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POTENTIAL CONTAINMENT FAILURE MECHANISMS AND 

THEIR CONSEQUENCES AT A RADIOACTIVE WASTE 

RXPOSITORY IN BEDDED SALT IN NEW MEXICO 

H. C. Claiborne 

Ferruccio Gera 

ABSTRACT 

This report examines potential containment 
failure mechanisms and estimates their probabilities 
and consequences, when possible, for a hypothetical 
waste repository located in bedded salt in south- 
eastern New Mexico. 

The primary conclusion of this study is that a 
serious breach of containment for such a repository, 
either by human action or natural events, is only a 
very remote possibility and falls into the category o$ 
least likely occurrences which affect society. 

A sealed repository 600 m underground would be 
virtually sabotage proof; even the surface burst of 
a 50-megaton nuclear weapon could not breach the 
containment. Accidental drilling of boreholes 
through the disposal horizon could cause relatively 
minor local contamination. 

The mechanism of containment failure with the 
most serious potential consequences seems to be the 
impact of a meteorite that produces a crater extending 
to the disposal horizon. The probabilit$ of such a 
catastrophic meteorite impact was estimated at 
1.6 X 10-l3 per year. The calculated exposure from 
the global fallout resulting from such an event 
would be of the same order of magnitude as that 
from nuclear bomb tests, provided the impact did 
not take place during the first few hundred years 
after closure of the mine. The ejecta falling back 
into the nearby area would cause a serious and 
protracted contamination problem. A pathway analysis 
showed that individuals living exclusively on food- 
stuffs produced in the contaminated area would be 
exposed to high radiation doses. 



Based on the  t ec ton ic  a c t i v i t y  of t h e  Delaware 
Basin over  the  pas t  200 m i l l i o n  years ,  the  p r o b a b i l i t y  
of f a u l t i n  through the  r epos i to ry  has been es t imated  
a t  4 X per yea r ;  however, the  p r o b a b i l i t y  t h a t  
f a u l t i n g  would cause f a i l u r e  of waste containment is  
only a small  but unknown f r a c t i o n  of t h i s  va lue .  

Exposure of the  waste horizon t o  the a c t i o n  of 
ground water  by a l a rge  f a u l t  wi th  a v e r t i c a l  d i s -  
placement of a t  l e a s t  350 m cannot be proved impos- 
s i b l e .  However, a t  l e a s  t a few hundred thousand 
yea r s  would be required f o r  a n  of £ s e t  of 350 m t o  
take  place.  A more sudden breach of containment 
could be e f f e c t e d  by a l a rge  f a u l t  t h a t  c u t s  through 
the  d i sposa l  zone and hydrau l i ca l ly  connects the  
over- and underlying aqu i fe r s .  I n  t h i s  case, any 
water  flow along the  f r a c t u r e  zone would be down- 
ward i n t o  the  deep a q u i f e r s .  Fortunately,  the  
geologic evidence ind ica te s  t h a t  such a f r a c t u r e  
could eventual ly  be healed by p l a s t i c  flow of t h e  
s a l t  beds. Even i n  the  event  t h a t  the  deep a q u i f e r s  
became contaminated, i t  i s  extremely un l ike ly  t h a t  
a c t i v i t y  could be brought t o  the  su r face  s i n c e  t h e  
normal flow v e l o c i t i e s  i n  these  a q u i f e r s  a r e  on the  
order  of only a few ki lometers  per  m i l l i o n  years .  

I n  view of the  hydraul ic  heads of t h e  var ious  
a q u i f e r s ,  i t  i s  d i f f i c u l t  t o  v i s u a l i z e  circumstances 
t h a t  could r e s u l t  i n  an  upward flow and contamination 
of t h e  f r e s h  water  i n  the  Culebra Dolomite aqu i fe r .  
The only p o s s i b i l i t y  f o r  t h e  r e l ease  of r ad ioac t ive  
m a t e r i a l  t o  the  Culebra Dolomite aqu i fe r  would appear 
t o  be on the  bas i s  of a model t h a t  permits  f a u l t i n g  
and progress ive  displacement o f  the  d i sposa l  horizon 
u n t i l  waste con tac t s  t h e  c i r c u l a t i n g  ground water .  
The contamination of su r face  aqu i fe r s  due t o  t h i s  
mechanism of r e l e a s e  could be r e l a t i v e l y  se r ious ,  
d e s p i t e  t h e  very  long t i m e  necessary t o  produce 
such a displacement.  

1. INTRODUCTION 

The most important s i n g l e  ob jec t ive  of r ad ioac t ive  waste d i sposa l  

is  t o  i s o l a t e  t h e  waste from the  b i o l o g i c a l  environment f o r  t h e  long 

per iods  of time dur ing  which it w i l l  remain hazardous, even i f  man's 

monitoring, su rve i l l ance ,  and c o n t r o l  a c t i v i t i e s  should be i n t e r r u p t e d .  



Since the most likely agent for dispersal of the radionuclides from deeply 

buried wastes is ground water, the most suitable geologic environment for 

waste disposal would be one which maximizes the integrity of the barrier 

separating the waste from circulating ground water. Consideration of 

these factors nearly 20 years ago led a committee of the National Academy 

of Sciences-National Research Council (NAS-NRC) to conclude that natural 

salt deposits represent the most promising geologic environment. 1 

Subsequent reviews in 1961, 1966,and 1970 of the nuclear waste disposal 

problem by NAS committees again endorsed bedded salt as the most promising 

terrestrial medium for the ultimate disposal of high-level waste. 2 -4 

Salt deposits, unlike most other rocks, are completely free of 

circulating ground water. This fact is perhaps best demonstrated by the 

existence today of extensive salt formations which were deposited 

hundreds of millions of years ago. The high solubility of salt would 

certainly have resulted in the complete removal of these deposits if 

there had been a persistent flow of even a small quantity of water 

through the formations. 

The high plasticity of rock salt is primarily responsible for this 

"impermeability" and its preservation over long periods of time. When 

initially deposited, salt can be as porous and permeable as a coarse 

sandstone. As the newly formed deposit becomes slightly buried, the 

individual grains yield plastically, deform, and recrystallize. This 

collapses the pores and squeezes out the brine (although a small amount 

may be trapped as intracrystalline inclusions), resulting in the formation 

of a massive, virtually impermeable, polycrystalline rock. In a sand- , 

stone, the individual grains are strong enough to resist such reconsoli- 

dation, even when buried at great depth. At various periods of their 

history, rocks may be subjected to significant tectonic stresses and may 

suffer appreciable deformation. Many rock types respond to these influences 

in a brittle manner and develop an interconnected pattern of fractures 

that eventually become channels through which ground water circulates. 

Salt formations, because of their high plasticity, simply yield and flow 

while maintaining their massive, impermeable character.. 



Even i f  a s a l t  formation should f a i l  by f rac tu r ing  (as i n  f a u l t i n g ) ,  

the  f rac tu re  w i l l  be subsequently healed by p l a s t i c  deformation, once 

again preserving the  imperviousness of the  s a l t  t o  c i r c u l a t i n g  ground 

water. This f ea tu re  can be seen occasionally i n  s a l t  mines. 

I n  addi t ion  t o  these good mechanical p roper t i e s ,  s a l t  has a high 

thermal conductivi ty (as compared with many other  rocks) which i s  

advantageous i n  removing radioact ive  decay heat  from the  waste and i n  

preventing excessive temperatures from being reached. 

On the  b a s i s  of the exce l l en t  p roper t i e s  of s a l t  from a containment 

viewpoint and the  general ly known tec ton ic  behavior of s a l t  formationsj 5 

the  condit ions required fo r  a se r ious  re lease  of a c t i v i t y  t o  t h e  biosphere 

from a reposi tory  i n  bedded s a l t  tend t o  approach the  b i z a r r e  and have 

considerably l e s s  c r e d i b i l i t y  than the  "maximum cred ib le  accident" assumed 

fo r  nuclear  power p lan t  sa fe ty  analyses. However, i n  keeping with the  

s t r i c t  s a f e t y  requirements f o r  nuclear  i n s t a l l a t i o n s ,  t h e  p o s s i b i l i t i e s  

and, i n  some cases,  the  p r o b a b i l i t i e s  of po ten t i a l  mechanisms of con- 

tainment f a i l u r e  a r e  examined f o r  a nuclear waste reposi tory  t h a t  i s  

assumed t o  be located i n  the  bedded s a l t  of southeastern New Mexico. 

The p o t e n t i a l  mechanisms of containment f a i l u r e  considered a r e  anthro- 

pogenic and geologic phenomena t h a t  range from the  r e l a t i v e l y  minor 

one caused by d r i l l i n g  through t h e  d isposal  horizon, assumed t o  be about 

600 m below the  surface,  and the  most ca tas t rophic  occurrence, namely, 

the  impact of a meteor i te  t h a t  c rea tes  a c r a t e r  deep enough t o  cause 

vapor iza t ion and atmospheric d i s p e r s a l  of p a r t  of the  waste. 

Poss ib le  events with p o t e n t i a l  consequences of intermediate 

g rav i ty  a r e :  (1) exhumation of p a r t  of the  radioact ive  waste by 

incept ion of volcanic a c t i v i t y ,  and (2) formation of a g rea t  f a u l t  

t h a t  i n t e r s e c t s  the  d isposal  a rea  and e i t h e r  connects the  over- and 

underlying aqu i fe r s  o r  exposes the  waste t o  the  a c t i o n  of ground water  

a s  the  r e s u l t  of  a r e l a t i v e  v e r t i c a l  displacement of severa l  hundred 

meters between the  two s ides  of the  f a u l t .  

Other poss ib le  causes of containment f a i l u r e  t h a t  were examined 

include sabotage, nuclear  warfare, increase  of present  r a t e s  of s a l t  

d i s so lu t ion ,  and waste disinterment through erosion of the  overburden. 



Two conceivable mechanisms of containment f a i l u r e  t h a t  a r e  ne i the r  

c l e a r l y  anthropogenic nor  geologic,  namely, nuc lear  c r i t i c a l i t y  and r e l ease  

of s to red  energy, w i l l  not be discussed i n  t h i s  repor t ,  s i nce  they have 

been s u f f i c i e n t l y  analyzed elsewhere and have been shown t o  present no 

problem. 6,7,8 

2. DESCRIPTION OF ASSUMED REPOSITORY SITE 

An a r e a  located i n  southeas te rn  New Mexico, about 45 km e a s t  of 

Carlsbad, i s  c u r r e n t l y  being inves t iga ted  f o r  i t s  s u i t a b i l i t y  a s  the 

s i t e  o f  a r ad ioac t ive  waste repos i tory .  Obviously t h i s  i s  only one of 

the many poss ib le  l oca t ions  f o r  the f i r s t  rad ioac t ive  waste repos i tory ;  

however, the  following d iscuss ion  r equ i r e s  t h a t  the loca t ion  of the 

r epos i to ry  be f ixed .  Therefore,  it ,w i l l  be assumed t h a t  the  repos i tory  

i s  located i n  t h i s  p a r t i c u l a r  a rea ,  whose loca t ion  and geologic f ea tu re s  

a r e  descr ibed here.  The assumed r epos i to ry  i s  rectangular  i n  shape with 

dimensions of 2.4 by 3.2 km, and or ien ted  wi th  the long s i d e  i n  the 

East-West d i r e c t i o n .  The nor theas t  corner  is i n  Lea County (about 

th ree- four ths  of t he  a r e a  is  i n  ~ d d ;  County) a t  t he  center  of Sect ion 31 

i n  Township 21S, Range 32E, a s  shown i n  Fig. 1. 

The su r f ace  e l eva t ion  a t  the  cen te r  of t he  repos i tory  s i t e  is  1090 m 

above mean sea  l e v e l  (m.s. 1 .) . The genera l  region surrounding the assumed 

s i te  is  spa r se ly  populated, the  c l imate  i s  semiarid,  topographic r e l i e f  i s  

low, su r f ace  drainage is  poor, and co l l apse  f e a t u r e s  a r e  common. Tecton- 

i c a l l y  t h e  a r e a  i s  q u i t e  s t a b l e  and i s  located i n  a zone charac te r ized  by 
9 

minor seismic r i s k  (U.S. Coast and Geodetic Survey Zone 1). 

The assumed s i t e  i s  loca ted  wi th in  t h e  Delaware Basin, which i s  

contained wi th in  the  much l a r g e r  Permian Basin. The proposed waste d isposa l  

horizon is  about 600 m below the  sur face  i n  the lower p a r t  o f  the Salado 

Formation. The genera l  geologic  and hydrologic f ea tu re s  of Eddy and Lea 

count ies  have been described by Brokaw et  al.1° a s  follows: 

"Sedimentary rocks a t t a i n  thicknesses  of more than 
20,000 f e e t  and range i n  age from Ordovician t o  Quater- 
nary. The a r e a  inc ludes  the  northern end of the  Delaware 
bas in  and t h e  l a r g e l y  buried Capitan Reef. The basin 
conta ins  a s  much a s  13,000 f e e t  of Permian s t r a t a .  The 
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Fig. 1. Water Table and Potentimetric Contours in Formations 
Above the Salado Formation and the Locations of Water Wells. 



o l d e s t  exposed rocks a r e  of Late Permian age, but 
d r i l l i n g  has provided much da ta  on the  buried o lder  
rocks. The p r i n c i p a l  s t r u c t u r e s  a r e  broad gen t l e  
f ea tu res  r e l a t e d  t o  l a t e  Paleozoic sedimentation: 
the  nor thern  Delaware basin,  a she l f  north and west 
of t he  basin,  and a c e n t r a l  basin platform t o  the  e a s t .  
These s t r u c t u r e s  were t i l t e d  eastward before Pliocene 
t i m e ,  have been inac t ive  s ince ,  and now show a general  
eastward d i p  of l e s s  than 2'. 

The s a l t  depos i t s  a r e  i n  the Late Permian Ochoan 
Se r i e s  composed of a t h i c k  sa l t -bear ing  evapor i te  
lower p a r t  (Cas t i l e ,  Salado, and Rust le r  Formations) 
and a t h i n  non-salt-bearing upper p a r t  (Dewey Redbeds). 

The C a s t i l e  Formation cons i s t s  l a rge ly  of i n t e r -  
laminated gray anhydr i te  and brownish-gray limestone, but 
includes much rock s a l t .  It i s  about 1,500-1,600 f e e t  
t h i c k  along the  southern edge of the  potash a r e a ;  i t  
th ins  northward t o  about 1,000 f e e t  near  t h e  margin of 
t h e  Delaware bas in  and tongues out  i n  t h e  southernmost 
p a r t s  of t he  northwest s h e l f .  A l l  t he  s a l t  i s  concen- 
t r a t ed  i n  a t h i c k  middle member which l i e s  200-300 f e e t  
above the  base of the  formation. 

The Salado Formation, the main sa l t -bea r ing  u n i t  
of t he  potash area ,  ranges i n  thickness from about 
1,900 f e e t  i n  the  south t o  about 1,000 f e e t  i n  t h e  
north.  The formation i s  charac ter ized  by th i ck  
p e r s i s t e n t  u n i t s  of  rock s a l t  a l t e r n a t i n g  with th inner  
u n i t s  of anhydr i t e  and polyhal i te .  Thin seams of clay-  
s tone  unde r l i e  t he  anhydr i te  and po lyha l i t e  u n i t ,  and 
the re  a r e  a few beds of sandstone and s i l t s t o n e  a t  
l a rge  i n t e r v a l s .  The Salado Formation i s  divided i n t o  
t h r e e  informal  u n i t s :  a lower and an upper s a l t  
member, gene ra l ly  f r e e  of  s y l v i t e  and o t h e r  potassium 
and magnesium evapor i t e  minerals ;  and t h e  McNutt potash 
zone, gene ra l ly  r i c h  i n  these  minerals .  

The Rus t l e r  Formation mostly anhydr i te  and rock 
s a l t ,  t h i n s  from 300 t o  400 f e e t  i n  the  southern p a r t  
of  the  a r e a  t o  about 200-250 f e e t  i n  the  nor thern  
p a r t .  Some dolomite i s  present  i n  the  upper and lower 
p a r t s  of  t he  formation, and th in  t o  th i ck  u n i t s  of 
sandstone and sha le  a r e  interbedded a t  long t o  s h o r t  
i n t e r v a l s .  

i he Dewey Lake Redbeds a t  t he  top of the Ochoan 
Se r i e s  c o n s i s t  of reddish-brown s i l t s t o n e  and fine-grained 
sandstone. The formation i s  250-550 f e e t  th ick  i n  the 
potash a rea .  



Three main hydrologic units control the ground- 
water hydrology of the Carlsbad potash mining area: 
the Pecos River, the water-bearing strata overlying 
the Salado Formation, and the Capitan Limestone and 
other water-bearing strata underlying the Salado. 
The distribution and development of large dissolution 
features, particularly in the Nash Draw and Clayton 
Basin areas, exert a major effect on the occurrence 
and movement of the ground water. The Pecos River 
receives nearly all of the ground-water outflow from 
the area. Most of that outflow reaches the Pecos 
near Malaga Bend. 

The main water-yielding units overlying the Salado 
Formation sre the basal solution breccia zone and the 
Culebra Dolomite Member of the Rustler Formation, the 
Santa Rosa Sandstone, and the alluvium. The basal 
solution breccia zone is the hydrologic unit most 
significant in the solution of halite from the upper 
part of the Salado Formation. The easternmost extent 
of evaporite solution in the potash mining area is 
roughly at the common boundary between Ranges 30 and 
31 E. The formations above the Salado Formation seem 
to be connected hydrologically and can be considered 
a single multiple aquifer system. Solution activity 
and associated collapse, subsidence, and fracturing 
have increased the overall permeability of the rocks 
and the interformational movement of water in the 
aquifer system. 

Ground water in the formations above the Salado 
moves generally southward and southwestward across 
the potash mining area toward the Pecos River. 
Although the total amount of ground water discharging 
to the Pecos River is not known, it has been estimated 
that 200 gallons per minute enter the river from the 
basal solution breccia zone. 

The potentiometric and water-table contours out- 
line a series of ground-water ridges and troughs which 
are imposed on the regional southward to southwestward 
pattern of ground-water movement. A large southwestward- 
plunging ground-water trough extends from Malaga Bend 
northeastward roughly through Nash Draw to beyond 
the mining area in the vicinity of Laguna Plata. 
Another much smaller trough is east and southeast 
of the Project Gnome site. 



The Salado Formation has an in t e rg ranu la r  porosi ty 
and permeabil i ty  t h a t  ranges £;om low t o  v i r t u a l l y  none. 
Locally, f r a c t u r e s  and so lu t ion  openings impart a spo t ty  
formational  permeabil i ty .  In  the  potash mining area ,  the 
Salado Formation i s  dry except f o r  water i n  the leached 
zone a t  the top of the formation and small pockets of 
water  o r  water  and gas encountered occasional ly during 
mining. 

The Cambrian t o  Permian sedimentary rocks underlying 
the Salado Formation conta in  water of br ine  composition 
and a r e  under high a r t e s i a n  pressure.  These rocks a r e  
not exposed i n  the  potash mining area  but l i e  deeply 
buried throughout much of southeastern New Mexico and 
western Texas. I n  the  potash mining a rea  the e leva t ions  
of t he  potent iometr ic  sur faces  of d i f f e r e n t  zones of 
these rocks range from a few f e e t  t o  a few hundred f e e t  
above o r  below the land sur face  ." 

3 .  POTENTIAL MECFIANISMS OF CONTAINMENT FAILURE 

The p o t e n t i a l  causes of containment f a i l u r e  fo r  a nuclear  waste 

repos i tory  contained i n  bedded s a l t  can be divided i n t o  two c l a s ses  - 
anthropogenic and na tu ra l .  It seems un l ike ly  t h a t  man could cause a 

se r ious  and permanent breach of containment through an accident  o r  

malicious i n t e n t .  Nature, however, does possess the po ten t i a l  f o r  

breaching the  waste containment, f o r  example, v i a  'the impact of a 

g i an t  meteor i te  o r  t he  incept ion  of in tense  t ec ton ic  a c t i v i t y  i n  the 

a rea .  Obviously, the  p r o b a b i l i t i e s  of these  events  a r e  extremely 

low, and they a r e  usually neglected i n  r e l a t i o n  t o  p r a c t i c a l l y  a l l  

human endeavors. Nevertheless,  long-lived radioac t ive  wastes need 

t o  be i s o l a t e d  from the biosphere f o r  such long time periods t h a t  a 

new approach t o  hazards eva lua t ion  might be necessary. Therefore, 

the p r o b a b i l i t i e s  and consequences of even the most extravagant sequences 

of events  a r e  examined i n  t h i s  repor t .  



3.1 Anthropogenic Causes of Containment Fai lure  

P o t e n t i a l  anthropogenic causes of ser ious  breaching of the  

containment of a  nuclear  waste reposi tory  include sabotage, nuclear  

warfare, and d r i l l i n g .  Each type of event i s  discussed individual ly  

i n  the following sec t ions ;  however, no es t imate  of the p robab i l i ty  of 

i t s  occurrence i s  attempted. 

3.1.1 Sabotage 

Sabotage d i rec ted  a t  a  nuclear  waste reposi tory  could r e s u l t  i n  

damage o r  des t ruc t ion  of property of considerable monetary value and 

cause some radioact ive  mater ia l  t o  be released.  

During opera t ion of a  repository,  i t  i s  conceivable t h a t  a  few 

determined f a n a t i c s  could attempt sabotage which,if successful ,  could 

lead t o  the  re lease  of a  f r a c t i o n  o r  a l l  of the  radioact ive  mate r i a l s  

present  i n  the surface  f a c i l i t y .  The p robab i l i ty  of success of such 

sabotage e f f o r t s  can be minimized by s e c u r i t y  measures such a s  the 

use of armed guards, s e c u r i t y  fences, and rout ine  inspect ion of incoming 

veh ic les  and personnel f o r  f irearms and explosives.  

Review and considera t ion of reposi tory  design and opera t ion 

concepts invar iably  lead t o  the  conclusion t h a t  the  p robab i l i ty  f o r  

successful  sabotage i s  much g r e a t e r  during t r anspor ta t ion  of t h e  

waste t o  the  reposi tory  than a f t e r  a r r i v a l .  A t  the  reposi tory ,  t h e  

waste i s  most vulne'rable t o  sabotage i f  s tored on-s i te  before being 

unloaded from the  r a i l c a r s .  The waste i s  l e s s  vulnerable a f t e r  i t  has 

been moved i n s i d e  the waste receiving buildings,  s ince  these  s t r u c t u r e s  

w i l l  be designed t o  provide containment under most conceivable acc iden ta l  

condit ions.  Ef fec t ive  sabotage a f t e r  b u r i a l  would be extremely d i f f i c u l t  

i f  t h e  i n t e n t  i s  t o  r e lease  l a rge  q u a n t i t i e s  of radioact ive  mate r i a l s  

t o  the  environment. 

Once the  reposi tory  i s  sealed,  however, sabotage t h a t  would cause 

a s i g n i f i c a n t  r e l e a s e  of radioact ive  mater ia l  t o  the  e x t e r n a l  environment 

i s  impossible without in tervent ion by an armed force t h a t  i s  equipped 

wi th  machinery fo r  d r i l l i n g  and excavating and has s u f f i c i e n t  s t r eng th  t o  

t o  r e s i s t  countermeasures by the  a u t h o r i t i e s  f o r  considerable periods of  

time . 



3.1.2 Nuclear Warfare 

Current nuclear  weapons a r e  of such s i z e  t h a t  a surface burst  

would pene t r a t e  a sea led  repos i tory  no deeper than 500 m. The l a rges t  

deployed m i s s i l e  i s  reported t o  be capable of carrying a 25-megaton 

warhead. Using the  information given by Glasstone, l1 a sur face  burs t  

of t h i s  magnitude would generate  a 270-m-deep c r a t e r  with a f r ac tu re  

zone down t o  about 400 m i n  a geologic ma te r i a l  with the physical  

p rope r t i e s  of dry  s o i l .  The c r a t e r  would be somewhat smaller i n  s a l t .  

Assuming the  development of a 50-megaton weapon, the po ten t i a l  c r a t e r  

depth i n  dry  s o i l  would increase  t o  only 340 rn and the f r a c t u r e  zone 

t o  500 m. Since the  waste horizon w i l l  be about 600 m below the  

sur face ,  t he  containment would not  be breached even f o r  the l a rge r  

weapon. 

3.1.3 D r i l l i n g  

Following t h e  decommissioning of a repos i tory  and sea l ing  of the  

mine, i t  is planned t h a t  t he  s i t e  and c e r t a i n  subsurface mineral r i g h t s  

i n  a 1500- and 3000-m-wide buffer  zone bordering the  reposi tory w i l l  

be maintained i n  t h e  perpe tua l  ca re  of the government and t h a t  permanent 

markers w i l l  be placed t o  warn of the  p o t e n t i a l  hazard associated with 

d r i l l i n g  operat ions.  S i t e  and regional  monitoring w i l l  be continued 

i n d e f i n i t e l y ,  and permanent records w i l l  be maintained of the  

temperatures i n  the ground a s  we l l  as i n  the  aqu i fe r s  around the 

waste b u r i a l  a r e a  and of the  l e v e l s  of r a d i o a c t i v i t y  i n  a i r  and i n  

sur face  and ground water .  

It can be argued t h a t  records can be l o s t  through wars or  p o l i t i c a l  

and s o c i a l  upheavals. I n  t h i s  context ,  even the  complete co l lapse  of 

our  c i v i l i z a t i o n  could be pos tu la ted .  On the o the r  hand, such loss  

of records and markers would not  appear t o  present  ser ious  problems 

because the  mine would remain inaccess ib le  (barr ing an improbable 

n a t u r a l  ca tas t rophe  which w i l l  be discussed i n  l a t e r  sec t ions)  t o  

a c i v i l i z a t i o n  t h a t  d id  not possess the technology f o r  d r i l l i n g  severa l  

hundreds of meters i n  search of underground resources. D r i l l i n g  



for fresh water below the Rustler Formation would be completely illogical 

for a civilization having the necessary drilling technology. 

The capability for drilling to the depth of the disposal horizon 

would seem to imply that either the present civilization did not collapse 

(in which case records of the waste location should not be lost) or 

that following its collapse, a new technological culture was eventually 

developed. In the second case, it is reasonable to assume that at least 

a few thousand years would be necessary to achieve the necessary drilling 

know-how, so that only the long-lived nuclides and their decay products 

would be left in the repository at the end of such a period. 

In the event that drilling were to take place, the probability of 
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intersecting a canister would be small, namely, about 10 for hitting 

within 50 cm of a canister when drilling randomly over the mine area. 

Assuming that the drill passed close to a canister, some radioactive 

material could be brought to the surface by the drilling mud. However, 

even if the drillers were too unsophisticated to detect it, the resulting 

contamination would not present more than a local hazard because of the 

relatively small amount brought to the surface and the limited biologic 

availability of the long-lived nuclides present in the waste. 

Another potential problem related to drilling is the possibility 

of failure of borehole plugs. The site has no deep boreholes within 

a radius of 2000 or 3000 m and it' is envisioned that the wells drilled 

to investigate the site and the mine shafts would be plugged in the best 

possible manner. Both the exploratory wells and the mine shafts will 

not penetrate below the salt formation. Thus, even if plugging were to 

fail, any water moving downward to the salt would eventually saturate 

and form a stagnant column in the salt formation. In all cases where 

boreholes extend down to the aquifers underlying the salt, circulation 

between aquifers and formation of solution cavities in the salt can 

be envisioned. As a matter of fact, salt dissolution around a few 

abandoned boreholes has been observed in Kansas. The potential for this 

type of salt dissolution at the site in New Mexico is lwer than in 

Kansas due to several reasons, namely, (1) less ground water is available, 

(2) no highly permeable aquifer exists, (3) the head differential between 



a q u i f e r s  above and below the  s a l t  i s  only a few meters ,  and (4) most 

important ly,  the  w e l l s  i n  Kansas had been previously used a s  br ine  

d i sposa l  w e l l s  and the re fo re  were kept i n t e n t i o n a l l y  open. 

While t he re  i s  no way t o  a s se s s  the  p robab i l i t y  of water reaching 

the d i sposa l  zone through f a i l u r e  of the plugs of fu tu re  boreholes, i t  

i s  poss ib l e  t o  conclude t h a t  the consequences of t h i s  type of containment 

f a i l u r e  would be r e l a t i v e l y  minor when we a l s o  consider  t h a t  any hydraul ic  

connection formed between the  aqu i f e r s  above and below the s a l t  would allow 

wa te r  t o  move only  downward i n t o  the deep aqu i f e r s  (see Sect ion 4.2) .  

3.2 Natural  Causes of Containment Fa i lu re  

Some of the  n a t u r a l  events  capable of breaching the s a l t  formation 

and causing d i s p e r s a l  of radionucl ides  t o  the  environment a r e  sudden and 

ca t a s t roph ic  whi le  o the r s  a r e  slow and gradual.  It i s  poss ib le  t o  

combine the  sudden and slow processes i n  var ious hypothe t ica l  mechanisms 

of containment f a i l u r e .  Ground water  i s  undoubtedly the bes t  candidate  

f o r  removing r ad ioac t ive  ma te r i a l  from the  d i sposa l  area.  Mobil izat ion 

of  such m a t e r i a l  by ground water  is  neces sa r i l y  a slow process con t ro l l ed  

by the  d i s s o l u t i o n  r a t e  of the  s a l t  and the  leaching r a t e  of radionucl ides .  

However, t he  water  could ga in  access  t o  t he  d i sposa l  horizon a s  a 

consequence of a sudden event  such a s  f a u l t i n g  o r  the  impact of a g i a n t  

meteor i te .  

A s  an  event ,  t he  impact o f  a g i a n t  meteor i te  f a l l s  i n t o  a spec i a l  

c l a s s  s i n c e  i t  i s  conceivably capable of causing the  atmospheric r e l ea se  

of p a r t  o f  t he  a c t i v i t y  and the  p r o b a b i l i t y  of  i t s  occurrence i s  not 

s i t e - r e l a t e d .  

3.2.1 Impact of Meteor i tes  

The impact of meteor i tes  with p lane tary  bodies i s  a normal geologic 

process .  It i s  ve ry  l i k e l y  t h a t  the population of meteor i tes  has been 

progress ive ly  decreasing throughout most of the  l i f e  of t he  s o l a r  system; 

thus  the  cu r r en t  frequency of impacts i s  probably somewhat lower than i n  

t h e  pas t .  



The surfaces  of  Mars, Mercury, and the moon a r e  c5aracter ized by 

a g rea t  number of impact fea tures .  The e a r t h  has undoubtedly been 

exposed t o  a bombardment of s i m i l a r  i n t e n s i t y ,  but most c r a t e r s  have 

been destroyed by the geologic processes t h a t  a r e  a c t i v e  on our p lanet .  

However, some impact s t ruc tu res  a r e  known, and they provide useful  

ind ica t ions  of the  morphology of impact c r a t e r s  and of the  frequency 

of large  impacts. 

The impact of meteori tes w i l l  be considered here a s  a random process, 

which means t h a t  the  probabi l i ty  o f  any area  on e a r t h  being h i t  i s  a 

function only of the a r e a ' s  dimensions and the  impact frequency. This 
.12 i s  not r igorously  t r u e  s ince  a s l i g h t  l a t i t u d e  e f f e c t  seems t o  e x i s t ;  

however, i t  i s  c e r t a i n l y  acceptable a s  a f i r s t  approximation. 

Large impact c r a t e r s  have a t o t a l  depth about one-third of the  

diameter. The t o t a l  depth i s  defined a s  the  d i s t ance  between the  plane 

passing through the  surrounding ground surface  and the  bottom of the  

I I crushing zone." The crushing zone i s  formed by a l logenic  breccia ,  t h a t  

is, by sha t t e red  rock fragment's t h a t  were o r i g i n a l l y  dispersed i n t o  the  

a i r  by the  impact and then f e l l  back i n t o  the  c r a t e r .  Below the  crushing 

zone i s  a " f rac tu re  zone," where the  geologic mate r i a l s  were in tens ive ly  

f r a c t u r e s  but  l e f t  i n  s i t u .  
13 

I n  t h e  event of an  impact a t  any waste reposi tory ,  two cases  can 

be kept  d i s t i n c t :  (1) t h e  depth of c r a t e r i n g  reaches o r  exceeds t h e  

depth of b u r i a l ;  and (2) the  depth of the  c r a t e r  is  l e s s  than t h e  depth 

of b u r i a l ,  but the  f r a c t u r e  zone extends t o  o r  approaches the d i sposa l  

horizon. 

I n  the  f i r s t  case i t  i s  conceivable t h a t  a  f r a c t i o n  of the  radio- 

a c t i v e  mate r i a l  would become airborne,  while i n  the  second case t h e  over- 

burden would be shat tered  and ground water could gain  access t o  the  s a l t  

and possibly t o  t h e  waste, although no instantaneous re lease  of radio- 

nuclides would occur. 

The frequency of impact on e a r t h  of l a rge  meteor i tes  can be assessed 

from two l i n e s  of evidence: observation of meteor i te  f a l l s  and ana lys i s  

of astroblemes." 

*From the  Greek: "astron" + "blema" ("star" + "wound") a cosmic s c a r ;  
synonymous f o r  " f o s s i l  meteori te  c r a t e r .  " 



The ex t r apo la t ion  of empir ica l  r e l a t i o n s  between meteori te  masses and 
-12 &2 

frequency of f a l l s  g ives  a frequency of about 10 - 1 
year f o r  impacts 

7 
of meteor i tes  of mass 2 X 10 kg o r  l a rge r .  14-16 A t  an  impacting speed 

of 20 km/sec, a meteor i te  of t h a t  s i z e  would form an impact c r a t e r  about 

1 h i n  diameter and 300 m deep.'' With t h i s  impact frequency, more than 

100 impact c r a t e r s  l a r g e r  than 1 km i n  diameter should have formed on 

land throughout the  l a s t  one mi l l i on  years .  The geologic evidence does 

not support such high frequency of la rge  impacts. Several impact c r a t e r s  

younger than one m i l l i o n  years  a r e  known; Barringer Crater  (a l so  known a s  

Meteor Cra ter )  i n  Arizona, which was formed about 25,000 years  ago, i s  

probably the  most famous. I n  addi t ion ,  s eve ra l  more impact c r a t e r s  of 

much g r e a t e r  age have been i d e n t i f i e d .  
19,20 

The Canadian s h i e l d  i s  an a rea  where astroblemes formed during the 

l a s t  two b i l l i o n  years  should be recognizable,  provided t h a t  the impact 

a f  fec ted  the  basement rocks. ~ a r t m a n n ~ l  has ca lcula ted  t h a t  a l l  

Canadian c r a t e r s  w i th  diameters g r e a t e r  than 10 km have probably been 

preserved. To determine the  probable number of c r a t e r s  of d i f f e r e n t  

diameter,  i t  i s  reasonable t o  use the  r e l a t i o n s h i p  between number of 

c r a t e r s  and s i z e  observed f o r  the  moon;21 namely, 

where 

N = t he  number of c r a t e r s  with diameters l a rge r  than D, 

K = empir ica l  cons tant .  

On the  b a s i s  of the  Canadian astroblemes, the frequency of impacts 

producing c r a t e r s  l a r g e r  than  1 km i n  diameter f a l l s  between 0.8 X 10 - 13 

and 17 X 10-13 year-1.21 The love r  l i m i t  seems t o  be more cons is ten t  
-13 - 1 

wi th  the  geologic evidence; therefore ,  10 year  w i l l  be taken 

a s  t h e  b e s t  es t imate  of t he  frequency of impacts of g i an t  meteori tes  i n  

Quaternary time. This value is i n  f a i r l y  good agreement with Die t z ' s  

e s t ima te  of one every t en  thousand years .  
18 



Probability of a Catastrophic Impact.--The assxmed depth of burial 

of the waste in New Mexico is about 600 m; thus it would take a crater 

nearly 2 km in diameter to cause the instantaneous release of part of the 

radioactive material. On the basis of Eq. (I), the probability of 

formation of a crater 2 km in diameter or greater is about five times 

lower than the probability of a 1-km or greater crater; consequently, 
-1 2 X 10-l4 km'2 year may be taken as the probability of an impact capable 

of causing some atmospheric release. The area of the assumed repository 
2 

is about 8 km , and the probability of a catastrophic hit on this area - 7 in a one-million-year period is about 2 X 10 . 
To put this number in perspective with regard to other risks that 

society obviously considers acceptable, let us compare it with the 

probability of a scheduled airline flight crashing into a packed foot- 

ball stadium, calculated at 3 X 10'~/~ear,~~ or with the probability 

of an airplane crash on a nuclear power station located in New Jersey, 
-7 

estimated at 3 X 10 /year. 
23 

Airborne Radioactivity.--The evaluation of the consequences of an 

impact of a meteorite at the site of a repository is necessarily 

hypothetical since it is based on several arbitrary assumptions. Only 

the case of an impact large enough to cause some atmospheric release 

will be discussed here. An impact resulting in failure of the overburden 

and exposure of the disposal horizon to ground water without atmospheric 

release of activity would have much less serious consequences. The 

atmospheric release of a fraction of the radioactive material contained 

in the waste repository is obviously the worst possible case since the 

radionuclides would achieve wide distribution and inhalation would become 

a possible exposure mechanism. The radiotoxicity of many long-lived 

alpha-emitters is three to four orders of magnitude higher if the intake 

is assumed to take place through inhalation rather than ingestion. 

Table 1 shows the number of limits of annual intake by inhalation 

(LAIinh) of heavy nuclides present in a repository containing all the 

high-level waste to be generated by the U.S. Nuclear power industry* 

*The small differences between the inventories of radioactive material 
given in Table 1 and those given in Table 6 are due to different assumptions 
about the development of nuclear power and the types of reactors. Both cal- 
culations were already available, and the small differences do not seem to 
require recalculation of any of the tables. 



a 
Table 1. Act iv i ty  and Number of LAIinh of Heavy Nuclides 
i n  a Repository Containing A l l  High-Level wasteb Generated 
by the U.S. Nuclear Power Industry Through the Year 2000C 

Decay Time 
(years 

Act iv i ty  Number of LAIinh 
(Ci> 

a Taken from Ferruccio Gera, Long-Lived Radioactive Wastes - 
How Long Do They Have t o  be Contained, ORNL-TM-4481 
(1974). Values a r e  based on the l i m i t s  of annual intake 
recommended by the  In te rna t iona l  Commission on Radiolog- 
i c a l  Protec t ion  a s  l i s t e d  i n  Table IIA of r e f .  25. 

b ~ a s t e  produced by reprocessing 110,000 metr ic  tons of 
LWR f u e l  and 59,000 metr ic  tons of LMFBR fue l .  

C The waste i s  assumed t o  be aged f o r  10 years  before 
shipment t o  the  repos i tory ;  therefore ,  the  c losure  of 
the  repos i tory  would take place i n  the  year  2010. 



up to the year 2000 after various decay periods. 
24,25 

Prior to making an assessment of the possible consequences of a 

catastrophic meteorite fall, it is necessary to consider the nature of 

the events likely to take place at the time of the impact. 

The energy released in the impact would be on the order of several 

megatons of TNT,'~ and the explosion would be similar to a nuclear blast - 
complete with fireball, shock waves, and mushroom cloud. Temperature in 

the fireball would reach millions of degrees, and most of the meteorite 

mass would be vaporized together with some of the indigenous rocks.* 

Some more of the geologic materials would be pulverized and thrown 

in the air, the destiny of the fine ejecta being controlled by the 

size of the particles and the height reached. Large particles would 

fall rapidly to the ground, but fine particles (submicron to a few 

microns) would remain airborne for significant periods. A certain amount 

of fine dust would be injected into the stratosphere and, in turn, 

would achieve worldwide distribution. However, the observation of 

young impact craters shows that by far the greatest part of the ejected 

material would fall back inside the crater and its immediate vicinity 

to form the crater rim and fill. 
. .. .. ., 

If the analogy with cratering . . by nuclear,explosions is valid, the 
.. . 

observation of the vented fraction in &clear excavations can be 
. . 

instructive. Bonner and ~ i s k e 1 ~ ~  have reported that in th. Danny Boy 

event, a 0.43-kiloton nuclear excavation in basalt, a few tenths of 

one percent of the nonvolatile radionuclides escaped beyond the immediate 

vicinity of the crater. The fraction of volatile radionuclides released 

was much higher, 10 to 20%; however, this is not relevant to the present 

discuss ion since all heavy nuclides are re.fractory .** 

*This is the reason why the search for large meteorite bodies below the 
floor of impact craters has always been unsuccessful. 

**It must be emphasized that in a nuclear explosion most radioactive 
materials are initially in the fireball, while in the impact of a 
giant meteorite over the repository only a fraction of the radioactive 
waste would have a chance to be contained in the fireball. Therefore, 
the potential for environmental dispersal of radionuclides is much 
lower for the meteorite impact. 



It seems obvious, therefore ,  t h a t  only a very small f r a c t i o n  of the 

r ad ioac t ive  nucl ides  contained i n  the repos i tory  would be e jec ted .  The 

value of  the  f r a c t i o n  re leased  would depend on the depth of the c r a t e r ;  

f o r  example, i t  would be very small f o r  a c r a t e r  barely reaching the 

d i sposa l  horizon but somewhat l a rge r  f o r  a c r a t e r  of g rea te r  dimensions. 

A reasonable assumption seems t o  be t h a t  the  impact would re lease  t o  

t h e  atmosphere l e s s  than 1% of the  r e f rac to ry  nucl ides contained i n  the 

repos i tory .  However, i n  considerat ion of the g rea t  uncertainty associated 

with t h i s  assessment we w i l l  make the  conservat ive assumption t h a t  10% 

of these  nucl ides  would be released by the  impact. Of the  materials  

e j ec ted  i n t o  the atmosphere, only a f r a c t i o n  would reach the s t ra tosphere  

and subsequently achieve g lobal  d i s t r i b u t i o n .  

The f r a c t i o n  of r ad ioac t iv i ty  associa ted  with the very f i n e  p a r t i c l e s  

would behave l i k e  the f a l l o u t  from weapons t e s t i n g ;  therefore,  the possible 

consequences of c r a t e r i n g  could be estimated by analogy with the behavior 

of f a l l o u t  nucl ides.  The f r a c t i o n  of r ad ioac t iv i ty  associated wi th  the 

l a r g e  p a r t i c l e s  would f a l l  back i n  the v i c i n i t y  of the c r a t e r  and cause 

only l o c a l  contamination. 

I n t u i t i v e l y  we know t h a t  only a small f r a c t i o n  of the e jec ted  radio-  

a c t i v i t y  would be associa ted  wi th  f i n e  p a r t i c l e s  and would achieve large-  

s c a l e  d i s t r i b u t i o n ;  however, again we  w i l l  make the  conservative assumption 

t h a t  one-half of i t  w i l l  behave a s  weapons t e s t i n g  f a l l o u t .  Therefore, 

an impact taking place 1000 years  a f t e r  c losure  of the reposi tory was 

assumed t o  r e l e a s e  t o  the  atmosphere 3.4 X 1015 MIinh of heavy nuclides, 

of which one-half would f a l l  back i n  t h e  proximity of the  repository 

and one-half would achieve la rge-sca le  dispersion.  I n  summary, the  

consequenc'es of the  hypothet ica l  impact was estimated by assuming tha t  

5% of the  a c t i v i t y  i n  the  repos i tory  would behave l i k e  weapons t e s t i n g  

f a l l o u t ;  5% would cause loca l  contamination by deposi t ion i n  the a rea  

surrounding the  repos i tory ,  and 90% would remain i n  the ground where it  

would be exposed t o  the  ac t ion  of ground water. 

The amount of 2 3 9 ~ u  released by weapons t e s t i n g  through the year  

1970 has been est imated a t  400 t o  600 k ~ i , ~ ~ , ~ '  of which between 300 and 

500 kCi a r e  l i k e l y  t o  have received global  d ispers ion .  Taking 400 kCi 



(-6500 kg) as the amount globally dispersed in the environment, we find 
15 that the equivalent number of LAIinh is about 10 . 

After 1000 years of decay, 5% of the radioactivity of the heavy 

nuclides in the repository is equivalent to 1.7 X 10 15 LAIinh . The re - 
fore, the global consequences of the meteorite impact would be of the 

same order of magnitude as the consequences of fallout plutonium, which 

has contributed a negligible fraction of the total exposure from fall- 

out. 
2 8 

Inhalation is the critical exposure mechanism for fallout plutonium, 

despite the fact that the intake by inges.tion is two to four times 

greater than that by inhalati~n;~' this is due to the very low absorption 

from the gastrointestinal tract of this element, which causes the LA1 1 inh 

LA1ing 
ratio to be close to 

3 7 
  en nett^' has calculated that the cumulatdve inhalation intake of 

239~u through the year 1972 in the New York area is 42 pCi; this value 

can be considered typical for middle latitude regions of the northern 

hemisphere, which have received the' highest fallout. The doses 

corresponding to this intake, applying the ICRP Task Group Lung Model, 

are shown in Table 2. 
27,30 

Table 2. Cumulative Doses (in Millirems) from Fallout 239~ua 

Organ 

Time Period Lung Lymph Nodes Liver Bone 

a From B. G. Bennett, Fallout 239~u Dose to Man, HASL-278 
(1974)) pp. 1-41 - 1-63. 

-5 3 
b~ssumes an average air concentration of 10 pCi/m in 
1973 and no further intake after 1973. 



These doses, which a r e  extremely low, a r e  expected t o  r e s u l t  i n  

neg l ig ib l e  r ad io log ica l  consequences. I f  the assumed analogy between 

f a l l o u t  plutonium and the  f r a c t i o n  of heavy nucl ides i n  the waste 

achieving g lobal  d ispers ion  i s  va l id ,  we can conclude t h a t  the global  

consequences of t he  impact would be minor. Of course, the v a l i d i t y  

of such analogy i s  only p a r t i a l  s ince  some of the  o the r  heavy nucl ides 

i n  the  waste a r e  charac ter ized  by g r e a t e r  b io logic  a v a i l a b i l i t y  a f t e r  

depos i t ion  and by g r e a t e r  absorpt ion from the  g a s t r o i n t e s t i n a l  t r a c t  

than plutonium; i n  these cases inges t ion  would be expected t o  cont r ibute  

somewhat more t o  the  t o t a l  exposure. However, the ana lys is  does show 

t h a t  the  g lobal  consequences of t h i s  most ca tas t rophic  event would not 

be se r ious .  

The consequences of an impact taking place shor t ly  a f t e r  the c losure  

of t he  repos i tory  could be much more se r ious  due t o  the la rge  inventory 

of f i s s i o n  products. Let us consider  which i s  by f a r  the most 

hazardous nucl ide  i n  the  waste during the  f i r s t  400 years. Ingest ion 

i s  assumed t o  be the  c r i t i c a l  exposure mechanism.* The reposi tory 

i s  expected t o  conta in  10" C i  of 9 0 ~ r  a t  the  time of c losure .  I f  the 

impact of a g i a n t  meteor i te  were t o  coincide with the time of closure,  

500 M C i  of 9 0 ~ r  (5%) would achieve global  d ispers ion;  t h i s  i s  about 

25 times the  amount produced by weapons t e s t i n g  through the year 1972, 

which has been est imated t o  be about 21 M C ~ . ~ '  The dose connnitments 

from f a l l o u t  have been est imated a s  62 and 85 mrads f o r  bone 

marrow and endos tea l  c e l l s ,  respec t ive ly ,  f o r  inhabi tan ts  of the  

temperate l a t i t u d e s  o f  t he  northern hemisphere. 28 It can be assumed 
9 0 

t h a t  the d i s p e r s a l  of  500 M C i  of S r  could r e s u l t  i n  dose commitments 

25 times h igher .  
9 0 

However, a f t e r  130 years  of decay, 5% of the  S r  i n  the  reposi tory 

becomes l e s s  than 21 MCi. The p robab i l i t y  of a meteor i te  of c r i t i c a l  

mass h i t t i n g  the  repos i tory  i n  the 130 years  following closure of the 
-11 

mine can be est imated a s  2 X 10 . 
~ ~ ~~p - 

*Fallout da t a  show t h a t  inges t ion  of contaminated foodstuff i s  the  
c r i t i c a l  exposure mechanism f o r  a l l  f a l l o u t  nucl ides except 2 3 9 ~ ~ .  



Local Contamination by Ejects.--In this section, an evaluation 

is made of the consequences of contamination by ejecta of the area 

surrounding the repository. The assumption is that 5% of the total 

radioactive material, or 50% of that ejected, would fall back to the 

ground within a radius of about 18 km from the center of the crater, 
2 

which comprises about 1000 lan . It is assumed that deposition over 

the area will be uniform, an assumption that is obviously not true but 

is acceptable for this necessarily rough evaluation. 

Assuming that the impact would take place 1000 years after closure 

of the mine (when the inventory of heavy nuclides in the repository 
7 6 

is 4.6 X 10 Ci), a total of 2.3 X 10 Ci would be deposited in the 
2 

1000-km area surrounding the repository. The deposition would 
3 2 

amount to 2.3 X 10 pCi/m . The individual activities of the most 

significant nuclides that would be present are shown in Table 3. 

For an impact occurring 100,000 years after closure of the mine 

(when the activity of the heavy nuclides would have decreased to 
5 4 

6.9 X 10 Ci), a total of 3.4 X 10 Ci, or 34 pCi/m2, would be 

deposited locally. The nuclides shown in Table 4 would represent 

about 609, of the total activity. 

The resulting doses for a hypothetical population living in the 

contaminated area'have been calculated by J. P. Witherspoon of the 

Environmental Sciences Division at ORNL. His calculations are based 

on a generalized model to predict quantitative radionuclide movement 

through terrestrial food pathways (TERMOD) and on the computer programs 

EXREM and INREM. 32-34 The results of the calculations are shown in 

Tables 5 and 6 for two impacts taking place 1000 and 100,000 years 

after closure of the mine, respectively. Obviously, the local 

consequences are potentially serious, and occupancy and use of the 

contaminated area would have to be restricted for a fairly long time 

period following the impact. It is also obvious that such a cataclysmic 

meteorite impact would cause great devastation, regardless of the 

dispersal of radioactive wastes. 



Table 3. Ac t iv i ty  of Heavy Nuclides Deposited i n  the  Area 
Surrounding the  Repository i f  Impact Takes Place 1000 Years 

After Closure of the Mine 

Act iv i ty  Deposition Percent of a 
Nuc 1 ide  (ci > (pci/m2) Tota l  Activi ty 

Tota l  

a 6 Percent  ca l cu la t ed  on the b a s i s  of 2.3  X 10 C i  a s  the  t o t a l  
a c t i v i t y  of  t he  l o c a l  f a l l o u t  of  heavy nucl ides .  



Table 4. Act iv i ty  of Heavy Nuclides Deposited Tn the Area 
Surrounding the Repository i f  Impact Takes Place 100,000 Years 

After Closure of the  Mine 

Act iv i ty  Deposition Percent of 
Nuclide (Ci) - .  (uci/m2.) -- Total  ~ c t i v i t ~ ~  

234u 6.2 X lo2  6.2 X 10" 1.82 

238u 1.3 X 10 1.3 X 10 '~  0.04 

23 7 3 .8X 10 
3 

NP 3.8 11.18 

239% 1.1 x lo4 1.1 X 10 32.35 

242% 2.4 X lo2  2.4 X 10" 0.71 

243* . 3.0 X 10 3.0 X 0.09 

Total  2.0 X 10 2.0 X 10 58.82 
4 

a 4 Percent ca lcula ted on the  bas is  of 3.4 X 10 C i  as  the t o t a l  
a c t i v i t y  of l oca l  f a l l o u t  of heavy nuclides.  



Table 5. Calculated Doses f o r  Impact After 1000 Years of Decay 

Radio- 
Nuclide 

210~b 

210~o  

2 2 6 ~ a  

2 3 0 ~ h  

234" 

237N 

2 3 8 ~ u  

2 3 9 ~ u  

2 4 0 ~ u  

2 41h 

242mAm 

243A, 

2 4 2 ~ m  

24Sm 

Total  

Total Body 
Dose from 

Exposure 
t o  Ground 

Surf ace 

7.3 x 10 '~  

0 

1 . 3 x 1 0 - ~  

1 . 4 x 1 0 - ~  

2 . 1 ~ 1 0 ' ~  

5 . ? x l ~ - ~  

1 . 1 x 1 0 - ~  

7.0 x 

2 . 7 ~ 1 0 ' ~  

1.9 x 10 1 

9.7 

7.6 x 

1 2.9 x 10 

50-Year 

Bone Dose 
from 

Inhalation 
of 

Resuspended Activity 

4.6 x 1 0 ' ~  

1.4 x 

3 . 2 x 1 0 - ~  

2 . 4 x 1 0 - ~  

1 . 2 ~ 1 0 - ~  

8 . 5 ~ 1 0 ' ~  

1 . 7 ~ 1 0 - I  

3.4 

5.7 

2.4 x 10 1 

6.1 x 

3.6 

1.2 x 

3.5 x 

3.7 x 10 1 

Dose Commitment (rem) Due t o  F i r s t  Year of Exposure 

Organ Dose Due t o  Ingestion v i a  t h e  T e r r e s t r i a l  Food Chain 

Total ~~d~ 

2.0 x 

4.5 1 0 ' ~  

2.8 

5.0 x 

1.3 x 10-I 

4.8 x 10-I 

8.9 x 10 '~  

1.7 

2.9 

1.2 x 10 
2 

1.8 x 10 1 

5.2 x 

1.5 x 10 2 

Kidneys 

4.7 x 

1.3 x 10-I 

4.9 

5.0 x 10-I 

3.6 

3 . 8 ~ 1 0 - I  

7.3 

1.2 x 10 1 

9 .o x 10 
2 

1.3 x lo2 

2.4 x lom2 

1.1 lo3  

G .  I .  Tract 

3.8 x lo-' 

3.3 

5.7 

5.6 x 

1.6 x 

5.6 x 10-I 

3.3 x 10-I 

5.8 

9.8 

1.4 x 10 2 

2.2 x 10 1 

3.7 x 10-I 

1.8 x 10 2 

Bone 

5.6 x 

1.8 x 

2.7 x 10 1 

1.8 x 

2.1 

1.2 x 10 1 

3.5 

7.0 x lo1 

1.2 x 10 2 

1.8 x lo3 

2.7 x 10 
2 

7.8 x 

2.3 x lo3  

Liver 

1.6 x 

3.9 x lo-2  

1.0 lo-3 

i .0  

5 . 0 x 1 0 - ~  

9.5 

1.6 x 10 1 

6.3 x 10 2 

9.3 

7.9 x 

6.7 x 10 
2 
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It is  i n t e r e s t i n g  t o  no t i ce  t h a t  the  dose commitments due t o  

i nges t ion  of contaminated foods tuf fs  a r e  higher  f o r  the  impact taking 

p l ace  a f t e r  100,000 years  of decay. This i s  due t o  the buildup of 

2 2 6 ~ a ,  which i s  cha rac t e r i zed  by g r e a t e r  b io logic  a v a i l a b i l i t y  and 

much g r e a t e r  absorp t ion  through the  i n t e s t i n a l  wa l l  than the ac t in ides .  

I f  we were t o  cons ider  an impact t h a t  occurred before the decay of 

' O S ~  t o  nonhazardous l eve l s ,  w e  would be faced by p o t e n t i a l  consequences 

of  an even more se r ious  na tu re .  

Flooding of Cra t e r  by Ground Water.--With the  assumed model, most of 

t h e  r ad ioac t ive  ma te r i a l  would remain i n  t he  ground and therefore could be 

exposed t o  the  a c t i o n  of  ground water .  The potent iometr ic  sur face  of t he  

mul t ip l e  a q u i f e r  system ( a l l  water-bearing zones above the  Salado) a t  the  

assumed r epos i to ry  si te averages about 80 m below the surface.  

The apparent  c r a t e r  discussed he re  would c e r t a i n l y  be much deeper than 

80 m ;  thus  a lake  should form i n  the  depression.  However, the assumed s i t e  

i s  loca ted  on a ground-water d iv ide  s o  t h a t  the a v a i l a b i l i t y  of ground 

water  would be l imi ted  by l o c a l  recharge. I n f i l t r a t i o n  a t  the assumed 

s i te  i s  probably less than the  evaporat ion t h a t  would take place from a 

f r e e  water  sur face .  Hence i t  i s  doubtful  whether a lake could become a 

permanent f e a t u r e  w i th  present  c l ima t i c  condi t ions .  On the  o the r  hand, 

t he  f u t u r e  c l imate  i n  southeas te rn  New Mexico could very we l l  become 

more humid, a s  i t  has been s e v e r a l  times during t h e  Quaternary. How- 

ever ,  r ega rd l e s s  of t he  c l imate  and of t he  presence of a lake i n  the 

c r a t e r ,  ground water  would i n f i l t r a t e  the  f r a c t u r e  zone and poss ib ly  

con tac t  t he  waste.  However, any ground water  en t e r ing  the f r ac tu re  zone 

i n  the  s a l t  formation would become sa tu ra t ed  and the  high dens i ty  would 

e f f e c t i v e l y  exclude i t  from the  overlying c i r c u l a t i o n .  Any a c t i v i t y  

leached ou t  of the waste, then, would e s s e n t i a l l y  remain i n  the v i c i n i t y  

of t he  d i s p o s a l  zone s ince  ve ry  l imi ted  p o t e n t i a l  f o r  a c t i v i t y  t r anspor t  

e x i s t s  i n  s tagnant  ground water .  I f  t h e  impact were t o  take  place when 

s i g n i f i c a n t  hea t  generat ion s t i l l  ex i s t ed  i n  t h e  waste, i t  i s  poss ib le  

t h a t  some r ad ioac t ive  m a t e r i a l  would reach t h e  zone of moving ground water  

through thermal convection. I n  t h i s  case,  t r anspor t  of a c t i v i t y  in  the  

m u l t i p l e  a q u i f e r  system would take place.  The ground water  a t  the s i te  

moves west f o r  about 7 o r  8 km u n t i l  it  reaches Nash Draw, where the flow 



is to the southwest.35 The discharge area of the multiple aquifer is at 

Malaga bend, where ground water enters the Pecos River. The straight-line 

distance from the repository site to Malaga bend is about 32 km, but the 

ground water travels somewhat further. 

The velocity of ground water in the Culebra Dolomite Member of the 

Rustler Formation has been estimated as 55 mlyear at the Project Gnome 
3 6 

site. If this value is accepted as representative of the average water 

velocity in the multiple aquifer system, we find that ground water would 

require a minimum of 600 years to travel from the repository site to Malaga 

bend. The velocity of migration of radionuclides present in ground water 

is usually lower than the velocity of the water due to the interaction of 

the radionuclides with the surface of rock particles. A few radionuclides, 
3 99 for example, H, Tc, and 12'1, are not significantly af fected by ion 

exchange or surface adsorption and are usually assumed to migrate at the 

same velocity as ground water. The retardation of radionuclides that 

undergo ion exchange with the solid matrix is expressed by: 

where 

vr = velocity of the radionuclides, 

vw = velocity of ground water, 

p = porosity of the aquifer, 

p = grain density, 

Kd = distribution coefficient. 
3 7 

The value of Kd depends on the properties of the rock and on the 

composition of the ground water. 

No determinations of Kd in the water-bearing strata above the Salado 

are available; thus no relia.ble estimates can be made concerning the 

migration velocities of the various nuclides. From the general behavior 

of natural radioactive elements in geologic systems and from a few 

observations of the mobility of transuranium elements, it is expected 

that migration rates for practically all heavy nuclides would be much 

slower than for ground water. 24'38 For example, assuming a ~d of 100 



(similar to the value observed for plutonium and pure quartz),38 it would 

take more than a million years for the adsorbed species to reach Malaga 

bend and be further diluted by the Pecos River. 

If leaching of the radioactive material from the crater were to 

contaminate ground water to a level in excess of the Radiation Con- 

centration Guide (RCG)* for unrestricted use of water, the salt content 

under such circumstances would make it unfit for human consumption or 

irrigation purposes. It must be noted, however, that the high salinity 

of the water would decrease the Kd for the radionuclides and their 

transport would be retarded less than that for transport by fresh ground 

water. Assuming that-the knowledge of the repository was still in 

existence at the time of impact, a radioactive monitoring system could be 

developed for protection of the population. 

3.2.2 Volcanism 

Volcanic activity is not a random process like the impact of meteorites. 

Most active volcanoes are located in the proximity of the boundaries between 

crustal plates. However, midplate volcanism is possible, both in oceanic 

and continental areas. About 62% of all volcanoes active in historic time 

are located in the circum-Pacific "girdle of fire"; about 14% of these 

are in the Indonesian island arc. Only 24% are located throughout the 

rest of the world; of these, 3% are in the islands of the central Pacific 

(Hawaii, Samoa, etc.),  1% on the islands of the Indian Ocean, and 13% in 

the Atlantic Ocean (Azores, Cape Verde Islands, Canaries, Madeira, Ice- 

land, etc.). About 4% are located in the Mediterranean Sea and in 

northern Asia Minor. The remaining 3% are found in midcontinental areas; 

most of them are associated with the African rift system. 39,40 

Intense volcanic activity goes on, primarily without observable 

manifestations, in connection with the midoceanic ridge system, where 

mantle material rises and new crust is formed. It is obvious that 

volcanic activity is associated with well-defined tectonic features. 

*The radiation concentration guides (RCGs)are listed in Table I1 of the 
Code of Federal Regulations, Title 10, Part 20 (10 CFR 20). 



The rise of magmatic materials in the earth's crust requires tensional 

faulting on a grand scale. 

The western United States is characterized by extensive volcanism of 

Quaternary age. It has been proposed that the North American plate is 

overriding a previous center of crustal spreading, thus providing an 

elegant explanation for the numerous manifestations of volcanic activity 

in the western part of the plate. In New Mexico the Quaternary lava 

beds nearest the assumed repository site are located about 250 km to the 

northwest. 

The only indications of past magmatic activity in the Delaware 

Basin are one or more mid-Tertiary lamprophyre dikes that have been 

observed in two potash mines, in drill holes, and in a surface exposure. 

These observations could be of a single dike or of several related dikes 

in echelon. The orientation of the dike is northeast-southwest, more or 

less parallel to several tectonic lineaments in the area. The dike35 is 

located northwest of the assumed site with the closest approach being 

6 or 7 km (see Fig. 4). 

The location of the magmatic chamber from which the dike originated 

is unknown; however, the dike must certainly extend to some depth in the 

crystalline basement, which in the area is overlain by about 5500 m of 

sedimentary cover. 

No displacement exists between the salt beds on the two sides of the 

dike, and in one of the mines the end of the dike can be observed. In 

cases where the intrusive mass terminates, a vein of polyhalite extends 

upward through the salt formation, indicating that some migration of fluids 

along the dike must have taken place. 4 1 However, recrystallization and 

plastic flowage have successfully healed any permeable zones formed at 

the time of the intrusion. 

The emplacement of the lamprophyre dikes apparently occurred about 

30 million years ago. 35'42  his is ample time for complete cooling of 

even the largest intrusive bodies. At the present time, there is no 

evidence of magmatic masses, such as thermal springs or anomalous values 

of the heat flow from the earth's interior, unusually close to the 

surf ace. 



I n  conclusion, volcanic  a c t i v i t y  e x i s t s  i n  conjunction with in tense  

t e c t o n i c  deformation of  the  e a r t h ' s  c r u s t .  The r i s e  of the magma requi res  

ex tens ive  f a u l t i n g  of t he  l i thosphere ;  however, while  there  a r e  no volcanoes 

without  g r e a t  f a u l t s ,  t he re  a r e  many f a u l t s  without volcanic manifestat ions.  

Thus w e  can s t a t e  t h a t ,  i n  general ,  the  p robab i l i t y  t ha t  volcanic  a c t i v i t y  

w i l l  be i n i t i a t e d  i n  a t e c t o n i c a l l y  s t a b l e  a rea ,  with no magmatic mani- 

f e s t a t i o n s ,  must be s i g n i f i c a n t l y  lower than the  p robab i l i t y  of formation 

of a g r e a t  f a u l t .  

The assessment of the consequences of the  hypothe t ica l  incept ion  of 

vo lcanic  a c t i v i t y  a t  the  s i t e  of  the  r epos i to ry  w i l l  not be attempted 

he re ;  however, i t  appears t h a t  t he  consequences would be l e s s  s e r ious  

than those f o r  t he  impact of a g i a n t  meteor i te  (described previously).  

3 .2 .3  Fau l t i ng  

It is  gene ra l ly  accepted t h a t  f a u l t i n g  of t h i ck  s a l t  formations 

does n o t  lead  t o  t he  formation of permeable zones; on the contrary,  

t he  p l a s t i c  deformation of s a l t  i s  known t o  hea l  any f r a c t u r e  o r  

opening. l 4  A s  a mat te r  of f a c t ,  most of  the  known f a u l t s  i n  s a l t  

formations confirm t h e  se l f -hea l ing  behavior of  h a l i t e .  Faul t  b recc ias ,  

which a r e  common i n  b r i t t l e  rocks, a r e  completely unknown i n  s a l t  

formations. On t he  o ther  hand, i t  could be maintained t h a t  permeable 

f r a c t u r e  zones could be formed i n  s a l t  but would eventua l ly  be 

o b l i t e r a t e d  by s a l t  d i s s o l u t i o n  or r e c r y s t a l l i z a t i o n ;  thus the lack 

of documented examples would not prove t h e  imposs ib i l i t y  of t he  event. 

A poss ib l e  example of s a l t  d i s s o l u t i o n  due t o  f a u l t i n g  has recent ly  

been repor ted  by s ones^^ f o r  t h e  Clovis-Portales  a rea ,  which i s  located 

i n  e a s t - c e n t r a l  New Mexico about 120 km nor th  of t he  repos i tory  s i te.  

P iper  44945 has proposed a s a l t  d i s so lu t ion ing  process  due t o  movement 

of water  ac ros s  t h e  s a l t  formations a s  a poss ib le  cause of the San 

Simon s ink ,  loca ted  i n  t h e  Delaware Basin, about 30 lan southeast  of 

t he  s i te .  The mechanism of s a l t  d i s so lu t ion ing  a t  San Simon s i n k  i s  

not  c l e a r ,  and water  movement across  the  s a l t  i s  only a hypothesis .  



An i n s i g h t  i n t o  the  r a t e  of c a v i t y  clos;.re i n  the  Salado Formation 

could be provided by the  small  pockets of entrapped water  and t h e  small  

c a v i t i e s  conta in ing  n i t rogen  t h a t  have been found dur ing  mining and 

d r i l l i n g  i n  southeas tern  New Mexico. 
36 

The gas i n  the  c a v i t i e s  i s  occas iona l ly  under f a i r l y  h igh  pressure ,  

but  nonpressurized c a v i t i e s  a r e  a l s o  known pr imar i ly  from mining. Figure 2 

shows a  d e t a i l  of t h e  l a r g e s t  cav i ty  found i n  t h e  Salado Formation. 

The presence of nonpressurized c a v i t i e s  would seem t o  i n d i c a t e  t h a t  

c losu re  of openings a t  t h e  depth of  t he  e x i s t i n g  mines (300 t o  400 m) i s  

not  n e c e s s a r i l y  a  rap id  process.  This  conclusion i s  v a l i d  only  i f  t he  

f l u i d  p r e s s u r e . i n  the  c a v i t i e s  has  been low f o r  long per iods .  I f  

dep res su r i za t ion  were a  r e s u l t  of bleed-off  o f ' t h e  f l u i d s  i n  t h e  

approaching mine i n  the  period preceding discovery of t h e  cav i ty ,  t he  

inference  of t he  s t a b i l i t y  of t h e  c a v i t i e s  would be i n v a l i d  s i n c e  p a s t  

c l o s u r e  would have been prevented by the  i n t e r n a l  pressure  and present  

c l o s u r e  would go unnoticed i n  the  absence of  appropr i a t e  measurements. 

It i s  obvious t h a t  a  f a u l t  through the  repos i tory  would breach 

the  waste  containment only i f  permanent water  c i r c u l a t i o n  were e s t a b l i s h e d  

along t h e  f a u l t  zone o r  i f  v e r t i c a l  displacement were s u f f i c i e n t  t o  br ing  

t h e  d i s p o s a l  hor izon  i n t o  con tac t  w i th  c i r c u l a t i n g  ground water.  

I n  t h e  event  t h a t  a  permeable f r a c t u r e  zone were formed and a  

hydraul ic  connection were e s t a b l i s h e d  between the  a q u i f e r s  above and below 

t h e  s a l t ,  t h e  permanency of t he  water  c i r c u l a t i o n  would depend on t h e  

r e l a t i v e  r a t e s  of s a l t  d i s s o l u t i o n  and f r a c t u r e  hea l ing .  

The removal of  s a l t  would no t  be uniform along the  f r a c t u r e ;  i t  would 

be h ighes t  a t  t h e  po in t  where the  unsa tura ted  water  e n t e r s  t he  s a l t  

formation and would progress ive ly  decrease  a s  t h e  c i r c u l a t i n g  b r i n e  

becomes s a t u r a t e d .  I n  a  t h i c k  evapor i t e  sequence such a s  t h e  C a s t i l e  

and Salado Formations, i t  i s  l i k e l y  t h a t  s a l t  d i s s o l u t i o n  could not  

extend throughout the  t o t a l  th ickness  and t h a t  p l a s t i c  flow would 

even tua l ly  c l o s e  t h e  f r a c t u r e  and s t o p  the  c i r c u l a t i o n  of water. The 

chance t h a t  t h i s  w i l l  occur would be much h igher  when water  i s  moving 

downward through the  s a l t  s ince ,  i n  t h i s  case ,  the  minimum removal of 

s a l t  would take  p lace  i n  t h e  deeper  p a r t  of t he  sequence where t h e  



Fig. 2 .  Giant H a l i t e  Crys t a l  i n  Crys t a l  Cave. The cav i ty ,  
which has been destroyed,  was 90 t o  120 cm high and about 15 m 
i n  diameter.  Neither  b r ine  nor  pressur ized  gas was present  i n  
the cav i ty  a t  t he  time of discovery.  (Reproduced by cour tesy  of 
the  Potash Company of America.) 



higher pressure would cause the maximum closure rate. For an upward flow, 

the probability of establishing a permanent hydraulic connection would 

seem to be much higher. 

If no permeable zone were formed along the fault, faulting could still 

.cause failure of waste containment by bringing the waste present on one side 

of the fault into contact with circulating ground water. This mechanism 

of containment failure requires a relative vertical displacement of at least 

350 m between the two sides of the fault since that is the thickness of 

salt above the disposal horizon. 

Movement along fault planes can occur in intermittent, occasionally' 

catastrophic slippages, or in a more or less continuous creep, In the 

great Alaskan earthquake of 1899, an offset of almost 15 m was measured 

on the main fault; this is the greatest displacement known to have taken 

place in a single event. From the point of view of waste containment, 

the mechanism of fault slippage is irrelevant; what is important is the 

possible rate of this movement averaged over a fairly long period of 

time. The horizontal movement along the San Andreas Fault is estimated 

to be about 4 cmlyear. No stable midcontinental area is likely to be 

subjected to such a high rate of movement. 13 

Possible rates of vertical movement can theoretically be comparable 

with the values for uplift and subsidence; in this context, a maximum 

rate of vertical displacement on the order of a few millimeters per 

year would be possible as shown in Fig. 3. Thus, it would take a few 

hundred thousand years for the disposal horizon to be brought into contact 

with the first aquifer overlying the salt. 13 

Tectonic Features of the Delaware Basin.--Since faulting as a potential 

mechanism of containment failure cannot be proved impossible, we will 

proceed with an assessment of its probability and possible consequences. 

In the absence of any data indicating incipient tectonic activity, our 

estimate will assume that tectonism in the area over the near geologic 

future will not differ in intensity from that of the last 200 million 

years (after deposition of the salt). 



ORNL-DWG 70 -6711 
- 

( HIGHLY MOBILE REGIONS 

100 
+ 

10-I 

loo2 

10-3 

t ,  years 

Fig .  3. Dependence of the Average Velocity o f  Vertical  Move- 
ments (V) on the Time Interval  over Which the Movement Takes Place .  
(From r e f .  1 3 . )  



According t o  deep-seated f a u l t s  with more than 6 m of 

v e r t i c a l  displacement a r e  not known i n  the Delaware Basin. Small f a u l t s  

due t o  surface  subsidence caused by leaching i n  the Rust ler  and subrosion 

on top of the  Salado e x i s t  i n  the area ,  although not  i n  the  immediate 

proximity of the  s i t e .  I n  most cases,  they a r e  masked by the  cover of 

windblown sand. ~ a c h m a n ~ ~  has observed no f a u l t  scarps i n  the  Delaware 

Basin t h a t  might be due t o  deep-seated t ec ton ic  movements. 

The t ec ton ic  fea tures  recognizable i n  the  area  surrounding t h e  

Delaware Basin a r e  l i s t e d  i n  Table 7; the  general  locat ions  of the  

various s t r u c t u r e s  a r e  shown i n  Fig. 4. Most of the  l i s t e d  t ec ton ic  

fea tu res  a r e  located outs ide  the Delaware Basin; exceptions a r e  the  

already discussed lamprophyre dike, the  areas  of s u l f u r  deposi ts ,  and the  

controvers ia l  Barrera and Carlsbad f a u l t s  (see fea tures  2 and 3 of Table 7), 

which a r e  a t  the  edge of the  basin.  

The s igni f icance  of the  s u l f u r  deposi ts  ( fea ture  5 i n  Table 7) fo r  

t h e  assessment of the  s t a b i l i t y  of the  s a l t  i s  not c l e a r  s ince  i t  i s  

not known whether the f l u i d s  responsible f o r  the  accumulation of s u l f u r  

have a c t u a l l y  migrated through the  evapor i te  sequence. Sulfur  deposi ts  

a r e  formed by t h e  react ion of hydrocarbons and water with anhydri te ,  v i a  

the a c t i o n  of sulfate-reducing bac te r i a ,  and it i s  w e l l  known t h a t  

f rac tured anhydri te  formations a r e  permeable. 

I3achmanL7 has examined the  s t a b i l i t y  of s a l t  i n  the e n t i r e  Permian 

Basin, which extends i n t o  p a r t s  of Kansas, Oklahoma, Texas, and New 

Mexico, and has recognized only two large  f a u l t s :  the  Bonita f a u l t  

with a length of about 25 km and the 65-km-long Meade f a u l t .  The 

l a t t e r  f a u l t ,  hawever, may have been caused by subsidence due t o  s a l t  

d i s s o l u t i o n  r a t h e r  than by t ec ton ic  a c t i v i t y ,  and s o  it would not  be 

relevant  t o  the  present  discussion.  

Sanford and ~ o ~ ~ o z a d a ~ ~  described a 60- t o  100-km-long f a u l t  with 

a maximum displacement i n  Quaternary time of about 30 m, located along 

the  margin of t h e  San Andres and Sacramento Mountains, more than 100 km 

w e s t  of the  s i t e ;  however, t h i s  i s  i n  a d i f f e r e n t  t ec ton ic  province. 



Table 7. Description of S t ruc tu ra l  Features and Igneous Act ivi ty  
i n  the Vic in i ty  of Delaware Basin, Southeastern New Mexico and West s ex as^ 

Feature  
b Location 

b 
Remarks Reference 

1 Subsurface f a u l t s  East of Dela- 
o u t l i n i n g  Cen t ra l  ware Basin 
Basin Platform 

Probably Pre- Permian and younger beds unfaulted. Not 
Permian i d e n t i f i a b l e  on ERTS photos. 

2 Barrera Fau l t  32 km southwest Late Ter t i a ry  
of Carlsbad with  poss ible  

Quaternary 
movement 

3 Carlsbad Fau l t  16 km southwest 
of Carlsbad 

Late Ter t i a ry  
wi th  poss ible  
Quaternary 
movement 

Both f a u l t s  a s  mapped by Kelley f ron t  the  Reef 49,50 
Front Escarpment. Kelley p ro jec t s  them nor theast  
beneath alluvium. Although Kelley descr ibes  
f a u l t s  i n  d e t a i l ,  including measured d ips ,  t he re  
appears t o  be considerable  controversy about 
t h e i r  exis tence.  Many o the r  geo log i s t s ,  including 
Hayes, Bachman, Jones, Cooley, and Motts have 
examined the a rea  i n  d e t a i l  and a r e  not convinced 
t h a t  the  l i n e a r  f ea tu res  seen on a e r i a l  photos 
a r e  a c t u a l l y  f au l t s .  There i s  apparent ly  no 
o f f s e t  of beds a t  depth a s  determined from d r i l l  
holes,  although Kelley r e i t e r a t e s  h i s  stand on the  
presence of the  f a u l t s  and s t a t e s  t h a t  near-surface 
beds have seve ra l  hundred f e e t  of throw. He s t a t e s  
t h a t  f a u l t s  e i t h e r  d i e  ou t  a t  depth o r  f l a t t e n  out  
so  t h a t  deeper beds a r e  not  a f fec ted .  Not iden t i -  
f i a b l e  on ERTS photos. 

4 Linear sca rps  i n  Southwest of Pos t-Permian Probably e i t h e r  j o i n t s  o r  minor f a u l t s  confined 49,51 
C a s t i l e  Formation Carlsbad, mainly (Laramide?) t o  C a s t i l e  Formation. Vis ible  on ERTS photos. 52,53 
and norms1 f a u l t s  i n  Texas 
which cu t  Be l l  
Canyon-Castile 
contact  

5 Areas o f  s u l f u r  Southwest of Post-Cretaceous Local accumulations i n  a reas  of extensive  s a l t  54,55 
depos i t s  Carlsbad, mainly so lu t ion  and upward migration of f l u i d s .  Not 

i n  Texas i d e n t i f i a b l e  on ERTS photos. 



Table 7 (continued) 

Feature 
b 

Location 
b 

Age 

- - 

Remarks Reference 

6 Iamprophyre dikes In Delaware Basin, Mid-Tertiary Dikes found in drill hole 6, surface exposure 6a, 34,41 
6a Central Basin and potash mines 6b. Trend northeast, may be con- 
6b Platform, and nected but probably in echelon. Range in width 

Northwestern shelf. from severalcentimeters to 30 cm but almost 45 m 
South and southeast thick in Kerr-McGee mine 6b. Not visible on ERTS 
of Carlsbad. photos. 

7 Astrobleme 16 km southwest of Late Pleistocene Main crater 170 m in diameter. Four smaller 
Odessa, Texas associated craters. Not identifiable on ERTS 

photos. 

8 Raupache Monocline Guadalupe Mountains Pennsylvanian Probably faulted at depth. Indicates compression. 53 
and Delaware Basin Area obscured by cloud cover on ERTS photos. 

- - -  

9 Guadalupe Mountains Southern New Mexico Mainly Cenozoic Basin-Range uplifted fault block mountains. Bounded 51,53 
and Delaware and Texas on west by steep faults. Tilted gently eastward. 
Mountains Prominent feature on ERTS photos. 

- w 
10 Carlsbad folds North of Carlsbad ? Belt of domical uplifts just behind Capitan Reef 49,57 00 

front accordinp to Kelley. Orientation of eliptical 
domes normal to axis of belt. Do not extend below 
Artesia Group rocks. Probably not tectonic but 
depositional features according to Motts. Not 
identifiable on E W S  photos. 

11 Artesia-Vacuum Near Artesia Pre-Permian Oil producing structure. Not identifiable on 49,58 
Arch ERTS photos. 
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Fig. 4 .  Sketch Map Showing Locations of Structural Features 
and Igneous Activity in  Vicinity of Delaware Basin, Southeastern 
New Mexico and West Texas. (Prepared by U.S. Geological Survey.) 



A recent study on the seismicity within 300 km of the assumed site 

confirmed that no significant tectonic activity is evident in the 

Delaware Basin. 
6 2 

However, several earthquakes with epicenters on the 

Central Basin Platform, about 80 km southeast of the assumed site, were 

reported since 1966. They might have been caused by the injection of 

water for secondary recovery of oil, or might indicate rejuvenated 

tectonic activity of the Central Basin Platform. A study of the 

seismicity of the Central Basin Platform will be initiated in 1975. 

A microseismic study at the site is currently in progress. 

Probability of Faulting in the Delaware Basin.--In the absence 

of actual data on tectonic structures in the Delaware Basin, particularly 

buried faults in the crystalline basement and in the pre-Permian 

sedimentary formations, faulting in the basin will be treated as a 

random process. 

Since the controversial Barrera and Carlsbad faults are the only 

known possible tectonic faults of post-Permian age in the Delaware 

Basin, we will assume that two faults of the same lengths will occur 

in the next 200 million years, namely, 18 and 4 km respectively (see Fig. 4). 
2 

The area of the Delaware Basin has been assumed to be about 30,000 km ; 
2 

the area of the repository is about 8 km . Using these data and ~ i ~ .  5 

(see Appendix I for the derivation, which relates the probability of a 

line intersecting a circular area when both are contained in a much 

larger area), the sum of the probabilities that either fault will inter- - 5 
sect the repository is 4 X 10 in any million-year period, or 4 X 10 -11 

per year. 

It must be emphasized that this value, even if accepted as the 

probability of a fault intersecting the repository, does not necessarily 

indicate,the probability of containment failure. The relationship 

between the two probabilities is dependent on the probability that the 

fault would either cause a permeable fracture zone and a permanent 

hydraulic connection or bring the disposal horizon into contact with 

the overlying aquifers. Therefore, the probability of containment 

failure through faulting must be much lower than the probability of 

faulting, but there is no method for estimating this quantitatively. 
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I f  it were assumed t h a t  one f a u l t  out of a hundred could cause f a i l u r e  

of waste containment, the p robab i l i t y  of r e l ea s ing  rad ioac t ive  ma te r i a l  

due t o  f a u l t i n g  would be the same a s  t h a t  f o r  impact of a g i an t  meteori te  

Obviously, the  p o t e n t i a l  consequences of  containment f a i l u r e  v i a  f a u l t i n g  

depend on the  a c t u a l  mechanism assumed t o  br ing  the waste i n t o  contact  

w i th  ground water .  For t he  flow through a permeable f r a c t u r e  zone, the 

d i r e c t i o n  of  water  movement and the  flow r a t e  through the s a l t  formation 

would be c o n t r o l l i n g .  For t h e  progressive d i s s o l u t i o n  of s a l t  from the 

upthrown s i d e  of a f a u l t ,  t h e  r a t e  of a c t i v i t y  r e l ea se  would depend on 

t h e  t o t a l  rad ionucl ide  content  i n  t he  waste, the  amount of  waste i n  

contac t  wi th  ground water ,  and the  r a t e  a t  which the  radionucl ides  a r e  

leached from the  waste.  

3 . 2 . 4  Erosion 

Average r a t e s  of  e ros ion  i n  t he  United S ta t e s ,  based on recent  

stream load records,  a r e  on the  order  of a few cent imeters  per  thousand 

years .  l3 Occasional ly e ros ion  r a t e s  can be higher  ; f o r  example, small  

drainage bas ins  o r  r i v e r  va l l eys  a r e  known where ma te r i a l s  a r e  removed 

a t  r a t e s  ranging from tens  of cent imeters  up t o  meters per  thousand 
13 

y e a r s .  

The s e l e c t e d  s i t e  f o r  t h i s  r epo r t  i s  loca ted  i n  t h e  Mescalero p l a in ,  

a geomorph.ic su r f ace  i n  southeas te rn  New Mexico s i t u a t e d  between the  

Pecos River on the  west  and the  High P la ins  on the  e a s t .  The Mescalero 

p l a i n  has l imi t ed  r e l i e f  and i s  covered by windblown sand over l a rge  

a r e a s ;  t h e  su r f ace  i s  usua l ly  under la in  by a layer  of ca l i che  of 

P l e i s tocene  age. 

No s i g n i f i c a n t  lowering of the  land su r f ace  by e ros ion  occurred 

during Quaternary t i m e  a s  i nd ica t ed  by the  ex i s t ence  of the  ca l i che  

l a y e r .  Large depressions a r e  due more t o  subrosion and subsidence 

than su r f ace  e ros ion .  Small depressions can be formed e i t h e r  by 
63 

subrosion o r  wind d e f l a t i o n .  Bachman has reviewed removal processes 

i n  the Mescalero p l a in ,  .concluding t h a t  t h e  s i t e  a r ea  underwent very  

l imi ted  e ros ion  and s a l t  d i s s o l u t i o n  in .Quaternary time. A southeast-  



flowing stream of probable Pleistocene age may have eroded San Simon 

Swale; the bottom of the swale is 60 to 70 m below the surrounding high 

land surface. 

The surface lowering at one place in Nash Draw has been estimated 

at 60 m during the past 600,000 years (a rate of 10 cm/1000 years); salt 

dissolution and subsidence have been responsible for most of the lowering. 6 3 

Based on this estimate, it seems reasonable to assume that, even if a future 

climate were to favor increased rates of erosion, no disinterment of waste 

could take place before several million years. 

A drastic change in the rate of erosion could be caused by a 

significant uplift of the area. There is no indication that the 

Mescalero plain is presently being uplifted. It is obviously impossible 

to prove that uplift will not occur in the future; however, the known 

rates of large-scale vertical movements in midcontinental areas indicate 

that an uplift of 500 m would require several hundred thousand years. 
13,64 

On the basis of these considerations it seems reasonable to conclude 

that erosion, as a potential mechanism of containment failure for waste 

buried in southeastern New Mexico at a depth of 600 m, can be neglected. 

4. POTENTIAL CONTAMINATION OF GROUND WATER 

The hypothetical mechanisms of containment failure that are potentially 

capable of bringing ground water into sudden contact with the waste include 

fracturing of a great thickness of materials by faulting, followed by water 

circulation through the fracture zone, and the previously discussed 

meteorite impact. A more gradual mechanism could involve faulting through 

the repository and progressive displacement until the waste in the upthrown 

side of the fault is brought into contact with the overlying aquifers. 

It is also conceivable that water could reach the disposal zone as a 

consequence of the natural dissolution that is occurring on the western 

margin of the salt deposits and occasionally on top of the Salado. 

Eventually, this natural dissolution process could remove enough salt to 

expose the waste to the action of ground water. However, the rate of 

salt removal is so low and the areas of present subrosion are so far from 



t h e  assumed s j t e  t h a t ,  even i f  the process became accelerated;  sthe waste 

would not  come i n t o  contac t  with the  ground water u n t i l  a f t e r  severa l  

m i l l i o n  years  had passed. 44 '45~63 Therefore, subrosion can be neglected 

a s  a p o t e n t i a l  cause of contamination of ground water by radioact ive 

nucl ides .  

I n  the following sec t ions  the  allowable contamination of the Culebra 

Dolomite aqu i fe r  is est imated,  the p o t e n t i a l  f o r  flow between aqui fers  i s  

examined, and a s impl i f i ed  model f o r  d i s so lu t ion  of a c t i v i t y  is applied.  

4.1 Acceptable Rates f o r  Release of Radionuclides 
i n t o  the Culebra Dolomite Aquifer 

In  considering the  p o s s i b i l i t y  of contamination of aqui fers  from 

buried nuclear  waste,  fresh-water aqu i fe r s  lying near the surface cause 

the g r e a t e s t  concern because of t h e i r  p o t e n t i a l  use by man f o r  potable 

water  and f o r  i r r i g a t i o n  purposes. 

The Culebra Dolomite Member of the  Rust ler  Formation i s  the l a r g e s t ,  

most p e r s i s t e n t  fresh-water aqu i fe r  above the  Salado i n  the general  area 

of the s i t e .  Fresh water  a l s o  can be present  i n  the Santa Rosa Sandstone 

of T r i a s s i c  age and i n  the  Magenta Dolomite Member of the  Rust ler  Formation, 

both of which l i e  above the Culebra Dolomite. However, these aqu i fe r s  a r e  

considered t o  be interconnected,  and t h e  Culebra Dolomite i s  genera l ly  

recharged from the  aqu i fe r s  above. Consequently, i t  does not  seem l i k e l y  

t h a t  contaminants contained i n  the Culebra Dolomite could be t ransfer red  

i n  any s i g n i f i c a n t  amount t o  the  aqu i fe r s  above. 

This  s e c t i o n  presents  ca l cu la t ions  showing the  q u a n t i t i e s  of radio- 

nucl ides  t h a t  could e n t e r  the Culebra Dolomite aqu i fe r  without exceeding 

the  RCGs f o r  un res t r i c t ed  use of water  (as l i s t e d  i n  10 CFR 20). 

The c a n i s t e r s  t h a t  w i l l  be placed i n  a f ede ra l  repos i tory  w i l l  probably 

conta in  high-level  waste from the  reprocessing of spent f u e l s  from four  

types of r eac to r s :  the  F'WR, t he  PWR opera t ing  i n  an equil ibr ium plutonium 

recycle mode, t he  LMFBR, and the  HTGR. 



Table 8  was prepared from c a l c u l a t i o n s  on waste accumulation t o  the  

year  2000 by a  U.S. nuclear  power industry.65 It shows the  expected waste  

accumulation, i n  c u r i e s ,  f o r  t h e  e n t i r e  nuclear  economy and the  average 

inges t ion  hazard per  c u r i e  of a c t i v i t y  a s  a  funct ion  of time a f t e r  mine 

c losu re  f o r  both f i s s i o n  products  and the  a c t i n i d e s  and t h e i r  decay 

products .  The inges t ion  hazard i s  def ined  a s  the  sum of the  volumes ( i n  

cubic  meters)  of water  required t o  d i l u t e  each r ad ioac t ive  nucl ide  i n  the  

mixture t o  i t s  RCG f o r  u n r e s t r i c t e d  use of water .  The RCGs ca lcu la t ed  by 

Lavernee6 were used .  f o r  nuc l ides  u n l i s t e d  i n  10 CFR 20. 

A more d e f i n i t i v e  mapping of t he  geologica l  s t r a t a  and hydrology a t  

t he  assumed s i t e  must await  completion of f i e l d  d r i l l i n g  and t e s t i n g  

prograrns;however, t he  information a v a i l a b l e  f o r  t h e  P ro jec t  Gnome a rea ,  
36 

which i s  about 22 km southwest of t he  r epos i to ry  s i t e ,  seems app l i cab le  

f o r  a  pre l iminary  hazards eva lua t ion .  

A t  t h e  Gnome s i t e ,  t he  Culebra Dolomite a q u i f e r  is  about 9  m t h i c k .  

The c a l c u l a t e d  ground-water v e l o c i t y  i s  0.15 m/day, and t h e  e f f e c t i v e  

po ros i ty  i s  about  Using these  da ta ,  a  flow of 130 l i t e r s l d a y  

per  meter of a q u i f e r  width i s  obtained.  

The a q u i f e r  d ischarges  through some a l l u v i a l  depos i t s  i n t o  t h e  Pecos 

River a t  Malaga bend, a  d i s t a n c e  of about 32 km i n  a  s t r a i g h t  l i n e  from the  

proposed s i t e .  A minimum of  600 years  would be requi red  f o r  any radio-  

a c t i v e  m a t e r i a l  e n t e r i n g  t h e  a q u i f e r  t o  reach t h e  r i v e r  a t  t h e  average 

water  v e l o c i t y .  The a c t u a l  t r a v e l  time would be s i g n i f i c a n t l y  g r e a t e r  

because of nons t r a igh t  l i n e  flow and holdup i n  the  a q u i f e r .  

The r a d i o a c t i v i t y  reaching t h e  d ischarge  a r e a  would be adsorbed and 

delayed i n  t h e  a l l u v i a l  depos i t s  a t  t h e  Malaga bend which con ta in  a  

s i g n i f i c a n t  f r a c t i o n  of  c l a y  minera ls .  The r a d i o a c t i v i t y  f i n a l l y  e n t e r i n g  

the Pecos River would be d i l u t e d  i n  t h e  r i v e r  flow. The flow of t h e  Pecos 

River a t  P i e rce  Canyon cross ing ,  j u s t  below Malaga bend, averaged 1.87 X 10 
3  

l i t e r s l s e c  over  t h e  f ive-year  per iod  1 9 6 1 - 1 9 6 5 . ~ ~  The lowest flow r a t e  i n  
2  7  3  

any one-year per iod  was 5.15 X 10 l i t e r s l s e c ,  o r  1.63 X 10 m /year ,  

during 1964. 
67 





The t o t a l  thermal power of the nuclear  waste shipped t o  the reposi-  

to ry  through the  year 2010 has been estimated a t  253,000 kW. Using 

370 k ~ l h e c t a r e ~ ~  a s  the allowable heat  load and allowing an add i t iona l  

10% f o r  corr idors ,  e t c . ,  the t o t a l  a rea  required i s  about 800 hectares  o r  
2 

8 k m .  

The assumed reposi tory  has an aspect  r a t i o  of about 1.3 and is. .oriented 

with the  long s i d e  i n  the east-west d i r e c t i o n .  The aqu i fe r  flow is normal 

t o  the s h o r t  s ide ,  which i s  2.4 h long. Assuming a water flow i n  the  

Culebra Dolomite Member a t  the s i t e  s i m i l a r  t o  t h a t  ca lcula ted  f o r  the 
5 3 

Project  Gnome area ,  the flow across the  reposi tory  i s  1.1 X 10 m /year. 

It i s  t h i s  amount of water t h a t  i s  assumed t o  be ava i l ab le  f o r  

d i l u t i o n  of any radioact ive  nuclides released t o  the  aqu i fe r .  The 
7 3 

minimum annual average flow of 1.6 X 10 m /year i n  the Pecos River 

would provide s u f f i c i e n t  d i l u t i o n  t o  increase  the permissible r a t e s  of 

r e lease  by a f a c t o r  of  more than 100 a s  shown i n  column 5 of Table 9 .  

I f  t h e  reposi tory  were or iented  with the  long s i d e  normal t o  the aqu i fe r  

flow, the flow ava i l ab le  f o r  d i l u t i o n  would be a f ac to r  of 1.3 higher 

on the  b a s i s  of the  assumed model. 
5 3 Based on the  a v a i l a b i l i t y  of 1.1 X 10 m of water  per year f o r  

d i l u t i o n ,  Table 9 shows r e l e a s e  r a t e s  i n t o  the  aqu i fe r  t h a t  could occur 

and s t i l l  no t  exceed the  permissible RCG f o r  the mixture of nucl ides  

f o r  u n r e s t r i c t e d  use of water. I f  inges t ion of water w e r e  the  exposure 

mechanism, such a c t i v i t y  present  i n  t h e  aqu i fe r  would cause no exposure 

i n  excess of the  appl icable  dose l i m i t s .  

The r e s u l t s  shown i n  Table 9 a r e  conservative i n  t h a t  l a t e r a l  

mixing i n  the  aqu i fe r  outs ide  the reposi tory  area  and adsorption on the  

rock p a r t i c l e s  a r e  not  considered, but a r e  not  conservative i n  t h a t  

uniform v e r t i c a l  mixing i s  assumed throughout the 9-m-thickness of 

the aqu i fe r .  

It must be emphasized t h a t  the  flow r a t e  i n  the  Culebra Dolomite 

aqu i fe r  a t  t h e  reposi tory  s i t e  may be d i f f e r e n t  from t h a t  a t  the Projec t  

Gnome site. I n  f a c t ,  the  p robab i l i ty  i s  t h a t  the  average flow w i l l  be 

smaller  because t h e  reposi tory  i s  located i n  an area  of doubtful  water  

presence i n  t h e  T r i a s s i c  formations (see Fig. 1)  and on a high on the 



Table 9.  Rates of Release of Radioactive Material  Yielding a 
Concentration Equal t o  the  RCG fo r  Unrestr icted Use of Watera 

Release Rate (Ci/year) 

I n  Culebra Dolomite Aquifer I n  Pecos River 
Time Af ter  

Repository Closure F i s s ion  Heavy Tota l  Total  
(years Products Elements Act iv i ty  Activi ty 

'Ifultiply tabula ted  value by 1.3 i f  the  repos i tory  i s  assumed t o  be 
o r i en ted  wi th  t h e  long s i d e  normal t o  flow. 

potentiornetric sur face  f o r  the  mul t ip le  aqu i fe r  system. Construction 

of flow s t reaml ines  normal t o  the  potent iometr ic  contour l i n e s  of Fig. 1 

i n d i c a t e s  a d i r e c t i o n  of flow t h a t  i s  i n i t i a l l y  westward, then turning 

i n  t h e  southwester ly d i r e c t i o n  pas t  t h e  Gnome s i t e .  Consequently, on 

t h e  average, any p o t e n t i a l l y  contaminated water from the  repos i tory  

a rea  w i l l  be mixed wi th  the  flow of  the  Culebra Dolomite aqu i fe r  i n  the  

v i c i n i t y  of t h e  P ro jec t  Gnome a r e a  p r i o r  t o  being discharged i n t o  the  

Pecos River a t  t h e  Malaga bend. 

4.2 P o t e n t i a l  f o r  Water Flow Through t h e  Disposal Horizon 

Despite  t h e  f a c t  t h a t  t he re  i s  no known fault-caused permeable 

f r a c t u r e  zone i n  t h e  Salado Formation, such an event cannot be considered 

impossible. Consequently, i t  i s  conceivable t h a t  a hydraul ic  connection 



could be crea ted  between a l l  the  aquifers  e x i s t i n g  i n  the s t r a t i g r a p h i c  

column. The r e s u l t i n g  flow through the Salado would be control led  by 

the re la t ionsh ip  between the heads i n  the  various aquifers  and t h e i r  

hydraulic t r ansmiss iv i t i e s  . 
As previously discussed, the  Culebra Dolomite Member of the Rust ler  

Formation i s  the  most widespread aquifer  above the Salado i n  the s i te  

area  and i s  genera l ly  hydraul ica l ly  connected with any water present  i n  

the  Santa Rosa Sandstone of T r i a s s i c  age, i n  the  Magenta Dolomite Member 

of the  Rust ler  Formation, and i n  the  br ine  aquifer  immediately on top 

of the  s a l t .  Figure 1 shows t h a t  the  e leva t ion  of the  piezometric 

surface  a t  the  s i t e  f o r  t h i s  mul t ip le  aqu i fe r  system i s  about 1020 m 

above mean sea l e v e l  (m.s.1.). 

Several deep aquifers  e x i s t  below the s a l t  formations and a r e  

l i s t e d  i n  Table 10. The depths below the surface  have been estimated 

on the  bas i s  of the  general  s t r a t ig raphy  of the  area a s  reported f o r  the 

Projec t  Gnome site.36 The fresh-water heads and the s a l i n i t i e s  a r e  

obtained from a  repor t  by ~ c ~ e a l ~ '  on the  deep hydrodynamics of the  

Permian Basin. No appropr ia te  data  f o r  the  Strawn and Mississippian 

have been found i n  McNeal's paper. However, these aquifers  a r e  usual ly  

connected wi th  the  Wolfcamp and Devonian, respect ively ,  a s  indica ted  by 

the  known s i m i l a r i t i e s  of head and composition;70 therefore ,  the  same 

c h a r a c t e r i s t i c s  have been assumed f o r  the  Strawn and Mississippian. 

When the  fresh-water head, i n  meters above mean sea l e v e l  (m.s.l.), 

i s  converted t o  the  equivalent  height  of rise f o r  s a l i n e  water ( s ix th  

column of Table lo ) ,  a l l  the  heads a r e  below the  1020-m e leva t ion  f o r  

aqu i fe r s  above the  Salado. This ind ica tes  t h a t  flow would be downward 

i n t o  the  aqu i fe r s  below the  Salado i f  the  postulated hydraulic connection 

were created  by a  v e r t i c a l  f r ac tu re .  However, because of the  uncer ta in ty  

of head es t imates  f o r  the  s i t e  area,  the r i s e  of water from the deep 

aquifers  through the  s a l t  sequence cannot be proved impossible. Any water  

flowing upward through the  Salado and Cas t i l e  Formations would d i s so lve  

more s a l t ,  and the  increase  i n  densi ty  of the water i n  the evapor i te  

sequence would decrease the  e levat ions  of  the  columns of water i n  

equil ibrium with the  heads of the  deep aquifers  l i s t e d  i n  Table 10. 



a 
Table 10. Artesian Pressures of Deep Aquifers at the Repository Site 

- - - - - - - - - - - - - - - - -  - -- -- - --- 

Level of 
Depth Below Fresh-Water Standing Level with 

Surf ace Head Salinity Density Saline Water Salt Dissolutioning 
Aquifer (m) (m above m.s.1.) (PP~) (g/cm3) (m above m.s.1.) (m above m.s.1.) 

Delaware 1220 

San Andres 1525 

Wo 1 fcamp 3350 

St rawn 3960 

Mississippian 4725 

Devonian 4900 

Ellenburger 5200 

a 
Elevation at the center of the site is 1090 m above m.s.1. The Salado Formation is 300 m b e l w  surface, or 790 m 
above m.s.1. Piezometric surface of the multiple aquifer system above the Salado is 1020 m above m.s.1. 



For the  purpose of est imating the water l e v e l s  a f t e r  d issolut ioning of 

s a l t ,  i t  was assumed t h a t  water r i s i n g  i n  the  hypothetical  f r a c t u r e  would 

begin solut ioning a t  the  top of the  lower l ayer  of anhydri te  i n  the C a s t i l e  

(which i s  about 60% s a l t  and cons i s t s  e s s e n t i a l l y  of a  sequence of anhydri te  

and s a l t  l aye rs  with a th ick  anhydri te  bed a t  the  bottom) and leave the 

Salado completely sa tura ted .  For t h i s  solut ioning model, the potentiometric 

head i n  the  deep aquifer ,  expressed i n  meters of f resh  water, w i l l  be 

balanced by a column of water of small height and of va r iab le  densi ty.  

This column of s a l i n e  water i s  considered t o  be composed o f . t h r e e  zones 

of d i f f e r e n t  d e n s i t i e s .  The densi ty  of the  lower zone i s  equal t o  t h a t  of 

the s a l i n e  water  a c t u a l l y  contained i n  the  deep aqu i fe r .  This lower zone 

extends up t o  the lowest s a l t  bed i n  the C a s t i l e  Formation, where the  

middle zone begins;  t h i s  middle p a r t  extends up t o  the  top of t h e  Salado, 

and i t s  densi ty  i s  some average of the i n l e t  and sa tu ra t ion  d e n s i t i e s .  

Any por t ion  of the  water column r i s i n g  above the  Salado is considered t o  be 

completely sa tu ra ted .  

The pressure balance is: 

(Height of f r e s h  water) 1.0 = (Lower s a l i n e  water height)  p + 
(Middle s a l i n e  water height)  6 + (Upper sa tura ted  water he igh t )  ps, 

which i n  equation form becomes: 

1.0 (D - S + H )  = [D - ( T S + T C + S D ) ] ~  

+ (TS + TC); + (h - S + SD)ps, 

where 

h = height  of column of s a l i n e  water  wi th  s a l t  d issolut ioning,  m, 

D = depth of formation below the  surface,  m, 

H = fresh-water head above m.s. l . ,  m, 
3 

p = dens i ty  of s a l i n e  water i n  formation, g/cm , - 
p = average densi ty  of s a l i n e  water passing through the  Salado 

3 
and s a l t  port ions of the  Cas t i l e ,  g/cm , 

3 
f's 

= dens i ty  of sa tura ted  brine,  1.19 g/cm , 
S = surface  e levat ion,  m, 



TS = Salado th ickness ,  m, 

TC = C a s t i l e  thickness above bottom anhydri te  member, m, 

SD = depth t o  the  Salado, m. 

Taking the  midpoint of t he  s i t e  a s  the  reference poin t ;  the per t inent  

formation depths and thicknesses a re :  
3 1 

S = 1090 m above m . s . l . ,  TS = 585 m, TC = 415 m, and SD = 305 m. 

Subs t i tu t ing  these  values i n t o  Eq. (3) and solving fo r  h, we have: 

Using 2 p ( s ince  any poss ib le  flow w i l l  be very slow), Eq. (4) was 
S 

used t o  c a l c u l a t e  the  he ights  of r i s e  wi th  s a l t  d i sso lu t ioning  shown i n  

t h e  l a s t  column of Table 10. Assuming t h a t  the base of the  Culebra 

Dolomite aqu i fe r  i s  50 m above the  Salado (same a s  a t  the Gnome s i t e ) ,  

t he  e l eva t ion  i s  830 m above m . s . 1 .  The h ighes t  l e v e l  reached by the 

deep aqu i fe r s ,  a s  shown i n  Table 10, i s  only 825 m above m . s . 1 . ;  conse- 

quently,  flow from the  aqu i fe r s  underlying the  s a l t  i n t o  the  Culebra 

Dolomite could not occur even i f  t h i s  aqu i f e r  were assumed t o  be the  

only water-bearing horizon above the s a l t  and under water- table  con- 

d i t i o n s .  The lowest head i s  present  i n  the  deepest aqui fer ,  the  

Ellenburger,  which would be t h e  r ec ip i en t  of t h e  flow through any 

hypothe t ica l  f r ac tu re .  However, i n  case the  permeabil i ty  of the 

Ellenburger  were low, some flow i n t o  the  o the r  aqui fers  with low heads 

could take  p lace .  

The Water Resources Division of t he  U.S. Geological Survey i n  

Albuquerque, New Mexico, has performed a dynamic ana lys i s  of t he  water 

flow through a hypothe t ica l  f r a c t u r e  i n t e r s e c t i n g  the  repos i tory  s i t e .  
71 

A simple s imula t ion  model was used, assuming the  ex is tence  of only 

t h r e e  aqu i fe r s ,  one above and two below the  s a l t .  The bes t  ava i l ab le  

hydrologic parameters f o r  Rust ler ,  Delaware, and Devonian were used f o r  

t h e  t h r e e  aqu i fe r s .  The r e s u l t i n g  simulated flow through the  hypothet ical  

f r a c t u r e  was 3.5 l i t e r s  per  second per  kilometer of f r a c t u r e  25 years  

a f t e r  f a u l t i n g .  The i n i t i a l  flow r a t e  i s  somewhat higher;  however, only 

t h e  s teady-s ta te  flow is  re levant  t o  the present  discussion.  The flow 

i s  downward i n t o  both Delaware and Devonian, which i s  not surpr i s ing  



when one considers t h a t  the e f f e c t i v e  heads i n  the two aqu i fe r s  a r e  q u i t e  
-1 s imi la r  (see Table l o ) .  The f l w  r a t e  of 3.5 l i t e r s  see km-I could be 

maintained over geologic t i m e  periods only i f  s u f f i c i e n t  recharge of 

ground water i n  the  area surrounding the  s i t e  did occur. This analys is  

has confirmed t h a t ,  i n  case a permeable f rac tu re  zone were formed, the 

l i k e l y  d i r e c t i o n  of f l w  would be dwnward and t h a t  the  p o t e n t i a l  f o r  

s i g n i f i c a n t  flow r a t e s  would e x i s t .  A simulation with the Capitan Reef 

Limestone a s  the  aqu i fe r  immediately b e l w  the s a l t  gave higher flow r a t e s  

due t o  the  g r e a t e r  hydraulic t ransmiss iv i ty  of t h i s  aquifer .  Of course, 

t h i s  case does not  apply t o  the  s i t e ;  on the o ther  hand, i f  the  hypothetical  

f r ac tu re  were t o  extend t o  the  Capitan Reef, higher flow r a t e s  would be 

expected along the  por t ion  of f rac tu re  in te r sec t ing  t h e  ree f .  The Capitan 

Reef surrounds the  Delaware Basin, and i t s  c l o s e s t  approach t o  the s i t e  

i s  about 8 h t o  the  nor theas t .  

An add i t iona l  considerat ion is  t h a t  the  model does not  include the  

deep aqu i fe r s  wi th  lwer heads (e.g., the  Ellenburger o r  the  Strawn) and, 

i f  these  aqu i fe r s  had hydraulic t r ansmiss iv i t i e s  comparable t o  the  deep 

aqu i fe r s  included i n  the  model, they not  only would accept most of the 

flow, but t h e  flow r a t e s  could be higher,  due t o  the  g rea te r  head 

di f ference  wi th  t h e  aquifers  above t h e  s a l t .  

Therefore, i t  seems reasonable t o  conclude t h a t  the flow r a t e  

through the  hypothet ica l  f r ac tu re  would be control led  by the  a v a i l a b i l i t y  

of water i n  the  aquifers  above the  s a l t  and, over the long term, by the  

r a t e  of recharge i n  the  area.  

Considering t h a t  the  fu ture  cl imate could very w e l l  be more humid 

than a t  present ,  the  hypothet ica l  f r a c t u r e  zone discussed here could 

cause extensive d i s so lu t ion  of s a l t  i n  the Salado and C a s t i l e  Formations 

and exposure of l a rge  amounts of waste t o  the  a c t i o n  of ground water. 

Fortunately,  t h e  probable d i r e c t i o n  of flow i s  downward i n t o  the deep 

aqu i fe r s  underlying the  s a l t ,  a condit ion with less ser ious  p o t e n t i a l  

r ad io log ica l  consequences than the contamination of the fresh-water 

aqu i fe r s  above the  s a l t .  



4.3 Leaching of Radioactive Material by Ground Water 

As already discussed, any water flow i n  a permeable f rac ture  zone 

across the  s a l t  should be downward; however, some doubt e x i s t s  about 

t h i s  conclusion a s  a r e s u l t  of the limited number and the uncertainty 

of  the  observations on which the  heads and s a l i n i t i e s  of the various 

aquifers  a r e  based. In  addit ion,  a mechanism tha t  i s  potent ia l ly  

capable of bringing a c t i v i t y  i n t o  contact with the overlying aquifers  

has been iden t i f i ed  i n  the f a u l t .  This mechanism causes progressive 

v e r t i c a l  displacement of more than 350 m. Hence, i t  i s  reasonable 

t o  assess  the  consequences of a c t i v i t y  re lease  t o  the  overlying aquifers ,  

p a r t i c u l a r l y  t o  the  Culebra Dolomite Member of the  Rustler Formation. 

The amount of radioactive material  leached from sol id  waste i s  a 

function of the  amount of waste i n  contact with ground water, the leach 

ra te ,  and the surface-to-volume r a t i o  of the  sol id .  The hazard presented 

by the  leached a c t i v i t y  depends on the a c t i v i t y ,  age, and composition 

of the waste; the  t ranspor t  ve loci ty  i n  the aquifer ;  and the potent ia l  

pathways tha t  lead t o  exposure of man. 

It i s  assumed tha t  the repository w i l l  contain about 75,000 canis ters  

of  s o l i d i f i e d  waste, which w i l l  accommodate a l l  the high-level waste 

generated by the  production of e l e c t r i c  energy by nuclear s t a t ions  i n  

t h e  United S ta tes  through the  year 2000. 
6 5 

It is  fu r the r  assumed t h a t  the  waste was o r ig ina l ly  so l id i f i ed  

by a v i t r i f i c a t i o n  process and tha t  a t  t h e  time of leaching, the g lass  

w i l l  have undergone s u f f i c i e n t  degradation t o  change i t  t o  a granular 

form and d r a s t i c a l l y  increase the o r i g i n a l  surface-to-volume ra t io .  

4.3.1 Arrangement of Canisters  

The placement of the  can i s te r s  i n  the  mined regions w i l l  depend 

on the  heat  generat ion r a t e s  i n  the  can i s te r s  and, t o  some extent ,  the 

order of bur ia l .  Assuming t h a t  the  waste w i l l  generate 5 kW of heat 

per c a n i s t e r  (which is  presently considered t o  be the maximum permissible),  

the c a n i s t e r s  w i l l  be placed i n  a l i n e  on 6-m centers  i n  5.5-m-wide rooms 

separated by 18-m-thick p i l l a r s  of s a l t . 6 8  The room w i l l  be about 90 m 



long with the  a x i s  or iented  i n  the  east-west d i rec t ion .  Distances 

between the back ends of the  rooms w i l l  be a  function of b u r i a l  time. 

However, t h i s  l a t t e r  d is tance  i s  unimportant f o r  the  model used i n  the  

analys is  of the  consequences of a  breach i n  containment. Assuming 

t h a t  a  30-m s t r i p  on each s ide  of the mine area  i s  f r e e  of c a n i s t e r s  

and t h a t  about 18 m i s  allowed f o r  corr idors ,  only 98 c a n i s t e r s  can 

be placed i n  a  l i n e  wi th in  the 2400-m length of the shor t  s ide .  The 

remaining c a n i s t e r s  i n  the east-west d i r e c t i o n  w i l l  be al igned (765 per 

l i n e )  a t  6-m i n t e r v a l s ,  in terspersed by s u i t a b l e  i n t e r v a l s  between the 

back ends of the  rooms. 

4.3.2 Derivation of Equations 

We assume t h a t  the  waste p a r t i c l e s  a r e  spheres and t h a t  the  

d i s so lu t ion  r a t e  i s  uniform over the  surface.  This implies no s i g n i f i c a n t  

e f f e c t  on the  leach r a t e  by i n t e r n a l  d i f fus ion  of radionuclides wi th in  the  

p a r t i c l e .  

The equation f o r  t h e  change i n  mass, with time, of a  spher ica l  

p a r t i c l e  is:  

and 

where 

m = mass, g, 

t = time, days, 

r = r a d i a l  d i s t ance  from p a r t i c l e  center ,  cm, 
2  

k? = leach r a t e ,  g/cm day, 
3  

p = dens i ty  of p a r t i c l e ,  g/cm . 



Combining Eqs. (5) and (6) and in t eg ra t ing ,  we have: 

where 

R = p a r t i c l e  rad ius ,  cm, 

a: = parameter, Rp/,i?, day. 

It i s  obvious t h a t  Eq. (7) and a l l  subsequent equations a r e  r e s t r i c t e d  

t o  t < - a: s i n c e  t h e  p a r t i c l e  i s  completely dissolved a t  t = a. Dividing 

Eq. (5) by the i n i t i a l  mass of the p a r t i c l e  gives the f r a c t i o n a l  loss  of 

mass (or a c t i v i t y )  wi th  t i m e :  

On combining Eqs. (7) and (8) and in t eg ra t ing ,  t he  remaining f r a c t i o n a l  

mass (or a c t i v i t y )  becomes: 

The maximum f r a c t i o n a l  l o s s  r a t e  occurs a t  t = 0 when r = R and i s :  

I f  t he  waste p a r t i c l e s  were assumed t o  be cubes o r  r i g h t  c i r c u l a r  

cy l inders  (diameter equal  t o  he ight ) ,  the  equations would be i d e n t i c a l  

wi th  those above, provided t h a t  the  diameter of the spher ica l  p a r t i c l e s  

and t h e  edge of the  cube o r  height  of the  cy l inde r  were equal.  In t h i s  

case,  f o r  these  th ree  geometries, the  surface-to-volume r a t i o  i s  the  

same, namely 6 / ~ ,  where D i s  the diameter of the  sphere, the  edge of 

t h e  cube, o r  the  he ight  of the  r i g h t  c i r c u l a r  cy l inder .  



4 .4  Consequences of Leaching 

According to Eq. (5), the maximum rate of mobilization of radioactive 

material will occur on the first contact between water and the waste 

particles, regardless of the age of the waste or the mechanism of 

containment failure. 

The radioactivity release rates shown in Table 11 are based on the 

leaching of a single row of waste canisters at a time. If several rows 

are exposed to ground water simultaneously, the given values should be 

multiplied by the number of rows. 

Table 11. Maximum Leach Rates from 
One Row of Waste canistersa 

Time After Unleached 
Maximum Leach Rates (Cilyear) 

Repository Closure ~ c t i v i t ~ ~  Short Row, Long Row, 
(years) (Cilcan) 98 Canisters 765 Canisters 

a 
Waste in lass form; diameter of particles, 2  m; leach rate, 

3 10-7 g/cm' day; density, 3 .2  g/cm . 
b~ased on 75,000 canisters of high-level waste present in the 
repository and on total activities given in Table 8. 



For a  v e r t i c a l  flow through a  f r ac tu re  of 3.5 l i t e r s  per second per 

ki lometer  of f r a c t u r e ,  the r a t e  of s a l t  removal would be about 2  cm/year 

i f  we assume a  t o t a l  thickness of s a l t  of 900 m.  The distance between 

shor t  rows i s  6  m; the d is tance  between rows i n  the o ther  d i r ec t ion  i s  

24 m. I f  t he  f r a c t u r e  is assumed t o  i n t e r s e c t  a  shor t  row of can i s t e r s ,  

a  period of 600 years  would be required fo r  the d i s so lu t ion  f ront  t o  

migrate t o  the two adjacent  rows. In  the case of a  f r ac tu re  in t e r sec t ing  

a  long row, 2400 years  would be required f o r  the d i s so lu t ion  f ront  t o  

reach the two adjacent  rows. I f  a  d i s so lu t ion  f ron t  were moving down- 

ward, severa l  rows of c a n i s t e r s  could become exposed roughly a t  the same 

time. However, no leaching could take place i n  t h i s  case before an o f f -  

s e t  of a t  l e a s t  350 m had been produced on the  f a u l t ,  which would require 

a t  l e a s t  a  few hundred thousand years .  

We assume t h a t  the  waste i s  i n  the form of bo ros i l i ca t e  g l a s s  o r  a  
- 7 

s i m i l a r  ma te r i a l  with 1 = 10 g/cm2 day (a value tha t  has been obtained 

f o r  some g las ses ) ,  p = 3.2 g/cc, and R = 1 mm; therefore,  a = 3.2 X 10 
6 

days. It is  conceivable t h a t  the  waste w i l l  o r ig ina l ly  be i n  the form 

of 30-cm-diam, 240-cm-long g las s  cyl inders .  Dev i t r i f i ca t ion  of the  waste 

w i l l  cause cracking and crumbling, but i t  seems reasonable t o  aisume 

t h a t  the  p a r t i c l e s  t h u s  produced w i l l  be a t  l e a s t  about 1 rn i n  radius .  

Using the  above value of a, Eq. (8) gives the time f o r  complete d i s so lu t ion  

of a  g l a s s  p a r t i c l e  a t  about 9000 years .  With the  present  d isso lu t ion  

model, the  same time would be s u f f i c i e n t  t o  achieve complete d i s so lu t ion  

of a  row of waste c a n i s t e r s .  

The maximum r a t e s  of leaching of a c t i v i t y  calculated with Eq. (9) 

f o r  a  s h o r t  row of c a n i s t e r s  (98 c a n i s t e r s )  under the  assumed conditions 
3 6 

a r e  shown i n  column 3 of Table 11 f o r  waste aged 10 t o  10 years.  The 

leach r a t e  from each long row, which contains 765 waste can i s t e r s ,  would 

be about e igh t  times higher,  a s  shown i n  column 4  of Table 11. 

Obviously, the  assumed waste leaching implies the simultaneous 

d i s so lu t ion  of s a l t .  Therefore, the  leachate  would be contaminated by 

radionuclides and almost sa tu ra t ed  with-sodium chloride a s  well .  This 
* 

would seem t o  e f f e c t i v e l y  e l iminate  the  p o s s i b i l i t y  t h a t  the contaminated 

water could be used f o r  drinking o r  i r r i g a t i o n ,  a t  l e a s t  not u n t i l  



significant dilution had drastically reduced the salt concentrations. 

However, in the following estimates of the potential consequences of waste 

leaching, the high salt content of the contaminated water is neglected. 

We first consider the case of radioactive materials released into 

the Culebra Dolomite aquifer. A comparison of the maximum leach rates given 

in Table 11 with acceptable rates of activity release listed in Table 9 

shows that, even for a low average annual flow of the Pecos River, dilution 

of the material leached from a single long row is sufficient for unrestricted 

use of water except when the waste is aged only 1000 years. However, when 

credit is taken for decay during the time required to reach the river and 

for sorption in the alluvial deposits, the activity of the 1000-year-old- 

waste would also be diluted to within the limits for unrestricted use of 

water. In the Culebra Dolomite aquifer, the concentrations would exceed 

the limits for unrestricted use of water, even if leaching were restricted 

to a single row of canisters. It is not possible to estimate the number 

of rows that could be exposed to leaching simultaneously with the upward 

flow implied by this discussion since the data show that flow along the 

fracture should be downward. Obviously, the flow rate calculated for a 

downward movement of water cannot be used if we assume that the direction 

of flow, for some reason, could be reversed. 

If we hypothesize an upward flow that is one-tenth of the hypothetical 

downward flow through the fracture," the times required to remove the 6 and 

24 m of salt between rows would be 6000 and 24,000 years, respectively. 

Thus we can assume that not more than one long row would be exposed to 

leaching at any one time. 

It is conceivable that water from the Culebra Dolomite aquifer could 

be brought to the surface and used either for drinking or for irrigation 

of hypothetical future crops. If we assume no reduction in the concen- 

tration of activity between the repository and the first water well and 

if we further assume that individuals use this water as their only source 

of drinking water, the dose they would receive through this exposure 

mechanism would be about 240 times higher than the dose limit for the 

population at large, or about 80 times higher than the dose limit for 

individual members of the public. 

*The reader can figure out for himself the reliability of estimates 
obtained by compounding hypotheses in this way. 



If we assume that the water were used for farming and that a group 

of individuals lived by eating contaminated foodstuff exclusively, the 

TERMOD could be employed to assess the potential exposure. 

The input must be expressed as a deposition. Therefore, we will 

assume that 50 cm of water will be used annually for irrigation and that 

all the activity contained in the water will be accumulated in the soil. 

Table 12 shows the concentrations of radioactive material in the 

Culebra Dolomite aquifer and the relative deposition rates. Table 13 

shows the doses received by people living exclusively on contaminated 

foods, due to the ingestion of the significant heavy nuclides only. 

The doses are given for the mixtures of heavy nuclides existing after 

1000 and 100,000 years of decay since the calculations shown in Tables 5 

and 6 could be used for these two cases. These are only partial 

doses since the fission products and some heavy nuclides have been 

neglected; however, the error is not expected to be significant and 

the calculated values are certainly within a factor of 2 of the total 

doses. 

For the case of faulting through the repository and continuous 

displacement accompanied by removal of salt from the upthrown side of the 

fault, it is possible to envision that several rows of waste canisters 

could be brought into contact with ground water at the same time. As 

previously discussed, the first contact between waste and ground water 

as a result of this mechanism could not take place before a few hundred 

thousand years. Therefore, assuming contact between ground water and 

about 8000 canisters of 300,000-year-old waste (approximately ten long 

rows), we find that the maximum rate of release to the Culebra Dolomite 

aquifer could be 110 Cilyear, or about 800 times higher than the .value 

shown in Table 9, which corresponds to the release rate that would result 

in a concentration of activity in the Culebra Dolomite aquifer equal to the 

RCG for the mixture of radionuclides existing in the waste at that time. 

Obviously, the envisioned mechanism of containment failure could result 

in significant contamination of ground water at some time in the remote 

future. The calculated doses for a hypothetical group of people using 

the water for farming would be proportionally high. 



a 
Table 12. Ground-Water Contamination and Deposition of Radi active Material 

on the Ground When Water Is Used for Irrigation g 

Concentration of Concentration of 
Time After Radioactivity Radioactivity Heavy Nuclides Total Deposition of 
Mine Closure Entering Aquifer in Aquifer in Aquifer Deposition Heavy Nuclides 

(years) (Cilyear) (wci/cm3) i / cm3) (wci/m2) (wci/m2) 

a Assumes leaching of 765 canisters and flow in the Culebra of 130 liters per year per meter of width. 

b 
Assumes an irrigation rate of 50 cm/year. 



Table 13. Calculated Doses from Heavy ~ u c l i d e s ~  
When Farm Land Is I r r i g a t e d  wi th  Contaminated Ground Water 

Dose 

50-year Dose Comcnitment (rem) due t o  F i r s t  Year of Exposure 

After  1000 years  of Decay After  100,000 years of Decay 

To ta l  Body Dose 
from Exposure t o  
Ground Surf ace 

Bone Dose from 
Inha la t ion  of 
Resuspended Act iv i ty  

Organ Dose due t o  
' Inges t ion v i a  the 

T e r r e s t r i a l  Food Chain 

T o t a l  body 3.3 X 10 

Bone 

Liver 

Kidneys 

G . I .  Tract  3.9 X 10 

a 
Based on deposit ions shown i n  Table 12 and on nuclides l i s t e d  i n  Tables 3 and 4. 



It must be emphasized that these dose calculations are very 

conservative. It is likely that adsorption in the aquifer would restrict 

the migration of radioactive material; in addition, a group of people 

drinking only contaminated well water or eating only foods produced by 

the use of contaminated ground water is a most remote possibility. 

Of course, the most important consideration is that, if the assumed 

waste leaching were to take place, salt would be dissolved at the same 

time and the salt content would make the water unfit for human consumption 

or irrigation. 

In the event of the permeable fracture zone across the repository, 

we have seen that the probable direction of water flow would be downward 

and that the Ellenburger would be the likely recipient of most of the 

contaminated water. The radiological consequences of the contamination 

of the deep aquifers would be minor. The ground-water velocity in the 

Ellenburger is not known; for the San Andres, the flow rate has been 
47 

estimated at 0.5 cmlyear or 5 km/million years. Assuming the same 

water velocity in the Ellenburger, it is clear that any radioactive 

material entering the aquifer at the site would never reach the areas 
69 

of Ellenburger outcrops in western and central Texas, even considering 

that the fracture would increase the hydraulic gradient in the deep 

aquifers and so cause a somewhat increased water velocity. Hence, any 

radionuclides in the deep aquifers could be brought to the surface only 

by drilling and intentional pumping of the water. 

The rate of activity release to the deep aquifer would be controlled 

by the flow rate through the salt; with the calculated flow of 3.5 liters 

per-second per kilometer of fracture, as many as 8 long rows or 30 short 

rows of waste canisters could be exposed to leaching at the same time. 

Naturally the waste canisters in different rows would be at various 

stages of dissolution; thus the maximum amount of released activity would 

not be eight times the maximum leach rate from one long row but something 

less. In this case also, the salinity of the water emerging from the salt- 

bearing formations would preclude its use for drinking or irrigation, even 

if someone were to pursue the economically absurd action of drilling for 

water below the Castile. 



The transfer of radionuclides from ground water to pools of hydro- 

carbons that might exist in the deep permeable formations seems very 

unlikely; nevertheless on the basis of available knowledge, it cannot 

be proved impossible. However, considering that the initial activity 

concentrations in ground water would be relatively low and that the 

boundary between water and hydrocarbon phases should represent a barrier 

to the transfer of radionuclides, any significant contamination of 

accumulations of hydrocarbons seems far-fetched. 

5. CONCLUSIONS 

The primary conclusion of this study is that a serious breach of 

containment of a waste repository buried in the bedded salt of the 

Delaware Basin in southeastern New Mexico, either by natural events 

or human action, is an extremely remote possibility that is a much 

smaller risk than many others acceptable to society and of such small 

magnitude to be beyond the ken of human experience. Whether the small 

risk described in this report should be accepted by society in exchange 

for the benefit to be derived by the peaceful uses of nuclear energy is 

not for the writers to decide. However, it is clear that the location 

of the waste in a deep repository in the Delaware Basin in southeastern 

New Mexico is a way to reduce the risk associated with the waste to an 

extremely low level. Furthermore, once the waste has been placed in such 

a configuration, only the most extreme of natural events have any 

potential for release of radioactivity from the disposal zone. In 

addition, a sealed repository would be sabotage proof without armed 

intervention and temporary occupation of the area. Even the surface 

burst of a 50-megaton nuclear weapon could not breach the containment. 



The review of the geologic data  has confirmed t h a t  the  Delaware 

Basin i s  one of the  most t ec ton ica l ly  s t a b l e  regions i n  the United S ta tes .  

There a re  no s igns  of t ec ton ic  a c t i v i t y  whatsoever. 

Exposure of the  waste horizon t o  the ac t ion  of ground water by a large  

f a u l t  with a v e r t i c a l  displaceme-nt of a t  l e a s t  350 m i s  highly improbable 

but cannot be proved impossible. However, i n  the  event tha t  New Mexico 

were t o  become affec ted  by in tense  diastrophism, a t  l e a s t  a few hundred 

thousand years would be required f o r  an o f f s e t  of 350 m t o  take place. 

A more sudden breach of containment could be caused by a large  f a u l t  t h a t  

c u t s  through the  d isposal  zone and hydraul ica l ly  connects the  over- and 

underlying aqu i fe r s .  Any water flow along the f rac tu re  zone would be 

downward i n t o  the deep aquifers .  The geologic evidence ind ica tes  t h a t  

such a f r a c t u r e  could eventually c lose  by p l a s t i c  flow of the  s a l t  beds. 

I n  the  event t h a t  the deep aqu i fe r s  became contaminated, i t  i s  extremely 

unl ikely  t h a t  a c t i v i t y  could be brought t o  the  surface  except by d r i l l i n g  

i n  o r  near the  buf fe r  zone s ince  the normal flow v e l o c i t i e s  i n  these 

aqu i fe r s  a r e  on the  order of a few kilometers per m i l l i o n  years.  

I n  view of the  r e l a t i v e  potentiometric heads, i t  i s  d i f f i c u l t  t o  

v i s u a l i z e  circumstances t h a t  could cause an upward flow and contamination 

of the  f r e s h  water  i n  the  Culebra Dolomite aqu i fe r .  The only p o s s i b i l i t y  

f o r  the re lease  of a c t i v i t y  t o  the Culebra Dolomite aquifer  would seem 

t o  be on the  bas i s  of the previously mentioned model t h a t  permits f a u l t i n g  

and progressive displacement of the  d isposal  horizon u n t i l  waste i s  ra ised  

up and brought i n t o  contact  wi th  c i r c u l a t i n g  ground water. The contamination 

of surface  aqu i fe r s  due t o  t h i s  mechanism of re leas ing rad ioac t ive  mate r i a l  

could be r e l a t i v e l y  ser ious ,  desp i t e  the  very long time tha t  would be 

necessary t o  produce such a displacement. Based on the  t ec ton ic  a c t i v i t y  

of  the  Delaware Basin i n  t h e  l a s t  200 mi l l ion  years ,  the p robab i l i ty  of 
-11 

f a u l t i n g  through the  reposi tory  has been estimated a t  4 X 10 per yea r ;  

however, the  p robab i l i ty  t h a t  f au l t ing  would cause f a i l u r e  of waste con- 

tainment i s  only a small but unknown f rac t ion  of t h i s  value.  



The mechanism of containment failure with the most serious potential 

consequences seems to be the impact of a giant meteorite that produces a 

crater extending to the disposal horizon. The probability of such a 
- 13 catastrophic meteorite impact was estimated at 1.6 X 10 per year. 

The calculated exposure from the resulting global fallout would be on 

the same order of magnitude as that from the past nuclear bomb tests, 

provided "~r had decayed for at least a few hundred years. The ejecta 

falling back into the nearby area would cause a serious and protracted 

contamination problem. A pathway analysis showed that individuals 

living exclusively on foodstuff produced in the contaminated area would 

eventually suffer serious, and perhaps fatal, somatic damage. 

The evaluations and conclusions presented in this report are subject 

to uncertainty due to the scarcity of data on the behavior of thick salt 

formations if extensive faulting occurred and on the hydrologic properties 

of the various aquifers present in the area of the repository. 

A problem that would deserve additional consideration involves 

determining whether extensive faulting in the Delaware Basin could lead 

to extensive salt dissolution through either one of the envisioned 

mechanisms. Some information on the actual amounts of ground water 

present at the site in the aquifers above the salt can be supplied by 

the boreholes currently being drilled. Data on the ion exchange capacity 

of the geologic materials in the aquifers could be obtained from the cores 

or by in-situ experiments. It is possible that valuable information on 

the hydrologic properties of the deep aquifers could be obtained by 

studying the logs of the many deep wells that have been drilled in the 

past few years in the Delaware Basin for oil and gas. 
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APPENDIX: CALCULATION OF THE PROBABILITY OF A 

FAULT INTERSECTING A WASTE REPOSITORY 



An estimation of the probability of a fault intersecting the 

repository was made based on a simple model. It was assumed that the 

fault, which could be represented by a line, occurs randomly within a 

given area and that the repository could be represented by a smaller 

circular area that is located at least the length of the fault line away 

from the boundary of the larger basin area. For such a restriction on 

fault length, the shape of the basin area is immaterial. If the reposi- 

tory is located closer than a line length from a boundary, the cal- 

culated probability would be conservative. 

The probability of the end of a randomly occurring line lying with- 

in an incremental area 2nrdr is: 

where R is the effective radius of the area of the basin, the domain 
0 

of the calculation. 

The probability of a line lying in the direction contained within 

an angle de is 

and the probability of all lines lying within d6 is the product of the 

two : 

The total probability of intersection with a circle of radius R i 
(repository) is obtained by integrating Eq. (1) over appropriate limits. 

The integration is most easily performed in three parts, and the total 

probability is the sum of the parts. An obvious restriction is that 

> R. + L. In carrying out the procedure, it is convenient to think 
Ro- 1 

of one end of the line as painted red and that the red end lies within 

the incremental area. 



We consider  f i r s t  a l l  red l i n e s  ly ing  wi th in  the  c i r c l e .  The 

p robab i l i t y  of t h i s  occurr ing i s  obviously the  r a t i o  of the two areas,  

name l y  , 

a r e s u l t  t h a t  i s  a l s o  obtainable by in t eg ra t ing  Eq. (1) from r = 0 

t o  r = R and over an angle 2x. 
i 

For t h e  second p a r t ,  we  consider  only those l i n e s  whose red end 

f a l l s  w i th in  an incremental a r ea  contained i n  

and ly ing  wi th in  t h e  2 3 a n g l e  formed by a  l i n e  of length L t h a t  i s  

always tangent t o  the  c i r c l e .  Since the  radius i s  normal t o  the tangent - 1 
l i n e ,  t he  angle i s  2 s i n  (Ri/r) and 

W s i n  - 1 

2 
p2 

= -  
2 

xRi ' 1 r . r  Ri fr) 
I n t e g r a t i o n  of Eq. (3) gives : 

where 



For the  t h i r d  p a r t  we cons ider  the remaining l i n e s  t h a t  i n t e r s e c t  

the  c i r c l e ,  namely, those whose red ends fall wi th in  an incremental a rea  

contained i n  

I n  t h i s  case,  t h e  i n t e r s e c t i n g  l i n e  i s  not  tangent t o  t h e  c i r c l e  and 

the  l imi t ing  angle i s  determined by t h e  cos ine  law. Therefore, 

and 

I n t e g r a t i n g  wi th  respect  t o  8 and l e t t i n g  r = R y/a, w e  have: i 

A closed-form a n a l y t i c a l  s o l u t i o n  t o  Eq. (7 )  does not seem 

poss ib le  (except when a = l ) ,  but  numerical eva lua t ion  i s  simple and 

s t ra ight forward .  



The total probability of intersection, then, is: 

Consideration of the behavior of Eq. (7) indicates little 

sensitivity to the inverse cosine function. Therefore, a reasonable 

approximation can be obtained using the mean value of the limits 

(7) and writing Eq. (7) as : 

Integration of Eq. (9) gives : 

2 

2 -  2Ri cos -1 (y2 +2; - a2) - 2 '3 nRoa 

Figure 5 shows Eq. (8) plotted with numerical integration used 

to obtain p The error in total probability resulting from the use 3 ' 
of Eq. (10) varies from +0.1% at a = 0.01 rises to a maximum of about 

+2% in the range of a = 0.8 and then falls off to +0.6% at a = 5. 

Errors in the total probability for a < 0.01 and a> 5 will be even 
smaller because of the small contribution of p to the total. 3 



INTERNAL DISTRIBUTION 

S. I. Auerbach 
S. E. Beall 
R. E. Blanco 
J. 0. Blomeke 
A. L. Boch 
B. F. Bottenfield 
R. E. Brooksbank 
K. B. Brown 
G. D. Brunton 
R. D. Cheverton 
H. C. Claiborne 
K. E. Cowser 
F. L. Culler 
G. G. Fee 
D. E. Ferguson 
L. M. Ferris 
E. J. Frederick 
F. Gera 
H. W. Godbee 
B. L. Houser 
D. G. Jacobs 
G. H. Jenks 
S. V. Kaye 
C. W. Kee 
M. J. Ketelle 
C. G. Lawson 
T. F. Lomenick 
R. S. Lowrie 

EXTERNAL DISTRIBUTION 

AEC, Oak Ridge Operations 
174. J. T. Milloway, Jr. 

175-179. J. J. Schreiber 

AEC, Washington 
180. 0. P. Gormley 
181. Wayne Knowles 
182. A. F. Perge 
183. F. K. Pittman 

A. P. Malinauskas 
W. C. McClain 
D. L. McElroy 
D. J. Nelson 
J. P. Nichols 
J. J. Perona 
H. Postma 
G. W. Renfro 
P. S. Rohwer 
Co D. Scott 
W. S. Snyder 
E. G. Struxness 
Y. Talmi 
T. Tamura 
D. B. Trauger 
W. E. Unger 
R. G. Wymer 
Central Research Library 
Document Reference Section 
Laboratory Records 
Laboratory Records - RC 
ORNL Patent Of £ice 
J. C. Frye (Consultant) 
C. H. Ice (Consultant) 
J. J. Katz (Consultant) 
E. A. Mason (Consultant) 
Peter Murray (Consultant) 
R. B. Richards (Consultant) 

Allied Chemical Corporation, Idaho Chemical Programs-Operations Office, 
550 2nd Street, Idaho Falls, Idaho 83401 

184. C. M. Slansky 



Atlan t i c  Richfield Hanford Company, P. 0. Box 250, Richland, Washington 
99352 

185. D. J. Brown 
186. D. C. Nelson 
187. M. J. Szu l in i sk i  

B a t t e l l e  Memorial I n s t i t u t e ,  Pac i f i c  Northwest Laboratory, P. 0.  Box 999, 
Richland, Washington 99352 

188. A. G. Blasewitz 
189. R. F. Fostev 
190. A. M. P l a t t  
191. K. J. Schneider 
192. W. C. Wolkenhauer 

E. I. du Pont de Nemours & Company, Savannah River Plant ,  Aiken, South 
Carolina 29801 

193. J. H. Horton, Jr. 

Lawrence Livermore Laboratory, K-Division, P. 0. Box 808, Livermore, 
Cal i fornia  94550 

194. J e r r y  Cohen 

Los Alamos S c i e n t i f i c  Laboratory, Universi ty of Cal i fornia ,  P. 0. Box 
1663, Los Alamos, New Mexico 87544 

195. C. W. Christenson 

U. S. Department of the  I n t e r i o r ,  Geological Survey, P. 0. Box 4360, 
Albuquerque, New Mexico 87106 

196. C. V. Theis 

U. S. 'Department of the  I n t e r i o r ,  Geological Survey, Water Resources 
Division, P. 0. Box 4369, .Albuquerque, New Mexico 87106 

197. Glenn Hearne 
198. W. L. Hiss 

U. S. Department of the  I n t e r i o r ,  Geological Survey, Federal  Center, 
Denver, Colorado 80225 

199. Harley Barnes 
200. A. L. Brokaw 
201. C. L. Jones 
202. W. S. Twenhofel 

U. S. Department of the  I n t e r i o r ,  Geological Survey, Washington, D. C. 
20545 

203. G. D. DeBuchananne 

204. Bruno Accordi, I n s t i t u t o  d i  Geologia, Universi ta  d i  Roma, Rome, 
I t a l y  

205. L. H. Baetsle,  BELCHIM, Mol-Donk le, 200 Boeretang, Belgium 



M. De Bortoli, C. C. R. EURATOM, 21020 Ispra (Varese), Italy 

Argeo Benco, C. C. R. EURATOM, 21020 Ispra (Varese), Italy 

G. K. Billings, P. 0. Box 1735, Socorro, New Mexico 87801 

Guido Branca, CNEN, Centro Studi Nucleari Casaccia, Casella 
Postale 2400, Rome, Italy 

Giacomo Calleri , CNEN, Programma EUREX, salvggia (Vercelli) , 
Italy 

Giuseppe Cassano, CNEN, C. R. N. Trisaia, Policoro (Matera), 
Italy 

Stefano Clementel, AGIP Nucleare, Corso di Porta Romana 68, 
20122 Milano, Italy 

S. L. Crouch, Civil and Mineral Engineering, University of 
Minnesota, Minneapolis, Minnesota 55455 

Charles Fairhurst, Civil and Mineral Engineering, University of 
Minnesota, Minneapolis, Minnesota 55455 

J. E. Galley, P. 0. Box 1346, Kerrville, Texas 78028 

Andrea Gandellini, AGIP Nucleare, C. P. 1629, 20100 Milano, 
Italy 

Franco Ci'rard-i., C. C. R. EURATOM, 21020 Ispra (Varese), Italy 

Pietro Giuliani, CNEN, Viale kgina Margherita 125, 00198 
Rome, Italy 

E. F. Gloyna, University of Texas at Austin, Department of 
Civil Engineering, Environmental Health Engineering, Engineering 
Laboratories Building 305, Austin, Texas 78712 

P. F. Gnirk, RE/SPEC Inc., P. 0. Box 725, Rapid City, South 
Dakota 57701 

B. F. Grant, Office of Deputy Director for Health and Safety, 
U. S. Department of the Interior, Washington, D. C. 20545 

Osvaldo Ilari, CNEN, Viale Regina Margherita 125, 00198 Rome, 
Italy 

Cyrus Klingsberg, NAS-NRC, 2101 Constitution Avenue, Washington, 
D. C. 20418 

0. C. Kopp, Department of Geology, University of Tennessee, 
Knoxville, Tennessee 37916 



230. Helmut Krause, Gesellschaft fur Kernforschung m.b.H. Abteilung 
Dekontaminationsbetriebe, 7501 Leopoldshafen bei Karlsruhe, 
Federal Republic of Germany 

231. Klaus Kuhn, Gesellschaft fur Strahlen und Umweltforschung m.b.H. 
Munchen, Institut fur Tieflagerung, Bornhardstrasse 22, 3392 
Clausthal-Zellerfeld, Federal Republic of Germany 

232. K. K. Landes, 1005 Berkshire Road, Ann Arbor, Michigan 48104 

233. Giuseppe Lenzi, CNEN, Centro Studi Nucleari Cassaccia, Casella 
Postale 2400, Rome, Italy 

234. J. A. Lieberman, Environmental Protection Agency, Washington, 
D.C. 

235. Giorgio Magri, CNEN, Via Generale Bellomo 83, Bari, Italy 

236. Alberto Marzocchi, AGIP Nucleare, Corso di Porta Romana 68, 
20122 Milano, Italy 

237. G. B. Maxey, Desert Research Institute, Reno, Nevada 89607 

238. J. C. Maxwell, Vice-Chairman, Department of Geologic Sciences, 
University of Texas, Austin, Texas 78712 

239. Mario Mittempergher, CNEN, Centro Studi Nucleari Casaccia, 
Casella Postale 2400, Rome, Italy 

240. A. Moghissi, Department of Bioengineering and Environmental 
Problems, Georgia Institute of Technology, Atlanta, Georgia 
30332 

241. K. Z. Morgan, Department of Nuclear Engineering, Georgia 
Institute of Technology, Atlanta, Georgia 30332 

242. F. Morley, National Radiological Protection Board, Harwell 
Didcot, Berkshire, United Kingdom 

243. Giorgio Nebbia, Instituto di Merceologia, Universita di Bari, 
Italy 

244. J. P. Olivier, OECD-ENEN, 2 rue Andre Pascal, Paris 16e, France 

245. Giuseppe Orsengio, CNEN, C. R. N. Trisaia, Policoro (Matera), 
Italy 

246. F. L. Parker, Vanderbilt University, Nashville, Tennessee 37203 

247. A. M. Piper, 3 Sonoma Lane, Camel, California 93921 

248-257. Carlo Polvani, CNEN, Viale Regina Margherita 125, 00198 Rome, 
Italy 



258. C. B. Raleigh, Earthquake Research Center, U. S. Geological 
Survey, Menlo Park, California 94025 

259. Oscar Ravera, C. C. R. EURATOM, 21020 Ispra (Varese), Italy 

260. R. W. Rex, 2780 Casalero Drive, La Habra, California 90631 

261. C. J. Roberts, Department of Nuclear Engineering, Georgia 
Institute of Technology, Atlanta, Georgia 30332 

262. J. H. Rust, Department of Pharmacology, University of Chicago, 
947 E. 58th Street, Chicago, Illinois 60637 

263. Eugen Schmidt, C. C. R. EURATOM, Ed. 65B, 1-21020 Ispra (~arese), 
Italy 

264. R. C. Scott, Environmental Protection Agency, Water Quality 
Office, 760 Market Street, Room 409, San Francisco, California 
94102 

265. Frank Simpson, Subsurface Geological Laboratory, 201 Dewdney 
Avenue East, Regina, Saskatchewan S4N 4G3, Canada 

266. Peter J. Stubbs, 683 Fourth National Bank Building, Wichita, 
Kansas 67202 

267. M. Y. Sousselier, Commissariat a 1'Energie Atomique, B. P. No. 4, 
92320 Chatillon-sous-Bagneux, France 

268. K. T. Thomas, Bhabha Atomic Energy Establishment, Apollo Pier 
Road, Bombay 1, India 

269. E. J. Tuthill, Brookhaven National Laboratory, Upton, Long 
Island, New York 11973 

270. Th. van der Plas, N.V. tot Keuring van Elektrotechnische 
Materialen, Utrechtseweg 310, 847738 Arnhem, Nederland 

271. E. Wallauschek, OCED-ENEA,. 2 rue Andre Pascal, Paris 16e, France 

272. R. F. Walters, Walters Drilling Company, 400 Insurance Building, 
Wichita, Kansas 67202 

273. D. L. Warner, Cincinnati:'. Water Research Laboratory, Federal Water 
Pollution Control Administration, Department of Interior, 
Cincinnati, Ohio 45202 

274. Peter West, Division of Nuclear Safety and Environmental Protection, 
International Atomic Energy Agency, Karntner Ring 11, P. 0. Box 645, 
A-1011 Vienna, Austria 



275. Mavrizio Zifferero, CNEN, viala Regina Margherita 125, 00198 
Rome, Italy 

276. Research and Technical Support Division, AEC-OR0 

277-278. Technical Information Center, AEC, Oak Ridge, Tennessee 37830 




