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ABSTRACT 

One proposal for 'disposing of radioactive waste is to put i t 1rt d r i l l 
holes or mir.ed cavi t ies so deep that the waste would be effectively isolated 
from the surface. Even if radioisotopes escaped from the disposal can i s te r , 
they would be removed from the c i rcu la t ing groundwater system by sorption 
and/or chemical reaction in their t r ans i t on very long paths to the surface. 
This report , or ig inal ly a contribution to a comprehensive Generic Environ
mental Impact Statement (DOE, 1979), summarizes the f e a s i b i l i t i e s and costs 
of making deep holes £.• d deep mine shafts ; estimates probable technological 
advances by the year 2000; presents thermal history and thermally induced 
s t ress calculat ions based on several assumptions regarding age of waste and 
density of emplacement; and summarizes the geologic uncer ta int ies and lick 
of knowledge that bear upon the isolat ion of waste at great depth. 

"How deep is deep enough?" depends upon the geologic charac te r i s t i c s 
of the s i t e , especial ly hydrologic condit ions, rock s t rength, and rock-
waste in te rac t ions . Thus comparatively shallow depths may suffice in domal 
s a l t because of i t s r e l a t ive ly low permeability, whereas in other areas , 
required depths would be greater and might exceed depths that could be mined 
or d r i l l ed In the forseeable future. 

In strong rock, present technology would probably enable us to d r i l l a 
hole 20 cm (7-7/8 in) in diameter to a depth of 11 km (35,000 f t ) and 
sink a shaft 10 m (30 f t ) in diameter to about 4.3 km (14,000 f t ) . By the 
year 2000, with advancement of technology, holes of 15 km (50,000 f t ) 
depth and 20 cm (7-7/8 in) diameter could be d r i l l ed , and shafts of 6.4 km 
(21,000 f t ) or deeper could be sunk. 

The heat output of 5.5-year-old spent fuel and 6.5-year-old reprocessed 
waste i s used to calculate temperature increases and s t r e s s buildups in the 
surrounding rocks. Some waste configurations may cause unacceptably high 
temperature increases; indeed, l imi ta t ions on temperatures reached wi l l in 
some cases l imi t the packing density of waste canis ters and/or require 
longer cooling of the waste t F ore emplacement. 

Sealing boreholes and shafts for s igni f icant times, i . e . 1,000 to 
100,000 years and beyond, presents addit ional problems. The casing or 
l in ing of the borehole or shaft would hpve to be removed in the region 
where seals are constructed, or the l in ing material would have to be 
designed to function as an in tegra l part of the long-term sea l . Sealing 
fractures in the rock around the borehole or shaft wi l l be qui te important. 

Also addressed in th is report are the problems of c r i t i c a l i t y , 
adequacy of the data bases for ana lys i s , and research and development 
needs. 



FOREWORD 

Tliis report was prepared a t the request of the U. S. Department of 
Energy by the s taf fs of Lawrence Berkeley Laboratory and Terra Tek and 
several independent exper ts . Most of ^hese s c i e n t i s t s and engineers met 
in Salt Lake City in July 1978, to prepare this report and assess the 
f eas ib i l i t y of d r i l l i n g a deep hole or mining a deep shaf t . We were asked 
to perform two major tasks: 

o Define the geotechnical and geophysical s t a t e of knowledge 
of the ea r th ' s crust at depths of If) to 15 km. The character
i s t i c s to be reviewed included: 

l i thology; depth v s . s t r e s s , temperature, mechanical 
proper t ies , permeability, and hydrological condit ions; 
and resource inventory. 

o Identify the s t a t e of the a r t and estimate the probable 
technological advances, by the year 2000, to d r i l l a 
very deep hole or sink a very deep shaf t . Specif ical ly , 
we were asked to: 

Establish depth vs . diameter capab i l i t i e s of d r i l l i n g 
and shaft-sinking equipment, their l imi t a t ions , 
and time and cost estimates 

Document the deepest mines and d r i l l holes 
Consider construction constraints such as number of 

s tages, horizontal openings, and strengths of 
hois ts and casing s t r ings 

Recommend research and development needed for techno
logical advances. 

We wish tc acknowledge the valuable information and assis tance from 
these experts and the organizations they represent . The following ind iv i 
duals contributed to the evaluation of geotechnical cons t ra in ts : 

John A. Apps, LBL (geochemistry) 
Larry V. Benson, LBL (geochemistry) 
Robert S. Barneyback, J r . , Purdue University, Lafayette, Indiana 

(borehole sealing) 
Neville G. W. Cook, University of California, Berkeley, California 

(rock mechanics) 
John Handin, Texas A & M University, College Stat ion, Texas 

(tectonophysics) 
William Hustrulid, Colorado School of Mines, Golden, Colorado (mining) 
Brian Kanehiro, LBL (hydrologic modeling) 
Robert C. Newton, University of Chicago (petrology) 
Joseph Olson, University of Utah, Salt Lake City, Utah (borehole 

sealing) 
Chin-Fu Tsang, LBL (modeling) 
Joseph S. Wang, LBL (modeling) 
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We wish to acknowledge aid from the following experts who contributed 
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INTRODUCTION 

The U. S. Department of Energy (DOE) i s r e s p o n s i b l e fo r s e l e c t i n g 
an a p p r o p r i a t e system for the u l t i m a t e d i s p o s a l of commercial r a d i o a c t i v e 
was tes in a way t h a t i s s a f e , permanent , and economica l . As p a r t of t h e 
s e l e c t i o n p r o c e s s , DOE commissioned a Gener ic Environmenta l Impact S ta t emen t 
(GEIS) t h a t would d e s c r i b e a l t e r n a t i v e p r o c e s s e s , emplacement media, and 
waste management t e c h n o l o g i e s . F u r t h e r , GEIS p r o v i d e s d a t a fo r d e c i s i o n s on 
c a n d i d a t e s i t e s e l e c t i o n , a p p r o p r i a t e emplacement media, and a p p r o p r i a t e 
d i s p o s a l t e c h n o l o g y . The 10 a l t e r n a t i v e i s o l a t i o n c o n c e p t s rev iewed in GEIS 
i n c l u d e the concep t s of c o n v e n t i o n a l geo log ic d i s p o s a l , chemicai r e s y n t h e s i s , 
ve ry deep h o l e , rock m e l t i n g , i s l a n d d i s p o s a l , sub-seabed d i s p o s a l , i c e 
s h e e t d i s p o s a l , r e v e r s e - w e l l d i s p o s a l , p a r t i t i o n i n g and t r a n s m u t a t i o n , and 
space d i s p o s a l . Lawrence Berkeley Labora to ry was asked by DOE to review and 
a s s e s s the f e a s i b i l i t y of the very deep ho le c o n c e p t . Th is r e p o r t a r i s e s 
from LBL's c o n t r i b u t i o n to t h a t s t u d y , Sec t ion 3 .3 of D r a f t Env i ronmenta l 
Impact S t a t e m e n t : Management of Commercially Genera ted R a d i o a c t i v e I ' a s t e 
(DOE, 1979) . In the DOE document, p r o v i s i o n a l l e v e l s of e f f o r t and c o s t 
e s t i m a t e s for d e v e l o p i n g the very deep ho le concep t were summarized; they 
a r e no t inc luded in t h i s r e p o r t . 

The very deep h o l e concep t r e l i e s on us ing g r e a t dep th s t o d e l a y t h e 
r e e n t r y of n u c l e a r m a t e r i a l i n t o the b i o s p h e r e . The concep t assumes 
h y d r o l o g i c i s o l a t i o n from the e a r t h ' s s u r f a c e . The answer to the q u e s t i o n , 
"How deeo i s deep enough?" r e q u i r e s t h a t the was tes be l o c a t e d below 
c i r c u l a t i n g g roundwate rs and t h a t the t ime r e q u i r e d t o t r a n s p o r t m a t e r i a l s 
from the r e p o s i t o r y t o the s u r f a c e i s long enough to ensu re t h a t l i t t l e or 
no r a d i o a c t i v e m a t e r i a l r e a c h e s the b i o s p h e r e . The concep t assumes t h a t 
d i s p o s a l in very deep h o l e s does no t permi t r e t r i e v a l of w a s t e s . The ve ry 
deep h o l e concep t p r o v i d e s fo r d i s p o s a l of r a d i o a c t i v e was tes a t the g r e a t e s t 
dep th p o s s i b l e below the s u r f a c e ; i t shou ld , t h e r e f o r e , embody the u l t i m a t e 
t h a t can be achieved in g e o l o g i c i s o l a t i o n . I t a l s o p r o v i d e s a s s u r a n c e t h a t 
no c l i m a t i c or s u r f a c e change w i l l a f f e c t d i s p o s a l . 

The d e s i g n of a s a t i s f a c t o r y r e p o s i t o r y r e q u i r e s t h a t the n e c e s s a r y 
d e p t h , a t a g iven s i t e , b e f i r s t d e f i n e d . This r e q u i r e s de t e rmin ing s i t e -
s p e c i f i c l i m i t s on the t r a n s p o r t of r a d i o a c t i v e m a t e r i a l s to the b i o s p h e r e , 
the s i t e - s p e c i f i c h y d r o l o g i c r eg ime , and the h e a t - s o u r c e c o n f i g u r a t i o n 
(waste p a c k i n g ) . Once the dep th r e q u i r e d has been de t e rmined , then the 
t echnology fo r making the h o l e to the r e q u i r e d depth and the a b i l i t y of the 
s u r r o u n d i n g s t o a c c e p t the h e a t s o u r c e become the l i m i t i n g f a c t o r s . I t i s 
c l e a r t h a t problems of making t h e n o l e , ho ld ing i t open, emplacing the 
w a s t e , and s e a l i n g the h o l e must be c o n s i d e r e d t o g e t h e r . 

Envi ronmenta l c o n s i d e r a t i o n s for the very deep h o l e concep t a r e those 
a s s o c i a t e d w i t h d r i l l i n g a deep w e l l or s i n k i n g a deep s h a f t , c o n s t r u c t i n g 
t h e p r e d i s p o s a l s u r f a c e f a c i l i t i e s , and p o s s i b l y m a i n t a i n i n g s u r f a c e or 
n e a r - s u r f a c e l ong - t e rm mon i to r ing f a c i l i t i e s . 

Th is i s a g e n e r i c s tudy and i s no t a s u b s t i t u t e fo r the a n a l y s i s of 
the very deep h o l e concep t a t a s p e c i f i c s i t e . To w r i t e a s p e c i f i c s t a t e m e n t , 
d e t a i l e d s i t e - s p e c i f i c d a t a would be n e c e s s a r y . This r e p o r t fo l lows the 
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format of an environmental impact statement. F i r s t , there i s a general 
discussion of the concept, the geotechnical considerations, and the 
f e a s i b i l i t y of making the very deep hole. Then the adequacy of the present 
data base i s described and environmental Impacts of developing a deep hole 
are estimated. Final ly , research and development needs are ident i f ied . 



WHAT IS VERY DEEP? 

The u t i l i t y of the deep h o l e concept i s a f f e c t e d by the s p e c i f i c s i t e 
c h a r a c t e r i s t i c s and the s j ^ e of the h o l e . In the p a s t , "How deep i s deep?" 
was not c l e a r l y d e f i n e d . P a s t r e p o r t s ( B a n i s t e r e t a l . , 1978; Pa r sons e t 
a l . , 1978.; ERDA, 1976, p . 2 5 . 5 ; Schneider and P i a t t , 1974, s e c t i o n 4 . 1 . 8 ; 
American P h y s i c a l S o c i e t y , 1978, p . S118; U. S. Ceodynamics Committee, 1979 
p . 47) have mentioned or d i s c u s s e d h o l e s of dep th s of severa l , k i l o m e t e r s to 
10 kin or more. Whatever the d e p t h , deep i s o l a t i o n r e q u i r e s d i s p o s a l below 
c i r c u l a t i n g groundwater ' . Th is dep th must be de te rmined based on the 
d i s t r i b u t i o n of p o r o s i t y (or f r e e wa te r c o n t e n t ) , p e r m e a b i l i t y , and hydrau l 
p o t e n t i a l as a f unc t i on of d e p t h . 

A v a i l a b l e d a t a from the l i t e r a t u r e , p r i m a r i l y from the o i l and g'cs 
i n d u s t r y , show t h a t some sed imen ta ry rocks a r e porous and permeable to 
dep ths in excess of 9 km (30 ,000 f t ) . I n v e s t i g a t i o n s of c r y s t a l l i n e 
r o c k , a l t hough very l i m i t e d , s u g g e s t t h a t a t much s h a l l o w e r dep th s some 
such rocks have r e l a t i v e l y low p o r o s i t i e s and p e r m e a b i l i t i e s . Hence "very 
deep" for these c r y s t a l l i n e rocks may mean a few k i l o m e t e r s i n s t e a d of the 
9 km or more r e q u i r e d for s e d i m e n t a r y r o c k s . 

In summary, "ve ry deep" i s dependent bo th upon rock type and g e o l o g i c 
f a c t o r s a t a s p e c i f i c s i t e - This g e n e r i c s tudy o u t l i n e s the c u r r e n t s t a t e 
of knowledge and s u g g e s t s the f a c t o r s to be c o n s i d e r e d when e v a l u a t i n g a 
s p e c i f i c s i t e . 

- 3 -
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GKOTECHNICAI. CONSIDERATIONS 

->Th<- c r i t i c a l , g e o l o g i c p a r a m e t e r s ; f o r d e f i n i n g the f e a s i b i l i t y and 
impact ill p u c U b r waste d i s p o s a l in a deep h o l e system a r e : l i t h o l o g y , 
Lec' lonics and s t r u c t u r a l s e a t i n g , h y d r p l o g i c c o n d i t i o n s , s t a t e s of s t r e s s , 
mechanical p r o p e r t i e s of the rocks a t r d e p t h , n a t u r a l thermal reg ime , and 
ieocW'emical r e a c t i o n s . The i n t e r a c t i o n s of t h e s e pa rame te r s and the e f f e c t 
of hcvuln?, by; tin.' wast i ' 0 ( Lhermomer.hanical f a c t o r s ) a r e a l s o s i g n i f i c a n t . 
Ceuiogic assumpt ions u n d e r l y i n g t h e ' v e r y deep h o l e concep t art ; t h a t the h o l e 
£.v>uld he d r i l l e d or a sha f r excava ted in a regime of moderate to low g e o -
thermal g r a d i e n t In rock of* high, s t r e n g t h and, low p e r m e a b i l i t y . F u r t h e r m o r e , 
tlie w a s t e s would be d e p o s i t e d / i r r e t r i e v a b l y — no t s t o r e d . In the fo l lowing 

"sec t ions" the Ind iv idua l c r i t e r i a a r e d i s c u s s e d . 

L l tho lugy ~ ,, " 
.'. :' .. ̂  .r "*' ' . . . ' * 
„".; "The possible host" rocks for waste isolat ion include c rys ta l l ine and 
js.edimentary rocks and r.mixed sec t ions . Crysta l l ine rock, defined here as 
any^non-e^japorlte or'non-carbonate rock with bulk porosity <1%, includes 
primarily>5tntrusive igneous rocks and moderate- to high-grade metamorphic 
rjOcks..3 Crysta l l ine rocjes are perhaps the most qualified for the waste 

^ i so la t ion secto*k^if the very deep hole, based on considerations of rock 
stren'gjJh'i hole/tshaft s t a b i l i t y , and sealing the excavations. Potent ial ly 
lessSilesirable, "but perhaps sc.111 acceptable, is a configuration penetrating 
several kilometers'"of ^sedimentary rock niaar the surface but with the 

.= predominant length o,<j the hole, i t s lower: portion, in c rys t a l l i ne rock. 

Crysta l l ine rock types considered most acceptable for nuclear waste 
i so la t ion are evenly textured g ran i t i c rocks'such as those occurring in 
Mesozoic ahVUTertiary ba thol i ths and plutons !?f the western United S ta te s , 
and in PrecambrianDplutons of the Rocky Mountains, mid-continent, and eastern 
portions of the United S t a t e s . Less i so t rop ic , moderately to strongly 
foliated; piutonic or high-grade metamorphic rocks such as amphibolite, 
schist ,°and gneiss , primarily of Precambrian age, are also acceptable. They 
are perhaps l ess desirable ^than more evenly textured c rys t a l l i ne rocks 
because the fo l ia t ion may provide p re fe ren t ia l ly oriented zones of weakness. 
Larsson (1977), however, indicates t ha t , because of their contorted nature , 
high-grade metamorphic rocks..have fewer through-going fractures and are 
therefore l ess transmissive than more isotropic g ran i t i c rocks. Areas where 
c rys t a l l i ne rocks predominate a t the surface are delineated in Figure 1. 

Deep sedimentary basins may also be su i tab le (Hess, 1956), pa r t i cu la r ly 
if the s i t e s are in hydrologically s table syncl lnes . Locations are known 
where deep downward-circulating systems (closed, low fluid potent ia l basins) 
occur (Toth, 1978; Berry, 1959). Along with the search for c ry s t a l l i ne rock 
s i t e s , . further study should be done to identify sections of sedimentary rocks 
where f lu ids migrate downward and thvjt would be devoid of hydrocarbon, 
geothermal, ore , and other potent ia l resources. 

4 -
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Figure 1. Principal areas of in t rus ive igneous and metamorphic 
rocks and thickness of sedimentary rocks in the U. S. 
{Source: Ekren e t a l . , 1974). 

Relatively impermeable domal s a l t , bedded s a l t , and thick shale units 
may not support very deep holes . Although they may furnish adequate 
containment for nuclear waste in shallow holes , d r i l l i n g is d i f f i cu l t in 
these rocks below depths of 3 to 4 km (10,000 to 1.3,000 ft) due to low rock 
s t rength. Plateau basal t flows, whose aggregate thickness may exceed 
several kilometers, may not be as acceptable as c rys t a l l i ne rocks for 
deep holes due to permeable sediments between flows and permeable zones 
within flows. Isola t ion would be jeopardized if a ve r t i ca l column of waste 
intersected one or more of these permeable zones. 

Tectonics and Structural Setting 

Si tes for very deep holes should be located in areas of tectonic and 
seismic s t a b i l i t y . The geologic and s t ruc tu ra l se t t ing should be r e l a t ive ly 
free of faul ts and shear zones, e i ther presently act ive or inac t ive . Fault 
zones, though often forming impermeable b a r r i e r s , may serve as permeable 
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pathways for the c i rcula t ion of groundwater in some cases, and thus may 
provide s ignif icant ve r t i ca l pathways of hydrologic communication near 
surface. Faul ts , though presently Inact ive, may serve as loci for 
displacement in future earthquakes. 

The re la t ive seismic se t t ing of the conterminous United States Ls 
i l l u s t r a t ed in Figure 2. The numbers indicate potential horizontal 
acceleration of the ground surface and ref lec t re la t ive seismic hazard 
and thus crusta l s t a b i l i t y . I t is advisable that very deep holes not be 
located in areas of highest potential accelerat ion. 

HydroloRlc Factors 

Isolat ion of the wastes from the hydrologic regime is c r i t i c a l to the 
very deep hole concept. The r a t i o of permeability to porosity determines 
the velocity with which f luids mov:>. past the wastes. Other factors are Lue 
source of the water, d i s t r ibu t ion of fluid potent ia ls over the subsurface 
system, and the ro le of geochemical re ta rda t ion . In sedimentary basins 
hydrologic data are avai lable in varying de ta i l to depths >7 km (>23,000 
f t ) whereas very few Measurements have been made in c rys ta l l ine rocks below 
a depth of 3 km (10,000 f t ) . 

Existence and s t a t e of pore f l u id s . Oil and gas wells in Oklahoma and 
Texas produce from depths of 7 km (23,000 ft) and deeper. Water in the 
form of brine occurs in conjunction with gas and oil at such depths. 
The existence of water a t great depths in c rys ta l l ine rocks can probably be 
inferred from e l e c t r i c a l r e s i s t i v i t y measurements, since dry minerals have 
very high r e s i s t i v i t y ( 1 0 " ohm-m). In the absence of metal l ic minerals 
and graphite, r e s i s t i v i t y of rocks is considerably diminished by the presence 
of water in interconnected pores (Keller and Furgerson, 1977). Elecrr ica l 
surveys, which penetrate to depths of 10 to 15 km (33,COO to 50,000 f t ) , 
yield interpreted r e s i s t i v i t i e s up to 10^ ohm-m, a value which implies 
ionic conduction in aqueous solut ion (Brace, 1971). The data avai lable from 
a few s i t e s in New York, Germany, and Africa indicate that c ry s t a l l i ne rocks 
pro'uably contain interconnected water-f i l led pore space down to depths of 10 
to 15 km (33,000 to 50,000 f t ) (VanZIgl, 1977). 

t leteoric water may i n f i l t r a t e to great depths in both c rys t a l l i ne rocks 
and sedimentary u n i t s , move l a t e r a l l y over long dis tances , and f ina l ly move 
up toward the land surface, creat ing deep c i rcula t ing groundwater systems. 
Although d i rec t evidence i s not ava i lab le , c i rcula t ing meteoric waters may 
reach depths of several kilometers (Drescher, 1965). The existence of 
closed, low fluid potent ia l basins indicates downward movement of ground
water; however, deep zones with water pressure under ar tesian or even 
l i t h o s t a t i c conditions may indicate upward movement of water. Apart from 
the discharge areas of deep ci rculat ing groundwater systems, upward 
hydraulic gradients may also exis t in areas of high heat flow due to 
convective flow, or in areas of geopressured sediments due primarily to 
consolidation of c lays . 
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Based on measured geothermal gradients , and indirect ly from deep 
r e s i s t i v i t y soundings, we conclude that the effect of increasing hydrostat ic 
pressure overrides that of increasing temperature with depth. As a r e s u l t , 
i n t e r s t i t i a l fluid would have a density more like liquid than vapor nearly 
everywhere in the ea r th ' s c rus t . 

Porosity. Although substant ia l data are available on the var ia t ion of 
porosity in sedimentary rocks to depths of 6 km (20,000 ft) or more, 
d i rec t porosity measurements at s ignif icant depths in c rys ta l l ine rocks are 
not ava i lab le . Elect r ica l soundings suggest a porosity of 0.1% to 0*5% in 
c rys ta l l ine rocks a t depths of 10 km (33,000 ft) (VanZigl, 1977). This 
range is consistent with laboratory measurements on many igneous and meta-
morphic rocks under pressures comparable with those found a t 10 km depth. 
I t is also consistent with the same rock samples having porosi t ies as high 
as 1% at room temperature and pressure (Brace, 1979)- In te res t ing ly , io in ts 
and other larger fractures do not play a role here. Resis t iv i ty is dependent 
primarily on porosi ty, and fracture porosity even at depths as shallow as 
0.1 km (330 f t ) appears to be about 0.001% (Snow, 1968a). Thus fracture 
porosity is of no consequence when compared with that of the intergranular 
pores and raicrocracks (Brace, 1975). 

Permeability. Permeability is a complex function of porosi ty, pore 
diameter, to r tuos i ty , and interconnection of the pores in porous mater ia l s . 
In fractured rock, permeability depends on fracture spacing, aperture, 
roughness, and interconnections. Because of the d i f f i cu l t i e s inherent in 
d i rec t measurement of these quan t i t i e s , the only available means of obtaining 
permeability data are through in - s i tu measurements. The range of permea
b i l i t y of typical geologic materials may vary over 12 orders of magnitude 
(Table 1) . Fracture permeability i s probably the controll ing factor in deep 
holes in c rys t a l l i ne rocks. Fortunately, fractures are seldom continuous 
for more than a few meters. Since hydrologic gradients are expected to vary 
considerably with time, t ravel times or fluid rrom deep hole depths to the 
surface may vary over several orders of magnitude. 

Because fractures tend to close with depth due to overbi :den pressure, 
f racture permeability generally decreases with depth. The making of the 
hole or opening, however, tends to increase local fracturing and thus increase 
fracture permeability. To a depth of 50 m (165 ft) approximately 100 
measurements in c rys ta l l ine rock (Figure 3) show that permeability ranges 
from i0~ 3 to 10 darcies (Snow, 1968a). Below this depth a few measurements 
sliow very low permeability — less than 1 nanodarcy (Ballon, 1979, p . 45) — 
although a t many s i t e s , measurements show permeability similar to that of 
near-surface rocks. Only three se ts of measurements are available from 
d r i l l holes below 500 m (1,650 f t ) : the Rocky Mountain Arsenal well (Snow, 
1968b), the Savannah River Plant (Marine, 1967), and Fenton H i l l , Los Alamos 
(West e t a l» , 1975). These permeability measurements range down to 10~" 
darcy. Some sections of the d r i l l holes are as permeable as near-surface 
r ocks. 



Tab le 1. Degrees of permeab i l i t y of \rar ious rock types 

Conduct iv i ty 
(cm/sec) 

10* IQi 100 
I 

Iff ,-l 10 i-2 io- 10" A 

I 
i o - 1 0 - 6 

I 
10-7 

I 
io-

Darcies 105 
I 

10" 10 J 10 1 10" 10' ,-3 10" 10-5 
I 

10" 

Degree of 
permeabi l i ty 

Very 
high High Moderate 

l<" shaLe 

Rock 
type 

| <, ( f r a c t u r e d ) s a n d s t o n e 
- ( s o l u t i o n c a v i t i e s ) — 1imes tone and d o l o m i t e 

Very 
low 

| <—(f r a c t u r e d or weathered) ' 
" (cavernous and f r a c t u r e d ) — b a s a l t - — ~ 

I <——-(weathered) metamorphic r e c k s 

(un f r ac t u r ed ) > | 
o l e a n i c r o c k s , e x c l u d i n g b a s a l t 
—(dense )——— > I 

l<- bedded s a l t 
~(weathered ) - g r a n i t i c r o c k s 

* To o b t a i n D a r c i e s , m u l t i p l y by 1-04 < 1 0 3 
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FiRure 3. Measurements of i n - s i t u permeability of c rys t a l l i ne 
rocks as a function of depth* 

Bar for each s i t e shows the range of measured values . Maximum 
depth is given under the bar for the three deep s i t e s : Savannah 
River Plant (SRP), Rocky Mountain Arsenal (IMA), and Fenton 
H i l l , Los Alamos (GT-2) . NTS - Nevada Teat S i t e . 

We conclude that permeability of c ry s t a l l i ne rock may vary over 4 to 6 
orders of magnitude. This suggests that isolated natural f rac tures in 
c r y s t a l l i n e rock play an important ro le aa fluid conduits a t depths of 
several ki lometers . In - s i tu permeability i s usually higher than laboratory 
measurements in cores (Witherspoon e t a" . , 1979); thus laboratory 
measurements may give a useful lower bound. 

We must a lso consider the re la t ionship between permeability and 
temperature. As the emplaced waste heats up, the permeability of the 
f rac tures in the v i c in i t y of the deep hole wil l change. Depending on their 
s t a t e of s t r e s s and f rac ture or ien ta t ion , some fractures may open and others 
may c lose . The nature of these and other changes i s complex and depends on 
factors such as the formation of thermal cracks in the host rock, the 
chemistry and the phase charac te r i s t i c s of the i n t e r s t i t i a l f lu id , and the 
so lub i l i ty of minerals of the rock in the i n t e r s t i t i a l f lu id . The effects 
of temperature on permeability could be s igni f icant , yet a t present they are 
poorly understood. 

io-3 
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State of Stress 

To design a very deep hole, e i ther dr i l led or excavated, we must have 
a knowledge of the in - s l tu s t a t e of s t r e s s . For a given rock, the s t a b i l i t y 
of the borehole or the shaft during excavation wil l depend on the i n i t i a l 
s ta tes of s t r e s s . The in-s i tu s t r e s s s t a t e is also the basel ine upon which 
the thermomechanical loading caused by the nuclear waste is superimposed. 
The resul t ing perturbation in both the mechanical rock mass propert ies and 
hydrologic conditions may be c r i t i c a l . A knowledge of a l l the components of 
the s t a t e of s t r ess — the ve r t i ca l s t r e s s , and the maximum and minimum hor
izontal s t resses — are required over the depth of In te res t , 0 to 15 km (0 
to 50,000 f t ) . SLress has been measured by hydraulic fracturing from the 
surface to depths as great as 5 km (Haimson, 1977; see also Cook, 1977). 
The general trend of Haimson's (1977) data is shown In Figure 4; the data 
are extrapolated to 15 km (50,000 f t ) . The plots indicate the following". 

A wide sca t te r in the r a t i o of horizontal to ve r t i ca l s t r e s s ex is t s at 
shallow depths (1 km or l e s s ) . 

The ve r t i ca l s t r e s s , which is calculated from the density of the over
burden, is approximately 270 bars/km (1.2 ps i / f t ) for c r y s t a l l i n e 
rocks and 226 bars/km (1.0 ps i / f t ) for sedimentary rocks. 

The r a t i o of the minimum horizontal s t r ess to the v e r t i c a l s t r e s s i s 
0.6 - 0.7 for c rys t a l l i ne rocks and 0.8 for sedimentary rocks a t depth. 

The temporal change in s t r ess due to tectonic loading/unloading is 
expected to be ins ignif icant when compared with the s t r e s s change induced by 
the thermal loading of the nuclear waste (see page 22). No data presently 
exis t on long-term changes in s t r e s s with time. 

Geothermal Gradient 

Thermal gradients in regions of low, moderate, and high heat flow are 
given in Figure 5 and Table 2. The temperatures a t depth estimated from 
the profi les in Figure 5 may vary by 20% for a given region. 

The s l igh t curvature to the prof i les re f lec t s concentration of 
radioelement heat producers in the upper portions of the c rus t . The 
temperature prof i les for the s table mid-continent and eastern regions 
are probably representa t ive of most of the United S ta tes . Few regions have 
as low heat flow and thermal gradients as the Sierra Nevada, or as high as 
those measured in the Basin and Range province and the Columbia River 
Plateau. The prof i les indicate that in most areas in the United S ta te s , 
temperatures would approach 200°C (392°F) a t 10 km (33,000 f t ) and 
250°C (482°F) a t 15 km (50,000 f t ) . 

Rock Strength 

High rock strength is c r i t i c a l for hole s t a b i l i t y during both the 
d r i l l i ng and operation of a deep i so la t ion f a c i l i t y . The Important 
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Figure 4. In s i t u - s t r e s s as a function of depth based on hydrofracturing 
data ( 0 V • ve r t i c a l s t r e s s ; a H m l n = minimum horizontal 
s t r e s s ; OJJ m a x - maximum horizontal s t r e s s ) . 

The inset shows the actual measurements of horizontal s t r ess as a 
function of depth to 1 km (3,300 f t ) , o = overcoring borehole measure
ments for OJJ; A « hydrofracture data for a, H min' hydrofracture 

-3 n0.65^ data for a H m a x . The l i ne shown in the inset ( a H = 2.50 x lO'- 'D"* 0 3) 
i s a l e a s t squares f i t of the data with corre la t ion coef f ic ien t , r = 0.84 
(ffH - average horizontal s t r ess in kbar; D =- depth in meters) . 

considerations a re the s trength of the rock and how strength is affected by 
j o i n t s , elevated temperature, and the presence of f l u i d s . 

Unconfined compressive strength of hard c rys ta l l ine rocks a t ambient 
temperature ranges from about 1.3 to perhaps as high as 2.5 kbar (20,000 to 
38,000 p s i ) . The influence of confining pressure, pore pressure, and 
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Figure 5. Temperature prof i les for low, normal, and high heat 
flow regions of the United S ta t e s . 

The dashed curve is the lower bound of the zone of melting of water-
saturated granodior i te . (Source: adapted by permission from Lachenbruch 
and Sass, 1977.) 

f ractures on strength is i l l u s t r a t e d in Figure 6 for granodior i te , a 
typical plutonic rock. Additional, new fractures reduce the strength of 
both fractured and previously unfractured rock as long as pore pressure is 
low; for example, if the rock under s t r ess were drained. If pore pressure 
remains close to confining pressure, the strength remains close to the 
unconfined values; t h i s i s i l l u s t r a t e d in the two lower curves (Heard, 
1970). The shear strength of jointed rock may be s ignif icant ly reduced by 
pore pressure. Due to the interlocking of a spe r i t i e s on j o in t surfaces, 
however, the f a i lu re envelope for unfil led jo in t s wi l l merge with that of 
in tac t rock a t high confining pressure or under conditions of zero normal 
displacement (Goodman, 1976, p . 165). The l a t t e r condition is l ike ly to 
hold except in the immediate v i c in i ty of the borehole wal l . 

High temperatures lower the strength of rocks; the degree of 
weakening depends on the temperature compared with the solidus of the rock. 
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Table 2. Thermal gradients measi 
basaltic rocks in rela 

Number of Mean 
measure- gradient 

Area ments (°C/km) 

Lake Superior and 
Precambrian 
shield 6 17.1 

New England 
plutons* 17 21.4 

New England 
plutons** 14 19.1 

Piedmont-
Appalachians 3 16.2 

Adirondacks 4 17.7 

Black Hills 3 19 

Sierra Nevada 10 11.9 

Columbia 
Plateau 4 38.3 

Southeast 
Missouri 4 16.5 

in crystalline, plutonic, and 
y stable tectonic areas 

Standard 
Range deviation References 

Roy et al. (1968, 
1972); Judge and 

14.1-18.9 1.6 Beck (1973) 

13.5-29-9 4.4 Roy et al. (1968) 

13.5-23 3.3 Roy et al. (1968) 

15-18 1.6 Diment et a l . 
(1965a,b); Diment 
and Werre (1964) 

15.9-18.5 1.2 Roy et a l . (1968) 

9.1-25.6 8.5 Sass e t a l . (1971) 

6.4-18.3 3.9 Sass e t a l . (1971) 

37.2-42 3.0 Blackwell (1974) 
Sass e t a l . (1971) 

14.8-18.5 1.5 Roy et a l . (1968) 

Including the Conway grani te 
Excluding the Conway grani te 
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HARDHAT GRANOOIORlTE 

Figure 6. Fai lure envelopes for Hardhat granodiori te tested in com
pression a t 25°C (77°F) a t a s t r a in r a t e of l O ' V s e c 

"Fractured" curves show strength of dry (P« = 0) and wet (P p = P c ) 
rock af ter f i r s t f rac ture . P p = pore pressure; P c = confining 
pressure; P m = mean pressure; T - shear s t r e s s ; o-yy 02, and C3 
- pr incipal effective s t r e s s e s . 

For c rys ta l l ine rocks such as g ran i t e , diabase, and gabbro, creep in the 
laboratory is f i r s t detected around 500°C (900°F). Below this 
temperature b r i t t l e fracture and f r ic t lona l res is tance are v i r t ua l l y 
unaffected. 

One special effect that may have to be considered in the deep hole 
concept is s t r e s s corrosion. B r i t t l e strength of s i l i c a t e rocks is 
seriously degraded by water, par t icular ly at elevated temperatures 
(Griggs and Blacic, 1965). 

Geochemistry 

The rocks considered here consist of s i l i c a t e minerals, and the 
repository encompasses the rocks, waste, and hydrologic regime. The form 
of the waste may have a s ignif icant effect on this system. In this section 
we discuss the in teract ion between l iquid or solid waste forms and the 
geologic environment and the general aspects of radionuclide transport from 
a deep hole* 
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Reaction between l iquid wastes and rock. Spent fuel from commercial 
sources has not yet been reprocessed in the United Sta tes ; hence mil i tary 
liquid wastes are used as a model of potent ia l commercial wastes. The 
composition of such wastes can be extremely variable depending upon the 
processing techniques used; undoubtedly their composition could be formulated 
to make wastes somewhat geochemically compatible with s i t e - spec i f i c geologic 
requirements. 

Reliable predictions of reactions between l iquid wastes and rocks 
require a knowledge of: (a) waste composition; (b) rock composition; 
(c) temperature; (d) pressure; (e) ava i l ab i l i ty of water; (f) fluid flow 
regime; (g) r a t e of inject ion; and (h'r a data base that contains both 
equilibrium and kinet ic data for sorption phenomena, reac t ions , and 
equi l ibr ia for major species and radionuclides, A maj or consideration in 
injecting l iquid wastes into rocks a t great depth is that water lowers the 
temperature of the solidus of c rys t a l l i ne rocks and also lowers rock 
strength (see p. 13). 

Reactions between sol id wastes and rock. As with l iquid waste disposal , 
predicting react ions between solid waste and rock requires much s i t e - spec i f i c 
information in addition to the necessary data base. We have considered 
react ions in hydrous and anhydrous environments. Actually, water should be 
avoided since i t s presence hastens radionuclide transport , independent of 
both the waste form and rock type. A limited amount of local ly present 
water that i s not connected to a reservoir ( i . e . water that cannot be 
replenished once i t i s removed by reaction in the neighborhood of the 
canis ter) can be accommodated in the design. Under anhydrous conditions, we 
assumed that no water i s avai lable to react with the canis ter and contents, 
and that no water wi l l be available over the l i f e of the reposi tory . 

The various forms of solid nuclear waste and their in teract ions with 
host rock are b r i e f ly described here; waste compositions are l i s t ed in DOE 
(1979, v . 2, Appendix A). 

1. Salt cake: Anhydrous s a l t cake has essen t ia l ly the samu physical 
cha rac t e r i s t i c s as pure NaN03, the most important being i t s one-atmosphere 
melting point of 308°C (590°F). At higher temperatures, we expect 
react ion of the s a l t cake with wall rock to form refractory s i l i c a t e - n i t r a t e 
minerals which should immobilize the major components of the waste. 

2. Calcine: McCarthy and Scheetz (1977) s t a t e that the composition 
of calcine var ies , depending upon the processing procedures, and that i t s 
phase composition is unknown. In the absence of mineralogical information, 
therefore, we cannot predict the ultimate fate of this material in the hole. 

3. Supercalcine, synthetic minerals: Because these waste forms 
consis t of geologically refractory phases, we do not expect them to be 
mobile in an anhydrous environment. 

A. Glass: In a nearly or completely anhydrous environment, the 
pr incipal reac t ion , given time, wi l l be dev i t r i f i ca t ion of the g l a s s . 
With elevated temperature there would probably be l to i t ed reaction of 
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glass and wall rock. The viscosi ty of the glass as a function of pressure 
and temperature is unknown. Such information, along with the r a t e of 
dev i t r i f i ca t ion , would be necessary to predict whether the glass would be 
mobile or would f i r s t dev i t r i fy . 

5. Spent fuel elements: The metall ic components of spent fuel 
elements would remain s table at the reducing conditions expected at great 
depth in c rys t a l l i ne rocks. McCarthy et a l . (1978) expect reducing 
conditions within the contents of the fuel rods, indicating that the spent 
fuel material would also remain s t ab le . Spent, unreprocessed fue] rods 
would thus probably be s table in an anhydrous deep environment over geologic 

Radionuclide transport from the .deep hole, if hole in tegr i ty is 
breached, radionuclides wi l l migrate in a fluid phase — if such a phase 
e x i s t s . This fluid may be water or, if the temperature is high enough, i t 
may be a s i l i c a t e melt. If a melt forms i t wiJ1 migrate unt i l a low 
enough temperature causes i t to solidify or, if hydrous, unt i l water escapes. 
Sorption processes and reactions w i l l , however, retard the ra te of waste 
transport r e l a t ive to the fluid flow r a t e . During transport the radioruclides 
will contact some combination of country rock, casing, and sealing mater ia ls . 
At: adsorption of a substance from solution is generally exothermic, the 
re la t ive adsorption of the radionuclides should be small near the canister 
and become s ignif icant only in cooler regions. Sorption s e l ec t i v i t y should 
also be small near the canister and Increase in the lower temperature 
regions. The above is speculat ive; in fact , the dependence of e lec t ro ly te 
adsorption on pressure and temperature has not yet been systematically 
studied for a waste-rock system of i n t e r e s t . In high temperature regimes 
associated with the bottom-hole environment, radionuclides may be incorporated 
in the existing mineralogical assemblage due to reaction and thus may hinder 
the migration of the waste mater ia ls . 

In the disposal of nuclear wastes, the radioactive gaseous components 
such as "-><Cr and ^ " l must be considered. These gases are los t from the 
solid waste when processed. Spent fuel rods, however, contain s ignif icant 
quant i t ies of °JKr (half l i f e of 10.7 y r ) , but secure storage before 
disposal for r e l a t ive ly a short time (100 years) would reduce the °-̂ Kr 
concentration to 0.2%. 129T_ ^as a v e r v long half l i f e and could become a 
s ignif icant problem. 

Thermomechanical ^.Factors 

Temperature d i s t r i bu t ion . Under a normal geothermal gradient of 
20° to 30°C/kra (60° to 85°F/tnile), temperatures in excess of 200° to 300°C 
s390° to 570op) should occur a t a depth of 10 km (33,000 f t ) (Figure 5 ) . 
The heat released by radioactive decay of the eraplaced waste wil l further 
increase the temperature of the surrounding rocks. The magnitude of this 
induced temperature increase is determined by the thermal propert ies of the 
surrounding rocks and the power output of the waste, 'ind the l a t t e r depends 
upon waste densi ty, composition, and age. 
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For the very deep hole concept, thermal considerations a t the ea r th ' s 
surface are r e l a t ive ly unimportant. For example, i t takes 200,000 years for 
thermal effects generated a t 5 km depth to reach the surface. On the other 
hand, the thermally induced effects a t depth are important and could have 
s ignif icant effects both on mechanical in tegr i ty of the rocks and on driving 
gr oundwa ter conv ec t ion. 

As a r e su l t of radioactive decay, the heat output of the nuclear 
waste decreases with time. At any point in the system, the waste reaches a 
peak temperature a t some time after emplacement, which depends upon the 
charac te r i s t i c s of the waste and the thermal properties of each mater ia l . 
The'order of magnitude of the temperature increase can be estimated from 
simple heat conduction using thermal propert ies typical of a c rys t a l l i ne 
rock. Two waste forms are considered here — reprocessed high-level wastes 
in which the ac t iv i ty decays rapidly with time, and spent fuel in which the 
ac t iv i ty decays much more slowly with time. 

Consider f i r s t the case of s tor ing solid spent fuel in a very deep 
hole . We assume the spent fuel i s enclosed within cyl indr ica l canis te rs of 
diameter 0.3.m (1 f t ) "and height 4.9 m (16 f t ) . Each canister contains one 
fuel assembly from the pressured water reactor (PHR) (Kisner et a l . , 1978, 
p. 23). A hole 0.31 m (12-1/4 in) in diameter can thus contain a s ingle 
column of waste c a n i s t e r s . 

Because of the very large height-to-diameter r a t i o of the column of 
radioact ive waste, the heat flux from the waste is mainly in the rad ia l 
d i rec t ion, i . e . as if i t were from a long cylinder. The temperature within 
the heat source i t s e l f i s very nearly uniform and drops abruptly a t the ends 
of the column. 

If the spent fuel is cooled on the surface for 5.5 years before being 
emplaced in the hole, the power density a t loading wil l be 174 W/m (Kibbe 
and Boch> 1978a, p . 11-71; Kisner et a l . , 1978, p. 41). Figure 7 shows the 
temperature increase a t the wall of the hole as a function of time. For 
comparison, the figure presents the temperature-time re la t ionship for 
reprocessed high-level waste (HLW) and spent PWR fuel (SF) a t d i f ferent 
power dens i t ies and surface cooling periods. The HLW is in a more concentrated 
heat-producing form. Each high-level waste canister with diameter 0.3 m (1 f t ) 
and height 3 m (10 f t ) contains reprocessed waste of 6.6 PWn fuel assemblies. 
If the HLW is cooled on the surface for 6.5 years , the power density a t 
loading is 1,420 W/m (Kibbe and Boch, 1978a, p . 11-71; Kisner et a l . , 1978, 
p . 45-46) ;. This level of power density i s higher than the heat generation 
r a t e allowed (DOE, 1979, v. 2, section A) for HLW in the host rock — from 
400 W/m for argil laceous rocks to 1,000 W/m for g ran i tes , depending on rock 
type. A more di luted form of HLW should therefore be considered for emplace
ment in a very deep hole. The temperature generated is proportional to the 
power.;density a t loading and wi l l be lower for a more diluted form of HLW. 

The temperature f ie ld is very sens i t ive to the duration of surface 
cooling period (Figure 8 ) . Thus, surface storage for several years 
allows the short-term large heat output from f i s s i c . products to d i s s ipa t e . 
The effect of rock type i s shown for g ran i t e , shale , and basa l t (Figure 9 ) . 
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Figure 7. Wall temperature of 0.31 in (12 1/4 in) diameter hole 
as a function of time for single column of PWR spent 
fuel (SF) and reprocessed high-level waste (HLW) 
canis te rs emplaced in g ran i t e . 

The SF corresponds to 5.5 yr surface cooling, with power a t 
emplacement being 174 W/m or equivalent to 0.0945 metric ton 
of heavy metal per meter (MTHM/m). The HLW corresponds to 6.5 yr 
surface cooling, with power at emplacement being 1,420 W/m or 
equivalent to 0.997 MTHM/m (Kibbe and Boch, 1978a; Kisner et 
a l . , 1978). The temperature r i s e is proportional to the power 
a t emplacement and wi l l be lower for more diluted forms of HLW. 

Granite, with i t s r e l a t i ve ly high value of thermal conductivity, has a lower 
temperature bui ld-up. 

If a shaft 10 m (33 ft) in diameter is used instead of the small hole, 
mult iple columns of canis te rs can be stored. The temperature a t the wall of 
the hole is not very sens i t ive to the detailed d i s t r ibu t ion of the waste 
within the shaf t . Figure 10 shows the wall temperature, where there are 
mult iple columns of can i s t e r s , as a function of time. Under maximum 
packing, in a s ingle layer , the 10 m (33 ft) diameter hole can accommodate 
950 cyl indr ica l canis te rs of diameter 0.3 m (1 f t ) , or 1,300 square canis te rs 
with s ide dimensions of 0.24 m (9-1/2 i n ) . A shaft 5 km deep could be 
packed with a mill ion can i s t e r s , and the temperature increase would be 
in excess of 2,000°C for SF and 100,000°C for HLW. This i s def in i te ly 
unacceptable. If the temperature increase is limited to 100°C (212°F) 
above the ambient temperature, only 5,000 spent-fuel canis ters or 1,200 HLW 
canis te rs could be stored in the 5 km column of a 10 m diameter shaf t . 
Bourke and Hodgkinson (1977) a lso calculated large temperature r i s e s 
caused by waste canis ters emplaced in cubic and planar a r rays . I t i s clear 
that unacceptably high temperatures could occur from re la t ive ly fresh 
waste unless very low packing densi t ies are employed. 
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Figure 9 . E f f ec t of rock types on wal l temperatures as a funct ion of 
time a f t e r emplacement. 

The case i s for PWR spent f u e l c a n i s t e r s placed in a 0.31 m ( 1 2 - 1 / 4 in) 
diameter h o l e a f t e r sur face coo l ing period of 5.5 y e a r s . 
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Figure 10. Wall temperature of a 10 m (33 ft) diameter shaft as 
a function of time for 3, 5, and 7 ve r t i ca l layers 
of PWR spent fuel and reprocessed high-level waste 
canis ters emplaced in g ran i t e . 

In summary, for a nominal amount of thermal loading, we have calculated 
the temperatures a t the rock surface of the hole for both high-level 
wastes and spent fuel a t a l l times. For the case of a 0.31 m (12-1/4 in) 
diameter hole, only one column of canis ters can be accommodated. The peak, 
temperature r i s e i s about 470°C (878°F) for high-level waste and 72°C 
(162°F) for sp-=n.t fuel envplaced after surface cooling for 6.5 years and 
5.5 years, respect ive ly . For the case of a 10 m (33 f t ) diameter hole, the 
temperature r i : e that can be tolerated by the host rock strongly l imi t s the 
number of colun.ns of canis te rs that can be eraplaced. 

Increases in temperature may cause a var ie ty of physical and chemical 
effects in a rock mass such as phase changes, pa r t i a l melting, thermally 
induced s t r e s se s , exci ta t ion of convection in the overlying hydrologic 
system, and generation of fluid pressures. The l i t e r a t u r e of experimental 
petrology wil l yield predictions on equilibrium chemical e f fec ts ; other 
potent ia l effects can be modeled. In future research on the very deep hole 
concept, a l l expected effects of increase in temperature would have to be 
investigated in d e t a i l . 

Fluid pressure buildup. A potent ia l ly severe problem could occur if 
the fluid in the rock near the reposi tory became heated. The c r i t i c a l 
point for pure water i s 374°G a t 221 bars ; above that pressure or temperature 
there is no d i s t inc t ion between l iquid and vapor. The c r i t i c a l pressure 
corresponds to a hydrostatic head of 2 km (6,600 f t ) of water or 1 km (3,300 
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ft) of rock. If perturbed by the waste, an increase in temperature of 
the pore fluid in the surrounding rock couid affect the pressure and 
potent ia l ly rupture the system. If the rock has Low permeabili ty, the 
volume of the fluid sys tem remains nearly cons tan t and thus the pressure 
r i s e s . Clearly an assessment of this pressure increase depends mi i n i t i a l 
conditions, ava i l ab i l i t y of water, porosity, permeability, heating ra te , and 
dissolved sol ids in the water. If the pore pressure reaches the level of r lu 
rock s t r e s s , then fracturing and rupture of the waste con ta inmen I Rvsrt:-
wi l l occur. 

Thermqmechanical s t resses* We calculated thermal s t resses for I'M1 

geometry of a long cyl indr ica l heat source using classical theory of 
thermoelas t i c i t y . The tens i le s t resses are higher at the end of a lien ted 
long cylinder than they are outside the mid-section and will be treated 
f i r s t . For the end problem i t is an excellent approximation to use the 
theory for a uniformly heated elongated e l l ipso id . Calculations indict li
the following tens i le tangential s t resses a t given distances above tin waste 
column for a 100°C (212°F) temperature r i s e : 

Top of waste column 910 bars (l'J,400 psi) 
2.5 km ( 8,200 f t ) above top 114 bars ( l,h/:> psf'i 
5 km (16,400 f t ) above top 34 bars ( S00 psi> 

For i l l u s t r a t i o n , a 10 km (33,000 ft) deep hole with a modest temperature 
r i s e caused by the waste Induces large tens i le s t r e s ses , which are comparable 
with the uniaxial t ens i le strength of hard rock determined in the laboratory. 
Our calculat ions show that s t resses outside the curved surface of the 
section of the hole containing the waste are inconsequential compared with 
s t resses above the top of the waste. 

Linear thermoelastic continuum theory was used in the above ca lcula t ions , 
as i t i s in most other models of thermal effects on rocks. If the rock is 
jo in ted , the j o i n t s may be able to "absorb" the therrr.al expansion without 
transmitting the high s t r e s s e s . Other in-a i tu proper t ies , such as permeabil
i t y , may be affected by j o i n t s "absorbing" thermal expansion. Hencu in-s i tu 
rock properties s tudies and numerical modeling of the behavior of jointed 
rock masses must be pursued. 



KAKING THE VERY DEEP HOLE 

A primary c o n s i d e r a t i o n in e s t a b l i s h i n g the f e a s i b i l i t y of the very 
deep hole concep t i s the technology a v a i l a b l e to excava t e a deep h o l e . We 
review four methods of ex cava t ton h e r e , inc lud iv\g the p r e s e n t rapab i). i t i es 
and poLen t i a l advancements of each . F i n a l l y , we make soim1 comments on 
t e c h n o l o g i c a l developments needed to make deeper h o l e s . 

Methods 

To t-'xcavate a very deep h o l e , four methods could be u sed . These 
a r e o U - t i e i d r o t a r y d r i l l i n g , b i g - h o l e d r i l l i n g , d r i l l - a n d - b l a s t s h a f t 
n i nk ing , and b l i n d - h o l e s h a f t b o r i n g . 

For u i l - f i e l d r o t a r y d r i l l i n g , s t a n d a r d o i l - f i e l d d r i l l equipment would 
oe used . A d r i l l b i t a t t a c h e d to a d r i l l p ipe i s r o t a t e d from the s u r f a c e 
and d r i l l i n g mud i s c i r c u l a t e d through the p ipe to c a r r y c u t t i n g s to 
the s u r f a c e . The d r i l l i n g mud i s a c r i t i c a l e lement in p r o v i d i n g b o r e h o l e 
s t a b i l i t y , l u b r i c a t i o n , and c o o l i n g ; h e l p i n g p r e v e n t c o r r o s i o n ; and Tninimizinfi 
p ipe s t i c k i n g . C u r r e n t d r i l l i n g muds a r e e i t h e r w a t e r - b a s e or o i l - b r i s e w i th 
benLon i t e c l a y added to i n c r e a s e v i s c o s i t y , b a r i t e added for w e i g h t , and 
v a r i o u s a d d i t i v e s used to improve s e l e c t e d p r o p e r t i e s . S u b s t a n t i a l r o t a r y 
d r i l l i n g e x p e r i e n c e e x i s t s ; however, most of the d r i l l i n g has been in 
sed imen ta ry r o c k s . At l e a s t the upper p o r t i o n s of deep r o t a r y d r i l l e d h o l e s 
w i l l be ca sed ; in f a c t , t he e n t i r e h o l e may need to be cased for b o r e h o l e 
s t a b i l i t y . Cement g r o u t s a r e pumped from the bottom of the h o l e up around 
the h i g h - s t r e n g t h s t e e l c a s i n g to g r o u t the cas ing t i g h t l y a g a i n s t the 
b o r e h o l e . If t h e e n t i r e b o r e h o l e i s c a s e d , then the h o l e could be b a i l e d 
dry and l e f t s t a n d i n g open for long p e r i o d s of t ime . If the bot tom p o r t i o n 
of the hole i s no t c a s e d , i t i s u n l i k e l y t h a t the b o r e h o l e would s t a y open 
if the hole were b a i l e d d r y ; t h e r e f o r e f l u i d of d e n s i t y g r e a t e r than f re sh 
water wou]d probably be r e q u i r e d in t h e open h o l e a t a l l t i m e s . 

B i g - h o l e d r i l l i n g would use o i l - f i e l d equipment wi th a l a r g e c u t t e r 
head a t t a c h e d to d r i l l p i p e ; t h e assembly i s r o t a t e d from the s u r f a c e . 
Reverse c i r c u l a t i o n would be used , whereby the d r i l l i n g f l u i d would be 
b rought up through the hol low d r i l l p ipe us ing a i r - l i f t and high f l u i d 
f l o w s . The h o l e would be d r i l l e d to some depth and then , if r e q u i r e d , 
c a s i n g would be run from t h e s u r f a c e to the bottom of the h o l e . The c a s i n g 
would be g r o u t e d in p l a c e w i th c a r e to ensu re t h a t the g r o u t i n g does n o t 
c r e a t e such h igh p r e s s u r e s t h a t the c a s i n g would c o l l a p s e du r ing the o p e r a t i o n . 
B i g - h o l e d r i l l i n g would no t r e q u i r e men in the h o l e , and a smooth wal l wi th 
no damaged zone around the b o r e h o l e would r e s u l t . 

S h a f t - s i n k i n g r e f e r s t o d r i l l - a n d - b l a s t c o n s t r u c t i o n t e c h n i q u e s u s i n g 
mucking methods t h a t r e l y on a c a b l e l i f t . Th^ d r i l l - a n d - b l a s t o p e r a t i o n 
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i s a c y c l i c p r o c e s s ; i . e . f i r s t b l a s t h o l e s a r e rlril. !*"!, then they a r e 
loaded wi th e x p l o s i v e s , then b l a s t i n g o c c u r s , then the b l a s t e d rock (muck) 
i s removed •> The b l a s t ing o p e r a t i o n 1 eaves a damaged zone around the 
s h a f t , s i n c e i t c r e a t e s f r a c t u r e s one or more s h a f t d i a m e t e r s In to the r o r k . 
The shaf t inus t be ba t i e d ; tha t i s , wa t e r mus t be pumped on I s I not* workers 
would be in the sha f t dur ing c o n s t r u c t i o n . Removing the muck a f t e r Che rork 
has been b l a s t e d w i l l g e n e r a l l y be the most time consuming o p e r a t i o n for 
deep s h a f t s . The s h a f t must be l i n e d , and her ause l i n i n g L.-nmot be don'' 
s i m u l t a n e o u s l y with the dr f 1.1-ami-b I as t e x c a v a t i o n , t h i s cjiir.i's ano the r 
eye Lie o p e r a t i o n . The l i n i n g is r e q u i r e d to p reven t loose rock fr'jin f a l l i n g 
down the shaTt and to keep groundwater from e n t e r i n g the s h a f t - At g r e a t 
dep ths the l i n i n g a l s o h e l p s p rov ide s h a f t s t a b i l i t y . Near the s u r f a c e , the 
l i n i n g might be a g r n u t - g u n U P shm. on a wi re Mies!' b o l t e d Lo the sha f t w a l l . 
A cement 1. in ing could be c a s t in pi ace us ] ng s l i p forms as the sha f I pr ngressi-*-. 
deeper . H i g h - s t r e n g t h s t e e l segnen t s t ha t a r e I owered and hoi ted f n to p 1 a or* 
in ight be r e q u i r e d a t g rea t d e p t h . 

For a deep s h a f t , t he l i n i n g w i l l ri"t be ab l e to fu l l y r e s i s t the 
hor ifsontal s t r e s s e s even if t h i c k h fgh-s t r e n g t h s I ee I segmen t s a r e used . To 
p r even t c o l l a p s e of the 1 in ing as the rock y i e l d s around the sha f t , an 
unf i i Led or Loosely f i I. Led annul us between the rock and the 1 in ing might l w 
d e s i r a b l e as the b e s t mining t e c h n i q u e ; however, a porous F i l l i n g around the 
annul us could be a poten t ial pathway to c i r c u l a t ing groundwn(or and won!d 
thus be q u i t e u n d e s i r a b l e . V e n t i l a t i o n and humidi ty c o n t r o l a r e c r i t i c a l 
for the workers in the s h a f t , and r e f r i g e r a t e d v e n t i l a t i o n wi l l c e r t a i n l y be 
r e q u i r e d a t d e p t h s below 2 . 1 t o 2 .5 km (7 ,000 to 8,000 f t ) . The maximum 
a l l o w a b l e dep th for a w i re rope c a b l e l i f t i s 2 .5 km (ft,000 I t ) , bu t a more 
p r a c t i c a l l i m i t for c u r r e n t w i re rope i s about 2.1 km (7 ,000 f t ) . Shaf t s 
sma l l e r than 3 t o 4 m (10 t o 12 f t ) in d i ame te r a r e i m p r a c t i c a l to s i n k , 
whereas s h a f t s up t o 9 to 10 m (30 to 35 f t ) d iamete r would he prat t i c a l . 

B l i n d - h o l e bo r ing r e f e r s to bor ing a s h a f t . A r o t a t i n g head wi th d i sk 
or t u n g s t e n - c a r b i d e b u t t o n c u t t e r s would be turned by e l e c t r i c motors 
downhole. The e n t i r e b o r i n g machine would be held f ixed in the s h a f t by a 
h y d r a u l i c g r i p p i n g a r r a n g e m e n t . Planned muck removal would be wi th c a b l e 
l i f t , j u s t a s for d r i l l - a n d - b l a s t s h a f t s i n k i n g . No deep , l a r g e d i ame te r 
b l i n d - h o l e s h a f t s have y e t been b o r e d . However, two sys tems a r e c u r r e n t l y 
in the c o n s t r u c t i o n s t a g e , and f i e l d d e m o n s t r a t i o n for a 6.1 m (20 f t ) 
d iamete r s h a f t to about 0 .6 km (2 ,000 f t ) depth w i l l be accompl ished w i t h i n 
the nex t few y e a r s . P r e s e n t p l a n s c a l l for men in the s h a f t t o o p e r a t e and 
ma in t a in the bo r ing machine; hence the s h a f t would have to be l i n e d . 

P r e s e n t C a p a b i l i t i e s 

There i s l i t t l e e x p e r i e n c e a t d r i l l i n g to g r e a t d e p t h s in ha rd , 
c r y s t a l l i n e r o c k s , a l t h o u g h such rocks may pose no more problems than 
d r i l l i n g u l t r a - d e e p w e l l s in s ed imen ta ry r o c k s . A l i m i t e d number of 
o i l - f i e l d r i g s a r e c a p a b l e of d r i l l i n g t o 7 1/2 km (25 ,000 f t ) dep ths and 
beyond. P r e s e n t l y t h e r e a r e four r i g s in the United S t a t e s t h a t could d r i l l 
to a dep th of 9 km (30 ,000 f t ) or somewhat d e e p e r . There a r e t h r e e w e l l s 
d r i l l e d in s e d i m e n t a r y rocks in the United S t a t e s t h a t a r e s l i g h t l y deeper 
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Figure 11. Present (1978) capabil i ty to r o t a r y - d r i l l deep holes . 
Solid points represent actual experience and open points represent 
U n i t s currently believed to be possible. 

than 9 km (30,000 f t ) . The bottom portion o£ the holes were d r i l l ed with a 
16.5 cm (6-1/2 in) diameter b i t , and the holes were cased to the bottom. 
There is some experience at d r i l l i ng geothermal wells where formation 
temperatures approach 300°C (600°F); however, these wells have not been 
dr i l led much oelow 3 km (10,000 f t ) . Big-hole ro tary-dr i l led holes up to 
about 2.1 m (7 ft) in diameter have been dr i l led to depths of nearly 2.1 km 
(7,000 f t ) . Reverse c i rcula t ion using water and a i r l i f t was used for 
removing the cu t t i ngs . 

We believe that somewhat deeper and larger diameter holes could be 
d r i l l e d . Figure 11 shows a plot of depth versus diameter actual ly attained 
and currently believed to be. poss ible . Banister et a l . (1978) reach more 
optimistic conclusions about possible depths a t t a inab le . 

A maximum well depth of about 11 km (35,000 ft) in rocks where borehole 
s t a b i l i t y i s not a problem is believed possible , provided the bottom 
hole were d r i l l ed with a 20 cm (7-7/8 in) diameter b i t . Nine-kilometer 
(30,000 ft) depths could be achieved with 31 cm (12-1/4 in) diameter b i t s 
in c rys ta l l ine rocks where no gas pressure e x i s t s . For very strong rocks, 
the bottom part of the hole might be l e f t open; and in fact for the 31 cm 
(12-1/4 in) diameter hole, current r igs (with current casing) would not be 
able to se t casing to the bottom of the 9.1 km (30,000 f t ) hole. Salt 
has been d r i l l ed successfully to about 4.6 km (15,000 f t ) ; beiow th i s , 
borehole closure prohibi ts further d r i l l i n g . 
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Figure 12- Schematic of mul t ip le - l i f t very deep shaf t s . 

We also believe that a ~3 m ( "10 ft) diameter hoLe could be rotary 
dr i l led to a depth of about 3 km (10,000 f t ) , in strong rocks where borehole 
s t a b i l i t y and rock fractures are not problems. Big-hole d r i l l i ng of a 
smaller diameter hole, 1.2 m (4 f t ) diameter, is believed possible to 
only s l igh t ly greater depths, 3.7 to 4 1cm (12,000 to 13,000 f t ) . At present, 
temperatures for rotary d r i l l i ng must be limited to about 260°C (500°F) 
for very deep holes and to about 93°C (200°F) for big-hole d r i l l i n g . 

Presently (1978) a l l large rotary d r i l l r igs are in use and are 
contracted well into the future; th is condition wil l probably continue for 
a t least the next 10 years . 

Many shafts have been sunk to depths of 1 to 1.8 km (3,300 to 6,000 ft) 
and a few shafts have gone to greater depths. The pract ical l imi t of about 
2.1 km (7,000 ft) for a s ingle l i f t with current wire-rope available 120 
kbar (300,000 psi) t ens i l e strength] requires that for deeper shaf ts , multiple 
l i f t s must be used — as shown schematically in Figure 12-

Pert inent information on deep shafts throughout t'le world is summarized 
on Table 3. The deepest excavation is to 4.6 km (15,200 f t ) in the South 
African gold mines. I t was accomplished by sinking two ve r t i ca l l i f t s to a 
depth of 3 km (10,000 f t ) , followed by an inclined shaft to about 4.6 km 
(15,200 f t ) . 

Shaft diameters vary from about 3 to 10 m (10 to 30 ft / with ease of 
construction re la t ive ly the same over th is diameter range. Circular and 
e l l i p t i c a l shafts have both been constructed; however, the deeper shafts are 
usually c i rcu la r to f a c i l i t a t e l in ing support. We believe that with 
current technology, shafts to about 4.3 km (14,000 f t ) , with two l i f t s , 
could be constructed, assuming reasonable rock condi t ions. No shafts have 
yet been bl ind-hole bored. 

Table 4 gives estimated costs and times for making holes by rotary 
d r i l l i n g , big-hole d r i l l i n g , and d r i l l - and -b l a s t shaft sinking. In a l l 
we assume that the rocks d r i l l ed are strong or moderately s trong. 
Encountering very weak or highly fractured rocks in rotary d r i l l i n g would 



Table 3. Significant vertical shafts (single lifts) 

Name of shaft 
or company 

Time to 
Depth Diameter completion Method of 

ion m (ft) m (ft) Rock type (months) excavation 

Creighton No. 9 

Anglo-American Mine Co. South Africa 
President Steyn No. 4 

deepest single shaft** 

Elsburg 

Sudbury, 2,176 (7,100) 6.1 (20) Norite 
Canada 

64.3 Drill and blast 

2,317 (7,600) 10.2 x 11.0 Sandstone, vol- 31 Drill and blast 
(33 x 37) canics, quartzite 

2,500 (8,300) * * Drill and blast 

Henderson Shaft 

South Africa 1,982 (6,500) 11.0 (37) Sandstone, 70 (fully Drill and blast 
quartzite operational) 

Colorado 610 (2,000) 7.3 (24) Metamorphics Drill and blast 

Welkom Shafts 
(several) 

U. S. Department of 
Defense 

Kerr McGee 

U. S. Department of 
Energy 

South Africa 2,200 (7,000) 6 to 8.5 Quartzite 
(20 to 28) 

Amchitka, 1,906 (6,250) 2.0 (7) Andesite 
Alaska 

New Mexico 450 (1,200) 2.0 to 2.5 Sandstone 
(7 to 8) 

Nevada 600 (2,000) 2.0 to 2.5 Alluvium, tuff 
(7 to 8) 

Drill and blast 

Drilled 

Drilled 

Drilled 

* Information not available 
** Ore only; not personnel 
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Table 4. Estimated costs and time of construction of deep holes. 

Technique and Cost Time to 
depth (in millions completion Kemnrks 

km (ft) of dol lars) (years) 

notary d r i l l ed 
4.6 (15,000) 1.5 
6.1 (20,000) 3 
9.2 (30,000) 15 

10.7 (35,000) 30-35 

Big-hole dr i l led 
3.0 (10,000) 25 

10 
10 

Dr i l l -and-blas t 
shaft sinking 

2.1 ( 7,000) 16-26 
4.3 (14,000) 50-70 

* In 1978 dol la rs 
** Maximum diameter at bottom of hole 

add substant ia l cost and possibly require more time. Bad ground (bad 
water condit ions, unstable rock, or very high in - s i tu s t resses) would 
increase the time and cost of the shaft sinking. 

Combination Systems 

Dril l ing and shaft sinking could be combined to make the very deep hole 
configurations shown on Figure 13. Rotary d r i l l i ng a small-diameter hole 
from a deep shaft (Figure 13a), underreaming a deep hole (Figure 13b), and 
s ide tracking from a ro ta ry -dr i l l ed hole (Figure 13c) are combinations that 
might be considered. Dri l l ing deep holes from a shaft — or a shaft 
and tunnel complex — poses major problems. Stresses in the rock a t the 
shaft d^pth would make i t more d i f f i cu l t to d r i l l from a shaft than to d r i l l 
from the surface. I t i s therefore not possible to expect that a 4.3 km 
(14,000 f t ) shaft and a 10.7 km (35,000 ft) well could be combined to 
achieve a to ta l bottom-hole depth of nearly 15 km (50,000 f t ) . I t is l ikely 
that from a cost and time point of view, i t would be more prac t ica l to d r i l l 
d i r ec t ly from the surface. 

<0.5 
1.0 
2.5 
3.5 

31 cm (L2-1/4 in)** 
31 cm (12-1/4 in)** 
31 cm (12-1/i in)** 
20 cm ( 7-7/8 in)** 

Dril l ing cost alone 
C'.stters for d r i l l i ng 
Casing cost, if required 

3.0 
6.0 

Single lift 
Two lifts 
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Figure 13. Combinations of d r i l l i ng and excavation methods. 

Underreaming a deep d r i l l hole to obtain more volume for storage may 
be possible but would require improved technology. Such underreaming of 
deep holes [below 6 ion (20,000 f t ) ] has not been accomplished, and at best 
the hole diameter could be increased by a factor of about 2. Qnderreamlng 
would require rocks with high s t rength , since the hole would be l e f t uncased. 

Side tracking from a deep hole is currently possible and appears very 
a t t r a c t i v e , A se r i e s of 9 to 11 km (30,000 to 35,000 ft) holes could be 
s ide-track d r i l l ed from a depth of 6 to 7-1/2 ks (20,000 to 25,000 f t ) in 
a single well; hence, the d r i l l i n g time and costs for d r i l l i n g the t i r s t 
6 to 7-1/2 km (20,000 to 25,000 ft) would be saved. Since the shallow 
d r i l l i ng is the easy part of boring the well, s ide-track d r i l l i ng may not 
be a t t r ac t i ve when borehole plugging and environmental uncer ta in t ies are 
considered. 

Expected Advancements 

Increasing our capabi l i ty to rotary d r i l l deep wells beyond about 
11 km (35,000 f t ) by the year 2000 wi l l require s ignif icant development of 
new technology. Currently there is no indust r ia l demand to produce the 
technological advancement necessary. If suff icient resources were used to 
further technology, by the year 2000 we could probably d r i l l to about 15 km 
(50,000 f t ) deep. The improvements in technology required to reach this 
depth include; 

o New d r i l l i ng muds capable of withstanding 370 to 430°C 
(700 to 800°F) formation temperatures 

o Development of high-temperature d r i l l b i t s , e i ther r o l l e r 
cone or diamond 

o New d r i l l pipe and casing, including improved designs and high-
temperature s t ee l s 
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o Improved downhole support equipment such as high-temperature 
logging and surveying tools and fishing tools 

o High-temperature cements and surface pumps for pumping these 
cements 

With the above improvements in technology, a 15 km (50,000 It) well 
could be drilled, where the formation temperature do not exceed 370° to 
430°C (700 to 800°F). The bottom hole would be drilled with either a 
15.9 cm (6-1/2 in) bit, or in the best case, a 20 cm (7-7/8 in) bit. 
Most of the hole would be cased; however, in high-strength rocks without 
gas pressure, the bottom part of the hole might be left open. 

Big-hole drilling is currently believed to be at its limit in terms 
of the depths attainable using current concepts, materials, and technology. 
No significant increase in the depth that could be drilled is expected, 
even if large sums were spent on technology. Specifically, the ability 
to drill about a 6 m (20 ft) diameter hole 0.3 to 0.6 km (1,000 to 2,000 
ft) deep, a 3 m (10 ft) diameter hole to about 3 km (10,000 ft) deep, 
or a 1.2 m (4 ft) diameter hole to 3.7 to 4 km (12,000 to 13,000 ft) deep in 
ideal rocks is the limit that can reasonably be expected from big-hole 
drilling. 

To increase the depth that a shaft can be sunk with a single lift 
requires increasing wire rope capabilities. Because current wire rope has 
a tensile strength of about 20 kbar (300,000 psi), we do not expect a large 
improvement. The maximum depth that shafts can be sunk even with multiple 
lifts depends on the equipment used, the rock strength, and the in-situ 
stresses. Ventilation and humidity control become critical below 2.1 
to 2.4 km (7,000 to 8,000 ft) and would be very difficult below 4.3 to 4.9 
km (14,000 to 16,000 ft). Ground control and the prevention of liner 
collapse as the shaft is sunk becomes more difficult below the first lift, 
and little experience exists for design. Based on simple analysis and 
assuming that the maximum horizontal stress is equal to the vertical stress 
(approximately 0.226 bars/m, or 1 psi/ft) , the hoop stress around the shaft 
would be twice the vertical stress. Therefore, for a rock with an unconfined 
compressive strength of 2 kbar (30,000 psi), a critical depth where yield 
and failure around the shaft wall would occur — due to the in-situ stress 
alone, not due to blasting — is around 4.6 km (15,000 ft). 

We believe that shafts deeper than presently exist could be sunk; 
however, major unknown problems would be encountered primarily because 
of the yielding and failure of rock around the shaft wall. Only very 
approximate cost and time estimates can be made for shafts deeper than about 
4.3 km (14,000 ft). To sink a shaft to 4.3 km (14,000 ft), or somewhat 
deeper might require six years and $50 to $70 million (Table 4); to sink 
another lift to 6.4 km (21,000 ft) might require an additional six to 
eight years and an additional $70 to $100 million (all in 1978 dollars). 
We did not estimate the cost and time required for sinking shafts deeper 
than 6.4 km (21,000 ft). 
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Table 5. Reasonable advancements possible in ability 
to make a very deep hole by the year 2000 
(if technology and experience are advanced). 

Depth 
km ( f t ) 

Diameter Tempera ture 
°C (°F) C a s e d / l i n e d 

F lu id 
in ho le Method 

15.2 
(50 ,000) 

20 cm 
( 7 - 7 / 8 in ) 

370-430 
(700-800) 

At l e a s t 
to 9 .2 km 

(30,000 f t ) 

Mud Rotary 
d r i l l i n g 

10.7 
(35 ,000) 

31 cm 
(12-1/4 i n ) 

370-430 
(700-800) 

At l e a s t 
to 7. 7 km 

(25,000 f t ) 

Mud Rotary 
d r i l l i n g 

6.1 
(20 ,000) 

6-9 m 
(20-30 f t ) 

93 
(200) 

Lined No D r i l l and 
b l a s t s h a f t 

4 . 3 
(14 ,000) 

1.2 m 
(4 f t ) 

150 
(300) 

Not 
n e c e s s a r i l y 

Probably B ig -ho l e 
d r i l l i n g 

3 
(10 ,000) 

3 m 
(10 f t ) 

150 
(300) 

Not 
n e c e s s a r i l y 

Probably B ig -ho l e 
d r i l l i n g 

3 
(10 ,000) 

3-6 m 
(10-20 f t ) 

93 
(200) 

No No B l i n d - h o l e 
bor ing 

Blind-hole boring may offer promise in the future, after reliable 
equipment has been built and operated. This construction technique would 
be more attractive for waste disposal if the following innovations could be 
made: 

o Remote control operation to avoid having men in the shaft 

o Remote operation with fluid in the hole at all times 

o Automated muck removing system using slurry instead 
of cable lifts 

o Some means to emplace waste material without requiring 
men Ln the shaft or bailing the shaft dry 

Table 5 shows the best estimate of advancements that could reasonably 
be expected up to the year 2000, if the iim? ^ions enumerated here are 
removed. 
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Sealing and Containment 

Sealing a borehole or a shaf t , and the long-term containment capab i l i t i e s 
of e i the r , are addressed on page 35. The design of seals should begin, however, 
with the d r i l l i ng or shaft sinking technique. For holes f i l l ed with f luid, 
the seal must be'emplaced in that medium; the rock a t the immediate edge of 
the excavation, where the seal ing material must firmly adhere, must be 
cleaned of d r i l l i ng mud or loose rock; and damage and fracturing in the rock 
immediately surrounding the opening must be considered. Hence the d r i l l i n g 
or b las t ing techniques chosen must be integrated with the design for c losure . 



EMPLACEMENT 

In the disposal of radioactive waste in a very deep d r i l l hole, we 
assume that the material is placed in a canister or container of some k Lnd 
to be lowered into the hole. If re la t ive ly small-diameter ro ta ry-dr i l l ed 
noles were used, canis te rs must f i t inside holes dr i l led with a 31 cm 
(12-1/4 in) b i t ; that i s , the canis ters would have a 20.3 to 22.9 cm (S tn 9 
in) maximum diameter. Canister lengths up to 9.1 m (30 ft) would be 
re la t ive ly convenient since this is the length of standard d r i l l pipe. It 
is l ikely that canis ters would be lowered into the hole by wire l ine whilp 
the hole was Cull of l iqu id . 

If the hole were d r i l l ed with a 31 cm (12-1/4 in) b i t and cased, the 
spent fuel elements probably would not f i t inside the casing. Special d r i l l 
b i t s and casing could be produced that would allow a s l igh t ly larger diameter 
hole so that the spent fuel elements could be emplaced d i rec t ly in the cased 
hole. 

For large-diameter shaf ts , cable l i f t s would be used to lower radioact ive 
material to the bottom. The waste would be contained in can i s t e r s , which 
would be packed in the shaf t . We do not envision any other special treatment, 
except that f i l l i ng of i n t e r s t i c e s with a preselected material would be r e 
quired. This backf i l l material might be chosen for mechanical s t a b i l i t y , 
sorption of or reaction with waste products, sealing against water penetra
t ion, s l igh t swelling to f i l l voids and exert some back pressure on the sur
rounding rocks, or some combination of these proper t ies . 
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CRITICALITY 

Criticality could become an important issue in isolating nuclear 
wastes in a very deep hole. A critical mass for a fission reaction could 
occur if plutonium were allowed to segregate, if the conditions were hydrous, 
and/or if the geometry of the container(s) or hole focused the segregation 
of the nuclides. Kibbe and Boch (1978b) estimate that given a concentration 
of 2 g/cnP of 239pu i n a pure PUO2-H2O slurry from 5-year-old uranium 
recycle waste, the spherical critical mass in granite is 20.6 kg (45 lb) of 
239 P u 

and the critical radius is 13.5 cm (5-1/2 In). Critical masses as 
low as about 1 kg (2.2 lb) 2 3 9 P u , with 17.1 cm (6-3/4 in; critical radius, 
occur for PUO2-H2O slurries with 239pu concentrations as low as fl.0.5 g/crp 
(Kibbe and Boch, 1978b). Larger critical masses and smaller critical radii 
would occur for a segregated PuOo-^O slurry in a cylindrical hole in 
granite. There is potentially more than this amount of "'Pu in a spent 
fuel assembly canister or in a high-level waste canister, and the amount of 
"'Pu available for segregation and criticality increases when additional 
waste canisters are added to a given hole. 

k series of criticality calculations and criticality pulse analyses 
should be performed in order to quantitatively assess this issue. 

For holes of large enough diameter, several adjacent spent fuel canisters 
can become critical with water intrusion, even without fuel deterioration 
and segregation of 239p u > j n the short term this criticality can be 
avoided by using neutron-absorbing canisters. If the canister later 
deteriorated, removing the neutron absorber, critical thermomechan J.cal 
pulses could occur. 

The amount of 
239 P u 

and other fissionable daughter products that 
contribute to criticality increases considerably with time, particularly in 
high-level unreprocessed wastes, because of the decay of 243ton. This 
radionuclide has a half-life of 7,930 years. Therefore, increase in 
the potential for criticality with time must be considered. The effect of 
actinides of greater atomic mass number on criticality also needs to be 
considered. For spent fuel without segregation, criticality may be due more 
to the 235u than to the plutonium (Allen, 1978). 
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SEALING 

Al t e r emplacing n u c l e a r waste in deep b o r e h o l e s , the h o l e s must be 
sea l ed to i s o l a t e the waste from the b i o s p h e r e . The t ime r e q u i r e d to 
•? lib La in i s o l a t i o n may be tens to hundreds of thousands of y e a r s for h i g h - l e v e l 
n u c l e a r w a s t e s . Not only i s i t n e c e s s a r y to s ea l the b o r e h o l e i t s e l f , 
mil c o n s i d e r a t i o n must be g iven to p lugging a p o s s i b l y damaged zone around 
the open ing . 

The components of an adequa te s e a l i n g system must have s u f f i c i e n t l y 
low p e r m e a b i l i t y to p r e v e n t c o n t a m i n a t i o n of the b i o s p h e r e over the l i f e of 
tne seaL. For i n t e g r i t y to be main ta ined the fo l lowing r e q u i r e m e n t s 
must be met by the s e a l i n g m a t e r i a l : 

Chemical c o m p o s i t i o n : The m a t e r i a l must n e i t h e r d e t e r i o r a t e nor 
i t s p e r m e a b i l i t y i n c r e a s e wi th t ime . Chemical s t a b i l i t y i s 
e s s e n t i a l to p r e v e n t r e a c t i o n s of s e a l i n g m a t e r i a l wi th bo th the 
su r round ing rocks and w i t h was te or conta inment m a t e r i a l . 

S t r e n g t h and s t r e s s - s t r a i n p r o p e r t i e s : The s e a l must be c o m p a t i b l e 
with the s u r r o u n d i n g r o c k s . Mechanica l s t a b i l i t y must a l s o be 
assured under the thermal regimes a n t i c i p a t e d near the w a s t e . 

Volumetr ic b e h a v i o r : Shr inkage should be mimimized to p r e v e n t 
format ion of c o n d u i t s p a s t the s e a l . If the m a t e r i a l expands , 
p r e s s u r e s developed must be l e s s than would cause f r a c t u r i n g of 
Lhe r o c k . 

P o s s i b l e p lugging m a t e r i a l s i n c l u d e i n o r g a n i c cemen t s , c l a y s , and /o r 
r o c k . Whatever the p lugging m a t e r i a l , i t must s a t i s f y the r e q u i r e m e n t s of 
mechanica l and chemical s t a b i l i t y in the environment of t h e h o l e for the 
r e q u i r e d l i f e of the r e p o s i t o r y . 

Because t h e w a s t e - c o n t a i n m e n t s e c t i o n of the very deep h o l e p robab ly 
w i l l be cased and f l u i d - f i l l e d , any s e a l i n g scheme must take i n t o accoun t 
the c a s i n g and f l u i d . If t h e c a s i n g i s removed, the methodology for 
c o n s t r u c t i n g the plug must i n c l u d e p o s i t i v e a s s u r a n c e t h a t the h o s t rock i s 
s t a b l e dur ing c o n s t r u c t i o n . If the c a s i n g m a t e r i a l i s l e f t in p l a c e , i t must 
De des igned to s e r v e as a c o n s t i t u e n t of the s e a l sys tem. This a l t e r n a t i v e 
i n t r o d u c e s an a d d i t i o n a l component of the plug and an a d d i t i o n a l i n t e r f a c e , 
thus c o m p l i c a t i n g a l l adequacy c o n s i d e r a t i o n s . If s h o r t l o w - p e r m e a b i l i t y 
p l u g s a r e used as t h e pr imary s e a l , c a s i n g removal may only be r e q u i r e d a t 
the dep th s of t h e s e p l u g s . 

S ince the h o l e s t o be plugged w i l l p robably b e f i l l e d wi th d r i l l i n g 
f l u i d , emplacement w i l l have to i n c l u d e working in an aqueous envi ronment 
or removal of t h e f l u i d from the a r e a s t o be s e a l e d . The s t a n d a r d o i l - f i e l d 
p r a c t i c e of cementing the annu lus around cas ing s a t i s f i e s t h i s r e q u i r e m e n t 
and r o u t i n e l y s e a l s off gas a t h igh p r e s s u r e . The s u c c e s s f u l con t a inmen t 
of gas for decades i n an o i l and gas we l l i s evidenced by the l a c k of gas 
l e a k s to sha l lower f o r m a t i o n s or even to the s u r f a c e . 
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The seal, sys tern c u n s l s t s no t on 1 y of a pi ug nr pi ugs pi a- <-d w i th in the 
b o r e h o l e , hu t of the a d j a c e n t rocks and th^ I n t e r f a r e hefwci-n f te twn 
ma te r ia ] s . Any s e a l inns t nduqua te 1 y res t r i< t f 1 <iw in a l l tlir >.<• zones . 
Hie r equ i red flow impedance may be achieved i:i .'i •/••iriely nf w.->ys: by .\ 
Homogeneous plug piaeed the l u l l t t*ng Lh oi tin.- h o l e or by a si-r i es f d ! nw-
pi'rueab i 1 i Ly p lugs pi. aced in con ta< t w i i li the 1 owes t -permenb i 1 i t.y on i I i-
i n t e r s e c t e d by Lhe h o l e . This would r e q u i r e b a c k f i l l muter in I between ihe 
11iw-peniH•/]!) i 1. i t y pi ugs . 

For a r o t a r y - d r i l l e d h o l e where d r i l l i n g mud is used , b o r e h o l e damage 
and poss j b 1 y fornix t ion damage some d [ s t a n c e awav f r oin the h'U~vho! <-• can ex i s r 
due Lo r e s i d u a l mud remaining in the fo rma t ion . Techniques for •• 1 can f ng t i e 
borehol ^ s u r 1 a c e , inc hid in}?, wa t c r wash Ing, a r i d t r ea trnen t , and wire brush in.',, 
art; .J L I accomplished with the b o r e h o l e fu l l of f l u i d . SLUM; t cr tin i ' p ic ; vmsM 
undoub ted ly be inc luded in the des ign for seal ing a boreho] e . 

Seal ing a sliaf t , pa r L icul ar ly a very deep sha f t with mil 1 t_ i pi e l i f t s , is 
vt^ry l i k e l y to pose more d i f f i c u l t p rob lems . A s h a f t sunk by dr i ! 1 -and-b l as t 
tecl iniques w i l l have a damaged zone around i t caused by the b l a s t i n g 
opera t ions ; a t depth , t he problem i s compounded by rock y i el d i ng rind f a i 1 ur e. 
Assuming iow-permeab i l i t y h o s t rock , th i s damaged /.one wi l l have a perr-ie.-ib i 1 i I v 
g r e a t e r than the hos t rock by one or two o r d e r s of magn i tude . -\t p r e s e n t we 
a r e uncer ta in how to s e a l the damaged zone so tha t i t has the same I ow 
permeab i l i ty as the i n t a c t r o c k . Even For a bored shaf t where b i as t ing i s 
not u sed , a t g r e a t d ep t h s the f r a c tured and hence permeahle zone around the 
sua f t caused by e x c a v a t i o n could pose a s e r i ous seal ing prob 1 em- Ex pans i ve 
plug ma t e r i a l s (cements or c l a y s ) appear to be pr oin is ing sol u r ions to 
p rov id ing both c o n t i n u i t y of the p l u g - f o r m a t i o n I n t e r f a c e and c l o s u r e of 
1 r ac tu r e s and mic roc r acks around the h o l e . II owe \ r-r, plug ma t e r La Is mns t not 
induce such high s t r e s s e s a t the h o l e w a i l t h a t a d d i t i o n a l f r a c t u r i n g of the 
hos t rock o c c u r s • 

The consequences of an i n a d e q u a t e l y s e a l e d h o l e d i c t a t e a r i g o r n i s 
q u a l i t y a s s u r a n c e program for the b o r e h o l e s e a l . Such a program shonId 
i n c l u d e i n fo rma t ion on q u a l i t y c o n t r o l dur ing sea l c o n s t r u c t i o n and r jual i ry 
a s s u r a n c e i n s t r u m e n t a t i o n d u r i n g the l i f e of the r e p o s i t o r y . Both of fh..-se 
t a s k s would be f a c i l i t a t e d by p l a c i n g s e v e r a l h i g h - q u a l i t y s e a l s a t c r i t i c a l 
s e c t i o n s a long t h e b o r e h o l e . Any i n s t r u m e n t s placed w i t h i n or behinc: the 
plug should n o t compromise the i n t e g r i t y of the se-iled h o l e . 



ADEQUACY OF THE DATA BASKS FOR ANALYSIS 

Thi"* adequacy of the data f o r assess inj-. the very deep hoi e cuncrpt is 
b,• JH ed nn four elements: 

o geotechnical considerations 
o making Lhe very deep hole 
o heat source 
o sealing 

linre rtainties "r inadequacies of the dara will be discussed ior each, 
the Inur sect ions separate ly. 

Geo t e c h n i c a 1 F ea s i b i 1 i t y 

To assess hydrological conditions expected at depth, the number of 
measurements of porosity and permeability in crystalline rocks needs to be 
greatly increased. Only about 100 measurements to a depth 50 m (165 ft) are 
known to have been made. Only three sets of measurements have apparently 
been inade in crystalline rock at depths below 500 m (1,650 ft) (Brace, 
1979). Many tests have been made of hydrological conditions in sedimentary 
envir 'liments, but hydrologic data are spars*' with regard to crystalline 
roc!-:' at great depths. Parameters that should be considered are the nature 
of 'fi^mdwater, circulation, chemistry, and isotopic composition of waters 
at J-: eat depths in crystalline rocks. 

Although there apparently are no measurements of in-situ stress in 
cry ' 11 line rocks below about 3 km (10,000 ft), many measurements have been 
mad' in sedimentary rocks at depths from 1 to 5 km (3,300 to 16,000 ft). 
Few measurements have been made in sedimentary rocks, however, below 5 km 
(If-,000 ft). We do not know the in-situ thertnomechanical characteristics of 
a tutrk mass at depth, and strength data appear to be particularly sparse 
for foliated rock. This is particularly true for temperatures at depth 
augmented by the heating due to the waste material. Even less data are 
available about the properties of jointed rock. 

Geochemical information is scarce with regard to: the mineralogy of 
waste products; the stability of phases resulting from the interaction of 
various waste products and the surrounding host rock; and the impact of 
waste components on the oxidation state and subsequent effects on the 
stability of host rock minerals containing iron. We know too little about 
the kinetics of reaction between the waste products and the host rock; 
the kinetics of leaching of the waste forms by an aqueous phase; sorption 
(and thus migration behavior of fission products and trans-uranic elements 
at elevated temperature); and the viscosity and anhydrous devitrification 
products of proposed waste forms of glass. 
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Making the Very Deep Hole 

Data and experience on making deep holes and shafts by various 
techniques provide a sound base for establishing current f e a s i b i l i t i e s . The 
pool of expertise available to ascertain the data base is extensive, and 
experts in given fields generally ".oncur on current and expected capab i l i t i e s 
to the year 2000. Costs could be substant ia l ly underestimated, par t icular ly 
If the expansion of. a c t i v i t i e s in oi l -well d r i l l i ng continues and if an 
increase in underground excavat ion were to monopol ize equiprnen f; and ta I en t 
to the year 2000. 

Heat Source 

Underground experiments in s a l t (OWI, 1976) and granite (Cook and Hood, 
1979) have shown that , in these two quite different rock types, the thermal 
field around heaters can be adequately calculated with exist ing computer 
programs. Further confirmation wil l be necessary. At the great depths 
proposed for the deep hole concept, we expect that fractures wil l tend 
to close; thus thermal propert ies measured in the laboratory may be even 
more d i rec t ly applicable than to nearer-surface experiments. 

Sealing 

The data base for sealing deep bore holes primarily consists of 
analyt ica l evaluation of extensive o i l f i e ld pract ice ; however, procedures 
for sat isfactory containment of natural gas or hydrocarbons in deep 
formations may not be adequate for isolat ing radioactive materials for 
periods of 1,000 to 100,000 years . Uncertainties in the data base resu l t 
from the buildup of water pressures If high subsurface temperatures are 
generated, the behavior of cements a t prolonged high temperature, and the 
behavior of cements over extended time. The extensive experimental and 
field data of petrology may be applied to the design of s e a l s . 

Few data exis t on sealing the damaged zones around large-diameter 
shaf t s . The la rges t uncertainty in the data base is d i rec t ly and indirect ly 
connected with unknown geotechnical conditions a t depth. The deep-hole 
concept r e l i e s on i so la t ing the wastes from ci rcula t ing groundwater systems, 
or ai: l eas t i sola t ion In low-porosity and ultra-low permeability rocks 
existing at great depths. Thus sealing a large shaft would also require the 
same condit ions. Yet of the physical propert ies of deep rock u n i t s , the 
l eas t i s known about porosity and permeability. 



E'-̂ IRONMENTAL ANALYSIS 

C o n s t r u c t i o n and Opera t ion 

During c o n s t r u c t i o n and o p e r a t i o n , the env i ronmenta l Impacts of a very 
deep ho le a r e expected to be those which a r e common to o t h e r d r i l l i n g and 
e x c a v a t i o n a c t i v i t i e s . D r i l l i n g or s h a f t - s i n k i n g a very deep hoLe would 
r e q u i r e the same envi ronmenta l p r e c a u t i o n s t h a t a r e r e q u i r e d for d r i l l i n g 
deep h o l e s for o i l * g a s , and geothermal w e l l s , or fc m i n e r a l e x p l o r a t i o n 
and p r o d u c t i o n . C o n s t r u c t i n g the deep h o l e v i a s h a f t - s i n k i n g t e c h n i q u e s 
would r e c e i v e the same e n v i r o n m e n t a l , v e n t i l a t i o n , and s a f e t y c o n s i d e r a t i o n s 
as for s i n k i n g mine s h a f t s . The iinpac Is a r e : the convers ion of s e v e r a l 
squa re k i l o m e t e r s of land from t h e i r p r e s e n t use to d r i l l i n g / m i n i n g and 
was te r e p o s i t o r y a c t i v i t i e s ; d i s t u r b a n c e and removal of v e g e t a t i o n ; temporary 
impoundments of wa te r fo r d r i l l i n g or s h a f t s i n k i n g ; accumula t ion of t a i l i n g s ; 
a l t e r a t i o n of topography a t and a d j a c e n t t o the s i t e ; and soc ioeconomic 
impacts on hous ing , s c h o o l s , and o the r community s e r v i c e s . No s p e c i a l 
env i ronmenta l precau t i o n s beyond those r e q u i r e d for normal dr i l l i n g or shaf t 
s i n k i n g would be r e q u i r e d . 

An a r e a of impact t h a t should be weighed i s the p o s s i b i l i t y of e x t e n d i n g 
the was te c o o l i n g t ime a t the s u r f a c e b e f o r e d i s p o s a l . Seve ra l c o u n t r i e s 
a r e p r e s e n t l y c o n s i d e r i n g i n t e r i m c o o l i n g . Cool ing f a c i l i t i e s away from t h e 
d i s p o s a l s i t e would not a f f e c t env i ronmenta l a n a l y s i s of the deep h o l e i t s e l f . 

The env i ronmen ta l impact and r i s k of r a d i o a c t i v e was te l e a k a g e from 
the very deep h o l e i s s i m i l a r to t h a t of c o n v e n t i o n a l g e o l o g i c d i s p o s a l , 
w i t h the excep t i on of the g r e a t dep th a t which the was t e s would be emplaced. 
Loca t ion of was tes in h o l e s a s deep as 10 t o 12 km (33 ,000 to 40 ,000 f t ) 
i n c r e a s e s the t r a n s p o r t pa th t o s e v e r a l k i l o m e t e r s more than o t h e r g e o l o g i c 
waste o p t i o n s , should l e a k a g e o c c u r . 

M i c r o f r a c t u r e s and o the r openings may develop in the v i c i n i t y of 
the h o l e due to the s t r e s s r e l i e f c r e a t e d by d r i l l i n g or e x c a v a t i o n . 
In a d d i t i o n , s m a l l openings may deve lop w i t h i n the cement plug and between 
the plug and the h o l e w a l l if t h e bonding between the two i s n o t i d e a l . I t 
i s c o n c e i v a b l e t h a t such channe l s may develop and p rov ide pathways for 
con tamina ted w a t e r s to m i g r a t e to the b i o s p h e r e . If the h o l e i s s i t e d below 
c i r c u l a t i n g g roundwate r , t h e pr imary d r i v i n g fo r ce for m i g r a t i o n i s l i k e l y 
t o come from the thermal energy r e l e a s e d by the r a d i o a c t i v e w a s t e . The 
t r a v e l t ime to the b i o s p h e r e w i l l t h e r e f o r e depend on the a v a i l a b i l i t y of 
w a t e r , t h e c o n t i n u i t y and a p e r t u r e s of the e x i s t i n g and induced f r a c t u r e s , 
t h e t ime and magni tude of t h e energy r e l e a s e d , geochemical r e a c t i o n s , and 
the volume and geometry over which the energy r e l e a s e p e r s i s t s . The l a c k of 
d a t a on the. p r e s e n c e of wa te r and the p r o p e r t i e s of f r a c t u r e s in deep rock 
envi ronments p r e v e n t s us from making an e s t i m a t e of t h e h a z a r d . 
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Post-Operation and Long—Term Impacts 

The long-term impact of the repository on the groundwater regime 
wil l be essentialLy governed by the nature of the deep groundwater system 
and the location of the s i t e within that system. Due to the great depth of 
emplacement and the larget volumes of rock available to absorb the enor^y 
released by the waste, the deep groundwater system probably will not he 
appreciably perturbed by the waste i t s e l f . If the deep hole is located 
within a recharge zone or in a zone of l a t e r a l movement, the distance to 
the biosphere along the path of flow may be so long and the ve loc i t i es so 
low that isolat ion may be effectively achieved. Furthermore, the transport 
of contaminants by the flowing water will also be greatly retarded by the 
increased residence times and the increased time for Interaction of the 
contaminants with the host rock. 

Heating, rock a l t e r a t i on , or thermomechan ical puis ing caused by was tes 
reaching c r i t i c a l mass are common to other geologic disposal options and are 
poten t i a l ly sign if ican t impacts. They are dependent on the specif ic. rock and 
s i t e cha rac t e r i s t i c s , waste form, quanti ty, and spacing and can only be 
assessed when these parameters are defined. 

Another concern for the very deep hole concept In the long term 
is the suscep t ib i l i ty of the groundwater system to tectonic changes and 
volcanisin. The very concept of the deep hole is aimed at minimizing such 
effects by increasing the distance to the biosphere as much as is technically 
feas ib le . Additionally, by se lect ing the s i t e in a tectonical ly s table 
region, the probabil i ty of such catastrophic events is very low. 

Monitoring 

A long-term monitoring system would most l ikely accompany a deep-hole 
reposi tory. The configuration of such a system is beyond the scope of this 
document. 



RESEARCH AND DEVELOPMENT WEEDS 

The p r eced ing s e c t i o n s a d d r e s s the f e a s i b i l i t y of d r i l l i n g or s i n k i n g 
a hole or s h a f t deep i n t o the e a r t h ' s c r u s t to permanent ly i s o l a t e r a d i o 
a c t i v e w a s t e s , and the problems a s s o c i a t e d wi th the l ong - t e rm i n t e r a c t i o n 
of the w a s t e , the h o l e and the su r round ing r o c k . The m a t e r i a l to be i s o l a t e d 
could e i t h e r be high l e v e l l i q u i d or s o l i d r a d i o a c t i v e w a s t e s . 

The adequacy of the da t a base i s d i s c u s s e d on page 37 . In g e n e r a l , 
t he d a t a b a s e on c o n d i t i o n s a t g r e a t dep th s i s i n s u f f i c i e n t to c h a r a c t e r i z e : 

o Hydrologic regimes in e i t h e r c r y s t a l l i n e or s e d i m e n t a r y rock 

o I n - s i t u rock mass p r o p e r t i e s , i n c l u d i n g p e r m e a b i l i t y , s t r e n g t h , 
d e f o r m a t i o n , and s t r e s s s t a t e 

o Geochemical i n t e r a c t i o n between the e x i s t i n g f l u i d s , h o s t r o c k , 
and r a d i o a c t i v e was tes 

o S e a l i n g m a t e r i a l s and me thodo log ies 

G e q t e c h n i c a l C o n s i d e r a t i o n s 

To v a l i d a t e the concep t of the ve ry deep h o l e , r e s e a r c h i s r e q u i r e d in 
the t o p i c s o u t l i n e d Immediate ly above and in the a r e a s of s i t e s e l e c t i o n and 
s i t e e v a l u a t i o n . 

S i t e s e l e c t i o n . I t w i l l be n e c e s s a r y to l o c a t e s i t e s in s t r o n g , 
u n f r a c t u r e d rock wi th low water c o n t e n t in t e c t o n i c a l l y s t a b l e a r e a s . 
S t r e n g t h and f r a c t u r e d e n s i t y a r e d i f f i c u l t to a s s e s s on a r e g i o n a l b a s i s , 
b u t e l e c t r i c a l su rveys g i v e a good i n d i c a t i o n of water c o n t e n t . Only a few 
deep e l e c t r i c a l soundings have been made in t h i s c o u n t r y ; a number of 
su rveys should be made in s t a b l e t e c t o n i c r e g i o n s of low h e a t f low and 
a p p r o p r i a t e l i t h o l o g y . 

S i t e e v a l u a t i o n . The i n - s i t u s t a t e of s t r e s s , p e r m e a b i l i t y , and the 
thermomechanical r e s p o n s e of t h e rock nea r the h o l e a r e of major impor t ance , 
y e t methods of o b t a i n i n g t h e s e c h a r a c t e r i s t i c s a r e r e l a t i v e l y u n d e r d e v e l o p e d , 
p a r t i c u l a r l y f o r d e p t h s c o n s i d e r e d h e r e . 

P e r m e a b i l i t y . P e r m e a b i l i t y may b e l e s s than a raicrodarcy and t h e r e f o r e 
c l o s e to the lower l i m i t s of t h e p r e s e n t measurement c a p a b i l i t y . Improvement 
of downhole t e c h n i q u e s i s needed to measure sub-mic rodarcy p e r m e a b i l i t y . 
The t ime r e q u i r e d fo r measurement needs to be s h o r t e n e d . 
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I n - s i t u s t r e s s . Ln-s i tu s t r e s s measuremen L.c-, down ho le tier--: cons id a r 
a b l e improvement. Assessment of. s t r e s s d i r e c t ion i s u n c e r t a i n , as is 
d e t e r m i n a t i o n of. the max imurn s t r e s s m;ij;n i t u d e . The r e l a t Ion of s u r f a c e 
s t r e s s e s to downhole s t r e s s e s i s so poorly unders tood t i :at the s u r f a c e 
o b s e r v a t i o n s p r e s e n t l y have l i t t l e v a l u e . 

Tliermqifiechan ica l beliav ior of r o c k s . Thernomrrhan lea] behav io r of 
rocks around n deep hole. Is not pred i r rnb 11. .it p r e s e n t . Because c o n t r o l l i n g 
f a c t o r s a r e the j o i n t i n g , f r a c t u r i n g and f l u i d c o n t e n t , t h i s behav io r needs 
tu be s tud ied In s i t u . Heater t e s t s in a v a r i e t y of rocks a t d e s i g n dep ths 
a r e probably n e c e s s a r y to unde r s t and the complex response uf wa Ler-.sa (.ur-j I ed, 
s t r e s s e d , and frar. tu red rock to 1 ocal. t'i igh tempera t o r e . 

Some a s p e c t s of thertnomechan l e a l behav io r of rocks can be s t u d i e d in 
the l a b o r a t o r y . Because f r a c t u r e d rock is In q u e s t i o n and s i n c e c h a r a c t e r i -
za t i o n of n a t u r a l f r a c t u r e s has not ye t been a c h i e v e d , 1abora Lory s tud i c s 
should i nvo lve l a r g e sampLes of rock con taJ n ing one or more j o in t s - The 
dim ens ions of the samples may have to be of the order of s e v e r a l m e t e r s , 
t h e r e f o r e r e q u i r i n g ex t ens ion of pres^n t lab or a to ry techn i..;ues and equ Lptnen t 
t o t e s t a t c o n d i t i o n s s i m u l a t i n g the i n - s i t u envi ronment . The a r e a s where 
s tudy i s p a r t i c u l a r l y needed i n c l u d e thermal c r ack ing and o the r forms of 
d e g r a d a t i o n of rock ; t h e r m o e l a s t i c r e sponse of i n t a c t and j o i n t e d rock over 
long t imes ; changes in p e r m e a b i l i t y caused by h e a t i n g a rock mass ; two-phase 
t r a n s p o r t of. f l u i d in f r a c t u r e d rock ; h y d r a u l i c f r a c t u r i n g in the rma l ly 
3 t r e s s e d rock ; the rmal conduc t i v i t y of h o t , s a t u r a ted thermal Jy s t r e s s e d rock ; 
and s t r e s s c o r r o s i o n due to hea ted groundwater in the rma l ly s t r e s s e d r o c k . 

Geochemis t ry• Research should be conducted to b e t t e r c h a r a c t e r i z e 
the i n t e r a c t i o n s between the r a d i o a c t i v e was te and the h o s t r ock , and to 
r e s o l v e the u n c e r t a i n t i e s r ega rd ing the fa te of was te p r o d u c t s when <implaced 
in a deep h o l e and the e f f e c t such emplacement might have on the long- t e rm 
i s o l a t i o n of was t e s from the b i o s p h e r e . The p r i n c i p a l s u b j e c t s should 
i n c l u d e : 

o C h a r a c t e r i z a txon of the expec ted range of chem i r a l eor.iposi t ions 
of was te p r o d u c t s and of p o t e n t i a l hos t rocks 

o I n v e s t i g a t i o n of the k i n e t i c s and thermodynamics of chemical 
r e a c t i o n s between was te p r o d u c t s and the hos t rocks under the 
t e m p e r a t u r e s expec ted in deep h o l e s 

o De te rmina t ion of r a d i o n u c l i d e m i g r a t i o n mechanisms and r a t e s 
in h o s t rocks under the p r e s s u r e s and t e m p e r a t u r e s expected in 
d e e p - h o l e e n v i r o n m e n t s . ' 

Making t h e Very Deep Hole 

The most s i g n i f i c a n t advancement in s h a f t s i n k i n g to r e d u c e c o s t and 
t ime would be the development of b l i n d - h o l e b o r i n g t e c h n i q u e s , p a r t i c u l a r l y 
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remote-controlled machines, so that men would not have to work in the 
shaf ts . This would allow the shaft to be sunk without l ining in some cases; 
and i t would allow the shaft to be kept ful l of f luid, which would 
substant ia l ly improve the s t a b i l i t y of the shaft and s ignif icant ly simplify 
slurry and muck removal. 

Sealing Research and Development Needs 

Research bnd development is needed in two major areas: materials 
development and placement methodology. Materials development includes 
investigating plugging mater ia l s , special cements, and casing materials and 
d r i l l i n g f luids which might be incorporated into the sealing system. Because 
the seal includes the host rock, these investigations should include matching 
plug materials with the possible rock types. It is conceivable that different 
plug materials would be required a t different points in the same hole . 

Thertnomechanical Data and Instrumentation 

I t wi l l be necessary to develop the capabil i ty to mathematically 
model the transport of radioact ive waste, combining the effects of heat , 
s t r e s s , fluid flow, and dispersion over geologic time. The aspects of 
s t r ess and hydrology have been discsussed in the section on geotechnical 
considerat ions. In addit ion, methods and instruments should be developed to 
measure thermal propert ies in s i tu — conductivity, heat capacity, and 
par t icu lar ly expansivity. I t wi l l be necessary to operate the instrumenta
tion in the high-temperature and high-pressure environments of the aeap hole . 
This research and development program is incorporated into the geotechnical 
program. 



REFERENCES 

Alge rmis sen , S. T*, and P e r k i n s , D. M. (197f>> A p r o b a b i l i s t i c e s t i m a t e of 
maximum a c c e l e r a t i o n in rock in the con t iguous United S t a t e s . U. S. 
Geol . Survey Ope- F i l e Report 76-416, 45 pp . 

A l l e n , E. J . (1978) C r i t i c a l i t y a n a l y s i s of a g g r e g a t i o n s of a c t i n i d e s from 
commercial n u c l e a r was t e s in g e o l o g i c s t o r a g e . Oak Ridge Na t i ona l L a b . , 
ORNL/TM-6458. 

Ara* lean P h y s i c a l S o c i e t y (1978) Repor t t o the APS by the s tudy group on 
n u c l e a r f u e l c y c l e s and was te management. Revs. Mod. Phys . _5G_ (1) 
p a r t I I , 186 p p . 

Ba l -ou , L. B. (1979) G e o l o g i c a l d i s p o s a l i n v e s t i g a t i o n s in g r a n i t e a t the 
Nevada T e s t S i t e : Geo log ica l d i s p o s a l of n u c l e a r w a s t e . A S M E 
P r o c e e d i n g s , March 15-16, p . 4 3 - 4 6 . 

Ban i t e r , R. M., B r i m h a l l , R. M., and R i n a l d i , R. E. (1978) S tudy : Geo
l o g i c a l s t o r a g e o£ n u c l e a r w a s t e in deep d r i l l e d h o l e s . Holmes & 
Narver , I n c . , Repor t HN1531-1, 21 pp . 

Ber v , T. A. F . (1959) Hydrodynamics and geochemis t ry of T r i a s s i c and 
Cre t aceous sys tems i n the San Juan B a s i n , n o r t h w e s t New Mexico and 
sou thwes t Co lo rado . Ph.D. t h e s i s , S tanford Univ. 

B l a c k w e l l , D. D. (1974) T e r r e s t r i a l h e a t flow and i t s i m p l i c a t i o n s on the 
l o c a t i o n of geo the rmal r e s e r v o i r s in Washington. Wash. Div. Mines 
and G e o l . , I n f o r m a t i o n C i r c u l a r 50 , 2 1 . 

Bourke, P. J . , and Hodgkinson, D. P. (1977) G r a n i t i c d e p o s i t o r y for r a d i o 
a c t i v e was te — S i z e , shape and dep th v . t e m p e r a t u r e s . Harwel l , U. K. 
Atomic Energy A u t h o r i t y , AERE-M2900. 

Bra e , W. F . (1971) R e s i s t i v i t y of s a t u r a t e d c r u s t a l rocks t o 40 km based 
on l a b o r a t o r y r e s u l t s . Am. Geophs. Union, Geophys. Monograph 14, 
243-245. 

(1975) D i l a t e n c y - r e l a t e d e l e c t r i c a l r e s i s t i v i t y changes in 
r o c k s . Pure and Appl . Geophys. 113, 207-217 . 

(1979) P e r m e a b i l i t y of c r y s t a l l i n e and a r g i l l a c e o u s r o c k s : 
S t a t u s and p r o b l e m s . I n t . J . Rock Mechanics Mining S c i . , in p r e s s . 

Cook, N. G. W. (1977) An a p p r a i s a l of hard rock f o r p o t e n t i a l underground 
r e p o s i t o r i e s of r a d i o a c t i v e w a s t e . Lawrence Berkeley Lab . , LBL-7004, 
15 p p . 

Cook, N. G. W., and Hood, M. (1979) F u l l - s c a l e and t i m e - s c a l e h e a t i n g 
h e a t i n g expe r imen t s a t S t r i p a : P r e l i m i n a r y R e s u l t s . Lawrence Berke ley 
L a b . , LBL-7062, 71 p p . 

- 44 -



- 45 -

Dlraent, W. H. and Werre, R. VI. (1964) Te r re s t r i a l heat flow near Washington, 
P. C. J . Geophys. Res. .69, 2143-2149. 

Diment, W. H., Marine, J. W., Neihelsel , J . , and Siple, G. E. (1965a) 
Subsurface temperature, thermal conductivity, and hea t - f lo" near Aiken, 
S. C. J . Geophys. Res. .70_, 5635-5644. 

Diment, W. H., Raspet, R., Mayhew, M. A., and Werr , R. W. (1965b) Terres
t r i a l heat flow near Alberta, Va. J. Geophys. Res. _70, 923-929. 

DOE [U. S. Department of Energy] (1979) Draft environmental impact statement: 
Management of commercially generated radioactive waste. Washington, 
D. C , U. S. Department of Energy, DOE/EIS-0046-D. in 2 volume:!. 

Drescher, W. J. (1965) Hydrology of deep-well disposal of -adioact ive l iquid 
wastes, _ln Young, A., and Galley, J. E., eds . , Fluids in subsurface 
environments. Am. Assoc. Pet rol . Geol., Memoir _4_, 399-406. 

Ekren, E. B., Dinwiddle, G. A., Mytton, J. V)., Thodarson, W., Weir, J . E. 
J r . , Hinrichs, E. N., and Schroeder, L. T. (1974) Geological 
hydrologic considerations for various concepts of high-level ' 
radioactive waste disposal in conterminous United S t a t e s . U. S. 
Geological Survey Open F i le Report 74-158. 

ERDA [U. S. Energy Research and Development Administration] (1976) 
Alternatives for managing waste from reactors and post - f iss ion 
operations in the LWR cycle . Volume 4: Alternatives for waste 
i so la t ion and disposal . Washington, D. C., U. S. Energy Res. & Devel. 
Admin., ERDA 76-43. 

Goodman, R. E. (1976) Methods of geological engineering in discontinuous 
rock. St . Paul, West Publ. Co. 

Griggs, D. T. , and Blacic, J . D. (1965) Quartz: Anomalous weakness of syn
the t ic c r y s t a l s . Science 147, 292-295. 

Haimson, B. C. (1977) Crustal s t r e s s in the continental United States as 
derived from hydrofracturing t e s t s . Am. Geophys. Union, Geophys. 
Monograph .20., 576-592. 

Heard, H. C. (1970) The Influence of environment on the ine l a s t i c behavior 
of rocks, .in Proceedings of the Symposium on Engineering with Nuclear 
Explosives, Las Vegas, Nevada. CONF-700101. Vol. 1, p . 127-144. 

Hess, H. H., chairman (1956) Report of the Committee on Waste Disposal. 
Division of Earth Sciences, Natioral Academy of Sciences - National 
Research Council, 142 pp. 

Judge, A. S., and Beck, A. E. (1973) Analysis of heat-flow da ta , several 
boreholes in a sedimentary basin. Canadian J . Earth Sci . JJ), 1494 -
1507. 



- 46 -

Keller , G. V., and Furgerson, E. B. (1977) Determining the r e s i s t i v i t y of 
a r e s i s t an t layer in the c ru s t . Am. Geophys. Union, Geophys. 
Monograph .20., 440-469. 

Kibbe, R. K., and Boch, A. L. (1978a) Technical s-pport for G. E. I . S. 
Radioactive waste i so la t ion in geologic formations, Vol. 2: Commercial 
waste forms, packaging and projections for preconceptual reposi tory 
design s tudies : ' Oak Ridge, Office of Waste I so la t ion Y/OWI/TM-36/2. 

(1978b) Iechnical support for G. E. I . S. Radioactive waste 
i sola t ion in geologic formations, Vol. 22: Nuclear considerations for 
repository design. Oak Ridge, Office of Waste I so la t ion Y/OWI/TM-36/22. 

Klsfter, R. A., Marshall, J . R., Turner, D. W., and Vath, J . E. (1978) 
Nuclear waste projections and source-term data for FY 1977. Oak 
Ridge, Office of Waste I so la t ion Y/OWI/TM-34. 

Lachenbruch, A. H., and Sass, J . H. (1977) Heat flow in the United States 
and the thermal regime of the c ru s t . Am. Geophys. Union, Geophys. 
Monograph 20., 576-592. 

Larsson, I . (1977) Torra och vat tenr ika bergartstyper i Svenskt urberg. 
Vatten 1977, 96-101. 

McCarthy, G. J . , and Scheetz, B. E. (1977) High level basalt-waste 
in te rac t ions . Annual progress report to Rockwell Hanford Operations. 
Miferials Research Laboratory, Penn. State Univ, 74 pp. plus 

-- appendix. 

McCarthy, G. J . , Scheetz, B. E., Konarneni, S., Barnes, M., Smith, C. A., 
,. ; Lewis, J. F . , and Smith, D. D. (1978) Simulated high-level waste-basalt 

in teract ions experiments (Quarterly progress report to Rockwell Hanford 
Operations). Materials Research Laboratory, Penn. State Univ., Contract 
EYr77-C-06-1030, subcontract SA-904, 47 pp. plus appendix. 

Marine, I . W. (1967) The permeability of fractured c rys t a l l i ne rock a t 
the Savannah River P lan t . U. S. Geol. Survey Prof. Paper 575B, 
B203-211. 

OWI [Office of Waste Isola t ion] (1976) The select ion and evaluation of 
thermal c r i t e r i a for a geologic waste i so la t ion f a c i l i t y in s a l t . 
Oak Ridge, Office of Waste I so la t ion Y/0WI/SUB-76/07220. 

Parsons, Brinckerhoff, Quade, and Douglas, Inc. (1976) Update of 1972 s ta tus 
report on deep shaft s tud ie s . Oak Ridge, Office of Waste I so la t ion . 
Y/om/SUB-76/16505, 50 pp. 

Roy, R. F . , Decker, E. R., Blackwell, D. D., and Birch, F. (1968) Heat flow 
in the United S t a t e s . J . Geophys. Res. 2 1 . 5207-5221. 

Roy, R. F . , Blackwell, D. D., and Decker, E. (1972) Continental heat flow, 
in Robertson, E. C , ed . , The nature of the solid ear th . New York, 
McGraw-Hill, p . 506-543. 



- 47 -

Sass, J . H., Lachenbruch, A. H., Munroe, R. J . , Greene, C. W., and Moses, T. 
H., J r . (1971) Heat flow in the western United S ta t e s . J. Geophys. 
Res. 2i> 6376-6413. 

Schneider, K. J . , and P i a t t , A. M., eds. (1974) High-level radioact ive 
waste management a l t e r n a t i v e s . Brookhaven National Lab. BHWL-190Q. 

Snow, D. T. (1968a) Rock fracture spacings, openings and po roe i t i e s . J . 
Soil Mechanics, Foundations Division, Am. Soc. Civi l Kng. £4., 73-91. 

(1968b) Hydraulic charac te r i s t i c s of fracturad aetaaorphic 
rocks of Front Range and implications to the Rocky Mounts in Arsenal 
wel l . Colo. School Mines Quarterly .64,, 167-199. 

Toth, J . (1978) Gravity-induced cross-formational flow of formation 
f lu ids , Red Earth region, Alberta, Canada: Analysis, pa t t e rns , and 
evolution. Water Resources Res. 14, 805-843. 

U. S. Geodynamics Committee (1979) Continental s c i e n t i f i c d r i l l i n g 
program. U. S. National Academy of Sciences, 192 pp. 

VanZigl, J . S. V. (1977) Elec t r ica l studies of of the d««p crust in 
various tectonic provinces of southern Africa. Am. Ceophv*. On ion, 
Geophys. Monograph .20, 470-500. 

West, F. G., Kintzinger, P. R., and Purtymun, W. D. (1»75) Hydrologic 
test ing geothermal t e s t hole number 2. Los Alauos Scient i f ic Lab. 
LA-6017-MS. 

Witherspoon, P. A., Amlck, C. H., Gale, J. E., and Iwai, K. (1979) 
Observations of a potent ia l size effect in experimental determination 
of the hydraulic propert ies of f rac tures . Water Resources Res. 
(in p ress ) . 


