfill are

potentially important fletors, mainly because of the possibility of opening pathways for water flow.
These f actors are obviously site specific and are partly under the control of .wite desien and

curre nt tect.nology

2.3.14 Shaft an ! llorehole Seal Failures

of deterioration of the joints between native rock and sealing materialThe conwqm ,s

ould he in.portant in connection with o1er modes of failure. Possible mechanical failure modesu

are asnociated with earthquses, subsidence, and thermally induced stress (see Section 2,3,15),

There inicht also be failure m n!es >sociated with chemical reactions at the shaf t fill and host

co< A inte rf are.

J. 3,13 I h er m (11'. Induced Stress m IIost Itocks

'I h e rm al loadina from emplaced m aste was deemed to be important in the imtiation of

': ore haz ardans eve *s (shaft s e il failure, fracture of barrier rocks). Its cons etton with other

factors coul.1 i e htchl'. complex. 'I he role of thermal loading mtcht he determined by calculations

*# the d ec re. of thermal cracning induced in host rocks or b. actual in-situ measurements of

near-fu !! str. ss chance durmg a pilot plant phase of the facility.

I{ndiatica l'f fects (lladiolv sis and 1:nerev Sto race)2. # . i f.

in the ch m , mineral stability caused by thei ni principal et reet considered hert

#-or ption of camma rmh ation from radionu^lide de cay A certam amour.t of hydr olysis of ' vater

is also to ! " expected, l' h e eff t " is not importan' in salt and probably not important in other

rock t'. pes althouch some further re"earch : nigFt be " carra * e' t,

e n
(\ '\,

a n
'
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2.3.17 Chemical Effects, Other Physical Effects

Further research is needed before the importance of these itams is known. Natu rally

occurring chemical changes of the boat rocks are probably not important, but chemical changes

induced by the mined emplacement might be, Such 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 introduction of organics and chelating

agents in a waste e nplacement could accelerate the local transport of radionuclides. Iiowever,
the "far-field' transport properties of the host rocks are i robably the most important items in the

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

2.3.18 Inadvertent Intrusion (hv Drillmg. Mining, or Ilydrofracture)

The possibility of intrusion of the repository at some time in the future was not seen as a

question for geoscientists. 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 w ere regarded as being beyond speculation.

2.3,19 liydrologic Stresses (Irrication, Dams)

Ilydrologic stresses pro luced by human diversion and impoundment of water have about

the same hazard po'ential as the stresses produced hv natural confineme:' Comments on the

glacial-pluvial period item also apply here. fetermining +he likelihood of future, man-made

changes in the hydrologic sy stem is not the responsibility of earth scientists, flowever, there

are many case histories of such man-made changes of which geologists and hydrologMts may be

aw are.

2. ". 20 Explosions (Includinc Nuclear Warfare)

The probability of spontaneous explosion in a wasts emplacement is virtually nonexistent

during the post-operational phase, given proper site design technology and an underst1nding of the

chemical interactions between waste materials and host rocks. I:xpla at the surface might be

very hazardous for emplacements in the unsaturated zone, but could bc ocounted for emplacement

at consider able depth (e. g. , 500 m).
.

2.3.21 Undetected Features and Processes
.

The importmce of undetected features and processes was not considered by the panel.

Ilowever, undetected voids, fracture syrtems, boreholes, and mines locate 3 near the nite 'nicht

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 investige'od

on a s:te-specific basis. Item 25, Table 2. 3.1 (undiscovered valuable mineral resources) is
|| r ,
r U ', nfU'
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connected with the possibility of in+rusion 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 5tuttive connections with

inadvertent intrusion and nuclear warfare. But it seems unlikt ly that these connections c an ever

be reliably identified and quantified.

The preceding paracraphs should reveal the need for further study and orgamzation of f
-.

rhenomena that influence the long-term stability of a disposal system. In the next section, suh

n etive judgment and physical reasoning are applied to the organi7ation of some of the phenomena -

cited in Table 2,3,1, in prepara' ion for making models of w aste release mechanisrns and site

st a! .ilitv.

2.1 1Ae: tifs inc Some Waste fielease \ lodes

'I he 27 events, procesaes, or features lis'e f ir. Table 2. i 1 a re alre:elv oceanized nao four

broad e itecories:

1. SuPen Disruptive 1: vent s an ! l'rocesses

II. Slow Disruptive 1: vent s arel l'roce sses

111. 1: vents and Processes initiated hv Man

!\ . I'ndetect ed l'ea'u re s and Proce s se s

\ n i le rt ification of some of t he c ore obvious relea.se mechani s m s an f their associated release
m. ide s 'an be male b examining the items in eac h n: th"se fou r r a!' corte s.

i)f * he it e m s in f ^a'e : ors I, only (1) m ete o ri'e in , ,a r ' a n. (T) olcanic activit s con!d lea ! 'o

ra !ionu cli h , to 'he bio sphe r. ( r, i 4 p, ronid also be a <firect cause ofin sta nt a n.o m s rele a se
,+

rele w e, althouuh a lo c perio ! of time s ould likelv be requirm! f or this 'o be ef fec'c f. Itet t (2)

andi4ii c:1 ! ni e leal direc'ls ni a release m waste fro !! e re'e renc e sit e, se.co the' are

,.;rfi al n' e nii r e n a.

kie'S s k n ('at e 2orv 11 ()nis (Y ) di s st)l ut k'Ja a fid (l l ) I'If)hi')n ( oul'I ini i3't' a dird'C!
f

II '

in this
re le a - ,f' iste .vhen actinc alone in the context of the refe r e: s e site, All other iter u- s

ate. 3r; can onls con'ribut e iniirectiv to release A possible excep* ion is clarial erosion (! !).

iW "!a c te rs are o c knou r o e ro !e roc k la ve rs 'o 'he de p'h , i si fered here for aste burial.

tif f e re nt : la s a - : f I? . r s ,nl Proce sse s Ini'iate ! ! ', T a n ( ( ' W , < > r .. ?!D are e orth

' t he rel:< > s t' or c a c la ,, e rt al,u rn 'n the ef fe, 's ,J t h
,onal erin; '<r t!.elanc tern ,hase <>

.

, .
. s k 4 .

a ( t 9 _e

!!;c u re sence of the reposi'o rv (('las s 10. (lf the l'e m s listed under ('la ss T, only (14) subsi!ctce

)le f ailu re ,, an! ) t!.e rmal or cu ar atim in !ur ed re < < oa nd cre. in . (15; shaf t seal ar.d bore :

ns can leal to n ater int rudinc the r., p< s i' o r . , ;'e rh a p s in concer- i. i' h solu'ionir \ mn-
O r.

sile ra' ion of t he remaining Cla s.4 A ef fect s, i'em s (17 ) ' h r' , c h (l 'O, su Ke.,* s t hat t heir role in

O[7. - *.
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causine release is presently uncertain: they are energetically weak phenomena in the context of
the reference site, but they may contributc indirectly to conditions f avorine release. I: vents listed

under Class H are quite different: only 1. ems (20) and (22), inadvert nt intrusion (by drilline, mining,
or hydrofracture) and explosions, re s pe c t ively, would be capable of initiating release. In the latter

es ent, 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.

liydraulic stresses caused by man's actisity (21) may only accelerate (or inhibit) other conditions
- that would directly lead to release of radionuclides from the repository.

I'inally, the only features among the Category IV list that are associated directly with a
release are items (23) and (26): undiscovered voids and hydraulically interconnected fracture system s

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

to be considered in assessing conditions that favor release.

Thus, there appear to be 12 potential causes of failure (underlined in precedinc paracraphs)

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 orcanized into two groups:

1. Those e;ents and processes that are initiated hv the excavation of the repository

and the placinc of heat-producinc raiioactive waste within it.

2. Those events, processes, or features ' hat could initiate or contribute to release

of radionuclides (by excavation or solution) in way s that are indeoendent of the

presence of the repository.

Univ solutioning (7) and subsidence /cavine (14) are common to the two croups. G rou;) Ican

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

creation of the facilitv ani because thev also contribute to a failure of the facilitv. On the other
han t the processes and events in croup 2 are potential release modes that are, in first approxima-

t ion. iniitferent to the presence of the reposi'ory.

An appeal to physical and geolocical causalitv cives the most obvious release mechanisms

i n c r ou p s 1 and 2. A summary of the processes that contribute to self-induced release are shown

,

in T able 2. 4.1; release mechanisms that are roughly iniependent of the repository are listed in

Table 2. 4. 2.

'yo (i * 7uo
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T AllLI: 2. 4.1

Interacting I: vents or Processes that Determine
Self-In<luced Itelease

Till:ltil AI. (HI I:XC AV ATION ST RI:SS Ol' IIOST ItOCKS (16); followe ie
hv t racture formation and solutiontng (7); interacting with other factors. .

e SI'HSIPl:NCI: AND CAVING (14); accelerated by: 1:arthquakes (3),
l.amistides (4), Solutioning (7), llegional Subsidence (12), Pluvial .

l'e rio ls (13), i:xplosions (22), IIvdrologic Stresses (21). Int e raction
with orlier factors,

o SIT Al'T Sl: AI. F All.l'Ill: (15); accelerated hv: 1:arthquakes (3), I.and-
slides (4), Soh.tionine (7 ), Jtegicnal Subsidence (12), Pluvial Periods
(13), 1:xplosiors (22), l!vdrolonic Stresses (21). Interaction with
other factors.

e ll ADh )l.YSIS AND 1:N1:ItGY STOll AGI: (17); interacting with other
f actors.

e Clil:\lICAI.1:FFl: CTS (13); interacting with other factors.

e ()Till:lt PIIYSI(' AI. I:F Fl: CTS (10); interacting with other factors.

T A 111.1: 2.4,2

%me ('auses of itelease Independent of Presence of the llepositorv

e ! ~ iD:S('O'J 1:ltI:D ItOlli:ll( >I.!:S AND TIIN!:5 (26); followed b- Solutioninc (7) and
M sider"e (14 ) it w e a le d. H initially sealed: Solutionir.c and Subsidence are

preceded hs shaf* seal f ailure (15).

e i NDIS(1 WI:lll:D VOIDi AND l'lI ACTl'Ill: SYSTl:MS (23); followed by: Solutioning
(7) and Substlenc e (14) if initially ina c t iv e, sorne of the processes in Shaft Seal
l'ailu re (15), Fizure 1, apply t o act ivation.

e l'It( Ni()N AND SI:1>IT!I:NT A I lON (11); influenced hv the processes: I .and slide s
(46 Hecional hub wh r.re and I plif t (12), (;1aciation and Pluvial Periods (generallv,
climate) (l'U.

e l' \l'I.T IN(, ()N 011 N!: \ll SIT F. (C); folloz e 1 bv: SolutioninJ (7) and Subsidence (14).

e 1: . I>I.( Hit 1NS (W (ill N1; Alt SITI: (22), influenced by I ocation near Stratecic or
.

P. b s* rial ( e nt e r s 12 7 ), f ollower! hv solutionina (7) ani Substience (14).

e \ ()I.( A Nic \('I'IVIT Y (M; hic' l'. correlated "ci'h Frlting "').
,

e ti:Tl:()HITl: IMI' A('T ( W ()ll N!:All SIT!: (1)

e I'J iD\ 1:llTI:NT INTitIH ( W (20); followed b. Walutioninc (7) and Subsidence (14);

in:luenced hv: l.xis enc e of Tlir.eral Hesources r. car Site (25), and I.ocation of Site
no ir St rate cie or ir.iust rial ( en ers (27).

N .4
,7 dT-

403
4e



In the r-athematical modeling of these release mechanisms, it has proved cor venient and

insightful to separate the two groups identified above into two r istinct kinds of models. We firsti

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. 6. where the eight causes of release shown in Table 2. 4. 2 will be treated as though they

are statistically independent modes in the analysis prenented in later sections. H ow e ve r, it

shoul:1 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 easv 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 to be determined.

The self-induced release mechanisms require a different kind of modeling effort, to be

described in Appeniix 2A of this chapter. B rie fly, the model of the combined self-induced release

mechanisms is a deterministic, lumped-parameter simulation of the geological stability of the

repository wnen it is stressed bv heat-producing waste and subsidence of the overburden. Since

the repository simulati n is deterministic, the outputs cf the model (e. c. , times required for

solutioning to progress t. the repository level) are incompatible with the probabilistic model of

com;>eting risk used for the eicht mechanisms deemed to be independent of the repository (Table

2, 4. 2 ). One way to get around this incompatabilitv - and thus be able to uniforrr.lj compare the

importance of all identified release modes - is suggested but not implemented in Section 2. 5

(Sub se ctior. 2. 5. 4.1).

2. 5 I:stimating Probabilities of Helease--1:xternal 31 odes

In this section, we construct models that provide estimates of the probabilities of release of

waste through most of the release modes described in Section 2.4 1:mphasis is placed upon the

causes of release that were judged to be essentially independent of the presence of the repository

(Table 2. 4. 2). IIowever, an attempt is made to cast the results of the simulations of self-induced

release (Appendix 2A. this chapter) in o 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 cicar that the self-induced mode of release is not entirely independent of the

so-called "exte rnal" mode ,

- The formalism of the probabilistic models is first presented in the following Subsection

2. 5.1, without discus sion 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

/, - n.-
" L] J %y,;.

,



2. 2.1 l'ormalism of the l'robabilistic Models

it is assumed that N independent release mechanisms have been identified for the system

and that probability distribution functions, l' , for the waiting times, T , until releasein question:
oc c u r:, by the ith mechanism have been prescribed for each of the N mv!es:

T. < tf , 1 - 1, 2 , . . . , Nl'.(t) l'r .

1-1

1:ach waiting time is a positive random variable and the origin of time is chowen at the

coint when the system is placed in operation (for a waste disposal facility, this is the time at

which the facility is scaled).

If it is assumed that the probability of initial rrle.w. equals z ero, it can he shaa n the

ly are all of the form:the
.

t
(2,3,1)

l}(t) = 1 - exp - : g(s) ds
o

.

rat e *9 for the ith mode. It must be an inte-The f ue:: tion .1
defined here is called the f ailure

g ra bl e , non-negative function on the interval (0, a). The f ailure rate is usually interpreted as a

probaMlity density conditioned on the event: no tailure occurs up to time t. The probabilit ,

density tunction associated with each I'. is obtained by forrnally differentiating 1:q (2. 3.1):
1

{ t f
( 2. 5. 2)

P.(t) 2.(t) exp - :1.(s) ds
.

i 1 q

o f
.

N ot e + hat , by 1:q (2. 5. 21:

p D)
t (2. 3.3)

..(t) .

t 1 ,it(t)
1

r, ' io n ur l. E rnt "fo rt h . mbject toThe syste: ; under 4tudy f u nm a s s . r.e < ! t s N "'i" .

f iilu re 'Erouch 4.e action of inv one of 'he N re5: i,e T!< pr, abilit c that the s. :te
.

,, + . ti) : ti : e . O is tr e:

N

( 2, 3. O
l' ( 1 - l'. ) ,

.
I

1-I

h h , re de implied dependence on t is dropped for brevity),

r. h
un.,
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The consequences of release * may be quite differer t for each mode and one needs the

probability of a releaso by time t for each of the N, competing release mechanisms. These prob-
abilities can be calculated from the failure ates, defined by 1:q (2. 5. 3), in the following way.

Defin e n (t) and f.(t), i- 1, 2, . . . N , as respectively the probabilities of: no release
o i

prior to time t, and release by the ith mechanism prior to time t. Then, using Eqs (2. 5.1 and

. 2. 5. 4):

- ,
N .t

1) exp - 0 (s) ds (2.5.5)n (t) = ,

o s i
. vi o .

and

N N

r.(t) - p (s) 1 - P (s) ds = 1 - P.(s) ds ,

i . j 1 - l>g(s) ,
j ,t j 3_y, ,

oo
j/i

or

-t

n (t) (s) y (s) ds (3, 5, C)
,

-o

by use of 1:q (2. 5. 3),

it is seen that the probabilities of release by the ith mechanism prior to time t can be

compu+ed by performing the integration over functions involving the .'s, as indicated in I:q (2. 5. C)
1

If the O 's are constants (expolentially distributed failure times), then the integration may be
g

performed analytically.

When the moles of "relea se are statistically independent. the formalism just described is

called a model of competing risks from independent causes. L'or a survey of competing risk

m e t hodologie s , some of which are more general than the present one, see Iteferences 2.10 and 2.11.

The basic ingredients of the formalism just described are the failure rates: . (t), t > 0,

i 1, 2 , . . . N . l'ailure rate func tions for most of the N 9 modes of release described in

l'igure 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

[f f))
t' .the reference repository.

fi !
U % ,7

The consequences of release in the present chapter are the rates of release of the radio-
nuclidt to the several biospnere elements.

ee
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2.5.2 .Tustification of the l'orrnalism

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 associ'ted failure rates are given for each

of the N. i !cntifie i rclease mo les. Three ways to construct probability distributions, failure -

rates, or any other measures of likelihood are:

.

1. l!se of physical data ubtained by making reneated trials of system

performance, combi.ied with sta+istical theory.

2. I'se of data obtained by making repeated trials (simulations) with

i suitable mathe:natical model of the sy stem, or parts of it. A

variant of this approach bypasses the t rials by simulations, and

attempts to construct the mathematical forms of the df:stributions

fro: simple assurnptions, leaving their numerical scale to be

determined by a sr all number of paramet, rs that have physical

m a: Ting and are rneasurable.

3. t se of professional judgment (the guess of an expert, or the con-

sens s of a group of experts).

These three techniques are li-ted in order of decreasing objac'ivity. It ern (1) is, of course, the

mainst ny of quality cont rol and epidemiologv. l'or complex but well understood systems, a com-

bination of iteris (1) and (2) might be brought to bear on the problern when performance stati, tics

are available f or t he sy,*er c om px er.t s: a mathernatical model is constructed that logically

connects the s'. ster , components, and the rules f or combining probabilities are then used to

e stin ate 'M overall probability of certain system performance events. A combination of tech-
S t u dy ' * 12 to assess the probabilities 0:

9

nupes i l) md (?) ).as b( en asm ; i:2 the }|eactor safety

vario:: kinds of "acciden > ' ibat a r.aclear reactor may experience,

liowe ver, in no st urablems of rin assessmer ', the system be.ag considered is complex

dinc ot the function an i interconnections of its s ubc omponent s, and/or:d th ere is a poor dera

the " pe o! ,oerfor r e e Jivic s 'ha' characteriz e the s ubcom ponents. In such problems, a

com h t:n.+1on of the methods o..'linel ' Her (1) in 1 profes sional y :dgment, (1), are used a, a last

int o t he orde r-of - :agnit u le of 'he riu-:. The attendant loss ofce mn in order 'o cain in sic *

objei tis i : i s a c cep'e.1 in t he ba rgain t hat returns increa sed insicht 11 a timely f ashion. '.! o s t 0:

the ( un bx M poorly m.de rs ood sy s t ern s f aced by t he s aalyst f all into the catecorie s of parely1

natural , ,' e m s , or ' ngineered sy cem s that ,t rongly involve some n; ' ural phenornena. We have

already a res < e d t he poin+ i nc+ ion 2. 3i t hat a +ast e disposal si'e in deep ceologic media is in the

m + t e r t u c c u r', .

b '



2.5.3 Physical Content of the Probabilistic Alodels

The a priori failure rates to be constructed in the following subsection require estimates

of the rate of growth of solution cavities in be&ied salt. This subsection provides some rough

formulae to estimate such growth in a context that is appropriate to the probability models. Much

of the material presented here overlaps the treatment of solutioning in Appendix 2A of this chapter.

-13 2Natural salt, or llalite, has a very low permeability--about 10 cm --according to
*

laboratory n easurements; but, because of inclusions of other minerals, the bulk permeability

of bedded salt could be four orders of magnitude greater than that of pure Italite. * In any ca se,

the speed of flow of brine through salt at the reference site is small, about 10 to 10' m /y r.

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

radioactive waste is the mechanism of solutioning in which columns of fresh water gain access to

the salt beds through fissures or cracks in the relatively impermeable shale. The small an ounts

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 contait. The situation is shown in the following highly idealized diagram.

1|||||||t || G||||"~ ||||||||||||||||||,

)t u : : : : : a I I I I I z
a a M a v i a a r hie n 2

I I I I 1 I I I f I I I I I I I I

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

. .. x+ . . 3 rim . . Mt . .

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

The shape of the develor,ing brine cavity is uncertain exing to possible inhomogenetties in the

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

through the shale layers. The cavity is likely to be convex, however, and its volunw can be

approximated by the volume of an ellipsoid - (4n/3) abc; vhere a, b, and c are the three semi-

major dimer.sions of the ellipsoid. To further simplify matters, a geomet ric mean of the cavi yt

dim en sion s ,

(4n ubc )l / 3it a ,

will be used as a measure of the cavity size. The rate of growth of t'e cavity is then given by

d 3
- It V(t) (2.3.7),"'

403 049
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3 - l) og of the cc vity (by. forwhe re V(t) is the volumetric rate of flow of salt (say, in m yr
example, the processes cf diffusion or convective brine transport). The rate of n~x of salt out

of the cavity chang in time, mainly because of changes in the effective areas of the inlet /ot tlet

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, h, and integrate I:q (2. 5. 7)

to get

U J. 8)
-

3 *

It (t) Vt=
,

schere 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

fl ou .

TheseSome of the processes f or salt removal from brine cavity are discussed below.

examples show how to make crude numerical estimates of the magnitude of \' 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, approxim at ely .

3 -1 ( 2. 3. 4)* "

V-AV m * vr
U9

'
,

y +V
ag

vchere
~

D/I , the diffusive flux velocity (n vr )
9

A effective opening area of cha :nels (m')

pore velocity of f ces , wate r in aquifer ( : - 1)cr
aq

'

D effective diffusion coefficient of salt in ater (m' vr-I)

ef fective length of channel or :i,sure (m).i

l'or true molecular diffusion, it is almost always t rue that - V in which case:s ,

ag

3 -1*
(2,5,10)V- A' m ayr .

(he .erical example will show why molecular dif f :sion alone can iot t,e important in the forma-
tion of solution cavities. Consider the case of solutioning through an open LO- n cha mel, O.1 in

dt , met e r. The dif fusion ecnstant for salt ions (Na , ('l-1) in water at 20 7' is about+

-6 3 -I c-2 2 -1 .

Then, V u 4. 7 x 10 ~ m yr md i* would take 10 years to solution less3.6 x 10 m yr ,.

than 3 n! of nalt.
-

M "40;
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llowever, there are very special circumstances in which the e'f ective diffusion coefficient

can be many orders of magnitude larger than the coefficient of simple molecular diffusion. The
circum. stances are those in which the mechanical equilibrium of the water column is first made

unstable through an adverse thermal or concentration gradient. Turbulent convection then 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 bi
terms of Fick's 12.w for diffusive mass transport, but with an anomalous diffusion constant, D,"

2.15*

sometimes called the eddy diffusivity or turbulent diffusivity. The anomalous diffusivity may

3 2 -1).2.162 -1 (or about n x 10be of the order of 1 cm s m yr

IJsing the example of a 60 m-long channel, one finds that the effective mass transport velocity
-1

in this instance, 1) / f , is of the order of 50 m vr This is on the order of the pore velocity of
a

-
.

,3
185 m yr I' rom (2.10).fresh water in the aquifers bounding the reference repository: V ao .

"9 3in o*her words, about 3 x 10'5and for the 10 cm diam t* e r channel. V = 0. 3 m'1
-1 m of saltyr

6
would then be removed from the cavity produced by the channel in 10 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 solu.ioning cavity. This limit holds for convective.

processes of removal as well as the diffusive ones.

2.5.3.2 convection -- Itemoval of salt from a soiution cavity by brine co" vection is also

possible under special conditions, two of which are skttched below,

t 1) Channels connecting cavity to one aquifer.

I I I II |
I,|1|,|I,|it|I 'o | I | | |||I j

, , i 1
a rc=

,y' / / /, .
I , , , ,,

I . . I I I I I g g'I TN
' '5 ' I r=. .

. . Prirm . . .
w.. . . . ,

(2) Channei connects both aquifers through . salt.
.
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In the case (1) diagrammed above, fresh water flows in the inlet (left); mines in the cavity,
and becomes saturated brine. The difference in head, Ah/L, allows some of the brine to be

tonvected through the outlet (right) and into the fresh water aquifer. The mechanics of this

" siphoning" effect are described in Appendix 2A of this chapter.

'I he convective flow of water in case (2). diagrammed above, would require a hy drologic

model for a complete analysis since the normal flow of water in +he aquifers could be significantly
.

chanced--no+ me rely perturbe i as in case (1). Itut conservation cf mass suggests that the limiting

spee 1 ot +ra;upor' of sal' woul I be dicta +ed by the specific discharge times unit area allowed in the

aquife r v. i+ h 'he h w hest hy draulic conductivity.

T he foregomc examples suggest that one +ake v ' to be the larger of the normal aquifer flow

veloci+ies nea r the reposit ory and the refore set

( 2. 5.11)i Av .

4t

where A is *he ef fec+1re a r(a of 'he open channels through the shale, connecting the aquifer to the

sal' he t il* houch +!a s as s 1 :ip*ien con + ribu+es a conservative elemen+. Other f actors mich+ also

affec' tb &crer of con se rva+1 s m I'or examp.e:

1. Ti* potential for e ivits collapse is ignore d. The neglect of collapse of rock

ocer the crowinc solution cavity leads to an underestimate of the growth ra+e.

In ge:.e ral, i' is believel t hat collap3e would inc rea s e t h e ef fective area, A .

e

f or in:ilf rm.flon of f resh " mter thus increasing the volumetric removal rate of

, alt mtordnT *oI.q(2.4 . I 1).

J. The ef te - _ o! al. ' low in retarding (or altogether precluding) cavity growto
9~ ~ 17

are ic nore .!. 11.0 :stra has suggested that, below a certain depth, the

alt ,vould creep and tend to fill the cavity f aster than solutioning could keep

it open. Wes lett 0: this effect in the present formulae tends to be con-

ser. * ive; i. e. , c ive s i , overestimate of the ra+e of solutionir.g.

The od el c ; v i", c oom et ry is highly idealiz ed. The idealization of the cavity

A.:pe';akes certain the effective cavity dimension by a f actor that coald be
.

, ai 3ori. An overestimate of cavity size is as likely as an undere-

e st i:. Je ofit.
.

l~cr the prt s ent work, the rules f or solutioning will be t aken from 1:qs (2. 3. 3) an:1 (2. 3.11),

t hou, uudific vious vill certainly have to be made in my future assessments of the ef fect s of

s ol u t ion im . The noc crucial rnodification needed is some cay of taking into account the potential

time-depen Je: ce of A (+h" c:fective area of the open cha "Is th rouch shale). w,. ~ r.- w40;

3n



2.5.4 Construction of Failure Itates for External Modes of Itelease

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 release

modes are considered in no special order, except that the release through undiscovered bort holes

is outlined first because we believe it best illustrates the approach to modeling that is used.

2.5.4.1 Failure llate From 1:ndiscovered lloreholes --liecause of exploration or mineral

extraction activities in times prior to the siting of the waste disposal facility, the - *nay 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

drillirg and mining in the past.

IIc aever, there can neve- be total assurance that all boreholes are located. The possibi-

lity that one or more undetected boreholes remain, even after a thorough search, must be taker

iMo acc unt 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 ut. sealed. If they

are unsealed, the process of salt solutiening may already have begun at the time of shutdown of

the facility

Jt is here assumed that tne area surrounding the disposal site is punctured with undetected

boreholes with mean density 1 holes per square kilometer. Though the pattern of previous

exploratory dri'_ ling may have dictated a nonrandom placemert of the holes, it will be assume 1

that the ones remaining undetected occur randomly over the area surrounding the site: hence,
3 is the parameter of a Poisson distribution.

I.et f denote the fraction of the undiscovered holes that are unsealed. Then the mean
denst' of unsealed holes is fd and +ha m ean density of sealed holes is (1 - f)$. The seals on a

borehole cannot last forever, and at some random time after scaline the plug will no longer be
effective in blocking the flow of wa er. dithout being too specific about its meaning, let 4 (t) be

.

the failure rate of the seals; t.e. 4 P) is +he probability per unit time that a plue has ceased to

block the flow of water. !* is assumed ' hat the plucs fail independently, and in that case, the

expected number of sealed boreholes that have failed in the time interval (O. t) is even by:
_

. t ''

.>
Il(t) - ( 1 - f) J l - exp - L(s) ds km~ (2. 5.12).

b, c
-
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In deriv ng a failure rate, one must consider separately the cases of the initially unsealedi

bo re hol e s , and the sealed but f ailed boreholes. It is rearonably assumed that a f ailed borehole will

condact les-i water than an open one, owing to the nonsoluble materia' that rernains in the shaf t.

1, l'n " eale 1, l'ndetected Horeholes -- Since the hore holes are ran lomly dist ributel, the

p n hai.ility that exactly n unsealed boreholes ; enetrate within the ar ea, A, of the wor king level is

(fJA)n .l A f
p(n) e n 0 , 1, 2 . . .

( 2, 5 l 'O
.

n!

for g borehole that penetrates the salt layer, tnere is a shortest distance from the axisNou,

of the hole to the nearest waste drift, if boreholes are rtndomly located in the region . urrounding

the site, this minimum distance, S, is a random variable. The distribution of S (under these

issumptions) is site-spe cific but unknown: it could be estima+eJ ! y a numerical simulation that

explicitly takes account of the geometry af the mined cavities l'or purposes of iliuc tration, we

. vill assume a general distribution of S:

Pr|S < s| G(s) 0
s<=<

-
,n

-
,

uid specialize later.

As a final in; redient, one needs to connect the time M which any waste drif' is overrun by

i solu +1on cavity trom a borehole, to the initial, shortest dista::ce to the borehcle. ' ,: ppo s e s H
.

the c avit- re ache- a va -tv i

the shortest distance and T is the ran !or . ti:te at ' hic h <t o ' r'

drift , then:

I'r T _ t !S = sf : : 1- c(4)

.t h e re

| 0 if x< 0
)

u(x) t he '.ntt c ep f unr+1 )n ,
,

i1 if x_0

In the sirnp!" solu'ioni:;c ,.n i ms) is the solutioning time required to open a ca cits of radius ~ >.

::o Jel of Section 2. 3. 3,
.

.3
3

c(s) :.
V

\ !.' rr. 4 ti'in of a c'. mulative di,t ributic,n func ti..n h '!f) f i '. h 4 'c aitit.c tir ntil a drif t is overrt

follow n ,
I,- wluli.ninc cas ities initiate'l at any unsealed boreb Ie ' i '

-

~

(. . a'>>

sd' - )
A

4, r g .;)
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l'or any one unsealed borehole in the region surrounding the reoositor <, the random

variable, T, has cdf:

a

tf = o l'r T ; t | S = s d(G(t,))Pr Tu

m

u [t - c(s)] d(G(s)) = G|c' (t)| , ( 2, 5,14)=

o

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

c' (t) - = as t -+ = ,

G(s) -+ 1 as s -+ = .

If there are n > 1 unsealed ooreholes in the region surrounding the site, and if each such bore-

hole is randomly placed, then there will be times T,T,...,Tn'" * "* "
2

cavities from each borehole, 1, 2, 3, . . . n, will overrun a waste drift. According to the assump-

tion s , these tin es are independent and identically distributed. The time of first overrun of a w aste

iirift f ron any of n unseale.1 boreholes is thon:

T(n) - min (T , T , . . . , T ) ,

2

and from (2. 3.14 ),

- 1(t ) f",)
Pr |T(n) Gt}-1;I-G n - 0, 1, 2 , . . . . (2. 3.15)a

The , df for the first time. T , of ove rrun, f ron any unsealcd borch le is obtained by us.nc
u -

(2. 3.11) t o re mava the conditioning on n boreholes:

I i
Ir T -t l= PIT (n) s t p(r)
Iu i I In=u

.

1 - G (1(t) ^=1- *
n

_

or

F (t) Pr T st = 1 - exp - f'! A G i (t) 2. U. I 6)
u u

er .
t (j ) f's s r'i-L-

y . }

.,,



N OT I .S:

It is w.irth noting t! at. by l'q (2. 5.16), there is a positive probability that wa ste d rif ts will.

n. s e r I e m. e rrun by .*1utioning cavitie s .nitiated at unseale i bor . holes:

1lir 1' (t) 1-e ' .

u
t -*

~ -f.'A is the probability that there are no unsealed boreholes penetrating area A,(The t ez .n, e ,

The function l'u(t) is not what is usually referred to as a cumulative distribution function

since lim l'u(t) . 1 1'eller [2.34] t efers to such a function as a defective distribution function,
t4"

To illu<trate further, take the hypothetical case where:

-2 -2
.i 10 km r 0,

, ,

n .-

Thent;e e<put to to. r time, the a r ea of the site (12. 3 km",ind let A

-2-fjA = f.:A . 2 3 x 10-e .

In o'her word s using treae hypothetical parameter alues there is only a 3 percent chance that

' m r will intrude a a,t e -!r;'t f ron .m 2,ning cavities initiate t uns aled bc:eholes.

2, yh t , "t l' ;ile t li ireh ,le - -- The waiti c time di,tribution for T , the ran<l< c time
at thich water reache i a ra,te drif t owing to soh.tionir.g thro a.:h a sealed but f ailed borehole, is

Jeris ed in a m 1ner ide.tt.:al to the one used to derive I.q (2 i.1% In fact, one can simp 1v make
' Uf>

the replf em. nt y

lHt)'
,

where IJ') is given by ( 2. ,126 and

.

.% ,

3 ~1
a. 6. e r s M : s ' h. ra'e of salt re-rn oval f re r a cavi'i in m sr .. hen 'h" cavi'y is formed f rom the

r salt rerr oval is less for a
.

f allare o a seale i borehole. ! is rea sonable t o e xpec' + hat 'he ra'e o

sc ale 11 t"> e hd e 'han for an un,cale.1 bor ehole f 'd '; ).

.

u!" 'he r eplacen., r s mdicated above, the cr!f f o r t he firs' +1me. T. o 'r' O. fr.3m ona

f

scale:! b. f aile 1 borehole follo vs f ron, i:q (2. 5.16):

g(t) ir T st 1 - exp - A?(t) 3 : (t) ( 2. '> . 17 )e g

7 r-
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3 The Total Failure llate -- The failure rate from undiscovered boreholes (unsealed,

or sealed but failed) follows frcu the distribution of:

T min (T , T ) ,

7

which is

Pr T s t =1- 1 - F (t) 1 - F (t)*

7

From the definition of failure rate, Eq (2. 5. 3)

F'(t) F '(t )" f (2 5. 18)6(t) = 1 - Fyt) +-
1 - F (t)

'

f

where the primes, ('), denote the time derivativt . Note that :It) is just the sum of the respective

failure rates from: (a) undiscovered, unsealed boreholes, and (b) undiscovered, sealed but failed

boreheles.

NOTES:

(i) The derivation of the failure rate, Eq (2. 5.18), used two as-yet unspecified functions,

G(s) and c(s), that were defined respectively as: the cdf for the minimum distance between a

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.fi), we will use the

solutioning law derived in Section 2. 5. 3 and set

e3 c3
c( s ) = 4- cr 4-, .

'
. W

Thus,

I (t) = (ht)1 or (ht) /3,

Furthermore, it will be assumed that G(s) is a uniform distribution on an interval [s0' 1
*

with density

[
0 if s<s, ,g

-

1
i

es(s) = < f, it s ssss
3 g 1 (2, 5. l o), ,

1 1 0,

l

( 0 it s>s,

'f eU a, 09
r -

r,1



theThe assumption of a uniform distribution should be conservative and is convenient:

empirical distribution of the minimum distance could be determined by solving the implied problem

in geometric probability, using a map of the mined facility, liut that problem has not been solved
in this study. The empirical distribution of minimum distance would be more heavily weighted

than the uniform distribution assumed here; hence, the uniform dis-towards large values of s
t ribution is probably conservative. Whatever distribution is chosen, the assumption of a finite

s upport [s " "* ""
'0' 1 a

perimeter either terminate just below the salt-shale interfare, 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 which case a minimum distance would be about 1/ 2 the pillar dimension plus drift
The chances of a very close pass-through at the working level seem small, becausedimension.

such a feature would be easily detected during the operational phase of the facility (via the appea r-

ance of wet salt or even caving of drif ts),

Though the results will not be used in the present study, it is interesting (and perhaps(ii)

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.

Sappose that there are N of these, located at known minimum distances, x , n - 0, 1, 2,

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

Then one can show that the f ailure rate of water intrusion from any one or more of theseg(t).

mapped boreholes is:

=" ;*
F'(t - x;/W)

n u 1 - F(t - /W)

ab

I1-exp(- 1, t < C
' '

:(s) h ,

I
U

F(t) = (
|

j 0 t<0
.

,

(

.

i.e. , find the empirical distribution of the minimum distances between random lines that
nornwlly penetrate and terminate in a layered medium and a set of regular voids (here, the

fillet w we drif ts) imbed led in a laver. The . solution to this problem might require a dirat' o,

simulation suc h as Monte Ca rlo. _gO
OIIuJ..

)

c



If the plug failure rate is constant, G(t) = 7' and Eq (2. 5. 20) reduces to a particularly,

simple form:

9(t) = T u(t - xhE) ,

umi

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

-1 3
magnitude 7 occu rring at the times , x /','/, n = 1, 2, 3, . . . N. It becomes constant and

"
-1equal to N r for

3
*

n
t > m ax v .n w

Discussion of Parameters

_9
1. J = mean density of undiscovered boreholes (km ~).

For the reference site, it might be reasonable to assume a value of

10~ km' . 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

on ,i.

2 f - fraction of undiscovered boreholes that are unsealed.

It is assumed that this parameter at the reference site is f 10.1

.\ gain, the nnpping o' detectable penetrations would give infornution

on the rance of f.

3. g(t) - f ailure rate for the plugs or seals of boreholes (yr~ ).

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. IIere, 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,
~

with r= 200 years.r ,

9

4 A- area of working level - 8. 088 km~.

[{ L] s OIQS
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* * 3 -1
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 cm diameter borehole, a conservative value at the
3 -1

reference site is, ( l. 5 m - vr

yr'I ~For a sealed but f ailed borehole of the same size, N = 0.15 m3 .

= maximum possible distance in meters, between the waste6 s

drifts and the shaft of a borehole that penetrates at least to the

salt level within facility perimeter.

113 meters.For the reference site, s =

a sh nMly McMned minimum Mstance in meMs,7. s 39
between a waste drift and the shaft of a borehole that per.etrates

through the salt layer within facility perimeter.

For the reference site, s **"""
0

2.5.4.2 Failure Hate From i ndiscovered Voids and Fracture Systems -- In addition to the

pathvcays 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 "teatures' to avoid specialization to any one of their geologic causes, most of which

are poorh un de r W ood. F.xisung fea+ures (e. g. , breccia pipes) rnay be associated with ac+1ve

s olut ion nc. o r + hev may be irv in the la"er case it is pruden+ and conservative to presume that

their m* rusion by wa'e r is n he rent . The largest features may have surficial manifestations (sub-

sidence t roughs or collapse structures) and, subject to a proper geological interpretation, can be

:apped. The very small or very young features are probably not detectable, so ' heir densityv

:ust be inferred fron. indirect geologic evidence.+

I or the mrpose of this model, it is simply assumed that all classes of existing features

occur in t!.e vicinity of the site vith a mean density, A E" " '' " "
0

sys+ cms are no' necessarily po:nts in +w o dimensions whose projec':nns to the surface may be

1 mea r an ! in'e rc onnect e 1. i foreve r, t h eir t rue geome+ ry is not + oo i m po r+ an+ a' t his po m+ in
_

mo tel de celopn en*, and one may recarri i "'" " "" * " E" "' "S " ""
O

of such fea'ures.

Note, howecar, that the uncertainty in feature dimensions, such as lengths and opening i

,

siz e s . int roiices a wide uncertainty in t he 'J paramet er dr fined in this subsection, yu
-dwJi

Li v
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The rate of creation of such features in the future, after site closura, is almost beyond

s peculation. IIere it will be allowed that features are created randomly in the shale formation
- -1krr. 2 If the processes that lead to feature formationnear the facility at a mean rate, A yr .

are stationary in time, then an estimate of X may be found by dividing A 7 " 7 ""# * "E'0

of the shale formation. The geologic interpretations of these features at 2 give.. site may require

a time-dependent rate vf formation, in which case the assumption of a constant rate could be

changed without complicating the present model much.
.

With constant A0" A' " '
l

A(t) s A *
0 1

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 them occurring in an area A, by time t, is

-A1(t)l n = 0, 1, 2, (2. 5. 2 2)p(n,t) = exp ... .

n! )

Given relations in Eqs (2. 3. 21) and (2. 3. 22). the derivation of a f ailure rate from water

intrusion via a feature can proceed in the sarne way that was used to derive the failure rate from

undiscovered boreholes. The details need not be repeated again; one finds that

(2.5.2 06(t) = 1 - r(t) '

where

F(t) = 1 - exp -Al(t) G ~ (t) (2. 3. 2 4 )
~

,

and the function s G(s) and c(s) have the same forms as were given in Subsection 2,5. 4.1. In

pa rtic ula r. t is again assumed that G(s) is a uniform distribution on Is0'*1'"" * * *

However, the m _nimum distance s " * * " "" "'" " "* " '"*" ""~
0

detected borf.noles, 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 f acility--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, s 0*
should be set equal to that thickness of salt which is capable of shielding from detection (by any

means) the presence of a typical (say) breccia pipe during the ten to twenty-year operational

lifetime.

A pi1"

9 ;; J UUi
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Discussion of Paramete rs

1. A = mean density (in km-2) of centers of voids or centroids of
0

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 that two sink holes have been observed in the ,

reference site basin (covering an area of 1.80 x 10 km ). It is determined

that these sink holes are the result of local dissolution of ;he salt layer at

629-meter depths. llased on the extent of coverage of the basin by l'leistocene

sediments, geologists estimate that there could be about ten times the number
of sink holes visille if the sediments were removed. A good guess of A "

0

this case would be:

0 7 1 x lod kii =g
1.86 x 10

2. A - rate of creation, per unit area, of voids or fracture systems
that connect either the upper or lower aquifers with the salt bed

- 2. y r- 1).(units: km

Given A "" "* I "E * # "E "* 3 " ~ * " * * " C'''

0

%y) = 5.6 x 10 ki * y r"
).1

3. A area of mined ernplacement - 8.088 km

4 ( volume rate of solutionine in mA.yr-1

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. liere, it will be assumed that the f ractut e has an effective

length of 1 km and an opening size of 1 mr The effm tive area is then ~ 1 m ..

heurdingly, a conservative rate of solu'ioning at the reference site is

. y r' .( = 18-) m

minirnum thickness of natural salt <:apable of shieldmg frorn~. s)
0

detection the presence of a void in 'he salt vith charact eristic dinwn-

nion ! m, during t he operational phase.

A guess s *

0

1

A

)o,



G. s (s ee 2. 5. 4.1).

s ~ 113 meters.

2.5.4.3 Failure Itate of 1:xcavation by 1:rosion -- 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,
.

The following model of the erosion /sedimentatica processes actingJust to provide perspective.

over the site will be used.

l.et X. be the net thickness of overburden removed by erosion (or deposited as sediment)
1

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. I:ach X. is assumed to Ee

1 19

normally distributed with mean = m, and variance equal to c . Then the total thickness of~

material removed (or deposited) in n years is

X +X +X + , +XS(n) = .

1 2 3 n

Going over to " continuous" time, one can set

ta nt 0' 0"

*

so that the continuous analogue of S(n) is S(t), a Hrownian motion process with a mean = ut

and a variance at.=

m
p meters!yr ,

0

2 .,

am meters ~/yr a>0,

0

A representation of this random process is sketched below.

(years)*

--

C(t)
h;.th (:n )

, <------_ _ - _ ___-_

67p / *?a 7
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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 to the distribution

of waiting times, T, t.ntil first excavation by crosica, given that none of the other failure mecha-
. 2.20

nisms operate. l'or p __ 0, t h e cdf is:

_

=
+~ J (d - ~V

di (2,5,25)F(t)
exp -|

-

| .
o .g n

and the :issociated failure rate is found from 1:q (2. 3. 25) by the usual formula:

-
l''(t)

-(t) -

1 - l'tt)

Not e that the int egral in I:q (2. 5,23) can be evalu i n1 in terms of the tabulated error function, or

t he compliment a rv e rror function.

15re .ters

The paratne ter, p , can be interpreted as the regional erosion / deposition rate.

'I h e rorld-wide, contin"ntal average of this rate is of the order of 10' m/yr. The

para neters a md a have less direct meantngs, and micht be connected with

t e rrain relief, gecmorphic forces, and climate. Some gt. esses of the nominal

valt.es for these para neters in context of the reference site follow.

-1 -1
O' 10 n+ 'ers yru ,

-3 2 -1
a 2 x 10 n e' e rs yr ,

d 620 me 'ers (depth to ernplacement)

Irm lisul'inJ -- The possibilit: th e one or more large f aults pass2. i . 1. 4 11tl..re I: .

through the repository is cor.,i !e red here. This problem was co sidered by Claiborne and

Ger who alm estim ite 1 '' + chances of faulting through a repository (similar 'o the re fe ren ce

reposi'an) loc at ed in sou+ h. 2,t e rr N ew '.lexico. They claim ti e the probability per year of a

f a ul' in'e r,ee tion is abon' 4 x 10' per y ear, for their particular hy;)othetical site. The mo !el

'<< a f a tl . cate t<>I e :> re c:.t e 1 in ' hi s sub-ec tion is nimila r to tha t of r] aiborne an i Ge ra , but

<t.: '7in alf te re: 'a,- n pti<in - t ill t.e m 4 :!e i'i o t f e 'o'.noit' re wi:!cly applica'de. T!a

. ! bel, ,w.i ~ w o p'i i'. liste i . vi.h- u

"re a re :o de'et t able fult s near t he si'e at clo=ure time.1. It i, , " l that i

The possibility tnat une or :nore u :de'ec.ted faults exist is treated in the
|a11u' +. r..t e < alculation for l'ndisco cere.1 Voids and l'ract ure Syste:ns (Sub-

: ci t i on 2. i. 2. 2) . In , more realistic t reatment of the problem than is
f

Isnos sible he re, there would be to .h stim tion ih betwe.*. t he small sc ale . -7 t) i
< ( '

h)t ract ure:, con,idered in Subsection 2. 3. 2. 2 . el the larger faults considered t

iii t!)t * {lreciefit s e t t ii tt

i;
t



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

-7 -1 -3 -1 2.23
continental l'SA ranges from 10 yr to 10 yr .

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 ~ 3 km.

There is ample empirical evidence for this hypothesis if one considers the statistics for the

*

observable faults that are usually of length > 1 km. 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.

IIowever, because 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 na 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.

It is possil;1e, 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, c,

{'} J I,b
UJ
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1 intersects theFuially, the probability, q, that a single fault of lengto5.
repository (given that the f ault occurs randomly within the fault zone) is taken

This probability is given approximately*

from Claiborne and Gera's work.

by:
~ "

q= p +p +P *
2 3

where .

p - (r / H)2 a - 1/ It ,,

1

- -

o +1 1 1
=

. -1 a +sin .p9 p 9
2- 1 of 2

+
- .

-2 9

Cos
-

1-o~2 2 -1 v +
P gP1 _

,

3 2y

and

.

%' I + o~
?- 1

y- 1+a+ .

.

is the efiective radius (in krn) of the reference site; and H is theIn the above, r

effective radius in kilometers of the fault zone (nH - A).

The probability of intersection, q, is a function of r, It and the fault length,1 For analy tic

simplicity, it is assumed that 4 - A , the mean fault length,

l' rom assumptions (1), (2), an d ( 5 ), it follows that the probability that the reposit >ry is

inters ect ed by exactly N faults in the time int erval (0, t) is

p( N., t) - ( rn t )N - q rte N 0 , 1, 2 , . . . (2. 5. 27)

uld a constant failure rate, qv, follows f ron,1:q (2. 5. 27), provided that one ignores the truplica-

+ ions of assumption (4) and the time interval req 2 ired to solution the salt lying above the waste

drif t s. The required time inter val is taken to t,e

3 *

At - s /V yr

I
(N : ) '
O~

s
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113 meters at the reference site, and h is the volume(see Subsection 2. 5. 3), where s =

rate of salt removal through the fault opening. IIere, is clearly proportional to the total length

of tne 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. I , is

N(t)A, where N is the expected number of faults that intersect the site in the time interval (0, t).

From (10q 2. 5. 27), N(t) = qvt. Thus,

V=wt = wAqvt (2. 5. 2 8),

2
- l).where w is the effective volume removal rate for salt per unit length of fault (units: m *yr

Thus, the condition that t > At before wa+er may infiltrate the waste drifts implies that

t 2 s /(wAqvtl

or that

3 1/2

(wAqu
^

t "b .

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

/wAqv)l / 23[0 if t < s

I
:(t) - ( (2.5.20).

t2fs /wAqvqu if

In the above, A should be expressed in meters.

Discussion of Parameters

1. v faulting f requency that characterizes the fault zone in which site

is located.

The hypothetical reference site is located in a zone that contains s ery few

faults relative to its size. llowever, the site also lies very near the boundaries

of a rift zone similar to the one in the Ilio Grande Valley of New Mexico. Given

the uncertainty in the boundaries of fault zones, it seems prudent to assign the

faulting frequerney according to the site's nearness to the more active zone.

Accordingly, one sets

-4 -1
v- 1.3 x 10 yr .

-7 -3 -1
As mentioned, a possible range for v i, 10 tc yr .

/f u JO7 G/g/
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2. A,11 = respectively, the area and the effective radius of the fault zone.

#e o
The rift zone mentioned in (1) has a roughly defined area of 2 x 10 k m ".

The effective radius would be about 252 kilometers. The effective radius of the

reposit ory is 1. 6 km.
,

1 A mean linear length of faults in kilometers. IIere, A = 3 kra.
.

Note that the value of q, the probability cf intersection of the repository,
-3

is about 10 ' for a 3 km long fault and the values of It, r assigned in (2).

4 s the vertical distance iam the waste drifts to the boundary of the

salt layer. s 113 meters.

5. u - t'.e effective volume removal rate of salt per unit length of fault

.
J

- 1).(units: m >yr

From the consideration, of Section 2. 4,

tc d '.

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' neters, and for hyc'raulic conditions at the reference
i 9 1

site, assuna that v^ * vaq, or 185 m yr ' Tbus w is 0.183 m' . y r .

2. 5. 4. 3 Failure Hate l' rom Icneous Intrusions -- The chances of intrusion of magma upon

tne waste repository appear to be proportional to the rate of faultir.g in the zone containing the

site almost all form : of ign eous intrusion are associated with f aultine tor vents aad fissures)

w h e re :, m iny faults are not ax sociated with magma flows. Thu, one rny tentatively take the

frequency of intrusion by i :ag! i to be

kql

".here q , t' are a.; defined in wbsection 2. 5. 4. 4, and k is a dimensionless parameter t' at is

; o.,itive but ; 1 The pa ran;en * k can have va rious phv eical interpretations, depen < ling upon

the :ype o: igneous in+ rmion s being ref erenced.

.

The types of in'rusions to be considere i are important because only the consequer.ces of an

intrusion and the ti.ne delays associated with those consequences matter in an assessment of the

failure rate (as defint d in this <cetion). ?.l an? scenarios for magmatic int rusion upon the site can

be imagineJ; and for mos. of these, the in:rnediate consequences are uncer*ain but probably

negligible. Two example, will suftice.

by

,

e s.



1. Suppose that a fault intersects the lower aquifer and shale layer and magma
flows into it, forming a dike or sil). The "immediate" effects would be a

change in the local permeability of the lower aquifer. The deep groundwater

flow might be redtre cted and some solutioning of the salt layer could be

initiat ed. Ilowever, 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 sa!t 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

m a gm a. 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

initiction and c )mpletion 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

ne in+ere p+ed by the flow and widely dispersed. Once it is dispersed, there is the possibility of

direc+ contact with soil and surface water, though much of the ejected was+e would be fixed in the

solidified lave or ash. The degree of exposure of the waste radion tclides in ejected lava is hard

to quantify, but the possibility of making direct contact ith the eb ments of the biosphere is real
enough.

These examples illustrate the plausibility of the follcwing assignment )f a failure rete:

: - kqv , t20 (2.5.30)

wh e re k is estimated by the ratio: (the number of observed faults in the site's fault rone that are

associated with coeval vented igneous material)/(the total number of observed faults in the site's

fault zone). I'or the reference site context, a rough estimate of k is ~ 10 ' . The parameters

q, e are those defined in Schsection 2. 5. 4. 4
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2.5.4.6 Failure llate l' rom Explosions -- The derivation of a f ailure rate of 'cate r intrusion,
Muchor excavation of the site, odng to the effects of an explosion is a highly speculative exercise.

of this subject--like the subject of inadvertent intrusion--requires subjective judgments concerning
the actions of hum a:is in the future. One begins by considering the energy that is necessary to

substantially change the rock foriuutions bounding the salt and then akes rational assumptions

about the usefulness of energy releases of such magnitudes. The fwlowing discussion is con-

ducted within the context of the reference site.

I seful empirical relations between crater dimensions and explosive yield are given for

surface nuclear bursts in Effects of Nuclear Weapons. * According to these relations, a

surf ace explosion of 635 megaton (MT) yield would be required to excavate a crater 629 meters
Nuclear ex-deep. To excavate through the shale layer (510 m depths) requires a 3M MT yield.

Moreplosions 01 such yield are unknown, though it is perhaps possible to build such a device.

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
re seems to be nolikely be delivered by a ballistic missile or released from t satellite; and tt

incentive for the use of larger-yield weapons in warfare. Thus, one must rationally reject the

possibility of explosions in the 100 MT 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 yield weapons, one finds that a

10. 5 MT burst is barely sufficient to fracture the upper shale laver and perhaps provide pathways

for water infiltration of +he salt. In this case, the f rac+ure zone lies mostly in the sands +one
o

aquifer and covers an area of ~ 0. 8 km~; the apparent cra+ er dept h is 160 m e+e rs.

What is the effect of small yield explosions" l'e rh a p : i is now obviou , why explosions of

the type used tar constructica or seismic exploration--a few h' ndred pounds of TNT at most--are
not seriously considered here: tMir eff ects rnay be indis+inguishable f rom seismic " noise. " In

peneral, "l'or very low-yield weapons, it is dif ficul+ to produce significant damage to a buried
structure unless it is wi+hin the rt.pture zone arou ;d the crat er. ,,2. 23.

The most plausible scenario for f ailure by explosions is theref ore the following one.

One or more nuclear weapons in the 10 MT yield rance are, f c accident or in the event at

fetonated on or near the surf a e of the reference site. The explosions cause some fracturing
ar,

in the upper shale layer; " ater infiltrates the salt layer, and a solvion cavity is formed that m a)

in so:ne time reach the waste drifts.

-

'

y ''a1 ilT 4. 2 x 10 Joules.
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The probabilities of the events that build the scenario described above L highly uncertain.

Some speculation on these probabilities follows.

1 Probability of War

.

The appeal is to the hietoric incidence of war, although there is evidence that the

advent of nuclear weapons may have invalidated the use of historic statistics for estimating the

future probabilities of war. At any rate, using tne data of Quincy Wright, " L. F. Itichardson*

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. * 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 P-obability of Accide ital Ilelease

One would have to examine the statistics on armaments inventories, preparedness

exercises and the incidence of " accidents" during those exercises, to infer a realistic number.

Ilut it is reasonable to suppose that the frequency of accidental release is proportional to the fre-

quency of war, the proportionality constant being a number << l. The frequency of any release,

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

3 Probability of Imnact on Site, Given llelease

There is no rational reason for targeting the waste disposal site directly; rather, the

impact of a vehicle carrying a weapon w onld be accidental or could occur as a result of missing

an intended target. The likely intended targets for a large-yield weapon would be: large industrial

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 t o 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 a , 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 a . I'or convenience, the waste disposal
site is here assumed to be a circular area of radius - Itc , With these definitions, the probability

"

of impact on the site, given an attack against the nearby target is, to a good approximation,2. 29'

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 I:q (2. 5. 30) and the result summed to give the overall
e s tim at e.

n



f 2 2
2lt 2r

exp if 11 < 1

4 + lt' f - 4+lt~h
., ,

,,

q f l' (x ) if It > 1 (2. 5. 31),

.

l '( x ,) if It > 5 ,
,

-
.

where l'( x) 1/ 2 ~ 1 + crf (x!W) ~ and,

1/3
.

2 -

2,/(2 + r )1 -
2 2 2 + 2r

1 -*it
9 2

2
. 2*r .

*1 ~ - - 1/ 2
2

_2 2 + 2r

9 2
2

2+r
. .

x, - r- It - 1 .

:'he probability that the ;;iven target is attacked wi+h a weapon of yield > 10 'IT, given the advent

of vcar, is assurned to be one :or conservatism.

4 I' ra ctu rinc of hie an'i Wate r Infilt ration

Given so:ne fracturing of the shale and the attendant water infiltration, solutioning is

as su:ne-1 to proceed accordi:a to the rule given in 2. ~i. 3 The time interval required to infiltrate

wa st e drift , following shale fracture is

/, (2.5.32)
2

n{7At i ,

is the list ance f ro:' the irifts *o the top of the sal + layer, and C is a volume removal '

rhere 3
1

3 - 1) ti.rouga t!.e f ra< + ured shale.rate :ar -alt (:a 'yr

The discussions in juragraph,1 - 4, above, lead iromediately to a f ailure rate of

; t er int rusion, owing to explosions initiated on the sit e ~2 r: ace.u

-

\V-

(O)v
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If A is the mean frequency of war, and q, At are given in Eqs (2. 5. 31 and 2. 5. 32)
then

3 *

|' 0 if t<s V
1

|(t) (2. 5. 31)=

3 -
'

L qA if t2s V
w 1

Discussion of Parameters

1. A = the mean frequency of wTr (yr-1), assuming the occt.. rence of
w

war is a stationary process.

A guess: A , - 0. 026 yr-1 (see text, para. (1)).
n

2. o - standard deviation af weapon delivery system miss distance (km).

Unclas sified o's are of the order of 1 km.

3 r- distance between nearest potential target center and center of

waste disposal site, measured in units of c.

l'or illustration, it will be assumed that a strategic center lies 145 km to the

northwest of the reference site. Thus r - 14 5.

4 It - effective radius of reference site, measured in units of e .

For the present reference site, n (Ita) - 8. 0 8 k m gives R - 1.6

5. Note that with a 1 km, r - 145, und It = 1. 6, the formula for q gives
a value '< 10' IIence the calculated q is s anishingly small. Accord-
ingly, it seems prudent to always set q equal to

max (calculated q, 1. 56 8 x 10' ) .

The second number, ~ 10' in the parentheses, is simply the ratio:

site area
*

area of earth' ; surf ace

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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113 meters for the reference site,G. s =

3 -l
7 h - the volume removal rate of salt in m *yr through the fractured

shale produced by a 10 alt surtace burst.

The area presented for infiltration by water is probably much less thaa the total ,

area estimated for the fracture zone (0.8 km ). A guess is that about 10~ of the

fractur e zone area represents the effective opening area. Accordingly, \ for the
reference site is about 1. 5 x 10 m 'l/ y r.4

'

2.5.4.7 Failut e Hate From 11eteorite Impact -- Claiborne and Gera have thoroughly re-

viewed the possibility that a waste disposal f acility in deep, geologic media might be excavated by
,

the impact of a large meteorite. For a facility having an area of 3 km", and bur.al at 600 meter
*

dep'hs, they estimate the changes of excavation to be 2 x 10 in a one-million y zar period.

This probability is based on estimates of the frequency of impacts of meteorites capable of pro-

ducing craters vcith diameters greatcr than 2 km (it is assumed that crater depth is one-half
erater diameter). The physical basis for esti: nates of impact frequency, i. e. , the frequency
versus mass and diameter versus impact speed relationrhips, are adequately reviewed in papers

9
~ and Ilart mann.~~ "3

9 '~*39' '~*"l
' y lirown; Shoemaker, Ilackman and 1:ggleston:>

The present model for the f ailure rate from meteorite impact will adopt the estimate of
Claiborne and Gera, with scaling to a facility of arbitrary area, A km

- 1 '3 -l (2.3.31)* 2( A / 3) x 10 yr .

No atternpt is made to scale the result to arbitrary depths of burial, although the relationships

procided in Heferences 2. 20 and 2. 2 ? are ca.,ily applied if it proves necessarv. Por the refer-

ence site. A 3.033km and the depth of t;urial is 629 meters.

2. 5. 4. 8 Speculations on Inadcertent Intrusion -- The po'ential f ailure of disposal owing to

inadvertent intrusion of the waste repository is the mos+ poort: defined issue arnong the ones that

have ,o f ar been considered. A quantitative treatment of the problem seems impossible so none

vill t e made in this study, though models of failure b: int rusion based on definite a mnp' ion s

:'bcat fut ure scenartos for society could easily be cons +ruct( d. rhus, the follovcine rer ; arks are

int ended only to preeent one subjective view of +he subjec'

The standard, general scenario for acciden+al .n rusion is the following.

A

T
A
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At some time in the future there is a loss of administrative control of the exclusion area
surrounding the ;ite; an d 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
.

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:

the 8 km 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.

Ilut, more likely, the purpose of the site would be recognized, decontamination measures would

be t aken, and the exploratory holes would be sealed. The area would, in effect be placed again

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

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. Tho 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 exploraton 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 solutionmg times required to bring water in contact with the waste. Ilut since

the delay time required by modification (1) is highly uncertain, the model of a failure from

future exploratory drilling has no+ been followed up in the present work.

ji 0 ' (' " GruJ di s
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2. 5. 4. 9 Incorporating Self-Induced llelease 11 odes in the Competing Itisk Alodel -- 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 f unctions of time. This deterministic nature of the present simulation contrasts with the models
of t he so-called external release modes (t reated 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
int erval 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 for: talism, such as the Competing Itisk 11odel proposed in Subsection 2. 5. l'' One way of

forcing an incorporation is described below.

We first anticipate the developments given in Appendix 2A and briefly describe the essential
:catures 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

(lum pe d - pa ra "t er) repository and its surroundings. During a simulation run, the equations are

numerically integrated to obtain the "alues assumed by the dependent variables over prescribed

in'ervals of time. The results of a run are usually plotted or printed to allow for their subsequent

s t u dy md 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 ' yer removed hv solutioninc mechanisms.

There are several of the"e ariables because there are several assumed mechanisms in the model:

however. for parpose of illuatration, we will assume that there is only one such variable and will
call it int) in this subsec' ion. The first time of waste drift overran through the mechanism that

e ener. t es DM will be called T. Then it is clear that

T min Int) _ 113 m (2. 5. 3 3)*
,

rhere 113 m is the approxin; ate thickness of salt separating the vaste drifts from the layers of

snale. Thoxh I is not a radon a riable, a formal rumulative distribution function (cdf) c an

Vill be denned for it If l>(t) is nondecreasing,

1 0 if D(t) 113 m<

|Pr|T 1 t|r(t) s =

.

-

k - ") h-[hI 1 if D(t) - 113 m

no



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:

. O if x<0

f if 0 < x< c (2.5.3G)w (x) =

1 if x 2 c

where ( is a small number 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. 3 7)

and an associated failure rate, which is explicitly given by

\ D'(t)Q(t) if 113 m < D(t) < 113 m + c (2.5.38)=
.g .gn_ gg)

0 otherwise

The failure rate, I:q (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 require that the two codes for imulementing the two different models

be combined. The derivative of D(t) indicated in 1:q (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 c-6m

(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 reasor.s, 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 extemal release modes (Subsections 2. 5. 4. I 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

fract u re s. 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 para:neter dependence were ignored.

,a -
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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 f ailure

rate models described in Section 2. 5. The purpose of the code is simply to illust rate the feasibility

of numerical calculations with the formalism at this stage of development.

Itesults of a sample calculation with the code are plott ed in Ficure 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 de rived in Subsections 2. 5. 4. I

through 2. 5. 4.7 were used in the sample calculation: the values used for the appropriate parame-

ters in the sample calculation are also the nominal parameter values quoted in the subsection

t reating each failure rate. A cut-off probability of 10 was used to delimit the ordinate of

Thus any mode that does not achieve a computed probability greater than 10Figure 2. 5. 4.

wit hin 10 * years is no+ represented on the plot. This was the case for crosion and meteorite

i m pa ct .

No particular conclusions concerning long-term repository stability should be drawn from

t he result s t hat appear in Figure 2. 5. 4. Note that these estima'es or probability are highly sen-

sitive +o changes ir certain of the parameter values, in turn, the ranges of the parameter values
are i neer+ain and may be large. These example calculations do, however. poine out certain in-

consis*encies between the geological assump+ ions made about the reference site and our choice of

parameters used to illustrate the models. The relatively high probabilities achieved for modes (1).
(2) and (4) (respectively bo re h ole s, voids and fractures, tauning) after 10 years ar" consequences

of a high rate of salt solutioning tha' is implicit in our choice of aquifer discharge ra*e and areas
for the several kinds of penetrations of the shale barriers. If such a high rate of solutioning had

prevailed at the reference site in the past, then the hypo +hetical salt lens in which the reposi'ory

is placed would probably no+ be present. The inconsistency serves to emphasize the poin+ that we

a re dealing wi'h models t ha' require real data to tes' their valii!*,

The most sensitive parameters in the pr":en+ model appear to be the ones specifying a
vo' r et ric removal rat e of salt from solution cavities initia*ed through undiscovered boreholes,

undiscovered voids, explosions and faulting. The rates of sal' removal w ere though+ to be car.-

se rva*ive love restima+cs) when assigned. llowever. thic presumption may be vrong. In addi* ion.

+he concep+ual assump* ions made in the models of salt solution:ng may be incorrec' (see Section

2. ; 3 for a discussion of the salt solu + ion models).
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Sample Calculation Results_

(1) - undetected boreholes

(2) - undetected volds and frac +ures

(4) - faulting

(5) - magmatic int r'isions

(6) - n'iclear explosions

l'igure 2. 5. 4
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APPENDIX 2A

'tlethods of Simulation Analysis Applied to Questions
of Geological Stability of the Reference System

23.1 Int rod uc tion-

At the present stage of development there is relatively little cohesion between the " 3de

types described earlier in this chapter. Need exists to integrate the several modeling efforts

to: (a) quantify their implications in a comprehensible format, and (b) test for interactions

between different modela and for feedback loops connecting two or more process models

Toward this goal several integrating methodologies are available, in principle to d 'f.ne

the secy of such relationships. One of these consists of various forn's of fault tree analysis , in
^'the broad sense discussed by liarlow and I.ambert ; 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 terras 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 na simpie way to take account of complicated interactions using probabilistic

methods, and (d) probabili-tic methods often obscure some of the common sense physical relation-

ships in the system Point (b) is analogous to problems of weather predictions, except that we

have the additional problem of analyzing both the geological system (the geological ''we ather'

system) and an engineered structure that interacts with and affects geological " weather" changes.

With respect to prcbability analysis, we also have the problem of generating the geological analog

of the performance characteristics normally supplied foi the analysis of engineered structure,

9tmulation methods seem necessar; to make any substantial progrr ss toward t!.at goal in the

foreseeable future. Geological data colle tion is notoriously slow and difficult by ecmparison

wit: engineered system s because of the limited accessibility and long times involved.

.

We have chosen in this repoc* to use the language. DYN AMO, d:stributed and maintained
by Pugh-Itoberts A s sociatea , Inc . , l'iv e I.ee N reet , Cambridge, Mass. 0" ' 't 9: see referenmes
2A, 4 an 12.\ I1
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2 A . I .1 Sinmlation Models and Geological Perspectives

The method of simulation used in this report was chosen because it is highly developed

in nnny fields of systems analysis (9.\'4) and is particularly useful in problerns where boundary~

conditions and system s ariables re poorly known - e. g. , as in applications to economic
(2 A 5H2 A. m .

m m!cls Application to natural sys' ems is not known to us, but the method as

promWing in that context because of the ability to simplify system benavior both conceptually

and mathematically. To us, this approach to geological simulation has tne following ; drantages: -

1. It does not (,bscure co:nmon vense relations or mask the identity of

sim plified functions ,

2. It is very easily modified cc completely rearranged as experience

accrues on boundary conditions or as other research modifies various

constitut ive relation s ,

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

behavior.

4. It all w.s f:>r feedback loops of conceptually any length or complexity,

IW i's t vsical simplicity it keeps the anals nt aware of mr del'

h

Itmit itiona that are son etimes lw in a more mathematical format

This last point cannot be ort rernphasized. H e are dealing with idealocical m adels that simply

reprodua rel ati whips that are either known or reasonably su=p cted and c.re permitted to
interm t in , av- that summt . but a ; not pre fict, how the real world may behave. We repeat

this fta e t y.ph a s i v

< m :ulation c : ul dion s of the c ort Jeser ibed re! .ind us by their very simi,licity that

. are u s t i !c a li / i l n . 61 =- Th"y ' >nly re pr > 'ac e ; henon "na alrea !y knc vn < r reasonabr

s u s pecte 1.i d :uccest, b1 ! i no predict, how the real worl i may behave

b a lle r.cc our2.\ 1.1 1 Qast , of (;eolcu " al etabilitt -- Thr e is w of cuestions (

+ nip'. tial fa repos it r ry 91 < (1 ) l[.nv -r curately can wet".ability * alu .- < 1 1
,

"r s pecif te<1s*, i dure eh.7- e a ffect t ue J e c rit y . f a cio n - iu:r e ' r ue l-''
'

),,

m illion S ca r> (2) M ith '' hat t onfidence can w e state'i year,t:-al- of ! Le r ot n e'' i

me Mur .1 c ha n e w all be * o !;fie.1 bs "s di t' rbances im oked by a radunctive v astei, i

p re' e n a n, e lv an re de a. rib. an 1 an ils v e the behavir,r < >f the wasterep ; sit () !!: c.'

rep u tt or . 1. ' 11 : ' a n . nci a v. red st ructur. w hicS pr ,i nt s pr:,ble m s s < miewha t a nalv u s* in

.i t * fic u lt- t o t h r iu en clear r+ i t<>r s7fetv -'Hus

w}\,.



2A,1,1.2 Strategies cf Svatems 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 ext rcises.

There may be stages at which analytical progreas will be directly contingent on the laborious

, proceen 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 sin.ulation 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 supere:ede

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 addreu analytic al 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 binaular
field, petrographic microscope, etc. , sometimes winding up with highly fccused and sophisticated

x-ray structure analysis of one of t% mineral grains. There are many levels of meaning and

information at all eages of this process which inter act and potentially form part of what we call

our knowledge of that rock. 1:ven 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 rapping, paleontological and geophysical techniques), and c forth.

The point is that numt rical simulation analysis consists of similar hiel'archies nf
e. art The reco: aissance sun ey is often of crucial impcrtance in either the actual or simulation

ca ms to the value 01 an highly ',cphisticated analysis .

Taken toarther, these questions po* a problem of incredible intricacy No unequivor-

statoment wems possiele concernhg the precise nature of future system states. W ith respect
to qu~ tion (1) alone, our understanding cf L enmposite history of any given geological site on

thi , dvnamic planet is insufficient to give evaluations otner than by educated opinion or assertion.
I:ntire continents are postulated to move distances comn.ensurate wi'h their half-widths on time

scales of the order of 100 million year- To be sure, old rocks of relativrly undisturbed character

exist, but the -ocks that are now of entirely different character or have been chemically broken

down. dispersed and recon a :uted in various w ys were once represented by str m resembling

the se 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
ge .
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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 mdirect 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 llepublic of Gabon. '2A '3) Thic natur al sin . tion demonstrates the piitential
(

*

retention capacity <if some geological settings. Oklo, however, also illustrates some of the

above que stions . With what assurance can we state that another site has exactly the same
c h a ra ct e ristic s ' Although "rnost" of the fission products generated at Oklo have been retamed,

w hat prec isely is that amount and what is the goome+ric scale of dispersal of the percentage
laIs it possible to say what percentage of the radionuclides reached surface waters"Imt?

there any rnajor distinction between 10 percent 1 percent, ete , from the staadpomt of potential

pathy ays to humans An event of major chemical alteration apparently affected some of theo

Oklo rocks about 10 million years ago (Itef. 2 A 1, p. 257), Could that have been predicted at a

million years er less before its occurrence'

The point concerning Oklo is that evidence of radninuclide retention does not necessarily
answer the more rele vant questions concerning conditions and mechanisms of fractional losa.

It does de m on st rate , however, that geological data, if extensis e enough, can delimit a time-space

framew ork against u htch evaluations of dispersal mechanisms can be tected.

Another aspect of geological stability is that macroscopic chemical integrity is poulble

even thouch there has been extensivt chemical exchance at the levels of trace element concen*ra-

t ion s (e . g less than parts per thousand; see llef. 23.1M, The fact that a rock has existed with
,

n.ineralogical and textural integr ity fo long time is not in itself adr-issable testimony to its

chem ical integrity Documentation of the sort partially c< >mpiled for Okl< > is essential to s uch

c lairr s The oppurtunity to document analogous cace, for 1.ther geological rnedia exists at the

sites i f past underground nuclear exploeiene (c . g. , the (;n . r e 9te nea r Ca rlaba d, N . M . , which

in rocks similar to those of another site in that v2cinity xhich ia being considered foe a possibleis

ra d o ativ< wa ate f a c ility ) .

In our view the m,st irnportant, and seernincly contra'hetory , alue of approximate

('lue ' ped p irameter') analyses, is that the very ature :>f the sm plifu ations u wd for nun crical

relat tanshipa enforces the reminder that numerical simulation u . der an circum stance is an

app: eximation technique. We are continuousiv warned against believing the reault 2 imply because

pO
UU''
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we know that the primary relationships themselves are incomplete approxim itions. "11elie f" is

often a subtle and powerful tendency when great effort and intricacy has gone into building a s< phis-

ticated model. *

It is usually easier to change or abandon parts of a DiNAMO simulation, for example,

than it is to change or abandon results of sophisticated finite difference or finite element mcdeling,

lleconnaissance calculations also are many times faster and much cheaper. A hundred DY'. A MO
.

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 case =). In

either case the greatest time, effort, and importance goes into " setting up the problem c

formulating the ideas and numerical content of the system structure. Once a question can N

addressed hypothetically or approximately, however, simulation languages like DYN AMO can

give conditional answers very quickly.

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

categories of functional relationships important to system behavior: (a) independent phenomena,

(b) 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 (c) usually involve:,
aspects of both (a) and (b).

Independence was a s sumed, for example, in the probabilistic discussion cf this

re po rt (Section 2.5) and requires no further explanation here. However, one qualification is

offered. 1: vents 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 i;e imagined relative to

meteorite impact. Suppose that the current incidence of impacts were sufficient to effect changes
in the carth's orbital pa: ameters so as to bring it into more direct intersection with asteroid

orbits which resulted in much higher incidences of meteorite impacts ? The indepenJence of the

event is no longer defined only by external conditions. In this case the enargy and time scalos

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, climate, and
vegetation zones .

.

There is a major distinction between building an isolated sophisticated mWel and a

sophisticated numerical scheme that is capable of rigorous calculations inv.31ving many variables.
The latter is used in coniunction ".ith reconnaissance techniques and field obs rvations to force

part of the analysis to its logically rigorous conclusion if justification exists. This capability

(like the transport m hline 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,

b0' DnfrdJ UUu
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Coupled phenr >mena represent the class of problems most often encountered in

engineered system, Ibr example, flow of the working fluid in some cort 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 inay have no reciprccal influence on the thermal or cher ,ical

1:valuati<>n of the consequences is in practice otten difficult and intricate, but it issource:

relatively straitht forw ard.

I'cedb ack phent :rena exist in a varit ty of form s. There are types involving phenomena
.

that :re also highly coupled and types involviag ren ote and circuitous paths. We can never way

that we hu . discovered all of the latter,1.ut we trust continue to look for their existence if wm

a r. to i perat. by other than blind faith in functional independence. Feedback may be positive (or

regenerative) leading to unstable system states, or negative tending toward steady or equilibrium

states.

An exar.ple of a .iighly coupled feedback phen-menon that is easily graspo d and

docutm *ed, an i ts of potentially ma;or concern to the behavior of mechanical systems , consists

of the r elati: n betu( en mechanical ' ork, dissipation as heat, and thermal effects irn system

feedback loop is established in which the mechanical work ratepr< > pert ie In mv case, i

influenced by this chain of events, thereby perpetuating the cycle. The situationit self bn >ne

t< easily visualized in the fl<-w of viscous liquids, particularly as it has been placed in dimensional
(' ^\ * 6 * 7 )~ IIere the heat generated by frictional resistances in vir.couspers p. etive b:' (;ru: ifvet.

fl a di c rea s e , th+ vi c < ,i<it and thereby increaaes the flow rate, the local heat generation rate,

,f dec re ice c.f vin ' ulty f ar a given dr.ving potential. This sort of positive feedbackand the rat. <

escle se M 61v <nstable

P v iv. therre.al feedback phenmnena have born shinen to be important to the flcm

E 3 av.r of rocks at high te mperature < and precures b: m veral workers (see itef. 2 A.12 for

rel,t e n h. ..et we e : ePmu md def, rmatu n phen < mena). Since we are concerned with rock

+f rm a ti >n in connecti > ' th repaitory stability, a simple tmt of thie sort of feedback was

pe rf r: el relative t < > p< u sible stres u = and deformation rates that could be encountered in a

, ,a bed iel - alt :pw it . \t shallmv depths , lou st re s, differences and temperaturese p uit ,

a th. r e i &b: >r'e r n! < >f 10 0 * ( 4 - 10 * C ), e nergy balance calculation < indicate that the time scale

4tabil;tv t e ~ uch grea te r than the +1rn e scale of inte rest (i . e, ,<Ja p, i 11e ther :al fee dh c r

S ear :1 lience w. c nclude that the laboratory and the in s itu field rr.ca sure: r ent a> > 1 ' >illi >

behtv or r salt de rnatin are applicable to salt deposits at shallow depths and lowi < >nc e r: u

t rat i< >n < ", the er. nt t h at < err s :rt s of phenemena are n: t involve 1. *,tras c: r ,

.

___ ,
Ther: al feedbac k ePec t, N c w enhanced at higher pressures and tempe.ra(uw s, i '. 3ydr

a nee turther analvsee a re eliot ed relative to behavior of large-scale salt diapiris:6. . )<
*t t
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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 inclusiens in salt caused by thermal gradients is known to

represent a form of feedback (Hef. 2 A .2, p,104). Without going into details, the temper ature
.

dependence of the solubility of salt in liquid water leads to inclusion migration up the thermal

gradient. This effect is countered by an inversa solubility relation if temperatures become

high enough to form a vapor phase, in that case the migration tendency is reversed and inclusien

distributi:sns in principle would became stabili7ed, This would sceni to represent a form of

negative feedback tending toward dynamic equilibrium and quasisteady inclusion distributions.

In our epinion, however, the reality of this conclusion is not completely established, and further

work is needed from the standpant of mechanical interactions and relation to temperature

histories. This report has given attention only to some questions of potentially greater whole-

sale consequences.

2A.l.2 Numorical Simulation Methods

2A 1.2.1 Choice of Sim .11ation 1.ancuage -- Several simulation languages are in wide-

aprea ! use , We have chosen IWNAMO as the initial vehicle because of immediate as ailability,

simplicity, and c< nvenience of operation. We plan to explore the powibility of using GASP

IV ' or other euch language s, that offer greater options for handling discrete and discon-

tinuau s phenonwna.

2 A.1. 2. 2 Characteristics of DYNAMO -- DY N AMO is a cc.mputer technique for the

ordering and approximate solution cf sets of ordinary differential equations, its advantages stem

fro- m my years of wid spread use and consequently many built-in conveniences mvolving

automatic equation ordering, internal tests for consistency and redundancy, automatic or

s pec ified plotting limits, relatively complete and convenient error . nessages, speed, and flexi-

bilit The equations are es=entially statements concerning quantities (i.evel 1:quations), their

rates of change (H ite I:quations), and statements concerning any other relaticnships require ! to

define the Hate and 1.evel 1:quations (Auxiliary 1:quations).

The ( alculation consists of evaluation of all Auxiliary I:quations at a given time based

u:. previous uatement s for the I.evele h.btained either from specified initial values or previous

calculationd fallowed by calculationa of the Hate 1:quations and their inputs to the I.evel

quantities over nome specified timo chance. The output is in a form displaying the continuous

403 008
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functions (ten functions at a time can be plH d).* Depending (1n purpose , it may be desir"d t,i

compare different functions on the same pbit or the same functi1,n with several c h< > ices of para-

meter variatians. In the latter case one need only be sure that the equati.>ns are uniquely

specified for the different choices. 1:quation listings for ex imples of the two tu ides are gn en

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 progrewively mercasine, e

for example, by factors of ten. A time sequence can thereby be pieced together which

sinrJltaneously illustrates on the same plot C()ntrasts of short-term and long-term varialit O,

of the prescribe i sets of quantities.

More complete descriptions and instructions for DYN AM() are given in Hefs 2 A I and

23.11. With these guides in hand, the more specific charatteristics < >f DYN AMO are quu kly

picked up by makinc test runs of functional behavior usmg test problem s with real or invente i

equatu e ,

2A.2 Hefe rence System for DYNAMO Simulation

Th refecence system used for DYNAMO calculations is similar to that describe i in Chapter 1.

Any differences reflect approximations assun'ed f< rr the sake ,f illustrating numerical c.2pability,

T11 nu: orical quantities and relationships in this rep < rt are sub met to review, corr"etion, < r

res imon.
_

2 A . 2.1 Hu.iimentary Geometric Wtruc ture

The simplified reference system is shown in Ficure 2 A. l . The approach is to portray

as t . any physically me.mingful relationships as pos sible ' ith t he fewest p.s uble geomotric.

are lun ped int < i relatl .nsh:ps thatn*n-traint In othe r words, ac m my pa ram ete rs a s p< s-4ible

appr m mat e general beh ivior as though de <c ribing a cme -cell na del. For example, heat dist ri-

b ut i- , are treated only m term s of con servative mput-output balance a for a single volume

elei . nt . As will be shvxn, considerable information is obta med f r< m sut h a sirn pli stic h del'

. ve: thouch little wpatial detail is avail ble The latter sort ' inftirrn ition i< independently

a v a ilabic from the n' ult -cell rnodelmc techmques (thern al-elutie m delm and tran 4p >rt

del nc). ('ompa ri s on with DYN A MO re s ult < <h.rrn 1r t e r illu st rate 4 the decree < f approxin.ato ,n

m ailmble from th one-cell approath an i reinf rees our p sition th it des eral dif ferent integrated
pe rfo r .ancetechniqw- are neeled to buil.1 underrtan ! int of synte: <

*The f act that the functions are c<>ntinuous is si, netimes an apparent <!rav.back, It is pos sible,

, by judicious t onsideration of 3vstem st ruc tu re to simulate discontinuities by c ontinu'>u,ho rert

but rapi<!!v c hanging func tions. M.mv kinds of variaticin can be- conside r ed so long as care is used
in t hoices of time st<.ps an:1 in c hec ks for physical plau,ihilit' ,et<
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igure 2 A 1. Simulation Iteference Volume for DYNAMO

Other relationships such as thermal expansion uplift, compaction, subsidence, cracking

and so forth are also lumped or averaged over the same volurne element, The form of these

approximations will be evident when the system equations are defined.

The several groundwater pathways schematically portrayed in l'igure 2 A.1 are used

only to guide the form of potential access of water to the salt horizons, Mass transport mechanisms

approprote to a civen path are then examined for their potential magnitude limits. The potential

reality of these conditione are subject to other considerations (further modeling, geological data

synthesis, etc . ). Our general im will be revealed more clearly when vee decerthe flow diagram s

of functional system structure.

2A.2.2 ('apab ilitic e of increased Geometric Complexity Using DYNAMO

There is na theoretical restriction <in the number of cells that might be defined for feed-

back calculations. We feel that such refinen:ents shoulu only be attempted, however, when the

system interactions of interest are well known in the lumped parameter mode so that deviations

c'ricinating in geometric factors (including variations of physical properties, etc.) can be

m ganingfily isolated. Th e re fore , we restrain iiur calculaticns ta aspects that are, or nny be,

generically meanmcful m the absence of spatial detail, recognizing that greater detail is < btainable

at a price. The price is not prur.arily computer time and m mey but the potential distractir.n of
analysis from pursuit of unexplored causal relationships for the sake of nun:erical precision in

relationehips that are < inly par tially understmd.

j
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There are tunes, however, when detail may be very important to other aspects of

Icedbac k appr<tximati<in if system responses are sensitive to, or triggered by, snall fluctuatitins

in +,r:m specific variable (e . g. t e r o pe ratu re ) . Recognition of such situations inevitably depends

on the in <icht of the analyst. Acain, this emphasizes the need for parallel and sunultanceus

tn alyt it a l t ool4 .

2A.1 Wysterns lharran ,

The Lecinning < >f anv numeric;il simulation c<:nsists of organizing the active functional

rel (t o in ; hip 4 1;>r consietency with !)YN A?siO and previous practice, we have u<ed the furin <>f

sv < tem , dia cran ml s ymbe ,Is de sc riberl by lYrre ster. *

23.3.1 I)e acript n e Sv at. m

An atte:npt 14 made to verb ally acecribe the nature of the reference system structure

a< it u viewed t r < i i the standp 1 nt of potential f4 edback relationships. The terms describe 1 in

Sect i< >n 2 A. 3.1. I a re given r,o quantitative aluec. I:xplicit term s for nurnerical work are

de f:ned in <cction 23.3. 2

2 T .1.1.1 Sv ,te m s t ru t t' ire -- Figure 2A. 2 shows a schematic diag ram of sy stern ,t ructure

as it per+ains to questions addressed to the reference system sho.vn in 1 igure 2 A.1. ?,linim um

complexi y is acain emphasized. An ef fort is rnade to involve the fewest possible level anci lla+e

1:qua' ion s 'ha+ st ill mic h* be capable of identifying processes in the schematic system affectine

ceolog: cal s* ability an,i radionuclide dispersal. Ac'ual mechanisms of dispersal, however, have
no+ bt e n a ! !ressed in the nunterical demonstrations subsequently described, because considerably

; ore ef fort is desu able in probing +he kin <!s of behavior syrnholized in the lower por+ ions of the

shac ram. Cur ren+1y we have only s*u'iled some ques +1ons relevan' to possible access of ground-

w a'e r ' o + h e - salt horizons of I icure 2 A. I.

The I .ev els o' Iigure 2 A.2 f rm tanclea) are mo- ly self-explanatory and sirrply

wrs atmn statm nt s c. necrnmc the respective quantitie- ?.!uat of the I.evels a rerepre,. <

>p, 'i l' r xam ple, the' . c h a n i c a l w < >r k C.1 % ) 1.evel repreu nts deveral effects such a s< .

p u ? n n M'), ' m k of earthquake, at i f ault ine (1:l'), a nd <.ther'F+t ..I exp 2 si , (TI:). <

, ch me al n rk terr 4 )'m'. L

The r.n : tn whie; the 1. w e l : a re or g i ni/e.1 depen is o: the aim of the analysis, t >u r

. - ' i expl' re varmu s eMect a < n p ta nt ial prr >unhate r accc,- 1: > t heeb 1 in th - pa r* ic ul i ihe

rep.),it ir I .. s ela 1..heled i I:A('TI'I!!:9 an 1 ()I'l: ilN(;S are sepa rated because, in principle,

nn c- orily c rente p- ruity ha htt , it ci,ul 1 ( reate barriers t< i flow with ton-1<fr ''
i .

sequm ' - r i h a n ge s in fl. ; ' p .t h s ),

ne -e ,
! , s ,. N
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The interactiona portrayed in l'igure 2 A 2 involve effects of the following general

kinds (1) effects of radionuclide decay < >n therinal mechanical an i chemical states, (2) effects of

mining and backfill properties on lithologie integrity, porosity and compaction, (3) effects of these
work mechanisms anti faulting mechanisms en fracturing, (4) the above composite effects on rock

openinus, G) compiuite effects on groundwater quantities and flow states, (6) effects of ground-
.

water on rock openings via influences on mechanical anJ chemical properties (particularly salt

solubility in the context of the reference system), G) effects of all processes on the potential
neceu of gr< undwater to ra honuclides and rates of their incorporation in the groundwater system

and (H) net ef fects on dispersal of radninuclides out of the system via either aquifer or surface

water pathway s

Ch mges m the above relations are schematically described by a series of rate

equat u m that gwern input-output b ilances via the schematic valve syar.bols. The source-sink

cli >u 1" iytaola simply indicate tht the quantity may relate to mau anti energy reservoirs of
diffi rent kinda that are defined outside the system; physically, they remind us of various possible

init ial i 1d i t a .n q boundary c: uhtions, and time dependent inf'uences of external origins (changes

in reathert :al flux, tectonic effects, and so on), Some types of point events (e.g. , meteorite

impact) ind inter:aitte nt or pulse events (e. g. , earthquakes) might be crudely approxirr.ated

as to very etmplifie I cru ;equences usmg IWNAMO, but this is an area of simulation technique
that needs m i>vative research attentit ,n,

I.evel and Ihte 1:quation, are related by sets of Auxiliary 1:quations, in a completed

hacram the interrelati whip < are fisplayed by a network of dashed Inforrnation 1 ines, In

l'i p ure 2A 2,the Aux tha ry l'qu it u r.< a re completely lumped in one teneral symbol for eacn

1.ev el; e my d tfferent ' .da of functn n< are implied by each symbol. Here the Information I mes

their purpme; i. e. , the Information I.ines of Figure 2 A 2 are notare 4- mlv to inlie: *

c<n ,let an 1 are n * neu ,arily even ric 3rously corrett. We have included some iraprobable
,

:oenima<in < : it fact It i s s ucce sted th at < >ther pe r o>n s involved in the analysis ofc- wt ,

r uh:mt v< w aate nonace: . nt etudy this dncram t'r rec (>n atruct i>thers of their own in terms of
*

attm .pt $ ,de tify funet t ' al dependenele ,

. -

The le ar: ntion 1.ine between MVW and Su A, for example, nny be r"islea hng in the

pre cent ; - , al c nt ext . The .o >unt of raji nuclider in surface waters is not expected to have

h v.f rr 1 m, unie , there i < a biza rre e ff et like influence < >n gro .vth < >f m u sive
,

m ,treet t e

ale , iep-ts that m flue n ce trear fl ' 1:ffecta < f radt nuclide mteractmns on aquifer properties'

a 14 - pa d-alv les , f artett hed (e . g . , recar is heat).

O'1G
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The symbols for the Auxiliaries in Figure 2A,2 are simply the Level symbols

followed by A, 1.ater on, the terms included in the various equations will be assigned specific

de s c riptive name symbols , Symbols in the schematic Itate I:quations are _.lso the same as the

1.evel symbola, with the following additions:

.

IlitN - Ifeat produced by lladioNuclides as originally placed in the

r e pos it ory,

IIT - IIeat _'lYansfer by conduction and convection.

GF .G._eotherm al _ Flux balancea ,

11 MW - IIcat produced by dissipation of Mechanical Work.

Note: Dissipation is 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

TI: - 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 )

EF - Tectonic energy induced by 1:arthquakes and /or Faulting.

( nn\ - Other Mechanical Work (e. g , induced by buoyancy forces
of various crigins).

IRP - Rock Solubility Parameters (mineralegical phases present,

their etabilities, solution properties, etc . )

()C - ()penines Connectivity (in part overlaps with FG).

Pit - Ifressure IIead (in present context defined externally by

reference tc hydrologic modeling; sc e discussion in Chapter 3).

FG - Flow Guides (in present context, identified by geometric structure

an j specified as sumptions relative to Figure 2 A 1: _ getitive

trodeling of hydrolcgic options is essential to sorting the relative

im portances r # a rtificially imposed flow c onditions ).

9' - Solute U >ncentration (as it affects solubility, hydraulic properties

of water, thermodynamic stabilities of minerals and so on).

ST - {curce Terms (local con fitions of water access to canisters,
canister stabilitv, leaching, etc . )

- s .,

l
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FTP - Ifluid Transport Properties (relative to hydrology,
radionuclide distributions influenced by distribution

coefficients , etc ).

AW - Aquifer Water (hydrologic factors in aquifer flow <l.

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

Inspection will show that this is not a comprehensive list of the liate 1:quations and varianles.
It is given to indicate the general idea and to st;mulate searches for the relevant vailables and

their interdependencies.

Closer inspection of Figure 2 A .2 ' vill disclose various types of potential Feedback

I. oops. It >ssibly, 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 1.evel quantity on the

rate of change of that quantity in one way or another this form of feedback affects every I.evel

For exam ph?, the an ount of heat stored in the reference system af fects the rate of heat hms and

hence the subsequent heat quantity. The amount of mechanical deformation (r* lative 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 <>f fracturi g . nd production of rock openings. Groundwater quantities mfluence future

1.evel <tates via c m. sequent hydrologic flow rates. Itadionuclide quantities in solution influence

futur e rates of incorporation by depletion of the finite source and so on.

St any types of indirect Feedback 1. oops can be f >un ! by careful study of diagram s

like Figure 2T . 2. Fermally, all closed circuits in the directions of Information Arrows represent

Feedb a c k 1.oi >ps . There is virtually an infinity of involutior s nd convolutions of these pmsible

connect i >ns . The problem forced en us bv questions of radioactive waste containment in neological

media is to find the dominant 1 > ops and to undersLn ! their r agnitude-time relati ins a4 recards

gmil vical stability. Ihlicent and repetitive crinstruction 5,f such System < l)iagrams, inform ition

I.ines, and Feedback I. rop assists these hierarchical sortmg i,rocesses.

()nly two indirec t Feedback 1 oops will be mention"i as tvr e x a m ple s . The first of

these very simple to understand, but it is the nu>st indirect an I is quantitatively contingent
f:>rm of numerical solution of all <ystem varnble , w hwh has not been accomplished t<>4+n e r e

t h t '; date. Startinc with the licat I.evel on the lower right >f the diagran:, Inf 'rmation 1 ine < can

be traced through the er. tire diagram and back to the lle n t l .es e l . Th at m ,1" a m ount and dist ri-

l'ution of heat cener ation by radioactivity simply depends <:n what happens to the ra itonuclide s other

th in s unple decay in their original c onfigurat tun s l'rinn the <tandp int < >f the overall eyster

this represents a Negative Feedback I.oop ten hne t'. rard thermal equilibrium This eunclusion,

h ver, should not encourage complacer s concerning < >ther f< <rm s of potential thermal feedback.

-
\

o
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1.ocal 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 het solutions).

The second specific example considers feedback between 11echanical Work, Fracturing,

Openings and Groundwater. The Ifeat Level is an input via Thermal Expansion (TE) and via the

temperature dependence cf mechanical properties. Ilydrologic parameters, in particular the

Pressure llead (Pil), can be defined outside this particular subsystem, but it should be possible

to incorporate the hydrols gy as part of the Feedback Loop by judicious iterations in sequence

with the Ilydrologic Transport L> del of this lleport (Chapter 3).

The main fa lack of this artificial subsystem, which will be referred to as the

II- Alu -F-O-GW Sector, is a consequence of salt solubility and brine transport. The feedback is

strongly positive, 'I ne rest of this appendix, other than the section on llecommendations, deals

with numerical approximations for this Sector.

2A.3.2 Specific Diaeram anJ Equations for the [[-ilW-F-O-GW Sector

The bottom half of the system diagram of Figure 2A 9 is redrawn more explicitly in

Figure ? A . 3, For practical reasons, some Levels, particularly lechanical Work, were sub-

divided into several I.evels. The remainder of Section 2A.3 identi.ies the respective equations

within a DYNA 110 forrnat, without going into their physical content. Section 2 A.4 discusses the

physical approximations and dimensional content of the equations and attempts to identify their

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

2A,3,2,1 lieat Level -- Letter symbols at the left margin for each equation shown in the

following paragraphs indicate its type: I evel (L), Itate (II), Auxilia ry ( A), Con st ant (C). Initial
Value (N). Table (T ), SupplemeMary (S), Continua * ion (N).

I II,K, II. J + DT *(IIINlt , J K - IIOff tit.J K) 1 FEAT

The indices J, K, L refer, respectively to an ir anediately preceding time LT), the current

time (K) an I immediate future time (I.1 The tino step of the calculations is DT and corresponds

m length to the past ir.terval (JK) an i future interval (KL), Algebraic symbols are staadard,

e xcept that the asterisk indicates multiplication. For algebraic conventions an ! other elabor ' : ions

of equeion writing for DYNA'!O, see Pugh
* and Forrester. ' '

.
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Fmure 2 A.3. Sv4 tent I)ia gr a m f< >r Il- Tlu -- l'-()-GW Si -

The an n e "qu a ti> >n< f'>r the ficat 1.evel tre as foll<rss (in this sectit aations are

. ply ' i n e l ". i t 4 u t d e r n 'i er lin:enm >nal quar.tities; w here equatims c< ull t be ccitpletmli ,.

w itho + discu = w i >f ph' , c al principles, their t> ees are inliCated parenthetically - sev . .e 4h

H 1[IN H. Kl. I M ' P * l ' U.1; lil: AT _I N PI'T _lt ATI:_

\ l ? ). l; ( l'ab le fu:ict: a) I'I! ACTIC)N A I. DI (' A Y

(' IH l' O' <ta t) I):'.11:N 4I()N A1. CONSTA NT l'OH TIII:H '.1 A I. POWl:it

|| I !< M ' T I . ! 1. D ' 1. T 'i Gill.H. 11{ 1)'lli') fil: AT On"IPI'T H ATI:

Cs . ' . "l)i'! . A Y '' re fe r s t i built-in I)YN A1:0 functions th at intr < uluce

de l ive< f re :p:: -: e - i > f < > a p t t > input functions <er Hef 9. 4, ('ha pt e r 9) -'

H Slif.H M. (-\ nalv t ; c f u r.c t i on ) STI: A DY lil:AT I.()% It ATI:

Dill' (Tune (N >ne anti I)l:1. A Y Ol' si'it i' A('l: lil: AT I't.I'N
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2A 3. 2. 2 Thermal Expansion Level -- Thermal expansion is, of course, directly coupled
with the Ileat I evel via equations of the following type:

L TE.K TI: , J + DT *(TEll. J K) TIIEll11AL {NPANSION UPLIFT

lt TI:ll. KL UEL *(ll! nit.J K - HOUTR.J K)*lIC TIIEItal A L IjNPANSION IJAT..

C UEC (Constant) _ UNIT _ENPANSION _ COEFFICIENT

C ll( . (Corstant) HEAT CAPACITY (AVEllAGE)

2A, 3. 2. 3 Compaction Level -- Compaction refers primarily to as erage vertical dis-

placements caused by collapse of pore space in the salt horizons due to the weight of the overburden
.t' tta: the pore space arises from both mining activities and imagined salt solutioning mechanisms.

'l i ecuations are written for the one-dimensional case as follows:

1 CL. K 3.l C L , J - L P V . J CO.TlPA CTION LENGTII

A 'J C I . . K (Constant + Output of Solution Openings Level)

?.l AN1?.lU11 CO2.lPACTION LENGT!!

L 1.PV.K LPV , J + DT * (L PVCIt.J K) LINE All _POltI: _VOL U AI C
_

It I.P VCIt . KL (Analytic + Table Functions) LINEAll PoltE VOLUAlE

_CO11 P A CTION _I_I ATE

2A 3.2.4 Net Displacement Level -- This Level represents simple algebraic summation
of the Thermal Expansion and Compaction Levels:

1. NEC.K TE. K - CI.. K _ NET _E_NPANSION 111NUS _C011PA CTION

2A.1.2.5 l'ra c tu rinz I.evr Is -- In any rigorous analysis , this composite Level involves

many intricate and complex phenomena which in themselves depend on other forms of interactic i

and feedback not explicitly represen+ed in the simplistic system structures of Figures 2 A.2 and
2A.3 In order to carry through with the demonstration, these relations have been given con-

ditional roles. I or the purpose s of the feedbac'. demonstration, the drinant relation appears to
be +he connec+ ion between net ver+ical di placements (N EC) and fractu ring:

1. NI:CC.K N1:CC., J + DT *(Cit EC , J K) NET I:NP NSION CollPACTION

_C II A C KI N G

O

or g
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11 Cill:C. KL (Analytic function of NI:C.K) Cit ACKING l{ ATC FItOM

.i._:N PA NSION A ND _COM PA CTION

!. CTI.F. K - CTI.F.J + DT *(Cit F.J K) .C._i t A C K _T.it A CI: .L_ENGTil FitO A,

l' A l'I. TING

Cil F. KI. (Analytic function of external sources)''

_ Cit ACKING _It ATE FitOM _FAl'LTING

2 A , 3. 2. 6 Solution Onenings i.evel -- The production of openines by salt dicolution ir

explored artificially by means of assumed pathways like those shown in I igure 2 A I using externally

defined hydrologic parameters. 1:ach of these modes requires internally consistent to feling to
ascer'ain pressure-velocity relations and pathways resulting f rom special perrneability dis + ributions

such as are caused by fracture networks and solution cavities. So!utioning, howe f er, depends on

some of the following speciall7ed forms of t ransport

L So. K - So.J + DT *(OI. in. :K + OllSCCA. K - OllScl.A S.1 K
+ OltSI:DLA .JK' SOLUTION Of 'NINGS

11 OllSD Kl. (Analytic function of fracture t leninga ) O Pl:NING

_It .\TV 1'!!nTt ROLT' TION!NG !W DIFFES ON_ _

lt OllSC U A . KL (A nalyt is function of fracture openinga)

O_PI:NING _ll ATI: FilOM _SOI.UTIONING HY _CONVI:CTION TO

UPPI:It AQUIFl:It

it OllSC LA S . KL ( Analytic ' unction of fracture openings)

O_Pl:NING _It ATI: FItOM _ Sol.UTIONING IW CONVI:CTION FItOAf_

_LOE I:lt _AQUIFI:ll TO _SUllF ACI:

lt OIIS I: D L A . KL _ (Analytic function of fracture openings)

()PI:NING _l._t ATI: I ItOM _SOLUTIONING HY _I:DDY _DIFITSION_.

TO 1.0% I:It AQCIFl:lt

1. ACI.S. K SO. K/ S A A VI:ll A Gl: COM PACTI()N 1.1:NGTil FitOAl SOI.UTIONING

(' SA R 'on st a nt ) SUI!F ACI: AltI:A (111:POSITOf tYi

1. MCI.. K 13 M C L ACI.S.K M ANIM1 M COM PACTION 1.1:N GTf f

(: llM('I. (Cons t a nt ) II ACKFII I. M ANIllt il ('OM P ACTION 1.I:NGTIf

.

*
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2 A. 3. 2, 7 Dominant Feedback Loops Investigated in the If-MW-F-O-GW Sector -- Tw o loops

are considered. In the first loop, Ileat affects Thermal Expansion (TE) directly and Compaction

(C) indirectly via influence on the effective vtscous 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 I racturing affec+s Solutioning (50) which affects the amount of pore space (LPV) 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

(IIOUTit) and hence on the TE-NEC-r-SO-C loop. This coupling has not been examined in detail

to date, however, because the solutioning feedback is so strong that small perturbations are

sufficient to eet it in motion. This latter point is explored quantitatively in Section 5 on Computer

Calc ulations . Groundwater effects on caling have been studied using the IIydrologic 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 processea

discussed m this section.

2A.4 Physical Content of System Equations

2A.4.1 The 13a sic As sumption

The working principle alapted for the trial calculations was to keep them simple

enough that the roles of the individual effects could be detected yhen the composite system was

permitted to interact. Thus, heat transfer functions mechanical equations of state, etc. , are

simplistic w ithout being totally hypothetical. Rock properties are essentially those of the

reference site: for conven;ence, rock properties are listed in Table 2 A. I .

2A.4.2 Simplified Phy aical Helationshipe

The equation form s are described .a words and then m DYNAMO format (i.e., as typed

on computer input cards); quantities usually are in c.g.s. (centmieter, gram, second) units which

are then =caled to dimencions more suitable to the scope of the problem (meters, kilometers,

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

2A.4.2.I ficat Inpu - lleat input (lilNH) is de* ermined from the waste load specifica+1ons

given in Chapter 1. It is expressed as a lable Function of decay fraction versus time which s

multiplied by a dimensional constan+ representing the assumed initial thermal power:.

IIINH (aec!yr)(Initial Power; watt < / acre)(Fractional Decav Table)
(: eules /calHsq.cm / acre)(Depth to Source;cm)(Density;gm /cu.cm. )

( al l gTn /y r.

A e y
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For an Initial Power of 61 kw/ acre, this function in DYN A310

is written:

it IIINIt. KL - 0.004 *FD, K ItN POWElt (CAI./GM/YIt)

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 TI All:pg
Initial Thermal l'ower

Note: TI All' 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
Alanual; Itef, 2 A.11), where N at the left margin indicates an Initial Value Equation and T

indicates the values of the TABLE Function; N indicates a Continuation Card when more than one

card is needed to list the values.

A F D. K 1:N P(2. 303 *LOGFD. K) ItN DECAY FItACTION

N l'D 1.0

A I OG F D K TABLE (FDTAH, LOGT. K,0, 6, 0.5) LOGTEN DECAY FitACTION

N ot e : The values of FDTAH are 1.OG " ^ " **
10 10

6ranging fr:'m 1 to 10 years at intervals of LOG ~ ' *
10

T I DTAH 0/-0.03/-0.11/-0.38/-1.00/-1.80/-2.17/-2.51/-2.80/
N -3.31/-1.0/-4.0 LOGTI:N DI: CAY Fil ACTION TABLE

N ot e : Any date l'ientifies a particular set of data when more than one set is

used in the same context.

A LOGT.K LOG N (TI'.! E . K) / 2. 3 03 LOGTEN TIME (YEAltS)
.

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 def ends on the problem scale of interest.

9 e ** , y

fh
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2 A . 4,2,2 ileat Output -- If a constant heat source were turne"1 on at TIMI: O at a

specified depth in the carth, a steady-state heat flow from source to surface would be approached
,9

in a tin.e gn en roughly by the ratio (depth;cm)~ /(Avg. Th( rmal I)iffusivity llock; em~ / cec). The

source depth of ri>ughly 600 m (see Chapter 1) indicates that this characteristic time would be of

the order 10,000 y ears , althouch detectable surface loss would begin at a time of the order of

1000 years

This simple test gives an idea of the time delay involved in the average thermal

re n p, m s e , t h < su ch t h e actual heat +,urce decreases with time, The response near the repository

level is, of ( ourse, much faster and requires detailed calculation s of transient heat transfer
" eehanism , The p.> int 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. Hanc of the.se choices

are displayed later and are compared with the more complete calculations.

Ibr an initial estim it", we let the output be defmed as proportional to twice the

mean temperatur e (e.g. , as thouch the steady gradient were linear between a surface at 20* C and

the repo sitors murce). \\ e also imposed an initial geothermal gradient of 20*C/km and assumed

tha t all i adi,4 n tive he,t 14 eventually lost to the surface, This means that the initial temperature

at the re p ,utt >ry '!cpth 14 3 2 * C, for a surface ternperature of 20* C, and the initial mean

t e m pe ra t u r e la 26*('

The mean t"mp"rature H given by the mean heat content divided by the mean heat

ca pa c ity Thi < defines the initial value for the IIeat 1.evel:

li (Mean Te mperature:'(')(Mean Heat Capacity; cal / cn' / * C)

N 11 i . 2 ( '.\ l . / f ; '. ! INITI.\l. Ill: AT (MTI:MI' 26*C)

Thus the IIcat < ,tput in the steady state can be written as Steady IIcat 1.oss Hate

HIII.U n ( t h that the < > vth. rnal flux is both input and output and therefore cancels out):

126 ( % n 1[ eat (' .te:J , cal / cm) (Thermal Conductivity cal / em / s e c / '(') (see /v r)
Rill.l,

(flcat ('apacits ; tal' cr z '( ')(1)c pt h t o S' >urc e; c m )2 t l) ens ttv pm/eu cm)

n ea n Geothernal 1.ux; c al / w < m / sec ) ( see lv r > cal / nm /v r
,

,

i 1)epth to .9 >u t c e; n)II)'- uity em/cu 6 :) .
i

q
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%
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which in DYNAMO becomes the approximate equation (using averages of physical properties from

Table 2 A.1):

H SIILIt. KL - 25. 0 *(II. K-4.0)/1. 32 F.5-2. 273 E-4

STEADY IIEAT LOSS RATE (CAL / Gal /YIt)

N Silllt - 0

.

The IIeat Output Hate is then related to SIILit 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 Hates is described graphically and numerically

by Forrester, Hef. 2 A.4, Chapter 9):

It IIOU TH . KL DELAY 3 (SIILH.JK, DSIIF) IIEAT LOSS ItnTE (CAL./GM/YH)

N IIOUTH 0

Note: The expected initial value is oftt n written only as a reminder to check the

numerical printout for internal consistency; DYNAMO automatically

initializes if equations are complete.

C DSlIF 1000 YHS DELAY SCHFACE IIEAT FLIN

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 !IOCTH represent

the input and delay intervals in three cascaded first-order delays, each

with intervals D41[F/3.

The above equations define the IIeat Level at subsequent time intervals, from which

the updated values of mean temperature are calculated;

A M TE M P. K (II. K-4. 0)/ 0. 2 + 20 MEAN TEMP FOR STEMP = 20*C

N MTEMP 26 D EG C

Although the implied surface he'at 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 IIeat Flux in units of geological

heat flow units (microcalories per square em per see) is written as follows:

S SCHELN.K 1. 0 + 1.3 2E5 *(IIOUTH.J K/3 0)

SCHFACE FLUN (MICROCAL/SQ CM/SEC) j. - ,

4d) '

N srItrLN 1.0 MICHOCAL/SQ CM /SEC
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2 A . 4. 2.3 Thermal Expansion -- Expansion of the planar slab is simply gwen by the
The

change >f mean temperature times the thermal expansion coefficient times the thickr. css.

latter two *erms are combined as the I' nit Expansion Coefficient (I'EC). Details of exp msion near

the reposito. , margins require detailed study by means of two-dimensional thermal stress
( ak ulat ion s . The Therrnal Expansion Itate (TI:lt) is directly r.btained from the ficat Itate equations

as follow s :

(Unit Expansion Coefficient;cm / *(')
TG (lleat Capacity;

(lleat input Itate-fleat ()utput flate; cal / cm /vr)
c a l / gm , * C )

I L
,

it T I:lt . HL Ul:C *(l[INlt.J K -lIOUTit.J K)/ 0.2
LINE All TIIEllM A1.1:NPA NSION HATE (CM / Yit)

The IIcat Cap.2 city and Thermal Expansion coefficier.ts are averages f< >rNote:

relatively dry rock. 1:ffects of the more realistic variations of thece
coeffilents as shown in Table 2 A.1, are quite significant and are

discusued following presentation of contputer results.

N l'I:lt 0.423 CM / Yit

U i 1:(' O.9 CM/ DEGC tJNIT 1:NPA N91()N CONST ANT

The cumulative expansion is computed from the Lev.1 Equation:

1. TI:. K TI: . J - DT *(TI:lt.JK) LINI:All TIII:ltM AI. ENPANSION (CM)

S TI: 0 INITIAL T![EllM AL Irl:Fl:lll:NCI: STATE

2 A. 4. 2. 4 compaction -- Two prmeipal ef fects are o,neidered. One is the qu mtitative

wttlm.g and compaction of unfilled p ;re space in the backfill n'.aterial which is assurned to be salt

M e also as sume a uniform distribution of voids with bulk porosities rangmg from 3 to 30 percent.

Since the backfill layer is designed to be about 6 m thicn, w as ;ume rnaximum possible com-

pacti ,n lengths ranging from 20 cm to I Bf, em

The second effect is compaction of porosity cauxed by eluti >ning. In order to nnke
.

the c alculation similar to the above met hanism , we ,,3ume t!.a' colutioning wa s unifor'rly

diatr h .trl. Isical compaction or c llapse rates (e.g. as < >ecurs in the f; r: :aticn of at least

breccia tones in salt) have not been explicitly simulated, though some estimate of theim

p m stble growth rate of a localize i cavity is made later in the + .lutionmg calculation,

w
'

.

\
..\)a-
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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 emphasi7e

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 eff ective times for viscous deformation obtained from data given by
^* ^*

IIcard and from the in situ measurements made during Project Salt Vault. The

validity of the assumption depends en 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 ba9ed on some experiments by one of the authors on collapse
^*

of cavities in a viscous matarial simulating molten rock. It was found that the approximate

compaction rate was exponentially dependent on the time interval multiplied by the r'ttio of

effective pressure acting on the voids to the affective viscosity of the matrix. This relationship
wa r; checked against average convergence rates in the Salt Vault expriments using an estimate

of viscosity for salt from Itef. 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 dt aling with

18 10 9

effective viscosities of the order of 10 to 10 dyne /sec/cm" (poise). The compaction function

was roughly adjusted to the Salt Vault data and a TABL.E Function was derived for the effective

vis c os ity . 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

c a a e ): Compaction Length (CL), Alaximum Compaction Length (AICL) and Linear Pore Volume

(LPV). The latter represents the uncollapsed void space at a given time:

L CL. K - 31CL K-LPV. K COAIPACTION LENGTl! (Cal)

L LP\.K LPV.J + DT *LPVCR.J K LINEAll POllE VOLUAIE (CA1)

N LPV - DAICL

N CL : 0 INITIAL COAIPACTION REFEllENCE STATE

C B AIC L 60 Cal D ACKFILL AI AX COAIPACTION 1.ENGTII (CA1)

,
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,

b. ),
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1.inear l' ore Volume Compaction flate (I.PVCit) is based on the function given in iteferenceThe

2.\ 14

I .( $ G 1.ine a r 15're Vi>lume at TIMI: K
10 1.tne a r I S a . \ olume at TIMl: .1

-(f:ffective 1.oad Pre s sure, dyne / sq c m)
- (.flM L. J h.;:ie c)

(1:ttective Viscosity; dyne sec /sq cm)

llewritten a l)Y N .T M( ) f armat this Loceimes:

It 1.P V('ll. Kl. I . l W .1;* I:X P( - 2 'l:1.P *31:7 *l)T/ It VISC. K)/ l)T-id'V. K/ I)T

l.lN!:311 PoltI: V O l l'.l l: ( . )\lPACTION II ATI: (CM / Yit )

(' 1:1.P 1.31:o I)Y NI: / SQ C M 1:ITECTI\'I: LOAI) Piti:S91'lli:

A i:\ IR '.1; T A ll t .1: (!:\ TAH,1si'TI:M P. K. 0,250,25) 1:FI'CCTIVI:

VISCOilTY (POISI:)

T 1:VT Ali 1.131:1!' / 7. 0 dl:l t / 4.171:18 / 2. 811:18 /1. 7 81:18
5 1. 2 61:18 / u. !'11:17 / 6. 611:17 / 3. 011:17 / 3. F01:17 / 3. 021:17

N 'e: P i effective Viacoeity is tabulited at inter vals of 25'C from 0 to 250* C.

'I h e t e mlie r.iture depe : !cnce wan eatimated from itef. 2 A. B.

A lit'T!:V I'. K 32 2 * C.1 Tl:M P. K- 2 6 ) A PPIlOX H A C Kl'II.L

f):M Pl:lt iTt'lt i: (I)l:G( 7

% lil'Tl:M P 32 (1)l:':C)

N >te: Th. t e: : .pe ra * ure r.c a r t he impository depth is assumerl to dominate

the cor 7p ict on rate it is taken to be the initial steady sta*e

ten';,e rature plu s twice the chance in mean temperature of the

(o e r liu r'!"n .

The M axim u:n G m p . t e .n 1.cngth (M CI.) is introducet above as a variable because

r cla+e i t' > the an :>unt of solutionin g. We also r'. iterate that the above equati< ns are ofliter o is

the- im simplis tic f:,r: f o c the - trc< hanies of compaction. \\ e could, for exampl", have written*

a .-t re s s - s* ra in -t in e -t e m pe r iture funttion from results like those given by Ilradshaw and
n~i * '~ )' le ('l iin but the c' n plexity w ,uld only ad I e(>nfusion to the demunstration calculations at

,

thin tw W hen the simulatt :n results are b-tter understood, h!) wever, it m ny well become
.

criticalh ': I".rta nt t r sim ulate the rhe< >l p in great detail,

'\.,

v
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2A.4.2.5 Cracking -- Itelationships describing fracturing phenomena are based
largely on intuitive guesses constrained by some simple observations of limits, These guesses

ar" 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 assessment.

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

motions, (2) cracking related to existing and created fracture zones produced by any faulting

phenom ena .

I'igure 2A.4 schematically illustrates the reasoning applied to cracking caused by

vertical motions of lay ers, IIere, 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 crackmg related to regicns of greatest flexure. The only quantitative tests

made to date are from numerical rnodeling of maximum elastic stresses caused by thermal

expansion. As shown in Figure 2A.5 the loci of muirrum tensile stresses are near the

repository margina and are concentrated in the shale layers. * Although some incompete nt

rocks fail at these 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 st stained 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 assumed to be " clamped" at some lateral diatance from the

repository site, tnen any vertical motion implies a change in length which is compensated by

fracture porosity. This dc = 4 not allow for ductility and a compensating attenuation of thickness,

which s one point, among :nany, that will requira detailed analysis of all relevant rheological
parameters 9 tress, strain, time, temperature, mineralogical state, textural state and

anisc tropy, pare fluid pressure, etc ),

" e n
,i Gs i ''

s a
The calculations behind Figure 2A.5 will be discussed in 2 A.4.2.5.1
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The magnitude of the extensional fracturing can be expressed in terms of numbers

of iteference Cracks of trace dimensions I rnillimeter width by about 3 km in length (roughly the

diameter of the repositoly). The volume of fractures depends on the number and depth range of

such cracks. During uplift or subsidence, intaginary 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. chang"

from the area of a plane circular disc to the surface area of a right circular cone) of tne order
'

of 2 x 10 cm This v.ould correspond to the trace area of roughly one Iteference Crack Convex,

concave, or even more abrupt punch-like forms of uplift or subsidence create greater ar.d more

lacalized forms of extension near the margins of the deformation. A change of surface area of

a ;.unch-like uv.f t or depression (which seems likely for such a tabular source horizon, either

fron thermal expansion or compiction) could produce an areal stretening of some hori7ontal

refere nce plane by something like 1 x 10 cm per meter of vertical motion. The volume of
cracks formed is impossible to estimate, and their distributions would be corrplex, but in terms

of areal r atios of extension to trace area of a Itefe rence Crack one can estimate about 5000 cracks.

Ancther way of looking at limits is to consider the displaced volume of one meter

vertral displa 'ement over the repository area (a rreter is used as a comparison length because

of the backfill nnximum compaction lengths, InlCI., discussed in the preceding section). This
13 3would amount to a ,out 10 c rn volumetric displacement. If even one percent of this volume is

not totally compenseted by displacements at the grt und surface, an internal fracture space
amounting to seme ht.ndreds of cracks of Itefer ence Volume 50 meters x 3 kilometers x i millimeter

3) coulC be f ormed . Cracks of this dimension are chosen for comparison because8
(- 1 3 x 10 cm

they dimensionally reprt sent the scale of cracking that could significantly breach the shale layers

above and below the salt horizens of the Iteference Site.

Thew general bounds suggest that cracking may be roughly proportional to vertical

displacement with a preportionality constant ranging from about I to 1000 Iteference Cracks per

meter displacement . In later calculations we have usually used th> facter 5 *h Iteference Cracks,

where h is vertical displacement in centimeters. Intuitively, this factor is probably near the

upper bounds of estimate, co we have also made calculations over several decades of decreasing

magnitudes

The corresponding DYNAMO equations are written as follows:

1. NI:CC.K NECC . J + DT *(CitEC .1 K) NUMBElt OF Iti:FEltENCI: CitACKS

I'ItOM NI:C

N NECC O INITIAL, STATI: OF cit ACKING

f <

90r ; !! 0
,

115



It CH l:C . KL 5 *SQlt T(NI: Cit . J K'N1: Cit . J K) Cll ACKING It ATE

l'l!OM N1:C H ATI: (Hl:l' CitACK/YIt l'Olt C3.1/Yit)
Note: The square root function is used because NI: cit may be either positive

B 3
6 r negative One iteference Crack c< >rres ponds to 2 x 10 cm fracture

p< >re space. The coefficient 5 is probably a high estirnate, though under

spreial circumstances the value conceivably could be several times larger.

1:stimates of cracking produced 'ay fault motions t.re es en more tenuous than the

ab. >v e e st ini a t e - ioward this goal w e inade compila* ions of fault measurenmnts ba sed < >n

l' S (ic< >lvical Survey m aps, and also ma le some preliminary statistical analyses of the

results Th. results were used to guide our initial assumptions, but they are highly tentatis e

and must be studie.! in much greater detail. M e bas e chosen high and lov estirnates of both the

imtial amount of fracturing relate I to fault zones and the rate or p'roduction of new cracking. In

the se cues the fracture trace lengths at the ground surface are assumed to represent planes that

cut all strata of the lleference Site.

(ine of the initial states assumes that there are n > fault-related fr actures at the

beginning i:f the simulation period but that they are created at rates ranging from a millimeter

t.> a tenth of a kilonmte r trace length per year. (;e olocically, this might represent the situation

in a stable tectonic region adiacent to an actively evolving tectonic province that is encroaching

with time < >n the st able rrct . n. The low rate of 1 trm / year is probably imperceptible either by

mippmg '>r seisr idorv unles s it has been operating for sonm time. The high rate represents a

regt< >n of ma p'r faulting an ] carthquakes during a period of very intense activity. The value of

fi.I krt 'yr, ht m over, d< e s ra >t corresp< >n I to single fault plane slips of that magnitude, but

repre- . nts the imegrate i trace lenc'hs of fault-related cracks in a complex fault zone, For thi a

purpoce we assun ' that there are ri urbly 100 times the fracture trace lengths as fault zone

lengt h , Inca min g t h it the 'one itself is growing at a rate of about i m /yr (this is many tin.es

"an c r u ,t al p2'te m ; 't : ns and therefore represents an episode of abnormally highf a :ter "a *

t rain relca w l.

Alth < ugh the hich rate repreeents a very active fault region that would be seismically

insight <.n .solutioning ci>nsequences of high faulting rate-i.nspu u it l a inclu<b ! ' . cive munei

< f p. ir historical rec'>rds or represent unexpected rejuvenatir nth it are either o b tecte I L' i e u

t .r .it iat ion . J m a n 'r f a ultin r.

The ;tatistie il dat i ba ae f::r the e assumptions is very sensitive to data selection,

are bli n g a n ! s < > i an . It ias be proven in titne that the growth rate estimates are partly artifacts

4 tf namplinJ and age criteria, it is in.p.)rtant t c i notice, how ever, that even if th" lowest rate th it

init it lie e <tiriated ' vere permittial 1 i pri ceed very i(>ng, there wc >uld be a gr eat deal of fracturmgl

already in existence, Anyt ne wh) has spent any tinm in man-made undergrouncl opening s of varu rue

\
8
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kir is cannot help but be impressed by this fact. Therefore, whereas our estimates may be

incorract in space-time distributions, there is no doubt that fracture pathways are miportant

even in relatively stable geologic domains. These older fractures may have an important role

in that even if the .ertical displacement of the previous section caused by comb.ned thermal

expansion anJ compaction are insufficient to cause failure of intact rock, the y still may inluc e

extensional opening of existing fractures. Therefore, partly as a ? minder of the above impor-

tance, we write the following tentative equations including an cption for an initial value of 1001.m

cracking trace length that has accumulated within the repository area over geologic time:

L CTLF. K - Citl F.J + DT '(CitI'.J K) cit ACK TilACI: t_I:NGTil

FitOT! FAULTING (CM)

N CTLF 0 AS$UMED MIN INIT!U ItFFElli:NCE STATE (CM)

N CTLF 1.01:7 AVI:ItAGI: INITL\L ItEFI ItENCE STATE (CM)
Not a This last figure is based on an areal averaging o' neasurements of all

m ipped faults younger than about 15 million years in the contermin >us
I' S. normalized to trace length per 100 sq. km. It also assumes 100

fractur - lengtr.s per unit fault lengin (i.e. , for the zone of influence).

It Cit F. KL 1.0E-1 MIN CIIACK ItATE FILOM FAULTING (CM/YIt)

11 Cit F. KL - 1.01:4 MAN CII ACK H ATE FItOM FAULTING (CM /Yll)
Note: It is assumed that fradurmg of given trace length penetrates all strata

ve rtic ally . The crack volume associated with above faulting depends

t .t faulting style. We nave assumed that all cracks have a mean width

of 1 millimeter.

2 A 4. 2. 5.1 Digression on Two-Dimensional Stress Analysis Calculations -- Figure

2 A.5 shows a representation of ..e loci of maximum tensile stress near the repository margins.

We dicrers momentarily to explain the source of that figure.

To che :k some of the results obtained with the present DYNAMO simule: , a two-

dimensnnal trmnsient thermal stress analysis of the reference repository was performed using

a finite element c omputer code. The goals of thece calculations were to (1) determine the thermal,

stress an i displacement respo:ise of a reference geological salt f,rmation to a reference nuclear

waste decay function, and (2) evelt. ate 'he effect of selected unknown vari %Ies m order to le nt ify

important parameters for future analytical rr.odeling.

!gee

40 .-,; <--
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f'igure 2 A. 6 Idealized Site Geometry for Thermal anri Structural
Calculation

A schematic of the reference geological salt formation used in the calculations is

shown in l'igure 2 A. 6 The model of the formation wac assuined to be axisymmetric about the

-axis, extending 4000 m in the radial direction and 2500 m in depth. In addition, the waste
,

repontory 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, w hich must be large so that the boundary
condition s do not affect the thermal and stress states of intert st near the repository. Thi s

distaw can be determir.ed from the thermal diffusion constant of the material and the time of the

pr e ,lile t" -

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

shown in l'icure 2 A . 7
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Figure 2 A.7 Close-up View of Finite Element Zoning at Edge of Nuclear
Waste Repository

For the thermal problem, the boundary conditons are:

1 Prescribed heat flux as a function of time from nuclear waste.

2 Constant temperature at 20* C at top surface and 70* C at bottom

surface.

3. Zero heat flux across outer circumferential surface.

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

gradient of 20* C/km. The initial condition to the thermal problem is the steady state solution

with the geothermal gradient.

The boundary conditions for the stress problem are:

1 Stress-free top surface,

2
Zero normal displacement at bottom surface and outer circumfererjiV 44U3 i ,surface.
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Mitially, 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 zero at t - 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 2 A . I . The effects of temperature and anisotropy have been included; however, all materials
'

were assumed to be linear elastic.

The reference waste heat Jecay functic.n is given in Table 2A 2 Upon closing the

repository, it is required to have an initial heat generation rate of 61,3 kw/ acre based upon a

1000-acre site,

T ABl.C 2 A.2

Assumod Thermal Power, W(t), of Waste in Itepository
as a Function of Time

hg " "Y" N10 IG

0 0

1 -0.3

2 -0,G

3 -1.45
1 -2,2

3 -3.2

6 -3.2

S.sme of the r esults of the calculations on the reference geological fortnation are

s um m ' ael in ligure 2 A ' I rien; these plots, and other calculations in which selected variables

u, re thrgel, the followmg ce nelusions can be drawn:

1 With regard to the far-fiell thermal calculations, the maximum

te? yerature occurs at the center of the repository (r 0, z -

- n31. 5 m ). This temperature peaks at 94*C at 33 years,

Is>eal ternperatures near the canisters in the plane of the e

rt pository mav Le higher but were not considered, \\
- *
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2 The largest positive normal stress (c ) occurs in the lower shali.
layer radially outward from the repository. Stress contours for

t = 50 years are shown in Figure 2A.S. The maximum shear stress

(? ) occurs in the salt layer directly above and below the repos-max
itory. This is also the location of the maximum compressive stress

,

(c . ). The largest value for e is 4.G MPa. for 7 is 22.5
nun niax niax

MPa and for (cg) 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. 1[ence ,

there are no resultant tensile stresses.

3. The shape of the waste heat decay function, especially for t - 100

years, has considerable effect on the temperature distributir ns.

4 The muimum 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-

t rences occur.
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Figure 2 A. 8 Summary of Results of 2-D Calculation for Iteference

Repository and Waste IIcat l' unction
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2A.4.2.6 Openings From Solutioning I:ffects -- Only the openings related to the

fracturing effects discussed in 2 A 4.2.5 are considered numerically. Other openines, such as

dilations caused by uplift, sub.41dence, and deformations of other origins (geotherm il effect of

igneous phenonmna, tectonic blek sliding, vertical tectonic nmtions such as the "thlmdale

Hulge ' in ('alifornia, and so on) are not evaluated, though all of such phenomena are candidates
.

f or feedback analyses.

-

l'irst, we write an expression for the volume of solutioning related to various
m~chanism a and then discuss the assumed limits of the respective rate equations, as follows:

1. SO. K SU .11 + DT * (OllS D. J K + OllSC UA . .i K 4 OltSC I. A S. .l K + OllSI:DI.A ..l K)

Sol.UTION Ol'UNINGS (CU C Al)

N SO 1 CU Cal AllN INITIAL Ill:FCIll:NCI: STATI:
Not e : 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

1.ec of 7ero or zero in a denominator). Other initial values are implied

by the assumptions on initial fracture state.,

The rate equations were previously named and are discuurd below.

2 A 4. 2. 6.1 Opening Itate Fro i plutioning by Diffusion (OltSD)-- This rate ia

assummi to depend prim trily on pathways bet.veen the salt horizons and groundwater in aquifers,

which depend, according to our assumptions, on inter <ceting crack volumes.

The calculation supposes that all cracks defined abi>ve intersoct the 1quifers and pro-

vil" i diffusion path of brine from the salt horizons hve are not c< >nsidering radienuclide d.ffusion

at this s t a ge ) .

The mass transfer depends on the following approximate relation:

9 9

Clas, Dif fu s ion I' lux;gm / c m ~ / s e c ) -(Diffusivity;cm~/sce)
1

*(Gradient of Concentration: gm / cm )

Assm ling an average gradient between pure water and saturated brme over a path length of
g /cm ', w hich

ab o1 + ',n meters shale thickness, we obtain an order of macnitude estimate of 10
o

f< ,r a .h t f uw ivity of 10 cm"/ sec (typical of aqueou s .;oluti ns it r,,um temperature) circ s a mean
-2 2

flux of 3 x 10 cm / c m lyr.

\A
\

#1

b
122



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 assumptions may be reasonable for gross transport, the details of diffusion would

where a chemical species might act as a catalytic trigger to somebe important in any situat :
.

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, (b) crack trace lengths from faulting rates, and (c) initial

fracture trace lengths. The combined effect leads to the combined proportions:

H OltSD.KL 1. 0 E4 *SQRT(NEC. K*NEC. K) + 1. 0 E2 * TIM E. K + 1. 0E5

OPENING RATE FROM SOL BY DIFFUS'ON (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

expansion, the second term represents trie high estimate cf 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 10 years. The last term on the right initially dominates

the other two but is exceeded by the first term when NEC exceeds 10 cm 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 10 ye rs for the second term).

2 A . 4. 2. 6. 2 Opening Rate ,l' rom Solutioning by Convective Transfer to Ilpper Aquifer
_

(ORSCUA)--Figure 2A. 9 shows the assumed pathway. This is a C-tube

o mboning 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 mterbeds in the shale,

- ~

7m ;h~ 20m
~

T_',
Q I=p

+ |
Aquifer I

-w
~ ~ ' M

- y yrine plum e
Shale 3 /

g Crack Sets
I M

)"
, - .

Salt Qh f,
Fi;mre 2 A. 9 Assumed Water l'athway for Solutioning by Convection to Upper Aquifer
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Initially, we assume that the crack seta 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 lleference 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

<,f 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

viscous flaw in narrow tabular slots:

Wolume rate; cm /sec)

(Prew aure Difference: dvne / c m )fWidth:cm)3' (Trace Length, cm)
0 2 H Visco uty of Fluid; potse)(Transport Length; cm)

Taken literally, this equation gives very high transport rates (water that encounters

salt is assumed to be instar.tly 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

e x a m ple , 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 occure to a maximum value equivalent to a factor that compensates the pressure head by

the brmo den s ity . If the water in the shale is saturated and the aquifer contains pure water, the
effluent brme column could grow to about 2/3 the head difference Q.h). 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

:l therNfter it is replenished at a rate determined by how fast it is carried away by the aquifer

flow . Thus, f<,r the hydro 1wv of Chapter 3, the total discharge rate across the wid h of the
7 3 13 3

repositc v u of the orJer ot 0.3(300 m)(100 m/yr)(3000 m) 3 x 10 m lyr (= 3 x 10 cm /yr).

I' rom t~ 5ead balances, the height of the brine plume ild be about 4 pel cent of the cquifer
12 3

lyr.th ic kne s s , givmg a 7 aximam brine discharge of the orm c 10 cm

*Ot Ta ,

j
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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):

11 OllSCU A . KL - 1.0 E 8 *SQRT(NEC. K*NEC. K) OPENING
' ItATE FitOA1 SOL IW CONVECT TO UP AQUIF, (CU CA1/Ylt)

Note that we have included only the cracking from vertical motions, because as mentioned in the

last section, it is assumed to dominate. If for some reason, however, there is assumed to bc

negligible thermal expansion or backfill porosity, then additional terms like those included in

O llS '' ust be added. Those terms then provide potential feedback inputs to NEC in OIISCUA

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.

2 A . 4. 2. 6. 3 Opening Itate From Solutioning by Convective Transfer from I;ower
Aquifer to Surface (ORSCLAS) -- This solutioning rate depends

principally on the nurnber 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 Of tSC LAS. KL - 6. 0 E10 *TI AIC A! AN OPEN RATE IW CONVECT L.

AQUIF TO SURFACE PER ATAI IICAD (CU Cal /YR)

These rates are potentially very high and are limited only by the potential total discharge r,te

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 ORSCCA but 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 convection. This is

examined in the next section.

2A 4.2.6.4 Opering itate f rom S_olutioning by Eddy I)tffusion to Lower Aquifer
(ORSEI)I.A) -- An important reservation and admonition concerning

either forced or free convection transport to horizons below the salt is that gravitational forces
favor instabilities of various types tha, may have quite different forms from those associated with

strata above the salt. One of these effect < relatise to brine flow is considered below. A potential
major effret, however, that has not been studied in adequate dimensional perspective is the

mechanical instability that will occur in th' salt strata when solut.oning from bl >w occurs. We

expect that certain conditions couli lead to rrpid propagation oi brec :ia zones. These invtive

qq~ j qq
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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. ihis is shown later in the numerical results. IIowever, 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 m' 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 cm /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 10 times faster than with the coefficient
h ORSD. If there is a relation for NEC analogous to that in the equation for ORSD, the new

coefficient is 1.0E8 in the first term of the ORSD equation, which gives a transport rate of the

same magnitude as ORSCUA. Though we are not able to Jocument 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,KI, 1.0EG * TIME + 1.0E9 OPENING R ATE SOL

EL)DY DIFF TO L AQUlF (CU CM/YR)
N ot e: This equation does not account for all potentially important mechanical

feedback mechanism, . The transport rate assumes constant rates of

fracture creation from faulting sources only. See discussion in text.
-

TL9\~
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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 gaod estimater of transport rates ind geometric

distributions of species when the permeability regimes are known. It cannot, however, han{e
variable rock properties and boundary conditions during a calculation. Therefore, we envis::ge

' a coupled mode of calculation in which DYNAMO (or other languages) sirnulates the time cha: ges

of these variable conditions, the transport model then computes the armunts H distribution , of
- chemical transport (salt removal, etc. ) for some specified time interval, DYNAMO recorr.putes

changes in system properties, fracture pathways, etc. , and the transport model perforrr s another

iteration in that rr de, and so on, la practice, a set of permeability regimes c< >uld be defined by

reconnaissa .ce DYNAMO calculations (or prescribed by other modeling or geological constre ints).

From ".is set the transport inodel can generate tables of transport data which t hen become table

fim _tions to be used by DYNAMO whenever a calculation encounters the appropriate conditio: >

in this way, a large catalog of transport functions could be accumulated and used interactively

with a variety of different simulation sequences.

2 A. 5 Computer Huns: II-TI:-C- F-O-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 geological

simulation without implying any rigid substantive conclusions. We have r.nde over two hur. dred

computer calculations during the report period in lear ning by trial and error some of the cornbina-

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 1.anguage, and (b) rapid progress can be made, however, with inexpensive simulation

techniques once a problem is defined,

u o cannot display many of the calculations in this report. Therefore we give equaticn

listings and examples of time pl ts in the form ;f direct computer outputs for two typ< 9 of

c alc ulat ion s : (1) a composite plot of simultaneous parameter variations, as in example of

solutioning feedback, and (2) a series of plots showing results of single paramotor var intions

(we refer to these later as "multiplots"). Because of their length, the tirne pl >tn repre*nting
(1) and (2) are supplied at the end of Appendix 2A,it e: ,

The multiplots, shown in Figure 2 A. I1 (a-1) are computed in the same vray as he plot of
simultaneous parameter variatir n shown in Figure 2 A.10 Ilowere r, the nultipl . , de: :n<trate

.

the effects of varying some of the parameters inthvidually; these effects are sh an se quentially

on a series of plots each of which contains outputs for a single type of variable < ::puted from
several different choices of input aesumptions

,r ,

i.pUJ , ;_' ?T
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2A 5.1 1:quation I istings

'

. r to compile the equations discussed in Section 2 A.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 2 A.7 and 2A. 8 is given in a I;ey that precedes the Tables and
Figures at the end of Appendix 2A.

,

l';rallel. but somewhat abbreviated, listings are given for the actual calculations dis-
pla ye d . The names of functions were necessarily modified for n'ultiplots of single variables. The '

general scheme for the maltiplots was to write the same equations repeatedly with similar but

unique equati in variables. We chose this approach in order to be explicit about data and equation

althe.udi there are automatic rerun options that can make use of sets of redefined Equationsets

Con stan t s see I e f. 2 A l l ).

2 A . 'i . 2 < emputed Time Series

1:xamples of computer plots are shown in Figure 2A.10' and 2A.116-1) for the Equation
1. i < t i n ge in Table 2 A.4 and Table 2 A.5 These calculations are shown on a time scale of 10,000

compromise that gives some idea of both short term and long term behavior. Otherye.t t s a 4 a

calcul aions have been m ide on time :,cales ranging from a thousand to a million years.

Generally a short title and other I D. are sh:rrn at the top br at the left margin if the
TIM I: axis runs from left to richt) followed by the correspondr-nce of i:quation Variables and Plot
SymSols (!!! Nil P, etc . ). The plotting scale is next identified for each plotting spnbol for the

chosen cha: t dtvisions 6 tther by assi;:nment or automatically by DYNAMO); the letter symbol

imm ediately h >11 > wing the nim:Ser scal- represents the order of magnitude: A represents 10
a ,

T represente le etc. Dee Itef. 2 A. ll). Rymbols that happen to plot at the same point on the
c hart are listou at the m argin (e. g. ,1: and N plot together at the upper limit of the>m

va r iable e 1000 year .n ligure 2 A.10, and P, C and M ,) lot tog ( ther at the lower limit of the
variable the same value of TIMI:).+

i

The . quat ion liwt : ! fut < t u. , plot s for the multiplots (Table 23. T and Figures 2 A . ll)
ay seem onfu ainc. but a ( < plete explanation ".muld be exces sively long. The idea in generating

t he se pl .t ic a u to pick a eet< n c t i n". a for hqi1ciand p( rform t9 ealculatnans with several'

dn ferert i m- e ep:t ' L: i 1. 'M e :u t.ons whose
input pa r. . 'i r wi re ari< l' ari 23.I1:

.

~ _ _ _

\-. : 1- w u n.
.

,
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Function Name Ecu re 2 A . I 1
11TE11P a

HOUTil b

TI: c

IIINil d

- SUllFLN e

I:VISC f

- CL g

NI:C h

N1:CSD (N1:C with solutioning

by diffusion) i

SCDD (SCDIAll with solution-
ing by diffusion) j
NI:CSC (NEC with solutioning

by convect. n) k

SCDC (SCDIAll with solution
ing by convection) 1

The functions related to IIeat content (l'igures 2A.11 a-f) were varied by chousing three

different values of thermal loading (roughly 30, 60, and 120 kw/ acre) with various Delay times.

The compaction calculations of Figure 2 A.11g were included to show comparisons of

results using constant viscosities ranging from 10 poise (curve A) to 10 poise (curve C), and

using ; ariable viscosities from table functions (curves D, C, F). Curve D in 2 A.11g represents

a different compaction function from the other r urves 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 physical property variations in the preced;r.g multiplots. Particularly, note the small range

of i es in Figure 2 A,11k where NEC goes off scale (exceeds 100 neters of s<>lutionine aal

compactio') despite the fairly wide range of variations in the input parameters.

T ible 2 A.6 and Figure 2 A,12(a-b) give results far a time scale of one :nillien years

to show the long-term behavior of temperature and of solutionmg compaction when the solutioning

rate is decreased progressively by four orders of magnitude,

.

&
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2A.S.:1 Discussion of Comnuter Calculations

2 A. S. 3.1 General Summarv -- 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 I C. (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 (BFTEM P) 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 tirr ? distributions are very sensitive to the dep+h regions of averaging and

to differences of thermal properties of the rock st rata. (4) thermal expansion is equivalent to
uplifts measured in ens 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 yca s and has nearly reached equilibrium in times of the order of 1000 years,

(6) disturbance of the surface geothermal flux may be detectable withm ' .c first 10,000 years or so
in dry environments, but convective her' transfer by groundwater p obably will obliterate this
effect in most systems (see Chapter 3), (7) solutiening effects relat rd to the assumed fracture

paths are very large relative to the scales of thermal expansion and 5ackfill compaction because
of feedback and may be commensurate with the thickness of the entire sale formation on a time
scale of 10,000 years.

These general results are important for comparison with the calculations provided by
the multicell model diecussed in 2A 4.2.5.1 Figure 2A.8 shows some results of the finite-

clement therm 11 stress calculation. The differences emphasize the inaccuracies of the lumped

parameter nature of the DYNAMO calculation s but confirm the general magnitudes. The sharp

larger thermal expansion coefficient of halite relative to the rock average (seecontrast of a

Table 2A. . tiy explains why the thermal 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 repowitory level (rather than a value based on the mean of average
rock prc perties) to greatly shorten the peak response time. Factors of this ty ne 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 DYN AMO calculations. Apparently, the very simple YNAMO calculations

categorically reproduce the kinds of respoues found in much more sophisticated thermal calculations

The mmt m>portant general result, however, is that DYNAMO simulation is able to
.

anticipate pSem"rena, such as item G) above, that could nt.t be predicted with the more soeciali7ed
models an 1 w hich ar< n.)t mtuitively obviou e This c neeptuc.1. < >nelusion supports our introductory
de:e: w . .f "im ulation n >deling a s the simpled and quickest ba sis f >r discovering hid ien effec's
that arise from feedback mechanisms nf

3
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2A.5.3.2 Conclusions on Salt Solutioning-Compaction F"edback -- The results of

simulation calculations indicate the possibility for removal of a 100-meter laver of salt in less

than 5000 years (Figure 2A 10, curve C; Figure 2 A. lik) and the local penetration of the entire

salt formation in less than 1500 years (Figure 2A.10, curve D; Figure 2A . llf). These are

drastic consequences, at face value, and aced 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 postulated in Figure*

2A . D catalyzes the rapid acceleration of solutioning rates via the Feedback Loop of Figure 2 A 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 2A 1

This simulation conclusion is made more severe by the fact that liberal variations in

thermal loading (Figure 2 A 11 a-d), effective viscosities (Figure o A 11f) and backfill porosity

(Figure 2 A .13 *) have only minor effects on the solutioning time (Figure 2 A . lik and I; Figure 2 A ,13 *).

Figure 2A 13 is the result of a calculation in which the ha kfill maximum compaction length, IDICI.,

wr.s reduced to 20 cm (about 4 percent initial porosity) and the thern;al load was halved As shown

by curves P 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 fuedia could occur

en 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 m~llion year time scale with solutioning rate coefficients (constants in functionst

like OHSCUA) progressively snnller by factors of ten. Ont example is shown in Figure 2A.12
(a - b ), * Two m un conclusions are indicated: (a) the 'inc ub a t n. tim" ' 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

ireds additional ~ sorting"), and (b) by the same token, the system n.ay appear stable to solutioning

effetts far long times (say on t!a 10,000 or 100,000 year scales). and still it may be susceptible
to wholesale ,olutioning on the millinn-vear time scale,

.

-
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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 pathways may act as a catalyst to increased

t ra ns port . This general form of solutioning cycle is consistent with geclogical phenomena like

Carlsbad Caverns of similar volumetric scale to the repository that occurred on a time scale

rouchly a hundred times longer in less soluble rock. There cz, however, major scale differences

in depth, deformation rate phenomena, chemistry, and presumably in hydrelogy so that only
qualitative comparisons may be meaninful.

.

The reality of the higher solutioning rates will require much more careful analy sis

The rates depenrJ critically on the criteria of fracturinE, which are very difficult to specify with
The ranges of possibilitics, however, can be narrowt d by making calculations based onri g or .

other forms of fracturing criteria than the simplistic assumptions used for the sake of demon-

strating the simulation method. These refinements combined with a nnre appropriate rheological
equation of state for salt may greatly m >dify the results.

Juch geological evidence exists that can be brought 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 muimum rates. Also,
conditions of the sort artificially catalyzed by the local and rapid therm al loading are not pre-

sently known in the geologic recorJ (to our knowledge), It is very difficult to state, however,
from the existing statistically small sampling of the vast arew of sult deposits, that such
phenomena as desertbed in this report have not taken place at similar rates in some circum -
stances.

2A 6 Hec om m end a tion <

There is a maior and sinnetimee confusing distinction between the u3 of numerical results
of simulati4>n analysu and belief in those results. \\ e < k) not believe the foregoing censequence

curves in a c<>ntext much stri:nger than ecinfirmation of existing geological knowledgt and intuitten

that such instabilities can happen. We suggec.t that the results be used to continue building on
these

et mbined experiences unt:1 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 decree they will havt- t o be c ombined (e. g. , as occurs in weather " prediction ").

\\e :nclude that simulu mn analy 21 < idds an im;)iirtant ew ' h m e n < i( >n t o in eth < > dolo gy

devel<:pmer.t that can be expn!cd and can add nm ' perepectis es ta other analytical schemes.
Ihw eve r, ( onclusion< dr iw: fr' m fer!back calcula tion: simply mirror an 1 potentially amplify
tM m aigY for lack thereon of the an ily st. Ile nc e , progre s s ive ine :rporation of creater geological '

in<icht is aim desired l'ecdbx k eystena anah sis can m its If pr. nde i f' 'r r of comtr.unic ation e
m diurn if it le used within ci>mn. :n on-<e & lotical perspective 3

s ",\ ,
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'Ihougn we have not tried to do so in the time available for preparation of this report,
is .ccommended that problems be classified by means of System Diagrams and Feedback Lo os
of the sorts we have discussed. Several have been mentioned in addition to solutianing proce ;ses.

In these efforts we particularly recommend emphasis on searches for hidden effects that may

have significant consequences on specified time scales (e.g. , time scales that may be specitted

as important from the standpoint of exposure of the biosphere to radiation). One example of i
hidden e ffect is the time scale for the " incubation period" of solutioning feedhnck,

As examples of application of simulation techniques to other forms of analysis, we rec <im-

mend exploration aa a tool for generating statistical populations of undersirable consequenc<

with as sociated time scales. This might be approached from the standpoint of T!onte Carlo ' > ries

calculated from fairly unrestricted sets of input parameters, contrasted with other calculations

from specifieu ranges and weighted interdependence of pararreters (e.g. , as might be speci ~ ed

for ranges of mechanical behavior limited according to deformation functions such as those

described by IIeard).
* 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

simulation model, it would still be understood that the results have no other specific import

than possibly identifying most likely outcomes amcng a set that are already known in the simu-

lation m ade. For example, families of results for solutioning feedback might be illustrated this

way, but the results would say nothing about triggering mechanisms not recognized in the

simulation.

Another application implied by our discussions, and one we also recommend, is the use of

IWNATIO and other Simulation Lancuages to provide the footwork to map out problems, boundary

conditions, and specific questions to be more rigorously ' t alred" by multicell nadeling techniques.

The example highlighted is the relation of fracture permeability to chemical transport in the

earletv 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 t:> represent alarmist or defeatist viewpoints

in fact, we feel that this sort ef approach suggests some optimisr f< >r an eventual ability to

rep isitery - ut fielently ta greatly reduce fears that h ive gr, en fr > Lubt s ral+ -dcharact-rae a

concerning partial analysis .

4tatement a etncernmg the ultimate a m , of as s"ssing riska to the health an f ceneti' future

~ of r :ankin f have been avoided in this report. For example, no psition has been taker , the

u-desirability of release < >f radionuclides ta active grountvater system s Q ue s ti: ens of dilution

f acters absorption factors and path lengths are aleo relevant to the criteria of radiation hazards

Lre comprehensiv. systems analysis is required before geolacic mstabilities . + the sort t i ecribed

can be considered cate ally bad . It is suggested, however, that Mystem s Diagrar - an ! 4 mula-t

tien I'lets like those pres ented can ala be helpf'11 in this broader context .

lqOdO
p -,
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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
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TABLE 2A 5

Equation Listing for Plots in Figure 2A,11 (a - 1)
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TABLE 2A.5 (Cont)
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Cll Al'T :lt 3. Al() del. OF TilU TitANSI' ORT (W HADIONC CI lDl;S HY GitOUNI)WATI:ll

3.1 Id roduction.

3.1. I Nat ure of the l'roblem

Once ra<!icactive waste has been sealerl in a geologic repository for permanent isolation,

possible return to the biosphere of radionuclides contained in the waste would probably be hvany

dissolution and transport of the nuclides by groundwater. llence, it is imperative that a site with

suitable hydrogeology be selected for waste isolation and that relevant site characteristics be

es aluater' ov an appropriate methodology. The complexity of transport phenomena in ceolo;<ic

merlia ov( r long per is of time is such that the problem can only be properly addressed bv means

of computer simulation (modeling). In addition to providing a predictive tool for radionucli fe

t ra nsport, such models can also form part of a methodoloev for assessing the risk of radioactive

w aste disposal. Ilowever, it should be recognized that modeling transport and assessing risk

mietit require different approaches or even different models. A comprehensive radionuclide trans-

port mo-fel, as discusserl in the remainder of this chapter, strives for realism. Although such a

model can be used in risk assessment, the large number of calculations required for risk analysis,

time const raints, and other factors may make use of the comprehensive model less practical than

the use of some simpler representation of a part of it. The comprehensive model is, nevertheless,

esse: tial to understand the ;)rocesses that micht affect the performance of the system and, hence,

influence risk. Aforeover, it is needed to determine meaningful boundarv conditions and sys'em

characteristics for input into simpler model representations.

The problem of modeling radionuclide transport can be separated into three parts: (1) the

source rate at which radionuclides are supplied to the transport medium -- i. e. groundwater;

(2) the movement of 2roundwater with its diss+1 red nuclides through the ceosphere; and (3) retarda-

tion ef fects, such as sorption, that impede mos ement of the radionuclides. The movement of

croun ! water throuch the reosphere is inherently a three-dimensional problem although a two- or

one-dimensional simulation may provide an adeqt. ate representation in some cases.

Certain factors can be of importance to radionuclide micration in the vicinity of a deep,
ceolocic repository. 1 ecause both domed and bedded salt are under consideration for waste

disposal, the possible presence of salt ar.d its potential effects on waste solubility, groundwater

mos ement, and retardation must be considered. The ger.eration of heat within the repository by

radioactive decay may significantly influence both the c arrier fluid and the structure of 'he ceologic
meriium, the re b y affecting radionuclide transport.

nr -
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In principle, the problem of radionuclide transport by groundwater could be completely
solved if it were possible to model the geologic region of the repositorv in sufficient detail and to
know w ell r.. ouch the coophs sical and peochemical processes that covern the transport of the

radionuclides. (;eoloric modeling can be done reasonably well depending on the complexitv of the

situation and on the detail required. !!owever, few data are available to treat spet.ific situations

at the desired quantitative level es en though the general nature of physical and chemical processes
that micht af fect geospherit t ransport are known reasonably well. *

3.1, 2 Mackcround

Ses eral ceohs drological flow studies have been performed; however, there appear to he no

studies whic h have included the couple !, three-dimensional transport of fluid, brine in non-dilute

cam ent rationn heat, and * race constituents (radionuclides in this instance). The t ransport studies

examine 1 include those at liar. ford, Washincton; ()ak Ilidce, Tennessee; and Maho l' alls, Idaho.
The latter work bv J. I I. Itobe rt son .1

1

was particularly noteworthy in terms of both the spatial exters

of the rr eion modeled and 'he empiric al data base. floher' son studied the croundwater transport
90 1G

of br and ('s near t he Idaho Nat ional I:nvineering I.aboratorv. Considerable fiel ! data were

at ailable ros er ing a perio I of 22 vears. Using a t wo-dimensional flow model, he was able to fit

the obsers ed data and make pre <!ictions about future patterns of radionuclide movement. I:ve n
here, h > A m e r, the model was limited hv its dimensionality and bs its exclusion of brine- enn
heat-t ranspor' pret esser.

The I'S(;S Water itesources Division (Wild) in l> ens er rec entiv sponsored the development
of a model to represent liquid taste disposal in deep, saline aquifers. Thesurver Waste Inject oni

Procram UWIP) is three-dirnet sional arH sidi es '!.e equation of flow, conservation of enerev, and
conse rs ation of solute mass lieeause SWil' representel state-of-the-art modeline of solute trans-
port in crou chvat e r, ;t was decide'! to use SWIP as the basis for 'he Sandia Grounchvater Transport

% > !el, and modif s it 'o include radioa( tive derav and radionuclide sorption hv ceolocic media.

T he se mo !ifications w ere mde hs INTI:lt A t.nder i ontract to Sa dia I.aboratories.

,/ ilodel S' rm f ore

T!.e SWil' :odel, in its cricinal form, solies 'hree differential equations simultaneouslv hv
a finit e dif fe ren ce rM hod. The differen*ial equations describe 'he followine

1. ( h e n atio ' nt al liga b!'
':t s s

_'. ( ()nseri L'ir)') ()f ' r.e r.'s
(' >: -e rs a' r m o f ' as s of a spei ific, po s s ibl s w r at e i o:J a mina n'

Ihis 'ur.c' Wast e h. 'e v t o" l'rocram (<WIP) . elope!b- 1%TI:ll A, then a subsi !iarv
(it l \ l' l . II( ( lill' (d l !( n ; s ' o r Texas. r-

]4,
1

l t3 2



TI e basic equation describing single-phase flow in a porous medium results from a ce n h i n :t -

tien of the continuity equation

1
,o- q' (/a)+

it

Net 1ource * ccuml at ion.

.
convectimt

ami Darcy's law in three dimensions

D

u = - - (7p - cg72)
- L

-. ,

(7p - cg72) -q' =-('c) (: 2.1 )b" . .

at

The program also solves the energy balance eT.:ation which is <!efined s enthalpv-in less en'hal v.-t

out equals chance of internal enertv,

E - 7T -g -(Up - Og72)) +7( f -.- g g

?et Energy Convection Condut. tion Heat Loss
to Sar-
roundincJ
Strata

I ' !! - y b,- {/ ' + (1-/) 9) . T) ( 3. 2. 2 )(=

Enthalpy n 'rcr/ in Accumulatt in
in with w it hu =

fluid riu.1 'nput
source q'

The material balant e for the solu'e leads 'o a concent ration equation for material present i r,

safficient quantit y to c ause a r!ensity or vie osi'v effec * as follows:

M 4

c5 7C - q'C = 7 (C:C) ( 3. 2.1)( 'J p - O g 7 2 ) )( ." C = + *-*

'Je t solute Diffusion Source ACCumulatiCn
Convection

.A. .n * * 1 s r)o._ ''l t) .) t ODetailel .!efinitions of all terms are civen in the section on Nomencla'.ure.
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Tl e SWW program was modified to sc.lve an :elditlanal equation for e ac t of the radionuclides

of r.oPoac'is e chains consir'ored important to out particular pro' ' 'm. This equation c'in he statt d

in terms of the e msercat on of mass of the ri ecles dis iolvel in the fluid phase and adsorbed eni

t he rock me<'ium, takiw ra fio:ictis e decav and gercra' ion f rom other radionuclirles into account.
Becau se rvlionucli& s a re ;ikeli to be presen'. .'n aquifer flue!., o..ly in small quantit:es, it is

assume <! that fluid prope rtit s are independe nt of their concont ration. The essential point of this

assumption is ' hat neither densitv nor viscosity of the fluida chances significantly with trare amounts
.

of radionuclides; thus, the solu' ion of the radioactive decav-ceneration-adsorption equation can he

un, ouple d from the densitv-degerdent equations. This greatly simplifies the c omputational
procedures.

A material balance of N radionuclides results in N component equations.

'C. (7p - Cg7Z)* + * CE TC (3. 2. 4 )
*

1 "C 1 - q +*

C.
1

Net co ponent i Diffusion Source of
convection of corponent I component 1

* .

1 k. F ./C - E k. K../C - ' /V C 1).;= } 1J 1 1 '. 1 1 1 et i<"1

O ne a' ton of '.? !o :cef of Ac t:a'il a i r ,n

b ccer 'no :.t 1
*c r:n- *

i' .1 / 'f '! h : " to Cther
1.r + 4 e 1 <- *t _3

Ill t he Tt! n r. e ,

k - t' - k /. +
t i i ,k1 , -(l-/)

as k, t.is'hef!ecaV Con s t 'it',t f( $r C(m1 pof.e nt j, this iS an approXimatjOn ton

*
1-:,'

i

I,< ' + s
.

ft a a

The equilibrium ac!.,orp' ion r ons*an' 1:. is equal to the qu Intit
1

-
.

The m. s' e m of eq :a' n i n s i. 2. I t h rou li 14, alon; ocit h t he eq aa tien s desc ribir.a fluid proper'

rie; en !enr on pressu rv . to: pera*ure and ( m er.'ra' ion, deser.hes thi flow and transport of radio-
nar li.!c s in a c rou nch' cat e r s'. s'e: This nonlivar s , stem of equations is solt ed hv dividine the
;;eomet ric recion of m'eres' nuo a .hree-dunensional gri i and developine finite difference approxt-

ia t infis f t1r * !:t' t'q U lt ion ) lire Sff n'e'I :1!'oi e.

k. 8 ] *)
~l64 8 f
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The documentation for the modified computer program, designated Sandia Waste Isolation
3 * ~'

l' low and Transport (SWil'T), consists of the original report on the SWIP procram an I the

INTI:ltCOMP rel ort to Sandia I.aboratories - "Developrnent of Ita'!ioactive Waste Disposal

Model" * -- which describes the modifications to the original prceram. This scrowl re p rt

also de.,cribes the m are iniportant features of the SWil' program.

.

'i. :1 lie ference Site

'

4. 3.1 General Description

'I he reference site referred to in ('hapter 1 is entirely hvpothetical, vet its physiocrn;. hic

settinc arH ceolocie and hvdrolocie properties are real in the sense that thev nere choren as

eqiivali nt to those in several real regions in the l'. S. Such a relatively complicated rt ferer.< c

site i.- u cd in order to test the flow and tran.-port models and to arialyze the s it e m the saine

manner as real, potential repository sites.

Tie si'e is located in a symmetrical upland vallev, half of w hich is shown schematicalls in

1%m re 3. 3.1. The crest of the ridce surrounding tl.c valley is at an elevation of 6000 fret, and

the crest is a srrface- and groundwater divide so that the onlv water movine in the vallev falls in

t he valle it self. The s allev is drained bv a major river, Itiver L, which is at elevation 2500 t'eet,
st ream alleva t ributarv to Ilh er I. exi. ', such as Itiver l', but thev are normally dry. The s allev

receives 40 inches of rainfall per year, of which 16 inches are lost by evapotranspiration and 'he

remaining 24 inches recharge the cround water system.

tiOOO f t. A

N~
__.

3300 tr.

3 0(10 f t. - _ 40 II!V"{ I_

-.
/

'

_, 4 300 f t. - ,#,
15 +- It epusitory Imc ation

E 4000 f t.
- '

*5 4300 f t. * /
'

=
5 4u00 tt ,

_{_g _3 \ _
_ 2 3 0 0 f t . -k ., _ _ _

-- i n . -- -- -

:

Itiver I.g

l'icure 1.3.1, Map of liefe rence Site Area
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The ceology of t he site is shown in cross section in l'igure 3. 3. 2 The valley is uno .rlain

by crys'alline bedrock which crops out only over a narrow width at the ridre crest surrourviinn the
s allev. This bedrock is assumed to be impermeable to groundwater flow. Abo'.e the bedrock is
a sequence of sedimentary roc k as show n in l'icure 3. 3. 2 Detaile i petrocraphic desertption af
the sedimentars sequence elven on l'icure 3. 3. 2 is not relevant for the purpose of testing the
mo fels other than as in li( ute,' by tabulated properties. The values of hydraulic and thermal

properties assumed are given in l' ables 3. 3. I and 3. 3. 2 in report section 3. 3. 2 and in Table 2. 4. 2 .

sect ion 2. 4.1

.

3x tc N to 2n rx it 13c to .0 1x s e c 20 0
t a f I I f ' '

*zear Distaxe - inoaa,cs o estv
- 20

G hee u

\ / la,d sur'a'.e t Wa'er Tab's -W '-'

-
2-S K j

.
I N~% O\~

G> - ao _g ,

O x
:'

,

3
- 3 R ver t ?

~\ - DI 9
tru -a

'e

, . s m . ... ., 2 %ii u: s a , n
) * !e so ceare L
4 1 e $~a g O
S sa ' -AM

6 to e snear.
I be: : 6
a r. , ;

'

_ $,a gg, , ,

l''" C .'
L - -}, "f af or te !ac,jeg !n

r4: a .. w. rea ,s .o., u,3 VertGl[stgs; erat;06 X. C

l'icure 1.1.2. Geolorie ('ross-Section A-Il Through iteference Si'e

1.3.2 l i v d rolo r s

The location of the repositorv was chosen to be far enouch from 'he head of the s allev ' hat

v rou n,1w at e < ' flow a roun:1 'he reposi' ors wool I be perperviirular to !!is er I. and to the s allev axis.
'l h u s t h e arount!w a't r flow an l ra ltoactive w as'e transport models could be used in their two-

dimension:il modes 'o simulate the < or..litions arot.rA the reposi'orv. Thev were used in their tw o-

dimensi mal mole here for 3;.re 1 ard ease of computation onts, in a real sit uation the three-

fimensional conficuration of 11o' and t ransport around a repositor'. should be consi.!ered.
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.

T AB L E 3 3.1

At nfer Prop, r ties Usod in f Wris e Wrte Transpor t Pr o<y en and in USGS F iuvv '.t > del-

UPPER SAND UPPER MIDDIE IiLIR W.'E R EN"EPC CN
PEO PDPTY AND CRAVEL TJtAIE SJutr: TONE SHAII SALT FIPOSIMRY SANTTO W PEOM CARD *

1 2 3 'b 5 6 7Sy-5ol used on Fig. 9 & C ft/da
Fy3rsulic Conductivity

-2 -2 -5Horizontal ft/da 270 10 50 10 10 40 N/A Rl-20 R1,21
-5 -3 4

vertical ft/da 27 10 1,q 1o 10 7 N/A al-20, al-21

Porcsity fractional 03 03 03 0.3 0.03 03 N/A Rl-20, Rl-21

Dis pe rs ivi t y

Iorattudinal ft 500 N/A Rl-2

Transverse ft 50 N/A Rl-2

rensity - of sollo rock lb/ft lj 170 g/A gl.3

Btun.eral Coeuctivity
*

of fluid solid reditas

HorizontaA V $8.05 N/A Rl-2,.

"
Vertical k9 34 LO.6 Rl-2,Rl.13* .

f -F

"
l'est c tweity-of solid rock M 28.0 28.7 Rl-1, Rl-13a

3 .

ft r

-Dolecular Liffusivity ft/da 1.0 x 10~3 N/A R1-2
2

Ce rreesibility of Atrix (psi)*1 3 0 x 10 3/A Rl-1

-- / Tr.icxr.ess weighted aversges of properties of individual ?ayers as specified for thermal conduction model.
-.

QSee Appendix 3A for list of data input cards

-
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f / BLE 3.37

C, rson f a i srs

cgs units

egs units multiplied by = English units cultiplied = SI units
Q' J:.i!TY used in PW7P by

F:l!ID FOITFTIES 333 4/m3 62.428 lb/rt x 10 =
grams /csn =xDe nsity 2~5 (rg}*I =1N/m N = N 4( ps t ) " x 10 =

Compre s s ibili ty (bar)~' x 16.501 =

5N = sevsoo; 13 = 10 ayn.s)

(=C)*l or (*K)*( * F ) ~' x 1 =
9/SThe '*:Al Ex;ansion ( * C ) ~'

=x

3 # (J = Joula; IJ = 4.181 cal at 20*C)= x (b.181 x 10 ) =
x 1.00 ,

licat Capacity y..

Vis:osity Centipoise Centiposse x 10' is see=

A;'!!TIP A?C PTK FONFTIFS -23 mj,,ett/da x 10 ,x 2.835 x 10Hydrsulic Contactivity em/see =

tt x 1 = m
Dispersivity meters (m) x 3 281 =

#*1 3 h #
. x (b.181 x 10 ) m sec 'C

=
Ther:Al Cond ctivity x $.80$ x 10 rt.da.* F,

c=-sec-

3 J
I A= I" (4.181 x 10 ) =* ' .00 x Density x

liest Capacity *C [t it3 *F NC
-

A ,2/see2 2ct /d, x lo7 363 x lo' .
Molecular Diffusivity cm /8

=x

;,

r *f

/
C
&
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'l he criau o ! water flow in t he entire s allev cros s w( tie n + o 1: i ), > -

he the Albuquerque District Office of the I:. S. Geolecit al Su rver, Water He, 1: .iu,

t o.. < < , .:rnonly a sed finit e dif fe re nt e model of Tr< .-c ot t. 'i' 4' '1' '> In t! . r. *in<t 1

t"i, m < tiel i, refe r re-d to a s the USGS model. I hi finite d t ! ' e r t r. ( + cri! >i.'

r ei t ii a n t h rough the repos itory is sht a n in I leu e 1. 3 . 3 .

* woe rontab o stances - Twovsanos er pirr
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c .. , .e n... . . c.. . r e - c. ., .e r .. c.i s i . a.sco e.

e - nives

l'icure t. 1. 3 lleferenc e Si e as (;ri !ded for T ransport t'al ':|a'.

'II.e hs d raulie J.ri n e rt ie s of t he roc k u nit s u se ! m t!.e 1 d ,N l li , ! -! -!i' - (; i-<> i

a'er Transport Model are gis en m Table 1. 3,1. ~1 he' are the p: opertie. M 7( al r, - 3 -

1 ,
''t s ;)e a ssume'I t o make up the reference Site, a s R i s e n b '.- l ' r a L b . t : } ( l . ! .' n . Tia i. - rl1

;rt l { e ' e f . . i.i t ' 'i . (i t h e t , 1931 ( r ir,t ;. In s 'il t . T h e re f(> re , !!.. . hvlra ulit- '
.

i !'; t i . it i ,
'

< r 1

x ere arbit rarils as sume-! to be 10 and 10 'ime s low e r, r e s pe i * i '. e l v , ' ha n ?!c ; -4 '!!.* b. +r<

s h.ile f . d. 't h e e f f e < 's o' rariation s in t he hs drauli^ prope rti", e ' t he ri r , il 'l

wrsp<'r! in the system will be ins e'ticate<!. 'l he s alnes ris en in Tahic i:<- . '
'

p o r.t - .>rthi purpo-e of t, - tine t he floa a nd t ra r. - p. >r t i!c l - I: .2 p:' < '

th. (;- 'mds .ter I rans p< >r t Mo b 1 a r+ civen in Iable 1. '

f ini ph'e r ( '.r ! f's '!t 's ti l( 4 "''I t5 ['a r t O| 'l'- i t' '.\l!!.C !) Yi O 5 t f :[ ' ht I ( r

r ?!rir inpn* and output para meters, ' he ' r a ". , po r t pro'ran at.' Iw, flo ' 'e ! . q'..r. !,1

.

tw t. ,e 't.ev were de s elo;c I f rom oil fiel I ar.1 crour!u a'e r + ..ri- 1

.

:mfii , t he t ranspor' code t o a t c e p' re s rHI'w-14 1'esirahle . i i i .

l. J 119 h i r,it s. ('onve r s j Dn f ac ors are river, in l' a h l e l. ' t o a - ;C' '
i

.>r si unit s,

g p-. !
, i T |.
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[
O T A h l! '' 3.3

f l v t h< rtee

C; ._ '.N T V .
F N R TY DIU1hARII ._g c-1.a } r. t !;aCl WIZ VA u'E ,U*'

*C *F Nacl som
ft soln ce la t ive cgs Feplish cgs Frglish Feference Card'

le ns i t y - a t t-a r 25 77 O O O O g:/c= lt/ft 0. 95T71 62.25 (1) R1-3
4

Cc- pre s s ib ili t y 20-100 68-212 O O O O b a r' pal' k.7 x 10 3.2 x 10 Cale.fras Rl-1a to 100 tare

ner-al ExTar.sion 20-100 68-212 O O O O ' C '' ' F '' 5 3 x 10'' 2.9 x 13 Calc. ftca Rl-11 to 100 t.ars

Feat Cape.c i t y 20-100 (8-212 O O O O ", 1.00 1.00 (2) Rl-1, .

2ensity - e.t tar 25 77 25 29f, 1.0 g:n/cm lb/ft 1.1851 73.98 (3) Rl-3
3 3

Viscosity: of Ir-re water 15 $9 0 0 0 0 cp 1.138 (b) Rl-7"Ith ***P"
LO loL 0 0 0 0 cp O.6531 (b) n-965 149 O O O O cp O.k 3!.2 (b) Rl-9W 1% 0 0 0 0 cp O.3156 (4) RI-9of brine 15 59 5 51.7 3.23 0.2 cv 1.209 Calc. fran RI-8"I ' C "0"
15 59 12 5 136 8.L9 0.5 cp 1.320 (3) % (4) RI-8
15 59 20 229 14 3 0.8 ep 1 . 4 42 Pl 815 59 25 2 96 18.5 1.0 ep 1.532 E-7of brine 25 77 25 296 18.5 1.0"* 2 1.260 El-1O35 99 25 296 18.5 0 1.055 R1-lOL2.5 1Cd.5 25 296 18.5 1.0 1.004 " al-lo

A- neferences : (1) Clark, S. P. , Jr. , ed, 1966. IIandbook of Physical Constants;{' , (2) Weast,
Robert C. , j, CIlC Ilandbook of Chemistry and Physics, 59th edition,(3) Po t t e r, 11. W. , 1978-79.II and Brown,

David L. ,1977 The Volumetric Properties of AqueousSodium Chloride Solutions . . . U. S. Geolog. Survey Bull.1421-C[ (4)
Robinson, H. A. and Stokes, It. "., 1959, Electrolyte Solutions: Hutterworths, London,@ Appendix 1. I and 11. 3.

*See Appendix 3A for list of data input cards

.
. .



'I he followiry assumptions are rnade for flov .na!eline:

i. The bedrock underlsine the sediments in the vallev is it'; ern,:Jde > H '' 24

is a no-llow houn f arv.

2- The valley is s yminetric al about its ( eritral a u s , the line d !{ t s e r 1. !!~ ,

all discha rte f rom t he section modele I is to itiver I., an d t h. ; e rt i- al pline

of s . <' .i.at Itiser I. is also t reated as a .lo-flow boun lars (pla e

The elevation c:f Iliver eq ui . ale nt to the hvr!raulir !a et at t! e r'i ; F tr ,'
,

p >in', is 2500 feet a!,os e sea les el.

1. The surf ace of t he entire reeion is recharred hv ir. stt ration a' t h. 'i:

rate of ? ) ini hc3 per s ear.

-]
'riti, t!; *In d. signing th grr>unil-surf. ce Irl( lina t a >ra of the- f*e le re ns < r

rI It< en.f it ior:3 with sever il dittert nt ground- surf at e , l o po b |, vary nN !! e ebs '

-tate < r a

a s !c-li . .I th it .11 the r egional rec harce sh' uld Jiu harge t< > ltive r I . i.. l ' t '.- i
.

p e -il,le, .\ t u> steep ,lr>pe w < m U c a v e f.c a d ., t!.a t lie l o h>< th' it 04 !( l i'ittle f l < > .s as , s

t % .i t 11 al ! liss e w a te r t() t he grnJn.!w ate r s vnte nt. .\ t< o s h.t ll e x s loJ o d; l i f c 1 '.

l ' |. tr .1v le atli3n of Il s . r l' i> tha t U rs ul':d a ate r w oul ! dis ( ha rge tii .iin! t u >w 1:1 ! ! ! ', * r l . '' ',

e: . nti ill, rc a re t iru. trin cler ition o*~ iG I S h e t ' > r litve r l' c a s ( h ,- e n w 1.1. n g a s e

ta itiver l' 'l he elev ition.- of the s ate r t.thle el-e e. he re al o n c t; a s et ti, n ir+ th- it 2. ' !J

rn o ',-l a t 'm !v - ta t e The re elevations a r e th u n e r hi na- in, c r< c :! 1L 'e-
t e r

'I here are r"allv tw o ero :n !w ater flow - s st e: :s in 'he ( ro m res 'm i i< 'J : r - e: i-

r(* H' flt''t''} t o it;c 1 J)| +e r Sa n'I a n'l g ras el la nit a rc'I 1:Jij'e r Ol3V U:.lt, Iri '!a* 1. [ i] < - r ..( : 'f - 3:
*

I et v een liive r l' ami lin e r I. flow s and disc hn rces t r> lti er I , ~1 1.e lo r.e r !!o e' te < e-!

r1 is t he s . C em fl.at infl':e! . e s ' he r e:r > ei' u r , ~I b l c. c r f l - -

3-'1. < a a' h t i." i ppe r < l a , i

,iei. , all 'he rei har; e a!, n e !!!'. e r l' v. h ii h al so '!i s ha r t e , i:J o li t . c1 I.

In . ird. r t < > dis tin n t-h bi t .t eer, t he se -te the fFf, ! 4 - e tt ', i > >

t?* !11 !urue front r ai h t<: lliser I.was ( alculitt d e p: s t i IV. ^1 ! . re ilt - ' -t- - i'

unu. it nin i an be s u m r n a r t / < J a .s ::>lbi -:

Thscha rce t o Iti.er L fron u p pe r fl o '.'. ss Me: < . . ' - ; ft Lda '

ih e < har . t o !:r. c r !. frm . low e r flu.t s ', to: _''. > v ' i

T(3t al riist ''. t r c + ; >e r 11 ler ?! I:1 '. e r I . I f> , 7 s III ' '' ''

.

! n *

LL I I /
- u )' {.
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To assess the reasonableness of these values, the total discharge of f(iver L at the repositary

section can also be c.ilculated from the area o' the valley and the assumed recharge rate of 2 f tlyr.
.\ s s urning tne valley to be elliptical, its area above the repository is:

- / 2 x 300,000 f t x 580,000 f t - 2. 7 x 10 ft .

With the ret harge rate of 2 ftlyr, all discharging tc f(iver L, the flow of f(iver L at point H in '

l'icure 1, 3.1 is:

11 4 ''

2. 7 x 10 ft- x 2 ftlyr x yr/1fi5 da 1. 5 x 10' f t 'l/da.

I' rom the er ,undw ater flow model, the discharce f rom half the valley per foot of Itiver L
, 3

i s 15. 7 x 10' f t ' / da. If Hicer L above the repository cross section received grounoxater at this
rat e, the lencth of 1(iver L must he

o 3 9

lda)/ (2 x 15. 7 x 10~ f t'1/da. f t ) 4. H x 10 f t.( 1. S x 10 ft

'I his is les s 'han t he le. 't h of t he v alle v it self (l'icure 3. 3.1), au it shoul I he if the refer q(e
s i'c pla n an ! huirolovv are cons. ' n t,

liet iu,e of th" finite dif ference grid size limits in the Sandia .\1odel (SWil'T), the entire
c r o c s se ct m n ( l'ig u r e s 3.1. 2, 3. i 3 ) 4.i s not .s t mula t ed. ()nly the low er flow system from f(iver L
t. i a d i s ta nc e of 15 7,300 fee t al >r.g a line through the repository w as simulated by SWIFT. The area
an ! the fmite <!t!!c rent e crid usm! a re shoa n in I agure 3. 3. 3 To c ompare the flov. simulations by

the i M; m >.!"! a nd SWII'T, SWIl ~T w a s run to s tea dy-s tate flow cu.ditions. Cons tant houmia ry
pri w m e - were use! along o.. lef t e :ge, taken f rorn the l'5GS model r esults, and a w ell discha rg-
irn, at a ia .el of DOU feet in the uppi r richt block w as used to s!mulate the discharge to P(tver L
f rom tne b ea e r fb ea s vr te m. i t .- t r a d y s t a t t the dist harge from that well w as 7. 3 x 10' ft /da. f t,

9 3
,

in agreena nt . ith t he 7. 5 x 10 tt / da. !t dis t ba rge from the lo w e r flow s y ste n. Ir. the l'5GS model,
l _ de a t:a the heads in the 1 ;w e r right blot k s of both models a r e in good agreement: 4033 feet in,

the SWilTvtrso- 1033 in the l>G5 model. \lthuach a 40-foot differe nt e in head may seem large,
it is the h yd ra ulle grada nt whit h drive s the flow . The vertic al gradier;ts (head / vertic al dintancel
betw ei n tr. 1 > < e r righ bloc k ar.d the dis harce point, |(tver I.. a re

1 M ;5 nun!cl: (10i1-E00 7 / 2130 - O. 72

SWil T: 40N- 2 500 / 2130 - U. 74.

l. la v h !!ates f or Soli fifiel Was+c *

\o i t.out to 'ho 'rinsport proble n is the leach r ate of radhim eleies to the tran9 port medium
c r < ,1 i hi. a t e r ).

l ear h rate is cri eralls <!e fir:e:f h v some form <;f t he followinc expression:
t. .

s 8

h, sa\ N (3, y, 3 ) No
/

, Qb,
u ..
A

72



where

= amount of trace element leached during the period t.

A amount of trace element originally in the sample,
o

W weight of the sample (g).

S - effective surface area of the sample (em ,,

a

t duration of the leachant exposure period (davs).

.

Thus, the units of it are grams of dissolved waste per em pe r d a y.

Certain elements tend to leach fastet than others, at least during the initial phases i f
ieachinc. ~pe scally, the fission products cesium and strontium are arnone the more lea < hable

e le m e n t s. At the present time, however, not enouch consistent data are availah!c for eith, r class

or concrete to justify using different leach rates for different elements.

The rate of teac hing from both glass and concrete is hichest durine the initial contact with
va'er. The rate then decreases to a nearly constant value. A functional time dependence that
has been med for hich-la el was'e glass to express this bel is

*

It At" +H C'. 3. 2 ).

1 'l oInitiallv, leaching trom u .ss appears to be contr0lle I hv diffusion, which to the basis for the t ~

term. l'or larcer s alvas f t. the constant term describes what is thoucht to be corrosion hehavior,

liowever, data descriNrg the long term behavior of class are very scarcc. The time-deperient
leaching behavior of waste from concrete is even less studied than that of class. I f ow eve r, from

* ' *the da'a available. the time-dependent I chatior of concrete appears to be similar to
t hat of ghis s.

Once solidified wastes are emplaced 'n a repositorv, m any factors combim to make the

lonc-term leach behavior even more uncertain than the lat k of : or sis'ent data would indicate.
A fundamcatal difficulty is that the effective surface area of the vaste is poorly know n at the time
of emplacement and less well known wit h time because chances in the surf ace area cannot t e

accura'elv predicted. Af ter extended periods, a clas s was'e forn- m a s. he devi'rific' and coacrete
may he reduced to sar.d and cravel. Mos ens e r, rhfferen' me< hanism s ma y affe( t t he as ail.a ilie
of ions to the leachant, l'or example, tl e leachinc of soes no' s'ronch sorbed int o the u nte-f or m
rnat rix may he dif fusion controlled, whereas st ronch sorhe'! ions mav he tem he ! thron h <irr<>+ m

of t h" m a t ri <. The rate of flow of leachaat os er the waste mav .11so t arv sic nificantiv o,cr hu. ire !s
or thousands of years with consequent large chances in leach ra'e.

Because of the uncertainties involved in c'efinine a r epre >cntatis e teach rate, t a n sim plif '. in

assumptions are presentis being made, l'ir s t , all isn' opes are assume I to leach at the same r a! . .

Second. the waste is assumed to dissoh e at a constant rate until dissolu' ion iw com ple t e. We

helieve that these assumptions are reasonable, and that their uw will leal *o a me anincf ul c u<h

J \60r
, ~ 4 /

''

1 .'s4



of the sena"iv:tv of risk to leach rate. We stress that these assumptions are preliminary. If the

calculated rink should prove to he sensitive to these assumptions, SWIFT is sufficiently flexible that

different assumptions about leach rates, or processes which control leach rates, can be incorporated.

As an example, an es'imate is given of the dissolution time for a canister of high-level waste
3glass. The canister diameter is approximately 30 cm and is filled to a volume of 0.177 m' which

.

implies a surface area

4 ,
-

S 2. 5 x 10 cm'
o

llowes er, the effective area is expected to be increased from cracking caused by physical and
3. Hthermal shock. The effective surface area (S .) is estimated to beI

5 '
S, 10 S 2. 5 x 10 c m '.I. o

3 5The densitt nf the glass is assumed to be 3 gm/cra , giving an initial mass (11 ) of 5. 3 x 10 gm.
o

T he dissolution finie is then estimated bv

11
o

Td"Hn. (3' 3* 3 }
1.

_3 9
Assumine R 10 c m ' e :"~ I da v, Td ::- 600 yea rs. As previously stated we are assuming a con-
s' ant dissolut ion ra < . The example above simplv provides a crude estimate for the dissolution

time of class for an assumed leat h rate. Similar estimates can he made for other waste forms.

3. 3. 4 .se'ec t ed Ih sult s

To 111 ant ra te the ( ; npre hensive nature of the SWIFT model as applied to the Iteference
Sit e , three Ite n.s are preser "d- Th' > e a re a sample nput, flow re s ults, and heat-trans port
results. I)a ta input a ppropila te for a tw o-d.me nsional coupled pres sure-te mperature-radio-
n u c lid e si:nalation for the lh iera no e Site i:, s ho w n a s Table 3. 3. 4. This simulation, w hich has

been performed, involved the track t ic of 2 3 dif ferer.t r adlonuclido s over a time span of 10 da.
Aw might L. e xpected ther e a a s a s ul+ tar' tr requirenu nt, nit b ' .as at the upper limita.

of a n.fla N ('l K '-6 600 f a c ility. The a t: . le !cr the model may Le enlarced, however,
1 v untng i UlX'-7600. l'o r a - this one m w hic h there are more than foure

ra< h< inucli 'e s. all r 4dionxlide . on i.s, ' lessen stora ge re quirements.
,

s

.\ nothe r ob -e rs atie here p. rtains to o reme nt s , central processor times of 15-30

minute s a:1 tr. - ( I )( '- 6 6 0 t ' a re n:2t un .i ua l i .s r , s pr.aleni c h .i n the on+ w nose irput appears
in Table 3. 3. 4. The re -t a rt ca p.iL ilit y pe- --e d b y t he t i n!. is t her. fore invaluable in mini-
n:tc . .; co mpati r.c c o s t s .

Nu
A
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TABLE 3. 3. -*

Transport Model Input for the Reference Site

19:1C cct1 - P u se.uot m.t v - ts11wramatINtret M10 t. -

usly, ssr.s moott v40s it tat'JJuC UY'13 h >4!n 'Is-~ '0 C# 3 t f f C#V "-~~
M -2-2 3 S C C 3 C

P9 1 10 2 23 1 0 2 il 14 0 M -J

253CFli 1 ; 11.48
. - _ . - - - . . - _ _ --

_ . - . - - . - _

t 1121
?=?aM15M 3 ( 1??.
2*?t965 4 1!.5252 F-1

3 1.

2 2CM96 6 IL. (27 E-1
4 9?

2 .J PU 14 5 2 5.71 f*5
2 .1997 4 .16

21 ? PU 34 9 1 f.i Cet
6 1.

219U12 7 1 6.81 E% __ _ _ . _

5 ..

214 FH 93 5- 1.E.8912f-2 . . _ . . . _ _ . . . _ _ . .

F t.

214P4 9t m 13 1 2.22,55-4
.- _. .

8 1.
2148A11 11 1 1.7032E '. - _ _ . _ . _ _ _ . _ _ . _ _ . . _ _ _

_.$
.

214U9 2 12 3 2.47 Ei

9 1. 13 .19) it' ' t .'

2 537WM 13 1 8 r,
_ . . . _ _ _ _ _ _ . _ _ _ _ _ , _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .

g _ _ - . . .._ .

,

226d49% 14 1 18.03.
11 - -' t.

? '24N P6 15 L . . ". 4 3 9 E - 2
14 1.

2119054 16 1 '.7911E 8
_

15 ..

21 ?4 ?__? _ 1__F___ _1 _.._:336E-3

?t%0113 19 1 !.7 551-6
_

17 1.

214PC84 19 If.3?75E-12
18 1.

2 t iPJ a2_. 2C i 21.
__

7tCa!11 21 1 1.'?t7E-2 . _.

2C 1.

2tGr03% 22 1 2.7T3;f-1

21 1.

236P082 23 1 *.
(2 ' t.

1. E*:it.C f * f ! 1. _' ? % r*;.t. e 547.311 E e ?.? . 313 f e 0 4%.3 72 C + 0 *S. 361 E * 3 5
1 . 58,9 E * : 5 2.4 4* re:::.tia f + 16. 3' 2 C + 0 21.1( i E e 3 01. 2 *9 E + 3 2 C . 1.241 E*C5
1.364 E e : '. 4 9' ! * : ? t .2 L9 f *; i9. let F *: 2.= 9 8 E + 0 2_ . 2 49 E * 0 51. 3 6 5 E * 3 s

1.2 F -;r 1.3 F -0 8 ~.e ( -; . 1.3 26.3 F1- t

1.0 E-:? 1.3 E -0 2 f.! F -L I 3.sC;E eC 1 SCC.C SS.C 1.1 E-3 R t - 2
173.3 t 7' ~77.*' - ~ 5 2". M --- ~ ' 77. 9 5 ~ ~

~ -- 'Pt-~1
- - -

Rt-6
3 1 3 2

59.0 1.139 ?!.3 1 512 #1-T

J.2 1.?39 C.' t . 32C 3.e 1 464 81- 8

t c. 3 3.iS11 14 c .C 3.43=2 19 . C 3.1156 R t- 9
R t -13

, g,q 9 g,g- -. S'.3. .__ 1.3_55 _ __1_C t _. 5_._ __ . _1. 3 C 4. - _ . _ ._ _ g g qg _77.0 1.26-
. .

Pt-11
25 00.0 C 6A.C

F1-t?
J ,

5.C E -3 5 2 9. F ?.0 4 -15 26.7 P1-13
R 1 -14103.4 207.0 I C t .- pt-15

103.3 233.0 L C .0 633.c . -, -

90')s Ie

a t
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TALLE 3.3.4 (ccnt)

at-12ss.C J.0 -6L4s.i 3.s
1333. 1502. 2C;C. 143C. 2J33. 2 30. 22:0.vi-17

20C2. 2cf:. 2003. 23;C. 230J. 2030. ?? J.ki-17

20 C 7. 200:. 2Jt;. 23J . 2C03. 2C30. 2003.El-11
230:. 2CC3. 22CO. 23;J. 2JC3. 2013. 2:3;.91-17

2302. 2 C ? 3. 2CCJ. 23;C. 20C3. ?C3J. ?3J3.81-11
23 C 3. 202). 2003. 23CC. 2002. 203C. 2333.9I-11
2*C3. 23 3. 2*C.. 2330. 23C . 2*23. 233J.el-17
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The flow portion of the program will be used to illustrate the flexibility of the model.
A replotted version of the program output, in terms of pressure heads over the Reference Site,
is civen as Figu re 3. 3. 4 B. To produce the resuDs in Figure 3. 3. 4 A, the same input conditions
were used except that an assumed thermal stress cracking was allowed to give a I!-tube effect in

the recion of the repository. As can be seen, this effect (implemented by changing the porosity
in the l'-tube area) dramatically chancod the head and, thus, the flow pattern.
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.\ final e xample in pr<ivided by the input of the thermal source in the repository (Figure 3. 3. 5).
SWll T w a run ;ut to 63C4 years, and maps were prepared of the Heference Site. This was done in

s

t h t s o-dm.cns t.inal 10 x 79 grt ! tilock setup (1 igure 3. ' ,3) in t wo ays. I or one, the porosity w as.

w et t c > /e ro -o tha t ,,niv con <hu tive hea t t ra ns fer wa s ef fe etive. For the other, the normal flow was
perrnitti ! us that b.)th conductiv+ and t onyt ctive heat tr ansfer opera ted.

()f Ir. teres t is the fac t t!nt both results are similar out to about 73 yea rs, although higher
t ern pe ra t u re s are reat h"d in the purely conductive mode, A t later times, dramatic differences
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s'igure 3e 3. 5. Thermal Input to Transport Model and ltesulting
Temperature at Grid Site (9,1,7)

These results are illustrated by Figures 3e 3. 6, 3. 3. 7, and 3, 3. 8 Figure 3. 3. 6 give s

the numerical code to temperature correspon fence for the maps in Figures 3,3. 7 and 3. 3. 3,

which are plotted for a time of about 400 years. It is obvious from the maps that the temperature

is affected by convective flow. These results indicate types of analvais that can be performed

with S% IFT.
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To date, the Transport Model has been verified hydrologically by comparison with a USGS

genhydrology code that has been accepted by the scientific community. It has also been used for
a eumber of thermal calculations.

3. 4 I. imitations anri Future Improvements

The major limitations noted to date in the model are associated with numerical dispersion
and oscillatory instability. These problems are most severe for large simulation times (~ 10
yearsi) an't large flow distances (10's of milesi). In the time domain one can usually overcome -

these problems if one is interested primarily in the peak concentrations. Predetermined amounts

of numerical dispersion , an be permitted consistent with preserving the desired accuracy of the
peak concent ration.

In the space domain the restriction is related to the physical dispersivity. For example, in
a one dimensional problem using the less restrictive centered-in-space approach one obtains
i q 22. Thus, as a decreases, spatial discretization becomes finer, and therefore computer
time- anr1 storage-requiremerts increase. Even for physically reasonable values of a these

computer requirements can become intolerah'.e. This problem is most acute in the case of sensi-
tivity an I risk analyses where many acmputations will probably be necessary. In the short term
it may be desirable to use numeri;al and analytical models in a tandem mode in which the former

is used for the near fiel1 transport and the latter is used for the far field transport. In contrast
to numerical models,

analytical rnodels are restricted to constant material properties. Ultimatelv,
t he re fo re , it would be desirable to offer, as an option, a numerical integration technique which is

speciallv adapted to advertion-dominated transport. Possibilities include the method of charac-

t e ris'ie s, hicher-order finit e difference, and two-point upst eam weichting.

In it s presen* form, the model uses 1:nglish units. Conversion to a more accepted set of
units (e . SI) is desirable. The ou'put of the model is presented primarily in tabular form.

Because this result s in larn quantities of printout, more efficient methods of displayinc output
nee 1 to I,e developed.

T he model currentiv uses distribution coefficients (Kd's) to represent sorption. It may be

lesirable to make Kd a function of salinity and to ma :he solubility of the radionuclides a function
of bot h salinir v and temperat ure.

i!a ee ttines and ilistam a re merelv 3agge stive. 'I he a ctual values. of course, dependon the cha ra cteris tic., . - .
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:1. ; NO11i:NC L\TUltI:

(' - concentration of the radioactive / trace component in fluid phase

b - c oncentration of the inert contarninant
.

concentration of the radioactive / trace compone.it in adsorbed stateC. -

h

I,:
- dispersivity tensor (hydrodynamic + molecular)

I;11
- thermal conductivity tensor

-

g - acceleration due to gravity

11 - fluid enthalpy

lj - permeability tensor

k - rate o; decay

K - equilibrium adsorption constant

K - adsorption distribution constant
d

i - distance between adjacent grid block centers

p - pressure

q' - fluid source rate (withdrawal)

q - rate of heat loss

q - rate of er.ergy withdraw alg

t - time

T - temperature

u - velocity vector

l' - internal energy

V - grid bir ~k pore volume

Z - height above a reference plane

40; a-
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Greek I.ette rs

9 - porosity

- - viscosity

c - fluid density

a, - fornlation density
.>

.

- - bulk density of rock and fluidg

r - radioactive dccay half life

Sub s c ript s

c - component (mass)

II - heat (energy)

11 - rock (formation)

w - cater (fluid)

^
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1 ist of Input Data Cards

llefercnce No. En t e r

M-1 Title

M-2 Cont rol Parameters

M-3 Grid system dimensions

HO- 1 Itadioactive component identification, half-life and chain description

M-4, M - 5 Time at which next set of recurrent data are to be enter"d for a rest..rt
run

111- 1 to 111 - 3 Fluid and aquifer properties

H 1 - 4 to 111 - 5 We11 bore model data

111 - G Number of entries in viscosity and temperature tables

H 1 -7 to 111 7 9 Viscosity data

111-11 Temperature vs depth table

111-12 Number of overburden and underburden blocks

111-13 Overburden and underburden properties

H 1-14 to 111-15 Overburden and underburden block dimensions

111-16 Initial pressure at a reference depth

H 1 -17 to 111 -19 Grid block dimensions for a linear geometry aquifer

111-20 Transmissivity and porosity data for a linear geom ^try, homogoneous
aquifer

111-21 Ileterogeneous aqutfer data

111-22 Hadial geometry aquifer dimensions

111-2 1 Radial geometry aquifer properties

H1-24 to H1-25 Data for diutding a radial geometrv aquifer into regions of constant logr

111-26 Aquifer description (transmissibilities, pore volume, depth and thickness.)
modification data

H1-27 Selection of aquifer influence function representation

H1-28 Aquifer inf;uence coefficients for pot and steady-state aquifer representa-
tlonS

H1-29 Control parameters for Carter-Tracy uquift r represer tation

H1-30 Aquifer influence coefficients for Carter-Traev aquifer representation

H 1 - 31 A verage o r '' effec tive' aquifer properties for Cart e r-Tracy calculat tor.s

H 1 - 12 (*ser specified aquifer influence functions

H1-13 Modification of aquifer influence coefficients

I-1 Control parameters for initializing conce arations (inclu:hng number of
radioactive cornponents) and natural flow

)ia r *?

aus -
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l{eference No. I:nte r

1-2 Initial concentrations

I- t fles tdent aquifer fluid velocity

1-1 Hadioactive component concentration data

It2-1 Control parameters for entering recurrent data
112-2 Solution technique

It2-:1 Wellbore calculation iteration parameters
112-4 Number of wells

ll 2- 5 an'i h 2- fi Well rates

|| 2- 7 \\ ell description

11 2 - 3 Su rface pressures at the wellbores

ll 2 - f6 Number of radioactive source / sinks
112-10 l{adioactive source data
It2-11 Numerical solution iteration parameters
It2-12 Time charge, time step data

11 2 - 1 i Output control

It 2-14 to It 2-17 Contour maps data

18- 1 Number of w ells for w hich plots are desired

I'- 2 t o l'- 4 I)ata for plots

11-1 to 11- 7 11:tps f r om start recor'!s

.
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CllAPTER 4 PATIlWAYS TO MAN MODEL

4.1 Introduction

4.1.1 The Model

The Pathways to Man Model is the bridge between the Groundwater Transport 11odel and the

Dosimetry Model. The purpose of the model is to represent the physical and biological processes
that result in the transport of nuclides through the earth's surface environment and in man's even-

tual exposure to these nuclides. For each nuclide, the Groundwater Transport Model provides the

following input to the Pathways t' Man Model:

1. Concentration of nuclide in aquifer discharge

2. Itate of aquifer discharge
4 l.ocation of aquifer discharge.

In turn, the Pathways to Man Model provides the following input to the Dosimetry Model:

1. Itate of nuclide ingestion

2. Itate o' nuclide inhalation

1 Physical data reeded to calculate external exposure.

The Pathways to M2n Mndel is not intended as a model for a specific site. Instead, it is

a model (or, more correctly, a collection of models) that can be modified to represent different

candidate disposal sites. Many factors are involved in determining the characteristics of a partic-

ular disposal site, and it must be possible to incorporate these into any model used to predict the

results of a nuclide release at that site. Factors that affect the distribution of a nuclide releise
include surface topography, surface and near-surface hydrologv, climatic conditions, and location
(or locations) of the release. Other factors that affect the irnportance of the release include popula-

tion distribution, agricultural practices, and dietary patteras. Characteristics such as the pre-

cedinc can vary creativ between disposal sites and, indeed, within the area surroundinc a specific

s it e. In the followine, a model is presented which can be adapted by the user to the characteristics

of the particular site under consideration.

In representing a process, it is important to select a model and a time scale w hich are

appropriate for the situation under consideration. For the transport of nuclides to man. there are

two processes involved with distinctly differer.t time scales. The first process is the 10 g-term
distribution and accumulation of 1,2clides in the environment. Nuclide release to, distribution

through, and removal from the environment will generally be very slow. It could take from hun-

dreds to thousands of years for a nuclide release to reach its maximum concentration or distribu-

tion. Such movement n ust be represented by a model which emphasizes the dorni,napt features in

The second procgj ig the n) oven'ont of nuclides
1 <

nuclide distribution over an extended time period.

m



from the environment to man. Ifere, the time scale is much shorter, and movement must be repre-

sented by a model which emphasizes the dominant features in the food chain leading to man. There-

fore, the Pathways to Man Model is divided into two submodels. One of these, the Environmental

Transport Model, represents ;he long-term distribution and accuntulation of nuclides in the environ-

m ent. The other, the Trars, ort to Man Model, represents the movement of nuclides from t1 e en-

vironment to man. The relationship of the submodels is shown in Figure 4.1.1

Groundwater Transport Model
-

F---------'-------- '
I| v

I I

| Environment.xl Transport Model !

I |

Pathways
| | to Man
j ! Aiod G

| I
Y

l I

I ITransport to Man Model

| |
,

|

|L______-- -___--_ a

U

l>osin.et ry Model
.-

l 'i c u re 4.1.1. Division of Pathways to Man Model

4.1. 2 The I'nvironm ental Transport Model

Many requirements are placed on the 1:nvironmental Transa * .lo d el. It must .le to
represent the diverse features which influenca the movement of r.uclid. s trouch the surface environ-

Such features include w ater flow pitterns, climatic conditions, ch-mical properties of soil,rn ent.

sedimen' or water, erosion at e s, auricultural practices, an i the existence of sinks that tera to -

remos e nuclides from the biosphere, it must be sufficiently adaptable to represent both the area

ini'ially affected hv a nuclide release and the total area es entually affected bs such a release.

This requires flexibilia wit! respect to the diversirv and the si:re of the area modeled. It must
be able 'o represent a numhe of c aneurrent processes which take place at different rates and to

predict t!.e es er.tual outcome ci hese in'eractinc processes. Such need exists since the accumula-

tion and dis'ribution of nucli<!es in and throuch the environment is a lenc'hv process ins olving both

N o. k
C

e.m
-
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nuclide decay and many interacting forms of physical transport. The preceding requirements and

many others result from the diversity of both potential dispm.a sites and possible patterns of
nuclide release. The result is that it is not possible to present one fixed model for the surface

transport of nuclides. Instead, a model is presented that allows and, indeed, requires user

participation to fit it to the particular situation under consideration.

In the Environmen s1 Transport Model, nuclide movement is represented with a compart-

ment model. With this approach, nuclides in the area under consideration are divided into a num-
.

ber of " compartments. " and then nuclide movement between these compartments is represented

by a system of differential equations. The basic idea is to place nuclides which are in physical

regions with different characteristics (hydrologic, climatic, chemical, . . . ) in different compart-
men's and then to determine the distribution which results from the various possible nuclude

movements between these compartments. Such movement could result from the physical transport

of a nuclide from one regn,n to another recion or from the decay of a nuclide to its daughter.

Solution of the system of differential equations which represents these movements, yields nuclide

dutr= bution in the area under consideration.

T he. flexibility of this approach comes from the freedom of the user in selecting the com-

partments and the rates of nuclide movement between the compartments. These ore selected for

the par'icular site, the particular pattern of nuclide discharge, and the particular time span under

con s ide r at ion.

A detailed description of the Environmental Transport Model is contained in Section 4. 2.

There, an explanation of what is maant by compartment and compartment model is presented.

Fu r t he r, a technique for determining the compartments needed to model a nuclide discharge is

presented in Section 4. 3.

4.1.3 The Transnort to Man Model

As with the Environmental Transport Model, many requirements are placed on the Trann et

to Man Model. It mud be adaptable tv the numerous factors that determine both the area affected by

a nuclide release and the consumption of food produced within this area. The areas affected by a

nuclide release can vary greatly in size and, in turn, support a limited food productio" no food

production, or a great variety of food production. Similarly, a populatior living in or near an area
affected oy a nuclide release may receive some, none, or all of its food from this area. Furt h e r,

individuals may have widely varying dietary habits.

To represent this diversity, a model based on simple food chains and concentration factors

is presented. With this approach, food chains which originate in an affected area and lead to man
are determined. The nuclide concentration in an affected food type is then determined by the use of

concentration factors. The amount of nuclide consumed follows from the amount of food consumed
and the nuclide concentration in that food. This approach is adaptable as it allows the model user



to determine the type, amount, and origin <>f food consumed by a population. Ench determinations

are made on the basis of the Environmental Transport Model, which indica'es the area affected

by a release and the resultant nuclide concentrations in water and soil within that area. Fu rt he r,

the amount of each nuclide inhaled is determined from the amount of nuclide-containing soil sus-

pended in the air. External exposure is not calculated in the Transport to Alan Model. Instead,

information on environmental nuclide concentration is provided by .he Environmental Transport
Mode? to the Dosimetry Model, where such calculations are made.

A detailed description of the Transport to Man Model is contained in Section 4. 4 '

l'u r t he r,

possible food chains leading to man are discussed and selected tables of concentration factors are
p re s e nt ed.

4. 2 I:nvironmental Transport Model

4, 2.1 Con.partment Models

As discussed in the introduction to this chapter, a general and adaptable model is needed

to represent the transport and distribution of nuclides through the environment. It must be pos-

sible to fit the model to the surface environment of different candidate disposal sites and to adapt

it to the surf 2ce discharge patterns that are indicated by thn Groundwater Transport Model. F u rt he r,

the capability must exist to incorporate areas into the model which are not initially affected by a
nuclide release but may eventually be affecte d because of surface transport.

To permit such flexibility, con;partment model is used to represent environmental trans-2

po rt. M ith this type of n.odel, nuclides in different areas are placed in different compartments.

and the nuclide distribution which results from movements between these compartn ents is then

d, termined. Specifically the user divides the nuclides involved into a suitable number of con part-
dotermines the rate of nuclide flow between these compartments, and then represents then.cnts,

n' oven ent of nuclides by a system of differential equations in w hich each unknown function denotes

the amount of a nuclide in a c on' p a rt m ent . The exact number and form of these compartraents as

ell is th.' nuclide n. oven ents betw een them must be detern.ined by the model user on the basis of

a careful assessn.ent of the problen, to bo solved. Factors influencing such an assessment include

hydrologic, ecologic. climatic, and demographic characteristics at the region being modeled, chemi-
cal and ph. sical properties of the nuclides involved, an i detail and accuracy desired in model
predictioni IMernal inp' ,! nm lile s into the recion modeled frmn the Groun ! water Transport
%> del or some other source can take place into any or all of the compartments. Indeel, it is

assumed th at the reed to properlv reprser+ such ir.put vill influence compartment selection.

Fon . co:' :mt with respect to the uso of the w ord " con partn ent" is needed to avoid con-
Juston. This expression is not necessarily used in reference to con %ime.ent in a physteal area.

B hen nucli&s a re referred to as bemg in a particular con partment, it n ear s that they belong to a
particular set. A n oven ent between compartn rnts denotes a change in set n.embership and not

*'pr .c0Jm t



necessarily a change in physical location. Physical location may be used to determir.e if a nuclide

is in a compartment. In such a situation, atoms of the same nuclide might be placed in different

compartments on the basis of their physical location; a c hange in compartment membership noe'..I

correspond to a chance in physical location. However, other criteria may al ,o enter in. l~ r ex-

ample, each nuclide in a decav chain might be placed in a different compartment; then, dera

would result in the movement of a nucliie out of one compartment and into another compartr ent

es en though there was no change in physical location.

.

In cencral, if M compartments are selected then there are il functions f.(t), i 1. . ' , .
1

Ti, sut h that f.(t) represents the amount of nuclide present in compartment i at time t. I' low s
i

between compartments and out of the system are assumed to he linear. Tha' is, if i and j are

distinct integers between I and M. then there exists a nonnegative constant a.. such that the 1 ate
lj

of nucli le flow from compartment i to compartment j at time t i.e given bv a. f.(t). Fu rt h e r. if i
11 1

is an intecer between I and M, then there exists a nonnegative constant k. such that the rate of
1

nucliie flow from compartment i to locations out af the system at time t is given bv k.f.(t). For
I

convenience, the constants a.. and k. are referred to as rate constants. Finally, for each com-
lj 1

pa r t m e nt, there is a function R.(t) which represents the rate of nuclide input to tnat compartment
I

from the Groundwater Transport Model or some other source. The resultant system of differential

equations for nuclide transport is

i-l M y

f!(t ) II . (t ) a . f (t) - k.+ a.. f (t) + a . f 't ) (4.2.1)+

1 1 J1 j i tj t jt j

J l J-l j:1+1

/Ji ---

for i 1, 2, . , M, w here the con vention.

0 M

[ a . f (t) a . f (t) 0
u JI ' 31 3
J:1 j-M+1

is adopted for notational convenience.

Mathematically, no serious complications in representation or solution are miro,f uced if

the coefficient a are considered to be functions of time rather 'han convants. Then, t he rate of
IJ

movement at timo t from compartment i to compartment j would be a. U)f.(t). Whethe r the
1) i

- coefficients are assumed to he constants or functions of time, the real problem is le t e r m inin g

values for them which are arpropriate for the particular situation being modeled. For com enience,

the coefficients are referred to as constants in this report. Ilow e ve r, in a civen situation is

the modeler's responsibility to decide if these coefficients should he treated as conrants or as

p- ' ,,
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functions of time. I:nfortunately, although it is easy to argue that the coefficients should be func-
tions, it is much more difficult to obtain the environmental inform ation needed to define them in
such a manner. Thus, in deciding how to define the coefficients, it is necessary to consider both

the computational results desired and the environmental information available. The preceding
remarks also apply to the coefficients k..

1

Compartment models have been widely studied and used; many readers are undoubtedly

familiar with them. An extensivc literature is available, and additional background can be found

in reviews by Atkins. * Shipley and Clark, * Ilescigno and Segre,4 * ltescigno and lleck, *
Sheppard,4.5 J ac qu e z ,4. 6 lie rnha rd , 4. 7 Ilernhard et al,4.8 and Funderlic and lleath.4. 9 The

*'series on systems analysis and ecology edited by Patten contains numerous studies employing
compa rtment models.

4.2.2 Itelated Transport Studies

There are many models for the environmental transport of nuclides. A recent paper by
lloffn.an et al. lists 33 computer codes that have been developed to assess the impact of nuclides
released to the environment. A review is also provided by Strenge et al. liowever, most models

for environmental nuclide transport are designed to represent atmospheric transport. For geoh eic
waste disposal, such transport is of limited in.portance. It is believed that the environmental trant -

port of nuclides will be water dominated. Thus, models for water-related transport of nuclides are
of primary interest.

A review of the existing w ater transport models indicates that they have been constructed

to represent releases from nuclear facilities, lie re. releases are essentially from point sources
and involve nuclides with relatively short half-lives. The prin.ary interest is to determine dilution

due to radioactive decay or movement through increasing volumes of water. I.imited emphasis is

placed on potential accun.ulatioe of nuclides in the environment. Although single nuclide decay is
considered, there is no treatment of decay chams. To insure that predicted water concentrations

there usually is no treatment of nuclide sorption by solids. For nuclides with*are conr ee .e,

short half-lives, this is probably acceptable since nuclides attached to stationary sediments can be
considered in a sink f rom which they are soon removed by decay. The important point is not to
underestimate their concentrat ton in w ater. Ilewever, for nuclides with long half-lives, this ignores
a potential area of c oncentration. Discharges are generally assumed to go directly into water,
w here the esoci.ited w ater syste acts much as a pipe w ith little nuclufe n:ovement bet w een the

system and parallel areas of possible overbank deposition. Again, this is probably acceptable for
nuclides u.th short half-lives but is questionable for nucitdes with long half-lives that can be selec-

tively deposited due to sorption on sediments. Since nuclide releases are assumed to go directly
,

into a homogeneous water systen. and to remain there, these models are constructed with little
caparity to incorporate environmental diversity h
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A model which represents the mosement of nuclides discharged from a geologic w e ste facility

must be able to predict the cumulative results of a slow and possibly very small release re e which

involves nuclides with long half-lives and radioactive daughters. Such releases would not . ecessarily

enter large w ater bodies with extensive potential for dilution or turnover. Indeed, there u consider-

able possibility that such releases would occur into small or intermittent water bodies. 11. l e a s e

could and probably would occur in a diffuse manner and in one or more areas. A large or ~ mall

area might be affected by a release. This applies to both the area initially affected by the 'ischarge

of a nuclide-bearing aquifer and the total area eventually affected because or surface trans; art.

Because of consideraticns of the type presented in the two preceding paragraphs, :t w as de-

cided that existing environmental transport models were not sutable for the transport pror ' ems that

arise . hen the geologic disposal of nuclear waste is considered. As has already been disc ssed,

the decision was made to use compartment models to represent enviromnental transport si"ce suel

models can be adjusted to include many situations that are not (and probably do not need to oe) in-

cluded in existing models for the transport of ceactor effluent.

l'or comparison, several related studies are discussed. Computational procedures used b-

the Nuclear Itegulatory Commission to determine the distribution of nuclides released to aquatic
O 13,4.14

environments are presented in several puolications. The models included in these publica-

tions are not constructed to represent the situations that are encountered in modeling the long-term

consequences of nuclide release from geologic disposal sites. Included in the charactei of these

models are (a) releases begin at fixed and known points, (b) partial differential equations are used

to determine concentration gradients in the receiving body of water, (c) the region affected by a

release is assumed to be hornogeneous, and (d) although decay is included, there is no treatment of

extended decay chains. The emphasis is on representing the dilution of a release. I.ong-te rm con-

sequences (i. e. nuclide reconcentration) are not considered. Thus, there is no treatment of sorp-

tion, buildup in sediments, or migration in and out of stream channels.

In the lleactor Safety *tudy, an extensive methodology is developed to determire the

consequences of reactor accidents. Ih wever, the situation there is s cry differer.t from the one with

which we ai e concerned: (a) llelease is essentially instantaneous and from a single point source,

ib) release is atrborne, and (c) nuclides with relativelv short half-lives are dominant. In contrast,

the following characteristics are associated with geologic waste disposal: (a) Itelease to the environ-

ment takes place over a long period of time and possibly over an extended area, (b) release is

w at e rbo rne, and (c) nuclides with long half-lives are involved.

()f the environmental transport codes, the greatest similarity probably exists betw eer. the
'

til:Inll3 code and the I:nvironmental Transport Model. In ill;Inll:S. releases are considered

from n any sources in a diverse region. River systems are divided into homogenous sections and
flow is assumed to be from section to section. A finite different model is used to represent trans-

po r t . Unfortunately, the description of the water transport model (iteference 4.13 pp P-80) lai
detail, and it is difficult to determine exactly what assun ptions and models underlie the codo'c con-

struction,
- 4 np,
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Another similar approach is presented by Hooth. ' lly linking a sequence of the fc.a
com, eti^ent models used by Hooth, one could produce a model similar to the I:nvironmental
Transport '.l odel,

4.2.3 .\n I;xan:ple

A simple compartment n.odel involving transport of a smgle nuclide is presented tor illus-

t rat ion. The nuclide is assumed to be present in three comparttrents as is schematically repre-
senti d in Figure 4. 2.1. This could correspond to a number of different physical situations, For
exan ple, the situation represented might be a lake, where the nuclides dissolved in lake water are

i - Compartment 1, the nuclides attached to suspended sediments are in Compartment 2, and the

nuclides in sediments deposited on the lake bottom are in Compartment . .\s another exa mple, the
situation represented might be a river valley, where the nuclides in the river channel are in

Cornpartm ?nt 1, the nuclides in the river flood plain are in Compartment 2, and the nuclides in the

shallow ground water beneath the river and its flood plam are in Compartment 3

Con;partn ent 1 Compartment 2.

11 (t) T "12 [ T It (t)

1 L a ,,1 f,, ( t ) Q ,"_1 f (t) i -m
-

. -

k )~ N k
I g 2

a a
31 3'

',13 2.q
~

lt (t)y
f,, ( t ) - "

'

k

Com pa ro 'at 3

1 igure 4.2.1. A Compartment 1;xample for a Single Nuclide

in the example diacrammed in Figure 4. 2.1, f p t), f.(t), and fgt) represent the amount
of nucliJe at time t in Compartments 1, 2, and 3, respectively, Further, a f (t) and a f3 l(t)
represor.t the rate of moverlent at time t from Compartment I to Compartments 2 and 3, and k f (t)
represents the rate of movement fron Compartment 1 out o' the system under consideration, For

exam ple . the move:. + nt repre,ented In k f (t) might he due to downstream movement or radioattive
decay. The rate constants a , a

,a.,,kg, and k and the correspondmg rates a3, a3 f21 2(t),g

f a73 .,(t), fft), a f (th. k ,f t), and k fgti have similar meantncs. The functions it (t), Ityt),
a

andItyt) represent rates of nuclide in,r:t for ('ompartments 1, 2, and 3 from 1 source outside the
.

sy stem being nmdeled. Normally this source would be the Groun-hvater Transport Model. The
system of differential equations representine the situation portra',e i in l'ime 4,2.1 is

C
\.>

,

@
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f'g (t ) R (t) 'a +a l3* 1 1 * "21 2 ^ "31 3

+ + ' *2 l(t) - (ag 23 )ff t) + a32 3f}(t) H (t) + a f *

f' (t) ItW+a * "23'2 ~ '"31
* '

3 3 l31 3 3

For simplicity, this example has been presented with only three compartments. For most situa-

t ion s , it is anticipated that a greater number of compartments will be needed for adequate represen-

tation.

4.2.4 Con:nartment Models with Decav

Thus far, no refere ce has been made to the treatment of decay chains. Since the

Environmental Transport Model is used to represent the long-term accumulation and distribution of

nuclides , it is necessary to consider such chains. To ignore them over extended pertuds of time

could result in niisrepresentations of nuclide transport. Fortunstely, it is relatively easy to in-

corporate decay chains into the compartment rnodel framework. This is accor.2plished by consider-

ing compartments that contain different nuclides and allowing two types or movement betw een the

compartments: movement due to physical transport and movement due to de< ay.

Specifically, the reprerentation of decay chains is achieved in th( following manner.

l'irst, the compartmentalization needed to model the physical transport of a single nuclide is

determined. Then, this conmartmentalization is replicated for each nuclide in the decay chain.

Thus, if M compartments are needed to represent the movement of a single nuclide and there are

N nuclides in the decay chain, then N replicates of tFe original M compartments are formed. This

produces a total of M N corr partm ents. For each compartment needed to model the transport of a

s trgle nuclide there are now N con partments, w here each of thes replicated compartments corro-

sponds to one nuclide in the decay chain under conside ation. There is physical movement for each

nuclide betw een the various compartments which correspond to that nuclide. The% movements can

be represented by appropriate rate constants. Ilawever, when decay occurs, there is movement

fron. the compartment containing the parent nuclide to the correspondmg con.partment containing

the daughter nuclide. Ile re, the rate constant is the decay constart of the parent nuclide. There

has been no physical n ovement, but there is a change in comparttr ent membership since a differ-

ent nuclide is now present. When all of these mteractions are incorporated into a smgle system of

differential equations, a system of the same general form as that represented in Eq. 4.2.1 is pro-

duced with the exception that there are now AIN equations rather than M equations.

.

4. 2. 3 \n Examnle with Decav

The treatment of decay chains is illustrated by expandmg tis "xample diagrammed in

Figu re 4. 2.1. For cons enten( e, assume the same physical setting is being modelt d. Fu rt he r,

assume a decay chain containing two nuclides is under consideration. The three compartments

,. )''
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needed to represent the movement of a single nuclide are replicated for the two nuclides in the

decay chain. This produces the six compartments diagrammed in Figure 4. 2. 2. In this figure,
each of the flows present in Figure 4. 2.1 is represented by a solid arrow. Ilow e v e r, it should be

recognized that correspond:ng rate constants are not necessarily the sarne for corresponding flows

of the two nuclides since different nuclices can have different chemical and physical properties.

In addition to physical movement between compartments associated with a particular nuclide,

there is also rnovement due to decay between compartments associated with the different nuclides.
This movement is represented by a dashed line in Figure 4. 2. 2. Specifically, the decay of a

nuclide in Compartment I results in the movement of a nuclide from Compartment I to Compart-
ment 4, the decay of a nuclide in Compartment 2 results in the movement of a nuclide from Com-

partment 2 to Compartment 5, and the decay of a nuclide in Compartment 3 results in the move-
inent of a nuclide from Compartment 3 to Compartment G.

NI!CI.Ilm 1 NOCI.IDE 2
Coemartment 1 Compartn.ent J Compartn ent 4 Comnartment 5

f (t) f (t) f,(t) f (t)
5

% 1)ECAY
->

f
3 I

G

Comartment 3 Compartn.ent G

Figur e 4. " '' -\ Compartment 1:xample for a 1)ecay Chain with Two Nuclides

The sy stem of differential equations representing tha situation portray ed in Figure 4. 2. 2
has the same fo"m as tt e system in 1:q 4. 2.1. lic re, i runs f rom 1 to G since ther" are six compart-

ments. Env of the rate constants in this representation are /ero. When this is taken into account,
the system of equations simplifies to

f' (t ) It(t) - (2 k )f (t)+ a +a + f f
21 9(t ) + a.il 3(t)

+ a1 12 13 14 1 1

f'It) 11 )f t ) a f f t) - (a a +a k . )f (t ) f (t)9 12 1 21 21 2 :_) 2 2 32 i
i

f}(t) it ,(t ) - . 3 f (t) - a . f (t) - (a k )f (t)+ a *
. . .

,

( 4. 2.1 ) *

f' (t) It D) .

14 1 (t ) - (a
f + a + k )f it) f +a43 4G 4 4 + a _4 4(t) f6 4 6,(t)4 4 a

fi(t) ll_(t) a, _ f, i t ) + a4 f (t) - (a_4 a.6 + k . ) f.. ( t ) + a J (t)
+a a la 2 a4 3 2 . a a G2 G

,s
g A. -

\'
:G'It) 11. (t ) + a ,GfJt) +a -ff4 6 -; t ) + a _ b, f J t ) - (a +kC; } f66 a s

+
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.Ts before, a represents the rate constant for the movement of a nuclidt fron: Compartment i to

Com;urtment j. The con'partn'ents corresponding to Nuclide 1 and Nuclide 2 are coupled together

by the decay of Nuclide 1 to Nuclide 2. This coupling is affected by the rate constants a 4. a,3. and
to Npa rtments 4, 5, an 16. respectis ely. If the re w a r,Un npu me n"16, w . .

no dccay connecttrg Nuclide 1 and Nuclide 2. then these constants would be zero and the system m

1:q. N. 2. 3) w ould reduc . to tw o independent systems, each of the form in D; M. 2. 2).

More complicated situations can be handled in a similar manner. With simple modific (tions,

this method of compartment construction can be extended to lor.ger decuf chains and to branched

occuy chains. Such constructions are discussed in greater detail in Section - 3

4. 2. G .\dvantages and Disadvantages of Compartment Models

There tre 'nany advantages associated with the use'of compartment models. Theae models

are a laptable. The user can construct a model on the basis of the diversity of the region under con-

sideration. Changes in regional characteristics can be represented by suitable compartmentall/a-

tion. If necessary, time-dependent rates of change anJ nuclide input can be incorporated into the

m odel. Th<se models are widely studied und many individuals are familiar with them. Numerical
methods exist to solve the differential equations that artse. The asymptotic behavior of such equ e

tions is known.

There are also disadvantages associated w ith the ur 'mpartm ent models. They treat

the nuclide= in each compartment as being dist ributed in a "ho wous" : an n e r. 'I h n , it is dif-

ficult to represent continuously varying naclide distributions. There n ay be nun eric, . problems

w ith the system of differential equations used to represent transport; in particular. .le system may

be et tff. l'inally, it is net essary to determine the compartments and define the rates of flow be-

tw een them.

The necessity of determining the compartments and the associated rate constants for nuclide

flow betw een the compartments is a major proble n. So far, it has been propose I that cmnpartment

nodels be. used to represent the environn ental transport of nuclides hat na n.ethod for this determt-

nation bus been prest nted. % tthout such a method, the valve of the proposal to use the model is

greatly reduced. A technique for determining the needed comp trtmentalt/ation is presented n the

next s-c t ion. It is not suggested that this tot hnique is general erough to cover all possih ' s it uat ion s ,

ihm ever, it shoulC he sufficiently general and flexible to model the surface flou of nuclides in m

of the si u itions t' it will he encountered in the study of geologte waste dispeal.t

4.1 i Technique for Compartment I)ef m it ion

4. i.1 Need for Technique

\s indicated in Section 4. 2. compartn.ent n odels are very flexible By prowr definition

of compartenents and flow rates betw een compartments, n.any different situations can be repre ented

(, n *j, i j , . ,
.
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by the same nut .emotical model, liowever, to obtain this representation the modeler must be able6

to define the compartments and the associat ?d flows. I he utility of compartment n.odels for repre-

senting nuclide transport would be greatly r >duced if sat a definittons had to be developed indepen-

dently for each situation constaered. Though the variability betw een potet?ial d;sposal sites is too

gre it te define a single, w ell-structured model which fits all possible situations, it is possible to
prewnt a technique for adaptirg the basic compartment model to different situat ons. Orw suchi

technique is presented in this section, however, other techniques are certainly por .L

The Lisis of the technique is a method for systematically defining the compartm. nts and
the flow s h m een the con.partments. In particular, the region to be modeled is divided into e

number of di tinct geographic areas and various movements of water and solid material betw ee 1
these a reas are a 'me 1 Further, it is assumed that nuclides v a uniformly distributed in each of
t he se geog raphic a n. 01 that movements of water and solid materiul are responsib'e for r uclides

transpor c into and out / :hese areas, From the preceding assumptions and the possible *novements

of water and solid material, a system of differential equations representing nuclide transport la
t hen det is ed. The application of the technique requires significant user participation: otherw ise it

v ould be too rigid to incorporate both the physical diversity of the area being modeled and the dat;

needs of the modeler. Though the te^1r.:que does not free the user from responsibil:tv in the de-
finition o. v . par +ments, it does add structu e und guidante to the process.

~1. :hnique for con.p irtn'ent definition presented in this section w as selected for tuo
re u ons. I- 't can be used ta develop me 'els of many different situations. Seco id, its da ta

reg |iremcnis a ro rea somble. With regard to data ret arements, it is emphasized that this tecL

nique does : Lot develop :. model to predict the mos ement of water and solid material. Instead. it

assmncs that the directions and magmtuJes oi such movements are known and then uses their values

to determine the mos ement and distribution of nuclides. Values for movements of water and solid
material mut be determined from additional models, empirical data, educated guesses or other

It is felt that decoupling tLe model for nuclide transport from models for water and sedi-sources.

mer.t transport add s to both the simplicits and the flexibility of the technique.

The technique is des eloped under certain assumptions (See Section 4. 3. 8) about the nature

of nuellle mo ement, for a cis en situation. these a ssumptions mn or may not be satisfied. The

ser can: at emplos ti.e technrine blin fly and assume that, If the re luired information is supplied,
then leant wful prodletions t orternit:c nuclide transport w ill be pr# Red- For each situation to
vhit h the technt r:e 1 - appliel, +he .,su ption s that ur.derli:. its c e strutti must be satidled. If

the,e a ssu aptions are not satt,fied. then the setting to u htch the te"hn1T:r appik d must be re-

form ulat ed so that thes a re satisfied. The technipe is construc ted to permit man', modifications to

t ake t he des elopel molel consistent ".Ith the setting under consideration. Iloweser it is possthle
+

t! at t!.e ice h:.1 pc vill vit applv to a pis(n situation; if so, some other method must he used to define
'' e a cJed compa rt aentalization Indeed. since no model can fit all potential situations, it is pos-
sible that - im p a rtm ent moJel n ill ' ot be appropriate for a pa rtreular situation; then, some othe

.oleling t ec %ir ; .e vill bas e to he aeJ. Ilict natelv, compartmer * models together scith the

foi Q
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technique for compartment definition now presented provide an approach of wide application for the

representation of nuclide transport. 1:ven if a situation can he represented ultimately by a model

more appropriate far its particular characteristics, compartment models and the technique pre-

sented here for compartment definition provide a means of producing an trJtlal representation Pfv!

assessment of nuclide transport.

te th-The following outlines the remainder of Section 4. 3 In Sections 4. 3. 2 Ind 4. 3. 3. i

nique is presented for defining compartments and potential nuclide movements between comnartments.

In Sections 4. 3. 4, 4. 3. 5, and 4. 3.6. the irformation requirements of the technique are listed. In

Sections 4. 3. 7 through 4. 3.12, the system of differential equations representing nuclide mucement

is derived. Finallv, in Section 4. 3.13, the computer program which implements the tet hm ,ue is

discussed briefly.

4. 3. 9 liasis of Technique

The oasis of th tecic tue is a hierarchical division of the area potentially affecte d by the

discharge of a contaniin ited aq .ifer. This division is dertved fro: a ate r flow patte rne and ot he r

f actors mfluencing the surface and near-surface n.ovement of nuclides. Th" area is divided into a

nun.her of noninters"cting, three h:ner.s ional, geog raphic /ones. Fu rthe r, eac h / om is divided

into the follow ing namntersretmg subcor es:

1. G roundw at er

J. Soil

Surfac+ u ater

4. Sedin t nt.

The recton designated hv the /one :s th. union of th- reptons that cent.titute its four ' ubcones.

I u rther, e wh of tlm sub<ones is assumed to have tw o phases:

1. 1.tquid f u ater)

2. Solid (a r:.aterial t hat sorbs nuclidesi.

A /one and its as n oc iat ed dub /on es a re s elec ted so that each si.h ron. < an L. c ors ide r< a
'

unif or! in sof t esinse [ hts is b cause nuclide flow s throuch the s\ stern t ri cor.s u b red t o tahi
pl ic e fron sub/one to subzone .md, m de riving a repres-ntat:on 'or th. * flow s, it is ass an H

that nuclides are evenh dist ributed in < ach sub/one and that phs s: cal and cl.em h al prope rtic , .i re

ur:forn. throuchout ach sub/ont . Tl.e nuclides a re assu: cd 'o n.ov bet w een a r .ous subcon~s in

l'u rt he r, tia s in . ' g ' al patt e rn cf n ov "n' b r t w e~n .a.h / on s is a s u: d to t k pli- on.

. tthm eh / on. Ita er, nuclide moven.ent f rom on. to /ow is assu r:.ed to oc ur n: I f ro! ..

surfact -w at e r s ul.<one to su rf ic e -w ater sub/one \s will be shown, thi s e as s t.: ot:nns able me

to syste a t ic a ll y const ruct a representation of the n.ocen ent of r ucloh s t! rough g ec e n a r a .1

Two examples of z one selection are presented in Figures 4.1. I an i 4. 3. 2. As ha s been

empha w cl, he celection < >f the z ones is the responsibility of the user and dept nds on the site

h t ing m odeled ,
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/ % Figure 4. 3.1

<o N N Zone Selection Example with Five Zones. Each"> N zone corresponds to a stretch of river. The'

+g ,N,, nuclides enter with the discharge of a contam-
C,N N inated aquifer in or near the stream and thene

# k" N travel down the stream system. The zones
\-g Cre selected to correspond to changes in the

*% ,s A hydrologic ; roperties of the stream system.D' \
N \ The zones hug the river since most nuclides

Water jg ) would stay in the river or in the river's sedi-
moN ments and flood plain.n
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,cont uninatt d aquifer
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Figu re 1. 3. 2. Zone Selection 1;xarnple with Eight Zones. Zon.cs 1, 2
4. 5. 6, and 8 correspond to stretches of river. Zone
3 encompasses an area of surface aquifer dishcarge and
Zone 7 encompasses a stretch of river plus an adjacent
area of la .d which is being irrigated with river water.

Th. suhe oni clas sif ic it ions of g round w ater, soil, s uriac e w a t e r, and sedinmnt are in-
~

t m !co to 1. suggestics No att pt is n. al to giv. t hem prer id e n. canines. Th* regio..s that
they d ' sign a va rv w i'h the situation h4 c.g inod" led. Thi division of a zone into subennes is
shown ,c l.em a t ic all y in ''igure 4. 3. 3, where arrows represent directions of movement for water

and solid material betw ee le subzones of a zone. Nuclide movement should follow the same
pattern since It is these flow s that dominate nuclide transport. (y Q
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l'acure 4.3.3 Division of a 2 o: tato Subzones. A rrow s
represent [wt .ntia- directions of movement
for water and solid r;att rial between the sub-

zones of a z one. NuehJe movement should
follow the sane pattern since it is these

flows that domince nuclide transport.

The general concept designated by each sub7on- follows. The smi subzone r" pres t nts

tim top carth lav"r. This m:ght be anythu g fron the first few et ntirwres of surface soil and

lit t e r to t h< firs t few metres or n ore of surface n ite r a l . The grTN ., a ter sub/ one is th e

/ at e r s ub /.on e. Thus, treri gion is ing bi neath the soil subzone and pot F''i ' t;cncart th efac-:

to;> of th' g roun !w ater sub/one is es sentially d"fue ' by he botwm of the soil subzone. The depth

of t his r ub/ or., is w h itecer is appropriate for the sit <a on br t. J considered. The surface w ater

sub/ori represens u ator that is fret to move on the / anc's s a: ic e. Thus, it rnight refer to a

a riv e r, or an estuary. The s edin.er.t sub/ o"e is rnaterial deposited beneath the surfacelake,

. a t e r s ub / on e. Gem rallv, ont is not interested in all such depositional n.aterial but rather m

aterial w hwh is cap ible of sorhmg significant amounts of nuclides.that '

linwes er, the sulzones tan also be used in manners that hear little relation to their given

nam e s. Indeed. it is possible tl at the use of these names should be dropped. For example, another

mterpretation is to use the crr mdw ater subzone to repre3ent a second 3o11 layer. Yet another in-

terpretation is to i se the gro mdwater sub70ne to represent a second sediment las er and to use the

30 1 strone to represent a thirl dediment las er. Such representations are possible by suitable

selection of the parameters that define the subzones and the flows between them. B ut . regardless

of how the subzones are mterpreted, they are treated the same mathem atically by the Environmental

- Tra n spor t M odel. It is also passible that a given situation might he represented most appropriatelv

s ith ona the surface ater and sediment subzones or only the soil, surface water, and sediment

s m ones. Indeed t useful extension of the Environmental Transport Model and the co nputer pro-

gram s " htch implement it would be to permit the user to define the number of subzones per zone,

to name the subzones, and to select the movements of water and solid between the subzones.

|p
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.\ll sub/ones have a Itquid ar.d a solid phase between which the nuclides present in the
subrone are partitionmi. Thus, the sediment sub/one includes not only the solid n.ateri al de-

p<> sited beneath the surface w ater but also the water associated w ith that material. Similarly , the

s u rfac e water sub/cre includes not only free water out also particulate matter suspended in and
i: ovir+g w it h t hat w at e r.

M it h the technique presented in this section, a flow pattern for nuclides is derived from "

specific inforniation about each sub/one Thus, w hen a particular sit uation is modeled, the /ones
ami sub/onrs must he carefully defin. nd certain required information determined. At this point, "

tl sub/one are defined in sons unequivocal manner. In doing this, it is necessary to define not
onh hon n.any zones there are and what their phs sical boundaries are, but also w hat is represented

by i ich subcone within a zone. These definitions are generally based on the chemical and physical

c ha racteristics of the are a being modeled plus other considerations such as quality and form of

mput from the Groundwater l'ransport Tlodel, the length of time that surface processes are to be
n odeleI, md the degree of detail desired in calculation results.

Va rk n:s flow s of w ater and solid material can take place into and out of the sub/ones,

S ua i- w it < r is the no tor erosional force in most situ ations, solid materials tend to move in the
% :,e direction as w ater, though generally not at the san.e rate. It is these flows that move nuclides

through a given /one and out of that zone into oth"r z ones. In d e e d, it is the need to properly repre-
sent these flow s w ithm w hatever tin:e scale is ben g consn!cred that determines how the zones and
subcones i re def med in a pa rticular situation. The possible direcaoi s of flow betw een sub/ones of

a given con" a re r" pre' ent ed in l'igu re 4. 3. L All flow s can involve both water and solid m aterial,
llow e c r, it is anticinated that flow s into and out of tl.e groundw ater sub/one will normally involve
only vater. This is bec ms, w ater n oving thr > ugh a porous n.edium such as soil or rock usually
c a r r i e., lit tle, if any. < o pended a t e rial. I'xceptions a re poss uile, for example, the solid n.a-

t< rial in t h g round w at e r s ubc on e n.ight be in the process of w eathering into one of the other sub-
com s. 'l he division of flow s between w ater and solid r aterial is in portant smce nuclides tend to
b. sorb. d on solid i: at"rtal. 'I here :s no lick indicated hetween the sedtn ent sub/one and the soil

wh/ene in 1 ip;re 4. L :1 because m aterial moving between these tw o subzones must pass through

ettber the otrface water subzone or the groundwater subzene as an intermediate ,tep.

I lou r t o t w i, n / on's involv both ' .ater and solid n ate rial ar.d are assumed to take place
onh f ro:- the .or <

w at. r s ub c on e of om' /on e to tf'e s u rf ac e * u it e r s ula one of another 'on < . Such.

.t {Lttle tiI I t . r , y;t gg c on 3 ;3 t t.nt g gth j}: 3ggy*;.j,tgon tjugt 3,ttf p |}, <hp, g q ,17,1 1. png g o n ([ [g pp

'lhis r tons hm is shounse!s atic alh in l'igu re 4. L 4. N 't e that t he same flm , a re taking place *i

it hin i- L conc l.ut t he o:ls link h. tv i n /ow s .s fro. E u r! i at er * ub/onc to surface '.ater
subcor . In Asc rih tn. i on ,it ts neci ssary to sp. cify the /om rec e ty mg its outflow . .\ single

/(d'' t ii 1('iVi' t iit - I'm t f l s) f i f 011 + " ( > r f : . u r /onfs.
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l'ig u re 4. 3. 4. Interconnecting I' low lietw een Zones

Some explanation is needed as to whv there is na built-in connection betw een adj<tt.ent

groundwater subzones. The omission is made for several reasons. l'i r.s t , the 1:nvironmental

Transport .11odel represer.ts surface and near-surf ac e transport, it is not intended to reprener.t

extensive groundw ater trarsport. Second, most shallow groundw ater discharge 3 in tl.e drainage

basin that it orginates in. Third, once a contaminated discharge has reac hed the surfa< e. It la

doubtful if its reentry into the groundwater system would cause sig ificant (.hanges in its distri!.u-

tion pattern. (The reader is reminded that another model is use i to represer.t grounh ater f!r, ,)

l'ir allv as is discussed later. the 1:nvironmental Transport itodel ho3 a met hanis . built n.t o it

where!, ' additional connections between subzones can I e ad led. Thus, if it is th rided that ( r nee-

t tor s !+ tween groundwater subz ones (or, indeed. hetw een any s .;b z on e n ) a re n::por tant. ther: t h e ., e

( onnec tions t an be ca:;ily added to the moelel.

( >ne additional type of flow out of subzones is also possible. This is the mos e:::ent <:f ' cate:

and soli..! material out of a subzone and out of the sv3 tem under consideration T h is .c n n, nts t<

movement from a subzone to a sink in that anv nuclide3 associated 'vith the m iterial in this fle

pQ,
4e.

Y

:m ,



are remos ed front the system. l'or example, such a flow might be .'he movement of water frcrm the
,roundwater subzone to an area of suffo'ient depth or remoteness that any nuclides dissolved in the

water are unlikelv to reettier the biospl.ere. In Figu re 4. .i. b. the representation for flows within a

/one presente i in Figure 4. 3. 3 ts expanded to include flows from subzones to sinks. Ifere, arrows

leaving the box indicate movement of water an j solid ruaterial out of the system. A similar expan-
sien is also possible for Fi; ce 4. 3. 4

d d

Sedin<ent * Surface
A M ater

d
d

y U

4
G round w at er 5 011p

Y V

l'igu 2 e 4.1. 5. 19:v.s te 21 Flow s Out of Sub/ones. .\ rrow s rep re-
s ent potential di rec tions of n:ov e n,ent for v.at e r
a!;(! S oli f } !! .11 t ' r t .1) l)t/ t w I '*f) t h t< F ut,/ c,ni s of .i / on s'
un 1 out of that /on" to a su k. Th. repres e ntation
givi'n m l'igure 4. f. 4 for inte connecting flows he-
t u . en orn s can t" expanded in a sinular manner
t o inc lurb r;.on-n rt:ts on t of th> S yn t" r n.

Thus far, nothir.g has lieen said with reap at to flows of ? nterial which might move nuclides
nto tht' ss'tiu- The pu rpeu of t hi od, l uter de. lop , nt is to r. pre sent the n:o /ernent and:

alts;o rsion < >f ruelides reli asi i to t he envt r(m m ent. 'l h er e fori . il ' odel is const ru'rted so that
m a rbitra rs (i.e . us e r-rb firs !) ra t ' of nucl-de iniNt is possilili In'o one or r.o re sub/ ones. T;tts

t rild r.orm ills he deterinir.ed f ror:. the Grc>unda ater Tr insport '.lodel. Then. tl e distr dotton
rate o

th- i' r . u c l i ' .' , w t ich re sulta free: tl, e - pr, vit i ;si v rh s r u s s < <' :.o v in s of w ater and solid -rial

23 r' it !-

l '. ''<>ftl.- jo'' t r a n t ! f! i f .t<rin' : li ! trarr ">rt, it is ar,t ic- o tied that the>4 i

.!r i n: ici b .for i o ro m . i' ,. 'i v is ions t h re ,,! ) u til I- t!. b v ie ;>hs s i.' il fiut u re und c rlving
eli .c t ii * .; tt h, s ' m s t s i t u a t t o r. s . 'I bis is n ot 'o i n ;,h t hat e a:h / or will bo a con plete

drainage basm : 15 n s 1 - a!'h r.ot t he c a se. H it t.er, tl.e inter.t is to c:apnasize that water flow<>2

p i t t e r n -4 a r ul d ra i r.a c e ns .it e expected to l'e ti.e unif,ir ,.. fat tor in the selec tion of zor.es for mosti

,

,it ' a t le > i s , 11< r es e r ne sit at t ns '.att r flow pa tt err.s m is >' lie t eles ant to the selection of ] \ 'g s
,,

i

d
J

V
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z ones; in s ich cases, the method of defining c<nnpartments pre,ented in this nn tmn pn.ie s ill

not apply.

4. 3.1 IJefinition of Congi irtu.ents

The emi p irtnit nts an.! associated flow ;> ttt erns for nucliib" a r i d< t. r: i:: < ! ir t ! . i 11 . -

b>r l>r li'
ing m anni r. If a sir;gle nuclide is un4!er consideration, t h r a e<i '.j u rti:: nt ''e <

suhzone, and the nudi les in a subzo, e are assumed to be in the i ompartmer + a = ,m lated s it "at

suhzcne. The movement of the nuclide into and out of colapartments in a s,u n ed to ha .e the i av

pattern ss the rnovernent of water and solid rnaterial into at:d out <>f subcones. bach a situ e n in

repres ented in l'igure 4. 3. 6 for the nmvement of a nucli h t!. rough a sy stern of 11 vone ,, wt. i >

J f eeds into zone J + 1 for J 1 , .' , , 11 - 1. In this figu r e, t!s dotti a line ri p r. . 'r t !< <f
,

nuclide d.ie to decay. .\ siniilar repre:sentat <,n is possililt" for the situation wl.eri t!a e tw i ' r-

scet tnp f.ow hetw een zones (i. e. , two or inore zonet feeding into the san e /onH.

The reader is rereinded of the distinction between cornpart n;i nts and sul sone: C> >< '-

n ents refer to certain sets of r.uclides. M I.en a n ovee ent takes place hetse i n con p a 1: < r e :, , it

does not necessarily rn< an that there has been a change in physical location. ( )n t h. otb r * i . L

suh rones refe r ici particular physical re gions. Th;s distinction is in.liortant in the- t r,' i - i : ' oft

decay c hains, where a given subzone has a compartment associated w ith it for each n icln!c m 'ne

decay chain.

If a chain of N nuclides is under consideration, then the compartments and phs steal flo-

patterns needed to describe the mos ement of a single nuclide are replicated ': t im e s. I: 11 / :.e,

are being used ifour subzones ex h), this produces 4 ?d co: .partments for e:u h n :cle:e m i a tot il

of 4 M N compartments for the chain. The physical mos ement of a nuclide throwb the 4 Jt., part-

ments a ssociated with it follows the same pattern of mos ement shown b v the fb er s of ' 'ater an i

solid material throngh t!.e subz ones. Ilowever, when deta) occu rs, t!.e tc mille i t e. e s f r .the

( ompa rtm ent a ssoc tr,ted with the pa rent to t!.e ( orrespot. ding c om pa rtrnet * a , soc iat ed - th the

daughter. Suth a situation is represented in l'ig ure 4.1. 7 for ').e m < n e::le: * 'f a cl.ain t f \ rc wit:!c,

th rogh a sy stem of '.! z one s. .\ s in l'ig 2 re 4.1. 6, so: .d line, repr e s ent d i: ecti< 'ir .a d>

in ovement nnd d tied lines represent loss of nuclide by decay

.

, .
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The /ones are nurnbert dI 1, 2, . . . . .\f , and the nuclides in a decay chain are numbered
J 1. 2. , , N. Pur'her, the numbers K 1, 2, 3, and 4 are used to represent the subzones
g rou n d w a t e r, s oil, su rf ic e v. at e r, and s edin.ent, res p e c t iv ely. The compa rtments associated w ith
11 / ones and N nuclides a r . r.u mbe red so that com partnient I , w h ere

I. 4 N(I - 1 ) + 4(J - 1) + K
.

is the compa rt m, nt associated w ith th.' presence of Nuclide J in Suh/one K to Fone I. This r pre-

s entation is s how n in l'igure 4. 3. 8.

i - - - Nuclide J - - - - -
I
i

| 4 N(I - 1) + 4 (J - 1 ) + 4 4N(I - 1) + 4 (J - 1 ) + 3
. . .

Zone I

i
_ _ _ . . _ _ _ _ _ . ._

| 4N(I - 1) + 4 (J - 1) * 1 4 N (I - 1 ) + 4 (J - 1 ) + 2
|

-

l'igu r e 4. J. 8 Nu O>ering of Co:npart:nents. For .il Zones and N
Nuclides, the Nu nber 4N(1 - 1) + 4(.i - 1) * K is as-
signed to the compartment associated with the pre-
sence of Nutlide J in Subzone K uf Zone I.

\'. h n a n u c li n e avs, it stays in the san.e subzone but changes corroartments. In part t-
'

e nl a r, if Nucit le J ts in C m ,ia rt n.cr t I. arel decays to Nuclide J - 1, then the daughter is in
Co:npart ent 1.+ 4 Alor" ge e rally, if Nuclide J decans 'o Nuclide K, then the daughter is in
Com pa rt i nt !. 4(l; - J ). The I.attern of n.c vm nt b, t a een co::.partments due to decay is repre-
.m nted lig u r 4. 3. 9.

Zones and nuclides are trimbered so that surface water flows from a zone "cith a low er
number to a zone '. i t h a higLe r numbe r ar.d so that decay occurs from a nuclide with a low er number
to a nuclef e with a higher n- q' er with this cons ention Compartmentalization can be represented

in a ss ster otte m umer simil ar to that shown in Figure 4. 3. 7. where movement down the page cor-

respan is to phvnital flow then..c 5 the arta heing modeled and moce:aer.t across the 13ge corresponds
tti j'a'| lit At t t\ e r!cca s

-

In Ilcur< 4. 3. 7 m b rani hiN i s repre,ented in either ph'. wit al flow or decay. Such branth-
ir g n m no probh s am! prom i re:,res ent ations of e.'s ent tally t h < s r '.e forn. as that show n in
I zgu r,

4. ? ~ A , pa r' < if t he 1.:a t e rir a a e ntal T ra n, port Tl e.lel, a cr. mputer program is supplied to
@t.r: :no ti cc- ,s trt: ? til/at: n ad u niit"' ' ith a en/i n collection of con"s an'! a given decas.

chant lie r- th. in>ut urlu os th- ' low s of , ater and solid n aterial betw een sub/ones and the decay
patterns of it r cham, I'ro' t f 's inforn it m and c"rta m aahtional inforn.at ton about the subzones,

403 204
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all compartments and associated rates of flow are determined, if branchings occur, they are

properly incorporated into the compartments and the flows betw een compartments.

O
_.____

O
.

p--_--__--
'

e- m \/ r

66 bb
R9 PP

'%- \ J' ,/
%,.-- -__---J

Figure 4. 3. 0. Representation of Decay. The representa-
tian for movement betw een compartments
due to decay in the upper diagram is an
abbreviation for the more detailed repre-
sentation below it. The nuclides are stay-
ing in the same subzones but changing com-
p a rt m en ts . The lines representmg physical
flow are on;itted to reduce clutter.

The technique for defining the compartments and the flows between compartments has now

been presented. liou ever, only potential directions have been determined for nuclide flow. The

actual values (i.e. , rate constants) for these flows have not been determined. Since these flows

depend on properties of the subzones, additional information is required before they can be defined.

The physical information needed to define each subzone is presented next. Then, under certam

assumptions as to the nature of tho transport processes, the rates of nuclide moyen ent betw een the

con partn.ents defined in this section are derived. Mhenever possible, the notation used in the

following sections is consistent with the notation used in computer programs which implement the
technique under presentation.

.

4.3.4 Data Roquirements for Subzones

The baste physical information required for each subzone is Itsted in this section. These

physical characteristics of the various sub7ones are used in determining rates of nuclide movement.

For convenience, this information is presented for each subzone through the use of an array of the

form Z(P. K, !), where I denotes the zone, K denotes the subzone and P denotes the particular
physical characteristic being defined. 4, ] |

211



For Zone I, the following information is required on the groundw ater e,ub7one (i. e. ,

Sub/one K 1):

Z(1, 1. I) volume of water in sub7one (units: L)

Z(2, 1, I) mass of solids in subione (units: kg)

rate of water outflow from sub7one to soil sub/one (units: I lyr)Z(1, 1, I) >

rate of solid outflow frorn sub/one to soil sub/one (units: kglyr)Z(4, 1 I) =

rate of water outflow from subzone to surface water sub/oneZ(ri, 1. I) =

(units: L/yr)
-

Z(G, 1, Il e rate of solid outflow from subrone to surface water sub/one
(units: kg/yr)

Z(7, 1. I) rate of water outflow froin sub7one to sedim"nt sub7one
(units: 1./ y r)

Z(8, 1. I) - rate of solid outflow from subrone to sediment sub/one
(units: kglyr)

Z(9, 1, I) - rate of water outflow from sub7one to a sit k (units: Llyr)
rate of solid outflew from subrone to a sirk (units: kglyr).Z(10, 1, I) e

The solids represented in Z(2, 1, I) are those solids which are important in sorbing nuclides.

If part of the solids in the subzone were of little iniportance in sorbing nuclides, then it would be ap-

pro;iriate to omit their mass from the n; ass expressed in Z(2, 1, I). Similarly, the solids represented

in Z(4, 1, i), Z(G, 1, I), Z(8, 1, I), and Z(10, 1 I) are solids which are important in sorbing nuclides.

The rates represented in Z(P 1, I) for P - 3, 4. ..., 10 rrfer to gross rates of outflow, not the dif-
ferenc" betw een inflow and outflow, This distinction is important since n.aterial moving ir.to and

material moving out of the sub/one can contain different nuclide concentrations. The diversity of

potential flow s out of the sub/one is provided for flexibility. It is possible, and indeed probablo,

that in a giv"n situation some of these flow rates w til be erro, I or "xample, it is antici;uted that

flow s of solid n.aterial out af the groundw ater sub7one w ill usually be zero. The precedmg com-

n:er,ts also apply to similar information on other sub/ones,

' or Zone I, the follow ing inforn.ation is required or the soil sub/one (i. e. , Sub/one V, 21:

Z ( 1, 2, I) volume of w ater in sub/one (units: I)

Z(2, 2, I) ma. s of solids in sub70ne (units- kg)

Z(1, 2 I) rate of water outflow f ron, sub/one to groundu ater sub/one
(units: I./yr)

Z(4, 2, !) rate of solid outflow f rom sub/one to g roundw ater sub/on"
(units: kglyr) ,,

Z(i, 2, I) rate of w ater outflow t ron sub/one to surfac" w ater sub/on,
(units: 1./ y r)

Z(G, 2, I) rate of solid outflow fron subrow to surf ace w ater sub/ on
(units: kglyr)

ZG,2 I) rate of w ater outflow f ron sub/one to a sink (u nits: 1. ! y r )

ZK, 2, i) rate of raiid outflow f ror. . sub/one to a sir.k (units: kglyr). *-
,

s u' J
,r
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For Zone I, the following information is required on the sur' ace water subzone (i, e. ,

Subzone K = 3):

Z(1, 3 I) - volume of water in subzone (units: L)

mass of solids in subzone (untts: kg)Z(2, 3, I) =

rate of water outflow from subzone to groundwater subzoneZ(3 3. I) =

,
(units: L/yr)

Z(4, 3, I) - rate of solid outflow from subzone to groundwater oubzone
(units: kg/yr)

rate of water outflow from subzone to coil s"bzone (units: L/yr)Z(5, 3, I) =

Z(G, 3 I) - rate of solid outflow from subzone to soil subzone (units: kg/yr)

Z(7, 3 I) rate of water outflow from subzone to sediment subzone
(units: L/yr)

Z(8, 3, I) rate of solid outflow from subzone to sedtn subzone
(units: kg/yr)

rate of water outflow from subzone to surface .ater subzone inZ(9, 3, I) =

Zone INTZ(I) (units: L/yr)

Z(10, 3 I) - rate of solid outflow from subzone to surface water subzone in

Zone INTZ(I) (units: kglyr)

Z(11, 3. I) - rate of water outflow from subzone to a sink (units: L/yr)

Z(12, 3. I) - rate of solid outflow from subzone to a sink (units: kg/yr)

INTZ(I) - number of zone into wnich the surface water subzone of

Zone I discharges.

For Zone I, the followir.g information is required on the sediment subzone (i. e. ,

Subzone K 4):

Z(1, 4, I) volume of w ater in sub/one (units: 1)
Z(2, 4 I) mass of solids in subzone (units: kg)

Z(3,4.I) - rate of water outflow from subione to groundwater subzone (units: L/yr)

Z(4, 4 I) rate of ..olid outflow f rom subzone to groundw ater subzone (units: kglyr)

Z(5, 4, I) rate of water outflow from subzone to surface water subzone

(umts: L/yr)

Z(G, 4 I) rate of solid outflow from sub/cne to surface water subione

(units: kg/yr)

Z(7, 4, I) rate of water outflow from subzone to a sink (units: L/yr)

Z(8, 4, I) rate of solid outflow from subione to a sink (units: kg/yr).

.
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4.3.5 Data itequirements for Decay Chain

in addition to the basic physical information on the sutnones, certain basic information is

also required for each decay chain coasidered, t his inforniation is reprecented by elements of the

arrays lilJ Fl:(J), ATW(J). and NDAUGIIT(J), where

half life of Nuclide J (units: yr)
-IILIF E(J) :

atomic weight of Nuclide JATw(J) =

N D A UGIIT(J) number of daugh'er products for Nuclide J. -

In the con.puter program which implements t! ts model, NDAUGIIT(J) is permitten to be
0, 1. o r 2 Further, for a naclide with one or more daughters, it is necessary to know what the

daughters are and w hat fraction of the original nuclide decays to each of the daughters. It is as-

sumed that the decay chain is numbered J - 1, 2, . . . , N, w here N denotes the total number of

nuclides in the decay chain and the numbering is selected so that decay is always from a nuclide

v ith a sn aller numh~r to a nuclide with : larger number. For K 1. . NDAUGilT(J), the

array elen.ent IDAUGilT(J, K) denotes the integer in this numbering of the decay chain correspond-

ing to the Kth daughter of Nuclide J, and the array element FDAUGilT(J, K) denotes the fraction of

Nuclide J decaying to this daughter. The elements of the array ID AUGIIT are arrar#ed so that

IDAUGIIT(J, 2 ),J< IDA UG IIT(J. 1) <

where only the first inequality applies if NDaCGliT(J) 1.

4.1. 6 Additional Data Itequiren.ents

In the tw o precedmg sections, information is listed that depends either on 'he sub/ones or

on the decay chain. Certain required inforrnntion depends cn both the subzonas and the nuclides in

ay chain.tl e 4

T| i. first such information needed is the rate of nuclide input into each sub/one from

sources external to the surface systern being n od 21ed in the 1:nvironmental Transport Model.

Norn ally, this v ould he th" input f rom the Groundwater Tran oort M odel. Array elements of the
form IUNil.) are used to represent the rate of nuclide input into Compartment L If there are N

nucli les an 1

1. 4N(I - 1) + 4 (J - 1) K,+

then IIINII.) repre sents the rate of input of Nuclide J into Sub/one K of Zone I. l'or sireplicity m

treatmg d":av chains, the amount of a nuclide in a cornpartment is expressed as the nun ber of

aton.s o res ent. Thus, the umts for itIN(I.) are aton s 'yr. Normally, these rates of input are de-

cided on as part of the pro, s3 un m! i ; nele *:ng tht /ones and sub/ones. Indeed, the proper repre-

sentation of such mputs is one of the important considerations in definmg the zones and sub/ones.

- c
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The second such information needed pertains to the partitioning of nuclides between the

liquid and solid phases o' a subzone. Such partitionmg is represented through the use of KD values.

w hich are assumed to depend on both the nuclide and the subione undes consideration. Suppose a

particular system has two phases, xater and colid. Suppose al::o that

. A amount of nuclide in systeni (units: atoms)=

AS amount of nuclide in system sorbs to solids (units: atoms)

AW arr.ount of nuclide in system dissolved in water (t. nits: atoms)

MS - mass of solid in system (units: kg)

VW volume of water in system (units: L).

Then. the KD value (distribution coefficient) is defined to be the proportionality constant

KD conc. of nuclide sorbed on solids AS/ MS
conc. of nuclide dissolved in water AW/VW

The units for the KD value are L/kg and are independent of the units used in measuring the amount

of nuclide present. For background 0:1 the use and derivation of KD values. the reader is referred

to a re;> ort by Dorg et al, (Reb rence 18, pp 130-152).

In the 1:nvironmental Transport Model, a different KD value can be specified for each

nuclide and each subzone. The KD value for Nuclide J in Subzone K of Zone I is represented by the

array element KD(K. J , D. Detailed information on the variation of KD values is difficult to obtain.

In many situations, the KD values rnay not bc known well enough to assign a particular nuclide a dif-

ferent KD value in each subzone.

4.3.7 I'artitioning of Nuclides

The existence of KD values is important because it enables one to determine the partition-

ing of a nuclide betw een the liquid and solid phases of a system. This partitionmg is significant

in representing the rnovement of a nuclide since the nuclide moves with the phase that it is associ-

ated w ith. and the rate of movement of the liquid and solid phases can differ greatly. This division

is particularly important because of the capability of some solids to sorb nuclides. This produces

very large KO values, which indicates that the concentration of nuclides sorbed to solids is much

greater than the concentration of nuclides dissolved in water.

7 L) J
,| ! .. .

c'u!
..'

215



A derivation of the partitioning of a nuclide between the liquid and solid phases of a systen;

is given below. This partitioning is used extensively in deternuning *he rates of nuclide flow be-
tween the compartments used in the Fnvironmental Transport Model. Notation is the sanie as that

presented in Section 4. 3. 6 bef)re the definition of KD value.

Assume A, MS, VW, and KD are known for the system under consideration. Now, AS
*

and AW a e determined. Since
.

KD [AS/ MS] [ AW/Vu ]~ and A AS + AW,

w e have that

[KD][MS] - [AS] [VW] [ AW[ and AW = A - AS.

Thus,

[ KD] [MS] [AS][VW] [A - AS]~ .

[ED] [MS] [ A] - [KD] [MS] [ AS] [ AS] [VW],

',
[KD] [MS] [ A] [KD] [MS] + Vuf AS,

'

and hence

[KD1[MSl | . I '. .i I)

[KD][MS] + VW {
'\'\S

Fu rt he r,

IKD1IMS
1 (4.1.2)AW A - AS 1 - KD)[MS)+ ,

Th. relations in 1:qs (4.1.1) and (4. i. 2) represent the desired partitioning.

4.' 1 Flow s IL tw een Con:nartn;ents

The inforn ation needed to determine the con partments. the directions of flow betw ei*n

the compartments, and the associated rate constants for these flow s has been presented for a

system of M /ones and decay chatn of N nuclides. All inforn.ation and relations that have bei i dis-

cussed are assumed to be known. The resultant flows of nuclides are now derived. This is ac-
complished by systematically going through the compartments and determining the following trJor -

m tion for each compartment: (1) every nuclide flow out of the compartment, (2) the compartment

receiving each of these flows. and (3) the rate constant for each of these flows. This process is

simplified in that all compartments derived from groundwater subzones have similar patterns of

*r~
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outflow , in like manner, the compartments derived Non each of the other subzones also have

similar patterns of outflow. This permits the needed flows and rate constants to be derived in a

repetitive manner, Once the preceding information for each compartment is known, it is relatively

easy to construct the system of differential equations that represents the movement of nuclides

through the surface region being modeled.

Three basic assumptions underlie these derivations. First, it is assumed that the nuclides

are uniformly distributed through each sub7one and are partitioned between the liquid and solid
.

phases on the basis of their KD values for that sub/one. A derivation for this partitioning is pre-
sented in Section 4. 3,7 Second, it is assumed that the flow of water and solid material between

sub/ones or out of the system is the only mechanism involved in the physical transport of nuclides.

Third, it is assumed that all nuclides associated with a phase, liquid or solid, remain with that

phase in movements between subzones or out of the system. In essence, each subzone is treated as

a uniformly mixed " vessel" in which the nuclides are partitioned between the liquid and solid phase

on the basis c' distribution coefficients and such that nuclides can be carried between these " vessels"
or out of a " vessel" and out of the system only by movements of water or solid material. For a

given situation and a given selc ton of zones and subzones, these assumptions may or may not be

satisfied. The model will produce calculated results whether the basic assumptions are satisfied

or not. Thus, it is necessary for the model user to understand both the model and the system being

modeled in order to decide in w hat manner, if any, the use of the model is justified.

For notational convenience in the follow ing derivations, the array element IJK, J I) is

used to denote the integer

4(I - 1)N + 4(J 1) K+
,

and the array element A(K, J. I) is used to denote the amount of nuclide in con partment I.(K, J, I).

As has b( en noted before, the amount of a nuclide is measured in atome to simplify the treatment of

decay chains. Hecall that Compartment I.(N, J. I) is the compartment associated with the presence

of Nuclide J in Sub/one K of Zone I.

4, t 9 Flow s A ssociated a lth Groundw ater Sub/ones

In the following, the flows and associated rate constants are determined for the n.ovement

of Nuclide J out of Con p irtment Ill, J.1). To detern:ine the rate constants, it is necessary to

know the concentration of Nuclide J in the w ater phase and in the solid phase of the groundwater

subzone of Zone 1. These concentrations are given by

mount of nuclide dissolved in watera
- CW

volume of water

(1 - S) A(1, J. I)

Z ( 1. 1, I)

A t', '

!.I J '
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and

amount of nuclide sorbed to solirls
CS rnass of solids

SI A(1, J, I)] .-

Z ( 2, 1, I)

w here CW ts selecte<l to represent concentration in water (units: aton.s / I.), CS is selected to repre- .

sent conc ent ration in . solid n.aterial (ontts: atoms /kg) and

.

I 1:1)(1, J. Ill IZ(2, 1. I)l
'S I,lil)(1, J,1)] [Z(2, 1, til Z(1, 1, 1)

(units: dim en sionle ss). T he validity of this partitiening follows from the equalities in 1:qs (4. 3.1)

a n d ( 1. i . 2 ).

The flows that take place out of Cornpartment 1.(1, J ,1) are now listed and the associated

rate constants are derived.

I' low f rom Compartment I.(1 J , il to Compartment I (2.1, I), i . e . , f r oma,

groundwater subzone to soil subzone:

Itate of flew (cone. in w ater) f rate of water flow)

(conc. in solids) (rate of solid flow)+

[ C V, ' [Z(1,1,1)]

. [cS][Z(4.i, r>]

(1 - S t A(1. J. I)
Z( i. 1,1 )

Z ( 1, 2,18

S'\(1, J, I)l
Z (4, 1, 1)+

Z ( 2, 1, 1 )

(1 - 5) Z(1, 1 I) (S) Z ( 1, l . I)
\(1. J, I)

Z ( 1, 1, 1) Z ( 2, 1, 1) ,

11 us th draired rat e constant is

(1 - S) Zil, 1, !) (S) Z(4,1. I)
'

Z ( 1, 1, 11 Z ( 2, 1, 1 )

( unit s: 1/ s r),

b. I 'l o w fron c on ;iirt: 'r.t I .(1, J,1) t o Con p a rt ent I .(1. J. I), i.e., fron

g roun.lw ate r sub< one to surfan. w at"r sub/one;
.

The derivation is similar to that presented in tal abo'.e. The desired

rate constant is

:L,.

\
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(1 - S) Z(5,1, I) (S) Z(6,1, I)

Z ( 1, 1, 1) Zl2,1. I)

(units: 1/yr),

c. Flow f rom Compartment I.(1, J, I) to Con partm ent I.(4, J.1), i. e. , f ron.

groundwater subzone to sedin ent subione:

The derivation is similar to tbat presented in (a) above. Tne desired

rate constant is*

(1 - S) Z(7,1,1) (S) 7.(8,1,1)
.

'. ( 1, 1 I) Z(2,1. I)

(unit s: 1/yr).

d. Flow f rom Com partm ent !.(1. J, I) to a sink, i. e. , from groundwater sub7one

to an area outside the region being modeled:

The derivation is similar to that presented in (a) above. The desired

rate constant is

( 1 - S ) Z(9,1. I) (Si Z(10,1. I)
,

Z( 1, 1, 1) Z(2, 1,I)

(units: 1/yr).

If Nuclide J has no daughters, then there are no more flows to be

determined. If the number of daughters is not equal to zero, then there

are one or two additional flows to be determined as shown in (e) below.

Flow f ron. Compartment I.(1. J. I) to Compartm ent I.(1 J',1), where I s K -r

ND.T UGliT(J) and J' - IDA UGIIT(J, K), i.e. , decay from Nuclide J to Nuclide

IDA UGin ' 7, K):

The destred rate constant is obtained from t he half-life of Nuclide J and the

fraction of that nuclide decaying to nuclic e IDA UGIIT(J. K). The value produced

is

[FDAUGIIT(J, K)] [In(2.0)] [III.IFl:(J)]"

(units: 1/yr).

4. 1.10 Flows Associated with Soil Sub7ones

In the following, the flows and associated rate constants are determined for the n. oven;ent

of Nucitd" J out of Con.partment I.(2, J. I). To determine the rate constants, it is necessary to know

, , , .
,
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the c oncentration of Nuclide J in the water phase and in the solid phase of the so'l subrone of Zone I.

The s concentrations are ;fiven by

amount of nuclito dissolved in w ater
CW volume Of water

(1 - 5) A(2, J,1)

Z ( 1, 2. I)

.

aIHS

amount of nuclide sorbed to solids
CS - inass of solids

S IA(2,.T.Ill
*

Z( 2, 2,1)

where CW is selected to represent concentration in w ater (units: atoms / I.), CS is selected tc

repr: s nt concentration in solid material (units: at om s / k g), and

[KI)(2, J. I)l [Z(2, 2, [1]
s , KI)(2, J,1)] } Z(2, 2. I)] - Z(1, 2, li7

tunits: dimensionless). The validity of this partitioning follows from the equalities in 1:<1s (4, i,1)

an d (4. '4. 2 ).

The flow s that take place out of Compart ment 1.(2, J, I) are now listed and thi associated

rate constants are dertved.

1 low f ron. Com partr e.ent 1. (2, J. I) to Compa rt m ent I .( 1, .I, I), i.e., frmn soil subronea.

to groundw ater sub/one:

Rate of flow (conc. in w ater) (i it e of w at e r flow )

- (cone, in solids ) (rato of solid flow )

[CW ' [Z U3, 2, I)[

CS ] [Z(4, 2,1 )

(1 - S) .T ( 2, .T , I l
Z n, 2,1)=

Z ( 1, 2,1)

S' \( 2. J,1)
Z. ( 4 , .2, il

Zi2, 2, 1)

2, Il! _, ,, ,'(1 - S) Z( 3, 2,1) (S) /(1, ,

Z ( 1, 2 l > Z( 2, 2,1) ] x
~ ' ' *

,

-

b
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Thus, the desired rate constant is

(1 - S ) Z(1, 2. I) (S) Z(4, 2, D
+

Z(1, 2,1) Z(2, 2,1)

(units: 1/yrh

*
b. Flow from Compartment L(2, J. I) to Compartment L(3, J I), i.e., fron. soil

subione to surface water subzone:

The derivation is s'milar to that presented in (a) above. The destred

rate constant is

(1 - 5) ZI5, 2. I) (S) Z(G, 2, I)
*

Z ( 1, 2, 1) Z ( 2, 2, I)

(units: 1/yr).

c. 170w f rom Compartn ent l_(2, J I) to a sink, i. e. , f rom soil subione to an

area outside the region being modeled:

The derivation is similar to that presented in (a) above. The desired

rate constant is

(1 - S) Z(7. 2, I) (S ) Z(8, 2,1)
*

Z( 1, 2,1) Z(2, .I)

(units: 1/yr).

If Nuclide J has no daughters, then there are no more flows to be de-

t e rm ined . if the number of daughters is not equal to zero, then there are

one or two additional flows to be determined as shown in (d) below .

d. I' low f ron Com;>artment I.(2 J I) to Compartr: ent I .(2, J', D, w h e re

1sK- ND \l' Gilt (J) and J' Ifl\ tJGIIT(J, K), i.< decay from Nuclid",

J to Nuclide Ill\ tJGIIT(J. K):

The desired rate constant is obtained from the half life of Nuclide J and
the fraction of the nuclide decaving to Nuclide IDAUGIIT(J, K). The value

produced is

[FD.\(JGIIT(J, K)] [In(2.0)] [IILIFE(J)]'

(unit s : I /yr).

/i /l '' ,-
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4.1,11 Ilows Associated Mith Surfare Mater sus 70nos

in the follow ing, tht- flows and associated rate constants are determined for the moven ent

of NucliJe J out of Compartn ent 1.01, J,1). To detern'ine ilo rate constants, it is necessary to

know the concentration of Nuclide J in the w ater phase and in tht. solid phase of the surface water

sub/one of Zone 1. These concentrations are given by

.

amount of nuclide dissolved in water
C M.

volume of water

(1 - S) A fl. J. D
Z(1,'i, D

and

CS
' """ " "* " " " " " " "

m ass of solids

S I_ A (1, J. D 1
*

Z a , J, 1)

w he re CW is selected to repres ent concentration in water (units: atoms / lJ, CS is selected to

represent con, entration in solid material (units: at om s / kg), and

I K U(1, J. D 1 iZ( 2,1,1)1
5 - N D( i, J,1)] LZ(U i,1)] + Z(1, 't,1)

(units d un ensionle s s ). The taltlity of this partitioning follow s f rom the equalities in 1:qs. (4,1,1)

an 1 (), ' , 2 ),

The flow s that take plac e out of Compart ment 1.(1, J, D are now listed and the associated

rate constants are derived,

1 low f ro:: C on pa rt n . ent 1.( i, J. D t o Co m pa rt m ent 1.(1, J, I), i. e. , fron surface,

w at e r s ub/or.e to groundwater sub/one:

llate of flow (conc, in w ater) (rate of w ater flow)

(conc, in s olids ) (rato of solid flow)

Cu 'Z (1, .1, D '

'_CS [ [ Z ( 1, l, D '

(1-5) A ff, J, I)
Z. n , i , D

- Z ( 1, i, 1)

* /'\(i.J,1)''' e
O/. ( 4, 1, D. g }, ,

tZ(2, i, li

,

( 1 - S ) Z ( 1, 1, D (S) Z ( 4, 1, 1 )
, ( a.,, J, D ,

Z t 1, 1 D Z ( 2, 1, I)
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Thus, the desired rate constant is

(1 - S) Z(3.1, !) (S ) Z(4,1. I)
,

/.(1, :i, I) Z(2, 3, II

(units: 1/yr).

b. Ilow from Compartm ent L(3, J. !! to Compartnwnt I.(2, J, I), i. e. , f rom

surface wator subzone to soll subzone:

The derivation is similar to that presented in (a) above. The desired

rate constant is

(1 - s) Z(5, 3 I) (S) Z(6, 3, I)

Z(1, 3 I) Z(2, 3, I)

(units: 1/yr).

c. I low f roni Compartment I.(1, J. Il to Compartment L(4 J.1), i.e., from

surface w ater subione to sediment subz one:

The derivation is similar to thnt preaented in (a) above. The desired

rate constant is

(1 - S) ZG. 3, I) (S) Z(8, .i. I)
.

Z( 1, 3, I) /. ( 2, J , I )

(units: 1/yr).

d. Iqow from Compartrr ent !.(3, J, I) to Con partment I.(3, J. INTZ(I)), i.e., f ro ni

the surface water subzone of Zone I to the surface water subzone of Zone .NTZ(I):

The derivation is similar to that presented in (a) above. The desired
rate constant is

(1 - S) Z(9,1 I) , (5) Z ( 10, .1, I )

Z(1. 3, I) Z ( 2, 3,1)

(units: 1 ly r).

c. Flow from Compartment I.(1, J Il to a sink, i.e., from surfac" water sub7one

to an area outside the region being modeled:

The derivation is similar to that presented in (a) above. The desired
rate constant is

'

s
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(1 - S) Z(ll, 3, !) (S) Z(12, l. I)
*

/(1, 1, 1 ) Z ( 2, i, 1)

(units: 1/yr).

If Nuclide J has no daughters, then there are no more flows to be de-

t e rmined . If the number of daughters is not equal to /cro, then there at e

one or two additional flow s to be determined as show n in (f) below ,

f. I' low frorn Compart ment IB, J,1) to Cornpart m nt ID, J',1). ubere 1 1: s

ND T UGilT(J) and J' ID.ilE11T(J. K ), i. e. , <h cay f rom Nuclide .I to Nuclido

ID.\ UGilT(J, K):

The desired rate constant is obtained from the half life of Nuclide J an'! the
f raction of that nuclide decaying to Nuclide II)il' Gilt (J. K). The value produced is

[(FD.\ t Gilt (.I. K)] [In(2.0)][Ill IFI;(1)]'

( unit s: 1/yr)

1. ' .12 Flow s \ssiriated With Sedirnent Subion s

In the followinc, the flow s and associa ted rat e constants are d, t ermined for tim o ove ne nt

of Nuclide J out of Compa t m ent 1.( 4, J. D. To d-termine tia rate constants, it is n"c ess a ry to know

the concentration of Nuclide J in thi v ater phase and in the solid phase of the sedirnent subeore of

/.o r u !. Thes e cor.c ent ra. ton i a re given by

arnount of nuclide dissolved m water
C \\ v ol a n . . of w at e r

(1-S) .\(4,.I, I)

Z(1, I, 1)

aint
amount of r.ueinh sortied o' solids

CS
ass of solats

S ' \ (4, J. I t '
*

/. ( 2, 1, I )

ule r+ CW is select d to represent concent ration in w ater tur at o m s /1. ), CS is selected to,

represent concentration in solid : :aterial (units: a t o m s .' k g n, and

I K D( 4, .f. 1 ) ' ' , ( 2. 1 I)'
9' ;K in 4, J D , /. ( 2. 4. D } Z [l , 4,11

(unit,: d im e n si onle s s). The validity of this pa rtitioning follow s f rom the equalities in 1:qs (4. ',1)

4 0 a, o, gan i (4. 4. 2).
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The flows that take place out of Contpartment I.(4, J, I) are now listed and the associated

rate constants are derived,

a. Flow f rom Cornpartuent I.(4, J, D to Compartm ent I.(1, J,1), t.e., f rom dedinwnt

sub/ one to g re'indw at t r subz one:

Itate of flow (conc. in water) (rate of water flow)
+ (cone, in solids) (rate >f solid flow )

.

[CM l [Z(1, 4,1)]

. [CS] [ Z(4, 4, I)]

(1 - S ) .i(4, J. I)
Z(1, 4, !)=

Z(1, 4 I)

(S) f A(1, J I)l
Z(4, 4, I)+

Z(2, 4,1)

(1 - 5) ZM, 4 I) (S) Z(4, 4, I )
A ( ,,, J, 1),

Z(1, 4,1) Z(2, 4. I)

Thus, the desired rate constant is

(1 - S) Z n, 4, I) (S) Z(4, 4. I)
,

Z(1,4,1) Z( 2, 4,1)

(units: 1/ v r),

b. Flo w f ro:'. Compart n ent I.(4, J, I) to Co:npartn.ent IJ3, J, I), i.e., f ron s edin.ent

subtono to surface water subzone:

The derivation is similar to that presented in (a) above. The desired

rate constant is

(1 - S) Z(i, 4. I)
*

Z(2, 4 I)

(S) Z(G, 4 I)

Z(1, 4, 11

(units: 1 ly r ),

c. Flow f rom Con p irtumnt IJ4, J,1) t o a sink, i. e. , f ron. sediment subrone to an

are 1 outside the region being modeled:

The derivation is similar to that preser.ted in (a) above. The des. red

rate constant is

/I /
4L}J J '| g

'

n - S) Z a, 4, n , (S) Z(a, 4 n
'Z ( 1, 1, 1 ) Z(2, 4, I)

(units: 1/ v r).
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If Nuclide J has no daughters, then there are no more flows to be de-

t e rm in ed . If the number of daughters is not equal to zero, then there are

or e or tw o additional flows to be determined as siiown in bi) below.

d. Flow f rom Con partment I.(4, J, I) to Compartment L(4, J', I), where1 Kc

N DA UGilT(J) a'el J' N D AUGilT(J D, i. e. , decay f rom Nuclide J to Nuclide

IDAl Gilt (J, K):

The desire i rate constant is obtained from the half life of Nuclide J and the frac-
*

tion of that nuclide decaving to Nuclide IDAEGIIT(J , K). The value produced is

(FDT UGIIT(J, K)] lln(2.0)] [Ill.IFE(J)]'

(units: 1/yr).

1. ' I t Inmlemontation of Terbniquo

The prec( thng technique for dofming compartments and rates of flow is in plen ented

through a sequence of subroutines in the I'nvironn ental Tr nsport Alodel. The first of these is the

subrout me COI:U. l'or a system of 11/ones and a decay chain of N nuclides, this subroutine sys-

tematieilh go. through th. associated 4 MN compartments and determines in the manner just

outlocol the follow ing inforr . ition for every con,partment: (1) each outflow f rom the con partment.

(2) the compartment receiving each outflow, and (3) the rate constant for each outflow. Then,

n )l:l' ts follow ed by the subroutines A1.TEll and ADD. The subroutine AI TElt provides the user

with the opportunity to alter any of the information concerning flows between compartments that
have been determine l in (X)l:l'. and the subroutine ADD provides the user with the opportunity to

a Id ans a IJitional flows betw een the compartments that are needed but not included in the flows

const ructe l in (1)l:l' Next, the subroutine 1.Q takes the user-defined external nuclide input rates

for the compartments and the flows between compartments frcm suo. outines COEF A LT1:lt, and

Al)l) and con,tructa the rec altant sy stem of 4 \lN linear differentiM equations which represents the

m m ement of the inclides.

Once flo yste: . of dif f erent tal equ aions for t he trc.rs; ort of the nu^1 ides is obtained, it

nust t~ r olv d. A techum for d solution of this systern is not c onstructed as an integral part

of t h. D ci ron no ntal T rar,s po rt M od el . In s t ea d , a soluton for tho systen. is obtained by callmg

im .i u, <-r-su, pl u d s olv er t o dit t e rs ntial ( quations. Currently a solver for st ff, banded cvsten.s

mtial equ itiord w hic h is available at Sandia 1.aboratories is bi ing used. Doc u m ent ation forot diffe r

t his ec de is provided by liindmar sh. * * * Ilow es er, any appropriate code for solving dif-

ferential equations coul I be used.

The solut'on o f the. differ-ntial equ ations produced n the I:nvironmental Transport Model

s irlds tb < > < en* ut ton of "ach nuclide in each s ub/ on'. Dy obtaining solutions for the equations

nporal an.1 spatial distribution of the nuclides can b" determined. It isat dif f erent tir es, t h. o

th es.' p itt rns of n..elid ' thst ril>ution ind concent ration th it are used as input to the Transport to
"[ 9 j,d,

uan Mou. 3q. t.
MU
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4.1 Tranonort to Man Model

4. 4.1 The %nroich

()nce the environmentil distributton ard concentration of nuclides are determined by use

of the 1:nvironmental Fransport Model, it is necess .ry to use the Transport te Man Model to de-

termine th" an oun. of nuclides reaching man by inhalation or irr"stien. The amount of nuclides
inhaled is determined from the amount of suspended soil n.aterial in the air. The underlying assun.p-

tion is that the concentration of nuclides in suspended matertal is the s , as the concentration of

nuclides in nearby soil. The determination of the an ount of nuclides tr cested is n: ore complicated.

Nuclide ingestion is determined by using models based or. concentration factors. Nuclide

concentrations are calculated along various food pathways leading t a man. The amount of nuclu!es
ingested then follows from the an ount of food consumed and the co' centrations of nuclides in that

food. The con putational methods are modifications of n:odels carrently en: ployed by the Nuclear
4 ' 21 ' 4 ' "~ ~Ilegulatory Commission to calculate doses to man from the release of reactor effluents.

These models are used in the III: lull:S cade .6' 4' 93 and additional discussions of them can be
4 ~'

found in a rticles by Goldat et al,4. 24 Haker et al,4~ 95 and Soldat.~ 4*96~ Ilelated models are dis-
cu ssed 1.1 llooth,4.17 Watts, llooth et al,4. 28 Hooth and h.aye,4.27 4,29 Killough et al,4. 30 and

B ram ati . The article by lloffman et al provides a review of con puter models currently avall-
Iable to reoresent environmental nuclide transport.

There are two irnportant features that favor bastrg the Transport to Man Model on concen

tration factors. First, this approach is adapiable. There are too many possible food systen.s lead-

ing to man to presert one all-encompassing model. Possible pathways tc man range from

those associated with the various com mon agricultural systema to me re exotic possibilities such
as the seaw eed-man food chain which of local in portance in l'rgland and the lichen-remdeer-man

food chain in the .\ rctic. By using concentration factors to represent the movement of nuclides in

s p ec t f .c food chams, it is possible to tatlor the Trar. sport to Man Model to the food chatns which

ar e irrportant in a particular situation. Also, de modal can be readily adapted to determine the
effects of different diats ara of diets ontain food froe, areas of varying nuclide concentrations
(1.e., zones). In the following, five .c food types that culminate pathway s leading to man
are discussed: drinking w ater, aquw . md, plants, m Ik, and meat. It is possible that son:e food
types w ould not be involved in a given situation; they could then be on.itted from consideration. It

is also possible that the pathways to man culminating in these five food ty pes wo ild not cover
- all porsibilities in a specific situation. However, it is anticipated that calculations sin.ilar to those

presented can handle n ost situations.
.

Secon f, inforn ation needed to implement the approach is either availabl. Or m the process

of becommg available. This does not imply that the variation of concentration factors is fully under-
stood or that they are empirically known for all potential disposal sites. linw ever, concentration

factors have been w idely studied and such studies are ec .tinuinc. Thus, implementation of the
gm ~ ,n:odel should not be prevented by unfillable data needs.
, {l j / ,f

'

2n



The individual models which constitute the Transport to ?.lan Model are now presen;ed.

Tl e inhalation model is presented first and then the ingestion models are presented. l' anally, a

brief disatssion of external exposure is provided.

4.4.2 Inh tlation

i or e ach nuclide, the following pr3vides the amount of that nuclide inFaled as the result

of it s suspensiui in the atmosphere:

amt. of nucl. . nucl. conc. / inhalation)
inhaled per yr ' in atmos. \ rate /

/ conc. of suspended \ {/
neci, conc. in

g / spended materialnucl. conc. in atmos. -(

l'ntts:

C1/>r (C1/I.) ( L /yr)

Ci/I. (kg / L) (Ct / k;.,)

l'or most situations, it is anticipated that suspended material will be derived from local sot!. In-

halation rates are provided in Tables 4. IV and 4. V. Since nuclides must reach the surface and t'en

he suspended before inhalation, this probably will not he an important pathway. This model is not
intenaed for the treatment of gaseous products; however, this problem has been widely studied an.1

such models are available.

4. 4. 3 Treatraent of Ibcav

'n calculatmg the amount c,i nuclides in ges t e d, no -illow anc e is mad" for d" cay. Etnce

decav ts 4 claded in the Environrnental Transport Model and in the I)osimetry Model, the or.Iv need

for decay m tla Fransport to Man Model is to secount for tia reduction in radioacti. ity durtrg thi

production or utorag" of a food typ". Tl is is nt t conside red for ' w o reasons. l'i r s t , if a nucitdr

has i long half-Infe, then a consideratton of dt cav F .d u r ' '- a negligible change in cor. centration

during the tin e of food production and storage Sreor if a nucli:h has a short half-life, it should
.

be in equilibrium w ith a longer lived parent. Time spans of :: ore than a y ear are unusual in the

prc :rtion or storage of a food product. In most situat tor.s. tF-. time span w ould be m uc h 1"ss.

1. 1. 1 Incestion of Water

l'o r each nuclide, the following provides tht amount of that nuclide irgested f ron the con-

sum ption of w ater:

ingested per yr ~ nucl. cone. j [ water treatment j [ rate of water)
amt, of nucl.

in water / \ removal f actor / \ ingestion /

t nits:

Cilyr (C1/ L) (dimenst onle ss) (l.! yr)

22".



.i s up ated by the name, the y ater tr eatruent re:nos al factor 13 t h e f ra t 11< . a>' <h s , d '. . .e !! . !e s(

r e: t os ed by w ater treatnient. A dditional discus 31,n of thi s p it hwa y is gli en t r' : ! .* lla c: i : < '

4. 2'l p. 54 3).

1. 4. i Ingestion of \<la it u- I '< w n !

i
- '

l ~o r ach nucl ch , tlo f ollou n g provide the a: oi '('' t! d -

.

' im of aqu.itic fo< n |3 :.u"

a'nt. of nucl. r.ucl. cot.c.j [ factor / cone,j
" ate of j

invest ( d per vr , in water i \ incestien /

I t ) i t .,

('1/,s r (('i f . 1 (1. / kg) (kg ly r)

Tis ' oncent ration fe f or (units: 1. / k g ) is def u:e'! by

con of riucl. in o!'i it w i:,n ! t s ,

con , of r.uc l. in w ati r

W he:.ev er pos sible , site-specific values for com er.tration fatt'- , sh m !-] l- e u ,e !. I a ,le 4. i

lists a co'upilatioe of concentration factors prep ire:! by the helear lie,. :lat:4r' (' i 11 , i '.i.

Inichtl'e ned in the absence of suc h infor: istion < Hef t rer t e 4. 21. Table .\ . > p 1. ' t - 11 s

ditir,ual discussion cif this pathv.as is gis en in :+ >llat (Heference 4. 26. p, h 4 ':1 It ''!.5 !. 'ul,

p.itim a s a re fami t u pes vwh a s fish, c rut a c ean s , shellf t3h. ar.1 a>;uat ic pl''.t- t i~ in >

pat! u a , s. fot al w eicht refers to wet v.eight.

1. i . t , Irr '"'i of l'larit s

l 'o r 4 , th< fc ulo.. u t p rov t I + thi i '; 1 <> ? ! i' 1 1. f 1 i !! -
4 4

su : ption of pla it:

ain ' o f ' ' .c. l . ,: o! . < . of r. irl. | rete j*

indesteil per vr in pla:.t \lnce t i '. i l

c o r.e , of ? t. l . [c(c.c. of r.ucl .) | c t >'.i .j [ d ie to j<' i

in plar.t \ in soil / \ f o tort \ ft li i: dep'i sit u :.l

I nt: s

('t / y: 1 ( 'i ' h J ) t kp /s r)''

( 'i !kg i t 'i kd (dune w :.less) ('t ike

iitr.. mic.n!'''w ) ir '6 iI'l ! t'(4 'Uit)(q. [ it ''Ir (Lv i r

c o:- of ru.-!. In :,1 .

ero n: rc l. in < ii !

A <q,''
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TA H LE J . 4.1

Concentration Factors
(Ci/kg per Ci/lJ

FRE SMan f E R f SALiaaTEd
ELEMENT FIss INvE Wir 3R ATE PLANT rtSM INvf9fE3aafr ptasi
N 9.0E-01 9.0E-01 9.0E-01 0.0E-n1 1.5f-01 0.;f-01
ME 1.0E OC 1.nE 00 1.0F 00 1.0f 00 1.0E 00 1.0F 10
LI 5.0E-01 4.0E 01 1.nE 00 |5.0E-11 3.0E-01 1.0E 00 .

RE T. 0 F 0 5 IJf 61 2.0T 5i + ?. H 57 ~7 O F 57 1.Dr OT
9 2.2E-01 5.0E 01 d.2F 00 2./F-nl a . 4 f = 01 /.2r nn
C 4.6E ol 9.}E 03 4.6f 01 1.9F 0% 1.4E 11 1.RE 01
N 1.5E OF' l' s f ~ 0 5 1. 5 E 0a 8.0Fou ~ G7F3 F l.5 R-~
0 9.?E-01 9 ;E-01 9.?f-01 a.6f-01 4.6f=nl a.hr=01
F 1.0E 01 1.nE 02 2,0E 00 1.6r 00 5.6F 00 t.uf 30
NE 1.0E 30 1.nE 00 1.0E 00 1. 3 t 90 t.CE 00 1.nF 00
NA 1.0E 0/ 2.0E 02 5,nE 07 8.7t-0? 1 QE-01 3.5E-01

' Al ~ '~
5.0E 01 1,sf 02 l nF 0/ 7.7f=11 7. 7 F = 0 ! 7.7r-c.MG ~i

1. 0 F 01 6. tf 01 u./E 0/ 1. 0F 6 5 67n f 11 6. 0T~12
SI 2.5E 30 '.5E 01 1.1 E Cp 1.0F ct 5. 5T 01 6. ? E Ol
P _l.cf 05 2.0E Ou 5,0F 05 2.9f na 5.0E Sa 1.nr os
S_

_

7.5E 0) 7.0E 02 1.of 0/ 1.?E 61 i.uf=01 a.ar.01
CL 5.0E 01 1.0E 02 5.0f 01 1.5E-02 1.oE-02 7.hE-02
Ad 1.0E 00 1.ef 00 1 0f
A 1.0f'0 I A.4! 02 6. f f- 00

1.0E no 1.0E 00 1.0F no2
0/ 1.lf n1 S . 6 F0 3 2.$r 01

CA 4.0E 01 5.1E 02 1.1E C/ 5.00-01 1.lf 01 5.nF 00
SC 2.0E 00 1.0E 0 5_1_ , 0 F 04 2.0F 00 1,0f Su 1.or 05
TI 1.0E 04 5.0E 05 5.0F n? 1.of on 1.0E 15 /.cf 05
V l.0E 01 3.0E 01 1.0E 07 1.0E 01 5.0F 91 1.0E 0?
CR 2.0E 02 2.n! 05 u,0f Og a.0F (2 2.Ct 05 ).Ci 05
MN 4.0C C/ 90E 04 t.0f 04 5.5F 62 4.Cf 17-~5.5E OF'
FE 1.0E 02 1.;E o% l.0E 01 %.0E o5 2.0f 04 7. 5E 02
CO 5,0 E _ 01 2,nf 02 P,0r nr 1,0r r/ g,0c ng t,cf 03
N! 1.0E 02 1.nE CP 5.0E nl 1.3f 32 d 5E 02 2.5E n/
CU 5.0c 01 4.nE 0/ 2.0E 03 * .?E 07 1.7f C5 1.0E 05
ZN 2.0E 05 1.mE 04 7,0F 04 2.0f 35 5.0E 04 1.0F 03
04 5. 5E 0/ h.7E SJ 1.7f 05 1. 5 E 02 S.7f 32 1.lf ol
GE 5. lf 15 1.1E 01 1.3f 01 3. \E 'i 1.7F Sa 3. lf od
43 1.0f 02 4.mE 01 3.0f 01 %. 5f n> i,3[ 02 1.7s Og

5E t .Wn d 1.7E n/ .0f ni u.0E ci i.nf at 1.Or os
-

9R 4./E 02 5.t! 02 CE 01 1.55and 5.lE 00 1.5E 00
1,_Of n ' t nf 00 1,nr Co(R 1.0E 00 l nE 00

- '
ei

RS 2.0E Of 1.n! 03 e M . if 00 1.?f 0: 1.7r 01
SR 5.0E 01 1.nf 0< 5.0E ?.0f 07 2.nF 01 1.nf 01

Y _ 2.5E 01 1.nf n1 5,0E .4 2.5r 01 1.9F 04 5.nF 01
ZG l. 5E 00 6.7E 00 1.nE 01 /.0f nd 4 rE nl 1.nf at.

N9 1.0E 0* 1.nE 02 8.0E 02 5. 0f na 1.nf 02 5.nf n2
C 1.0E nl 1,n! 01 1,_0L 0 4 1 0r 31 1,nf n1 1.0E ni2

TC 1.5E 01 5 0E 00 a.CE 01 1.or al 5,af 01 u,0r 05

RJ 1.0E 01 5.cE 07 2.0f 05 4.0f no 1.05 'i 2.0E 05
RM 1,0E 01 3 nE_02 2,0E 02 i t_O r cl 2.nf 05 ?.0f ni1
PD 1.0E 01 5.0E 02 2,nf 02 1.0E 01 2.0E 15 /.0E 01
40 2.2E 00 75 02 2.of 0? 1. 5 E 05 5. 5E 03 ?.0E n?

CD _ _____2.0E 02 <.nE 03 1 ,0F 01 1.0f ni 2.5E 05 1.or 05
IN l.0f 05 1.nE 05 1.nE n5 1.0f 65 1.0F 35 1.0E 05
SN 5.0E n5 1.n! 05 1.0E 0? 5.0f ni 1.0F 03 1.05 n2

_ _
_1,qE 00 1 mE.01 tyr c3 a,0! c t__ _5,0F ?n .l.5F 05*

4.0f '2 1.0E 05 1.nf 07 1.?E nl 1.^F '5 1.05 05
1 t,cr o51.5E n1 5.nE no 4.0E 01 1.0E 01 5.cr 3

,

u , ,. y,, k
'I'his ..ojv is :en , ron' Gh N jy, />ubj in5 G71 (1 9 4.2]m

.l. b; .1 ~ ;;* (>* j '100-p ). j'uc~.,'U W 71t m , I'Povic]u .

'0 )
no



TABLE 4.4.1
(cont)

FRESHWATER SALTdATE4
LANTELEMENT FIS4 INVERTr34 ATE PLANT r!SH INVE1TEBRATE P

XE 1.0E 00 1.nE 00 1.0E 00 1.0E 00 1.0E 00 1.nE 00

CS 2.0E 0 3 1.oE 02 5.0E Di 4.0E 01 2.5E 01 5.0E 01

BA 4.0E 00 2.0E 02 5.nE 02 1.0E 01 1.0E 02 5.cE 02

LA 2.5E 01 1 0E 03 5.0E 01 2.5E n1 1.nE 03 5.0E 03

CE 1.0E 00 1.oE 03 4.0E 03 1.0E 01 6.0E 02 6.0E 02

PR 2.5E 01 1.0E 03 5.0E n3 2.5E 01 1.0E 03 5.0E 03
ND 2.5E 01 1.nE 03 5.0E 04 2.5E 01 1.0E 03 5.or 03

7d 2.5E on 1.nE 03 5.0E 01 2.5E 01 1.nE 03 5.0E 03

54 2.5E 01 1 0E 03 5.0E 03 2.5E 01 1.0E 03 5.0E 03

,E U 2.5E 01 1.nE 03 5.0E 0% 2.5E 01 1.nE 01 5.0E 03
GD 2.5E 01 1.oE 01 5.0E 03 2.5E 01 1.0E 03 5.0E 03
TB 2.5E 01 1.nE 03 5.0E 01 2.5E 01 1.0E 03 5.0E 03

DY 2.5E 01 1,0E 03 5.0E 03 2.5E 01 1.0E 01 5.0E 01

HQ 2.5E 01 1.nE 05 5.0E 01 2.5E 01 1.0E 03 5.0E 03
ER 2.5E 01 1 0E 03 5.nE n1 2.5E 01 1.0E 03 5.0E 03

T' 2.5E 01 1 0E 01 5,nf 01 2.5E nl 1.0E 03 5.0E 03

TB 2.5E 01 1 oE 05 5.0E 01 2.5E 01 1.0E 03 5.0E 03

LU 2.5E 01 1.nE 03 5.0I 03 2.5E 01 1.0E 03 5.0E 03

HF 3.3E 00 6.7E 00 1.0E 03 2.0E 02 2.0E 01 2.0E 03

TA 3.0E ou 6.7E 02 8.0E 02 3.0E 04 1.7E 04 1.0E 03
W 1.2E 01 1.eE 01 1.2E 01 3.0E 01 3.0E 01 1.0E 01

,R E 1.2E 02 6.nE 01 2.aE 02 4.9E 00 6.0E 01 2.4E 02

OS 1.0E 01 3.nE 02 2.0E 02 1.0E 01 2.0E 03 2.0E 03
IR 1.0E 01 3.nE 02 2.0E 02 1.0E 01 2.0E 01 2.0E ni
PT 1.0E 02 3.nE 02 2.0E 02 1.0E 02 2.0E 03 2.0E 01

40 lC 31' 01 5.0E 01 3.3E 01 4.3E 01 1. 3Y 01 3.3E 01

HG 1.0E 03 1.0E 05 1.0E 03 1.7E 03 3.1E 04 1.0E 03
TL 1.0E 04 1.5E 04 1.0E 05 1.0E nu 1.5E 04 1.cE 05

PB 1.0L 02 1.nE 02 2.0E 02 1.0E n2 1.nE 01 5.0E 03

BI 1.5E 01 2.4E 01 2.4E 01 1.5E 01 2.4E 01 2.4E 01

P3 5.0E 02 2.c! ca 2,nf 01 3.0E 02 5.0E 03 2.0E'03
AT 1.5E 01 5.nE 00 4.0E Ot 1.0E 01 5.0E 01 4.0E 03

RN 1.CE 00 1 0E 00 1.0E 00 1.0E 00 1.0E 00 1.0E 00
FR 4.0E 02 1.0E 02 8.0E 01 3.0E 01 2.0E 01 2.0E 01

RA 5.0E 01 2.sE 02 2.5E 01 5.0E 01 1.0E 02 1.0E 02
AC 2.5E 01 1.nE 03 5.0E 03 2.5E of 1.0E 01 5.0E 03

TH 3.0E 01 5.nE 02 1.5E 03 1.0E 04 2.0E 01 3.0E 03

PA 1.!E 01 ..tE 02 1.lE 03 1.0E 01 1.0E 01 6.0E 00
U 2.0E 00 60E 01 5.0E-01 1.0E 01 1.0E 6.7E 01,

NP 1.0E 01 4.nE 02 1.nE 07 1.0E 01 1.0E 0) h.nE 00

PU 3.5E 00 1 0E 02 1.5E 02 1.0E 00 2.0E O 1 0E 03
AM 2.5E 01 1.nE 03 5.0E 03 2.5E 01 1.0E 05 5.0E 03
C9 2.5E 01 1.nE 05 5.0E 01 2.5E 01 1.0E 03 5.0E 03

84 2.5E 01 1.nE 03 5.0E n1 2.5E 01 1.0E 03 5.0E 03

CF 2.5E 01 1.oE 03 5.0E 01 2.5E 01 1.0E 01 5.0E 03

_ES 1.0E 01 1.qE 02 1.0E n) 1.0E 01 1.0E 01 6.0E 01
F" 1.0E 01 1.nE 02 1.0E 03 1.0E 01 1.0E 01 6.0E 01

.

S
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Whenever possible, site-specific and plant-specific values for concentration factors should be used.

Table 4.4.2 lists a compilation of concentration factors prepared by the Nuclear Itegulatory Com-
mission which might be used in the absence of specific data (Ileference 4. 21. Table C-5,

p. 1.109-56). Included in this pathway are aood types such as fruits, vegetables, and grain.

l'oliar A position is assumed to be due to sprinkler irrigation. The concentration of nucluh>

retain. d on or in a Tlant as the result of sprinkler irrigation is determined by solving a differential
equation w hich rt: 'sents the char :e in this concentration as the difference in the rate at w hich the

nuclide is contaminatin7 the plant arn. the rate at which the nuclide is being reme ced by weathermg.
This equation is

II d(t) - A C(t) .

ut

where

r<, acerJ st.on cf nuclide on plant (units: Ci/kg). t

L', A af nuclide ueposition (units: Ci / kg-y r)

cate c0nstant for removal by weathering (units: 1/yr)>

uith % mittal condition C(0) - O and the assumption that d(t) has a constant value d, the preceding
equation has th. . solution

C(t ) (d / A ) (1 - e' ) ,

w hich pro /nf es th. con vntration duo to foliar deposition for the basic equations.

The weathering half-life is taken to be 14 days. This yields a value for i of 13.1 yr~
l t i e, pointed out that 1 - e' approaches 1 rapidly. With t I /6 yr, the value is 0.05, and with

t I /4 vr, the value is 0. 93. Thus, the length of time for irrigatt- . is probably not critical.
i h4 - d.'pos titon rat e d is given hy

I
d --C M ' 'I l

,

i

shere

r f raction of deposited nuclides retained on crops, taken to be 0. 25

(units: dunensionless)

(~W toncentration of nuclide in irrigation water (ur.its: Cl!!.)

I trrication rates (units: I.im -yr)

Y a g ric':ltu ral s leld ('mit s- kg>'m -y r)-

.

The values presented for > and r are widely used and appear to c ome from a study by M11 bourn
and Tr. Ior,4 32

m

o
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TAB LE 4.4. 2

Stable Element Concentration Factors

n ,

r
r (Ccw)c f ' iv 'HCCai i

o"iv
ELE * vE0/S1IL *IL<(9/L) d E a T ( 9 / a r. ) ELE * E;/SCII * I L *, ( 7 / L ) -EAT'0/*3)

* 4.8E 00 1.0E-02 1.pr-n2 SB 1.1E-02 1.5E-n3 4.0!-05
Mr 5.0E-02 2,0E-02 2.nE-n? TE 1.5E 00 1.0E-03 7.7!-02
LT 4.TE-04 5. 0 E -n > 1.0E-92 1 2.0E-02 6.0E-n5 2

2 . o r '0 2
+ '

or w.2E-nu 1.0E=0a 1.6E-n3 uE 1.0E 01 2.0E-02
9 1 2E-q1 2.7E-05 a.aE-oc CS 1.0E-02 1.2E=?2 4.C'-05
C 5.5E 00 1.2E-02 3 tr a? Aa 5.0E-05 4.0E-04 5.2i-05
N 7.5E 00 2.2E-07 7. t E -c 2 L& 2. 5E -0 5 5.0E-Oe 2.02-C*
3 1.6E on 2.0E-0) 1.6E ^? CE 2.5E-05 6.?r=0a 1.2f-G3

7E-05r 6.5E-04 5.4E-02 1.5r-nt p4 2.5E-05 5.0E=0e 4

NE 1.*E-61 2.0E-0? 2.or-n? NO 2.4E-05 5.qE-06 5. H -0 5
Na 5.2E-02 4.0E-02 1.*E-92 p* 2.5E-05 5.Cr=06 a.s:-c3

"O 1.3E-n1 1.0E-0? 5.6E-03 $* 2. 5 E -01 5,*E-06 5.0!-03
aL 1.8E-04 5.0E-Da 1.5F-03 EJ 2.5E-05 5.0E-06 4.5E-05
SI 1.5E-04 1.0E-Ou 4 $F-n5 53 2.SE-01 5.0E-Ch 5.fE-03

-F3D 1.!E n3 2. 5 E - 3 ' a.6F n? T9 2.SE-05 5.0E-06 ...

$ 5.9E-n1 1.8!-0) 1.nF-n1 Of 2. 5E -0 3 5.0E-06 5.5 -05

CL 5.0E 00 5.0E-0? a.cE-n2 -3 2.sE-03 5.0E-06 . 4E-05

Ae 6.0E-01 2.nE-02 2.*E-02 E4 2.5E-05 5.0E-06 2.0E-05
4 1.7E-01 1 ~E=0? 1.?E-n? t* 2.5E-05 5.0E-06 4.-E-05

0E-03
Ca 1.6E-02 9.0E-01 2.aF-93 v3 2.5E-01 5.0E-06 4

SC 1.1E-05 5.0E-06 1.or-62 L J 2.5E-05 5.0E '$ J.4-03
. M - 01TI 5.4E-65 5.0E*06 1.1E-n2 -F 1.7E-04 5.Dr-06 4

v 1.3E-03 1.0E-01 2.3E-n3 Ta 6. 5E -0 5 2.5E-02 1.bE C0
1.3E-02 5.0E-Ow 1.3E-05CR 2.5E-04 2.2E-01 2.cE-n3 a

*N ?.9E-02 2.5E-Ou *.nE-nu GE 2.3E-01 2.5E-02 *.0E-05
FE 6.6E-04 1.2E=33 a.6E-n2 13 5.0E-02 5.0E-01 a.0E-01
CO Q.4E-03 1.0E*01 1.1E-62 18 1.3E 01 5.0r-05 1.5E-c3
NI t.9E-02 6.7E-04 5.1E-03 DT 5.0E-01 5.0E-03 a.0E-C5
CU 1.2E-01 1.4E-02 m.cE-63 aJ 2.5E-05 5.0E-05 1.0E-03
IN 4.0E=oi 3.9E=0? 4.0E-n2 *; 3.3E-01 3.8E-n2 2.6E-01
34 2.5E-o* 5.0E-05 1.;r nn TL 2,3E-01 2.2E-02 4. i-02

GE 1.0E-01 5.0E-04 ).SE n1 P3 b.SE-02 6.2r-04 2.4E-04
AS 1.0E=02 6.0E-05 2.0E-03 RI 1.5E-01 5.0E-04 1.3E-02
SE 1.3E 00 d.5E-02 1.5E-n2 D3 1.5E-01 3.0E-Ou 1.2E-02
30 7.6E-01 5.0E-02 7.6E-02 &T 2.5E-01 5.0E=n2 4.0E 00
<R 3.0E 00 2.0E -0 7 2.nE-62 WN 3.5E 30 2.0E-02 2.0E-02
AS 1.3E-01 3.0E=32 3.1E-02 FR 1.0E-02 5.0E-n2 2.0E-02
SR 1.7E-62 8.0E-04 6.0E-na GA 5.1E-04 B.0E-03 5.4E-02
f 2.6E-03 1. 0 E -0 5 . 6r-13 AC 2.5E-03 5.0r-06 s.0E-02
la 1.7E-04 5.0E-06 5.aE-n? Yd d.2E-01 5,0r-0e 2.0E-Ow
Nm 9.4E-05 2.5E-01 ),aE-n1 Da 2.5E-03 5,0r-re 3,0E C2

'] 1.2E-01 7.5E-n3 a.nE-01 , 2.5E=03 5.Or-Ca 5.4E-0
TC 2.5E-01 2.5E-02 4.6E-61 N3 2.5E-01 5.0E-06 ?.0E-0w
RJ 5.0E-02 1.0E-06 4.ar-St as 2.5E-04 2.0E-Ot 1. E-05
R* 1.3E n1 1.0E-0? 1.5E-63 ad 2.5E-;4 5.0E-06 2.0E-0w
'S 5.0E 00 1.0E-0' 4.cE-n3 C* 2.5E-03 5.cr-06 2.0E-0
A: 1.5E-01 5.0E-02 1.7F-02 94 2.5E-05 5.0E-06 2.0E-Ou
C3 3.0E-01 1.2E-04 5.3E-nu CF 2.5E-05 5.0E-06 2.0E-04
IN 2.5E-01 1. 0 E -O c a.0E 93 ES 2.5E-03 5.0E-06 ?.0E-0
SN 2.5E-03 2.5E-01 a.aE-n2 r* 2.5E-03 5.0E-06 2.0E-0*

.

This table is taken fron. an NRC publication (Reference 4.11, Table ('-5,

p. 1.109-5G). Documentation is provided ther<
An an7
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4.4.7 Inp stion of Aninial Products

1'o r eac h nuclide, the following provides tlm amount of that nuclide ingested from the con-
sumption of anin al products (milk or meat h

nucl. conc. ink rate ofamt, of nucl. ingested -
animal prod. ingestion

frate of nucl. ingestionj [ rate of nucl. ingestion -
-

nucl. conc. in conc.,

animal prtxiuct i from feed / \ from water
i, _ factor,

l' nits

('tlyr (Ci/kg) (kg /y r)
Ut/kg . , , . ,

;(Ci / day) + (Ci/ day)j L ay/kgjd

The concentration factor (units: day /kg or day /1.) is defined by

conc. of nucl. in anirnal product
intake of nucl- per day

M heneve r pos s ible, site-specific and aninul-specific values for concentration factors should be

Table 4. 4. 2 lists a compilation of c oncentration factors prepared by the Nuclear llegulatoryuseu.

Com nission uhtch might be u3ed in the absence of specific data (iteference 4. 21, Table C-5
p. 1.109-56).

The concentration of nuclides in plant rn iterial consumed by animals is deterrained by the
use of the e<p:ations prenented earlier Table 4.4.1 contains feed and w ater consumption rates for
attle u,ed h ' the Nuclear l<eculatory Commission (iteference 4. 21, Table A-10, p.(

10%34),

1.4.3 1:xternal 1:xposure

The Dosimetrv an l llealth 1.ffects 11odel contairs dose factors to com ert f rom environ-
mental nu< lide com entrations to individual organ exposures tunits: P rern /hr per pC1/m for air

sSmerste mrem ! hr per p('i!m fm surface exposure, and m rem > per pC: ,'L for water sub-
mersion). The 1:nvironmental T ransport 11odel y s ells nuclide < ont entrations in soil, sediment.
and water. Thus. nuclide concentration in water is prodxed directls h v the model. Howes e r .

n. clide co .e entration pe: unit air s olu ne and nylide concer.tratmn per unit surface area are not
pros hwe,! directls

A t p re s e".t . no tet : nt p;e to approxi::; ate these . al ac, is pr 'ded; in,tead their calcuh-

le ft tu the discretion t:f the m' del 'iser. Ibir exam ple, e uclide ( c r cer.tr ition in air mig;ht be
,

t i c '" 1,

(4:taine'! L' ' in s tni; a c e rtain t. r):.c e: + 31142 ; i:f a t t r>orne -rjil or sedime".t I'mits: mg /m ) then,,

sT

f% f -
ts

[ ' ' r ! ".1 } k , t ! i e eniti WtCl} } ini (11s t' 11t rt's raII.t''' !!.,t n h kl'JL :
.'9
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pCi/mb would follow from nuclide concentration in the anoci-nuclide concentration in air (units:
o

ated soil or sediment (units: Ci/kg). As another example, surface concentration (units: pri/m1

might be produced either by assuming all nuclides io a certain depth are concentrated on the mrfu e

and all others are inconsequential or bs performing the radiation transport calculation, to reduce

a volume so"re" to an equivak nt surface source.

4.1. f 4 I:nolen:entation of Transoort to Man Model

in deciding what to include in an ingestion study, one n ust return to th. /ones of t! .

o rign:al t ransport model and consider factors such as nue:ide concentratton, food typ " iro m 'H,

.uid population patt e rns, it is ptsstble that son.e zones inicht he of relatively little , so rt ; . e in

determinu:g ingestion patt erns. For exantple, son:t zones n.ight be of in portance in th. tr.nenort

of nuclides but of relatively little in:portance in the production of food mate rials Thus, di'ere.to-

inc or project mg site-specific patterns of food consum ption is necessary. In f eed, the capahiitiv

to han 11r such information was one of the f actors for basine the Trans oort t a Man Model (>n ror en-

t ration factors. I'or reference. Tables 4. 4. 4 and 4. 4. 5 contain consumption rates ise i b ~ the

Nuclear Hegulatory Commission in the absence of site -specific information (lteference 4. 21,

Table A-2. p. 1.10 3 - 1 f); Table D- 1, p. 1.109-64 ).

TAlli.I 4.3,

Anin:al Consurnption Hates

F' d or l' ora ge Mater
Anin il (kcida we' w richt i ( 1 ' d i 'c )t

iltlk cow 30 (p isture grass i f> 0

H~f cattle 30 (sto red fred g rmin i VI

This t ihlo is t ik'n f ron in NitC rilic ition (Itefe rem e 4.21,

1,109-<in. Doc un cnt atio: is p ron.? d * "r<,Tahh T-10, ,

.
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TABLE 4. 4.4

Itecom m ended Usage Rates for th" 11aximum Exposed
Individt.al in 1.ieu of Site-Srecific Data

Pa t h w ay Child Teen Adult Units

Fruits. vegetables,
and grain 520.0 G'10. 0 520 kg/yr

I.enfy vegetables 2G. 0 42,0 G4 kg/yr
Milk 330.0 400.0 310 Llyr

Aleat and poultry 41.0 65.0 110 kglyr

Fish (fresh or salt) 6. 0 I G. 0 21 kglyr
S ea food 1. 7 3. 8 5 kg/yr

Drinking water 510.0 510.0 730 L/yr

Shoreline recreation 14.0 G 7. G 12 hr/yr
lioating 29.0 52.0 52 hr/yr
Inhalation 2700.0 5100.0 7100 m 3/yr

this table is taken from an NRC publication (Ileference 4. 21. Table A-2,
p. 1.100-19). imeumentation is provided there.

TAB Ll: 4.4. 5

Itecommended Usage Rates for the .\verage Indt cidual
in 1.ieu of Site-Specific Data

Pa t h a n Child Teen Adult Units

l'ruits. vegetables,

an.! crain 200.00 210.00 190.0 kg/yr

Tliik 170.00 200.00 110.0 L/yr
11e it . '.d poult rv 17.00 39.00 95.O kg/yr

l~ish 2.20 5.20 6. 9 kg/yr

Se.ifoo i O. ? I 0.75 1. 0 kglyr

Drinkinc w at<-r 200.00 2f>0. 00 .370.0 I./yr

St.oreltne r creation 9. 50 47.00 8. 3 hriyr

Inhal it ion 2700.00 ~100.00 7100.0 n.llyr>

I Xt. rn il expos u re fron

deposited .ti rborn.
%rue!1oactiv, .at. . rials U 70 0. 00 3760.00 P.T h 0. 0 h r/ yr

Tiits table is takon f ron an NRC public titon (1 Tabl. 11-1. p. 1.109-G4).
.

Documentation is provi,let! t!.e ri
,.
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In using the preceding relations to calculate nuclide ingestion, considerable var:ati . is

nossible. For example, each zone might have individuals with different dietary hahm Var it ion

coubl i e in ty pes of food consum ed, amount of food constmu d or agricultural prmctim 3 us. to

p ro,'u c i t ood. Some of the pathways migh+ have to he used several tunes for a p ecen n:Jicidi il.

Thus, one imhvidual might consume three different types M aquatic foo>i, t u o dif fe ri r.t r;ad - s of

plant e aterial, and four different types of anirn d products. I:ach of th"se could requiri a, i i-

rati a; plicatioe of thi appropriate pathways model with a differt nt concentration factor. C'n

tmlit idu:d ninght possibly consurne food produced in several differ. nt ' on e s , alt w ith i dif f, m rn

nucluh concent ration in solid or w ater.

0me comment is needed about the type of computar model that can or should I:e des eloped4

f ar the preceding pathway models. Certainly one could attemp to construct a very general 1:. del,

u tiert ' general' means capable of representing many different situations, llou ev e r. possibl - -

ab ilit y a food cha ms, diets, sources of diet. and population dist ributions w oul ! ri s ult u, ' 1 i.

c. u;ui re m ents for fleubility, ilut, sitice the ingestion models ari i as v to progran theri in - uch

to In ' said for a relatively sin ple con puter model that requires some addit toral progra:. . u.g t o

to die luo, n .a t n -rt , ires ent s it uat ions w ith special ri qui rements. Then it would not be necessa i

t a ui, an.1 unde rs tand a largt and con. plicated n odel w it h n.any seluom-us ed f t at u res. IJu rt h r,

1 v suit d de user prog r.un ming, such a model can be tailored to tht. eurt situa tion un "r6 m'i ora-'

t mn. This lat t er approach has been adopted.

.\ computer model has been written to implement the calculations in the Transport to '.lan

W J el. Thin model un ludes all the pathways in the i rans po rt to Wn Wdel . '-d r e r. o ri r r.t a.

> u il o e or different a n uations. Ilou evt r, it is r:ot int ended to la ' all-encou oans u:c; , t ua tn e

. mint to u h tch it da. s not apply. G; nerally, it has the. follou mg properties: It i alc ul ite - H i. h:

mhal nic : iir ingestion m each of the zones of thi l'.nviron:' ental Trans port W b 1. Th' f(dlo ' /

i io d i , n s an b., considered m each tone: d rinkirp w at e r, fis h , mv. rt t b rat e s. plants, : t l e. a.!

h . . f. l 'o r ich c ow, the user supplies an arbit rary number of food cons >u: e rs s t h dit f, ri <

rs utt Un3 an. ! t h t - co.!r calculat( 5 the an o.;nt of i ic h nuclide irgente ! t o .hn.i; '

1 u rt!:. r, th user can sin cifs for eac h individual w h"t h " d rir i.ing w at o ts fro: grou ..u'

w ater subcone, w hether agricultu ral w ate 1' is from tia' g rount h r o" t b n ,or thi :urt u '
i

.it t' r n ' d > J im s ' a nt ! W ht't !'.c r t r rig,Lt 10!! Is us(MI. |i)or! is (E s t!!' '! 1( a lie ' cinistl:1 +:!.D T I'- 't

u h:ch it t- pn duc ed.

5 a 'onel :sion,

i ,1 Ret teu of ISt hwas s to \lan .11 odel,

1l'!.e l'athwas s to Tian WJel is divided into tw o parts: t he I:' v i n .: wr tal l i 1 ,N'' 'J r e

and the Transport to 'Jan 'lodel. This division is 7 tade beca'ise the prot ere, u ' t! ac scale-

e. ~*

[
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invol'ed in the movement of nuclides through the environment and in the movement of nuclides fecm

the environment to man can be radically different. By subdividing the Pathways to Alan Alodel, it is
possible to emphasize the processes and time scales which are important in each situation.

A compartment model is used for the Environmental Transport Model. In such a model,
the area under consideration is divided into a suitable number of compartments nuclide novements

betw een these compartments are determined, and a system of differential equations is used to repre-
sent these n ovements. The solution of this system of equations yields time-dependent nuclide

dmt ribut ton th rough the environment. This modeling approach is adaptable, well-know n, and
nunierically tractable.

To employ a compartment model, it is necessary to define the compartments, the nuclide

movem ents, and the resultant system of differential equations. To facilitate this, an algorithm
based on w ate r flow patterns is presented for use in the developn.ent of these definitions Although

this techniqu< may not alw ays be applicable, it can be used to develop models of many different

patt e rns of rmclid" release and transport. The baste idea nnderlving its construction is the dtvtston

of the area potentially affected by a nuclide release into a number of geographie zones. Fu rt h e r, it

is ass un:el that sin ilar process es take place withm each /or.e, that certain movements of water
and solid uti rtal are possible withm and betwi en /ones and that nuclide movements are detern ined
bs tb n.on . tents of w ater and solid ; aterial, e systen of equations representing nuulide t rans-
port is then deriv d fron. linking a suitable number of these user-defined 70nes. A con.puter program
1,as le n w ritt en to ie pl" ent this a;iproach to transport equation dertration.

The Tranvort to '.lan Model is based on concentration factors. In this approach, the

an ount of a nuclide ingested bs an indivu!ual is determmed fron. th> amount and type of ftod con-

sumed nv that individual and the concentration of the nuclide in each food type censunted. The con-

i i ' ' rat ion of a nuclide in a partmalar food type is determmed fror thi multiplication of an appropri-

ate coni entration factor l~ th nuclide concentration in the inediun, which produced the food type.
This approrh is flextble, wid-lv sturhed, and n. athei ;aticalh simple. A computer proccan. has
to rn w ritt en to m plen ent th' : od el.

The purpose of the Pathw ay s to llan Model is to provide a methodology which can be used to

assess the results of nuclide releases f ron: chfferent potential waste repositories arid under divers e

s ets < J enn ron i ntal corehtto u . It m felt that tb t w o :nodels u hm onstitute the Pathw ay s to 11an
\te 'cl , ro c e!" suc h a i thodolv. The i~nvirom nental Transport ilolel together with the techni-.

qui o rem r.tH for c on ,6 trin ent d. f mitton c an b> us ed to oi tain an ass essm ent of nuclide t ransport
t h rot ch a v irl"tv of obs erved or r etulated er viron nents into v.hich r rlides might be released from
a - istt r> oos it ory. Si n ala rly, tio Transport to Man Model can be used to obtain an assessment of .

thc nuclidos eaching m in m a variets of obser'. ed or ; ostulated environ ents. In the- preceding tu o
st.t Tts, r. 'i' re n C t * Is !!:ad<' to p(Istulati'd environr e nts as r: :.'indt'r II'd c urrent e? VlrOnment.tlt

'
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condi ions cannot be assumed to continue unchanged when releases from waste repositories a e con-
: adsider yd; within the time scales involved in such modeling, significant climatic, hydrologic,

ecologic changes are not only possible but probable. Though no claim is made that the meth<'dology
it isin the l'athways to Man Model is optimum for, or even applicable to, all release scenarios,

our belief that it can be meaningfully applied to many, if not most. such scenarios.

4. 5. 2 Future Work on Pathwavs to Ln Model

.
.\lthough the I:nvironmental Trancport Model and the Transport to Man Model are ell al-

vanced in their development, work remains to be done on then.. The :.odels are discussed n. this

rcport in some detail but limited descriptions are given of the con puter program w hich in n!! + nt'

them. Once these programs are con plete, users' manuals will be written for ther .i t p r,. ent,

the programs are close to completion.

Decisions must be made as to the proper treatment of s ar' ability in the data used in the

derivation of the nuclide transport equations. In preceding sectiom , data such as w ater 0:: rates

and amounts of suspended sediment have been treated as if they had constant valu s. % h is

certainly not the case. Methods must be 'levised to properly incorporata 'his natural variability
into the results of the 1:nvironnuental Transoort Model. W ith regard to this, se isitivity studies on

this mol 1 are underway and will continut Such studies sho' id yield informat on on thi in po rt an; <

of parana ters and para:neter variations.

.ilthough the compute programs whte i implement the Environmental Transport Model and

th: Transport to Man Model have be on exercised on hypothetical sites, thev h ivi not he en us ed to

model a real site, It is important to initiate such a n.odeling proret m the m ir future, to s ein

a w ell-know n hydrologic systi m 'u!use these n odels to predict the results of a hy;mth tical nuclide
releam to this s yste: Hv select mg a w ell-know n syste a is possible to w ork 'i. ith physically,

ri .:litic values for input data. Fu rt h e r, by w orking w ith such re il data, it should he possible to

rt cocni/ n.any potential problems and con.plications that are not apparent fror artificialh con-
: .t ru, "! s ttuations. It is hoped that th< t reatment of a real hs d rologie s yst- i. tll gi c uswht into

eptable t reat ment of the t ariability n;hert nt in suc h a systean i t

.\s mentioned ea rlier, technn;ues fo .,ensitivity anah sts are un,ier des eli>pment. The

e Liv of a , atu al hyd rologic ss stem vould provide an exc eller.t setting in whit :, to pre,ent and

demon,t rate these r esults.
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CII A l'TI:ll 5. DOSIM ETilY A NI) lil:A l .TII CIT i rl d

3. I !)os irn et ry

a

'l: ,'I ht ' purpose of this section is to discuss the inodels used to com < rt tia hs t fro ~ r. ,

dtff- et r. r.-
inhal, ! .ind ingested to do' com| aitments to specific organs of tht- Mob. Trn '

,

is nee !cd to com;;ute the health effects discussed in the next section.

The doses received fro:n the radionuclides inhaled and ingosted are expectM m e c ry >

level, con,parab!" to natural background irradiations. The dose will be receir,d.t a- . rv

rate p rotra cted over an iadividual's lifetime. The nuclides tF tt dornin te v.ist< dts: mi in, alb

have Loth low and high linear energy transfer (LI:T), alt!.oug h the lorp-It ed isoto; < s tre elle

lu ch 1.1:T.

The basic model used for the dostmetr is the ICitP-2 model. 5 ~ 1' 3 ~ '' ~ T!.e first m an.

th
of that model is the rate of change in the radioactive burden H., st) of ti.e k orein at ti:ne t ?

IK
th

the i raJtonuclide inhaled or ingested. The model used is gis en by

(t)
dll

ik
ik(t - tb)lt, (t) I (t - t,i, t)fik{t - t )

.

+ 4 ,
.

th i . hut

i spressed in Ci/) 'ar. where

effective clinunation rate of nu Itd t fro: organ hi

i b'

I,. .v e a rh. intake rate (Ci/.vea r) of thi i i.: clil
th th

f.k fraction of the i nuclide absor!-! m t!., e orca
i

t tt:n' of birth and t -t is th- aco of t!a tvtc al t: '
. ,

h

Thi :.oih 1 desc ribes th< r. te of char.ge in the r idio a tiv bu rin to an < o J is - vta- ri

al to t he tu c(in ak+ rate I times the f r.ictior absorbed f.k) itnus th, V 4 trc, r sti (:i i rt . i

1 t

1:urd n ., H . k ).is i

ilt r. 1. b ul t' er - -.* Th values of ' . I, and f have been gen rated : s it t

o!' ' L- t!. r t
'

.!I ster, t!- closer proximity of or gam in a child is m:; ro u :: i

r uiid , et abolis m. Consequently w e t ike ik (t )
.nd f (t ) t

.

inr

\\ ith thi additional assu:nption that int at will ! a et - i' .oc t! lif ti:-
'

t 1,2

(1. (t ) I), th.' above equation can bi solved to g t
i

f ~ -, e. r

. I

..



-)'ik t
e~ If ) t

Ittk(t) -
i ik 'ik

. (o - 1 ) g C1.

3 .ki

The cumulative dose in rents, D. k ( t ), satisfies the equation,
t

d D. k (t ) 51 H.k(t) E k(t - tb) *

i i i

dt n1 (t - tb}
.

v.here

(1.2 x 10 disinteg rations / year / gCi) (1. 6 x 10' e rg /11eV ).> 1 ~

(100 erg / grani of tissue / rad)

E effective absorbed energy (.11eV) of the i n iclide in the
ik

th
k organ

th
11 mass (g) of the k organ.k

This . quation can also be solved to get

E .k i ik31 I f. .t-*

i ikD., (t) t e - 1 remsin ' , "
m - k
k t

the actual dose conunitment to organ k as a result of ingosting r.ctionuclide i at the rate [. for t
1years.

Tin actual quantity of interest is the dx factor, i.e., the increment in dose fer a given
year w ith unit int ke of 1 gCilvear. T 1.e dose factor is given by

D e'. , (t )
D.k(t) - Dik(t - 1)

in i

31 E . E, - ,t - .D ii
) i i r; is _, ,
2 ik

m.,, 6,eh t r.
'.

th LTla dese f actor is ty pic ally riven for tla 30 ye ir, ..s a con pronus value, so th2t
.

.

g. ' .J ~

DI' k D.k(30) - D., (49)
I i iN

Since 11 total dos o is linear in tla dose r ite, the dos to the k organ during a given year
canb. 'on "ned as I D1 " hich solves the dosin etry p roble .\ data base has been createdt ik,

.

i

w hich gives dose factors for 'iO5 radionuclides by 11 org s
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' '3
It should be noted that an alternative solution to the ICRP-2 model sometin;es appears.

This solution is obtained by noting that

D.k(t) - D.k(t - 1 ) , dD.k(tli i i

I dt

51 E .k ik -) kf. t
, i i

1-e
m, A.kK i

T hen letting 7.k - (la 2/ A.k) be the effective half life,i i

-In 2 * t / 7.k74 E ,. 7.k f.kin i i i

1 - e
D I'. k(t )i m

k

Thi interesting aspect of the latter solution is that the dose factor, the increment in cumul t-

thtive dose in the t years due to consuming I gCi/ year for t years, is cquivalent to the cun.ulative

dose in t years obtained from consuming 1 Ci the first year. V,hile there is little biological signi-
fic. nce in this result, it is a very convenient device for computing dose factors vith programs such

as INill31 which only outputs cumulative doses.

There are many uncertainties and approximations in the derivation of the formulas given

above, It is important to discuss some of the possible errors.

The ICill -2 model is itself a tractable simplification of a complicated system and it would be

easy to point out inadequac tes in the model. Hon ver, variation in the physiological characteristics

of indivi fuals in a population and a lack of data make the pa ramete rs U.k, f.k, E .k, and r )a much
,

i i i g

greater source of variation. I'ven with accurate values of these parameters anu an accu ate rr odel,
the nonlinearities of the dose factor to these parameters, together with hun an variation, would :: ak.

r ms u: et ry an impossible task. So a reference man must be assun ed with statistical errors (at least)

recocric H.

- idult 'nodel is also a convenient simplification, More det .tle.1 stur!iesassumption of an'I !

1.e ri aled, how rier, that the effect of the closer proximity of the organs to each other in an

irfant are approximatelv off set by lower consumption and higher rnetabolism. * So acain hmnan

vari:ition ar.d uncertainty of the parameters introduce more serious errors t! an thme that arise
'

fr: the .:se of an adult model.i

Un: er the assumption of continual consumption of a nuclide, thero vill alw ays be f raction 0;a

e, c.

th!' Fo !v burden that is circulating and nrt vet in the critical orga (to w hich it ' asc r:hed % f.k . ~ ~ "1
- - i

In tir:e this total body dose equivalent ("er route") may contribute t Sir fraction r,f t h,. dose inde-

pen ! nt of the " deposited" f raction accumulation. This provides another sourc e of error

1
4 [u] )7 .f . i D

" ~ (),
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The very low dose rates to be encountered from wastr disposal also offer another problem in
the use of the ICIt P-2 !nodel.

The assumption is made that the fraction absorbed (f.k) is indepen-
dent of dosi and dose rate. At very low concentrations, however, the uptake fraction may be larger

t

than we now assume since the possibility of aggregation and chelation may be limited * This effect.

alone can make previously considered conservative assumptions about health effects not conservative
at all.

.

\ paran.eter that exists in the ICitP-2 model but which is not apparent in the final formulation
is the quality factor (QF) which reflects the degree of homogeneity to which a radionuclide will

deposit within an org m, and the possibility of producing ' . spots of increased risk. Considerable
uncertainty exists with respect to this factor as well. " * *

The ICit P-2 model also assumes an us erage energy per disintegration. This assumption has
been necessary to make results tractable. Considerations of molecular biology as to the in.teraction

of living cells u ith tonizing radiations make the nonlinear effect of energy level quite apparent.
This, again, must be viewed as adding a stochastic error to the result.

Previous studies ' have shown that the dose factors are accurate to within a factor of 2.The
stochastic errors were assumt i to have a log normal distribution with a stant'ard deviation of 0 35

. .

New nosimetry nodels and con muter codes w hich are mor ? accurate tha+. existing ones are
presently in development.

As more sophisticated con.puter codes become available, it only remains
to update the dose

factors DF.k in the data base.I

3. 2 Ilealth I:ffects

The low doses expected fron; nuclear waste disposal would exclude acute effects, but pose
ch ronte proble us.

1:stimates of three kinds of adverse health effects that low cases of radiation
could produm ari considerea:

developmental and teratogenic effects, genetic effects, and somatic
effect s (chiefly c arcinogen te).

3. 2. I Develonmental and Teratorenic 1:ffec ts

The d a elc ping fetu 4
ts exposed to radiation as a result of it.halation and ir.gestion of radto-

ac tivi late rial hv tht n.o'h 'r for 9 : > or.t hs . At i ery low doses and - rates, the total dose ac-
t un.nlat e i by th. tet us v. ill be quite s n.all. In addition, es en though thi fetus is sensitive to the
effe

, of rad ation in son e stages of des clop:nont, these stages are s%rply limited in time.
*

.

Thi 'r~~' m i" istic case for nbryotoxicity can be calculated fron,

an estin.ated threshold
n ' if the 10 ra'is were protracted over a U-month period ofdose of 10 rad s of acute raJiation "' 3

testation and tne first y ear of life, a dailv dose of about 15 mrad mild result. The conservatism
of this estimate is pointe 1 up by the fact that the lowest dose of pcotrac ted external radiation for

u hich confirmed deletertous effects bas e been reported is slightiv os er 1 rad per day throughout e
late ge ,tation and early postnatal life,3. 8

e
, (x)
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C5 the basis of the anticipated doses, we expect no measurable developmental and to ato-

genic effects of radionuclides from warte disposal.

i. 2. 2 Genetic Effects

Many national und international groups WEIR, NCRP, ICItP) revise from time to tinm our

understanding of the genetic risks to human populations from ionizing radiation. The follou mg esti-
,

:ates of genetic effects of low levels of radiation due to ingestion and inhala' ion of radioactive

isote;ms released from disposed nuclear waste are based on their work.

Mutations - changes in the genetic formation - can occur at any time i:1 any cell of the body.

G eneticists. how ever, ar_ concerned primarily with mutations that occur in the genes and chromo-

som os of germ cells, sperm and eggs. or the cells from which they are derived. Sperm and egg

i ells, af ter fertili/ation, give rise to the individuals of the next and later generations.

Mutations arising in nongerminal or somatic cells are limited to expression in the individual

and anno. >e transmitted to future generations. They are nevertheless of considerable importance,

in that there is a compelling body of evidence linking the induction of many cancers to mutation induc-

t ion.

.\ll forms of genetic change are known to occur spontaneou ly, i. e. , in the absence of known

causatice agents. Tht ao can be produced by various physical agents, such as ultra tiolet light

and ionu trg radiation, and by che: :ical agerts. Whether or not naturally occurring mutagens in our

,nviron ont are responsible for the "spu ..neous" mutation rate is moot. Certainly no single agent

can readily he implicated as the sole cause, Present evidence mdicates that natural background

radiation le' els are able to account for only , . t of the spontaneour incidence.

.\lthough the re i.s no definitive proof that any single mutant human individual resulted fron

exposure of the parents to a known muragen (radiation or chemical) and thus no direct proof that

these agents are indeed mutagenic in man, radiation has been den.onstrated to be mutagenic in so

ov organis ms that it se ns very "nlikely that it is not mutagenic in man.

Th r, + major principles of particular rele vance to hun.an risk estimates !. ave er::erged f rnm

. . 5. 3st u.hes of indured mutation.

1. l{adiation or other mutage ls appear to produce genetic changes that are qualita-

t it el.v the sa w as thcae it. >t occur naturally. l)ifferent mut igens. however.

. iv not inc rease all types of 'utations at the sana rate.

2. \t low r!oses and law dose rates o ' low-I.l:T radiation, mutations are induced

m direct proportion to the dose, N i threshold dose is evident in thi experi-

ents testing this.
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3 In the low dose range of irradiation to which human populations are normally
exposed from natural background or man-made sources, the rate at which the

dose is received will not affect the yield of induced mutatione. The same type
and quantity of mutations will result if the dose is received all at once or

spread out over weeks, months, or even years.

The BI:llt report by the National e cademy of Science * serves as a guiding source for radio- '

logical protection. We, therefore, use the BEllt recommendations in this study as presented in
Table 5. 2.1.

Tall LI' 5. 2.1

I:stimated Effects of 5 rem per Generation on a Population of
One Million I.ive Births

(from Iteference 5. 8)

Effect of 5 rem per Generation
Dis e a s e Current First GenerationsCl as s ific a tion Inc id enc e Generation Equilib riu m to Equilibrium

Do mina nt
diseases 10,000 50 - 500 250 - 2500 5

x-linked

recessive

disoases 400 0- 15 10 - 100 G

ltecessive Very slow
diseases 1,500 Very few inc reas e -

Ch romosomal
anomatics

Unbalanced
rea r ran g e m ent s 1,000 60 75 2-:1
Aneuploidv 4,000 5 5 0

Congenital i

anomalies I 15,000

.\hnomalies ex-
press-d later 10,000 5- 500 50 - 5000 10

Con s t it ut ional
and degenerative
diseases 1 .000

| -

TOT.T I . SC,000 120 - 1100 390 - 7700 -

Ilased on a doubling dos.- of 20 - 200 re

e \,.

Yl 1. "' t

)- ,
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3. 2.1 Somatic Effects

The dose magnitudes and dose rates which would result from release of nuclear was e to the

human environment are expected to be quite 1 >w. The acute effects of radiation exposure are con-

sidered to be phenomena of much larger doses and are not considered in this report. Ilowever,

shoubi further analysis indicate that certain low-probability /high-consequence ev1nts (e.g. , massive

meteorite impact; are significant contributors to risk, the health effects model will be expanded to
a umlude consideration of acute radiation effects. For s arious reasons, we confine our attention of

somatic effects to carcinogenicity.

There is no conclusive data representing the relationship betw een ionizing radiation and
la~ nt cancer fatalities at the low dose and dose rates discussed here. 1: valuation of the potential

risk at such levels must depend, therefore, on extrapolation from observations at higher doses and

dose rates. Ilecause the dose-rate characteristic of background radiation (approximately :00 mrem

per ear) is several orders of magnitude lower than the lowest rates at which carcinogenic effects

have been documented unequimally, the extrapolation involves assumptions that are highly question-

able in our present state of knowledge.

.\mong the major factors complicating the extrapolation is uncertainty about t..a shapes of

the inctdence/ dose curves for cancers of different types, aLaut the relevant mechanisms of

carcinogenesis, and about the influence of biological and physical variables (e.g. , spatial and

temporal distribution of the radi. . ion dose, age at irradiation, sex, and phyciological state) that

hav< been observed to affect the induction of malignancy at higher dese rates in human and animal

penulations. The problem is further comnlicated by the multiplicity and diversity of effects

through which radiation is thought to influence the probability of cancer development.

The combined effects of the various types of radiation-induced carcinoget ic changes must

dep"nd heavily on th' dose, dose rate, quality of radiation, and other variables; hence, it is not

surprismg that the incidence / dose relationship has been observed to vary with these factors. The

relationship differs qu mtitatively, however, from one type of cancer to another, and in no instance

are the prameters known well enough to enable confident pre- ; ion of the carcinoger ic effects to

be expected at the low dose rates associated with background radiatic 4 levels.

Sone of the effects are likely to be minimal or absent at low doses and low dose rates.

Insturb mees in hormonal regulation and impairment of immunological defenses require extensive

Mllu:n of cells unlikely at a low dose rate. Other types of effects also should be reduced in fre-
.

quen w per rad at lov doses ard dose rates because of the action of various processes, at least .n

the case of low-I.1:T radtation, as w ell as existing evidence of multistam mechanisms of
c a r cinoge ne sis * ' giving rise to a " shoulder effect." Furthermore, if the time required to

ntlate a given dose is a sufficient fraction of the life span. then, n the absence of age-at cu

depen !ent changes in susceptibility, the carcinegenecity per rad of the total cumulatn e dose can be

expt tied to dimmish because the latent period Or carcinoger esis will ultimately exceed the life

expectancy of some members of the population at risk,

f. n 7Ud / bd
c. q

240



It may be concluded, therefore, from all available data that, for carcinogenic effect , just
as for the induction of mutatioris, chromosome aberrations, cell-killing, teratogenic effects, and
most other effects on rnammalian cells and tissues, the dose / response curves for low-LET rudta-

tion will tend to be concave upward. Character;stically the curves tend to increase in slope with

increasing dose and dose rate until they reach the point where, with high doses accumulated at high

dose rates, they pass through a maximum and eventually turn downward, owing presumably to ex-

cessive cell-killing or other forms of injury. In comparison, the dose / response curves for high- .

LET radiation tend to be steeper, more nearly linear, and less dependent on dose rate. * ' ' *

.

Because of these variations in the biological effectiveness of radiation with changes in the
spatial and temporal distribution of dose, various weighting factors have been introduced for use

in risk estimation. These include the QF which has long been used to adjust for differences in
LI:T.

'

11 ore recentiv, other dose-effectiveness factors for carcinogenic effects have been

based largely on empirical observations of radiation carcinogenesis in experimental animals; they
are concordant with the data on man and with the bulk of radiobiological experience on the induction

of mutations, chromosome aberrations, cell-killing, cell transfortnation in culture, and other
effects that m ty be involved in carcinogenesis.

W eighting factors have been proposed which range in r"agnitude froa. 0.2, for uoses of less

than 10 raJs or for larger doses received at dose rates of less than 1 mrad per minute, to 1.0 for
doses of 200 rads or more received at dose rates in excess of 1 mrad per minute. * *

For each type of cancer which might ensue as a result of radiation exposure from nuclear
v. a s t e, we have forn 2d three. estin.ates of thc absolute risk per one million man rems per year:
a low"r bo'md estiniate, a c ent ral esti.nate, and an upper bound estimate. This approach is similar
to approaches previously used by NitC and NAS.

5, 2. 4 Cent r il 1: stimate

A s noted before, the usual approach ' ' * *

to relate dose effects to dose is to use a
linear response for high-l.1:I radiations and a linear respan weighted by dose effectiveness factor

5 ~ with less than a rad perfor Inw -!.l:T radiations. l ~ sing the dose effectiveness factors of NItC .19
dav, the dose effec'iveness factor is 0. 2. Consequently, the dose (in rems) used to cornpute the
central estimate of risk is gis en b'

Ibse hich-I.ET dose 0.2 lov - L ET dos-
.

.

Ilypot h't ic ally, thi dose so computed could be used directiv ai'h the absolute risk factors
5.3

comp ited by the lil:llt con mittee, given in Tahle 5. 2. ', or by NIU ' 5.12 given in Table 5. 2. 3.

Ilow eve r bot); tables give age-specific rink s a .d se the population must he partitioned into age groups:
In utero. O to " 9 years. 10 to 19. 9 s ears and 20 years. While there is no way to : dict the effects
of future chances in longevity, etc. on the age distribution of the L , S. population, it would require

5"19large shifts to sientficantly alter these u imbers, llence, using Cae 1 m population, ~ we use:

eI
n. >

,d *
q "g ()

g (\
'~~

b. , -)



Age (vr) I)e rc enta g e

In utero 1.1

0-9.9 16.0

10 - 10.0 19.6

20+ 61.3

The risk factors used by NItC ~ l' were then age-adjusted to yield the central factors given in5 ~

Table 5. 2. 4.

TAllLIC 5. 2. 2

Values Assu.ned by 11111{ Committee * * * in 1:stimating Itisk.,
of I.ow-Level Irradiation

Age at Itisk Estin. ate

Timeof I. ate nt I'lateau Absolute itelative
-

6
T:, pe o f Irra..iation l'e riod I'eriod (d eath /10 (T. inc r. in
Cancer (v rs ) (vrs) (v rs ) v r / rern ) deaths / rern )

I ,c u k e m i a In utero 0 10 25 50

0 - 9. 0 ') 95 2 5

10- 2 25 1 2

I .u n g 10+ 1j 30" 1, 3 0. 3

G1 t ract,

mcluding
stomach 10+ 1a 30'i 1 0. 2

lir.ast 10- 1 "3 30" 1. S ' O . P,

llon" 10- 1i ao" U. 2 1

.\ll ot h" r" In ut"ro 0 10 2 5'' 00

0 - ft 9 IS MU" l' 2

10 1.1 50' 1 0.1

'l: aming life expectancy stated as an alternative plateau s rio.l.

b
f rclu<!cs m alee and an assurneil 30 " cure rate

I: . lu !cs t hy roid . 'M s kin. It is notew orthy th it thi cartality f rom thyroi:1 cancer was mferre f

to ! M v. , a s co u.p iri"! ". it h the n,orbi hty f rom the disease, w hich w is estimated to approxt-
at.- 1.h-9 cas e /109'vr / rem in persons irradimted during childhood.

' ~I
\ll ot he r' denotes all cancers cxcept leuket iia.

.\11 ot he r' der-oti s all cancers except those specifi"d in table..

qe-,. ,,

/i | | 's / L
'T U J L i
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TA B L f: 5. 2. 3

Ilisk Factors for Cancer Mortality
(Type of Cancer and Age at Irradiation)

(From References 5. 8, modified as appropriate, and 5.15)

Type of Cancer and La tency Plateau
Age at Irradiation (vr) (vr) llisk

1.eukemia:
In utero 0 10 150 - 9. 9 years 2 25 210 + years 2 25 1

I.ung cancer:
10+ years 15 30 1.3

Gastrointestinal tract, stomach:
10' years 15 30 0.6

Ilest of gastrointestinal tract:
10+ years 15 30 0. 2

Pancreas:
10+3 ears 15 30 0.2

lireact cancer!
10 years 15 30 1.5

Hone cancer:
0 - 19. 9 years 10 30 0.420* years 10 32 0. 2

Other cancers:#
In utero 0 10 150 - 9. 9 y ears 15 30 0.610 + years 15 30 1

a
Number of deaths per million population per year per rem

b
Including the lower bowel

'See text
d
includes male population correction

e
locludes all other cancers; torrects for juvenile bone cancers; assumes fetal
leukemia risk equals that for all other cancers.

5.2.5 1 ower flound I:stima*.e

Considerable literature exists which indicates the possible existence of dose thresholds and
of qu uirat te dos response fune ten, essentially giving thresholds for very low doses (see liefer-
enc e 3.12, Sec t mn GI.4 for a revice). Th"s" low er bounJs a re norm:J1. taken as applied only to low
I.1;T radiations. l lo w eve r, the " lim .r hy pothesis" cortainly has not been prcven for hich-LI:T
ra di itions, : i several reports in h< ate nonlinear dose response .~ unctions for ita - Ita in man226

it A in dogs. 5. 9. 5.11and .

Refere ace 5.11 indicates good reconciliation with the data using a
th ree-stace (nuttation, prou otion type) m odel. At s er) low doses, the three stages will present a
"s hould e r' n 1ch like that of a three-hit model in classic target theory, il,o inc reases in the

latent period h n" been obsers ed for decreased doses for neutron irradiation. * In ger.eral, the

linear nodel is LelJ to be a conservative or overestimatt of incidence. Consequently, the quadratic

b. .,



m twit l of M ay s used by NItC ~ 19 was also used here for a lower bound, but for all rad ation.5*14 5 ~

The coefficients of the low er bound quadratic model are given in Table 5. 2.4.

T All1.E 5. 2. 4

Itis k I'ac tors fo r Cance r Mortalit y

(I.ow er. Cent ral, and Upper flound I:stiniates)
,

Lower C ent ral Cpoer
.

Ty ne of Cancer lloundl Es t i m at e Ilound

I.eukernla 004 .so. 4 537.4

1.ung 03 32.3 571

Stom ac h 0G 14.0 263.4

Rest of alirn mtary

canal 02 5 83.4

Pancreas 02 5 d. 4

Ilone 01 U.1 143.2

All other .09 29,4 510,7

a From fleference 5.12

b :xcludes thyroid1

5. 2. fi Unner Ilourd Estirnat e

For a variety of reasons it has been indicated tlat, for hig! ' .T in pa rticular, the linear
*'

' t rapolation to low doses and dose rates underestimates the risk. Several explanations ha*.e

he < n adeanc ed, aniong theni ti possibility n:entioned in thi dosimetry section of this re;> ort that

tio f raction of a r idion ucli .hsorbed in an org in may be greater at low doses and dose rates,

scon:! possibility is that, since it is e ccepted that at very high doses and do! e rates tht' incidences

t ill b pin to i < c rease owing possibly to increasi d cell toxicity and excess cell-killing, if the data

1, collected (unknowinely, since no other data r:av be available) boyond thi peak rt s ; >cn s e, an

rest n'. ate can b< obtain ed. .il s o, th re is ennsi ierable videnet f o r r. t utrons at least, t hat

||l'Il Vill Ir.C reaS'' w ith dec rt'as + 4! doses

u ith t h es e c o:.sid e rations in min.!, a %se n o !"1,

} { i.k N ('!oS f ' )

c onr iib ri-!. I'ron . t he 5.atch mh al-paint e r stud (s e t 1(ete rent e 5. > Figurt ('.11 a salue for i

s

of 2 - ' s elect d. Th t ' upp-r I;ound is then giv n bv a square root :.o<iel equivale nt to the qu:c!ratic*

lo or b und of Mas !' ' < <ising the dose factor of 0. 01 G >. The coefficie:ns et t!.e upper Foun i are

.dso giv in Table 5. 2. 4.

/m n
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CIIAPT1:It 6. Sn! AI A ltY

rhe four models which form the basis of the risk assessment methodology are presented in

Figure 6.1. The Local Waste Release Alodel representa events and processes which occur in the*

near vicinity of the repository. This model treats releases due to events and processes initiated

by the pt esence of the repository (self-induced releases) and releases due to events and processes

which are independent of the repository (externally induced releases). IIerein release means the

movement of radionuclides away from the underground, engineered facility which constitutes the

repository. Self-induced release mechanisms are treated by simulating the time-dependent

evolution of the system consisting of the radioactive wastc, the repository and the host roc 4

I:xternally induced releases are treated by simple, probabilistic models. The processes o

primary concern are those which lead to contact between the waste and circulating grounuwater.

As currently conceived, the outputs of this model are time-dependent probabilities and rates of

local waste release.

-- ._

LOCAL WACTE TD'E-IETF!CE:.7 3F C .T4ATER
FZI r A 7 PRN APILITY TrA*.ZFCP' MOLEL TD*l, LETE:CE!.T

LITTRAFlE E!Pr"" EL '.' PE CF -~-. -

OELEATE F a tienuc h de TO r'rIIF";"EIT*

Telf-in iuce d releases migration from
#

Exte rnally-in duca d

ralessas - -
envircr=ent

- -

- _

FF" JiLITY CF Tr!'FFY A:D MTr CF T ATW A YZ ~ ". .

HFALTH EFTE:""r "c:= . vrIC'" 'LIrr '"r'>--.n m,

L ??r'~ 'ATI: I!.HAL AT!" .
Ps11ation dose to A ;9 I' crT!C5 "overent att:- FF rP *--

boiy cr.rans ac m ulaticn
Genetic and latant in envircrrent

sorstic effects E=an .ptaka

- _ _ -

-

Figure 6.1. 11odels for Site I?caluation. The larger squares represent models in the
risk assessment methodology. The smaller lettering in these squares

pr ovides an indication of what the model represents. The smaller
bracketed squares represent the output of the preceding model and tht-
input to tae next model.

5 f) ' . - ,
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For a waste release to circulating groundwater, the Groundwater Transport Model represer:
radinnucli le movement from the repository to a surface discharge location. This model inclu:'es

g roundwater flow rautoactive decay, and radionuclide sorption. Surface discharge modes in Jude
,urface aquifer discharge and aquifer discharge through a well, The output of tFis model is time-

dependent nuclide discharge rates at preselected points in the surface environment. Although

other relea se modes to the surface environment are considered in the Local Waste Itelease Model.
groundw ater transport is considered the most important proces in the potential movement of *

radionuclides from the repository to the surface environment.

The Pathways to Man Model uses the surface discharge rates generated by the Greundwater

Tran3 port Mo lel as input and from this represents the long-term movement of radionuclides

through the environment and dete mines their accumulation in soil, water, and sediments. Once

emironmental concentrations are determined, framan radionuclide uptake is calculated through
the u3e of concentration ratios and simple food chains. The output of the Pathways to Man Modol
i s time-dependent rates of radionuclide ingestion and inhalation,

in turn the output of the Pathways to Man Model is used as input to the Dosimetry and liealth
1.f f e ct s ll ode l . This model determines radiation dose to sensitive body organs. From this,
prohnhilities of genetic effects and latent somatic effects are estimated.

.\ collection of models and the v tanner in w hich the output from one model provides input to
the next are represented in icigure 6. I llowever, in addition to these needed models, a risk or

a quence methodology must provide a statistical design to measu.e, propagate, and assess thec<

, iriability and uncertainity associated with model input parameters.

Such a statistical design las heen developed and will be presented in a later report.
Il via aental to tlas statistical design is the use of scenarios, v hich provides a method for

ilI grr,ipte arc! orgamzing assumptions of the subsurface and surface conditions under whichs

calculatirm , will he performed an 1 (2) assuring that a reasonable range of possible conditions nas

! cen repre,ented. B rie flv , such a scenario involves assumptions about the following: (1) enci-

n( t n I feature s ar.d rwhoactis e s aJte mventory of the repositocy, (2) stratigraphy hydrology,
x d ph neo-C.emical properties of the rock strata that bound the site, (3) the surficial hydrologic
arJ get morphic features of the region surrounding the site and the environmental receptocs
in1 iate ! cith those features. ..! (4): la!e s of hum m expo ure to radionuclide s.

'Ihe iel structur e sho A n in i?igure 6. I suggest s that a scena rio can be broken into - ib- ^1

aria,tm c''.ing 1s su ,ption ; about t 1) local waste relea se (Ili. (2) radionLiclide transport in
e:

-) ; iter (T i. and il) environme r.tal ' novem e nt and la + a an uptake ( P). To cover a rea,onanle
'

ce<t p<>s w le t o ir tion s, a variety of aswmptions w ill he revired. Th , m wyit E. and
l' &n irio , tu >e needel. T - .ir:o is i m r, -taple tHH , T, I l' l' .ior e

f'{ s
,

> s 6 u't .<tta - - H 's , T's, P's. I? cent trees w ill he used to dis ple -martos, fly
i

L q(T
h



will be used to display scenarios. Thee ent tree shown in Figure G. 2 illustrates the use of
subscenarios to form scenarios. In this illustration we have two It, one T, and three P subwenar-

ios.

It il T P P P
2 g 2 3

.

I

I

No
..

Yes y

C

F
!_

T~

Figurn 6. 2 1:xan#.e of the Use of an I: vent Tree to Display Scenarios

iny path through the event tree would define a scenario. The darkened path through the event

tr. in Figure 6. 2 would def tne the scenat io (11. T , P P ). Such an event tree should reflect
g 3

th1 presence of dependencies. For example, the event tree in Figure 6. 2 indic ites that if 11
1

occ u rs, it., c annot oct ur, or if P occurs, P e nnot occur.
7 2

A statistical design for risk analysis has been developed w hich uses scenarios as discussed

above and which has the following properties: (1) scenarios can be ranked in relative importance;

(2) input variables can be rar.ked in relative importance; (3) probabili'. es of the assunted scenarios

are not intrinsically part of the_ design; i.e. , the sensitivity of risk to the subscenario probabilities
,

can be studitd without rerunning the consequence calculations; and N) the effects of different

probability distributions on input variables can be examined without rerunning the consequence
,

calculations.

if ('I ** .* - ,F
n
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