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NOMENCLATURE 

b fracture aperture , c 

D depth of repository, c 

g gravitational constant, m/s 

i hydrostatic gradient, ta/n 

k permeability, n^ 

R radius of repository, c 

T temperature, °C 

V ve: leal velocity, a/s 

v o Initial horizontal velocity, n/s 

x horizontal coordinate In the east-west 
direction , o 

y horizontal coordinate In the north-
south direction , a 

2 vertical coordinate , c 

2 density, kg/n 3 

U ^*lscosity kg/n/s 

INTRODUCTION 

Heat released from a nuclear waste repository 
in a geological formation causes significant 
tenperature changas in the surrounding rock 
masses* These will In turn heat up groundwater in 
the formations and induce buoyancy fluid flow. An 
understanding of th. resulting perturbation to 
the original regional hydrological pattern may be 
crucial in the determinatitn of repository perform­
ance in Isolating nuclear waste materials from the 
biosphere. 

In low permeability crystalline rocks, such as 
granite, groundwater flow is uainly through frac­
tures. For simulation of regional flows, several 
authors in their calculations approximated the rock 
formation with multiple fractures by a pcrous 
c^dlua model (1-3). In our present study, we 
adopted a different, approach that several major 
fractures may be Important and should be simulated 
In detail. This Is the case if there exist natural 
faults near the repository, or if there exists a 
sectionally-connected fracture path which can 
be represented by a singla major fracture. Further, 
this kind of study may also be used to give a 
worst-scenario order-of-magnitude result which will 
provide guidance in our understanding of the 
problem. 

Due to the slow decay of actinldes in the 
nuclear waste and the low thermal conductivity of 
rocks, the theraohydrological Impact of the repos­
itory is expected to persist for thousands f years 
after the emplacement of the wastes. Our simula­
tions are carried out through this time span. 

In the following section, the moael we used 
will be described, following which the mathematical 
approach employed will be indicated* Then calcula-
tiattal results will be presented and discussed. 
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KODEL IDEALIZATION 

In t h i s p a p e r , thfi n u c l e a r w a s t e r e p o s i t o r y I s 
i d e a l i z e d t o be a f l a t c i r c u l a r d i s k w i t h a g i v e n 
t i n e - v a r y i n g power d e n s i t y d e p e n d e n t on t h e 
p a r t i c u l a r n u c l e a r w a s t e form s t o r e d - The r e p o s i ­
t o r y I s assumed t o be 1500 m i n r a d i u s and 500 m 
t e l o w t h e l a n d s u r f a c e * Only t h e c a s e of s p e n t 
f u e l w a s t e I s c o n s i d e r e d and a s u r f a c e c o o l i n g 
p e r i o d of 10 y e a r s I s a r b i t r a r i l y t a k e n f rom t h e 
t i m e of d i s c h a r g e from a p r e s s u r i z e d w a t e r r e a c t o r 
t o b u r i a l i n t h e r e p o s i t o r y . H u c l e a r w a s t e d e n s i t y 
I s a d j u s t e d so t h a t I n i t i a l a r e a l power d e n s i t y i s 
10 '-*/m . Power d e c a y c u r v e of s u c h a c a s e i s 
g i v e n i n F i g u r e 1 t o g e t h e r w i t h a c o r r e s p o n d i n g 
c u r v e f o r r e p r o c e s s e d h i g h l e v e l w a s t e f o r 
c o m p a r i s o n . 

Two t y p e s of f r a c t u r e g e o m e t r y a r e a s s u m e d . 
The f i r s t i s a s i n g l e m a j o r f r a c t t r e v e r t i c a l l y 
i n t e r s e c t i n g t h e r e p o s i t o r y whose a x i s i s i n 
t h e p l a n e of t h e f r a c t u r e . A r e c h a r g e and a 
d i s c h a r g e zone a r e assumed 5 km cm e i t h e r s i d e of 
t h e r e p o s i t o r y . S t u d i e s were made of t h e t h e r m a l l y 
i n d u c e d buoyancy f low i n t h e f r a c t u r e p l a n e and i t s 
i n t e r a c t i o n w i t h n a t u r a l r e g i o n a l h y d r o s t a t i c 
g r a d i e n t from t h e r e c h a r g e t o t h e d i s c h a r g e z o n e s . 
T h r e e v a l u e s of h y d r o s t a t i c g r a d i e n t were u s e d : 0 , 
1 and 4 1 , whe re 1 i s a t y p i c a l v a l u e g i v e n by 

i - 0 . 0 0 1 a /o . (1) 

I . e . , t h e w a t e r l e v e l i n t h e r e c h a r g e zone i s 10 c 
h i g h e r t h a n t h a t i n t h e d i s c h a r g e z o n e . For a 
f r a c t u r e w i t h a p e r t u r e b - 1 \LXH and a c o r r e s p o n d i n g 
" p a r a l l e l - p l a t e " p e r m e a b i l i t y o f 

k - b 2 / 1 2 - 8 . 3 3 x 1 0 ~ 1 4 m 2 , (2) 

: h e i n i t i a l h o r i z o n t a l f l o w v e l o c i t y n e a r t h e l a n d 
s t - f a c e ( a t 2C P C) i s found t o b e 

v _ KSE. ± _ g . n x 1 0 ~ i 0

 a / s „ 2.6 x 10*5 te/yr-
° ~ (3) 

where p , u and g are respectively density, viscos­
ity, and rhe gravitational constant factor. 
Results of flow velocities will be presented in 
unit of v . 

o 

The second type of geometry studied Is that of 
a two-fracture system. This corresponds to the 
first type with the addition of one more vertical 
fracture intersecting the original fracture 
normally at the repository axis or several dis­
tances away from it. Figure 2 shows the =ase where 
the two fractures intersect along the axis of the 
repository as well as the case away fron the axis. 
Studies were oade on these models to understand the 
interaction or Interference between two intersect­
ing fracture planes as a function of the Intersec­
tion locations (one in East-Vest direction and the 
other Jn North-South direction). 

In both sets of calculations, the upptr boun­
dary is maintained at fixed temperature of 20°C. An 
ambient geotbemal gradient of 30 C/ka is assumed. 
The side boundaries (i.e., recharge or discharge 
boundary) of each fracture Is maintained at hydro­
static pressure and ambient temperature. The tower 

boundary at 2 km below the resposltory and 2.5 km 
below land surface Is a no-flow (closed) boundary. 

MATHEMATICAL APPROACH 

A numerical model "CCC" developed at Lawrence 
Berkeley Laboratory (4) was used to study the 
thermohydrological flow in the fractures. The 
program "CCC" (which is named after conduction, 
convection and consolidation) uses an Integrated-
Finite-Difference scheme to compute single-phase 
mass and heat flow In a three-dimensional system 
in which effects of gravity and temperature-
dependent density and viscosity ate included. 
One dimensional theory of Terzaghl is used in 
this program to calculate land subeidence or 
swelling. It has been well validated, having 
been verified against nine analytic or semi-
analytic solutions and one field experiment. 

Due to the small volume of water present in 
the fractures (fracture aperture being only of 
order of tec), the crnvective contribution to the 
thercal field is minimal and conduction is the main 
heat transfer mechanism. Thus the calculation may 
be carried out in two steps. Firstly conduction 
calculation was made either by "CCC" or equiv-
alently by a semi-analytical program (5) to obtain 
the temperature field as a function of time. Then, 
based on these results, convection In the fractures 
was calculated by "CCC" to obtain fluid velocities 
as a function of various Key parameters. Fluid 
velocity is of course what is of particular 
interest In a waste Isolation problem. Values of 
thermal conductivity for granite of 2.5 W/m/ C 
and thermal dlffusivlty of 1*15 x 10 ta /sec 
are chosen as inputs to our calculations. 

Figure 3 displays the mesh design correspond­
ing to one-half of the fracture plane. It is 
structured to describe best possible heat and 
flow gradients and to keep the elements to within a 
reasonable number to optimize computation cost. 

INTERACTION OF BUOYANCY FLOW AND REGIONAL FLOW 

First let U3 discuss the temperature field as 
a function of time after waste emplacement in the 
repository. Figure 4 displays the temperature vs. 
depth profile along the axis of the repository for 
different times after waste burial, the repository 
being assumed to be fully occupied by waste simul­
taneously at t • 0. Before the waste burial, the 
profile is a straight line representing a noroal 
original geothermal gradient- At early times the 
temperature rise Is localized near the repository 
depth. However, after 1000 years, heat from the 
repository has reached and begun to leak out of the 
land surface, and a linear temperature profile 
again is obtained f-om the land surface to the 
repository. The vertical temperature gradients, 
both shove and below the repository, drive the 
bouyaccy flow. Radially, the teoperature is fairly 
unifom within the radius of the repository, beyond 
which the temperature decreases sharply. 

To study the interaction of buoyancy flow and 
regional flow, a single majcr fracture through the 
axis of the repository is assumed. The thermally 
Induced flow patterns within the plane fracture 
after 1000 years are shown In Figure 5 for the case 
of zero regional hydraulic gradient- In this case 



two s y m m e t r i c c o n v e c t i o n c e l l s a r e d e v e l o p e d a r o u n d 
t h e e d g e s of che r e p o s i t o r y . H e a t e d w a t e r f l o w s up 
from t h e c e n t r a l a r e a of t h e r e p o s i t o r y w i t h 
i ncoming w a t e r drawn from t h e r e c h a r g e z o n e s on t h e 
two s i d e s 5 km from t h e r e p o s i t o r y c e n t e r and f rom 
t h e g r o u n d s u r f a c e f a r away from t h e c e n t e r o f 
t h e r e p o s i t o r y . I t i s t o be n o t e d t h a t l a r g e 
c o n v e c t i o n c e l l s ( I . e . , w i t h d i a m e t e r s of same 
o r d e r a s t h e d e p t h of r e p o s i t o r y ) a r e i n d u c e d 
d u r i n g t h e l i f e or t h e r e p o s i t o r y . T h i s c a n n o t b e 
i g n o r e d i n c o n s i d e r i n g t h e r m o h y d r o l o g l c a l b e h a v i o r 
a r o u n d a r e p o s i t o r y . 

F i g u r e 6 shows t h e f l o w v e l o c i t i e s a t d i f f e r ­
e n t t i n e s a s a f u n c t i o n of p o s i t i o n o n l a n d s u r f a c e 
a l o n g t h e l e n g t h of t h e f r a c t u r e d T h u s t h e 
r e l a t i v e m a g n i t u d e of t h e v e r t i c a l f l o w v e l o c i t i e s 
n e a r t h e l a n d s u r f a c e can b e s t u d i e d . I t i s s e e n 
t h a t t h e s e o u t f l o w v e l o c i t i e s a t e a r l y t i m e s 
maximize a t two s y m m e t r i c o f f - c e n t e r l o c a t i o n s , a 
r e s u l t of t h e c o n v e c t l v e f l u i d m o v e m e n t s . At 
l a t e r t i m e s , h o w e v e r , t h e h e a t l e a k a g e a t t h e 
s u r f a c e i n t e r f e r e s w i t h t h e c o n v e c t i v e f l o w , a n d a 
c e n t r a l maximum d e v e l o p s * The v e r t i c a l v e l o c i t i e s 
f o r d i f f e r e n t t i m e s -along t h e a x i s of t h e r e p o s i ­
t o r y a r e shown i n F i g u r e 7 . A f t e r t h e i n i t i a l 
t r a n s i e n t p e r i o d , t h e v e r t i c a l v e l o c i t i e s above t h e 
r e p o s i t o r y a r e a p p r o x i m a t l e y i n d e p e n d e n t Gf d e p t h 
b e c a u s e of t h e s u r f a c e c o n s t a n t - t e m p e r a t u r e 
c o n s t a n t - p r e s s u r e b o u n d a r y - The z e r o v e l o c i t y a t 
d e p t h - 2 . 5 km I s due t o t h e imposed n o - f l e w 
b o u n d a r y a t t h a t d e p t h . 

Wi th t h e p r e s e n c e of r e g i o n a l h y d r a u l i c 
g r a d i e n t of i - 0 .OOln /m, t h e f low p a t t e r n s a r e 
d i s t o r t e d f r o n t h e s y m m e t r i c z e r o - r e g i o n a l - g r a d i e n t 
r e s u l t s ( F i g u r e 8 ) . On t h e r e c h a r g e s i d e ( i . e . , 
t h e s i d e w i t h h i g h e r h y d r a u l i c h e a d ) , t h e r e g i o n a l 
f l o w c o u n t e r a c t s t h e h o r i z o n t a l c o n v e c t i v e movement 
above t h e r e p o s i t o r y and p r o m o t e s i t b e l o w t h e 
r e p o s i t o r y . On t h e d i s c h a r g e s i d e ( w i t h l o w e r 
h y d r a u l i c h e a d ) , t h e o p p o s i t e e f f e c t s o c c u r - The 
i n f J u e n c e of t h e r e g i o n a l f l o w on v e r t i c a l o u t f l o w 
v e l o c i t i e s a l o n g t h e l e n g t h of t h e f r a c t u r e 
i s shewn i n F i g u r e 9 . Only a s l i g h t s u p p r e s s i o n of 
t h e v e r t i c a l v e l o c i t y on t h e r e c h a r g e s i d e a n d a 
s l i g h t i n c r e a s e - o n t h e d i s c h a r g e s i d e a r e o b s e r v e d , 
i n d i c a t i n g a weak c o u p l i n g of b u o y a n c y a n d n a t u r a l 
r e g i o n a l f l o w s . F i g u r e 10 d i s p l a y s t h e s e r e s u l t s 
f o r r e g i o n a l g r a d i e n t s of 1 * 0 , 0 . 0 0 1 , a n d 0 . 0 0 4 
• / n a t t i n e t - 1000 y e a r s . The l a s t c a s e f o r i -
0 . 0 0 4 n / m , w i t h a n e a r - s u r f a c e v e l o c i t y o f 4 v , 
i s a p p r o x i m a t e l y e q u a l i n m a g n i t u d e t o t h e v e r t i c a l 
o u t f l o w v e l o c i t y a t t h e r e p o s i t o r y e p i c e n t e r . 

EFFECTS OF FRACTURE-FRACTURE INTERACTION 

To i n v e s t i g a t e t h e I n t e r a c t i o n of t h e b u o y a n c y 
f l o w s i n two i n t e r s e c t i n g v e r t i c a l f r a c t u r e s , t h e 
g e o m e t r y s i m i l a r t o t h a t shown i n F i g u r e 2 I s u s e d -
The b a s i c geome t ry i s t h e same a s t h a t of t h e l a s t 
s e c t i o n : a p l a n e f r a c t u r e i n t h e E a s t - V e s t (E-W) 
d i r e c t i o n p a s s i n g t h r o u g h t h e a x i s of t h e c i r c u l a r -
d i s k r e p o s i t o r y w i t h o r w i t h o u t a r e g i o n a l h y d r a u ­
l i c g r a d i e n t a l o n g i t . NJW a s e c o n d p l a c s f r a c t u r e 
i n t h e N o r t h - S o u t h (N-S) d i r e c t i o n I s i n t r o d u c e d 
t h a t i n t e r s e c t s n o r m a l l y t h e f i r s t f r a c t u r e a t t h e 
a x i s of t h e r e p o s i t o r y o r a t d i f f e r e n t d i s t a n c e s 
away f rom i t - The i n f l u e n c e on t h e f l o w v e l o c i t i e s 
i n t h e f i r s t E-W f r a c t u r e due t o t h i s s e c o n d N-S 
I n t e r s e c t i n g f r a c t u r e I s s t u d i e d h e r e . 

The f i r s t c a s e c o n s i d e r e d i s when t h e two 
v e r t i c a l f r a c t u r e s i n t e r s e c t a t t h e a x i s of t h e 
r e p o s i t o r y ( c a s e shown I n F i g u r e 2 ) . A r e g i o n a l 
h y d r a u l i c g r a d i e n t of I - 0 . 0 0 1 m/m i s Imposed on 
E-W f r a c t u r e , w i t h t h e r e c h a r g e a n d d i s c h a r g e z o n e 
a s sumed a t e q u a l d i s t a n c e ( 5 km) o n e i t h e r s i d e of 
t h e r e p o s i t o r y . The o t h e r f r a c t u r e h a s z e r o 
r e g i o n a l g r a d i e n t . W i t h s u c h a s y m m e t r i c a l 
g e o m e t r y , b u t d i f f e r e n t r e g i o n a l f l ows i n t h e two 
f r a c t u r e s , t h e I n t e r f e r e n c e I s f ound t o be n e g l i ­
g i b l e . The f l o w s i n t h e two f r a c t u r e s b e h a v e a s i f 
t h e y a r e s i n g l e f r a c t u r e s . Thus t h e v e r t i c a l 
o u t f l o w v e l o c i t i e s a l o n g t h e E-W f r a c t u r e a n d t h e 
N-S f r a c t u r e a r e e x a c t l y t h e same a s t h o s e shown i n 
F i g u r e 9 a n d F i g u r e 6 r e s p e c t i v e l y . F u r t h e r m o r e , 
t h e n e t r e c h a r g e d rawn f r o m a l l f o u r s i d e s 
a r e e q u i v a l e n t . 

H o w e v e r , i f t h e E-*J f r a c t u r e I s f i x e d ( i . e . . 
I t p a s s e s t h r o u g h t h e r e p o s i t o r y a x i s ) , s i g n i f i c a n t 
i n t e r a c t i o n i s n o t i c e d when t h e N-S f r a c t u r e 
i n t e r s e c t s t h e E-W f r a c t u r e a t l o c a t i o n s away from 
t h e r e p o s i t o r y a x i s . F i g u r e s 1 1 , 1 2 , a n d 13 d i s p l a y 
t h e r e s u l t s when t h e i n t e r s e c t i o n i s a t x - - 8 0 0 , 
- 1 5 0 0 , a n d - 2 0 0 0 m e t e r s froiL r e p o s i t o r y a x i s , 
c o r r e s p o n d i n g t o l o c a t i o n s w i t h i n , a t , o r o u t s i d e 
t h e r e p o s i t o r y r a d i u s . A r e g i o n a l h y d r a u l i c 
g r a d i e n t i s s t i l l m a i n t a i n e d i n t h e E-W f r a c t u r e . 

The c a s e of x - - 8 0 0 y i e l d s r e s u l t s shown in 
F i g u r e 1 1 . The c u r v e s l a b e l e d E-W g i v e t h e v e r t i c a l 
v e l o c i t i e s a l o n g t h e E-W f r a c t u r e ( I . e . , x a x i s ) . 
The l o c a t i o n w h e r e t h e N-S f r a c t u r e i n t e r s e c t s i t 
i s I n d i c a t e d b y t h e b l a c k d o t . Thus t h e i n t e r s e c ­
t i o n p o i n t i s o f f c e n t e r on t h e j t - a x i s i n t h e E-W 
d i r e c t i o n . The c u r v e d l a b e l e d N-S g i v e t h e v e r t i c a l 
v e l o c i t i e s a l o n g t h e N-S f r a c t u r e ( i . e . , y - a x i s ) . 
The b l a c k d o t on t h e s e c u r v e s i n d i c a t e s t h e 
l o c a t i o n w h e r e i t i s I n t e r s e c t e d by t h e E-W f r a c ­
t u r e (x a x i s ) . I t i s a l w a y s a t t h e p o i n t of 
sytssfctt-y i c t h e y d i r e c t i o n . In t h e x - y p l a n e , t h e 
two b l a c k d o t s r e p r e s e n t t h e same p o i n t and t h u s 
s h o u l d h a v e t h e same v a l u e f o r v e r t i c a l v e l o c i t y . 
The r e s u l t s f o r e a c h f r a c t u r e w i t h o u t t h e p r e s e n c e 
of t h e o t h e r a r e shown a s d o t t e d l i n e s . F o r t h e 
p r e s e n t c a f e of x * - 8 0 0 m, i . e . . I n t e r s e c t i o n 
p o i n t w i t h i n t h e r e p o s i t o r y r a d i u s , o n l y m i n o r 
I n t e r a c t i o n i s n o t i c e d . 

For t h e c a s e of x - - 1 5 0 0 n and - 2 0 0 0 m 
c o r r e s p o n d i n g r e s p e c t i v e l y t o i n t e r s e c t i o n l o c a ­
t i o n s a t t h e r i m of t h e r e p o s i t o r y a n d o u t s i d e , 
( F i g u r e s 12 a n d 1 3 ) , much s t r o n g e r i n t e r a c t i o n 
b e t w e e n t h e f r a c t u r e f l ows o c c u r . T h i s can e a s i l y 
be u n d e r s t o o d a s f o l l o w s . F o r t h e c a s e of x = 0 . 
t h e v e r t i c a l f l o w v e l o c i t i e s a t t h e i n t e r s e c t i o n 
p o i n t I n e i t h e r f r a c t u r e I n t h e a b s e n c e of t h e 
o t h e r a r e e q u a l , s i n c e , a s shown i n t h e l a s t 
s e c t i o n , e f f e c t s of r e g i o n a l g r a d i e n t on v e r t i c a l 
v e l o c i t i e s a r e n e g l i g i b l e . T rv* rf'en t h e i n t e r ­
s e c t i o n I s m a d e , n o a d j u s t n e j , s f?ow v e l o c i t y 
a r e n e c e s s a r y i n t h e rom&K.-.. l o : - . • ;itid t h e s y s t e n 
b e h a v e s a s i n d e p e n d e n t f r a c t u r e s * t ' l e o t h e r 
h a n d , f o r o t h e r v a l u e s of x , t h e **• . ' c i t i e s a t t h e 
I n t e r a c t i o n p o i n t i n t h e s e f r a c t u r e s i n t h e 
a b s e n c e of e a c h o t h e r wou ld b e q u i t e d i f f e r e n t , 
s i n c e t h e t e m p e r a t u r e f i e l d s t h e y e x p e r i e n c e a r e 
q u i t e d i f f e r e n t . I n g e n e r a l , t h e E-W f r a - t u r e 
t h r o u g h t h e r e p o s i t o r y a x i s e x p e r i e n c e s a much 
h i g h e r t e m p e r a t u r e r i s e t h a n t h e o f f - a x i s N-S 
f r a c t u r e * Thus when i n t e r s e c t i o n i s i m p o s e d , much 



adjustment in fluid flow velocities occurs. Essen­
tially the N-S fracture acts as an additional re­
charge to the stronger flow velocities in the E-W 
fracture. This influences the convection pattern 
not only locally but globally over large distances. 

DISCUSSIOS 

The magnitude of the groundwater flow depends 
on the fracture system of the rock formation and 
the driving forces on the groundwater present. 
The proper characterization of a fractured rock 
nass is site-specific and in outstanding problem of 
research. In the present paper we made consid­
erable idealization so that we could focus on two 
important physical processes: interaction between 
buoyancy flow and regional hydraulic gradient, 
and fracture-fracture interference. 

The results reported in this paper shew that 
the repository represents a finite-extent heat 
source which perturbs the original groundwater 
flow and induces convective movements over thou­
sands of years. The nort-Isothermal groundwater 
flow is driven fay the hydraulic gradient and 
the buoyancy force of the heated water relative to 
the surrounding colder water* Although the gravi­
tational force acts vertically along the 
z-directior., the development of convective cells 
around jie edges of the repository induces changes 
in pressure field which in turn couple to the 
natural horizontal regional gradient. The regional 
flow slightly suppresses the vertical movement on 
the recharge side and enhances it on the discharge 
•side. As the wastes heat up the rock formation 
around the repository, the presence of the ground 
surface begins to affect the then..ally-induced 
ccr.vective raoveoents. Although the regional flow 
only weakly affects the vertical component of the 
flew velocity, the addition of the regional hori­
zontal component allow the water particles and 
rarJionuclei to flow thrcjgh possibly longer paths. 
This, of course, nay have important Implications in 
the consideration of radionuclei-rock interactions 
such as adsorption and dissolution. 

The buoyancy flow depends strongly on the 
available recharge. Intersecting fractures may act 
as additional recharge paths fron one to another 
with strong influence on fluid flow patterns. This 
demonstrates the need for careful considerations 
when one studies single fracture results. 

Although the Intersecting fracture model used 
ir; rhe present analysis is very simple, it 
possesses same cf the same physical behaviors as 
that cf the more cc-cple-: fracture systems. This 
rs-fel, complemented with porous medium and other 
types of codels, should provide insight into the 
dynamics of the the.rmohydrologic.il flow in frac­
tured rock masses. 
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Figure 1. Areal pover density of heat generated by 

the nuclear wastes stored In a repository. 
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Figure 2. Ceonetry of two-fracture systems with the 
E-y fracture (along the regional hydraulic 
gradient) intersected normally by the 
N-S fracture at the repository axis (solid 
K-S fracture) or away from it (dashed N-S 
fracture). 

Figure 4. Tecperature vs. depth profile along the 
axis of the repository f?r different tic 
after waste burial. 

Mesh deslg.i corresponding to one-half of 
the fracture plane. 
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Figure 5. Thermally induced flow patterns within the 
fracture plane 1000 years after waste 
burial for the case of zero regional 
hydraulic gradient. 
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Surface cutflow velocities along the 
length of the fracture at different tines 
for the case of lero regional hydraulic 
gradient. 

Fipure 7. Vertical velocities along the axis of the; 
repository at different tines for the case 
of zero regional hydraulic gradient. 
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Figure 8. Theroally induced flow patterns with the 
fracture plane 1000 yesrs after waste 
burial for the case with regional hydraulic 
gradient I - 0.001 tn/m. 
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Surfact. outflow velocities along the 
length of the fracture at different tiees 
for the case with regional hydraulic 
gradient 1 - 0.001 m/a. 
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Figure 10. Effects of different regional hydraulic 
gradient 1 on the surface outflow velocities 
along the length of the fracture at 1000 
years after waste burial. 
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Surface outflow velocities at 1000 years 
along the length x of the E-W fracture and 
the length y of the K-S fracture. The 
fracture-fracture Intersection Is located 
at x * -6C0 r< and y - 0 within the repository 
radius-

Figure 13. Surface outflow velocities at 1000 years 
along the length x of the E-W fracture and 
the length y of the K-S fracture. The 
fracture-fracture Intersection Is located 
at x * -2000 c and y - 0 outside the 
repository radius. 

Surface outflow velocities at '000 years, 
along the length x of the E-W fracture 
and the length y of the N-S fracture. 
The fracture-fracture Intersection Is 
located at x - -1500 c and y • 0 through 
the ri= of the repository. 


