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ABSTRACT 

O n e - d i m e n s i o n a l c a l c u l a t i o n s of n e a i - f i e l d t e m p e r a t u r e s r e s u l t i n g 
from w a s t e emplacement i n a m u l t i p l e - l a y e r e d t u f f s t r a t i g r a p h y a r e 
p r e s e n t e d . R e s u l t s i n d i c a t e a marked s e n s i t i v i t y o f peak t e m p e r ­
a t u r e s t u a s s i g n m e n t o f i n - s i t u f l u i d p r e s s u r e , g e o t h e r m a l - h e a t f l u x , 
w a s t e t y p e , and l o c a t i o n of w a s t e r e l a t i v e t o a s p e c i f i c 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 . Under t h e c r i t e r i o n t h a t a l l o w a b l e i n i t i a l -
power d e n s i t i e s a r e l i m i t e d by t h e o c c u r r e n c e o f b o i l i n g a t a 
d i s t a n c e of 10 m from '.unplaced w s s t e , a l l o w a b l e power d e n s i t i e s a r e 
c a l c u l a t e d to r a n g e up to 150 kW/acre or m o r e , d e p e n d i n g upon g e o -
therrnal h e a t f lux and w a s t e t y p e . 
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PRELIMINARY ONE-DIMENSIONAL THERMAL ANALYSIS OF WASTE 
EMPLACEMENT IN TUFFS 

I n t r o d u c t i o n 

S i l i c i c t u f f i s one g e o l o g i c medium for which the US Depar tment o f 

Energy (DOE) i s c u r r e n t l y c o n d u c t i n g was te -management f e a s i b i l i t y s t u d i e s . 

In most o c c u r r e n c e s , such t u f f i s i n h e r e n t l y l a y e r e d and may show b r o a d 

v a r i a t i o n s in p o r o s i t y and w a t e r c o n t e n t t h r o u g h a l o c a l s t r a t i g r a p h i c 

s e c t i o n . C o r r e l a t e d wi th t h e b r o a d v a r i a t i o n in p o r o s i t y i s marked 

v a r i a b i l i t y in t h e r m a l p r o p e r t i e s — i n p a r t i c u l a r , t h e r m a l c o n d u c t i v i t y . 

The re i s a need t o e s t i m a t e t h e e f f e c t s of such h i g h l y v a r i a b l e t h e r m a l 

p r o p e r t i e s , combined w i t h t h e i n h e r e n t l a y e r i n g of t u f f s , on any t e m p e r ­

a t u r e f i e l d t h a t may r e s u l t from t h e d i s p o s a l of h i g h - l e v e l n u c l e a r w a s t e s 

in t u f f s . 

The p r e s e n t o n e - d i m e n s i o n a l t h e r m a l m o d e l i n g s t u d y of w a s t e e m p l a c e ­

ment in t u f f i s b a s e d on t h e s t r a t i g r a p h y e n c o u n t e r e d in t h e Yucca 

Mountain e x p l o r a t o r y h o l e Ue25A#l d r i l l e d on t h e DOE Nevada T e s t S i t e 

(NTS) in FY78 ( F i g u r e I ) . T h i s h o l e , d r i l l e d a s p a r t of an ongo ing w a s t e -

management f e a s i b i l i t y s t u d y ( t h e Nevada N u c l e a r Waste S t o r a g e I n v e s t i ­

g a t i o n P r o j e c t ) , r e a c h e d a d e p t h of ~765 m and p e n e t r a t e d a s t r a t i -

g r a p h i c a l l y complex s e q u e n c e of t u f f s . 

T h i s a n a l y s i s r e p r e s e n t s t h e f i r s t t h e r m a l s t u d y per formed fo r w a s t e 

emplacement in l a y e r e d t u f f s . The o b j e c t i v e s o f t h i s s t u d y were t o b e g i n 

d e v e l o p i n g a me thodo logy for d e t e r m i n i n g a c c e p t a b l e a r e a l power d e n s i t i e s 

for d i s p o s a l in t u f f s , and t o measu re t h e e f f e c t s o f 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 c a l c u l a t e d a c c o r d i n g to 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 . The t e m p e r a t u r e a t which b o i l i n g of f o r m a t i o n w a t e r i s assumed t o 
o c c u r 

7 



2. Local geothermal heat flux 

3. Depth of the heat-producing zone below a defined s t r a t i g r aph i c 
d i scon t inu i ty , above which tuff has a considerably lower thermal 
conductivity than in the layer in which the hent-producing zone 
i s located 

h. Uncer ta int ies in assigned mater ial proper t ies of the tuffs in 
which the waste is em placed 

H 7 

F i g u r e 1, G e n e r a l i z e d Map of NTS Showing L o c a t i o n of Yucca 
Mountain E x p l o r a t o r y Hole U-?2 5A*1 

C a l c u l a t i o n s were made by u s i n g the o n e - d i m e n s i o n a l f i n i t e - d i f f e r e n c e 

h e a t - c o n d u c t i o n code CONDUCT I The f i n a l r e s u l t g i v e s c a l c u l a t e d maximum 

a c c e p t a b l e i n i t i a l - p o w e r d e n s i t i e s e x p r e s s e d as a f u n c t i o n of g e o t h e r m a l 
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heat f lux, waste type, boi l ing c r i t e r i o n , and dis tance to a major 
s t r a t igraphic i n t e r f ace . 

Assumptions Made and Their Consequences 

Inherent l imi t s tn the relevance of any phenomenological modeling 
study must be specified ca re fu l ly ; otherwise, the r e s u l t s can e a s i l y be 
taken out of context and in terpre ted to mean more (or less) than they 
should. This sect ion discusses several assumptions made as part of t h i s 
study and the consequences of these assumptions. 

1. One-dimensional geometry i s assumed. The main consequence of 
th i s assumption is that the ca lcu la t ions are v*lid only at 
distances great enough from a repos i tory such that isotherms .i.'e 
e s s e n t i a l l y planar and pa ra l l e l to the repos i to ry . Calculations 
made at Sandia Laboratories as part of the Waste I so la t ion 
Project Plant (WIPP) Program indicate that t h i s dis tance is -12 
m, measured from the center l ine of a hor izonta l plane of 
ve r t i c a l c a n i s t e r s emplaced in s a l t and assuming individual 
can i s te r s are 5 m long. Therefore, c r i t e r i a developed in t h i s 
study apply only at d is tances grea ter than 10 m from the top of 
the waste within the horizon of waste d i sposa l . An addi t iona l 
r e su l t of t h i s geometric assumption is that the waste must be 
treated as a uniform heat source; i . e . , "smeared out" evenly 
within a heat-producing zone. Thus, no in t r a repos i to ry infor­
mation can be gleaned d i r e c t l y from these c a l c u l a t i o n s . Because 
temperatures above the top of the heat-producing zone are a 
function only of the t o t a l thermal flux and thermal proper t ies of 
the rock, the assignment of a 25-m thickness to t h i s sone has no 
effect on the calculated temperatures in th i s a rea . Tn 
subsequent d i scuss ion , the plane forming the upper boundary of 
the heat-producing zone is denoted the "waste-rock i n t e r f a c e . " 

2. Thermal proper t ies of the tuffs are assumed temperature-
independent. The primary r e su l t is tha t calculated r e s u l t s are 
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not v a l i d beyond t h e i n i t i a t i o n of i n - s i t u b o i l i n g . The p o s s i b l 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 l i z a t i o n and of l i q u i d and 

vapor t r a n s p o r t a r e t h u s no t c o n s i d e r e d . Dec reased c o n d u c t i v i t y 

above t h e b o i l i n g t e m p e r a t u r e would m a r k e d l y a f f e c t t e m p e r s r u r p s 

i n s i d e t h e b o i l i n g i s o t h e r m but no t t h o s e o u t s i d e i t . S i n c e t h p 

b e g i n n i n g of b o i l i n g was used a s a c u t o f f in t h e s e c a l c u l A t i o n s 

( a s e x p l a i n e d b e l o w ) , t h i s 1 i m i t a t i o n i s c o n s i s t e n t wi th t h e 

^ o a l s of t h e s t u d y . I t i s not a l i m i t a t i o n i n h e r e n t in thp 

CONDUCT code - The s l i p h c d e c r e a s e in t he rma l conduc t i v i t y 

c h a r a c t e r i s t i c of most r o c k s be tween ambient temperaturP ?nri t h e 

b o i l i n g p o i n t i s a l s o i g n o r e d . Th is s h o u l d have o n l y a l i m i t e d 

e f f e c t on t h e computed t h e r m a l f i e l d below t h e b o i l i n g 

t e m p e r a t u r e . 

3 . The wastp t y p e s c o n s i d e r e d in t h i s s t u d y a r e l'C-> s p e n t fuel fSF) 

and c o n v e n t i o n a l b o r o s i l i c a t e h i g h - 1 evel w a s t e (HLW) wi th 30 ? ' 

f i s s i o n - p r o d u c t l o a d i n g . Both a r e assumed 10 y r o u t - o f - c o r e at 

t hp t ime of emp lacemen t . The main c o n s e a u e n c p of t h e s e a s sump­

t i o n s I F t h a t t h e y a l l o w u s e of two un ioue t h e r m a l - p o w e r h i s t o ­

r i e s , shown in F i g u r e 2. At t h i s s t ape of t h e s t u d v , it: was 

i n a p p r o p r i a t e t o c o n s i d e r a more v a r i e d s u i t e of w a s t e t y p e s 

(compare R e f e r e n c e 3 ) . 

4 . I t in assumed t h a t t h e r e p r s i t o r y i s p e r f e c t l y b a c k f i l l e d : i . e . , 

t h a t t h e h e a t - p r o d u c i n g zone has t h e sanr5* the rma l c o n d u c t i v i t y r>s 

t he s u r r o u n d i n g emplacement medium. T h u s , h e a t - t r a n s f e r e f f e c t s 

d u r i n e t he o p e r a t i o n a l phase nf t h e r e p o s i t o r y a r e ipr.oref*. 

S i n c e t he r e p o s i t o r y e x c a v a t i o n s .ire i n c l u d e d w i t h i n t h e t h i c k ­

n e s s . • ' s s i e n ^ t o thp h e a t ~pi oduc i r>r zone in t h e s e c n l c u I ~.i i oris 

and s i n r r t h e temper a t n r f s In t he over 1vi np s t r a t a a r e rnnt rr>] 1 ert 

by the rma l f lux o n l v , lower therm.il c o n d u c t i v i t y nf p o s s i b l e 

b i r k f i l ] m .T f e r i a l s a f t e r t h e o p e r a t i o n a l phase shoul d have no 

e f f e c t nr. t h e c a l c u l a t i o n s . 

r>. I t i s nssumpd t h a t a l l t he rma l f l u x e s a r c p e r p e n d i c u l a r t o t h e 

s t r a t i g r a p h y . Th i s a s s u m p t i o n i g n o r e s t h e p o s s i b i l i t y t h a t t h e 

tuTf f a v o r i n g might be i n c l i n e d to t h e r e p o s i t o r y a n d / o r t h e 

in 

http://therm.il


e a r t h ' s surface . In fact , the s t r a t ig raphy at the Yucca Mountain 
Hole Ue25A#l is incl ined ~10° to the ho r i zon ta l . As a r e su l t of 
t h i s i n c l i n a t i o n , the geometry at the s i t e is two-dimensional, 
even in the f i r s t approximation. 

TIME (Yr l 

Figure 2. Normalized Power vs Time for U02 Spent Fuel and 
Processed HLW as a Function of Time. (Both waste forms 
assumed 10 yr out-of-core at time of emplacement) 

Input Parameters 

This sect ion discusses the various parameters input into the assumed 
odel as well as l imi ts placed on the range of var iab le parameters. 

S t ra t igraphy 

The s t r a t i g r aph i c breakdown used for th i s study (Figure 3) is based 



on the o r i g i n a l l i t h o l o g i c loss o f Hole Ue25A#! compiled du r ing pn<* 

s h o r t l y a f t e r d r i l l i n g a c t i v i t i e s . More recent l i t h o l o p i c lops of t'i.-> 

hole , based on over a 11 examinat ion o f the cor>. , agree wel 1 w i th t h -

boundaries se lec ted here . Extens ive v a r i a t i o n ? in thp apparent in . i t^ r i a] 

p rope r t i es of the t u f f s wpre gene ra l i zpd bv s u b d i v i d i n g the pnt * r^ 

s t r a t i g r a p h y i n t o 10 d i s t i n c t l a y e r s , as shown. Li 11 1 n advant app .iDn^.Tf 

l i k e l y by more ^xtensiv** s u b d i v i s i o n o f thp l a y e r i n g .it t h r pr isonr ;.- vn! 

o f d p t a i l c f a v a i l a b l p m a t p r i a l p roper ty dat.->. n n.?-^ i-npris f on-'' 1 "i.mi-'! i r r 

does not app ly npar thp heat-prodnc inp zone, whprp n n r f d e t a i l e d 

st ra t ieraph ic s u b d i v i s i o n s Tii2ht we l l be p e r t i n p n t . 

General i zed St ra t i g,ranh i c Breakdown Fron Ho 
Use1' in Themal M o H e ] i n r 

Thermal 1'ropert i ns 

At fho t in.-. (-c th i s model im>, thorm.i l r' -r a ov r u f f s worn v r y 

l i m i t r d . Thr'so d.-ita wprr c - ins is tpn t w i t h r ssumpt i on n{ .; nna r l y h 'n r .T 

re l .it ionsh i n b o t i ^ - n thprn . i l c o n d u c t i v i t y (K) and s a t u r a t i o n at constant 

p o r o s i t v (as piTiwn in F iparp ''0 , and w i th a non l i nea r r e l a t i o n brtwppn 

p n r o s i t v and c o n d u c t i v i t y , a lso shown. That the t u f f c o n d u c t i v i t y data .it 

7,P:O s a t u r a t i o n wrre c o l l e c t f l at l l O ' C is ienored in cennra t inp F ipure ^ 

http://thorm.il
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because thermal conduct ivi ty above t h i s temperature i s temperature-inde­
pendent. In assigning thermal conduct iv i t i es to be used in th i s study, 
80% sa tura t ion was assumed for tuff layers above the level of standing 
water in Ue25A#l (470 m) and 100% below th i s l e v e l . Estimated thermal 
conduct iv i t i es assigned to each generalized layer are given in Table I, 

• MEASURED DATA NUMBERS 
INDICATE RELATIVE 
SATURATION 

o EXTRAPOLATIONS OF 
MEASURED DATA TO 
FULL SATURATION 

40 60 
POROSITY (vol. W 

Figure 4. Porosi ty , Sa tura t ion , and Ambient-Temperature Thermal 
Conductivity Relationships Used in Assigning Thermal 
Conductivi t ies to 'iuffs From Hole Ue25A#l (thermal 
conduct ivi ty of Stripa Granite taken from Reference 6) 



Genera l i zed S t r a t i g r a p h y and Ma te r i a l P r o p e r t i e s Assumed, B.is^d < 
S t r a t i g r a p h y of Yucca Mountain Exploratory Hole Ue25A#l 

Depth I n t e r v a l 
Lithotomy o n d Unit 

Density wcMed tuff— Tiva Canyon 
Member of Pa in tb rush Tuff 

p <g/cni3) 
K ( H / B ' C ) 

2.2 

P o r o s i t y ( app ro* . ) 

401 t o 414 

414 to 560 

560 to 594 

614 t o 647 

1316 to 1358 

1358 to 183 7 

1837 to 1949 

1940 to 2014 

2014 i.o 2123 

2123 to 2333 

2333 to 3280 

Nonwelded or bedded tu f f—base af 
Tiva Canyon and s e p a r a t e bedded t u f f s 

Welded Tuff—Topopah Spring Member 
of Paintbrush Tuff 

P a r t i a l l y welded tu f f—lower p a r t 
of Topopah Sp r ings 

Nonwelded or bedded tu f f 

P a r t i a l l y welded tuff—Prow Par.s 
Member of C r a t e r F l a t s Tuff 

Wslded t j f f—Prow Pass Mranber of 
Cra te r F l a t s Tuff 

P a r t i a l l y welded tuff—Prow 
Member of C r a t e r F l a t s Tuff 

" S l i g r . t l y " welded tuff—Prow Pas 
Member of C r a t e r F l a t s Tuff 

P a r t i a l l y welded tuf f—But l f roj ; 
Member of C r a t e r F l a t s Tuft 

1.95 

2.10 

35 

25 

If dopths >1000 n ar t ' needed for lunjj-t vnn mode l ing a t u r n of uniform Bul l f rog 



After this study, limited additional data became available on the 
thermal conductivity of tuffs from Hole Ue25A#l. Table 2 compares 
measured and estimated ambient-temperature thermal conduct ivities and 
porosities within two depth zones of Hole Ue25A#l. 

TABLE 2 

Coinpar i son of Es t imated and Measured Thermal Conduct i v i t i e s for 
Two Tuf f s From Hole Ue25A*l, NTS 

Thermal Conduct i v i t y , 
P o r o s i t y U ) (W/m°C) 

Measured Mr-jsured 
Depth (No. of (Depth of 

Zone (tn) Es t imated s a m p l e s ) F.st imated s a m p l e , m) 

414 t o 560 35 28-35 ( 6 ) 1.2 1.3 (473) 
711+ 18 18-24 (7 ) 1.8 2 .2 (741) 

As shown, t h e r e i s v e r v good agreement be tween e s t i m a t e d and measured 

c o n d u c t i v i t y v a l u e s for t h e nonwelded t u f f s . For t h e welded t u f f below 

711 m, t he e s t i m a t e d v a l u e i s abou t 20% low compared *.o t he one sample for 

which c o n d u c t i v i t y h a s been m e a s u r e d . The s e n s i t i v i t i e s of computed 

t e m p e r a t u r e s t o u n c e r t a i n t i e s in t h e r m a l c o n d u c t i v i t y and s p e c i f i c h e a t 

were a l s o a n a l y z e d for an i n i t i a l power d e n s i t y of 150 k W / a c r e , a wa.s he 

t h e r m a l h a l f - l i f e of 27 y r , and o n e - d i m e n s i o n a l p,Pometry. These c a l c u ­

l a t i o n s i n d i c a t e t h a t for an a v e r a g e rock c o n d u c t i v i t y of 2 W/m°C, a 20^ 

u n c e r t a i n t y in c o n d u c t i v i t y would l ead t o a 21°C u n c e r t a i n t y in t h e 

maximum t e m p e r a t u r e a t t h e " w a s t e - r o c k i n t e r f a c e . " The s e n s i t i v i t y o f 

p r e d i c t e d t e m p e r a t u r e s t o r e l a t i v e u n c e r t a i n t y in c o n d u c t i v i t y i n c r e a s e s 

r a p i d l y w i t h d e c r e a s i n g c o n d u c t i v i t y . At lower power d e n s i t i e s , t h e 

s e n s i t i v i t y of peak t e m p e r a t u r e s t o m a t e r i a l p r o p e r t y u n c e r t a i n t • e s 

d e c r e a s e s . 

In t h e s e c a l c u l a t i o n s , t h e s p e c i f i c h e a t o f a l l r o c k s i s assumed t o 

be 0 ,20 c a l / g D C . T h i s , as s t a t e d a b o v e , l i m i t s t h e v a l i d i t y o f t h e c a l ­

c u l a t i o n s t o t h e s u b b o i l i n g re-gimp s i n c e t h e v a p o r i z a t i o n h e a t o f c o n ­

t a i n e d w a t e r i s no t i n c l u d e d . A 20% u n c e r t a i n t y in t h i s v a l u e would 
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r e s u l t in a 13°C u n c e r t a i n t y in peak t e m p e r a t u r e s a t t h e " w a s t e - r o c k 

i n t e r f a c e " under t h e assumed c o n d i t i o n s . The v a l u e used i s among the 

l owes t of t h e measured v a l u e s of s p e c i f i c h e a t of t u f f a c e o u s r o c k s . Any 

e r r o r b e c a u s e of t h i s a s s u m p t i o n would t h e r e f o r e r e s u l t in c a l c u l a t i o n of 

h i g h e r t e m p e r a t u r e s . Note a l s o t h a t t he temperature.*; a t t h e ' ' w a s t e - r o c k 

i n t e r f a c e " a r e more s e n s i t i v e t o u n c e r t a i n t i e s in t h e r m a l - p r o p e r t y a s s i g n ­

ments t h a n a r e t e m p e r a t u r e s a t p o i n t s f a r t h e r from t h e w s t " . 

G e o t h e r m a l Heat F lux 

One go^l of t h i s s t u d y was t o a s s e s s t he e f f e c t s of d i f f e r e n t R**«-

t h e r m a l h e a t f 'uxi-s on t h e maximum a l l o w a b l e i n i t i a l - p o w e r d e n s i t i e s . 
q 

F l u x e s measured w i t h i n Nevada g e n e r a l l y f a l l between 1 and 3 HFU (I HFU = 

I x 10 ' c a l ' c t ' s ) , excep t for B a t t l p Mountain High, where value.-; at 

l e a s t a s h i ^ h as 3 . 8 HFU have been m e a s u r e d . In t he c a s e of Y'icca Moun-
9 

t a i n , t h e measured f•ux i s r e p o r t e d as 1.6 HFU. 

Depth of B u r i a l 

A major goal :> f t h . s s t u d y was t o a s s e s s t h e e f f e c t s of s t r a t i p r a p h i c 

l a y e r i n g . I ' was a ^ s ^ e d t h a t t h e c o n d u c t i v i t y of nonwelde-d t u f f s i s t oo 

low t o be a c c e p t ab 19 for w.ist e emplacement a t r e a s o n a h l p power d e n s i t i e s , 

and f u r t h e r t h a t t h e Rul l f rop , Menber of t h e C r a t e r F l a t Tuff was t h e 

t a r g e t welder! cuff ( b u r i a l ) z o n e . Under t h e s e a s s u m p t i o n s , t he s t r a t i -

g r a p h i c c o n t a r t of g r e a t e s t i n t e r e s t i s be tween the R u l l f r o g and t h e 

o v e r l y i n g Prow Pass Member of t h e C r a t e i F l a t Tuf f . T h i s c o n t a c t o c c u r s 

a t a d e p t h of 715 -n in Hole ' J p 2 t i A A l . Most d e p t h s used in th*> f i g u r e s 

t h e r e f o r e r e f ^ r t o t he d e p t h of t h e t o p of thn h e a t - p r o d u c i n g zone ( w a s t e -

rock i n t e r f a c e ) b a I o w t h e 711—n l e v e l . A d d i t i o n a l l y , t h e R u l l f r o g was 

assumed un i f o m in the rma l p r o p e r t i e s and i r » f i n : t e in de ; , th be low 711 m.* 

T h i s a s s u m p t i o n was made t o l i m i t t h e s t u d y t o t he e f f e c t s of one 
major i n t e r f a c e and b e c a u s e of o r i g i n a l u n c e r t a i n t i e s c o n c e r n i n g the 
s t r a t i g r a p h i c d i s t a n c e s over which i n t e r f a c e e f f e c t s would o p e r a t e . As 
d i s c u s s e d b e l o w , th=> i n t e r v a l ov^r which t h i s a s s u m p t i o n i s r e l e v a n t t o 
c a l : u l a t e d t e m p e r a t u r e s i s l i m i t e d tn 200 m; t h i s i n t e r v a l i n c l u d e s t he 
j p n ^ r a l L z e d r e p o s i t o r y . 
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Roiling Cr i t e r i a 

Three d i f ferent assignments of boi l ing temperature were considered as 
part of t h i s study, as shown in Figure "i. Tf i t was assumed that bo i l ing 
will occur at a fluid pressure of ] atm, the boi l ing temperature is nearly 
insens i t ive to the depth of b u r i a l . This a? *'.gnment of boi l ing tempera­
ture is equivalent to the assumption that the reposi tory is located above 
the vnter t a b l e , and _hat the surrounding rocks are su f f i c i en t l y peimeaMe 
on the time scale of i n - s i t u heating to avoid any v o l a t i l e overpressur£ng. 
Tt;e assumption of atmospheric bo i l ing has no d i r e c t a p p l i c a b i l i t y to 
disposal beneath rnr- water t a b l e . 

K " l r 

Bwlinu. Controlled i)y CRITICAL POINT 
(c) Lithostalic Load _ H 

Boitinq Controlled by 
( b , Hydrostatic Head Potential _ 

(a) ino° 

50 100 150 200 250 300 

0EPTH BELOW 711-m HORIZON 

Three Different Assignments of Boiling Temperature 

At the other extreme, i t can be assumed that the boi l ing point is 
determined by the l i t ho s t a t i c load (ignoring add i t iona l , thermally induced 
confining pressure) ; i . e . , the fluid and sol id confining pressures are 
i d e n t i c a l . This is equivalent to assuming that the rocks are t o t a l l y 
impermeable on the tim rcale of the i n - s i t u hea t ing , and that the tu f fs 
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have no t e n s i l e s t r eng th . This assumption could apply both above nnH 
below the water t a b l e , given su i t ab le i n - s i t u pe rmeab i l i t i e s . I t ignores 
the p o s s i b i l i t y of venting into any underground excavat ions , cons is ten t 
with the requirements of one-dimensional modeling. 

A th i rd boi l ing c r i t e r i o n is that the boi l ing temperature ..s 
control led by the potent ia l height of a column of standing water between 
the disposal horizon and the local, water t ab l e ; i .*=>., by the hydro.-'tat i-
head p o t e n t i a l . This is equivalent to the assumption of f issure 
equil ibrium, as defined by Thompson. Any possible ef fec ts .-in actun* 
reposi tory would have on the local water tab le (as well as potent ial 
drainage of the underground excavations) are ignored. As shown in Figure 
5, t h i s assumption leads to intermediate boi l ing temperatures. 

Results 

The i n i t i a l temperature d i s t r i b u t i o n s in the layered s t r a t ig raphy , 
calculated as a function of geotherma! flux, =ire given in Figure 6. 
Speci f ica l ly noted are the temperatures-' at the in terface at 711-m depth, 
m.l the calculated temperature gradients in the tuff below. These values 
were used in al l l a t e r ca lcu la t ions and were simply added to the AT 
predicted to r e su l t from wiste empi -.cenipnf. via l i n e a r i t y of the h**nr-
conduct ion equat ion. 

Figures 7, 8, .and 9 show the temperature r i s e s that are calculated to 
occur at the "waste-rock i n t e r f a c e , " and which resu l t from disposal at the 
indicated in i t i ̂  1 power d e n s i t i e s . These temperature r i s e s are a function 
of increasing depth of tlie "waste-rock in ter face" below 711 m. These 
r-fsul ts have two main impl icat ions . 

Referenced f) the "surface" temperature; i . e . , the mean temperature 
at the shallowest depth that Is free of s igni fie ant d iurnal and annual 
f 1 uc tuat ions . 
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In the case of reprocessed HLW, a ha i f - th ickness of homogeneous 
disposal medium of ~60 m appears suf f ic ien t to damp out any major s t r a t i -
graphic effect on the peak temperatures occurring at the "waste-rock 
i n t e r f a c e . " However, the inherent l imi t a t ions of the one-dimensional 
ca lcula t ion increase the required th icknesses . Allowing a t o t a l thickness 
of 25 m for the region within which isotherms are d i s t i n c t l y nonplanar 
(see Assumption 1), i t appears that a unit thickness of 145 m (60 + 60 + 
25) suff ices to el iminate the ef fec ts of s t ra t ig raphy on peak temperatures 
at the "waste-rock i n t e r f a c e . " Since temperature? of the waste i t s e l f are 
expected to peak e a r l i e r than points beyond tir'.s d i s t ance , even thinner 
layers could be considered without any effect on the maximum temperature 
o r the waste. Such d e t a i l cannot, however, be defined by one-dimensional 
modeling. The r equ i s i t e layer thicknesses do not appear to be a function 
of i n i t i a l areal power densi ty but of the waste type. By the same logic 
as used in ch€ case of HLW, a layer thickness of 195 m C85 + 85 + 25) 
would appear to el iminate s t r a t i g r aph i c e f fec ts on peak temperatures in 
disposal of spent fuel . There is no requirement to completely e l iminate 
s t r a t i g r aph i c ef fec ts on temperatures r esu l t ing from emplacement; the 
object ive here i s merely to est imate the dis tance over which s t r a t i g r a p h i c 
ef fec ts may need to be considered. 

Figures ?.0 and 11 indica te maximum calculated temperatures ( including 
e f fec ts of var iab le geothermal fluxes) for two represen ta t ive cases : d i s ­
posal of HLW at 150 kW/acre and disposal of U02 spent fuel at 100 kW/acre. 
Results are shown as a function of both depth and geothermal flux for an 
assigned "surface" temperature of 20°C. As shown, there is in a l l cases a 
unique depth at which the resu l t an t absolute temperatures are predicted to 
be a minimum; t h i s is because the lower temperatures r e su l t i ng from 
increased dis tance from the s t r a t i g r a p h i c in te r face a t 711 m are 
eventual ly offset by the increasing i n i t i a l temperatures r e su l t i ng from 
the geothermal grad ien t . Note that the observed minima (denoted by 
arrows) are very shallow in na tu re . Also shown in these figures is the 
calculated boil ing temperature, assuming the boi l ing c r i t e r i o n i s based on 
the hydrosta t ic head p o t e n t i a l . 

21 



As indicated in Figure 11, disposal of spent fuel at a power densi ty 
of 100 kW/acre i s not predicted to r e s u l t in boi l ing under t h i s assumption 
except very near (within 21 m) of the in terface considered here (711 m), 
and for high-geothermal-heat flux (3 HFU), In the case of d isposal of HLW 
at an in i t ia l -power densi ty of 150 kW/acre (Figure 12), bo i l ing would 
occur for a l l bu r i a l depths at a geothermal flux of 3 HFU, a lso at the 
lower assumed fluxc. in some cases , depending on the distance of the 
repos i tory from the in te r face being considered. 

For both cases shown in these f igures , no boi l ing is predicted for 
any bur ia l depth, assuming that bo i l ing i s control led by the l i t h o s t a t i c 
pressure . Extensive boi l ing at a l l bur ia l depths is predicted if v o l a t i ­
l i z a t i o n occurs at a fluid pressure of 1 atm. The fac t , as shown in 
Figure 12, that the calculated temperature increases that r e s u l t from 
waste emplacement are l i n e a r l y proport ional to the i n i t i a l power dens i ty 
permits l inear in te rpo la t ion to be used in est imating power dens i t i e s at 
which bo i l ing would occur, 
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Conclusions 

Figure 13 presents a general summary of the calculations made as pare 
of this study, assuming that boiling is controlled by the hydrostatic head 
potential and that the permissible power density is dictated by the occur­
rence of boiling at the "waste-rock interface" at a level ~10 m abo-re the 
waste. As shown, there is a fairly complex interplay of burial depth, 
geotherraal flux, permissible power density, and waste type. Regardless of 
waste type, allowable power densities are strongly affected by the stratig­
raphy only for burial depths within about 50 m of the interface at 71] m. 
For depths exceeding this, there is a slight but continuous increase in 
permissible loadings. The boiling temperature increases more rapidly at 
this depth because of increasing hydrostatic head than does the ambient 
temperature. The effects of near proximity to the stratigraphic interface 
appear greater in the case of conventional HLW than for spent fuel because 
the time-to-peak temperature is shorter for HLW. At a given depth of 
emplacement, there is a linear relation between geothennal-hear flux and 
allowable power density, permitting extrapolation of these results to 
higher and lower fluxes than for those fluxes considered here. In all 
cases, allowable power densities are lower for spent fuel than for HLW for 
a given geothermal-heat flux because of the slower decay of the thermal 
power of spent fv_l. Assuming a constant temperature uncertainty, 
resulting from the difference between the estimated and measured thermal 
conductivity of the Bullfrog Tuff (1.8 vs 2.2 W/m°C) , calculated permis­
sible densities estimated here for both waste forms would appear to be low 
by ~15 kW/acre. 

Under the assumption of hydrostatically controlled boiling, allowable 
power densities range from 110 to >150 kW/acre for HLW, depending upon the 
burial depth and the geothermal-heat flux. For spent fuel, the range is 
from 92 to 150 kW/acre. Little or no boiling would occur under the 
assumption uf lithostatically controlled boiling up to power densities of 
>150 kW/acre for either waste form. In the case of boiling at 100°C, 
extensive boiling would occur for almost any waste loading considered 
here. 
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Great care must be taken in in te rp re t ing these r e s u l t s . Speci f i ­
c a l l y , i t must be understood that the considerat ion of boi l ing at the 
"waste-rock in te r face" 10 m above the waste is only a ca lcu la t iona l 
device . This device allows study of the ef fec ts of va r iab le assumptions 
about the temperature a t which boi l ing would occur and i s d i c t a t ed by the 
requirements of one-dimensional modeling. Any c r i t e r i o n of acceptable 
power dens i t i e s based upon boil ing would appear to have a s imi lar s ens i ­
t i v i t y to i n - s i t u fluid p ressures , which are la rge ly unknown at depth and 
are a function of i n - s i t u water head and both l iquid and steam 
permeab i l i t i e s . 
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