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An a n a l y s i s of the therraal response of layered tu f f s occurr ing at Yucca 
Mountain, Nevada Test S i t e , to the emplacement of heat-producing nuclear wastes 
has been completed. This modeling study represen t s the ea r ly s t ages of oe tho-
dology development aimed at i n v e s t i g a t i n g the s u i t a b i l i t y of t u f f s as a geologic 
waste d i sposa l medium. The ob jec t ives of t h i s study a r e : 

1. To develop r a t i o n a l e for determinat ion of acceptable power d e n s i t i e s of UO? 
spent fuel and processed h igh - l eve l waste in tu f f . 

2. To i n v e s t i g a t e e f f ec t s of seve ra l parameters on acceptable power d e n s i t i e s 
determined by a defined c r i t e r i o n . These parameters include i n - s i t u b o i l 
ing temperature , loca l geothermal heat f lux , loca t ion of the heat-producing 
zone r e l a t i v e to a narked s t r a t i g r a p h i c d i s c o n t i n u i t y ( cha rac te r i zed by .i 
s i g n i f i c a n t d i f fe rence in thermal c o n d u c t i v i t y ) , and u n c e r t a i n t i e s in 
assigned mater ia l p r o p e r t i e s of the tu f f . 

The mul t i - l ayered s t r a t i g r a p h y considered here i s based on a 10- layer gen
e r a l i z a t i o n of l i t h o l o g i c logs of the Yucca Mountain hole (Ue25A--'l). Of p a r t i 
c u l a r i n t e r e s t i s the presence of a narked d i s c o n t i n u i t y in s t r a t i g r a p h y at 
711 ci depth, which s epa ra t e s tho p a r t i a l l y welded Bullfrog Member of the Crater 
Flat Tuff from the over ly ing Prow I'ass Member. The Bullfrog tuff i s assured t ;J 
be the des i red bur ia l zone, s ince the thermal conduc t iv i ty of nonvoldud t u ' f ? 
i s assumed to be unacceptably lot: to serve as a r epos i to ry me.Mun. Th-.-rr.al 
p rope r t i e s for the i n i t i a l phases of t h i s study were esti-.^.ted i ron U n i t e d 
data and include the e f f ec t s of poros i ty and water s a t u r a t i o n . More r e c e n t l y , 
l abora tory ncasuremciua of core samples from hole L'ti5-V :l nave* been i n c o r p o r a t e 1 

in to the analyses as a v a i l a b l e . 
Cenmet r i c a l l i m i t a t i o n ^ in thermal node!ing are an important considp rat ion. 

The present study cen te r s only on the f a r - f i e l d repos i to ry s c a l e . For both 
one-dimensional and two-dimensional g lobal c a l c u l a t i o n s , the waste "-S t r ea t ed 
as a uniform heat source , i . e . , "smeared" evenly throughout a heat-producing 
zone. As a r e s u l t , no i n t r a r epos i to ry d e t a i l s can be in fe r red frnm these c a l -

—•. c u l a t i o r . s ; e f f o r t s to def ine the thermal f i e l d wi th in the respos i to ry horizon 
?- w i l l rely heavi ly on three-d imens ional codes. 
* , Various a-surnptions concerning i n - s i t u bo i l ing behavior and i t s e f f ec t s 
: ion thermal p rope r t i e s are d i scussed . A p a r t i c u l a r bo i l i ng c r i t e r i o n determines 
•i | the maximum power dens i ty above which the temperature e f f ec t s of water v o l a t i 
l i z a t i o n and of l iqu id and vapor t r a n s p o r t ou t s ide the immediate hea t -produc 'ng 
• - zone must be considered. The c r i t e r i o n as used here implies tha t bo i l ing v?ry 
," near the waste horizon ( i . e . , wi th in approximately 10 m of the waste i t s e l f , is 

( a c c e p t a b l e . N'otc that any c r i t e r i o n of accep tab le power dunsi t i .es baseu upon 
I b o i l i n g i s very s e n s i t i v e to i n - s i t u f lu id p r e s s u r e s , which are l a rge ly unknjwn 

! a t depth and are a function of i n - s i t u h y d r o s t a t i c h-?d and the l i qu id and s :ean 
p e r m e a b i l i t i e s of the rock. 

Insofar as bo i l ing l i m i t s the a p p l i c a b i l i t y of "nominal" thermal proper
t i e s , th ree i n - s i t u b o i l i n g c r i t e r i a are examined. The bounding minimum c r i t e r 
ion i s atmospneric b o i l i n g , in which the surrounding rocks are considered to be 
s u f f i c i e n t l y permeable to avoid any v o l a t i l e ove ."-pressuring; i t i s implied 
tha t the repos i to ry i s located above the water t a b l e . At the o ther extreme, 
bo i l i ng i s assumed to be l imi ted by the l i t h o s t a t i c load ( i . e . , f lu id and so l id 
confining pressures ar^ the s a n e ) , where the t u f f j a re t o t a l l y impermeable and 
have no t e n s i l e s t r e n g t * . » i s assumption i s app l i cab l e both above and below 
the water t a b l e . An in te rme^-a te c r i t e r i o n i s defined by the loca l h y d r o s t a t i c 
head, in which bo i l i ng i s con t*c l l ed by the p o t e n t i a l height of s tanding water 
between the d i sposa l hi-rizon ^n** the l oca l water t ab le ( i . e . , " f i s su r e 
e q u i l i b r i a " i s assumed)* „. . . 
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Heat transfer analyses considering the layered stratigraphy indicate nini-
mura rock thicknesses required to minimize stratigraphic effects en peak rock 
temperatures occurring on either side of the repository. Calculated minimum 
thicknesses are approximately 145 m for HLW and 195 m for spent fuel; these do 
not appear to be a function of initial power density, but do depend upon the 
waste decay half-life. 

It was determined that a unique burial depth relative to the stratigraphic 
interface at 711 m exists for each waste form, at which temperatures are pre
dicted to be at a minimum. This circumstance is due to the fact that lower 
temperatures resulting from increased distance from the interface are even
tually offset by the increasing ambient temperatures resulting from the local 
geothemal gradient. 

Since constant thermal properties were assumed, the occurrence of boiling 
represents a limit of validity in the present calculations. No boiling is pre
dicted for any burial depth with power densities up to 150 kW/acre, assuming 
that boiling is controlled by the 1ithostatic p-essure, whereas extensive 
boiling for all burial depths will result for any thermal loading of practical 
interest should volatilization occur at atmospheric pressure. Results derived 
using the assumption that the hydrostatic head potential controls boiling are 
shown below. This boiling criterion leads to a fairly complex interplay of 
depth of burial, geother.ial flux, permissible power density (to avoid boiling), 
and waste fom. Note that the geothcrm.il flux measurea within Nevada generally 
varies between 1 and 3 ̂ xcal/cm'"s; for Yucca Mountain in particular, the measured 
flux is reported at 1.6 ̂ ical/cn~s. 

Based on nn arbitrary criterion that the acceptable power density is limit
ed by the occurrence of boiling at a distance of about 10 m from individual 
waste canisters, allowable densities range from less than 50 kU'/acre tor both 
HLW and L'0-> spent fuel for boiling near 100°C, to greater than 150 kV.'/arro at 
all depths considered ii boiling is controlled by the 1 ithostat ic load. Using 
an intermediate assumption that boiling is con t rolled by the hyd rostatic head, 
allowable p-jver densities: (1) are a linear funct ion of geothermal he.it flux, 
(2) depend on ttie depth of burial only slightly, except at distances of 50 m or 
less from a stratigraphic discontinuity across which there is a significant 
difference in thornal conductivity, and (3) range from near 100 to greater than 
150 kW/acre, depending upon distance to the interface, total burial depth, 
geothermal heat flux and waste form. 

FIGURK 1. Allowable 
power densities in 
layered tuffs. 
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THERMAL ASPECTS OK WALiT* EMPLACEMENT IS LAYERED TUFFS, B. M. Bulmer and 
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An a n a l y s i s of t h e t h o r n a l r e s p o n s e of l a y e r e d t u f f s o c c u r r i n g a t Yucca 
M o u n t a i n , Nevada T e s t 5 i t e , t o t h t emplacemen t of h e a t - p r o d u c i n g n u c l e a r w a s t e s 
h a s been c o m p l e t e d . T h i s m o d e l i n g s t u d y r e p r e s e n t s t h e e a r l y s t a g e s of n e t h o -
d o l o g y d e v e l o p m e n t a imed a t i n v e s t i g a t i n g t h e s u i t a b i l i t y of t u f f s a s a g e o l o g i c 
w a s t e d i s p o s a l medium. The o b j e c t i v e s ? of t h i s s t u d y a r e : 

1 . To d e v e l o p r a t i o n a l e f o r d e t e r m i n a t i o n of a c c e p t a b l e power d e n s i t i e s of UO2 
s p e n t f u e l and p r o c e s s e d h i g h - l e v e l w a s t e i n t u f f . 

2 . To I n v e s t i g a t e e f f e c t s of s e v e r a l p a r a m e t e r s on a c c e p t a b l e power d e n s i t i e s 
d e t e r m i n e d by a d e f i n e d c r i t e r i o n . These p a r a m e t e r s i n c l u d e i n - s i t u b o i l 
i n g t- . p e r a t u r e , l o c a l g e o t h e m a l h e a t f l u x , l o c a t i o n of t h e h e a t - p r o d u c i n g 
zone r e l a t i vc t o a n a r k e d s t r a t i g r a p h i c d i s c o n t i n u i t y ( c h a r a c t e r i z e d by a 
s i g n i f l e a n t d i f : c r e n c e i n t h e r m a l c o n d u c t i v i t y ) , and u n c e r t a i n t i e s i n 
a s s i gned r . a t e r i a l p r o p e r t i e s of t h e t u f f . 

The m u l t i - l a y e r e d s t r a t i g r a p h y c o n s i d e r e d h e r e i s b a s e d on a 1 0 - l a y e - r g e n 
e r a l i z a t i o n of l i t h o l o g i c l o g s i<f t h e Yucca M o u n t a i n h o l e ( C e 2 5 A - ' l ) . Of p a r t i 
c u l a r i n t e r e s t i s t h e p r e s e n c e of a marked d i s c o n t i n u i t y i n s t r a t i g r a p h y a t 
711 m d e p t h , wh ich s e p a r a t e s t h e p a r t i a l l y w e l d e r B u l l f r o g Member of t h e C r a t e r 
F l a t Tuff f rom t h e o v e r l y i n g Prow P a s s ' 'ember* The B u l l f r o g t u f f i s assume'J t o 
be t h e d e s i r e d b u r i a l - . s ^ c , s i n c e t i ic t h e r m a l c o n d u c t i v i t y of n o n v e l d e d r ^ f f s 
i s a s sumed t o be u n a c e e p t a b l y low t o s e r v e a s a r e p o s i t o r y medium. Ther;:vi 1 
p r o p e r t i e s f o r t h e i n i t i a l p h a s e s of t h i s s t u d y were e s t i m a t e d from l i m i t e d 
d a t a and ; : .*'lude t h e e f f e c t s of i<..rr?sity and ;:at<- r s a t u r a t i o n . !!or~ r e c e n t l y , 
l a b o r a t ->ry ::...'.isv.i ; - c n t \ j f . -ore b imples from h."-le L'e25A:''l have be -n i n c o r p o r a t e ; ; 
i n t o t h e a n a l y s e s is iva i I n M e . 

G e o m e t r i c a l l i m i t a t i o n * i n t h e r m a l m o d e l i n g a r e a n i m p o r t a n t c o n s i d e r a t i o n . 
The p r e s e n t s t u d y c e n t e r s o n l y on t h e f a r - f , : - l d r e p o s i t o r y s c a l e . For b o t h 
o n e - d i m e n s i o n a l and t v u ~ d i r . e n - . U r . a l g l o b a l c a l c u l a t i o n s , t h e was^e i s t r e a t e d 
a s a u n i f o r m h e a t s o u r c e , i . e . , " . imeared" e v e n l y t h r o u g h o u t a h e a t - p r o d u c i n g 
z o n e . As a r e s u l t , no i n t r a r e p o s i t o r y d e t * ' I s c a n be i n f e r r e d from t h e s e c a l 
c u l a t i o n s ; e f f o r t s t o d e f i n e t h e t h e r m a l f i e l d w i t h i n t h e r e s p o s i t o r y h o r i z o n 
w i l l r e l y h e a v i l y on t h r e e - d i n e n s i o u a l c o d e s . 

V a r i o u s a s s u m p t i o n s c o n c e r n i n g i n - s i t u b o i l i n g b e h a v i o r and i t s e f f e c t s 
on t h e r m a l p r o p e r t i e s a r e d i s c u s s e d . A p a r t i c u l a r b o i l i n g c r i t e r i o n d e t e r m i n e s 
t h e maximum power d e n s L t y a b o v e w h i c h t h e t e m p e r a t u r e e f f e c t s of w a t e r v o l a t i -
z a t i o n and of l i q u i d and v a p o r t r a n s p o r t o u t s i d e t h e i m m e d i a t e h e a t - p r o d u c i n g 
z o n e must be c o n s i d e r e d . The c r i t e r i o n a s u s e d h e r e I m p l i e s t h a t b o i l i n g v e r y 
n e a r t h e w a s t e h o r i z o n ( . i . e . , w i t h i n a p p r o x i m a t e l y 10 n of t h e w a s t e i t s e l f ) i s 
a c c e p t a b l e . "ot<- th-at a n y c r i t e r i o n o f a c c e p t a b l e power d e n s i t i e s b a s e d upon 
b o i l i n g i s v e r y s e n s i t i vc t o i n - s l t u f l u i d p r e s s u r e s , wh ich a r e l a r g e l y unknown 
a t d e p t h and p r e a f u n c t i o n of I n - s i t u h y d r o s t a t i c head and t h e l i q u i d and s t e a m 
p e r m e a b i I t t i e a of t h e r o o k . 

I n s o f a r a s b o i l i n g U n i t s t h e a p p l i c a b i l i t y of " n o o i n a l " t h e r m a l p r o p e r 
t i e s , t h r e e i n - s i t u b o i l i n g c r i t e r i a a r e e x a m i n e d . The b o u n d i n g minimum c r i t e r 
i o n i s a t m o s p h e r i c b o i l i n g , i n which t h e s u r r o u n d i n g r o c k s a r e c o n s i d e r e d t o be 
s u f f i c i e n t l y p e r m e a b l e t o a v o i d any v o l a t i l e o v e r - p r e s s u r i n g ; i t i s i m p l i e d 
t h a t t h e r e p o s i t o r y i s l o c a t e d a b o v e t h e w a t e r t a b l e . At t h e o t h e r e x t r e m e , 
b o i l i n g I s a s sumed t o he l i m i t e d by t h e l i t h o s t a t i c l o a d ( i . e . , f l u i d and s o l i d 
c o n f i n i n g p r e s s u r e s a r e t h e s a n e ) , w h e r e t h e t u f f s a r e t o t a l l y i m p e r m e a b l e and 
h a v e no t e n s i l e s t r e n g t h . T h i s a s s u m p t i o n i s a p p l i c a b l e b o t h a b o v e and be low 
t h e w a t e r t a b l e . An i n t e r m e d i a t e c r i t e r i o n i s d e f i n e d by t h e l o c a l h y d r o s t a t i c 
h e a d . I n w h i c h b o i l i n g i s c o n t r o l l e d by t h e p o t e n t i a l h e i g ' . t of s t a n d i n g w a t e r 
b e t w e e n t h e d i s p o s a l h o r i z o n and t h e l o c a l w a t e r t a b l e ( i . e . , " f i s s u r e 
e q u i l i b r i u m " i s a s s u m e d ) . 
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Heat transfer analyses considering th<j layered stratigraphy indicate r.ini-
raum rock. thicknesses required to minimize stratigraphic effects on peak rock 
temperarires occurring on either side -f the repository. Calculated minimum 
thicknesses are approximately 145 m for HLW and 195 at for spent fuel; these lo 
not appear to be a function of initial power density, b\it do depend upon the 
wa^te decay half-life. 

It was determined that a unique burial depth relative to the stratigraphic 
Interface at 711 m exists for each waste form, at which temperatures are pre
dicted to be at a minimum. This circumstance is due to the fact that lower 
temperatures resulting from increased distance from the interface are even
tually offset by the increasing ambient temperatures resulting froo the local 
geothermal gradient. 

Since constant thermal properties were assumed, the occurrence of boiling 
represents a limit of validity in the present calculations. No boiling is pre
dicted for any burial depth with power densities up to 150 kV/acre, assuming 
that boiling is controlled by the lithostatic pressure, whereas extensive 
boiling for all burial depths will result for any thermal loading of practical 
interest should volatilisation occur at atmospheric pressure. Results derived 
using the assumption that the hydrostatic head potential controls boiling are 
shown below. This boiling criterion leads to a fairly complex interplay of 
depth of burial, geotheraal flux, permissible power density (to avoid bailing.), 

Note that the geothermnl flux measured within Nevada generally 
and 3 ̂ cal/cn^s; for Yucca Mountain in particular, the measured 

flux is reported ,it 1,6 jucal/cu"s. 
Based on an arbitrary criterion that the acceptable power density is limit

ed by the occurrence of boiling at a distance of about 10 r, Iron individual 
waste canisters, allowable densities range from less than 50 k'.-'/acr-.- for hot1: 
HLV and CO-, spent fuel for boiling near 100°'., to greater than 150 kt.'/ncr-j at 
all depths considered if boiling is controlled by the 1ithoitatic load. Usinj; 
an inte r-jc-di ate ar.sunpt ion that boiling is controlled by the hydmstat i c r.e.'d, 
allowable ^o^r densities: (1) are a linear function of geothermal heat fjux, 
(2) depend or. the depth of burial only slightly, except at distances at 50 m or 
less from a stratigraphic discontinuity across which tuero Li, a signi t ic«*u 
difference in thermal conductivity, jnd (3) range from near 100 ̂ a great*: r than 
150 kV/acre, depending upon distance to the interlace, total burial depth., 
w«othermal heat flux and waste form. 

and waste fora. 
varies between 1 
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